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A B S T R A C T   

In this study, waste polyethylene (PE) was gasified to produce alternative gas fuel using bauxite residue (BR) as 
an oxygen carrier in a two-stage reactor. PE was pyrolyzed in the first stage, and the volatiles were subsequently 
gasified with BR. The influences of temperature and mass ratio on the fuel gas composition were determined. The 
experimental results indicated that a higher temperature benefits gas production. The gas yield was 0.714 Nm3/ 
kg at 850 ◦C, and the CH4 yield was 0.231 Nm3/kg. Increasing the BR mass ratio (Fe2O3 to fuel) could lead to 
over-oxidization (combustible gas production values were 0.531 Nm3/kg and 0.503 Nm3/kg at ratios of 1:2 and 
1:4, respectively). Compared with the traditional oxygen carrier Fe2O3, BR showed a stronger oxygen release 
capability. The oxygen efficiency of BR was over 100% higher than that of Fe2O3. Moreover, the three-stage 
reactor improved the quality of gas (gas yield was 0.771 Nm3/kg and the production of H2, CH4, and CO 
accounted for 33.425%, 31.349%, and 19.186%, respectively) compared to the two-stage reactor. Furthermore, 
the Fe contained in the BR was reduced to Fe3O4, which might have contributed to the magnetic separation. 
Therefore, the results offer a promising method for the efficient utilization of waste plastic and BR.   

1. Introduction 

Plastic, as an emerging high polymer material, has widely become a 
good substitute for traditional materials such as paper and ceramics in 
various industries because of its light weight, high strength, good 
insulation, and good transparency since its discovery in the 1900 s [1,2]. 
According to Eurostat, in 2019, global plastic production was approxi
mately 368 million tons, and polyethylene (PE) accounted for the 
highest proportion (29.8%) [3]. However, the service life of plastic 
materials is limited. Most plastic products become “white waste” in a 
year [4], and the packaging plastic is discarded after a single use. 
Meanwhile, plastic requires hundreds of years to degrade naturally in 
the environment because of its stable structure. The rapid production 
and consumption of plastic have caused serious problems. Currently, 
plastic pollution is regarded as a global problem [5]. The most common 
treatments for plastic waste are landfills and incineration, which release 
large quantities of various pollutants [6,7]. Moreover, a large amount of 
CO2 is generated during incineration, which exacerbates the greenhouse 

effect. In recent years, considerable efforts have been made in low- 
carbon and sustainable technologies to mitigate climate change and 
control carbon dioxide emissions [8]. Plastics have extremely high 
volatile matter and can be easily decomposed at high temperatures. 
Additionally, the main components of plastic are carbon and hydrogen, 
which can be converted into CO and H2. Consequently, the application 
of plastic for fuel gas production is a feasible low-carbon sustainable 
technology. In industrial applications, syngas is generated by the limited 
oxidation (air or pure oxygen as oxidants) of fuel. However, nitrogen in 
the air may dilute the gas generated during the reaction, and the use of 
pure oxygen increases the cost[9]. Thus, applying an oxygen carrier is an 
ideal method for the gasification process. The lattice oxygen in the ox
ygen carrier was used for the partial oxidation to avoid the dilution 
problem. Moreover, some types of industrial wastes[10,11] and natural 
ores[12,13] can also be used as oxygen carriers, and their cost can be 
easily controlled. 

Generally, oxygen carriers can be classified as Fe-based[14], Ni- 
based[15], Cu-based[16], Mn-based[17,18] and Co-based[19] 
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materials. Among these, Fe-based materials have attracted wide atten
tion owing to their low cost and environmentally friendly characteristics 
[14]. Cuadrat A et al. applied ilmenite as oxygen carrier in a 500 Wth 
continuous unit, no decrease on the oxygen transport capacity of 
ilmenite was found after 35 h operation[20]. Zhang S et al. modified the 
iron ore oxygen carrier with biomass ash and achieved stable CO2 
content at 94.56% in a 1 kW continuous reactor[21]. However, tradi
tional Fe-based oxygen carriers can sinter easily at high temperatures. 
Therefore, Al2O3[22], SiO2[23], and TiO2[24] were used to enhance the 
reaction performance of Fe-based oxygen carriers. As a waste generated 
in the aluminum industry[25], bauxite residue (red mud) is a complex 
mixture of Fe2O3, CaO, Al2O3, SiO2, and TiO2, thereby making it feasible 
for oxygen carrier applications. As reported, 1–2.5 tons of bauxite res
idue will be generated for every ton of produced alumina[26]. Accord
ing to the data, by 2015, the global bauxite residue reserve reached 
nearly 4,000 million tons and still continuous to increase[27]. The 
efficient and environmentally friendly application of bauxite residue is a 
major concern. Apart from being used as building materials [28,29], raw 
materials for extraction[30] and synthetic pigments[31], bauxite res
idue is also a potential low-cost oxygen carrier because of its high iron 
content and unique composition. 

