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g hydrogen production with
modified iron ore as oxygen carriers using biomass
pyrolysis gas as fuel

Tingting Xu,a Bo Xiao,a Gensheng Fu,a Sicheng Yangb and Xun Wang *a

The chemical looping hydrogen (CLH) production was conducted in a fluidized bed reactor with the

modified iron ore oxygen carriers (OCs) using simulated biomass pyrolysis gas (BPG) as fuel. Both carbon

capture efficiency and hydrogen yield increased with the elevated reaction temperature in the fuel

reactor (FR). As the reduction time in the FR increased, the carbon capture efficiency decreased but the

hydrogen yield increased. An FR temperature of 900 �C and reduction time of 40 min in the FR were

optimal conditions for CLH production. At this condition, the carbon capture efficiency for the NiO–iron

ore, CuO–iron ore CeO–iron ore and iron ore were 83.29%, 82.75%, 70.05% and 40.46%, respectively.

The corresponding hydrogen yield and hydrogen purity were 8.89 mmol g�1 and 99.02%, 7.78 mmol g�1

and 99.68%, 6.25 mmol g�1 and 99.52%, and 2.45 mmol g�1 and 97.46%, respectively. The presence of

NiFe2O4, CuFe2O4 and CeFeO3 in the modified iron ore samples enhanced the reactivity of the iron ore

and promoted its reduction. Both NiO–iron ore and CeO2–iron ore exhibited good cycle performance,

while the sintering of the CuO–iron ore resulted in a decrease in the reactivity. Compared with the

CuO–iron ore and CeO–iron ore, the NiO–iron ore was more appropriate for hydrogen production due

to its high hydrogen yield and good cycle performance.
1 Introduction

Hydrogen, an excellent energy carrier with high energy density
and environmentally friendly properties, is considered a prom-
ising alternative energy source toward resolving the depletion of
fossil fuels and environmental issues, such as the pollutant and
greenhouse gas emissions.1 More than 80% hydrogen around
the world is produced by the steam reforming technology using
fossil fuel as feedstock.2 However, this technology has disad-
vantages, such as high energy consumption, a low energy inte-
gration efficiency, and serious CO2 emissions.2 Chemical
looping hydrogen (CLH) production has received a great deal of
attention in recent years because it can produce high purity
hydrogen, and also capture carbon dioxide.3,4 Furthermore, the
negative CO2 emissions can be achieved in CLH production
using the carbon neutral biomass derived fuels, such as bio-oil,
syngas and biochar.5

It is very crucial to select a suitable oxygen carrier (OC) in the
CLH production process. Metal oxides, such as the oxides of Ce,
Fe, Cu, Ni, Co and Mn, have been proposed as possible OCs for
the hydrogen production.6–10 Among various metal oxides,
Fe2O3 was considered an ideal candidate for CLH production
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due to its favorable thermodynamics, low cost, nontoxicity and
environmentally friendly properties in Nature.11 However, Fe2O3

cannot be regenerated completely just using steam as the
oxidizing medium due to the limitation of the thermodynamic
property. An air reactor is needed to oxide the reduced oxygen
carrier. Therefore, as shown in Fig. 1, a three-reactor CLH
production system was developed.4,12 The three-reactor CLH
production system consists of a fuel reactor (FR), a steam
reactor (SR) and an air reactor (AR). Fe2O3 is reduced to Fe and
FeO by fuel in the FR rst, and then Fe and FeO are oxidized to
Fe3O4 by steam to obtain hydrogen in the SR where the water
splitting occurs. High purity hydrogen is produced. Aerwards,
Fe3O4 is transferred back to the AR where it is oxidized to Fe2O3

by air.
In fact, a rapid decrease in the reactivity of pure iron oxide

was observed during the redox cycles, due to agglomeration and
sintering of Fe and Fe3O4 during the chemical looping
processes. A large number of studies have been done to enhance
the reactivity, stability and cycle performance of the Fe-based
OCs by adding some metal oxides. Ordinarily, these OCs
involve the formation of new compounds, which may have
a higher reactivity and enhanced reduction rate.13 Huang et al.14

illustrated that iron ore modied by NiO was appropriate in the
CLR with biomass char owing to the fact that the formation of
the spinel-type nickel iron oxide NiFe2O4 improved the reaction
rate of char gasication. Chen et al.15 reported that the NiO
addition improved themaximum reaction rate of the iron-based
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Schematic of the three-reactor CLH production system.

Table 1 The elemental content of the calcined iron ore

Oxide Al Si Ca Mg Fe
wt% 2.68 3.19 2.17 2.81 88.15
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OCs in the oxidation stage and promoted the further reduction
of Fe-oxides to Fe. Ismail et al.16 demonstrated that the CaO-
modied Fe2O3 OCs exhibited higher reactivity and higher
stability compared to the unmodied Fe2O3. Siriwardane et al.17

found that the presence of Cu promoted the deeper reduction of
Fe2O3, and improved the oxidation and reduction rates. Sun
et al.18 conrmed that CeO2 could effectively inhibit carbon
deposition or Fe3C formation in CLH production with iron-
based oxygen carriers.

