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Efﬁcient removal of Cu(II) and Pb(II) heavy metal ions from
water samples using 2,4-dinitrophenylhydrazine loaded
sodium dodecyl sulfate-coated magnetite nanoparticles
Soheil Sobhanardakani, Mazaher Ahmadi and Raziyeh Zandipak

ABSTRACT
This study reports on synthesis of a new nanoadsorbent for efﬁcient Cu(II) and Pb(II) ions
removal from water samples. In this regard, magnetite nanoparticles have been modiﬁed with
2,4-dinitrophenylhydrazine. The synthesized adsorbent has been fully characterized using scanning
electron microscope, X-ray diffractometer, Fourier transform infrared spectrometer, and Brunauer,
Emmett, and Teller measurements. The metal ions adsorption process has been thoroughly studied
from both kinetic and equilibrium points of views. The adsorption isotherms were analyzed using ﬁve
different isotherm models. It was found that the Sips isotherm showed better correlation with the
experimental data than other isotherms, and the synthesized nanoadsorbent presents adsorption
capacities for removal of Pb(II) and Cu(II) as high as 484.7 mg g1 and 570.0 mg g1, respectively. The
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adsorption kinetics was tested for the pseudo-ﬁrst order and pseudo-second order kinetic models at
different experimental conditions. The kinetic data showed that the process is very fast and the
adsorption process follows pseudo-second order kinetic models for modiﬁed magnetite adsorbents.
The results suggest that the new nanoadsorbent is favorable and useful for the removal of the
investigated metal ions under the optimized condition (pH: 6.0, adsorbent dosage: 0.02 g, agitation
time: 45 min), and the high adsorption capacity makes it promising candidate material for metal ions
removal from water samples.
Key words
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INTRODUCTION
Exposure to heavy metals, even at trace level, is believed to

; Afkhami et al. ; Fu & Wang ; Gupta et al.

be a risk for human beings (Peng et al. ; Khan et al.

a; Madrakian et al. a, a, b). Among these

; Khani et al. ; Gupta et al. ; Hua et al. ).

techniques, adsorption offers ﬂexibility in design and oper-

Thus, effective and deep removal of undesirable metals

ation, and in many cases, it will generate high-quality

from water systems is a very important, but still challenging

treated efﬂuent (Hua et al. ). Furthermore, owing to

task for environmental engineers. Nowadays, numerous

the reversible nature of most adsorption processes, the

methods have been proposed for efﬁcient heavy metal

adsorbents can be regenerated by suitable desorption

removal from waters, including but not limited to chemical

processes for multiple use (Ahmadi et al. a; Madrakian

precipitation,

membrane

et al. b), and many desorption processes are of low main-

ﬁltration, and electrochemical technologies (Wang et al.

tenance cost, high efﬁciency, and ease of operation (Pan

ion

exchange,

adsorption,
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et al. ). Therefore, the adsorption process has come to

obtained from batch equilibrium tests, have been analyzed

the forefront as one of the major techniques for heavy

using different adsorption isotherm models (i.e., Langmuir,

metal ions removal from water/wastewater samples.

Freundlich, Sips, Redlich–Peterson, and Temkin isotherm

Recently, application of nanoparticles for the removal of

models). The effects of various parameters, such as pH of

pollutants has arisen as an interesting area of research. The

the solutions, amount of adsorbent and contact time on the

unique properties of nanosorbents are providing unprece-

adsorption process were studied, and interpreted. In sum,

dented opportunities for the removal of metals in highly

this system has several advantages because the process does

efﬁcient and cost-effective approaches, and various nano-

not generate secondary waste and the materials involved

particles have been exploited for this purpose (Savage &

can be recycled and easily reused.

