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ABSTRACT

The adsorption of methylene blue (MB) dye from aqueous solutions using acid-treated pyrolytic tire
char in a fixed-bed adsorption column has been studied. The adsorbent was characterized by X-ray
diffraction, specific surface area, Fourier transform infrared spectroscopy, elemental analysis, Boehm
titration, pH_ _and scanning electron microscopy. The effects of dye concentration and feed flow rate
have been studied. Breakthrough curves and characteristic parameters of the column have been deter-
mined and modeled according to Adams-Bohart, Yoon—-Nelson and Thomas models. Error analysis
(average relative error) and R* values for each model showed that MB adsorption was fitted better to
Yoon—Nelson model followed by Thomas model. Desorption of MB for the reuse of the column can be
performed with 0.1 M HNO, solution while more than 64% of the initial adsorption capacity can be
retained after three adsorption cycles. Considering the ample waste tire feedstock and the waste tire
pyrolysis management needs, tire char can be a promising low-cost adsorbent for MB removal.
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1. Introduction

Environmental pollution from waste effluents has been
seriously increased with the rapid development of industries
[1]. Among various industrial wastewaters, dyes derived
from textile finishing, dying, paper, hair coloring, cotton and
rubber can cause harmful effects on the aquatic life as well as
on human beings [2]. Methylene blue (MB) is the most com-
monly used cationic dye, with wide applications including
coloring paper, cottons and wool dyeing, and stocks mark-
ing, and as a result, it constitutes also an environmental pol-
lutant [3,4].

Industrial effluents containing MB require appropriate
treatment before discharge. Due to the complex aromatic
structure of dyes, their treatment in such wastewaters is
very difficult. A range of conventional methods have been
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employed for the treatment of MB-containing wastes, which
include adsorption [5], biological treatments [6] and oxida-
tion [7]. Adsorption has been found to be a highly efficient
technique for the removal of organic/inorganic and toxic
pollutants due to its simplicity of operation and its low cost
[5,8]. Adsorption capacities from batch studies are useful in
providing information about the effectiveness of dye-adsor-
bent system and the form of isotherms [9]. However, the
data under batch conditions are usually obtained in the
laboratory for the treatment of small volume of effluents,
and they are not useful in general for direct application on
industrial-scale treatment. On the other hand, experimental
data obtained from laboratory or semi-pilot-scale fixed-bed
columns can provide valuable information for the design
and operation of pilot and industrial-scale water treatment
processes. As such, they are of great value for applications
dealing with the removal of dyes from aqueous solutions
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[1,10]. In order to optimize the column operation, the mod-
eling and simulation of the dynamic behavior of a fixed-
bed column have been considered necessary. Successful
design of a column adsorption process requires prediction
of the shape of breakthrough curve for the effluent based on
several models such as Adams-Bohart, Yoon—-Nelson and
Thomas [11]. From the industrial point of view, the removal
of dyes and/or colored compounds in fixed-bed columns is
an efficient process because of the adaptability of column
systems to versatile processes and their easy handling [8].

The use of activated carbons and chars produced by
pyrolysis of tire rubber for the removal of dyes, heavy metal
ions and other organic pollutants from aqueous solutions
by batch adsorption experiments has been reported previ-
ously in many studies [12-16]. Pyrolysis process involves
thermal decomposition of waste tires at high temperatures
(450°C-900°C) under oxygen-free atmosphere. Pyrolysing
the tire waste materials could be a viable management alter-
native because it leads to the production of oil and gas frac-
tions and a solid residue, the pyrolytic tire char (PTC) [17,18].
Activated carbons are widely used as effective adsorbents
for the treatment of dye wastewaters because of its high sur-
face area and broad availability and variety; however, the
relatively high cost of activated carbons limits their applica-
bility in certain wastewater treatment applications [12,19].
Production of low-cost adsorbents derived from a broad
range of waste such as an industrial waste, natural materi-
als or agricultural by-products has become a goal of many
researchers [20,21]. Such low-cost adsorbents have given sat-
isfactory performance at laboratory-scale column for treat-
ment of colored effluents [20,22-25].

Tire char, a rich carbon source, has been widely used
as a potential precursor for the production of added-value
porous adsorbent materials for wastewater treatments [26].
In our previous works, PTC after an extensive purification
treatment with refluxed nitric acid followed by a calcination
step was found to be an efficient adsorbent for the removal of
organic compounds, such as MB dye [27], and phenol [27,28]
from aqueous solutions. Additionally, tire pyrolytic chars
and activated carbons have been previously studied in batch
adsorption process for the removal of other organic contami-
nants as well as for the removal of heavy metals [29-32]. The
results confirmed that the pyrolytic char offers substantial
adsorption capacity for the removal of organic pollutants
compared with other low-cost adsorbents.

Following the above, the novel elements of this work,
which are not reported previously in the literature, are: (a)
the textural and physicochemical characterization of the PTC
sorbent material after only a mild acid treatment step; (b)
the evaluation of the adsorption potential for the removal of
MB dye from aqueous solutions using a fixed-bed continu-
ous column; and (c) the study on the effects of operational
parameters such as initial dye concentration and flow rate
on the column adsorption performance as well as the kinetic
modeling of the respective breakthrough curves, which can
provide valuable information for the application in wastewa-
ter treatment units. The contained data would contribute sig-
nificantly to the potential uses of tire pyrolytic chars that are
the key factors for the economic sustainability of industrial
tire pyrolysis units.

