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a b s t r a c t

In this study, activated carbon was produced through pyrolysis process from worn tires and applied 
as an effective and low-cost adsorbent to remove heavy metal ions of copper, nickel and cobalt from 
aqueous solutions. Scanning electron microscope (SEM), X-ray diffraction (XRD), Fourier-transform 
infrared spectroscopy (FT-IR) and Brunauer–Emmett–Teller (BET) analyses were utilized to investi-
gate the characteristics of the adsorbent. The specific surface area of activated carbon by BET analysis 
was reported as 32.39 m2/g which shows activated carbon has a suitable porous surface. The adsorp-
tion process of metal ions carried out discontinuously and effects of parameters like pH, tempera-
ture, contact time and adsorbent dosage on adsorption efficiency were examined. The results showed 
that adsorption efficiency increased by increasing initial pH (from 2 to 6), contact time and adsorbent 
dosage. But increasing the temperature, reduced adsorption efficiency showing that the adsorption 
process is exothermic. Besides, isotherm behavior of adsorption processes was studied using Lang-
muir and Freundlich isotherm models. According to correlation coefficient (R2), the Freundlich iso-
therm model was more capable to describe isotherm behavior of adsorption process of metal ions in 
comparison with the Langmuir model. The maximum adsorption capacity (qmax) based on Langmuir 
isotherm model was determined as 109.89 mg/g, 74.626 mg/g and 90.09 mg/g for nickel, copper and 
cobalt adsorption, respectively which are significant amounts. The values of parameters n and RL 
showed that the adsorption process is physical and desirable. Also, thermodynamic behavior showed 
that adsorption process was exothermic and spontaneous. Additionally, kinetic models showed that 
the pseudo second-order model has a greater ability to describe the kinetic behavior of the process.
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1. Introduction

Although heavy metal ions are available within the envi-
ronment in low concentrations, human activities increased 
their concentrations and they are known as a contaminant 
agent these days. Transport and accumulation of metal ions 

in food chains cause harmful effects on human health and 
other creatures on earth [1,2]. Heavy metal ions contamina-
tion can be separated from other types of contaminations as 
they are not degradable and can be stored within living tis-
sues and enter into food chains [3]. Nickel, copper and cobalt 
are toxic and non-biodegradable heavy metal cations which 
are frequently used in industries like galvanizing, melting, 
mining, battery manufacturing and additional operations 
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of metals [4,5], electroplating and electronics. These ions 
are expelled to the environment through the wastewaters 
of these industries [6]. High consumption of nickel metal 
can lead to illnesses such as diseases of the brain, skin, liver, 
pancreas, heart [7], kidney damage, capillary trauma, gas-
trointestinal irritation, anemia [8], vomiting, muscle cramps 
and seizures [9]. Cobalt is another heavy metal ion which is 
necessary for the body in low quantity, but high concentra-
tions of this ion can cause different diseases like paralysis, 
diarrhea, chronic blood pressure, pulmonary discomfort, 
bone defect [10], vomiting, shortness of breath, nausea, car-
diac failure, kidney damage and thyroid disabilities [11]. 
Therefore, it is necessary to remove these metal ions from 
industrial wastewaters and the environment to increase the 
health of human and living organisms.

