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HIGHLIGHTS

« CuFe,04 has the highest reactivity and a lower initial reaction temperature in biomass CLC.

« NiFe,0,4 has the highest catalytic reactivity for tar cracking and reforming.

« CoFe,04 is easily reduced to FeO and three metal ferrites can be regenerated completely after five redox cycles.
« Both CuFe,04 and CoFe,04 have remarkable thermal stability.

« The reactivity of NiFe,04 decreases significantly after five redox cycles due to sintering.
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The evaluation of chemical looping combustion (CLC) for CO, capture was conducted via a thermogravi-
metric analyzer (TGA) and a laboratory-scale fluidized bed using pine sawdust (PS) as fuel and metal fer-
rites, MFe,;04 (M = Cu, Ni and Co), as oxygen carriers. Metal ferrites were prepared by sol-gel method. The
fresh, reduced and after five redox cycles oxygen carriers were characterized by X-ray diffraction (XRD),
scanning electron microscopy (SEM) and accelerated surface area porosimetry. Thermodynamic simula-
tion was performed using software HSC Chemistry 6.0. The TGA results indicated that CuFe,04 shows a
lower initial reaction temperature, and CoFe,04 has a faster oxygen uptake rate. Both carbon conversion
(xc) and carbon capture efficiency (#co2) increased with temperature. The maximum values of x. and #co2
were 96.86% and 95.48%, 95.45% and 94.25%, and 95.17% and 94.04% for CuFe,0,4, CoFe,0,4, and NiFe,0,4 at
900 °C, respectively. The CuFe,04 shows higher reaction reactivity, while NiFe,04 has a higher catalytic
activity for decomposition of tar in fluidized bed tests. The XRD results show CoFe,0,4 is more readily
reduced to FeO, which agreed with the results of thermodynamic simulation, and three metal ferrites
can be regenerated completely after five cycles. The values of x. and #coz remained high for both
CuFe,04 and CoFe,04, while a significant decrease in X, and #¢o2 for NiFe,04 was observed after five
cycles due to significant sintering. Both CuFe,0,4 and CoFe,0,4 are more applicable as oxygen carriers in
biomass CLC compared with NiFe,0,.
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1. Introduction the atmosphere [2]. Currently, in order to capture CO,, there are

three main approaches: post-combustion, oxy-fuel combustion,

The concerns of global warming and climate change have
resulted in efforts to reduce carbon dioxide (CO,) emissions by
adopting carbon capture and storage (CCS) technologies or increas-
ing the utilization of renewable energies [1]. The purpose of CCS
technologies is to capture and store pure streams of CO, from
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and pre-combustion [3]. Although these methods can reduce the
CO, emissions effectively, they typically involve large-scale gas
separations, which require significant energy and economic
investments. The chemical looping combustion (CLC) has been
considered a promising technology for low-cost CO, emissions
reduction [4]. In general, the CLC process consists of an air reactor
(AR) and a fuel reactor (FR). An oxygen carrier is utilized to transfer
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oxygen from AR to FR. Thus, the CLC process does not require a gas
separation unit because the air and fuel are never mixed.

In recent years, a lot of work has been done concerning CLC with
gaseous fuels [5-7]. More recently, CLC has shown great potential
for better utilizing solid fuels, such as coal [8], petroleum coke [9],
sewage sludge [10], and biomass [11], because of abundant solid
fuel resources.

As a renewable and carbon neutral resource, biomass is
expected to significantly contribute to global energy and environ-
mental demands [12]. What is noteworthy is that carbon emissions
in CLC will be negative when replacing fossil fuels with biomass
because the generated CO, is previously absorbed by photosynthe-
sis. Furthermore, biomass CLC has additional advantages, such as
higher carbon conversion efficiency [13,14] as well as lower NO,
[15] and SO, emissions [16].

Oxygen carrier is the backbone of the CLC process. Ideally, the
oxygen carrier should have high transport capacity, reactivity,
and thermal stability, with low production costs and no environ-
mental impacts [17]. Transition single metal oxides, such as Cu,
Ni, Co, Mn and Fe, have been widely investigated in CLC despite
some disadvantages and inability to fully meet the requirements
of CLC. More specifically, CuO readily agglomerates due to its lower
melting point; NiO and CoO have adverse environmental effects
and are expensive; and MnO and Fe,03 have poor oxygen transfer
capacity and low reactivity. In order to find a perfect oxygen car-
rier, an increasing number of studies have focused on combined
or mixed-metal oxides. For example, Fe,O3 has been widely used
in combined or mixed-metal oxide oxygen carrier systems due to
its low cost, environmental friendliness and abundance. Metal fer-
rites, MFe,0,4, yielded favorable results in CLC when using com-
bined or mixed Fe,03 and another metal oxide as oxygen carrier.

