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CoFe,O4 exhibits excellent chemical stability and saturation magnetization; consequently, it has been
prepared for and applied to contaminant adsorption. However, the material demonstrated a relatively
low adsorption capacity due to agglomeration and the lower amount of active sites for pollutants. In this
study, we have developed a facile one-pot route to synthesize EDTA functionalized superparamagnetic
CoFe,O4 nanoparticles (denoted as EDTA-MNP) to adsorb Cu(i) ions from aqueous solution. The
physico-chemical properties of the obtained materials were characterized by scanning electron
microscopy (SEM), X-ray diffraction (XRD), vibrating sample magnetometer (VSM) analysis, Fourier
transform infrared (FTIR) spectroscopy, X-ray photoelectron spectroscopy (XPS) and the Brunauer—
Emmett-Teller (BET) surface area method. Then, the effects of EDTA mass in EDTA-MNP, adsorbent
dosage, initial solution pH, temperature and coexisting cations were measured systematically through
batch experiments to evaluate the adsorption performance of Cu(i) ions onto EDTA-MNP nanoparticles.
The results indicated that the adsorption efficiency of the CoFe,O4 for Cu(i) was negligible, while the
value for EDTA-MNP was highly improved, which was due to the special affinity of carboxylic groups on
the EDTA-MNP surface for Cu(i) in solution. Kinetic experiments suggested that the pseudo-second-
order model showed the best correlation with the adsorption data. Equilibrium data were best described

by the Langmuir model, and the estimated maximum adsorption capacity of EDTA-MNP was 73.26 mg
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Accepted 3rd January 2017 g™t at 323 K, displaying a higher efficiency for Cu(i) removal than previously reported adsorbents. The

present work indicated that the EDTA-MNP composite can be an effective and potential adsorbent for
removing Cu() ions from aqueous solution, and it also provided a very effective way to improve the
adsorption affinity of metallic contaminants onto ferrite or other metal oxides.
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exchange, reverse osmosis, membrane separation and
adsorption.**” Among these techniques, adsorption is one

1. Introduction

The increasing level of heavy metals discharged into the
aquatic system as industrial waste, is a serious environmental
problem and does great harm to human health, living
resources, and ecological systems due to their toxic and non-
degradable nature.™® It has become very urgent to find
appropriate techniques to scavenge heavy metals from
wastewater. Copper (Cu(u)) generated from various industries
including metal finishing, electroplating, paint, textile and
paper, is one of the most toxic ions due to its poisonousness
to the human body and its abundant and naturally-occurrence
in the environment especially in wastewaters.*”* Therefore, in
recent years, numerous contaminant remediation methods
have been employed for the elimination of Cu(u) from
wastewater including chemical precipitation, electrolysis, ion
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of the promising and widely used methods for Cu(u) con-
taining wastewater purification because of its cost effective-
ness, high efficiency, stability characteristics, and easy
implementation as well as the availability of diverse
adsorbents.>”*°

Some traditional adsorbents such as chitosan,” activated
carbon," kaolinite,' zeolite,"® diatomite,** and alumina®® have
been applied for Cu(u) removal. However, most of these adsor-
bents are not the ideal choices for their low adsorption capacity,
low selectivity, or difficulty of separation from the solution in
application. Presently, the development of nanomaterials
provides a good alternative and fascinating area of interest for
the extraction of Cu(u) from industrial effluents due to its
unique characteristics of high specific surface area, greater
number of active sites, low diffusion resistance for adsor-
bates.>'* Some cost-effective nanomaterials such as carbon
nanotubes,'® TiO,-nano-rods,” alumina nanopowders,'® etc.,
have been successfully employed for adsorption of Cu(u) ions
from aqueous solutions.
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Literature survey shows that spinel ferrites is becoming the
research hotspot lately in various fields including bio-medicine,
rechargeable batteries, sensors and magnetic devices because of
their high magnetic permeability, high thermal, mechanical
and excellent chemical stabilities.'*** Meanwhile, they have an
incomparable advantage and can be easily separated from
solution by an external magnetic field. Consequently, they and
their derivatives have been prepared and applied as adsorbents
for contaminant elimination.>*** Nevertheless, the adsorption
capacities of these adsorbents for Cu(u) were not so satisfactory,
possibly because of the agglomeration of the nanomaterials.>**
To maximize the performance of spinel ferrites as adsorbents,
further modification is necessary.”® Scientific workers tried to
improve their adsorption capacity by functionalizing spinel
ferrites with inorganic species,’*® polymer grafting,*” or organic
ligands.”®? Ethylenediaminetetraacetic acid (EDTA) is a hex-
adentate ligand that provides both carboxylate and amine
functions. The immobilization of EDTA on different supporting
materials (chitosan,® silica gel,* polystyrene,* and so forth) for
metal ions adsorption purposes has received a great deal of
attention recently. Results of the studies suggested that the
adsorption efficiency of EDTA-grafted materials highly depen-
ded on the nature of the base material and anchored interme-
diates used as linkage between EDTA and supporting material.

