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ABSTRACT

In this work, the capability of hybrid of functionalized Carbon nanotube and fullerene (C60) as novel
adsorbent was studied in order to remove copper, nickel and lead ions. This hybrid was tested for
adsorption of heavy metals such as copper, nickel and lead, at pH 2 and 8 conditions for first time. At
pH of 8 and for 30 min of the contact time, the concentration of lead, copper and nickel ions reached
from 20 to 0.25, 5.4 and 18.07 ppm, respectively. For 30 min and pH 2, the percentage of removal of
metal ions were about 13%. The results showed that the removal efficiency was low at pH 2 and
high at pH 8. Also, after the metal ions adsorption, the recovery and regeneration process were done
by placing adsorbent in strong acids for removing metals from their surface. The highest values of
correlation coefficient (R?) were obtained in the Pseudo-second-order model for adsorption of Pb (1),
Cu (0.994) and Ni (0.981). The best adsorption isotherm models and correlation coefficients for each
ion were Langmuir with 0.987 for Pb, Freundlich with 0.985 for Cu, and Freundlich with 0.999 for Ni.

Keywords: Functionalized carbon nanotube-C60 hybrid; Adsorption; Heavy metal; Optimal amount;
Adsorption isotherm model

1. Introduction cycle if a preventing approach is not implemented
[4,5].

2. Mineral contaminants: Heavy metal contaminants,
which are mostly due to industrial activities such as
metalworking, chemical production, metallurgical
industry, mining operations, soils around military

bases and handicrafts can enter water resources [6,7].

Reducing water resources by enormous increase of
water use, as well as the entry of various pollutants into
water resources, has led to the global water crisis. The
main reason of the current water crisis is pollution of water
resources by chemical and biological contaminations, the
increase of urbanization and its corresponding development

of industries and agriculture. For many decades, the water 3.

crises have had a direct impact on the economic, social,
environmental and political dimensions, which are the bases
for the development of every country. Water pollutants can
be divided into three categories: organic, inorganic and
biological pollutants.

1. Organic pollutants: Organic compounds such as
benzene, phenols [1], chlorine compounds [2], drugs
[3], surfactants, etc., which easily enter the water

*Corresponding author.

Biological contaminants: Biological pollutants are
divided into three groups: (a) microorganisms (bac-
teria, viruses, etc.) [8], (b) the presence of natural
organic matter (NOM) [9,10], (c) bio-toxins [11].

Heavy metals are the metal elements with atomic
number larger than 20 and atomic density larger than 4
g/cm?® or 5 times larger than of the water [12]. Given this
definition Hg, Pb, Ag, Cu, Cd, Cr, Zn, Ni, Co and Mn are
identified as heavy metals and they are indeed the sources
of water contamination. Some of these metals such as lead
(Pb), nickel (Ni), cadmium (Cd), chromium (Cr), zinc (Zn)
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and mercury (Hg) are rare elements, and some of these
metals, such as copper (Cu), selenium (Se) and zinc (Zn), are
essential for maintenance of metabolism. These materials at
higher concentrations can lead to poisoning.

There are several methods, mainly chemical and
biological, for removing heavy metals from aqueous
environments. In the last few decades, many studies
have been carried out on broad range of nanomaterials
to remove heavy metals from water. Carbon nanotubes
and fullerenes have shown promising performance and
are often used to adsorb a wide range of water pollutants
[13-17].

The first fullerene molecule was discovered in 1985
by American chemist Robert Floyd Curl Jr, Richard Errett
Smalley of Rice University in Houston, TX, and Sir Harold
Walter Kroto of the University of Sussex in Brighton,
England [18]. Carbon nanotubes were discovered by
lijimain [19].

Fullerenes and nanotubes are generally insoluble, and
they become soluble by the addition of a suitable group
that can covalently attached to them [20]. Numerous
studies have been done on suitable functionalization
of fullerenes and adjusting their properties. Fullerenes
can be oxidized by using various oxidizing agents to
create different number of OH, including dilute sulfuric
acid and potassium nitrate (C60 (OH),,) [21,22], sodium
hydroxide diluted with tetra butyl ammonium hydroxide
(TBAH) catalyst (60 (OH),, ,.) [23], sodium hydroxide
[24] and hydrogen peroxide [25], by the hydrogen
peroxide method (a multi-stage process with a mixture
of peroxide and C60 (C60 (OH),)). The maximum number
of hydroxyl groups that can be connected to C60 are
about 36-40 [26]. In order to modify the surface of raw
carbon nanotubes, the side walls can be functionalized
by different groups [27,28]. Oxidation in acids can create
functional groups containing oxygen, such as -OH and
—COOH on the surface of the nanotubes [29,30].

Functionalizing the single-wall CNT with agents
such as hydroxyl, carboxylic and carbonyl have been
reported as a way to make CNT solvable in water with
great sustainability [31,32]. With several strategies for
combining these two allotropes, a variety of carbon
nanotube-fullerenes hybrids are obtained [33]. The carbon
nanotube-C60 hybrid was first discovered by Luzzi in
1998. They observed that several fullerenes connected to
nanotubes were recovered as side products in the synthesis
of single-wall carbon nanotubes [34]. Based on studies
by Bourlinos et al. [35], a hybrid of nanotubes and C60s
was synthesized. So far, this material has not been used
to remove heavy metals. Using the method of Borelinos
and colleagues, a hybrid is made of fullerols, sodium salt
(C60(OH),,25Na-30H,0) and nanotubes oxidized with
nitric oxide [36-44].