At present, the role of bauxite residue in pyrolysis, combustion, and 
other thermochemical conversion processes have been studied by re
searchers. Gu et al. found that the alkali metal in the bauxite residue 
enhanced the chemical looping combustion of coal[12]. Lin et al. doped 
MgO and NiO into bauxite residue as the oxygen carrier, and achieved 
higher CO2 selectivity (99%) and CH4 conversion (65%–75%)[32]. 
López et al. discovered that bauxite residue has a certain activity in 
plastic pyrolysis[33]. Bao et al. evaluated the effect of various inert 
supports and indicated that Al2O3 and SiO2 contributed to the stability of 
the bauxite residue, and TiO2 was important in providing strong me
chanical strength to the bauxite residue oxygen carriers[34]. Mendiara T 
et al. investigated the behavior of bauxite waste material as oxygen 
carrier and obtained high combustion efficiency up to 90% in a 
continuous 500 Wth CLC unit[35]. Abad A et al. found that the total 
oxygen demand of red mud was lower than that of ilmenite with Bitu
minous coal as fuel in the 0.5 kWth CLC unit[36]. Although bauxite 
residue is a promising oxygen carrier for the gasification of plastic, there 
has been limited systematic study regarding this. 

In this work, bauxite residue was used as the oxygen carrier for the 
gasification of PE under different reaction conditions (temperature and 
mass ratio). The gas was analyzed by gas chromatography (GC) to 
determine its composition. Quantitative calculations were conducted to 
determine the gas production. Moreover, the reaction activity of the 
bauxite residue was compared to that of pure Fe2O3. Different charac
terization methods (X-ray fluorescence, X-ray diffraction, scanning 
electron microscopy, and N2 adsorption/desorption isotherms) were 
applied to explore the composition and surface properties of the bauxite 
residue. Additionally, the experimental equipment was modified with an 
additional reaction stage to improve the gas yield and obtain more CH4, 
H2, and CO. This work was aimed at applying bauxite residue and waste 
plastics for the gasification process to produce high-quality fuel gas and 
reduce the bauxite residue. The one-step recovery technique of waste 
plastic and bauxite residue provides an innovative method for waste 
recycling. 

2. Material and experimental methods 

2.1. Material 

Typical bauxite residue (BR) was obtained from Yunnan Wenshan 
Aluminum Co., Ltd., and its composition was analyzed by X-ray fluo
rescence (XRF; Shimadzu XRF-1800, Japan), and the results are pre
sented in Table 1. 

The BR was pretreated with deionized water until it reached a pH ≤
8, and was then dried at 105 ◦C for 48 h. After drying, the BR was 

calcined at 900 ◦C for 2 h in air to completely oxidize the iron to Fe2O3. 
Subsequently, the samples were ground to less than 0.25 mm (60 mesh). 

The PE sample was purchased from Meisheng Engineering Plastics 
Company (China, purity: 99%), with an average diameter of 0.01 mm. 
The quartz sand (SD; 0.125–0.08 mm, 120–180 mesh) and Fe2O3 used 
were purchased from China Shanghai Macklin Biochemical Technology 
Co., Ltd. 

2.2. Characterizations 

X-ray diffraction (XRD) of BR was conducted using an X-pert Powder 
diffractometer (PANalytical, Netherlands) with a scanning range (2θ) of 
10–90◦ and at a scanning speed of 2◦/min. 

Scanning electron microscopy (SEM, Sigma 300, Germany) was used 
to observe the surface morphology of the BR before and after the 
reactions. 

N2 adsorption/desorption isotherms were obtained using an APSA 
2460 (Micromeritics, America) automatic surface area and pore size 
analyzer, and the samples were degassed at 300 ◦C for 10 h before 
testing. 

