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Abstract
Gasification of biomass produces a syngas containing trace amounts of viscous hydrocarbon tar, which causes serious prob-
lems in downstream pipelines, valves and processing equipment. This study focuses on the use of tire-derived pyrolysis char 
for tar conversion using biomass tar model compounds representative of tar. The catalytic decomposition of tar model com-
pounds, including methylnaphthalene, furfural, phenol, and toluene, over tire char was investigated using a fixed bed reactor 
at a bed temperature of 700 °C and 60 min time on stream. The influence of temperature, reaction time, porous texture, and 
acidity of the tire char was investigated with the use of methylnaphthalene as the tar model compound. Oxygenated tar model 
compounds were found to have higher conversion than those containing a single or multi-aromatic ring. The reactivity of tar 
compounds followed the order of furfural > phenol > toluene > methylnaphthalene. The conversion of the model compounds 
in the presence of the tire char was much higher than tar thermal cracking. Gas production increased dramatically with the 
introduction of tire char. The  H2 potential for the studied tar model compounds was found to be in the range of 40%–50%. 
The activity of tire char for naphthalene removal was compared with two commercial activated carbons possessing a very 
well-developed porous texture. The results suggest that the influence of Brunauer-Emmett-Teller surface area of the carbon 
on tar cracking is negligible compared with the mineral content in the carbon samples.
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Introduction

Biomass is  a key renewable energy feedstock that responds 
to the vital environmental and societal need for a step change 
in the sustainability of energy production required to combat 
climate change. Gasification of biomass represents a major 
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sustainable route to produce syngas from a source that is 
renewable and  CO2-neutral. Gasification thermochemically 
converts the biomass waste to syngas composed of hydrogen 
and carbon monoxide. The product gas can potentially be 
used in furnaces, boilers, gas engines, gas turbines, and fuel 
cells. A further advantage of biomass gasification is that a 
range of biomass feedstocks can be used, including agricul-
tural residues, forestry residues, byproducts from biorefin-
eries, byproducts from the food industry such as brewery 
wastes and municipal solid waste. However, a major issue 
in the gasification process is the production of byproduct 
tar, for example, several recent review articles by Saleem 
et al. [1], Zhang et al. [2], and Rios et al. [3] have reported 
biomass gasification and tar removal technologies and high-
lighted the critical problematic issue of the presence of tar 
in syngas.

Tar is a viscous, complex mixture of high molecular 
weight organic material that causes serious operational 
issues with downstream syngas utilisation, such as plugging, 
fouling, and corrosion in fuel lines, filters, engine nozzles 
and turbines. Gasification tars tend to be refractory, i.e., very 
unreactive, and are difficult to remove by thermal, or physi-
cal processes. Condensed tars can also undergo polymeriza-
tion to form more complex compounds and can also inter-
act with particulates causing difficulty in particle removal 
systems [4]. These problems can result in high operational 
costs and plant shut-down. In addition, the tars contain a 
range of polycyclic aromatic hydrocarbons, some of which 
have shown to be carcinogenic [5]. Typical values for tar 
in syngas range from 2000 mg  m−3 to 100,000 mg  m−3. 
However, the quality requirement for syngas to be used in 
internal combustion engines is for a tar content in syngas to 
be <100 mg  m−3; for gas turbines, the allowable tar content 
in syngas is <5 mg  m−3; and for fuel cells, the tar content 
must be below 1 mg  m−3 [6].

The pyrolysis of biomass and waste materials produces 
an oil, char and gas product [7]. Char is considered an ideal 
material for tar adsorption or catalytic cracking due to its 
unique properties, including its porous structure and specific 
surface area, as well as potentially the presence of transition 
metal species and oxygen functional groups on its surface. 
For example, pyrolysis chars and activated carbons have 
been investigated for the catalytic decomposition of tar 
and for tar reforming in several recent studies [8–13]. The 
catalytic activity of carbonaceous materials for tar cracking 
depends on many factors, such as the surface area and poros-
ity and the surface chemistry of the chars, such as the surface 
functional groups on the carbon and on the nature of tar 
compounds [14, 15]. Feng et al. [16] used a two-stage fluid-
ized bed/fixed bed reactor to examine the removal of in situ 
tar in the product gas using cornstalk biochar, rice husk bio-
char, and sawdust, and their catalytic activity was found to 
be 59%, 60%, and 66%, respectively. The high activity of 

sawdust biochar was attributed to its developed porous tex-
ture. Ravenni et al. [17] examined the performance of wood-
derived chars for the reforming of toluene and naphthalene 
in the temperature range of 250–800 °C, and naphthalene 
was found to be cracked more extensively than toluene. Choi 
et al. [18] investigated the use of lignite-derived char for 
the decomposition of benzene at 900 °C and concluded that 
the char surface not only converted the benzene into carbon 
deposits but also to diaromatic and higher molecular weight 
aromatic compounds.

The composition of tar depends on the gasification tem-
perature, with higher temperatures, above 750 °C, produc-
ing higher molecular weight compounds  that are more con-
densable and cause the problematic blocking and fouling 
issues associated with tars in syngas. The composition of 
tar produced from the gasification of biomass at 750 °C 
has been reported to contain aromatic hydrocarbons such 
as phenol, cresol, indene, naphthalene, and methylnaph-
thalenes [19, 20]. Zhang et al. [21] also identified a wide 
range of 1–4 ring aromatic hydrocarbons in biomass derived 
gasification tar.