Removing metal ions from aqueous solutions are car-
ried out through different methods such as chemical 
treatments [12], ion exchange, adsorption [13], membrane 
processes [14], coagulation and electrochemical methods. 
Amongst aforementioned methods, adsorption is highly 
attended for metal ion removal from aqueous solutions due 
to the simplicity of the process, low cost and cost-effective-
ness, adsorption capability and recovery of the adsorbent, 
high efficiency and operational speed [15]. Different mate-
rials are used for the adsorption process, but activated car-
bon is one of the most frequently used adsorbent all over 
the world for adsorption of metal ions from wastewaters. 
Although this adsorbent is expensive with the high cost of 
production [16], in the recent decade this cost decreased by 
using various types of activated carbon produced from agri-
cultural wastes like coconut charcoal, walnut and hazelnut 
shells [17]. In all, very low-cost material with high organic 
content and low inorganic content within its structure can 
be used as a raw material of activated carbon production 
[18]. The wood of some plants, charcoal, brown charcoal, 
lignin, coconut shell, shells of fruits such as hazelnuts, wal-
nuts are the most regular raw materials used to produce 
activated carbon. In addition to these materials, worn tire 
is another raw material highly considered for activated car-
bon production since high amount of tires are produced and 
released in the nature annually and its accumulation within 
the environment is accompanied by some problems like 
increasing the number of insects such as flies and rodents, 
as well as causing fires [19]. Therefore, recovery and conver-
sion of this material to other sorts of substances and their 
recycling are very significant and essential.

In this research study, worn tires were employed for 
the preparation of activated carbon and its ability in nickel, 
copper and cobalt ions removal from synthetic wastewater 
was elucidated. The characteristics of produced activated 
carbon were analyzed by X-ray diffraction (XRD), Fouri-
er-transform infrared spectroscopy (FT-IR) and Brunauer–
Emmett–Teller (BET) and scanning electron microscope 
(SEM). Effects of some parameters were fully investigated 
including initial pH of the solution, contact time, adsor-
bent dosage and temperature on adsorption efficiency. Iso-
therm models of Freundlich and Langmuir were applied 
to inspect equilibrium behavior of the adsorption process. 
Besides, the adsorption process regime was studied at dif-
ferent temperatures by thermodynamic parameters like 
enthalpy, entropy and Gibbs free energy. To the best of 
author’s knowledge, there is no published research regard-

ing heavy metals removal by activated carbon prepared 
with worn tires.

2. Materials and methods

2.1. Preparing activated carbon

In this work, activated carbon was prepared by the 
thermochemical method and through the pyrolysis pro-
cess. The worn tire was split into small fragments and for 
chemical activation soaked within potassium hydroxide for 
three hours. The process was accomplished in 250 ml Erlen-
meyer by mixing the sample of the worn tire with potas-
sium hydroxide and ethanol as solvent. This mixture was 
kept in an oven for 24 h at 110°C. Afterward, the activated 
tire was placed in the furnace with 700°C temperature to do 
the pyrolysis process. The product of this stage was washed 
with 0.5% normal chloride acid at 85°C and distilled water 
in order to completely neutralize it and then again placed 
in the oven for 24 h and 110°C to completely dry it up. The 
activated carbon was then powdered and separated with 
sieve No. 25.

2.2. Devices and instruments

FRIR (Broker Victor 22) was applied in order to inves-
tigate functional groups in produced activated carbon and 
the changes on the surface after removing copper, nickel and 
cobalt ions. The structure and morphology of the adsorbent 
were studied by XRD (Siemens D500 type) and SEM (Hita-
chi S4160), respectively. Also, the specific surface area, pore 
volume, and pore size of the adsorbent were determined 
by BET (Micrometrics/Asap2020, USA). Additionally, the 
amount of residual metal ions within the solution after the 
tests was measured by a flame atomic absorption device 
(type SpectrAA-10 Plus) with acetylene-air fuel made by 
Varian Manufacturing Company. Measuring surface fea-
tures, porosity and available pores of activated carbon were 
done by Micrometrics/Asap 2020 made in USA. Initial 
pH of the solutions was measured by a digital pH meter 
(Metrohm 744).

2.3. Preparing stock solution and undertaking the tests

In this study, all the above-mentioned materials and 
devices were purchased from Merck company (Germany). 
The solutions with nickel (II), cobalt (II) and copper (II) con-
tents were prepared from Ni(NO3)2·4H2O, Co(NO3)2·6H2O 
and CuSO4·5H2O, respectively. The stock solution with 
1000 mg/L initial concentration was obtained by dissolving 
certain amounts of the mentioned compounds in double 
distilled water. In order to achieve definite molarity of the 
solutions for the experiments, the stock solution was diluted 
with double distilled water. The adjustment of initial pH of 
solutions for the adsorption process was performed using 
HCl and NaOH (1 M).

