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tionalized magnetic nano-sorbent
for simultaneous removal of three metal ions from
water samples†

Renu Verma,a Anupama Asthana,a Ajaya Kumar Singh*a and Surendra Prasad *b

The feasibility of using eco-friendly biodegradable arginine functionalizedmagnetic nanoparticle entrapped

chitosan beads (AFMNPECBs) for simultaneous removal of three metal ions from water samples was

evaluated under different conditions: concentration, pH, temperature and time. A novel approach was

developed to synthesize AFMNPECBs for the removal of Cu(II), Co(II) and Ni(II) ions from aqueous

solution. The synthesized AFMNPECBs were characterized by various techniques including Fourier

transform infrared (FTIR), thermogravimetric analysis (TGA), vibrating sample magnetometer (VSM) and

Brunauer–Emmett–Teller (BET). The adsorption kinetics study for Cu(II), Co(II) and Ni(II) ions on

AFMNPECBs at pH 6 confirmed that it followed a pseudo second order kinetic model for all the metal

ions. The adsorption isotherm data of the metal ions was fitted well with the Freundlich isotherm model.

The maximum removal by AFMNPECBs was found to be 86, 82, and 71% and followed an order Cu(II) >

Co(II) > Ni(II), respectively, with the maximum adsorption capacity being 172.4, 161.2, and 103.0 mg g�1,

correspondingly. The AFMNPECBs exhibited highly effective adsorption for the removal of Cu(II), Co(II)

and Ni(II) ions as they could be regenerated four times inexpensively by 0.1 M EDTA solution retaining

70% of the adsorption capacity.
1. Introduction

Heavy metals, naturally present in the environment, are among
the most common environmental pollutants.1 Several anthro-
pogenic activities contribute a broad range of inorganic and
organic emerging contaminants in wastewaters and the envi-
ronment2 where the quality of water is affected by contaminants
like heavy metals being present at above the reference limits for
human health and environmental protection.2,3 Therefore, in
recent years, extensive attention has been paid to management
of the environment as well as water pollution caused by
hazardous heavy metals as they pose severe threats to public
health.4,5

Copper is an essential micronutrient in the human body as
well as for aerobic life as it plays important physiological roles
in many biological systems. However, like other heavy metals, it
is potentially toxic, carcinogenic or fatal to human beings at
high concentrations and prompts many serious diseases, such
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as prion, Alzheimer's, Menkes and Wilson diseases,5,6 and has
been classied as one of the priority pollutants by US Environ-
mental Protection Agency.5 Nickel enters in the environment
predominantly as a consequence of its several industrial uses
while water and foods are the main source of Ni intake by
human.7 The exposure to Ni and its compounds cause serious
problems, such as respiratory system cancer (carcinogenic),
skin allergy and inhibit enzyme activity.7–9 Cobalt is one of the
essential oligo-element metals to the human body. Its toxic
manifestations, however, have mainly been reported following
its excessive inhalation targeting skin and respiratory tract and
causes allergic dermatitis, rhinitis and asthma.10 All these
antagonistic properties of Cu, Ni and Co make it essential that
their contents in air, water or food be determined regularly and
where possible, removed.8

As a result of industrialization and rapid urbanization all
over globe, the most common heavy metal ions found in
industrial wastewater are Cu(II), Co(II) and Ni(II).11–14 Therefore,
a number of methods have been developed for the detection
and removal of heavy metal ions from waste and drinking
waters.1–8,12–19 The traditional methods such as ion-exchange,
chemical oxidation/reduction, chemical precipitation, ultra-
ltration and reverse osmosis have several disadvantages such
as high expense, prolonged period with less efficiency,
production of other waste products, etc.19 The adsorption
method is still superior to other techniques because of its low-
cost, simplicity of design, ease of operation, high effectiveness,
RSC Adv., 2017, 7, 51079–51089 | 51079
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reuse of the adsorbents along with their high adsorption
capacity.2–5,12–16,19 However, recent bias has been shied to
nanotechnology since nanoscale size, large surface area to
volume ratio or efficiency, economic viability and environ-
mental friendliness are all considered useful in the removal of
heavy metal ions.12,19

