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a  b  s  t  r  a  c  t

The  CO2 capture  properties  of a new  nanocrystalline  CaO-based  mixed  oxide  (CaCeZrOx) were  stud-
ied  in  both  TGA  and  a fixed  bed  reactor.  The  kinetics  of  CO2 capture  at dry  conditions  was  compared
between these  two reactors.  The  application  of  the  new  CO2 acceptor  in  sorption  enhanced  steam  methane
reforming  was  studied  by  a fixed-bed  reactor  in  the presence  of  40  wt%  nickel  hydrotalcite  catalysts.
Experimental  results  show  that the new  CO2 acceptor,  CaCeZrOx has a  significantly  improved  CO2 cap-
ture  capacity  and  cyclic  reaction  stability  compared  to  natural  dolomites,  because  of  the  large  pores  and
stable backbone  structure.  It has  also  been  observed  that the  sorption  enhanced  steam  methane  reform-
ing in  the  fixed  bed  reactor  produces  more  than 95% H2 in a single-step  process.  Increase  in production
orption enhanced
team reforming
olid acceptors

of  hydrogen  and  higher  CO2 capture  capacity  are  also  observed  with  an increase  in  the  residence  time  of
methane.  Steam  has  a significant  effect  on the  stability  of  the  acceptors,  but  not  very much  on  the  kinetics
and capacity  of  CO2 capture.  The  capacity  of CO2 capture  on  the  acceptors  in  the SESMR  process  cannot
be  predicted  by  the  independent  CO2 capture  kinetic  study  on  acceptor  alone.  A  synergy  effect  between
the  sorption  enhanced  reactions  and  CO2 capture  on  the  CO2 capture  capacity  was  observed  on  the  all
solid  CaO  based  CO2 acceptors.
. Introduction

Hydrogen is considered as a clean energy carrier for sustain-
ble energy consumption. The most common industrial process
or production of hydrogen from hydrocarbons is steam methane
eforming (SMR). The hydrogen production from steam methane
eforming process involves multiple steps and severe operating
onditions. The reformer is normally operated at high tempera-
ures and high pressures and large amount of energy is necessary to

aintain the reaction temperature. An approach to improve SMR
rocess is sorption enhanced reaction process (SERP) for hydro-
en production, which combines the reforming and water–gas shift
eactions with in situ removal of the produced CO2 by means
f adsorption or the carbonation reaction [1–3]. Such a configu-
ation has a number of technologically beneficial consequences:
t provides a favourable shift in thermodynamic equilibrium
oward hydrogen production, decreases the reaction temperature
nd removes carbon dioxide from the hydrogen product stream,
hus decreasing the requirements for hydrogen purification. All
hese steps reduce the investment and operation cost of sorption

nhanced steam methane reforming (SESMR). However, the per-
ormance of SESMR depends on the selection of appropriate CO2
cceptor. A detailed study of the properties of CO2 acceptors under
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real steam reforming conditions is very appreciated for a better
understanding of the SERP.

Several solid CO2 acceptors such as Li2ZrO3 [4,5], Na2ZrO3 [6]
and CaO mixed oxides [7] have been tested for high temperature
CO2 capture. A process evaluation revealed that the CaO is the best
acceptor due to its proper thermodynamic properties for hydrogen
production by SESMR [4].  The properties of CaO based CO2 accep-
tors including the CO2 sorption capacity and durability at different
operation conditions and their applications in sorption enhanced
steam methane reforming has been demonstrated and intensively
studied [2,8–10]. For example, Han and Harrison [2] used CaO to
capture CO2, overcoming the equilibrium limitation and achiev-
ing complete CO conversion. Dolomite was used as precursor and
the combined water gas shift and carbonation reactions were stud-
ied in a laboratory-scale fixed bed reactor. Balasubramanian et al.
[11] added a calcium based CO2-acceptor to a commercial nickel-
catalyst producing >95% H2 in a laboratory-scale fixed bed reactor
in the temperature range of 723–1023 K in SESMR. Yi and Harrison
[12] used uncalcined dolomite admixed with commercial catalyst
to produce 92% H2 at the low temperature of 733 K at a steam to
methane ratio to 3. Recently CaO nanocrystals doped with differ-
ent oxides have been drawn increasing attention due to the high
capacity and improved properties [13–15].  A wide range of CaO

mixed with Si, Ti, Cr, Co, Zr and Ce oxides were tested and Ca–Zr–O
mixed oxides was found to exhibit the best performance [13]. Li
et al. used CaO–Ca12Al14O33 and succeeded at constant capacity of
5 ml/kg for 13 cycles [16]. The stable performance of the material

dx.doi.org/10.1016/j.cattod.2011.04.019
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
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as attributed to the presence of Ca12Al14O33. During our devel-
pment of new CO2 acceptors, formation of pervoskite CaZrO3 and
pinel structure CaAl2O4 oxide was found to reduce CO2 capture
apacity. Here we report new calcium based mixed oxide; namely,
aCeZrOx where the formation of pervoskite structure of Ca–Zr is
uppressed, thus a high CO2 capture capacity is achieved.

