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a b s t r a c t

The sol–gel combustion synthesis (SGCS) for oxygen carrier (OC) to be used in chemical looping com-
bustion (CLC) was first designed and experimented in this work, which is a new method of OC synthesis
by combining sol–gel technique and solution combustion synthesis. Cheap hydrated metal nitrates and
urea were adopted as precursors to prepare Fe2O3/Al2O3 OC at the molar ratio to unity (Fe1Al1), which
was characterized through various means, including Fourier transforms infrared (FTIR) spectroscopy,
thermogravimetric analysis (TGA), differential thermal analysis (DTA), X-ray diffractor (XRD), and N2

isothermal adsorption/desorption method. FTIR analysis on the chemical structure of the dried gel of
Fe1Al1 indicated that urea was partly hydrolyzed and the hydrated basic carbonate was formed by the
combination of groups such as (Fe(1−yAly)1−xO1−3x, CO3

2− and –OH–. By analyzing the staged products
during SGCS, calcination was found as a necessary step to produce Fe2O3/Al2O3 OC with separate phases
of �-Fe2O3 and �-Al2O3. Through TGA–DTA, the decomposition of the dried gel was found to undergo five
stages. The analysis of the evolved gases from the gel decomposition using FTIR partially confirmed the
staged decomposition and assisted a better understanding of the mechanism of SGCS. XRD identification
further substantiated the necessity of calcination to synthesize Fe2O3/Al2O3 OC with separate phases of
�-Fe2O3 and �-Al2O3, though it was not necessary for the synthesis of single phase �-Fe2O3 and �-Al2O3.
Structural characterization performed on N2 adsorption analyzer displayed that the pore shape of Fe1Al1
particles was heterogeneous. Finally, H temperature-programmed reduction (TPR) of Fe1Al1 products
2

in TGA indicated that the reduction reaction of Fe1Al1 OC after calcination was a single step reaction
from �-Fe2O3 to Fe, and calcination benefited to improve the transfer rate of the lattice oxygen from the
OC to fuel H2. Furthermore, four times of reduction and oxidization (redox) reaction by alternating with
H and air demonstrated the synthesized OC had good reactivity and sintering-resistance, much suitable

CLC.
C for
2

to be used in the realistic
to prepare Fe2O3/Al2O3 O

. Introduction

Chemical looping combustion (CLC) technology has received
reat recognition for its distinguishable advantages in abating CO2
mission from carbonaceous fuel combustion, through inherent
O2 separation. The CLC system is basically composed of two reac-

ors, an air reactor (AR) and a fuel reactor (FR). In the FR, the oxygen
arriers, such as metal oxides MxOy instead of the air in the normal
ombustion, are reduced with the fuel. In the AR, the reduced metal
xides MxOy−1 are oxidized with the introduced air, and then the
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Overall, the SGCS method was found superior to other existent methods
CLC application.

© 2011 Elsevier B.V. All rights reserved.

fully oxidized metal oxides MxOy in the AR are transported back to
FR, as shown in Fig. 1. This reduction and oxidation process (redox
process) can be repeated for many times. During the multicycles of
transportation between FR and AR, oxygen carriers have to suffer
the thermal shock and mechanical abrasion, and thus cause serious
sintering and fragmentation, which lead to great loss in the reac-
tivity of the oxygen carriers. Obviously, in CLC studies, advances
of oxygen carriers with good reactivity and strong performance to
combat sintering, are crucial to the real application of this novel
CO2 control technology [1,2]. The performance of oxygen carriers
is closely associated with the related preparation methods. Great

drawbacks in the current various preparation methods of OC entail
the necessity to develop novel preparation methods.

Different types of oxygen carrier have been investigated. The
mostly studied ones are generally composed of active metal oxides
and inert supports, where metal oxides provide the lattice oxy-

dx.doi.org/10.1016/j.jaap.2011.01.010
http://www.sciencedirect.com/science/journal/01652370
http://www.elsevier.com/locate/jaap
mailto:rongyan68@live.com
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ig. 1. Scheme of chemical looping combustion (CLC), where MxOy/MxOy−1 denotes
he oxidized and reduced oxygen carriers, respectively.

en to adequately oxidize the carbonaceous fuel into CO2, and the
upports are needed to improve the resistance of oxygen carri-
rs to fragmentation, abrasion and sintering. Till now, Ni, Cu, Fe,
n, and Co-based oxides have been mainly adopted, and the for-
er three oxides are more widely applied in CLC system. However,

here are pros and cons associated with each metal and the oxide.
iO has high reactivity but thermodynamic limitation and con-
ern of toxicity. CuO has exothermic characteristic but low melting
oint and possible defluidization as well as potential secondary
ollution. Comparing to NiO and CuO, Fe2O3 has a striking econom-

cal strength for its lower price, environmental benignity without
otential pollution and higher melting points. Therefore, Fe2O3 is
dopted in this study as the active metal oxide for OC. On the other
and, a variety of materials, such as Al2O3, bentonite, MgO, SiO2,
rO2, MgAl2O4, sepiolite and kaolin, have been reported as inert
upports for different oxygen carriers. Considering the reactivity,
ragmentation and avoidance of the interaction between Fe2O3 and
nert supports, Al2O3 is recognized as one of the most promising
upports [1,2]. Furthermore, for the synthesis of Fe2O3/Al2O3 OC
ith good performance, the optimized molar ratio of Fe2O3 to Al2O3
as around unity [3,4] to compensate between the good resistance

o sintering and fragmentation from the inert support Al2O3 and
ufficient lattice oxygen capacity from the active metal oxide Fe2O3
3,4].

