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Abstract−This research demonstrates the production of activated carbon from scrap tires via physical activation with
carbon dioxide. A newly constructed apparatus was utilized for uninterrupted carbonization and activation processes.
Taguchi experimental design (L16) was applied to conduct the experiments at different levels by altering six operating
parameters. Carbonization temperature (550-700 oC), activation temperature (800-950 oC), process duration (30-120
min), CO2 flow rate (400 and 600 cc/min) and heating rate (5 and 10 oC/min) were the variables examined in this
study. The effect of parameters on the specific surface area (SSA) of activated carbon was studied, and the influential
parameters were identified employing analysis of variance (ANOVA). The optimum conditions for maximum SSA
were: carbonization temperature=650 oC, carbonization time=60 min, heating rate=5 oC/min, activation temperature=
900 oC, activation time=60 min and CO2 flow rate=400 cc/min. The most effective parameter was activation tempera-
ture with an estimated impact of 49%. The activated carbon produced under optimum conditions was characterized by
pore and surface structure analysis, iodine adsorption test, ash content, scanning electron microscopy (SEM) and Fou-
rier transform infrared spectroscopy (FTIR). The process yield for optimized activated carbon was 13.2% with the fol-
lowing properties: specific surface area=437 m2/g, total pore volume=0.353 cc/g, iodine number=404.7 mg/g and ash
content=13.9% along with an amorphous structure and a lot of oxygen functional groups. These properties are compa-
rable to those of commercial activated carbons.
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INTRODUCTION

Tires belong to a class of polymer compounds called thermoset
polymers. They consist of three main constituents: (Ι) rubber (about
60 wt%), (ΙΙ) carbon black (about 25-35 wt%), and (ΙΙΙ) such addi-
tives as fillers and accelerators. Most of the transportation vehicle
tires, e.g. butyl rubber (BR) and stirene-butadiene copolymer (SBR)
[1], are a blend of natural (NR) and synthetic rubber (SR). A tire is
typically made up of 85% hydrocarbon, 10-15% iron (in the form
of bead wire and steel belts), and the rest (if any) could include textile
components for reinforcement, and a variety of chemical ingredients
[2]. It has been estimated that each year 1.5 billion tires are manu-
factured around the world, and 4 billion scrap tires end up in world-
wide landfills and (scrap tire piles [3,4]. The tires are designed to
withstand extreme conditions, to wit: moisture, light, ozone, and
harsh mechanical stress. Complicated manufacturing processes and
advanced constitutive components of tires have allowed a typical tire
to remain in the environment for almost 100 years. Therefore, dispos-
ing used tires in landfills neither a wise nor sustainable solution [1].

Most countries attempt to recover the energy or the material
from scrap tires. Some of them, like European Union members,
have outlawed the dumping of scrap tires in landfills [5]. Scrap tires

are widely put to use as tire derived fuel (TDF) in many industries
like cement kilns, power plants, pulp and paper mills, and electri-
cal utilities, where they face, more or less, the least environmental
and legal requirements [1,6]. Aside from providing a good oppor-
tunity for reducing petroleum-based solid waste, TDF is also a
suitable replacement for non-renewable fuels with high calorific
value [7]. Making use of TDF in cement kilns will lower the man-
ufacturing costs [8]; this practice, however, gives rise to the emis-
sion of dangerous sulfuric gases, in particular SOx, which pose
serious air pollution problems [9]. Another viable alternative for
recycling of used tires is material restoration. Such fields as con-
crete and asphalt manufacturing, retreading, sport surfacing, noise
barriers, and roofing applications are now taking advantage of
scrap tire components in their products [10-13].

Char and activated carbon are obtained as bi-products of used
tire material recovery, and a fair amount of research has been con-
ducted on their preparation and characterization in recent years
[14-21]. Activated carbon can be produced by a variety of raw mate-
rial sources including agricultural scraps such as almond shell/olive
stone/coconut shell, Eucalyptus and Wattle wood [22], brewer’s
yeast [23], sugarcane bagasse [24], as well as industrial scraps like
paper mill sludge [25], plastics, fertilizers and tire scraps [26-29].
Used tires are one of the most popular raw materials for activated
carbon production thanks to their high carbon content and their
widespread availability from landfills [17]. Activated carbon is a
porous adsorbent with a large surface area, which makes it appli-
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cable to the separation processes involving gas and liquid phases.
Activated carbon derived from used tires has also served as adsor-
bent for removal of dyes [30,31], phenol [32], copper [33], lead
[34], mercury [35], Rhodamine B [36], Uranium (VI) [37] and
pesticides [38] from solutions. It has also been utilized for NO2

elimination [39], natural gas storage, and air pollution control [40].
In addition, liquid-phase adsorption especially in water and waste
water treatment technologies has become quite established, and
activated carbon is one of the early adsorbents used for this pro-
cess due to its ease of manufacturing, abundance, and cheapness
[41]. In fact, it was the primary adsorbent and has been known as
the most prevailing one for water and waste water recycling pur-
poses since 1940 [42]. There is a wide range of different organic and
inorganic pollutants that can be removed from water and waste water
through adsorption processes [43]. Considerable improvements
have been achieved in the last decade towards manufacturing of
activated carbon enjoying enhanced adsorption capacity [44].