2. Experimental setup
2.1. Preparation of tire rubber pyrolytic char

The tire char was derived from the pyrolysis of used
rubber tires at 450°C in oxygen-free atmosphere under vac-
uum for 4 h. In order to remove pyrolysis impurities from
as-received PTC such as ZnS and PbS [17], 600 g of char were
suspended in 1.5 L of 2 M HNO, solution and kept under
stirring for 24 h. The char suspension was then filtered and
washed several times with distilled water until neutral pH.
The char that has been subjected to the above-mentioned pro-
cess will be hereafter called CHTR (char treated).

2.2. Characterization of pyrolytic char (CHTR)

The physicochemical characterization of CHTR material
included X-ray diffraction (XRD), Fourier transform infrared
(FTIR) spectroscopy, determination of specific surface area
(SSA) and pH_, Boehm titration and elemental analysis.
XRD pattern was obtained on a powder X-ray diffractometer
(Briiker Advance D8) employing Cu Ka radiation (A =1.5418
A) in the 20 range from 10° to 90° with a 26 resolution of 0.02°.
Infrared spectra were recorded on GX Perkin-Elmer FTIR
System. N, adsorption-desorption isotherms were obtained
at 77 K using an Autosorb-1 (Quantachrome Instruments,
FL, USA) porosimeter, and the SSA (S,.,) was calculated
using the Briinauer—-Emmett— Teller (BET) method based on
the adsorption data. Scanning electron microscopy (SEM)
images were obtained using a JEOL JSM-6300 instrument.
In addition, oxygen-containing surface functional groups
that can affect the hydrophobic/hydrophilic and acidic/basic
character of adsorbent have been determined by Boehm titra-
tion [33]. Elemental analysis (C, H, N and S) was performed
using an elemental analyzer (PerkinElmer 2400 Series II) at
1.100°C. Oxygen content was determined by mass difference.
The point of zero charge (pH_, ) of the adsorbent was deter-
mined using the mass titration technique [34].

2.3. Batch adsorption kinetics and column adsorption studies

Batch adsorption kinetic experiments were carried out in
200 mL Erlenmeyer flasks by mixing 10 mg of CHTR adsor-
bent with 100 mL of MB solutions with an initial concentration
of 20 mg L. The solutions were kept under dark and stirring
(600 rpm) at 26°C + 1°C until reaching the adsorption equilib-
rium. At regular time intervals, aliquots were taken (2 mL)
and filtered through a 0.45-um filter (HVLP, Millipore) in
order to remove the adsorbent particles followed by spec-
trometric analysis. The equilibrium time was found to be
established after 30—45 min. The pH of the solutions was 7.0
+ 0.2. Four kinetic models including the pseudo-first-order,
the pseudo-second-order, intraparticle diffusion and Elovich
models [22] have been applied to fit the experimental data.

The dynamic adsorption studies were carried out in a
cylindrical fixed-bed glass column with an inside diameter
of 7.4 cm and 35 cm of height. An amount of about 300 g
of CHTR was packed into the column on a glass wool sup-
port. Uniform inlet flow of the solution into the column was
maintained by an inlet valve. MB solution with the selected
initial concentration flowed from the top of the column via a
vacuum pump at the desired flow rate, which was measured
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with a flow meter. The MB stock solution holder was con-
stantly agitated with a magnetic stirrer. Before the adsorp-
tion experiments, the bed was flushed several times with
deionized water in order to avoid the formation of channels
or cracks in CHTR particles by the influent flow through the
column. Initial concentrations of 10, 20 and 40 mg L™ were
tested at different flow rates of 50, 100 and 150 mL min™.
The bed length was 15 cm. The MB solutions at the outlet
of the column were collected at regular time intervals, and
the concentration (C,) was measured using a UV-Vis spectro-
photometer (Hitachi, U-2000) at a wavelength of 540 nm. All
the experiments were carried out at room temperature (26°C
+ 1°C) at solution inherent pH (7.0 + 0.2). Triplicate experi-
ments were performed and reproducibility of the results as
expressed by percentage relative standard deviation (% RSD)
varied between 4% and 15%.

2.4. Column desorption experiments

In order to recover the adsorbed MB dye and to reuse
the exhausted columns, the regeneration of column after an
adsorption cycle with 20 mg L™ MB initial concentration was
carried out by 0.1 M HNO, or deionized water at flow rate
of 100 mL min™. Column effluent samples were collected at
regular time intervals, and the concentration of MB was mea-
sured as described previously. After the recovery of the dye,
the column was washed with deionized water before per-
forming another adsorption cycle under the same experimen-
tal conditions. Three cycles of adsorption were performed.