Natural iron ore, as one of the iron-based OCs, have been
intensively studied in chemical looping processes due to their
lower application cost.19–22 In recent years, natural iron ores
have been gradually applied to the CLH production process.
Zeng et al.23 investigated the bio-oil CLH production process
using an Austrian MAC iron ore as the OC. The hydrogen purity
and hydrogen yield at 96% and 635 mL per mL oil, respectively,
were achieved with a steam-to-oil ratio of 1.5. Xiao et al.24 found
that the carbon and Fe3C formation led to a decrease in the
reducibility of the four iron-based natural minerals. In general,
the low redox reactivity is the main issue with using natural iron
ore as OCs.25–28

Similarly, few studies have been reported in which the
metals, Na, K, Cu and Ca etc., were implemented to enhance the
reactivity of natural iron ores. Wang et al.29 reported that adding
K and Cu had signicant effects on enhancing the reduction
reactivity of hematite, as well as elevating the hydrogen
production in the CLH production process. Liu et al.30 reported
that the presence of K decreased the carbon deposition, and
increased the reduction rate of iron ore and hydrogen yield in
CLH production. Gu et al.31 conrmed the feasibility of CLH
production using the mixture of iron ore and biomass ash as
OCs. Although some encouraging results were presented in the
abovementioned studies, the issues of modied iron ores (such
as sintering, agglomeration and volatilization of modied
components) still exist.26,30,32,33 It is necessary to explore the
modied iron ore OC with high reactivity and long-term
stability for high purity hydrogen production.
This journal is © The Royal Society of Chemistry 2019
In this study, the feasibility of CLH production with biomass
pyrolysis gas using modied iron ore as OCs was evaluated.
Modied iron ores (MxOy–iron ore, M ¼ Ni, Cu and Ce) were
prepared by the sample impregnation method. The CLH
production experiments were conducted in a laboratory-scale
uidized bed reactor. The carbon capture efficiency, hydrogen
yield, hydrogen purity and the reactivity of the OCs in CLH
production process were investigated. The fresh and used OCs
were characterized to evaluate their performance.
2 Experimental
2.1 Raw materials

The powder sample of the raw iron ore was obtained from the
Wuhan Iron and Steel (Group) Company, which was supplied by
the Chengchao iron ore miner, Ezhou, Hubei, China. The raw
iron ore powder was rst calcined at 900 �C for 6 h under
atmospheric air. Then, the iron ore was grinded and sieved to
60–250 mm for use. The chemical components of the calcined
iron ore were determined by X-ray uorescence (XRF) spec-
troscopy. The results are given in Table 1.

In this study, a simulated biomass pyrolysis gas (BPG) was
used to reduce the OCs in the uidized-bed reactor. The BPG
(10% H2 + 10% CO + 5% CH4 + 75% N2 balance) was purchased
from the XiangYun Industry Co., Ltd. (Wuhan, China). All
chemicals used in this research study were of analytical grade,
and purchased from the Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China).
2.2 Preparation of OCs

The modied iron ore OCs, MxOy–iron ore (MxOy ¼ NiO, CuO
and CeO2) were prepared via the incipient wetness impregna-
tion method. The mass fraction of NiO, CuO and CeO2 were
xed at 10 wt% for all OCs. First, Ni(NO3)2$6H2O, Cu(NO3)2-
$3H2O and Ce(NO3)4$6H2O were accurately weighed and dis-
solved in deionized water to obtain nitrate aqueous solutions.
Then, the aqueous solutions of Ni(NO3)2$6H2O, Cu(NO3)2$3H2O
and Ce(NO3)4$6H2O were each transferred to the beaker con-
taining iron ore powder. The resulting mixtures were stirred
slowly at 80 �C for 12 h, dried at 105 �C for 48 h in a drying oven,
and calcined at 1000 �C for 6 h in a muffle furnace. Finally, the
resulting sample was cooled to room temperature, crushed, and
sieved into particles with a size range of 50 mm to 430 mm for
use.
2.3 Chemical looping hydrogen tests

The CLH production experiments were carried out in a uid-
ized-bed reaction system under atmospheric pressure, as
shown in Fig. 2. This system consisted of a carrier gas unit,
RSC Adv., 2019, 9, 39064–39075 | 39065



Fig. 2 Reactor system for chemical looping hydrogen production.
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uidized bed reactor, cyclone separator, condenser, and on-line
gas analyzer, steam generator and an injection pump.

A quartz tube (i.d. ¼ 30 mm, length ¼ 1000 mm) was used as
the uidized bed reactor, with a porous distributor plate placed
in the reactor at a distance of 400 mm from the bottom. The
temperature of the uidized bed reactor was measured by a K-
type thermocouple. The water was injected into the steam
generator by an injection pump to obtain steam. The steam was
introduced into the uidized-bed reactor via a tube, which was
wrapped by a heated bend. The temperatures of the steam
generator and the heated bend were xed at 300 �C and 180 �C,
respectively.

