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A B S T R A C T

The production of hydrogen and syngas (H2/CO) from waste tires by pyrolysis catalytic steam reforming was 
investigated in a two-stage fixed bed reactor. In this study, tire char served as a sacrificial catalyst, facilitating the 
combination of catalytic steam reforming and char steam gasification reactions. The tire char acted as both a 
catalyst and a gasification reactant, enhancing the gas product yield. The process parameters investigated were, a 
reforming temperature range of 700–1000 ◦C, steam space velocity between 2 and 12 g h− 1 g− 1

char and reaction 
times of 0.5–2 h. The influence of the parameters on the yield and composition of the product gases and the 
characteristics of the used catalyst were analyzed in detail. The results indicated that higher temperature and 
steam space velocity increased H2 and CO yields in the presence of a tire char catalyst. Elemental analysis of the 
used tire char, surface morphology and pore structure provided insights into the extent of tire char consumption 
in the reaction. Prolonged reaction time allowed for more thorough reactions between the pyrolysis volatiles and 
tire char, promoting the production of H2. At a reaction time of 2 h, the H2 yield reached 223 mmol g− 1, rep-
resenting 74 wt% of the maximum hydrogen yield.

1. Introduction

With the rapid increase in global automobile production and usage, 
the large-scale generation of waste tires has become an undeniable 
environmental issue. It is estimated that about 3,000,000,000 tires are 
produced worldwide each year, these tires will eventually end up as 
waste tires which require management, treatment and disposal [1]. The 
options for the management of waste tires, include waste landfill, 
combustion in cement kilns, use in civil engineering applications and 
recycling to low quality products such as playground and sports surfaces 
[2]. However, there is interest in recovering the inherent resource of 
waste tires using pyrolysis technology which produces a char, oil and gas 
product [3–6]. The product distribution from the pyrolysis of tires is 
about 5 wt% gas, 58 wt% oil and 37 wt% char at 500 ◦C [3]. Pyrolysis 
gas is mainly composed of H2, CO, CO2 and CH4, and has a high calorific 
value and can not only provide energy for the pyrolysis process itself but 
also can be used as fuel for gas turbines or internal combustion engines 
[7]. Tire pyrolysis oil is a high-energy-density liquid fuel that can be 
used as an alternative fuel for boilers or can be further refined into light 
oil products for use in vehicles or industrial equipment [5]. Gao et al. [1] 
have reviewed the various treatment options for tire pyrolysis char that 

have been investigated as routes to produce higher value products. Such 
options include, for example, the production of high surface area acti-
vated carbons through physical and chemical activation, the use of tire 
char as battery materials, recovery and use of carbon black and the use 
of tire char as a catalyst.

Due to the variable quality and high processing cost of pyrolysis oil, 
its market prospects are unclear. With the wide promotion of clean en-
ergy, the production and application of pyrolysis gas with clean energy 
properties will be expected to occupy a significant market share. To 
promote the clean and efficient use of energy, the research focus is 
gradually shifting to the production and optimization of high-quality 
pyrolysis gases. Some studies [8–11] have investigated the synergies 
between waste tires and biomass through co-pyrolysis to improve the 
quality of syngas. There have been reports on the further processing of 
the pyrolysis volatile oils and gases to produce hydrogen and syngas 
(H2/CO) through catalytic steam reforming at catalyst temperatures of 
700–900 ◦C [12–14]. For example, Elbaba et al. [13,14] used a two- 
stage pyrolysis-catalytic steam reforming process to produce a 
hydrogen-rich syngas from waste tires using nickel-based catalysts. 
Conventional metal catalysts such as Ni-based catalysts [15–17], Cu/ 
zeolites [18,19], and Fe/Al2O3 [20,21] have been commonly used in 
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pyrolysis catalytic steam reforming of waste tires. However, these cat-
alysts were vulnerable to being deactivated by coke formation on the 
catalyst.

Some studies have proposed using pyrolysis char as a cost-effective 
and alternative catalyst. Research on the catalytic steam reforming of 
biomass pyrolysis volatiles has demonstrated that inherent alkali and 
alkaline earth metals in biochar exhibited tar-cracking activity, with 
additional metals further enhancing catalytic activity [22–26]. In 
addition, coal char was also used as a catalyst and catalyst support. 
Wang et al. [27] pointed out that coal char was an effective and inex-
pensive support for NiO to remove tar and purify syngas in biomass 
gasification. Given this, tire char has been explored as a catalyst in py-
rolysis catalytic steam reforming of waste plastics and biomass [28–31]. 
Inorganic substances like Zn, Ca, Fe, and K present in tire char were 
important for syngas composition and tar cracking during the steam 
reforming process, as removing these metals resulted in a decrease in 
hydrogen yield under the same experimental conditions.

Using char as a sacrificial catalyst, whereby, the carbonaceous char 
becomes gasified during the steam reforming process has been proposed, 
in that the steam gasification of the char adds to the production of H2 
and CO [29,31]. For example, Al-Rahbi et al. [31] used a sacrificial tire 
char catalyst in the pyrolysis-catalytic steam reforming of biomass to 
increase the yield of hydrogen-rich syngas. Li et al. [29] also processed 
waste plastic pyrolysis volatiles using a tire char catalyst. Separate 
studies [32,33] on steam gasification of tire char have shown its po-
tential for hydrogen production. For example, Lopez et al. [34], inves-
tigated the steam/oxygen gasification of granulated scrap tire char at 
1000 ◦C and reported the hydrogen yield in the gasification products of 
different tire chars could reach 32–38 mmol g− 1. Therefore, simulta-
neous catalytic reforming and steam gasification could significantly 
enhance gas yield. A further negative issue for the use of tire char as a 
catalyst is that tires contain a small amount of sulfur, which is used in 
tire manufacture and during the pyrolysis process, this sulfur can be 
released in the form of H2S, SOx [35]. These sulfides react with the 
catalyst metal to form metal sulfides, resulting in catalyst sulfur 
poisoning [36]. Xie et al. [37], pointed out that during steam reforming 
of liquid hydrocarbons, the presence of sulfur inducted more serious 
carbon deposition on the Ni catalyst surface. The role of sulfur in this 
work was not investigated, but is a topic for future work, since both tire 
pyrolysis and tire char gasification will release sulfur species into the 
product gas.

