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H I G H L I G H T S

• A modified sol-gel method was used

for the preparation of calcium ferrites.

• Ca2Fe2O5 was found to facilitate tar

abatement and biochar conversion.

• Ca plays an essential role in achieving

steam oxidation from Fe0 to Fe3+.

• An inner-looping redox reaction and

promoting mechanisms are proposed.
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A B S T R A C T

The objective of this research was to find cost-effective inner-looping redox-reaction-based biomass conversion

catalysts by screening five Fe-containing materials through the integration of pine wood pyrolysis and gasifi-

cation. All the evaluation tests are conducted in a fixed bed reactor under atmospheric pressure. The effect of

temperature, water injection rate (steam/biomass ratio), catalyst loading, and reaction time on pine wood

conversion performances was investigated. Ca2Fe2O5 catalyst was found to facilitate H2-rich gas production, tar

abatement, and carbon conversion. The maximum H2 yield of 7.12mol·H2/kg·Biomass was obtained in the first

10min of gasification, which increased H2 yield by 78.98% compared to biomass gasification under the water

injection rate of 0.10mL/min and catalyst load amount of 10 wt.% at 850 °C. Moreover, the hydrogen utilization,

carbon conversion, and total gas yield of the process due to the use of Ca2Fe2O5 increase by 13.4%, 17.3%, and
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11.7%, respectively. Continuous high yields of H2-enriched syngas were observed during the cyclic stability

tests, indicating significant activity and redox durability of Ca2Fe2O5. The catalyst characterization using BET,

XRD, H2-TPR, SEM/EDS, and TEM revealed that Ca2Fe2O5 is stable when tested cyclically, which results from the

existence of Ca2+ in Ca2Fe2O5. The bi-functional Ca2Fe2O5 catalyst provides a novel way of inner-looping redox

reaction for the continuous conversion of biomass.

1. Introduction

Industrialization has improved the living standards of modern so-

ciety, which has resulted in a continuous increase in global energy

demand over the last several decades [1]. Fossil fuels are the backbone

of the energy resources but their negative effects on climate can no

longer be neglected [1–3]. Therefore, it is highly desirable to use a

renewable feedstock for producing environmentally friendly energies.

On one hand, biomass is identified as a promising feedstock for green

chemicals production with zero net carbon emissions, a low sulfur

content, as well as globally available characteristics [4–6]. On the other

hand, hydrogen is regarded as a clean and efficient energy carrier

which is considered one of the most promising substitutes for fossil

fuels [7–9]. The thermochemical conversion methods of biomass in-

clude combustion, liquefaction, pyrolysis, and gasification [10,11].

Recent studies also show the exciting potential of hydrogen generation

with biomass [12,13]. Among them, steam biomass gasification re-

presents a promising route for hydrogen-rich syngas production as it

increases the heating value of yielded syngas with fast conversion ki-

netics [14,15]. However, low hydrogen yield and undesired high tar

generation during gasification have stymied the large-scale application

of the technology [16].

To cope with these challenges, catalysis has played an important

role in the gasification process for inhibiting tar formation, accelerating

biomass conversion, and enhancing the overall quantity and quality of

syngas [16,17]. The presence of a catalyst during the biomass gasifi-

cation process promotes several critical reactions such as secondary

cracking and reforming, water gas shift, and hydrocarbon reforming,

which improves the composition and heating value of the generated

gases [18]. Several types of catalysts have been investigated to lower

tar content in syngas for biomass gasification, including Ni- [14,19],

Co- [18], and Fe-containing materials [20]. Although transition metal

catalysts may exhibit excellent catalytic activity at relatively low tem-

peratures, they are lacking in stability due to carbon deposition, sin-

tering, and agglomeration [21,22]. Noble metal catalysts are also very

helpful for biomass gasification, but their costs are unbearable in their

industrial applications [23]. Calcium oxide (CaO) plays an important

role in reforming tar and promoting carbon dioxide (CO2) consumption

[24,25]. CO2 can be adsorbed by CaO, thereby shifting the water gas

shift in the desired direction, and thus resulting in high hydrogen yield

[26,27]. However, the activities of CaO decreased after several sorp-

tion-desorption cycles due to severe pore blockage and sintering and

agglomeration. Moreover, a relatively large amount of CaO is required

during the sorption-enhanced biomass gasification process to obtain a

high concentration of H2 through CO2 sorption.

Recently, several metal composite oxides such as NiFe2O4,

Ca2Fe2O5, CaFe2O4, LaFeO3, and LaCeFeO3 have attracted people’s at-

tention due to their excellent (hydro)thermal stability and low costs.

Calcium ferrites have been proven to be environmentally safe, chemi-

cally stable, inexpensive, and abundant [28]. Huang et al. proved that

the decrease in tar production is attributed to the synergy of CaO and

Ca2Fe2O5, which puts off the deactivation of CaO and promotes biomass

gasification and H2 production [29]. Ca2Fe2O5-Fe2O3 catalyst was used

by Zamboni et al. for hydrogen production from toluene steam re-

forming. Their results suggest that the activity of Fe/CaO depends on

the stability of the interactions between iron and calcium under reac-

tion conditions [30]. Ismail et al. synthesized a Ca-Fe based catalyst and

demonstrated its additional capacity for hydrogen production through

chemical looping [31,32]. Researchers also demonstrated that a slight

shift of the iron atoms from the cubic perovskite structure creates

oxygen vacancies and facilitates the mobility of oxygen [33,34].