Because of the complexity of tar streams derived from 
biomass gasification, most studies use tar model compounds 
to study the reaction mechanism. For example, Coll et al. 
[22] investigated the steam reforming of five tar model 
compounds with commercial nickel catalysts and found the 
following order of reactivity: benzene > toluene > anthra-
cene > pyrene > naphthalene. In another study conducted by 
Burhenne and Aicher [23], the decomposition of benzene 
as a tar model compound on different wood char samples 
and commercial activated carbon using a fixed bed reactor 
was investigated at high temperatures (850–1050 °C). The 
non-activated chars were found to exhibit a low activity, as 
the benzene conversion was almost similar to the experi-
ments performed in the absence of the carbon sample. In 
contrast, char activated with  CO2 exhibited a high benzene 
removal of about 100% at the start of the experiment, how-
ever, after 10 min of reaction time, it dropped to 25% due to 
the deactivation of the char caused by coking. In contrast, 
the commercial activated carbon was found to produce a 
higher benzene removal and the conversion of 50% was 
stable during a 2-h experimental time, which was attributed 
to the higher amount of mesopores in the activated carbon. 
Similar results were observed by Moliner et al. [24], who 
concluded that mesoporous carbon provided a more sta-
ble decomposition of methane compared to microporous 
carbon, which was found to deactivate rapidly. In contrast, 
Park et al. [25] reported a similar tar cracking behaviour 
for the investigated char samples despite the difference in 
the porous texture and mineral contents. The nature of the 
tar model compound has also been found to influence the 
char activity for tar decomposition [26]. Naphthalene is 
one of the most refractory compounds among the aromatic 
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compounds [27] and represents the major fraction of two-
ring aromatic compounds found in gasification tars [19], 
therefore, it is commonly used as a model tar compound 
[28]. In an investigation into the thermal decomposition 
of different tar model compounds, Jess [28] studied the 
thermal conversion of toluene, naphthalene and benzene 
in the presence of hydrogen and steam in a tubular flow 
reactor at temperatures of 700–1400 °C and residence times 
of 0.3–2 s. The reaction activity was found to follow the 
order of toluene > naphthalene > benzene. In another study 
conducted by Fuentes-Cano et al. [26], catalytic conversion 
of both toluene and naphthalene over chars produced from 
coal, coconut and sewage sludge was examined in a fixed 
bed reactor with the presence of 15 vol.% steam. Despite the 
difference in porous texture of the studied char materials, 
the tar conversion was found to be similar for the three types 
of chars. The initial conversion of naphthalene and toluene 
has been reported to be around 60% and 80%, respectively, 
however, as the reaction proceeds, a constant deactivation 
of char was observed, and after a 60-min reaction time, 
the conversion for both tar model compounds decreased to 
about 40%.

The use of tire char for the reduction of tar model 
compounds has not been studied to any great extent. The 
product yield from the pyrolysis of waste tires can be 
very variable and depends on the process conditions, par-
ticularly temperature and heating rate, and the type of 
pyrolysis reactor used, but an average of yields from 25 
different process systems gave yields of 45.3%, 36.7%, 
and 15.4% in weight for oil, char, and gas, respectively 
[7]. The carbonaceous char represents a major product 
of the tire pyrolysis process and may be considered as 
a low-cost catalyst material for applications such as a 
catalyst for tar cracking. The char derived from waste 
tires also has the added advantage of having a high con-
tent of metals and, as such, has the potential for cata-
lytic cracking of tar components. The metal content of 
tire char is derived from the metals added to the tire 
to improve the properties of the product tire or to aid 
the manufacturing process. For example, tires contain 
high concentrations of Zn (zinc oxide), added to improve 
the rubber vulcanisation process, and Ca (clay) and Si 
(silica) as filler material [7]. These metals become con-
centrated in the residual char during the pyrolysis pro-
cess due to loss of volatiles, resulting in ash contents in 
some cases of more than 10 wt.% and with a high metal 
content. There has been some limited work on the use 
of tire-derived chars as catalysts for cracking tar model 
compounds. For example, Husar et al. [31], investigated 
the use of tire char activated at three different activation 
temperatures as a tar cracking catalyst with the use of 
toluene as model tar compound. Tire char activated at 
a temperature of 900 °C and with the highest specific 

surface area (46.5  m2  g−1) exhibited the highest toluene 
conversion with 92% compared to char with a surface 
area of 43.4  m2  g−1, which achieved a conversion of 89%. 
Suhaj et al. [32] studied the use of tire pyrolysis char as 
a tar cracking catalyst during the gasification of refuse 
derived fuel, and the results showed that using the cata-
lyst resulted in an increase in  H2 concentration due to the 
reduction of tar. Char catalytic activity can be enhanced 
by impregnation with metals. Irfan et al. [33] reported 
a decrease in tar content from 9% (without catalyst) to 
2.15% with the use of Ni supported on tire char, resulting 
in the conversion of heavy tar compounds into smaller 
tar compounds. The decrease in tar content was accom-
panied by an increase in gas yield.

We have previously shown that tire char is effective for 
the cracking of biomass pyrolysis volatiles using char at 
temperatures above 600 °C [29]. The tire char was able to 
reduce the condensable bio-oil/tar by approximately 70%. 
The tar reduction was attributed to the catalytic cracking 
of the tar volatiles and to physical adsorption onto the 
char. In a later report [30], we showed that tire-derived 
pyrolysis char could be used to both catalyse the crack-
ing of biomass pyrolysis volatiles and catalyse the steam 
reforming of the volatiles to produce a syngas high in 
hydrogen content. Furthermore, the tire char also partici-
pated in producing hydrogen-rich syngas from the steam 
gasification of the char. Thereby, the tire char acted as a 
catalyst in enhancing the tar reforming, water gas shift 
and char-steam reactions.

Based on the observations obtained in our previous 
papers, we suggested that the catalytic activity of tire 
char for tar removal is influenced by the textural prop-
erties and surface chemistry of the tire char. To expand 
on this work and due to the complexity of tar composi-
tion, tar model compounds were used to simulate typi-
cal biomass tar compounds produced during biomass 
gasification. In this work, we extend our previous work 
by investigating the use of tire-derived pyrolysis char in 
relation to biomass bio-oil/tar reduction but specifically 
the use of model biomass tar compounds. Biomass bio-
oil/tar model compounds comprising, phenol, furfural, 
toluene and methylnaphthalene were used in a two-stage 
vaporisation-cracking reactor system. Generally, ben-
zene, phenol, toluene and naphthalene are commonly 
used as tar model compounds, which represent the main 
types of biomass gasification tar. These tar model com-
pounds were chosen for the purpose to investigate how 
the structure of the aromatic molecule affects tar con-
version and the char catalytic activity individually for 
each aromatic compound. The model compounds were 
vaporised at the 1st stage, and tire pyrolysis char was 
used in the 2nd stage reactor for catalytic cracking. Sev-
eral process parameters were investigated, including char 
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temperature, reaction time, char surface area and porosity 
and char surface chemistry in relation to the reduction 
in bio-oil/tar.

