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Abstract: In this work, experiments were performed to investigate the activity and regeneration
ability of iron-based oxygen carrier with high index facet (104) during chemical looping combustion
(CLC), suggesting that morphological control of the oxygen carrier is very rewarding. Fe;O3(104)
supported on Al,O3 was synthesized by a morphology controlled method to undertake maize stalk
CLC experiments. Compared with the referenced Fe,O3/Al,O3 prepared by the impregnation
method, Fe,O3(104)/ Al,O3 presents better reactivity, showing higher fuel conversion rate and CO,
concentration in gaseous products. Further, structural characterizations, including X-ray diffraction
(XRD), scanning electron microscopy (SEM) (LEO-1450) and Brunauer-Emmett-Teller (BET) analysis,
and multi-cycles CLC reactions were performed to verify the good regeneration and stability of the
Fe;03(104)/ Al O3. The findings indicate that the Fe;O3(104)/ Al Oj is efficient when used for CLC
of maize stalk.
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1. Introduction

Chemical-looping combustion (CLC) is a novel and efficient technology with inherent separation
of CO,, thus avoiding extra energy consumption [1,2]. The CLC system is usually composed of two
reactors, namely fuel reactor (FR) and air reactor (AR) with oxygen carrier (OC) circulating constantly
between them, as shown in Figure 1. In FR, oxygen carrier transfers lattice oxygen to fuel to generate
CO; and H,O. After condensation of H,O, a CO, stream can be obtained. Subsequently, the reduced
OC is transported back to the air reactor (AR) and oxidized by air for the next cycle of reaction.
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Figure 1. Schematic of chemical-looping combustion.
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In a CLC system, an oxygen carrier is critical to obtain an excellent CLC performance for its vital
functions of transferring oxygen and heat. In comparison with NiO, CuO et al., Fe;O3 presents lower
redox reactivity, but Fe,O3 has become an investigation focus due to its advantages of low cost, high
thermal stability, good resistance to sulfur [3], and no diauxic environmental pollution [4-6]. Fe;O3
doped by Ni, Cu, Co et al., loading Fe;O3 on inert support material, and combined iron based OCs
have received great attentions because of their enhanced reactivity, reduction of carbon deposition,
and good regeneration capacity [7-9]. Nevertheless, the high cost of preparing these multi-component
iron-based OCs has inhibited their application in large scale CLC processes. Recently, our team has
prepared Fe;O3 mainly closed by high index facet (104) as novel OC, and demonstrated its excellent
performance in CLC with lignite theoretically and experimentally, which put forward a new thinking
in developing efficient iron based OC in CLC [10].

During past years, extensive studies of CLC of gaseous fuels with iron oxide as OC have been
conducted [11,12], and the CLC reaction mechanisms and CLC equipment are relatively clear. In recent
years, CLC with solid fuels have received great interests for the rich solid fuel resources [13-18], and
the feasibility has been confirmed by many experiments. Biomass direct combustion is thought to be a
near zero emission of CO; model since the CO; released in combustion had previously been removed
from the atmosphere during biomass growth. Consequently, using biomass as fuel in CLC will result
in an interesting negative CO, emission [19], which can greatly contribute to solve the climate change
issue. Nevertheless, differing from the gaseous fuel CLC process, the solid fuel CLC process includes
complex components of solid fuel [20], various volatile contents, and unknown pyrolysis mechanisms
of these different reactants [21-24].

Despite the excellent performance of the Fe;O3(104) OC in CLC of lignite in our previous
investigation [10], the CLC characteristic of this novel OC directly reacting with biomass is still
unclear, which prevents the application of Fe;O3(104) OC in biomass CLC. Thus, it is very important
to systematically investigate the reaction characteristic of Fe;O3(104) based CLC with biomass as
fuel. Since corn is one of the main corps, maize stalk was chosen as fuel in our CLC experiments.
Then the Al,Os-supported Fe,O3(104) was synthesized by morphology controlled method to do
TGA experiments and FTIR analysis to evaluated its reactivity during maize stalk CLC. Further, CO,
as the dominant combustible pyrolysis product of maize stalk [25,26], was selected as the model
molecule of pyrolysis product to perform single and multi-cycle thermogravimetric analyzer (TGA)
experiments so as to obtain a clear insight into the gas-solid reaction characteristic between pyrolysis
products and OC. Moreover, the prepared fresh and re-used OCs were characterized by methods of
X-ray Diffraction (XRD), scanning electron microscopy (SEM), Brunauer-Emmett-Teller (BET) analysis.
Results demonstrate the high reactivity, efficient oxygen transfer capacity, and good regeneration
ability of Fe;03(104) during CLC, which will also provide useful information for developing novel OC
and solid fuel CLC.