Niu et al. [18] studied Cu-Fe oxygen carrier for CLC using sew-
age sludge as fuel. They found that the presence of CuFe,;04
enhanced the performance of Fe,03 and improved the thermal sta-
bility of CuO. Similar results were published by Wang et al. [19].
Bhavsar et al. [20] investigated the performance of bimetallic oxy-
gen carriers in thermogravimetric analyzer (TGA) and a fixed-
reactor using H, and CH, as fuels. They concluded that the reactiv-
ity of NiFe,04 was higher than Fe,03 but lower than NiO. Kuo et al.
[21] also confirmed that NiFe,04 withstood higher cycle numbers
and had greater stability than those of NiO and Fe,03; using CHy4
as fuel. The research results of Huang et al. [22] showed that the
presence of NiFe,0,4 improved the reaction reactivity of the oxygen
carrier with biochar. Wang et al. [23] indicated that CoFe,0,4 exhib-
ited higher reactivity than CoO and Fe,03 in TGA using coal as fuel.
Evdou et al. [24] demonstrated that CuFe,0,4 showed high reactiv-
ity towards CH,; while CoFe,0, exhibited excellent thermal
stability.

In general, metal ferrites with a spinel structure have high ther-
mal stability and magnetic properties [25]. High thermal stability
is favored as it increases the lifetime of the oxygen carrier, while
magnetic properties of spinel metal ferrites could allow for the
separation of the oxygen carrier from ash via magnetic separation
technique. Therefore, metal ferrites exhibit great potential as oxy-
gen carriers in solid CLC. To date, metal ferrites have been predom-
inantly used as catalysts [26-29], and to authors’ knowledge, the
utilization of metal ferrites in biomass CLC remains few.

In this study, three metal ferrites, MFe,04 (M = Cu, Ni and Co),
were evaluated in CLC using pine sawdust (PS) as fuel. TGA was
used to analyze the reaction reactivity of PS with MFe,04. The
effects of temperature on carbon conversion (x.), CO, capture effi-
ciency (fco2) and tar yield were measured in fluidized bed reactor.
Thermodynamic simulation was performed to elucidate the con-
version of MFe,04 (M = Cu, Ni and Co) during reduction reaction.
The metal ferrites were investigated by a series of characterization
techniques including XRD, SEM and BET. Finally, cyclic

performances of the metal ferrites were also evaluated via five
redox cycle tests.

2. Methods
2.1. Materials

Raw pine sawdust (PS) was collected from a wood factory in
Bijie City, Guizhou Province, China. The pine sawdust was naturally
dried for seven days, then crushed and sieved to 75-250 pum for
use. The ultimate and proximate analysis of PS are given in Table 1.

2.2. Synthesis of oxygen carrier

Three metal ferrites, MFe,04 (M = Cu, Ni and Co), were prepared
by the sol-gel combustion method [30]. First, stoichiometric
amounts of Fe(NO3)3-9H,0, Cu(NOs),-3H,0, Ni(NOs),-6H,0, Co
(NO3),-6H,0 and CgHgO5-H,O0 (citric acid) were dissolved in deion-
ized water. Metal nitrates and the citric acid solution were mixed
at a 1:1 M ratio of total metal cation (Fe** and M?*) to citric acid.
The citric acid was used as a chelating/fuel agent. Next, the precur-
sor mixture solution was slowly stirred at 80 °C for 6 h, and the sol-
gel was obtained. After that, the sol-gel was dried in a dryer at
105°C for 12 h and ignited in the preheated muffle furnace at
650 °C for 10 min, followed by calcination at 900 °C for 6 h in air.
Finally, metal ferrites samples were cooled, ground, and sieved to
75-250 um for use.

2.3. Thermogravimetric analysis

Thermogravimetric analysis of the mixture of PS and oxygen
carrier was performed under atmospheric pressure by using a
TGA/DTA analyzer (SDT Q600, TA instruments). The PS and metal
ferrite were homogenized via mortar and pestle with a mass ratio
of 1:15 biomass to oxygen carrier. Then, approximately 15 mg of
mixture was loaded in TGA and heated to 900 °C at 30 °C/min in
nitrogen atmosphere with a flow rate of 100 ml/min. Once the
temperature reached 900 °C, the samples were held this tempera-
ture for 15 min. Finally, the nitrogen flow was switched to air flow
at 100 ml/min for 15 min in order to oxidize the reduced oxygen
carrier.

2.4. Fluidized bed tests

CLC experiments with PS were conducted in a fluidized bed
reaction system, as shown in Fig. 1. The reaction system consisted
of a biomass feeder, carrier gas unit, fluidized bed reactor, cyclone
separator, condenser, gas flow meter and gas analyzer. A stainless
steel tube (i.d. =26 mm, length = 1000 mm) was used as the flu-
idized bed reactor. A porous distributor plate was placed in the
reactor 600 mm from the top. A K-type thermocouple was used
to measure the temperature of the reactor.

At the start of each run, 2.0 g of PS feedstock was load in the
biomass feeder (PEF-90AL, Sanki Co. LTD, Japan). The feeding rate
was set to 0.20 g/min by a digital controller. A sample of 30.0g
of oxygen carrier particles was loaded on the porous distributor
plate in the reactor. Then, the fluidized bed reactor was heated
from room temperature to the desired temperature by an electrical
furnace with a ramp rate of 10 °C/min in air (600 ml/min). After
achieving the desired temperature, the fluidized bed reactor was
flushed using nitrogen (99.99%, 600 ml/min) for 5 min to ensure
an inert atmosphere. Subsequently, the biomass feeder was turned
on, and the PS (2.0 g) was continuously fed into the fluidized bed
reactor at a rate of 0.20 g/min. During the feeding period, a nitro-
gen flow (about 80 ml/min) was used as balance which was intro-



