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Abstract
Biomass chemical looping gasification (BCLG) is a promising technology for producing high-quality syngas. In this study, 
the BCLG of corn cob using inexpensive industrial waste red mud (RM) as an oxygen carrier was carried out in a fixed bed 
reactor, focusing on enhancing syngas quality and tar reduction. The gasification performance of BCLG was investigated 
under different conditions, including O/C ratio, steam flow rate, and reaction temperature. RM improved gas yield and qual-
ity with a maximum H2/CO ratio of 2.39 while reducing tar yield by 38.75%. High temperature led to the polymerization of 
polyaromatic hydrocarbons (PAHs) in tar, but steam effectively reduced PAHs by 33.25% via the tar homogeneous conver-
sion. The degree of tar cracking and conversion to gases in the presence of steam was more than the thermal decomposition 
in the pure N2 atmosphere. Additionally, metal oxides within RM participated in reactions with steam. The limitation of 
intensive reduction of RM through iron-steam reactions enhanced H2 yield and prevented RM sintering. XRD analyses 
revealed the evolution of iron compounds in RM during BCLG: Fe2O3—Fe3O4—FeO/Fe—Fe3O4. Under the optimal con-
ditions of BCLG, the carbon conversion efficiency, gasification efficiency, and gas yield reached 70.74%, 92.95%, and 1.24 
m3/kg, respectively. Meanwhile, the H2/CO ratio reached 1.82 while the tar yield was reduced to 0.196 g/gfuel. This study 
highlighted the potential of using RM as an effective oxygen carrier in the BCLG, which would contribute to the advance-
ment of sustainable biomass gasification.
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1  Introduction

The global energy demand is undergoing a substantial trans-
formation, characterized by a transition from fossil fuels to 
clean and renewable energy sources [1]. The development 
and utilization of biomass energy are of great significance 
from the point of view of alleviating the global energy 
shortage and protecting the environment. Biomass chemi-
cal looping gasification (BCLG) is a novel clean technology 
for converting biomass into high-quality combustible gas 

[2, 3]. The BCLG process utilizes a metal oxygen carrier as 
a substitute for pure oxygen to facilitate the oxidation and 
reduction between the fuel reactor and air reactor, which 
enables the transfer of lattice oxygen and heat [4, 5]. How-
ever, the feasibility of the BCLG technology faces two major 
challenges: the expensive cost of oxygen carriers [6–9] and 
the disposal of excessive tar [10–12].

Red mud (RM), an industrial solid waste, has a huge gap 
between storage and utilization. Despite the global accu-
mulation of over 4.6 billion tons of RM, its utilization rate 
remains only 4% [13]. This situation demonstrates the unsus-
tainability of traditional disposal methods, which results in 
environmental pollution and resource wastage [14, 15]. RM 
is of great value and economically viable. It is rich in metal 
oxides (Fe2O3, Al2O3, SiO2, and alkaline metals such as 
Na2O, K2O, and CaO), which makes it high reactivity in var-
ious chemical reactions [16, 17]. As the primary metal oxide 
in RM, Fe2O3 plays a crucial role in gasification by pro-
viding lattice oxygen to influence the reaction progression. 
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Consequently, utilizing RM as a potential oxygen carrier 
appears to be a promising choice in BCLG.

Many scholars have explored the utilization of iron-based 
oxygen carriers for solid fuel gasification [18–21]. For exam-
ple, Huang et al. [20] observed that the presence of iron-
based oxygen carriers significantly increased syngas yield 
compared to traditional steam gasification. Additionally, 
studies have revealed that reducing gases (e.g., H2, CO, and 
CH4) from gasification can easily react with oxygen carriers 
due to their good redox properties and gas–solid contact [17, 
21–23]. Different iron-based oxygen carriers exhibit varying 
reactivity towards H2 and CO produced during gasification. 
For example, Shen et al. [21] observed that the iron-based 
oxygen carrier reacted faster with H2 than with CO and CH4, 
leading to a decrease in gasification efficiency with increas-
ing the content of the iron-based oxygen carrier. Rhodes 
et al. [24] and Hakkarainen et al. [25] indicated that iron-
based oxygen carriers were active in the high-temperature 
water–gas shift reaction, converting CO produced from the 
tar into H2 and CO2. To date, the catalytic activity of RM 
has been studied in areas for methane reforming [26] and 
biomass oil upgrading [27, 28]. However, the use of RM as 
an oxygen carrier in BCLG remains limited [29]. Therefore, 
the feasibility of utilizing RM as a potential oxygen carrier 
in BCLG is still unknown.

