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ABSTRACT

The gas-solid reaction and breakthrough curve of CO, capture using calcium oxide sorbent at high tem-
perature in a fixed-bed reactor are of great importance, and being influenced by a number of factors makes
the characterization and prediction of these a difficult problem. In this study, the operating parameters
on reaction between solid sorbent and CO, gas at high temperature were investigated. The results of the
breakthrough curves showed that calcium oxide sorbent in the fixed-bed reactor was capable of reducing
the CO; level to near zero level with the steam of 10vol%, and the sorbent in CaO mixed with MgO of
40 wt% had extremely low capacity for CO, capture at 550°C. Calcium oxide sorbent after reaction can
be easily regenerated at 900 °C by pure N flow. The experimental data were analyzed by shrinking core
model, and the results showed reaction rates of both fresh and regeneration sorbents with CO, were

Kinetics controlled by a combination of the surface chemical reaction and diffusion of product layer.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

It is now widely acknowledged that CO, in the atmosphere con-
tributes to the greenhouse effect, is gradually warming the planet.
Global efforts in reducing greenhouse gas emissions have spurred
intense research in sustainable production methods of hydrogen
and CO; capture [1]. Among the renewable energy sources, biomass
plays an important role for fuel production or power generation.
Steam reforming process is able to convert the chemical energy
of biomass into a hydrogen-rich fuel gas. Nowadays, considerable
interest is focused on a pure hydrogen energy production, a con-
cept combining hydrogen production and capture of CO, is the
sorption-enhanced steam reforming process of biomass [2]. The
process utilizes a solid CO, acceptor to in situ remove CO, from
steam reforming reactor and thereby changes the normal ther-
modynamic limitations of reactions. As a consequence, hydrogen
production can be run at lower temperature than the traditional
steam reforming process, which will reduce energy consumption,
coking and sintering of the catalyst, and investment costs [3].
Kinoshita and Turn [4] investigated the simulation of hydrogen pro-
duction from bio-oil steam reforming by the sorption-enhanced
reforming process. The results showed that the use of such pro-
cess greatly increases bio-oil conversion and decreases the reaction
temperature.

The steam reforming of biomass and CO, capture steps occur
in a single, integrated process, and integrating these reaction steps
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involves selecting suitable reaction conditions under which all of
the processes can be carried out. This requirement limits the avail-
able techniques for CO, capture, e.g. membrane and cryogenic
separation processes require high pressures or low temperatures
for efficient CO, capture, adsorption of CO, with carbon based
adsorbents is limited to low temperatures of 150-250 °C and hydro-
talcite compounds have a significantly diminished capacity for CO,
capture beyond 300°C [5]. Some studies have demonstrated high
reactivity of metal oxides for CO, capture under the conditions suit-
able for sorption-enhanced steam methane reforming (SE-SMR)
process [6,7]. Although many metal oxides can react with CO, to
form carbonates. However, not all metal oxides are suitable for CO,
capture under conditions suitable for biomass steam reforming.
Metal oxides for in situ CO, capture during hydrogen production
from catalytic steam reforming of biomass must satisfy several cri-
teria [5]: (i) they must exhibit high reactivity at a temperature range
of biomass steam reforming; (ii) their decomposition temperatures
should be greater than the temperature range for steam reforming,
but not too high to avoid imposing severe energy penalties dur-
ing the sorbent regeneration step; (iii) sorbent particles should be
resistant to physical deterioration due to attrition or sintering; (iv)
sorbent particles should be resistant to decay in reactivity through
multiple CO, capture and release reactions, which is not discussed
in this paper; (v) rates of reaction and regeneration of sorbent
should be high; (vi) sorbents highly vulnerable to chemical poison-
ing of the active sites from byproducts are unlikely to be suitable
for this process [5,8].