254

Table 1

Properties of pine sawdust (wt%, air-dried basis)
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Ultimate analysis ” Proximate analysis ©
C H N 0 S Moisture Volatile Ash Fixed carbon
47.16 6.21 0.17 45.22 0.15 6.90 77.96 1.09 14.05
¢ By difference.
b Measured by elemental analyzer (Vario Micro cube, Elementar).
€ Measured by thermogravimetric analyzer (TGA 2000, Las Navas).
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Fig. 1. Schematic layout of the laboratory fluidized bed.

duced into the biomass feeder by valve adjustment. Thus, the PS
was pushed by nitrogen flow into the fluidized bed reactor through
a drop tube. The reaction of PS with oxygen carrier was deemed
complete after 30 min. Then, the nitrogen was switched to air
(600 ml/min) for 15 min to oxidize the reduced oxygen carrier.
Each experiment was repeated three times to ensure the repeata-
bility of the process, and average values were obtained.

GC

The flue gases passed through a cyclone separator to remove
fine particles, which was heat-insulated to avoid the condensation
of tar. Subsequently, the flue gases flowed into a condenser, and a
mixture liquid (including water and tar) was obtained. The total
volume of flue gases was determined by a gas flow meter. Then,
the gases were introduced into a sample bag. A gas chromatograph

(SP-2100A, Beijing Beifen-Ruili analytical instrument Co. Ltd,
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Table 2
Species considered in the HSC calculations for MFe,04 (M = Cu, Ni and Co).

Species

C(s), C(g), Ca(g), C3(g), Ca(g), Cs(g), CO(g), COx(g), CHa(g) CaHa(g), CaHa(g),
CHe(g);

H(g), Ha(g), H20(g), H20(1), H2S(g); 0(g), 02(g),

S(s), S(g), Sa(8). S(8). Sa(g), Ss(8). Se(8). S7(g), Ss(g), SO2(g), SO5(g), COS(g),
CSy(g);

N(g), N2(g), NHs(g), NO(g), NO2(g), N20(g), N2Os(g);

Fe, FeO, Fe,05, Fe304, FeCO3 FeSQ,, FeS, FeS,, Fe,S, FesC

Ni-containing species
Ni, NiCOs, Ni(NOs3), NiFe;04, NiO, NiSO4, NiS, NiS,, NisS,, NisC, NiS, NiS,, NisS;

Co-containing species
CoCO3,CoFe;04,C00,C0304,C0C03,Co(NO3),,C00,C0304,0S04,C0S,C0S,,C03S4,
CosN,Co,C,Co

Cu-containing species
Cu, CuO, Cu,0, CuFeO,, CuFe,04, CuCO3, Cu(NO3), CuSO,4, Cu,S0O,4, CuFeS,,
CusFeS,, CusS, Cu,S

China) was used to analyze the gas component. In this study, both
the SO, and NO, were not taken into account due to their low
abundance in PS (Table 1).

After every experiment, the mixture liquid in the condenser was
collected and sealed storage in a reagent bottle. As the tar yield is
relative low in a single test at high temperature, three bottles liq-
uid obtained from three repeated experiments were mixed and
further separated into water and tar using the standard ASTM
D244 and IP 291.1 methods [31]. The total mass of tar was accu-
rately weighted, and the tar yield in each test was calculated.

2.5. Thermodynamic simulation

Based on minimization of Gibbs free energy, thermodynamic
simulation of the reaction of MFe,04 (M = Cu, Ni and Co) with PS
was performed using equilibrium software HSC-Chemistry 6.0.
Thermodynamic equilibrium calculation was beneficial to investi-
gate the species evolution of metal ferrites after the reduction reac-
tion. In the process of thermodynamic simulation, PS was deemed
to consist of five basic elements: hydrogen, carbon, oxygen, sulfur,
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and nitrogen. The effect of ash on the reaction was not considered
due to the low ash content of the PS. All species are shown in
Table 2.

2.6. Data analysis

The N, was used as fluidized gas and its flow was a constant,
thus the volume of Ny, vn2 (Nm?), was calculated in the flue gas.
The total volume of flue gas, vy, (Nm?), was measured by the
gas flow meter, or was calculated as the balance of N, flow:

Un.
Vout = 7——=—
N I PV

where x; represents the molar percentages of the gas component
(i=C0,, CO, CHy, Hy, CoH4 and CHg) in the flue gas. The v, and
vz are the volumes of flue gas and N,, respectively.

The volume of gas products (7, Nm?) was calculated by

”g = z)outzxi
i

The carbon conversion (%, %) was introduced to illustrate the
conversion degree of carbon in PS into carbonaceous gases in fuel
reactor, and it was calculated as

(1)

)

X — 12Vout (Xco + Xco, + Xct, + 2(XeyHy + XcoHg))
¢ 224 x C% x my

where m, (kg) denotes the mass of PS in each test, and C% is the
mass percentage of carbon in PS.