Recently, magnetic nanoparticles (MNPs) have received
attention as adsorbent for the effective removal of metal ions
because they can be easily separated by external magnetic eld
aer the adsorption process is completed.17,19 However, bare
MNPs are not applicable directly in adsorption process due to
their strong dipole–dipole attraction between MNPs and high
surface area may cause aggregation. Thus, polymer modied
MNPs have been proved to be one of the most effective adsor-
bents due to different binding groups that target specic metal
ions.17–19 Chitosan, the most popular amino polysaccharide,
having low cost, non-toxic, biodegradable, hydrophilic and
highly reactive properties with metal ions because of the amino
(–NH2) and hydroxyl (–OH) groups, has frequently been used for
the removal of several metal ions.5,18,20–25 However, poor chem-
ical stability, low mechanical strength, separation and difficult
recovery process are some signicant drawbacks of chitosan.

The surface modied MNPs increases adsorption capacity of
chitosan with high number of binding groups and thus has been
used for As and Cr(VI) removal from aqueous solutions.26,27 This
entraption of iron MNPs also improves mechanical separation
process. Thus, a variety of chitosan derivatives have been devel-
oped such as Schiff base modied chitosan,28 chitosan nano-
bril,29 chitosan immobilized on bentonite,30 acrylamide graed
chitosan31 and chitosan/magnetite composite beads21 for the
removal of different metal ions from aqueous solutions. Some
modication of chitosan reduces the adsorption capacity due to
wrapping binding groups where the number of nitrogen atoms in
the chitosan do not remain enough.32 Therefore, it is necessary to
introduce high number of coordinating atoms onto the chitosan
to enhance its adsorption capacity. There are very few reports
where functionalized MNPs have been used for the removal of
heavy metal ions.19,33,34 The amino acid provides more functional
groups which have strong affinity to bind heavy metal ions at the
wide range of pH. Therefore, in continuation of our study on
removal of the toxicants from water samples,19,35–37 the present
work was initiated with the objective to use AFMNPECBs for the
simultaneous adsorptive removal of Cu(II), Co(II) and Ni(II) ions
from aqueous solution. The kinetics and isotherm studies have
also been investigated and discussed.

2. Materials and methods
2.1. Materials

Ferric chloride (FeCl3$6H2O), ferrous chloride (FeCl2$2H2O),
HCl acid, ammonium hydroxide (NH4OH) and sodium
hydroxide (NaOH) were purchased from Loba Chemie (Mum-
bai, India). Copper sulphate (CuSO4$5H2O), nickel sulfate
(NiSO4$5H2O), cobalt nitrate (CoNO3$6H2O), L-arginine were
procured from Merck (Mumbai, India). All chemicals were of
analytical grade and used as received. The solutions were
prepared in double distilled water (DDW).
51080 | RSC Adv., 2017, 7, 51079–51089
2.2. Equipment

The specic surface area of the adsorbent was determined by
following Brunauer–Emmett–Teller (BET) method.36 Nitrogen
sorption isotherms were recorded on a BELSORP-mini II (BEL
Japan, Inc.) at �196 �C (77 K). Pore size distribution of the
adsorbent was recorded using BELSORP-mini II (BEL Japan,
Inc.) involving Barrett–Joyner–Halenda (BJH) method. Fourier
transform infrared spectra (FTIR) were recorded by a Fourier
transform spectrophotometer (Perkin Elmer, USA, Frontier FT-
IR/NIR) in absorbance mode with 32 scans for each sample.
The thermogravimetric measurements were conducted in N2

atmosphere (50 mL min�1) with a Hitachi thermo-gravimetry
(EXSTAR TG-DTA 7200) at a heating rate of 10 �C min�1.
Vibrating sample magnetometer (VSM, Lakeshore, model 7410)
was used to determine the magnetization curve of the non-
functionalized and functionalized adsorbents. The size of
AFMNPs and AFMNPECBs were recorded using Zetasizer Nano
ZS90 (ZEN3690, Malvern Instruments Ltd, UK) by dynamic light
scattering (DLS) method. Surface morphology of AFMNPECBs at
different magnication was studied by scanning electron
microscope JEOL, JSM-6490LA Analysis Station, USA.
2.3. Preparation of arginine functionalized MNPs (AFMNPs)