It is well known that biomass-derived syngas from 
gasification contains unwanted tar due to the high volatile 
content of biomass [12]. Tar contains stubborn polycyclic 
aromatic hydrocarbons (PAHs) and other hydrocarbons that 
can adversely affect the composition and yield of syngas, 
as well as the operation of the equipment [30]. To date, 
iron oxides have been investigated as useful catalysts for 
tar decomposition, which could promote the breaking of 
C–C and C-H bonds within tar. Yang et al. [31] concluded 
that RM was effective for tar cracking at high temperature. 
Song et al. [32] found that the active Fe2O3 in RM was an 
important factor in the secondary cracking of pyrolytic tar. 
Although RM has demonstrated significant catalytic activity 
in tar conversion during pyrolysis [31, 32], there is limited 
literature available on the mechanism of RM in tar cracking 
during BCLG. So far only Cheng et al. [33] found that the 
RM realized the high conversion of tar model compound 
(naphthalene) in a wet syngas environment. During BCLG, 
the catalytic tar cracking process becomes more complex in 
the presence of steam, which participates in varying reac-
tions such as tar reforming and water–gas shift reactions 

[33]. More importantly, steam would alter the iron phase 
in RM, which could strongly affect the catalytic activity of 
RM for tar reduction. Fukase et al. [34] suggested that main-
taining the reduced state of iron oxide during tar removal 
was desirable to prevent iron oxide deactivation. Matsuoka 
et al. [35] observed that Fe3O4 reduced from an iron-based 
catalyst could reform tar in the presence of steam. Recently, 
our research also revealed that the reduction and reoxida-
tion reactions of the iron-based oxygen carrier in the steam 
atmosphere can reform the tar model compound to produce 
H2 [36]. Overall, there has been limited research on the per-
formance of RM on tar removal during the BCLG. To the 
best of the authors’ knowledge, the performance of RM on 
syngas yield enhancement via tar reduction during BCLG 
has rarely been investigated. Therefore, it is interesting to 
clarify the chemical structure evolution of RM to detect the 
tar removal mechanism during the BCLG process.

This paper studied the BCLG process of corn cob as 
fuel with RM as an oxygen carrier. The effects of operating 
parameters, including O/C ratio, steam flow rate, and reaction 
temperature on the performance of BCLG were studied and 
optimized. The three-phase products after the reaction were 
analyzed, and the relationship between tar removal and syn-
gas production was studied: Firstly, gasification performance 
was evaluated via collected information such as syngas yield, 
carbon conversion, and gasification efficiency; Secondly, the 
composition of collected tar was analyzed by GC–MS to 
study the catalytic performance of RM on tar removal; Ulti-
mately, the raw RM and reaction residues were characterized 
through the H2-TPR, XRD, and SEM to describe the main 
reduction pathways and surface morphologies of RM. These 
investigations are beneficial for optimizing the BCLG and 
mitigating the negative effect of tar in the BCLG.

2 � Experimental

2.1 � Materials

Corn cob as the fuel was obtained from Henan Province of 
China. The corn cob was sieved to 0.6–0.9 mm and then 
dried at 105 °C for 12 h. The proximate analysis and ultimate 
analysis of the corn cob are presented in Table 1.

The RM as the oxygen carrier was received from Henan 
Province of China. The RM was dried at 105 °C for 5 h to 
remove the free water. When cooled to room temperature, 

Table 1   Proximate analysis and 
ultimate analysis of corn cob 
(wt. %, dried basis)

M, moisture; A, ash; V, volatile; FC, fixed carbon; ad, air-dried basis. *By difference

Sample Proximate analysis Ultimate analysis Qnet,ad

Mad Aad Vad FCad Cad Had Nad Sad O*ad kJ/kg

Corn cob 10.95 6.41 67.31 15.33 44.21 4.75 0.51 0.60 32.57 15,670
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it was crushed and sieved to a particle size of 0.2–0.3 mm. 
Subsequently, these particles were calcined at 900 °C for 
2 h in a muffle furnace to enhance their mechanical strength 
and remove impurities. The chemical compositions of the 
calcined RM were determined by X-ray fluorescence (XRF, 
ARL-9800, Switzerland), as shown in Table 2.

2.2 � Experimental setup and procedure

The experimental system consisted of a gas supply unit, a hori-
zontally fixed bed reactor, and a gas sampling and analyzing 
apparatus, as shown in Fig. 1. The reactor was a quartz tube 
with a total length of 1000 mm and an inner diameter of 45 mm. 
The gas supply unit provided mixed gases to the reactor, which 
consisted of 0.1 L/min N2 controlled by a flowmeter and steam 
preheated from distilled water. Additionally, the unit included 
electric heating bands wrapped around the pipes to prevent 
steam condensation. When the reaction temperature reached the 
target, a crucible carrying a certain amount of RM and a total 
of 1 g corn cob was quickly pushed into the reaction zone to 
react rapidly for 13 min. The syngas from the reactor outlet was 
condensed, filtrated, and then sampled using a gas collection 
bag. After the completion of gasification, the feeding of steam 
and the heating of the external electrical furnace were stopped. 
Finally, the fixed bed reactor was gradually cooled down to 
room temperature at 0.1 L/min N2. The specific operating con-
ditions are summarized in Table 3 and the possible reactions 
in this gasification process that may occur are listed in Table 4.

