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ABSTRACT

NiFe2O4 nanoparticles (NiFe2O4 NPs) were synthesized and characterized using X-ray
diffraction, transmission electronic microscopy (TEM), pHpzc and Brunauer, Emmett, and
Teller methods. Size of the nanostructures according to TEM was obtained around 12 nm.
The prepared NiFe2O4 NPs was used as an adsorbent for the removal of anionic dyes of
Sunset Yellow, Tartrazine, and Eriochrome Black T from aqueous solutions. It was found
that removal percentage significantly depends on the level of initial solution pH. The
adsorption of anionic dyes on to NiFe2O4 NPs was investigated from both equilibrium and
kinetic point of view. Kinetic experiments were performed at three values of initial dyes
concentration in the solution and the results of fitting to the experimental data by the non-
linear methods represent that fractal-like pseudo-second-order model can describe the kinet-
ics of adsorption. Among the various conventional isotherm models, Langmuir–Freundlich
is more suitable for analyzing the explanation data. The adsorption capacities of Sunset
Yellow, Tartrazine, and Eriochrome Black T on NiFe2O4 NPs were 107.1, 104.8, and
81.52 mg/g, respectively. Also, the method was applied to the removal of dyes in real
samples (tap water, river water, and candy).

Keywords: NiFe2O4 nanoparticles; Anionic dyes; Adsorption; Kinetic; Isotherm

1. Introduction

The presence of dyes in wastewaters may cause
serious problems to the environment because of their
high toxicity to aquatic organisms and unfavorable
aesthetical impact [1]. Organic dyes used in various
industries, including the dyestuff, paper, leather,
cosmetic, and textile [2,3]. Dyes can cause allergy,
dermatitis, skin irritation, and also provoke cancer
and mutation in humans [4]. Most of them are stable

to light and oxidizing agents because of their complex
chemical structures. Dyes contaminate not only the
environment but also traverse through the entire food
chain, leading to biomagnifications. Thus, they should
be carefully removed from the environment [5].

Various technologies, such as coagulation/floccula-
tion, chemical oxidation, filtration, membrane separa-
tion, and microbial degradation, have shown limited
success in the treatment of dye-containing wastewa-
ters [6–8], and adsorption is considered to be the most
effective technique for water and wastewater
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treatment, due to its simplicity, low cost, ease of
operation, and high efficiency [9].

Most commercial systems currently use zeolite,
activated carbon, industrial byproduct, agricultural
waste, clay, biomass, and polymeric materials as
adsorbent for this target. However, the application of
these adsorbents is limited because of their low
adsorption capacities and separation inconvenience.
Thus, great efforts are needed to exploit new promis-
ing adsorbents [10–14].

Magnetic nanomaterials have attracted much
interest because they not only have a large removal
capacity, fast kinetics, and reactivity for contaminant
removal, but also have high separation efficiency and
reusability. In recent years, spinel ferrites with the
general formula MFe2O4 (M = Fe, Co, Cu, Mn, Ni, etc.)
have received much research attention, owing to both
broad practical applications in several important
technological fields such as ferrofluids, magnetic drug
delivery, magnetic high-density information storage,
and degradation of organic pollutants such as dye and
halogenated derivatives in wastewater treatment
[15,16].

NiFe2O4 nanoparticles (NiFe2O4 NPs) are known
as an adsorbent because of their good biocompatibil-
ity, strong super paramagnetic property, low toxicity,
easy preparation, and high adsorption ability [17].
NiFe2O4 NPs with an inverse spinel structure shows
ferrimagnetism that originates from magnetic moment
of anti-parallel spins between Fe3+ ions at tetrahedral
sites and Ni2+ ions at octahedral sites. NiFe2O4 NPs
exhibit high surface area and low mass transfer
resistance. Moreover, the magnetic behavior of these
nanoparticles depends mostly on their size [18].
Recently, some of the researchers have prepared
NiFe2O4 NPs by different synthesis methods. Berthelin
et al. have reported NiFe2O4 NPs with elementary
particle size close to 4–5 nm by flash microwave
synthesis [19]. Khosravi and Eftekhar [20] prepared
NiFe2O4 NPs by sol–gel method. Wang et al. [21]

synthesized MFe2O4 (M = Co, Ni) ribbons with nano-
porous structure which were prepared by electrospin-
ning combined with sol–gel technology.