The magnetic nanoparticles were prepared and modied with
arginine. Briey, 100 mL 0.3 M of FeCl3$6H2O and FeCl2$2H2O
(mole ratio 2 : 1) were prepared, mixed well with magnetic
stirrer. Then 1.5 M NH4OH was added drop wise into above
mixed solution till pH 10 was reached. Initially solution turned
to brown color and further addition of NH4OH gave black
precipitate which indicated the formation of MNPs. NH4OH
solution was added until precipitation completed. Then the
solution with precipitate was stirred at 80 �C for 30 min and
cooled to room temperature. There aer the precipitate was
separated by magnetic decantation and washed several times
with DDWuntil the washings are neutral.20 The separatedMNPs
were dispersed into 100 mL of 1% arginine solution, stirred for
1 h and then AFMNPs separated was by magnetic decantation
and washed once again with DDW. The prepared AFMNPs were
vacuumed dried at room temperature.34
2.4. Preparation of AFMNPECBs

The chitosan akes 2 g were dissolved into 100 mL acetic acid
solution. The viscous solution formed is le overnight for
homogeneity. This was followed by the addition of 0.1 g of
AFMNPs into the chitosan solution and mixed well. Then with
the help of a syringe, 1 M NaOH solution was added drop wise
which led to formation of the bead. The prepared beads were
collected and washed with DDW until the pH of the washing
became neutral. Then beads thus prepared were cross linked
with glutaraldehyde (GLA) to form stable beads. The beads were
suspended into 0.0938 mol L�1 GLA solutions for 30 min with
constant stirring. Finally, the AFMNPECBs were washed with
DDW until pH of washing reached neutral. The beads were
stored in DDW for further use. The systematic diagram for the
synthesis of AFMNPECBs is shown in Fig. 1.
This journal is © The Royal Society of Chemistry 2017
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2.5. Adsorption experiment

All the experiments were performed by batch adsorption
method using thermostat shaker water bath. For single system,
a series Erlenmeyer asks containing 0.1 g of adsorbent were
immersed into thermostat with 10 mL of 100 mg L�1 solutions
of Cu(II), Co(II) and Ni(II) ions. For different batch of experi-
ments, the concentrations of metal ions from 50–500 mg L�1

were used. The mixture was shacked in water bath shaker at
30 �C. The effect of pH on the removal of metal ions was studied
in the pH range 2–7. The adsorption isotherms studies for
single system of Cu(II), Co(II) and Ni(II) ions were conducted at
optimum pH 6. The Cu(II), Co(II) and Ni(II) ions were analyzed by
UV-Visible spectrophotometer using sodium diethyl dithiocar-
bamate, potassium thiocyanate and dimethylglyoxime, respec-
tively.38 The percentage removal (R) and equilibrium adsorption
capacity (qe mg L�1) and the kinetic adsorption capacity of
metal ions were calculated using eqn (1), (2) and (3), respectively
where Co and Ce is the initial and equilibrium concentration of
the metal ions (mg L�1), Ct is the concentration of metal at time
Fig. 1 The systematic diagram of arginine functionalized magnetic nano

This journal is © The Royal Society of Chemistry 2017
t, m is the mass of the adsorbent (g) and V is the volume of the
solution (mL).