The composition and concentration of the produced syn-
gas were detected by a gas chromatograph-thermal conduc-
tivity detector (GC-TCD, Fuli GC-9790, China). N2, H2, 
CO, CO2, and CH4 were all detected. Tar was collected as 
described below: Firstly, the condensers and the connecting 
tubes were washed with dichloromethane; Secondly, the col-
lected liquid was filtered and separated to remove impurities 
and water; Finally, the extracted organic phase was heated in 
a water bath at 45 °C to remove the dichloromethane. The 

collected tar was characterized by a gas chromatography-mass 
spectrometry (GC–MS, Agilent 6890-GCT Premier, Waters) 
equipped with an Agilent DB-5 MS chromatographic column 
(30 m × 0.25 mm × 0.25 µm). The spectra of chromatographic 
peaks were compared with the mass spectra in the NIST mass 
spectral database (NIST11) to identify the compounds present 
in the tar. Qualitative analyses of the tar components were per-
formed based on the peak areas. The solid residue was removed 
from the reactor when the furnace cooled to room tempera-
ture. The crystalline phases and surface morphology of solid 
residues were evaluated by powder X-ray diffraction (XRD, 
PANalytical X’Pert PRO) and scanning electron microscopy 
(SEM, GT500), respectively. The iron phases in the oxygen 
carrier and their reducibility were determined by temperature-
programmed reduction (TPR, AutoChem II 2920).

2.3 � Data evaluation

The carbon conversion (Xc, %) is defined as the proportion 
of carbonaceous gases (CO, CH4, and CO2) to the carbon 
contained in solid fuels.

(1)X
c
=

12 × ∫ t

0
Nout

(

X
CO

+ X
CH4

+ X
CO2

)

dt

22.4 × m
C,fuel

Table 2   Elemental composition 
analysis of the RM (wt. %)

Component Fe2O3 Al2O3 SiO2 Na2O CaO TiO2 K2O

Composition 27.74 25.50 20.01 11.09 8.18 3.99 1.21

Fig. 1   The schematic diagram 
of the fixed bed steam gasifica-
tion experimental system

Table 3   Operating conditions used in the experimental campaign

Species Operation parameters

Fuel and its mass Corn cob (1 g)
Oxygen carrier RM
Oxygen carrier mass 1.228 g, 2.456 g, 3.684 g, 4.912 g
Reaction temperature 700 °C, 750 °C, 800 °C, 850 °C
Inert gas and its flow rate N2 (0.1 L/min)
Steam agent flow rate 0 mL/min, 0.1 mL/min, 0.2 mL/

min, 0.3 mL/min
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where Nout is the gas volume flow at the reactor outlet; Xi is 
the relative volume fraction of produced gas; and mc,fuel is 
the mass of carbon contained in solid fuels.

The gas yield (Gv, m3/kg) is defined as the volume of pro-
duced syngas per kilogram of solid fuels, including H2, CO, 
CO2, and CH4.

where Vout is the gas volume at the reactor outlet and mfuel is 
the mass of solid fuels.

The lower heating value of the product syngas (LHVsyngas, 
MJ/m3) is defined as follows:

where Ri is the ratio of the volume of each gaseous compo-
nent to the volume of produced gas in total.

The gasification efficiency ( � , %) is defined as the ratio of 
LHVsyngas to the LHVsolid fuels.

3 � Results and discussions

3.1 � Effects of oxygen/carbon (O/C) ratio

The O/C ratio in CLG plays a key role in controlling the 
lattice oxygen content delivered from the oxygen carrier to 
the fuel. In the fixed bed, the effect of the O/C ratio (0.25, 

(2)G
v
=

Vout

(

X
CO

+ X
CH4

+ X
CO2

+ X
H2

)

mfuel

(3)LHVsyngas = 10.798R
H2

+ 12.636R
CO

+ 35.818R
CH4

(4)� =

G
v
⋅ LHVsyngas

LHVsolid fuels

0.5, 1, and 2) in the BCLG was examined at a reaction tem-
perature of 800 °C and a steam flow rate of 0.3 g/min, as 
shown in Fig. 2.

