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ABSTRACT

In this study, a new methodology is reported for the preparation of polypropylene imine dendrimer
functionalized carbon nanotubes and a PPI/CNT nanocomposite. The PPI/CNT nanocompos-
ite was characterized by Fourier-transform infrared spectroscopy, scanning electron microscopy,
transmission electron microscopy, Raman spectroscopy, Brunauer—-Emmett-Teller surface area and
thermogravimetric analysis and this product has been applied to water pollution treatment for
heavy metal removal and found to possess uniquely high adsorption capacities for Hg(II), Pb(II)
and Ni(II). The effects of various parameters such as initial metal ion concentration, solution pH,
PPI/CNT dosage and contact time have been studied. The data were analyzed by equilibrium iso-
therm relationships (Langmuir and Freundlich) and the exceptional high adsorption capacities
(Hg = 2,000 mg/g; Pb = 1,750 mg/g; Ni = 1,650 mg/g) and adsorption rates were correlated by the
pseudo-first-order, intraparticle diffusion and pseudo-second-order adsorption kinetics mod-
els. The results showed that the maximum adsorption occurred at pH =7 and that the Langmuir
isotherm and pseudo-second-order kinetics are the most favorable models for Hg(II), Pb(Il) and

Ni(II) ions adsorption onto PPI/CNT.

Keywords: PPI/CNT Nanocomposite; Novel synthesis route; Heavy metal ion adsorption; Kinetics and

isotherm studies; Super-high capacities

1. Introduction

Heavy metal contamination in water systems is one
of the most important ecosystem problems over the last
few decades. Many tonnes of toxic metals including arse-
nic, cadmium, chromium, copper, mercury, nickel, lead,
selenium and zinc are released from mining and indus-
trial activities and are discharged into the environment

* Corresponding authors.

affecting public health and environmental systems partic-
ularly waterways [1] and soil [2]. Poisonous heavy met-
als are of specific concern in the purification of industrial
wastewaters, these metals include chromium, nickel, lead,
and mercury. Mercury is one of the most toxic elements,
capable of drastically damaging the central nervous tissues;
large concentrations of mercury create disorderliness in the
kidney function and pulmonary, dyspnea and chest pains.
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Lead can also harm the liver, kidney and reproductive func-
tion, fundamental cellular activities, and the brain system.
A nickel contaminated environment has the potential to
create various pathological effects including, lung fibrosis,
cancer of the respiratory system and skin sensitivities [3].
Due to their great solubility in aqueous solutions, these
toxic heavy metals can be simply absorbed by organisms
and when they have arrived in the food chain and can accu-
mulate in the human tissues, creating serious health distur-
bances [4]. The elimination and regeneration of heavy metal
ions from industrial wastewaters can be attained by various
techniques including coagulation, chemical precipitation,
reduction, solvent extraction, electrochemical treatment,
membrane separation, neutralization, ion exchange and
adsorption processes [5]. Most of these techniques have a
number of disadvantages, for example, incomplete removal,
the output of toxic sludge and high energy expenditure [6].
From these methods, adsorption is suggested as one of the
most efficient and economical techniques for the uptake
of heavy metal ions. Many adsorbents have been used for
metal ions from water and wastewater such as activated
carbon, industrial solid wastes, clay minerals, zeolites and
even orange peel [6].

Dendrimers possess a wide range of potential uses
due to their excellent and tunable physical and chemical
attributes. Initial applications were focused on their drug
delivery characteristics [7,8] and for the removal of dyes
from textile effluents [9,10]. Linking terminal groups, for
example, carboxyl, amine, and hydroxyl as functional
groups of dendrimers can lead to a considerable increase
in the adsorptive capacity for the different metal ions [11].
These specific properties make dendrimers efficient and
promising adsorbents in particular with respect to heavy
metals removal [12,13]. Anbia and Haqshenas [14] prepared
triazine dendrimers to adsorb Ni(II), Cu(Il) and Zn (II).
Zhao et al. [15] demonstrated Cu(IT) and Pb(IT) removal onto
mesoporous carbon modified with amino-terminated den-
drimer. Zhao and Xu [16] prepared a PAMAM dendrimer
grafted to cellulose nanofibril for chromium adsorption.
Diallo et al. [17] reported different generations of PAMAM
dendrimers with amino-terminal groups for Cu(Il) removal.
Chaudhary et al. [18] studied Cu(II) removal by PAMAM
dendrimers with amino functional groups. Cu(II) adsorp-
tion capacities of the PAMAM dendrimers were higher than
those of linear polymeric adsorbents with amino groups.

