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" Nickel hexacyanoferrate loaded on
nanoscale iron ferrite was
synthesized.

" The nano-resins had homogeneous
geometric shapes with 15–25 nm
average size.

" Copper removal was attained
through participation of different
mechanisms.

" The background electrolyte played a
significant role in the extent of
sorption.

" Copper was retained through
reversible process forming multi-
linear formations.
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A novel magnetic nano-resin was fabricated by supporting nickel hexacyanoferrate on Fe3O4 nanoparti-
cles and immobilizing them within PAN matrix. The prepared composite was characterized using FTIR,
TG–DTA, XRD, SEM and BET-N2 measurements. The textural properties indicated the existence of slit-
shaped pores and showed larger pores formed between plate-like particles. FTIR analysis suggested
the presence of both hexacyanoferrate (II) and hexacyanoferrate (III) anions in the nano-composites.
Further, data clarified a typical face-centered cubic structure with the molecular formula K2Ni[Fe(CN)6]�
3H2O. The resins were relatively fine, homogeneous with presence of little irregular clusters and had 15–
25 nm average size. The kinetics of copper retention followed pseudo-second-order expression with k2

values 3.81 � 10�5 g mg�1 min�1. Copper sorption was pH-dependent and qmax was attained at pH 6.0
suggesting sorption by single Cu2+ species through molar exchange with either H+ or K+ ions at low pH
values. In neutral solution, Cu2+ ions were retained by surface complexation besides ion exchange and
hydrogen bonding interactions, while precipitation was the relevant mechanism taking place in basic
medium. Intra-particle diffusion played a significant role at the initial stage of sorption and presence
background electrolyte significantly reduced Cu2+ removal. Freundlich model appropriately described
the removal of Cu(II) through a favorable sorption process.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction chemicals can cause serious environmental problems. Unlike
Heavy metals are chemical species extremely harmful for hu-
man beings, animals and plants. The improper disposal of these
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organic pollutants, which are degradable species, metal ions do
not easily get converted into harmless end products [1,2]. Heavy
metals are continuously releasing from many industrial activities
such as micro-electronics, electroplating, battery manufacture,
metallurgical and fertilizer industries. Such activities feed water
supplies with different heavy metals causing a serious environ-
mental pollution in lakes, rivers, and groundwater [3–6].
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Copper is one of the major heavy metal contaminants that ema-
nating environment from miscellaneous activities as electrical,
electroplating and metal finishing industries. Often, it is found in
high concentrations near mines, landfills and waste disposal sites.
In human beings copper toxicity causes itching and dramatization,
keratinization of hands and soles of feet [7]. Severe gastro-intesti-
nal irritation and possible changes in liver and kidney occur due to
intake of excessively large doses of copper. Further, inhalation of
copper spray increases the risk of lung cancer among exposed
workers [8,9]. Recent studies present evidence that copper plays
a role in Alzheimer’s disease [10].

Many processes have been developed to curtail heavy metal
pollution, including chemical precipitation, electrolysis, reverse
osmosis, solvent extraction, ion-exchange and sorption [11,12].
Among these methods, sorption technology has proven to be more
viable alternative and increasingly receives more attention in re-
cent years in removing heavy metal ions from wastewater [13].
For this purpose, extensive efforts were done to develop new
materials could be used as sorbents for removal of such contami-
nants from waste solutions. Nowadays, many research efforts were
devoted to apply nanoparticles in removal of different contami-
nants because of their unique properties and superior performance
for potential applications in decontamination purposes [14]. This is
because nanoparticles have extremely small size and high surface-
area-to volume ratio provides better sorption kinetics. By render-
ing nanoparticles magnetic, through the acquisition of magnetism,
a powerful new class of sorbent materials could be developed for
fast and potential remediation purposes. These magnetic nanopar-
ticles exhibit a finite-size effect resulting in a higher sorption
capacity for metal removal as well as selective sorption properties
and ease of phase separation [15,16].

Numerous types of magnetic nanoparticles could be tailored by
supporting selective candidates on magnetic nanoparticles. In this
concern, several studies reported a successful application of mag-
netic nano-structures in removal of different contaminants. Also,
different transition metal hexacyanoferrates supported on Fe3O4

nanoparticles were effectively applied in treatments of radioactive
wastes. Environmentally, Chitosan-based hydrogels with magnetite
nanoparticles were effectively employed in adsorption of Pb(II),
Cd(II), and Cu(II) ions from aqueous solutions [17], while Co(II) ions
were successfully separated using magnetic chitosan nanoparticles
[18]. Maor et al. [19] reported the removal of phosphate anions using
granular activated carbon impregnated with nano-sized magnetite
particles. In addition, magnetite polymeric resins were effectively
used in remediation of water contaminated with Cr(VI) [20,21].

Studies addressing the removal of Cu(II) from waste solutions in-
cluded the application of a wide variety of inorganic sorbents. One of
these studies reported a fast adsorption of Cu(II) from aqueous solu-
tions at pH 2–5 using carboxymethylated chitosan covalently
bonded on Fe3O4 nanoparticles [22]. Further, Hizal and Apak [23]
studied the uptake of Cu(II) using kaolinite clay minerals in presence
of humic acid. The efficiency of Fe3O4 nanoparticles treated with
Arabic gum to remove copper ions was also examined by Banerjee
and Chen [10]. They suggested surface complexation as a possible
mechanism in Cu(II) retention. Recently, meso-porous silica materi-
als with silanol groups were effectively applied in Cu(II) removal
[24]. Also, nano-aggregates of nickel hexacyanoferrate loaded mag-
netite were used for removal of cesium from radioactive wastes [25].

Although, the expected relevance of application of nickel
imprinted hexacyanoferrates as sorbents, very little work was
reported on usage of potassium nickel (II) hexacyanoferrate (II)
supported on iron ferrite nanoparticles for retention of Cu(II).
Therefore, the experimental work in this study was initiated on
deposition of an insoluble hexacyanoferrate on magnetic nano-
structured particles of Fe3O4 to produces an efficient nanocompos-
ite could be utilized as a reactive resin for copper retention.
2. Experimental

2.1. Materials

All chemicals used were of analytical grade purity and used
without further purification. A stock solution of 1000 mg L�1 Cu(II)
ions was prepared by dissolving the required amount of CuSO4

�5H2O in definite volume of bidistilled water and was used to pre-
pare the desired concentrations of adsorbate solution by appropri-
ate dilution. The Cu(II) solution, as prepared, had a pH value of 5.62
which did not change significantly with dilution. The pH value of
aqueous solutions was stabilized by addition of 0.1 M HCl and/or
NaOH solutions.

