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ARTICLE INFO ABSTRACT

There has been growing interest in making adsorbents more cost-effective and feasible in low resource areas by
using material that is cheap or would usually be considered waste. In the present study, a high-capacity re-
generable adsorbent is synthesized by the treatment of waste tire rubber (WTR) with concentrated sulfuric acid.
The sulfuric acid reflux carbonized as well as functionalized the WTR with the sulfonic acid group. The as-
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::;;?:};icrl?:ubber prepared sulfonated carbonaceous WTR was used for the removal of organic dyes and antibiotic viz. methylene
Sulfonation blue (MB), methyl orange (MO) and Tetracycline (TC) from water. The maximum adsorption capacity was found

to be about 833, 588, and 303 mg/g towards MB, MO, and TC, respectively. The adsorption of MB, MO, and TC
from the tap water matrix was also performed and shown to maintain similar adsorption capacities as the
deionized water. In addition, a packed glass column was prepared to demonstrate the continuous adsorption of
MB and TC from the tap water matrix. The regeneration of the column was achieved by using mixture of aqueous
and organic solvents with dissolved NaOH and it was demonstrated that the adsorbent not only recovered but

also increased its adsorption capacity after every time it was regenerated.

1. Introduction

Due to the rapid growth of the automobile industry, the disposal of
the waste tire rubber (WTR) has become an emergent threat worldwide
and there are tons of it being piled up every day. According to a study
reported in 2001, approximately 800 million waste tires are disposed
around the world per year [1]. This amount is predicted to increase by
approximately 2% each year. The WTR, consisting of styrene-butadiene
polymer and others, is extremely resistant to the natural degradation
[2]. Moreover, the WTR has no such important applications, although
there are some reports of their utilization for environmental remedia-
tion [3-5], catalysis [6,7], energy storage [8-10], etc. Therefore, the
recycle and reuse of the WTR could be beneficial economically as well
as environmentally. Along the same line, the population growth and
increased industrialization are leading to a global scarcity of water at
many levels. Therefore, in the clean water sector, water contamination
with organic and inorganic pollutants is becoming a serious health
concern in both rural and urban areas [11].

In this regard, preparation of high-capacity and cost-effective ad-
sorbent out of WTR for the wastewater treatment could be a lucrative
choice both economically and green chemistry point of view. The uti-
lization of WTR for water treatment may provide twofold benefits.
Firstly, the WTR, which is considered as a waste, could find a useful
application with due economic value. Secondly, its utilization for the
remediation of environmental pollutants from the water may provide
the access to clean water for the people in resource-limited areas.

Traditional adsorbents, for the removal of the organic pollutants
from water such as activated carbon or charcoal, are difficult to pro-
duce as well as functionalize into new materials. Although activated
charcoals are very efficient for the removal of organic pollutants in
water their ability for the removal of heavy metals ions and ionic or-
ganic pollutants is limited. Thus the development of new polymeric
adsorbents with multifunctional components that may uptake organic
and inoragnic pollutants by m-m stacking, hydrogen bonding, and
electrostatic interactions would pave the way to more effective ad-
sorbents in the future.
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Scheme 1. Preparation of sulfonated waste tire rubber (WTR-SO3H) and the possible structure of the pristine styrene-butadiene polymer and the sulfonated styrene-

butadiene polymer.

In the present study, a high-capacity multifunctional and regener-
able adsorbent is synthesized by treating the WTR with concentrated
sulfuric acid. The WTR was used as the base material in this study
knowing that the tire rubber consists of styrene-butadiene polymer
[12], which could easily be sulfonated and carbonized by the treatment
with sulfuric acid. The carbonaceous sulofanted waste tire rubber
(WTR-SO3H) was used for the removal of emerging pollutants such as
methylene blue (MB), methyl orange (MO) and Tetracycline (TC) from
the water. MB and MO were used because they are widely used in
numerous industries and known to have harmful effects on the living
organisms and the whole ecosystem [13]. They are also known to have
high resistance to natural degradation. On the other hand, TC is a
broadband antibiotic, which has a widespread application in cattle and
poultry industries and their disposal in water is posing a new type of
threat to the environment [14,15]. The presence of antibiotic in the
environment is unexpected and they gradually make the microorgan-
isms more resistant to drug. Therefore, like other pollutants, the re-
moval of antibiotics is an essential part of wastewater treatment. The
adsorption capacity of the WTR-SOsH was tested by realizing multiple
batch experiments where different variables, such as pH, temperature,
the concentration of pollutants, were controlled and measured. The
adsorption of MB, MO, and TC from tap water matrix was also eval-
uated and shown to maintain similar adsorption capacity as in the
deionized water. In addition, a packed glass column was prepared to
demonstrate the continuous adsorption of MB and TC from the tap
water matrix.