2.5. Analysis and modeling of column adsorption data

MB adsorption on CHTR was studied in terms of break-
through curves expressed by the ratio of the outlet MB con-
centration to inlet MB concentration as a function of time
(C/C, vs. time, t). The total adsorbed MB quantity, g, ., (mg),
in the column for a given inlet concentration and flow rate
was calculated by Eq. (1):

Q =t
Qo = os C,dt (1)
total 1000 t;'-() d

where C , (mg L) is the adsorbed MB concentration (inlet
dye concentration, C, — outlet dye concentration, C); Q is the
volumetric flow rate (mL min™); and ¢, is the total flow time
(min).

Maximum capacity of the column or equilibrium dye
uptake in the column (g, ) was defined by Eq. (2), as the quan-
tity adsorbed (q,,,) per mass (g) of the adsorbent (m) in the
column:

total

g, = Tt @)

m

Adams-Bohart, Yoon-Nelson and Thomas models have
been employed to describe the column adsorption behav-
ior simulating the breakthrough curves for the effluent. The
Adams-Bohart model [35] was applied for the description
between C/C,and tin a continuous system, especially the ini-
tial part of the breakthrough curve. This model is based on the
surface reaction theory, and it assumes that equilibrium does

not take place instantaneously while the rate of the adsorp-
tion is proportional to the adsorption capacity of adsorbent
and the concentration of the adsorbed substance. The equa-
tion of Adams-Bohart model is expressed as follows:

K,,N,Z
Q = eXP(KABCOt - ABOJ 3)
CO 0
and the simplified linear form is:
C Z
In 2t =K Cot =K Ny o (4)
0 0

where K is the kinetic (mass transfer) constant (L mg™ min™);
U, (cm min™) is the linear velocity calculated by dividing the
volumetric flow rate (mL min™) by the column cross-sectional
area (cm?”); Z (cm) is the bed depth of column and N, (mg L)
is the saturation concentration or adsorption capacity.

Yoon-Nelson model [36]is considered as the less compli-
cated column model because the characteristics of adsorbate,
adsorbent and the physical properties of adsorption bed are
not needed to be known in detail. It assumes that the rate of
decrease in the probability of adsorbate sorption is propor-
tional to the probability of adsorbate sorption and the proba-
bility of adsorbate breakthrough on the adsorbent.

The non-linear and linear forms of the Yoon-Nelson
model for a single component system are expressed in the
following Egs. (5) and (6), respectively:

% =1+ exp(fkyN - kYNt) (5)

t

In( G
c,-C

0 t

)=kt =k, (6)

where k  is the Yoon—Nelson velocity rate constant (min™); t
is the time required for 50% of adsorbate breakthrough (min)
and ¢ is the flow time (min).

The Thomas model is the most widely used one to describe
the column adsorption performance [37]. The Thomas model
assumes ideal plug flow with no axial dispersion in the bed
and Langmuir adsorption-desorption equilibrium with the
rate of driving force to obey second-order reversible reaction
kinetics. Also, the intraparticle diffusion and external resis-
tance during the mass transfer processes are considered to be
negligible while sorption is not limited by the chemical reac-
tion, but is controlled by the mass transfer at the interface.
The model has the following form:

C 1

?t - k., g, m @)
°© 1 +exp[”q° - kThCOtJ
Q
and the linearized expression is given by Eq. (8):
1{2@—1} :k”%—km C,t ®)
t

where k,, is the Thomas rate constant (mL min' mg™);
q,is the predicted bed capacity at the equilibrium (mg g™);
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m is the mass of adsorbent in the column (g); Q (mL min™) is
the feed flow rate and V is the effluent volume.

In order to evaluate the validity of the kinetic models’ fitting
to the experimental dynamic data, the average relative error
(ARE) was determined according to the following equation:

2
i=1

(€1 Cey = (C 1 C)ea) 1(C, 1 Cy)

n

exp exp

ARE =

x 100% )

where 7 is the number of measurements, and (CZ/CO)CX]J and
(C/C,)., are the experimental and the predicted by the model
normalized concentrations, respectively.

3. Results and discussion
3.1. Characterization of the pyrolytic char adsorbent

Table 1 shows the physicochemical characteristics for
CHTR, including XRD, pHPZC, SSA, elemental analysis and
surface oxygen functional groups by Boehm titration. Fig. 1
shows the XRD pattern of CHTR in the scan range of 10°-
90°. An amorphous nature of the product both with the
main reflection ((002), (100), (101) planes) of graphite car-
bon 2H (Space group P 63mc, hexagonal crystal system) was
identified.

The adsorption-desorption isotherms of N, at 77 K for
CHTR are presented in Fig. 2. The N, adsorption was very lim-
ited without a considerable hysteresis loop. The correspond-
ing SSA was found to be S, = 15 m? g In such cases, no
attempt to determine the pore size distribution is worth the
effort, since the major porosity is external between solid parti-
cles, which do not possess considerable internal pore surface
area. The surface area of CHTR is lower than those reported
in literature, where many researchers produced materials by
pyrolysis of raw tires with mesoporous structure and sur-
face areas in the range 54-87 m? g™ [38,39]. Different pyrol-
ysis conditions such as temperature and time have an effect
on the porosity of the tire rubber carbon [5] or the presence
of possible inorganic impurities, which may block the pores
leading to a reduced available surface area [40,41]. Miguel et
al. [42] referred to the high mesoporosity of tire-derived sam-
ples, which is desirable for adsorption of large molecular-size
compounds from solution. Hadji et al. [43] also found a low
external surface area 32 m? g™, with 0.2 cm® g total pore vol-
ume. The porosity developed was also studied by SEM analy-
sis (Fig. 3). As it is illustrated, microporosity and mesoporos-
ity were not developed in CHTR while big cavities between
“stone” like particles (1-10 pm) correspond to macroporous/
nonporous morphology denoted also by BET plots.