Diallo ; Afkhami & Norooz-Asl ; Madrakian
et al. , b, b, a, b; Gupta et al. b;
Bagheri et al. ). Nanoparticles exhibit good adsorption

EXPERIMENTAL

efﬁciency especially due to higher surface area and greater
active sites for interaction with metallic species. Further-

Reagents and materials

more, adsorbents with speciﬁc functional groups have
been developed to improve the adsorption capacity

All the chemicals used were of analytical reagent grade and

(Afkhami et al. ). Among the available nanoadsorbents,

were

nanosized metal oxides, including nanosized ferric oxides,

Germany). Aqueous solutions of chemicals were prepared

manganese oxides, aluminum oxides, titanium oxides, mag-

with deionized water (DI). All glassware was soaked in

nesium oxides, and cerium oxides, are classiﬁed as the

dilute nitric acid for 12 h, and then thoroughly rinsed with

promising ones for heavy metals removal from aqueous sys-

DI water. Standard solutions of Pb(II) and Cu(II) ions

tems (Agrawal & Sahu ; Afkhami et al. ; Madrakian

were prepared from the nitrates of these elements each as

et al. a, a).

purchased

from

Merck

Company

(Darmstadt,

1,000 mg L1. Working solutions, as per the experimental

Beside traditional nanosized metal oxides, magnetic

requirements, were freshly prepared from the stock solution

nanoparticles such as iron oxides (Fe3O4 or γ-Fe2O3) have

for each experimental run. The adjustments of pH were per-

received much attention because of their interesting mag-

formed with 0.01–1.0 mol L1 HCl and/or NaOH solutions.

netic response, nanometer-scale properties, straightforward
chemical modiﬁcation, and excellent biocompatibility

Apparatus

(Majewski & Thierry ; Reddy et al. ; Ahmadi et al.
; Bagheri et al. ). The magnetic separation provides

The concentration of the metal ions was determined by ﬂame

a suitable route for online separation, where particles with

atomic absorption spectrometry (FAAS) using an Aurora

afﬁnity to target species are mixed with the solution. Upon

model Spect AI 1200 apparatus. The instrumental settings

mixing with the solution, the particles tag the target species.

of the manufacturer were followed. Infrared spectra were

External magnetic ﬁelds are then applied to separate the

recorded with a Fourier transform infrared spectrometer

tagged particles from the solution. Therefore, functionalized

(FT-IR) (Spectrum 100, Perkin Elmer). Samples were gently

magnetic nanoparticles show great promise for applications

ground and diluted in KBr matrices to identify the functional

in bioseparation (Pan et al. ), catalysis (Deng et al. ),

groups and chemical bonding of the coated materials. The

drug delivery (Ruiz-Hernández et al. ; Ahmadi et al.

size, morphology, and structure of the nanoparticles were

b), and magnetic resonance imaging (Lee & Hyeon

characterized by scanning electron microscope (SEM-EDX)

).

(XL30, Philips, The Netherlands). Speciﬁc surface area and

In the present work, 2,4-dinitrophenylhydrazine (DNPH)

porosity were deﬁned by N2 adsorption–desorption porosi-

was immobilized on the surface of magnetite nanoparticles

metry (77 K) using a porosimeter (Bel Japan, Inc.). The

(MNPs) as a new nanoadsorbent for removing high levels of

crystal structure of the synthesized materials was determined

Pb(II) and Cu(II) from water samples. Experimental data,

by an X-ray diffractometer (XRD) (38066 Riva, Italy) at
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Schematic diagram for (a) synthesis of the modiﬁed nanoparticles and (b) the heavy metal ions removal mechanism.

ambient temperature. A Metrohm model 713 (Herisau, Swit-

decanted and modiﬁed nanoparticles were washed with DI

zerland) pH-meter with a combined glass electrode was used

water four times to eliminate extra amounts of surfactant

for pH measurements.

from the nanoparticles (Madrakian et al. c). In order to prepare

2,4-dinitrophenylhydrazine

modiﬁed

SDS

coated

magnetite nanoparticles (DNPHMNPs), 20 mL of DNPH solSynthesis of MNPs, SDS coated magnetite

ution (0.01 mol L1 in acetonitrile:acetic acid (2:1, v/v)) was

nanoparticles, and DNPH modiﬁed SDS coated

added to the nanoparticles (SDSMNPs). Then, the suspension

magnetite nanoparticles

was stirred at 60 C for 3 h. The mixture was followed by evap-

W

oration of the solvent, washing, air-drying, and storing in a
The MNPs were prepared by the conventional co-precipi-

closed bottle for subsequent use (Afkhami et al. ).

tation method, with minor modiﬁcations (Madrakian et al.
b). 11.68 g of FeCl3·6H2O and 4.30 g of FeCl2·4H2O
were dissolved in 200 mL DI water with vigorous stirring

Adsorption studies

W

at 85 C under nitrogen gas atmosphere. Then, 20 mL of
30% (w/v) aqueous NH3 solution was added to the solution.

