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Abstract
Waste tires have been valorized by pyrolysis using 
a pilot scale facility with a nominal capacity of 150 
kWth. More than 500 kg of shredded waste tires 
were pyrolyzed at 550 ºC using a continuous auger 
reactor. The char fraction produced, herein named 
pyrolytic carbon black (CBp) was characterized 
and submitted to different acidification/basification 
treatments in order to obtain similar properties to 
those of commercial carbon blacks. Elemental and 
proximate analyses, surface area and Hg porosimetry 
were used to investigate the properties of the CBp. 
It was observed that these treatments decreased 
the concentration of inorganic compounds without 
detriment of the textural properties. The ash content 
decreased from 14.9 wt% up to 3.0 wt.%, by using 
commercial and cheap reagents used in the chemical 
industry. The CBp was compared with those of 
commercial carbon blacks of the N300 series.

Resumen
Neumáticos usados fueron valorizados por medio 
del tratamiento termoquímico de  pirólisis usando 
una instalación a escala piloto de 150 kWth de 
capacidad nominal. Más de 500 kg de neumáticos 
fueron pirolizados en un reactor continuo de tipo 
tornillo a 550ºC. La fracción sólida producida, 
llamada aquí negro de carbón pirolítico (NCP), fue 
caracterizado en términos de análisis próximo y 
elemental, área BET y porosimetría de Hg. Asimismo, 
el NCP fue sometido a diferentes tratamientos de 
acidificación/basificación con el fin de obtener un 
sólido carbonoso con propiedades similares a los 
negros de carbono (NC) comerciales. Se observó 
que estos tratamientos disminuyen la concentración 
de compuestos inorgánicos sin detrimento de las 
propiedades texturales. Así, mediante el uso de 
reactivos comerciales y baratos, usuales en la 
industria química, el contenido de cenizas del NCP 
fue reducido en un 80%, pasando del 14.9 al 3% 
(en peso) y presentó propiedades similares a los NC 
comerciales de la serie N300.

1. Introduction
Waste or used tires has become in a serious 
environmental problem. About 1.5 billion tires are 
sold each year in the world while 4 billion tires are 
currently in landfills and stockpiles [1, 2]. Pyrolysis 
is a promising process to tackle the waste tire 
disposal problem since it allows the production of 
potentially useful products. Roughly speaking, the 
pyrolysis process produces three different fractions: 
(i) a carbonaceous solid known as char or pyrolytic 
carbon black (CBp), (ii) a liquid fuel mainly comprised 
of aromatic and aliphatic compounds known as liquid 
fraction and (iii) a non-condensable mixture of gases, 

known as gaseous fraction. The main advantage of 
this process is the minor environmental impact in 
comparison with other thermochemical processes as 
gasification and combustion, as well as the possibility 
for recovering raw materials [3,4]. The properties of 
these three fractions (solid, liquid and gas) depend 
not only on the source and grade of the tires, but 
also on the reactor configuration and experimental 
conditions such as temperature, pressure and 
heating rate among others [3,4,5].

The CBp is one of the most important products of 
this process since it considers around 30-40% of tire 
weight. Thereby, one of the major issues behind the 
profitability of tire valorization by means of pyrolysis 
is the commercial output of this product. This solid is 
mainly composed by the carbon black (CB) used in 
tire manufacture which comes from fossil sources [6]. 
For this reason, the ideal process for CBp valorization 
would be as substitute of CB for new tire production 
[3,7]. This process would form an attractive and 
profitable valorization loop for all products derived 
in waste tire pyrolysis since the liquid fraction, which 
represents around 40-60% of tire weight, shows 
better possibilities for commercialization [8,9].

However, this CBp cannot be reused as a pure 
CB for this application mainly due to the presence 
of inorganic impurities [10]. These impurities 
correspond to the inorganic additives used in tire 
manufacture since they are not devolatilized at the 
typical pyrolysis temperatures. For this reason, the 
practical applicability of CBp has been rather limited 
affecting the economic feasibility/profitability of this 
process. In this work, waste tires have been valorized 
by pyrolysis using a pilot scale facility with a nominal 
capacity of 150 kWth. The CBp produced was 
submitted to different leaching treatments in order 
to obtain a carbonaceous material with comparable 
properties to those of commercial CBs. From this 
experience, a value-added product is produced 
and for this reason it is expected that the economic 
leverage of waste tire pyrolysis is improved. 