Currently, there are two main options available for prepar-
ng oxygen carriers: “dry chemistry” and “wet chemistry” routes
5–7]. Taken the synthesis of Fe2O3/Al2O3 OC as an example, the
ormer preparation option includes mechanical mixing [1], freeze-
ranulation [8] and impregnation [9]. On the other hand, the “wet
hemistry” options for the preparation of oxygen carriers are more
dvantageous for the uniformly mixing between metal oxides and
upports at the molecular scale, the lower cost of the precursors and
he accuracy of the desired stoichiometric amount to be reached.
he “wet” preparation methods involved for the synthesis of oxy-
en carriers are co-precipitation [10], micro-emulsion [11], sol–gel
ethod [12,13], dissolution [14,15], and solution combustion syn-

hesis method [16,17]. Among these methods, sol–gel is one of the
ost promising routes because the oxygen carriers synthesized by

he method are fine and uniform, with strong mechanical strength
nd high attrition resistance, but expensive alkoxides have to be
dopted [12,13]. To avoid using expensive alkoxides, dissolution
ethod was designed by Ishida et al. [14] and later followed by

eadman et al. [15] using 2-propanol and metal nitrate to substitute
etal alkoxides.
Different from all the aforementioned preparation methods,

olution combustion synthesis is relying on a self-sustained com-
ustion reaction between metal nitrates as the oxidizer and various
rganic fuels (e.g., citric acid and glycine) to produce nano-scaled
etal oxide powders [16–18]. Due to the solution mixture of the

recursors used and the exothermicity of the combustion reaction,

his method displays prominent advantages than other “wet chem-
stry” methods for its rapidity and simplicity of the synthesizing
rocess, lower energy requirement and molecular mixing of the
recursors [19]. Therefore, it would be advantageous and promising
pplied Pyrolysis 91 (2011) 105–113

to combine the sol–gel method and solution combustion synthesis
method to produce OC with an expected good performance for CLC
application.

Previous studies on preparation of Fe2O3 [20–22] or Al2O3
[23–25] alone have been reported through different methods
including solution combustion synthesis using different organic
fuels. But information on the synthesis of Fe2O3/Al2O3 compos-
ite particles are limited and the methods of preparing Fe2O3/Al2O3
particles are confined to impregnation [9], freeze-granulation [3],
co-precipitation [26], and sol–gel method [27]. Researches on novel
synthesis method for Fe2O3/Al2O3 OC based on sol–gel and solution
combustion synthesis method are greatly worthwhile.

In this research, a novel synthesis method of Fe2O3/Al2O3 OC,
designated as sol–gel combustion synthesis (SGCS) method, was
firstly put forward and studied, using nitrates of iron and alu-
minum as the oxidizer and urea as the fuel. This preparation method
was systematically researched, with focuses on the characteriza-
tion of the as-synthesized Fe2O3/Al2O3 OC, optimization of the
SGCS process parameters, and evaluation of the performance for
the synthesized Fe2O3/Al2O3 OC, respectively. In this paper, the
comprehensive characterization of the synthesized Fe2O3/Al2O3
OC produced by SGCS at the molar ratio around unity (designated
as Fe1Al1), was performed through various experimental means
and the reduction activity of Fe1Al1 by H2 was tested in TGA. The
mechanism of SGCS was also preliminarily explored.

2. Experimental procedures

2.1. Selection of starting materials for SGCS

In comparison with the adoption of citric acid, glycine, etc. as
fuel in solution combustion synthesis [15–17,19], urea was sug-
gested as the most convenient fuel for its ready availability [6],
high exothermicity [28] as well as effective complexation of amine
group (i.e., –NH2) from urea with transition metals [29]. In compar-
ison to the corresponding sulfates or chlorides, metal nitrates were
chosen as the suitable oxidizer for its good solubility in water and
lower decomposition temperature. Hydrated nitrate was further
preferred for its easy solubility [6] and less violence of the redox
reaction between urea and nitrates. Therefore, the starting mate-
rials used in this research were Fe(NO3)3·9H2O (98%, Alfa Aesar),
Al(NO3)3·9H2O (98%, Sinopharm) and urea (98+%, Alfa Aesar).

2.2. Synthesis of Fe2O3/Al2O3 oxygen carrier

Fe1Al1 OC was prepared by SGCS method through the following
procedure. Firstly, stoichiometric compositions of metal nitrates
(including Fe(NO3)3·9H2O and Al(NO3)3·9H2O) and urea were cal-
culated at the desired molar ratio on the basis of 0.03 mol of
Fe(NO3)3·9H2O. The molar ratio of Al(NO3)3·9H2O, urea, and deion-
ized (DI) water to Fe(NO3)3·9H2O was correspondingly determined
as 1, 5.2, and 46 by propellant chemistry theory to ensure that the
equivalent ratio of the reducing valence of urea to the total oxidiz-
ing valence of nitrates was unity, and thus the heat released was at
its maximum [30].

Calculated amounts of Fe(NO3)3·9H2O, Al(NO3)3·9H2O and urea
were accurately weighed and dissolved in DI water in a pyrex
beaker. The mixture was then stirred on a hot plate (Cole Parmer
model, 4803-00) exposed to air atmosphere inside a fume hood for
good ventilation and aged at 75 ◦C until the formation of viscous
sol, the value of pH was periodically tested using the carefully cali-
brated pH meter (Mettler Toledo, Delta 320). Then, the viscous wet
sol was dried at 80 ◦C and 135 ◦C sequentially in the temperature-
programmed desiccator (Contherm Thermotec 2000) for different
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Fig. 2. Flow chart for the synthesis of Fe2O3/Al2O3 OC by SGCS.

urations. Next, the so-prepared dried gel was transferred in a
eramic dish and ignited in the preheated muffle furnace (Kiln west,
alsaff Pty., Ltd.) in the fume hood at 600 ◦C for 15 min. Finally, the
s-burned product proceeded to be calcined in the same furnace at
50 ◦C for 2 h. The flow chart for the procedure of SGCS to produce
e1Al1 OC is presented in Fig. 2.

.3. Characterization of the synthesized Fe2O3/Al2O3 oxygen
arrier

The chemical structure of the products formed by SGCS during
he different preparation stages was determined by infrared (IR)
pectra on the Fourier transforms infrared Spectrometer (BioRad
xcalibur Series, model FTS 3000) in the wave number range of
000–400 cm−1, with 64 scans at a spectral resolution of 4 cm−1.
amples of IR analysis were prepared by mixing the samples with
Br at a mass ratio of 1:200 in a steel die.