Adsorption studies (Figure 1(b)) were performed by adding

The color of the bulk solution changed from orange to black

0.02 g DNPHMNPs to 20 mL solutions of different concen-

immediately. The magnetite precipitates were washed twice

trations of the metal ions in a 50 mL beaker. The initial pH

with DI water and once with 0.02 mol L1 sodium chloride

adjusted at 6.0 using 0.01–1.0 mol L1 HCl and NaOH sol-

by magnetic decantation.

utions. The quasi-equilibrium time was 45 min, when the

Sodium dodecyl sulphate (SDS) coated magnetite nano-

adsorption behavior reached equilibrium. Then, the metal

particles (SDSMNPs) were prepared by adding 1.0 mL of 5%

ions loaded nanoparticles were separated with magnetic

(w/v) SDS solution to 0.1 g of MNPs in a beaker at pH 3

decantation. The concentration of the metal ions in the sol-

(Figure 1(a)). The solution was stirred vigorously for 60 s by a

ution was measured with FAAS. Concentration of the metal

glassy rod, and the beaker was then placed on the magnet.

ions decreased with time due to adsorption by the modiﬁed

After complete precipitation of SDSMNPs, the solution was

nanoparticles. The adsorption percent, i.e., the metal ions
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SEM image (a) and XRD pattern (b) of the DNPHMNPs nanoparticles.

removal efﬁciency, was determined using the following

(422), (511), (440), and (553) reﬂection characteristics of the

expression:

cubic spinel phase of Fe3O4 (JCPDS powder diffraction data


ðC0  Ct Þ
%Re ¼
× 100%
C0

ﬁle no. 79–0418), revealing that the resultant nanoparticles



(1)

are mostly Fe3O4. The average crystallite size of the
DNPHMNPs nanoparticles was estimated to be 15 nm from
the XRD data according to the Scherrer equation (Madrakian

where Co and Ct represent the initial and ﬁnal (after adsorption) concentration of the metal ions in mg L1, respectively.

et al. a). As the results show, the particle dimension
obtained by SEM is higher than the corresponding crystallite
size. This difference may be explained because of the presence

Point of zero charge of the DNPHMNPs (pHPZC)

of aggregates in SEM grain consisting of several crystallites
and/or poor crystallinity (Madrakian et al. a).

The point of zero charge (PZC) is a characteristic of metal

The FT-IR spectra of DNPH, MNPs, and DNPHMNPs are

oxides (hydroxides) and of fundamental importance in sur-

shown in Figure 3. As shown in Figure 3(b), the peak at

face science. It is a concept relating to the phenomenon of

580 cm1 corresponds to Fe-O bond in Fe3O4. After modiﬁ-

adsorption and describes the condition when the electrical

cation of the magnetite with DNPH (Figure 3(c)), it shows a

charge density on a surface is zero. In this study, the pHPZC

visible broad band in the 3,200–3,500 cm1 region which is

of the DNPHMNPs was determined using a previously

due to stretching vibrations of OH or N–H groups with varying

reported method (Madrakian et al. b). The pHPZC for

degrees of hydrogen bonding. The absorption spectrum showed

DNPHMNPs was determined using the above procedure

that the absorption bands at 1,345, 1,532, and 1,598 cm1 are

and was obtained as almost 5.0 (results not shown).

corresponding to the bending vibration of the N–H group
(Figure 3(c)) (Afkhami et al. ; Madrakian et al. c).
Based on the above results, it can be concluded that the fabrica-

RESULTS AND DISCUSSION

tion procedure has been successfully performed.
Speciﬁc surface areas are commonly reported as

Characterization of the nanoadsorbent

Brunauer, Emmett, and Teller (BET) surface areas obtained
by applying the theory of BET to nitrogen adsorption/deso-

The SEM image of the DNPHMNPs nanoparticles, as shown

rption isotherms measured at 77 K. The speciﬁc surface area

in Figure 2(a), revealed that the diameter of the modiﬁed nano-

of the sample was determined by physical adsorption of a

particles was around 20–35 nm. The XRD pattern (Figure 2(b))

gas on the surface of the solid by measuring the amount of

shows diffraction peaks that are indexed to (220), (311), (400),

adsorbed gas corresponding to a monomolecular layer on
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The FT-IR spectra of (a) DNPH, (b) MNPs, and (c) DNPHMNPs.