The goal of current research is to evaluate hybrid of
functionalized Carbon nanotube and fullerene (C60) as
novel adsorbent in order to remove copper, nickel and
lead ions. This hybrid is synthesized from CNTs and
C60. The impact of different significant parameters such
as pH, time (min), adsorbent amount (g) and initial ions
concentration (mg/L) was experimentally. Two isotherm
models involving Langmuir and Freundlich were used to
fit the experimental data.

2. Materials

Materials for synthesis of hybrid are manufactured
by the company EMFUTURE in Spain with the following
specifications:

2.1. Carboxyl multiwall - CNT (MWCNT-COOH)

Characteristics: outer diameter 20-30 nm, inner diameter
5-10 nm, ash: <1.5 wt%, purity: >95 wt%, length 10-30
pm, special surface 110 m?/g, electrical conductivity >100
Siemens/cm, bulk density 0.28 g/cm?® actual density ~2.1
g/cm®, and multiwall nanotubes contain 1.2% carboxylic

group.

2.2.Ce0

Carbon fullerenes C60 appearance: granular powder,
dark brown. When sublimed appears as deep blue-black
needle-like crystals reaching 5 mm. Thin C60 films (<5
microns) appear golden-brown and it is insoluble in water.
Characteristics: outer diameter ~ 1 nm, purity 99.5, molar
mass 720.66 g-mol™, appearance: dark needle-like crystals,
density: 1.65 g/cm?.

3. Synthesis method

Based on the method of Bourlinos and colleagues,
[35] the nanotube —C60 hybrid was synthesised (Fig. 1).
Implementing this method with some changes, the CNT-

MWNT

Fig. 1. Synthesis of CNT-C60 hybrid-based on the method of
Bourlinos [35].
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C60 hybrid was synthesized and tested in the labs of Sharif
University of Technology. Then measurements of the heavy
metals adsorption were carried out on in these labs. In this
research, instead of fullerol sodium salt, the oxidized C60 is
used for synthesis of the hybrid.

3.1. C60 oxidation

3 g of pure C60 were added to 750 ml of concentrated
nitric acid (67%). The mixture was suspended by sonication
for 10 min in order to more disperse C60. Then the
temperature of 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 reached to
7.In order to completely dry the solids, they were heated up
to 80°C. The final products are dark brown solids (oxidized
C60), which are soluble in water.

3.2. Synthesis of nanotube-C60 hybrid

Three grams of oxidized C60 were suspended in 300
ml de-ionized water and sonicated for 10 min in order
to disperse them more. 9 g of carboxylic nanotube were
suspended in the mixture and sonicated for 10 min (the
amount of oxidized C60 to carboxylic nanotube is 1:3
weights). The mixture was refluxed for 6 h and then was
heated at 80°C for 8 h in order to completely evaporate the
remained water. The residue solids were heated at 200°C
for 24 h and then were washed with the de-ionized water
several times until solution pH reached to 7. This procedure
is carried out to remove the soluble particles in the previous
steps. Finally, the solids were dried at 80°C and then used as
hybrids in the absorption experiments.

4. Experimental methods

In order to study the adsorption process, three
compounds of lead, copper and nickel nitrate were selected.
According to the studies carried out on nanotubes, most
of the time, lead and nickel have the highest and lowest
adsorption rates on the nanotubes, respectively.

Adsorption rate of copper metal falls between those
of lead and nickel. This is the reason that these three
metals have been chosen to demonstrate better absorption
performance of the hybrid. To better analyze the results
of metal adsorption on the hybrid, it is necessary to pay
more attention to the chemical reaction of these metal
solutions in the acidic and alkaline environments and
their solubility in the temperature range 20-30°C in Tables
1and 2.

For better investigation of waters contaminated with
heavy metals, three metals with equal concentrations
were selected as a multiple-metals adsorption. The ICP
experiments were carried out in two pH 2 and 8, at
temperature 25°C and contact time from 0 to 180 min
with 30 min intervals. The amount of adsorbent and
the concentration of each metal are 0.1 g and 20 ppm,
respectively. The experiments were performed as batches.
The adsorption process in acidic pH condition was

evaluated by changing dose of the adsorbents. To adjust the
pH of the acidic and alkaline, the nitric acid (1 mol/1.65%)
and Na,CO, (1 mol/1) were used, respectively.

Before carrying out experiments, the initial amount
of the three metal elements in the hybrid were measured.
The results of the elemental decomposition analysis of the
hybrid have been shown in Table 3. The results showed that
the amount of nickel in the hybrid was so high that it can
strongly affected the adsorption of heavy metals, especially

Table 1
Equations for the reaction of heavy metals in acidic and alkaline
environments

Metal’s nitrate PH
Nickel

Equations reaction

Ni(NOS)z(am + NaZCOB(aq) — NiCO%)
+ 2NaNO

3(aq)
Ni(NO3)2+ HNOS—> Ni(NOS)2+ NO2
+H,0
3NOZ+ HZO — 2H* + ZNOS‘ +NO

Cu(NO,), ., +Na,CO,  —
CuCO, , +2NaNO

3(s) 3(aq)
Cu(NO,), + HNO, — Cu(NO,), +
NO,+H,0
Pb(NO,),,, + Na,CO
2NaNO,,_ + PbCO

3(aq) 3(s)
HNO, + Pb(NO,), — HNO, +
Pb(NO,),

2H,0 + Pb(NO,), — 2HNO, +
Pb(OH)

Base

Acid

Copper Base

Acid

Lead Base

3(aq) -

Acid

2(s)

