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ABSTRACT

Novel-modified magnetic multi-walled carbon nanotubes (MMWCNTs) were synthesized
via evaporating acid purification and co-precipitation method. MMWCNTs were used for
simultaneously removing lead and zinc ions from aqueous solutions. Transmission electron
microscope, field emission scanning electron microscopy, X-ray diffraction (XRD), Fourier
transform infrared spectroscopy, X-ray photoelectron spectroscopy (XPS), and magnetization
curve showed the morphology, composition, surface functional groups, and magnetic
properties of MMWCNTs. Then, the adsorption effects were investigated by times, pH, and
adsorbent dosages. The results showed that Fe;O, of approximate 10 nm successfully
grafted on the surface of MWCNTs. The results of XRD, energy-dispersive X-ray spec-
troscopy, and XPS further confirmed that the iron oxides were Fe;O,. Adsorption data were
analyzed with Lagergren pseudo-first-order, pseudo-second-order kinetic, intraparticle
diffusion, and liquid film diffusion models. Langmuir isotherm model showed the maxi-
mum adsorption capacities as 67.25 and 3.759 mg/g for lead and zinc ions, respectively.
These results indicated that MMWCNTs may be a promising candidate for removing heavy
metal ions from aqueous solutions.
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1. Introduction

Heavy metal ions in water sources attract global
attention because of their adverse effects on the envi-
ronment as well as human health. In order to protect
aquatic organisms and human from contamination,
there is a need to remove heavy metal ions from aque-
ous solution [1]. Among the heavy metal ions that are
prevalent in aquatic environments, lead and zinc ions
have been most frequently researched in terms of
water treatment, due to their wide-ranging presence.
Lead is ubiquitous in the environment and a very
toxic element. Human exposure can result in a wide
range of biological effects, depending on the concen-
tration and duration of exposure. High concentration
of exposure to lead may result in poisoning and
impair of the kidney, gastrointestinal tract, joints, and
reproductive system [2]. General symptoms of zinc
toxicity are stunted growth and edema of lungs for
human beings. Hence, the removal of lead and zinc
ions from water sources to an acceptable concentration
is a current research challenge in water treatment and
they are suitable as good pollutant models.

Many methods, such as adsorption, chemical com-
plexation, membrane filtration, ion exchange, precip-
itation, and flocculation, have been widely adopted to
eliminate or reduce heavy metal ions in aquatic envi-
ronments [3]. Among these techniques, adsorption is
the most attractive due to its simplicity, high effi-
ciency, and its ability to remove multiple heavy metals
simultaneously. Currently, carbon nanotubes (CNTs)
as adsorbent have received special attention. CNTs
were first created by lijima in 1991 [4], and it mainly
included single-walled CNTs (SWCNTs) and multi-
walled CNTs (MWCNTs). Since MWCNTs are fibrous
mesoporous structures with large specific surface area
and inexpensive price, they have been in numerous
applications as adsorbents [5], catalysts [6], sensors
[7], electrical devices [8], supercapacitor [9], and in
biotechnology [10]. In most cases, MWCNTs are
hydrophobic and have poor dispersibility in the water
solution due to their stable structure. These defects
restrict the application of MWCNTs as adsorbent [11].

The modified MWCNTs are considered to be
promising candidates to improve heavy metal adsorp-
tion. Many studies have focused on modified
MWCNTs for heavy metal adsorption, such as cad-
mium [12], lead [13], gold [14], chromium [15], anti-
mony [16], copper [17], and zinc [18], from aqueous
solutions. In most studies, only single-adsorbate

adsorption on modified MWCNTs is observed, which
may not be useful for predicting contaminant sorption
in wastewater because multiple contaminants, such as
lead and zinc, and competitive sorption are generally
present. However, information about competitive
sorption between lead and zinc ions and modified
MWCNTs effecting on their competitive sorption is
scarce. Furthermore, separating modified MWCNTs
from aqueous solution is difficult due to their
improved dispersibility and strong affinity toward
each other [19].

Magnetic ~ multi-walled  carbon  nanotubes
(MMWCNTs), combining magnetic property of iron
oxide with the adsorption property of MWCNTs, have
attracted tremendous interest in the world [20]. There-
fore, the preparation of MMWCNTs has been given
much attention. Though many synthesis methods of
MMWCNTSs have been reported [21-25], there are still
some drawbacks, such as (1) the use of complex
instrumentation, the consumption of a large amount
of acids, and surfactants as well as long synthesis
time; (2) the structure of MWCNTSs can be destroyed
by strong acids, leading to the weakened performance
and the emission of toxic gases, such as carbon
monoxide, in the case of the thermal decomposition
method; and (3) a non-uniform distribution of parti-
cles on the MWCNTs surface. So, a facile and effective
method to synthesize MMWCNTs is highly desirable.
In most cases, MWCNT is modified by acid wash such
as dissolving in HNOj;, H,SO4, or a mixture of these
acids [26,27]. Acid wash method has limitations on
adding containing oxygen groups to the MWCNT
walls, and can damage the MWCNT structure, affect-
ing the consistency of the sorption results.