The CLH production tests can be divided into three stages,
namely the reduced stage, steam-oxidized stage and regen-
erated stage. Prior to each test, 20.0 g OCs were loaded onto the
porous distributor plate in the uidized-bed reactor. Next, the
uidized-bed reactor was heated to the desired temperature in
air (500 mL min�1). When the temperature was stable, air was
then switched to nitrogen (500 mL min�1) to sweep the
uidized-bed reactor for 10 min. In the reduced stage, BPG (500
mL min�1) was introduced in the uidized-bed reactor to
reduce the OC particles. The reduction time was an important
control variable, which changed from 20 min to 60 min with an
interval of 10 min. Once the reaction ran out of time, BPG was
switched to nitrogen (500 mL min�1) to purge the reactor for
10 min. In the steam-oxidized stage, nitrogen (500 mL min�1)
was used as a carrier gas, and the steam was introduced to the
39066 | RSC Adv., 2019, 9, 39064–39075
reactor to obtain high purity hydrogen for 60 min. The steam
ow was 1.0 mL min�1 in all tests, which was controlled by an
injection pump. In the regenerated stage, air (500 mL min�1)
was used to regenerate the OCs for 60 min.

The ue gases passed through a cyclone separator,
condenser, and on-line gas analyzer (Gasboard-3100, Wuhan
Cubic Optoelectronics Co., Ltd.) in order. The gas concentra-
tions (including CO, CO2, CH4, H2 and O2) were analyzed and
recorded continuously, with the ne particles being collected
and the condensable components of the ue gases being
removed.

2.4 Data analysis

In the reduced stage, 500 mL min�1 of BPG was used in the FR.
The molar ow of N2 (FN2-FR, mol s�1) is a constant in the outlet.

The outlet gas molar ow (Fout-FR, mol s�1) is calculated as

Fout-FR ¼ FN2-FR

1�P
xi

(1)

where xi denotes the molar fraction of the gas components (i ¼
CO2, CO, CH4 and H2).

The carbon capture efficiency (dc, %) is used to evaluate the
conversion degree of carbonaceous gases into CO2 in the fuel
reactor. It was calculated as

dC ¼
Ð t1
t0
Fout-FRxCO2

dtÐ t1
t0
Fout-FRðxCO þ xCO2

þ xCH4
Þdt� 100% (2)
This journal is © The Royal Society of Chemistry 2019
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where t0 and t1 denote the start and end reaction times in the
FR, respectively.

Similarly, the outlet N2 ow (FN2-SR, 500 mL min�1) is used as
a carrier gas in the steam-oxidized stage. The outlet gas ow
(Fout-SR, mol s�1) is calculated as

Fout-SR ¼ FN2-SR

1�P
yi

(3)

where yi denotes the molar fraction of the gas components in
the SR (i ¼ CO2, CO, CH4 and H2).

The total volume of hydrogen VH (L) in the gas products is
calculated as:

VH ¼ 22:4

ðt3
t2

Fout-SRyH2
dt (4)

where t2 denotes the reaction time in the steam reactor.
The hydrogen yield, Hy (mmol g�1), is calculated as

Hy ¼ 1000VH

22:4mOC

(5)

where mOC (g) is the mass of the OC in each test.
The hydrogen purity (Hp) is calculated as

Hp ¼ yH2P
iyi

� 100% (6)
Fig. 3 Gas concentration profiles in the FR at 900 �C with different OC

This journal is © The Royal Society of Chemistry 2019
2.5 Characterization technologies of the OCs

An X'Pert PRO diffractometer (X'Pert PRO, PANalytical B.V.)
equipped with a Cu Ka radiation source (40 kV and 40 mA) was
used to obtain X-ray diffraction (XRD) patterns of the OCs. The
OCs were scanned at a rate of 2� min�1 from 2q¼ 10� to 80� with
a scanning step of 0.02�. N2 adsorption–desorption isotherms
and pore-diameter distribution at �196 �C were measured
using a Micrometrics ASAP 2010 system. The specic surface
areas were calculated by the Brunauer–Emmett–Teller (BET)
method. The surface morphology of the OCs was obtained using
environmental scanning electron microscopy (ESEM; FEI
Quanta 200) in conjunction with energy-dispersive X-ray spec-
troscopy (EDS). H2-TPR was conducted in an AutoChem II 2920.
First, the sample (about 0.20 g) was heated to 300 �C at a rate of
10 �C min�1 in helium (50 mL min�1) and kept for 3 h. Aer
being cooled to 50 �C, helium was replaced by a gas mixture
consisting of 10/90H2/Ar v/v% (50 mL min�1), and the sample
was reheated to 900 �C at a rate of 10 �C min�1.
3 Results and discussion

In the FR, the OCs were reduced by BPG. The reduction time has
a great effect on the carbon capture efficiency in the FR and the
hydrogen yield in the SR. In this study, the reduction time in the
FR increased from 20 min to 60 min. Both the hydrogen
s.

