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a b s t r a c t
A novel magnetic nanocomposite adsorbent formed from the coating FeNi3 nanoparticles with 
SiO2 nanoparticles, and then with CuS nanoparticles (FeNi3@SiO2@CuS) was successfully synthe-
sized and then applied, for the first time, for eradicating methylene blue (MB) dye-laden waste-
water. An adsorptive performance test were conducted using a batch system with variations of 
several water quality parameters, including pH, contact time, MB concentration, FeNi3@SiO2@CuS 
dose, and competitor NaCl concentration. The characterization study using transmission electron 
microscopy, field emission scanning electron microscopy, and vibrating sample magnetometer 
approaches demonstrated that FeNi3@SiO2@CuS has a number of favorable morphological, phys-
iochemical, and adsorptive properties which make it a potential adsorbent toward organic pollut-
ants. The equilibrium analysis of non-linear fit method revealed that the Langmuir equation was 
the best model for the representation of isothermal data, where the maximum uptake reached 
24.457 mg/g. The kinetic adsorption behavior of methylene blue on FeNi3@SiO2@CuS obeyed the 
pseudo-second-order kinetics. The nature of the adsorption was also endothermic and spontaneous, 
as the thermodynamic study revealed. During the adsorption experiments, FeNi3@SiO2@CuS mag-
netic nanocomposite exhibited an excellent adsorption capacity toward MB molecules, where the 
maximum removal efficiency of 85.21% was recorded at pH = 12, contact time = 180 min, initial 
MB concentration = 20 mg/L, and FeNi3@SiO2@CuS dose = 2 g/L. It was also found that NaCl pres-
ence had a negative impact on that efficiency. The mechanism of MB interaction with FeNi3@SiO2@
CuS involved both chemical and physical adsorption processes. Results of this study unraveled 
that the adsorption process using FeNi3@SiO2@CuS as an adsorptive agent could be a promising 
treatment technology for the removal of MB dye from high alkaline wastewater.
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1. Introduction

The world, at the present time, faces great challenges in 
the fields of water quality, management, and environmen-
tal pollution, due to the discharge of highly polluted liquid 
wastes into the aquatic environment [1]. Generally, to pass 
these challenges, there is an incessant search for develop-
ing innovative and high-performance technologies to purify 
wastewater prior to discharge into receiving water bodies. 
In addition, the increasing rate in industrialization in the 
last three decades had exacerbated environmental problems 
resulting from pumping industrial effluents-containing con-
taminants into water resources [2]. In fact, the untreated or 
ineffectively treated wastewater often carries high concen-
trations of substances that damage the total environment 
and humans. For example, it was found that approximately 
22% of the total quantity of used raw dyes was released in an 
improperly or inadequately treated wastewater from various 
industrial processes such as painting; printing and plastics; 
leather and tannery; textiles, cosmetics, and food processing 
[3]. Therefore, the discharge of industrial wastewater contain-
ing contaminants, like dyes to the sewer system, is forbidden 
in several countries unless such contaminants are reduced, at 
their generation source, to the permissible concentrations [4].

Methylene blue dye (MB) is a basic, cationic, photoac-
tive, and azo dye. Its commercial form is currently used in 
many industrial, pharmaceutical, and medical applications 
[5]. The textile and clothing industries are the largest con-
sumer industries that use MB for dyeing wool, linen, cot-
ton, and silk fabrics. In addition, MB dye has medical uses 
such as treatment of methemoglobinemia and Alzheimer 
diseases, and to detect fistula in surgery [6]. Its oral form 
is used in dentistry to diagnose areas with plaque micro-
bial teeth. Table 1 lists more details about the chemical and 
physical properties of MB dye. Although, MB dye has ben-
eficial uses and is normally not considered as a hazardous 
element yet, it can cause complications such as eye burns, 
stomach, intestines, and skin irritation [5]. Excessive expo-
sure to this dye may also lead to problems with breathing, 
jaundice, tissue necrosis, nausea, vomiting, severe sweating, 
cyanosis, mental disorder, cardiovascular disorders such 
as hypertension, dizziness, fever, headache, and anemia. 
In addition, the presence of dyes in the river or other sur-
face water bodies can cause several adverse effects on the 
aquatic environment. For example, it might create unpleas-
ant color, impede sunlight penetration into the water body 
thus impairing the essential photosynthesis process by the 
aquatic plants, which leads to eutrophication (rapid and 
excessive growth of algae), and increase water hardness and 
turbidity. All these effects lead to disturbance and some-
times to death because of organisms living in the receiving 
water [7]. In consequence, dyes removal from wastewa-
ter prior to pumping to aquatic systems is an extremely 
important requirement for protecting humans and the 
environment from pollution, and an issue that attracted 
great attention from ecologists and scientists [8,9].