The experiments for the adsorption of metal ions from 
synthetic wastewater using activated carbon produced 
from worn tires were discontinuously performed inside a 
250 ml Erlenmeyer containing 100 ml working volume. The 
effects of parameters like initial pH of the solution, contact 
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time, adsorbent dosage and temperature were thoroughly 
investigated on the adsorption process. In order to check 
the effect of initial pH, the adsorption tests were performed 
at pH range of 2–11, 25°C temperature, 60 min contact time, 
10 mg/l initial concentration of metal ions, 3 g/l adsorbent 
dosage and 300 rpm mixing rate. After determination of 
optimal pH, the effects of other parameters including tem-
perature (25–55°C), contact time (5–200 min) and adsorbent 
dosage (1–10 g/l) at optimum pH were studied. 

Flame atomic absorption device employed for the mea-
surement and determination of residual metal ions within 
the solutions after the adsorption process. In all samples, 
the amount of adsorbed heavy metal ions (R%) and adsorp-
tion capacity (qe) were defined by Eqs. (1) and (2) [4]:
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where Ci and Co are the initial and equilibrium concentra-
tion of metal ions (mg/l), respectively. V is the volume of 
the solution (L), M is the weight of dried adsorbent used 
in the experiments (g), R is the percentage of heavy metal 
ions adsorption and qe is the adsorption capacity per gram 
of dried bio-adsorbent (mg/g).

3. Results and discussion

3.1. Adsorbent properties

In order to investigate the changes on the surface of 
activated carbon produced from worn tire before and after 
adsorption process, the surface of activated carbon was cov-
ered with a thin layer of gold in a vacuum condition and the 

surface was inspected by SEM. Fig. 1 shows SEM images of 
this adsorbent before and after adsorption of metal cations. 
As shown in this figure, there are a number of pores and 
holes with different sizes on the surface of the adsorbent 
which is the primary requirement for the metal ion adsorp-
tion. After the adsorption process, it is clearly seen that 
these pores filled to a great extent which can be the effect 
of metal ions.

Fig. 2a shows FT-IR analysis of the powdered acti-
vated carbon before and after adsorption of copper, nickel 
and cobalt ions. In the range of 3440–3738 cm–1, there are 
weak but sharp peaks showing the vibrations of OH and 
N-H functional groups [20]. There is also a sharp peak at 
1644 cm–1 with low intensity as a result of C=C vibrations 
during carbonization process [21]. FT-IR analysis showed a 
dramatic peak with high intensity at 1521 cm–1 incorporated 
with C=O functional group within carbon structure [22]. 
There were also other vibrations in the range of 1000–1300 
cm–1 mainly due to C-O group vibrations in produced acti-
vated carbon [20].

Fig. 2b shows the spectrum of XRD analysis for the 
activated carbon produced from the worn tire. The results 
revealed that this adsorbent has a complex structure of 
crystalline and amorphous shape [23]. Different peaks are 
observed in the range of 2θ = 25° and 2θ = 43° which repre-
sent the amount of dispersion associated with the graphite 
structure in activated carbon [24].

In order to study some properties of size, surface and 
volume of nano-particles, BET analysis was applied and the 
results are shown in Table 1. Specific surface area and pore 
volume in the activated carbon produced from worn tire 
were determined as 32.39 m2/g and 0.098 cm3/g, respec-
tively. Other parameters including active sites, the size of 
the pores and holes are mentioned in Table 1. According to 
Table 1, the adsorbent is a mesoporous material. All these 
values show that metal ions of copper, nickel and cobalt 

Fig. 1. SEM images a) AC, b) AC-Ni(II), c) AC-Cu(II), d) AC-Co(II).
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can penetrate into activated carbon pores. It is worth men-
tioning that the pores on the surface of activated carbon can 
cause transport and adsorption of metal ions from aqueous 
solution towards the adsorbent.

