Environ Sci Pollut Res (2013) 20:1261-1268
DOI 10.1007/s11356-012-0950-9

RESEARCH ARTICLE

Chromium removal from water by activated carbon

developed from waste rubber tires

Vinod Kumar Gupta - Imran Ali - Tawfik A. Saleh -
M. N. Siddiqui - Shilpi Agarwal

Received: 27 March 2012 / Accepted: 20 April 2012 /Published online: 10 May 2012

© Springer-Verlag 2012

Abstract Because of the continuous production of large
amount of waste tires, the disposal of waste tires represents a
major environmental issue throughout the world. This paper
reports the utilization of waste tires (hard-to-dispose waste) as
a precursor in the production of activated carbons (pollution-
cleaning adsorbent). In the preparation of activated carbon
(AC), waste rubber tire (WRT) was thermally treated and
activated. The tire-derived activated carbon was characterized
by means of scanning electron microscope, energy-dispersive
X-ray spectroscopy, FTIR spectrophotometer, and X-ray dif-
fraction. In the IR spectrum, a number of bands centred at
about 3409, 2350, 1710, 1650, and 1300-1000 cm prove the
present of hydroxyl and carboxyl groups on the surface of AC
in addition to C=C double bonds. The developed AC was
tested and evaluated as potential adsorbent removal of chro-
mium (III). Experimental parameters, such as contact time,
initial concentration, adsorbent dosage and pH were opti-
mized. A rapid uptake of chromium ions was observed and
the equilibrium is achieved in 1 h. It was also found that the
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adsorption process is pH dependent. This work adds to the
global discussion of the cost-effective utilization of waste
rubber tires for waste water treatment.
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Introduction

The demand and use of automobiles, cars and trucks is on an
increase. As a result, waste rubber tires (WRT) are generated
in continuously increasing amount worldwide. WRT is al-
most non-biodegradable, and hence has become a serious
source of environmental pollution. Hazards associated with
scrap tires can cause both health and environmental prob-
lems since most of the waste rubber tires are stockpiled or
put in landfills. Landfilling the waste tires is an uneconom-
ical and non-environmental friendly strategy of disposal
(Chan et al. 2011). The disposal of WRT represents a major
environmental issue throughout the world because they
occupy large volumes and cause the destabilisation of com-
pacted landfill sites due to their flexible nature (San Miguel
et al. 2002). Consequently, the environmentally friendly
disposal of WRT seems to be impossible in terms of econ-
omy and health. A feasible solution would be to recycle
them to be used as raw materials in various applications. In
addition to its availability at lower costs, WRT is embodied
with a high amount of carbon. Therefore, WRT represents
an interesting source of raw material for the preparation of
highly mesoporous activated carbons (AC).

AC are nano-porous adsorbents that are widely used in
both gas and liquid phase separation processes (Min and
Harris 2006). They can be produced from various carbona-
ceous precursors such as coal, coconut shell, wood, and
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polymer scrap. Research into the conversion of low-cost
waste materials to AC has increased recently; firstly for
the need to meet increasing demand for AC, especially in
the waste water treatment industry; and secondly to recover
economic value of waste materials, especially WRT. The use
of inexpensive materials such as wastes with such an aim
will certainly lower the production cost of the adsorbent. At
present, in fact, low-cost adsorbents are being frequently
tested for organic and inorganic pollutants removal from
contaminated water.

There are many ways to recycle and reuse waste
tires. One potential recycling process is pyrolysis which
involves the heating of tires under inert conditions,
usually at high temperatures. This is followed by chem-
ical activation process. These tire-derived activated car-
bons have been applied in removing pollutants such as
phenols (Nakagawa et al. 2004; San Miguel et al. 2002;
Tanthapanichakoon et al. 2005), dye (Garcia et al. 2007)
copper (Helleur 2001) or lead (Alexandre-Franco et al.
2008) from wastewater.