Adsorption process is a superior, easy, efficient, cost- 
effective, and thus widely used purification technology 
for removing various hazardous elements and compounds 
from wastewater [6,10]. This treatment method involves 
using a solid material, called “adsorbent”, that has an abil-
ity to remove harmful materials; called “adsorbate” from 

aqueous solution [11]. However, the selected adsorbents 
should be intensively tested, before being applied, for their 
adsorption ability toward target adsorbate. After the inven-
tion of adsorbents of nanoscale particles, new horizons in 
the adsorption treatment methods have been opened [12]. 
In particular, the magnetic nanoparticles such as FeNi3, has 
been recommended by a number of studies to be applied as 
adsorbents in the adsorption treatment system [13]. This is 
because these particles have several adsorptive characteris-
tics and operation properties. Most importantly, magnetic 
nanoparticles can be easily withdrawn from the solutions 
using a magnet. Thus, they do not need an additional 
method like nanofiltration to separate them from the treated 
water [14,15]. It is noteworthy that the magnetic nanoparti-
cles in nature have a high orientation to agglomerate as a 
result of the high magnetite properties of their large surface 
area [16]. Therefore, modifying the surface of nanoparticles, 
by coating using organic materials or minerals to prevent 
the attraction among the magnetite particles, is an essen-
tial approach to overcome the above-mentioned problem 
associated with their agglomeration in the adsorption sys-
tem. In a few recent years, it has been found that numer-
ous nanocomposites have been applied to coat the surface 
of the magnetic particles. Due to their excellent properties 
such as simplicity in preparation, low cost, good compat-
ibility with other chemicals, and high stability in different 
environmental parameters, silica is found to be an appro-
priate material for coating FeNi3 nanoparticles. In fact, 
SiO2 forms a shell around the FeNi3 nanoparticle (nucleus) 
reducing attraction among FeNi3 nanoparticles, which in 
turn, facilities their dispersion. The dispersion of adsorbent 
particles in the aqueous solution is an important point that 
should be accomplished in order to spread these particles 
during the synthesizing or adsorption process, thus achieve 
maximum benefits from the synthesized particles [17–19]. 
Moreover, Copper sulfide (CuS) particles, have recently 
attracted several researchers to be used in the treatment 
processes because of their brilliant practical physical and 
chemical properties. Particles of this compound also have a 
magnetic property that facilitates separating them from the 
aqueous solution by the magnet. Accordingly, we suppose 
that the combined particles of FeNi3, SiO2, and CuS to form 
FeNi3@SiO2@CuS can be presented as an effective material 
for removing contaminants in the adsorption units [20]. To 
the knowledge of researchers, few works have examined 
the adsorptive performance of FeNi3@SiO2@CuS regarding 
eliminating MB dye from wastewater. Therefore, the princi-
pal objectives of this work are (i) to prepare and characterize 
FeNi3@SiO2@CuS magnetic nanocomposite, (ii) to investi-
gate the effects of some water quality parameters including 
NaCl concentration on the performance of FeNi3@SiO2@
CuS for MB adsorption, and (iii) to discuss, in detail, the 
isotherm, kinetics, and thermodynamic adsorption of MB 
molecules onto FeNi3@SiO2@CuS magnetic nanocomposite.

2. Materials and methods

2.1. Chemicals and reagents

The working solutions of MB dye were prepared by 
diluting high purity (99.9%) stock solution of concen-
tration = 100 mg/L. Polyethylene glycol (PEG, molecular 



N. Nasseh et al. / Desalination and Water Treatment 210 (2021) 402–414404

weight = 6,000 g/mol), iron(II) chloride (FeCl2(4H2O)), copper 
sulfate (CuSO4), nickel chloride (NiCl2(6H2O)), ethylene gly-
col (C2H6O2), hydrazine hydrate (N2H4·H2O, purity = 80%), 
tetraethyl ortho silicate (SiC8H20O4), ethanol, ammonia, and 
sodium thiosulfate (Na2S2O3) solutions were used in syn-
thesizing and preparing of FeNi3@SiO2@CuS. The effect of 
competitor salt, that is, NaCl on adsorption process was also 
detected. The above-mentioned chemicals are of an analytical 
grade; where they were used as purchased from the manu-
facturer (Merck, Germany). HCl and NaOH solutions (0.1 N) 
were also prepared in the laboratory and used during the 
adsorption experiments to control pH level of MB solutions 
using Knick-765Caliamatic pH meter.

2.2. Synthesizing and preparing of FeNi3@SiO2@CuS

The process of synthesizing FeNi3@SiO2@CuS and pre-
paring it as an adsorbent, are summarized in the following 
steps. Notably, all the materials were prepared using glass 
flasks of 500 mL. Initially, 1 g of PEG was completely dis-
solved by vigorous stirring with deionized water (200 mL) 
and poured into a flask. Then, two separate solutions were 
prepared from dissolving 0.6 g of FeCl2·4H2O and 1.4 g of 
NiCl2·6H2O in 30 mL of deionized water then simultane-
ously added to the contents of the flask. Afterwards, 27 mL 
of N2H4·H2O was introduced to the prepared suspension 
which was vigorously stirred for 24 h. Notably, the pH of 
this suspension was stabilized at value 13 by drop-wise 
addition of NaOH during mixing time. The mixture is left to 
settle down, where the black precipitate represents the FeNi3 
nanoparticles. These nanoparticles were withdrawn using 
an N42 magnet, washed until the decanted water becomes 
close to neutral pH, then oven-dried at 80°C to ensure 
dryness [21].