Capture of CO2 by CaO acceptors is based on the reversible reac-
ions between CaO and CO2, leading to the formation of CaCO3 as
ollows:

aO + CO2 ↔ CaCO3

Steam has been recognized to influence the above carbonation
eactions of the calcium based acceptors. The effect of steam on the
arbonation on CaO, dolomite was addressed by several authors
17–20].  Carbonation properties of the Ca based acceptors can be
hanged by the addition of steam. Addition of steam was reported
o enhance carbonation rate of the CaO–CO2 reaction of calcined
olomite [21], but such enhancement was not further confirmed

n another study [17]. Zeman studied the effect of steam hydra-
ion on the performance of lime as acceptor for CO2 capture. He
oncluded that hydration leads to improve stability of CaO, but
heir results do not give conclusive evidence on the effect of hydra-
ion on the kinetics. Han et al. [22] found that addition of steam
o the CO2/N2 mixture had a little effect on the ultimate capacity
f CaO acceptors. Manovic and Anthony [18] also observed similar
ffect of steam concentration (10% and 20% H2O) on carbonation of
imestone (Kelly Rock) at 773 K and 873 K. They found that steam
oncentration in this range does not significantly affect the conver-
ion profiles. No influence of steam concentration was  observed
t 873 K, and only a small enhancement was observed at 773 K
t higher steam concentration. Steam has been reported having
enefits on cyclic stability of limestone when cyclic carbonation
as conducted at a mild temperature of 573 K. On the contrary,

pposite effect of steam was observed under SESR relevant con-
itions [1].  A detailed kinetic study on a well-defined structure of
aO based acceptor is appreciated to gain better understanding of
team effects on carbonation reaction.

Thermogravimetric analysis (TGA), fixed bed reactor and
apered element oscillating microbalance (TEOM) reactor have
een applied for experimental evaluation of acceptors for CO2
apture and regeneration. There are several advantages and disad-
antages of these methods. Among them TGA is the most commonly
sed technique for measuring the weight change of acceptors dur-

ng the periods of carbonation and decarbonation. Several workers
ave investigated the multi-cycle performance of CaO-based accep-
ors mostly by TGA [11,16,22].  However, due to the oven limitation
f some TGA, it is difficult to use TGA to conduct a high tempera-
ure measurement with gas flow containing steam at a well-defined
artial pressure. In addition, a large bypass in the conventional TGA
ould limit its application in kinetic study [23,24]. Also a TEOM has
een used for the evaluation of CO2 capture properties in presence
f steam [25]. But the difficult operation and low availability of the
EOM make it inconvenient in some cases. Fixed bed reactor can be
sed for operating the carbonation/decarbonation reactions with
cceptors. It is also possible to conduct experiment in presence of
team at different conditions. Compared to TGA, a fixed bed reactor
as well controlled contact between all the gas and solid acceptors
26]. As a result, tests on the acceptor in a fixed-bed reactor could
rovide more reliable kinetic information.

In this paper, we have synthesized the new CaCeZrOx mixed
xide acceptor and evaluated its kinetic performance of CO2 cap-

ure and regeneration as well as stability in the absence and
resence of steam using TGA and the fixed bed reactor at relevant
ESMR conditions. Kinetics of carbonation and decarbonation of
aO based acceptors were compared between using TGA and fixed
Today 171 (2011) 43– 51

bed reactors. This paper also reports steam reforming experimental
results from a laboratory-scale fixed bed reactor loaded with nickel-
hydrotalcite (Ni-HTlc) catalysts and synthetic CaCeZrOx acceptors.
The CO2 capture capacity and stability measured at the reaction
conditions of SESMR are compared to one in CO2 capture kinetic
studies. A synergetic effect between sorption enhanced reforming
and in situ CO2 capture on the CO2 capture capacity is identified.
The effect of the methane space velocity on hydrogen production
and CO2 removal is also addressed.

2. Experimental

2.1. Preparation of CaCeZrOx acceptor

Calcium based mixed oxide CaCeZrOx was  prepared [27] by mix-
ing calcium acetate (Fluka), cerium nitrate (Fluka) and zirconium
nitrate (Fluka) precursors at a molar ratio 10:1:1. The precursors
were dissolved in deionized water and the solution was stirred
for one day to form slurry. The slurry was then spray-dried at
473 K using a spray dryer (Buchi, Mini Spray drier, B-191)  to pro-
duce micro-sphere acceptors with an average particle size ranging
between 40 and 100 nm.  The following parameters of the spray
dryer were kept constant during experiment: drying temperature
273 K, pump speed 10 rpm corresponding 8.1 cm3/min of the solu-
tion of mixed oxides precursors and fan speed of 50 corresponding
to 4.3 m/s  of air. After spray drying the material was calcined in a
calcination oven at 1023 K (3 K/min) in air for 3 h and a nominal
ratio of CaO, CeO2 and ZrO2 was  estimated based on the precursor
materials.

2.2. Preparation of Ni-HTlc catalyst

A Ni–Mg–Al hydrotalcite-like catalyst was prepared by copre-
cipitation method of Mg  (NO3)2·6H2O, Al (NO3)3·9H2O and Ni
(NO3)2·6H2O to obtain 40 wt% Ni (40Ni-HTlc) The atomic ratio,
x = M2+/M2+ + M3+ is fixed at 0.25. The Ni-HTlc catalyst was  pre-
pared following the procedure mentioned previously [28,29].  After
preparation, the catalyst was dried over night under vacuum at
343 K and calcined at 873 K for 6 h flowing air using a heating rate
of 5 K/min.

The selected properties of the catalyst and CaCeZrOx acceptor
are summarized in Table 1.

2.3. Kinetic study in TGA and fixed bed reactor

Kinetic experiments were conducted in a thermogravimetric
analyzer (Netzsch-STA 449). A small quantity (5.5–5.6 mg)  of the
material was  placed in an alumina sample cup was initially heated
at 1173 K, in the presence of 100 cm3/min pure Ar to remove pos-
sible humidity and CO2 adsorbed. The carbonation reaction was
studied in the thermogravimetric analyzer at the CO2 pressure
range (0.1–0.8 bar) with a feed gas containing CO2 and with the
balance made up of an inert gas (Ar). The instrument records the
increase in the sample weight with respect to time, which signifies
the CO2 capture by the acceptor.