2. Experimental Methods

2.1. Oxygen Carrier Preparation

The Fe;03(104) / Al,O3 (the mass fraction of Fe,Os is 60 wt %) OC was synthesized by morphology
controlled preparation method. 1.13 g Al,O3, 5.38 g FeCl3-6H,0, 11.6 g NaCl, and 10 mL PEG was
sequentially added in 190 mL distilled water with stirring. During this process, the mixture was heated
to 120 °C and kept for 1 h by adding 0.2 M Nap,COs solution. After an additional 2 h of continuous
stirring, the precipitate was filtered and washed. The filtrate was then dried overnight at 80 °C for
several hours and calcined at 900 °C for 2 h. Finally, the synthesized Fe;O3(104)/Al,O3 samples
were further ground and sieved to 0.1-0.2 mm for experiments. As a comparison, the referenced
Fe,03/ Al O3 (60 wt %) was prepared using the traditional method of impregnation reported in our
previous work [27].
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2.2. Biomass

In this work, we chose maize stalk as fuel. After being ground and sieved, the maize stalk sample
in the size range of 0.1-0.2 mm was collected and used. The sieved fuel sample was characterized
using proximate and ultimate analyses (Vario MACRO cube, Hanau, Germany). Results are listed in
Table 1, which show that the volatile content of maize stalk is very high while the fixed carbon content
is relatively small.

Table 1. Proximate and ultimate analyses of maize stalk.

Analysis Method Proximate Analysis Wad/% Ultimate Analysis Wad/%
Content Fad Vad Aad Mad Cad Had Oad Nad  Sad
Result 16.76 7437 297 590 4698 613 3720 057 025

Notes: Mad: moisture content of air-dried basis; Vad: volatile matters of air-dried basis; Aad: ash content of
air-dried basis; Fad: fixed carbon of air-dried basis.

2.3. TGA Experiment and Characterization Methods

The reaction between Fe,O3(104) / Al,O3 and maize stalk at the mass ratio of 10:1 was conducted
in a simultaneous TGA (TGq500, PerkinElmer, Boston, MA, USA) under nitrogen atmosphere.
The mixture of maize stalk with Fe,O3(104)/Al;O3 was loaded to the ceramic pan of the TGA, and then
heated from ambient to 800 °C at 15 °C/min and hold for 10 min to ensure the sufficient conversion of
fuel. The flow rate of N was 25 mL/min and the total mass of mixture was 10 mg. As a comparison,
reactions between maize stalk and Fe;O3/Al,O3 as well as Al,O3 were also performed under the same
mass ratio and conditions. Gas phase products distribution emitted from TGA were further analyzed
by FTIR spectrometer with the scanning range of 3500-1000 cm !, and the resolution of 4 cm~!.

The temperature programed TGA experiments for CO (volume fraction of 30%) with the
synthesized OCs were performed by heating from ambient to 800 °C with a heating rate of 20 °C/min,
and the mass loss of OC was recorded. To study the regeneration capacity of Fe,O3(104)/Al,O3 OC,
a multi-cycle experiment was conducted at 800 °C in TGA. Reduction and oxidation time were 15 min
and 10 min, respectively, and between the reduction and oxidation stages, pure N, was the inlet for 5
min to avoid the mixture of CO and air.

Furthermore, the fresh and the re-used OC were identified by methods of XRD (D/MAX-RB,
Rigaku, Tokyo, Japan), SEM (LEO-1450, Carl Zeiss AG, Oberkochen, Germany), BET analysis
(Autosorb-iQ-MP, Quantachrome, Boynton Beach, FL, USA).