R ð%Þ ¼ Co � Ce

Co

� 100 (1)

qe ¼ ðCo � CeÞV
m

(2)

qt ¼ Co � Ct

m
� V (3)

3. Results and discussion
3.1. Characterization of the adsorbent

The adsorption performance of adsorbent depends on its
molecular structure as well as function groups. For the identi-
cation of existing functional groups the molecular structure of
AFMNPs and AFMNPECBs were analyzed using FTIR and their
spectra are shown in Fig. 1S.† For AFMNPs the bands at 588,
1644, 2924, 3425 cm�1 were observed. The band at 588 cm�1
particle entrapped chitosan beads.

RSC Adv., 2017, 7, 51079–51089 | 51081
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Fig. 2 Magnetization curves of non functionalized MNPs and func-
tionalized AFMNPs and AFMNPECBs at room temperature.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
N

ov
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 2

/1
2/

20
26

 2
:5

3:
42

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
attributed to Fe–O absorption while the band at 2924 cm�1 was
due to –CH stretching vibration. The sharp band at 1644 cm�1

was due to the stretching vibration of –C–CH2 group and
3425 cm�1 band indicated N–H stretching vibration. The pres-
ence of –NH2 and –NH groups demonstrated that arginine was
successfully anchored onto the surface of MNPs.34 In AFMN-
PECBs, the characteristic band for Fe–O was at same 588 cm�1

but new band at 1370 cm�1 appeared due to –NH deformation
vibration. Similarly, the band at 1312 cm�1 indicated C–N amino
group deformation and 2924 cm�1 was due to –CH2 stretching
vibration. The band at 1649 cm�1 appeared due to –NH bending
vibration in –NH2 while band at 3440 cm�1 was due to –OH and
–NH2 stretching vibrations. The band at 1070 cm�1 was due to
–C�O stretching vibration in –C�OH. The bands at 1644 and
3425 cm�1 in AFMNPs got shied to higher wave numbers 1649
and 3440 cm�1 in case of AFMNPECBs. This shi conrmed that
AFMNPs are bonded with electrostatic attraction and hydrogen
bonds in formation of AFMNPECBs.

Fig. 2S† shows the DLS analysis for the size distribution of
MNPs and AFMNPs, the mean diameters of MNPs and AFMNPs
were found to be 217 and 853 nm, respectively. The increased
Fig. 3 SEM images of arginine functionalized magnetic nanoparticle entr
(b) 1000 and (c) 10 000.

51082 | RSC Adv., 2017, 7, 51079–51089
size of the AFMNPs indicated the successful functionalization
of MNPs by arginine.

The magnetic hysteresis curves for MNPs, AFMNPs and
AFMNPECBs were recorded using VSM at room temperature
and are provided in Fig. 2. The specic saturation magnetiza-
tions for MNPs, AFMNPs and AFMNPECBs were obtained at 2.3,
1.6 and 1.3 emu g�1, respectively. The saturation magnetization
of AFMNPs was reduced as MNPs functionalized by amino acid
i.e. arginine. The saturation magnetization in case of AFMN-
PECBs was also decreased due to entraption of AFMNPs into the
chitosan. As the three prepared materials have strong magnetic
properties so they could easily be removed from aqueous solu-
tion with the help of external magnetic eld.

Fig. 3a–c shows the scanning electron microscopic (SEM)
images of AFMNPECBs at different magnication of 500, 1000,
10 000. These images clearly indicated the rough surface of
AFMNPECBs with the large surface areas. The BET surface area
of AFMNPECBs, shown in Fig. 3Sa and b,† calculated to be 40.5
m2 g�1 is higher than pure chitosan and chitosan derivatives i.e.
have large surface area.29 The total pore volume obtained 0.189
cm3 g�1 indicated mesoporous structure of AFMNPECBs. The
TEM images of AFMNPECBs (Fig. 4) indicated to have spherical
shape with average size 12.83 � 1.91 nm. From high resolution
TEM, the interfringe distance was measured to be 0.253, 0.209,
0.181 and 0.149 nm which corresponds to [311], [400], [422] and
[440] plane of inverse spinel structured Fe3O4.