2.3. Experimental setup 

As shown in Fig. 1, the experimental apparatus mainly comprises a 
quartz reactor with two sections of different diameters and an electric 
furnace. The inner diameters of the two sections were 41 mm and 26 
mm, respectively. PE is pyrolyzed in a quartz boat placed in section 1 
under a N2 atmosphere. The reaction section is described as section 2. 
The pyrolysis gases reacted with the oxygen carrier. An electric furnace 
(SKF-2–13 Hangzhou Blue Sky Instrument Co., Ltd., China) supplied 
heat to maintain the reaction temperature at 650 ◦C, 750 ◦C, 850 ◦C, and 
900 ◦C. The experimental conditions are presented in Table 2. 

Prior to the reaction, N2 was used to remove air from the device. 
When purging was completed, the mass flow of N2 was set at 100 mL/ 
min and maintained until the end of the experiments (the reacted oxy
gen carrier was also cooled to 20–25 ◦C under the protection of N2). 
Subsequently, PE was transferred to section 1 for pyrolysis. The gener
ated pyrolysis gases left section 1 and entered section 2, and were car
ried by N2. Thereafter, the high-temperature gas was passed through an 
ice bath to retain condensable products. The gas was collected in 5 L gas 
bags and analyzed by GC (Agilent 490 Micro GC) with thermal con
ductivity (TCD) detectors and three separate packed-columns (MS5A 10 
m column at 80 ◦C, PPU 10 m hold at 80 ◦C, and 10 m Al2O3/KCl column 
at 100 ◦C). Every experiment would last 20 min with 0.5 g PE input. The 
experiment details are listed in Table S3. 

3. Result and discussion 

3.1. General evaluation for the gasification performance 

The indicators for evaluating the results of the experiments are as 
follows: gas composition, lower heating value (LHV), total gas produc
tion (TGP), combustible gas production (CGP), effective component 
production of plastic syngas (H2, CH4, and CO) (EGP), carbon conver
sion efficiency (CCE), hydrogen conversion efficiency (HCE), and oxy
gen efficiency (OE): 

TGP
(
Nm3/kg

)
=

∑
V(gas) (1)  

Table 1 
Composition of raw BR (dry basis).  

Component Fe2O3 CaO Al2O3 SiO2 Na2O TiO2 Balance 

Content (%)  26.97  21.62  21.16  12.66  7.06  5.33  5.19  
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CGP
(
Nm3/kg

)
= TGP − V(CO2) (2)  

EGP
(
Nm3/kg

)
= V(H2)+V(CO)+V(CH4) (3)  

CCE(%) =
C(gas)
C(fuel)

× 100% (4)  

HCE(%) =
H(gas)
H(fuel)

× 100% (5)  

OE(%) =
O(gas)
O(OCs)

× 100% (6)  

where V(CO2), V(H2), V(CO), and V(CH4) are the volumes of CO2, H2, 
CO, and CH4, respectively. C(gas) and C(fuel), and H(gas) and H(fuel) 
correspond to the total carbon and total hydrogen in the gas production 
or fuel, respectively. O(gas) and O(OCs) correspond to the total oxygen 
in the fuel and oxygen carrier, respectively, which are used in each test. 

3.2. Gas analysis 

The compositions and yields of the gas products were calculated and 
are listed in Table S2. Overall, the LHV of the fuel gas ranges from 
18.245 MJ/Nm3 to 57.283 MJ/Nm3. The CGP and EGP of BR2 reached 
their highest values of 0.659 and 0.647 Nm3/kg, respectively, and also 
led to the best TGP of 0.771 Nm3/kg. And it’s worth noting that all the 

results of gas are nitrogen and water free. 

3.3. Effects of oxygen carriers in the gasification process 

The results for SD750, FE7502, and BR7502 are shown in Fig. 2. 
Experiments were conducted at 750 ◦C. The addition of an oxygen 
carrier promotes the production of small molecules (H2, CO, CO2, and 
CH4). As shown in Fig. 2(a), the yields of H2, CH4, and CO increased after 
the application of oxygen carriers. The production of CO2 also increased 
to 0.039 (FE7502) and 0.089 Nm3/kg (BR7502) because of over- 
oxidation. However, BR exhibits a better promoting effect on the for
mation of small molecular products compared to Fe2O3. The yields of H2, 
CO, CO2, and CH4 of BR7502 were higher than those of Fe7502. How
ever, there are some differences between BR and Fe2O3 regarding the 
influence of macromolecular gas products. The formation of C2H4, C2H6, 
and C3H6 is promoted by the pure Fe2O3 oxygen carrier at 750 ◦C 
compared to that of SD750. However, a weaker promotion effect was 
shown by BR at the same temperature. The production of C2H6 and C3H6 
is inhibited, and may be attributed to the stronger oxidizability of BR. 