The most common approaches to activate scrap tires and other
raw materials are to apply chemical or physical activation tech-
niques. Physical activation by carbon dioxide or steam is more prev-
alent than chemical activation as long as industrial processes are
concerned. A thermal pyrolysis stage is usually carried out at rela-
tively low temperatures (400-700 oC), and the activation stage is, in
turn, applied at high temperatures (800-1,000 oC). Activation tech-
nique (physical or chemical), activating agent, and temperature have
a direct bearing on activated carbon properties, to wit: surface

area, pore volume and functional groups [17].
In this study, activated carbon was prepared from used tires and

a physical activation process was performed with the aid of car-
bon dioxide as the activating agent. The proper adjustment of oper-
ating parameters, namely temperature, holding time, heating rate,
and gas flow rate, is extremely crucial in order to produce a high
quality activated carbon with high surface area and large pore vol-
ume. An Experimental design was implemented as a systematic
method to optimize the operating parameters with the objective of
maximizing the selected features of the product. The Taguchi design
is an orthogonal array method that significantly reduces the num-
ber of experimental configurations and provides an independent
evaluation of factors through a small number of trials [45].

Surface area is one of the predominant characteristics of every
adsorbent including activated carbon. The other attributes of acti-
vated carbon such as adsorption power and pore volume have a
direct relationship with surface area [46]. In this regard, the oper-
ating parameters were optimized to produce an activated carbon
with the maximum specific surface area (SSA) adopting Taguchi
method. Moreover, a fast activation process was applied in the
activation stage immediately after the carbonization stage. To lower
energy consumption and process time, no further activities like
acid washing were performed following the activation stage. Other
concepts discussed include the size of the reactor and altering the
type of stainless steel for the reactor construction. The system was
left to cool slowly for one night.

Fig. 1. Schematic display of experimental equipment set-up for activated carbon production from scrap tires.
1. Nitrogen cylinder 3. Valve 5. Scrap tires/activated carbon 7. Thermocouple 09. Heating elements
2. Carbon dioxide cylinder 4. Flowmeter 6. Fixed bed reactor 8. Temperature controller 10. Isolator
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EXPERIMENTAL

1. Materials and Methods
Scrap tires were first crushed and shredded by an ambient crush-

ing technology, and then sieved so that a stack of small particles with
an average diameter of 3.5mm was obtained. The particles containing
steel and wire cords were removed with a powerful magnet. The par-
ticles also had 1% (w/w) of fiber cottons (nylon, rayon or polyester).

A fixed bed reactor was used to conduct the entire carboniza-
tion and activation processes, with the activation step run immedi-
ately after carbonization (Fig. 1). The tubular stainless steel reactor
was ½ inch wide NPS and 1.1 m long. 50 grams of scrap tire parti-
cles were placed in the reactor, and nitrogen gas with a 99.99% purity
and a flow rate of 100 cc/min was passed through the reactor for
15 minutes to completely purge the air from the reaction environ-
ment, and allow the pyrolysis process to proceed in the absence of
oxygen. The electrical furnace was then turned on, and the tempera-
ture was elevated at a constant heating rate (oC/min) until the final
carbonization temperature was reached. Eventually, the system was
maintained at the carbonization temperature for a specific period
of time called carbonization time.