Chromium (III) is released into the environment not only
from natural sources but also from human activities. The
major use of chromium (II) is in leather-tanning since its
first successful trial by an American dye chemist (Stellmach
1990). Tanneries use basic chromium sulphate (CrOHSO,),
which contains chrome in the trivalent oxidation state. Other
main sources of chromium (III) pollution are mining; ce-
ment ceramics and glass industries, uses in dyes, electro-
plating, and production of steel and other metal alloys,
photographic material and corrosive paints (Rana et al.
2004; Rutland 1991). Although Cr (III) is nontoxic or less
toxic than Cr (VI), a long-term exposure to trivalent chro-
mium is known to cause allergic skin reactions. Environ-
mental pollution by chromium (III) is a matter of increasing
concern.

There are various methods to remove chromium from
waste waters. The methods are filtration, chemical precipi-
tation, ion exchange and adsorption. In our previous work,
multiwall carbon nanotubes were used for water treatment in
removal of various pollutants (Gupta et al. 2011a, b; Saleh
and Gupta 2011a, b). Regarding adsorption technology, one
of its main drawbacks is associated with the high production
cost of adsorbents. To some extent, it may be palliated using
cheap precursors, such as WRT.

To the authors’ knowledge, the use of tire-derived acti-
vated carbons for removal of chromium (III) has not been
investigated. The present study aims to assess the applica-
bility of activated carbon derived from the waste rubber tires
for the adsorptive removal of chromium (III) from aqueous
solution and to investigate the effect of operating parameters
on the adsorption process. The parameters studied include
contact time, initial chromium concentration, adsorbent dos-
age and initial solution pH.

@ Springer

Experimental
Reagents and chemicals

The starting material used in the study was size-reduced
residual rubber obtained from waste rubber tires. Nitric acid
and chromium nitrate were all obtained from Sigma-
Aldrich. Chromium solutions of different initial concentra-
tions were prepared by diluting the stock solution in appro-
priate proportions. In order to prevent metal contamination
from laboratory glassware, glassware was kept overnight in
a 10 % (v/v) HNOj solution. All commercial reagents were
purchased from Sigma-Aldrich and used as received unless
otherwise stated.

Preparation of adsorbent

Activated carbon was prepared from waste rubber tires via
carbonization, chemical treatment and steam activation. The
waste rubber tires were cleaned, thoroughly washed with
deionized water, and then dried in an oven at 120°C for 4 h.
For carbonization, the dried material was then heated to
approximately 500°C for 6 h. This was followed by treat-
ment with hydrogen peroxide solution (6 %) for 24 h to
oxidize adhering organic impurities. The material was
washed with deionized water and dried in vacuum oven.
The dried material was activated to 900°C for 2 h (N, flow=
225 mL min™"). Then, it was removed from the furnace and
cooled in a desiccator. The material was then treated with
4 M nitric acid solution to remove the ash content and was
then washed with deionized water. The product was finally
dried in an oven at 120°C for 1 day.

Equipment and characterization

The IR spectra of the samples were recorded on a MATT-
SON FTIR-100 spectrophotometer using KBr pellets over
the range 4000-400 cm . Pellets were prepared by mixing
approximately 1 mg of AC sample with about 300 mg of
KBr in an agate mortar, and then pressing the mixture at a
pressure of 12 Pa for 3 min. The as-prepared AC was
characterized by X-ray diffraction (XRD; Shimadzu XRD
Model 6000) to determine crystalline nature of the AC. The
morphology and microstructure of AC were examined by
means of field emission scanning electron microscope
(FESEM, FEI Nova-Nano SEM-600, Netherlands). Along
with SEM, the energy-dispersive X-ray spectroscopy (EDX)
was measured to obtain the elements presented in AC. A
nitrogen adsorption isotherm (Brunauer—Emmett—Teller)
was obtained to determine the specific surface area.

The method used to determine the point of zero charge
(PZC) of AC was as follows: dilute aqueous solutions of
NaOH and HCI were employed to prepare 12 solutions in
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the range from pH 1.0-12.0. Next, 20*mL aliquots of these
solutions were pipetted into polyethylene vials, allowed to
equilibrate for 5 h and the pH of these was recorded before
and after addition of 100.0 mg AC samples to each solution.
Each vial was capped, shaken and allowed to equilibrate
overnight. The final pH was measured and a plot of initial
vs. final pH revealed plateaus indicative of the points of zero
charge (PZC).