TGA was used for multicycle test to perform the durability of the
acceptor. The temperature programmed range was from 473 K to
1173 K. The heating rate was set to 10 K/min and the cooling rate
was 50 K/min. The carbonation and regeneration measurements
were used to describe the capacity of the acceptor, defined accord-
ing to Eq. (1).  The capacity is expressed in term of grams of CO2 per

gram of calcined acceptor.

Capacity (%) =
[

g of CO2

g of calcined acceptor

]
× 100 (1)
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Table  1
Properties of CaCeZrOx and NiHTlc catalyst.

Reforming catalyst Sorbent

Ni-HTlc
prepared by coprecipitation
∼40 wt%  Ni Ni:Mg:Al = l.33:1.66:1

CaCeZrOx

prepared by spray drying
CaO:CeO2:ZrO2 = 10:l:l

Arctic dolomite CaO (32%), MgO  (20.3%), SiO2

(0.7%), Al2O3 (0.1%), Fe2O3 (0.1%), Na2O (0.003%),
TiO2 (0.0055%), K2O (0.004%)

BET  surface area [m2/g] Ni dispersion
[%]

dNi
a

[nm]
dNiO

b

[nm]
BET surface
area [m2/g]

Pore volume
(cm3/g)

Crystal size
(CaO) [nm]

BET surface
area [m2/g]

Pore volume
(cm3/g)

Crystal size
[nm]

153.4 12.0 8.4 4 31.1 0.14 39 8.0 0.04 –
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a Calculated from H2 chemisorption.
b Calculated from X-ray diffraction.

During kinetic measurements in TGA and a fixed bed reac-
or, the internal and external mass transfer and heat transport
imitations were excluded. External and internal mass transfer lim-
tations were tested through the variation of the CO2 flow (from
0 cm3/min to 80 cm3/min), inert gas and acceptor particle sizes
150–250 �m and 250–500 �m respectively). The acceptor particle
izes of 250–500 �m were found internal transport limitation free
n the kinetic study at all the conditions studied into the present

ork, which were used in the rest of the kinetic studies. The CO2
ow has been studied at different CO2 pressures. For the most stud-

ed CO2 pressures of 0.5 and 0.1 bar, 60 cm3/min and 10 cm3/min
re found to be necessary to eliminate the external transport limi-
ation in the fixed bed reactor.

CO2 carbonation and regeneration experiments were carried
ut in a fixed bed reactor, namely a stainless steel reactor of

 cm diameter. A small amount of acceptor (0.2190–0.2195 g) of
article size 250–500 �m and alumina wool were installed on
he reactor to support the solid acceptors in the reactor. The
eactor was placed into a furnace equipped with a temperature
ontroller. Carbonation experiments were carried out with a gas
ixture containing different amounts of CO2, steam in nitrogen.

O2 sorption experiments were carried out at 843 K. Online chem-
cal analysis of CO2, N2 at the exit of the reactor was  achieved by

 gas chromatograph (Agilent 3000). N2 was used as the internal
tandard.

The following Eq. (2) was used to calculate the capacity of
aCeZrOx [30]:

CO2 =
∫ t1

0

(FCO2,tot − FCO2,t) dt (2)

Here, FCO2,tot indicates the average value of CO2 flow rate during
aturation; FCO2,t represents the CO2 flow rate at time t; t1 repre-
ents the time point where the CO2 content in the gas effluent did
ot increase at all.

Regeneration experiments were also carried out in the same
xed bed reactor. Regeneration experiments were conducted to
etermine how effectively the acceptor could be regenerated. In
rder to study the effect of temperature on the activity of the
egenerated acceptors, regeneration was achieved at three differ-
nt temperatures, such as at 973 K, 1023 K and 1043 K. In order to
roceed with the regeneration of the acceptor, the temperature of
he reactor was increased from the capture temperature (843 K)
o the regeneration temperatures, with a heating rate of 3 K/min.
o avoid the possible decarbonation, a mixture of (80 cm3/min
O2/10 cm3/min N2) was used during heating until the correspond-
ng regeneration temperature was achieved. When the required
egeneration temperature was reached, the reaction atmosphere
as changed from the gas mixture (80 cm3/min CO2/10 cm3/min
2) to 100 cm3/min N2. Regeneration experiments were contin-
ed until the concentration of CO2 in the off-gas approached
o zero.
2.4. Sorption experiment in fixed bed

Sorption enhanced steam reforming of methane was carried out
in a stainless-steel fixed bed reactor with inner diameter of approx-
imately 16 mm.  The reforming catalyst was a Ni-based catalyst,
Ni-HTlc (∼40 wt% Ni), and CaCeZrOx was chosen as the acceptor.
Both the catalyst and acceptor were crushed into powders with
particle sizes in the range of 250−500 �m and installed into the
reactor. Prior to the SESMR experiment, the calcined catalyst was
reduced at 943 K (heating rate 3 K/min) for 10 h in a mixed flow of
H2 (50 cm3/min) and Ar (50 cm3/min). After the reduction, the tem-
perature was decreased to 843 K. The reactor was flushed with Ar
so that no H2 was  remaining in the reactor and after that the reac-
tive gases were introduced in the reactor. The SESMR is divided into
two sessions; the first session is steam reforming with in situ CO2
capture following acceptor regeneration.

The flow rates of gases were controlled using Bronkhorst mass
flow controllers (MFCs). Water at given steam to carbon ratio was
fed by a Bronkhorst liquid flow controller swept by Ar flow, evap-
orated in a vaporizer and then directed into the reactor. SESMR
was carried out at 843 K with steam to carbon ratio 3. The SESMR
continued until the breakthrough of CO2 content occurred. In the
next session, the acceptor was  thermally regenerated at 973 K
for 1 h with a ramp rate of 2 K/min. Ar flow of 50 cm3/min was
used to sweep the released CO2 and, at the same time, H2 flow of
20 cm3/min was  fed to keep the Ni in metal state. Afterwards, the
temperature of the reactor was regulated for a new SESMR reac-
tion. The SESMR and regeneration session were repeated for several
cycles to investigate the stability of the acceptor under cyclic condi-
tions. Ar flow of 100 cm3/min was used to flush the reaction system
before a new session started. By separating steam using a condenser
the product gas containing H2, CO2, CO and CH4 entered for the GC
for analysis.