3.2. Initial pH

Initial pH is a very significant and critical parame-
ter in the adsorption process of metal ions from aqueous 
solutions. The effect of pH on the adsorption process of 
nickel, copper and cobalt cations performed in the pH 
range of 2–11, 25°C, the initial concentration of metal ions 
of 10 mg/l, 60 min contact time, 300 rpm mixing rate and 
3 g/l adsorbent dosage. The results are illustrated in Fig. 3 
proving that increasing initial pH from 2 to 6 increases the 
adsorption efficiency of nickel, cobalt and copper from 
25.18%, 30.78% and 35.50% to 93.36%, 95.68% and 97.72%, 
respectively. At a pH value greater than 6, the adsorption 
efficiency decreased. Low adsorption efficiency at lower pH 
values can be dedicated to the high concentration of H+ in 
aqueous solution; as this cation competes with metal cat-
ions to relocate on the surface of the adsorbent and as it has 
a positive charge, it causes a repulsive electrostatic force on 
other cations [25]. All these incidents decrease the efficiency 

of adsorption for metal cations. At higher pH values (pH 
> 6), the adsorption efficiency decreased again as the con-
centration of OH– anions increased in the solution which 
makes a complex with other ions within the solution and 
makes sedimentation on the surface of the adsorbent. This 

Fig. 2. a) FT-IR analysis b) XRD of activated carbon produced from worn tire.

Fig. 3. The effect of pH on adsorption efficiency (temperature = 
25°C, initial concentration of metal ions = 10 mg/l, contact time 
= 60 min and adsorbent dosage = 3 g/l).

Table 1
Properties of active carbon prepared from worn tire based on BET data

Surface area Single point surface area at p/po 29.61 m²/g

BET surface area 32.39 m²/g
Langmuir surface area 46.54 m²/g
t-Plot external surface area 37.11 m²/g

Pore volume Single point adsorption total pore volume of pores less than 703.576 Å diameter at p/po 0.098 cm³/g
t-Plot micropore volume –0.003 cm³/g
BJH Desorption cumulative volume of pores between 17.000 Å and 3000.000 Å diameter 0.25 cm³/g
BJH Desorption cumulative volume of pores between 17.000 Å and 3000.000 Å diameter 0.25 cm³/g

Pore size Adsorption average pore width (4 V/A by BET) 120.74 Å
BJH adsorption average pore width (4 V/A) 300.91 Å
BJH desorption average pore width (4 V/A) 281.45 Å
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reduces the contact of metal ions with the adsorbent surface 
and thus reduces the efficiency [26].

3.3. Effect of contact time and temperature

The effect of contact time on adsorption efficiency of 
nickel, cobalt and copper aqueous solutions using worn tire 
made activated carbon is shown in Fig. 4a. The results show 
that the adsorption process took place during two stages: the 
first stage is very rapid and the second one is a very slow 
rate. The first stage completed very fast up to 40 min of con-
tact time and during this period the adsorption efficiency of 
nickel, cobalt and copper reached 93.25%, 95.46% and 97.58%, 
respectively. At the second one, the adsorption process 
was investigated up to 200 min and during this period the 
adsorption efficiency of nickel, cobalt and copper increased 
to 94.04%, 96.27% and 98.42%, respectively. At early contact 
times, the high speed of adsorption can be dedicated to fre-
quent active sites and availability of these sites for metal cat-
ions to relocate. At later contact times (more than 40 min), the 
adsorption rate decreases due to saturation of active sites by 
metal ions [27] and reduction in the concentration of metal 
ions within the aqueous solution. Therefore, 40 min contact 
time was reported as the optimum time.