At the end of carbonization process, the nitrogen flow was re-
placed by carbon dioxide so that the activation step could be initi-
ated, while the furnace was simultaneously being heated to the final
activation temperature at a constant heating rate. The system was
kept at the activation temperature for a specific duration called activa-
tion time similar to the carbonization process. Finally, the system
was cooled to room temperature for 24 hours, and the activated
carbon was removed from the reactor. The yield of activated car-
bon production was calculated as follows:

(1)Yield %( )  = 
W2

W1
------- 100×

Table 1. Operating parameters and their levels in activated carbon
production

Parameter Level 1 Level 2 Level 3 Level 4
Carbonization temperature (oC) 550 600 650 700
Carbonization time (min) 030 060 090 120
Heating rate (oC/min) 005 010 - -
Activation temperature (oC) 800 850 900 950
Activation time (min) 030 060 090 120
CO2 flow rate (cc/min) 400 600 - -

Table 2. Orthogonal array (L16) of Taguchi experimental design

Run
parameters

Carbonization temp.
(oC)

Carbonization time
(min)

Heating rate
(oC/min)

Activation temp.
(oC)

Activation time
(min)

CO2 flow rate
(cc/min)

C10 550 030 05 800 030 400
C20 550 060 05 850 060 600
C30 550 090 10 900 090 400
C40 550 120 10 950 120 600
C50 600 030 05 950 090 600
C60 600 060 05 900 120 400
C70 600 090 10 850 030 600
C80 600 120 10 800 060 400
C90 650 030 10 850 120 400
C10 650 060 10 800 090 600
C11 650 090 05 950 060 400
C12 650 120 05 900 030 600
C13 700 030 10 900 060 600
C14 700 060 10 950 030 400
C15 700 090 05 800 120 600
C16 700 120 05 850 090 400

where W1 is the initial weight of scrap tires (g), and W2 is the weight
of the obtained activated carbon (g).
2. Design of Experiments

Experimental design is a powerful approach for the optimiza-
tion of parameters to get dependable results, and Taguchi method
is one of the most tried-and-true, fastest techniques for design of
experiments and response optimization. It is considered as a use-
ful tool in many research studies and industrial R&D for product
optimization. Quality control and enhancement of products, con-
sistent products unaffected by fluctuations induced through unde-
sirable environmental factors and components, saving time, energy,
and material as well as significant reduction of costs are among the
benefits of adopting Taguchi method [45].

We applied the Taguchi method to investigate the effect of all the
important parameters associated with the activated carbon pro-
duction process. Carbonization temperature, carbonization time,
heating rate, activation temperature, activation time, and CO2 gas
flow rate were the selected operating parameters that could mainly
influence the target response. The levels of operating parameters
and their values are listed in Table 1.

Given Taguchi approach, an orthogonal array with six columns
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and sixteen rows (L16) was sufficient for these experiments. The
experimental L16 orthogonal array chart for these variables is pre-
sented in Table 2. To eliminate the noise effects of the factors, all
the experiments were performed twice at the same operating con-
ditions in a random way.

Surface area is one of the most important properties of activated
carbon, and has a close correlation with other properties such as
adsorption capacity, pore volume and pore width. In this research,
the specific surface area (SSA), determined by employing the BET
(Brunauer-Emmett-Teller) method, was taken as target response
on which the process optimization was based. [47].

CHARACTERIZATION OF ACTIVATED CARBON

To characterize the synthesized activated carbon, the samples were
specified by the following main physical and chemical properties:
1. Elemental Analysis

The compositions of raw material (tires) and final activated carbon
were obtained via a Costech 4010 elemental analyzer. The relative
amounts of the four elements including carbon, hydrogen, nitrogen
and sulfur in the samples were reported as weight percent (wt%).
2. Surface Area and Pore Structure 

The textural properties of the produced activated carbon were
determined by nitrogen adsorption-desorption isotherm at 77 K.
The isotherms were measured with a NOVA 1000 Quantachrome
analyzer. All samples were degassed in a vacuum medium at 523 K
for 3 hr before analysis. The Brunauer-Emmett-Teller (BET) equa-
tion was used to calculate the SSA with respect to a nitrogen mol-
ecule surface area of 0.162 nm2 [47]. The total pore volumes and
micropore volumes of the samples were calculated by the Dubi-
nin-Radushkevich (DR) equation. The pore size distribution was
evaluated by the Barrett-Joyner-Halenda (BJH) method [48].
3. Iodine Adsorption

Iodine number may serve as a criterion for adsorption capacity
of carbon as well as its microporosity [49]; it indicates the amount
of iodine (mg) adsorbed by 1 g of activated carbon. The iodine
number of synthesized activated carbon was determined by titra-
tion as per the ASTM D4607-94 standard at 30 oC. About 2-3 g of
each produced sample was taken, and fully wetted by 10ml of 5wt%
HCl solution in a flask. Then, 100 ml of 0.1 N standard iodine solu-
tion was added to the flask, and the mixture was shaken vigor-
ously for 1 minute. The mixture was then filtered and 50 ml of the
filtered solution was quickly titrated with standard sodium thiosul-
fate (0.1 N) in the presence of starch as an indicator. Lastly, the
iodine number was calculated from the total volume of consumed
sodium thiosulfate.
4. Bulk Density

