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ABSTRACT

This work aims to evaluate the potential of waste rubber tire as an inexpensive sorbent
material for nickel ion removal from aqueous solution. A laboratory scale study carried out
on the production of activated carbon (AC) from waste rubber tire by physical activation
method. Scanning electron microscope analysis was used to characterize the surface proper-
ties of the AC adsorbent. The surface area of AC was measured to be 465 m*/g. This large
surface area of the AC could play a vital role in enhancing the removal of Ni(I). Aqueous
solutions containing nickel ion in varying concentrations were prepared. Batch adsorption
experiments at different operating parameters such as pH, metal concentration, adsorbent
dose, contact time and temperature were carried out. These in turn revealed the adsorption
capacity and helped in determining the mechanism with respect to thermodynamics, equi-
librium and kinetics. The kinetic studies were carried out to determine the kinetics of the
adsorption process. The Langmuir isotherm was followed under the present conditions with
R? = 0.938. The overall absolute deviations between experimental and predicted values were
found to be 14.4%. The Langmuir model better appears to fit the adsorption of Ni onto AC
adsorbent. The characterization and computational studies of the AC adsorbent after
adsorption of nickel was also carried out and the results confirmed the positive adsorption
process. FTIR analysis of AC before and after Ni adsorption indicated that adsorption of
nickel metal on AC took place with the disappearance/diminishing of carbonyl groups. The
results of nickel adsorption on AC revealed its potential for pollutant removal and finally
its application in water treatment.
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1. Introduction adsorbent. In addition, the time taken for adsorption
equilibrium to be established should be as small as
possible so that it can be used to remove contaminants
in lesser time. Thus, adsorbents with high surface area
and porosity and showing fast adsorption kinetics are

Porous structures resulting in high surface area is
considered as the most important property of a good
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used for the removal of pollutants. The phenomenon
of adsorption was observed in 1,773 for gases exposed
to carbon, that was followed by observations made by
Lowitz in 1,785 of the reversible removal of colour-
and odour-producing compounds from water by
wood charcoal [1]. Similar phenomenon was observed
with vegetable and animal charcoals, respectively. The
versatility and wide applicability of adsorption in
pollution control has been recognized [2]. The
importance of adsorption [3,4] in the chemical, food,
petroleum, and pharmaceutical industries is also well
established. A variety of solid adsorbents have been
developed and used for removing solutes from
solution by adsorption [5].

Activated carbon (AC) remains the most widely
studied adsorbent, and it has been found to adsorb a
variety of materials such as metals, dyes, phenols, and
a host of other organic compounds and bio-organisms,
and is, therefore, used for the removal of pollutants
from wastewaters by adsorption. The design and
operation of the process is convenient and can be
handled easily, and the operational costs are therefore
comparatively low. As a result, the cost of the
adsorbent, and the additional costs of regeneration if
required, can be a significant fraction of the overall
process costs [6]. The materials that have been investi-
gated for this purpose include both natural, wastes
materials and by-products generated from many
industries [7].

In an attempt to overcome the economic disadvan-
tages of AC, wood as an adsorbent was investigated
for the removal of telon blue [8]. Natural coal was
studied [9] as an adsorbent for the removal of dyes. In
a study of removal and recovery of Cu(Il), Cr(IIl) and
Ni(I) from solutions, Chui et al. [10] utilized crude
shrimp chitin as a low-cost adsorbent. McKay et al.
[11] reported the adsorption capacity of Fuller’s earth
for basic and acid blue. In addition to the above-
discussed natural materials, the number of workers
has also investigated a number of agricultural wastes/
industrial by-products as adsorbents for the removal
of pollutants. Some of the adsorbents as reported in
literature are peanut hull [12], hazelnut shells, almond
shell, olive stones, and peach stones [13] rubber seed
coat [14], blast furnace sludge [15-19] studied different
adsorbents for different pollutants and sewage
sludge [20].