Thermogravimetric analysis (TGA) curves of MNPs, AFMNPs
and AFMNPECBs are presented in Fig. 4S.† The TGA showed that
there was no specic weight loss step in MNPs. At 550 �C only 2%
weight loss observed due to adsorbed water and bonded water. In
case of AFMNPs, 8% weight loss was observed which was due to
degradation of amino acids functionalized on the surface of
MNPs. However, the TGA curves of AFMNPECBs showed consid-
erable weight loss step at 100 �C due to volatilization of adsorbed
and bonded water. The second weight loss step observed at 250–
300 �C was due to degradation of chitosan. Finally, at 550 �C
AFMNPECBs showed 50% weight loss. The TGA study conrmed
that MNPs were successfully functionalized by arginine and
AFMNPs stay inside the polymer with enhanced thermal stability
of AFMNPECBs. The TGA study also explained the fact that
apped chitosan beads (AFMNPECBs) at different magnification (a) 500,

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 TEM images of AFMNPECBs at different magnification (a) 250, (b) 100 (c) 100 and (d) 5 nm. The dark areas show Fe3O4 MNPs while the
light areas represent alginate polymer.
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AFMNPs bind with chitosan by strong hydrogen as well as elec-
trostatic bonds.

3.2. The effect of pH

The pH is a predominant parameter in adsorption process as
the initial pH of the solution inuences the adsorption capacity.
Therefore, the effect of pH on the removal of three metal ions
Fig. 5 Effect of pH on the removal of Cu(II), Co(II) and Ni(II) ions using
AFMNPECBs at initial metal ions concentration 100 mg L�1, contact
time 160 min, adsorbent dose 10 g L�1 and temperature 303 K.

This journal is © The Royal Society of Chemistry 2017
was studied by varying pH from 2 to 7 and the results are shown
in Fig. 5. It was observed that the adsorption capacity of the
AFMNPECBs was the highest at pH 6 and followed the order
Cu(II) > Co(II) > Ni(II). The metal ions in the acidic medium are
present cationic forms M2+ while in hydroxide forms in basic
medium. Increasing of pH higher than 6, the metal ions start
precipitating as insoluble hydroxides which reduced the
concentration of free metal ions and thus decreased the
removal capacity. At lower pH of the metal ions solution, amino
group on the AFMNPECBs could be protonated and thereby
induce electrostatic repulsion with the positively charged metal
ions. In addition, the competition between H+ and metal ions
also caused low adsorption. As pH was increased this increased
the adsorption capacity of the AFMNPECBs. At pH 6, amino
groups were un-protonated and easily donate lone pair of
electron to metal ions to form complexes on the surface of
adsorbent and thus showed the highest adsorption. The sche-
matic representation of possible mechanism of adsorption of
metal ions by AFMNPECBs is shown in Fig. 6.
3.3. Effect of time

The effect of contact time on the removal of Cu(II), Co(II) and
Ni(II) ions by AFMNPECBs was studied up to 160 min. The effect
of contact time was carried out taking 10 mL of 100 mg L�1

metal ions in conical asks containing 0.1 g of adsorbent and
the mixture was shaken at 30 �C. As shown in Fig. 7, initially the
uptake of metal ions by the adsorbent was quite high and
RSC Adv., 2017, 7, 51079–51089 | 51083
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Fig. 6 The proposed mechanism of complexation of Cu(II), Co(II) and Ni(II) metal ions as M2+ on AFMNPECBs.