The CO,; capture efficiency (#coz, %) was defined as the conver-
sion degree of carbonaceous gases into CO, in the fuel reactor, and
it was calculated as

x 100% (3)

Xco,
= x 100%
"Tco, Xco + Xcuy + Xco2 + 2(Xc,H, + XcyHg)

(4)

The tar yield (g/Nm?) is defined as the ratio of the mass of tar to
the volume of gas products in each run. It was calculated as

Tar yield = I;/Iwr

)

Vg

where M, is the total mass of tar obtained from three repeated
experiments.
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Fig. 2. TG/DTG curves for mixture of PS and MFe,04 (M = Cu, Ni and Co).
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Fig. 3. Effects of the temperature on the carbon conversion for different metal ferrites.

100

B Silica Sand EEEE] NiFe,0,
| [ CoFe,0, X CuFe,0,

80 -

-
X%

basesess

XS
093050}

K%

S
R

otorere:

CO, Capture Efficiency 1, (%)

700 750

R
X IHA

et

2
25

et
teteteteteteti

XX
5

XS

XXX
2000

oo
%

ot

ot

s

oo
S5

5

3>

3

3
(2%

2000
22
X

oo

5

5

%
S35

oo

o
ot
B

T
B
'ateteteletete!

oo

800 850 900

Temperature(°C)

Fig. 4. Effects of the temperature on CO, capture efficiency for different metal ferrites.

2.7. Characterization of properties

X-ray powder diffraction (XRD) patterns of three metal ferrites
were obtained by using an X'Pert PRO, (PAN alytical B.V.) with Cu
Ko radiation and indexed in comparison to the JCPDS files. The
samples were scanned from 20=10° to 80° at 0.0167° steps,
and the Scherrer’s Formulaa [32] was used to calculated the

crystallite size of metal ferrites. The specific area, total pore
volume and average pore diameter of the metal ferrites were
determined by N, adsorption-desorption at —196 °C using accel-
erated surface area porosimetry (ASAP 2010, Micrometrics)
instruments. Scanning electron microscopy (SEM) (FEI-Quanta
200) was utilized to characterize the surface morphology of the
metal ferrites.
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3. Results and discussion
3.1. Thermogravimetric analysis

The weight loss of the mixture of PS and oxygen carrier during
reduction and oxidation processes is shown in Fig. 2. In the reduc-
tion process, compared with the PS pyrolysis (i.e., using silica sand
as bed material), a significant change in weight loss was observed
at approximately 400 °C when using CuFe,04 as an oxygen carrier.
This result indicated that the initial reaction temperature of CuFe,-
04 was round 400°C. It can be concluded that no reactions
between PS with CuFe,04 occur when the temperature is below
400 °C, and the weight loss of the mixture is mainly attributed to
moisture drying and devolatilization of PS. At temperatures greater
than 400 °C, the CuFe,04 reacted with the volatiles and residual
char. For NiFe,04 and CoFe,04, the TGA curves were similar, and
the initial reaction temperatures were approximately 585 °C,
higher than that of CuFe;04.

From the DTG curves, two characteristic temperatures T,
(namely the temperature corresponding the peak value of DTG)
were approximately 450 °C and 835.5°C for CuFe,;04, 662.1°C
and 889.5 °C for CoFe,04, 663.6 °C and 890.5 °C for NiFe,04. This
further confirmed that the CuFe,0, exhibited a lower reduction
temperature compared to that of NiFe,0, and CoFe,04. The final
weight loss of the mixture of PS with CuFe,04, PS with CoFe;04,
and PS with NiFe,04 was 8.81 wt%, 8.06 wt% and 7.44 wt%, respec-
tively. Meanwhile, the maximum weight loss rates were 0.529 wt
%/min for CuFe;04, 0.314 wt%/min for CoFe,04 and 0.307 wt%/
min for NiFe,0,4. These results indicated that the reactivity of the
MFe;04 (M =Cu, Ni and Co) decreased in the following order:
CuFe,0,4 > CoFe,04 > NiFe,0,4. Banerjee et al. [26] and Kang et al.
[33] reported that the higher reactivity of CuFe,04 may be attribu-
ted to the high reducible Cu?* in the spinel structure, improving
reduction kinetics and enhancing the reducibility of Fe**. Shin
et al. [34] also reported that CuFe,04 was more readily reduced
than NiFe204.

50
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In the oxidation process, the weight of silica sand and PS mix-
ture decreased due to the combustion of residual char. Alterna-
tively, the weight of metal ferrites and PS mixture decreased
slightly at first due to residual char combustion and then increased
remarkably as the reduced metal ferrites were oxidized by air.
Additionally, it is clear that the reduced CoFe,0,4 was first oxidized
to the stable state, followed by NiFe,04 and CuFe,04. The mini-
mum value of the weight loss rate was -2.097 wt%/min,
—1.798 wt%/min and —1.703 wt%/min for CoFe,04, CuFe,0, and
NiFe,0y4, respectively. This result implied that the oxidation uptake
rate of CoFe,04 was higher than that of NiFe,04 and CuFe,0,4, and a
similar result was reported by Fan et al. [35]. The DTG curve of
CuFe,04 showed two peaks in the oxidation process that may be
due to the oxidation of the reduced products, including Cu, Fe304
and CuFeO, (Fig. 6(a)), at different oxygen partial pressures [36].