Figure 2(a) presents the gas yield of different gases (H2, 
CO, CO2, and CH4) as a function of the O/C ratio. With an 
increase in the O/C ratio from 0.25 to 2, the yields of H2 and 
CO2 increased from 0.39 m3/kg and 0.09 m3/kg to 0.70 m3/
kg and 0.18 m3/kg, respectively. The yield of CO initially 
increased from 0.26 m3/kg to 0.36 m3/kg, then decreased 
to 0.29 m3/kg. The CH4 yield showed a relatively minor 
change but an overall downward trend. Biomass underwent 
thermal decomposition to produce gases and tar under the 
steam atmosphere (Reactions 1–4). In this process, the lat-
tice oxygen in the RM provided the oxygen source for the 
gasification. Increasing the O/C ratio at the same amount 
of fuel means that the fuel received more lattice oxygen. 
Therefore, the partial oxidation reactions (Reactions 7–9 
and 11–13) proceeded forward with the increase of the O/C 
ratio, resulting in the consumption of CO and CH4. In other 
words, a higher O/C ratio promoted the full oxidation of 
carbon gases to CO2 [22]. The H2/CO ratio increased from 
1.49 to 2.39 when the O/C ratio increased from 0.25 to 2, 
which differs from the gasification results by Luo et al. [23] 
and Huang et al. [37] using other iron-based oxygen carri-
ers. The possible reason was that the RM played a domi-
nant role in the tar cracking to increase gas yield (Reac-
tions 5), compared to the oxidation of syngas by RM [38]. 
Correspondently, the tar yield in Fig. 3 indicated that more 
carbon and hydrogen in tar could be converted into small-
molecule gases. Moreover, a more important reason for the 
increased yields of H2 and CO2 was that the reduced RM 
might undergo iron-steam reactions where FeO and Fe were 
re-oxidized to Fe3O4 (Reactions 14 and 15) [39]. In addition, 

Table 4   The possible reaction 
that may occur during the 
experiment

Reactive properties Reactions

Biomass pyrolysis Biomass → char + tar + gases
(

H2,CO,CO2, andCn
H

m

)

(1)
Water–gas reaction C + H2O → CO + H2 (2)

C + 2H2O → CO2 + 2H2 (3)
Boudouard reaction C + CO2 → 2CO (4)
Tar cracking Tar → H2 + CO + C

n
H

m
(5)

Water–gas-shift (WGS) reaction CO + H2O → CO2 + H2 (6)
CO oxidation CO + 3Fe2O3 → CO2 + 2Fe3O4 (7)

CO + Fe3O4 → CO2 + 3FeO (8)
CO + FeO → CO2 + Fe (9)

Partial oxidation of methane CH4 + H2O → CO + 3H2 (10)
CH4 + 12Fe2O3 → 2H2O + CO2 + 8Fe3O4 (11)
CH4 + 4Fe3O4 → 2H2O + CO2 + 12FeO (12)
CH4 + 4FeO → 2H2O + CO2 + 4Fe (13)

Iron-steam reaction H2O + 3FeO → H2 + Fe3O4 (14)
4H2O + 3Fe → 4H2 + Fe3O4 (15)

H2 oxidation H2 + 3Fe2O3 → H2O + 2Fe3O4 (16)
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according to the XRD analyses, the iron phase in RM is 
primarily Fe3O4, which could provide sufficient active sites 
for the WGS reaction (Reactions 6) to enhance the yields of 
H2 and CO2 [29, 40, 41].

Figure 2(b) presents the gas yield, carbon conversion 
efficiency, and gasification efficiency as a function of the 
O/C ratio. With the O/C ratio increased from 0.25 to 2, 
gas yield, carbon conversion efficiency, and gasification 
efficiency increased by 0.43 m3/kg, 14.14%, and 22.61%, 
respectively. The peak values of carbon conversion effi-
ciency and gasification efficiency reached 70.74% and 
92.95% at the O/C ratio of 1, respectively. Compared to 
natural iron ore [23] under similar gasification conditions, 
RM increased the gas yield, gasification efficiency, and 
carbon conversion efficiency by about 0.46 m3/kg, 20%, 
and 25%, respectively. The gas yield and gasification 
efficiency are used to evaluate the reaction performance 

[37]. It can be observed that gas yield was significantly 
increased with the increase of the O/C ratio. Although 
the gasification efficiency overall increased by 22.61%, 
it slightly decreased when the O/C ratio increased from 
1 to 2. This was due to the fact that more combustible 
gases were converted to CO2, which led to a decrease in 
LHVsyngas. There was no significant increase in gas yield 
and carbon conversion efficiency. Therefore, although 
increasing the content of the oxygen carrier could deliver 
more lattice oxygen to the fuel, the appropriate oxygen 
content was more favorable for carbon conversion effi-
ciency and gasification efficiency. Based on the abovemen-
tioned results, an O/C ratio of 1 was suitable for achieving 
high-quality syngas in the BCLG.

