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Abstract 

The transformation and fate of sulphur (S) in a spent tyre pyrolysis char during CO2 gasification were 

studied by following the S species and contents using X-ray photoelectron spectroscopy (XPS). The 

spent tyre pyrolysis char (particle size fraction <150 μm), without and with 1M HCl acid washing to 

remove inorganic S, were gasified in a fixed bed reactor. The effect of temperature (850, 950, 1050 °C), 

reaction time (1, 2, 3, 6 h) and CO2 concentration (33.3, 50.0, 66.7 vol% in N2) on the S species in the 

char samples were investigated. The main S species in the spent tyre pyrolysis char were ZnS and 

aliphatic sulphide. After CO2 gasification, aliphatic sulphide, thiophene, sulphoxide and sulphone 

became the dominant organic S while ZnS and CaSO4 were the main inorganic S. The percentage of 

total S increased with increasing gasification temperature, time and CO2 concentration. The content of 

organic S increased with increasing gasification temperature and time, while, the content of inorganic 

S decreased. Increasing CO2 concentration had negligible effect on the content of organic S but led to 

significant reduction in the content of inorganic S since ZnS reacted with CO2 to produce ZnO and 

SO2. Aliphatic sulphide, sulphoxide and sulphone were shown to have transformed to more stable 

thiophene. ZnS decomposed to release SX at > 900 °C while CaSO4 reacted with CO and carbon to 

produce COS. Both SX and COS reacted with the organic matrix in the char to form sulphoxide and 

sulphone. 

 

Keywords: CO2 gasification; Pyrolysis char; Spent tyre; Sulphur transformation  
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1. Introduction 

Approximately 17 million tonnes of spent tyres were generated annually worldwide [1], more than 60% 

of which were landfilled and stockpiled, creating huge environmental and health issues. Pyrolysis has 

been considered as an alternative method to utilise spent tyres to produce valuable chemicals or carbon 

materials [2-4]. The char from pyrolysis of spent tyre is a carbon-rich material, which can be gasified 

to produce syngas or activated in CO2 or steam to produce activated carbon [5-7]. However, the high 

sulphur content in the char can be released into gas phase or trapped in the solid residue during the 

gasification process, hindering further utilisation of these products [8]. Therefore, it is very important 

to understand how the sulphur transforms during such thermal treatment processes. 

The sulphur content in spent tyres is about 1 – 3 wt.% [9-12], originating from sulphur containing 

additives to produce crosslinks between the elastomer molecular chains during tyre manufacturing 

with an activator of ZnO [13]. During spent tyre pyrolysis, about 40 – 60 wt.% of sulphur is released 

as sulphur-containing gases and condensable sulphur-containing liquid but there is still a noticeable 

amount of sulphur remained in the pyrolysis char, most of which are in the form of ZnS and aliphatic 

sulphide [12-17]. There are very limited studies on the sulphur species and distribution in the char of 

pyrolysis of spent tyres and the fate of the sulphur species during gasification. Hu et al. [14] studied 

the fate of sulphur during the spent tyre fast pyrolysis and found that almost half of the total sulphur 

content still remained in the pyrolysis char in the form of sulphides, while the main sulphur forms were 

thiophene sulphur and inorganic sulphide in raw spent tyre. Lin et al. [18] studied the surface functional 

characteristics of spent tyre derived carbon black at 900 °C in steam gasification using XPS analysis 

but only discussed the transformation of ZnS, S=C=S and the oxygen-functional groups. It is clear that 

the studies of the transformation mechanisms and fate of sulphur during gasification of spent tyre 

pyrolysis char is very limited and warrants a detailed investigation. 

The present work was therefore aimed to investigate the sulphur species, distribution and 

transformation during CO2 gasification of a char from pyrolysis of spent tyre, providing scientific 

guidance on the practical application of the pyrolysis char from spent tyre. The effect of gasification 

temperature, time, and gasification agent concentration on the species and content of sulphur was 



4 

investigated. Sulphur species and concentration were analysed using XPS analysis. To further 

understand the organic and inorganic sulphur interactions, the pyrolysis char was washed with 1M HCl 

to remove inorganic sulphur before the CO2 gasification.  