In Fig. 2(b), the combined outputs of H2, CH4, CO, and CO2 increase 
from 40.764% (SD750) to 47.542% (FE7502) and 57.240% (BR7502), 
respectively. This demonstrates that smaller molecules tend to be 
generated. Although the percentage contents of H2 and CH4 increased 
insignificantly after the addition of BR and Fe2O3, their quantitative 
yields increased. The relative content of C2H4 of SD750 reached its 

Fig. 1. Schematic diagram of the experimental system(MFC: mass flow controller).  

Table 2 
Conditions of the experiments.  

Experiment conditions Oxygen carrier Temperature 1 (◦C) Temperature 2 (◦C) Temperature 3 (◦C) Mass ratio (PE:Fe2O3) 

BR6502 BR 650 650 not adopted 1:2 
BR7502 BR 750 750 not adopted 1:2 
BR8502 BR 850 850 not adopted 1:2 
BR7504 BR 750 750 not adopted 1:4 
SD650 SD 650 650 not adopted 1:0 
SD750 SD 750 750 not adopted 1:0 
SD850 SD 850 850 not adopted 1:0 
FE7502 Fe2O3 750 750 not adopted 1:2 
BR2 BR-BR 850 850 900 1:2–1:1  
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highest (37.913%), but declined to 30.070% after BR was added, with a 
decrease of 20%. C3H6 and C2H6 also showed some decline between the 
two groups. This confirms that the application of oxygen carriers pro
motes the conversion of C2-C3 to smaller molecules (H2 and CH4). 

The TGP, CGP, and EGP shown in Fig. 2(c) indicate that the oxygen 
carrier can improve the gas production during the pyrolysis of PE. Even 
if CO2 was deducted, the yields of combustible gas components of 
FE7502 and BR7502 were still higher than those of SD750. The lattice 
oxygen carried by the oxygen carriers is released during the reaction 
with the pyrolysis products of plastic at 750 ◦C. Oxidation breaks the 
long carbon chains and produces more gas-phase products. Oxygen 
carriers also oxidize macromolecular gases such as C3H8 and transform 
them into smaller molecules such as CH4, CO, and CO2. X. Chen et al. 
obtained similar results in their research on the gasification process of 
oxygen carriers and biomass[37]. 

Furthermore, as oxygen carriers oxidize parts of the original pyrol
ysis gas from PE, which is equivalent to conducting an insufficient 
combustion, some energy of the pyrolysis gas is released. Therefore, the 
LHV of the gases decreased from 51.729 MJ/Nm3 (SD750) to 46.602 
MJ/Nm3 (FE7502) and 40.125 MJ/Nm3 (BR7502). The CCE and HCE of 
PE increased after the addition of oxygen carriers, which implies that 
more C and H in PE are converted into gas, and oxygen carriers promote 
the conversion of hydrogen and carbon elements of PE into the gas. 

BR showed a stronger oxidation capacity than Fe2O3. The yields of 
both CO and CO2 of BR7502 were higher than those of FE7502 under the 
same experimental conditions, reaching 0.016 Nm3/kg and 0.089 Nm3/ 
kg, respectively. Moreover, the OE of BR7502 is almost twice that of 
FE7502, which implies that more oxygen is released by BR at 750 ◦C. 
This phenomenon may be caused by two factors: first, Fe2O3 sinters very 
easily at a high temperature, resulting in a decrease in its capacity to 
release oxygen[38]. The composition of the BR is considerably complex, 
and some inert components, such as Al2O3, can provide structural sup
port for the active part and prevent sintering. Second, the alkali metal 
contained in BRs, such as Na, can also promote the diffusion of gas[34], 
which makes the reaction more complete. 