Moreover, these oxygen vacancies in Ca2Fe2O5 provide the catalytic

properties in deep oxidation of carbon monoxide, oxidation of volatile

organic compounds, and in direct decomposition of NOx in exhaust

steams [35–38]. Martin et al. demonstrated that CaO-containing Fe2O3

or Ca2Fe2O5 produced more hydrogen from steam than pure Fe2O3

[39].

However, few studies have explored the possibility of H2 enhance-

ment and tar reduction with the actual biomass such as pine wood

through the integration of pyrolysis and gasification by using the bi-

functional Ca2Fe2O5 catalyst. Thus, this research was designed to bridge

the gap from the perspective of understanding the interaction among

Ca2Fe2O5, syngas, steam and biochar, and the catalytic promoting

mechanisms in the catalytic pyrolysis and steam gasification. Ca2Fe2O5

can be reduced by CO and H2 resulting from steam biochar reaction for

the generation of CaO and Fe, and oxidized by steam subsequently

during steam gasification, a redox chemical looping according to the

previous studies [30,39]. Thus, the inner-looping redox gasification

represents chemical looping cycle through the reduction and oxidation

reactions occurring in one reactor, while the outer-looping cycle de-

notes catalytic pyrolysis of biomass and inner-looping gasification of

biochar.

In this study, three calcium ferrite catalysts (CaO-Ca2Fe2O5,

Ca2Fe2O5, and CaFe2O4) were explored for converting pine wood and

increasing H2-rich syngas yields with tar abatement with Fe2O3 and

FeCO3 being reference catalysts. The detailed objectives of this work

are to (1) evaluate the effect of calcium ferrites in biomass pyrolysis and

steam gasification processes on product yields and tar reduction per-

formances; (2) explore the optimum operating conditions of pine wood

gasification such as temperature, water injection rate, catalyst load

content, and reaction time; (3) investigate the catalytic activity, cyclic

stability, and phase evolution of the catalyst during biomass pyrolysis

and steam gasification processes; and (4) analyze the continuous pro-

moting mechanisms of the catalyst.

2. Methods

2.1. Materials

The beetle eroded pine wood, a kind of forestry waste in Wyoming

of the U.S. was chosen to investigate catalytic pyrolysis and steam ga-

sification experiments. The pine wood sample was crushed and sieved

with particle sizes ranging from 125 to 150 μm. Then, the sample was

dried at a temperature of 105 °C for 12 h. The ultimate analysis was

determined by an elemental analyzer, as seen in Table 1. The mass

concentrations of C, H, and O in the pine wood are 50.36%, 6.20%, and

43.06%, respectively. Thus, the H/C and O/C molar ratios of pine wood

are 1.477 and 0.641, respectively, suggesting that the molecular for-

mula of pine wood could be defined as CH1.477O0.641. The ash compo-

sition of pine wood samples was detected by using X-Ray Fluorescence

(XRF) analysis as shown in Table 2.

2.2. Catalyst preparation and characterization

A modified citric acid assisted sol-gel method is used for calcium

ferrite catalysts preparation, following the instructions previously
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described [38]. In a typical experiment, Ca(NO3)2·4H2O (Sigma-Aldrich

No. 13477-34-4), Fe(NO3)3·9H2O (Sigma-Aldrich No. 7782-61-8), and

citric acid (Sigma-Aldrich No. 77-92-9) were mixed with desired molar

ratios of Ca:Fe:citric acid= 2:1:6 for CaO-Ca2Fe2O5 catalyst, Ca:Fe:ci-

tric acid= 1:1:4 for Ca2Fe2O5 catalyst, and Ca:Fe:citric acid= 1:2:6 for

CaFe2O4 catalyst. The mixture was then dissolved into a suitable

amount of DI water, stirring constantly for 30min at 40 °C. The solution

was dried for 12 h at 180 °C. The product was crushed and sieved to

suitable particle sizes and calcined in a furnace with a heating rate of

5 °C/min from room temperature to 850 °C and held for 4 h at atmo-

spheric pressure.

X-ray diffraction (XRD) was conducted by a Rigaku Smartlab dif-

fractometer by using Cu Kα radiation source, operated at 40 kV and

40mA with an angle of reflection, 2θ, varied between 20 and 80°. The

Brunauer-Emmett-Teller (BET) surface areas were evaluated by an au-

tomatic Quantachrome instrument. All the samples were evacuated at

150 °C for 4 h before adsorption. Temperature-programmed reduction

(TPR) experiments were conducted in a quartz reactor equipped with

an online mass spectrometer (Hiden, HPR-20 QIC) where 0.1 g of the

sample was tested for each run. The sample was fluxed with helium gas

to remove any other residual gases inside the reactor and on the surface

of the sample at 150 °C for 30min. When the catalyst was cooled down

to 50 °C, a flow of 5% H2 in N2 was fed through the sample for 60min.

Then, the H2-TPR experiment was carried out from 50 °C to 1050 °C at a

heating rate of 5 °C/min under helium. Ca2Fe2O5 catalyst was in-

vestigated by high-resolution transmission electron microscopy

(HRTEM) using an FEI Tecnai G2 F20 S-Twin at 200 kV. It was first

dispersed in ethanol under sonication treatment for 3 h. Then, the

suspension was dropped onto a copper grid-supported transparent

carbon foil and dried in the air for several minutes. The scanning

electron microscopy (SEM) and energy dispersive spectrometer (EDS)

were conducted using an FEI Quanta FEG 450 Scanning Electron

Microscope with an acceleration voltage of 20 kV and spot size 4–7.