Thus, the advantage of a low cost sorbent is most apparent. In
this regard, a number of synthetic oxides developed for high tem-
perature CO, capture including Ca,SiO4 [9], Li,ZrO3 [10,11] and
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Table 1
Properties of fresh calcium oxide sorbent.

Specific surface area (m?2/g)

Pore volume (ml/g) Average pore diameter (A)

0.02706 223.18

Sorbent Particle size (mm)
Calcium oxide 0.45-0.10 6.2079

Nomenclature

b stoichiometric coefficients

c, Co CO, gas percentage concentration (%)

De effective diffusion coefficient in a porous structure
(m2s-1)

g(x) conversion function under chemical control

K, equilibrium constant

ks intrinsic reaction rate constant (s~1)

quoz equilibrium partial pressure of CO,

p(x) reaction function under diffusion control

q capability of sorbent (%)

qo maximum capability of sorbent (%)

Q function of sum of the squares of the errors

r, 1o radius of particle (mm)

So surface area of the solid sample (m? m—3)

SSE sum of the squares of the errors

t, ty, tg, tp time (min)

T temperature (K)

X c/co

Greek letters

AGrxn ° (T) standard state Gibbs free energy change

Avj, Avf=0 volumetric shrinkage rate at t and t=0, respec-
tively.

a shrinkage factor

52 ratio of diffusion to chemical reaction resistance

d(x) reaction function under the combination of chemi-
cal control and product layer diffusion

Ds solid particle density (kgm~3)

Tg, Tp  characteristic time for chemical reaction and diffu-
sion control (min), respectively.

Na,ZrO3 [12] are likely to be prohibitively expensive. Abanades et
al. [13] argued that the performance of Li-based sorbents must be
proven for up to ~10,000 reaction cycles to be economically com-
petitive with sorbents derived from naturally occurring limestone.

CO,, is captured in the form of CaCO3, a common and stable solid
species, according to the following equation:

Ca0 + COy <> CaCOs

Up to date, although there have been a few studies on the use
of TGA to extensively study CO, capture and conversion of sorbent
[14-17], little has been found in the literatures on breakthrough
curves and reaction of calcium oxide sorbent with CO, at high tem-
perature. This forms the main motivation for carrying out this study
on the use of a low cost calcium oxide sorbent for CO, capture. The
paper presents the effects of operating parameters and the detailed
kinetic analysis of CO, capture with calcium oxide sorbent at high
temperature.

2. Experimental
2.1. Preparation of sorbent

Calcium oxide sorbent was prepared by pelletizing the CaO sub-
stance from catalyst industry, and it mainly consisted of higher than
96 wt% CaO compound based on the data provided by the man-
ufacturer. Other compounds listed were CaCO3 (<2.0wt%), MgO
(<1.0 wt%), inorganic salts (<1.0 wt%). The specific surface area of
sorbent was determined with the BET method using a Micrometric
Acusorb 2100E apparatus. Table 1 gives the specific surface area,
pore volume and average pore diameter of fresh calcium oxide sor-
bent. MgO in the sorbent was prepared by mixing MgO and CaO
using wet and dry methods [18], and the mixture was placed in
the temperature-controlled oven where the heating rate was con-
trolled so that it increased from room temperature to 100°Cin 1h,
and calcined at 900°C for 2 h. In all the experiments, sorbent was
crushed and sieved to 0.45-0.10 mm.

2.2. Apparatus and procedure

Fig. 1 shows a schematic diagram of the laboratory system used
for high temperature capture of CO,. The experimental system
for the fixed-bed reactor consists of a gas manifold, a fixed-bed

Fig. 1. Schematic diagram of the experimental setup. (1) N3 cylinder; (2) CO; cylinder; (3) flow controller; (4) syringe pump and steam feed injector; (5) oven; (6) reactor;
(7) sorbent; (8) injector; (9) thermocouple; (10) temperature controller; (11) condenser; (12) silica gel; (13) CO, analyzer; (14) outlet.
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Table 2