Figure 3 presents the tar yield and its components as a 
function of the O/C ratio. With the O/C ratio increased from 
0.25 to 2, the tar yield decreased significantly from 0.320 g/
gfuel to 0.233 g/gfuel. The minimum tar yield reached 0.196 g/
gfuel at the O/C ratio of 1. Compared to manganese ore [38], 
RM exhibited excellent tar cracking ability in the BCLG, 
during which tar yield decreased by 38.75%. Increasing 
the O/C ratio facilitated the conversion of biomass tar to 
non-condensable gases, resulting in a lower tar yield. This 
matched the results for the gas-phase products. This may 
be due to the Fe2O3 and Al2O3 in RM reduced the tar yield 
by breaking C–C and C-H bonds in aromatic compounds 
[40, 42]. Meanwhile, the alkaline metals in RM could also 
catalyze tar cracking (Reaction 5) [43, 44], corresponding 
to the increase in H2 yield observed in Fig. 2.

For a better understanding of the effect of RM on tar 
cracking during BCLG, the variations of tar components 
with the O/C ratio increase are shown in Fig. 3. Different 
from the single component of tar molds, biomass tar is a 
complex mixture that includes monocyclic aromatics, PAHs 
(including light PAHs (LPAHs, 2–3 rings) and heavy PAHs 
(HPAHs, 4–7 rings)), other benzene substituents, and a few 

Fig. 2   The effect of the O/C ratio on (a) gas yield of different gases and (b) gas yield, carbon conversion efficiency, and gasification efficiency

Fig. 3   Tar yield and components under different O/C ratio gasifica-
tion
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aliphatics [32]. Light tar species such as benzene and tolu-
ene were not observed due to their evaporative tendency 
during the collection and concentration [45]. To further 
analyze the changes in tar, the tar components detected by 
GC–MS were divided into five groups: (1) oxy-compounds, 
(2) aliphatic hydrocarbons, (3) substituted aromatics, (4) 
LPAHs, and (5) HPAHs. It can be observed that the rela-
tive content of HPAHs decreased as the O/C ratio increased 
in Fig. 3. In particular, there was a minimal relative con-
tent of LPAHs and HPAHs at the O/C ratio of 1, reaching 
28.51% and 28.06%, respectively. Conversely, the content 
of oxy-compounds and substituted aromatics increased sig-
nificantly to 20.88% and 22.42%, respectively. The aliphatic 
hydrocarbons were unaffected by the O/C ratio because ali-
phatic hydrocarbons were easily converted to stable aro-
matic hydrocarbons by Fe2O3 in RM at high temperature 
[46]. Furthermore, alkaline metals in RM accelerated the 
conversion of HPAHs to LPAHs [32, 33]. The O2− ions in 
the active sites formed electron clouds with spatial diffusion 
that destabilized the π-electron clouds in tar, resulting in the 
cracking of HPAHs [47–49].

3.2 � Effects of steam flow rate

Steam is reported as a good gasification agent to improve 
syngas and affect the flow field and heat-mass transfer in 
bed. In the fixed bed, the effect of the steam flow rate (0 g/
min, 0.1 g/min, 0.2 g/min, and 0.3 g/min) in the BCLG was 
examined at an O/C ratio of 1 and a reaction temperature of 
800 °C, as shown in Fig. 4.

Figure 4(a) presents the gas yield of different gases as 
a function of steam flow rate. With the steam flow rate 
increased, the yields of H2 and CO2 increased more than 
those of CO and CH4. Notably, the H2 yield increased sig-
nificantly from 0.19 m3/kg at pyrolysis to 0.52 m3/kg at 

the steam flow rate of 0.1 g/min, resulting in an increased 
H2/CO ratio from 0.61 to 1.45. This result could be attrib-
uted to the promotion of the water–gas reaction (Reaction 
2) by introducing steam. As the steam flow rate continued 
to increase, the yields of H2 and CO2 exhibited sustained 
growth. When the steam flow rate was 0.3 g/min, the maxi-
mum H2 and CO2 yield reached 0.66 m3/kg and 0.14 m3/
kg, respectively. This indicated that a high concentration of 
steam further proceeded the water–gas reaction (Reaction 3) 
and the WGS reaction (Reaction 6). Moreover, steam played 
a role in promoting the iron-steam reactions (Reactions 14 
and 15), which increased H2 yield. The iron phase in RM 
was impacted by the presence of steam [20, 36]. Compared 
with Fig. 8, it was evident that the presence of FeO and Fe 
was observed in the absence of steam. This indicated that 
RM underwent significant reduction, which contributed to 
its sintering and agglomeration [50]. However, the reoxida-
tion of the iron phase in RM by added steam inhibited the 
sintering and agglomeration of RM and produced more H2. 
Additionally, controlling the CO/CO2 ratio is essential for 
achieving high-quality syngas. With the addition of steam, 
the average CO yield was maintained at about 0.35 m3/kg. 
The syngas quality was improved by introducing the mixture 
of steam and RM, as evidenced by the higher yield of CO 
than CO2.