Moreover, the chemical nature and the amount of surface
groups of the PTC were also taken into account. Results in

Table 1

Table 1 present the Boehm titration [33] and elemental anal-
ysis of the CHTR. As shown in Table 1, the total acidic and
phenolic groups of CHTR are 1.25 and 0.3 mmol g™ corre-
spondingly, much lower than the values reported in our pre-
vious work [27] where an extra purification treatment has
been applied. The acidic treatment of PTC is known to lead
to demineralization of the char (in principal removal of sulfur
and zinc) and to its oxidation (increase of oxygen content)
[19]. The results from elemental analysis (see Table 1) indicate

Intensity / arb.un.
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Fig. 1. X-ray diffraction (XRD) characterization for acid-treated
pyrolytic char (CHTR).
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Fig. 2. N, adsorption-desorption isotherms on acid-treated
pyrolytic char (CHTR).

Results of XRD, point of zero charge, specific surface area, elemental analysis and surface chemistry of acid treated char

Adsorbent XRD PH,,c Sper Elemental composition (%) and atomic ratio Surface functional groups (mmol g™')
(m*g") ¢ H N S H/C O/C (O+N)/C Carboxylic Lactonic Phenolic Total
acidic

CHTR Amorphous/ 3.8 15 73.65 3.10 293 1.60 18.72 0.04 0.25 0.29 0.2 1.2 0.3 1.25

Graphite
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ZE kL

Fig. 3. SEM images of the acid-treated pyrolytic char (CHTR)
adsorbent used in the column adsorption studies of MB.

high carbon and oxygen content, 73.65 and 18.72 wt%, respec-
tively. Nitrogen, sulfur and hydrogen content were reduced
as a result of the acidic process (2.93, 1.60 and 3.10 wt%,
respectively). Several studies in the literature referred to
chemical analysis of chars derived from tire pyrolysis. The
chars presented high carbon contents of up to 90 wt%, high
sulfur contents between 1.9 and 2.7 wt% and metals, mostly
zinc. However, the acid treatment resulted in a char (CHTR)
with higher oxygen content than chars reported in the litera-
ture [17,44-46]. As it is shown in Table 1, the aromatic index
(H/C and O/C ratios) and the polarity index [(O + N)/C] [47]
suggest that the surface of adsorbent becomes more hydro-
philic upon treatment with nitric acid. CHTR had an acidic
point of zero charge, pH,_ , of 3.8 after treatment with HNO,
as corroborated by the elemental analysis (Table 1). PTC with
a pH,,. lower than the pH of the solution (6.5-7.0) has a neg-
ative surface charge. Therefore, there is a strong attraction
between negative adsorbent surfaces and cationic ions in
solution [48].

In Fig. 4(a), the IR spectra of the CHTR material is
shown. More specifically, the bands observed at 3,444, 1,704
and 1,095 cm™ for CHTR are assigned to v(O-H) including
hydrogen bonding, v(C=0) and v(C-O) stretching vibrations,

(b) CHTR-MB _,
¢
c
a
2
<

(a) CHTR
! | ! | ! | ! | ! | ! | ! |
4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm™)

Fig. 4. FT-IR spectra of: (a) CHTR adsorbent and (b) CHTR
adsorbent after MB adsorption (C,,, = 20 mg L™ and flow rate =
10 mL min™).

respectively, while the band at 1,463 cm™ is attributed to C-O
stretching vibration in carboxyl group [47,49], confirming
the formation of carboxyl, lactonic and phenolic groups in
the surface of the adsorbent, as also determined by Boehm
titration. In the region of the v(C-O) vibration, not only oxy-
gen surface groups and structures of CHTR but also other
inorganic components such as SiO, presented at the starting
pyrolytic char may cause absorption of infrared radiation
[30]. The band at 2,358 cm™ is attributed to C=C stretching
vibration in alkyne group [47,50]. The peaks in the range of
1,600-1,480 cm™ were assigned to the C=C stretching vibra-
tions of various aromatics and polynuclear aromatics struc-
ture on the surface of CHTR [51]. Finally, the bands at 2,919
and 2,852 cm™ corresponded to v(C-H) stretching vibration.

In order to illustrate interaction between MB and CHTR,
FTIR analysis of CHTR after MB adsorption was also inves-
tigated and shown in Fig. 4(b). According to previously
reported FTIR spectrum of MB, stretching vibration of ter-
tiary amine groups is observed at 3,422 cm™ while bands
corresponding to the C-H stretching vibration are at 2,919
and 2,852 cm™ [52]. After the dye adsorption onto CHTR, the
peaks at 3,444, 2,360, and 1,072 cm™ are shifted to 3,430, 2,358
and 1,066 cm™ while peak at 1,097 cm™ became more intense
suggesting the interactions of dye molecules with the func-
tional groups of pyrolytic sorbent.