The main objectives of this study are to solve
above problems and investigate the adsorption capac-
ity of the composite. The composite was synthesized
via evaporating acid purification and co-precipitation
method. Adsorption capacity of the composite was
investigated under several parameters such as time,
pH, and adsorbent dosages. The kinetics fitted the
adsorption data by pseudo-first-order, pseudo-second-
order kinetic, intraparticle diffusion, and liquid film
diffusion models. Adsorption isotherm experiments
were conducted to determine maximal adsorption
capacity of the composite for lead and zinc ions.
Adsorption mechanisms provided theoretical founda-
tions for removing of heavy metal from the water
solutions.
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2. Materials and method
2.1. Materials and reagents

MWCNTs (outer diameter:
5-15 pm; purity: 295%) were purchased
Shenzhen Nanotech Port Co. Ltd, (China). Lead
nitrate, zinc nitrate, ammonium ferrous sulfate
((NH,),Fe(S0,),-6H,0), and ammonium ferric sulfate
(NH4Fe(SO4),-12H,0) were purchased from Sino-
pharm Chemical Reagent Co. Ltd, (China). All chemi-
cals were analytical grade and wused as received
without further purification.

10-30 nm; length:

from

2.2. Characterization methods

The morphologies of the samples were observed
by a transmission electron microscope (TEM,
JSM-6701F, Japan Electron Optics Laboratory). A field
emission scanning electron microscope (FESEM,
Quanta FEG-450) was used to detect the morphology
of the synthesized products. Energy-dispersive X-ray
spectroscopy (EDS) attached to FESEM was used for
elemental analysis. X-ray diffraction (XRD) patterns
were obtained wusing an X-ray diffractometer
(D8-ADVANCE) with CuKo as the X-ray radiation
source to identify the phase structure. The Fourier
transform infrared (FTIR) spectrum was performed by
a Fourier transform infrared spectrometer (Nexus 870,
Nicolet). Surface element compositions were assessed
by an X-ray photoelectron spectroscopy (XPS, ESCA-
LAB 210, British VG Scientific) by monochromatic
AlKa radiation. The magnetic property was investi-
gated using a vibrating sample magnetometer (VSM,
Lakeshore 7304). Metal ion concentrations were ana-
lyzed by an atomic absorption spectrophotometer
(HITACHI Z-5000). A temperature-controlled shaker
was used for shaking the aqueous solution containing
metal ions and a temperature-controlled water bath
(HHS2) was used for maintaining the temperature of
aqueous solution.

2.3. Preparation of oxidized MWCNTs

One gram of MWCNTs was placed into a sand
core funnel, and then the funnel was inserted into a
container containing 10 mL of concentrated nitric acid.
The container was placed in a reactor and sealed. The
reactor was slowly heated to 200°C for 4 h. The sand
core funnel was taken out after cooling to room tem-
perature, washed by deionized water for several
times, and then dried at 80°C in a vacuum oven for
5h. Finally, the black samples were obtained, which
were oxidized MWCNTs (o-MWCNTs).
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2.4. Synthesis of Fe304/0-MWCNTs

Fe;O, nanoparticles were prepared by co-precipita-
tion method. First, 1.7 g of (NH4),Fe(SO4),-6H,O and
2.51 g of NH4Fe(5O4),-12H,O were added in 200 mL
of deionized water and dissolved by strong stir. Then
1.0 g of o-MWCNTs was dispersed in the mixed solu-
tion followed by ultrasonic treatment for 30 min.
Subsequently, 8 mol/L NH,OH was added dropwise
to precipitate iron oxides and stirred for 30 min. The
final mixture was adjusted to pH 11 and then allowed
to react for 2h. All of the above experiments were
maintained at 50°C under a high-purity nitrogen atmo-
sphere [28]. The mixture was cooled to room tempera-
ture after the reaction. After the resulting solid was
separated from the mixture by a magnet, it was
washed by deionized water for several times and
dried in a vacuum oven at 80°C for 12 h. The obtained
sample was Fe;O4/0-MWCNTs.

2.5. Batch adsorption experiments

Stock solutions of 1,000 mg/L lead and zinc ions
were prepared by, respectively, dissolving 1.60 g of Pb
(NOg3); and 2.90 g of Zn(NOg3), in 1,000 mL of Milli-Q
water. These stock solutions were acidified with
approximately 2 mL of concentrated HNOj to prevent
hydrolysis of lead and zinc ions and then further
diluted with Milli-Q water to the required concentra-
tions before being used. In order to investigate the
effects of pH on the adsorption capacities, for each
solution, 50 mg of Fe;0,/0-MWCNTs were suspended
in 50 mL of solution with 30 mg/L zinc and 200 mg/L
lead. The conical flasks were shaken for 6 h with pH
values (from 1.0 to 5.0) at 25°C. Subsequently, 10.0 mL
of solution was pipetted out from each conical flask
and filtered through 0.45-um polytef membranes. The
concentration of lead and zinc ions in the supernatant
was immediately analyzed by atomic absorption
spectrophotometer. All adsorption experiments were
performed in triplicate, and the averaged values were
reported in this study. The adsorption capacity was
calculated using the following equation:

Vv
q: = (Co — Cr)a 1

where g; is the amount of metal ions adsorbed by per
unit mass of adsorbent (mg/g); Co and C; are the
metal ion concentrations in the initial solution and
after time t (mg/L), respectively; m represents the
weight of the adsorbent (g), and V is the volume of
solution (L).
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The removal rate (%) was calculated using the
following equation:

(Co—Ci)

& x 100% 2

removal rate (%) =

The effects of contact time on the adsorption capacity
were studied in solutions containing 30 mg/L zinc
and 200 mg/L lead with pH 5.0 at 25°C. Fifty mil-
ligrams of adsorbents were dispersed into 50 mL of
solutions in a 100-mL conical flask. Then at predeter-
mined time interval (from 15 min to 12 h), 10 mL of
solution was withdrawn by a syringe and filtered by
0.45-uym polytef membrane filters. The residual
concentrations of lead and zinc ions in the filtrate
were analyzed.