The thermal decomposition experiments were carried out using an

SDT Q600 thermo gravimetric analyzer (TGA) with a heating rate of

10 °C/min and an N2 flow rate of 100mL/min from room temperature

to 900 °C. The cyclic stability tests of Ca2Fe2O5 were conducted using

TGA in the alternate gas steam of 14.22 vol.% H2, 8.66 vol.% CH4,

21.93 vol.% CO, 55.19 vol.% N2 (for simulating catalytic pyrolysis) and

44.81 vol.% CO2, 55.19 vol.% N2 (for simulating gasification). The gas

concentration is based on the gas production results during pyrolysis

stage. The reduction syngas and the oxidation gas lasted for 10min and

5min, respectively. To prevent the contact of the reduction and oxi-

dation gas, 5 min of N2 purging process was conducted between each

reactant gas switch.

2.3. Gasification

The pine wood steam gasification tests were carried out using a

fixed bed reactor. The experimental devices primarily composed of an

electrical furnace, a reactor, a steam generator, a temperature con-

troller, a cold bath for tar collection, flow meters, and gas collecting

bags as seen in Fig. 1. The reactor is made of a quartz tube with a length

of 600.0 mm, an inner diameter of 10.0 mm, and an outer diameter of

12.8 mm. In a typical experiment, 2.0000 ± 0.0005 g of pine wood and

0.2000 ± 0.0002 g of catalyst were mixed together, followed by stir-

ring and grinding constantly for at least 5 min. Then, the mixture was

loaded into the constant temperature area of the quartz tube reactor.

The system had been purged with N2 before the furnace was heated

from room temperature to a designed temperature (750 °C, 800 °C,

850 °C, or 900 °C) at the heating rate of 20 °C/min and N2 flow rate of

Table 1

Proximate and ultimate analysis of pine wood composition.

Proximate analysis (% by weight)

Fixed carbon 16.50

Volatile 78.12

Moisture 5.09

Ash 0.29

Ultimate analysis (% by weight)

Carbon 50.36

Hydrogen 6.20

Nitrogen 0.33

Oxygen 43.06

Sulfur 0.05

Table 2

Ash composition of pine wood samples using XRF analysis.

Compound Biomass ash (%)

SiO2 6.45

Al2O3 1.93

Fe2O3 2.54

CaO 42.90

MgO 13.61

Na2O 1.05

K2O 14.76

MnO2 3.58

P2O5 2.69

SrO 0.24

BaO 0.18

SO3 1.63

Fig. 1. Schematic diagram of fixed bed catalytic

biomass outer-looping system. (1) N2 cylinder; (2)

HPLC pump, GenTech, 0.1–10mL/min; (3)

heating tape; (4) heating tape temperature con-

troller; (5) mass flow meter, Parker 201,

0–100mL/min; (6) mass flow controller, Parker

CM-400; (7) three-way valve; (8) fixed bed fur-

nace and quartz reactor, inner diameter of 1.2 cm,

length of 550.0 mm; (9) temperature controller of

furnace; (10) quartz wool; (11) ice bath; (12)

moisture trap with dried CaSO4 inside; (13) gas

bags; (14) gas chromatograph, Inficon micro GC

3000 and SRI 8610C; (15) computer.
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30mL/min. Once the specified temperature was reached, water was

injected at the desired flow rate (0.02mL/min, 0.06mL/min, 0.10mL/

min, or 0.14mL/min) by a syringe pump, and gasification stage pro-

ceeded. The produced gas was cleaned and dried and was then sampled

with gas bags every 10min. The concentrations of H2, CH4, CO, and

CO2 in each sample bag was determined by an INFICON 3000 Micro GC

TCD detector, and the concentrations of C2-C4 are measured with a SRI

8610C GC FID detector.

2.4. Data analysis

The syngas component (H2, CH4, CO, CO2, and C2-C4) concentra-

tions were calculated as follows:
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where −C C C CC , , , , andH CH CO CO C C2 4 2 2 4 represent the syngas concentra-

tions of H2, CH4, CO, CO2, and C2-C4, respectively, and

−C C C C C, , , , andH GC CH GC CO GC CO GC C C GC, , . . ,2 4 2 2 4 accordingly denote the

concentrations of H2, CH4, CO, CO2, and C2-C4 calculated by GC. The

total gas yields for one gas bag is calculated as:

= ×
C

Y
YR Tin

GC
total,out

N ,

N ,

2

2 (E 6)

where Ytotal,out denotes the total gas yields from the gas sampling bag

(Sigma 2L Tedlar PVDF), YR inN ,2 is the flow rate of the inlet N2 (30mL/

Table 3

Physical properties of Fe2O3, CaO-Ca2Fe2O5, Ca2Fe2O5, CaFe2O4, and FeCO3 catalysts.

Catalyst Crystal size

(nm)

Average pore

size (nm)

BET surface

area (m2/g)

Pore volume

(g/cm3)

Fe2O3 14.0 3.4 46.1 0.161

CaO-Ca2Fe2O5 19.0 3.1 45.2 0.060

Ca2Fe2O5 23.1 3.1 67.1 0.066

CaFe2O4 24.7 3.1 74.5 0.070

FeCO3 38.7 3.4 57.5 0.082

Fig. 2. Comparison of (a) gas composition and total gas production during pyrolysis stage, (b) syngas yields production during gasification stage and total C2-C4 production during

pyrolysis and steam gasification stages, (c) gas concentration at gasification stage using Ca2Fe2O5 catalyst, and (d) cumulative syngas production performances of the prepared catalysts.