From the many adsorbents, carbon nanotubes (CNT)
have exhibited an inimitable impact on the rapid adsorp-
tion of dangerous materials from aqueous solutions, and
because of their unparalleled chemical, physical and
mechanical attributes [19], these nanostructured adsor-
bents have been applied for the uptake heavy metals from
wastewaters [20]. The adsorption performance of CNTs can
be improved by surface modification methods, which can
permit the incorporation of appropriate functional groups
capable to raise their dispersibility in the liquid phase to
provide the nanoscale materials with strong chelating
potential towards toxic heavy metal ions [21]. In addition,
modified carbon nanotubes have the ability to be subjected
to metal regeneration by desorption treatment as a func-
tion of the pH of the aqueous solution [22]. The established
adsorption mechanism for carbon nanotubes is based on

chelation by covalent and non-covalent bonding. However,
there is a lack of selectivity for heavy metal ions removal
since these pollutants are frequently found in the presence
of innocuous ions in water. Thus, there is a need for the
continued exploration of surface modification techniques
in the synthesis of CNTs with high adsorption efficiency
for the toxic metal ions without competition for adsorption
sites from innocuous ions is required [23]. In the search
for selective chelating adsorbents, the monodisperse and
hyper-branched dendrimers, containing functional amino
groups, have exhibited a high chelating potential for toxic
heavy metal ions adsorption [24]. The successful and high
capacity removal of aromatics [25] and oil [26] from water
has been investigated.

In this research, in addition to providing a new super
adsorbent to remove heavy metal contamination from
industrial wastewaters, we synthesized CNT with a PPI
dendrimer as the chelating agent. Therefore, the aim of this
study is to investigate the applicability of this PPI/CNT
adsorbent to remove Hg(Il), Pb(Il) and Ni(II) in a batch
system. The effect of several process parameters such as
adsorbent dosage, initial metal ion concentration, solution
pH, contact time and temperature have been investigated.
In addition, the experimental data were correlated by using
several isotherms and kinetics models and the adsorption
thermodynamic parameters were determined to identify the
nature of the sorption process.

2. Experimental setup
2.1. Material

Oxidized multi-walled carbon nanotubes (MWCNT-
COOH) with an average size of 20—40 nm were obtained from
Neutrino Company (Tehran, Iran). Ethylenediamine and
acrylonitrile were obtained by Merck. Standard solutions of
Hg(II), Pb(II) and Ni(II) (1,000 mg/L) were provided as the
sulfate salts and the solution pH was regulated by adding the
correct volumes of 0.02 M sulfuric acid and sodium hydrox-
ide solutions. The other materials and reagents applied in
this research were provided by Merck and Sigma-Aldrich
Companies.

2.2. Synthesis of PPI dendrimer

A quantity of 4.4 g acrylonitrile was added to an aque-
ous solution of ethylenediamine (10.33 g/L). The exothermic
process caused the temperature to increase to 40°C. Then, the
mixture was heated at 85°C for 2 h to complete the reaction.
The surplus of acrylonitrile was then removed as a water
azeotrope by vacuum extraction (temperature 50°C and
18 mbar). The received crystalline solid was the half-genera-
tion of PPI dendrimer. In order to convert this half to the full
generation PPI dendrimer, hydrogenation was performed.
The half-generation PPI dendrimer, dissolved in methanol,
was added to the hydrogenation container, and then Raney
Nickel was added after pretreatment with hydroxide and
distilled water. This mixture was then hydrogenated at 75°C
and 30 atm hydrogen pressure for 3 h. The chilled reaction
mixture was filtered and the organic solvents were vapor-
ized at decreased pressure. The remaining solid was the
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first generation of PPI dendrimers. PPl dendrimers up to
four generations (32 surface amino groups) were synthe-
sized by the repetition of all the above stages continuously,
by adding surplus amounts of acrylonitrile (Fig. 1) [27].