The thermal decomposition behavior of the dried gel was sim-
lated and examined via TGA–DTA in the instrument of Netzsch
TA409C. The heating rate and the flow rate of air were set as
0 ◦C/min and 50 ml/min, respectively. The evolved gas species,
ried through a portable tubular gas desiccator full of calcium sul-
ate dihydrate, were studied by FTIR coupled with TGA (TA 2050,
SA) at the same experimental condition as that of TGA–DTA on
TA 409C.

Phase identification of the as-burnt and the ensuing calcined
roducts Fe1Al1 OC was performed through X-ray diffractor (XRD)
DX 3200 using Cu K� radiation at a scanning rate of 1◦/min. The
veraged crystalline size of the powders was evaluated employing
he Scherrer formula [31] in Eq. (1).

= 0.9�

ˇ cos �
(1)

here D is the crystallite size in nm, � is the radiation wavelength
0.15406 nm for Cu K�), � is the diffraction angle and ˇ is the cor-
ected half width for instrument broadening.

Structural characterization was carried out by analyzing the
2 adsorption isotherms, obtained from the adsorption analyzer

Micrometrics ASAP 2020) at −196 ◦C. The specific surface area of
he synthesized OC was calculated by the Brunauer–Emmett–Teller
BET) theory [32] using the linear part (0.0 < P/P0 < 0.25) of the
dsorption branch on the assumption of a closely packed BET mono-
ayer. The pore size distribution of the synthesized oxygen carriers

as derived using Barrett–Joyner–Halenda (BJH) model [33] by

alculation of the desorption branch of the isotherm. In addition
o specific surface area and pore size distribution, surface fractal
imension (Ds) is also one of the specialties for various materials,
ecause the surfaces of most materials are actually rough instead
f absolutely smooth for their geometric irregularities and defects.
Fig. 3. Infrared spectrums of the formed Fe2O3/Al2O3 OC; (a) the dried gel; (b) the
product after ignition; (c) the finished OC after calcination.

The roughness can be well characterized by fractal. And thus, in
this research, the fractal dimension Ds for the synthesized OC using
SGCS method was estimated using the simple adsorption method
on the basis of the effect of capillary condensation [34], as shown
in Eq. (2).

ln
(

V

Vm

)
= K + (Ds − 3) ln

(
ln

(
P0

P

))
(2)

where P0 and P are the saturation and equilibrium pressures, K is a
characteristic constant, V0 and V are the gas volumes adsorped on
the OC samples at the pressures P0 and P, respectively.

H2-temperature programmed reduction (TPR) with the synthe-
sized Fe1Al1 OC were preliminarily studied on TGA (TA 2050, USA)
using the mixture gas of H2 with N2 (50 vol%). The heating rate and
the flow rate for the mixture gas were again set as 20 ◦C/min and
50 ml/min, respectively. Furthermore, in order to evaluate the reac-
tivity and sintering-resistant characteristics for the as-synthesized
Fe1Al1 oxygen carrier using SGCS, four cyclic times of reducing
and oxidizing reactions between as-sintered Fe1Al1 oxygen car-
rier in 63–106 �m and alternating by H2 in 50 vol% with balance
N2 and air were performed using thermogravimetric analyzer (TA
2050, US). In the prevention of the potential explosion between H2
and air by directly mixing, after the reducing reaction of Fe1Al1
oxygen carrier with H2, inert N2 was introduced into the reaction
chamber of the TGA 2050 for up to 2.5 min. The flow rates for H2,
air and inert N2 were fixed as 50 ml/min. And the reaction tem-
perature was stabilized as 850 ◦C. Meanwhile, the microstructures
of both the as-synthesized fresh and the reacted Fe1Al1 OC over
four cyclic times of redox process were scanned at the Analytical &
Testing Center with Huazhong University of Science & Technology
using the field scanning electron microscopy(FSEM) image (Siron
200, Netherlands) with the accumulated voltage of 20 kV at the
magnification of 5000.

3. Results and discussion

3.1. IR analysis of the synthesized products

Within the whole process for the synthesis of Fe1Al1 OC by
SGCS, three typical preparation stages, including drying process in
the desiccator, igniting and calcining in the muffle, were involved.
The formed products after these three stages were designated as

Fe1Al1gel, Fe1Al1ig, and Fe1Al1si, respectively. The FTIR spectra of
these staged products are shown in the curves (a), (b) and (c) in
Fig. 3.

Firstly, in the curve (a) for the dried gel of Fe1Al1 OC, the evolu-
tion of urea was analyzed. The strong broad peak around 3320 cm−1
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position of CO3 anion involved in the formed complex, similar
to the decomposition of the hydrated basic nickel carbonate [36].
The fourth sharp exothermic reaction for the peak at 312.64 ◦C in
the DTA curve was characterized as the typical combustion synthe-
sis. The reaction involving urea and ammonium nitrate was listed
Fig. 4. TG–DTA curves for the thermal decomposition of the dried gel f

nd the sharp band at 1758 cm−1 were ascribed to NH4
+ group

35] and OCN− ion [36], respectively. The presence of both NH4
+

nd OCN− ions clearly indicated the occurrence of the hydrolysis of
rea during the preparation of Fe1Al1 OC using SGCS [36,37]. The
ands at 825, 984, 1174 and 1384 cm−1 were mainly ascribed to the
ending vibration of ionic CO3

2−, which resulted from the further
ydrolyzed reaction of cyanate ion OCN− [36]. And the hydrolysis of
CN− was determined by the pH value of the aqueous solution, so

n this research, the pH value of the aqueous solution was carefully
nspected. It was observed that, at the initial preparation stage, the
H value was gradually increasing from around 1.5 to the constant
alue of 7.3 at the final stage with the formation of viscous sol. The
ariation trend of pH value observed was similar to the simulation
f urea hydrolysis by Mavis and Akine [37]. In addition, the rela-
ively weak bands at 532, 1040, 1157 and 1400 cm−1 were ascribed
orrespondingly to the different vibration modes of groups CN and
H2, which implied the existence of free urea molecule in the dried
el without hydrolysis or decomposition.