Figure 4(b) presents the gas yield, carbon conversion effi-
ciency, and gasification efficiency as a function of the steam 
flow rate. All three parameters have a significant increase 
with increasing steam flow rate. When the steam flow rate 
increased from 0 to 0.3 g/min, the gas yield, carbon con-
version efficiency, and gasification efficiency increased by 
0.63 m3/kg, 19.12%, and 39.40%, respectively. The addi-
tion of steam positively impacted gas yield and gasification 
efficiency, mainly due to the increased H2 yield from the 
water–gas reactions. When the steam flow rate increased to 

Fig. 4   The effect of steam flow rate on (a) gas yield of different gases and (b) gas yield, carbon conversion efficiency, and gasification efficiency
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0.3 g/min, there was still potential to increase carbon con-
version efficiency. It revealed that when more steam was 
introduced, more carbon in fuel was converted into syngas 
through carbon gasification reactions. Increasing the steam 
flow rate was beneficial for gasification reactions proceeding 
forward, which promoted fuel conversion more thoroughly. 
Besides, the tar reforming was accelerated by the higher 
steam flow rate, as shown in Fig. 5 [21]. Therefore, the steam 
flow rate was controlled at 0.3 g/min in subsequent work.

Figure 5 presents the tar yield and its components as 
a function of steam flow rate. With the steam flow rate 
increased from 0 to 0.3 g/min, the tar yield decreased sig-
nificantly from 0.390 g/gfuel to 0.196 g/gfuel. The degree 
of tar cracking and conversion to gases in the presence of 
steam was more than the thermal decomposition in the pure 
N2 atmosphere. The introduction of steam facilitated the 
tar reforming reaction (Reaction 5), which cracked the tar 
into small-molecular gases at 800 °C. As shown in Fig. 4, 
there was a significant increase in the gas yield, particularly 
in the H2 yield. During the pyrolysis, the relative content 

of LPAHs in tar (53.81%) was higher than that of HPAHs 
(36.01%). XRD analysis revealed the gradual reduction of 
Fe2O3 in the RM to Fe that could efficiently break down 
the C–C and C-H bonds of aromatic hydrocarbons, thereby 
efficiently catalyzing tar cracking [51]. The tar composi-
tion showed a decrease in the relative content of HPAHs 
and an increase in the relative content of oxy-compounds, 
aliphatic hydrocarbons, substituted aromatics, and LPAHs 
with increasing steam flow rate. Compared to pyrolysis, the 
introduction of steam at 0.3 g/min steam flow rate resulted 
in a significant reduction of 33.25% in the relative content 
of PAHs. It can be attributed to the -O, -OH, and -H groups 
from the reforming gases, which promoted tar homogeneous 
conversion and inhibited PAHs formation [10]. On the one 
hand, the active -O free radical reacted with hydrocarbons to 
produce CO and H2, as shown in Fig. 4. On the other hand, 
active -OH free radical inhibited the cyclization of aromatics 
by establishing a connection between the oxygen atom and 
hydrogen atom in hydrocarbons [52].

3.3 � Effects of temperature

Numerous complex endothermic and exothermic reactions 
during the BCLG are involved, which are influenced by the 
reaction temperature. In the fixed bed, the effect of the reac-
tion temperature (700 °C, 750 °C, 800 °C, and 850 °C) in 
the BCLG was examined at an O/C ratio of 1 and a steam 
flow rate of 0.3 g/min, as shown in Fig. 6.

Figure 6(a) presents the gas yield of different gases as 
a function of reaction temperature. It can be found that 
the overall trend in four gases increased with increasing 
temperature. With the temperature increased from 700 to 
850 °C, the yields of H2 and CO increased from 0.41 m3/
kg and 0.21 m3/kg to 0.69 m3/kg and 0.36 m3/kg, respec-
tively. On the contrary, the increase in CH4 and CO2 yield 
was limited from 0.07 m3/kg and 0.1 m3/kg to 0.08 m3/
kg and 0.16 m3/kg. The variation in gas yield during the 
BCLG process results from a complex interplay between a 
series of competing reactions, gas/solid mixing, and fluid 

Fig. 5   Tar yield and components under different steam flow rate gasi-
fication

Fig. 6   The effect of temperature 
on (a) gas yield of different 
gases and (b) gas yield, carbon 
conversion efficiency, and gasi-
fication efficiency
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dynamics [27]. The carbon and hydrogen in the fuel rap-
idly transformed into small-molecular gases under thermal 
conditions. High temperature significantly accelerated the 
biomass gasification process, resulting in more H2 and CO 
yield in the fuel reactor. This result differs from the finding 
of Shen et al. [21] in BCLG using iron ore. The possible 
reason could be the different proportions of iron content 
in different iron-based oxygen carriers. At high tempera-
ture, oxygen carriers with higher iron oxide content are 
more likely to react with biomass-derived gases, resulting 
in rapid oxidation of H2 and CO [21, 37]. The iron oxide 
content of RM (27.74%) is low compared to that of iron 
ore (83.21%). Therefore, although the oxidation reaction 
of oxygen carrier with syngas proceeded forward at high 
temperature (Reaction 7, 11, and 16), more intense gasi-
fication endothermic reactions such as water–gas reaction 
(Reaction 2, 3), tar cracking (Reaction 5), and methane 
reforming (Reaction 10) still resulted in the substantial 
increase in the yields of H2 and CO. The yields of CO and 
CH4 increased with the temperature rising to 800 °C and 
then slightly decreased with further temperature increase. 
This could be attributed to the CO oxidation reaction 
(Reaction 7) and the partial oxidation of methane reactions 
(Reactions 10 and 11). Simultaneously, the endothermic 
WGS reaction (Reaction 6) was promoted as the tempera-
ture increased from 800 °C to 850 °C, resulting in a slight 
increase in CO2 yield.