After the critical evaluation of the reported work,
it was observed that most adsorbents show poor
adsorption capacities, longer equilibration times, and
maximum adsorptions at extreme pH values. More-
over, the management of the exhaustive adsorbent is a
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very serious concern, which has not been considered
in the previous reported papers. Besides, the
developed adsorbents have not been tested for differ-
ent pollutants, especially under column studies. In
addition to this, many waste by-products have not
been used for the preparation of adsorbents. Briefly, a
lot of work is required in this direction of the low-cost
alternatives to carbon. The AC is used for the tertiary
treatment of wastewater in many industries, for exam-
ple, food, textile, chemical and pharmaceutical indus-
tries [21]. In some applications, large molecules or
macromolecules cannot penetrate into the micropores
(<2 nm diameter) and adsorb onto them, so the pro-
duced ACs should possess not only micropores, but
also interconnecting mesopores [22]. In particular, it
was shown that, amongst the solid wastes, ACs pre-
pared from PET and waste tires are highly meso-
porous and have remarkably high adsorption capacity
for large molecules [23]. Due to this reason, waste tires
give another important source of raw material because
highly mesoporous ACs can be produced from waste
tires rubber [24]. Mesopores AC is one of the most
important characteristics in the liquid phase adsorp-
tion. Moreover, owing to the high surface areas (rang-
ing from 164 to 1,260 m*/g) and pore volumes (up to
1.62 cm®/g), tire carbon are considered as a potential
adsorbent for the removal of pollutants from
wastewaters.

Rubber tire derived carbons were reported for the
adsorption of aniline, p-Cl-aniline, p-toluidinem p-ani-
sidine, cadmium ions and other toxic metals from
wastewater using, onto waste-derived material with
different textural and surface chemistry [25-27]. The
removal of Cu(l) from wastewater by the batch
adsorption technique using waste tire rubber ash as a
low-cost adsorbent was also reported [28] with focus
on the influence of pH, adsorbent dose, initial Cu(Il)
concentration and contact time on the removal of Cu
(II) was studied. The kinetics of adsorption at different
dose levels of adsorbent were also reported and the
experimental data were analysed by the Langmuir
and Freundlich isotherms and the corresponding sorp-
tion constants were evaluated. The scrap tires con-
verted to granular ACs was reported to be capable of
removing copper ions from industrial wastewater
samples [29].

This work aims on the kinetic and computational
analysis of the nickel uptake by AC prepared from
rubber tires. The characterization of tire-based AC was
carried out by determining the surface area, surface
structure as well as adsorptive property.
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2. Experimental work
2.1. Characterization

Scanning electron microscope (SEM) was used to
characterize the morphology and microstructure of the
produced AC. The SEM confirms the uniform struc-
ture of the produced materials. Energy-dispersive X-
ray spectroscopy (EDX) was used to find out the type
of elements presented in the produced AC. The EDX
results confirmed the presence of carbon (89% weight)
and oxygen (11% weight) elements in the tire-derived
ACs. The surface area of AC was measured to be
465 m?/g. This large surface area of the AC could play
a factor in enhancing the removal of Ni(Il).

2.2. Preparation of AC from rubber tires

Waste rubber tires were used to produce AC by
the following procedure [6,7,15]. The waste rubber tire
was collected, cleaned, washed with deionized water
and then dried in an oven. The carbonization process
follows this where the dried material was heated to
approximately 500°C for 6 h. This was followed by
treatment with hydrogen peroxide solution for one
day to oxidize adhering organic impurities. The mate-
rial was washed with deionized water and dried in
vacuum oven. The dried material was activated to
900°C for 120 min. It was removed from the furnace
and cooled in a desiccator. The material was then trea-
ted 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 and then
characterized and tested for its sorption activity.

2.3. Adsorption procedure

The batch adsorption study was performed accord-
ing to the following procedure. Fifty-millilitre Erlen-
meyer flasks were used to carry out batch experiments
in a thermostatic shaking water bath. Pollutants of
known concentrations were taken in the flask to which
suitable amount of adsorbent was added. The pH of the
solution was altered using HCl or NaOH. Experiments
were performed at fixed pH. Solutions were agitated
mechanically in the water bath at desired temperature.
The temperature was fixed between 25 and 35°C for a
fixed contact time period. Previous steps were repeated
to optimize concentration of pollutant, particle size, pH,
adsorbent dose, contact time and temperature by vary-
ing the values of different parameters. The solution was
centrifuged, filtered and analysed by Atomic Absorp-
tion Spectroscopy (AAS) (in case of metal ions), UV-vis
(in case of organic pollutants). The experiments were

M.N. Siddiqui et al. | Desalination and Water Treatment 57 (2016) 17570-17578

repeated three times and average values were reported.
The pollutant uptake g. (mol/g) was determined as
follows in Eq. (1):

9.= (Co—C)V/W 1)

where Cy and C are the initial and final concentrations
of adsorbate (mol/L), respectively, V is the volume of
solution (L) and W is the weight of adsorbent (g).