Fig. 7 The effect of contact time on the adsorption capacity of
AFMNPECBs at initial metal ions concentration 100 mg L�1, adsorbent
dose 10 g L�1, temperature 303 K and pH 6.
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slowed down aer around 100 min and gradually achieved
equilibrium. The initial increased adsorption of metal ions was
due to their rapid binding at the active sites of adsorbent in
random manner. The rate of adsorption gradually decreased
leading to equilibrium when adsorbent's active sites became
saturated. The maximum percentage removal of Cu(II), Co(II)
and Ni(II) ions was obtained as 86, 82 and 71%, respectively in
160, 90 and 100 min correspondingly.
3.4. The adsorption kinetics

The adsorption kinetic study provides important information
on the rate and mechanism of adsorption. The study of the
51084 | RSC Adv., 2017, 7, 51079–51089
effect contact time revealed that Cu(II), Co(II) and Ni(II) ions
adsorption on AFMNPECBs showed two different phases:
a rapid initial phase and a slow adsorption phase to reach
equilibrium. Therefore, the adsorption kinetics of Cu(II), Co(II)
and Ni(II) onto the AFMNPECBs was studied using different
kinetics models whose linearized forms are shown in eqn (4), (5)
and (6) as pseudo rst order, pseudo second order19,39 and
intraparticle diffusion model,19,40 respectively.

logðqe � qtÞ ¼ log qe � k1

2:303
(4)

t

qt
¼ 1

k2qe2
þ 1

qe
t (5)

qt ¼ Kid

ffiffi

t
p þ A (6)

here, qe and qt are the amount of Cu(II), Co(II) and Ni(II) ions per
unit mass of the adsorbent i.e. adsorption capacity (mg g�1) at
equilibrium at time t (min) and k1 (min�1) is the pseudo rst
order. k2 (g mg�1 min�1) is the pseudo second order constant
while A (mg g�1) is a constant and Kid (mg g�1 min1/2) is diffu-
sion rate constant of intraparticle diffusion model. The intra-
particle diffusion model describes adsorption of metal ions on
the adsorbent is completed by three stages as exterior surface
adsorption, interior surface and equilibrium. In this model, the
adsorption of metal ions rstly takes place at exterior surface
then diffuses into interior pores where due to increasing resis-
tance the diffusion rate is decreased. In the last stage, equilib-
rium is achieved because of very low concentration of metal
ions in the solution.

The plots of log(qe � qt) against t for pseudo rst order, t/qt
against t for pseudo second order and qt against t

1/2 for intra-
particles diffusion model for three metal ions are shown in
This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Adsorption kinetics of Cu(II), Co(II) and Ni(II) ions on AFMNPECBs
(a) pseudo first order (b) pseudo second order (c) intraparticle diffusion
models at initial metal ions concentration 100 mg L�1, temperature
303 K, contact time upto 160 min, adsorbent 10 g L�1 and pH 6.

Table 1 Kinetic parameters for the adsorption of Cu(II), Co(II) and Ni(II)
ions by AFMNPECBs under initial concentration 100 mg L�1, contact
time 160 min, adsorbent dose 10 g L�1, temperature 303 K and pH 6

Kinetic models and
parameters

Metal ions

Cu(II) Co(II) Ni(II)

Pseudo rst order
k1 (min�1) 0.023 0.016 0.346
qe (mg g�1) 9.794 5.370 9.931
R2 0.765 0.922 0.952

Pseudo second order
k2 � 10�3 (g mg�1 min�1) 3.125 4.345 3.524
qe (mg g�1) 11.23 9.708 8.196
R2 0.991 0.989 0.984

Intraparticle diffusion
A (mg g�1) 2.434 2.662 1.238
Kid (mg g�1 min�1) 0.596 0.494 0.463
R2 0.984 0.938 0.959

This journal is © The Royal Society of Chemistry 2017
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Fig. 8a, b and c, respectively. The values of the rate constants k1
and k2 for Cu(II), Co(II) and Ni(II) ions were calculated from the
slopes of the plots of log(qe � qt) versus t (Fig. 8a) and from the
intercept of the linear plots of t/qt versus t (Fig. 8b), respectively
and reported in Table 1. The values of the diffusion constant Kid

and constant A with respect to metal ions were also determined
from the slope and intercept of the plots of qt versus t

1/2 (Fig. 8c),
respectively as shown in Table 1.