All isotherms were obtained using a batch equili-
bration technique at 25 + 1°C. The sorption isotherm
experiments were performed in flasks containing zinc
ions of 30 mg/L and lead ions of 200 mg/L. The
amount of Fe;0,/0-MWCNTs varied from 10 to 70 mg
at pH 5.0 for 6 h.

3. Results and discussion
3.1. Morphology and structure analysis

To explore the morphology and dimension of
Fe;0,/0-MWCNTs, TEM was used at various
magnifications. Fig. 1 shows the representative TEM
images of MWCNTs, oxidized MWCNTs, and Fe;O,/
o-MWCNTs. Fig. 1(a) shows that MWCNTs were
cylindrical shapes with smooth surfaces and outer
diameter approximately was 30 nm, which accorded
with the values reported by the manufacturer. Little
metal impurity was shown outside of MWCNTs. On
the contrary, the oxidized MWCNTs had no impuri-
ties, the surface was rough with lots of grooves and
the ends were opened in Fig. 1(b) and (c) shows that
some Fe;O, nanoparticles with an average particle size
of 10-20 nm were deposited on the surface of oxidized
MWCNTs. Their size distribution was evaluated by
statistical diameter measurement using Nano mea-
surer software invented in the Fudan University
according to selected TEM images. The latter indicated
size of Fe;O, mainly was between 10 and 20 nm.
There was little vacant area on the surface of oxidized
MWCNTs, indicating the high efficiency of synthesis
method. Although the composites had been sonicated
in ethanol and distilled water for 15 min before the
TEM measurements, the large amount of iron oxide
nanoparticles on the oxidized MWCNTs surface
indicated strong interactions between MWCNTs and
iron oxides. Fe;O4/0-MWCNTs were strong enough to
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resist mechanical energy, such as manual shaking or
sonication. Due to the production of oxygenous
groups in the evaporating acid process, MWCNTs’
surface was negatively charged. The ferric ions with
positive charge adsorbed onto oxidized MWCNTs
through electrostatic attractions [29]. Fig. 1(d) shows a
TEM image that was taken from the circular region of
Fig. 1(c). The Fe;04 was approximately 10 nm. The lat-
tice fringes with an inter-plane distance of 0.49 nm
came from the (111) plane of Fe;O, and they
belonged to the face-centered cubic structure with
lattice parameter of 8.44.

SEM images of MWCNTs, oxidized MWCNTs, and
Fe;04/0-MWCNTs are shown in Fig. 2. The morphol-
ogy of MWCNTs and oxidized MWCNTs had not
significant difference. Both types of MWCNTs were
rope-like, curved, and highly tangled (Fig. 2(a) and
(b)). It can be clearly seen that oxidized MWCNTs
with uniform size and tubular structure had been
fabricated, implying minimal damage to the tube
structure under oxidized treatment. The length of
these nanotubes was approximately 5-15 um, and the
average outer diameter was 10-30 nm. Fig. 2(c) shows
that the surface of Fe;O4/0-MWCNTs was rough due
to some nanoparticles attaching to o-MWCNTs sur-
face. To further confirm the nanoparticles’” composition
on Fe;04/0-MWCNTs surface in Fig. 2(c), EDS was
employed. Fig. 2(d) confirms the presence of C, O,
and Fe elements on the Fe;O4/0-MWCNTs surface.
The C signal originated from oxidized MWCNTs, and
the Fe signal came from the Fe;O, nanoparticles. The
results revealed the existence of FesO4 which was
consistent with the results of XRD and XPS. Because
MWCNTs are non-conducting, we sprayed gold on
the surface of Fe;0,/MWCNTSs. Moreover, the molar
ratio of Fe and O was calculated according to the EDS
and the result was closed to Fe;O,. This further indi-
cated that nanoparticles on the surface of o-MWCNTs
were Fe;O,4

To further understand the obtained adsorbent,
XRD was carried out and the patterns are presented
in Fig. 3. Fig. 3(a) shows two strong peaks at 26.4° and
42.8°, which were assigned to the (002) and (100)
planes of MWCNTs. The diffraction peak at 42.8°of
oxidized MWCNTs was weaker in Fig. 3(b) and indi-
cated that structure of MWCNTs was damaged during
the oxidized process. The XRD pattern of Fe;O,/o-
MWCNTs showed that (002), (100) planes became
weaker and illustrated that crystallinity of Fe;O./o0-
MWCNTs had reduced significantly than oxidized
MWCNTs. Fig. 3(c) shows that the XRD pattern of
Fe;O,/0-MWCNTs matched well with the standard
cubic phase of Fe;O4, including that the seven diffrac-
tion peaks (26 =30.19°, 35.60°, 43.21°, 53.55°, 57.09°,
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Fig. 1. Representative TEM images of (a) MWCNTs, (b) oxidized MWCNTs, (c) Fe;04/0-MWCNTs, and (d) a high

magnification image of FezO,.