While the use of metal catalysts in catalytic steam reforming of waste 
tires has shown promise for syngas production, and significant progress 
has been made in studying the steam gasification of tire char, the use of 
tire char as a catalyst in catalytic pyrolysis of waste tires remains un-
explored. In addition, the effects of reforming temperature, steam space 
velocity and reaction time on the production of H2-rich syngas from 
waste tires processing in a two-stage reactor have not been systemati-
cally investigated. Hence, introducing catalytic gasification (using char 
with catalytic properties as a catalyst) into pyrolysis catalytic steam 
reforming of waste tires is proposed.

In this study, the effect of process parameters on product yield and 
properties was studied to optimize the reforming process and maximize 
the utilization of waste tire resources. Tire char derived from the py-
rolysis of tires at 800 ◦C under a nitrogen atmosphere was used. Tire 
char steam gasification and pyrolysis catalytic steam reforming of waste 
tires were conducted at a range of temperatures (700, 800, 900 and 
1000 ◦C), steam space velocities (2, 4, 6, 8, 10 and 12 g h− 1 g− 1

char) and 
residence times (0.5,1 and 2 h). The reactivity between steam and tire 
char was assessed, and the effects of process parameters on gas yield, gas 
composition and the characteristics of the char catalyst were 
investigated.

2. Materials and methods

2.1. Materials

Waste truck tires were processed into ~5 mm particles by removing 
the steel components and then shredding and sieving. Multiple pyrolysis 
experiments (at 800 ◦C under a N2 atmosphere) were conducted to 
produce sufficient tire char for subsequent experiments. The results 
indicated that the average yield of tire char was 36.50 wt%, pyrolysis oil 
was 55.50 wt%, and the yield of pyrolysis gas was 7.70 wt%, with a low 
standard relative deviation, demonstrating excellent repeatability.

The ultimate analysis and proximate analysis of the feedstock tire 
and produced tire char are shown in Table 1. Tires contain a high 
number of volatiles, which are released in an inert atmosphere under 
high-temperature conditions and converted into gases and liquids, 
thereby reducing the volatiles in the tire char. However, certain sub-
stances were difficult to decompose fully, resulting in residual high 
molecular weight volatiles in the tire char of 4.89 wt%. During the py-
rolysis process, the mass of ash remained constant, with an increase in 
concentration occurring as a consequence of the volatile mass loss.

2.2. Experimental setup and procedure

The pyrolysis catalytic steam reforming of waste tire utilizing the 
derived tire char as the catalyst was conducted in a two-stage fixed-bed 
reactor (constructed of stainless steel). The two-stage reactors were 
externally heated by a controlled 1.5 kW electrical furnace. A schematic 
of the experimental setup is provided in Fig. 1. The reaction system 
consisted of a gas supply unit, a pyrolysis reactor, three-stage con-
densers, and a gas collection and analysis unit. The gas supply unit 
provided nitrogen and steam to the reactor. To ensure the proper posi-
tion of the tire char within the catalytic reactor, a porous mesh was 
positioned centrally in the catalytic reactor, with quartz wool placed on 
top of the mesh to support the tire char catalyst. A continuous nitrogen 
flow rate of 100 ml min− 1 was maintained to purge the product gases 
through the reactor and condenser system. Once the desired tempera-
ture (700 ◦C, 800 ◦C, 900 ◦C or 1000 ◦C) of second stage was reached and 
stabilized, the tire feedstock in the first stage pyrolysis reactor was 
heated from room temperature to 600 ◦C at a heating rate of 20 ◦C 
min− 1. The volatile products from pyrolysis were consequently passed 
into the catalytic steam reforming reactor for the reforming of the 
evolved mixture of hydrocarbon volatiles. Validation of the experi-
mental reactor system demonstrated excellent repeatability over several 
repeat experiments, resulting in a standard deviation for the yields of gas 
of 1.34 wt%, for liquid of 0.93 wt% and for char of 0.02 wt%. The mass 
balance closure was ~100 wt% with a standard deviation of 1.19 wt%. 
For the char steam gasification, only the second stage (Fig. 1) was used 
as the gasification reactor, while the first stage pyrolysis reactor was 
kept empty. The experimental conditions were kept the same as the 
pyrolysis catalytic steam reforming process. The experimental design 
and conditions in this study are listed in Table 2.

2.3. Product analysis and characterization

Off-line gas chromatography (GC) (Varian CP-8380 instruments) was 
used to analyze the gas products. The hydrocarbons were carried by 
nitrogen purge gas into the column to be separated and detected by a 
flame ionization detector (FID), while permanent gases were carried by 
argon and detected by a thermal conductivity detector (TCD). Each gas 
was analyzed in triplicate, and the relative standard deviation was 
minimal, indicating an excellent repeatability. The gas yield was 
calculated based on molar percentage content using following equa-
tions: 

Vtotal gas =
FN2 × T

CN2

(1) 
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Vgas = Vtotal gas ×Cgas (2) 

Ygas
(
mmol g− 1

tire
)
=

Vgas × Mgas

22.4 × Mtire
(3) 

Ygas
(
mmol g− 1

char
)
=

Vgas × Mgas

22.4 × Mchar
(4) 

where Vtotal gas is the total gas collected, FN2 is the nitrogen flowrate, T is 
the gas collection time, CN2 is the nitrogen concentration, Vgas is the 
volume of each gas, Cgas is the concentration of each gas, Mgas is the mole 
of each gas, Mtire is the tire mass, Mchar is the tire char mass. Eq. (3) was 
used to calculate the gas yield based on the tire only in the pyrolysis 
catalytic steam reforming of waste tire, and Eq. (4) was used to calculate 
the gas yield from tire char steam gasification.

The efficiency of the steam reforming process was evaluated by 
comparing experimental H2 yield to theoretical H2 yield, calculated by 
Eq. (5). Based on the theoretical H2 yield concept in the pyrolysis cat-
alytic process proposed by Czernik and French [38], the theoretical H2 
yield from the tire and tire char were calculated as 162.46 mmol g− 1 and 
136.12 mmol g− 1, respectively. 

