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A novel carbon-based material recycled from end-of-life tires (ELTs) for 
separation of organic dyes to understand kinetic and isotherm behavior
Ilknur Özüdoğrua, Zehra Yigit Avdan a, and Senay Balbayb

aDepartment of Environmental Engineering, Eskisehir Technical University, Eskisehir, Turkey; bDepartment of Waste Management, Vocational 
School, Bilecik Seyh Edebali University, Bilecik, Turkey

ABSTRACT
Within the scope of end-of-life tires (ELTs) management, recovery of tires considering circular 
economy approach is becoming increasingly important. This study aims to examine the sorptive 
behavior of methylene blue (MB) and Rhodamine B (RB) dyes from synthetic textile industry 
discharge with a carbon-based sorbent (CBM) recycled from ELTs as a novel patented method 
and used for the first time for organic dye removal in the literature. The CBM was characterized by 
using fourier transform infrared (FTIR) and scanning electron microscopy (SEM) for structural and 
morphological properties. XRD (X-ray diffraction) and XPS (X-ray photoelectron spectroscopy) 
analysis were used for phase composition and surface chemistry of CBM. The maximum adsorption 
capacity of MB and RB on CBM is 681.14 and 85.26 mg/g, respectively. For the reusability of the 
CBM, the regeneration experiment was carried out and MB and RB removal performance of CBM 
gradually decreased with increasing adsorption cycles. The results show that it is possible to utilize 
CBM which in terms of ensuring the reuse of wastes within the scope of industrial symbiosis, as an 
effective adsorbent in dye removal. This study reduces environmental pollution by converting the 
end-of-life tires into carbon-based material for water/wastewater treatment provides a “win-win” 
solution to improve waste management.
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INTRODUCTION

Environmental pollution is one of the enormous problems 
encountered today with increasing industrial activities 
every year; it causes severe problems for Earth. Currently, 
dyes are widely used in many areas such as rubber, paper, 
leather, plastic, cosmetics, medicine, pigment production, 
printing, food and drink, photoelectrochemical cell, chemi
cal, and petrochemical industry, notably in the textile 

industry.[1–10] Such industries generate significantly high 
amounts of wastewater contaminated with organic dyes[11] 

and situations leading to water pollution due to uncon
trolled wastewater discharges.[3] Most dyes are chemically 
and thermally stable and also non-biodegradable. In addi
tion, dyes constitute the major problem, such as toxic effects 
on the environment, humans, aquatic creatures, and bioac
cumulation in nature.[8,11–16] Dyes also slow down the 
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photosynthesis of the aquatic environment by preventing 
the passage of solar radiation and reduce the dissolved 
oxygen level to cause turbidity in the water 
environment.[17,18]

Consequently, the ecological balance is deteriorating, 
and it also causes esthetic problems. Dyes must be trea
ted before discharging because of such environmental 
issues.[19,20] Physical, chemical, and biological treatment 
methods have been used for dye removal.[2,3,5] Of these 
methods, adsorption is a simple design, wide applicabil
ity, easy to use, efficient, effective, and cheap option for 
dye removal.[21,22] As an adsorbent material, studies on 
carbon-based adsorbent materials with low energy 
needs, low cost, and high adsorption capacity have 
received significant attention from the past and are 
continuing.[22–24] Concurrently, it is thought that these 
carbon-based materials will play an active role in dye 
removal. Exclusively, polymeric wastes such as plastic, 
rubber, and agricultural wastes are used for low-cost 
carbon-based material (CBM) production with the con
jointly of pyrolysis and carbonization processes. Santoso 
et al. divided carbon adsorbent materials into six classes 
as activated carbon, biochar, modified biochar and mod
ified activated carbon, graphitic carbon, and its modifi
cation, porous carbon materials, carbon nanotube 
materials.[22] Among these, activated carbon is widely 
used for the removal of dyes from wastewater. However, 
the cost of activated carbon and the existence of pro
blems related to regeneration made it necessary to inves
tigate alternative adsorbents. In this context, waste or 
end-of-life tires, 80% of which cannot be utilized glob
ally, appear as alternative adsorbents. It is estimated that 
annual tire production in the world is about 1.5 billion, 
which means an estimated 17 million tons of used 
tires.[18,25] The immediate release of end-of-life tires to 
the environment poses a severe problem for the envir
onment and human health, especially with the chemical 
spills spreading to the receiving medium and the risk of 
fire it carries.[26–28] Recycling, recovery, and reuse is the 
best way to process end-of-life tires in an environmen
tally friendly treatment.[26] Numerous techniques such 
as mechanical, thermomechanical, cryomechanical, pyr
olysis, chemical degradation, devulcanization, and 
microbial desulphurization techniques have been pro
posed to recover end-of-life tires.[29] Balbay and Açıkgöz 
obtained a novel CBM material which is a unique pro
cess they patented different from pyrolysis CBM using 
end-of-life tires.[29,30] This novel CBM material has been 
used in different fields as a substitute for carbon black in 
tire production,[31] as an additive in epoxy,[32] as 
a carbon source in carbon foam production and for 
energy storage.[33]