The BR in Fig. 2(c) performs better than Fe2O3 and SD in TGP, CGP, 
and EGP. However, because of the strong oxidation, some hydrogen may 
be oxidized to water and cannot be detected, and some carbon may be 
excessively oxidized to CO2, which explains why the HCE of BR7502 is 
slightly lower than that of the Fe2O3 group. The CCE of BR7502 is nearly 
the same as that of FE7502, although more CO2 and CO are generated 
with the BR, which is probably due to the subsequent conversion of 
C3H6, C3H8, C2H6, and C2H4 to CO and CO2. 

3.4. Effect of temperature in the gasification process 

The reaction results at different temperatures with SD and BR are 
shown in Fig. 3. The translucent histograms are the difference between 
the gas of BR and SD. They are applied to eliminate the effects of rising 
pyrolysis temperatures from 650 ◦C to 850 ◦C. 

Fig. 3(a) shows the fuel gas yield. In the presence of BR, the pro
duction of small-molecule gas gradually increases with increasing tem
perature. The formation of CO is most sensitive to temperature and 
escalates from 0.003 Nm3/kg (650 ◦C) to 0.043 Nm3/kg (850 ◦C). The 
outputs of other small molecule gases (H2, CH4, and CO2) also increase 
to varying degrees. Notably, the production of C2H4 increases initially 
and subsequently decreases, which may be attributed to the gradually 
enhanced oxidizability of BR with increasing temperature. Simulta
neously, the other gases showed a downward trend in production as the 
temperature increased. The increasing yields of CO and CO2 indicate 
that more oxygen migrates to the gas products at higher temperatures, 
and the OE also increases. This result suggests that the oxygen release 
capacity of BR increases with increasing temperature. 

Compared with the H2 yields of SD650 and SD750, the output of H2 is 
higher with BR. However, the formation of H2 was inhibited by BR at 
850 ◦C. This is caused by the stronger oxidizability of BR at higher 
temperatures, resulting in the conversion of H2 to H2O. It can be seen 
from Fig. 3 (a) that the difference of CH4 between BR8502 and SD850 is 
much lower than that between BR7502 and SD750. The addition of 
oxygen carrier can enhance the production of CH4. But the gas 

Fig. 2. Effects of oxygen carriers in the gasification process: (a) gas yields; (b) composition of fuel gas; (c) TGP, CGP, and EGP; and (d) LHV, CCE, HCE, and OE.  
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production may also be oxidized by oxygen carrier. The rise of tem
perature promotes the oxygen release capacity of BR from 750 ◦C to 
850 ◦C, some generated CH4 may be also oxidized, but the promoted part 
is not oxidized completely. Thus, the difference of CH4 in Fig. 3 (a) 
decreases when temperature is increased to 850 ◦C and the yield of CH4 
obtained at 750 ◦C was lower than that of CH4 obtained at 850 ◦C. The 
enhanced oxygen release capacity of BR results in the decrease of H2 
yield and the decline of the difference of CH4 at 850 ◦C. Moreover, the 
strong oxygen release capacity may also be the reason for the decrease in 
C2H4 at 850 ◦C. Therefore, lower temperatures lead to lower fuel gas 
yields, while higher temperatures may induce excessive oxidation of 
products and generate CO2 and H2O. The optimum conditions require a 
reasonable balance. 

The distributions of the different components in the fuel gas are 
shown in Fig. 3(b). The proportion of most gases, except for CO and CO2, 
was higher for the SD groups, which suggests that the spikes of CO and 
CO2 result in an observable increase in TGP and a decrease in the per
centage of individual gases. However, the promotion of BR at 850 ◦C 
decreases, which might result from the excessive oxidation of fuel gas by 
the oxygen carrier. Consequently, the enhancement in the reaction 
performance of BR owing to temperature is also limited. Although a 
higher pyrolysis temperature can increase the conversion of pyrolysis 
gas to small molecules, the addition of oxygen carriers can significantly 
promote the yields of H2, CH4, and CO. 

Notably, the TGP, CGP, and EGP of the BR groups were higher than 
those of SD groups from 650 ◦C to 850 ◦C (Fig. 3(c)). This implies that 
the BR exhibits an improvement in gas production with a mass ratio of 
1:2. The difference histograms also show that the BR has the most 
obvious promotion effect on plastic pyrolysis at 750 ◦C with a mass ratio 
of 1:2, and the highest TGP, CGP, and EGP differences were achieved. 