(N2 flow rate: 30mL/min, water injection rate: 0.10mL/min, catalyst concentration: 10wt.%, gasification time: 60min, temperature: 850 °C).
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min), T is the N2 flow time for each gas bag collection, and C GCN ,2 re-

presents the N2 concentration of the gas bag calculated by GC. The

hydrogen yields for one gas bag is calculated in the way of:

= × CY YH out total out H GC, , ,2 2 (E 7)

The cumulative H2 yield is the sum of H2 obtained with every

10min:

∑= =YY ( n 1,2,3,4,5,6)sum H out i H out, ,

1

n

, ,2 2
(E 8)

where Yi H out, ,2 is the H2 collected with No. i gas bag and Ysum H out, ,2 re-

presents the cumulative hydrogen yield. The carbon conversion, H2/CO

molar ratio, CO/CO2 molar ratio, and hydrogen utilization are defined

as:

= −

×

Carbon conversion
Carbon mass of residue after reaction

Carbon mass of pine wood before reaction
(%) 1

100% (E 9)

=H /CO molar ratio
Moles of H product

Moles of CO product
2

2

(E 10)

=CO/CO molar ratio
Moles of CO product

Moles of CO product
2

2 (E 11)

=
+

×Hydrogen

Hydrogen

Hydrogen utilization (%)

yields production

provided by steam hydrogen in pine wood
100%

(E 12)

3. Results and discussion

3.1. Catalyst screening

Five different iron-containing catalysts, Fe2O3, CaO-Ca2Fe2O5,

Ca2Fe2O5, CaFe2O4, and FeCO3, were tested to study their catalytic

activity in the pyrolysis and steam gasification tests under the condi-

tions of N2 flow rate 30mL/min, catalyst loading 10 wt.%, water in-

jection rate 0.10mL/min, and gasification temperature at 850 °C. The

physical properties of Fe2O3, CaO-Ca2Fe2O5, Ca2Fe2O5, CaFe2O4, and

FeCO3 catalysts are presented in Table 3 (see Figs. S1 and S2). The BET

surface areas of Fe2O3, CaO-Ca2Fe2O5, Ca2Fe2O5, CaFe2O4, and FeCO3

catalysts were 46.1m2/g, 45.2 m2/g, 67.1 m2/g, 75.4m2/g, and

57.5 m2/g, respectively. Moreover, the BET surface areas and pore vo-

lumes of sol-gel prepared CaO-Ca2Fe2O5, Ca2Fe2O5, and CaFe2O4 cat-

alysts increase with the Fe/Ca molar ratio increasing and follows the

trend of CaFe2O4 > Ca2Fe2O5 > CaO-Ca2Fe2O5. The thermos-decom-

position properties and H2-TPR results of the catalysts were provided in

the supplementary materials (see Figs. S3 and S4). The H2-TPR results

suggest that the reduction of CaO-Ca2Fe2O5 or Ca2Fe2O5 to Fe0 is

complete in one step at a relatively high temperature and it is also

proved by XRD results. However, the H2-TPR profile of CaFe2O4 is si-

milar to Fe2O3 which performs three reduction peaks. The three re-

duction peaks can be attributed to the successive reduction of Fe3+

(Fe3+ to Fe2.67+, Fe2.67+ to Fe2+, Fe2+ to Fe0).

As seen in Fig. 2a, the CH4 content in the syngas is reduced with the

application of the five Fe-containing catalysts in the pyrolysis stage. The

CO2 content shows an obvious decrease for the tests with the applica-

tion of CaO-Ca2Fe2O5. The highest syngas production can be generated

due to the existence of CaO for tar cracking and CO2 absorption. Fur-

thermore, the total gas yields are in the order of CaO-

Ca2Fe2O5 > FeCO3 > Ca2Fe2O5 > Fe2O3 > CaFe2O4 > pure bio-

mass. As can be seen in Fig. 2b, Fe2O3, CaO-Ca2Fe2O5, Ca2Fe2O5, and

CaFe2O4 catalysts enhance syngas production, especially for CaO-

Ca2Fe2O5 and Ca2Fe2O5 catalysts, whose syngas yields are 3.66 and

3.62mol·kg−1·biomass higher than pure biomass. However, the C2-C4

yields by using CaO-Ca2Fe2O5 are much higher than other catalysts or

pure biomass. The phenomenon can be explained that heavier hydro-

carbons were converted to light hydrocarbons due to the cracking effect

of CaO. The carbon conversion during biomass pyrolysis and steam

gasification with and without catalysts are shown in Table 4. The

highest carbon conversion of 99.70% is obtained by using CaFe2O4

catalyst followed by the conversion of 99.14% with Ca2Fe2O5 catalyst.

These results indicate that the biomass is converted into more syngas or

bio-oil through the pyrolysis and steam gasification with Fe-based

Table 4

Carbon conversion of iron-containing catalysts during pyrolysis and steam

gasification.

Catalysts Carbon conversion (%)

Pure biomass 84.53

Fe2O3 93.29

CaO+Ca2Fe2O5 98.11

Ca2Fe2O5 99.14

CaFe2O4 99.70

FeCO3 91.95

Fig. 3. XRD analysis of the (a) fresh catalysts and (b) reacted catalysts.
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catalysts. The syngas concentration and cumulative production in the

steam gasification stage with Ca2Fe2O5 catalyst were displayed as seen

in Fig. 2c and Fig. 2d. The syngas is mainly composed of H2, CO, and

CO2 gas with little CH4 generation. The detailed information regarding

gas concentration and production for all the catalysts were provided in

Fig. S5. As can be seen, the H2 production rate is relatively high for the

first 20min of biomass gasification. Thus, the cumulative H2 yields

production with applied different catalysts are analyzed and compared

to further clarify the performances of catalytic biomass gasification (see

Fig. S6). It is obvious that the H2 yields improved a lot with the addition

of Fe-containing catalysts, especially for Fe2O3, CaO-Ca2Fe2O5,

Ca2Fe2O5, and CaFe2O4 catalysts.