2.2. Preparation of Fe3O4 nanoparticles

Fe3O4 nanoparticles were prepared by co-precipitating Fe2+ and
Fe3+ ions with ammonia solution in an inert atmosphere. Ferric and
ferrous chlorides (molar ratio 2:1) were dissolved in bidistilled
water at a concentration of 0.3 M iron ions. Chemical precipitation
was achieved at 29 �C under vigorous stirring by adding NH4OH
solution (29.6%) and pH value was maintained at about 11 during
precipitation process. Thereafter, the precipitate was dried at 60 �C
for 60 min in presence of N2 gas. The inert atmosphere prevents
product oxidation according to the following equation:

2Fe3O4 þ ð1=2ÞO2 ! 3Fe2O3 ð1Þ

The obtained nanoparticles were immersed in a solution of
10 mM HCl to induce positive surface charge, and then washed
with bidistilled water until constant pH of 7.1 was sequentially at-
tained. Positive charged species of Fe3O4 is needed for the precipi-
tation of outer nickel hexacyanoferrate shell. Then, they were dried
at room temperature and finally sieved to the desired mesh size.

2.3. Preparation of potassium nickel hexacyanoferrate

Metal ferrocyanides are usually prepared in a colloid form from
soluble ferrocyanide, K4Fe(CN)6, and a divalent transition metal
salt such as NiCl2 by the following reaction:

FeðCNÞ4�;6 þ 2M2þ þ xH2O!M2FeðCNÞ6 � xH2O ð2Þ

where M stands for a divalent element. Nickel hexacyanoferrate
(NiHCNF) was prepared by adding 0.1 M NiCl2�6H2O solution grad-
ually drop by drop into a 0.1 M K4Fe(CN)6�3H2O solution under
agitation. After complete addition of NiCl2 solution, agitation was
continued for more three hours. Then, the mixture was let to settle
overnight, and supernatant was separated by decantation. After
that, the precipitate was washed three times with bidistilled water
and dried overnight under vacuum at room temperature.

2.4. Preparation of Fe3O4 @ NiHCNF nanoparticles

The magnetic Fe3O4 nanoparticles were used as a core in this
preparation. For this purpose, a solution of 0.1 M K4Fe(CN)6�3H2O
was added to the positively charged Fe3O4 nanoparticles and agi-
tated for 2 h in presence of N2 gas. During this time, the positively
charged Fe3O4 nanoparticles adsorb the negatively charged
FeðCNÞ4�;6 ; anion on their surface via electrostatic attraction. For
the conversion of K4Fe(CN)6 adsorptively attracted to ferrite sur-
face, a solution of 0.1 M NiCl2 was slowly dropped into reaction
mixture with vigorous stirring and in presence of N2 gas. During
this time, nickel hexacyanoferrate was precipitated as a thin layer
on the surface of iron ferrite nanoparticles to produce a core–shell
nano-structure. The mixture was further stirred for about 2 h, and
let to settle down. The precipitate then was washed thoroughly



Fig. 1. The typical nitrogen adsorption–desorption isotherms for nickel hexacy-
anoferratemagnetic nano-resins.
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with bidistilled water until constant pH value was sequentially
attained, and dried at room temperature in presence of N2 gas
(WM1). A part of the previously prepared composite was mixed
with equivalent weights of polyacrylonitrile (PAN) in its gelatinous
form. The obtained mixture was mixed well for homogeneous dis-
tribution of the solid particles along the binder matrix and kept in
an oven at 50 �C overnight (WM2). Finally, the composites were
pulverized, sieved to different mesh sizes. Particulates have mesh
size range 0.170–0.135 mm were used in the rest of experiments.

2.5. Instrumentation

The surface characteristics of synthesized resins were charac-
terized by Fourier Transform Infrared (FTIR) spectrophotometer
Nicolet iS10, Thermo, USA. The powder X-ray diffraction patterns
was recoded with Philips X-ray diffractometer model PW1710
equipped with monochromatized CuKa radiation (k = 0.154 nm,
40 kV and 25 mA) employing a scan rate of 0.02� s�1 in the range
from 10� to 70�. The thermal stability was verified using simulta-
neous DTA–TG 50 system from Shimadzu, Japan. TGA measure-
ments were performed up to a temperature of 800 �C, with a
heating rate of 5 �C min�1 using -Al2O3 as reference. Samples mor-
phology and composition was analyzed using Scanning Electron
Microscope (SEM) model JSM-6510A from JEOL, Japan. The specific
surface area was determined from N2 adsorption isotherm by BET
method using a Nova 3200, Version 6.08 High Speed Gas Sorption
Analyzer. The concentration of copper was determined using atom-
ic absorption spectrometer (AAS). Analysis was performed using
Solaar-II M5 atomic absorption spectrometer from Thermo Fisher
Scientific Inc., Cambridge, UK. The measurements were carried
out using Air-C2H2 flame with a fuel flow rate 1.1 L min�1 and
the absorbance reading was detected at a wavelength of 324 nm.

2.6. Sorption experiments

Batch experiments were performed by equilibrating 0.1 g of
magnetic resins with 10 mL of 50 mg L�1 Cu(II) solution in sealed
glass bottles. The samples were shaken at 28 ± 2 �C and aliquots
were taken at appreciate time intervals as necessary, centrifuged
and the concentrations of Cu(II) were determined by atomic
absorption spectrophotometer. The effect of hydrogen ion concen-
tration on the amount of copper sorbed was studied by equilibrat-
ing 0.1 g resin with a set of 10 mL Cu(II) solutions. The initial pH
value of these solutions was adjusted to different values ranged
from 1 to 11 using 0.1 M HCl and/or 0.1 M NaOH solutions. In clar-
ifying its effect as a background electrolyte, different initial con-
centrations of NaCl have the range 1 � 10�2 to 5 � 10�1 M were
added to a set of copper solutions and equilibrated with a definite
weight of prepared resins. After equilibrium, the samples were
centrifuged and aliquots were subjected to AAS measurements.
Similar experiments were carried out by contacting a fixed amount
of adsorbents with 10 mL of Cu(II) solutions have varying concen-
trations cover the range of 10–100 mg L�1 and agitated till equilib-
rium. Then, resins were separated and metal ion concentration was
determined by AAS. The sorption % and adsorbed amount (q) were
calculated using the following equations:

Sorption % ¼ Co � Ce

Co
� 100 ð3Þ

q ¼ ðCo � CeÞ �
V
m

ð4Þ

where Co and Ce are the initial and equilibrium concentration of
Cu(II) in aqueous solution, V is the aqueous volume (mL) and m is
the weight of resin (g). All experimental data were the average of
two replications of each experiment and the reproducibility of
experimental measurements were mostly within ±2.4%.
3. Results and discussion