In this work, EDTA functionalized superparamagnetic
CoFe,0, nanoparticles (denoted as EDTA-MNP) synthesized by
a facile hydro-thermal method was innovatively employed for
Cu(n) removal from aqueous solution. The objective of the
present study was devoted to investigate and characterize the
effect of EDTA mass in the composite on the adsorption
capacity of EDTA-MNP for Cu(u), which was, to the best of our
knowledge, not reported previously. For this purpose, (a)
experiments were carried out to evaluate the effect of EDTA
mass on the adsorption capacity of EDTA-MNP for Cu(u), (b)
scanning electron microscope (SEM), X-ray diffraction (XRD),
vibrating sample magnetometer (VSM) analysis, and the Bru-
nauer-Emmett-Teller (BET) surface area method were used
investigate the properties of the adsorbents, such as micro-
structure, surface morphology, magnetism and surface area of
the adsorbents, (c¢) batch adsorption experiments were per-
formed and their kinetic and isotherms were studied system-
atically, and (d) the interaction mechanism between Cu(u) and
the functional groups on the adsorbent surface involved in the
adsorption were analyzed and interpreted using Fourier trans-
form infrared spectroscopy (FT-IR) and X-ray photoelectron
spectroscopy (XPS).

2. Materials and methods
2.1 Chemicals

All chemicals including CoCl,-6H,0, FeSO,-7H,0, ammonia,
NaOH, HNOj;, ethylene glycol, absolute ethanol, ethylenedi-
aminetetraaceticacid disodium salt (EDTA-Na,), copper nitrate
dihydrate were purchased from Sinopharm Chemical Reagent
Co., Ltd., China. All analytical reagents were grade and used as
received without any further purification. Ultrapure water was
used throughout the study.

5196 | RSC Adv., 2017, 7, 5195-5205

View Article Online

Paper

2.2 EDTA-MNP synthesis

In a typical synthesis, 1IEDTA-MNP nanoparticles were prepared
through hydrothermal route. Briefly, a solution of FeSO,-7H,0
and CoCl,-6H,0 with a molar ratio of 2 : 1 was mixed well along
with 0.25 mmol of EDTA-Na, in the solution of 60 mL ethylene
glycol and 40 mL doubly distilled water, followed by the addi-
tion of 4 mL ammonia solution. A constantly continuous stir-
ring for 1 h by a magnetic stirrer was carried out to get
a homogeneous mixture. Subsequently the obtained solution
was transferred into the Teflon-lined autoclave. The autoclave
was heated to and maintained at 180 °C for 24 h in an oven and
then cooled down to room temperature naturally. The collected
black precipitation was washed for several times with doubly
distilled water and absolute ethanol to remove any unreacted
component. Finally the products were dried at 60 °C overnight.
In this study, 2EDTA-MNP, 3EDTA-MNP and 4EDTA-MNP were
prepared through the same procedure by addition of 0.5, 1.5
and 2 mmol of EDTA-Na, in the first step of the synthetic
process, respectively. The pure CoFe,O, was synthesized
without the addition of EDTA-Na,.

2.3 Characterization

The morphologies of EDTA-MNP were characterized by scan-
ning electron microscopy (JSM-6360LV). The specific surface
area and pore structure of the adsorbents were calculated by
nitrogen adsorption and desorption at 77 K using an ASAP 2020
(Micromeritics) volumetric adsorption analyzer. The degassing
time and temperature for isotherm measurements were 10 h
and 150 °C, respectively. Magnetic properties of the material
were recorded on a vibrating sample magnetometer (Quantum
Design, MPMS-XL-7). XRD patterns were measured by a Rigaku
D/Max-2500 powder diffractometer with Cu Ko radiation, using
a radiation at 40 kV and 30 mA. The diffraction angles were
ranged from 10° to 80° with a rate of 1.0° min~*. FTIR spectrum
was determined by a FT-IR spectrometer (Thermo Nicolet,
Nexus-470) with a resolution of 4 cm ™" in the range from 400 to
4000 cm . XPS measurements were carried out on
ESCALab220i-XL electron spectrometer from VG Scientific using
300 W Al Ko radiations. The XPS spectra after the back-ground
signal correction were fitted to Lorentzian and Gaussian curves
by using PEAKFIT Software, version 4.12.