Bulk or apparent density is defined as a measure of the weight
of material that a given volume can contain at specified conditions.
A 10 ml cylinder was filled up to a certain volume with activated
carbon that had been dried in an oven for 2 hr at 90 oC [50]. The
cylinder was weighed and the bulk density was found by the fol-
lowing relation:

Bulk density (g/ml)=[weight of activated carbon (g)/
volume of packed dry activated carbon (ml)] (2)

5. pH
The pH test was done by means of a modified ASTM 3838-80

standard method [51]; so, 1 g of activated carbon was taken (instead
of 10 g) while the carbon to water ratio was kept constant. A flask
with a condenser was used to boil the sample in 10 ml of distilled
water for 15 minutes. Then, the solution was filtered, and the pH
of the filtrate was measured at 50 oC.
6. Ash Content

Based on the ASTM D2866 standard test method, the ash con-
tent was estimated in terms of the mass residue left after the car-
bon combustion. The sample was dried at 110 oC, and then moved
to a muffle furnace where it was burned for 5 hr at 650 oC [52].
7. Conductivity

Conductivity was measured through the procedure suggested
by Ahmenda [53]. A 1 wt% solution of activated carbon in deion-
ized water was stirred at room temperature for 20 minutes. After-
wards, the electrical conductivity was measured using a WTWT-
CON 3110 conductivity meter.
8. FTIR

To identify the functional groups of the synthesized activated
carbon, FTIR analysis was carried out by a Thermo Nicolet Nexus
670 spectrophotometer. The samples were mixed with KBr pow-
der, and compressed into the disc by a manual tablet press, and
then the FTIR analysis was accomplished in the absorbance mode.
9. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) images were obtained
with the help of the SERON AIS2300 microscope. The samples were
powdered and dried in an oven at 110 oC before analysis.

RESULTS AND DISCUSSION

The carbon produced after carbonization of tire scraps (char) is
ready to be activated by an activating agent like CO2. The carbon
atoms can be removed from the porous carbonaceous media through
gasification using the activating agent (CO2) at above 800 oC. The
reaction of carbon with carbon dioxide is simple and defined as:

C+CO2→2 CO ΔH=+159 kJ/mol (3)

The resulting products of this reaction are carbon monoxide and
porous activated carbon [46].

Table 3 shows the results for each run: process yield, textural prop-
erties of activated carbon, and ash content. The yield results range
between 3 to 32%. These data indicate that the activated carbon
yield was mostly influenced by temperature and holding time. As
a result, the yields decreased substantially at high temperatures and
relatively long holding times.

The ash content of activated carbon is deeply dependent on the
mineral and/or inorganic compounds of the raw material. It con-
sists mainly of alkali metal salts, silica, carbonates, etc., which is gen-
erally high in case of tire activated carbon due to the polymeric nature
of rubber and the presence of other compounds in the tire struc-
ture such as oils and fillers. Commercial activated carbons have an
ash content of up to 20%. Since ash occupies some of the pore vol-
ume and slows down the adsorption process, activated carbon
with the least ash content is desired. There are some options, for
instance, demineralization with HCl, to lessen the ash content. Con-
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sidering the data in Table 3, the C4 and C5 samples had high ash
content of about 88% and 80%, respectively. These two samples
were obtained in operating conditions of 950 oC and holding time
longer than 60 minutes. These relatively high values of ash content
are due to pore destructions. It can be stated that all of the carbon
in the sample had reacted with CO2 in these conditions, and had
been consumed during the reaction, in which brought about a
minimum yield percentage (3%) for the experiments C4 and C5.
The least SSA, total pore volume, micropore volume, and microp-

ore surface area are also ascribed to these two prototypes.
According to Table 2 and Table 3, there is a direct relationship

between specific surface area (derived from BET) and the other tex-
tural properties of activated carbon. The total pore volume increased
along with the increasing micropore volume due to favorable acti-
vation conditions. The formation of micropores caused the num-
ber of pores to multiply, the surface area of micropores to become
larger, and the SSA to rise. In addition, for all the samples, the
amounts of micropore volume obtained through the DR method

Table 3. Summary of results for activated carbon samples based on Taguchi experiments

Run Yield
(%)

Specific surface
area (SSA)

Total pore volume
(×10−3 cc/g)

t-Method micropore
volume (×10−3 cc/g)

t-Method micropore
surface area (m2/g)

DR micropore
volume (×10−3 cc/g)

Ash
(%)

Ave. pore
radius (Å)