The LHV, CCE, HCE, and OE are shown in Fig. 3(d). The LHV of the 
gas product decreased with increasing temperature. The decrease in 
LHV may be caused by the decomposition of C3H6 with a high calorific 
value and the formation of gases with low calorific value (H2, CH4, and 
CO). Meanwhile, the LHV of all the BR groups was lower because of the 

oxidation of C2H4, C2H6, C3H6, and C3H8. All the HCE curves showed an 
upward trend. However, as mentioned before, hydrogen in the BR 
groups may be partly oxidized into undetectable water; thus, the HCE in 
the BR group was 2.972% lower than that of the SD group at 850 ◦C. The 
CCE curves in Fig. 3(d) increase initially and subsequently decrease 
slightly. In the tests with BR, CCE increased by 23.814% when the 
temperature increased from 650 ◦C to 850 ◦C. Correspondingly, the CCE 
of the three SD groups increased from 37.709% (650 ◦C) to 45.733% 
(850 ◦C). Apparently, BR added as an oxygen carrier increases the CCE 
under all three conditions. The decrease in CCE at 850 ◦C demonstrates 
that the carbon tends to be deposited at the surface of BR, resulting in 
lower carbon conversion efficiency. 

3.5. Effects of mass ratio in the gasification progress 

The effects of the mass ratio of oxygen carriers at 750 ◦C are shown in 
Fig. 4. SD was applied to maintain the same resistance time in section 2. 
When the mass ratio was maintained at 1:2, the generation of small 
molecule gases, such as H2, CH4, CO, and CO2, is promoted. The yields of 
the larger gas molecules (such as C3H6) were inhibited because of 
oxidation by the BR as before. However, when the mass ratio was 
increased to 1:4, the H2 yield decreased to 0.043 Nm3/kg (BR7504), 
which was less than that of SD750; this may be caused by the oxidation 
of the superfluous BR. The output of CO decreased slightly from 0.016 
Nm3/kg (BR7502) to 0.014 Nm3/kg (BR7504) with the addition of BR. 
The production of CH4, C2H6, and C3H6 in BR7504 was almost the same 
as that of BR7502. This reveals that the carbon in heavy products tends 
to metastasize to the gas with a higher oxygen carrier ratio. As for CO2, 
the output increased by 87.460% after doubling the mass ratio. Thus, the 
yields of combustible gas components decline when more oxygen car
riers are applied. Therefore, a proper ratio of BR to PE is crucial for high- 
value conversion. 

Fig. 4(b) is similar to Fig. 4(a), wherein nearly all the proportions of 
gases are reduced after increasing the mass of BR, while the yield of CO2 
increases from 14.338% (BR7502) to 24.934% (BR7504). The rapid 

Fig. 3. Effects of temperature in the gasification process: (a) gas yields; (b) composition of fuel gas; (c) TGP, CGP, and EGP; and (d) LHV, CCE, HCE, and OE (mass 
ratio of plastic to oxygen carrier = 1:2). 
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increase in the output of CO2 and excessive oxidation of combustible gas 
by BR resulted in a decrease in the proportions of other gas components. 
However, the proportions of CH4, C2H4, and C3H6 decreased while their 
yields remained the same. A possible explanation is that the total gas 
output increased, but the yields showed no obvious change. 

As shown in Fig. 4(c), both CGP and EGP decreased with higher BR 
ratios, while TGP increased. The enhancement effect of BR on the gas 
quality of BR7502 was inhibited by BR7504. Notably, the total gas 
output is enhanced by excessive BR because of the formation of CO2. 
Meanwhile, a considerable amount of H2 may be oxidized into water, 
decreasing the proportion of combustible components in the fuel gas. 
Therefore, a higher ratio of oxygen carriers is detrimental to the quality 
and yield of the fuel gas. 

As shown in Fig. 4(d), the LHV decreased from 51.729 MJ/Nm3 

(SD750) to 40.125 (BR7502) and 36.340 MJ/Nm3 (BR7504) because of 
the gradually enhanced oxygen release capacity of BR. This is also the 
reason for the decline in HCE from 65.338% for BR7502 to 63.513% for 
BR7504. The CCE increased from 48.944% under SD750 to 58.589% 
under BR7504, which indicates that more BR can promote the conver
sion of carbon in heavy products to gaseous products. Despite the in
crease in the amount of oxygen in the gas of BR7504, the BR also 
increases. The amount of effective oxygen in the gas increases insignif
icantly compared to twice the oxygen input. Consequently, OE decreases 
from 23.061% to 20.722%. 