The operating conditions for cyclic stepwise sorption-enhanced
steam methane reforming (SESMR) and acceptor regeneration
reactions over CaCeZrOx and Ni-HTlc catalyst are summarized in
Table 2.

3. Results

Fig. 1 shows the CO2 uptake curves obtained from both TGA and
fixed bed reactor at temperature 843 K and two  different partial
pressures (0.1 bar and 0.5 bar). The CO2 uptake capacity of CaCeZrOx

estimated from the breakthrough curves of CO2 at different CO2
pressures (from 0.07 to 0.8 bar) and at 843 K on CaCeZrOx (Fig. 2)
obtained from the fixed bed. The CO2 uptakes are expressed in
terms of mass of CO2/mass of CaCeZrOx, where the weight of the
CaO based mixed oxide was  measured by decarbonation of the

sample in TGA.

The CO2 capture capacities at different CO2 partial pressures but
at the constant temperature of 843 K obtained from both the fixed
bed reactor and TGA are plotted together in Fig. 3. TGA and fixed bed
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Table  2
Reaction conditions for SESMR.

Temp. Pressure Sorption Regeneration

Gas composition Gas flow rate Temp. Pressure Gas composition Gas flow rate

843 K 1 bar 90 mol% CH4 10% N2 100 cm3/min 973 K 1 bar 100% Ar 100 cm3/min
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302520151050

g-
C

O
2/g

-C
aC

eZ
rO

x

0.0

0.1

0.2

0.3

0.4

Fig. 1. Comparison of CO2 uptake curve in TGA (CaCeZrOx = 5.5 mg,  � PCO2 =
0.1 bar, FCO2 = 10 cm3/ min, � FCO2 = 0.1 bar, FCO2 = 20 cm3/ min, T = 843 K, Ar
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alance). Fixed bed (CaCeZrOx = 0.2190 g, ♦ PCO2 = 0.1 bar; FCO2 = 10 cm3/ min, ©
CO2 = 0.5 bar, FCO2 = 50 cm3/ min, T = 843 K, N2 balance).

eactor provide similar CO2 capacity which increases concurrently
ith increasing CO2 pressure.

Carbonation characteristics of the CaCeZrOx studied by fixed bed
t different temperatures (783 K, 803 K, 843 K and 873 K respec-
ively) are shown in Fig. 4. The carbonation rate increases with
ncreasing temperature, but the capacity of CO2 capture is inde-
endent of temperature.

CO2 sorption experiments were carried out at 843 K in the pres-

nce of different steam concentrations (10% H2O, 20% H2O and 40%
2O). The gaseous mixtures at the inlet of the reactor consist of

hree components such as CO2, N2, and steam. Fig. 5 shows the CO2
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ig. 2. CO2 breakthrough curves in the fixed bed (acceptor: CaCeZrOx = 0.2190 g, CO2

artial pressures: � PCO2 = 0.07 bar, FCO2 = 7 cm3/ min, © PCO2 = 0.1 bar, FCO2 =
0 cm3/ min, � PCO2 = 0.5 bar, FCO2 = 80 cm3/ min, � PCO2 = 0.6 bar, FCO2 =
0  cm3/ min, � PCO2 = 0.7 bar, FCO2 = 70 cm3/ min, and � PCO2 = 0.8 bar, FCO2 =
0  cm3/ min, T = 843 K, N2 balance).
Fig. 3. CO2 capture capacities of CaCeZrOx at different PCO2 (T = 843 K, N2 balance).
�  TGA (CaCeZrOx = 5.5 mg) and � fixed bed reactor (CaCeZrOx = 0.2190 g).

uptake profiles over CaCeZrOx at several steam pressures. There is
a weak effect of steam on carbonation rate observed.

Fig. 6 shows the effect of decarbonation of the acceptor. The
decarbonation rate increases with increasing temperature. At all
the three temperatures (973 K, 1023 K and 1043 K), CaCeZrOx can be
completely regenerated when a temperature swing with N2 flusing
was used for decarbonation of the acceptor.

Regeneration of CaCeZrOx was  performed at 973 K under inert
atmosphere and a different amount of steam (10%, 40% and 70%
H2O) at 973 K is shown in Fig. 7. The gaseous mixtures at the inlet
of the reactor consist of three components such as CO2, N2, and
steam. Results show that steam promotes the decarbonation of the
acceptor.
Typical reactor response from a fixed bed reactor for SESMR
is shown in Fig. 8. Typically, the evolution of the gas effluent
compositions in the SESMR reaction process takes place in three
stages: pre-breakthrough, breakthrough, and post-breakthrough.
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Fig. 4. CO2 sorption uptake curves of CaCeZrOx at different temperatures: �

783 K, © 803 K, � 843 K and � 873 K (CaCeZrOx = 0.2195 g, PCO2 = 0.1 bar, FCO2 =
25  cm3/ min, N2 balance).
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Fig. 5. CO2 uptake curves at different amounts of steam (CaCeZrOx = 0.2190 g, PCO2 =
0.07 bar, FCO2 = 7 cm3/ min. � No H2O, © 10% H2O, FH2O = 2.78 g/h, � 40% H2O,
FH2O = 11.24 g/h, � 70% H2O, FH2O = 19.69 g/h, T = 843 K, N2 balance).
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Fig. 6. Regeneration at different temperatures (� 973 K, © 1023 K, � 1043 K)
(CaCeZrOx = 0.2190, FN2 = 100 cm3/ min).
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Fig. 7. Regeneration of CaCeZrOx acceptor at 973 K in dry and wet  conditions: ©
no  H2O, � 10% H2O, FH2O = 2.78 g/h, � 40% H2O, FH2O = 11.24 g/h, � 70% H2O,
FH2O = 19.69 g/h (CaCeZrOx = 0.2190 g, Ftot = 100 cm3/min, N2 balance).
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Fig. 8. Effluent H2 and CO2 concentration profiles on a dry basis (� H2, © CH4,  �

CO2, � CO). Acceptor: 5 g CaCeZrOx , catalyst: 1 g 40 wt% NiHTlc. Acceptor/catalyst:
5,  S/C: 3, FCH4 = 45 cm3/ min, T: 843 K and P: 1 bar. Regeneration: T: 973 K,
FAr = 100 cm3/min.

Concentrations of H2, CH4, CO, CO2 (dry basis) in the product
gas are shown as a function of time (Fig. 8). As the SESMR reac-
tion preceded, the reaction between CaO of the acceptor and CO2
approached the second reaction regime, breakthrough period. The
breakthrough represents the process approaching saturation of the
CO2 acceptors. At the second stage, CO2 removal becomes less effec-
tive, and as a result CO conversion in the water gas shift reaction
is limited. As seen in Fig. 8, during the stage of breakthrough, the
CO2 content increases rapidly. Decrease in the pre-breakthrough
time and increase of the breakthrough time with increasing the
carbonation–decarbonation cycle number implies acceptor deacti-
vation. After breakthrough period, postbreakthrough period begins
when the acceptor is exhausted and carbonation reaction rate
approaches zero. In this stage, only the reforming and water gas
shift reactions are active.

SESMR result in Fig. 8, a hydrogen yield 96.7% demonstrates the
enhancing effect of the acceptor on the conversion of methane.
A very low CO content (about 0.04%) was achieved at 843 K. It is
expected to be further lower at the lower temperature based on
thermodynamic analysis. As the acceptor started saturating, the
hydrogen concentration decreased, whereas CO and CO2 increased,
finally equilibrating to values almost equal to those of SMR  (about
76%).

4. Discussion

4.1. Comparative study of carbonation of CaCeZrOx in TGA and
fixed bed

TGA have widely been used for the studies of carbonation and
decarbonation of CO2 acceptors. However, the flow of the CO2 con-
taining gas to the sample bed is not well defined in TGA, due to a
bypass which often causes a problem in kinetic study [23,24]. Here
we present a comparative study of kinetic study using both TGA and
a fixed bed reactor to determine the feasibility and the limitation
of the two different techniques.

The uptake curves in Fig. 1 measured by TGA and fixed bed reac-
tor, clearly indicates that carbonation takes place in two stages. The
first stage is very rapid, while the second stage is slow. CO2 partial

pressure has an important effect on the first stage of the carbona-
tion kinetics. During the first stage of carbonation, reaction takes
place between CaO as the active part of CaCeZrOx and CO2 lead-
ing to the formation of surface CaCO3. This part of the process is
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eaction controlled [31]. The second stage of carbonation is rather
low and is diffusion-controlled, is almost linear with time. During
he slow reaction regime, the reaction rate decreased because CO2
eed to diffuse through the formed CaCO3 layer to reach the unre-
cted CaO. The surface of acceptor is covered and small pores are
locked by the formation of a nonporous carbonate product layer.
his layer significantly hinders the inward diffusion of CO2 [32].

It has been observed from Fig. 1 that the kinetic uptake in
he fixed bed reactor is similar to TGA for two different partial
ressures, in case that CO2 flow is sufficiently high to eliminat-

ng external transport limitation. It is in contrast to the previously
eported limitation of TGA in kinetic studies [23,24]. This is most
ikely that the carbonation rate of the CO2 acceptor is relatively low.
n the other hand, it indicates that TGA can be used for kinetic study
f carbonation reaction of CaO based acceptors. It is also observed
rom Fig. 1 that the kinetic uptake is much faster in the fixed bed
eactor than in the TGA when CO2 flow is lower than 20 cm3/min.
his is due to the external diffusion limitation at low CO2 flow. The
ow rate should be much higher than in the fixed bed due to the
ypass problem in the TGA in order to eliminate external transport

imitation, especially for the low CO2 pressure range.
Fig. 1 shows a deviation on the uptake in the second stage

etween the two techniques. It is mostly caused by a relatively low
ensitivity of the GC analysis. A small change in the CO2 concentra-
ion at the reactor exit due to a low reaction rate of the carbonation
s difficult to be accurately detected. However, for the practical
pplication only the fast stage of CO2 uptake, which takes place
or minutes, is of interest. CO2 breakthrough curves (Fig. 2) show
hat as soon as the reactant gas is introduced into the fixed bed, CO2
orption onto the acceptor took place and saturation of the acceptor
s reached in all cases within about 10 min.

Fig. 3 shows that the fixed bed and TGA show very similar cap-
ure capacity at each CO2 pressure. The results in Fig. 3 show an
ncrease in capture capacity of the new synthetic CaCeZrOx accep-
or with increasing partial pressure of CO2. Several investigators
16,33,34] have also observed a marked increase in uptake of CO2 of
ynthetic mixed oxide acceptor with increase in pressure whereas
he uptake of CO2 natural acceptors is independent of partial pres-
ure of CO2 [33,35–38].  This increase in capacity with increasing
O2 pressure suggests a CaCO3 product layer in the nanocrystals.
he CaO core is the domain of the carbonation reaction. CO2 partial
ressure is the key kinetic factor which influences the diffusion of
O2 in gas–solid reaction zone, thus the thickness of the product
one, determining the CO2 capture capacity of the CaCeZrOx.