2. Experimental section
2.1. Materials

Metal wire stripped off ground waste tire rubber was obtained from
a local tire recylying shop (Cd. Juarez, Mexico). Concentrated sulfuric
acid (95-98%), sodium hydroxide (> 97%), acetone (> 99.5%), and
reagent alcohol (Ethanol = 72-73%) were purchased from BDH
Chemicals. Methyl orange (> 95%) and methylene blue (> 98%) were
obtained from AMRESCO Ltd. and Consolidated Chemical, respectively.
Tetracycline (=98%) was purchased from Sigma Aldrich. Coarse sand
was purchased from J.T. Baker (CAS Number: 14808-60-7, MDL No.
MFCD02100519). Ultrasonic batch sonicator (VWR 50T) was used to
homogenize the adsorption mixture. Quartz cuvette having volume of
4mL and path length of 10 mm was used for the UV-vis studies.
Deionized water with a resistance of about 18.2 MQcm at 25°C was
obtained from Milli-Q water purifier facilities (EMD Millipore
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Corporation) from the lab. Tap water was obtained from the regular
water faucet of the lab. The complete list of the soluble and insoluble
species of the tap water is given in Supporting information, Fig. S1.

2.2. Preparation of the sulfonated waste tire rubber (WTR-SO3H)

The sulfonation of the WTR is depicted in Scheme 1. In detail, in a
300 mL round bottomed flask, 5 g of the ground WTR was mixed with
40 mL of concentrated H,SO4 (95-98%). Excess of H,SO4 was used to
obtain a good suspension of the WTR in the acid so that it could be
stirred during the reflux. The mixture was refluxed in boiling H>SO, for
3 h while stirring. During the reflux, it was observed that the solution
expanded like foam to a certain point, and then settled back to its
original volume after approximately an hour of reflux. Once the reflux
finished, the reaction mixture was cooled down to room temperature
and 250 mL of ice-cold water was slowly added to the mixture with due
precautions. Afterwards, the product was filtered by vacuum filtration
and washed with deionized water to remove any excess H,SO4. The
sulfonated waste tire rubber was then dried in vacuum oven at 65 °C for
12 h. After the adsorbent had fully dried, it was ground to a fine powder
by use of a ceramic mortar and pestle. The amount of the WTR-SO3H
was approximately 4.7 g.

2.3. Batch adsorption experiments

For the batch adsorption of MO and TC, 10 mg of the WTR-SOsH
was added into 20 mL solution of the MO and TC having initial con-
centrations varying from 50 to 400 ppm. Then, the mixtures were bath
sonicated for 30 min, which was followed by 24h of stirring at
1000 rpm on a magnetic stirring plate. The time-dependent adsorption
studies revealed that the adsorption of MB, MO, and TC reached to
equlibrium after 24 h of stirring. Therefore, the stirring period of 24
was used for all the equilibrium adsorption studies. After 24 h of stir-
ring, 1 mL of the mixture was filtered through a 0.25 um PTFE syringe
filter to obtain a clear filtrate. The adsorption capacity was calculated
from the difference between the initial and final concentration of the
MO and TC, which was obtained by using UV-vis spectrophotometer.
The concentrations of the MO and the TC were obtained from their
abosrbance at 464 and 357 nm, respectively [16,17]. For the batch
adsorption of MO and TC, acidic pH was chosen because the pH-de-
pendent studies revealed that the adsorption of MO and TC was highly
favored in the acidic pH.

The batch adsorption of MB was carried out following the same
experimental procedure. The only difference was the amount of
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adsorbent viz. 20 mg. Moreover, the adsorption of MB was carried at
the pH of 3.5, 7, and 10 to determine the equilibrium adsorption ca-
pacities at the acidic, neutral, and basic pH. The adsorption capacity
was calculated from the difference between the initial and final MB
concentrations, which was determined from the absorbance of MB
centered at 615 nm by using the UV-vis spectroscopy [18].

The pH-dependent adsorption of MB was performed by dispersing
20 mg of the WTR-SO3H in 20 mL of 700 ppm MB solutions. In case of
the pH-dependent adsorption of MO and TC, 10 mg of the adsorbent
was dispersed in 20 mL of 100 ppm and 200 ppm of MO and TC solu-
tions, respectively. The pH of the solution was adjusted by using 1 M
NaOH and 1 M HCI solutions.

The time-dependent adsorption capacity was obtained by adding
20 mg of the WTR-SO3H in 40 mL of 200 ppm MB solution at pH~ 7. For
the time-dependent adsorption of MO and TC, 10 mg of the adsorbent
was added in 20mL of 100 ppm MO and 50 ppm TC solutions at
pH ~ 3.6. Acidic pH (~3.6) was choosen as it was found that the ad-
sorption of MO and TC was favored in acidic pH. Bath sonication was
carried out for 30 min and while sonication samples (~0.5mL) were
taken at every 10 min time interval. After the bath sonication, the mix-
ture was stirred continuously on a magnetic stirring plate at 1000 rpm
and during which samples were taken at every 30 min interval.

The temperature-dependent adsorption studies were performed
using 10 mg of the adsorbent in 20 mL of the MB and MO solution at 23,
40, and 60C. pH 10 and 3.6 were chosen for the adsorption of MB and
MO respectively. It was found that the TC decomposed at elevated
temperature (e.g 60°C) and thereby the temperature-dependent ad-
sorption of TC was not perfermoed under our experimental conditions.