Typical operation conditions in the experiments.
Parameter Value
Particle size of sorbent 0.45-1.0mm
Bed porosity 0.50-0.60
Inlet CO, concentration, ¢y 5-10vol%
Space velocity 2000-3000h~!
Temperature 400-550°C
Operating pressure 1atm

reactor with temperature control, and a CO, analysis section. In
the gas manifold, the gas mixture is prepared by CO, and N,
cylinder. The sorbent is supported by quartz wool in the center
of tube in the fixed-bed reactor, and the reactor had an internal
diameter (ID) of 0.010 m and was 0.80 m long. The sample temper-
ature is indirectly measured by a thermocouple. A nitrogen flow of
0.5 x 103 m3 min~! (STP) serves as a carrier. Water with a preset
ratio is then injected by a micro-syringe pump into the injector. As
the injector is housed in the furnace, the water is heated above
300°C to vaporize it and is subsequently mixed with the dilut-
ing N, stream at a position of 0.03-0.04 m below the sorbent bed.
Before each run, the sorbent is heated with a continuous N, flow of
0.5 x 1073 m3 min~! at 550 °C for 1 h. During the start-up stage, the
gas flow is directed away from the sample to prevent any reaction.
To start the capture process, the gas flow switches to the sam-
ple section of the reactor. The CO, concentration at the inlet and
outlet from the sorbent bed is determined by an online portable
GXH-3010E CO, analyzer. During CO, capture process, the CO, con-
centration in the effluent gas rises rapidly when the sorbent has
reached certain capacity. This rapid change is termed breakthrough
[18]. The breakthrough curve of CO, capture is characterized by a
variation of dimensionless concentration value (¢/cy ) with time, and
the dimensionless concentration is a ratio of outlet CO, concentra-
tion (c) to inlet CO, concentration (cg). In this study, the typical
experimental conditions are summarized in Table 2.

3. Results and discussion

3.1. Thermodynamic equilibrium for CO, capture using CaO as a
solid sorbent

The driving force for CO, capture is the difference between the
partial pressure of CO, in the reactor and the equilibrium partial
pressure of CO, [19]. The extent of the gas-solid reaction between
CaOsorbent and CO, to form CaCO3 can be first predicted from ther-
modynamic equilibrium theory. CaCO3 decomposes to form CaO
and CO5:

CaCO3(s) = CaO(s) + COx(g)

This decomposition reaction is favored when the CO, partial
pressure in the product gas is lower than the equilibrium partial
pressure of CO, resulting from the decomposition of CaCO3. Con-
versely, CaO will react with CO, when the CO, partial pressure in
the product gas is greater than the equilibrium partial pressure,
assuming there is sufficient CaO to capture CO, and sufficient time
to account for mass transfer resistances. Determination of the equi-
librium partial pressure of CO, resulting from the decomposition of
CaCOs3 has been attempted by several investigators for many years
[5]. Calculation of the equilibrium partial pressure is equivalent to
the calculation of the equilibrium constant (K;) [5]:

_AG?Xn(T)
—Smal) M

In Eq. (1), Pco, eq is the equilibrium partial pressure of CO, from
the decomposition of CaCO3. AGyxy ° (T) is the standard state Gibbs
free energy change for the reaction, calculated from tabulated ther-

Ky = PCOZ,eq = exp(

Fig. 2. Equilibrium partial pressure of CO, resulting from the decomposition of
CaCos.

mochemical data. The thermochemical data are obtained from the
NIST-JANAF Thermochemical Tables [5,20].