Table 2
Solubility of metals compounds solutions in water

Solubility in water (g/100 ml Water) [45]

Substance Formula  20°C 30°C
Nickel(II) nitrate Ni(NO,), 942 105
Sodium carbonate Na,CO, 21.5 39.7
Nickel(II) carbonate NiCO, 9.643 x 10 -
Copper(II) nitrate Cu(NO,), 125 156
Copper(II) carbonate CuCO, 1462 x10* -
Sodium nitrate NaNO, 87.6 949
Lead(II) hydroxide Pb(OH), 1615x10* -
Lead(II) carbonate PbCO, 7269 x 1075 -
Lead(Il) nitrate Pb(NO,), 543 634
Table 3

Initial amounts of heavy metal in the hybrid adsorbents

The amounts of heavy metal in the adsorbents (ppm)

Sample Cu Ni Pb
CNT-C60 hybrid 13 342 <0.1
CNT-C60 hybrid (acid- 7 689 <0.01
treatment)
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nickel. For removal of nickel and impurities from hybrid
surface, which are generated in the production stage, the
hybrid was placed in the strong acid nitric for few hours
and then was washed with de-ionized water several times
until solution pH reaches to 7. Finally, the hybrid was dried
for adsorption tests.

5. Results
5.1. SEM analyses

The morphologies of nanomaterials were measured with
FE-SEM (Tescan Mira 3 LMU). In Fig. 2a, the outer diameters
(ODs) measured before adsorption for the hybrid were
33.23-43.25. In Fig. 2a the measured ODs after adsorption
were 34.97-45.20 nm. The OD for the carboxyl nanotube and
C60 was 20-30 nm and 1 nm, respectively. The minimum
diameter before and after sorption of the hybrid was greater
than the maximum total diameter of carboxylic nanotube
and C60, which indicated before sorption, the oxidized C60
agents were placed on the surface of carboxylic nanotubes.
Also after sorption, oxidized metals were located on the
surface of hybrids.

5.2. XRD analysis

The XRD diagrams of CNT-COOH, C60 (OH) , hybrid,
and comparison between CNT-COOH and hybrid have
been shown in Figs. 3a—d. These diagrams indicated that
there were C60(OH)n compound in the hybrid. According
to Table 4, the highest peaks in of the CNTs—-COOH and
hybrids were shown in the 26 = 25.83,6.83, 12.41, 18.38, 14.3
8 and 26 = 25.76, 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. 3d.

SEM MAG: T5.0 kx
SEM HV: 15.0kV 500 nm
Bi: 15.00

WO 7.0 mm

Table 4
The highest values of XRD peaks for different samples
Samples CNT-C60 C60 oxide CNT-COOH
hybrid
Decrease 20° lob 20°  lob (cts) 20°  lob
peak (cts) (cts)
2576 676541 1094 94368.85 25.85 3230.00
2090 5862.37 31.01 93761.00 6.83 2728.80
1094 5078.08 2090 89239.60 1241 232791
1787 472812 1781 22352.00 18.38 2163.90
8.50 3084.83 28.21 8863.57 14.38 2140.29

5.3. FTIR analysis

The FTIR spectra of the hybrid were recorded in
the range of 4000400 cm™. The existence of the types of
functional groups are confirmed by two diagrams of
hybrid before and after adsorption that have been shown
in Fig. 4. The peak located at 1,735.916 cm™ with change
percentage transmittance of 2.064 to 5.078 was due to
stretching of carbonyl group. The peaks at 1,624.046,
1,450.45 and 1,201.64-1,274.93 cm™ were related to the
stretching vibration of the carboxyl (-C=0), carboxylic (-
COO-) and C-O groups, respectively. The peaks at 3439.042
and 3234.59 cm™ were related to the stretching vibration of
the C60(C(COOH),), and C60 (OH),, respectively. Fig. 4b
shows the FTIR spectrum of Pb,Cu and Ni(I)-adsorbed on
the hybrid. Due to the interaction of the functional groups
on the hybrid with metal ions, the percentage transmittance
and IR peaks shift to higher values. Shifting to lower and
higher frequencies are indication off or motion of weaker
and stronger bonds, respectively [46].

!
78 1124520 g

e
L

}
WO: 5.0 mm
| SEMHV: 150KV | 500 nm
B 15.00

SEM MAG: TO.0 kx
Det: SE

Fig. 2. FE-SEM morphology of: a) hybrid before adsorption, OD hybrid = 33.23-43.25 nm b) hybrid after adsorption OD hybrid =

34.97-45.20 nm.
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Fig. 4. FTIR spectra of (a) hybrid before adsorption, (b) after ad-
sorption of metal ions.

The bands in the region 400-800 cm™ are assigned to
stretching vibrations of the meta-oxygen. The percentage
transmittance is changed from 3.288-8.883 at band 499.409
cm™ and 2.641-7.268 at 800.45 cm™ that are corresponds
asymmetric stretching vibration of metal oxide linkage.