It has been reported that the molar volume of CaO increased
rom 16.9 cm3/g of CaO to 36.9 cm3/g of CaCO3 during carbona-
ion [39]. Carbonation of CaO inside the pores generates a CaCO3
ayer, reducing significantly the pore volume [40]. It caused sig-
ificant CO2 diffusion limitation in the CaCO3 layer, thus limited
he utilization of inner core of CaO. Results (Fig. 3) clearly sug-
est that the thickness of CaCO3 layer depends on the CO2 pressure
nd a high CO2 pressure results in a thick product layer. A high
O2 pressure obviously enlarges the CO2 driving force for diffu-
ion, enabling a deep penetration into the CaO crystals during the
eaction–diffusion process.

.2. Kinetic performance of carbonation and decarbonation of
aCeZrOx

The uptake curves in Fig. 4 indicate a concurrent increase in the
arbonation rate with increasing temperature, while the capacity
s almost constant at the corresponding CO2 pressure, regardless

f the temperature. The CaCeZrOx nanocrystals can be saturated
ithin about 10 min  at the temperatures larger than 843 K and

.1 bar CO2. Both the CO2 diffusion rate and the surface carbonation
ate increase with temperature. But the temperature seems to have
Today 171 (2011) 43– 51

a very weak influence on the ratio of the CO2 diffusion rate and the
carbonation rate. Therefore temperature did not change the prod-
uct layer thickness. It is in contrast to Li’s observation [41] where
the temperature increased significantly the product layer thick-
ness, thus the CO2 capture capacity of limestone. The difference
could be caused by the crystal size and the surface composition.

Regeneration experiments were carried out at three different
temperatures (973 K, 1023 K and 1043 K) respectively. Fig. 6 shows
that CaCeZrOx acceptor is regenerated completely at these three
temperatures and the rate of regeneration increases with increase
in the temperature. This is due to the acceleration of decomposition
rate of CaCO3 with increasing temperature.

4.3. Steam effect on carbonation/decarbonation

In agree with the observation in literature [17–19,21,22,25]
steam has a positive impact on the capture kinetics of CaO-based
acceptors. Comparing to the literature observations, Fig. 5 shows
that increasing steam concentration does not significantly affect
CO2 uptake profiles of the acceptor. Only a small increase in the
carbonation rate is observed but not the capacity. This is consistent
with the findings of Han et al. [22] in their multiple-cycle studies.
But it is in contrast to the observation of Monovic et al. [18] where
a enhanced CO2 capture capacity of limestone by adding steam due
to a enhanced diffusion in the product layer [18]. Fig. 7 shows a
larger influence of steam on the decarbonation rate of CaCeZrOx

acceptor comparing to the carbonation rate.
There are two  reported possible mechanisms [42] for the reason

of the enhancement of carbonation reaction. One  of the proposed
mechanisms in the CaO−CaCO3 inner surface is shown as follows:

CO2(g) ↔ CO2(ads) (3)

CO2(ads) + O2− → CO3
2− + ½O2 (4)

CO3
2− + CaO → CaCO3 + O2− (5)

O2− released from steam can accelerate carbonation.
Another possible mechanism was  pointed out that the steam

first reacts with CaO to form Ca(OH)2 and then Ca(OH)2 undergoes
carbonation. The reaction formula is as follows:

CaO + H2O → Ca(OH)2 (6)

Ca(OH)2 + 2CO2 ↔ Ca(HCO3)2 (7)

In this case, the rate of the carbonation reaction is catalyzed by
H2O by means of formation of transient Ca(OH)2 which is more
reactive than is CaO. However, the mechanism of the steam effect
on carbonation reaction could not be distinguished based on our
kinetic data.

The mechanism of the steam effect on decarbonation could be
different. It was found that both steam and CO2 molecules were
adsorbed onto the CaCO3 surface, with steam more strongly held,
and able to displace CO2 [43]. It has suggested that the adsorbed
H2O molecules weaken the bond between CaO and CO2, and thus
catalyze the decomposition of the crystal lattice.

4.4. Sorption enhanced reforming of methane (SESMR)

In SESMR, during the pre-breakthrough phase, three reactions:
reforming, shift and carbonation are all active and the calcined
CaCeZrOx is active to capture CO2, and thereby the CO2 concentra-
tion is low. At the same time, the reforming of methane reactions is
driven toward completion by the CO2 removal. The by-products of

CO2 and CO are minimized and the concentration of the H2 attains
at its maximum value. The duration of this period is a function of
the acceptor properties (sorption capacity and sorption kinetics),
its mass, and the operating conditions. The limitation of a single
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xed bed is that continuous production of hydrogen is not possible.
owever, process economics requires that the acceptor should be

egenerable and used in many reaction−regeneration cycles. In this
erspective, two parallel fixed-bed reactors could be an alternative
or continuous production of H2 production and acceptor regener-
tion simultaneously, operated in a cyclic manner. Feed switchover
ime between two fixed-bed reactors is a critical value for achiev-
ng high performance in two parallel fixed bed reactors [44]. A
uidized-bed reactor with continuous carbonation in one reactor
nd decarbonation in another reactor is also a good alternative for
ontinuous production of hydrogen [45].

During the experiments, after the acceptor bed had achieved
he initial breakthrough, the bed was regenerated by decar-
onation of the CaCO3 formed in flowing N2 at 973 K. This
egeneration was performed in situ by heating the fixed bed con-
aining acceptor–catalyst mixture concurrently. Subsequently, the
atalyst–acceptor bed was subjected to a second SESMR-reaction
ycle.