In the present study, the NiFe2O4 NPs was prepared
as a magnetic adsorbent by the co-precipitation method
and used for the removal of anionic dyes from water
and food samples. Finally, the experimental data were
modeled with non-linear isotherms and kinetics
models. The effects of pH on the adsorption efficiency
were studied too.

2. Experimental

2.1. Apparatus and reagents

The concentration of dye in the solutions was
measured using a UV–vis spectrophotometer (Lambda
45, Perkin Elmer, Waltham, USA). All pH measure-
ments were made with a 780 pH meter (Metrohm,
Switzerland) combined with a glace-calomel electrode.

The crystal structure of synthesized materials was
determined by an X-ray diffraction (XRD) (38066 Riva,
d/G.via M. Misone, 11/D (TN) Italy) at ambient
temperature. The structure of the NiFe2O4 NPs was
characterized by a transmission electronic microscopy
(TEM, Philips, CM10, 100 kV). Specific surface area
and porosity were defined by N2 adsorption–desorp-
tion porosimetry (77 K) using a porosimeter (Bel
Japan, Inc.). The elemental analysis was measured
by scanning electron microscope energy dispersive
X-ray spectroscopy (SEM-EDX, XL 30 and Philips
Netherland).

All chemicals and reagents used in this work were
of analytical grade and purchased from Merck
Company (Merck, Darmstadt, Germany). Stock solu-
tions of dyes (10−3 M) were prepared by dissolving
the appropriate amount of their powder in double-
distilled water (DDW). DDW was used for preparation
of all solutions. Fig. 1 shows the structure of the
investigated dyes.

Fig. 1. Chemical structure of dye molecules (a) Sunset Yellow, (b) Tartrazine, and (c) Eriochrome Black T.
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2.2. Synthesis of NiFe2O4 NPs

The NiFe2O4 samples were prepared by the
co-precipitation method. In a typical synthesis, 0.2 M
(20 mL) solution of iron nitrate [(Fe(NO3)3·9H2O)] and
0.1 M (20 mL) solution of nickel nitrate [(Ni
(NO3)2·6H2O)] were prepared and vigorously mixed
under stirring for 1 h at 80˚C. 0.2 g of polyethylene
oxide was added into the solution as a capping
agent. Subsequently, 5 mL of hydrazine hydrate
(NH2·NH2·H2O) was added drop by drop into the
solutions and brown color precipitates were formed.
Finally, the precipitates were separated by centrifuga-
tion and dried in hot air oven for 4 h at 100˚C.
The acquired substance was annealed for 10 h at
300˚C [22].

2.3. Point of zero charge pH

The point of zero charge pH (pHpzc) for the
adsorbents was determined by introducing 0.05 g of
NiFe2O4 NPs into eight 100-mL Erlenmeyer flasks
containing 0.1 M NaNO3 solution. The pH values of
the solutions were adjusted to 2, 3, 4, 5, 6, 7, 8, and 9
using solutions of 0.01 mol L−1 HNO3 and NaOH. The
solution mixtures were allowed to equilibrate in an
isothermal shaker (25˚C) for 24 h. The final pH was
measured after 24 h. The pHpzc is the point where the
pHinitial = pHfinal.

2.4. Equilibrium and kinetic experiment

The equilibrium studies were carried out by
adding 10 mL of different initial concentrations
(10–220 mg/L) of Sunset Yellow, Tartrazine, and
Eriochrome Black T solution to 0.05 g of adsorbent.
The samples were shaken at 25˚C and shaking speed
of 160 rpm for 24 h to reach equilibrium condition.
Then, the adsorbent was separated by an external
magnet and the equilibrium concentration of Sunset
Yellow, Tartrazine, and Eriochrome Black T in the
bulk (Ce) was determined at 482, 430, and 530 nm,
respectively, using a UV–vis spectrophotometer
(Lambda 45, Perkin Elmer, USA) and the amount of
adspecies at equilibrium, qe (mg/g), was calculated by
the following equation:

qe ¼ ðC0 � CeÞV
W

(1)

where C0 and Ce (mg/L) are the initial and equilib-
rium concentrations, respectively, V (L) is the volume
of solution, and W (g) is the mass of adsorbent.