H2 potential (%) =
Experimental H2 yield
Theoretical H2 yield

(5) 

Carbon conversion represents the release of carbon from the tire 
char, and the formula is as follows: 

C conversion =
mass of C in tire char − mass of C in tire char

mass of C in tire char
(6) 

The ultimate analysis of feedstocks, fresh and used char materials 
was conducted using a Flash EA2000 elemental analyzer. The proximate 
analysis was carried out with a Mettler Toledo thermogravimetric 
analyzer (TGA). Inorganic elements in tire and tire char were analyzed 
with a Varian Fast Sequential Atomic Absorption Spectrophotometer 
(AAS). The porosity of char catalysts was examined by a Micrometrics 
Tristar 3000 instrument, with surface area calculated from nitrogen 
adsorption-desorption isotherms based on the Brunauer-Emmet-Teller 
(BET) method. The surface morphology and structure of char catalysts 
were characterized using a Hitachi SU8230 scanning electron micro-
scope (SEM) at magnifications of 5000× and 30,000×. In addition, 
initial experiments assessing the steam reactivity of the tire char 
involved a thermogravimetric analyzer (Netzsch STA 449, F3, Jupiter 
TGA) supplied with steam.

3. Results and discussion

It has been shown previously that the gas composition from pyrolysis 
consists of H2, CO, CO2, H2S and hydrocarbons such as CH4, C2H4, C2H6, 
C3H6, C3H8, C4H8 and C4H6 [3,39]. Tire pyrolysis oil composition is a 
complex mixture of aliphatic, single ring aromatic, polycyclic aromatic 
hydrocarbons and cyclohydrocarbons in addition to heteroatomic hy-
drocarbons such as oxygen, nitrogen and sulfur containing species. 
Williams [3] lists more than 100 identified hydrocarbon species detec-
ted in tire pyrolysis oils. This complex mixture of volatile oils and gas 
components will all enter the catalytic steam reforming reactor and be 
reformed to produce H2 and CO.

The pyrolysis catalytic steam reforming process involves a series of 
complex and competing reactions [31,40,41], as summarized in Table 3. 

Table 1 
Ultimate analysis and proximate analysis of tire and tire char.

Sample Proximate analysis (wt%) Ultimate analysis (wt%)

Moisture Volatiles Fixed carbon Ash C H N S O

Tire 0.95 66.99 27.61 4.62 78.35 7.08 0.44 2.54 5.63
Tire char 0.70 4.89 79.76 14.72 79.02 0.66 0.29 3.46 5.57

Fig. 1. Schematic diagram of the experimental system.

Table 2 
Experimental design and conditions.

Char steam gasification

Gasification 
temperature (◦C)

Steam space 
velocity (g h− 1 

g− 1
char)

Reaction 
time (h)

Effect of gasification 
temperature 700, 800, 900, 1000 10 1

Effect of steam space 
velocity 1000 2, 4, 6, 8, 10, 12 1

Effect of reaction 
time

1000 10 0.5, 1, 2

Pyrolysis catalytic steam reforming

Pyrolysis 
temperature 
(◦C)

Reforming 
temperature 
(◦C)

Steam space 
velocity (g 
h− 1 g− 1

char)

Reaction 
time (h)

Effect of 
reforming 
temperature

600
700, 800, 900, 
1000

10 1

Effect of steam 
space 
velocity

600 1000 2, 4, 6, 8, 
10, 12

1

Effect of 
reaction time

600 1000 10 0.5, 1, 2
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These reactions are influenced by experimental conditions (such as 
reforming temperature, steam space velocity, residence time, etc.), 
which affect the gas products. The effects of different parameters were 
analyzed in the following sections.

3.1. Inorganic element composition and steam reactivity of char catalysts

The inorganic elements in tire char were characterized using AAS 
and are shown in Fig. 2(a). The analysis reveals that tire char contains a 
significant amount of Zn, along with other metals such as Fe, Ca. These 
elements have been shown to act as active phases or promoters in the 
steam reforming and char steam gasification process. For example, in the 
catalytic steam reforming of biomass volatiles, the introduction of Zn 
into a Fe/Al2O3 catalyst was shown to enhance the hydrogen yield, as Zn 
has been recognized to be an effective metal promoter in improving the 
performance of Fe active sites [42].

The results in terms of the steam reactivity of the tire char catalysts at 
various temperatures are presented in Fig. 2. From Fig. 2(b), it can be 
observed that as the temperature increased from 800 ◦C to 1000 ◦C 
within the first 12 mins, the sample mass decreased by about 6 wt%. This 
reduction may be attributed to releasing residual higher molecular 
weight volatiles in the tire char at higher temperatures. Miguel et al. 
[43] also noted that while tire pyrolysis was complete at 500 ◦C, the 
carbon yield slightly decreased when the temperature was further raised 
to 1000 ◦C. Fig. 2(b) further illustrates that at 800 ◦C, the mass of the 
sample gradually decreased at a rate of 0.16 wt% min− 1. However, at 
1000 ◦C, the sample mass decreased sharply with a decomposition rate 
of 8.33 wt% min− 1. This indicated that tire char and steam exhibit 
higher reactivity at higher temperatures, because higher temperatures 

provide steam molecules with more energy to collide and react with 
carbon solid surfaces. Preciado-Hernandez et al. [44] also found that tire 
char steam gasification between 750 ◦C and 1050 ◦C increasing carbon 
conversion and gas-solid reaction rates.

3.2. Effect of reforming temperature

3.2.1. Effect of reforming temperature on gas products
Large molecular compounds (such as long-chain hydrocarbons, 

oxygenated compounds, etc.) are subjected to cracking or reforming 
reactions to generate smaller molecules such as gases and light oils in the 
pyrolysis catalytic steam reforming process [40,45]. These reactions are 
heavily influenced by the catalyst temperature. Four different reforming 
temperatures (700 ◦C, 800 ◦C, 900 ◦C, and 1000 ◦C) were investigated to 
study the effect of reforming temperature on the reforming reaction and 
the properties of the products. The steam input was set at 10 g h− 1 g− 1

char, 
and the reaction time was fixed at 1 h.