Materials and methods

Materials

Four model biomass tar compounds were used consisting 
of phenol, furfural, toluene and methylnaphthalene and 
were obtained from Sigma-Aldrich UK. Table 1 shows the 
characteristics of the model compounds, including their tar 
class designation. Tar compounds may be grouped based 
on a classification system in which the tar compounds 
are classified into five classes depending on the number 
of aromatic rings and their molecular weight [34, 35]. As 
naphthalene is one of the main tar components produced 
during the gasification of biomass, further experiments 
were carried out with methylnaphthalene as the tar model 
compound. The tar model compounds were dissolved in 
methanol at a 1:1 molar ratio to enable injection of the 
model compound solution into the vaporisation reactor. 
The effect of temperature, reaction time, the porous texture 
of the tire char, and the acidity of carbon on tar conversion 
was evaluated.

Tire pyrolysis char was used as a catalyst for cracking 
tar model compounds. Tire char was prepared using a 
fixed bed reactor at a temperature of 800 °C. Details of 
the production of tire char are reported in detail elsewhere 
[29] but briefly described here. The waste tire (10 g) was 
pyrolysed in a fixed bed nitrogen purged reactor heated at 
10 °C  min−1 to a final temperature of 800 °C and held at 
that temperature for one hour. The residual tire pyrolysis 
char was collected at the end of the experiment, weighed, 
ground and sieved to produce a particle size between 1.5 
mm and 2.0 mm and dried overnight at a temperature of 
105 ºC. The tire pyrolysis experiments were repeated sev-
eral times to enable sufficient char to be produced for the 
experimental programme and to ensure the uniformity of 
the product tire char as much as possible. Table 2 shows 
the product yield and mass balance experiments carried 
out to determine the repeatability of the tire pyrolysis pro-
cess for the production of tire char. The produced batch 
of tire chars was mixed thoroughly for the subsequent 
biomass tar model compound work. The characteristics of 
the product tire char in terms of proximate, ultimate and 
ash metal content are shown in Table 3. Proximate analy-
sis of the char samples was determined by thermogravi-
metric analysis (TGA) Shimadzu TGA-50H (Shimadzu 
UK, Ltd., Milton Keynes, UK). Elemental analysis was 
performed using a CE Instruments CE Instruments Flash 

Table 1  Characteristics of the 
biomass model compounds used 
in experiments

Model compound Tar class Chemical structure Chemical  
formula

Molar mass 
(g  mol−1)

Boiling 
point (°C)

Phenol 2 C6H6O 94 182

Toluene 3 C7H8 92 111

Furfural 2 C5H4O2 96 162

Methylnaphthalene 4 C11H10 142 246

Table 2  Repeatability 
experiments for the tire char 
production pyrolysis process, in 
terms of product yield and mass 
balance

Product Yield 
(%, in weight)

Pyrolysis experiment number Mean  
(%, in weight)

Standard 
deviation

Relative 
std. dev (%)

1 2 3 4 5

Char 37.00 36.80 38.00 36.90 35.40 36.82 0.93 2.50
Oil 55.30 54.40 54.20 56.70 56.10 55.34 1.07 1.94
Gas 7.70 7.80 7.80 7.50 7.40 7.64 0.18 2.38
Mass balance 100.0 99.0 100.0 101.0 98.9 99.80 0.86 0.86
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EA2000 (CE Instruments Ltd., Wigan, UK). The metals 
present in the ash were determined by ashing the tire char, 
followed by dissolution of the ash in concentrated nitric 
acid at 240 °C and analysis using a Varian Instruments 
UK, fast sequential atomic absorption spectrophotometer 
Varian AA240FS (Varian Medical Systems Ltd., Crawley, 
UK). 

Two‑stage vaporisation‑tar cracking reactor system

The effectiveness of tire char for the decomposition of 
the model biomass tar compounds was investigated using 
a two-stage fixed bed reactor, and a schematic diagram 
of the reactor is shown in Fig. 1. The reactor was con-
structed of stainless steel and comprised a first stage reac-
tor of 25 mm diameter and a length of 160 mm used to 
vaporise the model compounds. The second stage was also 
25 mm in diameter and 160 mm in length and contained 
tire char. The vaporisation reactor was held at a tempera-
ture of 250 °C, and the tire char (2 g) located in the tar 
cracking reactor was held at a temperature of 700 °C.

The tar model compounds dissolved in methanol (1:1 
molar ratio) were fed continuously into the vaporisation 
reactor to vaporize the tar model compounds before entering 
the second reactor where the decomposition reactions with 
the tire char occurred. The tar compounds were fed into the 
reactor with a flow rate of 3.8 mL  h−1 using a syringe pump 
and the total experimental time for injection was 60 min. 
Nitrogen was used as the carrier gas with a continuous flow 
rate of 90 mL  min−1. The volatile gases exiting the reac-
tor were passed to a series of dry ice condensers where the 
unconverted model compounds were collected. The amount 
of unconverted reactant was calculated by weighing both 
condensers and injection syringes before and after the exper-
iments. The product gases were collected in a Tedler™ gas 
sample bag and later analysed using packed column gas 
chromatography.

Product analysis

The gases collected in the gas sample bag were analysed 
for permanent and hydrocarbons. Permanent gases  (N2, 
 H2, CO,  CO2) were analysed using a Varian CP-3380 gas 
chromatograph with a thermal conductivity detector (GC/
TCD) equipped with a 2 m long × 2 mm diameter column 
packed with 60–80 mesh molecular sieve. Argon was 
used as the carrier gas. Nitrogen, the continuous purge 
gas used in the experiments was determined, and the 
volumetric flow rates of the evolved product gases were 
calculated by comparison with the  N2 flow rate. Carbon 
dioxide was analysed by a second Varian CP-3380 (GC/
TCD) on a 2 m length by 2 mm diameter column and 
packed with a HayeSep 80–100 molecular mesh, with 
argon as the carrier gas. Hydrocarbon gases from  C1 to 
 C4 were analysed using a third Varian CP-3380 GC with 
a flame ionisation detector (FID). The column used was 
2 m long with 2 mm diameter packed with 80–100 mesh 
HayeSep with nitrogen carrier gas. The mass of each gas 
produced and hence the total mass of gas was calculated 
based on the known flow rates and the molecular mass 
of each gas.