2. Experimental 

The char from pyrolysis of spent tyre was obtained from an industrial scale retort unit operating at 

500 °C with a nominal residence time of ca. 45 minutes. In order to ensure homogeneity of the sample, 

the char was crushed and sieved to a particle size ≤ 150 μm and then thermally treated in N2 (100 mL 

min-1) at 550 °C for 1h in a fixed-bed reactor after being heated from room temperature at a heating 

rate of 5 °C min-1. The resulting char sample was denoted as pre-treated pyrolysis char (PPC). In order 

to study the interactions of the inorganic sulphur and organic sulphur during the CO2 gasification 

process, the pre-treated pyrolysis char was also washed by 1 M HCl solution for 24 h and then 2 h for 

5 times to remove inorganic sulphur and other inorganic minerals, denoted as acid washed pre-treated 

pyrolysis char (AW-PPC). Both the PPC and AW-PPC samples were stored in the laboratory and dried 

in an oven overnight before each experiment. 

The gasification experiments were performed under varying conditions of temperature (850, 950, 

1050 °C), time (1, 2, 3, 6 h for PPC, 3 h for AW-PPC) and agent concentration (33.3, 50.0, 66.7 vol% 

CO2 in N2 for PPC, 66.7 vol% CO2 in N2 for AW-PPC) in a vertical fixed-bed reactor as shown in Fig. 

1. A thermal couple in a quartz well was placed in the reactor bed. N2 and CO2 flowrates controlled by 

using rotameter flow meters, and the overall gas flowrate was fixed at 150 mL min-1. In a typical 

experimental run, around 5 g of a char sample was loaded in the reactor and heated to a desired 

temperature while pure N2 was flown through the reactor to maintain an inert environment. Once the 

temperature reached the desired level, gasification was begun by switching the gas to the gasification 

agent, i.e. 33.3 – 66.7 vol% CO2 in N2. The gas was switched back to pure N2 at the end of a gasification 

run and the reactor was allowed to cool down to room temperature. The remaining solid was recovered 

from the reactor and subjected to weighing and analysis. The carbon conversion (X) and mass fraction 

of sulphur retained in the gasified char can be calculated using the following equations: 
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𝑋 =
𝑚1−𝑚𝑣𝑜𝑙−𝑚2

𝑚1−𝑚𝑣𝑜𝑙−𝑚𝑎𝑠ℎ
 (1) 

𝑓𝑚 =
𝑚2×𝑆2

𝑚1×𝑆1
× 100% (2) 

where, m1 (g) is the mass of loaded PPC, m2 (g) the mass of gasified PPC, mvol (g) the mass of volatile 

matter of PPC, mash (g) the ash of gasified PPC, and S1, S2 are the total S content in PPC and gasified 

PPC, respectively.  

 

Figure 1 Schematic diagram of gasification experimental apparatus 

Table 1  Proximate and ultimate analysis of PPC and AW-PPC 

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

 PPC AW-PPC  PPC AW-PPC 

Moisture 1.12 3.38 C 78.21 84.5 

Volatile matter 4.46 6.54 H 0.55 0.69 

Ash 16.66 8.22 N 1.62 1.56 

Fixed carbon 77.76 81.86 S 2.72 0.94 

 

The proximate analysis of the PPC and AW-PPC were performed using a muffle furnace following 

the ASTM standards D2867-17 for moisture, D5832-98 for volatile matter and D2866-11 for the ash 

content, and the fixed carbon was calculated by difference. The ultimate analysis was conducted using 

a ThermoFisher Scientific FlashSmartTM CHNS/O elemental analyser. The proximate and ultimate 

analysis results of the PPC and AW-PPC are shown in Table 1. XRD patterns of the char samples were 

collected from a PANalytical Empyrean X-ray Diffractometer employing Cu Kα (λ=1.54439 Å) 

radiation source by a continuous scanning 2θ angles from 5 to 89° at 40 mA and 40 kV to provide the 
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mineralogical characteristics of the char. X-ray photoelectron spectrometer (XPS) was used to 

determine the sulphur species and distribution by using a Thermo Escalab 250 with Al-KαX-ray. The 

uncertainties in the present study include (a) random errors associated with the sampling and sample 

inhomogeneity, (b) XPS instrumental errors and uncertainties, and (c) human handling. In this 

experimentation, the gasified char was mixed and homogenised before the XPS analysis to avoid the 

uncertainty of sample heterogeneity. Considering the uncertainty of quantitative determination of 

sulphur species by XPS and the relatively high content of sulphur in the spent tyre pyrolysis char, the 

uncertainty from this study is estimated to be 2 – 10 %, in line with other research [19, 20]. 