3.1. Characterization

The typical nitrogen adsorption–desorption isotherms for the
synthesized nickel hexacyanoferrate magnetic resin (WM1) and
the polymerized precursor (WM2) are shown in Fig. 1. The samples
were firstly degassed before nitrogen adsorption measurement. The
plots of nitrogen adsorption isotherm for both WM1 and WM2 sam-
ples, as they were prepared, could be classified as type-V with H3
hysteresis loop according to Brunauer–Deming–Deming–Teller
(BDDT) classification. This classification indicated the existence of
slit-shaped pores [26]. Also, the isotherms showed a hysteresis loop
reflecting textural pores formed between plate-like particles [27].
The pore size distribution curves are quite broad and multimodal
with small and large meso-pores. The small meso-pores reflect
porosity in nano-flakes, while large ones could be related to the
pores formed between stacked nano-flakes. The textural properties
of synthesized materials, such as specific surface area, pore volume
and average pore diameter, are listed in Table 1. The listed data
show that WM1 sample had specific surface area of 61.01 m2 g�1

with corresponding total pore volume of 6.26 � 10�2 cm3 g�1, while
WM2 resin had specific surface area of 33.76 m2 g�1 with corre-
sponding total pore volume of 4.07 � 10�2 cm3 g�1.

FTIR spectra of magnetic resin (WM1) and the polymerized ana-
logue (WM2) are recorded in Fig. 2. In both cases, the broad



Table 1
Textural properties of nickel hexacyanoferrate magnetic nano-resins.

Sample SBET (m2 g�1) Dp (nm) Vt (cm3 g�1)

WM1 61.01 2.05 6.26 � 10�2

WM2 33.76 2.41 4.07 � 10�2

SBET is the specific surface area deduced from the isotherm analysis. Dp is the pore
diameter calculated from the desorption branch of the isotherm. Vt is the total pore
volume calculated at a relative pressure of 0.99.
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absorption bands revealed at 3400 cm�1 was assigned to m(OH)
symmetric and asymmetric stretching of hydrogen bonded water
molecules. The presence of coordinated water molecules existing
in the interlayer structure was sensed around 1600 cm�1 due to
d(HOH) bending vibration. Also, this band could be ascribed to
the stretching vibration of –N–H group. The characteristic peak
for stretching vibration of C–H was observed at 2914 cm�1 and
could be assigned to ma(C–H) [28]. Moreover, the band noted at
2240 cm�1 was implied to the vibration of –R–N group. These
peaks are known as indicative bands of the function groups present
in polyacrylonitrile structure that was used with sample WM2. The
presence of these bands is an indicative to the successful coating of
nano-particles with PAN [15]. The band detected at 1400 cm�1

might be attributed to the vibration interactions of surface –OH
groups of Fe3O4 nanoparticles [29]. The bands arising around
2095 and 2045 cm�1 could be ascribed to m(CN) stretching fre-
quency of –CN groups in hexacyanoferrate (II). It was noteworthy
that, hexacyanoferrate (II) ions are partly converted into hexacya-
noferrate (III) ions during their aqueous interaction and vice versa
[30]. The band sensed at 2045 cm�1 was due to hexacyanoferrate
(II) ions while that observed at 2095 cm�1 was due to hexacyano-
ferrate (III) ions. The partial conversion of the hexacyanoferrate (II)
ions to hexacyanoferrate (III) ions may be attributed to ligand ex-
change by water followed by oxidation interaction [31]. The split in
m(CN) stretching vibration is a common feature of potassium hexa-
cyanoferrate salts [32]. Therefore, FTIR analysis suggests the pres-
ence of both hexacyanoferrate (II) and hexacyanoferrate (III)
anions in both prepared samples. The bands revealed at 630 and
580 cm�1 could be assigned to the vibration of Fe–O. It is conceiv-
able that the prepared resins are well coordinated and incorpo-
rated in the polymer matrix forming a more stable protecting layer.

The thermogravimetric analysis of the studied samples is given
in Fig. 3. The figure shows the mass change and its derivative of
nickel hexacyanoferrate magnetic resins heated with a rate of
5 �C min–1 up to 800 �C. It is clear that the dehydration process ex-
tended from 50 �C to �300 �C was occurred in successive stages
during which a reduction in sample mass by about 12.01% was de-
tected. This value is close to the value 12.8% that represents the
molecular mass of three water molecules relative to the molecular
Fig. 2. FTIR spectra of prepared nickel hexacyanoferrate magnetic nano-resins.
mass of nickel hexacyanoferrate molecule. In both resins, the ther-
mal decomposition took place in three steps. The first mass loss
was observer at a temperature range 50–120 �C and accompanied
with an exothermic peak detected at 70.5 �C. This weight loss could
be referred to removal of external water molecules. In second stage
of dehydration process extended between 120 and 300 �C, the
internal water molecules were escaped from crystal lattice of
NiHCNF. In the range extended from 300 to 420 �C a loss in the
weight of WM1 resin was observed and accompanied with an exo-
thermic peak detected at 380.25 �C, Fig. 3a. This weight loss could
be due to matrix decomposition with partial release of carbon, as
CO2, nitrogen, as NOx and NH3 leaving metal oxides of potassium,
nickel and iron in the residue [31,33]. Fig. 3b shows that the
decomposition of sample WM2 extended to 550 �C and was
accompanied with an exothermic peak at 380.49 �C. Also, the
decomposition of PAN organic binder took place causing a further
weight loss in sample WM2 comparing with WM1. At higher tem-
perature, no obvious weight loss was detected behind 550 �C for
both samples.

It was obviously noted that TG curves of both resins are look
similar while there was a slight difference in DTG curves. This
slight difference was represented in the exothermic peak revealed
at 339.28 �C which could be assigned to the decomposition of PAN
organic binder used in preparation of WM2 resin. In the stage of
dehydration extended between 50 and 300 �C, the detected weight
loss represents the evolution of different two types of water
molecules. One represents dehydration of external water mole-
cules while the second denotes that escaped from crystal lattice.
The dehydration process in such a manner is consistent with data
revealed from FTIR investigation. FTIR spectra sensed the presence
of two types of water molecules each of them has its peculiar char-
acter through m(OH) and d(HOH) vibrations.

The phase structure of prepared nickel hexacyanoferrate mag-
netic resin (WM1) as well as its PAN bonded precursors (WM2)
Fig. 3. Thermogravimetric analysis of prepared nickel hexacyanoferrate magnetic
nano-resins.



Fig. 5. SEM images of: (a) prepared nickel hexacyanoferrate magnetic nano-resin,
(b) The corresponding magnified image.

Table 2
EDX analysis of nickel hexacyanoferrate resin.