Analysis of the fresh iron-containing catalysts reveals that the

dominant X-ray diffraction spectrum is fitted with Fe2O3 (PDF card

number 99-0060), CaO-Ca2Fe2O5 (99-0070 and 71-2264), Ca2Fe2O5

(71-2264), CaFe2O4 (72-1199), and FeCO3 (83-1764), respectively (see

Fig. 3a). Fig. 3b represents the reacted Fe2O3, CaO-Ca2Fe2O5, Ca2Fe2O5,

CaFe2O4, and FeCO3 catalysts after the pyrolysis and steam gasification

stages. As can be seen, the XRD phases of reacted Fe2O3, CaFe2O4, and

FeCO3 catalysts are reproduced to be Fe3O4 (89-0688), Ca2Fe2O5-Fe3O4

(71-2264 and 89-0688), and Fe3O4 (75-0033) respectively after steam

gasification which indicates that the Fe2O3, CaFe2O4, and FeCO3 cata-

lysts could not be restored automatically. As for reacted CaO-Ca2Fe2O5

and Ca2Fe2O5 catalysts, their phases are stable and remain CaO-

Ca2Fe2O5 (99-0070 and 71-2264) and Ca2Fe2O5 (71-2264), respec-

tively.

The XRD results demonstrate that the fresh Ca2Fe2O5 and CaO-

Ca2Fe2O5 catalysts maintain their original phase after 60min of steam

gasification at 850 °C. The syngas reduced catalyst (Fe0) was completely

oxidized to Fe3+ in the presence of CaO. For Fe2O3 and FeCO3 catalysts,

Fe3O4 is the final product after catalytic pyrolysis and steam gasifica-

tion, which indicates an incomplete oxidation after steam gasification

process. For CaFe2O4 catalyst, the syngas reduced catalyst (Fe0) would

partially combine with CaO and form Ca2Fe2O5, indicating Ca2Fe2O5 is

a more stable phase than the other calcium ferrites; another part of

syngas reduced catalyst without CaO combination could not be com-

pletely oxidized by steam, and thus Fe3O4 is formed instead. One of the

most important requirements for catalyst selection is whether the cat-

alyst is both active and regenerative [40]. From this point of view, CaO-

Ca2Fe2O5 and Ca2Fe2O5 were seen as promising catalysts for biomass

conversion. Ca2Fe2O5 was chosen for further investigation due to its

catalytic activity, automatic regeneration, and high carbon conversion.

The TEM micrographs of Ca2Fe2O5 catalyst are shown in Fig. 4. An

irregular spherical-like structure is observed. The results indicate a re-

latively uniform distribution of particle sizes. Moreover, according to

the XRD results the catalyst mainly consists of Ca2Fe2O5. Thus, the dark

spots are inferred to be the crystal cross and overlap. Moreover, it can

be seen that the particle sizes of Ca2Fe2O5 are ranged from 20 to 30 nm.

The Scherrer equation results indicate the representative crystal size of

the fresh Ca2Fe2O5 is 23.1 nm which is consistent with the results ob-

served with TEM.

3.2. Effect of temperature and water injection rate

As can be seen from Fig. 5a, the total gas production increases

gradually with the gasification temperature. The concentrations of H2

and CO increase with temperature, while the concentrations of CH4 and

CO2 decreases with temperature. Carbon dioxide reforming of CH4 as

well as the Boudouard reaction can be enhanced by increasing tem-

perature, leading to the increases in the concentrations of H2 and CO as

well as the syngas yield. Both temperature and water injection rate

considerably affect hydrogen production as shown in

Fig. 5b, Fig. 5c, and Fig. 5d. The integration of varied temperature and

water injection rate leads to a relatively uniform increase in hydrogen

production during gasification. The hydrogen generation rate decreases

with time, the trend elevates with the proceeding of gasification, which

is very obvious within 20–60min. H2 yield at 850 °C provided in Fig. 5d

is slightly higher than that of 900 °C with water injection rates varying

from 0.06 to 0.10mL/min. This results from the increase in tempera-

ture and thus biochar conversion in the pyrolysis stage. The less amount

of biochar remains for the gasification stage certainly leads to lower

production of H2.

As can be seen from Fig. 6a, the total gas production performs si-

milar distribution to the hydrogen production at 60min. 850 °C is seen

as a suitable gasification temperature for maximum gas yield. The total

gas production reaches the highest of 44.2 mol·kg−1·Biomass with the

water injection rate of 0.14mL/min at 850 °C (see Fig. 6b). Carbon

conversion is close to 100% when the temperatures are higher than

850 °C and the water injection rates are higher than 0.10mL/min. In-

creasing the water injection rate led to higher H2/CO molar ratios under

the same temperature (see Fig. 6c and Fig. 6d). Raising the water in-

jection rate promotes the water gas reaction, which produces more CO

and H2. The produced CO gas would react with Ca2Fe2O5 further and

produce more CO2 gas. Thus, the H2/CO and CO/CO2 ratios perform the

tendency of increasing and decreasing, respectively, as the water in-

jection rate increased. Furthermore, a high water injection rate pro-

motes the Fe0 oxidation reaction and thus accelerates the reaction

process. It is also seen that the H2/CO molar ratios decrease with

temperature under the same water injection rate. This could be ex-

plained by (1) The limited amount of catalyst loading. The rise of

temperature would promote the primary steam biochar reaction and

generate more CO and H2. The produced CO gas could not be fully

oxidized by the limited amount of catalyst loading; (2) The Boudouard

reaction is promoted due to the temperature rise which regenerates

Fig. 4. TEM images for the fresh Ca2Fe2O5 catalyst.
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more CO.