The correlation coefficient (R2) values for three different
metal ions along with kinetic parameters are also listed in Table
1. The Table 1 clearly shows that the correlation coefficients of
pseudo second order are closer to 1 for all three metal ions and
higher than those obtained in case of pseudo rst order model.
Thus, the adsorption of Cu(II), Co(II) and Ni(II) ions on AFMN-
PECBs perfectly followed with pseudo second order kinetics
with R2 values 0.991, 0.989, and 0.984, respectively. This indi-
cated that chemisorption was the rate controlling mechanism.
The intraparticle diffusion model clearly showed two regions in
the three plots for three metal ions with one break point as
shown in Fig. 8c. These break points indicate that more than
one process affected the adsorption of the metal ions i.e. two
steps occurred during the adsorption. The rst process was the
diffusion of metal ions on the surface of the adsorbent and the
second process was pore diffusion process leading to equilib-
rium. In no case, the straight lines passed through the origin
indicated that the boundary layers diffusion of adsorbates also
controlled the adsorption especially in case of intraparticle
diffusion.18,19 Furthermore, the R2 value in pseudo rst order
and intraparticle diffusion model for three metal ions are
comparable which indicated that in addition to intraparticle
diffusion some weak interaction is also involved in adsorption
process.
3.5. Adsorption isotherms

The Langmuir and Freundlich adsorption isotherms have
widely been used to determine the adsorption mechanism.19
RSC Adv., 2017, 7, 51079–51089 | 51085
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Fig. 9 Adsorption isotherms of Cu(II), Co(II) and Ni(II) ions on AFMN-
PECBs (a) Langmuir (b) Freundlich model under the conditions given in
Table 2.

Table 2 Isotherm parameters for the adsorption of Cu(II), Co(II) and
Ni(II) by AFMNPECBs under initial concentrations 100–500 mg L�1,
contact time 160min, adsorbent dose 10 g L�1, temperature 303 K and
pH 6

Isotherm models and
parameters

Metals ions

Cu(II) Co(II) Ni(II)

Langmuir model
KL � 10�3 (L mg�1) 4.152 3.362 1.821
Qm (mg g�1) 172.4 161.2 103.0
RL 0.706 0.748 0.846
R2 0.603 0.437 0.520

Freundlich model
1/n 0.861 0.901 0.854
KF (L mg�1) 0.979 0.671 0.299
R2 0.989 0.981 0.990
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The linear form of Langmuir and Freundlich models19,41 can be
expressed as given in eqn (7) and (8), respectively.

Ce

qe
¼ 1

KLQm

þ Ce

Qm

(7)

log qe ¼ log KF + (1/n)log Ce (8)

The Ce and qe are the equilibrium concentration and adsorption
capacity (mg L�1) of AFMNPECBs for Cu(II), Co(II) and Ni(II) ions.
KL is the Langmuir adsorption constant (L mg�1) and Qm (mg
g�1) is the maximum adsorption capacity at monolayer coverage
(mg g�1). KF (L mg�1) and n are Freundlich constants which
indicate the adsorption capacity and adsorption intensity,
respectively. The plots of Ce/qe against Ce and log qe against
log Ce for the Langmuir and Freundlich adsorption isotherms
of Cu(II), Co(II) and Ni(II) by AFMNPECBs are shown in Fig. 9a
and b, respectively.
51086 | RSC Adv., 2017, 7, 51079–51089
For the determination of the feasibility of the adsorption
process a dimensionless constant RL is considered as an
essential factor which is a characteristic of the Langmuir
isotherm model and is given by eqn (9). The RL value indicates
favorable (0 < RL < 1), unfavorable (RL > 1), linear (RL ¼ 1) or
irreversible (RL ¼ 0).