The adsorption kinetics of MB dye onto CHTR is shown
in Fig. 5. As it can be observed, the adsorption of MB is a
fast process, and the equilibrium was found to be estab-
lished after only 30-45 min. The experimental data fitted
better to the pseudo-second-order model (R? = 0.9996) with

q,ep = 6-51 mg g™ and a rate constant k, = 0.12 g mg™ min™".

3.2. Effect of inlet MB concentration on breakthrough curves

Adsorption experiments were carried out in the fixed-
bed column previously described at varying dye-influent
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Fig. 5. Adsorption kinetics onto CHTR adsorption (inset: fitting of
the experimental data to the linear form of pseudo-second-order
kinetic model).
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Fig. 6. Effects of various initial MB concentrations (mg L™) on
the breakthrough curves at different flow rates: (a) 50 mL min,
(b) 100 mL min™ and (c) 150 mL min™.

concentrations (10, 20 and 40 mg L) in a fixed adsor-
bent bed height of 15 cm and at flow rates of 50, 100 and
150 mL min™. Fig. 6 shows the breakthrough curves of MB
sorption at different initial concentrations and flow rates.
The total adsorbed MB quantities (q,,,), equilibrium MB

uptake (g,), breakpoint time (¢,) and exhaustion time (t) are
presented in Table 2. The breakpoint time decreased with
increasing inlet MB concentration as the adsorption sites
were saturated rapidly by dye molecules in the system. As
can be clearly seen in Fig. 6 and Table 2, an increase in the
initial dye concentration from 10 to 40 mg L™ resulted in
a decrease of breakthrough time from 760 to 150 min. As
the inlet dye concentration increased, sharper breakthrough
curves were obtained, indicating that adsorption sites were
occupied much faster and lower volume of solution could be
treated [53]. The highest adsorption capacity was obtained
for 40 mg L™ MB initial concentration, with an adsorption
capacity of 3.85 mg g™. The fact that higher adsorption
capacities were achieved in the column with a higher MB
concentration may be explained by the increase of occupied
adsorption sites as the MB concentration increases as well
as by the high concentration difference, which provides a
high driving force for the adsorption process [54]. These
results demonstrated that the change of concentration gra-
dient affected the saturation rate and breakthrough time,
or in other words, the diffusion process was concentration
dependent [55]. Therefore, a decrease in initial concentra-
tion gave an extended breakthrough curve, indicating that
a higher volume of dye solution could be treated. This was
due to the fact that a lower concentration gradient caused
a slower transport because of a decreased diffusion coeffi-
cient or decreased mass transfer coefficient [3,54].

3.3. Effect of flow rates on breakthrough curves

The breakthrough curves at various flow rates (50,
100 and 150 mL min™) for three different initial MB con-
centrations (10, 20 and 40 mg L) are shown in Fig. 7.
As can be seen, at higher flow rates, the breakthrough
curves became steeper while the breakthrough point and
exhausted time were observed sooner. The variation in the
slope of the breakthrough curve and adsorption capacity is
likely to occur because at higher flow rates the mass-trans-
fer rate increases. This behavior indicates that the residence
time of the MB solution in the column is insufficient and
diffusion resistance of MB into the pores of CHTR does
exist or more probably the number of adsorption sites is
insufficient [56,57]. The column was found to perform bet-
ter at a lower flow rate of influent that resulted in a longer
breakthrough and exhausted time because MB had more
time for diffusion and interaction between the dye mole-
cules and char adsorption sites, which resulted in a higher
removal of MB molecules. The total adsorbed MB quan-
tity (q,.,,), equilibrium MB uptake (g,), breakpoint time (t,)
and exhaustion time (t) at different flow rates are shown
in Table 2. The maximum bed capacity (g,) was found 3.85
mg g at initial MB concentration of 40 mg L™ for the flow
rate of 100 mL min™'. As can be also observed in Table 2,
when the flow rate increases from 50 to 100 mL min™, a
significant increase of the bed capacity is obtained for all
MB initial concentrations. When the flow rate increased
further from 100 to 150 mL min™, the bed capacity was
almost the same. This shows that increase of flow rate
from 50 to 100 mL min™ increases the surface diffusion
phenomena in the bed column, which favors MB adsorp-
tion; further increase of the flow rate has no effect. In other
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Table 2
Fixed-bed adsorption parameters for the adsorption of MB onto acid-treated char at various conditions
Initial MB concen- Bed height (cm) ~ MB flow rate Breakthrough Bed exhausted g, (mg) Bed capacity
tration C; (mg L) (mL min™) time, ¢, (min) time, ¢, (min) Jourp (ME &™)
10 15 50 760 940 444 1.48
10 15 100 560 680 618 2.06
10 15 150 370 456 651 2.17
20 15 50 580 850 741 2.47
20 15 100 420 670 1,137 3.79
20 15 150 280 440 1,104 3.68
40 15 50 410 480 897 2.99
40 15 100 260 345 1,155 3.85
40 15 150 150 230 1,122 3.74
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Fig. 7. Effects of various flow rates on the breakthrough curves
at inlet MB concentrations of: (a) 10 mg L™, (b) 20 mg L™ and (c)
40 mg L.

words, it seems that 100 mL minis the optimum flow rate
for all MB initial concentrations to reach the appropriate
balance between surface contact time and surface diffusion
phenomena and to achieve the highest bed capacity [58].
Summarizing, all above results indicate that initial MB con-
centration and flow rate can affect the adsorption process
and obviously the breakthrough curves. Similar behaviors
have been observed by other researchers [1,3,55-61].