2.4 Cu(n) ions adsorption

In general, a certain amount adsorbent was added to 50 mL of
Cu(n) solution with the certain initial concentration at the
desired pH value. The pH of the solution was adjusted to
a designated value by adding HNO; or NaOH (0.1 M and 1 M)
with a pH meter (Orion Research. Inc, Model 868, USA). The
obtained mixture was continuously stirred in a thermostatic
water bath shaker at speed of 180 rpm until equilibrium was
reached except kinetic experiments. Adsorption isotherm was
studied by varying initial Cu(u) solution concentration (10-
200 mg L") at different temperature (298, 313 and 323 K). After
adsorption, the adsorbent was separated from the aqueous
solution by an external magnet for several seconds, and the

This journal is © The Royal Society of Chemistry 2017
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residual Cu(u) concentration was determined using a Flame
Atomic Absorption Spectrometer (Hitachi, U-3900, Japan). For
the sake of comparison, blank experiments were conducted in
parallel on Cu(u) solutions, without addition of adsorbent. All
experiments were performed in triplicate, and their mean
values were used in analyzing the data.

The removal efficiency and the amount of Cu(u) adsorbed g,
(mg g~ ") were calculated by following the equations:

G —C

Removal efficiency (%) = C L % 100% €))]
t

(G-C)xV x 100% (2)
m

qr =
where Co (mg L") and C, (mg L™ ") are the Cu(m) concentration
in solution at initial and time ¢ (min), respectively, V (L) is the
total volume of Cu(u) solution, and m (g) is the adsorbent mass.

2.5 Regeneration studies

For repeated adsorption and desorption studies, the Cu(u)
loaded adsorbents were gently washed with deionized water to
remove any unabsorbed Cu(u) and dried in an oven, and then
mixed with 50 mL of 0.03 M EDTA. To examine the reusability of
EDTA functionalized CoFe,O,, the adsorption-desorption cycle
was repeated three times.

3. Results and discussion
3.1 Characterization of the adsorbents

Morphology of the samples were observed by SEM as depicted
in Fig. 1. It's clear that the CoFe,0, nanoparticles were in good
spherical shape, and they had a serious phenomenon of
agglomeration. After functionalization with EDTA, the surface
of CoFe,0, became rougher and irregular due to the covering of
EDTA on its surface, and the particle size increased with the
increase in EDTA mass. And 4EDTA-MNP exhibited a platy
structure because of too much EDTA overlapping on the surface
of CoFe,0, nanoparticle, which might not be beneficial for the
adsorption of Cu(u). HRTEM was carried to study the structure
and interaction relationship between CoFe,O, and EDTA (as
depicted in Fig. 1H). Although the photograph was not so clear,
it could be observed that the particle size of CoFe,0, was found
to be 14.2 nm, and the nanoparticle was covered by a layer of
EDTA on its surface.

The XRD patterns of CoFe,O,, 1IEDTA-MNP, 2EDTA-MNP,
3EDTA-MNP, and 4EDTA-MNP, were shown in Fig. 1F. The
characteristic diffraction peaks appeared in CoFe,O, at 15.1°,
30.2°, 35.5°, 43.1°, 45.2°, 53.4°, 57.0°, 63.3°, and 74.38°, which
could be indexed to the (111), (220), (311), (400), (111), (422),
(511), (400), and (553) planes of single phase cubic spinel
structure of CoFe,0,, respectively (JCPDS no. 22-1086).>* It's
evident that these characteristic diffraction peaks were all seen
in samples of 1EDTA-MNP, 2EDTA-MNP, 3EDTA-MNP, and
4EDTA-MNP, indicating that the functionalization of CoFe,O,
using EDTA did not result in the crystal structure change of the
CoFe,0,4 nanoparticles.
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The magnetic hysteresis loops of the synthesized adsorbents
at room temperature were illustrated in Fig. 1G. The magneti-
zation curves showed that all of the materials were essential
super-paramagnetic and the saturated magnetization of
CoFe,0,4, 1IEDTA-MNP, 2EDTA-MNP, 3EDTA-MNP, and 4EDTA-
MNP were found to be 64.5, 46.3, 41.1, and 27.3 emu g},
respectively. Although the saturated magnetization value of the
EDTA functionalized CoFe,0, was lower that of the pure nickel
ferrite due to the incorporation of non-magnetic EDTA, the
picture inserted in Fig. 1G suggested that the 4EDTA-MNP could
be separated from aqueous solution rapidly in a few seconds
after adsorption using an external magnet.

From the XPS results of CoFe,0, and 1EDTA-MNP (Fig. 4B),
the actual loading of EDTA in the composite was found to be
21.69%.