3.3. Effect of catalyst content

As can be seen from Fig. 7a, the total syngas yields increased from

6.5 to 8.7 mol·kg−1·Biomass as the catalyst concentration increased

from 0 to 15wt.% Ca2Fe2O5 during catalytic pyrolysis. More CO2 and

H2O can be generated due to the increase in Ca2Fe2O5 loading and

subsequently promote the tar conversion. The CH4 concentration de-

creased from 16.0 vol.% to 13.5 vol.%, 12.5 vol.%, and 11.9 vol.% with

the catalyst addition from 0 to 5 wt.%, 10 wt.%, and 15wt.%, respec-

tively. The results reveal that the addition of catalyst has an effect on

methane, and the more the Ca2Fe2O5 catalysts are loaded, the lower the

methane content. On one hand, more produced syngas could be oxi-

dized by with the addition of Ca2Fe2O5 including CH4; on the other

hand, the generation of H2O and CO2 could also promote the conversion

of CH4. Similarly, as the catalyst concentration increased, the C2-C4

concentrations decrease gradually from 1.7 vol.% to 1.5 vol.%, 1.3 vol.

%, and 1.1 vol.%, respectively. Moreover, the concentration of CO

performs obvious increasing trend with the Ca2Fe2O5 concentration,

which could be attributed to the partial oxidation of syngas with

Ca2Fe2O5 or the regeneration of CO from Boudouard reaction.

As shown in Fig. 7b, the addition of Ca2Fe2O5 to 10 wt.% produced

the highest syngas yields of 42.5 mol·kg-1·Biomass and the syngas pro-

duction follows the trend of 10 wt.% > 15wt.% > 5wt.% > 0wt.%.

It could be explained that more biomass is converted to oil or syngas

with the Ca2Fe2O5 loading increasing from 10wt.% to 15wt.% at the

pyrolysis stage, resulting in a less provision of biochar and lower total

gas production for the 15 wt.% catalyst loading during steam gasifica-

tion. The cumulative H2 and CO production at first 30min are both in

the order of 15 wt.% > 10wt.% > 5wt.% > 0wt.% but only slightly

change as the gasification time increases from 30min to 60min with

the catalyst loading (see Fig. 7c and Fig. 7d). Thus, the Ca2Fe2O5 load

content affects the products distribution in the gasification stage.

Higher concentration of the catalyst would result in higher CO and H2

production and thus improve the quality of gas products.

3.4. Cyclic stability of Ca2Fe2O5

It could be found from Fig. 8a that the syngas (H2, CH4, CO, CO2,

and C2-C4) concentration is relatively stable within the first 5 cycles.

The total gas production during the pyrolysis stage is slightly reduced

after 4th cycles. The total syngas yield including C2-C4 also maintains

stable, indicating the significant cyclic durability of the Ca2Fe2O5

within the first 5 cycles (see Fig. 8b). And the H2 production from 1st to

5th cycle is 26.5, 25.8, 26.5, 26.1, and 26.1 mol·kg−1·Biomass, re-

spectively. The cumulative H2 and CO production are presented in

Fig. 8c. The CO production rate decreases gradually with the gasifica-

tion time, owing to the continuous oxidation of CO with Ca2Fe2O5. The

reduced Fe3+ (Fe0) would re-oxidized by steam and generate H2 con-

stantly until the biochar is fully converted, thus a relatively high in-

creasing rate of H2 production is observed compared with CO. 20 cyclic

Fig. 5. Effect of temperatures (750 °C, 800 °C, 850 °C, and 900 °C) and water injection rates (0.02mL/min, 0.06mL/min, 0.10mL/min, and 0.14mL/min) on syngas/hydrogen production

during the (a) pyrolysis stage, (b) gasification stages after 20min, (c) 40min, and (d) 60min (N2 flow rate: 30mL/min, catalyst concentration: 10 wt.% Ca2Fe2O5).
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redox tests were carried out to further investigate the durability of the

Ca2Fe2O5 by using TGA with simulated syngas (21.93 vol.%

CO+8.66 vol.% CH4+14.22 vol.% H2) reduction and 44.81 vol.%

CO2 oxidation. Results indicate that the catalysts perform significant

redox stability within 20 cycles (see Fig. 8d).

The effect of reaction time on the H2/CO molar ratio, hydrogen

utilization, carbon conversion, and catalyst phase evolution by using

Ca2Fe2O5 catalyst is presented in Fig. 9. The H2/CO molar ratios of the

syngas become higher with reaction time for both with and without

catalyst loading. Moreover, the H2/CO ratio with Ca2Fe2O5 is higher

compared with biomass gasification without catalyst loading after

10min (see Fig. 9a). It is inferred that the higher the conversion of

biochar during gasification, the higher the H2/CO can be obtained due

to the enhancement of secondary steam biochar reaction and water gas

shift. As can be seen from Fig. 9b and c, the H2 utilization and the

carbon conversion were found decreasing and increasing, respectively

with the rise of gasification time. The decrease of hydrogen utilization

with gasification time was found to be correlated with the increase of

carbon conversion. The unreacted biochar decreased with time gradu-

ally while the amount of water injection rate keeps unchanged, leading

to a decreasing of hydrogen utilization.