3. Results and Discussion 

3.1 Sulphur content and mass fraction distribution 

 

Figure 2 Carbon conversion of gasified PPC samples under tested conditions 

Figure 2 shows the carbon conversion during CO2 gasification of PPC under the tested conditions. The 

results were repeatable, with an average of three experimental repeats under each condition producing 

a standard deviation within ± 0.02. The results show an increase in carbon conversion with increasing 

gasification temperature, gasification time and CO2 concentration.  The content of the total sulphur of 

gasified PPC by the ultimate analysis is shown in Fig. 3 (a), which increased with increasing 

gasification temperature, time and CO2 concentration. Fig. 3 (b) shows the mass fraction of sulphur 

retained in the gasified PPC, which decreased as the carbon conversion increased. This suggests that, 

although the total mass of sulphur decreased as the reaction proceeded, the sulphur species remained 

in the char samples and became concentrated as carbon was consumed in gasification. Because of the 

higher carbon conversion at higher temperature [21], the rate of the increase in the sulphur contents 
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was greater at higher gasification temperature. The sulphur contents of the AW-PPC, showed the same 

trend with increasing temperature, being 0.89, 1.11 and 1.56 wt.% at 850 °C, 950 °C, and 1050 °C, 

respectively, in the gasifying agent of 66.7 vol% CO2 in N2 for 3 h.  

 

Figure 3 (a) Contents of total sulphur in the gasified PPC and (b) mass fraction of sulphur retained 

in the gasified PPC as a function of carbon conversion 

3.2 Sulphur species in the PPC and AW-PPC 

 

Figure 4 XPS spectra of S 2p for PPC and gasified PPC under 850 °C, 3 h and 50.0 vol% CO2 in 

N2 (S1: aliphatic sulphide, S2: thiophene, S3: sulphoxide sulphur, S4: sulphone, S5: ZnS, S6: 

sulphate and S7: other inorganic sulphur) 

To investigate the transformation and fate of sulphur during the CO2 gasification of the char from 

pyrolysis of spent tyre, sulphur species and distribution in the PPC, AW-PPC and gasified chars were 

analysed using XPS. The curve-fitting of S2p spectra of PPC and gasified char under the condition of 

850 °C, 3 h and 50.0 vol% CO2 in N2 are shown in Fig. 4. According to the XPS results, the main 
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sulphur species in the chars are aliphatic sulphide (S1, 163.3 ± 0.4), thiophene (S2, 164.1 ± 0.2), 

sulphoxide sulphur (S3, 166 ± 0.5), sulphone (S4, 168.0 ± 0.5), ZnS (S5, 161.6 ± 0.3), sulphate (S6, 

169.5 ± 0.5) and other inorganic sulphur (S7, 162.5 ± 0.3) based on the binding energies [19, 22, 23]. 

It was found that ZnS (46.1%) and aliphatic sulphur (23.1%) are the major species in the PPC. The 

XRD spectra of PPC, AW-PPC and the ash of PPC (Fig. 5) shows the main sulphur species in the PPC 

is ZnS, which is consistent with the results from XPS analysis. Moreover, the sulphur in the ash of the 

PPC was in the form of CaSO4, which might originate from CaSO4 or from the oxidation of CaS [24]. 

The XRD and XPS data together suggest that the sulphur species of sulphate in the char should be in 

the form of CaSO4. There were no inorganic peaks from the AW-PPC (Fig. 5), indicating that inorganic 

sulphur was successfully removed by acid washing and only organic sulphur remained in the AW-PPC 

samples. 

 

Figure 5 XRD spectra of PPC, PPC ash and AW-PPC 

 

Figure 6 (a) organic and (b) inorganic sulphur content in the gasified PPC samples under tested 

conditions 
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3.3 Sulphur species in the gasified PPC 

Figure 6 shows the organic and inorganic sulphur distribution, based on the XPS results, of the gasified 

PPC samples under the tested conditions. It can be seen that sulphur in the gasified PPC samples was 

mainly in the forms of organic sulphur. With increasing gasification temperature and time, the organic 

sulphur content increased while the inorganic sulphur content decreased, regardless of the CO2 

concentration. As gasification time increased, the content of organic sulphur increased and the content 

of inorganic sulphur decreased. Moreover, the rate of increase in the organic sulphur and the rate of 

decrease in the inorganic sulphur became smaller at higher temperature. It is also clear that the CO2 

concentration had a negligible effect on the organic and inorganic sulphur distribution. 