3.2  Cu(u) adsorption

3.2.1 Effect of adsorbent dosage on Cu(u) adsorption. It is
necessary to acquire the optimum adsorbent dosage so as to
maximize the interactions between the adsorbate and adsorp-
tion sites of the adsorbent in solution. Experiments were firstly
carried out to compare the adsorption performance of CoFe,O,,
1EDTA-MNP, 2EDTA-MNP, 3EDTA-MNP, and 4EDTA-MNP for
Cu(n) at various adsorbent dosages. Fig. 2 indicated that almost
no Cu(u) was adsorbed on CoFe,0, even the adsorbent dosage
was increased to 2.0 g L™ '. However, compared with the pure
CoFe,0,, the adsorption efficiency of Cu(u) by EDTA function-
alized CoFe,0, increased significantly. At the adsorbent dosage
of 1.0 g L™, the removal efficiency of Cu(u) using 1EDTA-MNP,
2EDTA-MNP, 3EDTA-MNP, and 4EDTA-MNP were found to be
96.22%, 86.92%, 79.45%, and 76.35%, respectively, suggesting
that the functionalization was able to greatly improve the
adsorption performance of ferrite. With the increase in EDTA
loading on the adsorbent, large amount of excess EDTA mole-
cules escaped from the adsorbent into the solution, forming
EDTA-Cu(u) complexes which were hard to be adsorbed by the
adsorbent because of its higher molecular weight.** And this led
to the decrease in Cu(u) adsorption.

3.2.2 Effect of initial solution pH on Cu(u) adsorption. The
pH of the aqueous solution exerts profound influence on the
adsorption process, since it affect not only the state of func-
tional groups on the surface of the adsorbents, but also the
speciation of metal ions in solution.>** To avoid the formation
of Cu(OH), precipitation at pH > 6.5, the Cu(u) removal under
alkaline conditions were not evaluated. The adsorption prop-
erties of different adsorbents for Cu(u) as a function of solution
pH was investigated at pH 2-6, 298 K.

As illustrated in Fig. 3, the adsorption of Cu(u) increased with
increasing solution pH from 2 to 6 for all the four adsorbents. In
aqueous solution, Cu(u) exists in forms of Cu(u), Cu(OH)",
Cu(OH),, Cu(OH); ™ and Cu(OH),*>" depending on the solution
pH. And Cu(u) is the predominant species at pH lower than
6.0.>°® The small adsorption at lower pH levels were probably
attributed to the significant competitive adsorption between
Cu(n) and H' ions in solution for adsorption sites.>*® On the
other hand, at low pH, the functional groups on the adsorbent

RSC Adv., 2017, 7, 5195-5205 | 5197
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Fig.1 SEM micrographs of (A) CoFe,Og4, (B) IEDTA-MNP, (C) 2EDTA-MNP, (D) 3EDTA-MNP, and (E) 4EDTA-MNP; (F) XRD patterns of CoFe,Qy,,
1EDTA-MNP, 2EDTA-MNP, 3EDTA-MNP, and 4EDTA-MNP; (G) magnetization curves of CoFe,O4, 1IEDTA-MNP, 2EDTA-MNP, 3EDTA-MNP, and

4EDTA-MNP; (H) HRTEM morphologies of 1IEDTA-MNP.

surface were protonated, which had electrostatic repulsion to
Cu(u) and was hard to donate their electron pairs to coordinate
with Cu(u), thus weakening the complexation between them
and further decreasing the adsorption capacity of Cu(u). The
strong pH dependent adsorption indicated the adsorption of
Cu(u) on EDTA functionalized CoFe,O, was dominated by
surface complexation and ion exchange.* At relative high pH,
the interaction between -COO- on EDTA-MNP and Cu(u) was
strengthened, leading to the increased adsorption. Therefore,

5198 | RSC Adv., 2017, 7, 5195-5205

the optimum pH for Cu(u) adsorption is observed to be in pH
range of 5-6, which is in agreement with the results of previous
studies.>*”*® Thus, further adsorption experiments were per-
formed at pH 6.0.

To speculate the adsorption mechanisms involved in the
adsorption process of Cu(u), FTIR analysis of 1EDTA-MNP
before and after Cu(u) adsorption were carried out. As can be
seen in Fig. 4A, the strong peak at 580 cm™ " was ascribed to the
Fe-O stretching vibration. Compared with the pure CoFe,O,,

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Effect of adsorbent dosage on the adsorption of Cuf(i). (Oper-
ational conditions: Co = 10 mg L™, adsorbent dosage 0.01-2.0 g L%,
without solution pH adjustment, contact time 24 h, and temperature
298 K))
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Fig. 3 Effect of initial solution pH on the adsorption of Cu(u). (Oper-
ational conditions: Coq = 10 mg L™, adsorbent dosage 0.5 g L%, initial
solution pH 2.0-6.0, contact time 24 h, and temperature 298 K.)

the new generated FTIR peaks at 3420 cm™ ' was assigned to the
OH groups and physically absorbed water, and the peak at 1110
ecm~ ! was related to the stretching vibration of ~-C-N.** This
observation suggested that EDTA has been successfully grafted
onto the surface of CoFe,0,. And these two band positions did
not change after adsorption, indicating that the basic structure
of 1IEDTA-MNP remained constant. In addition, the peak
located at 1630 cm ™" was attributed to structural vibrations of
aromatic C=C and asymmetrical C=0 stretching of COO-
groups originated from EDTA, while the medium intensity
absorption centered 1380 cm™* mostly related to the symmet-
rical COO- stretching.*” A red shift of the spectral peak position
at 1620 cm ' and the weakened peak at 1380 cm ' were
observed, implying the complexation of Cu(u) with the carbox-
ylic groups on the adsorbent surface.

