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ABSTRACT

In this study, the functionalized carbon nanotube-C60 hybrid was tested for the adsorption of the
heavy metals. The results of this study showed that the hybrid is suitable to remove heavy metal ions
such as copper, nickel and lead from aqueous solutions. The experiment was conducted at varying
contact time, adsorbent dose, adsorbate concentration and pH, from 30 to 180 min, 0.04 to 0.1 g,
10-50 mg L and 2-8, respectively. Most of the significant changes are observed at 30 min of contact
time, 0.06 g of the adsorbent and 20 mg L™ of the adsorbate concentration. Maximum percentage
removal was obtained for Pb, Cu and Ni ions at pH of 5 with the lowest amount of the precipitate
(#94%, 90.65% and 2.4%) and at pH of 7 with the highest amount of the precipitate (+99.96%, 99.88%
and 99.50%), respectively. Four kinetic and isotherm models are used for predicting the kinetics and
mechanisms of adsorption by calculating the correlation coefficient and their parameters. The results
showed that the best mechanisms of adsorption model and correlation coefficient (R?) of metals follow
for Pb (D-R, 0.999 and Langmuir, 0.966), Cu (D-R, 0.965) and Ni (Freundlich, 0.961 and Temkin, 0.965).
At pH 7 for each of the three metals, AG is negative (reaction spontaneous) and at pH 5, reaction is
spontaneous for lead and copper, and non-spontaneous for nickel. At pH 5-7, AHs are negative, thus
the reactions are exothermic. The best kinetic models and correlation coefficient (R?) that seem to
explain better the experimental data are for lead, copper and nickel are pseudo-second-order, 0.999;
pseudo-second-order, 0.999 and pseudo-first-order, 0.981, respectively.

Keywords: Functionalized nanotube-C60 hybrid; Percentage removal; Kinetic models; Adsorption

isotherm; Isotherm models; Heavy metal

1. Introduction

Water is one of the most essential elements of life on
Earth and has solutions mineral that are important for the
survival of organisms [1]. The population has grown seven
times from 1800 to 2011, estimated at 7 billion. Accelerating
population growth, pollution and climate change will lead
to a sharp decline in water over the coming decades [2]. In
2013, about 1.1 billion people used nanotechnology to access

* Corresponding author.

safe drinking water and 2.4 billion people lacked access to
appropriate hygiene (mostly in developing countries). By
2025, the world’s population is expected to be over 9 billion
which the under water pressure countries and consumption
of water will increase to two thirds and 55%, respectively
[3]. The main reasons for the pollution of water resources
are chemical and biological contaminations, the increase
of urbanization and the development of industries and
agriculture.
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Water pollutants can be divided into three catego-
ries: organic, inorganic and biological pollutants. Mineral
contaminants are in the category inorganic such as heavy
metal, which are mostly due to industrial activities such as
metalworking, chemical production, metallurgical indus-
try, mining operations, soils around military bases and
handicrafts that can enter water resources [4,5].

The most common pollutants of heavy metals are Cd, Cr,
Cu, Hg, Pb, Zn, Nji, Cr, etc. They are toxic due to cumulative
effects and their interference with the biochemical function
of cells for plants, animals and humans. Heavy metals are
one of the most dangerous harmful pollutants due to the
lack of biodegradation, long biologic half-life and accumu-
lation capacity in aquatic ecosystems [6,7]. There are many
methods to remove metal ions from wastewater before
entering water sources. These methods are used to remove
or reduce metal ions including oxidation, precipitation,
membrane filtration, ion exchange, adsorption, evaporation
and condensation, reverse osmosis and electrolysis [8-13].

Most of these methods are incompatible with the
environment, need high power and expensive [14]. The
nanotubes, C60s and activated carbon are carbon-based
nanoparticles, which are often used to adsorb a wide variety
of water pollutants. The findings indicate that the nano-
tubes, C60s and activated carbon [15] have a large potential
for removal of many pollutants [16-22]. C60s are generally
insoluble; hence, by adding a suitable group the solubility
can be increased [23]. Functionalized C60s are divided into
two categories:

e Exohedral C60s with molecules out of cage such as
(C60HS8) [24].

¢ Endohedral C60s with molecules trapped inside the cage.
The first lanthanum C60 complexes were built in 1985
and named the lanthanide endoc60s, La @ C60 [25].

Although raw carbon nanotubes cannot be intrinsically
solved in aqueous solutions due to the strong adsorption of
the Van der Waals forces along the tubes, many new mate-
rials have been made to increase their solubility and also to
use their properties by adding agent groups to side walls
for modifying the surface of carbon nanotubes [26]. The car-
bon nanotube-C60 hybrid was first discovered by Luzzi [27],
which revealed that multiple C60s as a by-product in the
synthesis of single-walled carbon nanotubes (SWCNs) were
trapped inside the open-ended nanotubes. In this study, the
functionalized C60 and nanotube were used, a hybrid pro-
duced that is used for adsorbing heavy metals of aqueous
solutions.

2. Materials and synthesis method

Materials for the synthesis of nanotube-C60 hybrid are
manufactured by the Emfutur Company from Spain. The
synthesis of the hybrid is based on the studies of Bourlinos
et al. [28]. In this research, pure fullerene after oxidation was
used instead of fullerol sodium salt for hybrid synthesis.