Fig. 3(a) shows the hydrogen yield from two processes: tire char 
steam gasification and catalytic steam reforming of waste tires pyrolysis 
volatiles, across different reforming temperatures. The term “tire 
contribution” refers to the proportion of the gas yield from the steam 
reforming of tire pyrolysis volatiles relative to the total gas yield. To 
examine the impact of steam gasification on the pyrolysis catalytic 
process, a separate experiment of tire char steam gasification was con-
ducted. As shown in Fig. 3(a), hydrogen produced from both processes 
increased with temperature, reaching 100 and 151 mmol g− 1 respec-
tively at 1000 ◦C. This is because reactions (R2-R7) are endothermic, 
and the rise in temperature promotes these reactions, thereby increasing 
hydrogen production. Zhai et al. [46] have shown that the temperature 
increase provided sufficient energy for steam molecules to overcome the 
activation energy, facilitating their reaction with carbon and hydro-
carbons. Moreover, at high temperatures, the steam diffusion rate 
increased, thereby boosting the reaction rate. To demonstrate the cat-
alytic effect of metals in tire char, a separate experiment was conducted 
using pure carbon with a similar specific surface area to that of the char 
catalyst in the second stage was conducted under the same experimental 
conditions. The hydrogen yield was 139 mmol g− 1, at a reforming 
temperature of 1000 ◦C which was lower than the hydrogen yield when 
tire char was used as the catalyst (151 mmol g− 1), indicating that the 
metals in the tire char promoted the steam reforming reaction and 
increased the hydrogen yield. The hydrogen yield contributed by waste 
tire pyrolysis volatiles also increased with reforming temperature, 
reaching 33.4 % of the total hydrogen yield at 1000 ◦C.

Fig. 3(b) shows the CO yield from tire char steam gasification and 
pyrolysis catalytic steam reforming experiments. At temperatures of 
700 ◦C and 800 ◦C, tire char steam gasification was the dominant 

Table 3 
Main reactions in the pyrolysis catalytic steam reforming process.

Name of reaction Reactions Number

Tire decomposition Tire→Char+ Tar+
Gaeous (H2,CO,CO2,CH4,CnHm)

R1

Methane reforming CH4 + H2O→CO+ 3H2 R2

Hydrocarbon reforming CnHm + nH2O→nCO+
[
n +

(m
2

) ]
H2 R3

CnHm + 2nH2O→nCO2 + (2n + m)H2 R4

Char gasification
C+ H2O→CO+ H2 R5
C+ 2H2O→CO2 + 2H2 R6

Water gas shift reaction CO+ H2O→CO2 + H2 R7
Boudouard reaction C+ CO2→2CO R8

Reactions of metal 
compounds

ZnS+ H2O→ZnO+ H2S R9
ZnS+ 3H2O→ZnO+ SO2 + 3H2 R10
ZnO+ C→CO+ Zn R11
Fe3O4 + C→3FeO+ CO R12
FeO+ C→Fe+ CO R13

Fig. 2. (a) Inorganic element composition and (b) steam reactivity of tire char at different temperatures.
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process, and no CO was produced. However, at 800 ◦C, CO was detected 
in the pyrolysis catalytic process, possibly due to the steam reforming of 
tire pyrolysis volatiles (R2 and R3). At temperatures of 900 ◦C and 
1000 ◦C, the CO yield from steam reforming of waste tires pyrolysis 
volatiles accounted for approximately 46.5 % of the total CO yield. Hu 
et al. [45] used activated carbon supported Fe/Ni catalyst to conduct 
pyrolysis catalytic experiments on pine wood, and they pointed out that 
the presence of the Boudouard reaction initiated CO2 reduction and 
increased formation of CO at temperatures above 900 ◦C.

Fig. 3(c) shows the gas composition from both processes. When the 
temperature increased from 700 ◦C to 800 ◦C, the concentration of CO2 
increased from 16.1 % to 21 %. This rise was attributed to the tire char 
steam gasification (R6), which generated a significant amount of CO2. As 
the temperature continued to rise, the Boudouard reaction (R8) became 
the dominant reaction, consuming the CO2 produced and producing CO, 
which also explained the increase in CO concentration. Additionally, as 
the temperature rose from 700 to 1000 ◦C, the concentrations of CH4 and 
CnHm decreased from 11.9 % to 2.5 % and 10.2 % to 0 %, respectively. 
Higher reforming temperature facilitated hydrocarbons reforming re-
actions (such as reactions R2-R4), and the resulting CO2 was involved in 
the Boudouard reaction to produce CO with the sacrificial char catalyst. 
The H2/CO molar ratio, crucial for syngas applications, is depicted in 
Fig. 3(d). At lower temperatures (700 ◦C and 800 ◦C), the minimal 
consumption of tire char resulted in a very high H2/CO molar ratio. 
However, by 900 ◦C, the start of Boudouard reaction and a potential 
reduction in the water-gas shift reaction (R7) caused the H2/CO molar 

ratio to drop sharply to approximately 2.3. Additionally, the intensifi-
cation of the metal oxide reduction reaction (R11-R13) contributed to 
this decline. Hu et al. [45] pointed out that high temperatures facilitated 
the reaction between iron oxide and activated carbon support, thereby 
increasing the CO yield. Increasing the reforming temperature enhanced 
hydrogen potential, exceeding 50 % at 1000 ◦C. This suggested that high 
temperatures can more efficiently convert the hydrogen element in the 
feedstock into H2.

3.2.2. Effect of reforming temperature on char characteristics
As a sacrificial catalyst, the tire char catalyst played dual roles in 

catalytic reforming. Firstly, its rich metal content facilitated the 
reforming of hydrocarbons. Secondly, it participated in char steam 
gasification and the Boudouard reaction as a reactant. Analyzing the 
transformation of char catalyst before and after the experiment can help 
to understand its function in the process. The changes of C and H ele-
ments, pore structure, and surface morphology of tire char recovered at 
different reforming temperatures were investigated.