5.4. BET analysis

The analysis data of the BET surface area of hybrid
suggested that the surface area, size and total volume
of pore can be changed before and after adsorption. The
parameters are shown in Table 5. By looking at Table 5

Table 5
Results of BET surface area analysis of hybrid before and after
adsorption

Parameter of Type of Before After

pores adsorption adsorption adsorption

Surface area  BET* 1625.93 1592.67

(m?/g) Langmuir  2190.62 2149.03
BJH 1860.75 134291

Total pore Diameter < 6.46 6.86

volume 85.3896 nm

(cm?/g) Diameter < 740 782
102.2139 nm

Adsorption  Adsorption 159 17.2

average BET

width(nm) — Agsorption 158 221
BJH

* Abbreviation: BET, Vrunauer-Emmett-Teller.

one can see that surface area of hybrid is large. The BET
surface area (m?*/g), pore size (nm), and diameter (<85.3896,
102.2139 nm) for range of pore volume (cm®/g) of the hybrid
before adsorption are 1625.93, 15.9, (6.46,7.40), and after
adsorption reach to 1592.67,17.20, (6.86,7.82), respectively.
It is shown in Figs. 5a,b that the main peak is centered at
82.10535 and 63.64649 nm before and after of adsorption,
respectively. The N, adsorption/desorption isotherm of the
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Fig. 5. Pore size distribution plots of the hybrid, (a) before ad-
sorption, (b)after adsorption.

hybrid before and after of adsorption shown in Figs. 6a, b.
The isotherm is classified as type II. The hysteresis loop is
type II and appears in the range 0.71.0 P/P°.

5.5. Effect of pH

5.5.1. Investigation of adsorption in alkaline
environments

Lead: In absence of adsorbent, the concentration of lead
ions is reduced from 20 to 3.93 ppm and the ions precipitate in
the form of carbonate. In the presence of adsorbent for period
of 30 min, the concentration reaches from 3.93 to 0.25 ppm.

Nickel: The concentration of nickel in the absence
of adsorbent increases from 20 to 23.6 ppm. In alkaline
environment, the concentration of nickel increases, due to
the high solubility of nitrate nickel and the competition
between metal ions in the solution. In the presence of
adsorbent for 30 min, the concentration of nickel ions
reached to 18.07 ppm, which indicates amount of nickel
ions is reduced by 5.53 ppm.

Copper: The concentration of copper in solution is
decreased from 20-17 ppm. This means that in the absence
of adsorbent, 3 ppm of copper precipitate in the form of
copper carbonate. After addition of hybrid for 30 min, the
concentration of copper reaches from 17 to 5.4 ppm, almost

4000 —— Quantity Adsorbed * adsorption (P/Po)
35004 — *+— Quantity Adsorbed _1 * Desorption (P/Po)

Quantity Adsorbed (cm?/g STP)
[\
7]
[—
(=]

2000 4
1500 -
1000 -
500+ s
0
0.0 0.2 0.4 0.6 0.8 1.0
(a) Relative Pressure (P/Po)

4000 1 —=— Quantity Adsorbed * adsorption (P/Po)
35004 — +— Quantity Adsorbed _1 * Desorption (P/Po)

Quantity Adsorbed (¢cm?/g STP)

00 02 04 06 08 10
(b) Relative Pressure (P/Po)

Fig. 6. Nitrogen adsorption-desorption isotherm plots of the hy-
brid, a) before adsorption and b) after adsorption.

11.6 ppm are decreased of the concentration of copper
metal (Fig. 7). At pH 8, before addition of the adsorbent,
metals are deposited and their concentrations are gradually
decreased in the solution.

At pH 8, some of the acidity solutions are used to
neutralize the effect of alkaline of the sodium carbonate.

—_—— & . .

60 90 120 150 180
t(min)

Fig. 7. Changes in concentrations of heavy metals in solution
with time in alkaline environment (T = 25°C, W =01g,
Ci,, ., =20mg/l, pH = 8).

0 I\-
0 30

Hybrid
Meial
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The neutralization results in the formation of deposits and
reduction of metal ions. Solubility of the copper, nickel
and lead carbonates in alkaline environment are 1.462
x 10, 9.643 x 10* and 7.269 x 10° (g/100 ml of water),
respectively. A number of metal ions come out of solution in
the form of precipitate. Therefore, all the sites on the hybrid
surface could not be saturated. The maximum adsorption
capacities for lead, copper and nickel are measured 9.88, 8.8,
0.965 mg/g, respectively.

5.5.2. Examination of adsorption in an acidic
environment

Lead: Lead concentrations are constant in the absence
and presence of adsorbent. With the addition of lead nitrate
to water, lead hydroxide and nitric acid are produced. By
increasing the amount of acid, the back reaction occurs that
results in the production more lead nitrate. These are results
of more the solubility and acidity (lower pH).

Nickel: The concentration of nickel reaches to 20 ppm
in the absence of adsorbent. In the presence of adsorbent,
the nickel concentration can become higher than 20 ppm,
due to the high solubility of nickel nitrate and release of the
nickel ions from the adsorbent surface.

Copper: The concentrations of copper in the absence and
presence of adsorbent are 20 and 19.37 ppm, respectively.
This difference is small. The high solubility of copper nitrate
indicates the less adsorption. The results of adsorption
experiments indicated that the concentration of metals in
the environments with high acidity remains almost constant
even when adsorbents are added to the solutions (Fig. 8). At
this pH, the maximum adsorption capacities measured for
lead, copper and nickel are 1.2, 1.23.0.92 mg/g, respectively.
The solubility of copper, nickel and lead nitrates are 125,
94.2 and 54.3 (g/100 ml of water), respectively.

At very low pH, the plenty of H* ions are generated
in the solution and H* ions strongly compete with metal
ions for the adsorption positions, and sites of adsorption
on surface are very much saturated of H* ions. Therefore,
small number of adsorption sites left for metal ions,
which this in turn results in reduced adsorption of metals
on the hybrid surface. It is believed that this property of
low pH conditions can be further studied for removal of
impurities and heavy metals from hybrid surface before

21.31
21.0
S 20.7]
E 204;
O 201!
19.8
19.5

100 150 200
t(min)

Fig. 8. Changes in concentration of heavy metals in solution
with time, (T =25°C, W =01g,Ci =20mg/1, pH =2).