2.3. Synthesis of PPI/CNT nanocomposite

PPI/CNTs were synthesized by amidation of MWCNT-
COOH through two reaction stages. The acylation reaction
was carried out by adding 10 g MWCNT-COOH into the
blend of 10 mL N,N-dimethylformamide (DMF) and 200 mL
thionyl chloride (SOCL,) and heating it up to 75°C for 18 h
with mechanical stirring. Then, the blend was chilled and
rinsed with waterless tetrahydrofuran (THF) under nitro-
gen gas until the supernatant liquid was clear. Then the
surface-acylated carbon nanotubes were dried at room
temperature for the next application. For the preparation
of PPI-functionalized CNTs, 8 g surface-acylated carbon
nanotubes were mixed with 200 mL PPI dendrimer in a flask
and heated under reflux at 100°C for 48 h. After chilling to
room temperature, the surplus PPI was removed by suction
and the black powder was washed three times using clear
waterless THF to take up the adsorbed PPI on the surface
of the CNTs. After drying at 80°C under vacuum, the PPI/
CNT was obtained [28].

2.4. Characterization

Fourier-transform infrared (FTIR) spectra were deter-
mined using the KBr disk technique in the range of
400-4,000 cm™ by a Perkin-Elmer spectrophotometer. Zeta-
potential values of the pristine and the functionalized
MWCNTs were measured by using a Zeta sizer Nano ZS
system (Malvern, UK) equipped with a standard 633 nm
laser. The surface morphology of the CNTs and PPI/CNT
nanocomposites were studied using a scanning electron
microscope (Philips) at 20 kV after covering the nanoparti-
cles with gold film. Transmission electron microscopy (TEM)
analysis was carried out by the JEM-1200 EXII transmission
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electron microscope. For this purpose one drop of nano-
composite was put on copper lace coated with carbon and
dried at 25°C [29]. Nuclear magnetic resonance (*H NMR)
studies were operated by a Varian Mercury Plus 500 MHz
spectrometer using D,O as the solvent.

2.5. Adsorption measurements

Inductively coupled plasma (ICP, Optima 2000 DV) was
applied for measuring the metal ions concentrations in the
sample solutions. The mass of metal ions removed per g
dendrimer at equilibrium was calculated as follows [30]:

C,-C, )V
qE:( 0 £’) (1)

m

where g, is the mass of metal ions adsorbed per gram of
PPI/CNT at equilibrium and C, and C, are the equilibrium
and initial concentrations of metal ions in the liquid phase
(mg/L) respectively. V is the volume solution including
heavy metal ions (L) and m is the mass of PPI/CNT (g).

3. Results and discussion
3.1. Characterization of PPI/CNT nanocomposites

The functional groups available in the PPI modified
CNT (PPI/CNT) were characterized by FTIR spectroscopy
(Fig. 2). In the large frequency zone, a flattened band near
3,423 cm™ appeared in all spectra diagrams, which can
be assigned to the stretching vibrations of hydroxyl (OH)
groups in CNT or amino groups (NH,) of the PPI. Absorption
peaks around 2,917 and 2,852 cm™ in all the curves can be
attributed to the aliphatic C-H stretching vibrations, the
intensity of which is higher in PPI/CNT rather than the oxi-
dized CNT. The peaks of C=O and C-O in oxidized CNT
are observed at 1,708 and 1,246 cm™, respectively, which
confirms the existence of carboxyl groups in CNT-COOH.
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Fig. 1. Synthesis of the four generations of PPI dendrimer.
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The peak around 1,673 cm™ corresponds to the amide and
the peak observed at 1,213 is assigned to the amino group
demonstrating that PPI dendrimers have been successfully

PPI/CNT
S CNT-COOH

:

& PPI

4000 3500 3000 2500 2000 1500 1000 500 00

Wavenumber (cm! )

Fig. 2. FTIR spectra of CNT-COOH, PPI and PPI/CNT.

grafted to the oxidized CNT via the formation of amide
groups [31].