Temperature is another parameter with a very signifi-
cant effect on the adsorption process [27]. Investigation of 
temperature effect on the adsorption process of metal ions 
was performed at the temperature ranges of 25–55°C and 
the results are shown in Fig. 4b. This figure confirms that the 
rise in temperature is associated with a decrease in adsorp-
tion, as the process is exothermic and no permanent chem-
ical bond is formed during the process. Such condition can 
be due to numerous factors including the higher tendency 
of the adsorbed metal to detach from the adsorbent surface 
and releasing back to the aqueous solution [28] and provid-
ing required energy to break the bond between metal ions 
and active adsorbent sites. Accordingly, 25°C was selected 
as an optimum temperature for cobalt, nickel and copper 
adsorption by activated carbon produced from the worn 
tire. The adsorption efficiency of these metal ions at 25°C 
was determined as 93.25%, 95.46% and 97.58%, respectively.

3.4. Effect of adsorbent dosage

Adsorbent dosage is one of the effective parameters 
which is usually studied during adsorption, as it deter-
mines the adsorption capacity of the adsorbent at each 
concentration of metal ion [29]. Fig. 5 shows the effect of 
adsorbent dosage on the removal efficiency of nickel, cobalt 
and copper ions. Considering these results, as adsorbent 
dosage increased from 1 to 10 g/l, the adsorption efficiency 
of nickel, copper and cobalt increased from 73.23%, 79.66% 
and 75.38% up to 94.17%, 98.03% and 96.31%, respectively. 
Such an increase in efficiency is because of a higher num-
ber of active sites on the adsorbent surface. It should be 
reminded that increasing adsorbent dosage of more than 
3 g/l, does not affect the adsorption process to a consid-
erable extent. It proves that for a certain amount of adsor-
bents (optimum value), maximum adsorption occurs and 
after that adsorbed cations and free cations within the aque-
ous solution remain unchanged. This phenomenon can be 
justified by partial adsorbent accumulation at high con-
centrations and reduction in the active sites present in the 
adsorbent surface [15]. 

Fig. 4. Effect of a) contact time and b) temperature on cobalt, nickel and copper adsorption by activated carbon produced from worn tire. 

Fig. 5. Effect of adsorption dosage on removal efficiency (tem-
perature = 25°C, initial concentration of metal ions = 10 mg/l, 
contact time = 40 min and mixing rate = 300 rpm).
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3.5. Thermodynamic study

The thermodynamic parameters are important for 
describing the adsorption process and achieving an equi-
librium state [30]. Thermodynamic parameters such as 
enthalpy, entropy and Gibbs free energy were studied in 
order to define if the process is endothermic or exothermic 
and/or if it is spontaneous or not. Gibbs free energy (∆G°) 
was determined using the following equation [31,32]:

ΔG RT Ko
D= − ln  (3)

where R, T and KD are the universal gas constant (8.314 J/
mol K), the absolute temperature (K) and the equilibrium 
constant of the adsorption, respectively. The value of the 
adsorption equilibrium constant or KD is defined as follows:

K
C
C

A

S
D =  (4) 

where CA and CS are the amounts of adsorbed metal ion 
on the adsorbent surface at equilibrium time (mg/L) and 
residual metal ion within the solution at the equilibrium 
time, respectively. 

Other thermodynamic parameters of enthalpy (ΔHº) 
and entropy (ΔS°) are calculated as follows:
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The values of ΔHº and ΔS° are determined from the 
slope and intercept of Ln (KD) vs. 1/T (Fig. 6). For ΔHº > 

0 and ΔHº < 0, the adsorption process is endothermic and 
exothermic, respectively. Thermodynamic parameters for 
the adsorption of nickel, copper and cobalt ions using worn 
tire derived activated carbon are shown in Table 2. The 
value of Gibbs free energy at all temperatures and for each 
metal ion is a negative value showing that this adsorption 
process is desirable and spontaneous. Besides, Gibbs free 
energy reduced with increasing temperature confirming 
that the degree of spontaneously of the process decreases 
with increasing temperature. According to Fig. 6, the slope 
of the curve is negative (ΔHº < 0) and also, the value of ΔHº 
for nickel, copper and cobalt adsorption was obtained as 
–7.33, –10.52 and –21.15 KJ/mol, respectively. Negative val-
ues of enthalpy confirm that the interaction between the 
activated carbon and metal cations is exothermic. Similar 
results have been observed in previous studies [4,32].