The XRD tests were carried out to detect the phase change of the

Ca2Fe2O5 catalyst at different gasification times (0min, 20min, 40 min,

and 60min) as shown in Fig. 9d. Results illustrate that CaO, Fe, and

carbon are the main initial components and Ca2Fe2O5 is the main

component after 20, 40, and 60min of gasification, suggesting that the

Fe-based catalyst could be oxidized by steam from Fe0 to Fe3+ with the

addition of CaO and remains in the phase of Ca2Fe2O5 during the whole

gasification stage. Moreover, the peak intensity of XRD increased with

the rise of gasification time, indicating higher crystallinity and stability

of Ca2Fe2O5.

Fig. 10 shows the SEM images of a) fresh Ca2Fe2O5 catalyst and b)

reacted Ca2Fe2O5 catalyst after 1st cycle of the outer-looping test

(catalytic pyrolysis+ steam gasification). As can be seen, the particles

of reacted Ca2Fe2O5 still maintain specific particle with a spherical-like

shape. Some particles observed are larger than the fresh Ca2Fe2O5

sample, which is attributed to the partial agglomeration and sintering

of Ca2Fe2O5 particles. The EDS mapping tests were also carried out to

detect the Ca, Fe, and C element distributions of the reacted Ca2Fe2O5.

Results show that the calcium and iron elements distribution perform a

high degree of coincidence, proving Ca2Fe2O5 to be the main compo-

nent of the reacted sample. Moreover, the EDS mapping also proved the

existence of unreacted carbon. The biochar is not deposited on the

Ca2Fe2O5 catalyst but was existed in the form of bulk together with the

reacted Ca2Fe2O5 catalyst.

3.5. Discussion

3.5.1. Syngas reduction

The outer-looping process (biomass pyrolysis and steam

Fig. 6. Effect of temperatures (750 °C, 800 °C, 850 °C, and 900 °C) and water injection rate (0.02mL/min, 0.06mL/min, 0.10mL/min, and 0.14mL/min) on (a) the total gas production,

(b) carbon conversion distribution, (c) H2/CO ratios distribution, and (d) CO/CO2 ratios distribution during the gasification process (N2 flow rate: 30mL/min, catalyst concentration:

10 wt.% Ca2Fe2O5, gasification time: 60min).
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gasification) in this study could be divided into two main stages: (1)

pyrolysis, where biomass is decomposed into char, tar, and volatiles and

the catalyst was reduced by the generated syngas; (2) steam reforma-

tion, where the catalyst was oxidized by steam, yielding regenerated

catalyst and syngas [41,42]. The reactions at pyrolysis stage during

thermos-chemical conversion pine wood using Ca2Fe2O5 catalyst is

concluded as follows:

Pyrolysis of pinewood proceeds in the ways of:

→ + + + + + … +
+

initiation: CH O (H CO CO CH C ) Tar

Char

1.477 0.641 2 2 4 2

(R1)

→ +m ntar cracking: C H ( /2)H Cmn 2 (R2)

+ → + +Ca Fe O reduction with CO: Ca Fe O 3CO 2CaO 2Fe 3CO2 2 5 2 2 5 2

(R3)

+ → + +Ca Fe O reduction with H : Ca Fe O 3H 2CaO 2Fe 3H O2 2 5 2 2 2 5 2 2

(R4)

+ → +
+ +

Ca Fe O reaction with CH : 4Ca Fe O 3CH 8CaO 8Fe

3CO 6H O

2 2 5 4 2 2 5 4

2 2 (R5)

+ → +tar n n mtar conversion with CO : C H ( ) CO CO /2Hn m2 2 2 (R6)

+ → + ⎛
⎝

+ ⎞
⎠

tar n n
m

ntar conversion with H O: C H ( ) H O CO
2

Hn m2 2 2

(R7)

As seen in (R1)–(R7), the reaction path becomes complicated with

the addition of the Ca2Fe2O5 catalyst. The Ca2Fe2O5 catalyst is reduced

by the produced syngas with the generation of H2O and CO2 during the

pyrolysis stage. The produced tar can be decomposed to smaller mo-

lecular weight gases in the presence of H2O and CO2. Although the

addition of the Ca2Fe2O5 catalyst consumes a portion of the reducing

gas (H2, CO, and CH4), the production of CO2 and H2O further promotes

the generation of syngas from tar conversion. The final products of

biomass pyrolysis would be determined by the interaction of a couple of

reactions mentioned above. It is known that the syngas produced in

pyrolysis stage is mainly reductive atmosphere. Thus, the Ca2Fe2O5

catalyst is displayed in the formation of reduction valence of Fe0, in-

dicating the generation of CaO simultaneously as seen in reaction

(R3)–(R5). The generation of CaO would also enhance tar cracking and

promote the biomass conversion during the pyrolysis stage.

3.5.2. Steam oxidation and inner-looping promotion

In the second gasification stage, steam was fed into the reactor

which involves reactions of CO, H2, CO2, CH4, hydrocarbon gases with

vapor, biochar, and the reduced Ca2Fe2O5 catalyst [15,20]. The main

reactions were shown as follows:

+ + → +steam oxidation of Fe : 2Fe 2CaO 3H O Ca Fe O 3H0
2 2 2 5 2 (R8)

+ → ⎛
⎝

+ ⎞
⎠

+n n
m

steam tar reforming: C H 2 H O
2

H nCOn m 2 2 2
(R9)

+ → +steam biochar reaction (primary): C H O CO H2 2 (R10)