On the other hand, the evolution of iron and aluminum nitrates
n the SGCS was also analyzed. The band at 678 cm−1 was ascribed
o the (Fe1−yAly)1−xO1−3x group. It was the formation of this com-
lex group that prevented the preferential precipitation of both

ons of Fe3+ and Al3+ possibly involved in the co-precipitation [10].
nd the complex was further formed through the hydrolysis of iron
nd aluminum ions and then was complexed with OH group and
O3

2− [37,38], characterized as the hydrated basic carbonates [36].
eanwhile, the band at 480 cm−1 shows the formation of �-Fe2O3

39].
Furthermore, according to the IR spectra in the curves (b) and

c) for the as-burnt and calcined Fe1Al1 OC, the significant decease
r complete disappearance of the characteristic bands for CO3

2−,
H4

+and NO3
− ions suggested that those ions were removed during

he ignition and calcination process. The newly generating bands
t 653 cm−1 for the as-burnt product and 626 cm−1 for the cal-
ined OC were ascribed to the iron aluminate and �-Fe2O3 [40],
espectively. The presence of iron aluminate after igniting process
ut disappearance in the calcined product indicated that calcining
reatment was necessary to synthesize Fe1Al1 OC with separate
hases of �-Fe2O3 and �-Al2O3 using SGCS. For simplicity, other
ands and their assignments were listed in Table 1 as a reference.
.2. Thermal decomposition of the dried gel of Fe2O3/Al2O3 OC

In order to understand the potential transformation of the dried
el in the muffle furnace, TGA–DTA was performed at heating
0 ◦C/min from ambient temperature upward to 1300 ◦C under
O3/Al2O3 OC under air atmosphere; (a) TG curve; (b) DTG–DTA curves.

air atmosphere. The evolved flue gas was studied using FTIR cou-
pled with TGA 2050. The TGA–DTA results and the IR spectra are
depicted in Figs. 4 and 5, respectively.

From Fig. 4a, the TG curve indicated that the mass of the dried
gel decreased from 100% to 15.7% with the temperature increas-
ing from the ambient to around 450 ◦C, suggesting the precursor
decomposed completely below 450 ◦C to form various oxides. In
Fig. 4b, although there only existed a noticeable DTG peak centering
at 266.88 ◦C, four distinguishable peaks in the DTA curve occurred,
centering at 145.94, 208.11, 258.48 and 312.64 ◦C, respectively. And
the reactions related to the former three peaks were endothermic.
Although either urea or ammonium nitrate alone was reported to
easily decompose accompanying the mass loss around 200 ◦C[41],
the presence of urea would postpone the decomposition of ammo-
nium nitrate to higher temperatures up to 300 ◦C[41].

The fact that no ammonia (NH3), CO2 or nitrous oxide was
detected by FTIR at around 200 ◦C, further proved the decompo-
sition of complex instead of free urea or ammonia nitrate, though
the curve at 200 ◦C was not plotted in Fig. 5. As a result, the second
endothermic peak around 200 ◦C in the DTA curve was reasonably
supposed to be the dehydration of the intercalated water in the
formed complex of dried gel. Then, the third endothermic peak
around 258 ◦C, accompanied with the presence of CO2 in Fig. 5, indi-
cated the decomposition of CO3

2− involved in the complex. Overall,
based on the IR spectra of the evolved gases shown in Fig. 5, the
former three peaks in DTA curves were mainly attributed to the
two thermal dehydrations in sequence and the ensuing decom-

2−
Fig. 5. Infrared spectra of gases products from the combustion of the gel of
Fe2O3/Al2O3 OC under air atmosphere.
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Table 1
Infrared frequencies and band assignments of the dried gel, ignited and calcined products of Fe2O3/Al2O3 OC.

Species Numbers Frequencya (cm−1) Assignmentsb Refs.

Dried gel 1 3465–3174(s/sh) �(OH) + �(NH4
+)/�(NH2) [35,36]

2 2370(m) CO2 [55]
3 2191(m) � (NCO) [37]
4 1758 �(CO) [56]
5 1633(s) ı(H–O–H) [36]
6 1400 �(CN) [56]
7 1383(s) ı (CO3

2−) + � (NO3
2−) [36,57]

8 1158(m) ı (CO3
2−) + �(NH2) [36,58]

9 984(m) ı (CO3
2−) [36]

10 1004(m) �(CN) [56]
11 825(m) ı (CO3

2−) + � (NO3
2−) [36,57]

12 678(w) Fe–Al–O [38]
13 591 ı (NCO) [56]
14 532 ı (NCN) [56]
15 479(w) Fe–O [22]

Ignited product 2 2359(w) CO2 [55]
5 1384(m) ı (CO3

2−) [36]
9 653(s) Fe–Al–O [26]

10 493(s) Fe–O [26]

Calcined product 2 2343(w) CO2 [55]
9 626(w) Al–O [26]

10 444(m) Fe–O [26,40]
)
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This proved the good resistance of �-Al2O3 to sintering and thus it
can be used as the inert support for OC synthesis. Furthermore, the
averaged crystalline sizes for �-Fe2O3 and �-Al2O3 present in the
Fe1Al1si were correspondingly 37.6 and 67.8 nm, lower than their
separate counterparts in sizes of 107.3 and 79.1 nm. It was also pos-
11 572 (s

a s: strong; m: medium; w: weak; sh: shoulder.
b �, ı and � representing stretching vibration, bending vibration and in-plane ben

elow:

O(NH2)2 + NH4NO3 → 2NH3(g) + CO2(g) + N2O(g) + 4H2O(g)(3

According to Eq. (3), for SGCS with urea as the fuel, the oxidizer
as actually provided by NH4NO3 other than from metal nitrates

s reported by Erri et al. in the synthesis of NiO-based OC using
olution combustion synthesis [16,17,19]. In addition to the four
eaks, there was also a broad endothermic peak around 900 ◦C in
ig. 4 without mass loss, which implied the phase transformation
f the formed oxides [42].