3.6. Equilibrium study

To explain the interaction between adsorbent and con-
taminants, adsorption isotherms are widely used and play 
an important role in the optimal use of adsorbents [4,31].
Commonly used equilibrium models are Langmuir and 
Freundlich models. Freundlich model is an empirical model 
which is utilized as a criterion describing the isothermal 
behavior of adsorbent in adsorption process of heavy metal 
ions in aqueous solutions. This model is applied to describe 
multi-layer adsorption on heterogeneous surfaces. The lin-
ear form of this model is as follows [33,34]:

ln ln lnq K
n

Ce F e= +
1

 (6)

In this equation, qe is the equilibrium adsorption capac-
ity (mg/g), Ce is the equilibrium concentration of metal ions 
within the solution (mg/L), Kf and n the constants of Freun-
dlich model showing the relationship between adsorption 
capacity and adsorption intensity which are determined as 
slope and intercept of lnqe vs. lnCe (Fig. 7-a). The value of ‘n’ 
shows the degree of deviation from the linear model. For n 
= 1, n > 1 and n < 1 the process is linear, physical and chem-
ical, respectively [35].

The Langmuir isotherm model assumes that adsorption 
of metal ions occurs on a single and homogeneous layer of 
adsorbent and the number of active sites on the adsorbent 
is constant. This model expresses the information about the 
adsorption capacity as well as the equilibrium behaviour of 
the adsorption process [36]. The linear form of this model 
is as follows:

C
q K q

C
q

e

e L m

e

m
= +

1  (7) 

Table 2
Constant values and thermodynamic parameters of adsorption process by worn tire activated carbon

Metal ions ΔH° (KJ/mol) ΔS° (J/molK) ΔG° (KJ/mol)

298.15 K 308.15 K 318.15 K 328.15K

Ni(II) –7.3279 –11.898 –3.7852 –3.6852 –3.4759 –3.4612
Co(II) –10.524 –19.5212 –4.8266 –4.3363 –4.2626 –4.2187
Cu(II) –21.1449 –50.0436 –6.4401 –5.4502 –5.0659 –4.9341

Fig. 6. Linear relationship between ln KD versus 1/T in order 
to determine the thermodynamic parameters of nickel, copper 
and cobalt ions with activated carbon.
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In Eq. (7), qm and KL are the maximum adsorption capac-
ity (mg/g) and the adsorption energy (L/g), respectively. 
These values are the constants of the Langmuir model 
which are calculated as slope and intercept of Ce/qe versus 
Ce, respectively (Fig. 7-b). Adsorption intensity (RL) is one 
of the most important parameters recounting the character-
istics and feature of the Langmuir model. This value shows 
mode and how the adsorption isotherm model is. If RL > 1, 
RL = 0, RL = 1 and 0 < RL < 1, the process is categorized as 
undesirable, irreversible, linear and desirable, respectively. 
The value of RL is determined by the following equation [34]:

R
K CL

L
=

+
1

1 0
 (8)

The parameters of Langmuir and Freundlich isotherm 
models extracted from Fig. 7 are reported in Table 3. The 
results revealed that the correlation coefficient (R2) for the-
Freundlich model was higher than that of the Langmuir 
model showing that this model is better fitted with the 
experimental data and heterogeneous surfaces play import-
ant roles in ion removal process. The value of parameter 
‘n’ for Freundlich model was 1.14, 1.24 and 1.17 for nickel, 
copper and cobalt, respectively. These values of ‘n’ describe 
that the adsorption process of metal ions are physical and 

desirable which these results are observed in previous stud-
ies [4,32]. Also, the adsorption energy by the Langmuir 
model was calculated 0.0414, 0.0797 and 0.1784 L/mg for 
Ni (II), Co (II) and Cu (II), respectively.