2.1. C60 oxidation

3 g of pure C60 was added to 750 mL of concen-
trated nitric acid (67%). The mixture was suspended by

sonication for 10 min in order to disperse more C60. Then,
the temperature of the mixture was slowly raised up to
115°C and the mixture was refluxed for 6 h. After cooling
materials at ambient temperature, the mixture was washed
with the de-ionized water several times, until solution pH
reaches 7, and in order to completely dry, the solids were
heated at 80°C. The final products are dark brown solids
(oxidized C60), which are soluble in water.

2.2. Synthesis of nanotube-C60 hybrid

3 g of oxidized C60 were suspended in 300 mL of deion-
ized water by sonication for 10 min in order to disperse more.
9 g of carboxylic nanotube were suspended in the above
mixture by sonication for 10 min (the amount of oxidized
C60 to carboxylic nanotube is 1:3 weights). The mixture was
refluxed for 6 h and then heated at 80°C for 8 h for evap-
orating the water. The residue solids were heated at 200°C
for 24 h and then were washed with the de-ionized water
several times until the solution pH reaches 7. This action is
done to remove the soluble particles in the previous steps.
Finally, the solids were dried at 80°C and used as hybrids
in the sorption experiments.

3. Method experimentals and analyses
3.1. Method experimentals

Lead, copper and nickel nitrate are selected for the
hybrid adsorption performance. For the better investigation
of conditions of the polluted waters, three metals with equal
concentration are used as multi-metals adsorption.

The effects of contact time, adsorbent dose, pH, initial
concentration, thermodynamic, isotherm and kinetic adsorp-
tion models were examined in this study. Minitab has been
used to draw shapes.

Experimental conditions: the adsorption process was
investigated at 25°C, 50 mL of the metal solutions, 0.04-0.1 g
of the adsorbent with 0.02 intervals, contact time of 30-180
min with 30 min intervals., pH of 2-8, initial concentra-
tion of heavy metals 10-50 mg L™ and agitation speed at
100 rpm. The adsorption process is carried out in batch
mode. The optimal adsorbent dose and the contact time
were determined. Then, the effects of pH and initial con-
centration of heavy metals are investigated to obtain the
optimal pH and initial concentration. Sodium hydroxide
(NaOH 1 mol L) and nitric acid 65% (HNO, 1 mol L) are
used to adjust the pH. With regard to the solubility of the
nitrates, which are soluble, when metal nitrates are mixed
with NaOH, precipitates of metal hydroxides are formed
along with sodium nitrate. The metal hydroxides are usu-
ally insoluble that depends on the pH of the final solution
and temperature. If a drop or more of NaOH is added to
a very acidic solution, nothing would happen since the
solution would still be acidic. However, if the solution
becomes alkaline, the precipitates of the metal hydroxides
are formed (Table 1).

Table 2 shows that the solubility of the nickel, lead and
copper nitrate is reduced, respectively. For this reason, in
the metal solutions without adsorbent, the metal hydroxides
precipitate in the environments toward alkaline. To ana-
lyze the results, it is necessary to pay more attention to the
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Table 1

Equations for the reaction of heavy metals in acidic and alkaline environments

Heavy metal pH Equations reaction
Nickel(II) nitrate Base Ni(NOS)Z(aq) + 2NaOH(m1> = ZNaNOS(aq) + Ni(OH)Z(S)
Acid Ni(NO,), + HNO, =Ni(NO,), + NO, + H,0
Copper(Il) nitrate Base Cu(NOs)z(aq) + 2NaOH(aq) =Cu(OH),, + 2NaNOS(aq)
Acid Cu(NO,), + HNO, = Cu(NO,), + NO, + H,O
Lead(Il) nitrate Base Pb(NO3)2(aq) +2NaOH = Pb(OH),, + 2NaNO,
Acid 2H,0 + Pb(NO,), —» 2HNO, + Pb(OH),
chemical reaction of these metal solutions in the acidic and
Table 2

Solubility of metals compounds solutions in water

Solubility in water (g/100 mL water) [29]

Substance Formula 20°C 30°C
Nickel(IT) nitrate Ni(NO,), 94.2 105
Lead(II) nitrate Pb(NO,), 54.3 63.4
Copper(II) nitrate Cu(NQO,), 125 156
Sodium nitrate NaNO, 87.6 94.9
Sodium hydroxide NaOH 109 119
Copper hydroxide Cu(OH), 1.722 x 10°¢ -
Lead hydroxide Pb(OH), 1.615x 10 -
Nickel hydroxide Ni(OH), 0.013 -

alkaline environment and their solubility in the temperature
range of 20°C-30°C.

3.2. Analyses
3.2.1. SEM analyses

The morphologies of nanomaterials are measured with
FE-SEM (Mira3 LMU, Tescan). In Figs. 1(a) and (b) show
that the measured outer diameters (ODs) before and after
adsorption for the hybrid are 33.23-43.25 and 34.97-45.20
nm, respectively. The OD for the carboxyl nanotube and C60
is 20-30 nm and 1 nm, respectively. The minimum diameter
before and after sorption of the hybrid is greater than the
maximum total diameter of carboxylic nanotube and C60,
which indicates before sorption, the oxidized C60 agents

Fig. 1. FE-SEM morphology of hybrid: (a) before adsorption, OD = 33.23-43.25 nm and (b) after adsorption, OD = 34.97-45.20 nm.
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are placed on the surface of carboxylic nanotubes. Also,
after sorption, oxidized metals are located on the surface of
hybrids.