3. Results and Discussion

3.1. Reaction Between OCs and Maize Stalk

TGA experiments between maize stalk and Fe,O3(104)/Al,O3 were conducted to investigate the
distinct reaction characteristics. As comparison, the TGA reaction of maize stalk with the referenced
Fe;O3/Al,03, and pyrolysis of maize stalk under the presence of Al,O3 were also studied for reference.
Results of TG and DTG are displayed in Figure 2a,b respectively.

According to the TG curve in Figure 2a, the pyrolysis reaction process between maize stalk and
AlyO3 can be divided into three stages, namely: dehydration step, main pyrolysis step, and slight mass
loss step [25]. Below 200 °C, dehydration occurs with 2 wt % moisture released, and the reason for
mass loss larger than value listed in Table 1 can be chalked up to the good hydroscopicity of y-Al,Os.
From 200 °C to 500 °C, the pyrolysis stage happens, which can be attributed to the series reactions of
lignin and cellulose in maize stalk. During this process, large amounts of volatile components emit,
resulting in a big mass loss of 6.9 wt %. Meanwhile, this pyrolysis process experiences two distinct
stages with characteristic temperatures Ty, (the peak temperature in relative to the DTG maximum)
around 320 °C and 450 °C, respectively. Over 500 °C, no obvious mass loss for maize stalk can be
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observed and the remaining weight is 91.9 wt %, which can be assigned to the inert material (Al,O3)
and residue of the pyrolysis (such as ash and fixed carbon), consistent to the theoretical mass loss value
according to Table 1.
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Figure 2. Thermogravimetric (TG) and differential thermogravimetric (DTG) curves for different
samples. (a) TG curves; (b) DTG curves.

Differing from maize stalk pyrolysis, reactions between OCs and maize stalk show larger mass loss
with 12.3% for a (maize stalk + Fe;O3/Al,O3) system and 13.7% for a (maize stalk + Fe,O3(104) /AL, O3)
system, indicating that OCs promote reactions in TGA. In particular, higher reactivity and oxygen
transferring capacity can be obtained by the morphology controlled preparation method. Additionally,
the reaction processes with OC also experiences three distinct stages and the mass loss rates are
shown in Figure 2b. From Figure 2b, all the second characteristic peaks of these three samples
occur around 320 °C, while the mass loss rate for the (Fe;O3(104)/Al,O3 + maize stalk) system is
1.26 wt %/min larger than the value (1.14 wt %/min) for the referenced system (Fe,O3/Al,O3 + maize
stalk). FepO3(104)/Al,O5 presents a higher reactivity than Fe;O3(104)/Al,O3 for maize stalk CLC.
As temperature increased, reactivity of OCs increases, which promotes the third Tr,. Nevertheless,
the mass loss rates decrease at the third characteristic Tr, after addition of OCs. We speculate that the
reaction rate may be limited by the little amount of fuel at the third stage, since larger consumption of
the maize stalk happens with the presence of OCs than in the pyrolysis process with Al,O3; during
the second reaction stage. In our previous experiment of CLC with lignite, better performance can
also be obtained with Fe,O3(104)/Al,O3 as oxygen carrier [10]. Some experiments suggested that the
solid-solid reaction between Fe,O3 and carbon could occur in TGA at 950 °C [28,29], whereas in our
TGA experiment the mass loss attributed to the solid-solid reaction is negligible in Figure 2a after
30 min (around 500 °C). These may be caused by the lower reaction temperature (800 °C) and the tiny
amount of fixed carbon in the mixture.