2. The pyrolysis process and the CBp production
The pilot plant used for the pyrolysis experiments 
consists in a continuous auger reactor of 150 kWth 
of nominal capacity. It comprises four main parts: 
the feeding system, the reactor, the vessel for CBp 
collection and the condensation system. Both the 
feeding system and the reactor consist of worm 
screws. Pyrolysis reactor is heated by external 
electrical furnaces and three thermocouples measure 
the temperature profile along the reactor. During 
reaction, waste tires move through the reactor while 
decomposing into a char and volatiles. The CBp 
leaves the reactor falling down by gravity into the 
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vessel for solids collection. Process details can be 
found elsewhere [11].

The CBp production was the result of more than 
500 kg of granulated waste tires performed in 100 
h of continuous operation without any significant 
technical problem. The reaction temperature and 
pressure were 550 ºC and 1 bar, respectively. N2 was 
used as carrier gas at 5 LN/min. The waste tire mass 
flow rate was 6.7 ± 0.1 kg/h and the residence time 
of the feedstock inside the reactor was 3 min. These 
conditions were selected as those maximizing both 
the liquid yield and the tire rubber conversion. As 
consequence, yields to liquid, solid and gas were 42.6 
± 0.1, 40.5 ± 0.3 and 16.9 ± 0.3 wt.% respectively. A 
general scheme of the plant with the product yields is 
shown in figure. 1.

Figure 1. Scheme of the waste tire pyrolysis process on pilot scale 
in a continuous auger reactor
Figura 1. Esquema del proceso de pirólisis de neumáticos usados 
a escala piloto en un reactor continuo de tipo tornillo

3. General characteristics and conventional uses 
for CBp
The CBp derived from waste tire pyrolysis corresponds 
to the initial CB as well as the inorganic compounds 
used in the tire manufacture such as Zn, Ca and Si. 

In addition, it can contain some extra carbonaceous 
material as consequence of repolymerization 
reactions among the polymer-derivates depending 
on the process severity and complexity [3]. For 
this reason, it is expected that CBp shows much 
coarser particle sizes than the original CB [12]. This 
extra carbonaceous material is mainly reflected in 
the volatile matter concentration, although rests of 
polymeric materials from the synthetic and the natural 
rubber can also be found.

Moreover, CBp shows a heating value between 25 
and 34 MJ/kg that makes it very attractive as a solid 
fuel. Similarly, CBp may have compositions of carbon 
and sulfur higher than 80 and 3 wt% respectively. 
Table 1 shows a compendium of CBp properties 
(elemental and proximate analyses, heating value 
and BET surface area) from different results reported 
in literature. According to Aylón [13] CBp is a low 
reactivity material with slow oxidation kinetics and for 
this reason its combustion implies longer residence 
times at elevated temperatures. In addition, the poor 
volatile content causes a heterogeneous gas–solid 
reaction with no flame formation. For these reasons 
combustion of CBp from waste tire is rarely found. In 
addition, the added value of CBp as fuel is very low 
(around 40 €/ton) compared to the one that could be 
obtained if it could be reused for rubber manufacturing 
(between 500 and 600 €/ton).

One of the most immediate uses of the CBp is the 
production of activated carbon as has been showed 
by many authors and reviewed by Mui et al. [20]. In 
that work, activated carbons with BET surface areas 
up to 1000 m2/g have been produced from CBp 
using steam and CO2. On the other hand, low-grade 
rubber pieces and raw material for both pavements 
and pigments among others, have been reported 
to be a technical and a feasible way for using this 
material [21]. However, from industrial point of view, 
these applications do not seem to be a very robust 
market to CBp. Likewise, the limited quality and both 
the small and the limited markets for some of these 
applications also suppose an important commercial 
barrier. 

4. Some remarks about CB
CB is essentially an amorphous carbon material 
of quasi-graphitic structure commonly used as 
reinforcing filler and pigment in rubber and plastic 
products, and coatings. In tire manufacture, CB 
is used to strengthen the rubber and aid abrasion 
resistance. It has been the major reinforcing filler in 

Table 1. CBp properties reported in literature
Tabla 1. Propiedades del NCP reportadas en la literatura

Elemental analysis on dry 
basis (wt.%)

Proximate analysis on ar basis 
(wt.%)

Heating 
value 
(MJ/kg)

BET 
surface 
(m2/g)

Pyrolysis 
temperature 
(ºC)

Reactor 
type Ref.