3.2.2. XRD analysis

The XRD diagrams of CNT-COOH, C60 (OH),, hybrid,
and comparison between CNT-COOH and hybrid are
shown in Figs. 2(a)—(d). These diagrams indicate that there
are C60(OH), compounds in the hybrid. According to
Table 3, the highest peaks in the CNTs—COOH and hybrids
are shown in the 20 = 25.85, 6.83, 12.41, 18.38, 14.38 and
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26 =125.76, 20.90, 10.94, 17.87, 8.50, respectively. It is clear the
nanotubes have been covered with oxidized C60 which are
clearly observed in Fig. 2(d).

3.2.3. FTIR analysis

The FTIR spectra of the hybrid were recorded in the
range of 4,000-400 cm™. The existence of the types of func-
tional groups is confirmed by two diagrams of hybrid before
and after adsorption that has been shown in Fig. 3.

The peak located at 1,735.916 cm™ with change per-
centage transmittance of 2.064 to 5.078 is due to stretching
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Fig. 2. XRD patterns of (a) CNT-COOH, (b) C60(OH),, (c) hybrid and (d) CNT-COOH and hybrid.

Table 3
Highest values of XRD peaks for different samples

Samples CNT-C60 hybrid C60 oxide CNT-COOH
20° lob (cts) 20° lob (cts) 20° lob (cts)
25.76 6,765.41 10.94 94,368.85 25.85 3,230.00
20.90 5,862.37 31.01 93,761.00 6.83 2,728.80
Decrease peak 10.94 5,078.08 20.90 89,239.60 12.41 2,327.91
17.87 4,728.12 17.81 22,352.00 18.38 2,163.90
8.50 3,084.83 28.21 8,863.57 14.38 2,140.29
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Fig. 3. FTIR spectra of hybrid (a) before adsorption and (b) after
adsorption of metal ions.

of the carbonyl group. The peaks at 1,624.046; 1,450.45 and
1,201.64-1,274.93 cm™ are related to the stretching vibration
of the carboxyl(-C=0), carboxylic(~COO-) and C-O groups,
respectively. The peaks at 3,439.042 and 3,234.59 cm™ are
related to the stretching vibration of the C60(C(COOH),), and
C60 (OH),, respectively. Fig. 4(b) shows the FTIR spectrum of
Pb, Cu and Ni(Il)-adsorbed on the hybrid. Due to the inter-
action of the functional groups on the hybrid with metal ions,
the percentage transmittance and IR peaks shift to higher val-
ues. Shifting to lower and higher frequencies is an indication
of motion of weaker and stronger bonds, respectively [29].
The bands in the region 400-800 cm™are assigned to
stretching vibrations of the meta-oxygen. The percent-
age transmittance changes from 3.288 to 8.883 at band
499.409 cm™ and 2.641 to 7.268 at 800.45 cm™ that corresponds
to the asymmetric stretching vibration of metal oxide linkage.

3.2.4. BET analysis

The analysis data of the BET surface area of hybrid
suggest that the surface area, size and total volume of the
pore can change before and after adsorption. The parameters
are shown in Table 4. By looking at Table 4, one can see that
the surface area of hybrid is large. The BET surface area
(m? g), adsorption average width (nm) and Single point
adsorption total pore volume of pores (cm? g™) for the diam-
eters less than 85.3896 and 102.2139 nm of the hybrid before

Table 4
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Fig. 4. Pore size distribution plots of the hybrid, (a) before
adsorption and (b) after adsorption.

Pore Diameter {(nm)

adsorption are 1,625.93, 15.9, (6.46, 7.40), and after adsorp-
tion reaches 1,592.67,17.20, (6.86, 7.82), respectively. Figs. 4(a)
and (b) show that the main peak is centered at pore diam-
eter equal to 82.10535 and 63.64649 nm before and after of
adsorption, respectively

4.1. Effect of contact time

Time is an important parameter in the processes and by
selecting suitable contact time, the processes were done at
high speed and low cost [31].

Results of BET surface area analysis of hybrid before and after adsorption

Parameter of pores Type of adsorption Before adsorption After adsorption
Surface area (m? g™) BET 1,625.93 1,592.67
Langmuir 2,190.62 2,149.03
BJH 1,860.75 1,342.91
Single point adsorption total pore Diameter < 85.3896 nm 6.46 6.86
volume (cm?/g) Diameter < 102.2139 nm 7.40 7.82
Adsorption average width (nm) Adsorption BET 15.9 17.2
Adsorption BJH 15.8 221

BET, Brunauer-Emmett-Teller; BJH, Barrett-Joyner-Halenda.
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The removal percentage for each of the three metals
depends on the contact time, which is shown in Figs. 5(a)—(d).
At pH 2, the sorption of each of the three metals is negligible.
In Fig. 5(a), at pH 5, it is observed that the optimal contact
time is 30 min and at 30 min, the percentage removal of lead
and copper are more than 90% and nickel is less than 20%.
The sorption of lead and copper is very quick and lower
than 1 h is sufficient to achieve the equilibration while the
sorption of nickel is very slow. At pH 5, in the absence of
the adsorbent, only the lead ions are precipitated. At pH 8,
in the absence of the adsorbent, each of the three metals pre-
cipitates and at 30 min, the removal percentage of the three
metals is more than 99%.