62.70°, and 74.23°) correspond to the (220), (311), (40
0), 422),(511), 440), and (533) planes (JCPDS No.
19-0629) of the spinel cubic structure of magnetite,
respectively. The relatively broad diffraction peaks
indicated that Fe;O,/0-MWCNTs had a quite small
crystal size [30]. We applied the Scherer equation
according to the highest intensity (311) and estimated
the crystallite size to be approximately 10 nm, which
was consistent with result of TEM (Fig. 1(d)). In addi-
tion, it was noticed that the XRD pattern of Fe;O4 was
quite similar with y-Fe,O3 because both of phases dis-
played the same spinel structure [31]. Further informa-
tion of the Fe;O; nature of the iron oxide can be
evaluated by following tests. The nitrogen environ-
ment prevented Fe;O, to translate y-Fe,Os;. The black
color of the product further testified that it solely con-
tained the magnetite phase but not maghemite which
would be brown in color. Then, there was not weak
peaks in the low-angle region which corresponded to
(110), (210), and (211) planes of y-Fe;Os;. This

illustrated the existence of pure Fe;O4. According to
the XRD and SEM results, the nanoparticles on the
MWCNTs’ surface were assigned to FezO,.

3.2. FTIR spectra

FTIR spectra were a standard method for the
characterization of functionalized MWCNTs [32].
Fig. 4 shows the FTIR spectra of MWCNTs, oxidized
MWCNTs, and Fe;04/0-MWCNTs. MWCNTs showed
a weak peak at 1,559 cm™' associated with C=C
stretching vibration (Fig. 4(a)). Fig. 4(b) illustrates that
evaporating acid treatment introduced many func-
tional groups on the surface of MWCNTs. Evidence of
the C-O stretching vibration peak at 1,074 cm™' was
shown in the FTIR spectra (Fig. 4(b)) [27]. The
oxidized treatment produced hydroxy groups on the
external surface of MWCNTs, which was confirmed
by the peaks of —OH stretching vibrations at 3,200-
3,435 cm™ ' [13]. Fig. 4(c) shows a broad peak
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Fig. 2. SEM images of (a) MWCNTs, (b) oxidized MWCNTs, (c) Fe;0,/0-MWCNTs, and (d) EDS of in the circle of

Fe;0,/0-MWCNTs.

attributed to Fe-O stretching at 599 cm™!, which
indicated Fe;O, successfully loaded on oxidized
MWCNTs [21]. The functional groups provided a
large number of chemical adsorption sites and
therefore increased the adsorption capacity of Fe;O4/
o-MWCNTs. Meanwhile, the hydrophilic properties of
these functional groups improved the dispersivity of
Fe;04/0-MWCNTs in aqueous solution.

3.3. XPS spectra

XPS was used to investigate surface element
compositions and chemical states of adsorbent [17].
Fig. 5(a) shows the wide scan spectrum of the sample.
The strong C 1s peak at 284.6 eV corresponded to
CNTs, and the photoelectron lines at binding energies
of approximately 531.02 and 64.33 eV were attributed
to O 1s and Fe 3p, respectively. To determine the
chemical components of Fe;0,/0-MWCNTs, Fig. 5(b)
shows C 1s spectrum was curve fitted into two

individual peaks C-C (284.7 eV) and C-OH (285.5-
285.8 eV) according to possible chemical bonds and
electronegativity. The presence of these oxygenous
functional groups confirmed that the surfaces of
MWCNTs had been successfully modified by oxida-
tion, which provided anchors for the immobilization
of Fe;O4. Fig. 5(c) shows the O 1s spectrum was fitted
with two symmetrical peaks: the peak at 532.19 eV
was assigned to the oxygen in the carboxyl groups
(C=0) and the peak at 529.94 eV was from oxygen in
the hydroxyl (C-O). The Fe;O4/0-MWCNTs showed
obvious oxygen peaks in the spectrum, indicating that
the evaporating acid treatment introduced oxygen-
containing functional groups on the surface of
MWCNTs, which was in agreement with the result of
FTIR. XPS spectrum of Fe 2p is shown in Fig. 5(d).
The binding energies at 710.6 and 724.6 eV corre-
sponded to Fe 2p;,, and Fe 2p;,, in FesO,,
respectively. There were no obvious shake up satellite
structures at the higher binding energy side of both
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Fig. 4. FTIR spectra of MWCNTs (a), oxidized MWCNTs
(b), and Fe;04/0-MWCNTs (c).

main peaks (about 718.8 and 729.5 eV), which was the
characteristic of FezO,4 [33]. The relative area ratio of
Fe 2ps,, peak assigned to Fe”* and Fe’* was calculated
to be 0.35:0.65, given in Table 1. Since Fe3O, could also
be expressed to be FeO-Fe,Os the Fe?*:Fe®" ratio
should be 1:2 or 0.33:0.67. This result suggested that
the Fe species were predominantly in the form of
Fe;O, and was consistent with the results of XRD.
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Furthermore, the area ratio, atomic content, mass con-
tent fraction of C, O, and Fe elements are shown in
Table 1. The mass contents were C 1s:0 1s:Fe
2p = 0.82:0.11:0.07, which implied the weight fraction
of FesO; on the surface of Fe;O,/0-MWCNTs was
14.20%.