3.2. Fluidized bed results

3.2.1. Effects of temperature on carbon conversion (x.)

In the biomass CLC process, temperature not only affects the
reactivity of oxygen carriers but also influences the pyrolysis/gasi-
fication process of biomass. As shown in Fig. 3, X, increased from
52.72% to 79.72%, 65.61% to 95.17%, 65.91% to 95.45%, and
76.29% to 96.86% for silica sand, NiFe,04, CoFe;04 and CuFe;04,
respectively, as the reaction temperature increased from 750 °C
to 900 °C in 50 °C increments. Compared with the process of PS
pyrolysis, the presence of metal ferrites significantly improved
the x.. The reaction reactivity of PS and metal ferrites were
enhanced at higher temperatures, which resulted in increasing x.
with increasing temperature. When CoFe,0,4 was used as an oxy-
gen carrier, the x. of PS was slightly higher than that of PS when
NiFe,04 was used at the whole temperature range. At a tempera-
ture range from 700 °C to 800 °C, the x. of PS was significantly
higher when using CuFe,04 as oxygen carrier than when NiFe,0,4
and CoFe,04 were used. Alternatively, there were no significant
differences in x. when different oxygen carriers were used at the

1 3
222 CuFe O,

7/ Silica Sand "\ CoFe O,

NiFe,

0,

tﬂA
z
\29 25.62
= 7
2
-~
; g 18/84
= ? Z
7 /
/ 0
\%"—%‘ / 1'-f‘f 091 030
i T T
800 850 900
Temperature(°C)

Fig. 5. Effects of temperature on tar yield for different metal ferrites.
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temperature range from 850°C to 900°C. This was mainly
attributed to the higher reactivity of CuFe,0,4 at relatively lower
temperatures, which was confirmed by TGA results. The reactivity
of metal ferrites significantly increased with temperature, while no
effect of temperature on x. was observed. At the same tempera-
tures, the values of x. of PS for three metal ferrites increased in
the following order: NiFe,04 < CoFe,04 < CuFe;04, which is in
agreement with TGA results.

3.2.2. Effects of the temperature on carbon capture efficiency (fcoz)

As illustrated in Fig. 4, the #¢o2 decreased with increasing tem-
perature in the PS pyrolysis process. This result was mainly due to
the favorable high temperature of the Boudouard reaction [37],
which resulted in a portion of CO, consumed as a gasification med-
ium. For three oxygen carriers, the 5coz increased at first and then
plateaued as temperature increased. The increasing trend can be
explained by the reactivity of metal ferrites increased with the
increasing temperature, which resulted in high concentration of
CO, was achieved. However, an increasing amount of pyrolysis
products were generated with increasing temperature, which
resulted in an insufficient oxygen level at high temperatures. Addi-
tionally, volatiles were released quickly at higher reaction temper-
atures; thus, a percentage of volatiles escaped from the reactor
before reacting with metal ferrites. Therefore, the #coz was rela-
tively stable at high temperatures without great fluctuations.

When using CoFe,0,4 as an oxygen carrier, the #coz was slightly
higher compared with the NiFe,0,. It was noted that the coz of
CuFe,0,4 was far higher than that of CoFe,0,4 and NiFe,0, at a lower
temperature, while the differences of #¢o2 between CuFe,04 and
two other metal ferrites were decreased gradually with the
increasing temperature. For example, the #¢oz at 700 °C of CuFe,04,
CoFe,04 and NiFe,04 was 91.17%, 83.20% and 82.51%, respectively,
while the #co2 at 850 °C for CuFe,0,4, CoFe;04 and NiFe,04 was
95.48%, 94.19% and 94.01%, respectively. Furthermore, the maxi-
mum values of #coz at 900 °C were 95.65%, 94.25%, and 94.04%
for CuFe,04, CoFe;04 and NiFe,04, respectively. No significant
change of 5co2 was observed with a temperature increase from
850 °C to 900 °C. When CuFe,04 was used, the #co> maintained a
comparatively high percentage across the temperature range,
which increased slightly from 91.17% at 700°C to 95.65% at
900 °C. Thus, the effect of temperature on the ¢z for CuFe;04
was not obvious compared to CoFe,0,4 and NiFe,04. These results
indicated that the CuFe,04 has a higher reactivity, and it can be
used in biomass CLC for CO, capture at a relative lower tempera-
ture compared with CoFe,0,4 and NiFe,04.

3.2.3. Effects of the temperature on tar yield

In general, the catalytic activity of the metal ferrites depends
mainly on the distribution of the cations in the spinel structure
[38]. The cations located at octahedral sites are almost exclusively
exposed on the surface of the spinel crystallites, and thus, exhibit
catalytic activity [39]; while the cations located at tetrahedral posi-
tions have no catalytic activity.

As the reactor temperature elevated from 700 °C to 900 °C, the
tar yield decreased from 38.51 g/Nm? to 14.33 g/Nm?, 14.51 g/Nm>
to 1.54 g/Nm>, 10.36 g/Nm> to 0.91 g/Nm3, and 9.57 g/Nm> to
0.39 g/Nm? for silica sand, CuFe,0,4, CoFe,0, and NiFe,0,, respec-
tively (Fig. 5). At the same temperatures, the tar yield decreased
in the following order: CuFe,0,4 > CoFe,0,4 > NiFe,0,4. These results
indicated that the presence of metal ferrites significantly enhanced
the decomposition of tar. This effect was mainly attributed to the
ability of metal ferrites to act as oxygen carriers and provide oxy-
gen for tar combustion. Simultaneously, they can act as catalysts
for the decomposition of tar. The decomposition of tar was acceler-
ated by increasing temperature, primarily due to reforming and

cracking of tar as well as enhanced reactivity of oxygen carriers
at high temperatures.