The kinetic studies were performed at three
different initial concentrations 15, 35, and 50 mg/L.
For kinetic experiments, a series of 10 mL of dye solu-
tion was added to 0.05 g of adsorbent. The samples
were placed in a shaker with 160 rpm and at 25˚C.
Then, samples were withdrawn at different time
intervals and the concentrations of the dye that
remained in the solution were determined by UV–vis
spectrophotometer. The amount of dyes adsorbed per
unit mass of adsorbent, at any time (qt), was calcu-
lated by Eq. (2):

qt ¼ ðC0 � CtÞV
W

(2)

2.5. Effect of pH

To study the role of pH on the removal percentage
of Sunset Yellow, Tartrazine, and Eriochrome Black T
by NiFe2O4 NPs, 10 mL of dye solutions of concentra-
tion 15 mg/L in the pH range of 3–10 (using HCl and
NaOH) were prepared. Then, 0.05 g of NiFe2O4 NPs
was added and the solutions were shaken for 120 min.
Then, the solutions were analyzed with UV–vis
spectrophotometer. The removal percentage of dye
was calculated by [23]:

R %ð Þ ¼ C0 � Ce

C0
� 100 (3)

2.6. Preparation of real samples

In order to demonstrate the applicability and
reliability of the method for real samples, three sam-
ples, including tap water, river water, and candy sam-
ple were prepared and analyzed. Tap water samples
were taken from our research laboratory (Islamic Azad
University, Hamedan Branch, Iran), and river water
were collected in a 2.0 L PTFE bottle. All water
samples filtered through a filter paper (Whatman No.
40) to remove suspended particulate matter.

The candy sample (10 g) was ground with mortar
in a pestle and subsequently dissolved in DDW. After
mixing, the residue was filtered, diluted with DDW
up to standard volume. The sample solution was then
analyzed by the recommended procedure.

3. Results and discussion

3.1. Characterization of NiFe2O4

In order to better understand the adsorption
behavior of NiFe2O4 NPs toward the dye molecule, a

11350 R. Zandipak and S. Sobhanardakani / Desalination and Water Treatment 57 (2016) 11348–11360



fine characterization of their structural properties was
performed. The XRD pattern of NiFe2O4 NPs is shown
in Fig. 2. Furthermore, it can be seen that all the
diffraction peaks of NiFe2O4 may be assigned to
spinel-type NiFe2O4 (JCPDS 54-0964). The peaks at the
2θ values of 30.1˚, 35.3˚, 43.0˚, 53.7˚, 56.5˚, and 62.4˚
can be indexed to (1 1 1), (2 2 0), (3 1 1), (4 0 0), (4 2 2),
(5 1 1), and (4 4 0) crystal planes of spinel NiFe2O4,
respectively. The average crystallite size (D in nm) of
NiFe2O4 NPs was determined from XRD pattern
according to the Scherrer equation.

D ¼ Kk
b cos h

(4)

where λ is the wavelength of the X-ray radiation
(1.5406 Å), K is a constant taken as 0.89, θ is the

diffraction angle, and β is the full width at half
maximum. The average size of the NiFe2O4 NPs was
calculated as around 15 nm. The TEM micrograph and
calculated histogram of the NiFe2O4, as shown in
Fig. 3, revealed that the diameter of the synthesized
NiFe2O4 NPs was around 12 nm. The particle size
measured directly from the TEM micrograph agrees
with that determined by the XRD results. Fig. 4 shows
a typical SEM-EDX elemental analysis of NiFe2O4

NPs. The results demonstrate that only Ni, Fe, and O
appear in NiFe2O4 NPs samples. Also, the results have
a good agreement with other reported.

Specific surface areas are commonly reported as
BET surface areas obtained by applying the theory of
Brunauer, Emmett, and Teller (BET) to nitrogen
adsorption/desorption isotherms measured at 77 K.
This is a standard procedure for the determination of
the specific surface area of sample. The specific sur-
face area of the sample is determined by physical
adsorption of a gas on the surface of the solid and
by measuring the amount of adsorbed gas corre-
sponding to a monomolecular layer on the surface.
The data are treated according to the BET theory
[24]. The results of the BET method showed that the
average specific surface area of NiFe2O4 NPs was
63.7 m2 g−1. It can be concluded from these values
that the synthesized nanoparticles have relatively
large specific surface areas and may be better for
adsorption.