3.4. Separability, stability, and magnetic characterizations
of Fe304/0-MWCNTs

Magnetization curve of Fe;O,/0-MWCNTs pre-
pared at 298 K was characterized by a vibrating sam-
ple magnetometer, and the result is shown in Fig. 6.
The saturation magnetization of Fe;Os/0-MWCNTs
was 50.10 emu/g. There was no remanence and coer-
civity indicating Fe;O,/0-MWCNTs were superpara-
magnetic. Furthermore, compared with pure Fe;O,
nanoparticles [34], saturation magnetization of Fe;O,/
o-MWCNTs was reduced due to the existence of
MWCNT. The reason might be that Fe;O, nanoparti-
cles of superparamagnetism were attached on the sur-
face of oxidized MWCNTs. The large saturation
magnetization allowed for a fast separation of Fe;O,/
0-MWCNTs from aqueous solution.

Stability of Fe;0,/0-MWCNTs in deionized water
was investigated. Two milligrams of FesO,/
o-MWCNTs were dispersed in 4 mL of deionized
water and used for ultrasonic treatment for 10 min.
Fig. 6(a) shows that Fe;0,/0-MWCNTs had very good
stability to form a uniform black suspended solution
and can be maintained for at least a few days without
aggregation and precipitation which might be attribu-
ted to their improved solubility. Fig. 6(b) illustrates
that nearly all of the Fe;0,/0-MWCNTs can be easily
collected and separated from the aqueous solution by
a magnet. Hence, these experimental results indicated
that MWCNTs were effectively modified into FezO,/
o-MWCNTs with higher stability and better separabil-
ity in aqueous solution. This will benefit the separa-
tion and recycle of Fe;Os/0-MWCNTs from water
solution.

3.5. Adsorption performance
3.5.1. Effects of pH on adsorption

The pH of solution had been consistently consid-
ered to be one of the most important variables in
adsorption experiments and it controlled the surface
charges of adsorbents and the species of the adsor-
bates. At high pH over 5, lead hydroxide became pre-
dominant and subsequently the precipitation of lead
hydroxide occurred. And at pH lower than 8, the
predominant zinc species was always Zn>* [35,36].
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Fig. 5. XPS wide scan of Fe;04/0-MWCNTs (a), C 1s spectrum (b), O 1s spectrum (c), and Fe 2p spectrum (d).

Table 1

The atomic content, mass content of Fe, C, and O elements of Fe;04/0-MWCNTs

Energy (eV) Area (%) Atomic content (%) Mass content(%)
Fe 2p Fe** 712.10 35.30 2.50 10.28
Fe’* 710.60 64.70
Cls c-C 284.70 38.78 89.58 82.45
C-OH 285.50 61.22
O1ls c-O 529.94 47.78 9.15 10.75
Cc=0 532.19 52.21

Thus, the adsorption experiments were conducted by
varying the solution pH over the range of 1.0-5.0 to
avoid the contribution from lead and zinc hydroxide
precipitation. Fig. 7 shows that equilibrium adsorption
capacity (ge.) of Fe3O0,/0-MWCNTSs was highly depen-
dent on pH. The equilibrium adsorption capacity
increased gradually with increasing pH. Fig. 7(a) illus-
trates that removal rate began to increase gradually
until pH 5 with g of 49.57 mg/g and reached a maxi-
mum removal rate of 25%. Moreover, Fe;O,/
0-MWCNTSs had a lower removal rate for Zn>* (7.93%)
and equilibrium adsorption capacity was 2.38 mg/g at
pH 5. To investigate the effect of lead adsorption on

zinc adsorption, the experiments under lead—-zinc dual
system were conducted. The equilibrium adsorption
capacity for zinc ions in a sole Zn** system was
1578 mg/g at pH 5 with high removal rate (52.6%)
and is shown in Fig. 7(c). Compare with those in
lead-zinc dual system, the values increased. The
results indicated lead adsorption in the lead—zinc dual
system prevented zinc adsorption.

The results revealed that equilibrium adsorption
capacity was in the order of lead ion > zinc ion. This
can be explained that radius of lead ion (1.2 A) was
greater than zinc ion (0.74 A) and the aqua complex of
lead ion (Pb(H,0)") can directly compete with zinc
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0-MWCNTs.
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ion (Zn(H,0)s>") for sorption sites through squeezing,
occupying, and shielding part adsorption sites on
MWCNTs surface [37]. Pb** and Pb(H,O);" can
occupy more adsorption sites, thus, adsorption capac-
ity of lead ion was greater than zinc ion. The equilib-
rium adsorption capacity was very weak at pH lower
than 2, due to the competition of H;O" for available
surface-binding sites. The isoelectric point was 2.85 for
nitric acid-oxidized MWCNTs. Under basic conditions
(pH higher than 2.85), Fe;04/0-MWCNTs was nega-
tively charged. The lone pairs of electrons on oxygen
atom were available to interact with lead and zinc ions
through electrostatic interactions.