It was noted that the reactivity of NiFe,04 was lower than that
of CuFe,04 and CoFe,04. However, when using NiFe,04 as an oxy-
gen carrier, the tar yield was lowest under identical conditions.
Therefore, we inferred that NiFe,04 has a higher catalytic reactivity
for tar cracking and reforming compared with CoFe,0, and CuFe,-
04, which may be due to the formation of Ni metal in the reduction

® FeO, & CuFeO,

a) \ )
( w Cu % CuFe,0)
5 redox cycles i

-
we X
X
F o
i>>$
= X
E
g
%
3
>

o -
2 *
'é Reduced . ﬁ ° ° -
Sl hd el
st sl W JWMLWJM WWW
P
Fresh . Y
| %
WWMWMJW — ““v"“WMMWW
T T T T T T
10 20 30 40 50 60 70 80
2 theta(degree)
(b) % NiFe O,
® FeO, © Ni
5 redox cycles >
> » N4
* J > 4 >
=: A I\ | o
& Reduced T
> >
= [
£ MWLW ‘MU uijwww
=
g
Fresh R 3 > T ‘
A \ J\o l ? o J ?
T T T T T T T T T T T
10 20 30 40 50 60 70 80
2 theta(degree)
(C) * * CoFe,0, v FeO
m Co [ ] Fe304
*
Sredox cycles «
~ *
2 * x * * *
;W sempnatnl W " " J\ - | R
=
w
g
< [Reduced [
=
Fresh ¥ J‘ * . I\ f{’
y T y T y T y T y T y T y
10 20 30 40 50 60 70 80
2 theta(degree)

Fig. 6. XRD patterns of fresh, reduced, and after five cycles metal ferrites: CuFe,0,4
(a), NiFe;04 (b), and CoFe,04 (c).



X. Wang et al./ Chemical Engineering Journal 312 (2017) 252-262 259
Table 3
Experimental results of multiple redox cycles at 850 °C.
Cycle Carbon conversion x. (%) Carbon capture efficiency #coz (%)
CuFe,04 NiFe,04 CoFe,04 CuFe,04 NiFe,04 CoFe,04
1st 95.66 93.53 94.65 95.48 94.04 94.19
2nd 95.51 91.84 93.78 94.98 92.59 94.07
3rd 95.46 88.53 93.89 93.65 89.98 93.48
4th 94.88 86.38 93.21 93.76 87.15 93.40
5th 94.90 83.85 93.47 93.81 86.30 93.51
Table 4
Characteristics of fresh and used oxygen carrier particles after five cycles.
Specific area (m?/g) Total pore volume (cm?/g) Average pore diameter Crystallite size’ (nm)
(nm)
Fresh Used Fresh Used Fresh Used Fresh Used
CuFe,04 1418 1.832 0.0062 0.0098 17.355 14.756 58.47 66.93
NiFe,04 10.219 1.668 0.0086 0.0045 3.185 18.509 102.27 106.99
CoFe,04 6.447 5.817 0.0147 0.0110 6.202 9.958 102.17 106.95

4 Calculated from (211) peak of CuFe,04, (311) peak of CoFe,04 and NiFe,0, using the Scherrer equation.

process (Fig. 6(b)). In addition, a portion of NiFe,0, remained after
reduction; in other words, the residual NiFe,04 also maintained
catalytic activity to some extent. Similar to NiFe,04, a portion of
CoFe,04 remained in the reduced samples when CoFe,04 was used
(Fig. 6(c)); while the spinel structure of CuFe,0, disappeared after
reduction (Fig. 6(a)), which may have resulted in a decrease of cat-
alytic activity. Therefore, although the CoFe,04 showed higher tar
yield than CuFe,04 at the same temperature, we still cannot con-
clude that the catalytic performance of CoFe,0,4 is lower than that
of CuFe,04 because the lower tar yield may be due to combustion
instead of catalysis. In the future, we aim to evaluate the catalytic
activity of three metal ferrites for the decomposition of tar.

3.2.4. Experiments with multiple redox cycles

Reactivity and stability are very important properties of oxygen
carriers. In order to study the reusability of the three oxygen carri-
ers, five redox cycled experiments were conducted in a fluidized
bed at 850 °C. A sample of metal ferrites (30.0 g) was used. In the
start of each run, PS (2.0 g) was fed into the reactor with a feeding
rate 0.20 g/min. Once each run finished, the regenerated oxygen
carrier was recycled for the next experiment, and the ash was
not separated from the reactor. The resulting x. and #co2 values
are listed in Table 3.

After five redox cycles, the x. and #¢oz decreased from 96.66% to
94.90% and 95.88% to 93.81% for CuFe,04, 93.53% to 83.85% and
94.04% to 86.30% for NiFe,0,4, and 94.65% to 93.47% and 94.19%
to 93.51% for CoFe,04, respectively. For the CuFe;04 and CoFe;0,,
both x. and n¢e2 remained steady and were maintained at a higher
percentage after five cycles; while the x. and ¢z decreased shar-
ply when the NiFe,04 was used. These results suggest that the
reactivity of NiFe,O4 decreased after five cycles; while CuFe,04
and CoFe,04 have excellent cycling performance.