Hybrid Metal

and after adsorption. This means that for the recovery and
regeneration of hybrids after adsorption, the hybrid should
be placed at very acidic pH condition.

5.6. Effect of adsorbent dose

To determine the appropriate absorbent dose due to
the higher sensitivity in absorption and reduction in the
metal removal efficiency, the acidic environment is selected.
The highest percentage of removal of metals is obtained
at 0.06 g of adsorbent and for 30 min of contact time. At
this dose, about 13% and 19% of the metals are removed
from the solution before and after acid-treatment of hybrid.
Although the contact surface increases with the increase of
the adsorbent dose in the acidic environment, the percentage
of removal of metals is greatly reduced as the repulsion is
enhanced for adsorption on the hybrid surface. By looking
at Fig. 9 one can see that the optimum adsorption occurs at
the absorbent does of 0.06 g.

5.7. Effect of contact time

By increasing the contact time, the adsorption of
metal on the adsorbent surface increases and reaches to
a maximum value. The adsorption decreases by further
increase of the contact time and eventually reaches to
very small values. This different behavior is because the

% Removal

0.06 0.08 0.10

Absorbent dose(g)

% Removal

0.06 0.08 0.10 0.12

Absorbent dose(g)

0.04
(b)

Fig. 9. Changes of the removal percentage with adsorbent dose,
(a) before acid-treatement hybrid, (b) after acid-treatement hy-
brid. (T =25°C, Ci__ =20 mg/l, t = 30 min, pH = 2).

metal
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adsorbent surface is completely covered by metals and
other ions for a specific contact time period and there
would not be surface adsorption cite available as the time
goes on. In the acidic environment and for the contact time
of 30 min the highest removal percentage for lead, copper
and nickel are recorded at 0.08, 0.06, 0.06 g of adsorbent
(Fig. 10).

The adsorption of copper and nickel ions are enhanced
with the increase of contact time at 0—60 min, but more
sharp increase of contact time was observed for each of
three metal at 0-30 min. Therefore, the optimum of contact
time can be selected 30 min.

5.8. Effect of initial concentration of heavy metals

The percentage of metal removal decreases with
increasing the initial concentration of the metal within the
medium. At the initial concentration of 10-50 mg/1, the
removal percentages for lead, copper and nickel reaches to
90.5, 87.9 and 96.2, respectively. For smaller value of initial
concentration, the removal percentages for lead, copper and
nickel were 99.4, 99.8 and 99.52, respectively. In Fig. 11, it is

s g

71 —— 0.08¢(Pb)
_ 6l —=— 0.06g(Cu)
E 5 —a— 0.06g(Ni)
E 41
@
g 3
£ 5]

144

0 ]

0 30 60 90 120 150 180

t(min)
Fig. 10. Changes the percentage removal of heavy metals with

time in various adsorbent doses, (T = 25°C, Ci =20 mg/],
pH=2).

Metal

100

95 1

90 -

% Removal

85 1

10 20 30 40 50
Ci(mg/l)

Fig. 11. Change in percentage of metal removal with initial con-
centration, (T = 25°C, PH = §, t = 30 min, w, =0.06g).

Hybrid

observed that the optimal amount of initial concentrations
is 20 mg/l, which after this concentration, the removal
percentage decrease rapidly.

It is observed that the percentage removal strongly
depends on the initial concentration of metals. At low
initial concentrations, there are fewer metal ions that are
ready to be absorbed on a certain number of unsaturated
sites of hybrid. At higher concentrations, number of metal
ions becomes more than the available adsorption cites, thus
there would be more free metal ions that are freely remained
in the solution. Thus by further increasing of the initial
concentration the percentage of metal removal is decreased.

5.9. Kinetics adsorption models

In this research, in order to study kinetics models for
metals desorption onto hybrid surface we used pseudo-
first-order, pseudo-second-order, intraparticle diffusion
and Richie models. The equations of the kinetic models are
given as in Egs. (1-4):

5.9.1. Pseudo-first-order [47]
In(gq,-q)=Ing,—kt @)

where g, is the adsorption capacity at equilibrium (mg/g),

g, is the adsorption capacity at time ¢ and k,(min™) is the
diffusion constant k, (Fig. 12a).

5.9.2. Pseudo-second-order [48]

AR +[1]t @
9 (kxq) \q.

where g, is the adsorption capacity at equilibrium (mg/g),
g, is the adsorption capacity at time t and k, is the diffusion
constant (g mg'min™) (Fig. 12b).

5.9.3. Intra-particle diffusion [49]

g, =kt+C 3)

where g, 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. 12c).

5.9.4. Richie [50]

1_ 1 (1
qt - (quet) qe (4)

where g, is the adsorption capacity at equilibrium (mg/g),
g, is the adsorption capacity at time ¢ and k, is the rate
constant (min™) (Fig. 12d).
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Fig. 12. kinetic models for adsorption (a) pseudo-first-order, (b) pseudo-second-order, (c) intra-particle diffusion (d) Richie model.

The plots of In(q,—q), t/q, q,and 1/g,versus t, t , t*> and
1/t respectively, should give a linear relationship, which the
values of the adsorption parameters(k,, q.), (4., k,), (C, k,,)
and (q,, k;) can be determined for Egs. (1)-(4) and the slope
and intercept of the plots, respectively (Table 6).