This study aims to determine its usability as an adsor
bent for the removal potentials of dyes by using carbon- 
based material obtained as a result of chemical degrada
tion of end-of-life tires, which creates an environmental 
issue in the world. The adsorption capacity of this novel 
carbon-based material as an adsorbent material will be 
studied for the first time in the literature. Therefore, 
revealing the adsorption potential on Methylene Blue 
(MB) and Rhodamine B (RB) using CBM constitutes 
the unique aspect of the study.

Material and method

Materials and reagents

In this study, two dyes were studied: Methylene Blue 
(MB, ChemBio, C16H18ClN3S·xH2O, 319.85 g/mol CAS: 
122965–43-9) and Rhodamine B (RB, Sigma- Aldrich, 
C28H31ClN2O3, 479.01 g/mol, CAS: 81–88-9). These 
cationic dyes have been chosen because they are found 
in the wastewater of industries with very intensive pro
duction such as textiles and have dangerous and carci
nogenic effects on human health.[22,34–36] Sodium 
hydroxide (NaOH, %97, Merck B920862 648, 40.00 g/ 
mol) and hydrochloric acid (HCl, %37, Merck 
1.00314.2500) were used for pH adjustment (0.1 M 
HCl, 0.1 M NaOH) of dyes in the study. Ultrapure 
water (Millipore Milli-Q® Direct 8 Water Purification 
System) was used for all solutions prepared during the 
experiments.

Carbon-based material (CBM) recycled from end-of- 
life tires was used as an adsorbent. Balbay and Açıkgöz 
obtained a unique CBM material, a novel process they 
patented different from pyrolysis CBM using end-of-life 
tires.[29,30]

Instrumentation

The pH meter (Thermo Orion Star A321 Portable pH 
Meter) for adjustment of prepared dyes, UV-Visible 
spectrophotometer (HACH LANGE DR5000) for scan 
the wave dye of methylene blue and Rhodamine 
B solution and to read the absorbance values for the 
dye concentrations of the samples taken during the 
experiments, precision scales (OHAUS Adventurer- 
Pro) for weighing during the experiment and 0.45 μm 
membrane filter were used for filtration of the dyes 
samples. All adsorption isotherm and kinetics studies 
were performed on the WTW TR-1 Heidolph 
UNIMAX 2010 mixing device.

SEPARATION SCIENCE AND TECHNOLOGY 2025



The morphological and functional group analyses of 
CBM and adsorbed CBM were characterized by 
a scanning electron microscope (SEM-ZEISS Supra 
40VP) and Fourier transform infrared spectroscopy 
from 400 to 4000 cm−1 (FT-IR; PerkinElmer, model 
spectrum 100), respectively. For the CBM elemental 
analysis, a CHNS-628 (LECO) analyzer was used, and 
ASTM D-5865 method was used for calorific value ana
lysis. Surface area measurement Brunauer-Emmett- 
Teller (BET) analysis was performed with 
Micromeritics ASAP 2020 device. Phase composition 
was determined by XRD (Panalytical Empyrean model 
high temperature X-ray diffractometry (HT-XRD)) ana
lysis. Data were collected at 2θ from 10◦ to 100◦.[29] 

Surface chemistry of CBM was determined by XPS spec
tral analysis. XPS spectral analysis was obtained using 
X-ray photoelectron spectroscopy (XPS, PHI) using Al 
monochromatic X-ray anode source for surface chem
istry of CBM.

Experimental setup

Batch adsorption experiments of MB and RB were car
ried out to investigate the adsorption performance of 
CBM. The experiments were carried out in a mixing 
device with 50 ml fixed volume MB and RB dyes solu
tions by adding certain amounts of CBM into 100 ml 
flasks. There is also a unit to set the temperature where 
the mixing device is located. Stock dyes solutions were 
prepared for adsorption experiments, and it has been 
used in experiments by dilution. Before the analysis, 
wavelength scanning (Fig. 1) at different concentrations 
was performed for MB and RB in the UV-Visible spec
trophotometer. As seen in Fig. 1, the maximum absor
bance value for MB and RB is 664 nm and 554 nm, 
respectively.