Although five consecutive cycles are not enough to deliver the
stability of the oxygen carriers, a couple of cycles in the beginning
will strongly effect on the structure of the oxygen carriers. By
observing the data in Table 3, we inferred that CuFe,04 and CoFe,-
04 were more stable and better suited for biomass CLC for CO, cap-
ture compared with NiFe;04.

3.3. The results of characterization of oxygen carriers

3.3.1. XRD

The fresh, reduced, and five redox-cycled oxygen carriers at
850 °C were examined by XRD. As shown in Fig. 6, XRD patterns
revealed that all diffraction peaks of metal ferrites were indexed

in comparison to JCPDS files (JCPDS card No. 34-0425 for CuFe,0,4,
22-1086 for CoFe,0,4, and 44-1485 for NiFe,0,4, respectively). The
CuFe,04 has a tetragonal distorted inverse spinel structure; while
CoFe,04 and NiFe,04 have a cubic inverse spinel structure. There-
fore, the CuFe,04 has a lower symmetry than CoFe,04 and NiFe,0,,
which can enhance the diffusion and reduction rates of metal ions
in spinel structure [26]. From the XRD patterns, the sharp diffrac-
tion peaks of fresh MFe,O4 (M= Cu, Ni and Co) revealed well-
crystallized structures and demonstrated the sol-gel method is fea-
sible for the preparation of metal ferrites.

From the XRD pattern of the reduced sample of CuFe,04 (Fig. 6
(a)), Cu, Fes04 and CuFeO, were observed as reduced counterparts.
The CuFeO, was primarily due to the decomposition of CuFe;0,.
For the NiFe,04 oxygen carrier (Fig. 6(b)), the reduced products
were primarily Ni and Fe304, and similar results have been
reported in the literature [33,40]. The XRD patterns in Fig. 6(c)
clearly shows that the reduced counterparts were Fe304, FeO and
Co when CoFe,0, was used. The presence of FeO was due to the
further reduction of the Fe304. It was noted that the FeO was not
observed when the CuFe,04 and NiFe,0, were used as oxygen car-
riers. It was mainly attributed to the ability of Co?" in the spinel
structure to improve the conversion of Fe;0,4 to FeO [26,41]. Fur-
thermore, a percentage of NiFe,O, and CoFe,0, remained after
the reduction reaction; while the spinel structure of CuFe,04 dis-
appeared completely. This also confirmed that the CuFe,04 had
higher reactivity. Meanwhile, the disappearance of spinel structure
could have resulted in the decrease of catalytic activity.

In comparison with the fresh oxygen carriers, the XRD patterns
of three oxygen carriers presented no significant phase change
after five redox cycles. This result implied three metal ferrites were
regenerated completely. The all crystallite sizes were increased
after five redox cycles, as shown in Table 4. Although, there were
no indications that metal ferrites had reacted with ash of biomass.
This could be attributed to the low abundance of ash was unde-
tectable. On one hand, ash can lead to an agglomeration of the oxy-
gen carrier and defluidization of the fluidized bed [42]; on the
other hand, it can also improve the reaction reactivity of the oxy-
gen carrier [43] as well enhance the gasification reaction of bio-
mass as a catalyst to some extent. The role of ash in biomass CLC
should be further explored in the future studies.

3.3.2. SEM

The SEM images of the fresh oxygen carrier and the used oxygen
carrier after five cycles are shown in Fig. 7. The fresh CuFe,0,4 oxy-
gen carrier (Fig. 7(a)) was very smooth, exhibiting high uniformity
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Fig. 7. SEM images of fresh (left) and after five cycles (right) metal ferrites: CuFe,04 (a, b), NiFe;04 (c, d) and CoFe,04 (e, f).

and poor porosity. However, for CuFe,0,4 oxygen carrier after five
redox cycles, the surface was uneven and rough (Fig. 7(b)). Mean-
while, a lot of grains were produced, the compact structure was
destroyed, and more pores appeared on the surface. This was
attributed to a change in the spinel structure from the formation
of Cu, Fe304 and CuFeO, in the reduction process. Additionally, lat-
tice oxygen released from CuFe,0,4 could cause the formation of
pores. For the fresh NiFe,0,4, the surface had good porosity with
a beehive structure. This is beneficial to the diffusion of pyrolysis
gases of PS into the inner of the oxygen carrier. After five redox
cycles, the beehive structure was no longer observed, and some

slits formed. It was inferred that the surface sintering of NiFe,0,
occurred, which resulted in the decrease of NiFe,0,4 reactivity with
increasing cycle times, as shown in Table 3. The surface of fresh
CoFe,04 was coarse and porous. The surface morphology was not
significant, meaning no difference between the fresh and used oxy-
gen carriers was observed.