The q,,, and the g, , values from the pseudo-second-
order and Richie kinetic models are very close to each
other. The calculated correlation coefficients in the
pseudo-second-order kinetic model are unit for lead
and close to unit for copper and nickel, 0.994 and 0.981,
respectively.

The transport of the metal ions from solution to the
surface of the adsorbent may occur in one or several
steps, such as: film, pore diffusion, surface diffusion and
adsorption on the pore surface, or a combination of more
than one step. The larger value of Cin Eq. (3) denotes greater
effects of the boundary layer. If graph of the g, versus t
demonstrates a linear relationship with the experimental
data, then the adsorption process is controlled by intra-
particle diffusion. However, if the graph displays multi-
linear plots, then two or more steps are involved in the
adsorption process.

lrl;eal?zl:rar?eters of kinetic model for adsorption of Pb, Cu and Ni onto the hybrid
(T=25C, G, =20mg/1, pH =8, Wy brid = 0.1)
Model Pseudo-first-order Pseudo-second-order Doerp
Metal R? k, D, e R? k, 9, cal
Pb 0.22 0.01 2.79 1 o 9.90 9.9
Cu 0.204 0.005 0.523 0.994 0.018 8.850 8.015
Ni 0.513 0.017 0.716 0.981 0.226 0.737 0.885
Model Intra-particle diffusion Richie Doy
Metal R? k, c R? k, 9, el
Pb 0.63 0.12 8.57 0.35 —-4.08R 9.80 9.9
Cu 0.832 0.499 2.85 0.709 0.151 8.696 8.015
Ni 0.6 0.167 -0.971 0.401 0.158 0.745 0.885

k,(min™), q, q,(mg/g), k(g mg™.min™), k (mg.g".min*3), C(mg/g), k, (1/min).
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Fig. 12¢ shows that for all three metals, the line does
not pass from the origin of the coordinates, so the surface
penetration cannot be the reason for transfer of metal ions
from the solution to the hybrid surface. Each of the graphs
is multilinear, especially for copper, which indicates several
steps occur in the adsorption process.

5.10. Isotherm adsorption models for experimental data

Investigations and studies on adsorption of isotherm
have led to development of new models. In this study,
four isotherm adsorption models Langmuir, Freundlich,
Dubinin-Radushkevich and Temkin, have been used in
order to interpret adsorption data of lead, copper, and
nickel metals. These four models of isotherm adsorption
are described below:

5.10.1. Langmuir

In the Langmuir model, it is assumed that 1) a layer
of adsorbent material exist, 2) the surface of adsorbent is
uniform, 3) there is not interaction between absorbed ions
[51,52].

The Langmuir model is given as in Eq. (5):

1_( 1 J1+1 )
qe KLqm Ce qm

where g, q,, C, and K, are the adsorption capacity at
equilibrium (mg/g), maximum monolayer adsorption
capacity (mg/g), the equilibrium concentration and
Langmuir isotherm constant (L/mg), respectively.

5.10.2. Freundlich

In this model it is assumed that the adsorption process
occurs at the heterogeneous surface [53], where is given as
in Eq. (6).

Ing, = Ink, + lInCE (6)
n

where K. (1/mg), 1/n, g (mg/g) and C(mg/l) are measured
the adsorption capacity, adsorption intensity, adsorption
capacity and concentration at equilibrium, respectively.

5.10.3. Dubinin-Radushkevich

The Dubinin-Radushkevich (D-R) model is used for
adsorption on both homogeneous and heterogeneous
surfaces as well as the calculation of adsorption energy [54—
56]. The (D-R) model is given as in Egs. (7)—(9):

Lngq, = Lng, — P&’ @)

1
e= RTLn(l + C] (8)

e

1

" ®

Inthe above equations, g,(mg/g), g, (mg/g) and B (mol*/
kJ?) are three constants, which are related to adsorption
capacity at equilibrium, adsorption capacity and mean
free energy of adsorption, respectively. ¢ is a Dubinin—
Radushkevich isotherm constant. C,(mg/1), R (8.314 J/mol
K), T(K) and E_ (k] /mol) are equilibrium concentration, the
gas constant, absolute temperature and the mean energy of
adsorption, respectively.

5.10.4. Temkin

In the Temkin model it is assumed that with increase of
the adsorbent surface coverage the adsorption heat of all
molecules in the adsorbed layer is enhanced [57].

This model is described by Eq. (10):

q,= ﬁLnKT + ELnCE
by by

(10)
where K. is Temkin isotherm equilibrium binding constant
(L/g), b.is Temkin isotherm constant(mol/j), R is the
universal gas constant (8.314 ] /mol-K), T is the temperature

(298K) and B(?) is constant related to heat of adsorption

(J/mol). Table 7 lists values of the parameters of the isotherm
adsorption models for the lead, copper and nickel metals.

According to Table 7, the correlation coefficient for
lead in the Freundlich, Langmuir, Temkin, and Dubinin-
Radushkevich models are 0.923, 0.988, 0.951, 0.953,
respectively, while for copper 0.985, 0.945, 0.969, 0.926,
respectively. For nickel the correlation coefficients are
0.999, 0.984, 0.983, 0.963, respectively. Comparison of the
correlation coefficients for these metals clearly suggest that
the using Langmuir model for lead, the Freundlich model
for copper and nickel give more consistent results with
the experimental data. The high values of the correlation
coefficient denote that the isotherm model is very suitable
for describing the adsorption of metal ions on the hybrid
(see Fig. 13).