the surface. The data are treated according to the BET

As Figure 4 shows, the removal efﬁciencies of both the

theory (Brunauer et al. ). The results of the BET

metal ions increase with increasing the solution pH, and a

method showed that the average speciﬁc surface areas of the

maximum value was reached at an equilibrium pH of

1

around 6.0. A weak adsorption occurs in acid medium, but

and 75.5 m g , respectively. It can be concluded from

it can be seen that higher pH leads to higher metal uptake.

these values that the synthesized nanoparticles have rela-

Acidic conditions are not favorable because most of the

2

MNPs and DNPHMNPs nanoparticles were 99.3 m g
2

1

tively large speciﬁc surface areas. This decrease in surface

functional groups of the adsorbent are protonated leaving

area of DNPHMNPs as compared to bare MNPs is possibly

few available ionized groups (Kwon et al. ). In addition,

due to aggregation after the surface modiﬁcation.

competition between protons and the metal species could
explain the weak adsorption in acidic medium. The highest

Effect of pH

uptake value was recorded at the pH 6.0. This may be attributed to the presence of a free lone pair of electrons on

One of the important factors affecting the removal of cations
from aqueous solutions is the pH of the solution. The dependence of metal sorption on pH is related to both the metal
chemistry in the solution and the ionization state of the functional groups of the sorbent, which affects the availability of
binding sites. In order to evaluate the inﬂuence of this parameter on the adsorption of the metal cations, the
experiments were carried out in the pH range of 3.0–9.0.
A 0.03 g of the adsorbent was suspended in 20 mL solution
of 20 mg L1 of each of the metal ions at several pH values
using either 0.1 M NaOH or 0.1 M HCl for the pH adjustment. These samples were stirred for 60 min. Then, the
samples were magnetically ﬁltered out. The results are
shown in Figure 4.
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Adsorption of (a) Cu(II) and (b) Pb(II) metal ions onto DNPHMNPs nanoparticles as a function of time at different initial concentration (conditions: pH 6, adsorbent dosage: 0.02 g,
sample volume: 20 mL).

nitrogen and deprotonated hydroxyl group of the adsorbent

ions onto DNPHMNPs were investigated by pseudo-ﬁrst

(pHPZC of DNPHMNPs: 5.0), which are suitable for coordi-

order and pseudo-second order kinetic models, using

nation with the metal ions.

Equations (2) and (3), respectively (Madrakian et al. a).
Pseudo-ﬁrst order model:

Effect of the adsorbent dosage
lnðqe  qt Þ ¼ lnqe  k1 t

(2)

We studied the dependence of the adsorption of the cations
on the amount of the modiﬁed nanoparticles at room temp-

Pseudo-second order model:

erature and at pH 6.0 by varying the adsorbent amount
from 6 to 70 mg in contact with 20 mL solution of
20 mg L

1

of each cation. The suspension was then stirred

for 60 min. After magnetically ﬁltering, the supernatant
was analyzed for the remaining cations. The results (not
shown) showed that the percentage removal of the cations
increased by increasing the amount of adsorbent due to the

t
1
1
¼
þ t
qt k2 q2e qe

(3)

where qt (mg g1) is the adsorption capacity at time t (min);
qe (mg g1) is the adsorption capacity at adsorption equilibrium; and k1 (min1) and k2 (g mg1 min1) are the

higher availability of the adsorbent. The adsorption

kinetic rate constants for the pseudo-ﬁrst order and the

reached a maximum with 0.02 g of adsorbent for both of

pseudo-second order models, respectively. The kinetic

the metal ions and the maximum percentage removal was

adsorption data were ﬁtted to Equations (2) and (3), and

about 99%.

the calculated results are shown in Table 1.