4.2. Effect of adsorbent dose

The adsorption experiments were carried out by using
various adsorbent dose 0.04-0.1 g with 0.02 intervals.
By increasing the adsorbent dose from 0.04 to 0.06 g, the
removal percentage of metals is rapidly increased because
the number of adsorption sites is proportional to the num-
ber of metal ions. With further increase of the amount of
adsorbent from 0.06 to 0.1 g, despite the abundant number
of unsaturated adsorption sites due to the limited number
metal ions, the removal percentage is reduced and thus the
unsaturated sites remain free. The maximum removal is
shown at 0.06 g of hybrid that is selected as an optimum
dose. At the optimum dose, the removal percentage of Pb,
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Cu and Ni are obtained to be 94, 90.65 (Fig. 6(a)) and 0.85
(Fig. 6(b)), respectively.

4.3. Effect of pH

The amount of pH is an important factor in the adsorption
of metal ions on the adsorbent. At a lower pH (pH < 4), met-
als have a negative charge while the surface of the adsorbent
is charged positively. Amount of acidity solution is used
to neutralization of surface charge; thus the adsorption of
cations should decrease. The metal adsorption increases
as pH increases. When pH of the solution is increased, the
surface becomes more negatively charged; the interactions
between species are electrostatic that favors the adsorption
of cations.

The obtained results indicate that the adsorption of lead,
copper and nickel ions is increased with the increase of pH
from 2 to 8, but a sharper increase of pH is observed for
lead and copper at 4-5 and for nickel 5-7. The low adsorp-
tion of metals is placed in an acidic region that is created
a competition between H* and M* jons on the adsorption
sites and the charge on the surface becomes more negative,
Figs. 7(a)-(d). In the absence of adsorbent, the lead, copper
and nickel ions begin to precipitate at pH 4, 5 and 6, respec-
tively, while the concentration of metals in the liquid phase is
reduced in the presence of adsorbent (w = 0.06 g). Therefore,
the optimal pH is at the region that the distance between two
graphs the adsorption of the metal (red) and the formation of
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Fig. 5. Changes in percentage removal of heavy metals with time, (a) each three metal at pH 5, (b) Pb, (c) Cu, and (d) Ni, at pH 2, 5, 8

(I=25°C,C;=20mg L, w=0.06 g).
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the precipitation (blue) is maximum, also in this region, the
adsorption capacity is often high (Fig. 7).

For better interpretation of adsorption, the changes in
total concentration of the metals is considered. When the
pH rises from 2 to 8, the concentration of metals in the lig-
uid phase changes from 58.3 to 0.345 mg L. Therefore, the
optimal pH is 5, which the lowest precipitate and the high
adsorption of metal are obtained (Fig. 7(d)). In the acidic
environment, the removal percentage of metals is greatly
reduced, as the repulsion is increased on the hybrid.

The removal percentage for lead, copper and nickel, at
pH 5 is 94%, 90.65% and 2.4%, with the lowest sediment

content and at pH =7 is 99.96%, 99.88% and 99.45% with the
highest sediment content, respectively. The graphs show that
the suitable pH for nickel is between 7 and 8, for lead and
copper is between 5 and 6 (Fig. 8).

4.4. Effect of the initial concentration

By increasing the initial concentration from 10 to
50 mg L, the removal percentage of lead, copper and nickel
from 95.8, 90, 36.9 reaches 45.5, 43, 8.72, respectively (Fig. 9).
By increasing the initial concentration, the removal percent-
age of metals is decreased and thus the removal percentage
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Fig. 9. Changes in percentage removal of metals with the initial
concentration (T =25°C, pH =5, t =30 min, w = 0.06 g).

depends on the initial concentration of metals. At low initial
concentrations, there are fewer metal ions that are ready
to adsorb on a certain number of unsaturated hybrid sites.
At higher concentrations, there are more metal ions that
remained free in the solution because all adsorption sites are
saturated. It is observed that the optimal amount of initial
concentrations is 20 mg L™, which after this concentration,
the removal percentage is decreased.

By changing the initial concentration of metal solutions
at pH =5, it is observed that the adsorption capacity for lead
and copper is fast to equilibrium whereas, for nickel, it hap-
pens at a higher pH. The maximum adsorption capacity for
lead, copper and nickel at pH =5 is 19, 17.9 and 3.9 mg g7,
respectively (Fig. 10).

4.5. Adsorption isotherm models for experimental data

Sorption of sorbates on any sorbent can occur either by
physical bonding, ion exchange, complexation, chelation or
through a combination of these interactions. The interaction
between sorbent and sorbate molecules not only are physical
bonding but also the another mechanism of adsorption can
be [32]. Physical adsorption is easily demonstrated by using
distilled water. If the solubility adsorbent increases in the
distilled water, it indicates that there are functional groups
such as hydroxyl, carbonyl and carboxy], etc. in the structure
of the adsorbent.
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Fig. 10. Changes in adsorption capacity of metals with the initial
concentration (T =25°C, pH =5, t = 30 min, w = 0.06 g).