The kinetic study was conducted based on the fol-
lowing method. Fifty-millilitre Erlenmeyer flasks con-
taining various amounts of standard solutions of
pollutant was set-up and shaken in a thermostatic
shaking water bath. A known amount of adsorbent
was added to each flask. Flasks were agitated
mechanically in the water bath at a constant tempera-
ture. Contact time, temperature and other conditions
were selected based on preliminary experiments. The
mixture was centrifuged at predetermined time inter-
vals and the concentration of pollutant in the super-
natant was analysed. Adsorbent particle size is an
important variable in deciding centrifugation timings.
The equilibrium concentration (C) and time to reach
equilibrium were determined. Different adsorption
models were investigated to find out the best repre-
sentation of the kinetic data and adsorption parame-
ters were determined.

Batch adsorption experiments were conducted by
adding the 0.01 g of adsorbent to 100 mL of different
Ni test solutions (15 ppm) in an Erlenmeyer flask
(250 mL capacity). The flasks were agitated at different
speed (0-150 rpm) in a rotary shaker for different
duration of contact times (5-60 min). All experiments
were conducted at 35, 45 and 55°C. The initial and
final concentrations of nickel were analysed using
inductively coupled plasma mass spectrometry (ICP-
MS). The experimental data based on 0.01 g of adsor-
bent added to 0.1 L of solution is presented in Tables
1 and 2.

The data were processed for applying the Lang-
muir and Freundlich isotherms equations. The equilib-
rium concentrations of adsorbate and the adsorption
capacities are given in Table 3.

2.4. Computational study

Density functional theory (DFT) calculations using
the quadratically convergent self-consistent field itera-
tions [30] with the Los Alamos National Laboratory-2
double-{ (LANL2DZ) basis set [31-33] were performed
in order to elaborate on the kinetic adsorption of Ni**
towards the possible active sites of the adsorbent. The
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Table 1
Adsorption performance data of AC obtained from waste
tires at different higher Ni concentrations

Amount of AC=0.01g

Ni initial conc (Cp)

Time (m) 40 ppm 10 ppm 1 ppm 0.1 ppm
0 40 10 1 0.1

5 36.681 9.663 0.982 0.148
10 36.291 9.635 0.777 0.195
15 36.532 9.502 1.111 0.237
20 36.534 9.507 0.904 0.238
30 36.521 9.713 0.86 0.177
40 36.785 9.256 0.907 0.109
50 36.935 9.592 0.961 0.233
60 35.841 9.584 0.75 0.135
Table 2

Adsorption performance data of AC obtained from waste
tires at different lower Ni concentrations

Amount of AC=001g

Ni initial conc (Cyp)

Time (m) 4 ppm 1 ppm 0.1 ppm 0.01 ppm
5 3.6681 0.9663 0.0982 0.0148
10 3.6291 0.9635 0.0777 0.0195
15 3.6532 0.9502 0.1111 0.0237
20 3.6534 0.9507 0.0904 0.0238
30 3.6521 0.9713 0.086 0.0177
40 3.6785 0.9256 0.0907 0.0109
50 3.6935 0.9592 0.0961 0.0233
60 3.5841 0.9584 0.075 0.0135

mono-binding nickel ion adsorptions on the func-
tionalized pyrene system as a model (Fig. 4) were
carried out using Gaussian 09 programme package
[34]. The active sites considered in this work are the
carbonyl oxygen of the carboxylic acid, the alcoholic

Table 3
Estimated adsorption capacities at different Ni concentrations
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oxygen of the carboxylic acid, the carbonyl oxygen
and the oxygen of the alcohol group. The Ni** . .1
electron weak interaction was also considered as
another ~common adsorption scenario. These
sites/functional groups were selected based on the
characterization results that confirmed their presence
on the sorbents” surface. Full energy relaxations of the
aforementioned computational model were performed
and stationary points have been confirmed by fre-
quency calculation. The initial binding energy was
predicted according to Eq. (2) [35,36]:

BENi(ll)u-Pyr = EPyr + ENi(II,tripletstate)_ ENi(II)~-Pyr 2
where BE is the mono-binding energy calculated in
kcal/mol and E is the total energy in Hartrees.