Component Weight (%)

C 36.15
N 35.84
K 13.37
Fe 8.15
Ni 6.49

Total 100.0
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was investigated by XRD and data are given in Fig. 4. The powder
diffraction patterns of synthesized resins are similar to each other
and matched well with that reported by Ambashta et al. [26]. The
diffractograms indicated characteristic peaks at 2h = 17.40�, 31.12�,
35.56�, 43.15�, 53.73�, 57.33�, and 64.86� related to the phases
(001), (220), (311), (400), (422), (511) and (440), respectively.
These X-ray patterns are consistent with the diffraction lines of
both iron ferrite and potassium nickel hexacyanoferrate implying
the presence of admixture of iron ferrite and nickel hexacyanofer-
rate. Further, the 00 l peak at 17.40� Confirmed the incorporation
of hexacyanoferrate anions in the interlayer region of the iron
oxide. All peaks were found to match well those of a typical face-
centered cubic (FCC). The average crystallite size (L) was estimated
using Debye–Scherrer equation [34]. The line broadening measure-
ments were calculated from the half-width of the most intense
peak of XRD patterns revealed at 2h = 35.56� (line 311) that is com-
mon for potassium nickel hexacyanoferrate [35]. The calculated
average crystallite size value was 10 and 11 nm for WM1 and
WM2, respectively. Based on these data, a typical face-centered cu-
bic structure with molecular formula K2Ni[Fe(CN)6]�3H2O was pro-
posed for the prepared resins. This result coincides with that
previously reported by other investigators [33,36].

The surface texture and morphology of nickel hexacyanoferrate
magnetic resins are depicted in Fig. 5 and SM 1. It is evident from
the scanning electro-micrographs (SEMs) that the particles of both
synthesized resins are relatively similar and fine. They exhibited
homogeneous structures had regular morphology with presence
of little irregular clusters. The average size of most particles was
in the range of 15–25 nm. Also, the nano-resins had wormhole like
meso-porosity that most likely facilitates the analyte transport to
access to the active sites during sorption processes, and finally im-
proves the sorption efficiency. These features agree well with the
textural properties that was depicted from N2 adsorption–desorp-
tion isotherm. Additionally, WM2 sample was characterized with
presence of a crust of PAN polymer coating its surface. At high mag-
nification (x = 3500), SEM image further exhibited porous and or-
dered platelets separated from each other by many smaller
particles forming a rugged layered network (Fig. 5b). The energy
dispersive X-ray analysis (EDX) was performed for potassium nickel
hexacyanoferrate and data are presented in Table 2. EDX elemental
analysis supports the composition K2.23Ni1.08[Fe1.35(C6.03N5.97)] as a
formula supposed for the prepared resins. These results strongly
support the previously proposed molecular formula of potassium
nickel hexacyanoferrate.
3.2. Sorption kinetics

The kinetics of Cu(II) retention exhibited two sorption steps: a
fast initial process followed by a much slower one. The sorption
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Fig. 4. XRD patterns of prepared nickel hexacyanoferrate magnetic nano-resins.
occurred rapidly at the early stage of reaction was probably due
to the abundant availability of active sites on resins surface. With
the gradual decrease in active sites, sorption was attained at a
slower rate till reaching equilibrium. The prediction of sorption
rate gives important information for selecting optimum operating
conditions for full-scale batch process. In order to evaluate the
kinetics that control the sorption process, simple first-order, pseu-
do-first-order and pseudo-second-order models were used to ana-
lyze the experimental data obtained from batch experiments.

The sorption of copper ions from a liquid phase to a solid sor-
bent might be considered as a reversible reaction with an equilib-
rium state being established between two phases. Therefore, a
simple first-order reaction model was used to correlate the rates
of reaction, which could be expressed as [37]:

A �
kf

kb

B ð5Þ

where kf and kb are the forward and backward reaction rate con-
stants. If C is the initial concentration of copper and q is the amount
transferred from liquid phase to nickel hexacyanoferrate magnetic
nano-resin at any time t, then the rate will be:

@q
@t
¼ � @

@t
ðc � qtÞ ¼ kðC � qtÞ ð6Þ

where k is the overall reaction rate constant. Since kf and kb are the
rate constants for the forward and reverse processes, then the rate
equation can be expressed as:



Table 3
First-order reversible reaction rate constants for removal of copper using nickel
hexacyanoferrate magnetic nano-resins.

Rate constant Resin

WM1 WM2

Overall rate constant, (k, min�1) 4.1657 3.0568
Equilibrium constant (kc) 96.58 91.38
Forward rate constant (kf, min�1) 4.123 3.024
Backward rate constant (kb, min�1) 0.0427 0.0331
Correlation coefficient (R2) 0.974 0.992
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@q
@t
¼ kf ðC � qtÞ � kbqt ð7Þ

If qe represents the amount of copper sorbed on nickel hexacy-
anoferrate (II) magnetic nano-resins, then at equilibrium,
kf (C � qe) � kbqe = 0, because under these conditions:

@q
@t
¼ 0 or kc ¼

qe

ðC � qeÞ
¼ kf

kb
ð8Þ

where kc is the equilibrium constant. Under equilibrium conditions,
the rate becomes:

@q
@t
½kf ðC � qtÞ � kbqt � � ½kf ðC � qeÞ � kbqe� ð9Þ

If we have,

kf þ kb ¼
1
t

ln
qe

qe � qt
ð10Þ

Therefore,

lnð1� FaÞ ¼ �ðkf þ kbÞt ¼ �kt ð11Þ

where Fa is the fractional attainment of copper at equilibrium. The
kinetic plot of (1 � Fa) vs. t for copper retention on nickel hexacya-
noferrate magnetic nano-resins is presented in Fig. 6. The plots ex-
hibit linear relation from which the overall, forward, and backward
rate constants were calculated and data are listed in Table 3. The
data clarify that forward rate constant was much higher than back-
ward rate constant for removal of copper using both nano-resins. It
is pertinent to note that retention of copper was a reversible process
and the synthesized nano-resins had a good potential for removal of
copper from aqueous solutions. Further, the overall rate constant
and forward rate constant for copper removal by WM1 is greater
than that for WM2. The equilibrium constant, (kc) attained the val-
ues of 96.58 and 91.38 for WM1 and WM2 nano-resins,
respectively.