Fig. 2 shows the equilibrium partial pressure of CO, from the
decomposition of CaCO3 at temperatures between 400 and 750°C.
The experimental data from some studies in the literatures are in
close agreement with the predicted equilibrium partial pressure
according to Eq. (1) [5]. A temperature of 550 °C is suitable for the
steam reforming of biomass, and the CO, equilibrium pressure of
0.001 atm at this temperature is shown in Fig. 2. This equates to
the removal of 90% of CO, from a typical product gas containing
1.0vol% CO, at atmospheric pressure. The trend in Fig. 2 suggests
that decreasing the temperature at a constant total pressure or
increasing the total pressure at a constant temperature will pro-
mote further capture of CO, by Ca0. Hence, there is a compromise
for choosing conditions, which should be suitable for CO, capture
and also most suitable for low temperature H, generation from
biomass.

3.2. Effect of temperature

The CO, capture at different temperatures is shown in Fig. 3. As
can be seen from Fig. 3, in the temperature range of 400-500°C,
the CO, concentration at outlet rapidly increases, which indicates
the CO, capture capability by calcium oxide sorbent is fairly low
at these temperatures. It is observed that CO, of more than 70% is
captured at 550 °C within the first 13.0 min. This high CO, capture
offers a great opportunity for calcium oxide sorbent in industrial
application at this temperature. Generally, we also hope hydro-

Fig. 3. CO, breakthrough curves at different temperatures from 400 to 550°C.
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Fig. 4. Effect of MgO content in sorbent on CO, capture at 550°C.

gen production from steam reforming of biomass can be operated
below 600°C [2].

3.3. Effect of MgO content in sorbent

The effect of MgO content in sorbent on the capture of CO; is
shown in Fig. 4. The results clearly indicate that the sorbent in CaO
mixed with MgO of 40 wt% has extremely low reactivity and capture
capacity at 550°C. In fact, the ideal temperature for CO, removal
with magnesium-based sorbents may be 300-500°C. The reversible
chemical reaction for CO, removal involving magnesium oxide is:

MgO + CO, < MgCOs5

The equilibrium CO, partial pressure for MgO-CO, carbona-
tion/decomposition has been presented in literature [21]. Given
that the CO, partial pressure in the gas is in the range of
0.05-0.50 atm, MgO cannot be used to remove CO, at the temper-
atures of higher than 500°C.

3.4. Effect of inlet CO5 concentration

Fig. 5 shows the influence of inlet CO, concentration on the
capture characteristics at 550 °C. With the increase of the CO, con-
centration from 5.0 to 10.0 vol%, the dimensionless concentration
value (c/cp) is increased within initial 5 min. It is mentioned ear-
lier that the CO, capture can be affected by its partial pressure in
the system. The results indicated that inlet CO, concentration as

Fig. 5. Effect of inlet CO, concentration on CO, capture.

Fig. 6. Effect of steam in the feeding on CO, capture.

a kinetic factor may affect the diffusion of gas—solid reaction of
calcium oxide sorbent with CO,.

3.5. Effect of steam

Fig. 6 shows the effect of steam in the feeding on CO, capture at
550°C. Dry CO; capture without the steam has a maximum c/cq of
0.26 at 5 min, whereas the values of c¢/cy in wet CO, capture with the
steam of 5.0 and 10.0 vol% decrease to 0.16 and 0.025, respectively,
clearly showing presence of steam in the feeding has a positive
impact on the CO, capture using calcium oxide sorbent. Especially,
the CO, concentration can be decreased to 0 within at least 3 min
by calcium oxide sorbent under the conditions of 550°C with the
steam of 10 vol%. Similar results were also observed in our previous
studies on glycerol steam reforming with in situ CO, removal [2].
Literatures indicated some plausible mechanisms for the reason of
the enhancement of CO, capture by steam [16], and for example,
a possible mechanism was pointed out that the steam first reacts
with CaO to form Ca(OH), and then Ca(OH), undergoes carbonation
[16]. The reaction formula is as follows:

Ca0 + H,0 — Ca(OH),

Ca(OH), + 2C0O;, « Ca(HCO3),

Infact, in previous study, crude glycerol experiments with in situ
CO, sorption yielded longer breakthrough times than the pure glyc-
erol in the same conditions because of significantly higher steam
partial pressure in the reactor, and Ca(OH), in spent dolomite sor-
bent was also detected by SEM-EDX during the steam reforming of
glycerol using in situ CO, removal [2,22]. A study by Pimenidou et
al. on the kinetics of dolomite carbonation in conditions simulating
those of steam reforming had shown that the presence of steam
had a great effect on the kinetics of the carbonation, with the result
that CO, capacities in dry conditions may double in the presence
of steam, bringing them to the theoretical maximum [23].