The effluent concentration profiles of both H2 and CO2 during
uccessive cycles are presented in Fig. 9. The maximum H2 concen-
ration is effectively equal in the six cycles, although the duration
f the pre-breakthrough is reduced somewhat as the number of
ycles increased. Reduction in the prebreakthrough time indicates

 decrease in the working capacity of the acceptor decreases with
ncreasing number of cycle as shown in Fig. 10.  There is a relatively
arge decrease in the capacity in the third cycle, and in the rest
ycles the new acceptor seems to be relatively stable. However,

 long term testing of acceptor stability at such realistic reaction
onditions is needed in the future work.

The CO2 capture capacity of the new CaCeZrOx acceptor obtained
rom SESMR is compared to the one of the dolomite obtained in
orption enhanced ethanol reforming [30] in Fig. 10.  CaCeZrOx

ixed oxide acceptor was used in SESMR whereas dolomite was
sed as an acceptor in SESR of ethanol. It is expected that the
eaction of methane and ethanol reforming at similar conditions
oes not influence the capacity of the acceptors. The initial CO2
apture capacity for both acceptors is more or less identical. How-
ver, Fig. 10 clearly indicates a much better stability of CaCeZrOx

anocrystals than the natural dolomite.

In order to get a better understanding of the difference in the

wo acceptors, the cyclic adsorption−desorption experiments were
tudied by temperature programmed carbonation (80 cm3/min
O2/20 cm3/min Ar) and decarbonation (100 cm3/min Ar) pres-
grammed range = 473–1173 K. Heating rate: 10 K/min, cooling rate: 50 K/min,
carbonation: FCO2 /FAr = 80 cm3/ min  CO2/20 cm3/min Ar and decarbonation:
FAr = 100 cm3/min.

sure of 0.8 bar and within the temperature range 473–1173 K. The
results are presented in Fig. 11.  It confirms the data obtained from
SESMR that the CaCeZrOx nanocrystals are much more stable than
the dolomites. Multiple cycles of carbonation–decarbonation reac-
tions showed that CaCeZrOx mixed oxide acceptor attains a capture
capacity of 0.456 g-CO2/g-CaCeZrOx after 20 cycles. In contrast, nat-
ural dolomite shows poor performance with a capture capacity of
0.15 g-CO2/g-dolomite after 20 cycles. CaCeZrOx is a superior accep-
tor compared to dolomite, with higher conversion of CaO (∼94%)
and better multi-cycle stability compared to dolomite, with low
conversion of CaO (∼33%) after 20 cycles. Dolomite gives only high
conversion of CaO (∼100%) in the first experimental cycle.

A comparison between Fig. 10 and Fig. 11 suggests that steam
accelerated deactivation of CaO based CO2 acceptors. It is in good
agreement with reported results in literature [17,46,47],  which has
mostly been attributed to CaO sintering. Sintering of CaO occurs

via solid-state ion diffusion [46,47], and steam obviously promotes
solid-state ion diffusion. Again the steam effect on the stabil-
ity is much smaller on the CaCeZrOx than on the dolomite. This
could probably due to the inhibiting effect of well-dispersed inert
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Table 3
The H2 concentration and capture capacity of CaCeZrOx under different W/F0.

W/F0 [g/min/cm3] H2 concentration [%] Capture capacity
[g-CO2/g-CaCeZrOx]

maximum CO2 capacity is about 20 wt% assuming in the gas phase
reaching the equilibrium of the steam reforming and water gas shift
reaction. In the real case the measured CO2 concentration (Fig. 8)
is much lower during the SESMR due to in situ CO2 removal. In
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ig. 12. Pore size distributions measured from N2 physisorption (� CaCeZrOx , ©
olomite).

e0.5Zr0.5O2 on ionic diffusion in the CaO or solid-state surface
eaction between CaO particles.

It has been reported that the stability of the pore structure plays
 significant role in the stability of the solid acceptors, since there
s a significant volume change during the carbonation and decar-
onation cycles [39]. Grasa and Abanades [36] and Sun et al. [48]
ave reported that limestone and dolomite, when subjected to a

arge number of cycles, lost completely the volume in small pores
nd give the uptake capacity lower than 0.1 g/g. Gupta and Fan [40]
tated that the carbonation conversion of CaO samples from natu-
al sources is very limited because of their microporous structure
usceptible for pore filling and pore blockage, resulting from the
ormation of higher-volume product, CaCO3. As a result capture
apacity of dolomite deteriorates during multiple cycle operation
49,50].

The surface area and the pore volume of the CaCeZrOx and
olomite acceptors are listed in Table 1. By comparing the values

n Table 1 and the pore size distribution in Fig. 12,  a significant
ifference in the pore volume is observed between the two accep-
ors. The surface area of CaCeZrOx (31.1 m2/g) and the pore volume
0.14 cm3/g) are higher compared to dolomite surface area (8 m2/g)
nd pore volume (0.04 cm3/g) respectively. More importantly, the
aCeZrOx nanocrystals have a much large pore volumes in the
ore size range between 10–100 nm and 100–150 nm than the
olomites.

The CO2 capture capacity of dolomite decreases dramat-
cally in the SESRE test in the first two cycles (Fig. 10),

hich is much faster than the decrease in the absence of the
team (Fig. 11). The CaCeZrOx nanocrystals are very stable in
arbonation–decarbonation cycles at the dry conditions (Fig. 11),
ut it deactivates again in the real SESMR (Fig. 10). This can be
scribed an accelerated sintering of acceptors by steam. Therefore,
he investigation of acceptors under dry conditions in TGA provides
nly a preliminary evaluation of the acceptor. It does not give any
lue to their performance under real reforming conditions.