6. Discussion

Carboxylic and hydroxyl groups in nanomaterial are
factors affecting the adsorption of chemical pollutants. In
this study, we have shown that the presence of carboxylic
and hydroxyl groups in the hybrid causes more adsorption
of heavy metals. Physical and chemical properties of
aqueous environments, such as pH and ionic strength,
have a great influence on the adsorption of pollutants by
hybrids. The effects of CNT/C60 hybrid on the absorption
of heavy metals, such as copper, nickel, and lead, from
water with different concentrations of adsorbent, initial
concentration of metals, under pH 2 and 8 conditions have
been investigated for different contact times. The capacity
of metal ion absorption by the hybrid strongly depends on
the total acidity of medium which is a measure of amounts
of the functional groups in the medium.



N. Mehrmand et al. / Desalination and Water Treatment 135 (2018) 221-235 231
Table 7
Parameters of isotherm adsorption models for the lead, copper and nickel metals
Model Freundlich Langmuir TEST
Metal 1/n n k, R? D cat k, R? Dyyexy
Pb 0.275 3.636 11.870 0.923 16.67 6.7 0.988 18.80
Cu 0.238 4.202 15.180 0.985 15.15 66 0.945 20.40
Ni 0427 2.342 24928 0.99 2273 11 0.984 25.20
Model Temkin Dubinin-Radushkevich (D-R) TEST
Metal K by R? p Do ca E, R? Doy
Pb 109.17 0.895 0.951 0.023 15.8 47 0.953 18.80
Cu 567.85 0.989 0.969 0.009 16.5 7.5 0.926 20.40
Ni 72.58 0457 0.983 0.02 22.6 5.0 0.963 25.20
k., k, K(L/g), q,(mg/g), b, (K] /mol), B(mol*/kJ?), E (k] /mol).
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Fig. 13. Isotherm models (a) Freundlich, (b) Langmuir, (c) Temkin, (d) Dubinin- Radushkevich, for lead, copper and nickel metals

(T =25°C, pH = 8, whybrid = 0.06 g, t = 30 min).

By examining the absorption processes in the two 2 and 8
pH conditions, it becomes clear that an effective adsorption
could occur at a pH value between these two pHs. In the
alkali environment containing lead and copper nitrate, in
the absence of adsorbent, the metals precipitate in the form
of lead and copper carbonate and the concentration of lead,
copper and nickel in the solution reaches from 20 to 3.93, 17,
23.6 ppm respectively. During 30 min and at the presence

of adsorbent, the concentration of lead, copper and nickel
in the solution reaches from 3.93, 17, 23.6 to 0.25, 5.4, 18.07
ppm, respectively.

In every alkaline environment, some alkali compound
is used to neutralize acidic substances. As a result, the
carboxyl groups and negative charge are reduced which
this results is reduction of metal adsorption on the hybrid
surface.
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The results show that the removal efficiency decreases
in high acidic and increases in low alkaline environments.
In the high-acidic environments the removal efficiency
decreases due to the more solubility of the reaction
compounds, production of high numbers of H*, saturation
of the hybrid surface with H* ions and strong repulsion of
metal ions on sites of the adsorption.

As a result, the low numbers of metal ions are absorbed
on the hybrid surface and thus concentration of the metals
in the solution are almost remained constant. In the acidic
environment, which is more sensitive to the removal of
metals, the optimal adsorbent dose is determined to be
0.06 g. In the high acidic environment, the contact surface
increases with increasing the amount of adsorbent, but the
strong repulsion also increases on the hybrid surface. As a
result, the percentage removal of metals is greatly reduced.

It seems pH of 2 has no advantage in the adsorption
process. But in this pH, the removal of heavy metals from
the hybrid surface, the recovery and regeneration of hybrids
and other nanomaterials can be studied and investigated.
Also, concentration of impurities on the hybrid surface
reduced or even completely eliminated from the surface.
Particularly, in this study, amount of the nickel metal on the
hybrid surface was reduced by placing hybrid in a strong
acidic solution.

The kinetic models to describe these phenomena are
pseudo-first-order, pseudo-second-order, Intra-particle
diffusion and Richei. The initial concentration of the metals
is20 mg/1, w-0.1 g and pH = 8.

The values of g, , and g, are very close when the
pseudo-second- order ‘model s used especially for lead.
The comparisons of models show that this model is more
compatible with equilibrium data, thus it could better
explain the adsorption of metals onto hybrid surface. The
experimental values of g, and The calculated values of g, ,
for Pb, Cu, and Ni are 9.9, 8.015, 0.885 mg/g,and 9.9, 8. 850
0.737 mg/g, respectively. The highest value of correlation
coefficient is obtained in the pseudo-second-order model
the R* for adsorption of Pb, Cu and Ni are 1,0.994 and 0.981,
respectively.

The effect of this hybrid is investigated on the adsorption
of heavy metals at the initial concentration of 10-50 mg/1,
pH =8, w = 0.06 g of adsorbent and the contact time at 30
min. The results show that the optimal amount of initial
concentrations is 20 mg/1 and carbonate precipitates are
formed for lead, copper and nickel at this pH.

The isotherm models used are Langmuir, Freundlich,
Temkin and Dubinin-Radushkevich models, with initial
concentration of the metal from 10 to 50 mg/1.