3.6. Regeneration

CO,-capture system is necessarily large-scale system. Therefore,
very fast sorption and regeneration rates of sorbent for CO, cap-
ture are required to allow for compact capture and regeneration
reactors. These properties are tested by continuous reaction with
CO,—-N; mixture flow at 550 °C and high temperature regeneration
with pure N, flow at 900 °C, and the results are shown in Fig. 7. It
is observed that regeneration time of sorbent is less than 20 min,
and the maximum concentration of CO, is observed at approxi-
mately 10 min regeneration and, then, the outlet concentration of
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Fig. 7. Continuous reaction and regeneration of sorbent.

CO, rapidly decreased. As shown in Fig. 7, the regeneration rate of
the fresh sorbent is a little more than that of regeneration sorbent.
It is clear that the spent sorbent could be completely regener-
ated at 900 °C. Of cause, issues related to the regenerability of the
sorbent, its stability as it undergoes many cycles of carbonation-
decomposition, need to be addressed in the future.

3.7. Kinetics

The CO, capture process at high temperature in a fixed-bed
reaction system is considered to be a very complex phenomenon
involving a large number of sub-processes. The CO, breakthrough
curve of a fixed-bed reactor roughly followed an S shape, which
shows the active part of the fixed-bed where reaction actually takes
place, resulting in a gradient in CO, concentration in the product
gas to equilibrium. The modeling of the mass transfer zone of fixed-
bed reactor is based on the conservation equation derived from the
mass balance on the fluid and solid phase. When concentration of
CO, in gas product is very small, and assuring the breakthrough
pattern to be constant through the bed, a simple correlation of the
gas and the solid can be obtained [18,24,25]:

c q

Co Ado X 2)
where q is capacity of sorbent, qg is the maximum capability of
sorbent and x is the conversion of sorbent.

The process is modeled here with the following assumptions
[17]: (i) the fixed-bed is isothermal; (ii) gas velocity is constant; (iii)
plug flow conditions for the gas phase is without axial dispersion,
implying the use of a one-dimensional model along the reactor axis,
z; (iv) the gas phase is ideal. The reaction is unlikely to be controlled
by the gas-film mass transfer; therefore, the rate controlling steps
should be the chemical reaction or the product layer diffusion, or
both. For the surface chemical reaction, the rate of the CO, capture
is defined as [18,26,27]:

dx
P —bksc 3)
where k; is the rate constant of surface chemical reaction, b is the
stoichiometric coefficient.

The rate of gas diffusion through the solid product layer is given
by [18,26,27]:
dx Sodc
ar = Degr (4)
where De is the effective diffusion coefficient, Sy is the surface area
of the particle, and r is the radius of the particle. A model of the

reaction core allows for a change in the radius of the particle to be

given by [26]:

3

S =1-ox (5)
o

where 1y is the initial particle radius, and the shrinkage factor « is
defined as [26]:

_ Avi
T Ap=0
i

(6)

where i refers to single volume element, and Avj;, Avl?zo represent
the volumetric shrinkage rate at time t and t =0, respectively.