RSC Adv., 2019, 9, 39064–39075 | 39067



RSC Advances Paper
production time in the SR and the regeneration time in the AR
were xed at 60 min. The reaction temperatures of the FR, SR,
and AR were set at 900 �C.
3.1 Gas concentration proles

Fig. 3 displays the variation trend of the gas concentration with
reaction time in the FR at 900 �C. As can be seen, the main gas
components were CO2, CO, CH4 and H2 in the FR. At the
beginning of the reaction, the reductive gases (CH4, CO and H2)
were oxidized by lattice oxygen. Therefore, the CO2 concentra-
tion for all OCs increased quickly. Subsequently, the unreacted
reductive gases were measured, and their concentrations
increased with the increase in the reduction time. It was
implied that the lattice oxygen derived from OCs was consumed
gradually with the increasing reaction time. At the same
moment, the concentrations of CO2 for all three modied OCs
were higher than that for the iron ore, while the concentrations
of CH4, CO and H2 showed the opposite tendency. These results
indicated that the presence of the metal oxides signicantly
enhanced the reactivity of the iron ore. For the same modied
OC, the concentration of CH4 in the FR was the highest, fol-
lowed by CO, and H2 was the lowest. In fact, the concentrations
of CO andH2 in BPG were higher than that of CH4. These results
indicated that the selectivity of the modied iron ore OCs
Fig. 4 The gas concentration profiles in the SR with different OCs reduce
iron ore and (d) CeO2–iron ore.

39068 | RSC Adv., 2019, 9, 39064–39075
toward the three reductive gases (namely CO, H2 and CH4)
follow the order of H2 > CO > CH4. This result was consistent
with the reduction rate of Fe2O3 in the different reductive
gases.19,34,35 It was noted that the NiO–iron ore had the lowest
concentration of CO and H2, and the CuO–iron ore exhibited
the lowest CH4 concentration, indicating that the NiO–iron ore
exhibited the highest selectivity toward CO and H2. The CuO–
iron ore had the highest selectivity toward CH4.

The OCs were reduced by BPG for 60 min at 900 �C in the FR.
Aer that, the steam was introduced into the reactor to produce
hydrogen in the SR. Fig. 4 presents the gas concentration
proles in the SR. The H2 concentration for the three OCs
increased quickly, and then decreased. The instantaneous
maximum H2 concentration for the three modied iron ores
was higher than 60%, while the peak value of the H2 concen-
tration for iron ore was just 38.75% under the same conditions.
It was noted that a small amount of CO and CO2 products was
detected in the SR. It was attributed to the oxidation of carbon
deposited onto the OCs during the reduction stage in the FR.
Both CO and CH4 can form carbon deposits through reactions
(R1) and (R2) at relatively high temperatures. The carbon
deposits formed on the surface of the OCs in the FR, and then
reacted with steam in the SR to produce carbonaceous gases (R3
and R4), resulting in a decrease in the hydrogen purity.
d by BPG for 60 min at 900 �C: (a) iron ore, (b) CuO–iron ore, (c) NiO–

This journal is © The Royal Society of Chemistry 2019
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2CO 5 CO2 + C (R1)

CH4 5 2H2 + C (R2)

C + H2O 5 H2 + CO (R3)

C + 2H2O 5 2H2 + CO2 (R4)

3.2 Effects of the reduction time in FR

3.2.1 Carbon capture efficiency. Fig. 5 shows the carbon
capture efficiency in the FR for four OCs at 900 �C under
different reduction times. In the initial stage, the carbon
capture efficiency for the four OCs was close to 100%. The
carbon capture efficiency decreased with the increase of the
reduction time. The carbon capture efficiency for the CuO–iron
ore, NiO–iron ore, CeO2–iron ore and iron ore at 97.39%,
91.02%, 91.01% and 86.59%, respectively, were observed at
a reaction time of 10 min. These values were then decreased to
75.90%, 80.30%, 65.61% and 33.75% at the reduction time of
60 min. At the beginning of the reaction, Fe2O3 was reduced
readily into Fe3O4 by reductive gases, which favored the
production of CO2 and H2O. With the increase in the reaction
time, the conversion from Fe3O4 to FeO or Fe became difficult,
and the reductive gases also were not converted completely into
CO2 and H2O. Miguel et al.36 have reported that iron ore can
fully convert the simulated syngas at 880 �C, regardless of the
CO/H2 ratio used. However, lower conversion rates were
observed with methane-containing fuels. Thus, it was inferred
that the CH4 in BPG was the main factor for the reduction of
CGE. The CuO–iron ore exhibited the highest carbon capture
efficiency until a reduction time around at 50 min. Compared
with the NiO–iron ore and CeO2–iron ore, the CuO–iron ore was
more suitable for the application of the chemical looping
combustion process for carbon capture. It was noted that there
Fig. 5 The variation trend of the carbon capture efficiency (CGE) with
reduction time in FR at 900 �C.

This journal is © The Royal Society of Chemistry 2019
was a slight decrease in the carbon capture efficiency for the
NiO–iron ore OCs from 20 min to 60 min. The carbon capture
efficiency for the CeO2–iron ore was the lowest among the three
modied iron ores at the same time. However, it was still much
higher than that for iron ore. Compared with CuO and NiO, the
oxygen transport capacity of CeO2 can be negligible. Although
the CeO2–iron ore had a lower mass fraction of Fe2O3 than that
of iron ore, the presence of CeO2 promoted the reactivity of
Fe2O3.