The trend of gas evolving from the reaction of the dried gel under
he air atmosphere was seen in Fig. 5. At 250 ◦C, the gases emitted
ere only H2O and CO2. With reaction temperature increasing to

00 ◦C, a little amount of NH3 and N2O produced. But with the reac-
ion temperature further increasing from 350 to 400 ◦C, both NH3
nd N2O cannot be detected, possibly due to the rigorous exother-
ic reaction between the emitted NH3 and gaseous nitrous oxides
Ox, as shown in Eq. (4) below [43].

xNH3(g) + 10NOx(g) → (5 + 2x)N2(g) + 6xH2O(g) + 2xO2(g)(4

The reaction between NH3 and NOx could effectively avoid the
otential pollution from the emitted detrimental gases during the
ynthesis of oxides. Meantime, the instantaneous heat release and
igh flame temperature (around 2000 ◦C) benefited to form the
xpected phases rapidly [23]. These two advantages from the adop-
ion of the urea in SGCS, instead of other fuels in SGCS, are greatly
eneficial for the synthesis of oxygen carrier, especially in mass
roduction.

.3. Phase identification of the synthesized Fe2O3/Al2O3 OC

Phase identification of the as-burnt and finished Fe1Al1 OC after
he ignition and calcination was performed using XRD, as shown in
ig. 6. The curves (a) and (b) were for Fe1Al1ig and Fe1Al1Si, respec-

ively. In addition, as the reference cases, XRD patterns of the two
eparate phases prepared in lab, i.e., �-Fe2O3 and �-Al2O3, were
lso provided and demonstrated in Fig. 6 in curves (c)–(f). These
wo separate phases were prepared following the same procedure
s depicted in Fig. 1.
Fe–O + Al–O [26,40]

vibration for the different chemical groups.

From Fig. 6, after ignition, Fe1Al1ig consisted of Fe2O3 and iron
aluminate (Fe1Al12O4) instead of Al2O3, due to aluminum substi-
tution and the formation of the complex group (Fe1−yAly)1−xO1−3x,
as discussed above. Furthermore, after 2 h of calcination at 950 ◦C,
Fe1Al1 OC was formed, composed of separate phases of �-Fe2O3
and �-Al2O3. This observation supported the earlier conclusion that
calcination was the necessary procedure to avoid the formation of
spinel phase between the active oxide and support. Different from
the synthesis of Fe1Al1 OC, the separate phases �-Fe2O3 or �-Al2O3
can be directly formed even without calcination.

Furthermore, according to Eq. (1), the averaged crystalline sizes
for both the formed Fe1Al1 and the two reference oxides were eval-
uated. The sizes for all the samples after calcination were increased
than those only after ignition. Especially for Fe2O3ig, its crystalline
size increased greatly from 27.2 to 107.3 nm, due to the coalescence
of neighboring crystallites during calcination. However, the crys-
talline size of Al2O3ig only increased a little from 63.9 to 73.2 nm.
Fig. 6. X-ray diffraction patterns of the ignited and calcined Fe2O3/Al2O3 OC.
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ig. 7. Structural characteristics of the synthesized phases using SGCS: (a) N2 adso
he synthesized products subjected to ignition and calcinations, respectively.

ibly due to the aluminum substitution during the formation of sol
nd the ensuing partial reciprocal solubility between �-Fe2O3 and
-Al2O3 [26].

Finally, it was worthy to note that even though the calcina-
ion process was identified as a necessary step for the synthesis of
e1Al1 OC, the calcination temperature in this research was 950 ◦C,
hich was still lower than all the other different preparation meth-

ds of Fe2O3/Al2O3 particles [26,27,44].

.4. Structure analysis of the synthesized Fe2O3/Al2O3 OC

As the oxygen carrier, the Fe2O3/Al2O3 particle served as the

eactant in CLC and the associated redox reactions were bulk reac-
ions instead of a surface reaction like being used as a catalyst.
herefore, besides surface area, the pore size distribution is also
mportant for the reactivity of OC [45]. N2 adsorption analyzer was
hus adopted to make a comprehensive characterization of both

ig. 8. Non-isothermal reduction of different oxides with H2: (a) as-burned and calcine
ifferent sources.
–desorption isotherms; (b) pore size distribution; in which, ig and Si representing

the formed Fe1Al1 OC and the separate phase of �-Fe2O3 and �-
Al2O3 synthesized using SGCS. The results are listed in Table 2.
The isotherms and pore size distribution for Fe1Al1ig and Fe1Al1si
are depicted in Fig. 7a and b, respectively. Meanwhile, these char-
acteristics for the homemade �-Fe2O3si and �-Al2O3si were also
provided for reference, respectively.

From Fig. 7(a), the hysteresis loops of the homemade Fe1Al1
OC and separate phases of Fe2O3Si and Al2O3Si were all different
from the four typical hysteresis loops provided by International
Union of Pure and Applied Chemistry (IUPAC). Below the relative
pressure P/P0 = 0.6, the adsorption branch increased slowly with
the relative pressure and then intersected but not overlapped with

the desorption branch, far different from all those four typical hys-
teresis loops nominated by IUPAC. Whereas above P/P0 = 0.6, the
adsorption branch sharply ascended, and did not reach the sta-
ble status even when P/P0 = 1.0, much resembling that part of the
H1 hysteresis loop at the larger relative pressure. Therefore, their

d Fe2O3/Al2O3 OC synthesized by SGCS; (b) the separate phases of �-Fe2O3 from
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Table 2
Structural information of the Fe2O3/Al2O3 OC and other separate reference phases synthesized by SGCS.