3.2. Adsorption isotherms modeling

The adsorption isotherm indicates how the
adsorption molecules distribute between the liquid
phase and the solid phase when the adsorption pro-
cess reaches an equilibrium state. The equilibriumFig. 2. The X-ray diffraction pattern of NiFe2O4 NPs.

Fig. 3. (a) TEM micrograph and (b) calculated histogram of NiFe2O4 NPs.
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experimental data were analyzed with different mod-
els, including Langmuir (L), Freundlich (F), Temkin
(T), Redlich–Peterson (R–P), and Langmuir–Freundlich
(L–F) isotherms.

The Langmuir isotherm includes several assump-
tions which are surface homogeneity and absence of
interactions between adsorbed molecules on the sur-
face [25]. The non-linear form of Langmuir isotherm is
given as follows:

qe ¼ qmkLCe

1þ kLCe
(5)

where qmax (mg/g) and KL (L/mg) are known
as Langmuir constants and referred to maximum
adsorption capacity and affinity of adsorption,
respectively.Fig. 4. SEM-EDX spectrum of NiFe2O4 NPs.
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Fig. 5. Adsorption isotherm of (a) Sunset Yellow, (b) Tartrazine, and (c) Eriochrome Black T on to NiFe2O4 NPs.
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The Freundlich isotherm is an empirical equation,
utilizing for heterogeneous surfaces [26]. The non-linear
form of Freundlich isotherm presented as follows:

qe ¼ kf ðCeÞ1=n (6)

where KF (mg1−(1/n) L1/n/g) is the Freundlich constant
and n indicating the adsorption heterogeneity.

The Temkin isotherm model is [27]:

qe ¼ B ln ðACeÞ (7)

where B = RT/b and b (J mol−1) is the Temkin constant
related to the heat of adsorption; A (L/mg) is the
Temkin isotherm constant.

Redlich–Peterson (R–P) is one of the three
parameter equations [28]:

qe ¼ kR�PCe

1þ aCb
e

(8)

where kR�PðL=gÞ, α, and β are the Redlich–Peterson
constants. β is the parameter which is between 0 and 1.

The other isotherm model used for modeling of
equilibrium adsorption data is Langmuir–Freundlich
isotherm [29]:

qe ¼
qmðkL�FCeÞ1=n
1þ ðkL�FCeÞ1=n

(9)

where KL–F (L/mg) and n are the constants.
Fig. 5 displays the adsorption isotherms of three

anionic dyes on the adsorbent at 25˚C. The experi-
mental data reveal that the equilibrium adsorption
capacity of the dyes increases by increasing the
initial dye concentration and finally reaches to
the saturation value (qm). The constant parameters of
the isotherm equations which were obtained by
non-linear method for this adsorption process and
the correlation coefficients (r2) for all applied iso-
therms are summarized in Table 1. It was found
that Langmuir–Freundlich isotherm model shows
high correlation coefficients (r2 > 0.99) and lower
RMS error than other models. Following of adsorp-
tion equilibrium data with Langmuir–Freundlich iso-
therm indicates a heterogeneous surface. Maximum
adsorption capacity of 107.1, 104.8, and 81.52 mg/g

Table 1
Obtained parameters for adsorption of dyes on to NiFe2O4 NPs

Isotherm Parameters

Anionic dyes

Sunset Yellow Tartrazine Eriochrome Black T

L qm (mg/g) 72.21 75.88 82.04
KL (L/mg) 0.092 0.109 0.045
r2 0.9796 0.9816 0.9972
RMS error 3.644 3.546 1.340

F KF (L mg(1-(1/n))/g) 12.97 14.00 8.395
n 0.377 0.374 0.473
r2 0.9857 0.9838 0.9743
RMS error 3.047 3.414 4.113

T B 11.69 11.56 14.07
A 2.565 3.455 0.992
r2 0.9687 0.9673 0.9488
RMS error 4.506 4.857 5.810

L-–F qm (mg/g) 107.1 104.8 81.52
KL-F (L/mg) 0.026 0.035 0.046
n 1.626 1.59 0.990
r2 0.9958 0.9973 0.9979
RMS error 1.568 1.273 1.331