If the process is controlled by the surface chemical reaction,
then the data can be modeled through the use of the shrinking core
model expression. The reaction time is given by [27]:

_ psto(1=(r/10))
e = " kg )

where ps represents the density of the particle.
The characteristic time 7g required for the maximum efficiency
of CO, capture can be obtained using the following equation [27]:

_ PsTo
e = bksCo (8)

Thus, Eq. (7) can be obtained [26]:

L g=1-(1-a)' (9)

Tg
If the reaction is controlled by the gas diffusion through the solid
product layer, it may follow the expression given by [27]:
2 2
_ pSro _ L
= GpDecg ! > 2t

3

.

27 (10)
o

At last, we can obtain [26]:

;i —p(x) = 1-3(1 —ax)?? +2(1 — ax) (11)
p
where
_ psrg
P = §bDeco (12)

If the process is assumed to be a combination of rate limiting
mechanisms such as chemical reactions and gas diffusion, the time
required for a certain reaction is the sum of two parcels and corre-
sponds as follows:

t—ty=tg+1p (13)
or
P = 900 =800 + 5p) (14)

where t;, is the breakthrough time, and

2 Tp_ ksto (15)

7 6D

The value of §% represents the ratio of diffusion resistance to
chemical reaction resistance. When 82 « 1, the process can be
assumed to be controlled by the rate of the chemical reaction. When
§2>10, it is safely assumed that it is under the control of product
layer diffusion. An intermediate value of §2 suggests that the CO,
capture at high temperature is controlled by the chemical reaction
and the product layer diffusion [18,24,26-28].

Egs. (9),(11) and (14) are used to model the x-t data and 7g, 7p
and 62 can be estimated by minimizing the equation for the sum of
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Table 3
Kinetic parameters, or=1.

Reaction Model SSE Tg (min) 7p (min) §2
Fresh sorbent 9) 0.331 27.2 - -
(11) 0515 = 314 =
(14) 0.108 13.8 14.5 1.05
Regeneration sorbent 9) 0.299 233 - -
(11) 0.187 = 25.5 =
(14) 0.099 134 9.5 0.71
the squares of the errors (SSE):
N
2
§ [Tg8(x;) + Tpp(xi) — (t — tp);]” = Q(7g, Tp) (16)

i=1

From the data from Fig. 7, we defined the breakthrough time,
t, at CO, capture efficiency was 0.40. Thus, the models data using
x vs. t from the CO, capture curves is within the efficiency of CO,
capture, x of 0.40-0.90 for fresh and regeneration sorbents. The rate
expressions of g(x) and p(x) (refer to Eqs. (9) and (11)) are applied
to Eq. (14) by minimizing (16) first with respect to one of the 7g
and 7}, by setting the other to zero and then with respect to both
7g and 7p simultaneously. The computed parameters are shown in
Table 3. The model curves are shown in Fig. 8. We tested the effect
of different values of o on kinetics, and results showed that the
value of @ was not sensitive to the models. Thus, & =1.0 has been
used in the model in order to simplify the computations [26].

The kinetic results show that the estimated SSE for the com-
bined model (14) s less than those for the chemical reaction control
model (9) and the diffusion control model (11) for fresh and regen-

Fig. 8. x vs. (t —t}) for both (a) fresh and (b) regeneration sorbents.

eration sorbents. The results also show that the value of §2 is 1.05
and 0.71 for fresh and regeneration sorbents, respectively. There-
fore, the fitting based on a model derived from the shrinking core
models suggests that the CO, capture by calcium oxide sorbent is
governed by a combination of the chemical reaction and product
layer diffusion. In combination rate controlling steps, the experi-
mental results and model predictions are in agreement. In addition,
the overall reaction rate may be affected due to the great difference
existing between the molar volumes of the solid reagent and the
product. The molar volume of the solid product in comparison with
that of the solid reagent is high. This similarity behavior has been
widely studied for CaO sulfation.