Investigations and studies on the adsorption of isotherm
have led to the discovery kind of models. In this study, four
linear Langmuir, Freundlich, Dubinin—-Radushkevich and
Temkin models have been used to describe the adsorption
data.

Non-linear Langmuir isotherm model shows that the
nickel adsorption capacity increases with increasing metals
concentration. It means that this pH is not suitable for adsorp-
tion of nickel. For lead and copper, by increasing the initial
concentration, the adsorption capacity is fixed (Fig. 11).

These four adsorption isotherm models have been
described as follows:

4.5.1. Langmuir

In the Langmuir adsorption model, it is assumed that: (1)
a layer of adsorbent material, (2) uniform adsorbent surface
(3) without any interaction between absorbed ions [33,34].

Two other parameters, the separation factor (RL) and
surface coverage (0) are for the better description of the
Langmuir model that used to adsorption isotherm. Egs. (1)-(3)
indicate the Langmuir model, the separation factor and surface
coverage equations.

1 ( 1 ]1+1 0
qe Kl.qm Cn qm
1
- 2
LT15K.C 2)
o= NG ®3)
(1+K,C)

where g, is the adsorption capacity at equilibrium (mg g™),
g, is the maximum adsorption capacity (mg g™), C, is the
equilibrium concentration and C, is the initial concentra-
tion of adsorbate (mg L) and K, is the Langmuir isotherm
constant (L mg™).

4.5.1.1. In the adsorption of the Langmuir model

The amount of K; for lead, copper and nickel is 1.57,
0.47 and 0.37, respectively, that indicates the adsorption of
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Fig. 11. Non-linear Langmuir isotherm model for the metals
Pb, Cu and Ni (pH =5, T = 25°C, w = 0.06 g, ¢ = 30 min,
C,=10-50 mg L™).

lead is stronger than copper and nickel. The larger K, value
represents a stronger adsorption. The calculated maximum
adsorption capacity (q,) of lead (20.6), copper (25.36) and for
nickel (2.87) is more than the experimental data. The calcu-
lated maximum adsorption capacity (q,) may be smaller or
larger than the adsorption capacity of experimental data due
to the abundance of adsorbent sites, the number of ions that
can affect the surface adsorbent and the binding intensity
of ions to the surface.

4.5.1.2. Separation factor (RL)

Changes in amount of separation factor (RL) are for lead
(0.013-0.06), copper (0.04-0.177) and nickel (0.051-0.213)
when the initial concentration changed from 10 to 50 mg L.
The separation factor value (RL) for three metals is
between zero and one; therefore, the adsorption process
is favorable. With regard to the following description, the
adsorption is not very strong, but its amount is considerable
(Fig. 12).

* RL = 0 irreversible adsorption occurs if K is very large,
which means that adsorption is too strong.

* 0 <RL < 1: This is the standard case when adsorption
occurs normally under experimental conditions. Not so
strong, but noticeably occurs. The shape of the adsorption
is isotherm that is a favorable adsorption.

¢ RL=1: This adsorption is linear adsorption (only if K=0).

¢ RL > 1: if K is negative and -1 < C*K < 0 but this is not
possible.

If the denominator of Eq. (2) is negative, then, RL is
negative, and instead of adsorption, desorption occurs and
the adsorption is unfavorable [35,36].

4.5.1.3. Surface coverage

O is defined as the fraction of sites occupied by solute
molecule. The range of surface coverage is from zero to
one. The range surface coverage of the hybrid is for lead
(0.63-0.65), copper (0.185-0.191) and nickel (0.148-0.152).
More than 60% of the surface coverage is related to lead metal
that shows that this metal has high adsorption. By increasing

0.20

0.15

0.10

RL

0.05

0.00

10 20 30 40 50
Ci(mg/1)

Fig. 12. Changes in separation factor (RL) with initial concentration
(pH =5, T=25°C, w=0.06 g, t =30 min).

the initial concentration of metal solutions (10-50 mg L), the
overall surface coverage rises from 0.96 to 0.992 (Fig. 13).

4.5.2. Freundlich

In the Freundlich model, it is assumed that the adsorption
process occurs at the heterogeneous surface [37] — Eq. (4)

Ing, =InK, +llnC€ 4)
n

where K, (L mg™), 1/n, q, (mg g') and C, (mg L) are the
measured adsorption capacity, adsorption intensity, adsorp-
tion capacity and concentration at equilibrium, respectively.

In the adsorption of Freundlich model, the K, (adsorption
capacity) for lead, copper and nickel is 11.67, 9.915 and
2.578 L g7, respectively, which indicates the separation of
lead metal from the liquid phase is easier than the other two
metals. 1/n is a heterogeneous parameter; at 1/n smaller,
the heterogeneity is greater; therefore, the closer the value
to zero (n larger), the higher the homogeneity would be.
According to the amount of 1/n (adsorption intensity), the
heterogeneity increases in copper (0.211), lead (0.180) and
nickel (0.093), respectively. If the value of 1/ is less than one,
it indicates normal adsorption and also, the closer 1/ to one,
the closer to the linear isotherm (more homogeneity). If # is
between one and ten, this represents an optimal adsorption
process. The n value for lead, copper and nickel are 5.546,
4.739 and 10.811, respectively. Then, the adsorption of lead
and copper are desirable and the adsorption of nickel is a lit-
tle undesirable because the adsorption of nickel goes toward
heterogeneity.