2.4. Preparation of the adsorption column

A fritted chromatographic column with reservoir having the di-
mensions of I.D. X L = 26 X 457 mm was packed to about 14 cm with

MB or TC
solution

—

Sand support — {F

TETES

WTR-SO;H+ Sand
(active layer) —>

Cotton support ——>

Scheme 2. Composition of the column filter packed with ST-SO H and sand for
the continuous adsorption of MB and TC.
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the mixture of WTR-SO3H and sand, Scheme 2. In detail, 2 g of the
sulfonated waste tire rubber was homogeneously mixed with 105 g of
sea sand by a ceramic mortar and pestle for few minutes of gentle
grinding. 105 g of sand was used to achieve a good column height so
that the adsorbates have good contact while passing through the
column. Afterwards, the column was filled by the dry filling method. To
help distribute the flow as well as to prevent the leakage of any ad-
sorbent, cotton and coarse sea sand were used at the bottom and the top
of the column, respectively.

The column was first washed with 100 mL of DI water before run-
ning any adsorption cycle. For the continuous adsorption of MB,
20 ppm MB solution in tap water matrix was used without the adjust-
ment of the pH. The solution was manually-fed into the column and
allowed to pass under the gravity. The flow rate varied from 6 to
6.8 mL/min After every 1000 mL of the solution was filtered, 2 mL of
filtrate was sampled for UV-vis analysis. As soon as a trace of dye was
detected in the filtered water, the filtration was discontinued and the
column was regenerated. The efficient regeneration of the column was
achieved by using a 0.025 M NaOH solution in 99:1 reagent alcohol and
water mixture. After the regeneration cycle, the column was washed
with about 100 mL DI water before starting the following cycle of ad-
sorption.

As the TC and MO demonstrated samilar kinetic and pH-dependent
adsorption trend in the batch test and since TC is considered a good
representative of water-soluble pharmaceutical contaminants, we uti-
lized TC for the continuous adsorption in the column. For the con-
tinuous adsorption of TC, a separate column was made following the
above-mentioned method and 10 ppm TC solution in tap water was
used as the feed solution. The first cycle of adsorption was carried out
without any adjustment in the pH. However, the second cycle was
carried out at pH ~ 3.5 as the batch adsorption studies suggested that
the adsorption of TC is favored in acidic pH. The regeneration of the TC
filtration column was performed by using a 0.025 M NaOH solution in
50:50 acetone and water mixture.

2.5. Adsorption isotherms and adsorption kinetics

The equilibrium and time-dependent adsorption capacities were

calculated using the following equations:
Co— C,

m

XV

Equilibrium adsorption capacity, Q. D)
The percent dye adsorption was calculated using the following
equation:

- : Co—C

Time — dependent percent adsorption, Qt = o
0

Ag — A
Ag

X 100%

(2)
where Cy, C,, and C, represent the concentrations of the adsorbates
(mg/L) at the beginning, at time t, and at the equilibrium, respectively;
Ao and A represent the absorbance of the adsorbates at concentrations
Co and C,, respectively; Q. and Q, represent the adsorption capacities at
the equilibrium and at time t, respectively; m represents the mass of the
adsorbent (g) and V represents the volume of dye solution (L).

The batch adsorption results were analyzed by utilizing the linear
form of the Langmuir, Freundlich, amd the Temkin isotherm models.
The Langmuir isotherm is often utilized to describe the adsorption of a
solute from a liquid solution. It is based on the monolayer adsorption of
molecules on the adsorbent. It assumes that the adsorption energy of
each adsorbate molecule is the same, independent of the surface of the
adsorbent, the adsorption takes place only on some sites and there are
no interactions between the adsorbate molecules [19] . The Freundlich
isotherm, on the other hand, is based on both the monolayer and
multilayer adsorptions of molecules on the adsorbent [20]. The Temkin
isotherm is based on the assumption that the fall in the heat of
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adsorption is linear rather than logarithmic and is excellent for pre-
dicting the gas phase equilibrium [21,22]. The linear form of the
Langmuir, Freundlich, and the Temkin isotherm models of adsorption
are expressed by the following equations [23-25].

Langmuir isotherm, & = LC,, + !
(k (?m IKL(?m (3)
Freundlich Isother, In Q, = 1 InC, + InKr )
n
Temkin Isotherm, Q. = B(InA) + B(In Ce) 5)

where C, represents the equilibrium concentrations of the adsorbates
(mg/L) and Q,, represents the maximum adsorption capacities (mg/g);
K stands for the Langmuir constant (L/mg), which is related to the
affinity of the binding sites; Kg stands for the Freundlich constant (L/
mg) and 1/n is defined as the exponent of non-linearity (mg/L) for a
given adsorbate and adsorbent at a particular temperature. Kg and 1/n
are related to the sorption capacity and the sorption intensity of the
system, respectively. With the increse in the value of K, the adsorption
capacity increases and vice-versa. On the other hand, the magnitude of
1/n gives an indication of the favorability of the sorbent-adsorbate
systems. The higher the 1/n value, more favorable is the adsorption and
vice-versa [26]. A and B are Temkin isotherm constants, which can be
determined from the intercept and slope of linear plot of Q. versus In
Ce, respectively [27].