The sorption kinetic data of Cu(II) retention on magnetic nano-
resins were analyzed in term of pseudo-first-order sorption equa-
tion. This equation could be written as [38]:

dqt

dt
¼ k1ðqe � qtÞ ð12Þ

where qe and qt are the amounts of copper retained on nickel hexa-
cyanoferrate (II) magnetic nano-resins at equilibrium and time t
(mg g�1), respectively and k1 is the pseudo-first-order rate constant
(min�1). After integration and applying the boundary conditions
qt = 0 at t = 0 and qt = qt at t = t, Eq. (12) becomes:

logðqe � qtÞ ¼ log qe �
k1

2:303
t ð13Þ
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-6

-4

-2

0
Resins :- 

WM1
 WM2

Time, min.

ln
 (1

- F
a
)

Fig. 6. Reversible first-order kinetic fit for removal of Cu(II) ions using nickel
hexacyanoferrate magnetic nano-resins.
When the experimental data were plotted in form of log
(qe � qt) vs. t, a straight line would be obtained if the pseudo-
first-order kinetic model was a suitable expression (Fig. 7). The
overleaf of this relation showed approximately linear fit over the
entire range of contact time. The values of rate constant (k1) and
equilibrium sorption capacity (qe) were determined from the slope
and intercept of these linear plots and data along with correlation
coefficient (R2) are given in Table 4. The pseudo-first-order rate
constant had the values 4.39 � 10�2 and 3.41 � 10�2 min�1 for
WM1 and WM2 resins, respectively. However, q values estimated
from Lagergren plots for Cu(II) retention on WM1 and WM2
nano-resins were 3398, 3590 mg g�1, respectively. These values
differed from the experimentally determined qe values. Therefore,
the linearity exhibited by Lagergren plots did not necessarily as-
sure the fitting of pseudo-first-order kinetics in copper retention.
This is mainly due to the inherent disadvantage of correctly
estimating the equilibrium sorption capacity [39]. Therefore, the
pseudo-first-order kinetic model was less likely to explain the rate
process.

The deviation detected in fitting pseudo-first-order model had
led to further verify the kinetics of Cu(II) retention using pseudo-
second-order rate equation that developed by Ho and McKay and
expressed as [40,41]:

t
qt
¼ 1

k2q2
e
þ 1

qe
t ð14Þ

where k2 is the pseudo-second-order rate constant (g mg�1 min�1).
The kinetic plots of t/qt vs. t for copper retention on nickel hexacy-
anoferrate magnetic nano-resins are presented in Fig. 8. The values
of qe and k2 were graphically determined from the intercept and
slope of revealed plots and summarized in Table 4. They were cal-
culated to be 4901 mg g�1 and 3.81 � 10�5 g mg�1 min�1 for copper
retention on WM1 while their values for copper retention on WM2
were 4719 mg g�1 and 2.45 � 10�5 g mg�1 min�1, respectively. The
theoretical q values estimated from pseudo-second-order kinetic
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Fig. 7. Lagergren plots for removal of Cu(II) ions using nickel hexacyanoferrate
magnetic nano-resins.



Table 4
Kinetic parameters for removal of copper using nickel hexacyanoferrate magnetic
nano-resins.

Kinetic model parameters Resins

WM1 WM2

Pseudo first order
k1 (min�1) 0.0439 0.0341
q1 (mg g�1) 3398 3590
R2 0.970 0.985
SSE 0.0921 0.0496

Pseudo second order
k2 (g mg�1 min�1) 3.81E-5 2.45E-5
h (mg g�1 min�1) 952.3 561.8
q2 (mg g�1) 4901 4719
R2 0.998 0.987
SSE 2.033E-5 1.371E-3
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model for both WM1 and WM2 resins agreed with the experimental
ones that had the values 4879 and 4690 mg g�1, respectively. This
consistence authenticates that the model kinetics fitted well the
experimental results for the entire sorption conditions. This con-
firms that pseudo-second-order sorption kinetics predominate the
overall rate of Cu(II) retention that supposed to be controlled by a
chemical reaction.

The fitness of applied kinetic models was further assessed by
the Squared Sum of Error (SSE) values. It is assumed that the model
which gives the lowest SSE values is the best model for metal ion
sorption on nickel hexacyanoferrate magnetic nano-resin. The
SSE values were calculated using the following equation [9]:

SSE ¼
X ðqt;e � qt;mÞ

2

q2
t;e

ð15Þ

where qt,e and qt,m are the experimental sorption capacity of copper
ions (mg g�1) at time t and the corresponding values obtained from
applied kinetic model. SSE values for all kinetic models were calcu-
lated and summarized in Table 4. Data clarify that pseudo-second-
order model had lower SSE values indicating that retention of Cu(II)
on nickel hexacyanoferrate magnetic nano-resins followed pseudo-
second-order kinetics.

3.3. Effect of pH

The pH value has been identified as one of the most important
parameter that affects the sorption of metal ions. It directly
changes the metal ion speciation and their physic-chemical inter-
actions at solid–liquid interface as well as the competition ability
of hydrogen ions with these metal ions to the available active sites
on resin surface. The effect of initial pH value on removal of Cu(II)
0 50 100 150 200 250

0.02

0.04

0.06

Time, min.

t/q
t, 

g 
m

g-1

Resins :- 
WM1
 WM2

Fig. 8. Pseudo-second-order kinetic fit for removal of Cu(II) ions using nickel
hexacyanoferrate magnetic nano-resins.
by WM1 and WM2 nano-resins were studied at pH range 1–11 and
the results are given in Fig. 9. The sorption of Cu(II) onto synthe-
sized nano-resins increased with increasing the initial pH up to 6
and approached a plateau at pH range 6–11. It is worthy to note
that sorption of Cu(II) on both WM1 and WM2 was accompanied
with a decrease in the final pH values. Such decrease indicates that
sorption of Cu(II) resulted in a liberation of proton from the active
sites of resins’ surface into aqueous solution. At low pH, sorption
was low and this may possibly due to the protonation of surface
active sites and presence of increased concentration of H3O+ ions.
Thus, the positively charged surface site and the competition
between H3O+ and Cu2+ ions for the available binding surface site
decreased copper uptake in highly acidic medium. With an in-
crease in pH up to 6, the concentration of H3O+ ions decreased
and the surface active sites became deprotonated and negatively
charged, thus the attraction of positively charged Cu2+ ions was
enhanced. At pH > 6, the removal of Cu2+ ions was most likely to
onset of copper precipitation as a hydroxide. Similar observations
have been early reported for sorption of Cu2+ ions on other adsor-
bents [41].
3.3.1. Speciation
The relationship between the relative amounts of copper ionic

species and solution pH was calculated by visual MINTEQ software
[42] and presented in Fig. 10. The figure clarifies that copper pres-
ent in aqueous solution was mainly in Cu2+ form up to pH 6. The
positively charged Cu(OH)+ appeared in pH range 5–11 while the
hydrolytic product Cu2ðOHÞ2þ;2 appeared in pH range 6–10. The neu-
tral Cu(OH)2 particles started to precipitate at pH 6.5 and become
predominant at pH 9.5. The negatively charged species CuðOHÞ�;3
and CuðOHÞ2�;4 predominated at pH values higher than 11. These
evidences argue that electrostatic attraction between Cu2+ ions
and the positively charged sites in applied nano-resins’ surface
was unfavorable interaction over the initial pH range 1–6. Further,
the complexation equilibria and formation constants of copper hy-
droxo-complexes are shown below [24]:

Cu2þ þH2O�CuOHþ þHþ log b1 ¼ �8:22 ð16Þ
2Cu2þ þ 2H2O�Cu2ðOHÞ2þ;2 þ 2Hþ log b2 ¼ �10:62 ð17Þ

It is well recognized that FTIR spectroscopic analysis avouched
the presence of a variety of functional groups, such as hydroxyl,
cyanide and –Fe–O groups on the surface of prepared magnetic
nano-resins. The participation of these functional groups in bind-
ing copper ions is highly dependent on pH value of aqueous solu-
tions. This dependence highlights the potential contribution of
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Fig. 9. Effect of solution pH on removal of Cu(II) ions using nickel hexacyanoferrate
magnetic nano-resins.
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different binding mechanisms in the overall copper retention at
different pH values. Depending upon solution pH, iron oxide sur-
face sites can act as a weak acid or base and gain or lose proton
(i.e. it can undergo protonation or deprotonation) [43]. Therefore,
the following reactions were expected to occur at the surface of
prepared magnetic nano-resins in pH range 2–6:

—Fe—O� þHþ�—Fe—OH ð18Þ

—Fe—OHþHþ�—Fe—OHþ;2 ð19Þ

where –Fe–OH represents a single protonated oxide site. The above
reactions illustrate that increasing the concentration of deproto-
nated surface oxide sites could increase the sorption of copper cat-
ions that proposed to occur according to the following reaction.

—Fe—O� þ Cu2þ þH2O�—FeO—CuðOHÞ þHþ ð20Þ

In addition, Sun et al. [44] ruled out that zeta potential of these
magnetic nano-adsorbents in acidic pH is positive and decreases
with increasing pH where the corresponding surface reaction could
be expressed as:

Fe—OHþ2  
þHþ

Fe—OH !�Hþ
Fe—O� ð21Þ

Also, hexacyanoferrate is an electroactive anion and its correspond-
ing redox reaction could be written as follows:

K2NiII½FeIIðCNÞ6��KNi:II½FeIIIðCNÞ6� þ e� þ Kþ ð22Þ

In such a case, a transfer of electron accompanied with simulta-
neous displacement of potassium ion was revealed [45]. This redox
interaction was highly supported by the evidence previously de-
tected by FTIR investigation that confirmed the presence of both
hexacyanoferrate (II) and hexacyanoferrate (III) anions.

3.3.2. Retention mechanism and kinetics
The possibility of hexacyanometallates to be used as a reactive

resin for copper removal from waste solutions is strongly depen-
dent on their chemical composition and crystal structure as well
as the speciation of both analyte cations and surface function
groups. In hexacyanometallates, the involved transition metal is
usually found with octahedral coordination, crystallizing within
the cubic unit cell (Fm–3 m). Further, the alkali metal acts as a
charge balancing species within the structure pores and only elec-
trostatic interacted with material frame work. The remaining
available space within the cavity is occupied by water molecules,
some of them are coordinated to the alkali metal and the others
are stabilized within the cavity through hydrogen bonding interac-
tions with the formers.
It is conceivable that metal sorption involves complex participa-
tion of different mechanisms as ion exchange, chelation, sorption
by physical forces and ion entrapment in inter capillaries and
spaces of the structural network. The change in retention mecha-
nism was proposed to be varied with altering solution pH due to
the change in the characteristic of reactions that could take place
at the solid-solution interface.

In acidic solution, protonation interactions of oxide groups in
Fe3O4 nanoparticles assure that the protonated oxide groups
(—FeOHþ;2) are tentatively the dominating surface species that giv-
ing rise the surface positive charge density. This surface positivity
made copper removal was electrically unfavorable in this region
due to the strong electrostatic repulsion. Thus, almost no copper
ions were removed at pH < 2. With increasing pH, zeta potential
decreased and –Fe–OH became the dominating species around
pH 6, the pHpzc value of iron ferrite. At these conditions, retention
of Cu2+ was hypothesized to be achieved through an ion exchange
process according to the following interaction:

2Fe—OHþ Cu2þðaqÞ� ðFe—OÞ2Cuþ 2Hþðaq:Þ ð23Þ

Such proton liberation from –Fe–OH groups into aqueous solu-
tion clearly elucidates the decrease in final pH values that accom-
panied with copper retention progress. In addition, a release of K+

ions was proposed to occur from potassium nickel hexacyanofer-
rate (II) structure to aqueous solution. This release might be
resulted from the redox interactions of Fe(II,III)

3O4@K2Ni[Fe(II,III)

(CN)6] magnetic nano-resin. In such a case, retention of copper
could be predicted to be attained through an exchange of K+ ions
with Cu2+ cations yielding CuNi[Fe(CN)6]. Thus, the significant re-
moval of copper ions occurred at pH range 2–6 was suggested to
be attained through molar exchange of single Cu2+ ions with K+

and/or H+ ions.
The retention mechanism was predicted to be quite different in

neutral solutions where copper presents in different three cationic
species are Cu2+, Cu(OH)+ and Cu2ðOHÞ2þ;2 besides Cu(OH)2. These
species were supposed to be retained at the magnetic nano-resin
surface either by ion exchange mechanism or by hydrogen bonding
as shown below:

—R—OHþ CuOHþ ! —RO—CuOHþHþ ðIon exchangeÞ ð24Þ

2ð—R—OHÞ þ Cu2ðOHÞ2þ;2 ! —ðROÞ2—CuðOHÞ2 þ 2Hþ

ðIon exchangeÞ ð25Þ

2ð—R—OHÞ þ CuðOHÞ2 ! ð—ROHÞ2—CuðOHÞ2 ðH-bondingÞ
ð26Þ

where –R represents the matrix of resin phase. Besides, copper that
has an incomplete octet of electrons can act as a Lewis acid and
interacts with –CN group in hexacyanoferrate structure that acts a
Lewis base, and produces a coordinated complex. Under these con-
ditions, surface complexation interactions were expected to partic-
ipate in the overall retention of copper at this pH range. It is
conceivable that all previously mentioned mechanisms work to-
gether and play a critical role in the overall removal of Cu(II)
although it is difficult to quantitatively estimate the extent of re-
moval referred to any of them. At higher pH values, the strong de-
crease in aqueous copper concentration shows that precipitation
was a relevant mechanism taking place in Cu(II) retention besides
the possibly simultaneous contributions of other mechanisms over
pH range 6–11.