R–P KR-P (L/g) 18.02 20.40 3.514
α´ (L/mg)1/β 0.782 0.788 0.034
β 0.748 0.663 1.049
r2 0.9942 0.9971 0.9972
RMS error 1.824 1.539 1.412
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Table 2
Comparison of maximum adsorption capacity (qm) of different adsorbents for dyes

Adsorbent
Maximum adsorption capacity (mg g−1)

Ref.
Sunset Yellow Tartrazine Eriochrome Black T

Chitin – 30 – [30]
Copper sulfide nanoparticles loaded on activated carbon 122 – – [31]
Scolymus hispanicus L – – 120.4 [32]
Rice hull-based activated carbon – – 160.3 [33]
ZnO nanoparticle loaded on activated carbon 142.8 – – [34]
Magnetic polymer multi-wall carbon nanotube 85.4 – – [35]
Nickel-doped zinc oxide – 35.9 – [36]
β-cyclodextrin/polyurethane – – 20.1 [37]
Hen feather – 6.4 × 10−5 – [38]
NiFe2O4 NPs 107.1 – – This work
NiFe2O4 NPs – 104.8 – This work
NiFe2O4 NPs – – 81.52 This work

(a) (b)

(c)

t(min)

0 10 20 30 40 50

q
t 
(m

g/
g)

0

5

10

15

20

25

30

15 mg/L
35 mg/L
50 mg/L
FL-PSO

t(min)

0 10 20 30 40 50

q
t (

m
g/

g)

0

5

10

15

20

25

30

15 mg/L
35 mg/L
50 mg/L
FL-PSO

t(min)

0 10 20 30 40 50

q t(
m

g/
g)

0

5

10

15

20

25

30

15 mg/L
35 mg/L
50 mg/L
FL-PSO

Fig. 6. Experimental kinetic data for the adsorption of (a) Sunset Yellow, (b) Tartrazine, and (c) Eriochrome Black T by
NiFe2O4 NPs at different initial concentrations. Lines represent the FL-PSO model fitted with the data.
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was obtained for Sunset Yellow, Tartrazine, and
Eriochrome Black T dyes, respectively. In Table 2,
we compared the ability of the proposed adsorbent
in removal of anionic dyes from water with some
other works.

3.3. Adsorption kinetics modeling

Adsorption kinetics provides information about the
mechanism of adsorption and potential controlling

steps, which are essential for the practical design of
adsorption systems.

Fig. 6 presents the variation in the adsorption of dyes
as a function of contact time. From these figures, it is
clearly seen that the dyes removal has been performed
within the first 10 min which indicates that the rate of
dyes adsorption by NiFe2O4 NPs is high. It is clear that
the adsorption rate and the amount of adsorbed increase
by increasing the initial concentration.

In order to predict the adsorption behavior of
Sunset Yellow, Tartrazine, and Eriochrome Black T on

Table 3
Constant of kinetic models for adsorption of Sunset Yellow on to NiFe2O4 NPs

Kinetic model
C0

(mg/L) a α k´ b
k1
(1/min)

k2
(g/mg min)

qe
(mg/g) qe (exp) r2 RMS error

PFO 15 – – – – 0.334 – 7.37 – 0.9841 0.338
35 – – – – 0.285 – 17.31 – 0.9829 0.838
50 – – – – 0.450 – 23.34 – 0.9789 1.204

PSO 15 – – – – – 0.063 8.02 – 0.9995 0.058
35 – – – – – 0.021 19.09 – 0.9991 0.187
50 – – – – – 0.030 25.07 – 0.9987 0.294

E 15 0.904 – – 34.38 – – – – 0.9427 0.643
35 0.334 – – 37.15 – – – – 0.9404 1.566
50 0.350 – – 47.00 – – – – 0.9931 0.688

FL-PSO 15 – 1.750 0.034 – – – 7.48 – 0.9986 0.107
35 – 1.730 0.011 – – – 17.59 – 0.9991 0.206
50 – 0.792 0.032 – – – 26.06 – 0.9996 0.160

Experimental data 15 – – – – – – – 7.12 – –
35 – – – – – – – 17.15 – –
50 – – – – – – – 24.33 – –

Table 4
Constant of kinetic models for adsorption of Tartrazine on to NiFe2O4 NPs