Langmuir adsorption model: the amount of k, for lead,
copper and nickel is 6.7, 66, and 11, respectively, indicating
that the adsorption of copper is greater than lead and
nickel. In fact, large k, represents a great adsorption. The
calculated maximum adsorption capacity, (g,,.,) are for
lead, copper, and nickel 16.67, 15.15, and 22.73, respectively.
All these calculated g, are smaller than the reported
experimental data. The amount of maximum adsorption
capacity (g,) calculated may be smaller or larger than
adsorption capacity of experimental data. This might be
due to the large abundance of adsorbent sites and the large
number of ions absorbed on the adsorbent surface as well
as the high intensity of ion binding to the surface. In Table 8

Table 8
Comparison of maximum monolayer adsorption capacities of
various adsorbents

Adsorbent q, pH Absorbed Reference
(mg-g™) metal
Rosa Canina-L 588.24 6 Pb(II) [58]
leaves ash nFe-A 833.33 6 Pb(ID)
SDS-AZS 18.38 6 Pb(II) [59]
Ti(IV) 63.29 6 Pb(II) [60]
Ti(IV) 21.32 6  Hg(I) [61]
FSAC 80.65 4 Pb(II) [62]
MWCNTs/ThO, Moreof 5.5 Pb(Il) [63]
20
PSTM (Polyaniline  44.64 6 Pb(II) [64]
Sn(IV) (20°C)
(tungstomolybdate
nano composite)
LELP 4761 55 Ni(I) [65]
(Lycopersicum (303 k)
esculentum)
(tomato) leaf
powder)
Nanotube-C60 18.8 8 Pb(II) This study
hybrid 204 Cu(1l)
252 Ni(II)
1.2 2 Pb(II)
1.23 Cu(II)
0.92 Ni(II)

the monolayer adsorption capacities for various adsorbents
of the previous studies are compared to this hybrid.

Freundlich adsorption model: in this model the values of K,
(adsorption intensity) for lead, copper and nickel are 11.87,
15.18 and 24.928 1/ g, respectively. This clearly indicates that
adsorption capacity of nickel metal is greater than lead and
copper. 1/n denote heterogeneity of a medium, the smaller
1/n is, the greater heterogeneity is and vice versa. Therefore,
whenever the value is close to zero (very large n value), a
higher homogeneity is expected. According to the amounts
of 1/n (adsorption intensity), the heterogeneities in lead,
copper, and nickel are 0.238, 0.275 and 0.427, respectively.
When the value of 1/n is smaller than one, normal
adsorption is expected. Also, the value of 1/n closer to unity,
the adsorption is more similar to the linear isotherm (more
homogeneity). If value of n falls between one and ten, an
optimal adsorption process has occurred. Table.4 shows
that lead, copper and nickel adsorption are desirable. The
values of n calculated for lead, copper and nickel are 3.636,
4.202 and 2.342, respectively.

Tamkin adsorptionmodel:the amounts of b, for lead,
copper and nickel ions are 0.895, 0.989, and 0.457 kJ/mol,
respectively. These values indicate that the adsorption of
lead ions is much easier than copper and nickel ions.The
sorption process is exothermic because the heat produce
during process is positive.
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Dubinin-Radushkevich adsorption model: the amounts
of B for lead, copper and nickel are 0.023, 0.009, and 0.02
(mol/k]),* respectively. The average adsorption energy
(E,) for lead, copper and nickel are 4.7, 7.5 and 5 kJ/mol,
respectively. These E, values indicate that adsorption is a
physical. Previous studies reported E = 1-8 and 8-16 kJ/
mol, which are for physical and chemical adsorptions,
respectively [66].

By comparing the experimental data with the results
of models, the best model that describes the adsorption
process for lead is Langmuir with correlation coefficient
0.988, for the copper and nickel is the Freundlich model
with correlation coefficients 0.985 and 0.990, respectively.

7. Conclusion

In this paper, functionalized CNT/C60 hybrids was
used as adsorbent to remove the heavy metals, such as
lead, copper, and nickel, from aqueous environment. The
preliminary studies indicated that the heavy metals are
strongly adsorbed on the hybrid surface. Tests have been
carried out to determine optimal adsorbent dose and contact
time. The conditions with high acidity (pH 2) and alkaline
(pH 8) are applied for adsorption process. Initial findings
showed this hybrid was quite suitable for adsorption
heavy metals. In the acidic environment, the recovery and
regeneration of hybrid and other nanomaterial are possible
after adsorption process. Particularly, in this study to reduce
the amount of the nickel metal in the hybrid, the hybrid
was placed in the strong acidic environment. The highest
value of correlation coefficient is obtained in the pseudo-
second-order model with R? for adsorption of Pb, Cu and
Ni are 1, 0.994 and 0.981, respectively. The best model that
can describe adsorption process for lead is Langmuir with
correlation coefficient 0.9887. For the copper and nickel the
best model is the Freundlich with correlation coefficients
0.985 and 0.990, respectively.
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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 t, mg/g
Freundlich constant, L/mg
Langmuir constant, L/mg

¢ — Dubinin—Radushkevich isotherm constant, k] /mol

k, — Temkin isotherm equilibrium binding constant,
L/g

k, — Rate constant of the pseudo-first-order adsorption

process, min™
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Rate constant of pseudo-second-order adsorption,
g mg ' min!

The intra-particle diffusion constant, mg/g min®®
The Richie constant, 1/min

Freundlich constant, L/g

Gas constant, 8.314 J/mol /K

Temperature, K

The mean free energy of adsorption, mol*/kJ?
Time, min

The adsorption constant, J/mol K

Universal gas constant, 8.314 J/mol K

Absolute temperature value, K

A constant related to the heat of sorption, J/mol
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