Effect of agitation time

linear coefﬁcient of determination (R2), root-mean-square

The best ﬁt among the kinetic models is assessed by
(RMS) error, and non-linear Chi-square (χ 2) test. The Chi-

Figure 5 shows the effects of contact time on the adsorption

square test measures the difference between the experimen-

of the metal ions at different initial concentrations. The

tal and model data. The mathematical form of this statistical

metal ions reached equilibrium at about 45 min. In fact,

test can be expressed as:

95% of the metal ions were adsorbed at about 30 min. To
ensure the equilibrium, we used shaking for 45 min for all
further experiments. The adsorption kinetics of the metal
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Adsorption kinetics model rate constant for the investigated metal ions adsorption onto the DNPHMNPs nanoparticles

Pseudo-second order
1

C0 (mg L

|

)

qe,

exp

Pseudo-ﬁrst order
1

(mg g

)

1

qe, cal (mg g

)

k2 (g mg

1

min)

R2

RMS

1

qe, cal (mg g

)

1

k1 (min

)

R2

RMS

Cu(II)
20

24.81

25.11

0.011

0.9984

0.304

23.21

0.176

0.9884

0.834

40

44.97

44.22

0.005

0.9976

0.682

43.49

0.165

0.9800

1.978

80

94.50

96.55

0.002

0.9987

1.037

91.08

0.172

0.9798

4.140

20

24.98

24.65

0.015

0.9980

0.368

26.03

0.206

0.9896

0.829

40

49.81

52.16

0.007

0.9980

0.721

80

99.87

97.64

0.002

0.9986

1.220

Pb(II)
48.02
105.3

0.201

0.9945

1.200

0.156

0.9860

3.876

where qe,exp is the experimental equilibrium capacity data

removal of a speciﬁc amount of the metal ions from sol-

and qe,cal is the equilibrium capacity from a model. If data

ution. For measuring the adsorption capacity of the

from the model are similar to experimental data, χ 2 will be

DNPHMNPs, the absorbent was added into the metal ions

small, and if they differ, χ 2 will be large.

solutions at various concentrations (under the optimum con-

Fitted equilibrium adsorption capacities are similar at

dition as described above), and the suspensions were stirred

each initial concentration (for both the metal ions) and in

at room temperature, followed by magnetic removal of the

close agreement with those observed experimentally.

absorbent.

Furthermore, the correlation coefﬁcients for the pseudo-

An adsorption isotherm describes the fraction of the

second order kinetic model ﬁts are much higher than the

sorbate molecules that are partitioned between the liquid

correlation coefﬁcients derived from pseudo-ﬁrst order

and the solid phase at equilibrium. Adsorption of the

model ﬁts. Furthermore, the pseudo-second order kinetic

metal ions by DNPHMNPs adsorbent was modeled using

model has lower RMS values than the other model. Given

Freundlich (Freundlich & Heller ), Langmuir (Lang-

the good agreement between model ﬁt and experimentally

muir ), Redlich–Peterson (Redlich & Peterson ),

observed equilibrium adsorption capacity in addition to

Sips (Sips ), and Temkin (Temkin & Pyzhev )

the large correlation coefﬁcients and low RMS values, this

adsorption isotherm models.

suggests the complexation chemical reaction is expected in

The linear form of the Langmuir isotherm is:

the adsorption processes (Zhou et al. ), and the ratelimiting step of the adsorption was dominated by a chemical
2

adsorption process (Lin et al. ). The lower χ values

Ce
1
1
¼
þ
Ce
qe KL qm qm

(5)

(Table 2) for the pseudo-second order model also suggests
that the metal ions adsorption onto DNPHMNPs nanoparticles followed the pseudo-second order kinetics. The pseudo-

where KL is a constant and Ce is the equilibrium concentration (mg L1); qe is the amount of metal ion adsorbed

ﬁrst order model exhibited higher χ 2 values, suggesting poor

per gram of adsorbent (mg g1) at equilibrium concentration

pseudo-ﬁrst order ﬁt to the data for the metal ions adsorp-

Ce; and qm is the maximum amount of solute adsorbed per

tion onto DNPHMNPs.
Table 2

Adsorption isotherms
The capacity of the adsorbent is an important factor that
determines how much adsorbent is required for quantitative
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0.0598

0.2890
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0.1612

0.3890
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gram of surface (mg g1), which depends on the number of

logarithmic, as implied in the Freundlich equation. The

adsorption sites. The Langmuir isotherm shows that the

linear form of the Temkin isotherm is:

amount of solute adsorption increases as the concentration
increases up to a saturation point.
The linear form of the Freundlich empirical model is
represented by:

qe ¼

RT
RT
lnKT þ
lnCe
b
b

(9)

where KT is the equilibrium binding constant, corresponding
to the maximum binding energy, and constant b is related to