Figure 7 shows the content of the different sulphur species in the gasified PPC samples under the tested 

conditions. The organic sulphur species are dominated by aliphatic sulphide (25 – 45%) and thiophene 

(15 – 40%), sulphoxide sulphur (0 – 20%) and sulphone (0 – 15%). Meanwhile, sulphate (0 – 20%) 

and ZnS (0 – 15%) are the main inorganic sulphur species of the gasified PPC. As shown in Fig.7 (a, 

b), the concentrations of the aliphatic sulphide and thiophene increased with increasing temperature 

but less influenced by CO2 concentration in the gasifying agent. The aliphatic sulphide concentration 

increased with increasing gasification time at low temperatures (850 and 950 °C) but remained almost 

consistent (ca. 40%) at 1050 °C, indicating that the aliphatic sulphide compounds formed at higher 

temperature were more stable [25]. Organic sulphur-containing compounds would decompose to 

release active sulphur (·SH) which is either reacted with other organic matter to form more stable 

organic sulphur (aliphatic sulphide or thiophene) or reacted with metal oxides (MO) and ·OH to form 

sulphate [26-28]. Some literature data also suggest that some aliphatic sulphide could react with SX, 

from the decomposition of ZnS as discussed below, to form stable thiophene [20, 29]. It has also been 

reported in the literature that sulphone and sulphide could be transformed to thiophene, which is more 

stable than sulphone and sulphide, during the gasification process [20]. It is evident from Fig. 7 (c and 

d) that the concentrations of both sulphoxide and sulphone fluctuated and showed no clear trend. 

During CO2 gasification process, sulphoxide sulphur could be oxidized to sulphone by oxygen-

containing active radical (·OH) on the surface of the char, while sulphone could be converted to 



10 

sulphoxide sulphur by reduction reactions with hydrogen-containing radicals (·H and ·CH3) [14, 

26]. ·OH, ·H and ·CH3 are key functional groups on the surface of the char from pyrolysis of spent 

tyre  [10, 14].  

The content of ZnS decreased with increasing gasification temperature and time as shown in Fig. 7 (e). 

The content of ZnS was very high at 850 °C but almost diminished at 1050 °C. It is known that ZnS 

decomposes in the temperature range of 900 – 1200 °C as shown in Eq. (1) [30]. This may explain 

why ZnS disappeared at 1050 °C even after 1 hour gasification time. The decrease in the ZnS content 

as a function of time, for example at 850 °C, was more profound at higher CO2 concentrations. Our 

work, together with the literature reports, has shown that ZnS reacted with CO2 to form ZnO and SO2 

during the gasification process (Eq.(2)). 

𝑍𝑛𝑆 → 𝑍𝑛 + 𝑆𝑋 (3) 

2𝑍𝑛𝑆 + 3𝐶𝑂2  → 2𝑍𝑛𝑂 + 3𝐶 + 2𝑆𝑂2 (4) 

The content of sulphate, most likely in the form of CaSO4, decreased with increasing gasification time. 

The content of sulphate initially increased and then decreased with increasing gasification temperature 

under most experimental conditions. The decrease in the CaSO4 content was not due to the 

decomposition of CaSO4 as CaSO4 only decomposes at temperatures higher than 1100 °C [31]. It is 

speculated that reactions between carbon and CaSO4 as shown in Eq. of (3 – 6) were responsible [32]. 

𝐶 + 𝐶𝑂2  → 2𝐶𝑂 (5)  

4𝐶𝑂 +  𝐶𝑎𝑆𝑂4 → 𝐶𝑎𝑆 + 4𝐶𝑂2  (6) 

2𝐶 + 𝐶𝑎𝑆𝑂4 → 𝐶𝑎𝑆 + 2𝐶𝑂2 (7) 

4𝐶 + 𝐶𝑎𝑆𝑂4 → 𝐶𝑎𝑂 + 3𝐶𝑂2 + 𝐶𝑂𝑆 (8) 