C H N S A VM FC M
80.82 1.46 0.53 2.41 14.58 6.92 77.22 1.28 30.00 b 89.10 550 RKR [14]
90.27 0.26 0.16 1.22 8.41 0.67 90.80 0.09 n.r 63.00 500 FBR [15]
86.30 0.30 0.30 2.80 12.50 1.80 91.30 0.40 29.70 c 64.00 550 FBR a [16]
80.08 0.42 0.17 2.84 16.50 1.20 81.30 1.00 28.57 c n.r 550 FBR [17]
85.31 1.77 0.34 2.13 15.33 12.78 71.89 3.57 30.71 c n.r 550 RKR [18]
82.10 0.97 0.35 3.41 13.17 3.5 82.09 1.24 n.r n.r

600
AR

[19]
81.78 0.84 0.33 2.96 13.82 2.51 83.41 0.26 n.r n.r FBR

FBR: Fixed bed reactor; RKR: Rotary kiln reactor; AR: Auger reactor; n.r: not reported; C: Carbon; H: Hydrogen; N: Nitrogen; S: Sulfur; 
A: ash; VM: volatile matter; FC: fixed carbon; M: moisture; (a): distillation plant consisting of six vertical, tubular, stainless steel reactor; 
(b): not specified; (c): higher.
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the rubber industry. CB is generally produced from 
the soot formed in the incomplete combustion of 
fossil fuels and they can show different properties 
depending on its final use, as shown in Table 2. CBs 
are usually classified by ASTM into different classes 
such as N100, N200, N300, N500, N600, N700, 
and N900. N indicates that the CB in rubber has the 
normal vulcanization rate and the next digits indicate 
the typical average particle size, the lower the 
number, the more reinforcing the CB [22]. The most 
popular CB by far for rubber manufacture is the one 
made by the furnace process, with grades ranging 
from N100 through N700 series. Tires and rubber 
products represent the major end-use applications, 
accounting for about 90% of global CB market [6]. 

5. CBp upgrading: a leaching treatment
The CBp obtained in the experimental campaign 
described in section 2 was submitted to an extra-
heating in inert atmosphere by using the continuous 
auger reactor in order to decrease the volatile matter 
and also to reduce the strong unpleasant odor. 
After this treatment, the proximate analysis for the 
resulting char (CBp in Table 3) showed contents of 
moisture, volatile matter, ash and fixed carbon of 
0.65, 14.90, 2.37 and 82.08 wt.%, respectively (on ar 
basis). The elemental analysis, BET area, total pore 
volume and real density for CBp are shown in Table 
3. For comparative purposes, the same analyses for 
commercial CBs (N550, N772, N375 and N234) are 
also shown in Table 3. 

If the results found in the proximate analysis are 
presented on a dry ash free (daf) basis, it is possible 
to conclude that carbon (≈ 96 wt.%) and hydrogen 
(≈ 0.5 wt.%) contents of CBp are totally comparable 

to those for commercial CBs. As expected, the CBp 
contains virtually all of the initial inorganics used in 
tire manufacture since they are not devolatilized at 
typical pyrolysis temperatures. Consequently, the 
ash concentration in CBp is considerably higher (≈ 
15 wt.%) as compared to that in commercial CBs (< 
0.5 wt.%) [21]. Surface area is another very important 
property for CB utilization since it is also one of the 
parameters that determine the degree of interaction 
of the rubber with the CB [22]. As seen, CBp exhibits 
a notably BET area (≈ 72 m2/g), comparable with 
those of commercial CBs of the N300 series (for 
high abrasion resistance and easy processing 
applications, N330, N339, N347, N375 and N326, 
surface areas are between 60 and 90 m2/g).

A significant reduction of the CBp ash content can be 
achieved by acid/base treatments. Demineralization 
experiments were carried out at laboratory scale, 
and the effect of the variables involved (temperature, 
time of demineralization, concentration of both base 
and acid, CBp/reagent ratio) was studied. After 
demineralization, the ash content in CBp was reduced 
in 80%. The ash content decreased from 14.9 wt% to 
3.0 wt.%, by using commercial and cheap reagents. 
The elemental analysis as well as BET surface and 
some textural properties are also shown in Table 3. As 
seen, the carbon content increase around 12% while 
the sulfur content decrease around 70%. Similarly, 
after demineralization, the BET area slightly increase 
(78.39 m2/g) respect to the original CBp (72.42 m2/g). 