3. Result and discussion

The equilibrium data presented in Fig. 1 were
applied to Langmuir isotherm model and the equilib-
rium data presented in Fig. 2 were applied to Fre-
undlich isotherm equation. The Langmuir isotherm is
the most widely used two-parameter equation, com-
monly expressed as given in Eq. (3):

C_ G 1

7 Qn Qub ©
where g, is the amount adsorbed (mg/g), C. the equi-
librium concentration of the adsorbate (mg/L), Qp, the
Langmuir constants related to maximum mono-layer
adsorption capacity (mg/g) and b is the constant
related to the free energy or net enthalpy of adsorp-
tion (b x ¢ /RT). The plots of C./ge vs. C. are shown
in Fig. 1.

The data from this study showed that a straight
line was obtained when C./q. was plotted against Ce.

Initial conc. Ni (mg/L)

Conc. in soln. @ Equil.

Adsorption capacity

Co (mg/L) AC added (g) Soln. vol. (L) C. (mg/L) ge (mg/g) 1/C, 1/9e Ce/qge log C. logge
0.1 0.01 0.1 0.075 0.25 13.3333 4.0000 0.300 -1.125 -0.602
1 0.01 0.1 0.75 2.5 1.3333  0.4000 0.300 -0.125 0.398
4 0.01 0.1 3.584 4.16 02790 0.2404 0.862 0.554 0.619
10 0.01 0.1 9.256 7.44 0.1080 0.1344 1.244 0.966 0.872
40 0.01 0.1 36.76 324 0.0272  0.0309 1.135 1.565 1.511
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Fig. 2. Freundlich adsorption model fitting,.

This indicates that the Langmuir isotherm was fol-
lowed under the present conditions with R*=0.938.
The Langmuir parameters are tabulated in Table 4
and the overall absolute deviations between experi-
mental and predicted values were found to be 14.4%.

The logarithmic form of Freundlich model is given
by the following Eq. (4):

log g. = log K¢ + log C. )

Therefore, plots of logg. vs. log C. (Fig. 2) were
drawn to calculate the values of Kg and 1/n which are
given in Table 3.

The experiments were performed in a standard
way to generate data necessary for estimating kinetic
parameters using standard kinetic models namely
Langmuir and Freundlich. It was found that the data
correlated very well with a correlation coefficient of
0.970 (Table 5). However, the overall absolute devia-
tion between experimental and predicted values in
Table 5 indicates that the data are not well correlated
to Freundlich correlation coefficients compared to the
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Table 4
Estimated values of Langmuir adsorption model parame-
ters

Langmuir constants

Slope 1/0m 0.107
Constant 1/Qmb 0.3109

Om 9.346

b 0.3442
Adsorption capacity
Ce (mg/L) qe,exp (mg/g) (e, cale % Dev
0.075 0.25 0.24 —5.93
0.75 2.5 1.92 —23.30
3.584 4.16 5.16 24.07
9.256 7.44 7.11 —4.40
Overall average absolute deviation (%) 14.43

Table 5
Estimated values of Langmuir adsorption model parame-
ters

Slope Intercept

1/n log Kg n Kg
Freundlich constants

0.7652 0.3018 1.307 2.004
Adsorption capacity

Ce (mg/L) qe,exp (mg/g) qe/calc % Dev
0.075 0.25 0.28 10.42
0.75 25 1.61 —35.69
3.584 4.16 5.32 2791
9.256 7.44 11.00 47.82
Overall average absolute deviation (%) 30.46

Langmuir correlation coefficients. By comparing the
results presented in Tables 4 and 5, it can be seen that
the Langmuir model appears to fit accurately the
adsorption of Ni onto the AC adsorbent. Moreover,
these models are representing the isotherm data very
well and the findings of our work are in agreement
with the reported results in literature (19).

3.1. Characterization of the AC after adsorption

SEM and energy dispersive X-ray (EDX) analysis
were performed to examine the surface morphology
and the structure of the AC after adsorption, Fig. 3. In
the EDX spectrum of the nickel-loaded AC, adsorption
of nickel is indicated by the characteristic peaks for Ni
(II) at 5.4 and 0.57 keV in addition to the peaks of the
other elements constituting the AC.
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Fig. 3. The SEM image and EDX spectrum of the tire-derived carbonaceous adsorbent after adsorption of nickel and inset

represent the SEM image of the same.