To further understand the interactions between organic sulphur and inorganic sulphur, sulphur 

distributions in the AW-PPC samples gasified in 66.7 vol% CO2 in N2 for 3 h were compared with 

those in the PPC samples as shown in Fig. 8. The contents of aliphatic sulphide and thiophene were 

much higher in AW-PPC than those in PPC. On the contrary, AW-PPC contained very little sulphoxide 

and sulphone, which were much higher in PPC. This indicates that there were interactions between 
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organic sulphur and inorganic sulphur. ZnS, as a major inorganic sulphur compound in the char, 

decomposed to release Sx, and CaSO4 released COS through the reactions (3-6). Without inorganic 

sulphur compounds, most of sulphoxide and sulphone were converted into thiophene [20]. However, 

when ZnS and CaSO4 were present in the char, both SX and COS reacted with the carbon matrix to 

generate sulphoxide and sulphone, as reported in the literature [14, 20], leading to higher content of 

sulphoxide and sulphone in the PPC samples.  

 

Figure 7 Sulphur species and their concentrations in the gasified PPC (a) Aliphatic sulphide (b) 

Thiophene (c) Sulphoxide (d) Sulphone (e) ZnS (f) Sulphate 

From the preceding discussion on the distribution of various sulphur species, a mechanism of the 

sulphur transformation during the CO2 gasification has been proposed and illustrated in Fig.9. As the 
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main organic sulphur species in the char, aliphatic sulphide, sulphoxide and sulphone are transformed 

into thermal stable thiophene. ZnS decomposes at high temperatures to release SX and CaSO4, as the 

main form of sulphate, reacts with CO and carbon to form COS. Both SX and COS react with organic 

matter to form sulphoxide, sulphone and thiophene, contributing to the increase in organic sulphur in 

the char. SX could also react with CaO and ·OH to form sulphate.  

 

Figure 8 Distribution of sulphur species in the gasified PPC (solid symbol) and AW-PPC (open 

symbol) samples at 3 h and 66.7 vol% CO2 in N2 

 

Figure 9 A schematic of the proposed mechanism of sulphur transformation during CO2 gasification 

of pyrolysis char of spent tyre 

4. Conclusions 

Sulphur speciation and transformation during the CO2 gasification of a char from pyrolysis of spent 

tyre were investigated. The organic sulphur species of in the partially gasified char were dominated by 

aliphatic sulphide, thiophene, sulphoxide and sulphone. The content of both aliphatic sulphide and 

thiophene increased with increasing gasification temperature and time but varied little with CO2 

concentration. Meanwhile, aliphatic sulphide, sulphoxide and sulphone were shown to have 

transformed into thermal stable thiophene. ZnS and sulphate were the main inorganic sulphur species 
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and their content decreased as the gasification temperature, time and CO2 concentration increased. ZnS 

reacted with CO2 to become ZnO and SO2 or decomposed to release SX at high temperatures. CaSO4, 

as the main form of sulphate, reacted with CO and carbon to produce COS. Both SX and COS reacted 

with organic matter to form sulphoxide and sulphone. 
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Table Titles 

Table 1 Proximate and ultimate analysis of PPC and AW-PPC  
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Figure Captions 

Figure 1 Schematic diagram of gasification experimental apparatus 

Figure 2 Carbon conversion of gasified PPC samples under tested conditions 

Figure 3 (a) Contents of total sulphur in the gasified PPC and (b) mass fraction of sulphur retained 

in the gasified PPC as a function of carbon conversion  

Figure 4 XPS spectra of S 2p for PPC and gasified PPC under 850 °C, 3 h and 50.0 vol% CO2 in 

N2 (S1: aliphatic sulphide, S2: thiophene, S3: sulphoxide sulphur, S4: sulphone, S5: ZnS, 

S6: sulphate and S7: other inorganic sulphur) 

Figure 5 XRD spectra of PPC, PPC ash and AW-PPC 

Figure 6 (a) organic and (b) inorganic sulphur content in the gasified PPC samples under tested 

conditions 

Figure 7 Sulphur species and their concentrations in the gasified PPC (a) Aliphatic sulphide (b) 

Thiophene (c) Sulphoxide (d) Sulphone (e) ZnS (f) Sulphate 

Figure 8 Distribution of sulphur species in the gasified PPC (solid symbol) and AW-PPC (open 

symbol) samples at 3 h and 66.7 vol% CO2 in N2 

Figure 9 A schematic of the proposed mechanism of sulphur transformation during CO2 

gasification of pyrolysis char of spent tyre 

 

 