Considering the influence of temperature in section 3.2, both higher 
temperature and more BR addition can improve the oxygen release ca
pacity of BR. An overly strong oxygen release capacity does not produce 
more combustible gas but will lead to excessive oxidization of the gas 
product. The degree of reduction in BR itself may also be affected. 
Turning points exist in the temperature and mass ratios; in these ex
periments, the turning point of temperature was 750 ◦C and that of the 
mass ratio was 1:2. 

3.6. Effects of reactor arrangement in the gasification process 

To improve the EGP and reduce the production of CO2, an additional 

reaction section was applied on the basis of the previous system. This is 
intended to facilitate the dry reforming reaction of CO2 and CH4 to 
produce more CO and H2. The influence of the third-stage reactor on the 
fuel gas yield and quality is shown in Fig. 5. Fe2O3 is proven to be an 
effective catalyst for dry reforming reactions at high temperatures 
(900 ◦C)[39]. Therefore, the reactant in the second reactor was also BR, 
and the reaction temperature was set to 900 ◦C. The mass ratio of BR in 
the second tube was 1:1 to prevent excessive oxidation. 

The gas yields in Fig. 5(a) show a significant difference among BR2, 
BR8502, and SD850. For BR2, the H2 content was almost twice that of 
BR8502, reaching 0.257 Nm3/kg. The substantial increase in H2 may be 
caused by the combination of the CO2 reforming reaction and carbon 
deposition at high temperatures. Moreover, the yields of both CO and 
CH4 of BR2 were higher than those of BR8502. As for CH4, the yield 
slightly increased from 0.231 to 0.242 Nm3/kg, which can be attributed 
to the decomposition of macromolecular gases. The yield of CO 
increased from 0.043 Nm3/kg to 0.148 Nm3/kg, but that of CO2 
decreased by 0.004 Nm3/kg. This may have resulted from the reforming 
reactions of CO2 and CH4. For BR2, the yield of C2H4 sharply drops to 
0.010 Nm3/kg, and the production of C2H6, C3H8, and C3H6 decreased 
significantly. This demonstrates that C2 + may be converted into solid 
carbon, CO, and H2. 

As shown in Fig. 5(b), the total yields of H2, CH4, CO, and CO2 were 
98.469%. The proportion of effective syngas (H2, CH4, and CO) accounts 
for 83.960% of the gas product. To eliminate the contained CO2, the gas 
product could be purged with an alkaline solution, and the effective 
syngas ratio would reach 98.201%. Consequently, the quality of the fuel 
gas is impaired by excessive oxidation, which indicates that an inhibitor 
is required to restrain the oxygen release capability of BR and maintain 
the catalytic activity for the dry reforming reaction. 

As shown in Fig. 5(c) and (d), TGP, CGP, and EGP are promoted for 
the third-stage reaction. In particular, the EGP of BR2 increased by 69%. 
In Fig. 5(d), the LHV of BR2 is the lowest, which results from the 
extremely low contents of C2H4, C2H6, C3H8, and C3H6. CCE, HCE, and 
OE in Fig. 5(d) decline for different reasons. The decrease in CCE was 
caused by the carbon deposition in the third stage at 900 ◦C. The lower 

Fig. 4. Effects of mass ratio in the gasification process: (a) gas yields; (b) composition of fuel gas; (c) TGP, CGP, and EGP; and (d) LHV, CCE, HCE, and OE 
(experiment temperature = 750 ◦C). 
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HCE can be interpreted as the oxidation of H2 to water in the third stage. 
Although more oxygen is transferred into the gas production of BR2, the 
amount of lattice oxygen added to the experiment also increases owing 
to the increase in the mass of BR. As the heavy products are condensed 
after the first reactor, only a portion of the products participate in the 
reaction with BR in stage 3. Therefore, the OE of BR2 was lower than 
that of BR7502. 

3.7. Characterization of the materials 

Table 3 presents the N2 adsorption/desorption isotherms of fresh BR 
and Fe2O3. After simple treatment, fresh BR has a larger BET surface 
than Fe2O3, and its pore volume is smaller, which corresponds to the 
stronger oxidation capacity of BR described in section 3.1. This is 
probably because the inert substances contained in BR provide struc
tural support. 