C10 32 093.75 113.7 007.6 011.4 061.2 11.6 24.3
C20 25 260.07 274.4 065.1 121.4 135.5 10.1 22.8
C30 15 366.84 333.7 112.2 176.3 179.0 06.9 18.9
C40 03 019.55 023.4 000.0 000.0 049.3 88.1 24.0
C50 03 040.46 048.0 000.0 000.2 051.2 80.2 23.8
C60 12 390.22 344.8 122.9 211.5 213.7 32.1 17.9
C70 29 175.27 212.3 031.9 058.7 092.5 09.0 24.8
C80 29 129.33 173.4 015.4 028.1 076.4 09.8 26.8
C90 23 262.98 276.2 066.2 123.5 136.2 14.1 22.7
C10 29 169.48 207.4 029.6 054.7 089.0 10.1 24.9
C11 11 391.42 344.3 123.6 224.5 226.1 22.8 17.6
C12 24 342.03 320.8 101.3 187.8 193.1 06.9 18.7
C13 16 393.48 346.3 124.4 224.5 215.7 15.2 17.8
C14 20 315.25 307.0 089.0 161.3 167.8 07.8 21.0
C15 28 194.99 228.4 039.0 072.9 101.0 11.2 24.5
C16 25 252.77 269.7 062.0 115.9 068.6 09.3 23.1

Fig. 2. Effect of different levels of operating parameters on the response (SSA). (a) Carbonization temperature, (b) carbonization time, (c)
heating rate, (d) activation temperature, (e) activation time, (f) CO2 flow rate.
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were greater than those obtained through t-method.
Maximum SSA, total pore volume and micropore volume found

for sample C13 were 393 m2/g, 0.346 cc/g, and 0.124 cc/g, respec-
tively. Other samples such as C11, C6 and C3 also had high SSA
values above 350 m2/g. These results reveal that the SSA values for
all the samples were around 390 m2/g even though the preparation
conditions were different. However, there can be optimum operat-
ing conditions that will maximize SSA.

The average pore radii for all samples were between 18-26 Ang-
strom. Pore radius had a direct correlation with the SSA, total pore
volume and micropore volume. For the samples featuring high total
pore volume and micropore volume, the average pore size decreased.
In other words, when the micro-porosity was high, the pore size
diminished significantly.
1. Effect of Parameters

To investigate the effect of a single parameter on SSA, the aver-
age results for each level were calculated and are shown in Fig. 2.
The overall average SSA of all the samples was 237.4 m2/g.

As can be seen in Fig. 2(a), the maximum SSA was around 290
m2/g at higher carbonization temperatures near 650 oC (level 3)
and 700 oC (level 4). When SSA increased at higher temperatures,
it caused oils and non-carbonic elements to separate from the tire
structure, and allowed pore expansion to take place. Fig. 2(b) sug-
gests a similar trend for SSA values with increasing carbonization
time, except that the SSA decreased after 90 min (level 3). There-
fore, there is an optimum carbonization time after which the hold-
ing time will have a negative impact on SSA.

According to Fig. 2(c), elevating the heating rate from 5 oC/min
(level 1) to 10 oC/min (level 2) did not significantly affect the SSA.
The small drop in SSA, when the heating rate increased to 10 oC/
min, means that the rate of carbonization reaction went up, and
the materials remained in the reactor for a shorter time. Hence,
the number of micropores and mesopores formed in the carbon
structure were somewhat fewer at 10 oC/min.

Fig. 2(d) implies that the activation temperature was the param-
eter able to change the SSA the most, with a steep slope from level
1 (800 oC) to level 4 (950 oC). The SSA grew sharply up to level 3
(900 oC) due to the pore structure development and the formation
of new micropores. The pore walls started to crumble after level 3
at temperatures higher than 900 oC. Consequently, the micropores
merged to form a newly unfavorable configuration of mesopores
and macropores, giving rise to a decline in the SSA.

The correlation of SSA with activation time is roughly similar
to that with activation temperature. At first, SSA increased from

level 1 (30 min) up to level 2 (60 min), and then decreased after
that time (Fig. 2(e)).

Fig. 2(f) shows the effect of CO2 flow rate on the SSA. Owing
to the increased reaction rate and gasification at level 2 (600 cc/
min of CO2 flow rate), in which more pore walls collapsed com-
pared to level 1 (400 cc/min), some micropores converted to mes-
opores and macropores, causing the SSA to diminish accordingly.