The removal of copper ions attained through different sorption
mechanisms could be limited by the kinetics of their accessibility
to the inter–planar space of Fm–3 m crystal structure. These kinet-
ics were explored with the theory proposed by Weber and Morris
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for intraparticle diffusion [46]. They clarified that intraparticle dif-
fusion is often regarded as the rate-limiting step in most sorption
processes and stated that the sorbed amount (qt) almost varies
with the square root of contact time (t0.5). The linear form of
intraparticle diffusion equation is give as:

qt ¼ kintt0:5 ð27Þ

where qt is the amount adsorbed at time t (mg g�1), t is the time
(min), and kint is the intraparticle diffusion rate constant (mg g�1

min�0.5). If intraparticle diffusion is the sole mechanism taking
place, a plot of sorption capacity qt at time t vs. t0.5 would yield a
straight line. The overleaf shows two regions with two linear seg-
ments had different slops. The initial segments were attributed to
the diffusion of copper ions from bulk solution to nano-resin sur-
face. The second segments describe the gradual retention to attain
equilibrium stage and represents the diffusion of copper ions within
the resin structure. It is pertinent to note that the linear diffusion
plots did not pass through the origin, and hence intraparticle diffu-
sion may not be the sole factor controlling the mechanism of copper
retention (see Supplementary data). The value of kint was calculated
from the slope of straight lines and given in Table 5. kint had the val-
ues 0.0949 and 0.1191 mg g�1min�0.5 for WM1 and WM2 resins,
respectively. These results authenticate that a large number of
Cu(II) ions might have diffused into the pores before being
adsorbed.

3.4. Sorption isotherm

Sorption isotherms are mathematical models that describe the
distribution of adsorbate species among liquid and adsorbent
phases, based on a set of assumptions. Analysis of isotherm data
is important for predicting the sorption capacity of adsorbent,
which is one of the main parameters required for design of a sorp-
tion system. Several isotherm models were used for this purpose.
To find out the mechanistic parameters associated with Cu(II) sorp-
tion, the results obtained were analyzed using the well-known
models given by Freundlich and Langmuir.

Freundlich isotherm is the earliest known relationship, which
assumes that the surface sites of an adsorbent have different
binding energies. Freundlich expression is an empirical equation
describes sorption occurring onto heterogeneous surfaces and
addresses reversible sorption process not restricted to monolayer
formation. This model provides no information on the monolayer
sorption capacity and considers that sorption takes place in mul-
ti-sites due to the heterogeneity on the surfaces. The basic assump-
tion of Freundlich isotherm is that if the concentration of a solute
in a solution at equilibrium, Ce, was raised to the power 1/n, then
C1=n

e qe was a constant at a given temperature. The non-linear form
of Freundlich equation is given as follows [47]:

qe ¼ kFC1=n
e ð28Þ

where kF is Freundlich constant (mg g�1), and n is an empirical con-
stant indicates the sorption intensity. The value of n indicates a
favorable sorption for the range 1 < n < 10. Taking log and rearrang-
ing Eq. (28), the linear form of Freundlich equation is expressed as:
Table 5
Intraparticle diffusion kinetic constants for removal of copper using nickel hexacy-
anoferrate magnetic nano-resins.

Sample kint (mg g�1 min�0.5) Intercept R2

Value SEa Value SE

WM1 0.0949 0.030 3.616 0.316 0.641
WM2 0.1191 0.026 2.987 0.277 0.794

a Standard Errors.
log qe ¼ log kF þ
1
n

log Ce ð29Þ

The values of kF and n constants were determined directly
from the intercept and slope of the straight lines revealed by
plotting log qe vs. logCe. The data were extrapolated using the
least-squared linear regression to calculate kF and n and the val-
ues are given in Table 6. Freundlich isotherm constant (kF) had
the values 6740 and 1812 mg g�1 for Cu(II) sorption on WM1
and WM2 while the corresponding n values were 2.12 and
1.26, respectively.

Langmuir isotherm model describes monolayer coverage of an
adsorbate on a homogeneous adsorbent surface through a chemi-
sorption process. It assumes sorption to take place only at specific
site on adsorbent surface. Moreover, all active sites are also as-
sumed to be energetically equivalent and distant to each other
and there is no interaction between species adsorbed on adjacent
active sites. The model is characterized by linear sorption at low
surface coverage, which becomes non-linear as sorption sites ap-
proach saturation. In addition, sorption energies and enthalpies
are uniform for each site. Langmuir model equation is illustrated
as [40]:

qe ¼
qmkLCe

1þ kLCe
ð30Þ

where qe is the amount of Cu(II) adsorbed per unit weight of nano-
resin (mg g�1) at equilibrium, Ce is the equilibrium concentration of
Cu(II) ions in solution (mg L�1), qm is the maximum sorption capac-
ity of synthesized nano-resins (mg g�1), kL is Langmuir affinity con-
stant (L mg�1). The linearized form of Langmuir model is given as:

1
qe
¼ 1

qmkL

1
Ce

� �
þ 1

qm
ð31Þ

The values of qm and kL were graphically determined from the
intercept and slope of the linear plot of 1/q vs. 1/C. The data had
been extrapolated using the least-squared linear regression to cal-
culate the model constants and the values are tabulated in Table 6.
Data indicate that WM1 exhibited high retention ability for Cu(II)
compared with that of WM2 and attained a calculated sorption
capacity of 4777 mg g�1 compared with 4336 mg g�1 for WM2.
The values of kL were found to be 0.316 and 1.67 L mg�1 for
WM1 and WM2, respectively.

The affinity of potassium nickel hexacyanoferrate magnetic
nano-resins for Cu(II) retention was further predicted using Lang-
muir dimensionless separation factor RL that is given by the
relation:

RL ¼
1

1þ kLC0
ð32Þ

where C0 is the initial Cu(II) concentration (mg L�1). RL values with-
in the range 0 < RL < 1 indicate favorable sorption. The values of RL

were determined and tabulated in Table 6. In this study, all RL val-
ues were fallen within 0 and 1 and this indicated a highly favorable
sorption with increasing sorption efficiency at higher Cu(II)
concentrations.

An error function was also employed to compare the obtained
experimental data with that predicted from the applied isotherm
models. The Chi-squared test (v2) correlates the sum of the squares
of the differences between experimental data and model predic-
tions, with each squared difference divided by the corresponding
model prediction. The nonlinear Chi-square test (v2) and the linear
correlation coefficients (R2) are represented mathematically as
[13]:

v2 ¼
X ðqe � qe;mÞ

2

qe;m
ð33Þ



Table 6
Isotherm models’ constants for removal of copper using nickel hexacyanoferrate magnetic nano-resins.