The maximum adsorption capacity of nickel, copper 
and cobalt was reported as 109.89 mg/g, 74.63 mg/g and 
90.09 mg/g, respectively. In previous studies, Foroutan 
et al. obtained a maximum adsorption capacity of 13.73 
and 13.996 mg/g using padina algae for Co(II) and Cu(II), 
respectively [30]. Also, a maximum adsorption capacity of 
Ni(II) ion using bentonite/magnetite was obtained 0.9808 
mg/g by Ahmadi et al. [32]. By comparing these results 
with previous studies, it can be concluded that a very high 
adsorption capacity is obtained in this study. Different val-
ues of RL at initial concentrations of 10–100 mg/L achieved 
in the range of 0.1945–0.7072 for nickel, 0.053–0.3591 for 
copper and 0.1114–0.5564 for cobalt. Such values affirm that 
the adsorption process of these cations with the mentioned 
adsorbent is suitable and desirable. 

3.7. Kinetic study

Kinetic study of adsorption is of paramount importance 
as it provides valuable information about the reaction path 

Table 3
Constants and parameters of Langmuir and Freundlich models for the adsorption of metal ions using activated carbon produced 
from worn tire

Models Parameters Ni(II) Co(II) Cu(II)

Langmuir qm (mg/g) 109.89 90.09 74.626
Ce/qe = Ce/qm + 1/Klqm KL (L/mg) 0.0414 0.0797 0.1784

R2 0.9605 0.9632 0.976
RL 0.1945–0.7072 0.1114–0.5564 0.053–0.3591

Freundlich n 1.1371 1.1732 1.235
lnqe = ln Kf + 1/n lnCe Kf (mg/g) (L/mg)1/n 4.464 6.566 10.719

R2 0.9998 0.998 0.9983

Fig. 7. Isotherm models of a) Freundlich and b) Langmuir for the adsorption of copper, nickel and cobalt ions using activated carbon 
produced from worn tire.
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and adsorption process control mechanism [37]. Pseudo 
first order and pseudo second-order models were applied 
to study the kinetic mechanism of adsorption from aqueous 
solutions and laboratory data were analysed using these 
kinetic models. The linear form of the pseudo first-order 
model is like below [38]:

Ln q q Lnq k te t e( )− = − 1  (9) 

where qt and k1 are the amounts of adsorbed ions per one gram 
of the adsorbent during the time t (mg/g) and adsorption con-
stant (1/min). The constants and parameters of the pseudo 
first-order model are obtained by plotting “ln (qe – qt)” vs. ‘t’ 
and the values of k1 and qe.cal are the slope and intercept of the 
graph, respectively (Fig. 8a). The constants and parameters of 
the pseudo first-order model are reported in Table 4. The val-
ues of the correlation coefficient (R2) for the adsorption process 
of nickel, cobalt and copper using activated carbon derived 
from worn tire were 0.7686, 0.8364 and 0.8481, respectively. 
It should be pointed out that the pseudo first-order model 
has no proper ability to describe the kinetic behavior of the 
process and the analysis of the given data. Because the maxi-
mum adsorption capacity calculated by the pseudo first-order 
model (qe.cal) was less than maximum adsorption capacity mea-
sured from the experimental data (qe.exp). 

The pseudo second-order model is another kinetic 
model which has been used in order to examine the kinetic 
of adsorption. The linear form of this model is like below 
[39–41]:

t
q k q

t
qt e e

= +
1

2
2

 (10)

where k2 in g/mg min is the rate constant of the pseudo 
second-order kinetic model. The constants and parameters 
of the pseudo second-order kinetic model obtained by plot-
ting t/qt versus t (Fig. 8b). Also, the calculated parameters 
for the pseudo second-order model are reported in Table 4.