3.5.2. Effects of contact time and adsorption kinetics

The effects of contact time on the adsorption
capacity of Fe;O,/0-MWCNTs were studied by
measuring the extent of adsorption at different time
intervals at 25°C. Adsorption kinetics was important
for understanding the rate processes involved in
the removal rate of heavy metals from aqueous
solutions. The adsorption kinetics data of metal ions
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on Fe;0,/0-MWCNTs surface was fitted by different
kinetic models: Lagergren pseudo-first-order model,
pseudo-second-order model, the intraparticle diffusion
model, and the liquid film diffusion model. The equa-
tion of pseudo-first-order kinetics was given by [38]:

In(ge —g;) = In ge — kqt 3)

where k; (1/min) is the pseudo-first-order adsorption
rate coefficient and g. is the amount of metal ions
adsorbed per unit mass at equilibrium. The plots of
In (ge — g1 vs. t for lead and zinc ions are not shown.
The linear form of pseudo-second-order rate equation
was given as [39]:

t 1 t
%f@+a (Y]

where k, (g/mg/min) is the pseudo-second-order rate
constant and g; is the amounts of metal ions adsorbed
per unit mass at time .

The kinetics of lead and zinc ions adsorption on
Fe;0,/0-MWCNTs surface was studied, and the
resulting pseudo-second-order kinetics plots are
shown in Fig. 8. The adsorption capacities of
Fe;0,/0-MWCNTs for lead and zinc ions increased
with increasing time, and Fe;Os/0-MWCNTs exhib-
ited high adsorption capacity (Fig. 8(a) and (c)).
Fig. 8(a) illustrates the adsorption capacity of
Fe304/0-MWCNTs for lead ions increased rapidly for
short contact times of 15min, and then followed
by a slow and steady increase until near satur-
ation. Fig. 8(c) shows adsorption capacity of
Fe;0,/0-MWCNTs markedly increased with increas-
ing time and reached equilibrium at 360 min. The
short adsorption equilibrium time indicated that
Fe;04/0-MWCNTs had high adsorption efficiency for
industrial application. The kinetics curves were
smooth and continuous, leading to saturation, suggest-
ing the possibility of the formation of monolayer
coverage of lead and zinc ions on Fe;0,/0-MWCNTs
surface. The initial high adsorption capacity may be
attributed to more bare surfaces of Fe;0,/0-MWCNTs.
Lead and zinc ions occupied the active surface sites at
random. With increasing of contact time, the number
of available adsorption sites decreased, and adsorption
rate became slower in the latter stage. Ultimately, the
surface of Fe;0;/0-MWCNTs became saturated and
reached the saturation adsorption. Since equilibrium
was reached within 6 h, the contact time for adsorp-
tion studies was maintained at 6 h throughout all the
experiments.

Fig. 8(b) and (d) shows the pseudo-second-order
kinetics plots. Linear plots of this process indicated
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that lead and =zinc ions adsorption accorded with
pseudo-second-order rate expression. The pseudo-
first- and pseudo-second-order rate equation parame-
ters are listed in Table 2. It was clear that the experi-
mental data fitted the pseudo-second-order equation
with higher correlation coefficient (R? 2 0.998), indicat-
ing the suitability of pseudo-second-order rate equa-
tion. In addition, the equilibrium adsorption capacities
were 50.71 and 2.394 mg/g for lead and zinc ions,
respectively. The data were much closer to the experi-
mental values (g.=46.85, 2.35mg/g) than pseudo-
first-order model (7.87, 0.713 mg/g), respectively. The
rate constant K, was 3.32x10° for Pb®> ‘and
1.98 x 107° (g/mg/min) for Zn>*, indicating that the
adsorption rate of lead ion was faster than zinc ion.

The intraparticle diffusion model was expressed as
follow:

g = Kt + Ci ()

where g, is adsorption capacity at time t (mg/g); Kiq is
the intraparticle diffusion rate constant (mg/g/min"®);
and C; (mg/g) is a constant proportional to the thick-
ness of the boundary layer. Parameters of intraparticle
diffusion model are shown in Table 3 and correlation
coefficients (R?) were not good. Fig. 9(a) and (b) shows
that the lines did not pass through the origin,
although middle plot lines were lying in a straight
line. It indicated that the intraparticle diffusion model
was involved in the adsorption process but not the
only the rate-determining step.

Liquid film diffusion was another kinetic model
that assumed that the flow of the adsorbate molecules
through a liquid film surrounding the solid adsorbent
was the slowest step in the adsorption process and
determined the kinetics of the rate processes. The lig-
uid film diffusion model is shown as follow [40]:

In (1 — F) = —de X t (6)

where F is the ratio of adsorption capacity at time t
and equilibrium (F =g;/g.) and K¢ (1/min) is the
film diffusion rate coefficient. A linear plot of
-In (1 - F) vs. t with zero intercept suggests that the
kinetics of the adsorption process was controlled
by diffusion through the liquid film around
Fe3O4/o—MWCNTs.