Table 6
Energy dispersive X-ray analysis (EDX) quantitative micro-
analysis of the tire-derived AC after adsorption of nickel

Element Weight % Atomic %
CK 94.14 96.20
OK 4.70 3.50
Ni K 1.16 0.30
Totals 100.00
[AC_NT
1005:

% Transmittance

3500 3000 2500

The microanalysis spectrum of the components
shown in Fig. 3 gives a clear sign of the presence of the
nickel. The numerical results of EDX quantitative
microanalysis, Table 6, indicate the presence of 1.16%
nickel in the sample. It should be mentioned that such
quantitative analysis is not highly reliable; however, it
can be used as qualitative indication of the adsorption.

The FT-IR spectra of the carbon and of the carbon
after the adsorption of Ni(l) is given in Fig. 4. The

® 3
s &
~ —

2000 1500 1000 500

Wavenumbers (cm-1)

Fig. 4. FT-IR spectra of the carbon and of the carbon after the adsorption of Ni(II).
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Fig. 5. Optimized mono-binding geometries of nickel ions with the carbonyl oxygen of the carboxylic acid (A), alcoholic
oxygen of the carboxylic acid (B), carbonyl oxygen (C), alcoholic oxygen (D) and z-electron of the benzene rings (E) using
the pyrene molecule as a model.

Table 7
Binding energies (kcal/mol) and bond distances (A) of the mono-binding adsorption of the nickel ion on functionalized
pyrenes as calculated at the BALYP/LANL2DZ level of theory

Binding scenario® Binding energy (kcal/mol) Bond distance (A)
Pyr-CO% 258.2 1.899
Pyr-O%H 257.2 1.966
Pyr-CO%OH 262.9 1.920
Pyr-COO%H 248.1 1.968
Pyr-z* 221.1 2.181

*The binding site is represented with the asterisk®.
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spectrum clearly shows the adsorption of Ni(Il) on the
AC. The intense absorption peak around 1,716 cm ™" in
AC represents the presence of carbonyl groups (C=0)
which was significantly dimished after the adsorption
of nickel metal as shown another FTIR spectrum.
There was a broad and intense band around 1,000—
1,200 cm ™" indicating the presence of C-O-C groups
in AC that were almost lost after adsorption of nickel.

3.2. Computational data analysis

The optimized configurations representing the ini-
tial binding of Ni ions towards carboxylic acid (two
possible positions on each oxygen atom), carbonyl,
hydroxyl groups and diffuse 7-systems of the benzene
rings were computed in Fig. 5 and results listed in
Table 7. The presence of oxygen surface groups such
as carboxylic acid, carbonyl and hydroxyl on the sur-
face of AC were confirmed by FTIR.

A mono-dentate binding energy of about of
250 kcal/mol was predicted, which is indicative of a
possibly moderate chemisorption process. The nickel
ion tends to approach much closer and more conve-
niently towards the carbonyl oxygen atom compared
to the hydroxyl oxygen. This can be viewed by the
slightly stronger calculated binding energy and shorter
bond distance the nickel ion forms with the targeted
oxygen atom Table 7. Although the interaction of the
nickel ion towards the z-electrons on the benzene
rings was predicted to be quite weaker, such type of
interaction is still significant due to more probable
positions in the AC materials for such an interaction.

4. Conclusion

This work was carried out to study the kinetic and
computational analysis of the nickel uptake by the AC
prepared from the waste rubber tire by physical activa-
tion method. The AC was characterized for the surface
area, surface structure as well as adsorptive properties.
A SEM showed differences in the surface morphology
and the structure of the AC after adsorption. The EDX
spectrum of the nickel-loaded AC showed the adsorp-
tion of nickel in the characteristic peaks for Ni(Il) at 5.4
and 0.57 keV in addition to the peaks of the other ele-
ments constituting the AC. The kinetic studies were
carried out to determine the kinetics of the adsorption
process. The Langmuir isotherm was followed under
the present conditions with R*=0.938. The overall
absolute deviations between experimental and pre-
dicted values were found to be 14.4%. The Langmuir
model better appears to fit the adsorption of Ni onto
AC adsorbent. The characterization and computational
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studies of the AC adsorbent after adsorption of nickel
was also carried out and the results confirmed the
positive adsorption process. FTIR analysis of AC
before and after Ni adsorption indicated that adsorp-
tion of nickel metal on AC. The results showed the
potential of AC in adsorbing nickel metal from aque-
ous solution.
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