Fig. 7. Effect of Ca2Fe2O5 concentration (0 wt.%, 5 wt.%, 10wt.%, and 15wt.%) on (a) gas composition and production during pyrolysis, (b) syngas yield during gasification, (c)

cumulative H2 production, and (d) cumulative CO production (N2 flow rate: 30mL/min, water injection rate: 0.10mL/min, temperature: 850 °C, gasification time: 60min).
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+ → +steam biochar reaction (secondary): C 2H O CO 2H2 2 2 (R11)

+ → +water gas shift: CO H O CO H2 2 2 (R12)

+ → +steam methane reforming: CH H O CO 3H4 2 2 (R13)

+ →Boudouard reaction: C CO 2CO2 (R14)

+ →methanation: C 2H CH2 4 (R15)

The reaction path is changed with the addition of the Ca2Fe2O5

catalyst in many ways, including (1) the reduced Ca2Fe2O5 (CaO+Fe0)

in the pyrolysis stage is oxidized by steam, resulting in a higher hy-

drogen concentration and yield; (2) the water gas reaction is the main

reaction during steam gasification process with the generation of CO

and H2. The oxidized catalyst (Ca2Fe2O5) would also be reduced by the

produced CO gas. Similarly, the resulting Fe0 is also rapidly oxidized by

steam to generate Fe3+. Thus, the inner-looping gasification is formed

and the biochar is continuously converted according to the above-

mentioned redox reaction. Most importantly, the formation of the cat-

alyst remains unchanged which could be reused further in the outer-

looping experiments.

Accordingly, an inner-looping redox gasification and an outer-

looping biomass conversion are proposed to understand the associated

reaction mechanism as seen in Fig. 11. The inner looping gasification

process is composed of two steps: (1) Ca2Fe2O5 reduction with CO and

Fe oxidation with H2O under the existence of CaO (regeneration of

Ca2Fe2O5). Considering that the formation of Ca2Fe2O5 remains un-

changed after the catalytic pyrolysis and steam gasification process, the

outer looping is defined as cyclic pyrolysis and steam gasification.

Supposing that x mol of CO gas was produced during steam gasification

stage by primary steam biochar reaction, 3y mol of CO was reacted with

Ca2Fe2O5 catalyst, and z mol produced CO2 was reacted with biochar,

the reactions would be:

+ → +x x xPrimary steam biochar reaction: xC H O CO H2 2 (R16)

+ → +
+

y y y

y

Ca Fe O reduction with CO: yCa Fe O 3 CO 2 CaO 2 Fe

3 CO

2 2 5 2 2 5

2 (R17)

+ + → +y y y y yFe oxidation with steam: 2 Fe 2 CaO 3 H O Ca Fe O 3 H0
2 2 2 5 2

(R18)

+ →z zBoudouard reaction: zC CO 2 CO2 (R19)

The net reaction of the inner-looping redox reaction would be:

+ → +y O y y3yCO 3 H 3 CO 3 H2 2 2 (R20)

The main net reaction during steam gasification stage is:

+ + + → − + + + + −x y x y z x y y( x z)C ( 3 )H O ( 3 2 )CO ( 3 )H (3 z)CO2 2 2

(R21)

Hence, the addition of Ca2Fe2O5 would promote the water gas shift

reaction with Boudouard reaction promotion subsequently which ac-

celerates the carbon conversion. The promotion degree depends on x, y,

and z which are influenced by the factors of temperature, water injec-

tion rate, gasification time, and catalyst addition content.

Fig. 8. Cyclic stability over 5 cycles of the Ca2Fe2O5 catalyst for pine wood gasification with the N2 flow rate of 30mL/min, water injection rate of 0.10mL/min, temperature of 850 °C,

and gasification time of 60min during (a) pyrolysis, (b) gasification, (c) H2 and CO yields, and (d) 20 cyclic simulated syngas reduction and CO2 oxidation results using TGA.
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Fig. 9. The influence of reaction time on the (a) H2/CO molar ratio, (b) hydrogen utilization, (c) carbon conversion, and (d) catalyst phase evolution from un-catalyzed or catalytic

gasification of pine wood.

Fig. 10. SEM and EDS mapping results of fresh and reacted Ca2Fe2O5 catalyst after once outer-looping experiment under the conditions of N2 flow rate 30mL/min, water injection rate

0.10mL/min, temperature at 850 °C, and gasification time at 60min.
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4. Conclusions

The new concepts integrated outer-looping biomass conversion and

inner-looping redox gasification by using Ca2Fe2O5 were proposed and

confirmed. A number of findings result from the realization of the new

concept. Firstly, the total gas production, tar cracking, and carbon

conversion can be increased by 13.4%, 17.3%, and 11.7%, respectively

with the addition of Ca2Fe2O5. And the most significant increase in

hydrogen production occurs at the initial 10min of gasification, which

improved the H2 yields by 78.98%. Then, the effect of temperature,

water injection rate, and catalyst load content were studied. Higher

temperature and water injection rate are more favorable to hydrogen

yields and carbon conversion. The operating conditions of temperature

at 850 °C, water injection rate 0.10mL/min, catalyst loading 10wt.%

are desired for the conversion of the tested pine wood. Moreover,

Ca2Fe2O5 was found to be stable after 20 cycles of syngas reduction and

CO2 oxidation. Finally, in catalytic pyrolysis, the resulting CO2 and H2O

are beneficial to the tar and biochar conversion. The CaO generated

from Ca2Fe2O5 reduction promotes the tar cracking as well. In steam

gasification, the inner-looping redox reaction of Ca2Fe2O5 continuously

enhances biochar gasification until a complete conversion of biochar. In

summary, Ca2Fe2O5 is a promising catalyst for large-scale biomass

conversion application due to its continuous promoting mechanism and

significant redox durability.
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