A standard calibration curve (MB; 1–20 mg/L, RB; 1– 
10 mg/L) was prepared for each dye at these wavelengths 
where the maximum peak was observed. When the 
wavelength scans with concentrations higher than 
50 mg/L for MB and 15 mg/L for RB, it is seen that 
there are shifts in the maximum peaks. For this reason, 
while working at the concentrations where shifts occur, 
dilution was done, and readings were done in the cali
bration curve range. The samples taken at certain time 
intervals during the experiment were filtered through 
a 0.45 μm membrane filter to analyze the dye concentra
tions. The readings were done in the UV-Visible spec
trophotometer, and the dye solution concentrations 
were calculated with the help of the calibration curve 
prepared.

Batch experiments were performed to examine the 
effect of adsorbent dose (MB; 0.1–0.5 g/L and RB; 0.1– 
0.75 g/L), pH (MB; pH0 = 3,4,6,8,10 and RB; pH0 

= 3,4,5,7,9), initial dye concentration (MB; C0 = 5–10- 
15-20 mg/L and RB; C0 = 2.5-5-10-15 mg/L), agitation 
speed (MB and RB; 100 rpm, 150 rpm, 200 rpm), tem
perature (MB and RB; 293 K, 303 K, 313 K) and contact 
time (MB; 0–120 min and RB; 0–210 min) of MB and RB 
adsorption on CBM. Optimum conditions were deter
mined by these experiments. An adsorption kinetic 
study was carried out with these data. The dye removal 
rate (%) (1) for MB and RB and the maximum amount 
of MB and RB adsorbed in equilibrium (qe) (2) are 
calculated by the following formulas.[15,28,35,37–39] 

RemovalRate %ð Þ ¼ c C0 � Ceð ÞC0x100 (1) 

Adsorption Capacity, qe (mg/g) 

¼
C0 � Ceð ÞV

W
(2) 

Where C0 and Ce are defined as the initial and equili
brium concentrations of MB and RB (mg/L), V as the 
total volume of adsorbate solution (L), and W as the 
amount of adsorbent (g).[12,13]

For isotherm study, It was performed with 50 ml dye 
solutions at different temperatures (MB, RB; 293 K, 
303 K, 313 K), and different concentrations (MB; 60– 
200 mg/L, RB; 20–50 mg/L) were determined under 
optimum conditions. Then, samples were shaken in 
a mixing device for 24 hours to examine the adsorption 
process, and then readings were done on a UV-Visible 
spectrophotometer.

Kinetic and isotherm modeling
Defining the adsorption kinetic performance and deter
mining the reaction order is important to understand the 
adsorption mechanism and process. Kinetic performance is 
important for pilot applications.[3] Many kinetic models are 
used to explain adsorption kinetics..[12,40] In this study, 
pseudo-first-order, pseudo-second-order, and Elovich 
kinetic models were used to investigate the adsorption 
kinetics of MB and RB by CBM.

Adsorption isotherm studies get importance when it 
comes to the equilibrium of adsorption.[41] The non
linear correlations between the concentration of adsor
bate remaining in the solution (Ce) and the amount of 
substance retained per unit weight of the adsorbent (qe) 
are defined as isotherms.[11] The Langmuir, Freundlich, 
and Temkin isotherm models, which are widely used in 
dye adsorption studies, have been determined in this 
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study. The formulas and parameters used for the adsorp
tion kinetics and isotherms used in this study are given 
in Table 1.

k1 (min−1): Pseudo-first-order rate constant
k2 (g mg−1 min−1): Pseudo-second-order rate constant
β (g mg−1): Elovich constant
α (mg g−1 min−1): Initial adsorption rate

qe (mg/g): Adsorption capacities (equilibrium)
qt (mg/g): Adsorption capacities at time t
qm (mg/g): Langmuir model maximum adsorption 

capacity
KL (L mg−1): Langmuir model adsorption constant
KF ((mg/g) (L/mg)1/n): Freundlich constant
n: Freundlich exponent
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Figure 1. UV-VIS absorption spectra of 1–50 mg L−1 (a) Methylene Blue and (b) Rhodamine B.
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R (J/(mol K)): Gas constant, 8.314 J/mol·K
T (K): Temperature
B (J mol−1): Temkin constant related to the heat of 

adsorption
A (L mg−1): Temkin constant

Thermodynamics studies
The temperature-dependent change in adsorption ther
modynamics is examined and thermodynamic studies 
are carried out to determine the nature (whether it 
occurs spontaneously or not) of the adsorption process 
at different temperatures.[47]Thermodynamic experi
ments of MB and RB adsorption on CBM were carried 
out at 293 K, 303 K and 313 K temperatures. Adsorption 
isotherm data were used to calculate the Gibbs free 
energy change (ΔG°), enthalpy (ΔH°) and entropy (ΔS 
°) parameters. Thermodynamic parameters are calcu
lated by the following formulas (3–6). 