Adsorption experiments

To examine the adsorption activity of AC, adsorption
experiments were carried out using a Pyrex reaction cell
equipped with a shaking system. Batch adsorption experi-
ments were conducted by adding the 0.5 g of adsorbent to
100 mL of different Cr (III) test solutions (10—-100 mg/L)
at different pH (2-9) in an Erlenmeyer flask (250 mL
capacity). The initial solution pH was adjusted using
0.1 M HCI or 0.1 M NaOH. The flasks were agitated at
different speed (0—150 rpm) in a rotary shaker for differ-
ent contact time (10-160 min). All experiments were
conducted at 25°C. The initial and final concentrations
of chromium were analysed by using inductively coupled
plasma mass spectrometry (ICP-MS). The adsorption kinetics
was investigated by taking aliquot of the solution after the
desired contact time and the filtrate were analysed. The chro-
mium uptake was determined as:

lg=(Co—C)V/w]

where C, and C are the initial and final chromium concen-
trations (in milligrams per liter), respectively, ¥ is the volume

Fig.1 SEM image showing the
surface structure of the tire-
derived activated carbon

of solution (in liters) and w is the weight of the activated
carbon (in grams).

To evaluate the degradation efficiency, the percentage of
removal was calculated as

% removal = [(Cy — C)/C] x 100

Results and discussion
Characterization analysis

The SEM image confirms the morphology and microstruc-
ture of AC, as presented in Fig. 1. An EDX analysis was
also used to analyse tire-derived carbons and provide its
composition. The microanalysis spectrum of the compo-
nents of the AC is depicted in Fig. 2. It shows clearly the
presence of C and O peaks as component elements of the
AC sample. Table 1 presents the EDX quantitative micro-
analysis of the AC. The quantitative analysis depicts the
compositions calculated from the peak areas. It was found
that carbon and oxygen were the only common components
in the AC.

To determine the composition and physical properties of
the product, XRD was obtained. The X-ray diffraction pat-
tern, Fig. 3 of the AC, confirms that the tire-derived acti-
vated carbons have a mixed nature of amorphous and
crystalline structure.

Figure 4 depicts the IR spectra of the tire-derived activated.
The spectrum displays a number of bands centred at about
3719, 3400, 2350, 1710, 1650, 1580 and 1300-1000 cm .

Porous
Structure
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Fig. 2 EDX spectrum with low magnification SEM image of the tire-
derived activated carbon

The band at 3400 cm ' is attributed to stretching (O-H)
vibration in hydroxyl groups. The band at 2350 cm ' is
attributed to C=C stretching vibration in alkyne group
(Deng et al. 2009). The bands at 1710 and 1650 cm !
are ascribable in turn to stretching (v) (C=0) vibrations
of carboxyl and carbonyl in acidic oxygen surface groups.
The carboxylic acid group are usually presumed to take
part in the adsorption of metal ions from aqueous solution
(Huang et al. 2003). The band at 1580 cm ' is attributed to
C=C double bonds (Yang and Qiu 2009). The assignment
of the carbonyl band to an ester is confirmed by observa-
tion of a strong band in the C-O stretching region at about
1180 cm ' (broad band 1100-1300 cm '; Fei Lian et al.
2011; Almazan-Almazan et al. 2000).

Table 1 Energy-disper-

sive X-ray analysis Element Weight% Atomic%

(EDX) quantitative mi-

croanalysis of the tire- CK 93 95

derived activated carbon 0K 7 6
Totals 100.00
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Fig. 3 X-ray diffraction pattern of the tire-derived activated carbons

Results of the adsorption activity
Effect of contact time

The influence of contact time on the adsorption capacity of
AC is shown in Fig. 5. It is obvious that there is a rapid
uptake of Cr (IIT) within the first 40 min. This fast uptake
can be explained by the creation of more active sites on the
surface of the AC by the treatment process during the
preparation of AC from waste rubber tires. In addition, the
large surface area of the AC could play a factor in enhancing
the removal of Cr (IIT). The surface area of AC was mea-
sured to be 465 m?/g. Equilibrium was obtained at almost
1 h and henceforth onwards, the adsorption rate slows down
gradually and no further adsorption is observed beyond 1 h.