Fig. 3 represents the surface specifications and mor-
phologies of CNT-COOH and PPI/CNT via scanning elec-
tron microscopy (SEM) and TEM analysis. As observed
in the images, the carbon nanotube’s morphologies were
undamaged after the amino functionalization treatments.
The CNTs are stable enough to tolerate the oxidization
pretreatment and grafting of PPI dendrimers. The CNT’s
surfaces were grafted with a small aggregation of PPI, which
is equally divided along the carbon nanotubes. It is envis-
aged that PPI/CNTs are agglomerated leading to a sectional
loss of monodispersity due to the high viscosity of PPIL
These SEM analysis images indicate that PPI dendrimers
were successfully grafted onto the surface of CNTs [32].

The pore size and specific surface areas of CNT-COOH
and PPI/CNT were studied by nitrogen adsorption/desorp-
tion measurements at 84 K. The samples indicated a type
2 isotherm, ascribed to the porosity structure of CNTs.
It is expected that the CNTs are a desirable substrate mate-
rial for PPI grafting because of their physical stability and
large pore sizes. Table 1 represents the surface properties
of the synthesis materials including specific surface area

(S4py M?/g), total pore volume estimated (V, ,_, cm?/g), meso-

BET otal’

pore volume, which was determined from the BJH equation
W4

Meso”

cm?/g) and micropore volume determined from the

Fig. 3. SEM images of (a) CNT-COOH, (b) PPI/CNT and TEM images of (c) CNT-COOH, and (d) PPI/CNT.
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Table 1
Surface properties of CNT-COOH, PPI and PPI/CNT

Samples CNT-COOH PPI/CNT
Syer (M%) 387 343

Vi (€m?/g) 2.458 1.762
Viteso (€M?/8) 2.431 1.746
Viticro (€M¥/8) 0.027 0.016

subtraction of mesopore volume from total pore volume.
CNTs have a large specific surface area and pore volume.
The pore volume and specific surface area are reduced after
grafting the PPI onto the CNTs, indicating that the nitrogen
molecules could not pass through the pore entrances due
to the obstruction caused by the amino groups of the PPI
dendrimers [33].

Raman analysis of the CNT-COOH and PPI/CNT
showed two specific peaks; one at 1,315 cm™ because of
the D-band and the second peak because of the G-band at
1,587 cm™ (Fig. 4). The G-band for CNTs is ascribed to the
inherent vibrations of sp® linked graphitic bond among car-
bon atoms whereas the D-band is attributed to the deficien-
cies induced in the carbon nanotubes because of the rupture
of sp? alkene (C=C) bonds. The intensity of the G-band of
PPI/CNT was slightly decreased rather than in the case of
CNT-COOH because of the reduction in impurities on the
CNTs after grafting by PPI dendrimers. In this study, a larger
I,/1, quantity indicates a larger disruption of the sp>bonded
carbon atoms to sp® hybridized carbon atoms, demonstrat-
ing that a higher degree of covalent bond has appeared on
the surfaces of the oxidized carbon nanotubes. In addition,
the I/I. value of PPI/CNT specimen (I, /I, = 0.68) is more
than that for oxidized CNTs (I/I . = 0.46), promising that the
PPI dendrimers are covalently linked onto the surfaces of
CNTs [34].

Intensity (a.u)

T T T T T T T T T
2200 2000 1800 1600 1400 1200 1000 800 800 400

Raman shift (cm’1)

Fig. 4. Raman spectra of CNT-COOH and PPI/CNT.

The thermal gravimetric analyses of CNT-COOH and
PPI/CNT are shown in Fig. 5. In CNT-COOH, the first stage
of weight loss can be observed between 65°C and 230°C indi-
cating there is a 14.8% weight loss, assigned to the removal
of adsorbed water and the decomposition of labile oxygen
functional groups. Then, a sharp second weight loss (18%)
occurs from 410°C to 594°C, which can be attributed to the
decomposition of the oxygen or functional groups. The first
weight loss of PPI/CNT was observed between 71°C and
311°C (62%) and which is attributed to the decomposition
of oxygen and nitrogen components then, an abrupt weight
loss (11%) occurs from 311°C to 800°C. As shown in Fig. 5,
the thermal stability of CNT-COOH is better than that of
PPI/CNT [35].