4.5.3. Dubinin—Radushkevich

The Dubinin—-Radushkevich (D-R) model is used for both
homogeneous and heterogeneous surface and calculation of
adsorption energy [38—40].

Ing, =Ing, —Be* (5)

1
£= RTln(l + CJ (6)

e
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Fig. 13. Changes in surface coverage (0) with the initial
concentration (pH =5, T=25°C, w =0.06 g, t = 30 min).

1
E =7 @)
V2B

where g, (mg g7), g, (mg g™) and B (mol® k]?) are constants
which are related to adsorption capacity at equilibrium,
the theory of adsorption capacity and mean free energy
of adsorption, respectively. e is a Dubinin-Radushkevich
isotherm constant. C, (mg L), R (8.314 ] mol™ K7), T(K)
and E, (k] mol”) are equilibrium concentration, the gas
constant, absolute temperature and the mean energy of
sorption, respectively.

In the adsorption of Dubinin—-Radushkevich model, the
amounts of the mean free energy (p) for lead, copper and
nickel are 0.094, 0.291 and 1.162 (mol kJ™)2 The average
adsorption energy (E,) for lead, copper and nickel is 2.31,
1.311 and 0.609 k] mol™, respectively, which indicates that
the adsorption is physical. According to the previous studies
for E, = 1-8 and E, = 8-16 k] mol™, is physical and chemical
adsorption, respectively [41].

4.5.4. Temkin

In Temkin model, it is assumed that increasing the
adsorbent coverage layer on the adsorbent surface will

Table 5
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increase the adsorption heat of all molecules in that layer
[38], (Eq. (8)).

Elnk
b

®)

q,= T+¥lnce

T T

where the parameters are: K, Temkin isotherm equilibrium
binding constant (L g™), b, Temkin isotherm constant
(mol J), R, universal gas constant (8.314 ] mol® K7), T,

temperature at 298 K and B E , constant related to the

heat of sorption (J mol™). T

Table 5 shows the parameters of adsorption isotherm
models for the lead, copper and nickel metals.

In the adsorption of Temkin model, the amount of b,
(adsorption heat) is reduced for nickel, lead and copper,
respectively. The amounts of b, for adsorption lead, copper
and nickel ions are (1.045, 0.940 and 7.550 kJ mol™), respec-
tively. These values indicate that the adsorption of copper
ions is easier than lead and nickel ions. The adsorption
process is exothermic because the amount of the adsorp-
tion heat is positive. The low amount of b, reflects the ion
exchange mechanism because the typical range of bonding
energy for the ion exchange mechanism is 1-8 k] mol™. The
low values of b, in this study indicate a weak interaction
between adsorbate and adsorbent. Then, the mechanism is
an ion exchange for the present study.

It is observed that the best models and correlation coef-
ficients are for lead, D-R, 0.999 and Langmuir, 0.966; for
copper, D-R, 0.965 and for nickel, Freundlich, 0.961 and
Temkin, 0.965 that these models are more compatible with
experimental data (Figs. 14(a)—(c)).

In Table 6, the monolayer adsorption capacities for var-
ious adsorbents of the previous studies are compared with
this hybrid.

4.6. Thermodynamic adsorption process

The negative amount of the free Gibbs energy indicates
that the reaction is spontaneous. The positive amount of
entropy and enthalpy indicates that the process is irrevers-
ible and endothermic, respectively. The negative amount

Parameters of adsorption isotherm models for the lead, copper and nickel metals

(T'=25°C, C,=10-50 mg L, t = 30 min, pH =5, w =0.06 g)

Model Freundlich Langmuir Tinexp
1/n n K, R? q, K, R?

Pb 0.180 5.546 11.67 0.745 20.6 1.57 0.966 18.9

Cu 0.211 4.739 9.915 0.659 25.36 0.47 0.876 17.9

Ni 0.093 10.81 2.578 0.961 2.87 0.37 0.62 3.6

Model Temkin Dubinin-Radushkevich Denp
K, b, R? B q, E, R?

Pb 193.60 1.045 0.806 0.094 19.03 2.31 0.999 18.9

Cu 53.45 0.94 0.72 0.291 18.52 1.31 0.965 17.9

Ni 2,916.4 7.55 0.954 1.162 3.56 0.61 0.768 3.6
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Fig. 14. Isotherm models (a) Freundlich, (b) Langmuir, (c) Temkin and (d) Dubinin—-Radushkevich for lead, copper and nickel metals.

Table 6
Comparison of maximum monolayer adsorption capacities of
various adsorbents

Adsorbent Absorbed g (mgg') pH Ref

metal
Rosa canina L. leaves ash  Pb(II) 588.24 6 [42]
nFe-A Pb(II) 833.33 6
SDS-AZS Pb(II) 18.38 6 [43]
Ti(IV) Pb(II) 63.29 6 [44]
Ti(IV) Hg(1I) 21.32 6 [45]
FSAC Pb(II) 80.65 4 [46]
MWCNTs/ThO, Pb(II) More of 20 5.5 [47]
PSTM Pb(II) 44.64 6 [48]
LELP Ni(IT) 47.61 55 [49]
Activated carbons Cr(VI) 16.26 2 [15]
Nanotube-C60 hybrid  Pb(II) 18.8 8 This

Cul 204 study

Ni(II) 25.2

Pb(II) 18.9 5

Cu(Il) 17.9

Ni(II) 3.6

Pb(II) 1.2 2

Cu(II) 1.23

Ni(II) 0.92

of the entropy represents a reduction in the disorder of the
adsorption process due to the presence of adsorbate mole-
cules in certain absorbent sites and the regularization of the
adsorbate molecules.