Species BET surface area (m2/g) Single point porosity (cm3/g) (P/P0 ∼ 0.97) Average pore size (nm) Fractal dimension

Fe2O3

Iga 1.4699 0.003438 3.6638 2.68
Sia 0.6823 0.001390 9.3567 2.45

Fe1Al1
Iga 12.1587 0.017442 5.7427 2.91
Sia 1.6577 0.003327 8.0744 2.75

Al2O3
a

by SG

p
n
[
f
w
a
a
s

d
w
i
t
c
p
�
F
�
s
r

s
v
d
t
t
A
i

F
s
f

Ig 16.0804 0.006665
Sia 4.8871 0.005245

a Ig and Si denoting the products formed after the ignited and calcined processes

ore types were more complicated and regarded as “heteroge-
eous”, which were composed of several typical hysteresis loops
46]. The complexity of the pore shape was supposedly resulting
rom the preparation process using SGCS, in which, when NH4NO3
as formed and present as oxidizer as shown in Eq. (3), a bigger

mount of gases and a more violent reaction between urea and
mmonia nitrate during the synthesis might complicated the pore
hape [47].

Furthermore, from the pore size distribution of various samples
epicted in Fig. 7(b), most of the pores for Fe1Al1ig were mesopore
ithin 2–50 nm. When it underwent 2 h of calcination and formed

nto Fe1Al1si, many mesopores in Fe1Al1ig increased in size and
ransformed to macropore (>50 nm) due to the agglomeration and
ompaction of various neighboring mesopores. As references, the
ore size distribution of the homemade separate phases, including
-Fe2O3si and �-Al2O3si were analyzed. The pores inside the �-
e2O3si particle were mainly macropore bigger than 50 nm, but for
-Al2O3si, even experiencing serious calcination, most pores were
maller than 50 nm, with two peaks occurring around 10 and 20 nm,
espectively.

Finally, in Table 2, it was found that for all the oxides synthe-
ized using SGCS, due to the sintering effect after calcination, the
alues of BET surface area, single porosity and fractal dimension
ecreased, but average pore size increased. And furthermore, all
he values of Fe1Al1ig and Fe1Al1si fell between those of the syn-

hesized separate phases, including Fe2O3ig, Al2O3ig and Fe2O3si,
l2O3si, potentially arising from the corresponding contribution of

nert support Al2O3ig and Al2O3si.

ig. 9. Four times of reduction and oxidization reactions (redox) between as-
intered Fe2O3/Al2O3 OC and alternate H2 or air, respectively: (a) mass loss (TG)
or the reactions; (b) mass loss rate (DTG) for the reactions.
4.3845 2.94
7.2665 2.88

CS procedure, respectively.

3.5. Reaction characteristics of the synthesized Fe2O3/Al2O3 OC

3.5.1. H2-TPR of the Fe2O3/Al2O3 OC
In relative to the oxidation reaction of the reduced OC in AR,

reduction reaction of the OC with fuel in FR is generally consid-
ered as the limiting step. Gaseous fuels such as CH4 or CO easily
generated carbon deposition and caused the reduction reaction
complicated. Therefore, to get a preliminary understanding of the
reaction characteristics of the synthesized Fe1Al1 OC, the reduction
reaction with H2 was performed in TGA. The results are depicted
in Fig. 8a. As the reference, the reduction reactions of separate
active phase �-Fe2O3 produced by SGCS with the same proce-
dure along with two commercial �-Fe2O3 oxides, designated as
Fe2O3ig, Fe2O3si, Fe2O3(R) and Fe2O3(M), respectively, are pro-
vided in Fig. 8b for a comparison. Here, R and M in the brackets
represented the commercial oxides ordered from Riedel-dehaen
and Merck Corporations.

According to Fig. 8a, there existed three distinct DTG peaks in
the reduction reaction of as-burnt Fe1Al1ig, which were centered
at 384.43, 405.26 and 813.20 ◦C, accompanying with the left mass
from the TG curve to reach 98.19%, 90.92% and 83.16%, respec-
tively. According to the above IR analysis and phase identification,
Fe1Al1ig was composed of FeAl2O4 and �-Fe2O3. Reasonably sup-
posing the complete reaction of both FeAl2O4 and �-Fe2O3 with H2
[48–50], the mass fraction of �-Fe2O3 present in Fe1Al1(ig) was cal-
culated as 53.92% through the net mass loss (100–90.92% = 9.08%)
for the reduction of �-Fe2O3 with H2 to divide the total net loss
(100–83.16% = 16.84%) for the complete reduction of Fe1Al1ig with
H2. Furthermore, the following three reactions could be inferred.
Firstly, at the range of 253–411 ◦C, �-Fe2O3 reacted with H2 into
Fe3O4 with 98.19% left. And then at 411–611 ◦C, Fe3O4 completely
reacted into Fe with 90.92% left. Finally, with temperature increas-
ing upward from 611 ◦C, the reduction reaction of Fe1Al12O4
proceeded until terminated at 915 ◦C with 83.20% left. Therefore,
�-Fe2O3 present in Fe1Al1ig reacting with H2 experienced two
reaction steps from �-Fe2O3 into Fe3O4 and further into Fe, which
was consistent with the previous observations [48,49]. After that,
FeAl2O4 reacted with H2 into Fe and Al2O3 [50]. Different from
the reaction of Fe1Al1ig with H2, there was only one DTG peak
centering at 506.45 ◦C for the reduction reaction of Fe1Al1Si with
H2, which consisted of �-Fe2O3 and �-Al2O3 as above mentioned.
This sole peak implied the �-Fe2O3 present in Fe1Al1Si OC directly
reacted with H2 into Fe at the temperature range of 351–623 ◦C,
and single step reaction was involved.