Effect of initial concentration of chromium

The effect of the initial concentration of chromium on the
adsorption process was also investigated. As depicted in
Fig. 6, the removal rate of Cr (III) is dependent on the initial
concentration. This is reasonable since the more the Cr (III)
ions available in the solution, the faster the adsorption due to
the enhancement in contact.

190
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Fig. 4 FTIR spectra of the tire-derived activated carbons
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Fig. 5 The effect of contact time on the amount of Cr (III) adsorbed
on the tire-derived activated carbon (conditions: initial chromium
concentration 100 ppm; dosage of adsorbent=0.5 mg; pH 6; agitation
speed=150 rpm)

Effect of activated carbon dosage

The effect of the AC dosage on the adsorption process was
studied. The percentage removal of chromium ions varied
linearly with the amount of the adsorbent as shown in Fig. 7.
With the increase of adsorbent dosage, the time needed to
reach equilibrium is reduced. This is due to the increase of
efficient adsorption sites at higher dosages.

Effect of agitation speed

The contact between the adsorbent and adsorbate is affected
by the agitation speed. This effect was investigated by a range
from 0 to 150 rpm, Fig. 8. The adsorption of Cr (IlI) was low
without or at low agitation speed and gradually increases by
increasing the agitation speed to 150 rpm. This effect can be
attributed to the decrease in boundary layer thickness around
the adsorbent particles by increasing the degree of mixing.

pH effect

The pH is an important factor in influencing the adsorption
process since the solution pH can play an important role in
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Fig. 6 Effect of initial concentrations on the adsorption of chromium
ions on the tire-derived activated carbon (Conditions: contact time-
60mins; dosage of adsorbent = 0.5mg; pH 6; agitation speed = 150 rpm)

Cr (1) Removal %
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Fig. 7 The effect of dosage on the amount of Cr (III) adsorbed on the
tire-derived activated carbon

the kinetic of the adsorption process. In order to study the
effect of this parameter on adsorption Cr (III), the experi-
ments were carried out at pH values of 2, 3, 4, 6, 7 and 9.
With the solution at pH 9, precipitation of Cr’* species was
observed. Thus, solutions of other pH values were studied.
The results obtained showed that the efficiency of the AC on
the adsorption of Cr (III), was pH dependent, Fig. 9. For the
Cr** solution at pH 2, the removal of Cr (IIl) was very low,
even after long contact times with the adsorbent. Therefore,
at such pH, the chromium ions were not adsorbed to feasible
extent (Gupta et al. 2011a, b). This can be explained by the
ionic mobility of [H;0]" in water which is high as compared
with most other ions. This is because of its high concentra-
tion at such pH and its high mobility in the adsorptive
aqueous solutions. The proton favourably competes with
Cr (IIT) for surface active sites of the adsorbent (Greenwood
and Earnshaw 1989; Alexandre-Franco et al. 2011). The
PZC of the developed materials was determined and found
to be 3.8. This further explained their low adsorption activ-
ity at solutions of pH 3.

As shown in Fig. 9, however, the adsorption of Cr’*
slightly increased at pH 3. The removal was remarkably
increased at pH 4. At this relatively high pH, a de-
creased competition by [H3;O]" could enable the Cr’*
ion to become adsorbed. Also, it should be taken into
account that the ease of deprotonation of acidic surface
groups of the adsorbent and hence of ionic exchange