3.3.3. BET

Table 4 summarizes the specific areas, total pore volumes, and
average pore diameters of the fresh and five redox-cycled oxygen
carriers. Specific areas of fresh oxygen carriers were 1.418 m?/g
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Fig. 8. Equilibrium distribution of various species for the reaction of PS with
MFe,0,. (a) CuFe,04; (b) NiFe;04; (c) CoFe,04.

for CuFe,0,, 6.447 m?/g for CoFe,0,4 and 10.219 m?/g for NiFe,0y,
respectively. The fresh NiFe,04, had greater specific area than
CuFe,0,4 and CoFe,04. A greater specific area is beneficial to the
reactions of the pyrolysis products with oxygen carriers. After five
redox cycles, the specific area of CuFe,0,4 increased to 1.832 m?/g
due to more pores produced in the reaction process; while the

specific area of CoFe,0,4 decreased slightly to 5.817 m?/g may be
due to slight sintering. Compared with CuFe,0,4 and CoFe,0,4, the
surface area of NiFe,0,4 decreased significantly from 10.219 m?/g
to 1.668 m?/g after five cycles. The reduction in pore volume and
increase in average pore size further confirmed that significant sin-
tering of NiFe,04 particles occurred after five redox cycles. Com-
bined with the results of cycle tests, we can conclude that both
CuFe;04 and CoFe,0,4 have higher sintering resistance and thermal
stability than NiFe,0,.

3.4. Thermodynamic simulation

Fig. 8 shows the distribution of equilibrium species after the
reaction of PS with MFe,0,4 (M = Cu, Ni and Co). According to the
results of the thermodynamic simulation, CuFe,0; was not
observed in the reduced sample, while NiFe,04 and CoFe,04 were
observed across the simulation temperature range, and the per-
centage of these metal ferrites decreased with increasing temper-
ature. The result indicated that the CuFe,O, more easily reacted
with PS in CLC, which agreed well with the results of TGA and flu-
idized bed tests. High temperature favorably enhanced the reac-
tion reactivity of three metal ferrites. Furthermore, the main
reduced counterparts were Cu and CuFeO, for CuFe,;04, Ni and
Fe;0,4 for NiFe,04, and Co, FeO and Fe30,4 for CoFe,0y4, respectively,
which was confirmed by the XRD patterns (Fig. 6).

At the temperature range from 700 °C to 1000 °C, the content of
FeO in the reduced samples increased in the following series:
CuFe,04 < NiFe,04 < CoFe,04, while the opposite was observed
for the content of Fe30,4 under identical conditions. As temperature
increased from 700 °C to 1000 °C, the content of FeO increased
from 7.89% to 9.43% for CuFe,04, 28.69% to 38.40% for NiFe,04,,
36.68% to 47.21% for CoFe,04; while the content of Fe;04
decreased from 67.33% to 58.80% for CuFe,04, 57.22% to 37.50%
for NiFe,04, 17.31% to 14.90% for CoFe,04, respectively. There
results implied that the CoFe,04 was readily reduced to FeO in
comparison to CuFe,04 and NiFe;04. The presence of FeO in the
reduced samples implied that the Fe;04 was further reduced, and
more oxygen was provided by CoFe,0,4. This may explain why a
large amount of CoFe;04 remained in the reduced sample, while
CoFe,04 has higher x. and #¢o2 in the fluidized bed tests compared
with NiFe,04. Additionally, the simulation results showed that the
contents of FeO in the reduced sample of NiFe,04 and CuFe,04
were not negligible at high temperatures. In fact, the peak of FeO
was not observed in the XRD patterns of the reduced sample of
NiFe,04 and CuFe,0, (Fig. 6). This could be due to incomplete reac-
tions of PS and metal ferrites; thus, the Fe;0, was not further
reduced to FeO.

4. Conclusions

Reaction reactivity of MFe,04, (M = Cu, Ni and Co) with pine
sawdust was investigated in TGA and fluidized bed reactor. The
oxygen carriers were characterized by XRD, SEM and BET. Thermo-
dynamic simulation was performed using software HSC Chemistry
6.0. The following conclusions can be made:

(1) Both TGA and fluidized bed experiments revealed that the
reactivity of MFe;O4 (M = Cu, Ni and Co) in CLC using PS as
fuel decreased in the following order: CuFe,0,4 > CoFe,04 > -
NiFe,04, and CuFe,0, has a lower initial reaction
temperature.

(2) Both carbon conversion (x.) and carbon capture efficiency
(Mcoz2) increased with increasing temperature. The maximum
values of X, and 5oz were 96.86% and 95.65%, 95.45% and
94.25%, and 95.17% and 94.04% for CuFe,0,4, CoFe;04, and
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NiFe,Qy4, respectively. NiFe,04 has a higher catalytic reactiv-
ity for tar cracking and reforming compared with CuFe,04
and CoFe;04.

(3) The XRD patterns show that NiFe,04 was mainly decom-
posed into Fe30, and Ni; CuFe,O, was reduced to Cu,
Fe304 and CuFeO,; and the reduction products of CoFe;04
were Co, FeO and Fe;0,4. These results were in agreement
with the thermodynamic simulation. After five redox cycles,
three metal ferrites can be fully regenerated.

(4) Both CuFe,0,4 and CoFe,04 have high thermal stability and
maintained higher x. and #5¢o2 values after five redox cycles;
while x. and 7¢oz decreased significantly when NiFe,04 was
used due to the impact of the severe sintering. These results
were confirmed by BET and SEM. Thus, CuFe,0,4 and CoFe,0,4
are more applicable as oxygen carriers in biomass CLC com-
pared with NiFe,0,.
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