Kinetic model
C0

(mg/L) a α k´ b
k1
(1/min)

k2
(g/mg min)

qe
(mg/g) qe (exp) r2 RMS error

PFO 15 – – – – 0.148 – 7.70 – 0.9410 0.773
35 – – – – 0.204 – 16.70 – 0.9900 0.631
50 – – – – 0.308 – 22.59 – 0.9652 1.522

PSO 15 – – – – – 0.017 9.20 – 0.9693 0.557
35 – – – – – 0.013 19.03 – 0.9975 0.313
50 – – – – – 0.017 24.89 – 0.9951 0.567

E 15 0.459 – – 2.288 – – – – 0.9005 1.004
35 0.270 – – 11.66 – – – – 0.9598 1.271
50 0.264 – – 61.09 – – – – 0.9972 0.431

FL-PSO 15 – 2.460 0.002 – – – 7.56 – 0.9954 0.232
35 – 1.499 0.008 – – – 17.32 – 0.9997 0.115
50 – 0.647 0.018 – – – 28.38 – 0.9996 0.159

Experimental data 15 – – – – – – – 6.37 – –
35 – – – – – – – 16.45 – –
50 – – – – – – – 23.75 – –
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NiFe2O4 NPs surface, different adsorption kinetic
models were applied for modeling experimental data
at different initial concentrations.

Pseudo-first-order equation (PFO) is one of the
most popular and empirical models for adsorption
kinetics which presented by Lagergren [39]. The
integrated form of this model can be given as follows:

qt ¼ qeð1� exp �k1tð ÞÞ (10)

where qt and qe (mg/g) are the amount of adsorbed
species per unit mass of adsorbent at any time (t) and
at equilibrium, respectively. k1 (min−1) is the pseudo-
first-order rate constant.

Another simple and well-known kinetic model
which is used extensively in recent years is pseudo-
second-order equation (PSO) [39]. The integrated form
of this equation is:

qt ¼
k2q

2
et

1þ k2qet
(11)

where k2 (g/mg min) is the rate coefficient.
In order to investigate the adsorption of pollutants

from aqueous solution, Elovich rate equation (E) has
been widely used [40]. The integrated form of Elovich
equation is expressed as follows:

qt ¼ 1

a
Lnð1þ abtÞ (12)

where a and b are the equation constants. Mainly,
Elovich equation is applied to describe chemical
adsorption onto heterogeneous adsorbent surfaces.

One of the recently developed kinetic models for
adsorption is the fractal-like pseudo-second-order
model (FL-PSO), which was presented for the systems
with different paths of adsorption [41]. The integrated
form of this equation is:

qt ¼
k0q2et

a

1þ k0qet
a (13)

where k0 is the constant.
The experimental adsorption kinetic data were

modeled with the mentioned models using non-linear
fitting method. The results of fitting and also correla-
tion coefficients (r2) and RMS errors are presented in
Tables 3–5.

The obtained correlation coefficients indicate that
the adsorption kinetic data on NiFe2O4 NPs follow the
FL-PSO model. Following of adsorption kinetic data
with the FL-PSO model indicates that the rate coeffi-
cient of adsorption is a function of time. Time depen-
dency of rate coefficient in fractal-like approach means
that there are different paths for adsorption. The
FL-PSO kinetic model presumes that surface is
heterogeneous too.

3.4. Effect of solution pH

The pH of the dye solution affects the surface
charge of the adsorbent, the degree of ionization of

Table 5
Constant of kinetic models for adsorption of Eriochrome Black T on to NiFe2O4 NPs

Kinetic model
C0

(mg/L) a ∝ k´ b
k1
(1/min)

k2
(g/mg min)

qe
(mg/g) qe (exp) r2 RMS error

PFO 15 – – – – 0.209 – 6.45 – 0.9849 0.301
35 – – – – 0.280 – 14.65 – 0.9808 0.755
50 – – – – 0.225 – 22.74 – 0.9817 0.730

PSO 15 – – – – – 0.035 7.34 – 0.9964 0.147
35 – – – – – 0.024 16.20 – 0.9961 0.338
50 – – – – – 0.011 25.66 – 0.9921 0.711

E 15 0.707 – – 4.718 – – – – 0.9502 0.548
35 0.385 – – 28.07 – – – – 0.9398 1.337
50 0.213 – – 21.43 – – – – 0.9695 1.482