Table 4 presents the C and H elements in tire char recovered at 
different reforming temperatures, along with carbon conversion and ash 
content. At 1000 ◦C, the ultimate analysis and BET surface area tests 
were not conducted because most of the tire char was consumed. The 
table shows that the content of carbon in tire char recovered was initially 
high but decreased as the reforming temperature was increased. Simi-
larly, the content of hydrogen was low and also decreased with the 
increasing reforming temperature. This suggests that hydrogen in the 

Fig. 3. Influence of reforming temperature on (a) H2 yield, (b) CO yield, (c) gas composition and (d) H2/CO molar ratio and H2 potential.
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gas product was mainly generated from the reaction of carbon with 
steam and, to a lesser extent, from the hydrogen in the tire char [47]. At 
700 ◦C, 10.29 wt% of the carbon was consumed, and as the temperature 
increased to 900 ◦C, more carbon was converted into gas. The rise in 
reforming temperature intensified the conversion of carbon into gas, 
consequently increasing the ash content, which heightened the proba-
bility of pyrolysis volatiles binding to the active sites. The study by 
Spiewak [32] also demonstrated a significant increase in carbon con-
version when the temperature rose from 800 to 900 ◦C. During the steam 
reforming process, the ash content participated in the catalytic reactions 
and proved difficult to consume, so the increase in ash share in the tire 
char came at the expense of the carbon share.

To further explore the impact of reforming temperature on the pore 
structure of the char catalysts, the specific surface area, pore volume and 
pore diameter of char catalysts recovered at different reforming tem-
peratures are summarized in Table 5. In our previous study [28], the 
specific surface area of tire char obtained after carbonization at 800 ◦C 
was 79 m2/g. After steam reforming at 700 ◦C, the specific surface area 
exhibited negligible change, suggesting a low reactivity between tire 
char and steam at this temperature, which was also reflected in Fig. 2. 
However, with the reforming temperature increasing to 900 ◦C, the total 
specific surface area increased sixfold, reaching 497 m2/g. Lopez et al. 
[33] also noted that higher temperatures enhanced the reactivity of 
carbon and steam, with the BET specific surface area of tire char after 
steam activated reaching ~500 m2 g− 1 at 900 ◦C. This phenomenon is 
mainly due to the accelerated diffusion rate of steam and gas products 
with rising temperatures, intensifying the carbon steam reaction. 
Consequently, a large amount of gas was released from the inside of the 
tire char, leading to the formation of cracks and increase in the specific 
surface area. In addition, CO2 produced during the pyrolysis catalytic 
process contributes to developing pore structure. Molina-Sabio et al. 
[48] showed that CO2 favored the formation of micropores during 
activation, while steam promoted the expansion of micropores. The 
increased specific surface area of micropores implied that more micro-
pore structures were formed with increasing temperature, thus reducing 
the average pore diameter. Simultaneously, the total pore volume 

experienced an increase in temperature due to the generation of new 
pores and the expansion of existing ones. Zhang et al. [49] also pointed 
out that after tar reforming, the surface area and pore volume for all char 
catalysts increased to some extent. These changes in pore structure 
indicated that at high temperatures, the pore structure of the tire char 
catalyst would gradually become intricate, which increased the contact 
area for the pyrolysis volatiles and was conducive to the catalytic 
reaction.

The nitrogen adsorption and desorption isotherms, along with the 
pore size distributions of tire char recovered at different reforming 
temperatures, are shown in Fig. 4. As observed in Fig. 4(a), the 
adsorption and desorption isotherms of both tire char and tire char 
recovered at three temperatures all presented type IV curves [50], which 
is a characteristic of mesoporous materials. At low relative pressure (P/ 
P0 < 0.1), nitrogen adsorption increased rapidly, with tire char recov-
ered at 900 ◦C showing significantly higher nitrogen adsorption than 
that at the other two temperatures, indicating a rich micropore struc-
ture, as reflected in the specific surface area of micropores (Table 5). 
Hysteresis loops occurred at moderate relative pressures. As the relative 
pressure approached 1, the nitrogen adsorption of all used tire char 
surged sharply, indicating the existence of mesopores (>20 nm) or 
macropores [51]. Fig. 4(b) illustrates the pore size distribution of both 
fresh and used tire char. It was evident that the pore size ranged between 
2 and 100 nm, and the most prevalent size fell at 2–5 nm and 20–50 nm. 
This suggests that the pore size distribution experienced only slight 
changes after reforming reaction. Used tire char at 900 ◦C exhibited a 
notably more abundant pore structure in the 2–5 nm range compared to 
the other used tire chars, accompanied by a significant reduction in the 
average pore size, which was consistent with the results in Table 5. 
Zhang et al. [52] pointed out that the pore size of tire char after reacting 
with steam ranged from 0 to 102 nm, with a similar pore size distribu-
tion observed between 750 and 950 ◦C. However, a transition to larger 
pore sizes occurred with a continued rise in temperature to 1050 ◦C.

To further understand the evolution of the tire char surface 
morphology during the steam reforming process, SEM analysis was used. 
The corresponding images are shown in Fig. 5. In Fig. 5(a) the tire char 
surface at 5000× magnification reveals some raised granular structures. 
When the magnification was further increased to the nanometer scale 
(Fig. 5(b)), it became evident that these granular structures on the tire 
char surface were composed of spherical nanoparticles with relatively 
uniform size, and the size distribution of these nanoparticles was about 
100–300 nm. In addition, the carbon steam reaction created surface 
defects in the tire char, resulting in the formation of noticeably larger 
pores. In comparison, the used tire char displayed a narrower particle 
size distribution and significantly smaller particle sizes, about 100 nm, 
indicating that the sample became more fully in contact with the py-
rolysis volatiles during the reforming stage. As carbon reacted with 
steam, gases such as H2, CO, and CO2 were formed, which further 
affected the pore structure. This reaction likely contributed to the 
improved specific surface area and pore volume of the used tire char, as 
verified in the previous nitrogen adsorption-desorption experiment.

3.3. Effect of steam space velocity

3.3.1. Effect of steam space velocity on gas products
Fig. 6 presents the product yields and properties from tire char steam 

gasification and pyrolysis catalytic steam reforming experiments under 
varying steam space velocity. As shown in Fig. 6(a), increasing the steam 
input significantly enhanced the hydrogen yield from tire char steam 
gasification. As the steam input rose from 2 to 6 g h− 1 g− 1

char, the H2 yield 
experienced a rapid increase, rising from 26 to 80 mmol g− 1. Subse-
quently, with further increases in steam space velocity, the hydrogen 
yields gradually rose, eventually reaching 101 mmol g− 1 at 10 g h− 1 

g− 1
char. However, beyond this point, the hydrogen yields stabilized. This is 

because steam was required in the initial reaction stages between carbon 
and steam. Zhai et al. [46] observed a similar trend in rice husk char 

Table 4 
Content of C, H elements, carbon conversion, and ash content of fresh and used 
tire char at different temperatures.