For better understanding the elemental speciation on the
surface of adsorbent, XPS measurement of 1TEDTA-MNP before
and after Cu(u) adsorption was performed. The XPS full scan
spectrum of 1IEDTA-MNP before and after Cu(u) adsorption were

This journal is © The Royal Society of Chemistry 2017
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depicted in Fig. 4B. Besides the characteristic peaks of O1s
(530.3 eV), Co2p (780.9 eV), Fe2p (711.4 eV), N1s (400.2 eV), and
C1s (284.8 eV), Cu2p (934.7 eV) peak was clearly detected for the
Cu(u)-adsorbed 1EDTA-MNP,* demonstrating that Cu(u) ions
were certainly attached onto the adsorbent. As shown in Fig. 4C,
the binding energies at 934.9 eV and 954.4 eV represented Cu
regions of 2p3/2 and 2p1/2, respectively. The determination of
the oxidation state of Cu2p3 was carried out by a curve-fitting
procedure based on Lorentzians broadened by Gaussion
(Fig. 4D), which illustrated that the copper adsorbed on the
nanoparticles exists in the oxidation state of 2+ and no signal of
Cu(1) or Cu(0) was detected. Thus, we postulated that the
removal of Cu(u) using EDTA functionalized CoFe,O, was
dominated only by adsorption process since the reduction of
Cu(n) was beyond detection.® Fig. 4E and F represented the
high-resolution spectrum of C1s for 1IEDTA-MNP before and
after Cu(n) adsorption. Devolution of the peak C1s of 1EDTA-
MNP clearly showed three component peaks with binding
energy of 284.9, 286.4 and 288.6 eV, which could be assigned to
the C in the forms of C-C, C-N, and O-C=0, respectively.*>*
Notably, the intensity of Cls components of the adsorbent
decreased significantly after Cu(u) adsorption as illustrated in
Fig. 4F, indicating that EDTA participated in the adsorption
process of Cu(u) onto 1IEDTA-MNP. The result was indicative of
the formation of Cu complexation, in which the nitrogen and
oxygen shared electrons with Cu* and hence the electron
density at the adjacent carbon atoms increased and the binding
energy of the carbons were reduced.*

In summary, the FTIR and XPS analysis above suggested that
the removal of Cu(u) from aqueous solution by adsorption onto
EDTA functionalized CoFe,0, could be achieved by a multiplex
process which involved ion exchange as well as surface
complexation (Scheme 1).

3.2.3 Adsorption kinetics. The adsorption kinetics is very
important for interpreting the metal ion uptake rate. The effect
of contact time on the adsorption of Cu(u) were conducted by
adding 25.0 mg of adsorbents to 50.0 mL solution containing
10 mg L~" of Cu(n) at pH 6.0, 298 K with contact time ranging
from 1 to 1440 min. It can be seen from Fig. 5 that the
adsorption of Cu(u) using EDTA functionalized CoFe,O, was
quite effective initially, then slowed down with the lapse of
contact time, and finally reached equilibrium.

For the purpose of investigation of the rate-controlling step
in the adsorption mechanism of Cu(u) onto EDTA functional-
ized CoFe,0,, pseudo-first-order,* pseudo-second-order,*® Elo-
vich equation® and intraparticle diffusion*® models were
employed to deal with the kinetic data. All the kinetic equations
are summarized in Table 1, where g. and g, are the adsorption
capacity (mg g~ ') at equilibrium and time ¢ (min), k is the rate
constant, # (mg g ' min~") is the initial adsorption rate in
pseudo-second-order model determined by k, and g., « (mg g~
min ") is the initial adsorption rate, 8 (g mg™ ') is the desorp-
tion constant related to the extent of surface coverage and
activation energy constant for chemisorption, and R is the
correlation coefficients to demonstrate the uniformity between
the experimental data and model-predicted values.

RSC Adv., 2017, 7, 5195-5205 | 5199
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Scheme 1 The proposed mechanism of Cu(il) onto EDTA functionalized CoFe,O,.