3.4. Adsorption models

The dynamic adsorption behavior of MB was examined
using Yoon-Nelson, Thomas and Adams-Bohart models. The
determined coefficients and the values of the models” param-
eters were obtained using non-linear curve simulation and
linear regression analysis. The mathematical models were
applied in order to investigate the mechanism of adsorption
process and adsorbent affinity, as well as to model break-
through behavior of MB onto CHTR.

3.4.1. Yoon—Nelson model

The Yoon-Nelsons model parameters and correlation
coefficients were determined from the slope and intercepts
obtained from the linear regression analysis of In[C/(C, - C,)]
vs. time, as shown in Fig. 8, as well as from non-linear fit-
ting of Eq. (5) to the experimental data and summarized in
Table 3. As can be seen, the rate constant, k,,, increased with
increasing inlet dye concentration and feed flow rate while
the values of t decreased with both increasing flow rate and
MB concentration. This happened because higher flow rate
results in rapid saturation of CHTR in the column, and also
because of limited adsorption. Moreover, the calculated t_,
values of the model were very similar with the time required
for 50% adsorbent breakthrough from experiments (t, ). R?,
ARE and predicted model parameter values, as summarized
in Table 3, indicated a good agreement between the experi-
mental data and the predicted normalized concentration. In
conclusion, Yoon-Nelson’s model, which neglects the effect
of axial dispersion, is suitable for representing the dynamic
adsorption process and provided a good correlation between
the effects of inlet MB concentration and flow rates.

3.4.2. Thomas model

The Thomas model is one of the widely used models to
simulate the adsorbent-solute interaction and to estimate the
breakthrough curves. Fig. 9 shows the results of its linearized
form (Eq. (8)) as the linear plot of In(C,/C, — 1) against time,
at various operating conditions. The Thomas parameter rate
constant, k,, and the equilibrium uptake, q,, were calculated
with non-linear and linear fitting according to Egs. (7) and
(8), respectively, and are summarized in Table 4. As expected,
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with the increase of initial MB concentration, the adsorption
capacity gq,, increased while the Thomas constant k,
decreased. The improved adsorption capacity was ascribed
to the lower rate of mass transfer in column for higher con-
centration of MB, which had resulted in a longer contact time
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Fig. 8. Yoon-Nelson model linear plots for MB adsorption

onto acid-treated pyrolytic char for dye inlet concentrations of:

(a) 10 mg L7, (b) 20 mg L™ and (c) 40 mg L at various flow rates
(50, 100 and 150 mL min™) and fixed bed height of 15 cm.
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Fig. 9. Thomas model linear plots for MB adsorption onto
acid-treated pyrolytic char for dye inlet concentrations of:
(a) 10 mg L7, (b) 20 mg L™ and (c) 40 mg L at various flow rates
(50, 100 and 150 mL min™) and fixed bed height of 15 cm.

Yoon—-Nelson parameters for the adsorption of MB on acid-treated char at different flow rates and inlet concentration using simula-

tion and linear analysis

Non-linear Linear ARE (%)
Q CO Z M Texp kYN Tcal Rz kYN Tcal R2
(mLmin?) (mgL?) (cm) (8) (min) (min™) (min) (min) (min)
50 10 15 300 902 0.026 901 0.9985 0.027 897 0.9690 11
100 10 15 300 640 0.027 642.9 0.9979 0.028 642 0979 9
150 10 15 300 433 0.047 435.5 0.9986 0.046 433 09819 6
50 20 15 300 745 0.026 745.6 0.9927 0.019 7714 09444 12
100 20 15 300 563.2 0.029 563.7 0.9952 0.023 577.2 0.9521 10
150 20 15 300 360 0.050 364.3 0.9983 0.044 362.3 09716 10
50 40 15 300 437.8 0.088 438 0.9977 0.092 4421 09756 10
100 40 15 300 288.6 0.096 288.9 0.9961 0.089 293.1 0.9808
150 40 15 300 175.5 0.131 175.9 0.9992 0.098 176.8 09647 9
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Table 4
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Thomas parameters for the adsorption of MB on acid-treated char at different flow rates and inlet concentration using simulation and

linear analysis

Q C Z M Non-linear

0 Teexp

Linear ARE (%)

(mLmin?) (mgL?) (cm) (8) (mgg™) ko, 10

2 4 2
Tincal R ky, x 10 Tpinear R

(mL mg™ min™)