FL-PSO 15 – 1.622 0.020 – – – 6.61 – 0.9991 0.079
35 – 1.737 0.012 – – – 14.89 – 0.9970 0.322
50 – 1.272 0.009 – – – 24.23 – 0.9950 0.644

Experimental data 15 – – – – – – – 5.62 – –
35 – – – – – – – 14.17 – –
50 – – – – – – – 23.00 – –
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the adsorbate molecules, and the extent of
dissociation of the functional groups on the active
sites of the adsorbent. The effects of initial pH on
the percentage of removal of anionic dyes using
NiFe2O4 NPs adsorbent were evaluated within
the pH range between 3 and 10 (Fig. 7(b)).
Fig. 7(b) demonstrates that the removal efficiency for
anionic dyes (Sunset Yellow, Tartrazine, and Eri-
ochrome Black T) gradually decreased with increase
in pH.

The point of zero charge (pHpzc) is an important
property that indicates the electrical neutrality of the
surface of the adsorbent at a particular value of pH.

As observed in Fig. 7(a), the pHpzc for NiFe2O4 NPs is
7.0. At pH values below the pHpzc, the surface of
NiFe2O4 NPs is positively charged and the electro-
static interaction between the cationic charged
NiFe2O4 NPs surface and the sulfonate anions of nega-
tively dye molecules was increased, which led to the
increase in adsorption capacity. This interaction
enhanced by van der Waals force as extra interaction
bond. At pH values higher than the pHpzc, the surface
charge is negative and by increasing of pH, the nega-
tive charge on the surface increases. Therefore, by
increasing of pH from 3 to 10, the removal efficiency
decreases because of repulsion forces between anionic
dyes.

3.5. Adsorption of anionic dyes in real samples

A standard addition method was applied to the
adsorption of anionic dyes of Sunset Yellow,
Tartrazine, and Eriochrome Black T in real samples
using NiFe2O4 NPs. The samples were also analyzed
after spiking with different concentrations of dyes.
Tap water, river water, and candy samples were ana-
lyzed. The results are given in Table 6. The recovery
studies of the spiked dyes in different samples
showed average values in the range from 92.6 to
101%. The results indicate the applicability of the
NiFe2O4 NPs for dyes adsorption in samples and also
the method is suitable for the analysis of real
samples.

3.6. Desorption studies

Desorption studies is very important in develop-
ing a novel adsorbent for use in practical applica-
tions. In the present study, desorption experiment
was carried out with different eluents such as metha-
nol, ethanol, acetic acid, NaOH, and mixture of
methanol and sodium hydroxide. For this purpose,
10 mL of desorbent solution was added to the 0.05 g
dye-loaded NiFe2O4 NPs in a beaker. The nanoparti-
cles were collected magnetically from the solution.
The concentration of dyes in the desorbed solution
was measured by UV–vis spectrophotometry. The
results are given in Fig. 8. As the results show, the
desorption efficiencies for mixture of methanol and
sodium hydroxide were higher than other solutions.
Also, the reusability of the adsorbent was greater
than four cycles without any loss in its adsorption
behavior.
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Fig. 7. (a) The determination of the point of zero charge of
the NiFe2O4 NPs, and (b) effect of solution pH on the
removal percentage of dyes by NiFe2O4 NPs.
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4. Conclusion

In summary, NiFe2O4 nanoparticles are synthe-
sized by co-precipitation method. The size of the
product was determined by XRD analysis and TEM.
The NiFe2O4 NPs showed an excellent ability to
remove different dyes (Sunset Yellow, Tartrazine, and
Eriochrome Black T) within 10 min from water sam-
ples. The highest removal percentage for dyes was
observed at acidic pH. The equilibrium data are
analyzed using Langmuir, Freundlich, Temkin,
Redlich–Peterson, and Langmuir–Freundlich isotherm
equations. The result shows that the experimental data
are best correlated by Langmuir–Freundlich isotherm.
The kinetic studies reveal that the rate of adsorption
onto NiFe2O4 NPs is rapid. Also, following of adsorp-
tion kinetic data by FL-PSO model indicates that the

rate coefficient changes with time. Also, removal
efficiency was found to be 97.9, 96.5, and 93.5% for
Sunset Yellow, Tartrazine, and Eriochrome Black T,
respectively, demonstrating the high efficiency of the
NiFe2O4 NPs for the anionic dyes adsorption in
aqueous solutions.
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