Besides ash content and surface area, particle 
size also plays an important role for CB utilization. 
CB particles have spherical shape that are fused 
together in aggregates. This effect could be observed 

Designation General rubber properties Typical uses
N110, N121, N166 High abrasion resistance Special tire treads, airplane, off-the-road racing
N220, N234, N299 High abrasion resistance, good processing Passenger, off-the-road, special service tire treads
N326 Low modulus, good tear strength, good fatigue, 

good flex cracking resistance
Tire belt, wire carcass, sidewall, bushings, weather 
strips, hoses

N330, N339, N347, 
N375

High abrasion resistance, easy processing Standard tire treads, rail pads, solid wheels, mats, 
tire belt, sidewall, carcass, retread

N550 High modulus, high hardness, low die swell, 
smooth extrusion

Tire innerliners, carcass, sidewall, innertubes, hose, 
extruded goods, V-belts

N650 High modulus, high hardness, low die swell, 
smooth extrusion

Tire innerliners, carcass, belt, sidewall, seals, 
friction, sheeting

N660 General purpose, low die swell, smooth extrusion Carcass, sidewall, bead compounds, innerliners, 
seals, cable jackets, hose, soling, flooring, MRG

N762 High elongation and resilience, low compression 
set

Mechanical goods, footwear, innertubes, 
innerliners, mats

Table 2. CB classes and their typical applications in rubber [22]
Tabla 2. Tipos de NC y aplicaciones típicas in elaboración de caucho [22]

Sample
Elemental analysis on ar basis 
(wt.%) BET surface 

(m2/g)
Total pore 
volume (cm3/g)

Average pore 
diameter (A) Density (g/cm3)

C H N S
CBp 83.01 0.47 0.29 2.69 72.42 0.333 183.9 2.013
CBp-d 93.38 0.64 0.32 0.83 78.39 0.515 270.8 ---
N550 98.72 0.28 0.27 0.55 44.83 0.114 101.5 1.921
N772 98.47 0.27 0.33 0.88 26.78 0.065 97.2 1.900
N375 97.26 0.33 0.35 0.57 89.63 0.465 207.6 1.958
N234 95.24 0.31 0.27 1.08 120.42 0.424 141.1 1.973

CBp-d: Pyrolytic carbon black after demineralization process

Table 3. Properties of CBp and commercial CBs
Tabla 3. Propiedades del NCP y de NC comerciales
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qualitatively by SEM (figure 2). The CB particle size 
is mostly in the nanometer range (anywhere from 8 
to 100 nm) with particles often aggregating in grape-
like clusters to 500 nm [23]. Moreover, CB particles 
seem to be finer than those for CBp because the ash 
and the carbonaceous deposits. At first glance, this 
is observable in SEM images showed in figure 3. 
However, TEM images reveals that the aggregates 
in CBp show spherical particles of size about 50 nm 
(figure 4). Helleur et al. [10] showed similar TEM 
images for the CBp produced in an ablative pyrolysis 

process, which in turn, resulted to be also similar to 
the N550 CB morphology. Even so, it is worth to point 
out that in many cases the CB production process 
gives carbonaceous impurities known as grit that 
are considerably larger than the CB particles. For 
this reason, specialized milling devices for grit and 
residue control are also found in CB manufacture. 
Thereby, the CBp could be reduced by this milling 
process leading to similar particle sizes to those 
commercial CBs.

Figure 2. SEM images for N550 CB (left, magnification 200x; right, magnification 1000x) 
Figura 2. Imágenes SEM del NC N550 (izquierda, magnificación 200x; derecha, magnificación 1000x)

Figure 3. SEM images for CBp-d (left, magnification 500x; right, magnification 1500x) 
Figura 3. Imágenes SEM del NCP desmineralizado (izquierda, magnificación 500x; derecha, magnificación 1500x) 

Figure 4. TEM images for CBp
Figura 4. Imágenes TEM del NCP
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6. Conclusions
Waste tires have been successfully pyrolyzed in 
a continuous auger reactor. The CBp obtained 
was submitted to different acidification/basification 
treatments and comparable properties in terms of 
BET surface were found to those commercial CBs. 
After demineralization, the ash content in CBp 
was reduced in 80%. The ash content decreased 
from 14.9 wt% to 3.0 wt.%, by using commercial 
and cheap reagents. It was observed that these 
treatments decreased successfully the concentration 
of inorganic compounds without detriment of the 
textural properties. 
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