The XRD patterns of the washed, fresh, and used BRs are illustrated 
in Fig. 6. Washed BR represents the BR after pretreatment with deion
ized water, fresh BR indicates that BR has been calcined at 900 ◦C, and 
used BR is derived from BR8504. Compared with washed BR, the phases 
in the fresh BR are reduced, mainly including hematite (Fe2O3), geh
lenite (Ca2Al2SiO7), iron titanium oxide (Fe9TiO15), and aluminosilicate 
(NaAlSiO4), which are no longer detected. After gasification, the Fe2O3 
peak disappeared and was replaced by magnetite (Fe3O4). This indicates 
that oxygen in the BR was not fully utilized in the reaction. However, 
because of the magnetic characteristics of magnetite (Fe3O4), the BR 
after gasification can be obtained by magnetic separation for further 
utilization. The inert matrix, such as Ca2Al2SiO7, is maintained after the 

reaction, provides support for Fe2O3 throughout the process. The reason 
for the absence of lower valence iron may be the insufficient reduction in 
BR. 

Fig. 7 shows the microscopic images of washed, fresh, and used BRs. 
Before calcination, the micro-surface of the BR presents a state of 
random accumulation, wherein flaky and rod-shaped disordered clusters 
with different sizes and shapes gather together. After calcination at 
900 ◦C for 2 h, BR is relatively uniform throughout the whole surface. 
Some small cracks and holes appear on the melted surface. Although 
some blocked or cracked holes are found on the surface of used BR after 
the reaction, the overall structure is still relatively complete. 

4. Conclusion 

The feasibility of converting waste polyethylene into high-quality 
fuel gas using bauxite residue as an oxygen carrier was experimentally 
studied. The main findings are as follows.  

(1) It is an effective way to produce fuel gas through polyethylene 
gasification using bauxite residue as an oxygen carrier. A 
maximum of 0.771 Nm3 of fuel gas was produced per kilogram of 
polyethylene in this study. The lower heating value of the fuel gas 
was 18.245 MJ/Nm3. Under the same conditions, the oxygen 
efficiency of the bauxite residue was more than 100% higher than 
that of Fe2O3.  

(2) Temperature had a significant effect on the reaction activity of 
the bauxite residue. With the increase in temperature from 650 to 
850 ◦C, the total gas production ranged from 0.400 Nm3/kg to 
0.714 Nm3/kg. The lower heating value of the fuel gas decreased 
from 49.466 MJ/Nm3 to 32.972 MJ/Nm3. The oxygen release 
capacity of the bauxite residue was also enhanced. The contents 
of CO and CO2 gradually increased to 0.043 and 0.116 Nm3/kg, 
respectively. At a certain mass ratio, the excessive temperature 
might weaken the promotion effect on gas production and pro
duce a large amount of CO2. 

Fig. 5. Effects of the third-stage reactor in the gasification process: (a) gas yields; (b) composition of fuel gas; (c) TGP, CGP, and EGP; and (d) LHV, CCE, HCE, 
and OE. 

Table 3 
The BET surface area and pore volume of fresh BR and Fe2O3.  

Materials BET surface area (m2/g) Pore volume (cm3/g) 

Fresh BR  4.047 9.670 × 10-3 

Fe2O3  3.721 10.720 × 10-3  
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Fig. 6. XRD patterns of washed BR, fresh BR, and used BR.  

Fig. 7. SEM images of (a) washed BR, (b) fresh BR, and (c) used BR.  
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(3) With the increasing mass ratio, bauxite residue initially promoted 
and subsequently inhibited the gas products. Excessive bauxite 
residue would not only lead to the full oxidation of gas products 
but would also reduce the utilization efficiency of oxygen in the 
bauxite residue. A mass ratio of 1:2 at 750 ◦C yielded the highest 
combustible gas production (0.531 Nm3/kg).  

(4) The effective syngas production of BR2 increased by nearly 70%, 
from 0.383 to 0.647 Nm3/kg of BR8502. Synchronously, gas 
products with a proportion of 83.960% for effective syngas (H2, 
CH4, and CO) were also collected in the third-stage method.  

(5) After the reaction, some iron in the bauxite residue was converted 
into Fe3O4, which could contribute to Fe recovery through 
magnetic separation. 
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