Furthermore, the mass loss in TG curve for both Fe1Al1ig and
Fe1Al1Si reacting with H2 was actually resulting from the loss of

lattice oxygen present in the oxide carrier. Accordingly, the DTG
value implied the transfer rate of the lattice oxygen in the oxides
to H2; a bigger DTG value meant a larger transfer rate. In Fig. 8a,
the DTG value for Fe1Al1Si was 1.42%/ ◦C, far bigger than any DTG
values of the three sequential reactions involved for Fe1Al1ig react-
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Fig. 10. SEM images of Fe2O3/Al2O3 OC: (a) as-synthesized Fe2

ng with H2, which meant Fe1Al1Si had a greater oxygen transfer
ate and was more suitable for CLC application, because when OC
as used in CLC system, higher oxygen transfer rate meant less bed

nventory in FR and less recirculation of OC from AR to FR [51].
Finally, in Fig. 8b, there were two distinct DTG peaks for the

eduction reaction of each commercial �-Fe2O3 with H2, which
as similarly ascribed to the reduction of �-Fe2O3 into Fe3O4 and

e with double-step reactions. On the contrary, the homemade �-
e2O3 using SGCS had only one DTG peak and single reduction
eaction of �-Fe2O3 directly into Fe was involved. Furthermore,
he DTG values for the two homemade �-Fe2O3 (both Fe2O3ig
nd Fe2O3si) were far bigger than those of the commercial oxides;
herefore, these oxides produced using SGCS had a greater oxygen
ransfer rate and could be more suitable for CLC application.

.5.2. Redox process of the Fe2O3/Al2O3 OC with H2 and air
Good redox properties and sintering-resistance are of the great

oncerns to sustain the good reactivity of the oxygen carrier
dopted in CLC. In order to evaluate redox and the sintering-
esistant characteristics for the as-synthesized Fe1Al1 OC, four
yclic times of reducing and oxidizing reactions between as-
intered Fe1Al1 OC and alternating by H2 in 50 vol% with balance
2 and then air were performed using TGA (TA 2050, US). The result
f mass loss (i.e., TG curve) and those of the corresponding differ-
ntial mass loss rate (i.e., DTG curve) over the four times of redox
rocess are plotted in Fig. 9a and b, respectively.

From Fig. 9, it was observed that though the first redox reac-
ion rates with H2 and air were corresponding to 8.2%/min and
1.8%/min, but with the reaction further proceeding, the rates
elated to the reduction by H2 and oxidization by air were increased
reatly, stabilizing around 20%/min and 50%/min, respectively. The
ower reduction rate for the first cycle was mainly arising from
he dense layer Fe2O3 initially formed in the outer surface and the
neven pore size distribution for the fresh Fe1Al1 OC during prepa-
ation (as seen in Fig. 10a). Both the dense layer formed outside the
C particle and the uneven pore size distribution prevent H2 to
ccess the active reaction surface, which was in agreement with
he observation by other researchers [52–54]. But after the first
edox process, the abundant pores of different size were developed
ver the ensuing redox process by enlargement in the reduction
tage and contraction in the oxidization stage with the variation in
he molar volume of reduction product Fe and oxidization product
e2O3, which was greatly beneficial to increase the reaction rates.

urthermore, the stable redox rates after the first redox process and
he rich pore distribution (as seen in Fig. 10b) demonstrated the
ynthesized Fe1Al1 OC possessed good sintering-resistance, which
as important to sustain the reactivity over many times of redox
rocesses in the realistic CLC.
O3 OC; (b) Fe2O3/Al2O3 OC after four cycles of redox reactions.

4. Conclusions

In combination of sol–gel route and solution combustion syn-
thesis, a novel synthesis method of oxygen carrier (named SGCS)
was first put forward and systematically studied, to develop new
oxygen carriers with improved performance to be used in CLC. The
detailed preparation procedure was designed and various param-
eters involved in SGCS were discussed. The reaction performance
of Fe2O3/Al2O3 OC in fuel reactor was further preliminarily stud-
ied. Comprehensive investigations of Fe2O3/Al2O3 OC synthesized
using SGCS proved that it was more advantageous than the reported
preparation methods. The characterization of the Fe2O3/Al2O3 OC
synthesized by SGCS was focused in this study. The conclusions
were reached as follows:

(i) The chemical structure of the dried gel of Fe1Al1 OC was
analyzed using FTIR. In the evolution of urea, part of urea
hydrolyzed and various ions including NH4+, NCO− and CO3

2−

were produced. The ions of Fe3+ and Al3+ were complexed with
OH group and CO3

2−, and thus the complicated hydrated basic
carbonate was formed. Further analysis of the staged Fe1Al1
products after ignition and continual calcination proved that
calcination was a necessary step to produce Fe1Al1 OC with
separate phases of �-Fe2O3 and �-Al2O3, possibly due to the
occurrence of aluminum substitution in the formed complex.

ii) The thermal decomposition of the dried gel was found to
undergo five different stages, including the two endothermic
thermal dehydrations in sequence and the ensuing decompo-
sition of carbonate, exothermic combustion reaction between
urea and ammonia nitrates along with the final phase transfor-
mation of the formed oxides. Furthermore, the evolved gases
were ascertained by FTIR coupled with TGA, showing less
N2O and NH3 were produced than the traditional combustion
synthesis due to the postponement of the decomposition of
ammonium nitrate with the presence of urea and the exother-
mic reaction between NH3 and NOx.

iii) XRD identification of the various products for Fe1Al1 formed by
SGCS further verified that calcination was necessary to obtain
Fe1Al1 OC with separate phases, similar to that reached through
FTIR analysis. But for the synthesis of single phase �-Fe2O3
and �-Al2O3, the ignition at 600 ◦C for 15 min sufficed without
further calcination.

iv) Structural characterization indicated that the pore shape of

Fe1Al1 composite particles using SGCS was heterogeneous and
the pore size mainly fell in mesopore after calcination due to
sintering.

(v) Finally, H2 TPR of Fe1Al1 products in TGA indicated that the
reduction reaction of Fe1Al1 OC after calcination was a single
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reaction from �-Fe2O3 to Fe, though the reactions of Fe1Al1ig
only after ignition were triple steps of reactions. And calcination
benefited to improve the transfer rate of the lattice oxygen from
the OC to fuel H2. Furthermore, four times of redox reaction by
alternating with H2 or air demonstrated the synthesized OC had
good reactivity and sintering-resistance, more beneficial to be
used in the realistic CLC.

cknowledgements

This work is supported by the A*Star SERC Grant of Singapore
SERC 0921380025-M47070019) and National Natural Science
oundation of China (Nos. 50906030, 50936001 and 50721005). It
s also part of the project “Co-control of Pollutants during Solid Fuel
tilization”, supported by the Programme of Introducing Talents of
iscipline to Universities (‘111’±project B06019), China.

eferences

[1] J. Adánez, L.F. de Diego, F. García-Labiano, P. Gayán, A. Abad, Energy and Fuels
18 (2004) 371–377.