The time-dependent adsorption results were analyzed by utilizing
the linear form of the pseudo-first order, pseudo-second order, intra-
particle diffusion, and the Elovich kinetic models, which are expressed
by the following equation [28-30].

t

1

Pseudo — second — order kinetic model, L = +
KZ Qe

Q. Qe

(6)
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Pseudo — first — order kinetic model, log(Q. — Q,) = log Q. — 2K310t3
@)
. . . L Kw
Intra — particle diffusion kinetic model, Q; = —t'/2 8)
w
Elovich kinetic model, Q, = ~1n af + ~1n(r)
] B ©)

where Q. and Q; represent the adsorption capacities (mg/g) at equili-
brium and at time t (min); K; (1/min) and K, [g/(mg min)] are the rate
constants of adsorption of the pseudo-first-order and pseudo-second-
order kinetic models, respectively. Where w is the weight of adsorbent
per volume of solution (g/L), Ky is the Weber intraparticle diffusion
coefficient (mgL~'min~?); a is the initial adsorption rate (mg/
gmin) and P is the desorption constant (g/mg), which can be de-
termined from the slope and the intercept of the Q; vs. In(t) plot.

3. Results and discussion
3.1. Characterization of the adsorbent

The WTR-SOsH was physically and chemically characterized by
Scanning Electron Microscopy (SEM) image, Energy Dispersive X-ray
spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS), Fourier
Transform Infrared Spectroscopy (FTIR), Raman spectroscopy, X-ray
powder diffraction (XRPD), Thermogravimetric analysis (TGA), and
zeta potential measurements.

The particle size, shapes, and the morphology of the WTR-SO3H was
studied by the SEM image, Fig. 1a. The SEM image revealed that the
WTR-SO3H consists of particles with a wide range of size with irregular
shape. Most of the particles were measured to be micrometer in di-
mension.

The composition of the WTR-SOsH was qualitatively and quantita-
tively determined by the EDS and SEM elemental mapping analyses,

15000+

b)

Element Wt.%
10000 CK 75.18 £0.37
& 0K 18.23 +0.22
g3 SiK 1.94+0.03
23 S K 465005
5000

Fig. 1. a) SEM image of the WTR-SO3H, b) EDS spectra showing the elemental composition of the WTR-SO3H, and c) Elemental mapping image showing the presence

of carbon, oxygen, and the sulfur in the WTR-SO3H.
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Fig. 2. a) XPS spectra of WTR-SO3H. High-resolution XPS spectrum of b) O 1s ¢) C 1s and d) S 2p of the WTR-SO3H.

Fig. 1b and c. The EDS spectrum and SEM elemental mapping con-
firmed that the WTR-SOsH is chemically composed of carbon, oxygen,
and sulfur. The presence of sulfur and oxygen further indicate the
presence of —SOsH functional group, whereas the presence of carbon
indicates the carbonaceous nature of the WTR-SO3H. The approximate
composition of the WTR-SO3H, obtained from the EDS anaylsis, is
shown in Fig. 1b (inset).

High resolution XPS was utilized to analyze the elemental compo-
sition and the functional groups of the WTR-SO3;H. The XPS spectra
confirmed that the WTR-SO3H is elementally composed of carbon,
oxygen, and sulfur with silicon as the impurity, Fig. 2a. The S 2p3/2
and S 2p1/2 doublet with binding energies of about 164 eV could be
assigned for the thiophenic group that is retained from the parent waste
tire, Fig. 2d [31]. However, the S 2p3/2 and S 2p1/2 spin-orbital-split
doublets observed at about 168 eV suggests the presence of sulfonic
acid group (-SO3H) [32-36]. Additionally, the presence of asymmetic O
1s and C 1s peaks, shown in Fig. 2b and c, supports the presence of
sulfonic acid in the WTR-SOsH [31,37,38].

The FTIR spectroscopy further confirmed the presence of different
functional groups in the WTR-SO3H, Fig. 3a. The presence of the C=C
vibration of the sp? hybridized carbon skeleton could be indentified by
the peaks at 1675cm ™! and 1542 cm ™! [39]. The —SO3H functionl
group was identified by the stretching vibration of S=O bond at
~1122, 1089, and 1005 cm ™~ [40,41].

The degree of graphitization and imperfections in the WTR-SO3H
was examined by the Raman spectroscopy, Fig. 3b. Two bands located
at ~1360 and 1582cm ™! are attributed to the D and G bands, re-
spectively. The D band indicates to the structural defect and disorder
and the G band corresponds to the sp? carbon network in graphitic
carbon [42-44]. In addition, the ratio of the intensities of the G to D
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band (ID/IG) is utilized to evaluate the extent of structural disorder for
the WTR-SOsH [45]. The ID/IG ratio for the WTR-SOsH was found to be
1.015, which indicates that the WTR-SO3H has high degree of defects
and disorder [46]. Therefore, the FTIR, Raman, and the XPS studies
suggest that the sulfuric acid treatment not only converted the waste
tire rubber into the carbonaceous materials but also functionalized it by
the sulfonic acid group.