(mgg™)

(mL mg™ min™)

(mgg™)

50
100
150
50
100
150
50
100
150

10
20
20
20
40
40
40

15
15
15
15
15
15
15
15
15

300
300
300
300
300
300
300
300
300

1.48
2.06
2.17
2.47
3.79
3.68
2.99
3.85
3.74

29
31
48
9.8
11
22
31
29
35

1.48
2.07
2.18
2.48
3.81
3.71
2.99
3.82
3.73

0.9988
0.9979
0.9987
0.9927
0.9948
0.9983
0.9977
0.9995
0.9991

26
21
22
48
6.6
7.8
13
11
7.4

1.40
231
231
2.86
4.36
429
3.24
4.359
4.28

0.9690
0.9105
0.8837
0.9523
0.8508
0.8885
0.8266
0.8813
0.8337

15
18
10
11

16
15
26
24

between solute and adsorbent [1]. As the flow rate increased
from 50 to 150 mL min™, the values of g, decreased and k,,
increased. This is because the key driving force for adsorption
is the concentration difference between the MB on the CHTR
and MB in the solution. It is also observed that the calculated
from the non-linear fitting q,, values are in close agreement
with the corresponding data obtained experimentally in com-
parison with the g,, values calculated via linear fitting. On
the other hand, the correlation coefficient values R?of linear
fitting, which are in the range of 0.83-0.97, and the low ARE
values provided also a good fitting of the model to the exper-
imental data. Moreover, based on the surface characteristics
of CHTR reported previously, the adsorption mechanisms of
MB can be attributed to cation—-m interactions between the
cationic dye and the electron-rich graphitic sheets and elec-
trostatic attraction of opposite charges between anionic car-
boxyl groups and cationic dye ions in solution. Taking also
into account the pseudo-second-order adsorption kinetics,
the assumptions of Thomas model can be satisfied, and the
model is suitable to describe MB adsorption in the fixed bed
of CHTR. Linear and non-linear regression are both suitable
to predict the breakthrough curves using Thomas model
parameters; however, the non-linear method is better. Similar
conclusion has been reported elsewhere [62] for MB adsorp-
tion into natural zeolite.

3.4.3. Adams—Bohart model

Adams-Bohart model was also applied to describe the
experimental data of the breakthrough curves. The param-
eters, adsorption capacity (N,) and kinetic constant (k,;),
from the Adams-Bohart model were obtained from the plot
In(C/C,) against time, at various operating conditions as
shown in Fig. 10 and listed in Table 5. As can be seen in Table
5, the values of rate constant k,, increased with the increase
of flow rate and decreased with the increase of the initial MB
concentration, indicating that the dynamic adsorption system
was governed by external mass transfer resistance in the initial
stage of the adsorption process [58,63]. The maximum value of
adsorption capacity N,was calculated as 2,889 mg L' for the
highest inlet concentration of 40 mg L and for a feed flow rate
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Fig. 10. Adams-Bohart model linear plots for MB adsorption
onto acid-treated pyrolytic char for dye inlet concentrations of:
(a) 10 mg L7, (b) 20 mg L™ and (c) 40 mg L™ at various flow rates
(50, 100 and 150 mL min™) and fixed bed height of 15 cm.
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Table 5
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Adams-Bohart parameters for the adsorption of MB on acid-treated char at different flow rates and inlet concentration using

simulation and linear analysis

Q C, z M k,, x 10% N, R? k,, x 10% N, R? ARE
(mLmin) (mgL?) (cm)  (g) (Lmg' min") (mg L) (L mg" min) (mg L") (%)
50 10 15 300 29 1,035 0.9985 15 1,035 0.7745 35
100 10 15 300 27.5 1,619 0.9979 17 1,688 0.9371 53
150 10 15 300 47.5 1,623 0.9986 15 1,791 0.9416 28
50 20 15 300 9.65 1,870 0.9933 4.2 2,103 0.9715 61
100 20 15 300 11 2,847 0.9952 52 3,246 0.8858 47
150 20 15 300 20 2,729 0.9983 6.9 3,180 0.9092 38
50 40 15 300 22 2,184 0.9987 11 2,331 0.7470 34
100 40 15 300 24.2 2,889 0.9995 8.4 3,256 0.7135 83
150 40 15 300 33 2,634 0.9991 6.8 3,182 0.6408 91

of 100 mL min™. The correlation coefficients R? of non-linear 3

fitting are in the range of 0.9933-0.9991 a fact that reveals the 20 0.TM HNG3/ 100mL min

higher accuracy of N, and K, values compared with the same —=—1" desorption cycle

values calculated from linear fitting. R* and ARE values are — 2" desorption cycle

given in Table 5. As for the R?for linear fitting, the values show 157

distribution between 0.64 and 0.97. Nevertheless, most of the -

R? are less than 0.9, which indicates that the data does not fit 2 1o

sufficiently well into the model. In addition, ARE analysis val- —

ues (Table 5) are the highest ones from all other models. Thus, v

R? and ARE analysis values of Adams-Bohart model suggest a 5

lack-of-fit to the experimental data. This happens because the

Adams-Bohart model is used to describe the initial part of the

breakthrough curve [58]. As a result, it can be confirmed that 0

the Adams-Bohart model is unsuitable to explain the overall

adsorption behavior of the column. 0 200 400 600 800

t (min)