3.2. FTIR Analysis

After the TGA study on the reaction characteristics of maize stalk with Fe;O3(104)/Al,03
and the referenced Fe, O3/ Al,O3, their gaseous products distribution was further detected by FTIR
spectrometer so as to gain more fundamental understanding on the related reaction mechanism. FTIR
spectra of gaseous products corresponding to the second and third characteristic temperatures for TGA
experiments are displayed in Figure 3, with absorbance as Y axis and wavenumber as X axis. According
to previous investigations [25,30,31], 2324 cm 1, 2143 em 1, 1300-1800 em !, 3400-3700 cm 1, and
2850-3200 cm ™! refer to the adsorption peak of CO,, CO, water, and methane, respectively. Besides,
according to the monotone increasing functional correlation between concentration of gas and the
absorbance, we can present the gas concentration by its absorbance. From Figure 3a, similar gas
components can be observed for samples with OCs or Al,Os, but the addition of OCs results in far
larger CO, absorbance than value for maize stalk pyrolysis. The CO, absorbance value for the mixture
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with Fe,03(104) / Al,O3 (0.019) is 2.7 times as large as that for the mixture with Fe;O3/Al,O5 (0.008)
and 6 times for maize stalk pyrolysis (0.003). Besides, CO is detected after adding OCs whereas nearly
no CO can be found in the pyrolysis process of maize stalk. With temperature increase for maize
stalk pyrolysis, CO is mainly caused by cracking and reforming of thermolabile carbonyl and ether
groups can be detected, and a slight CHy peak occurs. The main gas products are H,O, CO,, CO,
CHy, and some organics [32]. Comparing the absorbance of CO, for reactions of these three mixtures,
the CO;, peak in sample with Fe;O3(104)/Al,Os is at the highest, which indicates more CO; can be
generated due to the oxidation of pyrolysis products by Fe;O3(104)/Al,O3. FTIR results suggest
that Fe,O3(104) / Al,O3 exhibits better reactivity and effectively improves the CO, concentration in
gas products. As shown in Figure 3b, CO is the dominant combustible pyrolysis product of maize
stalk, corresponding to previous investigations [25,26]. Therefore, CLC reactions between CO and
OCs would be further investigated in the following section in order to obtain a clear insight into the
gas-solid reaction.

maize stalk+ OC(104)maize stalk+ ref-O maize stalk+ Al,Of maize st%l]# OC(104)maize stalk+ ref-Of maize stalk+ Al,(
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Figure 3. IR spectra for thermogravimetric experiment gas products of different samples. (a) time
corresponding to the second characteristic peaks of TG curves; (b) time corresponding to the third
characteristic peaks of TG curves.

3.3. Reaction between OCs and CO

To obtain deeper understanding of the reaction characteristic of Fe,O3(104)/Al,O3 with pyrolysis
products of maize stalk, we conducted temperature—programmed and isotherm TG experiments
between CO (volume fraction of 30%) and Fe,O3(104)/ Al,O3 as well as the referenced Fe,O3/Al,Os.
Results of the temperature—programmed and isotherm experiments are illustrated in Figure 4a,b and
Figure 5, respectively. In Figure 4a, reactions between OCs and CO are initiated from 376 °C. When
temperature is below 500 °C, these two TG curves are nearly the same with Fe,O3 reduction into Fe30y4.
As the temperature increases, reactivity of Fe,O3(104)/Al,O3 improves rapidly with the reduction of
Fe30y into FeO at 32.5 min (638 °C) and then the further reduction of FeO into Fe above 638 °C. When
the experiment is terminated, the final mass loss of 14.7% corresponds to a high conversion degree of
81.7% for FepO3(104)/ Al, O3, suggesting that Fe, O3 is partially reduced into metallic Fe. However, the
mass loss rate (2.16 wt %/min) for referenced Fe,O3(104)/ Al,O3 (Figure 4b) can be observed, which
implies that the reactivity of the referenced Fe;O3/Al,O3 is much lower than that of Fe;O3(104)/Al,O3
with presenting a rather small final mass loss of 4.9% and reaction rate of 0.85 wt % /min in Figure 4b.
The higher conversion degree and reaction rate indicates that Fe,O3(104)/ Al,O3 is more active than
the referenced Fe,O3/Al,O3 during CO CLC process when temperature is higher than 500 °C.
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Figure 4. TG/DTG curves for reactions between CO and Fe,03(104) / Al, O3 or referenced Fe,O3/Al,O3.
(a) TG curves; (b) DTG curves.
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Figure 5. Isotherm thermogravimetric analyzer (TGA) experiments between CO and Fe,O3(104)/ Al,O3
or referenced Fe,O3/Al,O3 at 800 °C.