The free Gibbs energy is obtained through Egs. (9)-(11).
Fig. 15 shows that Free Gibbs energy is negative at an initial
concentration of 1040 for lead and 10-30 mg L for copper,
which indicates that the adsorption process is spontaneous.
When the initial concentration increases, the spontaneous
reaction is reduced free Gibbs energy is positive for nickel,
which increases with increasing initial concentration [50].

q,
K =2 9
=T 9
AG® =—RTInK, (10)
AG® = AH —TAS (1)

By increasing the pH from 2 to 8, the amount of the free
Gibbs energy is gradually negative, which indicates that
the reaction is not spontaneous at low pHs. The changes in
free Gibbs energy are positive at pH 4 to about 6.3 for nickel
and at pH 2 to about 4.5 for lead and copper, which indi-
cates that the reaction is not spontaneous, and the amount
of absorption is low (Fig. 16).

For the better investigation, the adsorption process is
considered in the three pHs that have the highest absorption
of metal. At pH =5, the amount of AG is entirely in the nega-
tive region for lead and copper. With increasing temperature
from 288.15 t0 313.15, and from 313.15 to 333.15 K, the amount
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Fig. 15. Changes in free Gibbs energy with initial concentration
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Fig. 16. Changes in free Gibbs energy with pH (T = 25°C,
w=0.06 g, t =30 min, C,=20 mg L™).

of AG increases and decreases very little, respectively. The
amount of AG for nickel is entirely in the positive region that
shows the reaction is not spontaneous (Fig. 17(a)). At pH =7,
the amount of AG for metals especially nickel is entirely in
the negative region; thus, the adsorption process in this pH is
spontaneous (Fig. 17(b)). The amount of AH is negative and
thus the reactions are exothermic. The negative amount of
entropy indicates that the adsorption process is reversible
and regular that shows the adsorbate molecules put up in
certain absorption sites (Table 7).

4.7. Kinetic adsorption models

In this research, in order to study the adsorption mech-
anism of heavy metal ions onto the hybrid surface, we
used four kinetic models, the pseudo-first-order, the pseu-
do-second-order, the intra-particle diffusion and the Ritchie
models. The equations of the kinetic models are Egs. (12)—(15),
respectively:

4.7.1. Pseudo-first-order model

Eq. (12) introduces the pseudo-first-order model [30].

In(qe —q,)zlnqe -Kt (12)
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= 10|

-] — Cu

Ea=,

[72]

; 0

S Y

g | = - =

=10 . ‘ ‘
288.15 298.15 313.15 333.15
(@ T (K)

Ea -10

E -12

= -14

__§ 16

o= Variable

(@) -18 Ph

o -20 Cu
288.15 298.15 313.15 333.15

(b)

Fig. 17. Changes in free Gibbs energy with temperature at (a) pH
5and (b) pH 7 (C,=20 mg L™, w=0.06 g, t = 30 min).

T (K)

where g, is the adsorption capacity at equilibrium (mg g™),
g, is the adsorption capacity at time t and K| is the diffusion
constant (min; Fig. 18(a)).

4.7.2. Pseudo-second-order model

Eq. (13) introduces the pseudo-second-order model [51].

i=#+ ! Xt

- (13)
9, (K,xq) 4.

where g, is the adsorption capacity at equilibrium (mg g™),
g, is the adsorption capacity at time t, K, is the diffusion
constant (g mg™ min™) (Fig. 18(b)).

4.7.3. Intra-particle diffusion model

Eq. (14) introduces the intra-particle diffusion model [52].

g, =Kt+C (14)

where ¢, is the adsorption capacity at time ¢, K, is the
intra-particle diffusion constant (mg g™ min®®) and ¢ (mg g™)
is a constant that is related to the thickness of the boundary
layer (Fig. 18(c)).

4.7.4. Ritchie model
Eq. (15) introduces the Ritchie model [53].

1 1 1
= + —

(15)
9, (Kgt) a.
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Table 7
Thermodynamic parameters for the process adsorption of heavy metals on hybrid at various pH and temperatures
pHb5
Ion Pb Cu Ni
T°C 15 25 40 60 15 25 40 60 15 25 40 60
AG® -7.15 -6.37 -6.01 -6.34 -5.91 -5.18 —4.73 -5.42 2.88 3.94 6.04 9.53
AH® -11.32 -8.26 —-40.36
AS° -0.02 -0.01 -0.15
pH6
AG® -9.76 -8.43 -8.01 -10.1 -8.71 -7.46 —7.42 -9.27 2.62 3.47 5.09 7.67
AH° -5.76 -2.84 -30.14
AS° 0.01 0.017 -0.11
pH7
AG® -19.4 -18.7 -14.4 -18.2 -17.0 -16.1 -13.3 -15.2 -19.4 -12.7 -10.3 -9.32
AH° -30.29 -30.17 -74.84
AS° -0.04 -0.05 -0.2
5 12 140
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Fig. 18. Kinetics adsorption models for lead, copper and nickel (a) pseudo-first-order, (b) pseudo-second-order, (c) intra-particle

diffusion and (d) Ritchie model.

where g, is the adsorption capacity at equilibrium (mg g™), g,
is the adsorption capacity at time t, and K, is the rate constant
(min'; Fig. 18(d)).