1
lnqe ¼ lnkf þ Ce
n

(6)

the heat of adsorption.
The remainder of the metal ions in the supernatants

1-1/n

1/n

1

g ) and 1/n are Freundlich constants

were measured by FAAS and the results were used to plot

depending on the temperature and the given adsorbent–

the isothermal adsorption curves as shown in Figure 6.

where kf (mg

L

adsorbate couple. The parameter ‘n’ is related to the adsorp-

The equilibrium adsorption data were ﬁtted with the iso-

tion energy distribution, and kf indicates the adsorption

therm models with nonlinear regression, and the ﬁtting

capacity.

parameter values are summarized in Table 3.

The Redlich–Peterson isotherm is an empirical isotherm

The higher values of R2 and lower RMS values infer that

incorporating three parameters. It combines elements from

the three parameter models best ﬁt the adsorption equili-

both the Langmuir and Freundlich equations, and the mech-

brium data and the best ﬁtting isotherm model for both

anism of adsorption is a hybrid, and does not follow ideal

the metal ions is determined to be the Sips isotherm. The

monolayer adsorption:

maximum adsorption capacities obtained from the Sips
model for Pb(II) and Cu(II) are 484.7 mg g1 and

qe ¼

KR Ce

(7)

1 þ αR Ceβ

where KR is the Redlich–Peterson isotherm constant (L g1);

570.0 mg g1, respectively. The different adsorption capacity
may be due to disparity in cations’ radius and interaction
enthalpy values (Ge et al. ).

αR is also a constant having unit of (mg1); and β is an expoDesorption and reusability

nent that lies between 0 and 1.
The Sips isotherm is a combined form of Langmuir and
Freundlich expressions deduced for predicting the hetero-

In acidic solution the N donor of DNPH, which serves as an

geneous

the

electron donor, can be protonated, resulting in a positive

limitation of the rising adsorbate concentration associated

charge that repels the metal ions. Nevertheless, this can be

adsorption

systems

and

circumventing

with the Freundlich isotherm model. At low adsorbate concentrations, it reduces to the Freundlich isotherm, while at
high concentrations, it predicts a monolayer adsorption
capacity characteristic of the Langmuir isotherm:
1=n

qe ¼

qm KS Ce

1=n

1 þ KS Ce

(8)

where qm is the Sips maximum adsorption capacity
(mg g1); KS is the Sips equilibrium constant (L mg1);
and 1/n is the Sips model exponent.
The derivation of the Temkin isotherm assumes that the
fall in the heat of adsorption is linear rather than
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Isotherm

Parameters

Pb(II)
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optimized conditions The results (Figure 7) showed that
there was no signiﬁcant change in the performance of the

Cu(II)

adsorbent during the ﬁrst ﬁve cycles, indicating that the fabricated adsorbent is a reusable solid phase adsorbent for the

Langmuir
qm (mg g1)
KL(L mg1)
R2
RMS

349.68
0.288
0.9738
19.56

369.15
0.157
0.9639
26.68

removal of the metal ions during these ﬁve cycles. Furthermore, the results showed that the efﬁciencies of the
recycled adsorbent for removing cations are nearly
the same as those for the fresh ones even after recycling

Freundlich
(1(1/n))

KF (L mg
n
R2
RMS

/g)

101.60
0.332
0.9788
17.56

87.11
0.320
0.9833
18.12

B
KT (L mg–1)
R2
RMS

37.01
42.30
0.8000
54.02

59.14
3.99
0.9841
16.65

qm (mg g1)
KS (L mg1)
n
R2
RMS

484.69
0.089
1.648
0.9943
8.77

570.00
0.030
1.853
0.9966
8.75

KR(L g1)
αR (L mg1)1/β
β
R2
RMS

228.45
1.383
0.796
0.9923
11.44

167.0
1.214
0.779
0.9913
9.63

ﬁve times. Decrease in adsorption capacity in subsequent
cycles may be due to the displacement of some adsorbed
modiﬁer molecules from SDSMNPs surface while treated
with the eluent. Still, complete displacement of DNPH did

Temkin

not occur as considerable adsorption efﬁciency was
observed in the next cycles. Reasonable removal efﬁciencies
of the adsorbent in subsequent adsorption cycles made it a
good choice for multi-cyclic usage.