ΔG
�

¼ � RTlnKd (3) 

Kd ¼
qe
Ce

(4) 

lnKd ¼
ΔS

�

R
�

ΔH�

RT
(5) 

ΔG ¼ ΔH � TΔS (6) 

Where ΔG° Gibbs free energy change (kJ/mol), ΔH° 
enthalpy (kJ/mol), ΔS° entropy change (kJ/mol.K), R gas 
constant (J/(mol K)), T temperature (K), is the Kd dis
tribution coefficient. Unknown constants were calcu
lated from the slope and intercept of plots LnKd versus 
1/T.

Determination of pH zero charge point (pHpzc)
With the determination of pHpzc, the pH values at which 
the adsorbent surface is neutral, positive and negative 
can be determined. When pHpzc,adsorbent < pHsolution, the 
net surface charge of the adsorbent becomes negative 
and this shows that better results can be obtained for 
adsorbing solutions with cationic character. When 
pHpzc,adsorbent > pHsolution, the net surface charge of the 
adsorbent material is positive and this means that better 
results can be obtained for adsorbing solutions with 
anionic character.

In this study, pH drift method was used for pHpzc 

adsorbent.[48,49] 0.05 mol/L NaCl solution was pre
pared. 20 ml of NaCl solution in flasks was adjusted 
to different pH values in the range of 2–10 with 0.1 M 
HCl and NaOH. The total volume was made up to 
30 ml with NaCl. Initial pH values were recorded. 
50 mg of CBM was added to them and mixed at 25 
oC for 48 hours. The final pH values of each solution 
were then measured. The graph in Fig. 2 was created 
with the obtained data. Accordingly, it is seen that the 
pHpzc,CBM value is 8.1.
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Figure 2. Determination of the point of zero charge of pH.

Table 1. Adsorption equilibrium isotherm and kinetic models.
Models Equations Reference

Kinetic
Pseudo-First-Order log qe � qtð Þ ¼ logqe �

k1
2:303 t

[42]

Pseudo-Second-Order t
qt
¼ 1

qe2k2
þ 1

qe
t [43]

Elovich qt ¼ 1
β ln αβð Þ þ 1

β lnt
[44]

Isotherm
Langmuir 1

qe
¼ 1

qmKL
1
Ce
þ 1

qm
[45]

Freundlich logqe ¼ logKF þ 1
n logCe

[11]

Temkin qe ¼ RT
B lnCe þ

RT
B lnA

[46]
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Regeneration
After the adsorbent reaches its saturation point, its 
regeneration is an important issue to minimize operat
ing costs, reduce the disposal of the used adsorbent, and 
increase the reusability of the adsorbent.[22] After the 
adsorption experiments, CBM was collected for MB and 
RB under optimum conditions. The exhausted CBM was 
kept under UV light for 3 hours after air drying. After 
this process, adsorption experiments were carried out 
with regenerated CBM and the removal efficiencies were 
investigated.

Results and discussion

Properties of CBM

Novel recycled carbon-based material contains 46% 
fixed carbon, 41.9% volatile matter, 67.7% carbon, 6% 
hydrogen and 21.4% oxygen (Table 2). The surface area 
of carbon-based material produced from end-of-life 
tires is 35.5 m2/g (Table 3).[29,30]

a, by weight difference; b is calculated with the 
Beckman formula. FC: Fixed Carbon, VM: Volatile 
Matter, H: Humidity, GHV: Gross Heating Value

According to the XRD spectrum of CBM (Fig. 3a), 
CaCO3 and activating ZnO additives used in waste tire 
production were transformed into Ca14Si19, ZnS, 
NaZn13 and SiC compounds as a result of chemical 
decomposition and it was determined that the CBM 
was in amorphous structure.

The most prominent peaks were found as 284.33 eV 
C-C peak (C1s), [50] 498.33 eV Zn-Na peak, [51] 532.33 eV 
O-Na (O1s), [52] 1073.33 eV Na peak (Na1s)[53] in the XPS 
spectrum of CBM.

In the elemental analysis results of CBM, it was 
determined that 67.7% carbon, amorphous (Fig. 3a), 
pure S2p structure (Fig. 3c) and 21.4% oxygen, metal 
oxide (Fig. 3c) and C-O (Fig. 3d) form. On the other 
hand, 6% hydrogen has formed a C-H bond in the CH2 

structure (Fig. 3d).