The reason for the fast deactivation of the dolomites can be two
olds. At first, small pores in dolomites have a poor ability to tolerate
he large volume changes of CaO particles inside the pores during
he carbonation–decarbonation cycles. In addition, the backbone
tructure (MgO) in the dolomite is not stable enough, especially
n the presence of the steam. As a result, the dolomites underwent
he prompt closure of the pores throughout the particles and reduce

he surface area of the CaO particles. Reduced porosity in the accep-
or particles make it inaccessible to capture CO2, leading to a fast
ecrease in the CO2 uptake capacity in multicycling operation.
0.04 98 0.423
0.03  97 0.218
0.02  96 0.149

In our work, rapid decay of CO2 capture capacity of CaO is solved
by incorporating ceramic oxides in the CaO as the backbone struc-
ture and thus improved multicycle performance. The solid solution
of refractory oxide formed between Ce–Zr provides a stable back-
bone structure and inhibiting sintering of the active CaO sites. The
melting temperature of this refractory oxide is important because
the diffusion of ions or atoms in a solid exponentially depends
upon temperature. Vacancy diffusion in ionic compounds becomes
significant only above about 3/4 of the absolute melting point.
This is known as Tammann temperature. Solid materials start to
sinter at or above their Tammann temperature, which is roughly
about 50−75% of their bulk melting temperature. The reason for
choosing zirconia and ceria as prospective refractory dopants in
the present study is due to the fact that they exhibit relatively
high Tammann temperatures (1491 K and 1337 K respectively).
The backbone structure of the Ce–Zr mixed oxide in CaCeZrOx is
expected to be much more stable than the MgO  in dolomite. It
could be also the important factor contribute to a better stabil-
ity of CaO–Zr [14] and CaO–TiO2 [15] mixed oxides. In addition,
the nanoparticles of CaO reduced the local volume change in the
pores during the carbonation and decarbonation cycles. The fac-
tors of large pores and CaO nanocrystals together with the stable
backbone structure (Ce0.5Zr0.5O2) make the new acceptor CaCeZrOx

stable.
Another interesting observation is that a high CO2 capacity was

obtained at the SESMR conditions (Fig. 10),  in spite of the low CO2
gas phase concentration is expected in the SESMR reaction. The
highest CO pressure in the reaction is 0.15 bar (Fig. 8) in the absence
of the CO2 removal. The CO2 pressure is even lower (<0.03 bar,
Fig. 8) in the gas phase with in situ CO2 removal. Based on the
relationship between CO2 capacity and CO2 pressure in Fig. 3, the
Fig. 13. Effluent H2 concentration profiles on a water free basis. Acceptor: 10 g,
catalyst: 40 wt%  Ni-HTlc: 2 g. Acceptor/catalyst: 5, � W/F0 = 0.04, © W/F0 = 0.03 and
�  W/F0 = 0.02 g/min/cm3 respectively. T: 843 K.
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his context, a much lower CO2 capacity is expected. However, the
easured CO2 capacity is almost same as one at 0.8 bar CO2 pres-

ure measured in CO2 capture kinetic study (Figs. 3 and 11). The
ery significant deviation in the CO2 capacity measured in SESMR
nd CO2 capture kinetic study strongly suggests a synergy effect
etween the catalytic reaction and CO2 carbonation. The data here
oes not allow us to get an exclusive conclusion about the nature
f the synergy effect. It will be an important topic for our future
esearch.

Moreover, the effect of the residence time of methane has a
ignificant effect on the CO2 capture capacity. The experiments
ere carried out at following operation conditions: temperature

f 843 K atmospheric pressure, steam/carbon mol  ratio 3, and dif-
erent weight of catalyst/feed (W/F0) ratios. Table 3 indicates that
onger residence time or higher the W/F0, the higher the hydrogen
ields. But the change is very small. As shown in Fig. 13,  the time
pproaching to the breakthrough decreases with decreasing the
esidence time. It might be caused by a relatively large fraction of
atalysts and acceptors under the low conversions. The results sug-
est an important principle in the design of SESMR process where
he methane residence time could be more important for CO2 cap-
ure than the hydrogen production. A kinetic study of CO2 capture
t SESMR conditions is necessary for SESMR reaction design.

. Conclusions

A comparative kinetic study of CO2 capture in both TGA and fixed
ed reactor can be used for kinetic study in case sufficient high CO2
ow is employed. TGA is still the simple method for screening the
cceptors in terms of capacity and stability. Both TGA and the mea-
urement of breakthrough curve in the fixed bed reactor provide
lmost identical CO2 capacity, but the fixed bed reaction is a better
ool for the kinetic study both for CO2 capture and SESMR.

A new Ca-based CO2 nanocrystalline acceptor, CaCeZrOx is
ynthesized by spray drying. This novel material gives high con-
ersion and high cyclic CO2 capture capacity during multicyclic
arbonation–decarbonation. The enhanced performance can be
ttributed to stable backbone structure and the high surface area
nd large pore volume compared to dolomites. Previously studied
esults showed that high-purity of hydrogen can be obtained in
orption enhanced steam methane reforming using CaO, dolomite
s CO2 acceptors. However, a decrease in most multicylic stud-
es limits sorption enhanced steam methane reforming. Our new
aCeZrOx mixed oxide acceptor produces 96% high purity of hydro-
en at the low temperature of 843 K. Multicycle tests in situ capture
n steam reforming of methane show a moderate decrease in
he sorption capacity of CaCeZrOx, providing incentive for further
mprovement and evaluation under steam reforming conditions.

We  report a synergetic effect between the catalytic reaction
nd CO2 carbonation by a comparative study between SESMR and
O2 capture kinetics, which has not been reported previously. The
apacity of the CO2 capture on the acceptors in the SESMR cannot

e simply predicted by independent CO2 capture kinetic study. In
ddition, the residence time has a significant influence on the CO2
apture. These two factors should be addressed in the future study
n order to get a better understanding of the SESMR process.

[
[
[
[
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