Sample C (wt 
%)

H 
(wt 
%)

C 
conversion 
(%)

Char 
recovered 
(wt%)

Ash 
content 
(wt%)

Tire char 79.02 0.66 14.72
Tire char 

recovered at 
700 ◦C

70.89 0.34 10.29 98 21.25

Tire char 
recovered at 
800 ◦C

69.06 0.3 12.60 96 21.36

Tire char 
recovered at 
900 ◦C

65.39 0.25 17.25 78 27.63

Table 5 
The pore properties of fresh and used tire char at different temperatures.

Sample Surface 
area  

(m2 g− 1)

Micropore 
surface area 
(m2 g− 1)

Pore 
volume 
(cm3/g)

Average 
pore size 
(nm)

Tire char 79.07 9.25 0.45 22.75
Tire char recovered 

at 700 ◦C
80.77 14.43 0.58 22.63

Tire char recovered 
at 800 ◦C

170.47 88.33 0.61 11.76

Tire char recovered 
at 900 ◦C

497.01 136.38 0.76 6.10
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steam gasification, noting that excess steam beyond a certain point had 
little impact on carbon conversion and hydrogen generation. The 
hydrogen yield from the pyrolysis catalytic process followed a similar 
trend, with the hydrogen yield reaching about 152 mmol g− 1 at 10 g h− 1 

g− 1
char. As the steam space velocity increased, the proportion of hydrogen 

contributed by tires rose rapidly before gradually declining, indicating 
that while increased steam space velocity can promote the steam 

reforming reactions, excessive steam had a minimal impact on further 
improving the reforming reaction.

As seen in Fig. 6(b), increasing the steam space velocity from 2 to 4 g 
h− 1 g− 1

char led to a rapid initial increase in the CO yield from the tire char 
steam gasification, followed by a slower growth rate with further in-
crease in steam. This phenomenon arises because at lower steam space 
velocity, char gasification (R5) required steam to convert into CO, 

Fig. 4. (a) N2 adsorption and desorption isotherm of fresh and used tire char and (b) pore size distribution at different temperatures.

Fig. 5. SEM image of fresh and used tire char (a) tire char at a magnification of 5000, (b) tire char at a magnification of 30,000, (c) used tire char at 900 ◦C at a 
magnification of 5000 and (d) used tire char at 900 ◦C at a magnification of 30,000.
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whereas, at sufficient steam levels, the reaction (R5 and R7) reached 
equilibrium, stabilizing the formed CO. In the pyrolysis catalytic steam 
reforming experiment, when the steam input reached 8 g h− 1 g− 1

char, the 
CO yield showed a slight downward trend, likely due to the promotion of 
reaction (R7). Furthermore, the proportion of CO contributed by tires 
gradually declined with increasing steam input, indicating the correla-
tion between steam input and the catalytic impact of tire char catalyst.

At 1000 ◦C, the gas product from the pyrolysis catalytic experiment 
primarily comprised H2, CO, and CO2, and a small amount of CH4. The 
gas composition under various steam input is shown in Fig. 6(c). As the 
steam space velocity increased from 2 to 12 g h− 1 g− 1

char, the hydrogen 
concentration increased from 41 vol% to 58 vol%, while the CO con-
centration demonstrated a declining trend, decreasing from 40 vol% to 
27 vol%. Moreover, with increasing steam space velocity, the total gas 
yield increased, whereas the CO yield remained relatively stable, 
resulting in a decrease in CO concentration. The CO2 concentration 
exhibited a slight increase as the steam input was increased from 4 to 12 
g h− 1 g− 1

char, attributed to excessive steam space velocity promoting the 
water-gas shift reaction. Our previous study [53] on pyrolysis catalytic 
steam reforming of plastics using biochar as catalysts also showed that 
CO2 concentration increased with the steam input increasing from 4 to 
12 g h− 1 g− 1

char. Additionally, the increase in steam space velocity led to a 
drop in CH4 concentration from 4.5 vol% to approximately 2.5 vol%.

Fig. 6(d) shows the H2/CO molar ratio and hydrogen potential from 
the pyrolysis catalytic steam reforming experiments at various steam 
space velocity. As the steam input was increased from 2 to 12 g h− 1 g− 1

char, 
the H2/CO molar ratio increased from 1 to approximately 2.13, indi-
cating that steam can regulate the quality of the syngas. This is impor-
tant, since different H2/CO molar ratios are required for different end- 
use applications of the product syngas. For example, an ideal H2/CO 
molar ratio for synthesis of liquid fuels is 1.7–2.2, aldehydes production 
via hydroformylation requires a H2/CO ratio of 1:1 and for methanol 

production, a ratio between 1.5 and 2 is used. The increase in steam 
input promoted both H2 and CO yields. The water-gas shift reaction was 
also promoted under the catalytic effect of tire char, thus increasing the 
H2/CO molar ratio. Zhang et al. [54] showed that metallic elements in 
biochar (especially alkali and alkaline earth metals) can promote the 
absorption of steam on catalysts and the water gas shift reaction. Based 
on the ash composition of tire char, tire char contains Zn, Fe, Ca, Cu and 
other elements, which also have catalytic effects [29]. The hydrogen 
potential showed the same trend, with the hydrogen yield reaching 53 % 
of the total hydrogen yield at 12 g h− 1 g− 1

char. The increased steam space 
velocity provided a large number of hydrogen radicals for the catalytic 
process, which freely combined with the hydrogen radicals generated by 
the dehydrogenation of hydrocarbons, thus producing more hydrogen.

3.3.2. Effect of steam space velocity on char catalysts
The change in C, H elements, carbon conversion, and ash content of 

the used tire char catalyst at various steam input is summarized in 
Table 6. At 6 g h− 1 g− 1

char, about 40 wt% of the carbon reacted with the 
steam, resulting in the carbon content in the used tire char falling to 
47.53 wt%. This phenomenon also explained the rapid increase in 
hydrogen production when the steam input ranged from 2 to 6 g h− 1 

g− 1
char. The H content also decreased with the rise of steam input, being 

Fig. 6. Influence of steam space velocity on (a) H2 yield, (b) CO yield, (c) gas composition and (d) H2/CO molar ratio and H2 potential.