Fig. 10 shows that the application of the liquid film
diffusion model to the lead and zinc ions adsorption
by Fe;04/0-MWCNTs converged well, as the correla-
tion coefficients were 0.984 and 0.912 but had non-zero
intercepts (1.93 and 0.589) against the predictions of
the model (Table 3).
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Fig. 8. Effects of contact time on lead (a) and zinc adsorption (c) and pseudo-second-order kinetics plots of lead (b) and

zinc (d) adsorption.

Table 2

Pseudo-first-and pseudo-second-order rate equation parameters for lead and zinc ions adsorption on Fe;O,/0-MWCNTs
(experimental conditions: temperature, 298 K; pH 5.0; Fe30,/0-MWCNTs mass, 1 g/L; Zn?* concentration of 30 mg/L
and Pb>" concentration of 200 mg/L)

Model de (mg/g) k1 or k, (1/min or g/mg/min) R? Experimental g, (mg/g)
Pb* Pseudo-first-order 7.87 855 %1072 0.995 46.85
Zn%* 0.713 455 %1072 0.749 2.35
Pb>* Pseudo-second-order 50.71 3.32x107° 0.999 46.85
Zn%* 2.394 1.98 x 1072 0.998 2.35

3.5.3. Adsorption isotherms

The adsorption isotherm model was typically used
to fit experimental data and help to explore the
adsorption mechanism more deeply. The Langmuir
and Freundlich isotherm models were the most
conventional models among the abundant isotherm
models. The Langmuir isotherm described a homoge-
neous monolayer adsorption, meaning that all of the

adsorption sites had equal adsorbates affinity and is
expressed as follows [41]:

1 1
S . (7)
G bgmCe  Gm
where C. is the equilibrium concentration of metal
ions in solution (mg/L), g. is the adsorbed value of
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Table 3
Parameters of intraparticle diffusion and the liquid film diffusion model
Intraparticle diffusion Liquid film diffusion
Kiq (mg/g/min®?) C: (mg/g) R? K¢g (1/min) R?
Pb>* 0.328 43.132 0.85186 0.008 0.984
Zn** 0.054 1.203 0.607 0.011 0.912
51
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Fig. 9. Intraparticle diffusion model plots of lead (a) and zinc ions (b) adsorption on the Fe;O,/0-MWCNTs surface.
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metal ions at equilibrium concentration (mg/g), gm
and b are the maximum adsorption capacity (mg/g)
and energy of adsorption (L/mg), respectively.
The values of g, and b were obtained from the
intercept and the slope of the linear plot of
1/4q. against 1/Ce..

The efficiency of adsorption can be expressed by
the dimensionless equilibrium parameter Ry, which is
defined as follows:

1

- 14+bCy ®

Ry

where b is the Langmuir constant (L/mg) and Cj is
the initial lead and zinc concentration (mg/L). The
values of Ry indicated the isotherm shape was unfa-
vorable (Rp = 1) or favorable (0 < Ry < 1).

The Freundlich isotherm model assumed the multi-

layer adsorption was heterogeneity. It can be
described as follows [42]:

1
Ing. =InKf + Eln Ce )

where K; [(mg)'™"/"(L)"/"/g] is the adsorption capacity
as the equilibrium metal ion concentrations were
equal; n represents the degree of dependence of
adsorption on the equilibrium concentration.

Figs. 11 and 12 show the isotherm models for lead
and zinc ions adsorption onto Fe;0,/0-MWCNTs sur-
face. The calculated parameters from the Langmuir and
Freundlich models are presented in Table 4. Table 4
illustrates that lead and zinc ions adsorption were bet-
ter fitted for the Langmuir isotherm model with higher
R? values than the Freundlich model. The correlation
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coefficient (R*) of Langmuir isotherm model for zinc
ions was 0.989, which was higher than Freundlich
isotherm model (R*=0.821). Therefore, Langmuir
isotherm model correlated better than Freundlich iso-
therm, indicating that zinc ions adsorption did not
interact with itself and was a monolayer adsorption
process. Similar phenomenon can be obtained from
lead ions adsorption. The maximum adsorption capaci-
ties (gm) of Fe;O4/0-MWCNTs were 67.25 and
3.759 mg/g for lead and zinc ions, respectively. This
indicated that this method will be highly efficient and
economically  viable applied for commercial
applications. The Ry, (0.633 and 0.713) were between 0
and 1, indicating that lead and zinc ions adsorption on
Fe;0,/0-MWCNTs surface was favorable [42].

3.5.4. Comparison with other adsorbent

The comparison of our experiment’s adsorbent
with some other adsorbents for the adsorption of Pb**
and Zn** is listed in Table 5. The adsorption capacity
of Fe;0,/0-MWCNTs for Pb** was 2 and 1.2 times as
strong as that of activated carbon and sugarcane
bagasse/multi-walled CNT, respectively. Madhava
Rao et al. [3] reported adsorption capacity of activated
carbon was 255 and 24.1mg/ g for Pb** and
Zn>*, respectively. The maximum lead adsorption
capacity of sugarcane bagasse/multi-walled CNT was
56.6 mg/g.