The plots of In(q,— q,), t/q, q, and 1/q, vs. t, t, t°**and 1/t,
respectively, should give a linear relationship, which the val-
ues of the adsorption parameters (K, q,), (7, K,), (C, K,;) and

(9, Ky) can be determined from the slope and intercept of the
plots in Egs. (12)—-(15), respectively (Table 8).

The g, and the g, , values from the pseudo-second-
order and Ritchie kinetic models are very close to each
other. The calculated correlation coefficients in the pseudo-
second-order kinetic model are for nickel 0.693 and close to
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Table 8

Parameters of kinetic model for adsorption of Pb, Cu and Ni on the hybrid

(T=25°C, C,=20mg L7, pH=5, w=0.06)

Model Pseudo-first-order Pseudo-second-order

Metal R K, Ty R? K, e Towr
Pb 0.921 0.033 6.686 0.999 0.041 16.667 16.583
Cu 0.934 0.031 7.988 0.999 0.027 16.667 16.417
Ni 0.981 0.009 1.808 0.693 0.008 1.757 1.667
Model Intra-particle diffusion Ritchie

Metal R K, C R2 K, . Teow
Pb 0.706 1.120 4.406 0.926 0.49 16.67 16.583
Cu 0.727 1.116 417 0.930 0.33 16.67 16.417
Ni 0.959 0.106 -0.114 0.950 0.01 2.35 1.667

the unit for lead (0.999) and copper (0.999), respectively. In
the Ritchie kinetic model, the calculated correlation coeffi-
cients for lead, copper and nickel are 0.926, 0.930 and 0.950,
respectively.

The obtained rate constant (K,) of the pseudo-second-or-
der model for metal ions are lower than the rate constant (K)
of the Ritchie model (Table 8). This shows that the adsorption
of metal ions can be represented by the pseudo-second-order
model.

According to the calculated correlation coefficients, the
obtained K, for the adsorption of the Cu(Il) ions are lower
than Pb(Il) ions that indicates the uptake of copper ions onto
hybrid from aqueous solution is faster than that of other
metals.

5. Conclusion

In this study, the functionalized carbon nanotube-C60
hybrid was tested to absorb heavy metals such as copper,
nickel and lead. The experimental data showed that at
30 min, the removal of metals is more than 90%, which can
be achieved more than 99% by adjusting the pH for each
metal. The best models and correlation coefficients (R?) are
for the lead (D-R, 0.999 and Langmuir, 0.966), copper (D-R,
0.965) and nickel (Freundlich, 0.961 and Temkin, 0.965)
because these models are more compatible with experi-
mental data. The best kinetic models are for the lead and
copper pseudo-second-order kinetic model and for nickel
is a pseudo-first-order kinetic model with correlation coef-
ficients for lead (0.999), copper (0.999) and nickel (0.981).
The amount of AG at pH 7 for each three metal is negative
(reaction spontaneous) and at pH =5 for lead and copper
is negative (reaction spontaneous) and for nickel is positive
(reaction non-spontaneous). The amount of AH is negative;
thus, the reactions are exothermic. The present study shows
that the functionalized nanotube-C60 hybrid was successful
in removing heavy metals such as copper, nickel and lead
from aqueous solutions. It is certain this the hybrid can be
used to adsorb heavy metals and other materials, especially
in poisoning with heavy metals, both as a medicine and as
a drug carrier.
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Symbols

C, — Equilibrium concentration of solution, mg L™

C — Initial concentration of solution, mg L~

g, — Amount of metal adsorbed per unit mass of
adsorbent at equilibrium, mg g™

g, — Langmuir constant, mg g

g, — Amount of metal adsorbed per unit mass of
adsorbent at time ¢, mg g™

K, — Freundlich constant, L mg™

K, — Langmuir constant, L mg™

E, —  Dubinin-Radushkevich isotherm constant, k] mol™!

K, — Temkin isotherm equilibrium binding constantm,
Lg

K, — Rate constant of the pseudo-first-order adsorption
process, min™

K, — Rate constant of pseudo-second-order adsorption,
g mg™ min™

K, — Intra-particle diffusion constant, mg g™ min"?

K, — Richie constant, min™

n —  Freundlich constant, L g™

R —  Gas constant, 8.314 ] mol™* K

T —  Temperature, K

B — Mean free energy of adsorption, mol? k]

t — Time, min

b, — Adsorption constant, ] mol™ K*

R —  Universal gas constant, 8.314 ] mol™"K™*

T —  Absolute temperature value, K

B —  Constant related to the heat of sorption, ] mol™

w  — Weightadsorbent, g



AG
AH
AS
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—  Gibbs free energy, k] mol™!
—  Enthalpy, k] mol™
— Entropy, k] mol™
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