3.2. Effective parameters on the sorption process
3.2.1. Effect of pH

pH is the main factor that highly affects the heavy met-
als removal because the solution pH can affect not only the
ionic strength but also the total charge of the sorbent. The
effect of pH on the adsorption capacity of Hg(II), Pb(II) and
Ni(II) has been performed by a series of metal ion solu-
tions with different pH values (2-7). As shown in Fig. 6, the
sorption capacity is enhanced by increasing the pH from 2
to 7. This removal trend is probably affected by the elec-
trostatic repulsion among positive amino groups on PPI/
CNT and the positive charge of metal ions Hg(II), Pb(II)
and Ni(II) can bind with amino groups of PPI/CNT via the
coordination bond with the nitrogen lone pair of electrons.
At low pH, the electrostatic repulsion is strong as some
NH, groups are protonated to —~NH; thus repelling the pos-
itive metal ions. Therefore, the removal capacity at acidic
pH is less than that at neutral pH. In these experiments,
all three metal ions started to precipitate at pH > 7. The
Hg(II), Pb(II) and Ni(II) ions do not precipitate in solution at
pH =7, therefore, this pH is selected as an optimum [36].

3.2.2. Effect of adsorbent dosage

The quantity of sorbent in the liquid phase is one of
the important factors in the sorption process. As shown in
Fig. 7, the effect of PPI/CNT dosage on the adsorption was

110
100
90 CNT-COOH
o
:én 704
5 60/
2 S04 PPICNT
40
30
- 20

0 200 400 G0 80
Temperature C)

Fig. 5. Thermogravimetric analysis of CNT-COOH and PPI/CNT.
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Fig. 6. Effect of pH on heavy metal adsorption by PPI/CNT
(C,=100mg/L; C =0.06 g/L; T =298 K).

sorbent

investigated when the initial metal ion concentration was
100 mg/L at 25°C, the pH was 7 and the contact time was
10 min. Under a given Hg(II), Pb(II) and Ni(II) metal ion
concentration, the PPI/CNT would be used practically with
a low dose and usage of unit mass sorbent is modified,
while the uptake percentage of metal ions may be unsatis-
factory according to environmental legislation. Increasing
the quantities of PPI/CNT can improve the uptake amount
of metal ion because of the increased number of the sorp-
tion sites but the specific metal ion uptake capacity is
decreased. Therefore, regarding the adsorption amount
of metal ion and the consumption rate of PPI/CNT, the
optimal amount of adsorbent dose was selected [36].

3.2.3. Effect of contact time and initial metal ion
concentration

Fig. 8 shows the effect of contact time on the amount of
PPI/CNT sorbent for Hg(II), Pb(II) and Ni(II) removal from
aqueous solutions with several initial metal ion concentra-
tions of 50, 100, 150, 200 mg/L at 25°C. The sorption capacity
of all three metal ions was enhanced sharply with adsorp-
tion contact time in the first 10 min and the contact time
to reach equilibrium capacity state was 20 min. It is also
obvious from Fig. 8 that the efficiency of removal increased
with an increase in the initial concentration of metal ions,
and then the initial concentrations of metal ions had no
considerable effect on the saturation time. The increase in
the removal capacity is because of the higher interaction
between the adsorbent and adsorbate. Filling up more of
the free or “available” -NH, sites on the adsorbent [36].

3.3. Adsorption kinetics

The adsorption kinetics were studied to explain the rate
of heavy metal ion adsorption and to investigate the mech-
anism of metal ion removal controlling the sorption rate.
These empirical data were characterized and calculated
using three kinetic models comprising the pseudo-first-
order, intra-particle diffusion and pseudo-second-order
equations [37,38].

The pseudo-first-order equation [Eq. (2)] and the pseudo-
second-order equation [Eq. (3)] kinetics were applied to

100
80 -
&
g —~— Hg*
3 60 - 2+
E = Fb
5]
4
40 —— Ni**
20 . ‘ ‘
0.01 0.03 0.05 0.07 0.09

Adsorbent (g/L)

Fig. 7. Effect of the sorbent dose on heavy metal removal by PPI/
CNT (C, =100 mg/L; pH =7; T = 298 K).

assess the rate constant and to describe the mechanism
of the sorption procedure. Their linear forms [39] can be
represented by Egs. (2) and (3):

Pseudo-first-order:

kl
2
2303t @

log(q, —g,)=1ogq, -

Pseudo-second-order:

L N 3)
9. ka a.