3.2.2 Hydrogen yield. Fig. 6 shows the hydrogen yields for
the four OCs under different reaction times. As the reaction
time increased, the hydrogen yields for all OCs increased. This
is mainly due to the fact that the reduction degree of the OCs
was deepened with increasing reduction time in the FR. The
maximum theoretical hydrogen yield of the iron ore was
14.36 mmol g�1; in this condition, Fe2O3 in the iron ore was
reduced completely into Fe. The theoretical hydrogen yield
decreased to 3.59 mmol g�1 when the Fe2O3 in iron ore was
reduced completely into FeO. When the reduction time was
20 min, a maximum hydrogen yield of 1.54 mmol g�1 was ob-
tained for the iron ore. Thus, the Fe2O3 was reduced to FeO and
Fe3O4 aer 20 min. The hydrogen yields of the NiO–iron ore,
CuO–iron ore, CeO2–iron ore were 4.65 mmol g�1, 5.36 mmol
g�1 and 3.96 mmol g�1 aer 20 min, respectively, indicating
that Fe2O3 was reduced to FeO and Fe. Compared with the
modied iron ore OCs, the iron ore exhibited a lower hydrogen
yield under the same conditions, indicating that the presence of
metal oxides improved the reactivity and enhanced the reduc-
tion degree of the iron ore. The hydrogen yields for the four OCs
all decreased in the following order: NiO–iron ore > CuO–iron
ore > CeO2–iron ore > iron ore. The maximum hydrogen yields
of the NiO–iron ore, CuO–iron ore, CeO2–iron ore and iron ore
were 11.46 mmol g�1, 10.84 mmol g�1, 10.44 mmol g�1 and
5.39 mmol g�1 at the reaction time of 60 min, respectively.

In general, more hydrogen can be obtained by increasing the
reduction time in the FR. However, the longer the reduction
Fig. 6 The hydrogen yield in SR at 900 �C with different reduction
times in FR.

RSC Adv., 2019, 9, 39064–39075 | 39069
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time, the lower was the carbon capture efficiency. According to
the comprehensive analysis of the hydrogen yield and carbon
capture efficiency, it was concluded that the reduction time at
�40 min in the FR at 900 �C was an optimal value. Under this
condition, the hydrogen yields of the four OCs in the SR were
8.89 mmol g�1, 7.78 mmol g�1, 6.25 mmol g�1 and 2.45 mmol
g�1 for the NiO–iron ore, CuO–iron ore, CeO2–iron ore and iron
ore, respectively. In addition, the corresponding carbon capture
efficiencies in the FR were 83.29%, 82.54%, 70.97% and 40.46%.
3.3 Effects of the reaction temperatures in FR

Temperature plays a key role in all chemical looping processes.
In the CLH production process, temperature directly affected
the carbon capture efficiency in the FR, hydrogen yield and
purity in the SR and the regeneration rate of the OCs in the AR.
In this section, the temperature effects were investigated. In
each run, the reaction temperatures of the FR, SR and AR were
identical. The reaction temperatures varied in the range of 800–
1000 �C with an interval of 50 �C. The reduction time of the OCs
in the FR by BPG was 40 min, the oxidation time of the OCs in
the SR by steam was 60 min and the regeneration time of the
OCs in the AR by air was 60 min.

3.3.1 Carbon capture efficiency. As shown in Fig. 7, with
the increase of temperature from 800 �C to 1000 �C, the carbon
capture efficiencies for the iron ore, CuO–iron ore, NiO–iron ore
and CeO2–iron ore increased from 32.11%, 76.65%, 70.66% and
62.86% to 48.69%, 88.33%, 89.19% and 80.65%, respectively.
Compared with the CuO–iron ore and NiO–iron ore, the CeO2–

iron ore exhibited lower carbon capture efficiency in the whole
temperature range. It was mainly attributed to the fact that the
CuO–iron ore and NiO–iron ore providedmore lattice oxygen for
syngas combustion in comparison to the CeO2–iron ore. The
carbon capture efficiency for the CuO–iron ore was higher than
that for NiO–iron ore at 800 �C and 850 �C, while an opposite
tendency was observed when the reaction temperature reached
above 900 �C. This indicated that the activity of the CuO–iron
Fig. 7 The carbon capture efficiency in FR at different temperatures.

39070 | RSC Adv., 2019, 9, 39064–39075
ore at a lower temperature was higher than that of the NiO–iron
ore. It might be attributable to the fact that CuFe2O4 was more
readily reduced than NiFe2O4 at a low temperature.37,38

3.3.2 Hydrogen yield and purity. Fig. 8 shows the hydrogen
yield at different reaction temperatures with the reduction time
of 40 min in the FR. The hydrogen yield, 1.54 mmol g�1,
1.03 mmol g�1 and 0.88 mmol g�1, for the NiO–iron ore, CuO–
iron ore and CeO2–iron ore, respectively, were obtained at
800 �C. The temperature not only affected the reaction reactivity
of the OCs with fuel, but also affected the reaction reactivity of
the OCs with steam. With the reaction temperature increased to
900 �C, the hydrogen yields at 8.89 mmol g�1, 7.78 mmol g�1

and 6.25 mmol g�1 for the NiO–iron ore, CuO–iron ore and
CeO2–iron ore were observed, respectively. When the tempera-
ture was higher than 900 �C, the effect of increasing the
temperature on the hydrogen yield was not obvious. It was
attributed that the reduction from FeO to Fe was difficult even at
a high temperature. The highest hydrogen yields of 11.23 mmol
g�1, 11.03 mmol g�1 and 9.89 mmol g�1, for the NiO–iron ore,
CuO–iron ore and CeO2–iron ore were obtained at 1000 �C for
60 min, respectively.