In addition, previous experiments suggested that the reduction reaction of Fe;O3 into Fe3zO; is
very fast, while the further reduction reaction from Fe3O4 to FeO and even from FeO to Fe is much
slower [33,34]. In this work, despite the promoting effect of temperature increase on OC reactivity, the
reaction rate of Fe,O3/Al,O3 at 688 °C is still lower than that at 397 °C, which suggests the reduction
degree of Fe;Oj is the main reaction rate-determining factor for Fe,O3/Al,O3 OC. Nevertheless, the
adverse effect of reduction degree increase of Fe;O3(104) OC on its reactivity is obviously smaller than
the promoting effect of temperature increase, which is why the reaction rate of Fe;O3(104)/Al,03
continues to increase at its high reduction degree. This phenomenon indicates that the Fe;O3(104) has
better oxygen transfer capacity even at its high reduction degree stage, corresponding to our previous
theoretical investigation [35], where the Fe;O3(104) surface can be deeply reduced into Fe while the
deep reduction of Fe,O3(001) is difficult.

Figure 5 illustrates the isotherm TGA results of reaction between OCs and CO at 800 °C. Both the
reactivities of Fe;O3(104)/ Al,O3 and the referenced Fe,O3/Al,O3 are greatly enhanced by increasing
temperature, and less than 4 min are consumed for complete reduction of these two OCs under the
experiment temperature. In a fluidized system of CLC, Fe;O3~Fe304 is commonly used because of its
good reactivity and CO; selection rate [36]. Figure 5 shows the reduction time of Fe,O3 into Fe304 for
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the high index OC and the referenced OC is 9 and 19 s, respectively. Apparently, a faster reaction rate
of Fe;O3(104) / Al,O3 can be obtained.

In previous investigations [37,38], the reaction for iron based OCs reduction into Fe;Oy is very
quick (just consuming a few seconds at 950 °C). Despite a slightly longer reduction time required in the
present work, we should recognize the fact that reaction temperature in our work is only 800 °C rather
than 950 °C as used in the previous studies. Nonetheless, our prepared OC has very good reactivity.
Additionally, our present work preliminarily attempts to apply the morphology controlled method
in OC preparation aspect, further detailed properties of such OC obtained via surface-controlled
preparation will be discussed in future investigations.

Experiments of OCs with maize stalk and CO (the dominant combustible pyrolysis component
of maize stalk) suggest that the morphology controlled synthesized Fe,O3(104)/Al,O; is extremely
superior in reacting with maize stalk than the referenced Fe;O3/Al,O5. Based on the good reactivity
and oxygen transfer capacity of Fe,O3(104)/Al,O3, as well as the CLC system design theorem put
forward by Mattisson et al. [39], fewer OC inventory and lower OC transfer flow between the FR and
AR will be required if Fe,O3(104)/Al,O3 is adopted as OC.

3.4. Repeated Cycle Test

Despite the excellent reactivity and oxygen transfer capacity for Fe,O3(104)/ Al;O3 in CLC process
with maize stalk and CO, the good regenerativity of OC is still critical to reduce CLC cost. In this
section, experiments of multiple redox cycles between CO and Fe,O3(104)/ Al,O3 OC were performed
in TGA at 800 °C to detect the stability of Fe;O3(104)/Al,O3. Results are illustrated in Figure 6.
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Figure 6. Redox cycle experiment for chemical looping combustion (CLC) of CO with
Fe;03(104)/ Al;O3. (a) one cycle; (b) 12 cycles.