Figure 6(b) presents the gas yield, carbon conversion 
efficiency, and gasification efficiency as a function of reac-
tion temperature. All three parameters showed significant 
positive growth with the increase in temperature, which 
further reflected the sensitivity of gasification products 
to temperature variation. When the temperature increased 
from 700 to 850  °C, the gas yield, carbon conversion 
rate, and gasification efficiency increased by 0.50 m3/kg, 
26.09%, and 33.10%, respectively. The initial increase in 
the three parameters below 800 °C was significant, indicat-
ing the increasing temperature enhanced primary pyrolysis 
in biomass and the reactivity of the condensable volatiles 
and solid products [11]. However, the growth of these 
parameters slowed down as the temperature increased from 
800 to 850 °C, which is similar result by Luo et al. [23]. 
The reason for this was due to the low ash fusibility in 
corn cob, making it unable to withstand higher tempera-
ture. Additionally, the RM experienced agglomeration at 
high temperature, hindering its ability to catalyze further 
the gasification. Although increasing the reaction tem-
perature could enhance the thermal reactions between the 
RM and biomass, it is essential to reasonably control the 
temperature in the BCLG to avoid high energy consump-
tion and environmental pollution [53]. Therefore, a reac-
tion temperature of 800 °C was determined as the optimal 
condition in this experiment.

Figure 7 presents the tar yield and its components as 
a function of reaction temperature. With the temperature 
increased from 700 to 850 °C, the tar yield decreased 
significantly from 0.36 g/gfuel to 0.187 g/gfuel. Under the 
given material content and steam flow rate, the increase 
in gasification temperature substantially reduced tar yield. 
This result could be attributed to the relationship between 
temperature and rates of tar formation and cracking. Spe-
cifically, the tar cracking rate exceeded its formation rate 
during the temperature range of 700 to 800 °C, leading to 
a significant decrease in tar yield. This indicated that the 
process of tar cracking was more dominant during this 
temperature range. However, the decline in tar yield was 
not significant at temperature beyond 800 °C, suggesting 
that further temperature increases had a limited impact 
on tar cracking. Additionally, temperature significantly 
affected the tar components, particularly the HPAHs and 
other heterocyclic aromatic compounds. Increased temper-
ature reduced heterocyclic aromatic compounds containing 
branching or heteroatom, such as pyridine, cresols, and 
quinoline [52, 54]. Compared to nonaromatic structures, 
aromatic ring structures possessed higher thermal stability. 
Consequently, PAHs tended to polymerize through dehy-
drogenation at high temperature, leading to an increase in 
their content. Overall, the temperature of 800 °C effec-
tively cracked tar and converted PAHs into light tar species 
and non-condensable gases.

3.4 � Characterization analyses of solid particles

Figure 8(a) presents the H2-TPR curve of the raw RM, which 
depicts the variation in the valence of active components 
in raw RM with increasing temperature. Three consump-
tion peaks of H2 corresponded to different valences of iron 

Fig. 7   Tar yield and components under different reaction temperature 
gasification
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compounds in RM: Fe2O3—Fe3O4—FeO—Fe. Figure 8(b) 
presents the XRD patterns of the raw RM and the “corn 
cob & RM” residues after the pyrolysis and BCLG. The 
main active component in the raw RM was Fe2O3 and trace 
amounts of crystalline phases, including CaTiO3, NaAlSiO4, 
and Ca2Al2SiO7. The iron phases in the RM during the 
reduction and reoxidation did not form new spinel phases 
by reacting with the support material. In addition, the Na and 
Ca elements in the RM interacted strongly with Al2O3 and 
SiO2 during the thermal conversion process of pyrolysis and 
gasification [55]. Therefore, the peak values of NaAlSiO4 
and Ca2Al2SiO7 were significantly increased compared to 
the raw RM. Figure 8(II) presents the presence of Fe and 
FeO in the “corn cob & RM” residue during the pyrolysis. 
The Fe2O3 in RM was deeply reduced into FeO and Fe with-
out steam catalysis, indicating sufficient lattice oxygen was 
transferred from RM to fuel. Shen et al. [56] did not detect 
FeO or Fe during the pyrolysis, possibly because the chosen 
cyanobacteria tended to melt, which prevented interaction 
with RM. The result of BCLG with the steam flow rate of 
0.3 g/min is presented in Fig. 8(III). Usually, iron-based oxy-
gen carriers are gradually reduced due to the presence of 
large amounts of reducing gases. However, it was interesting 
to observe that the FeO and Fe did not exist when steam was 
added. This could be attributed to the reoxidation of FeO 
and Fe into Fe3O4, which was facilitated by adequate oxygen 
from the steam. The limitation of the deep reduction of RM 
by steam not only prevented its sintering but also produced 
more H2, as discussed in Section 3.2. Overall, the iron phase 
reduction path of RM during BCLG can be described as 
Fe2O3—Fe3O4—FeO/Fe—Fe3O4.