where g, (mg/g) is the sorption capacity of PPI/CNT nano-
composite in equilibrium saturation state; k, (1/min) is the
velocity constant of the pseudo-first-order kinetic model;
and k, (g/mg min) is the velocity constant of the pseudo-sec-
ond-order kinetic model. The kinetic parameters obtained
are represented in Table 2. For Hg(Il), Pb(II) and Ni(II)
metal ions removal by PPI/CNT, computed correlation coef-
ficients (R?) are closer to the pseudo-second-order kinetic
model (R? = 0.999) compared with the pseudo-first-order
kinetic model. Moreover, the theoretical 4, computed from
the pseudo-second-order equation fitted well to the exper-
imental equilibrium quantities of absorbed Hg(II), Pb(II)
and Ni(II) metal ions (qeexp) in Table 2. Thus, these find-
ings demonstrated that the metal ion adsorption by PPI/
CNT nanocomposite agreed very well with the pseudo-
second-order model [40].

The intra-particle diffusion model [Eq. (4)] was also
applied to further investigate the mechanism of PPI/CNT
nanocomposite for Hg(Il), Pb(Il) and Ni(Il) metal ions
removal by considering the diffusion of the metal ions [41].

1
g, =kt +1 (4)

where k is the intra-particle diffusion constant (mg/g min)
and [ is a constant relevant to the range of the external
boundary layer effect. The kinetic parameters of PPI/CNT
nanocomposite are represented in Table 2. The R? values of
Hg(II), Pb(II) and Ni(II) metal ions are less than 0.7, which
illustrates that intra-particle diffusion had no significant role
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Fig. 8. Effect of initial metal concentration and contact time on (a) Hg(II), (b) Pb(II), and (c) Ni(II) ions removal by PPI/CNT (pH =7;

C =0.06 g/L; T =25°C).

adsorbent

Table 2

Kinetic parameters of heavy metal adsorption on PPI/CNT (pH=7; C

=0.06 g/L; T=298 K)

adsorbent

Metals Pseudo-first-order Pseudo-second-order Intraparticle diffusion
(100 mg/L) Jeexp Jecal k, R? ecal k, R? k, [ R?
Hg(II) 2,000 3,345 0.413 0.885 1,850 0.019 0.999 403 869 0.676
Pb(II) 1,750 2,975 0.437 0.891 1,650 0.031 0.999 379 721 0.700
Ni(II) 1,650 2,247 0.465 0.899 1,450 0.047 0.999 318 593 0.692

in the adsorption process [42]. The very short time (20 min)
to achieve equilibrium also suggests a surface complex-
ation—chelation mechanism rather than an internal diffusion
mechanism.

3.4. Adsorption isotherm

Adsorption isotherm models provide a quantitative
assessment on the nature of the surface interaction and also
the special relevance between the concentration of pollut-
ing ions and its amount of agglomeration onto the adsor-
bent surface at a fixed temperature [43,44]. The adsorption
isotherms are important in optimizing the application of
the adsorbents, and the evaluation of the isotherm data by
correlating them to various isotherm equations is a major
step to select the appropriate model that can be applied for

estimating the capacity of a wastewater treatment plant.
In this research, the Langmuir, Freundlich and Temkin iso-
therm equations were employed to evaluate the relationship
between the adsorbed Hg(Il), Pb(Il) and Ni(II) metal ions
removal onto PPI/CNT nanocomposite.

The Langmuir isotherm [45,46] considers that a solid sur-
face has a limited number of equal sites that exhibit homo-
geneous adsorption behavior. The linearized form of the
Langmuir model is represented by Eq. (5):

cC 1 C

: ©)

=—+
9. KQ Q

where g, (mg/g) is the amount of metal ion adsorbed
per one weight of the PPI/CNT at equilibrium, C, (g/L) is
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Table 3