Generally, a high concentration of hydrogen can be obtained
in the steam-iron process. In fact, small amounts of carbona-
ceous gas were observed in the SR, which were derived from the
reactions between the deposited carbon and H2O. The carbon
deposition not only decreased the reactivity of the OCs, but also
contaminated the hydrogen produced in the steam oxidation
stage, leading to the reduction in the hydrogen purity. Fig. 9
shows the varying trend of the hydrogen purity at different
reaction temperatures. With the increase of temperatures of the
FR, the hydrogen purity decreased. It was attributed to the fact
that the high temperature enhanced the reactivity of OCs and
promoted the subsequent BPG oxidation process. Therefore,
the carbon deposition on the surface of the OC increased. At the
same temperature, the hydrogen purity of the iron ore was
Fig. 8 Effect of the reduction temperature in FR on the hydrogen yield
in SR.

This journal is © The Royal Society of Chemistry 2019



Fig. 10 The various trends of the carbon capture efficiency and
hydrogen yield in the cyclic test.Fig. 9 Effect of the reduction temperature in FR on the hydrogen

purity in SR.
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lowest. This result conrmed that the addition of CuO, NiO and
CeO2 played a role in inhibiting the carbon deposition. A
hydrogen purity of >99.0% was achieved in the temperature
range of 800–1000 �C using both CuO–iron ore and CeO2–iron
ore as the OC. The hydrogen purity for the NiO–iron ore
decreased from 99.26% at 800 �C to 98.64% at 1000 �C. Zeng
et al.39 reported that the hydrogen yield and hydrogen purity
varied from 1.66 mmol and 99% from to 2.81 mmol and 84%,
respectively, when using a bio-oil heavy fraction as fuel and
Fe2O3/Al2O3 (60 wt%/40 wt%) as the OC at 950 �C. Both the
CuO–iron ore and CeO2–iron ore showed higher anti-coking
ability compared with the NiO–iron ore. It was attributed to
the fact that the metallic Fe and Ni in the deeply reduced OC
have good catalytic performances for the CH4 decomposition
reaction (R2).
Fig. 11 H2-TPR profiles of the fresh OCs: (a) iron ore, (b) CeO2–iron
ore, (c) NiO–iron ore and (d) CuO–iron ore.
3.4 Cyclic tests

In order to investigate the cyclic performance of the modied
iron ore OCs, a total of 10 cycles were conducted in the uidized
bed reactor. The temperatures of the FR, SR and AR were 900 �C.
The reduction time in the FR, steam oxidation time in the SR
and regeneration time in the AR were 40 min, 60 min and
60 min, respectively. As shown in Fig. 10, the carbon capture
efficiency and hydrogen yield for the CuO–iron ore OC
decreased from 82.54% and 7.78 mmol g�1 to 75.09% and
6.38 mmol g�1 with increasing cycles, respectively. The carbon
capture efficiency increased slightly to 78.14% in a cyclic test of
the CeO2–iron ore, and there was no signicant trend change
for the hydrogen yield. Aer 10 cycles, a hydrogen yield of
6.33 mmol g�1 was observed for the CeO2–iron ore. The carbon
capture efficiency and hydrogen yield for the NiO–iron ore both
decreased slightly, and achieved 79.51% and 8.89 mmol g�1 at
the 10th cycle, respectively. These results indicated that the
CeO2–iron ore and NiO–iron ore had good cyclic performances,
while the reactivity of the CuO–iron ore decreased with an
increase in the number cycle.
This journal is © The Royal Society of Chemistry 2019
3.5 Characterization of the OCs

3.5.1 H2-TPR. The H2-TPR proles of different fresh OCs
were processed using the peak-tting soware. The results are
shown in Fig. 11. The different colored curves present the
reduction of different species. Three peaks at ca. 495 �C, 630 �C
and 770 �C were observed for the H2-TPR proles of the fresh
RSC Adv., 2019, 9, 39064–39075 | 39071



Fig. 12 The surface morphology of the three modified OCs particles:
(a), (c) and (e) are the fresh CuO–iron ore, NiO–iron ore and CeO2–
iron ore, respectively; (b), (d) and (f) are the CuO–iron ore, NiO–iron
ore and CeO2–iron ore after 10 cycles, respectively.
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iron ore, which were assigned to the reduction of Fe2O3, Fe3O4

and FeO, respectively. Similar results were published by Gu
et al.40 Similarly, the fresh CeO2–iron ore exhibited three
reduction peaks. The rst peak at ca. 470 �C was attributed to
the reduction of residual surface Fe3+. However, the reduction
peaks for the CeO2–iron ore shied to lower temperatures
compared with the peaks for the iron ore, indicating that the
CeO2 additive decreased the reduction temperature of the iron
ore. When the iron ore was modied by NiO and CuO, reduction
peaks at 389 �C and 321 �C appeared and were assigned to the
reduction of free NiO and CuO located on the surface, respec-
tively. Compared with the iron ore, two peaks with larger peak
areas were observed at 518 �C for the NiO–iron ore and at 508 �C
for the CuO–iron ore, assigned to the reduction of NiFe2O4 and
CuFe2O4. Similar results were observed in our previous work.37

The peaks at about 630 �C were similar for the NiO–iron ore,
CuO–iron ore and iron ore, indicating that the additives had
a small inuence on the reduction of Fe3O4. Similar to that of
the CeO2–iron ore, the peaks at 743 �C for the NiO–iron ore and
at 745 �C for the CuO–iron ore veried that the reduction
temperature of the iron ore was decreased by introducing
metallic oxides.