3.6. Lead and zinc ions adsorption mechanisms

Functional groups, such as hydroxy, were
produced on the surface of Fe;Os/0-MWCNTs and
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Fig. 11. Langmuir isotherm of lead (a) and zinc (b) adsorption on Fe;0,/0-MWCNTs surface.
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Fig. 12. Freundlich isotherm of lead (a) and zinc (b) adsorption on Fe;0,/0-MWCNTs surface.
Table 4
Parameters of Langmuir and Freundlich isotherm models
Langmuir Freundlich
Im (Mg/g) b (L/mg) Ry R? K¢ [(mg)" /(L) "/g] n rR?
Pb** 67.25 0.0029 0.633 0.983 0.005 0.544 0.974
Zn** 3.759 0.013 0.713 0.989 0.014 0.58 0.821
Table 5
Comparison of the published methods for Zn**, Pb** determination with different adsorbents
Adsorbents dm (mg/g) Refs.
Zn%*, Pb** Activated carbon 25.5 (Pb%"), 24.1 (Zn*") [3]
Pb** Sugarcane bagasse/multi-walled carbon nanotube 56.6 [35]
Zn**, Pb** Fe;04/0-MWCNTs 67.25 (Pb**), 3.759 (Zn>*) This experiment

capable of creating a network with water molecules,
heavy metal ions by hydrogen bonds, and van der
Waals forces. The aggregated pores can be compared
to mesopore forms and provided extensive external
surface areas. In addition, the adsorption of lead and
zinc with oxygenous functional groups can be
explained by the ability of functional groups to form
complex when in contact with metal ions. The oxygen
atoms of these functional groups donated their single
pair of electrons to the metal ions, which consequently
increased the cation exchange capacity of metal ions.
Chemical bonds’ interactions between metal ions and
acidic functional Fe;O4/0-MWCNTs were also
responsible for the adsorption [17,43]. Fe;O,, which
was on the surface of MWCNTs, was not only
responsible for separating Fe;O4/0-MWCNTs from the

aqueous phase, but was also a type of adsorption
nanoparticles. It was reported that Fe;O, nanoparticles
prepared in the aqueous phase were covered with a
number of hydroxy (—OH) groups. Consequently, it
was inferred that lead and zinc ions could be immobi-
lized directly on the surface of Fe;O, with —OH
groups [44,45].

It was noticeable that adsorption capacity for Pb**
was higher than Zn®*, which may affect surface-bind-
ing energy and interactions or the accessibility of cen-
ters. The hydrophilic character of functionalized
surfaces (strong electronegativity) can increase the
affinity with positively charged particles, such as lead
and zinc ions. Electronegativity was in the following
order: Pb** > Zn®" (2.33 and 1.65, respectively). This
order agreed well with the experimental affinities for
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binding and adsorption on Fe;O4/0-MWCNTs surface.
Because lead ion was predominantly adsorbed (inner-
sphere complexation), it can be expected that increas-
ing amount and more strongly bonded lead ions
reduced the numbers of adsorption sites for zinc ions
adsorption [46]. The lower zinc adsorption capacity
might be due to its lower tendency to form hydrolysis
products and the fact that zinc ions did not compete
effectively for variable charge surfaces.

4. Conclusions

In this study, Fe;O04/0-MWCNTs were synthesized
and used for simultaneously removing lead and zinc
ions from aqueous solutions. TEM provided the evi-
dence that Fe;O4 nanoparticles of 10 nm were loaded
on the surface of the MWCNTs. The results of XRD,
EDS, and XPS further confirmed that the nanoparticles
were Fe;O,. FTIR spectra showed that evaporating
acid purification method produced oxygenic groups
on the surface of MWCNTs. The saturation magnetiza-
tion of Fe;0,/0-MWCNTs was 50.10 emu/g. It indi-
cated that Fe;O4/0-MWCNTs had strong magnetism
and can fast separate from aqueous solutions. The
kinetics data were well fitted with the pseudo-second-
order kinetics model, suggesting that the rate-limiting
step was chemical sorption rather than diffusion. The
Langmuir isotherm model fitted the experiment data
more closely than the Freundlich isotherm model.
Therefore, the prepared Fe;Os/0-MWCNTs displayed
the key advantages of excellent dispersion in aqueous
solution, separation convenience, and high adsorption
capacity, implying their potential for the effective
removal of heavy metals from aqueous solution.
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Nomenclature
g+ — the quantity of metal ions adsorbed by per unit
mass at time t (mg/g)

Co — the initial concentration of metal ion (mg/L)

C; — the concentration of the metal ion at time ¢
(mg/L)

m  — the mass of the adsorbent (g)

V' — the volume of the metal ion solution (L)

ky  — the pseudo-first-order adsorption rate coefficient

(1/min)
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ge — the values of amount adsorbed per unit mass at
equilibrium (mg/g)

t — time (min)

ko, — the pseudo-second-order rate constant
(g/mg/ min)

Kiq — the intraparticle diffusion rate constant
(mg/g/min’)

Ci — a constant proportional to the thickness of the
boundary layer (mg/g)

F  — the ratio of adsorption capacity at any time and
equilibrium (dimensionless)

K¢g — the film diffusion rate coefficient (1/min)

gm — the maximum adsorption capacity (mg/g)

b — energy of adsorption (L/mg)

R;, — equilibrium parameter (dimensionless)

K¢ — Freundlich constants related to the adsorption
capacity [(mg)'"/"(L)"/"/g]

n  — Freundlich constants related to adsorption
intensity (dimensionless)
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