RL ¼ 1

1þ KLCo

(9)

The results of the adsorption isotherms parameters for the
metal ions are summarized in Table 2. The data presented in
Table 2 clearly show that the adsorption equilibrium values well
tted with Freundlichmodel as R2 values for all three metal ions
are much higher than that found in Langmuir model. The
AFMNPECBs showed the maximum adsorption capacity (Qm)
for the metal ions in an order Cu(II) > Co(II) > Ni(II) showing the
values 172.4, 161.2, 103.0 mg g�1, respectively. These results are
in agreement with the study reported by Monier et al.23 The
values of Langmuir constant RL and Freundlich constant 1/n for
all the three metal ions were between 0–1 which supported the
favorability of the adsorption process. However, the higher R2

values for all the metal ions in Freundlich model than in
Langmuir model suggested multilayer adsorption on hetero-
geneous surface. The AFMNPECBs showed greater affinity for
Cu(II) compare to Co(II) and Ni(II) ions as John–Teller effect is
predominant for copper complexes.20,42 Ghaee et al.43 have also
reported that chitosan showed higher adsorption capacity for
Cu(II) removal than Ni(II) which is due to the stability of Cu(II)
complex with chitosan. Vold et al. have reported that Cu(II)
selectively adsorbed in chitosan in the presence of Ni(II), Zn(II)
and Cd(II) ions.44 Paulino et al. have also reported adsorption
capacity of Cu(II) is higher than Pb(II) and Ni(II) ions because
stability of the complex dominant among the certain metal
ions.45 A comparison of the adsorption capacities for studied
metal ions on the AFMNPECBs and different types of adsor-
bents are summarized in Table 3. The AFNMPECBs showed far
superior adsorption capacity as compared to other adsorbents
which have been used for the removal of Cu(II), Co(II) and Ni(II)
ions.
This journal is © The Royal Society of Chemistry 2017
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Table 3 Comparison of the adsorption capacity of AFMNPECBs with various other adsorbents for the removal of Cu(II), Co(II) and Ni(II) ions

Adsorbents

Qm (mg g�1)

ReferenceCu(II) Co(II) Ni(II)

Chitosan–tripolyphosphate (CTPP) beads 26.0 — — 46
Chitosan immobilized on bentonite 21.5 — 15.8 47
Cross-linked CS beads (glutaraldehyde) 2.58 1.68 2.34 48
CS4CPL1 composite 11.3 24.20 7.94 49
Chitosan 16.8 — 2.4 50
Epichlorohydrin cross-linked chitosan 16.8 — 6.4 51
EDTA-modied chitosan — 79.70 — 52
Cross-linked magnetic chitosan–isatin Schiff's base resin (CSIS) 103.1 53.51 40.15 53
AFMNPECBs 172.4 161.2 103.0 Present study

Fig. 10 Reusability of AFMNPECBs using 0.1 M EDTA solution with
repeat to reuse cycle and the percentage removal of the metal ions
under the conditions given in Table 1.
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3.6. Regeneration study

The stability and economic feasibility is an important param-
eter to the usability of the adsorbent. Thus, the regeneration of
AFMNPECBs to restore the exhausted adsorption capacity of the
adsorbent was studied using of 0.1 M EDTA solution. The
AFMNPECBs were found to be effective and stable during the
adsorption process where regeneration cycles were continued
using 10 mL of 0.1 M EDTA solution. Fig. 10 shows that the
fourth time of the adsorbent regeneration performed very well
maintaining up to 70% of adsorption capacity which indicated
that the reusability of AFMNPECBs was quite good.
4. Conclusion

The AFMNPECBs was successfully synthesized by modication
and entraption of MNPs which showed enhanced adsorption
capacity due to increase in amino groups on its surface. The
AFMNPECBs strongly followed Freundlich isotherm and
pseudo second order kinetic models. The mechanism of
This journal is © The Royal Society of Chemistry 2017
adsorption of the studied metal ions was due to complexation
process. The adsorbent was easily recycled four time, by 0.1 M
EDTA solution, maintaining the adsorption capacity upto 70%.
The order of removal capacity by AFMNPECBs was Cu(II) > Co(II)
> Ni(II). The results conrmed that entraption of surface
enhanced MNPs in polymer is highly effective, economical and
efficient adsorbent for the removal of triple metal ions
simultaneously.
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