As observed from Figure 6a, the complete reduction time and oxidation time is 3.4 min and 2.7 min,
respectively. Results show that the oxidation rate is greater than the reduction rate [29]. The prepared
Fe,03(104)/ Al O3 is active enough during both reduction and oxidation periods. In Figure 6b, after
the initial three redox cycles, reactivity of OC becomes stable. The total mass loss is 16.51%, which
suggests Fe,Oj3 is nearly completely reduced by CO. However, the final oxidized mass is stabilized
to about 98% after several cycles. Similar to the reduction reaction mechanism model for iron based
OC proposed by Cabello et al. [37], the outer layer of the reduced OC is first oxidize to Fe;O3 with
forming a Fe,Os layer, and then oxygen needs to diffuse into inner layer of OC by crossing the Fe,O3
layer. On the one hand, the investigation suggests that the oxidation process is mainly controlled by
diffusional effects in the product layer [40], but on the other hand the large heat released by oxidation
of metallic Fe to Fe;O3 can cause serious sinter [41] preventing diffusion of oxygen and causing a small
amount of the inner OC (especially close to the interface between the active component and the Al,O3
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supporter) which cannot be completely oxidized. Therefore, a slight weight loss of the regenerated
OC in Figure 6 occurs. Still, most of the reduced OC is regenerated well and the regenerated OC is
covered by Fe,Oj3 layer, as confirmed by the following XRD characterization. The multiple redox
cycles experiments suggest the good reactivity stability of Fe,O3(104)/Al,O3 and the feasibility of
morphological controlled preparation method in OC synthesis process.

To further clarify the stability of Fe;O3(104)/Al,O3, XRD, SEM, and BET analysis of the fresh
and regenerated Fe,O3(104)/Al, O3 after 12 cycles are conducted and results are shown in Figure 7.
Figure 7a,b suggest that all the XRD spectrum peaks of Fe;O3 correspond well with those of x-Fe,O3
(JCPDS card no. 33-0664), and the diffracted intensity of (104) peak is the strongest which means that
the (104) surface is the dominant facet of fresh and regenerated oxygen carrier. The XRD spectrum is
consistent to the {104} single crystal Fe,O3 synthesized in previous work of Zhu et al. [42]. Besides, all
the narrow peaks, indicates that the crystallinity of synthesized Fe,O3(104)/Al,O3 is well, and no peaks
of Al,O3 can be detected due to the metastable state and amorphous of Al,O3; formed at 900 °C [43,44].
In comparison with XRD spectrum of the fresh OC, little difference can be found for the regenerated OC
in Figure 7b, suggesting the well regeneration property of the reduced Fe,O3(104)/Al,O3. Figure 7c,d
show the SEM pictures of the fresh and regenerated Fe;O3(104)/Al,O3, respectively, where we can
observe no significant agglomeration in the morphology. Both of the surface structures in Figure 7c,d
are porous and rough with the specific surface areas of around 40 m?/g. Characterization analysis
verifies the good regeneration capacity of Fe;O3(104)/Al,Os.

= F620 3

Indensity (a.u.)

Indensity (a.u.)

20
260(%)

Figure 7. XRD spectrum and SEM pictures of the fresh and the regenerated Fe,O3(104)/Al,O3 and
Fe;O3/Al,03. (a,b) XRD spectrum of the fresh and regenerated Fe,O3(104)/Al,O3; (¢c,d) SEM pictures
of the fresh and regenerated Fe,O3(104)/Al;O3; (e,f) XRD spectrum of the fresh and regenerated
Fe;03/Al,03; (g,h) SEM pictures of the fresh and regenerated Fe;O3/Al,Os.
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For comparison, the XRD spectrum and SEM pictures of the fresh and regenerated Fe,O3/Al,03
are displayed in Figure 7e-h, respectively. A good regeneration ability can be seen for Fe,O3/Al,O3
as well, and the surface structures of the referenced OC is porous with a similar specific surface area
value to Fe;O3(104)/ Al,O3 OC. The similar surface structures of these two OCs suggests that the better
reactivity of Fe,O3(104)/Al;O3 is mainly contributed by the high index facet of Fe;O3.

4. Conclusions

TG-FTIR experiments have been conducted to detect the CLC characteristic of maize stalk with
Fe;O3(104)/ Al,O3 synthesized by the morphology controlled preparation method. Fe;O3(104)/Al,O3
shows higher reactivity than the referenced Fe,O3/Al,O3 synthesized by the impregnation method,
leading to higher carbon dioxide concentration in gas phase products. Further, the distinct reaction
characteristics of OCs with CO (the dominant combustible pyrolysis product of maize stalk) and
the stability of Fe,O3(104)/ Al,O3 were detected. Results show that iron-based OC with high index
facet exhibits higher oxygen transfer capacity and excellent renewability compared to the referenced
iron-based OC. Morphology controlled preparation can act as an efficient method for developing novel
OCs for CLC.
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