920
80 1
70 1

Cr (1ll) Removal %
wn
o

0 20 40 60 80 100 120 140 160
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Fig. 8 The effect of agitation speed on the amount of Cr (IIT) adsorbed
on the tire-derived activated carbon
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Fig. 9 The effect of pH on the amount of Cr (III) adsorbed on the tire-
derived activated carbon

with the Cr’" would be greater with the rise of pH in
the adsorptive solution (Alexandre-Franco et al. 2011).
The result can be further explained based on the reported
speciation diagrams (Zhang et al. 2008; Richard and Bourg
1991; Chuan and Liu 1996). At pH less than 3.6, Cr (III) is
present as Cr* " while at pH higher than 4 and lower than 6.5, it
is present as Cr(OH)*" Cr(OH)," . However, it is present as
neutral Cr (OH); species at pH between 7 and 12. Then, it is
not surprising to see a decrease in the adsorption of Ccr'at
pH 7, which denotes a lower adsorptive/adsorbent chemical
affinity (Saleh et al. 2011c). It may be due to the change
produced in the coordination sphere of the Cr*" ion from an
aquo-cation to hydroxo-complexes, and hence in the interac-
tion of the Cr’™ ion with the surface groups of the AC surface.

Adsorption isotherm

Figure 10 shows the equilibrium adsorption isotherms of the
Cr (II) onto rubber tire-derived carbon adsorbent which
reveals that the equilibrium adsorption capacity (g.) in-
creased with the adsorbate concentration (C,) in the pres-
ence of 0.50 g of absorbent. A possible reason being that the
concentration provides an important driving force to

— — —_
o] o N »
I I I )

amount adsorbed (mg/g)

Ce(mg/L)

Fig. 10 Cr (III) adsorption isotherm for adsorption data obtained at
25°C using 0.5 g/100 ml rubber tire-derived carbon dosage
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Fig. 11 Langmuir Cr (III) adsorption isotherm for adsorption data
obtained at 25°C using 0.5 g/100 ml tire-derived carbon dosage

overcome all mass transfer resistances of all molecules
between the aqueous and solid phases.

Such isotherms give important information regarding the
adsorbate—adsorbent interactions and are important in the
design and analysis of sorption systems.

Isotherm data was applied to the Langmuir adsorption
models; the linearized form of which is (Gupta et al. 2006a,
b; 2007a, b; 2008a, b; 2009a, b, c; 2010;

1

=0 taoc
Where C. is the equilibrium concentration of the metal ions
(in milligrams per liter), g. is the amount of Cr (II)
adsorbed per gram of adsorbent (in milligrams per gram),
Qo and b are Langmuir constant relating to the adsorption
capacity (in milligrams per gram) and the energy of adsorp-
tion (in liters per gram), respectively. The parameters and
correlation coefficients obtained from the plots of Langmuir
(1/g. vs 1/C,) as given in Fig. 11, are listed in Table 2.

Higher correlation coefficients (R*>0.99; Table 2)
and the linearity of plot as shown in Fig. 11 suggests
the applicability of the Langmuir model with the Cr
(III) getting adsorbed onto the adsorbent surface to form
a monolayer. A comparable adsorption efficiency of the
rubber tire-derived carbon adsorbent is revealed in Table
as compared to other low-cost adsorbents for Cr (III)
removals.

Table 2 Comparison of the Langmuir isotherm constants for the
adsorption of Cr (III) onto rubber tire-derived carbon with those of
other low-cost adsorbents

Adsorbent 0o (mg/g) b (L/mg) R? Reference
Montmorillonite 3.12 552.76 ~ 0.9000 Chantawong
2004

Carbon nanotubes 0.3853 0.0741 0.9089 Atieh et al. 2010

Sargassum sp. 68.94 0.0482 — Cossich et al.
biomass 2002

Rubber tire-derived  12.08 0.173  0.990 This study
carbon
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Conclusions

Waste rubber tires have been used to prepare activated car-
bon and the products obtained have been characterized by
means of scanning electron microscope, energy-dispersive
X-ray spectroscope, FTIR spectrophotometer, and X-ray
diffraction. The resultant AC was tested as adsorbents for
the removal of Chromium (III). Adsorption kinetics of the
Cr’* removal is fast at the beginning and then slowly
increases. The extent to which the adsorption process occurs
is strongly dependent on the pH of the Cr** solution, being
larger at pH range of 4-6. The conversion of waste rubber tires
into activated carbon is recommended. This is because the
process is considered to be a doubly effective solution for
environmental pollution. From one side, it represents a clean-
ing way to dispose the waste tires and in other side it is an
economic source of carbonaceous materials.
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