Table 3  Properties of the tire char derived from the pyrolysis of waste 
tires

Property Tire char  
(%, in weight)

Proximate analysis
 Volatiles 2.0
 Fixed carbon 78.8
 Ash 18.9

Ultimate analysis
 Carbon 70.06
 Hydrogen 0.28
 Nitrogen 0.83
 Sulphur 4.78
 Oxygen (by difference) 5.15

Ash composition (metals)
 Zn 6.5
 K 0.05
 Ca 0.95
 Fe 0.69

N2

Mass flow 
controller

Condenser 
system

Gas 
sample 

bag

Exhaust

2nd stage  tar 
decomposition reactor 

1st stage 
vaporisation reactor  

Model compound 
injection

Fig. 1  Schematic diagram of the two-stage vaporisation-tar cracking 
reactor
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To quantify the products of the cracking process, carbon 
conversion and product yields were calculated. The carbon 
conversion was defined as the moles of carbon in the gase-
ous products divided by the moles of carbon fed. The total 
amount of moles of carbon in the gas was calculated from 
the moles of CO,  CO2 and  C1–C4 hydrocarbons formed 
during the reaction which were determined from the GC 
analyses. The moles of carbon in the feed were calculated 
form the total amount of model compound fed into the 
reactor.

The yield of gaseous species was calculated as follows:

The hydrogen yield potential is defined as the sum of the 
measured hydrogen and the hydrogen that could theoreti-
cally be formed by completely shifting carbon monoxide. 
Hydrogen yield potential was calculated as the ratio between 
the concentration of  H2 in the effluent gas and the maximum 
allowed by stoichiometry:

Char characterization

Porous texture

The physical properties of the carbonaceous materials used, 
including BET surface area and porosity were determined by 
the adsorption of  N2 at 77 K using a Micromeritics Tristar 
3000 (Micromeritics Instruments Corp., London, UK). The 
apparatus measures the quantity of nitrogen adsorbed onto or 
desorbed from a solid sample at different equilibrium vapour 
pressures. Prior to the analysis, the samples (0.1 g) were 
degassed under Nitrogen for 3 h at 250 °C. The Micropore 
and Mesopore volumes were determined by the Dubinin 
Radushkevich (DR) and Barret-Joyner-Halenda (BJH) meth-
ods, respectively.

TGA 

TGA of tire char was performed using a Stanton Redcroft 
thermogravimetric analyser (Stanton Redcroft Ltd., East 
Grinstead, UK) interfaced to a Nicolet Magna IR-560 Fou-
rier-transform infra-red Nicolet Magna IR-560 Fourier-trans-
form infra-red spectrometer (ThermoFisher Scientific Ltd., 
Loughborough, UK). About 28 mg of sample was heated 

(1)
Carbon conversion =

moles of carbon in the product gas

moles of carbon in the feed
× 100%.

(2)

Yield =
mass (g) of the compound in the product gas

mass (g) of model compound in the feed
× 100%.

(3)

H2 potential =
moles of H2 in the product gas

maximum moles of H2 allowed by stoichioemtry
× 100%.

from 25 °C to 900 °C with a heating rate of 20 °C  min−1 
using nitrogen as the carrier gas and hooding time of 30 min 
at the final temperature. The sample weight loss, together 
with time and temperature and CO,  CO2 detected by FTIR 
were continuously monitored.

Acidic groups

The Boehm titration method was used to determine the 
acidic oxygen groups of the treated activated carbon. The 
acidic sites were determined by mixing 1 g of activated car-
bon with 50 mL of 0.05 mol/L sodium hydroxide (NaOH) 
in a closed flask and shaken for 24 h. The solution was then 
filtered. An aliquot of 5 mL was taken and titrated with 
0.05 mol/L hydrochloric acid (HCl). The amounts of acidic 
groups were calculated as

Results and discussion

Catalytic activity of tire char for cracking tar model 
compounds

The effectiveness of tire char for cracking the model biomass 
tar compounds at a temperature of 700 °C in terms of aromatic 
model compound carbon conversion is displayed in Fig. 2. 
In addition, blank experiments were carried out with each 
tar model compound, where sand was used as an inert bed 
material. This was to assess the influence of thermal cracking. 
The conversion was calculated from the carbon contained in 
the tar model feed that was converted to gaseous products 
 (CO2, CO, and  C1–C4 hydrocarbons). Lower carbon conver-
sion was obtained for phenol, toluene, and methylnaphthalene. 
The reactivity of the oxygenated model compounds (phenol 
and furfural) appeared to be higher than that of the non-oxy-
genated model compounds (toluene and methylnaphthalene). 
Oxygenated compounds are considered to be more thermally 
unstable, as a result, they undergo thermal decomposition, 
as well as cracking reactions on the char surface. In addi-
tion, larger cyclic hydrocarbons appeared to be less reactive. 
The results suggest that the cracking mechanisms of aromatic 
hydrocarbons and oxygenated compounds differ significantly. 
In relation to both catalytic (tire char) and thermal cracking 
(sand), the reactivity of tar compounds followed the order of 
furfural > phenol > toluene > methylnaphthalene. The results 
showed that the decomposition rate of the studied model tar 
compounds was much lower with the use of sand, highlighting 
the catalytic effectiveness of the tire char.

Acidic groups =
[NaOH] ⋅ VNaOH,mix −

(

[HCl] ⋅ VHCl,cons

)

mcarbon

.
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The highest carbon conversion of 75% was obtained with 
furfural, followed by phenol with 54% carbon conversion. 
Abu El-Rub et al. [36] showed that commercial biomass 
char is an effective catalyst for phenol conversion. They 
achieved 82% conversion with commercial biomass char at 
a reforming temperature of 800 °C and a gas residence time 
of 3 s in the presence of steam. The difference among the 
results obtained in this work is due to the presence of steam, 
which is known to promote the tar cracking process [36]. 
The toluene conversion obtained in this work (47%) was 
lower than that of  other work, such as that of Lu et al. [37], 
who reported a 63% toluene conversion at a reaction time 
of 60 min in the presence of sewage sludge derived char at 
750 °C under an inert atmosphere and with a retention time 
of 0.3 s. However, the toluene conversion reported is similar 
to that reported by Coll et al. [22] over a commercial nickel-
based catalyst at 700 °C using a steam to carbon ratio of 6.5.