The parameters for the four kinetic models for adsorption of
Cu(u) on EDTA functionalized CoFe,0, are listed in Table 1. The
values of R* for the pseudo-first-order kinetic model were rela-
tively low and the calculated g. values did not agree with the
experimental ones, suggesting that the pseudo-first-order
kinetic model could not adequately describe the adsorption
process. Actually, in most cases in the literature the pseudo-

5200 | RSC Adv., 2017, 7, 5195-5205

first-order kinetic equation is generally applicable over the
initial stage of the adsorption processes and does not fit well to
the whole range of contact time.*'%” However, the R*> values
obtained from the pseudo-second-order kinetic model were
higher than 0.99 and the calculated g. values agreed very well
with the experimental ones, indicating that the experimental
data were in good agreement with the pseudo-second-order

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Effect of contact time on the adsorption of Cu(i). (Operational
conditions: Co = 10 mg L™, adsorbent dosage 0.5 g L™, initial solution
pH 6.0, contact time 1-1440 min, and temperature 298 K.)

model and the chemisorption was the rate-controlling step in
the adsorption process.*

According to the intraparticle diffusion model, if the plot of
q, versus t''* gives a straight line, then intraparticle diffusion is
involved in the adsorption process and if this line passes
through the origin then intraparticle diffusion is the rate-

View Article Online
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external mass transfer (k;;) was higher than that of internal
transfer (k; , and k; 3), indicating that the internal transfer might
be the rate-limiting step, and the adsorption rate was governed
by particle diffusion.*

3.2.4 Adsorption isotherms. The adsorption isotherms is
important for describing the distribution of the adsorbate
between the solution and the adsorbent, and provide some
insight into both the adsorption mechanism and surface
properties and affinity of the adsorbent. In this study, 1IEDTA-
MNP were chosen to study the adsorption isotherm of Cu(u)
onto EDTA functionalized CoFe,0,. Fig. 6A shows the adsorp-
tion isotherms of Cu(u) onto 1EDTA-MNP at temperatures of
298, 313, and 323 K. The adsorbed amount of Cu(u) onto the
adsorbent increased from 36.82 to 71.24 mg g ' as the
temperature rose from 298 to 323 K at initial Cu(u) concentra-
tion of 200 mg L', The increased g. value with temperature
suggested that the adsorption of Cu(u) onto 1EDTA-MNP
favored a high temperature.

To evaluate the relationship between Cu(n) and the adsor-
bent at equilibrium and to seek the maximum adsorption
capacity of the adsorbent, the adsorption isotherm data were
further fitted using Langmuir,® Freundlich,” and Dubinin-
Radushkevich (D-R)** isotherm models in this study. The
equations are expressed as follows:

controlling step. While, if the data exhibit multi-linear plots, Langmuir:
then two or more steps influence the adsorption process such as e
external diffusion or intraparticle diffusion.*** In the present 9e = T+ K.C. (3)
study, the plot showed a multi-straight-line nature, revealing
different stages involved in the adsorption process. The initial
sharp-sloped stage was dominated by external mass transfer, Freundlich:
during which the adsorbate in solution reached the surface of n
the adsorbent through the boundary layer. The second portion 9 = KrCe (4)
was attributed to the gradual adsorption stage, where the intra- D-R:
particle diffusion was rate-controlled. The intraparticle diffu-
sion started to slow down and reached the final equilibrium Go = qse"”z (5)
stage because of the low Cu(u) concentration in solution as well
as less number of available adsorption sites. Since the rate of
Table 1 Kinetic parameters for the adsorption of Cu(i) onto EDTA-MNP
Dynamic model Equation Parameters 1EDTA-MNP 2EDTA-MNP 3EDTA-MNP 4EDTA-MNP
Pseudo-first-order kinetic model In(ge — q) =Inge — k4t ge(mgg ") 12.88 11.40 10.92 8.92

ky (minfl] 0.00297 0.0025 0.00312 0.00328

R? 0.9565 0.9502 0.9187 0.9660
Pseudo-second-order kinetic model ¢ 1 Ea ge (mgg™ 16.57 14.21 12.51 10.28

@ kaqe?  qe ky (g mg™" min™") 0.00059 0.00069 0.00076 0.00090
h = kg h(mgg ' min) 0.16 0.14 0.12 0.095

R? 0.9947 0.9906 0.9969 0.9922

Elovich equation model 1 1 a(mgmg 'min~")  1.33 0.90 0.64 0.46
! ¢ =gh(af)+glnr g Eg rgng*%) ) 0.49 0.52 0.55 0.63

R? 0.8666 0.9149 0.9245 0.9258
Intra-particle diffusion model g, = kit'? ki;(mgg 'min') 047 0.56 0.54 0.50

R.® 0.9800 0.9697 0.9844 0.9943

ki,(mgg 'min") 035 0.27 0.26 0.19

R)? 0.9936 0.9934 0.9760 0.8318

ki;(mgg 'min') 017 0.19 0.15 0.07

Ry? 0.7887 0.8905 0.7022 0.8536
Qexp (mg g™ ") 15.64 14.11 12.43 10.23

This journal is © The Royal Society of Chemistry 2017
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where ¢. (mg g~ ') is the amount of Cu(n) adsorbed by 1EDTA-
MNP; g, (mg g~ ") is the monolayer adsorption capacity, C. is
the equilibrium concentration of Cu(n) in solution, ki, (L mg™")
and Ky [mg g~* (L mg~')"""] are the equilibrium constants of
Langmuir and Freundlich models, respectively, 1/n is the
heterogeneity factor, g; (mg g ') is the maximum adsorption
capacity of Cu(m); 8 (mol® k] ?) is the D-R constant, and ¢ is the
Polanyi potential that is equal to RT In(1 + 1/C.).