An analysis of variance (ANOVA) was implemented to find those
process parameters that were statistically consequential in activated
carbon production along with their confidence level and interac-
tions. The ANOVA was based on degree of freedom (DOF), sums
of squares (ss), variance and F-test (Fisher test). The ANOVA results
are detailed in Table 4. With respect to these results, activation tem-
perature is the most contributing parameter, and has the greatest
influence (about 49%). Other notable parameters are carboniza-
tion temperature and carbonization time with about 19% and 14%
influence, respectively. The effect of heating rate was near zero per-
cent, which means that raising the heating rate from 5 to 10 oC/
min had practically no impact on the SSA. The associated error in
ANOVA is slight and negligible, confirming that there is a good
agreement between the predicted and the experimental values, and
the interactive effects of other parameters are indeed imperceptible.

The analysis of F-value is a test that points out the statistical sig-
nificance of a parameter affecting the response. Through this anal-
ysis, the F-ratio of a parameter is compared to an F-value with a
specific confidence level based on the degree of freedom. It means
that for a confidence level of 99% (F-1%), if the F-ratio of the param-
eter is bigger than F-1%, then the parameter is statistically signifi-
cant with a 99% confidence level [45]. On this basis, the activation
temperature and CO2 flow rate whose F-ratios (950.5 and 545.14)
were bigger than F-1% (540 and 405, respectively), could be con-
sidered statistically significant with a 99% confidence level.
2. Optimization of Specific Surface Area

To maximize SSA, the operating parameters were optimized
adopting Taguchi method, and the following optimal conditions
were obtained:

• Carbonization temperature: 650 oC
• Carbonization time: 60 min
• Heating rate: 5 oC/min
• Activation temperature: 900 oC
• Activation time: 60 min
• CO2 flow rate: 400 cc/min
Taguchi design anticipated an SSA of 465.2 m2/g at optimum

conditions. So, a confirmation test was carried out to examine the

Table 4. Analysis of variance (ANOVA) of main parameters involved in the production of activated carbon from scrap tires
Parameter Degree of freedom (DOF) Sums of squares (SS) Variance (V) F-ratio F-value (1%) Percent (%)
Carbonization temp. 3 044842.67 14947.56 353.58 540 18.99
Carbonization time 3 033513.68 11171.23 264.25 540 14.18
Heating rate 1 001114.38 01114.38 026.36 405 00.46
Activation temp. 3 114839.62 38279.87 905.50 540 48.72
Activation time 3 018036.51 06012.17 142.22 540 07.61
CO2 flow rate 1 023045.51 23045.51 545.14 405 09.77
Error/Others 1 000042.27 00042.27 - 00.27
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optimum conditions. The confirmation experiment was repeated
and the optimize sample was analyzed. Interestingly, the SSA value
of activated carbon obtained at optimum conditions was 437.1 m2/g.
The almost 6% difference between the design’s prediction and the
value found in practice through real optimum conditions seems
reasonable and relatively low. The difference could be attributed to
uncontrollable environmental conditions such as temperature fluc-
tuations and noise factors. The sample obtained at optimum con-
ditions was named optimized activated carbon (OAC) and was
comprehensively analyzed.

In our previous research [54], the process yield and iodine num-
ber were optimized in activated carbon production process. The
optimum conditions for the process yield functioning as response
were as follows:

Carbonization temperature: 700 oC, Carbonization time: 60 min,
activation temperature: 800 oC, activation time: 30 min, and CO2

flow rate: 400 cc/min.
The optimum conditions obtained for iodine number were in

this way:
Carbonization temperature: 700 oC, Carbonization time: 60 min,

activation temperature: 900 oC, activation time: 60 min and CO2

flow rate: 400 cc/min.
Based on these results, it can be concluded that iodine number

and SSA responses are analogous, and the optimum conditions for
both are nearly the same. The comparison of optimum conditions
for the process yield with those for SSA (or iodine number) reveals
that the carbonization conditions were the same, but the maximum
yield was reached at different activation conditions, i.e., 800 oC (which
is the lowest temperature) and an activation duration of 30 min.
3. The Characteristics of Optimized Activated Carbon

Making a comparison between CHNS elemental analysis for
the raw scrap tire and the OAC (Table 5) reveals that the carbon
content increased (on account of carbonization and activation pro-
cesses) and the amount of sulfur dropped. This may be due to sepa-
ration of some compounds, e.g., SOx, H2S and other sulfuric com-
pounds, via the pyrolysis of scrap tires. Some sulfur content was
removed from the tire structure during the pyrolysis (carbonization)
process, and thus the amount of sulfur decreased. Meanwhile, the
content of hydrogen and nitrogen did not change markedly.

Physical and chemical characteristics of the optimized sample

are detailed in Table 6.
The ash content was about 14% for OAC, which is an accept-

able percentage, bearing in mind that no ash reduction treatment
such as demineralization was administered.