The difference in carbon conversion between toluene 
and 2-methylnaphthalene was negligible. This result 
agrees with the results obtained by Fuentes-Cano et al. 

[26], where toluene and naphthalene achieved almost 
similar conversion of about 40% using coconut char at a 
temperature of 750 °C and with an inlet gas composition 
of 15%  H2O in volume and 8%  H2 in volume. However, 
methylnaphthalene seems to be stable and hard to remove, 
where about 26.9% in weight of condensed product was 
obtained. Figure 2b displays the hydrogen potential for 
the studied tar model compounds. The results clearly 
show that tire char promotes the yield of hydrogen. The 
 H2 potential for the studied model compounds was found 
to be in the range of 40%–50%.

The decomposition of high molecular hydrocarbons in an 
inert atmosphere results in the formation of gaseous prod-
ucts and carbon according to the following equations [26],

Cracking reaction: C
n
H

m
+ H

2
↔ C

x
H

y
+ H

2
.

Carbon formation: C
n
H

m
↔ nC∗ +

1

2
H2.

Methane formation: C + H2 ↔ CH4.
Hydrocracking: C

n
H

m
+ H2 ↔ CH4.

The main reactions involved during the catalytic cracking 
of tar compounds are tar cracking and hydrocarbon reform-
ing. Therefore, the change in the gas composition with/with-
out the use of catalyst is due to these reactions. The results in 
relation to the gas composition with the presence of tire char 
and sand in the second stage are shown in Fig. 3. The yield 
(%) of gases was calculated using Eq. 2, based on the gase-
ous yield (%) from the cracking of the tar model compounds. 
As presented in Fig. 3, the gas production increased dramati-
cally with the introduction of tire char in the second-stage 
reactor in comparison to the experiments with sand. For 
example, with the use of furfural as a tar model compound, 
the gas yield increased from 39% to 78% in weight, and 
the hydrogen production increased from 8 mmol  H2  g−1 to 
18.54 mmol  H2  g−1 furfural. The same trend was observed 
with the other tar model compounds. The results suggest that 
the tire char significantly improved the hydrogen production 
during the catalytic cracking of tar model compounds. The 
analysis of gaseous products during the experiments con-
firms that cracking reactions were taking place with the use 
of tire char. The cumulative yields of gases in the presence 
of tire char showed a significant difference from that with 
the use of sand only. For example, at a cracking temperature 
of 700 °C and with the use of furfural, the yields of  H2, 
 CH4, CO and  CO2 with the presence of tire char increased 
by 59%, 71%, 43% and 84%, respectively, compared to the 
non-catalytic experiment. An increase in gases was observed 
with all the tar model compounds used. Char might adsorb 
the tar components and then catalyze them on active metal 
sites in the char. In general, the strong catalytic activity of 
tire char in tar catalytic reforming is due to its surface area, 
internal surface texture, amorphous carbon structure, active 
surface functional groups, and alkali and alkaline earth 
metal oxides. The highest yields of CO were obtained for 
the oxygenated hydrocarbons, i.e., phenol (45% in weight) 
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and furfural (42% in weight). The presence of oxygen atoms 
in these molecules would promote the generation of CO in 
the gaseous stream. In addition,  CH4 was also generated with 
the use of tire char compared to thermal cracking which 
confirms the high cracking activity of tire char.  CH4 could 
also be derived from CO through methanation or from the 
decomposition of the model compound.

The oxygen functional groups on the char could interact 
with tar molecules and enhance the cracking process. Oxy-
genated functional groups found on carbon surfaces include, 
carboxylic, lactone, phenol, carbonyl, anhydride, ether and 
quinoline groups [38]. It has been reported that strong acidic 
functionalities such as carboxylic, anhydrides and lactones 
decompose at lower temperatures and weakly acidic func-
tionalities decompose at higher temperatures. Therefore, 
heating the char can produce basicity due to the decomposi-
tion of acid functional groups [38]. In the study by Wang 
et al. [39], char was found to undergo thermal cracking lead-
ing to the production of carbon containing gases, such as CO 
and  CO2, which was also observed from the negative mass 

balance after the experiment. Surface oxygen groups present 
on the carbon surface are believed to decompose upon heat-
ing by releasing CO and  CO2 [40]. In addition, coke could 
also be produced due to tar cracking. According to Wang 
et al. [39], the produced coke may react with the oxygen 
present on the char surface resulting in the formation of car-
bon–oxygen compounds that could also decompose to CO.

Many factors might influence the catalytic activity of 
carbonaceous materials for tar decomposition, including 
the thermal effect, mineral content, surface chemistry and 
porous texture. The increase in gas yield and the change 
in gas compositions with the use of tire char suggest that 
the tar decomposition is mainly due to the catalytic effect 
of tire char and not due to thermal cracking, as more gases 
were produced over tire char than with the use of sand. 
This trend was observed with all the studied tar model 
compounds. In addition, the amount of condensed liquid 
was found to be much higher with the use of sand only. 
For example, in the experiment investigating the cracking 
of phenol, the condensed liquid collected in the presence 
of sand was found to be 73% and decreased to 24% with 
the introduction of tire char. In the non-catalytic cracking 
experiment, tar cracking and poly-condensation reactions 
were prevalent, resulting in the formation of non-con-
densable gas components and soot. With the introduc-
tion of tire char, tar compounds may be decomposed by 
the hydrogenation and ring-opening reaction, producing 
a large amount of non-condensable gaseous product. The 
decrease in the condensed liquid with the use of tire char 
could also be due to the adsorption of tar compounds on 
the char surface or soot formation. Tars are expected to 
adsorb on the surface of char. The active sites present in 
char are believed to combine with the formed tar radicals 
and facilitate the cracking process. Tar radicals could also 
react with each other through a polymerization reaction 
and form soot [41]. This was also observed from the mass 
balance results.