Fig. 6(B-D) shows the linear plot for Cu(u) adsorption onto
1EDTA-MNP based on linear Langmuir, Freundlich, and D-R
isotherm models. The obtained values for the isotherm
constants and correlation coefficients (R*) are summarized in
Table 2. The results showed that the R*> value of Langmuir
isotherm were much higher that of Freundlich and D-R
isotherms, suggesting the adsorption of Cu(u) took place at
specific homogeneous reactive sites on 1TEDTA-MNP and was
probably a monomolecular layer process.**® The essential
feature of Langmuir isotherm model could be expressed in
terms of a dimensionless constant reparation factor Ry, which
could be defined by R;, = 1/(1 + K.C,). The value indicates that
the adsorption process is favorable (0 < Ry, < 1), unfavorable (R;,
>1), linear (R, = 1) and irreversible (R, = 0). In the present

study, the separation factor was calculated to be in the range
from 0 to 1, indicating that the magnetic EDTA functionalized
CoFe,0, was a suitable adsorbent for Cu(u) removal from
aqueous solution.

Although the R* values for the Freundlich isotherm model
were less than that for the Langmuir model, they exceeded 0.90
in all temperatures. It is known that the Freundlich isotherm
model is characterized by 1/n. In this study, the values of 1/n
obtained for different temperatures were less than unity, sug-
gesting that Cu(u) in water could be easily adsorbed onto the
surface of 1IEDTA-MNP.* Generally, the Kg value is roughly an
indicator of the adsorption capacity. It was found to be
increased with the increment of temperature, implying that the
adsorption capacity of EDTA functionalized CoFe,O, for Cu(u)
increased with the rise of temperatures.

To assess the adsorption ability of the proposed adsorbent,
a comparative evaluation was made between 1EDTA-MNP and
some other reported nanostructured materials. It was very
important to note that the adsorption capacity of Cu(u) exhibi-
ted by 1EDTA-MNP (73.26 mg g~ ') was higher than that of
modest of the reported materials such as magnetic chitosan
nanoparticles (35.50 mg g~ '), chitosan-bound Fe;O, magnetic

Table 2 Parameters of Langmuir, Freundlich and D-R isotherm models for the adsorption of Cu(i) onto IEDTA-MNP

Langmuir isotherm

Freundlich isotherm D-R isotherm

T(K)  Geep(Mgg™) gm(mgg™?) K (@Lmg?) R Ke(mgg™) n R qs 8 R

298 36.82 37.58 0.1072 0.9925 14.69 5.80 0.9708 29.67 4.20 x 1077 0.4705
313 54.66 56.33 0.1123 0.9932 19.96 5.20 0.9377 42.06 1.04 x 1077 0.4452
323 71.24 73.26 0.1217 0.9920 24.67 4.81 0.9919 54.05 8.21 x 1078 0.6197
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nanoparticles (21.50 mg g~ '), humic acid modified HAP nano-
particles (58.42 mg ¢~ '), EDTA functionalized magnetic nano-
particles (46.27 mg g '), multiwalled carbon nanotubes
(24.49 mg g~ '), magnesium chloride-modified Lentinula edodes
(59.03 mg g "), functional polymers-modified activated carbon
(31.46 mg g~ "), diatomite (17.22 mg g~ '), MNP (17.60 mg g~ ),
GA-MNP (38.50 mg g~ '), bentonite-polyacrylamide composites
(35.00 mg g~ '), carbon nanotubes-iron oxides (38.34 mg g~ 1),
maghemite nanoparticle (27.70 mg g '), and gum arabic
modified magnetic nanoparticles (38.50 mg g~ ') (as listed in
Table 3), expressing a strong potential in the application of
Cu(m) removal from aqueous solution.

3.2.5 Effect of competing cations on Cu(u) adsorption. As
mentioned above, the EDTA functionalized CoFe,O, exhibited
a excellent adsorption performance for Cu(u) and showed
a promising application potential in treatment of Cu(u)-
contaminated water as highly efficient adsorbent (g = 73.26 mg
g~ ). However, both natural and industrial wastewater contain
various cations such as K(1), Na(1), Zn(u) and Mg(u). Such coex-
istence would interfere or decrease the removal efficiency of
Cu(u). The adsorption experiment of Cu(u) onto 1IEDTA-MNP,
2EDTA-MNP, 3EDTA-MNP, and 4EDTA-MNP was studied in
the presence of K(1), Na(1), Zn(n) and Mg(n) (Co, = 10 mg L™ ). All
the interfering cation solutions were prepared from their
nitrate, as nitrate anions were thought not to play a part in
adsorption, forming only weak complexes with metals. The
results in Fig. 7 depicted that these coexisting cations had
negligible influence on the adsorption performance of Cu(u)
over the adsorbents, suggesting that EDTA functionalized
CoFe,0, had a great practical potential application value.