The pH of OAC was about 10. This pH value represents the basic
nature of activated carbon which can be ascribed to the formation
of functional groups during its reaction with CO2. This property
makes OAC unsuitable for the removal of acidic compounds such
as acid dyes.

The OAC exhibited a relatively high value of conductivity, which
may come from the relatively high ash content and the subsequent
high amount of leachable minerals, or a large number of functional
groups on the activated carbon.

Tables 6 and 7 indicate that these properties are comparable
with the results of other studies. Gonzalez et al. were able to achieve
a surface area of 496 m2/g at 850 oC, 3 hr activation time, and with
600 cc/min of CO2 flow rate. The high carbonization temperature
and long activation time resulted in a rather large SSA [55]. Suu-
berg et al. ground and powdered the char (320-420µm) after the
pyrolysis, and then ran a second pyrolysis at 900 oC for 1 hr before
activation. They obtained a surface area of 650 m2/g with adjust-
ing the carbon dioxide partial pressure at 4.80 kPa, and exploiting
helium as the CO2 carrier gas. These conditions helped to gain a

Table 5. Elemental analysis of raw material (scrap tires) and optimized activated carbon
Sample Carbon (%) Hydrogen (%) Nitrogen (%) Sulphur (%)
Scrap tire 73.50 4.15 0.15 20.12
Optimized activated carbon (OAC) 78.63 4.20 0.07 14.91

Table 6. Characteristics of activated carbon prepared at optimum
conditions (OAC)

Characteristic Value
Specific surface area (BET) 437.1 [m2/g]
Total pore volume (t-method) 353.6 [×10−3 cc/g]
Micropore volume (t-method) 112.3 [×10−3 cc/g]
Micropore surface area (t-method) 130.3 [m2/g]
Average pore radius 18.7 [A]
Iodine number 404.7 [mg I2/g]
Yield 13.2%
Bulk density 0.20 [g/ml]
pH 10.2
Conductivity 395 [µs/cm]
Ash content 13.9%

Table 7. Brief summary of other studies conducted on activated carbon preparation from tire wastes by CO2

Reference Carbonization conditions Activation conditions CO2 flow rate [cc/min] Surface area (BET) [m2/g]
Gonzalez et al. [55] 800 oC, 1 h 850 oC, 3 h 600 496.0
Suuberg et al. [56] 700 oC, 5 min 850 oC, 1 h 220 650.0
Betancur et al. [14] - 900 oC, 3 h 150 414.5
Choi et al. [57] 500 oC, 2 h 950 oC, 3 h 5 NL/min 437.0
Acevedo et al. [19] 850 oC 850 oC 250 496.0



Carbonization and CO2 activation of scrap tires: Optimization of specific surface area by the Taguchi method 373

Korean J. Chem. Eng.(Vol. 34, No. 2)

high surface area [56]. Betancur et al. manufactured activated car-
bon from scrap tires through direct CO2 activation (150 ml/min)
at 900 oC with 3 hr activation time without any carbonization or
pyrolysis, and reached a surface area of 414.5 m2/g at those condi-
tions [14]. Choi et al. optimized their activated carbon with a 437
m2/g BET surface area, performing activation at 950 oC for 3 hr [57].
However, interestingly, we were able to achieve nearly the same SSA
by running activation at a lower activation temperature (900 oC)
and shorter time (1 hr). Acevedo et al. obtained a 496 m2/g surface
area through activation with a CO2 flow rate of 250cc/min at 850 oC.
The activation time was long enough (until the burn-off reached
about 65%) to produce an activated carbon with a convincingly
high SSA [19].

The correlation between SSA and the iodine adsorption capacity
of the produced activated carbon is demonstrated in Fig. 3. There
is a direct relationship between the Iodine number and the SSA,
and any increase in SSA will subsequently boost the accessible vol-
ume of the activated carbon pores that will be filled by Iodine mol-
ecules. A linear regression was constructed for the data points, which
exhibits a good convergence with R2=0.94. The slope of the line
was near 1, implying that the iodine number was approximately
equal to SSA. Therefore, it is a fairly convenient estimation tool for
calculating one of the responses (SSA or iodine number) using the
corresponding values of another one.

Fig. 4 illustrates the SEM images from a sample of scrap tire rub-
ber with 10000× magnification zoom, and OAC with two differ-
ent magnification zooms of 5000× and 10000×. As can be seen in
Fig. 4(a), the scrap tire sample was fully plain without any void frac-
tions. However, it is obvious from Fig. 4(b) and (c) that the cavities
and rough textures were clearly formed when the organic com-
pounds in the tire were released at high temperatures during the
reaction with CO2. There are different kinds of pores in the acti-
vated carbon, including some micropores and macropores, but
mostly mesopores; so, the activated carbon is considered meso-
porous as the BET analysis has already shown.