Isotherm parameters of heavy metal adsorption on PPI/CNT (pH=7; C

=0.06 g/L; T =298 K)

adsorbent

Langmuir isotherm

Freundlich isotherm

Metal

Q, K, R, R? K, n R?
Hg(II) 2,000 1.433 0.015 0.999 1,460 4112 0.896
Pb(1I) 1,750 1.347 0.021 0.999 1,258 3.650 0.943
Ni(II) 1,650 1.760 0.028 0.999 1,114 3.742 0.956

the saturation concentration of a metal ion in the liquid
phases, Q, (mg/g) is the maximum adsorption capacity and
K, (dm’*/mg) is the Langmuir constant referred to as the free
energy of the adsorption process. The isotherm constants Q,
(mg/g) and K, were computed from the slope and intercept
of the linearized Langmuir plot of C /g, against C, [47]. The
quantities of the adsorption capacity Q, K, and the correla-
tion coefficient (R?) are presented in Table 3. The values of
the correlation coefficient indicate good agreement of the
Langmuir model for the adsorption of Hg(II), Pb(II) and
Ni(II) metal ions removal onto PPI/CNT nanocomposite.

The Freundlich equation also exhibits relatively good
fittings to the adsorption of heavy metals but poorer than
the Langmuir. The linear form of the Freundlich adsorption
equation [27,48] is shown in Eq. (6):

logg, =logK, + 1logCH (6)
n

where g, (mg/g) is the quantities of metal ions removed
per unit weight of PPI/CNT, C, (mg/L) is the equilibrium
concentration of metal ions in the aqueous solution; K,
(mg/g)"V is the Freundlich constant, which is a relative
measure of the adsorption capacity of the PPI/CNT and n
is an experimental constant referred to the heterogeneity
of the sorbent surface. The parameter n also demonstrates
the nature of the adsorption process. If the amount of 1/n
is in range of between 0 and 1, this model is favorable,
while n > 1 represents favorable sorption, and n = 1 shows
the linear equation, if n = 0, the adsorption operation is
irreversible [1,49]. The isotherm constants n and K, were
computed from the slope and intercept of the plot logg,
against logC,. The values of the Freundlich constants and
correlation coefficients (R?) are presented in Table 3.

These capacities are exceptionally high when compared
with more conventional adsorbents and ion exchangers. Even
studies using ethylenediaminetetraacetic acid-functionalized
graphene oxide nanoparticles [50] had a capacity of only
1 mg/g for mercury. For mercury removal, cheaper adsor-
bents, such as coal [51] and modified orange peel [52] had
capacities of 2.82 and 38.4 mg mercury/g adsorbent respec-
tively. For lead removal by perlite [53] a capacity of almost
18.5 mg/g was achieved [54]; and magnetic nanoparticles
were capable of removing over 14.0 mg lead/g adsorbent.
In the case of nickel, a lichen species [55] could adsorb
14.7 mg/g; using a tailor-made resin [56], an iminodiacetate
chelating resin [57] could adsorb 400 mg lead/g and an alu-
mino-silicate ion exchange resin [58] could adsorb 120 mg
nickel/g. All these materials still have significantly lower

heavy metal removal capacities than the PPI/CNT nano-
composites reported in this paper.

4. Conclusion

In this work, the preparation, specification and heavy
metal ion uptake of PPI/CNT as a high-performance adsor-
bent have been evaluated. PPI/CNTs were analyzed and
characterized by FTIR, SEM, TEM, Raman spectra and ther-
mogravimetric analysis methods. The removals of Hg(II),
Pb(Il) and Ni(Il) metal ions have been studied as model
pollutants. The results indicated that PPI/CNT has excep-
tionally high adsorption capacities for the Hg(II), Pb(II) and
Ni(II) metal ions from the liquid phase. At neutral pH, the
amount of negative charge is an important factor for the
removal of metal ions. By increasing the PPI/CNT dosage,
the adsorption performance constantly increased for three
metal ions. This can be assigned to the increased adsorbent
surface area and accessibility of many sorption sites. The
findings also indicated that metal removal by PPI/CNT is a
very rapid process thus resulting in short contact time for
a wastewater treatment plant and so reducing capital costs
by virtue of smaller equipment size requirements. Analysis
of the sorption process indicated that the Langmuir iso-
therm and pseudo-second-order kinetics are appropriate
equations for correlating Hg(II), Pb(II) and Ni(II) metal ions
adsorption onto PPI/CNT. The Q, values in Table 3, Hg(II)
2,000 mg/g; Pb(II) 1,750 mg/g; Ni(Il) 1,650 mg/g; demon-
strate the tremendously high adsorption capacities of the PPI
nanocomposite dendrimers.
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