To understand the main role that tire char plays during 
the cracking of tar compounds, the fresh unused tire char 
and the spent tire chars after reaction were examined by 
TGA-FTIR, and the results are shown in Fig. 4. The spent 
tire char had some weight loss at a temperature of 900 °C 
(about 4%), which may be related to the adsorption of heavy 
tar compounds formed due to the polymerization reaction. 
However, the difference in weight loss between the fresh and 
spent tire char is not significant, suggesting that the decrease 
in the liquid content with the use of tire char is not due to the 
adsorption mechanism and could be mainly due to cracking 
of tar compounds on active sites of the char surface into 
gases. The same conclusion was reported by Jin et al. [42]. 
The weight loss observed with the spent tire char at 50 min 
was accompanied by the release of more  CO2 than that with 
fresh tire char.
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Parametric study

Naphthalene is one of the main tar components produced 
during the gasification of biomass [43] and is considered as 
the most representative model compound of biomass gasi-
fication tar [44, 45]. According to Han and Kim [34], the 
naphthalene content in tar is generally above 9%. In another 
study reported by Michel et al. [44], steam reforming of 
methylnaphthalene over olivine and olivine supported nickel 
was investigated at various temperatures. At 900 °C, the 
2-methylnaphthalene conversion was about 4% in the pres-
ence of olivine and 31% in relation to Ni/olivine. The low 
activity of olivine was attributed to its low BET surface area. 
Therefore, many factors could influence the tar conversion, 
including the BET, porosity and the reaction atmosphere of 
the catalytic material. The main aim of the parametric study 
here was to determine the main factors that could influence 
the tar conversion of the representative biomass tar model 
compounds with the use of tire char as a catalyst. The con-
version of methylnaphthalene in the presence of tire char 
was carried out as a function of reaction time and reaction 
temperature and in terms of the char characteristics of poros-
ity and acidity.

The effect of varying the reaction temperature using 
2-methylnaphthalene is shown in Fig. 5. It shows that with 
increasing temperature from 700 °C to 900 °C, the carbon 
conversion increased slightly from 46% to 50%. The results 
also show that with increasing  reaction temperature, the 
generation rates of CO and  H2 were promoted with tempera-
ture, while the hydrocarbons decreased. The reforming and 
cracking reactions of tar are enhanced with increasing the 
temperature. The minerals within the tire char were respon-
sible for catalyzing the ring-opening reaction. However,  CO2 
showed the opposite trend, which could be attributed to char 
gasification at high temperatures.

The yield of condensed liquid gradually decreased, in 
which at a tire char temperature of 900 °C about 5% of the 
condensed liquid was obtained compared to 26.9% at a tire 
char temperature of 700 °C. As a consequence, the gase-
ous products increased, for example, a high hydrogen yield 
(35 mmol  g−1) was found at a temperature of 900 °C com-
pared to 28 mmol  g−1 at a temperature of 700 °C. There-
fore, increasing the tire char temperature from 700 °C to 
900 °C had no major influence on the carbon conversion 
and the total gas yield. However, the collected liquid prod-
uct decreased by about 80%. The decrease in condensed 
liquid at high temperature was associated with the forma-
tion of soot, which was the highest at this temperature 
and accounted for 18% of the total obtained product. The 
results suggest that tar compounds could be trapped on the 
char surface and accumulate to form coke or soot, with-
out being converted. The analysis of BET surface area 
agreed with this suggestion, as the BET surface area of 

the used tire char at a temperature of 900 °C decreased to 
58.8  m2  g−1 compared to about 71.7  m2  g−1 for the fresh 
char at 700 °C. During tar conversion, macromolecular 
compounds and the generated soot can block the pores, 
resulting in a decrease in surface area. However, in a real-
world actual gasifier, the evaporation of inherent water 
in fuel particles and the creation of pyrolytic water will 
produce a certain amount of steam, therefore, char may 
be auto-activated.

Anis et al. [46] found that the amount of condensed prod-
ucts collected during the catalytic treatment of naphthalene 
at a temperature of 700 °C and with the use of dolomite 
and Y-zeolite were about 67% and 25%, respectively, which 
agreed with the results found in this study. They also showed 
that the thermal treatment of naphthalene is highly stable at a 
temperature below 1000 °C, and about 70% of the condensed 
product was obtained at 1050 °C. However, increasing the  
temperature to 1200 °C led to an increase in the naphthalene 
removal efficiency and decrease in the condensed product 
to about 9%.

Methylnaphthalene has been found to decompose mostly 
to naphthalene and accounted for 50% of the total products 
at a reaction temperature of 900 °C. The first step in the 
decomposition of 2-methylnaphthalene is the separation 
of the methyl group from the aromatic ring [47]. The same 
trend has been reported by Parsland et al. [48]. However, 
both Parsland et al. [48] and Leinger et al. [49] reported 
the formation of low concentrations of other products, such 
as benzene and styrene, which was not observed in this 
study. This is due to the difference in the reaction atmos-
phere and the catalysts used. In the study carried out by 
Parsland et al. [48], the activity of BaNi(1) hexa-aluminate 
catalyst for methylnaphthalene conversion was investigated 
with the use of steam as a gasifying agent, while in this 
study the reaction was carried out in an inert atmosphere. 
The influence of the presence of  H2O,  CO2, and  H2 on the 
naphthalene decomposition using dolomite as a catalyst 
has been studied by Alden et al. [50]. They concluded that 
both  CO2 and  H2O promote the cracking process. The de-
alkylation of methylnaphthalene resulted in the formation 
of naphthalene, which can then be catalytically dissociated 
into radicals of naphthyl and hydrogen due to the cleav-
age of C–C or C–H bonds. In the presence of  CO2 and 
 H2O, naphthyl reacts with the oxidative radicals (which 
form from  CO2 and  H2O), resulting in the formation fewer 
aliphatic and single aromatic compounds. However, in an 
inert atmosphere, the catalytic decomposition of 2-meth-
ylnaphthalene could result only in the formation of naph-
thalene which can then undergo polymerization reactions 
to produce soot [27].