X-ray powder diffraction spectroscopy (XRPD) was performed to
further determine the crystalline and carbonaceous properties of the
WTR-SO3H, Fig. 3c. Two broad diffraction peaks located at ~24.78°
and 42.17° could be indexed as the characteristic peaks originated from
the (002) and (101) planes of amorphous carbon, respectively [47]. It
was observed that (002) and (101) diffraction peaks of the WTR-SOzH
were slightly shifted to the left, in compared to the graphite (002) and
(101) peaks (JCPDS Card No. 65e6212) [48,49]. Applying Bragg's
equation (nA. = 2dsin®), the lattice spacing (d in the Bragg's equation)
of the WTR-SOsH was calculated. It was found that the carbon in the
WTR-SO;H is somewhat extended from 3.356 A to 3.588 A along with
(002) plane and 2.034 A to 2.140A along with (101) plane [50].

The thermal stability and the decomposition profile of the WTR-
SO3H was detremined by carrying out the thermogravimetric analysis.
As shown in Fig. 3d, the WTR-SO3H loses the free and absorbed water in
the molecular space from a temperature range from 50 to 250 °C. The
major decomposition of the adsorbent started from about 325 °C and a
complete decomposition of the WTR-SO3H was observed at a tem-
perature of about 600 °C and more. The TGA curve indicates that the
WTR-SO3H has very good thermal stability.

The pH-dependent zeta potential analysis was utilized to determine
the net surface charge of the WTR-SO3H in water, Fig. S2. The zeta
potential gives important information to understand the mechanism of
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Fig. 3. a) FTIR spectra, a) Raman spectra, c¢) X-ray powder difffraction pattarn, and d) the thermal decomposition curve of the WTR-SO3H.

adsorption by ionic interaction. It was found that the zeta potantial of
the WTR-SOsH in water is negative at a pH range of 1.5 to 11. Also, it
could be observed that at a pH of 1.5, the negative zeta potential value
is lowest and at pH 2.5 and above the negative zeta potential remains
almost similar. The low pKa of the sulfonic acid (pKa ~ — 7) functional
group suggests the WTR-SO3H becomes sulfonate (WTR-SO3 ™) in water
and thereby it gives negative zeta potential.

3.2. Effect of pH on the adsorption of MB, MO, and TC

The pH of the solution plays an important role in the adsorption
efficiency as the zeta potential of the adsorbent and the net charge of

the adsorbate change with the variation of the pH [51,52]. Therefore,
the adsorption capacity of WTR-SO3sH for the MB, MO and TC was
studied under a pH ranging from 3 to 10. The results demonstrate that
the adsorption of MB increased with the increase in pH of the solution,
Fig. 4a. MB is a basic dye, which stays positively charged when dis-
solved in water. Hence, in acidic pH the WTR-SO3H surface becomes
less negatively charged and thereby the adsorption by electrostatic at-
traction is retarded. With the increase in the solution pH the WTR-
SO3H surface acquires negative charge (WTR-SO3;~ ). Therefore, the
adsorption of MB increases due to an increase in the electrostatic at-
traction between the positively charged dye (MB) and the negatively
charged adsorbent (WTR-SO5 ™) [53]. Similar results were reported by

300 T C)

250

200

150

100

700 200 T
@ a) b)
80 650 1
E

150

= 600
.g |
g 550
2]
O 500 - 100
=
=)
S 450 1
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=
$ 400 1 50
2

350

300 0

—3> pH

Fig. 4. The pH-dependent adsorption of a) MB, b) MO, and c) TC by the WTR-SOsH, respectively. Initial MB concentration = 700 mg/L, V = 20 mL and ad-
sorbent = 20 mg; initial MO concentration = 100 mg/L, V = 20 mL and adsorbent = 10 mg; initial TC concentration = 200 ppm, V = 20 mL and adsorbent = 10 mg.
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Fig. 5. Adsorption capacity of the WTR-SO3H towards a) MB, b) MO, and c¢) TC at different initial adsorbate concentrations and pH. Linear form of the Langmuir (d&
f) and the Freundlich (e) isotherm models for the adsorption of d) MB, e) MO, and f) TC.

other studies, where the adsorption of cationic dyes was favored at
basic pH [54,55].

In contrast, the adsorption capacity for the MO and TC increased
with the lowering of the pH, Fig. 4b and c. This effect is considered to
happen due to the protonation of the amine functional groups of the
MO and TC at the acidic pH. The electrostatic force of attraction be-
tween the ammonium group of the adsorbates and the sulfonate groups
of the WTR-SO3H bound them together. The results in agreement with
the previously published researches [56,57].

3.3. Equilibrium adsorption capacity and the adsorption isotherms

The equilibrium adsorption capacity (Q.), calculated by using Eq.
(1), was found to increase with the increase in the initial pollutants
concentration. The Q. was calculated to be about 834 mg/g at an initial
MB concentration of 1000 ppm and at pH ~10, Fig. 5a. For the ad-
sorption of MO and TC, the Q. was found to be 425 and 294 mg/g at the
initial concentrations of 300 and 400 ppm, and the pH of 3.6 and 3.5,
respectively, Fig. 5b and c. It was found that the Q. for the adsorption of
MB increased with the increase in the pH of the solution, whereas it is
vice-versa for MO and TC. The unmodified waste tire rubber, on the
other hand, showed negligible capacity for the MB, MO, and TC ad-
sorption at pH 7, 3.6, and 3.5, respectively (Fig. S3). Therefore, it could
be suggested that the sulfuric acid treatment converted the waste tire
rubber into a high-capacity adsorbent for the removal of the MB, MO,
and TC from water.