Figure 9 presents the SEM images of the raw RM and 
the “corn cob & RM” residues after the pyrolysis and CLG. 
Compared to raw RM, the “corn cob & RM” residue after 
pyrolysis tended to agglomerate, but still retained a porous 
structure on the surface. This could be attributed to the 
inert components (Al2O3, SiO2, and NaAlSiO4) in RM that 
enhanced the sintering resistance. Compared to pyroly-
sis, the “corn cob & RM” residue in BCLG at the same 

temperature exhibited a larger particle size but still retained 
a distinct pore structure. Adding steam effectively prevented 
the deep reduction of RM from alleviating its agglomeration 
and sintering based on XRD analysis. At the same steam 
flow rate, the residues at 750 °C and 800 °C exhibited differ-
ent micro-pores. The residues at 750 °C maintained a well-
defined surface structure with regular and abundant pores. 
However, when the reaction temperature was increased to 
800 °C, the particle size significantly enlarged accompanied 
by agglomeration. This was related to the low ash fusibility 
of corn cob itself, and the presence of potassium elements in 
RM could also reduce the ash fusibility [57]. Therefore, the 
temperature in the BCLG process using RM as the oxygen 
carrier was recommended to be controlled at 800 °C.

4 � Conclusions

In this paper, the performance of biomass chemical looping 
gasification (BCLG) was studied in a fixed bed reactor with 
industrial solid waste red mud (RM) as a novel oxygen car-
rier. The obtained results were expected to provide useful 
insights into using waste RM to enhance syngas quality and 
tar reduction during BCLG. The influence of RM on the 
evolution rules of gas-phase and liquid-phase products dur-
ing gasification was analyzed under different key operational 
conditions (O/C ratio, steam flow rate, and temperature). 
Multiple characterization methods (XRF, XRD, H2-TPR, 
and SEM) were applied to explore the primary components, 
iron phase reducibility, and surface structure of RM. The 
chemical characterization of RM was also adopted to detect 
the tar removal mechanism during BCLG.

RM exhibited good gasification performance as a poten-
tial oxygen carrier during BCLG. RM improved the gas 
yield and quality with a maximum H2/CO ratio of 2.39 while 
reducing tar yield by 38.75%. With the increasing O/C ratio, 
heavy polyaromatic hydrocarbons (PAHs) were cracked into 
lighter tar species and non-condensable gases. Metal oxides 

Fig. 8.   a H2-TPR profiles of 
raw RM catalysts. b The XRD 
patterns of the raw RM (I), 
the residues derived from the 
BCLG of 0 g/min (II) and 
0.3 g/min (III) steam flow rate 
(reaction conditions: O/C = 1; 
gasification temperature 800 °C)
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within RM participated in reactions with steam. The limita-
tion of intensive reduction of RM through iron-steam reac-
tions not only prevented RM sintering but also enhanced 
hydrogen production. XRD analyses revealed the evolution 
of iron compounds in RM: Fe2O3—Fe3O4—FeO/Fe—Fe3O4. 
Furthermore, steam facilitated the tar homogeneous conver-
sion and inhibited the formation of PAHs. The relative con-
tent of PAHs was significantly reduced by 33.25%. At the 
same O/C ratio and steam flow rate, increasing the reaction 
temperature facilitated endothermic reactions, resulting in 
the tar cracking into non-condensable gases. It was appro-
priate to control the temperature at 800 °C, because higher 
temperature would promote PAH polymerization via dehy-
drogenation. SEM analysis of “corn cob & RM” residues 
demonstrated no severe agglomeration and sintering of RM 
at 800 °C. Under the optimal conditions of BCLG (O/C ratio 
of 1, steam flow rate of 0.3 g/min, and reaction temperature 
of 800 °C), the carbon conversion efficiency, gasification 
efficiency, and gas yield reached 70.74%, 92.95%, and 1.24 
m3/kg, respectively. Meanwhile, the H2/CO ratio reached 
1.82, and the harmful tar was reduced to 0.196 g/gfuel in 
BCLG.
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