4. Conclusions

The reaction between calcium oxide sorbent and CO, gas at
high temperatures was investigated in a fixed-bed reactor. The
effects of temperature, MgO content in sorbent, steam feeding, inlet
CO, concentration on reaction between sorbent and CO, gas were
investigated. The results showed the enhancement of CO, cap-
ture by steam. Sorbent in CaO mixed with MgO of 40 wt% is very
poor for CO, capture at 550 °C. Calcium oxide sorbent can be easily
regenerated at 900 °C by pure N, flow. Under the considered oper-
ating conditions, the reaction rates of both fresh and regeneration
sorbents with CO, gas were controlled by a combination of the sur-
face chemical reaction and diffusion of product layer based on the
shrinking core model.

Acknowledgement

The work is supported by the Fundamental Research Funds for
the Central Universities (3003-893331).

References

[1] P. Pimenidou, G. Rickett, V. Dupont, M.V. Twigg, Chemical looping reforming
of waste cooking oil in packed bed reactor, Bioresour. Technol. 101 (2010)
6389-6397.

[2] B.L. Dou, V. Dupont, G. Rickett, N. Blakeman, P.T. Williams, H.S. Chen, Y. Ding,
M. Ghadiri, Hydrogen production by sorption-enhanced steam reforming of
glycerol, Bioresour. Technol. 100 (2009) 3540-3547.

[3] H.K. Rusten, E. Ochoa-Fernandez, H. Lindborg, D. Chen, H.A. Jakobsen, Hydro-
gen production by sorption-enhanced steam methane reforming using lithium
oxides as CO;-acceptor, Ind. Eng. Chem. Res. 46 (2007) 8729-8737.

[4] C.M. Kinoshita, S.Q. Turn, Production of hydrogen from bio-oil using CaO as a
CO,, sorbent, Int. ]. Hydrogen Energy 28 (2003) 1065-1071.

[5] N.H. Florin, A.T. Harris, Review: enhanced hydrogen production from biomass
with in situ carbon dioxide capture using calcium oxide sorbents, Chem. Eng.
Sci. 63 (2008) 287-316.

[6] L. Barelli, G. Bidini, F. Gallorini, S. Servili, Hydrogen production through
sorption-enhanced steam methane reforming and membrane technology: a
review, Energy 33 (2008) 554-570.

[7] K.B. Lee, M.G. Beaver, H.S. Caram, S. Sircar, Novel thermal-swing sorption-
enhanced reaction process concept for hydrogen production by low-
temperature steam-methane reforming, Ind. Eng. Chem. Res. 46 (2007)
5003-5014.

[8] J. Corella, ].M. Toledo, G. Molina, Steam gasification of coal at low-medium
(600-800°C) temperatures with simultaneous CO, capture in a fluidized bed at
atmospheric pressure: the effect of inorganic species. 1. Literature review and
comments, Ind. Eng. Chem. Res. 45 (2006) 6137-6146.

[9] A.Santosa, M. Ajbary, V. Morales-Fl6rezb, A. Kherbechec, M. Pinerod, L. Esquiv-
iase, Larnite powders and larnite/silica aerogel composites as effective agents
for CO, sequestration by carbonation, J. Hazard. Mater. 168 (2009) 1397-1403.

[10] R.Xiong,].Ida, Y.S.Lin, Kinetics of carbon dioxide sorption on potassium-doped
lithium zirconate, Chem. Eng. Sci. 58 (2003) 4377-4385.

[11] A. Iwan, H. Stephenson, W.C. Ketchie, A.A. Lapkin, High temperature seques-
tration of CO, using lithium zirconates, Chem. Eng. J. 146 (2009) 249-258.

[12] A.Lopez-Oritz, N.G. Perez Riveria, A. Reyes Rojas, D. Lardizabal Gutierrez, Novel
carbon dioxide solid acceptors using sodium containing oxides, Sep. Sci. Tech-
nol. 39 (2004) 3559-3572.

[13] J.C. Abanades, E.S. Rubin, E.J. Anthony, Sorbent cost and performance in CO,
capture systems, Ind. Eng. Chem. Res. 43 (2004) 3462-3466.