The linear form of the Langmuir, Freundlich, and Temkin isotherms
were applied to the experimental data using Egs. (3)—(5), respectively.
Fig. 5d and f shows that the experimental adsorption data of MB and TC
are in good fit with the Langmuir isotherm, which suggests that the
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adsorption of MB and TC happened by monolayer type adsorption.
Applying the Langmuir isotherm equation (Eq. (3)), the maximum ad-
sorption capacity (Qy,) of the WTR-SO3H was calculated to be 833, 555,
and 476 mg/g for MB at pH 10, 7 and 3.25, respectively. The Q,, for TC
was calculated to be 303 and 285 mg/g at pH 3.5 and 6.25, respec-
tively.

The Freundlich and Temkin adsorption isotherms (Egs. (4) and (5))
were also applied on the experimental results for the adsorption of MB
and TC. The experimental data of the MB adsorption were not in good
fit with the Freundlich and Temkin isotherms, Fig. S4. However, the TC
adsorption followed the Freundlich as well as the Temkin isotherms,
Fig. S5, which suggests that the TC adsorption may have occurred by
mono- and multilayer pattern.

The experimental data for the adsorption of MO was found to be in
good fit with the linear form of the Freundlich isotherm, which suggests
that the adsorption of MO happened by the multilayer pattern, Fig. Se.
The Langmuir and Temkin isotherm models were also applied and the
correlation coefficients (R%) values (Fig. S6) suggested that the ad-
sorption of MO followed the Langmuir and Temkin models likewise the
Freudnlich model. Therefore, applying the Langmuir isotherm equation
(Eq. (3)), Qp, for MO was calculated to be 588 and 400 mg/g at pH 3.6
and 4.5, respectively.

3.4. Kinetics of adsorption

The time-dependent adsorption of MB, MO, and TC by the WTR-
SO3H is shown in Fig. 6. The results demonstrate a fast adsorption
ability of the WTR-SO3H and it was found that about 99% of the MB
was adsorbed within 40 min, whereas for MO and TC it was about 80
and 90%, respectively after 100 min. The time-dependent adsorption
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Fig. 6. a) Time-dependent adsorption of the MB, MO, and TC by the WTR-SO3H; b) The pseudo-second-order kinetic model of the adsorption. Initial MB con-
centration = 200mg/L, V = 40mL and adsorbent = 20 mg; initial MO concentration = 100 mg/L, V = 20mL and adsorbent = 10 mg; initial TC concentra-

tion = 50 mg/L, V = 20 mL and adsorbent = 10 mg.

capacity (mg/g) of MB, MO, and TC by the WTR-SOsH is shown in Fig.
S7.

Fig. 6b shows the linear form of the Pseudo-second-order kinetic
model, which was obtained by using Eq. (6). For the adsorption of MB,
MO and TC, the relationship between the t/Q; vs. time was found to be
linear having the values of correlation coefficients (R?» equals 1.
Moreover, the perfect fit of the Pseudo-second-order kinetic model
suggests that the adsorption of MB, MO, and TC is favored by chemi-
sorption. The values of Pseudo-second-order rate constants of MB, MO,
and TC adsorption were calculated to be 1.471 and 3.25, 0.121, and
0.264 g/mg ™' min !, respectively.

Additionally, the Pseudo-first-order, intra-particle diffusion, and the
Elovich kinetic models were applied to the time-dependent adsorption
experimental data. However, the poor correlation coefficients of the
linear fit suggested that the adsorption kinetics poorly followed the
Pseudo-first-order, intra-particle diffusion, and the Elovich kinetic
models, Fig. S8.

3.5. Thermodynamics of adsorption

Different thermodynamic parameters, such as the adsorption free
energy, enthalpy and entropy changes were calculated for the adsorp-
tion of MB and MO over WTR-SOsH. Fig. 7 shows the temperature-
dependent adsorption capacity and their Langmuir isotherm plots at the
temperature of 23, 40 and 60 °C. It was observed that the adsorption
capacity for MB and MO decreased with the increase in the adsorption
temperature, which suggests an exothermic adsorption process.

The Gibbs free energy change (AG) of adsorption was calculated
using the following equation [58].

AG = —RT In(K;) (10)

where R is the universal gas constant (8.31 Jmol 'K~1) and Ky, is the
Langmuir constant (L/mol), which can be obtained from the slope/in-
tercept of the Langmuir plot, Fig. 8c and d.

The Gibbs free energy change (AG) for the adsorption of MB at
temperature 23, 40, and 60 °C was calculated to be —7.88, —8.74, and
—8.73 kJ/mol, respectively. The AG for the adsorption of MO at tem-
perature 23, 40, and 60 °C was calculated to be —4.80, —6.67, and
—6.90 kJ/mol, respectively. The negative values of the AG suggests the
spontaneous adsorption of MB and MO on the WTR-SO3sH under the
experimental conditions.

Additionally, the enthalpy and entropy changes (AH and AS) of
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adsorption was obtained using the van’t Hoff equation [59].

anL= —ﬂ + £

RT R 1

The AH values, calculated from the van’t Hoff plot (Fig. 8), were
—1101.65 and —673.1J/mol for MB and MO, respectively. The ne-
gative values further confirmed the exothermic adsoprion process of
MB and MO on the WTR-SO3H.