One of the main issues to consider while using a cata-
lyst for tar conversion is maintaining the activity over a 
long period of time. Therefore, the influence of the tire 
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char time on-stream was investigated for the feeding time 
of the 2-methylnaphthalene. The results are shown in 
Fig. 6 in terms of the volume percent of each gas in the 
product gas yield. Increasing the time on-stream of the 
2-methylnaphthalene interaction with the tire char from 
40 min to 80 min had no influence on the catalytic activity 
of tire char for 2-methylnaphthalene decomposition. As 
illustrated in Fig. 6, the 2-methylnaphthalene conversion 
was maintained at around 46% over the studied time on-
stream. In the study carried out by Hosokai et al. [27], it 
was reported that charcoal exhibited a high naphthalene 
conversion (96%) at the beginning of the reaction time 
and decreased to about 50% after 45 min. The authors 
ascribed this to coke deposition on the surface of the char-
coal, which resulted in a decrease in the BET surface area 
and pore volume. The stability of biomass char for naph-
thalene conversion has also been reported by Zhang et al. 
[51] in which the char maintained its activity for about 5 h. 
Hosokai et al. [27] concluded that gaseous species formed 

with the use of charcoal as a catalyst for naphthalene and 
benzene cracking are due to the slow thermal cracking of 
charcoal and that coking is the main mechanism for the 
decomposition of the studied tar compounds.

The influence of porosity on 2‑methhylnaphthalene 
conversion

To assess the influence of char porosity on methyl conver-
sion, two commercial activated carbons (obtained from Norit 
Ltd., Amersfoort, The Netherlands) with various porous tex-
tures were investigated for 2-methylnaphthalene cracking at 
a reaction temperature of 700 °C. Tire char is a mesoporous 
carbon, but to eliminate the influence of mineral content of 
tire char and to be able to understand the influence of poros-
ity on 2-methylnaphthalene conversion, a mesoporous acti-
vated carbon (AC2) with an ash content of 2% in weight was 
used for the comparison along with a microporous activated 
carbon (AC1). The textural properties in terms of surface 
area and porosity of the tire char and commercial activated 
carbon (AC1 and AC2) samples are displayed in Table 4. 
Table 4 shows the influence of the textural properties of the 
tire char and activated carbons on the 2-methylnaphthalene 
conversion, gas yield and hydrogen production.

There is an obvious difference between tire char and 
the commercial activated carbons used in terms of the 
BET surface area and the well-developed porous texture. 
The BET surface area of the commercial activated car-
bons was much larger than that of tire char. The nitrogen 
adsorption–desorption isotherms shown in Fig. 7 suggest 
that AC1 contained both micropores and mesopores, and 
the isotherms obtained for tire char and AC2 are simi-
lar to type IV adsorption isotherms, which indicate more 

Fig. 4  TGA-FTIR  (Thermogravimetric analysis-Fourier-transform 
infra-red) thermograms of fresh unused tire char and used spent tire 
char after reaction
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mesoporous carbon. Despite the large difference in the 
BET surface area between the tire char and the commer-
cial activated carbons, the 2-methylnaphthalene removal 
efficiency with both commercial activated carbons was 
slightly higher than that with the use of tire char. There 
was no obvious correlation between the hydrogen yield 
(mmol  g−1) and the surface area, mesoporosity or micr-
oporosity of the different carbons. The influence of the 
porosity of the different carbons and with sand as a blank 
material on the composition of the product gases is shown 
in Fig. 8. The yield (%) of gases was calculated using 
Eq. 2. The gas composition produced indicates an increase 
in CO,  CO2, and  H2 gas formation with the use of AC1, as 
shown in Fig. 8. Fuentes-Cano et al. [26] investigated the 
catalytic activity of various char materials with different 
porous textures for toluene and naphthalene reforming in 
an atmosphere of steam and  H2 and concluded that the 
textural properties of char had no major influence on tar 
removal. In contrast, Jin et al. [36] reported that the dif-
ference in the performance of the studied carbon samples 
during the upgrading of coal oil is due to the difference in 
BET surface area. Additionally, the authors concluded that 
activated carbon had more structural defects than char, in 
which these defects could serve as active sites for crack-
ing tar compounds. Hosokai et al. [27] investigated the 
decomposition of tar model compounds using charcoal 
and observed that coke deposited mainly occurred in the 
micropores causing the loss of the catalytic activity of 
char. The mesopore volume of the charcoal remained unaf-
fected. However, in this study, a decrease was found with 
both micropores and mesopores volumes. 
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Table 4  Tire char and activated carbons: surface area and porosity 
characteristics and influence of carbon porosity on 2-methylnaphtha-
lene conversion, gas yield and hydrogen production

Sample Tire char AC1 AC2

BET surface area  (m2  g−1) 71 944 631
Mesoporous volume  (cm3  g−1) 0.561 0.304 0.687
Microporous volume  (cm3  g−1) 0.090 0.479 0.149
Carbon conversion (%) 46 55 53
Condensed liquid (%, in weight) 24.8 11.0 20.7
Gas yield (%, in weight) 61.3 73.5 71.3
H2 (mmol  g−1) 28.3 33.4 20.4

Fig. 7  Nitrogen adsorption–desorption isotherms of the studied car-
bons

Fig. 8  Influence of carbon porosity on the yield of gaseous com-
pounds
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Both commercial activated carbons used in this work 
have a well-developed pore structure with a high BET 
surface area, however, the difference in the catalytic 
activity of the activated carbons in comparison to the 
tire char was not significant. This could be related to 
the effect of the mineral content of tire char (18% ash 
content in weight) which could provide active sites for 
cracking of 2-methylnaphthalene. For example, the cata-
lytic activity of inorganic metals for heavy hydrocarbon 
conversion to light components has been reported [52, 
53]. The results suggest that the influence of the BET 
surface area of carbon on tar cracking is negligible com-
pared with the mineral content in the carbon samples. 
The results are consistent with the conclusion reported 
by Li et  al. [53], in which semi-cokes with a higher 
mineral content (35% in weight) had a higher activity in 
tar cracking than the semi-coke with a well-developed 
porous structure but had  a lower mineral content (8.3% 
in weight). The authors suggested that both mineral con-
tent and porous texture affect the catalytic activity of the 
studied semi-cokes for cracking tar oil. In contrast, Zeng 
et al. [52] concluded that char with a higher BET surface 
area exhibited higher catalytic activity for tar removal. 
Demirbas [54] investigated the catalytic pyrolysis of 
various biomass samples impregnated with different 
catalysts and concluded that the highest hydrogen yield 
was obtained with the samples impregnated with  ZnCl2. 
As shown in Fig. 8, the difference in the  H2 yield pro-
duced, as a result of cracking of 2-methylnaphthalene, 
between AC1 and tire char was only about 1%. Addition-
ally, the  H2 yield found with tire char was higher than 
that with AC2 with a much higher BET surface area 
which suggests that the influence of mineral matter is 
more important than the porous texture.