Table 6 
The change of C, H elements, carbon conversion, and ash content of used tire 
char at various steam input.

Steam space 
velocity 
(g h− 1 g− 1

char)

C 
(wt 
%)

H 
(wt 
%)

C 
conversion 
(%)

Char 
recovered 
(wt%)

Ash 
content 
(wt%)

2 76.75 0.23 2.87 71 21.74
4 63.84 0.21 19.21 45 33.77
6 47.53 0.20 39.86 30 54.11
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released in the form of gas. Meanwhile, the ash retained in the used tire 
char, leading to an increase in ash content.

The pore characteristics of used tire char under different steam input 
are shown in Table 7. As the steam input was increased from 2 to 4 g h− 1 

g− 1
char, the total specific surface area of used tire char increased from 506 

m2/g to 590 m2/g. However, further increasing the steam input to 6 g 
h− 1 g− 1

char resulted in a decrease in specific surface area to about 450 m2/ 
g. This is mainly because an optimal steam space velocity can lead to the 
formation of a rich pore structure in the tire char. Excessive steam, on 
the other hand, may cause the existing structure of the tire char to 
expand or even collapse, generating larger pores, and thereby reducing 
the specific surface area. Buentello-Montoya et al. [55] explored the 
effect of pore structure on the steam reforming of tar and noted that the 
specific surface area of catalysts rose while micropore areas decreased 
after steam reforming. The decrease in micropore specific surface area 
with increasing steam space velocity also indicated a reduction in 
micropore structure in tire char. Specifically, at 6 g h− 1 g− 1

char, the specific 
surface area of the micropore was very small, measuring only 5.47 m2/g. 
The pore volume of the used tire char showed a similar trend to the total 
specific surface area. A previous study [56] on the co-pyrolysis of coal 
and biomass for activated carbon production also showed that an 
excessive steam concentration reduced the total specific surface area of 
activated carbon while increasing the average pore diameter.

Fig. 7(a) shows the N2 adsorption and desorption isotherms of fresh 
and used tire chars at different steam space velocity. The data shows that 
when the relative pressure was close to 0, the used tire char recovered at 
2 g h− 1 g− 1

char exhibited a rapid increase, surpassing the other two char. 
This suggested that the used tire char recovered at 2 g h− 1 g− 1

char 
possessed a more abundant micropore structure. As the relative pressure 
increased, the nitrogen adsorption capacity of the tire char recovered at 
4 g h− 1 g− 1

char was the highest, followed by that at 6 g h− 1 g− 1
char. This 

suggested that the macroporous structure of the tire char recovered at 4 
g h− 1 g− 1

char was more abundant than the other two chars. Fig. 7(b) il-
lustrates the pore size distribution in the mesopores and micropores of 
the fresh and used tire char. It can be observed that the pores of both 
fresh and used tire char were mainly 2–5 and 20–50 nm in size range. 
With the increase of steam concentration, the tire char pores were more 
abundant, indicating that the steam concentration promotes the for-
mation of pores. Zhang et al. [52] also pointed out that at 1050 ◦C, with 
the increase of the concentration of the activator (steam), the formation 
of the mesopore in tire char was enhanced.

Fig. 8 shows the SEM image of used tire char recovered at 1000 ◦C 
with different steam inputs. In Fig. 8(a), the surface of the tire char 
recovered at 2 g h− 1 g− 1

char was relatively smooth, with some large pore 
structures. At 30,000 times magnification (Fig. 8(b)), it was evident that 
the sample contained numerous particles smaller than 100 nm, some of 
which were agglomerated to a certain extent due to interaction. In 
addition, a small number of large particles were exhibited, formed by 
the sintering of inorganic substances at high temperatures. The SEM 
image of tire char recovered at 6 g h− 1 g− 1

char is shown in Fig. 8(c), 
exhibiting a rougher surface than that of tire char recovered at 2 g h− 1 

g− 1
char, and displaying rich and intricate structures. At a magnification of 

30,000 (Fig. 8(d)), numerous very large particles were observed, and 
most of the nanoparticles were attached to these massive particles, 
forming agglomerations. Among these nanoparticles, carbon particles 
had a size of about 100 nm, while the very large particles had a particle 

size distribution range of about 1–2 μm. This indicated that at 6 g h− 1 

g− 1
char, steam reforming consumed more carbon and exposed the ash, 

significantly reducing the specific surface area of the sample. However, 
the consumption of carbon produced more syngas, and the exposure to 
ash facilitated the contact of volatiles with the active sites.

3.4. Effect of char reaction time on-stream

The reaction time of the char catalyst on-stream is also an important 
parameter affecting the pyrolysis catalytic steam reforming process. As 
reaction time increased, pyrolysis oil volatiles and gases were adsorbed 
by the catalyst, allowing for more extended contact with steam and thus 
promoting the catalytic steam reforming reaction. The effects of three 
different reaction times (0.5 h, 1 h and 2 h) on the steam reforming 
process and gas products at 1000 ◦C and 10 g h− 1 g− 1

char were studied, 
with the results shown in Fig. 9. Fig. 9(a) demonstrates that the 
hydrogen yield from tire char steam gasification initially experiences 
rapid growth followed by a slower increase, ultimately reaching 109 
mmol g− 1 at 2 h. This trend is due to the gradual consumption of tire 
char with prolonged steam gasification time, resulting in a decrease in 
the hydrogen generated by the reaction. In the pyrolysis catalytic steam 
reforming experiments, pyrolysis volatiles and tar from waste tires were 
initially adsorbed on the surface of catalysts and subsequently trans-
formed into gas under the action of steam. Extended reaction time 
facilitated the conversion of these substances into gases. Wang et al. [57] 
prepared hydrogen-rich syngas by pyrolysis catalytic steam reforming of 
biomass using biochar as a catalyst and observed gas release at different 
times throughout the process. They noted that hydrogen yield peaked at 
40 min, with another peak occurring at 70 min as the reaction pro-
gressed. Similarly, in this study, the hydrogen yield from tire pyrolysis 
volatiles increased as the reaction time extended from 1 h to 2 h. This 
indicated that the additional hydrogen produced during this time is 
mainly from the steam reforming of tar and hydrocarbons.