The values of the entropy change AS were also obtained from the
van’t Hoff plot, Fig. 8. The AS values were calculated as +23.43,
+4.30J/mol 'K~ ! for MB and MO, respectively. The positive values
of the entropy changes suggests that the adsorption of the MB and MO
are entropically favored. Therefore, applying the equation
(AG = AH — TAS) it could be concluded that the adsorption of MB and
MO is enthalpically unfavored but entropically favored.

3.6. Adsorption of MB, MO, and TC from tap water

The adsorption capacity of the WTR-SO3H towards MO, MB, and TC
was further determined from the tap water, Fig. 9. It was found that the
adsorption capacity was weakly influenced by the coexisting ions pre-
sent in tap water. The adsorption capacity towards MB was found to be
858 with 74% removal efficiency (Eq. (2)) at an initial MB concentra-
tion of 1200 ppm and pH 7. The equilibrium adsorption capacity to-
wards TC was measured to be 232 mg/g at an initial TC concentration
of 250 ppm with an unadjusted pH.

For the adsorption of MO, it was observed that MO could not be
dissolved more than 25ppm in tap water, which is because of the
presence of metallic and nonmetallic ions in tap water. Therefore, the
adsorption ability was measured by dispersing different amount of
adsorbent to 25 mL of 25 ppm MO solution at pH ~ 3.6, Fig. 9c. The
results show that 40 mg of the WTR-SO3sH adsorbed more than 99% of
MO from the solution in tap water.

3.7. Adsorbent packed column for the continuous adsorption of MB and TC
from tap water

The ability of the WTR-SO3H towards the adsorption of MB and TC
from tap water was further investigated under the continuous flow
conditions. The column was used for three cycles for the adsorption of
MB, Fig. 10. On the 1st cycle, the column efficiently filtered up to
26 Liters of 20 ppm MB solution from tap water, with a removal
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efficiency of ~98% at the end. However, on the 2nd and the 3rd cycle,
the adsorption capacity of the column increased and it filtered up to 34
and 43 Liters of water with the removal efficiency of ~98% at the end,
respectively. This happened after the column was regenerated with a
mixture of reagent alcohol and water (99:1) with 0.025M NaOH. A
similar result was obtained during the filtration of TC in a separate

column, which is discussed later. The continuous adsorption of TC was
investigated at an unadjusted pH ~ 7.1 for the 1st cycle and pH ~ 3.5
the 2nd cycle, respectively. Acidic and basic pHs were chosen to in-
vestigate the pH-dependent adsorption capacity of the column. The
column filtered up to 15 and 35 Liters of 10 ppm TC solution from tap
water with the removal efficiency of 92% for the 1st and 2nd cycle,
respectively. The increase in the adsorption capacity on the second
cycle is assumed to happen because of the acidic pH of the feed TC
solution, which is similar to the findings of the batch adsorption results.
In the pH-dependent tests it was found that the acidic pH facilitated the
adsorption of TC on the WTR-SO3H.

To study the reason why the adsorption efficiency of the column
increased after the regeneration with alkaline organic solvent, SEM
image was taken on the WTR-SO3H that was obtained from the MB
column filter after all cycles of adsorption and regeneration, Fig. 11.
The SEM image revealed that the regenerated WTR-SO3H changed the
morphology and exfoliated into a sponge like soft polymer in contrast to
the fresh adsorbent, Fig. 1a. Also, it was observed that the particle size
of the WTR-SO3H decreased after the regeneration. The exfoliation and
decrease in the particles size of the regenerated WTR-SOsH probably
happened because of the penetration of the organic solvent viz. reagent
alcohol or acetone into the adsorbent and the electrostatic repulsion of
the negative charges via the sulfonate groups of the adsorbent, which
induced the polymer expansion by better solvation. A similar result was
observed in our previous report [28].

Because of the more exfoliated morphology and smaller particles
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Fig. 9. Adsorption capacity of the WTR-SO3H towards a) MB, b) TC and c¢) MO from tap water matrix.

size, the regenerated WTR-SO3H obtained higher specific surface area
and become more exposed to the adsorbate. As a result, we assume that
the regenerated WTR-SO3H exhibited higher adsorption capacity to-
wards the MB in the column.

3.8. Suggested adsorption mechanism

Although detailed study is necessary to completely understand the
adsorption of MB, MO, and TC on the WTR-SO3H, a number of different
interactions viz. ionic or electrostatic, s—, hydrogen bonding, van-der-
waals, hydrophobic interactions could be utilized to explain the ad-
sorption process. The chemical structure of MB, MO, and TC consists of

aromatic ring with different degree of conjugations, which favors their
adsorption on the carbonaceous adsorbent by the m—n stacking inter-
action, Scheme 3. Moreover, MB has a flat extended conjugated struc-
ture, which has stronger n-w stacking interactions compared to the MO
and TC. In addition, MB is a cationic dye, which exists as positively
charged in aqueous solution. Therefore, MB gets adsorbed on the WTR-
SO3H surface by the electrostatic attractive forces between the negative
charge of the sulfonate group of the WTR-SO3H and the positive charge
of the MB.