The influence of char surface acidity 
on 2‑methylnaphthalene conversion

To assess the influence of the presence of oxygen functional 
groups present in the tire char in relation to tar conversion, a 
commercial activated carbon, designated AC1, provided by 
Norit Ltd. (Amersfoort, The Netherlands), was treated with 

 HNO3 with molar concentrations between 1 and 4 Molar. 
The treatment was carried out in a 25 mL Teflon bottle con-
taining 7 g AC and 50 mL 1–4 mol/L  HNO3. The treatment 
was carried out at 70 °C for 8 h and 150 rpm. The treated 
carbons were washed several times with distilled water and 
dried at 105 °C for 48 h.

According to Radovic et al. [55], the adsorption efficiency 
of carbonaceous material depends to a high extent on the 
surface chemistry and ash mineral composition. Both Rod-
riguez-Reinoso et al. [56] and Moreno-Castilla [57] agreed 
that the effectiveness of activated carbon for the adsorp-
tion of organic compounds is mainly determined by the 
carbon surface chemistry. The nature of surface functional 
groups can be modified via chemical and physical treatment. 
The influence of carbon acidity on tar conversion during 
pyrolysis-gasification has not been studied before. We have 
reported previously [29] that the higher efficiency of tire 
char for tar conversion could be due to the carbon acidity. 
Buchireddy et al. [58] concluded that zeolite with a higher 
acidity had a better performance toward naphthalene conver-
sion. One of the ways to form acidic sites on a carbon is to 
heat the sample in an oxidising environment. Therefore, AC1 
was treated with  HNO3 at different molar concentrations. 
The textural properties of the original and treated activated 
carbon are displayed in Table 5. Comparing the treated sam-
ples with the starting material (AC1), the physical proper-
ties change little after the treatment. The decrease in BET 
surface area of the oxygenated samples has been reported 
previously by others [59].

The results presented in Table 5, suggest that the acidic 
treatment was not effective in enhancing the 2-methyl-
naphthalene removal efficiency. The carbon conversion 
of the acid treated activated carbons was not significantly 
different from that of the original activated carbon (AC1). 
Additionally, the gas concentration did not change, and 
it was almost the same as all the tested samples, which 
further suggests that the acid treatment had no influence 
on enhancing the effectiveness of carbon for the cracking 
of tar compounds. This is probably due to the desorption 
of the oxygen functional groups while heating the char 
in nitrogen at 700 °C in the second furnace where the 
reaction occurs. According to Li et al. [53], the oxidised 

Table 5  Influence of carbon acidity on 2-methylnaphthalene conversion and hydrogen production

Sample Untreated AC1 AC1-1 mol/L  HNO3 AC1-3 mol/L  HNO3 AC1-4 mol/L  HNO3

BET surface area  (m2  g−1) 944 833 747 669
Mesoporous volume  (cm3  g−1) 0.304 0.118 0.116 0.080
Microporous volume  (cm3  g−1) 0.479 0.451 0.409 0.334
Acidic groups (mmol  g−1) 0.695 1.191 1.400 1.401
Carbon conversion (%) 55 57 58 55
H2 (mmol  g−1) 33.4 30.9 30.4 32.0
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samples release more  CO2 at a temperature of 400 °C. 
The heat treatment of biomass char at a temperature of 
750 °C under  N2 for 10 h has been found to decompose 
most of the surface oxygenated functional groups [60]. 
Therefore, the oxygen surface groups produced due to 
the acid treatment could be desorbed in the early stages 
of the experiment before the char reacts with the 2-meth-
ylnaphthalene. The results are in agreement with those 
reported by Klinghoffer et al. [59], in which the influ-
ence of the acidic groups of char have been investigated 
for methane decomposition at 850 °C, and the authors 
concluded that the acidic functional groups have no influ-
ence on the catalytic activity of char. According to the 
study carried out by Bhandari et al. [61], the acidic acti-
vated carbon exhibited lower toluene removal (79%) than 
the original activated carbon (82%) at a temperature of 
700 °C. The authors suggested that this could be due to 
polar properties of the catalysts, formed because of the 
acidic groups, which can reduce the reactivity of active 
sites of carbon with toluene. The oxygenated groups are 
polar while the aromatic ring is non polar [49]. In con-
trast, Sechandri and Shamsi [62] concluded that a char/
dolomite mixture, due to its low BET surface area and 
surface acidity, had a lower activity for coal tar decom-
position than zeolites. The influence of oxygen functional 
groups on catalytic activity of char for methane decom-
position has been investigated by Klinghoffer et al. [59], 
and it was reported that the acidic groups desorb at a low 
temperature.

Conclusions

This study investigated the catalytic cracking of phenol, 
furfural, toluene, and methylnaphthalene using a tire-
derived pyrolysis char in a fixed bed reactor. The selected 
model biomass gasification tar compounds cover the main 
detected compounds identified from biomass gasification. 
High carbon conversion (46%–75%) and hydrogen yield 
(15–28 mmol  g−1) were observed in comparison to the 
non-catalytic experiments. Furfural was found to be the 
most reactive compound, followed by phenol and tolu-
ene, with methylnaphthalene being the most refractory 
model tar compound. Further experiments were carried 
out to evaluate the influence of tire char temperature, 
reaction time on-stream, porous texture and the acidity 
of carbon on tar conversion using methylnaphthalene as 
the tar model compound. An increase in the reactor char 
bed temperature from 700 °C to 900 °C had a marginal 
increase in carbon conversion from 46% to 50%. Nei-
ther the surface area nor the surface acidity of the car-
bons investigated had a significant effect on tar model 
compound cracking. The mineral content in the tire char 

played a more important role in the cracking of the tar 
model compounds.
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