The nitrogen adsorption-desorption isotherm for OAC (at 77 K)
is presented in Fig. 5. Based on IUPAC classification, the isotherm
is type IV, which reflects the fact that most of the pores are meso-
pores rather than micropores. An inflection can be observed, at the
first three adsorption points due to the coverage of the first adsorbed
monolayer. Since capillary condensation has occurred in the mes-
opores, a hysteresis of adsorption-desorption loop has been created.
Capillary condensation takes place as a consequence of the menis-
cus formation of the liquefied adsorbate. The capillary condensation
and evaporation do not often happen at the same pressure, and this
leads to H3 type hysteresis phenomenon, which is an intermedi-

Fig. 4. SEM pictures of (a) scrap tire (b) optimized activated carbon (OAC) with 5 k zoom and (c) 10 k zoom.

Fig. 3. The relation between SSA and Iodine number of activated
carbon samples.

Fig. 5. Adsorption-desorption isotherm of SSA optimized activated
carbon (OAC) at 77 K.
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ate state of SSA with the two basic types of H1 and H4 hysteresis.
The H3 type hysteresis represents the pores that are mostly slit-
shaped, and the activated carbon that is made up of plate-like par-
ticles [46].

The pore size distribution contains information on the amount
of pore volume available to adsorbate molecules of a given shape
and size. Based on IUPAC classification [58], adsorbent pores are
divided into three groups of micropores (d<20 Å), mesopores (20<
d<500 Å), and macropores (d>500 Å). Fig. 6 shows the Barrett,
Joyner and Halenda (BJH) adsorption pore size distribution of the
OAC. The plot confirms that the activated carbon is nearly meso-
porous with the majority of pore sizes between 30 and 50 Å, and
an average pore diameter of 37.34 Å. The pore volume distribution
gradually decreases with increasing pore size, and shifts to macro-
porosity.

The changes in FTIR spectra of scrap tire samples and OAC are
demonstrated in Fig. 7. Apparently, scrap tire has many banded
functional groups like OH (3,432.65cm−1), C-O (1,035.17cm−1), S=O
(1,444.11 cm−1) and aromatic (874.77 cm−1) or aliphatic groups. The
peak at 479 cm−1 represents the groups of S-S, and the peak at 796-
801 cm−1 refers to the stretching aromatic compounds (C-H). The
strong and broad adsorption peak at 1,111 cm−1 corresponds to the
stretching of the C-O oxygenated functional groups, and it sug-
gests the presence of carboxylic acid, ether, and ether functional
groups in activated carbon. The symmetric band found at 1,384
cm−1 indicates the groups of -CH3, and there is a possibility for the

presence of S=O groups at this peak as well. The other functional
groups are C=N stretch vibration at 1,624 cm−1, and aliphatic -CH
stretching at 2,921 cm−1. Finally, another noticeable shoulder around
3,433 cm−1 specifies the OH groups, which have formed during car-
bonization and activation processes [18,59].

The X-ray diffraction (XRD) analysis was done on the OAC
sample and the results are shown in Fig. 8. The diagram exhibits two
main peaks at around 2θ=28o (d=3.09 Å) and 47o (d=1.89 Å). It
can be deduced from these peaks that the activated carbon is most
likely amorphous and does not represent a crystalline structure.

CONCLUSIONS

Activated carbon was produced from scrap tires, and the effect
of operating parameters on the specific surface area (SSA) was
investigated. The entire process is comprised of two steps of car-
bonization and activation by carbon dioxide as the activating agent.
The experiments were based on Taguchi experimental design. The
analysis of variance made clear that the leading factor was the acti-
vation temperature with about 49% effect on the SSA. The opti-
mum conditions obtained for the maximum SSA were: carboni-
zation temperature=650 oC, carbonization time=60 min, heating
rate=5 oC/min, activation temperature=900 oC, activation time=60
min and CO2 flow rate=400 cc/min. Also, the activated carbon SSA
at optimum conditions was about 437 m2/g. The prepared activated
carbon was a mesoporous adsorbent with a predominantly amor-
phous structure, numerous oxygen functional groups, high elec-
tric conductivity and moderate ash content. The produced sample
had good iodine adsorption capacity (proportional to the SSA) as
well, and could be taken advantage of in industrial sorption pro-
cesses aimed at elimination of organic compounds.
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