Calculated adsorption capacity using the pseudo sec-
ond-order model for the adsorption of nickel, cobalt and 
copper was 3.17 mg/g, 3.25 mg/g and 3.31 mg/g, respec-
tively. Calculated values were close to measured quantities 
attained from the experiments (qe.exp). Therefore, it can be 
resolved that the pseudo second-order kinetic model has 
higher ability to describe the kinetic behavior of absorption 
for cobalt, nickel, and copper ions using the above-men-
tioned adsorbent in comparison with the pseudo first-order 
kinetic model. Furthermore, the correlation coefficient (R2) 
of the pseudo second-order kinetic model was higher than 
that of the pseudo first-order model. 

Fig. 8. Linear relationship between kinetic models a) pseudo first order b) pseudo second order model for the adsorption of nickel, 
cobalt and copper using activated carbon produced from worn tire.

Table 4
Kinetic parameters of copper, nickel and cobalt adsorption process using the activated carbon produced from worn tire

Models Parameters Ni+2 Co+2 Cu+2

Pseudo-first-order: k1 (min–1) 0.034 0.0372 0.036
Ni: y = –0.034x – 0.8963 qe(cal) (mg/g) 0.408 0.4338 0.415
Co: y = –0.0372x – 0.835 R2 0.7686 0.8364 0.8481
Cu: y = –0.036x – 0.8794  
Pseudo-second-order: k2 (g/mg min) 0.1603 0.1779 0.1947
Ni: y = 0.3151x + 0.6195 qe(cal) (mg/g) 3.173 3.245 3.312
Co: y = 0.3081x + 0.5336 R2 0.9998 0.9999 0.9999
Cu: y = 0.3019x + 0.4682
qe(exp) mg/g  3.134 3.209 3.28
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4. Conclusions

The objective of this study was the use of worn tire as 
a low-cost source for the production of activated carbon 
through a chemical process. Besides, properties and ability 
of produced activated carbon in the removal of heavy metal 
ions of nickel, cobalt and copper from aqueous solutions 
were also inspected. The use of produced activated carbon 
by worn tire for removal of heavy metals is firstly employed. 
The results of BET analysis showed that the produced car-
bon has a specific surface area equal to 32.39 m2/g which is 
within an acceptable range. For examining the adsorption 
of heavy metal ions, different parameters of initial pH, tem-
perature, contact time and adsorbent dosage were investi-
gated and the results showed that the maximum adsorption 
efficiency was obtained at pH of 6, adsorbent dose of 3 g/L, 
contact time of 40 min and temperature of 25°C which was 
93.25, 95.46 and 97.58 for Ni (II), Co and Cu, respectively. 
A decrease in adsorption efficiency at higher temperatures 
showed that the process for the mentioned metal cations 
is exothermic. Isothermic models of Freundlich and Lang-
muir were selected to describe the adsorption behavior and 
the statistical results showed that Freundlich model can 
match data points better than the Langmuir model. Maxi-
mum adsorption capacity attained by Langmuir isotherm 
model was 74.63 mg/g, 90.09 mg/g and 109.89 mg/g for 
copper, cobalt and nickel cations, respectively. The kinetic 
behaviour of adsorption process was inspected using 
pseudo first-order and pseudo second-order models and 
the results showed that the pseudo second-order model can 
describe kinetic behaviour of metal ion adsorption better 
than the other one. The thermodynamic parameter of ΔHº 
for the adsorption of nickel, copper and cobalt was reported 
as –7.33 KJ/mol, –10.52 KJ/mol and –21.15 KJ/mol, respec-
tively. Negative values confirmed that the process was exo-
thermic. The other thermodynamic parameter, Gibbs free 
energy, was negative for all three metal types showing that 
the process is spontaneous. Considering the experimental 
results as well as kinetic, equilibrium and thermodynamic 
behaviour of the process and also adsorption efficiency val-
ues revealed that the activated carbon produced from worn 
tire can be used as an effective and low-cost adsorbent for 
heavy metal cations removal. 
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