[2] M. Johansson, T. Mattisson, A. Lyngfelt, Thermal Science 10 (2006) 93–107.
[3] P. Cho, T. Mattisson, A. Lyngfelt, Reactivity of iron oxide with methane in a

laboratory fluidized bed—application of chemcial-looping combustion, in: Pro-
ceedings of the 7th International Conference on Circulating Fluidized Beds,
Niagara Falls, Ontario, Canada, 2002.

[4] M. Ishida, H.G. Jin, T. Okamoto, Energy and Fuels 12 (1998) 223–229.
[5] D. Gingasu, I. Mîndru, L. Patron, O. Carp, D. Matei, C. Neagoe, I. Balint, Journal

of Alloys and Compounds 425 (2006) 357–361.
[6] D.A. Fumo, J.R. Jurado, A.M. Segadães, J.R. Frade, Materials Research Bulletin 32

(1997) 1459–1470.
[7] K.P. Surendran, R. Varma, M.R. Varma, Materials Research Bulletin 42 (2007)

831–1844.
[8] P. Cho, T. Mattisson, A. Lyngfelt, Industrial and Engineering Chemistry Research

44 (2005) 668–676.
[9] F. He, H. Wang, Y.N. Dai, Journal of Natural Gas Chemistry 16 (2007) 155–161.
10] R. Villa, C. Cristiani, G. Groppi, L. Lietti, P. Forzatti, U. Cornaro, S. Rossini, Journal

of Molecular Catalysis: Chemical 204–205 (2003) 637–646.
11] H.J. Tian, K. Chaudhari, T. Simonyi, J. Poston, T.F. Liu, T. Sanders, G. Veser, R.

Siriwardane, Energy and Fuels 22 (2008) 3744–3755.
12] H.B. Zhao, L.M. Liu, B.W. Wang, D. Xu, L.L. Jiang, C.G. Zheng, Energy and Fuels

22 (2008) 3744–3755.
13] A.M. Kierzkowska, C.D. Bohn, S.A. Scott, J.P. Cleeton, J.S. Dennis, C.R. Müller,

Industrial and Engineering Chemistry Research 49 (2010) 5383–5391.
14] M. Ishida, H.G. Jin, T. Okamoto, Energy and Fuels 10 (1996) 958–963.
15] J.E. Readman, A. Olafsen, J.B. Smith, R. Blom, Energy and Fuels 20 (2006)

1382–1387.
16] P. Erri, A. Varma, Chemical Engineering Science 62 (2007) 5682–5687.
17] P. Erri, A. Varma, Industrial and Engineering Chemistry Research 46 (2007)

8597–8601.
18] N.M. Deraz, Journal of Analytical and Applied Pyrolysis 88 (2010) 103–109.

19] P. Erri, P. Pranda, A. Varma, Industrial and Engineering Chemistry Research 43

(2004) 3092–3096.
20] J. Toniolo, A.S. Takimi, M.J. Andrade, R. Bonadiman, C.P. Bergmann, Journal of

Materials Science 42 (2007) 4785–4791.
21] K. Deshpande, A. Mukasyan, A. Varma, Chemistry of Materials 16 (2004)

4896–4904.

[

[

[

pplied Pyrolysis 91 (2011) 105–113 113

22] S.K. Apte, S.D. Naik, R.S. Sonawane, B.B. Kale, Journal of American Ceramic
Society 90 (2007) 412–414.

23] J. Toniolo, A.S. Takimi, C.P. Bergmann, Materials Research Bulletin 40 (2005)
561–571.

24] L.C. Pathak, T.B. Singh, S. Das, A.K. Verma, P. Ramachanrarao, Materials Letter
57 (2002) 380–385.

25] J.J. Kingsley, K.C. Patil, Journal of Material Science Letters 6 (1988) 427–432.
26] M.d.C. Prieto, J.M. Gallardo Amores, V. Sanchez Escribano, G. Busca, Journal of

Materials Chemistry 4 (1994) 1123–1130.
27] M. Liu, H.B. Li, L. Xiao, W.X. Yu, Y. Lu, Z.D. Zhao, Journal of Magnetism and

Magnetic Materials 294 (2005) 294–297.
28] V. Chandramouli, S. Anthonysamy, P.R. Vasudeva Rao, Journal of Nuclear Mate-

rials 265 (1999) 255–261.
29] K.C. Patil, S.T. Aruna, T. Mimani, Opinion in Solid State and Materials Science 6

(2002) 507–512.
30] S.R. Jain, K.C. Adiga, V.R.P. Verneker, Combustion and Flame 40 (1981) 71–79.
31] B.D. Cullity, Elements of X-ray Diffraction, 2nd ed., Addison-Wesely Publishing

Co., 1978.
32] S. Brunauer, P.H. Emmett, E. Teller, Journal of American Chemistry Society 60

(1938) 309–319.
33] E.P. Barret, L.G. Joyner, P.P. Halenda, Journal of American Chemistry Society 73

(1953) 373–380.
34] I.M.K. Ismail, P. Pfeifer, Langmuir 10 (1994) 1532–1538.
35] S. Vivekanandhan, M. Venkateswarlu, N. Satyanarayana, Materials Chemistry

and Physics 109 (2008) 241–248.
36] X.S. Xin, Z. Lu, B.B. Zhou, X.Q. Huang, R.B. Zhu, X.Q. Sha, Y.H. Zhang, W.H. Su,

Journal of Alloys and Compounds 427 (2007) 251–255.
37] B. Mavis, M. Akine, Journal of American Ceramic Society 89 (2006) 471–477.
38] H.D. Ruan, R.L. Frost, J.T. Kloprogge, L. Duong, Spectrochimica Acta Part A 58

(2002) 479–491.
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