[14] V. Manovic, E.J. Anthony, Steam reactivation of spent CaO based sorbent for
multiple CO, capture cycles, Environ. Sci. Technol. 41 (2007) 1420-1425.



B. Dou et al. / Journal of Hazardous Materials 183 (2010) 759-765 765

[15] S.F. Wu, Q.H. Li, J.N. Kim, K.B. Yi, Properties of a nano CaO/Al,03 CO, sorbent,
Ind. Eng. Chem. Res. 47 (2008) 180-184.

[16] S.F. Wu, T.H. Beum, J.I. Yang, ].N. Kim, Properties of Ca-base CO, sorbent using
Ca(OH); as precursor, Ind. Eng. Chem. Res. 46 (2007) 7896-7899.

[17] G.S. Grasa, J.C. Abanades, CO, capture capacity of CaO in long series of carbon-
ation/calcination cycles, Ind. Eng. Chem. Res. 45 (2006) 8846-8851.

[18] B.L. Dou, ].S. Gao, S.W. Baek, X.Z. Sha, High temperature HCl removal with
sorbents in a fixed-bed reactor, Energy Fuel 17 (2003) 874-878.

[19] N.H. Florin, A.T. Harris, Hydrogen production from biomass coupled with car-
bon dioxide capture: the implications of thermodynamic equilibrium, Int. ].
Hydrogen Energy 32 (2007) 4119-4134.

[20] M. Chase Jr. (Ed.), NIST-JANAF Thermochemical Tables, fourth ed., Part I and II,
J. Phys. Chem. Ref. Data, Monograph no. 9 (1998).

[21] A. Hassanzadeh, ]. Abbasian, Regenerable MgO-based sorbents for high-
temperature CO; removal from syngas: 1. Sorbent development, evaluation,
and reaction modeling, Fuel 89 (2010) 1287-1297.

[22] B.L Dou, G. Rickett, V. Dupont, P.T. Williams, H.S. Chen, Y. Ding, M. Ghadiri,
Steam reforming of crude glycerol with in situ CO, sorption, Bioresour. Technol.
101 (2010) 2436-2442.

[23] P. Pimenidou, G.L. Rickett, V. Dupont, In situ CO, capture for unmixed steam
reforming, in: Book of Extended Abstracts of the 8th World Congress of Chem-
ical Engineering (WCCE8), August 23-27, 2009, Montreal, Canada, 2009.

[24] W.Y. Wang, Z.C. Ye, I. Bjerle, The kinetics of the reaction of hydrogen chlo-
ride with fresh and spent Ca-based desulfurization sorbents, Fuel 75 (1996)
207-212.

[25] B.L. Dou, ].S. Gao, X.Z. Sha, Study on the reaction kinetics of HCl removal from
a high-temperature coal gas, Fuel Process. Technol. 72 (2001) 23-33.

[26] B.L.Dou,S.Lim, P.Kang, ].H. Hwang, S. Song, T.-U. Yu, K.-D. Yoon, A kinetic study
in modeling pyrolysis of refuse plastic Fuel, Energy Fuel 21 (2007) 1442-1447.

[27] O.Levenspiel, Chem. React. Eng., New York, 1999.

[28] G. Mura, A. Lallai, On the kinetics of dry reaction between calcium oxide and
gas hydrochloric acid, Chem. Eng. Sci. 47 (1992) 2407-2411.



	High temperature CO2 capture using calcium oxide sorbent in a fixed-bed reactor
	Introduction
	Experimental
	Preparation of sorbent
	Apparatus and procedure

	Results and discussion
	Thermodynamic equilibrium for CO2 capture using CaO as a solid sorbent
	Effect of temperature
	Effect of MgO content in sorbent
	Effect of inlet CO2 concentration
	Effect of steam
	Regeneration
	Kinetics

	Conclusions
	Acknowledgement
	References