The use of new carbon-based material in dyestuff 
removal ensures the utilization of waste tires. 
Compared to the adsorbents used in the literature, it is 
one of the most important features that it removes very 
well when used in small amounts and is used repeatedly 
with regeneration.

Effect of operational parameters

Adsorbent dosage and contact time
Choosing an appropriate adsorbent dosage is essential 
for both resource savings and cost.[17,54] The effect of the 
adsorbent dosage was determined at room temperature, 
at 200 rpm agitation speed, and the original pH value for 
both dyes, holding constant 10 mg/L for the initial MB 
and RB concentration. Experiments were carried out in 
the range of 0.1–0.5 g/L for MB and 0.1–0.75 g/L for RB. 
The removal rate (%) and adsorption capacities (qe) of 
MB and RB dyes in different adsorbent doses are pre
sented in Fig. 4. When the removal rate against time is 
examined, it is seen that MB reaches the equilibrium in 
60 minutes and RB in 120 minutes. The removal per
centage increased from 70.0% to 97.1% when the adsor
bent dose increased from 0.1 g/l to 0.5 g/L in 60 minutes 
for MB. However, the removal rate in 120 minutes for 
RB risen from 40.3% to 90.0% when the adsorbent dose 
increased from 0.1 g/l to 0.75 g/l. Commonly, the expan
sion in the active sites of the adsorbent surface area with 
a high dose increases the percentage of dye 
removal.[11,17,54]

When the adsorbent dose increased from 0.1 g/L to 
0.5 g/L at 60 minutes for MB, the adsorption capacity 
also decreased from 72.8 mg/g to 22.3 g/L. When the 
adsorbent dose increased from 0.1 g/L to 0.75 g/L, the 
adsorption capacity decreased from 38.3 mg/g to 
11.7 mg/g for RB at 120 minutes. The primary reason 
for this the increase in the adsorbent dose provides more 
surface area and active sites for MB and RB 
adsorption..[54] In addition, the increase in the mass of 
the adsorbent will decrease the adsorption capacity due 

Table 3. Surface area values of carbon-based material generated from end-of-life tire[29].

SBET 

(m2/g)
Sext 

(m2/g)
Smic 

(m2/g)
Vt 

(cm3/g)
Vmic 

(cm3/g)
Vmezo 
(cm3/g)

Avg. Pore Width 
(m2/cm3)

Pore Size 
(Ao)

CBM 35.5 39.7 0 0.125 0 0.125 0.014 414

Table 2. Elemental analysis values of carbon-based material recovered from end-of-life tire[29].

FC 
(%)

VM 
(%)

Ash 
(%)

H 
(%)

C 
(%)

H 
(%) N (%)

Oa 

(%)
S 

(%)
GHVb 

(Mj/kg)

CBM 46 41.9 6.91 5.21 67.7 6 0.065 21.4 4.87 27.8
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to the constant initial concentration and volume of MB 
and RB..[17,55] According to these analyzes, considering 
both the removal rate and the adsorption capacity, the 
optimum dose is 0.25 g/L for MB and 0.5 g/L for RB.

pH

Dyes pH is one of the most important factors affecting 
the sorption behavior in the adsorption process.[56] The 
pH can change the surface properties of the adsorbent 
material and the chemical structure of the dye 
solution.[54,57] Fig. 5 shows the relationship between 
solution pH and time-dependent MB and RB removal 
efficiency. MB’s original pH value is 5.84 on average, and 
RB is 4.93. When the MB results are examined, it is seen 
that the increase or decrease in pH in the equilibrium 
time remains constant (about 95%) on the removal 
efficiency and does not have a significant effect on the 
MB solution. When the RB removal efficiencies were 
examined, there was a minimal increase (pH9 = %80.7, 
pH7 = %80.1, pHoriginal = %86.5, pH4 = %90.7, pH9 = % 
97.7) as the pH decreased. Therefore, the original pH 
values for both MB and RB solutions were selected as 
optimum for a cost-effective treatment without addi
tional chemicals in the adsorption process.