Resins Freundlich model Langmuir model

kF (mg g�1) n R2 v2 qm (mg g�1) kL (L mg�1) RL R2 v2

WM1 6740 2.12 0.977 0.55 4777 3.16E-1 5.96E-2 0.968 1.37
WM2 1812 1.26 0.976 6.83 4336 1.67 1.18E-2 0.945 11.26
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Fig. 11. Non-linear isotherm models of Langmuir and Freundlich for removal of
Cu(II) ions using magnetic nano-resins: (a) WM1 and (b) WM2.
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R2 ¼
P
ðqe;m � �qeÞ

2

P
ðqe;m � �qeÞ

2 þ
P
ðqe;m � qeÞ

2 ð34Þ

where qe is the experimental value of equilibrium sorption capacity
(mg g�1), qe,m is the value calculated from model equation (mg g�1),
and �qe is the average of qe values. It should be noted that if a model
prediction is similar to the experimental data, v2 will approach
zero, and if they differ from each other, v2 will have a big number.
Therefore, it is necessary to analyze the data using the non-linear
Chi-square test to confirm the isotherm that best fits the studied
sorption system. The modeled values of correlation coefficients
(R2) and non-linear Chi-square test (v2) for both isotherm models
are shown in Table 6. Freundlich isotherm model appeared to best
fit the sorption of Cu(II) onto WM1 and WM2 resins where it exhib-
ited the highest correlation coefficient and lowest Chi-square val-
ues. The model had R2 and Chi-square values amounted to 0.977
and 0.55 for copper sorption onto WM1 beads and 0.976 and 6.83
values for sorption onto WM2 beads. Contrarily, Langmuir isotherm
model had lowest correlation coefficients (R2) and high Chi-square
(v2) values for copper sorption onto both nano-resins. This indicates
that sorption of Cu(II) onto the synthesized nano-resins is not
homogeneous process.

The non-linear fit of Freundlich and Langmuir isotherm models
to the experimental results of copper retention onto both WM1
and WM2 magnetic nano-resins is presented in Fig. 11. The plots
demonstrate that Freundlich model is more appropriate to describe
the removal of Cu(II) using nickel hexacyanoferrate magnetic
nano-resins along with applied concentration range. Contrary,
the non-linear fit of Langmuir isotherm model only concordat
experimental results at low initial concentrations, while at higher
initial concentrations it deviates from experimentally determined
q values. The avouched deviation argued the improbability of Lang-
muir isotherm model to fit the studied system under applied con-
ditions. This discordance could be considered a reason for the odd
behavior revealed with Langmuir non-linear fit for WM1 and WM2
samples. Further, this observation coincides well with correlation
coefficients (R2) and Chi-square (v2) values previously determined.
Accordingly, copper ions were supposed to be retained on hetero-
geneous surface through reversible non-linear process forming
multi-linear formations.
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Fig. 12. Effect of background electrolyte on removal of Cu(II) ions using nickel
hexacyanoferrate magnetic nano-resins.
3.5. Ionic strength

The role of ionic strength of aqueous solution on sorption of
Cu(II)) was investigated using NaCl as a background electrolyte.
The solution ionic strength was set to have a range from 0.01 to
0.5 mol L�1 and the revealed data are depicted in Fig. 12. The re-
sults clarify that sorption process was ionic strength-dependent
where the sorption extent decreased from 96.4% to 84% for Cu(II)
sorption onto WM1 and from 90% to for 79% for sorption onto
WM2 in coexistence of 0.5 M NaCl as a background electrolyte.

In aqueous solutions, cupper ions can act as a Lewis acid and
interact with an electron-pair donating surface function groups
(such as: cyanide (–CN) which acts as a Lewis basis in its deproto-
nated form and forms a Lewis salt-type compound. In such a case,
water molecules would be interposed between the surface func-
tional group and Cu2+ ions and a surface complex of type ‘‘outer-
sphere complex’’ would be formed as:

—CNþ CuðOH2Þ2þ;n �—CNðH2OÞCuþ ðn� 1ÞH2O ð35Þ
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It well recognized that, copper retention onto nickel hexacyano-
ferrate magnetic nano-resin depends on the speciation of this cat-
ion and its mode of interaction with the active sites in nano-resin
surface. In chloride medium, uncharged species (e.g. CuCl2) and
charged complexes (e.g. CuCl+, CuCl�;3 etc.) were supposed to be
formed. These chloro-species are less strongly adsorbed because
they have lower affinities to resin surface compared with that of
Cu2+ ions. Further, they did not form tertiary complexes. Hence,
the co-existence of Cl� ions limited the sorption of copper from
aqueous solutions containing NaCl electrolyte. Also, Na+ ions could
compete with Cu2+ ions for the available sites in resin surface and
hence negatively affected the removal efficiency. These findings
are coincident with previously reported results [48]. Other authors
reported that the reduction in percentage of metal removal was
attributed to the differences in modes of particle association such
as: (a) edge-to-edge (EE); (b) edge-to-face (EF); and (c) face-to-face
(FF) [49]. They clarified that as the concentration of background
electrolyte increases, it is likely that particle association changes
from EE to EF mode, thus blocking and reducing the amount of
faces available for Cu(II) sorption.
4. Conclusion

In this study, a procedure for synthesis of a novel magnetic
nano-resin was established. The procedure was based deposition
of insoluble nickel hexacyanoferrates on magnetic nano-particles
of Fe3O4 and immobilizing them within a polymeric matrix. The
synthesized magnetic nano-resins showed satisfactory characteris-
tics to effectively remove copper ions from aqueous solutions. They
exhibited good exchange kinetics and high sorption capacity. Cop-
per retention was a sensitive process directly dependent on pH va-
lue and indirectly dependent on ionic strength of aqueous
solutions. Further, the sorption mechanism was strongly depen-
dent on the speciation of both function groups on resins’ surface
and copper ions at solid-liquid interface. Ion exchange played a sig-
nificant role in the overall removal of Cu(II) besides the participa-
tion, to some extent, of other mechanisms as complexation
interactions and precipitation. The results argue that Cu(II) reten-
tion followed pseudo-second-order kinetics and controlled by
chemical reaction. It well recognized that copper was retained on
a heterogeneous surface forming multi-linear formations through
a reversible non-linear process. Finally, the study authenticates
that the synthesized magnetic nano-resin could be considered as
a quiet and efficient adsorbent for fast removal of heavy metals
from aqueous solutions.
Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.cej.2012.09.113.
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