On the other hand, MO consists of two aromatic rings that are
conjugated by a diazo (N=N) bond. There is a tertiary amine group on
one benzene ring and a sulfonate group on the other benzene ring of the
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Fig. 10. a) An operating column packed with a mixture of WTR-SO3H and sand, b) and c) percent MB and TC removal vs. the volume of the feed solution filtered
through the column. Insets: UV-visible spectrum of the MB and TC in the feed and filtrate solutions.

3079



Md. T. Islam et al.

té>

9.3mm x5.00k SE

Fig. 11. Typical SEM image of the WTR-SO3H obtained from the adsorbent
column after all the adsorption and regeneration cycles.

P MB
g
O Hy X H; «
%\ C\E = b %
N\ “ Hy ll . 1 Hy
-
v o K
I
R % \\ \ 1 : ! :
\ . \ \‘ 1 5 ll .
R Te, N\ 1 4 o* s
.'6 3 ‘\ ! ‘ a Vi
. Y ’/

= » = Jonic interaction
== = TI-TT interaction
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MO molecule. Therefore, at the acidic pH, MO can bind to the WTR-
SO3H by the m-mt stacking as well as the ionic interaction between the
sulfonate group of the adsorbent and the tertiary ammonium group of
the MO. However, at basic pH the electrostatic repulsion between the
sulfonate groups of the MO and the WTR-SO3H hinders the adsorption.
TC, on the other hand, has an aromatic ring with an extended con-
jugation system with various functional groups viz. phenol, alcohol,
ketone, and tertiary amine and amide. At acidic pH < 3.3, TC becomes
positively charged by the tertiary ammonium functional groups.
Therefore, at acidic pH the TC adsorption is favored by the ionic in-
teraction between the sulfonate group of the WTR-SOsH and the ter-
tiary ammonium group of the TC. In the pH range from 3.3 to 7.68, the
TC becomes mostly zwitterionic. Therefore, the electrostatic interaction
remains almost same in this range of pH and thereby the adsorption
capacity remains also almost same. At basic pH > 8, the TC molecule
becomes negatively charged by the phenolate and the hydroxylate
functional groups, which favor the electrostatic repulsion with the
sulfonate group of the adsorbent [60]. Therefore, a hindered adsorption
results giving a lower adsorption capacity. The st-it stacking interaction
between the benzene ring of the TC and the adsorbents also favors the
adsorption.

3.9. Comparison of the adsorption capacities with other adsorbents
Table 1 shows the maximum adsorption capacity (Q.,) of the WTR-

SO3H in compared to various other adsorbents reported in the litera-
ture. It can be noticed that the adsorption capacity of the WTR-SOzH
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towards MB, MO, and TC is higher than activated charcoal, carbon
nanotube, graphene, graphene oxide and MOF-235. Therefore, the
WTR-SO3H could potentially be used as a low-cost and high-capacity
adsorbent for the removal of MB, MO, and TC in the resource-limited
areas.

Table 1
Comparison of adsorption capacities of various adsorbents for the removal of
MB, MO and TC from deionized water.

Adsorbent (Pollutants) Qmax (Mg/g) T(k) pH References
Activated charcoal (MB) 25 298 7 [61]
Graphene (MB) 153 293 7 [62]
MOF-235 (MB) 220 298 10.5 [63]
WTR-SO3H (MB) 833 296 10 This work
WTR-SO3H (MB) 555 296 7 This work
WTR-SO3H (MB) 476 296 3.25 This work
Activated Carbon (MO) 300 298 7 [64]
Graphene oxide (MO) 17 298 3 [65]
MOF-235 (MO) 49 29 3.6 [63]
WTR-SO3H (MO) 588 296 3.6 This work
WTR-SO3H (MO) 400 296 4.25 This work
Bamboo charcoal (TC) 23.5 303 7 [66]
Graphene oxide (TC) 313 298 3.6 [67]
Carbon nanotubes (TC) 269 298 2.3 [68]
WTR-SO3H (TC) 303 296 3.5 This work
WTR-SO3H (TC) 285 296 6.25 This work

4. Conclusion

The development of multifunctional adsorbents for the removal of
organic pollutants in water using recycled materials may lead to new
technologies with a sustainable economic and environmental impact in
resource-limited areas. We reported a new high-capacity regenerable
adsorbent derived from the rubber of used car tires transformed by the
treatment of sulfuric acid. The adsorption ability of the adsorbent was
evaluated with MB, MO, and TC, which are emerging environmental
contaminants in water. Batch adsorption studies demonstrated that the
adsorption is affected by various conditions such as solution pH, contact
time, and the temperature. The maximum adsorption capacities were
found to be 833 mg/g for MB, 555 mg/g for MO, and 303 mg/g for TC.
The adsorption of MB, MO, and TC from tap water matrix was also
performed and shown to maintain similar adsorption capacities. In
conclusion, this work suggests that sulfuric acid treated waste tire
material can potentially develop into a scalable, low-cost, high-capacity
adsorbent for the removal of organic pollutants from water, thus pro-
moting a new kind of synergism between pollutants used to treat other
pollutants for sustainable environmental remediation.
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