Initial dye concentration
Figure 6 shows the relationship between removal rates 
at different initial dye concentrations. The results show 
that there are lower removals with increasing contact 
time and initial dye concentration. This is due to the 
saturation of the active sites on the surface of the 
adsorbent material. When it increased from 5 mg/L to 
20 mg/L for MB, removal efficiency decreased from 
97.0% to 93.8%. Similarly, when RB increased from 
2.5 mg/L to 15 mg/L, a decrease was observed from 
93.2% to 78.7%. In addition, the dye concentration may 
be related to the adsorption capacity of the adsorbent. 
While the adsorption capacity of 5 mg/L MB concen
tration was 23.5 mg/g, it increased to 80.3 mg/g at 
20 mg/L MB concentration. While the adsorption capa
city of 5 mg/L RB was 4.7 mg/g, it increased to 20.0 mg/ 
g at 15 mg/L concentration.

Agitation speed
Agitation speed is another parameter directly related to the 
adsorption rate in the adsorption process. In this study, 
studies were carried out at 100, 150, and 200 rpm agitation 
speeds. The effect of agitation speed on dye adsorption 
efficiency is shown in Fig. 7. While approximately the 
same removal efficiencies were obtained at equilibrium 
time at 150 and 200 rpm for both dyes, very low removal 

Figure 3. a) XRD b) SEM c) XPS d) FT-IR of CBM.
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efficiencies were obtained when the agitation speed was 
decreased (100 rpm). Therefore, it was concluded that 
150 rpm agitation speed was appropriate in this study.

Temperature
Another critical parameter in the adsorption process is 
the temperature effect. Figure 8 shows the effect of MB 
and RB removal rate due to temperature change using 
CBM. When the results are examined, minimal changes 
are observed for both dyes in the removal efficiency at 
different temperatures. Nevertheless, considering these 
changes, the increase in the temperature shows that the 

increase in the removal efficiency, albeit slightly, shows 
that the adsorption is naturally endothermic. In all 
other experiments, the room temperature (293 K- 
300 K) was chosen as the operating temperature with
out any change to ensure high efficiency and energy 
savings.

Adsorption kinetics

Kinetic models have been developed to describe the 
kinetic process of adsorption and to determine the 
degree of reaction. In kinetic studies, adsorption 
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capacity can be determined, and kinetic performance is 
of great importance for pilot applications. Adsorption 
kinetics are determined by fitting the adsorption capa
cities against time under optimum conditions. In this 
study, the adsorption of MB and RB dyes on CBM was 
investigated by pseudo-first-order, pseudo-second- 
order, and Elovich kinetic models. The kinetics of the 
experimental data have been obtained using the equa
tions shown in Table 1. The parameters of the calculated 
kinetic models of the graphs (Supplementary Material 1) 
are explained in Table 4.

The results showed that the pseudo-second-order 
model for the adsorption of both RB and MB on 
CBM was most fitted with the significantly higher 
coefficient of correlation (R2

MB = 0.9813, 
R2

RB = 0.9975) when comparing the three models. In 
addition, as can be seen in Table 4, the fact that the 
value of qe, experiment (41.7 mg/g and 17.1 mg/g) is close 
to the theoretical value of qe (46.3 mg/g and 17.3 mg/g) 
calculated by the pseudo-second-order model that can 
also show its compatibility with this model. 
Compliance with this kinetic model also predicts that 
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chemisorption (chemical adsorption) occurs until the 
adsorption of MB and RB by CBM reaches the equili
brium time.[17,54]

Adsorption isotherms

Langmuir, Freundlich, and Temkin isotherm models 
were used in this study to understand the adsorption 
properties. Adsorption isotherm experiments were per
formed at 0.25 g/L CBM for MB and 0.5 g/L CBM for 
RB, 50 ml MB (60–200 mg/L) and RB (20–50 mg/L) 
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Table 4. Kinetic models parameters for MB and RB adsorption on 
CBM.

Kinetic models Model parameters

Dye

MB RB

qe, experiment (mg/g) 41.7 17.1
Pseudo-First-Order qe (mg/g) 30.8 9.93

k1, (min−1) 0.06 0.02
R2 0.9759 0.9532

Pseudo-Second-Order qe (mg/g) 46.3 17.3
k2 (g mg−1 min−1) 0.003 0,01
R2 0.9813 0.9975

Elovich β (g mg−1) 0.12 0.31
α (mg g−1 min−1) 17.1 5.02
R2 0.9165 0.9840
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solutions at original pHs at different temperatures 
(293 K, 303 K, 313 K) and stirring at 150 rpm for 
24 hours. The necessary calculations have been made 
using the isotherm equations given in Table 1 according 
to MB and RB concentrations before and after adsorp
tion. The graphics obtained with the experimental 
results for the adsorption isotherm are shown in Fig. 9. 
Hence, it is seen that the maximum adsorption capacity 
(qe, max) of the dye is 681 mg/g for MB and 85.3 mg/g for 
RB. Supplementary Material 2 shows the linear forms of 
the experimental data.