3.5.2 XRD. The crystal phases of the OCs at different reac-
tion stages are listed in Table 2. The main components of the
calcined iron ore were Fe2O3 and SiO2. For the fresh modied
iron ore OCs, Fe2O3 and the metal oxides (namely CuO, NiO and
CeO2) were correspondingly presented. Generally, CuO and NiO
had higher oxygen transport capacities than Fe2O3 in the
chemical looping process, and more lattice oxygen derived from
CuO and NiO was benecial to enhancing the syngas conver-
sion. Additionally, CuFe2O4 and NiFe2O4 with spinel structures
(AB2O4) were observed in the CuO–iron ore and NiO–iron ore
samples, respectively. Intensive references demonstrated that
the presence of a spinel structure improved the reduction
kinetics and enhanced the reducibility of Fe2O3.14,41–44

In the reduced samples, the unmodied iron ore was mainly
reduced into FeO and Fe3O4; the CuO–iron ore was reduced into
Cu, FeO and Fe; the NiO–iron ore was reduced into Ni, FeO, (Ni,
Fe) and Fe; while the CeO2–iron ore was reduced into FeO,
CeFeO3 and Fe. The reduction of Fe2O3 to Fe3O4 did not
contribute to the production of hydrogen in the oxidation step.
Therefore, the unmodied iron ore displayed the lowest
hydrogen yield. The Fe3O4 phase was not observed in the
modied OCs aer the reduction reaction. These results sug-
gested that the metal oxides promote the reduction of Fe3O4. It
was noted that CeFeO3 with a perovskite structure (ABO3) was
detected in the reduced sample of the CeO2–iron ore OC. Many
Table 2 The component of crystalline phase of OCs in different reactio

Samples Fresh Reduced

Iron ore Fe2O3 FeO, Fe3O4

CuO–iron ore Fe2O3, CuO, CuFe2O4 FeO, Fe, Cu
NiO–iron ore Fe2O3, NiO, NiFe2O4 Ni,FeO, (Ni, Fe), Fe
CeO–iron ore Fe2O3, CeO2 FeO, CeFeO3, Fe

39072 | RSC Adv., 2019, 9, 39064–39075
researchers also reported that Fe2O3, together with CeO2, forms
a perovskite-type CeFeO3, which improved the reversibility of
the Fe2O3 redox reaction.40,45–47 Gu et al.40 reported that the
abundant Ce3+ ions in CeFeO3might act as a catalyst to enhance
the reducibility of the Ce and Fe oxides. Zhu et al.47 found that
the formation of CeFeO3 enhanced the oxygen mobility of the
CeO2–Fe2O3 OC.

Aer the steam oxidation process, the Fe species contained
in the OCs were mainly oxidized into Fe3O4 to produce
hydrogen. When the CeO2–iron ore was used as an OC, CeFeO3

remained aer the steam oxidation process. Thus, the Fe
n stages

Oxidized by H2O Oxidized by air Aer 10 redox cycles

Fe3O4 Fe2O3 Fe2O3

Cu, Fe3O4 Fe2O3, CuFe2O4 Fe2O3, CuFe2O4

Ni, Fe3O4 Fe2O3, NiFe2O4 Fe2O3, NiFe2O4

Fe3O4, CeFeO3 Fe2O3, CeO2 Fe2O3, CeO2

This journal is © The Royal Society of Chemistry 2019
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element contained in CeFeO3 was not oxidized by steam to
produce hydrogen. This can be used to explain how the CeO2–

iron ore OC had a lower hydrogen yield in comparison with that
of the CuO–iron ore and NiO–iron ore OCs.

In the regenerated samples, Fe3O4 was further oxidized to
Fe2O3 by air in the AR. Both NiO and CuO disappeared and
instead, CuFe2O4 and NiFe2O4 with a spinel structure were
observed in the CuO–iron ore and NiO–iron ore OCs, respec-
tively. It was due to the reaction of NiO and CuO with the iron
ore during the redox cycles. CeFeO3 was oxidized to CeO2 and
Fe2O3 by air. It was reported that CeFeO3 was unstable in an
oxidation atmosphere.40 Compared with the components of the
OCs at the rst and tenth cycle, it can be found that the crystal
phase of the OCs did not change signicantly.

3.5.3 ESEM. Fig. 12 shows the SEM micrographs of the
three modied OCs aer 10 cycles, and the magnication was
1500 times. The different size particles adhered to the surface of
the fresh CuO–iron ore. Aer 10 cycles, the particles became
smooth and stuck together, resulting in the compact areas. This
may be due to the presence of the sintering behavior of copper
during the cyclic tests. Floccules were observed on the fresh
Fig. 13 The distribution of elements on the surface of the OCs after redu
iron ore and (d) CeO2–iron ore.