Fig. 9(b) illustrates the relationship between CO yield and residence 
time. After 1 h, the CO yield from tire char steam gasification and the 
pyrolysis catalytic process stabilized at about 39 mmol g− 1 and 72 mmol 
g− 1, respectively. The reaction time of the tire char catalyst on stream 
minimally affects gas composition, with only a slight increase in the 
concentration of hydrogen and syngas. Prolonged reaction time ensured 
a more complete reaction between tire char and steam, increasing the 
hydrogen and syngas concentrations to 63 vol% and 86 vol%, respec-
tively. The high concentrations of syngas in the gas products make them 
suitable for efficient utilization, as they can be readily purified through 
the adsorption or absorption of other gases (such as CO2).

The H2/CO molar ratio initially decreased and then increased over 
time, indicating that the Boudouard reaction was the predominant be-
tween 0.5 and 1 h. Beyond 1 h, most of the carbon in the tire char is 
consumed and converted into CO and CO2, shifting the reaction domi-
nance to the water gas shift reaction. The hydrogen potential increased 
from 22 % to 74 %, attributed to enhanced char gasification and steam 
reforming facilitated by extended residence time. Yan et al. [58] 
investigated the steam gasification of carbon generated from biomass, 
highlighting the significant role of prolonged solid reaction time in 
enhancing gas yield and carbon conversion efficiency. Similarly, Zhai 
et al. [46] investigated the effect of reaction time on the steam gasifi-
cation of rice husk carbon, pointing out that longer reaction times 
facilitated a complete carbon-steam reaction and accelerate heat and 
mass transfer, thereby increasing conversion rates.

This study focused on enhancing hydrogen rich syngas by processing 
waste tires in a two-stage reactor using tire char as a catalyst. The tire 
char, rich in metal substances, effectively promoted both the steam 
reforming reactions of the hydrocarbons in the pyrolysis oil volatiles and 
gases (R2-R4) and the water gas shift reaction (R7). CH4 was continu-
ously dehydrogenated to form intermediates such as CH3, CH2, CH, and 
C in methane steam reforming (R2). Similarly, during the steam 
reforming of hydrocarbons, compounds represented as CnHm also 

Table 7 
The pore properties of the tire char recovered at different steam space velocity.

Steam space 
velocity (g h− 1 

g− 1
catalyst)

Total 
Surface area 
(m2/g)

Micropore 
surface area 
(m2/g)

Pore 
volume 
(cm3/g)

Average 
pore size 
(nm)

2 506.81 184.80 0.82 6.47
4 589.66 67.94 0.91 6.19
6 448.55 5.47 0.85 7.62
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underwent continuous dehydrogenation to produce C and H. Steam 
decomposed into intermediates OH and H, and the O–H bonds in OH 
subsequently break to form H and O. These atoms then combined with C 
and H to form CO and H2 [59,60]. In the water gas shift reaction (R7), 
CO and O combine to form CO2. Wang et al. [59] demonstrated that 
metals catalysts reduced the activation energy barrier for methane and 
CnHm steam reforming reactions and promoted the production of 

hydrogen. In addition, compared to conventional catalysts, the carbon in 
tire char has a significant impact on the production of hydrogen and CO, 
via char gasification (R5, R6) and Boudouard reaction (R8) pathways. 
Introducing tire char effectively promotes the Boudouard reaction, 
converting CO2 into CO, thereby boosting the yield of syngas. This work 
has also shown the influence of process parameters (reforming tem-
perature, steam space velocity, residence time) on the catalytic process 

Fig. 7. (a) N2 adsorption and desorption isotherms and (b) pore size distribution of the used tire chars in relation to different steam space velocity.

Fig. 8. SEM image of tire char recovered at 1000 ◦C. (a) tire char recovered at 2 g h− 1 g− 1
char at a magnification of 5000, (b) tire char recovered at 2 g h− 1 g− 1

char at a 
magnification of 30,000, (c) tire char recovered at 6 g h− 1 g− 1

char at a magnification of 5000 and (d) tire char recovered at 6 g h− 1 g− 1
char at a magnification of 30,000.
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and product properties were investigated under the interaction of tire 
char and steam. The process shows the potential of using a relatively 
low-cost char catalyst (byproducts obtained from waste tires) as a route 
to produce hydrogen-rich syngas. Based on the reactions and enthalpy 
changes involved in steam reforming and the combustion reaction of H2 
and CO, it is estimated that the heat generated by combustion is much 
greater than the heat absorbed during the steam reforming process, 
making the process economically worthwhile. Overall, this method of 
tire pyrolysis coupled with catalytic steam reforming offers a compre-
hensive approach to tire waste management, generating hydrogen-rich 
syngas from both oil volatiles and char, and using the hydrocarbon- 
rich pyrolysis gas as fuel to sustain the process.

4. Conclusions

H2/CO syngas was produced by processing waste tires using tire char 
as a catalyst. The effects of various process parameters on gas products 
and char catalysts were investigated, and the conclusions are as follows. 

(1) The reactivity between tire char and steam was improved with 
increasing temperature. At 1000 ◦C, the weight loss rate of tire 
char in the presence of steam reached 7.41 wt% min− 1.

(2) Both higher temperatures and steam space velocity intensified 
the reaction between the tire char and steam as well as the steam 
reforming of tire volatiles. This promoted the release of C and H 
elements, resulting in high H2 and CO yields.

(3) Steam reacted with tire char, releasing gas and opening the pore 
structure of tire char. This process increased the specific surface 
area and micropore specific surface area, resulting in a more 
uniform particle distribution and smaller particle size of the char 
catalyst. However, excessive temperature and steam input could 
cause the collapse of pore structure, reducing the specific surface 
area.

(4) Extending the reaction time of the tire char effectively converted 
tire pyrolysis volatiles and carbon in tire char into gas. At 2 h, the 
H2 yield reached 223 mmol g− 1, corresponding to 74 % of the 
maximum H2 yield.

(5) As the reaction progresses, the specific surface area of the catalyst 
increases, making it less prone to deactivation during long-term 
experiments and providing more contact area for hydrocarbons. 
In future research, the effects of the catalyst pore structure and 
surface properties can be further studied.
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