3.5. Desorption studies

Desorption studies were conducted to elucidate the
nature of adsorption as well as the recycling of the spent
adsorbent. The adsorbed MB dye cannot be desorbed using
deionized neutral pH water; thus, the sorption of the dye on
the adsorbent cannot be ascribed to weak bonds. On the con-
trary, acid solution can desorb the dye as shown in desorp-
tion—elution curves depicted in Fig. 11. A sharp increase of
MB concentration in the column effluent is observed at the
first 30 min followed by a continuous decrease thereafter. The
total desorption time of MB approximates 800 min, which is
close to the experimental time adsorption cycle. Desorption
of MB by acid solution indicates that MB adsorption onto the
CHTR proceeds probably through physisorption mechanisms
as suggested previously. The breakthrough curves after three
consecutive adsorption cycles are shown in Fig. 12. It can be
observed that the breakthrough curves shifted to the left,
toward the C/C, axis, indicating that a lower amount of dye
was removed for the second and third adsorption cycle. On
other words, breakthrough time and the efficiency of adsorp-
tion column decreased as the adsorption cycles increased.
About 72% and 64% of the initial column adsorption capacity
was maintained for the second and third adsorption cycle,
respectively, while about 90% of the adsorption capacity was
maintained between the second and third adsorption cycle.

Fig. 11. Elution curve for desorption of MB dye by 0.1 M HNO,
(initial dye concentration for adsorption cycle: 20 mg L; adsor-
bent bed length: 15 cm; flow rate: 10 mL min™).
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Fig. 12. Breakthrough curves of MB onto CHTR and regener-
ated CHTR by 0.1 M HNO, (initial dye concentration: 20 mg L;
adsorbent bed length: 15 cm; flow rate: 10 mL min™).
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3.6. Comparison with other adsorbents

Tan et al. [3] and Foo and Hameed [55] studied the
adsorption of MB onto palm oil shell-based activated carbon
at continuous fixed-bed columns with 6 cm bed height and
20 mL min™ flow rate, and they determined the highest bed
capacity as 133.13 and 40.86 mg g™ using initial dye concen-
tration of 150 and 100 mg L™, respectively. Similar trends
were obtained for the adsorption of MB onto activated carbon
derived from peach stone shells by chemical activation with
a column adsorption capacity of 71.80 mg g™ [64]. Li et al.
[59] found a maximum column MB adsorption capacity of
103.58 mg g for paper mill sewage sludge-based activated
carbon. Moreover, adsorption capacities of 12.06 mg g™ [59]
and 240 mg g [65] were obtained with coal-based commercial
activated carbon and commercial activated carbon Filtrasorb
F300, respectively. Finally, some activated carbons prepared
from other sources such as textile wastes (polyamide, polyes-
ter and cotton) [66], as well as natural sorbent materials such
as zeolites [62], showed lower adsorption capacities being 7
and 4.36 mg g, respectively.

A comparison of the bed capacity of CHTR (3.85 mg g™)
for MB removal with the above values of the literature showed
that activated carbons exhibited higher to comparable
adsorption capacities while other natural sorbent materials
showed similar adsorption capacities. Taking into account
that tire char production process is simple compared with
commercial or other activated carbons, the ample availability
of waste tire feedstock and the alternative waste tire man-
agement solution provided by tire pyrolysis, CHTR can be
considered as a promising adsorbent for the removal of MB
dye in fixed-bed column.

4. Conclusions

This study shows that adsorption of MB in aqueous
solutions can be achieved with acid-treated PTC as an adsor-
bent in a fixed-bed column. The surface properties of CHTR
revealed mostly microcrystalline graphitic structure with
macroporous/nonporous characteristics and acidic groups
on its surface due to the treatment with nitric acid. The
adsorption in the continuous adsorption system depends
on the initial MB concentration and feed flow rate at a con-
stant bed height. As the flow rate and MB inlet concentration
increased, the breakthrough curve became steeper, while
the adsorption capacity increased. Three kinetic models,
Thomas, Yoon-Nelson and Adams-Bohart, were applied
to fit the experimental data. The Thomas and Yoon-Nelson
model predictions were in very good agreement with the
experimental results for all the process parameters studied,
as indicated by the high values of correlation coefficient R?
and the low ARE values, thus suggesting that they were suit-
able to describe the dynamic adsorption behavior of MB onto
CHTR. R? and ARE values for Adams-Bohart model did not
provide a good fit to the experimental data. For the fixed
15 cm of adsorbent-bed height employed in this study, the
adsorbent exhibited the maximum bed capacity of 3.85 mg
g™ at a flow rate of 100 mL min™ and initial MB concentra-
tion of 40 mg L. The desorption of MB and the regeneration
of the column can be performed by acid aqueous solutions;
however, the efficiency of adsorption column decreased as

the adsorption cycles increased reaching about 64% of the
initial adsorption capacity for the third adsorption cycle.
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