Sips

Redlich–Peterson

In Table 4, the efﬁciency of the synthesized nanoparticles has been compared with some previously proposed
adsorbents for removal of the investigated heavy metal
ions. As can be seen, the synthesized nanoadsorbent has
higher adsorption capacities in comparison to bare iron
oxide nanoparticle (Grossl et al. ; Hu et al. ;
Chen & Li ) and SDSMNPs (Adeli et al. ; Farahani
& Shemirani ). It can be concluded that DNPH plays a
critical role in improving the adsorbent efﬁciency. Furthermore,

the

adsorbent

provides

higher

capacities

in

comparison to other metal oxides nanoparticles such as
beneﬁcial to the back-extraction step, because lowering sol-

TiO2 (Engates & Shipley ), ZnO (Ma et al. ), and

ution pH facilitates decomplexation of the metal ions from

CeO2 (Cao et al. ). In addition, it can be seen that the

the adsorbent. Desorption experiments were performed

used procedure to synthesize the adsorbent led to more

with different acidic eluents (0.05 M HCl, 0.05 M HNO3
and a mixture of acetonitrile:0.05 M HNO3 (1:1 v/v)).
After adsorption of the metal ions, the adsorbent was magnetically separated. Then, 4.0 mL of the eluents was added
to the separated adsorbent. Samples were collected after 5,
10, 20, and 30 min contact times with the eluent to evaluate
the metal ions recovery by means of FAAS. Results showed
that the mixture of acetonitrile:0.05 M HNO3 (1:1 v/v) is the
most effective back-extractant at desorption time of 10 min
and could be used for the quantitative recovery of the
metal ions.
The reusability and stability of DNPHMNPs for the
removal of the metal ions were assessed by performing 20
consecutive

separations/desorption

cycles
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under

the

Figure 7

|

The reusability and stability of DNPHMNPs for the removal of (▴) Cu(II) and (♦)

Pb(II) (conditions: pH: 6.0, 0.02 g of DNPHMNPs, 20 mL of 20.0 mg L 1 the
metal ions, agitation time of 45 min).
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Comparison of the proposed method with some previously reported nanosized metal oxides for the metal ions removal

Adsorption capacity

(mg g 1)
1

Adsorbent

Surface area (m2 g

Goethite (α-FeOOH)

)

Cu(II)

Pb(II)

Isotherm model

Reference

50.0

149.25

–

–

Grossl et al. ()

Hematite (α-Fe2O3)

24.8

84.46

–

Langmuir

Chen & Li ()

Maghemite (γ-Fe2O3)

198.0

26.8

–

Langmuir

Hu et al. ()

SDS coated magnetite

–

24.3

–

Langmuir

Adeli et al. ()

SDS coated magnetite

–

–

9.5

–

Farahani & Shemirani ()

TiO2

185.5

–

401.14

Langmuir

Engates & Shipley ()

DNPH modiﬁed γ-Al2O3

42.62

–

100*

Freundlich

Afkhami et al. ()

ZnO

–

–

6.7

–-

Ma et al. ()

CeO2

72

–

9.2

Langmuir

Cao et al. ()

p-nitro aniline modiﬁed magnetite (Fe3O4)

–

–

67.35

Langmuir

Madrakian et al. (b)

DNPH modiﬁed magnetite

75.5

570.00

484.69

Sips

This work

efﬁcient nanoadsorbent in comparison to some other previously reported procedures with different nanoparticles
(Afkhami et al. ) and ligands (Madrakian et al. b).

CONCLUSION
In summary, the preparation and characterization of MNPs
modiﬁed with DNPH for heavy metal ions removal purposes is described. The result shows that the synthesized
nanoadsorbent is excellent for the removal of heavy metal
ions such as Cu(II) and Pb(II) from aqueous solution.
Furthermore, the adsorbent could efﬁciently remove the
metal ions with higher adsorption capacities as compared
with previously synthesized nanoadsorbents (Table 4) at
pH 6.0, and could be used as a reusable adsorbent with convenient conditions. Moreover, considering reusability, easy
synthesis, and separation, DNPHMNPs are superior to previously reported solid phase nanoadsorbents for heavy
metal ions removal.
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