The model parameters obtained from these graphics 
are summarized in Table 5. Results show that the 
Freundlich isotherm is more fitting for explaining the 
adsorption process, with the highest RMB

2 = 0.9971 
(313 K) and RRB

2 = 0.9970 (303 K) compared to 
Langmuir and Temkin isotherm.

The maximum adsorption capacity of MB and RB 
with CBM and other adsorbents is compared in 
Table 6. As a result of this comparison, it is seen that 
CBM has a higher potential for MB adsorption than 
most of the other adsorbent materials except for 
Hierarchical porous carbon. CBM adsorption capacity 
for RB is lower than MB adsorption. But, the maximum 
adsorption capacity for RB is quite good compared to 
other adsorbent amounts. In this sense, it can be con
cluded that CBM can be considered as an effective 
adsorbent in dye removal.

Adsorption thermodynamics

In accordance with the information given in section 
thermodynamics studies, the graphs obtained with the 
thermodynamic data are shown in Fig. 10. 
Thermodynamic parameters obtained with these graphs 
are given in Table 7.

According to Table 7, the Gibbs free energy change is 
negative (ΔG° < 0) at all temperatures. Negative values 
indicate that the adsorption of MB and RB on the CBM 
occurs spontaneously. A positive enthalpy (ΔH° > 0) 
means that the reaction is endothermic and a positive 
entropy (ΔS° > 0) means that the reaction is 
irreversible.[62]

Regeneration

For the reusability of the CBM, the regeneration experi
ment was carried out as 6 cycles after the adsorption 
experiment, as explained in the 2.3.4 heading. The 
results obtained are given in Fig. 11.

As can be seen from Fig. 11, MB and RB removal 
performance of CBM gradually decreased with increasing 
adsorption cycles. While there was a 16% decrease for MB 
in the 4th cycle, a 26.5% decrease for the RB, at the end of 
the 6th cycle there was a 34.3% decrease for the MB and 
48.7% for the RB. This is attributed to the partial recovery 
of active sites on the CBM after regeneration.[9] With this 
regeneration method used, it is seen that CBM has the 
potential to be a reusable adsorbent. However, the regen
eration properties of CBM can be improved using other 
approaches and higher yields can be achieved.

CBM and dyes (MB and RB) interaction mechanism

FT-IR spectrum of CBM, MB adsorbed CBM (A- 
CBMMB), and RB adsorbed CBM (A-CBMRB) were 
given in Fig. 12 and Table 8 The peaks of CBM; 2930– 
2900 cm−1 C-H peak, 2160–1982 cm−1 C = O vibration 
stress, 1625 cm−1 C = C peak, 1446–1377 cm−1 

C-H stretching, 1168 cm−1 C-O stretching, 1037 cm−1 

C-O vibration peak, and 874 cm−1 C-H stretch.[63,64]
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2160–1982 cm−1 C = O vibration stress and 
1625 cm−1 C = C peak seen in CBM were not observed 
in A-CBMMB. 3440 cm−1 N-H stretch, [63] ~614 cm−1 

CH vibration, [65] and ~534 cm−1 phenyl ring planar ring 
deformation[66] were observed in A-CBMMB. These 
peaks were not observed in CBM. This is proof that 
methylene blue is adsorbed on the CBM.

2160–1982 cm−1 C = O vibration stress and 874 cm−1 

C-H stretch peak seen in CBM were not observed in A- 
CBMRB. 3440 cm−1 N-H stretching[63] and planar ring 
deformation of ~534 cm−1 phenyl ring[66] were observed 
in A-CBMRB. The fact that these peaks are not observed 
in the CBM is proof that Rhodamine B is adsorbed on 
the CBM.

According to the FT-IR results, both dyes were 
attached to the CBM surface from the same regions. 
The binding reactions of the dyes to the CBM surface 
are shown in Fig. 13.

SEM images of CBM, A-CBMMB, and A-CBMRB were 
given in Fig. 14. It was observed that the adsorbent 
surface morphology changed significantly after the 
dyes were adsorbed on the CBM surface. 
A heterogeneous distribution was observed on the A- 
CBMMB surface where MB was adsorbed. It was 
observed that there were larger particles and a more 
homogeneous distribution on the A-CBMRB surface 
where Rhodamine B was adsorbed.

Table 6. Comparison of maximum adsorption capacities (qe,max) 
for MB and RB dyes on different adsorbents.