3.2.6 Regeneration and stability of the adsorbent. The
adsorption process was repeated to evaluate the potential
capability of EDTA functionalized CoFe,O, in practical appli-
cations. As depicted in Fig. 8, the adsorption capacity of the
synthesized adsorbents could still keep more than 90% after
three adsorption-desorption cycles. The slight decrease after
several cycles was probably that small amount of functional
groups on the adsorbent was losing during several adsorption
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Fig. 7 Effect of competing cations on the adsorption of Cu(i) by
1EDTA-MNP, 2EDTA-MNP, 3EDTA-MNP, and 4EDTA-MNP (experi-
mental conditions: adsorbent dosage 2.0 g L™, initial pH 6.0, initial

Cu(n) concentration 10 mg L™, and temperature 298 K).

21
N [EDTA-MNP
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Fig. 8 Repeat adsorption of Cu(i) by 1EDTA-MNP, 2EDTA-MNP,
3EDTA-MNP, and 4EDTA-MNP.

and regeneration operations. The regeneration studies sug-
gested that the novel EDTA-MNP has potential applications for
selective Cu(u) ions removal from wastewater.

Table 3 The comparison of maximum Cu(i) adsorption capacities of various adsorbents

Adsorbent gm (mgg™) References
Magnetic chitosan nanoparticles 35.50 1
Chitosan-bound Fe;0, magnetic nanoparticles 21.50 2

Humic acid modified HAP nanoparticles 58.42 4

EDTA functionalized magnetic nanoparticles 46.27 5
Multiwalled carbon nanotubes 24.49 7
Magnesium chloride-modified Lentinula edodes 59.03 10
Functional polymers-modified activated carbon 31.46 11
Diatomite 17.22 14

MNP 17.60 37
GA-MNP 38.50 37
Bentonite-polyacrylamide composites 35.00 38

Carbon nanotubes-iron oxides 38.34 40
Maghemite nanoparticle 27.70 53

Gum arabic modified magnetic nanoparticles 38.50 54
Poly(catechol-diethylenetriamine-p-phenylenediamine) particles 44.20 55
1EDTA-MNP 73.26 Present work
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Table 4 The element mass content ratio of IEDTA-MNP before and after Cu(i) adsorption

Co Fe (6] C N H Cu Total
1EDTA-MNP 11.24% 22.77% 49.62% 14.86% 0.93% 0.58% — 100%
1EDTA-MNP after Cu(u) adsorption 11.07% 22.29% 46.29% 14.44% 0.89% 0.64% 4.38% 100%

The element content of 1IEDTA-MNP before and after Cu(u)
adsorption obtained from the XPS result were carried out to
study the stability of the adsorbent. It could be observed from
Table 4 that the mass content of Co, Fe, C, N, and H in the
synthesized 1IEDTA-MNP remained constant before and after
Cu(u) adsorption, indicating the good stability of the adsorbent.

4. Conclusions

This work highlighted potential application in wastewater
treatment by the EDTA-MNP nanoparticles, which was prepared
through a novel one-pot route functionalized reaction. Some
main conclusions could be drawn as following. Experiments
revealed that the nanostructured EDTA-MNP adsorbent has
much higher adsorption capacity than that of most of the re-
ported adsorption materials. Cu(u) adsorption on EDTA-MNP
was dependent on the EDTA mass in the composite, initial
solution pH, and temperature. The adsorption kinetics for the
removal of Cu(u) by EDTA-MNP was well explained by pseudo-
second-order kinetic model which suggested that the Cu(u)
uptake was a chemisorption process. The equilibrium data
could be well described by the Langmuir model, the maximum
adsorption capacity for Cu(u) on the basis of which was calcu-
lated to be 73.26 mg g™, which could be attributed to multiple
adsorption interaction mechanisms between Cu(u) and adsor-
bent (ion exchange with Na" and surface complexation with the
carboxylic groups of EDTA). Besides, the adsorption capacity of
the EDTA functionalized CoFe,O, could still keep more than
90% after three adsorption-desorption cycles. Results of this
work were of great significance for environmental applications
of EDTA-MNP as a promising adsorbent nanomaterial for pre-
concentration and removal of Cu(u) from aqueous solution or
wastewater, and it also provided a very effective way to improve
the adsorption affinity of metallic contaminants onto ferrite or
some other metal oxide.
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