This journal is © The Royal Society of Chemistry 2019
NiO–iron ore sample surface due to the NiO deposition during
the preparation process. The occules were reduced or even
disappeared aer 10 cycles and instead, formed more particles
on the surface. Similar to the NiO–iron ore sample, the surface
of the fresh CeO2–iron ore was almost covered by the occulent
substance. Aer the cyclic experiments, it presented smaller
regular particles. Compared with the NiO–iron ore sample,
a slight agglomeration was observed for the CeO2–iron ore aer
10 cycles.

3.5.4 EDS. Fig. 13 exhibits the distribution of elements on
the surface of the reduced OCs. Cu, Ni and Ce were observed on
the surfaces of the reduced CuO–iron ore, NiO–iron ore and
CeO2–iron ore OCs, respectively. Additionally, some trace
elements (C, Ca and Si) were also examined. This result indi-
cated the formation of carbon deposition during the reduction
reaction. The largest carbon atom content at 12.13 wt% was
observed on the surface of the reduced iron ore. The carbon
atom content for the reduced CuO–iron ore, NiO–iron ore and
CeO2–iron ore were 7.58 wt%, 8.25 wt% and 7.72 wt%, respec-
tively. The introduction of the metal oxides was benecial to
decreasing the carbon deposition. The carbon deposition
ction reaction in FR at 900 �C. (a) Iron ore, (b) CuO–iron ore, (c)NiO–

RSC Adv., 2019, 9, 39064–39075 | 39073



Table 3 The specific areas, total pore volumes, and average pore diameters of the fresh and after 10 cycles OCs

Samples

Fresh OCs OCs aer 10 cycles

Specic areas (m2 g�1)
Average pore
diameter (nm)

Total pore volumes
(cm3 g�1)

Specic areas
(m2 g�1)

Average pore
diameter (nm)

Total pore volumes
(cm3 g�1)

Iron ore 0.303 7.87 0.0015 0.201 7.33 0.0019
CuO–iron ore 0.746 8.46 0.0017 0.422 10.76 0.0022
NiO–iron ore 0.603 10.91 0.0022 0.582 11.62 0.0016
CeO2–iron ore 0.549 7.24 0.0019 0.513 8.64 0.0017

RSC Advances Paper
resistance of the four oxygen carriers decreased in the following
order: CuO–iron ore > CeO2–iron ore > NiO–iron ore > iron ore,
which is consistent with the change trend observed for
hydrogen purity.

3.5.5 BET. Table 3 summarizes the specic areas, total pore
volumes, and average pore diameters of the fresh and 10 cycle
OCs. The fresh iron ore exhibited a small specic area
(0.303 m2 g�1) and total pore volume (0.0015 cm3 g�1), indi-
cating that it was not a porousmaterial, which was not favorable
to the gas diffusion in the chemical looping process. The
specic areas of the OCs increased aer loading with metal
oxides. This was attributed to the metal oxides deposited on the
surface of the iron ore. The fresh CuO–iron ore exhibited the
highest specic area, 0.746 m2 g�1, among the three modied
OCs, but it decreased signicantly to 0.422 m2 g�1 aer 10
cycles. The specic area decreased slightly from 0.603 m2 g�1

and 0.549 m2 g�1 to 0.582 m2 g�1 and 0.513 m2 g�1 for the NiO–
iron ore and CeO2–iron ore during the cycle tests, respectively.
Combined with the results of the cycle tests, we can conclude
that the NiO–iron ore and CeO2–iron ore both had higher sin-
tering resistance and thermal stability than the CuO–iron ore.

4 Conclusions

The CLH production process with the modied iron ore as OCs
was conducted in a uidized-bed reactor, where the OCs were
rst reduced by simulated BPG and then reacted with steam to
produce H2, and nally fully oxidized by air. The carbon capture
efficiency increased with the decrease in the reduction time, but
it presented an opposite trend as the temperature increased in
the FR. Increasing the reduction temperature and time can
improve the hydrogen yield. It was concluded that a condition
of 900 �C with the reduction time of 40 min was suitable for
hydrogen production and carbon capture. At this condition, the
carbon capture efficiency for the NiO–iron ore, CuO–iron ore
and CeO–iron ore were 83.29%, 82.75% and 70.05%, respec-
tively. The corresponding hydrogen yield and purity were
8.89 mmol g�1 and 99.02%, 7.78 mmol g�1 and 99.68%, and
6.25 mmol g�1 and 99.52%, respectively. NiFe2O4, CuFe2O4 and
CeFeO3, which were observed in the CuO–iron ore and NiO–iron
ore samples, enhanced the reactivity of the iron ore and
promoted its reduction. Both NiO–iron ore and CeO2–iron ore
exhibited good cycle performances, while the sintering of the
CuO–iron ore led to a decrease in the reactivity. Although the
NiO–iron ore exhibited the highest carbon deposition and the
39074 | RSC Adv., 2019, 9, 39064–39075
lowest hydrogen purity compared with the CuO–iron ore and
CeO–iron ore, the NiO–iron ore was the best OC for hydrogen
production due to its high hydrogen yield and high cycle
performance.
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