Adsorbent
Adsorbent 
Dose (g/L)

Max Adsorption 
Capacity, qe,max 

(mg/g) Reference

Methylene Blue (MB)
NaOH-biochar 1.4 105 [58]

Wet-torrefied 
microalgal biochar

1 113 [17]

Magnetic activated 
carbon (Fe-AC)

0.5 357 [59]

Hierarchical porous 
carbon

0.2 844 [57]

End-of-life tire-derived 
CBM

0.25 681 This 
Study

Rhodamine B (RB)
Earthworm manure 

biochar
2 21.6 [60]

Cassava slag biochar 4 105 [54]

Activated sugar-based 
carbon

0.8 124 [11]

Biochar from plive 
biomass waste

0.7 264 [61]

End-of-life tire-derived 
CBM

0.5 85.3 This 
Study

Table 5. Calculated parameter values isotherm models for the adsorption of MB and RB on CBM.

Dyes Temperature (K)

Langmuir Freundlich Temkin

KL 

(L mg−1) qm (mg/g) R2 KF (mg/g)(L/mg)1/n n R2
A 

(L mg−1)
B 

(J mol−1) R2

MB 293 3.83 435 0.6881 295 7.11 0.9944 267 46.0 0.9815
303 4.00 500 0.8050 335 7.11 0.9948 352 43.0 0.9968
313 3.17 526 0.8208 339 5.83 0.9971 103 34.1 0.9893

RB 293 1.65 78.7 0.9793 45.9 3.43 0.9828 18.9 152 0.9831
303 4.76 72.5 0.8954 55.0 3.79 0.9970 48.0 171 0.9777
313 4.00 78.13 0.9492 58.0 3.32 0.9882 36.8 155 0.9598
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Figure 10. Effect of thermodynamics on adsorption of MB and RB 
on CBM at different temperatures.

Table 7. Thermodynamic parameters values for RB and MB onto 
CBM.

Dyes T (K) ΔH° (kJ/mol) ΔS° (kJ/mol.K) ΔG° (kJ/mol)

MB 293 25,02 0,10 −4,29
303 −5,29
313 −6,29

RB 293 31,92 0,14 −9,52
303 −10,93
313 −12,35
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Table 8. FT-IR spectrum statements of CBM, A-CBMMB and A-CBMRB.

CBM (cm−1) A-CBMMB (cm−1) A-CBMRB (cm−1) Comments

– – 3440 3440 N-H stretching[63]

2930–2900 2930–2865 2925–2860 C-H group in CH2. Hydrogen bonds from an sp3-hybridized carbon[63,64]

2160–1982 – – – – C = O vibration stretching[64]

– – ~1680 – – C = O vibration stretching[63]

1625 – – 1640–1590 C = C peak[63,64]

1446–1377 1433–1332 1454 C-H stretching[64]

1168 1171 1183 C-O stretching[63,64]

1037 1052 1048 C-O vibration peak[63,64]

874 809 – – C-H stretching[63,64]

– – ~614 – – C-H[65]

– – ~534 ~528 Planar ring deformation of the phenyl ring[66]
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Conclusion

A carbon-based material recycled from end-of-life tires 
(ELTs) using a novel patented process unlike the pyro
lysis and carbonization methods in the literature is stu
died. CBM was used as an adsorbent in organic dyes 
removal. Experimental results have shown that MB and 
RB adsorption by CBM is fitted to the Freundlich iso
therm. In addition, the MB and RB adsorption behavior 
fits to the pseudo second-order kinetic model. The max
imum adsorption capacity of MB and RB on CBM is 681 
and 85.3 mg/g, respectively. This high adsorption 

capacity means that CBM is a promising adsorbent 
that can be used for dye removal. The application of 
CBM produced from end-of-life tires in dye adsorption 
has shown that it is a good practice for recovering. 
Within the scope of end-of-life tires (ELTs) manage
ment, reuse of tires according to the circular economy 
model is becoming increasingly important.

These results indicate that CBM is a suitable candidate 
for effective adsorption dye removal of methylene blue, 
rhodamine B, and other dyes and also holds promise for 
use in other applications in water/wastewater treatment. 

Figure 14. SEM images of (a) CBM, (b) A-CBMMB and (c) A-CBMRB.

Figure 13. Reactions between CBM and dyes (MB and RB).
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Highlights

● This carbon-based material (CBM) has been produced by 
novel patented method and used for the first time for 
organic dye removal in the literature.

● The novel CBM showed maximum adsorption capacity for 
methylene blue (MB) (681 mg/g) and Rhodamine 
B (85.3 mg/g).

● CBM can be used as a novel precursor adsorbent in dye- 
intensive industries such as the textile industry wastewater 
treatment.  
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