The obtained FeNi3 nanoparticles were covered by SiO2 
adopting the following steps [22]. A homogenous solu-
tion of 2 mL of ammonia, 80 mL of ethanol, and 20 mL of 
deionized water, was prepared in the laboratory. A 0.5 g 
of FeNi3 nanoparticles was added to the solution, and the 
nanoparticles were dispersed using Intellect FR USC 22 
LQ ultrasonic cleaning equipment (Germany). Then, 1 mL 
of SiC8H20O4 was added to the previous solution through 
dripping then stirred for 24 h at 400 rpm. At the moment, 
the FeNi3@SiO2 magnetic nanoparticles were formed. 
These nanoparticles were then separated from the solu-
tion, washed gently with ethanol than with deionized 
water, till completely dried at up 60°C.

Ultimately, to get the final product of FeNi3@SiO2@CuS, 
a quantity of FeNi3@SiO2 nanoparticles (≈0.15 g) was dis-
persed for a period of 30 min in 20 mL of ethylene glycol. 
Subsequently, the dispersed material was poured into a flask 
which was placed in an oil bath device where the oil tem-
perature was maintained at 120°C. Afterwards, about 0.8 g 
of CuSO4 compound was added to the flask’s content and 
shaken at 300 rpm for 24 h. Then, 1.9 g of Na2S2O3 was dis-
persed in 20 mL ethylene glycol and further added to flask 
content. The mixture was refluxed at 140°C for 90 min, then 
left to cool [20]. The solid product (called: FeNi3@SiO2@
CuS magnetic nanocomposite) was separated by a mag-
net, washed, dried at 80°C for 5 h, and finally stored in a 
stopper glass flask for use in the subsequent analysis.

2.3. Characterization analysis

Depiction devices of TEM (ZEISS Sigma, EM10C-100 KV, 
Germany) and FESEM (ZEISS Sigma, VP-500, Germany) 
were used to capture high-resolution microscopic images 
for the synthesized nanocomposite. These images are very 
helpful in detecting surface morphology and appearance 
of the synthesized adsorbent. In addition, the magne-
tism force of the synthesized adsorbent nanoparticles was 
measured based on VSM analysis using Lake Shore-7400 
magnetometer (USA). The FTIR analysis of the synthe-
sized nanocomposite prior to and after MB adsorption was 
conducted at wave number range: 400–4,000 cm–1 using 
Perkin Elmer (Waltham, MA 02451 USA)-spectrum 65 spec-
troscopy (USA). In fact, this analysis is essential to detect 
the active groups of the used adsorbents. To determine 
the important characterization parameter, that is, pHpzc of 
the used adsorbent, each of the nine flasks was filled with 
50 mL of deionized water, where the initial pH values were 
separately adjusted to 2, 4, 6, 8, and 10. Next, 0.2 g of the 
synthesized nanocomposite was introduced into each flask, 
then shaking them at 300 rpm for 24 h using a shaker; the 
final pH of each supernatant was measured. Initial and 
final pH data were plotted in one graph; where pHpzc value 
represents the intercept point between the two plots.

2.4. Experimental work

The experiments of MB adsorption onto FeNi3@SiO2@
CuS magnetic nanocomposite were done in several batches 
in dark conditions. The MB removal efficiency was exam-
ined for various experimental conditions: pH (2–12), FeNi3@
SiO2@CuS magnetic nanocomposite dose (0.2–2 g/L), initial 
MB concentration (10–60 mg/L), contact time (0–180 min-
utes), and solution temperature (5°C–50°C). In addition, 
the effect of NaCl concentration presented in the MB solu-
tion on this dye removal efficiency was determined in 
the present study. Therefore, five flasks with 100 mL of 
20 mg/L MB and 0.2 g FeNi3@SiO2@CuS magnetic nano-
composite were prepared in the laboratory. Next, NaCl 
salt of 0.5, 0.1, 0.05, 0.01, and 0.001 M concentration were 
adjusted in the prepared solutions. The flasks were shaken 
for 60 min at 300 rpm at ambient temperature. Afterwards, 
the samples were withdrawn and tested for their remaining 
MB concentration.

At a specific adsorption time interval, 3 mL aqueous 
samples were sucked up from each flask using a syringe, 
then filtered by using Whatman filter papers, and centri-
fuged. Afterwards, the supernatant solution was tested 
for the residual concentration of MB using T80 UV-vis 
double-beam spectrophotometer (UK), where the device 
was fixed at a wave length peak of 665 nm [23]. To ensure 
accurate results, the MB concentration in each sample 
was analyzed twice and the averaged values were calcu-
lated. The adsorption uptake (qe, mg/g) and the removal 
efficiency (RE%) were calculated as follows [24]:
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where C0 and Ce are the measured MB concentrations (mg/L) 
before and after specific time of adsorption, respectively; 
M denotes the FeNi3@SiO2@CuS magnetic nanocompos-
ite mass (g), and V is the volume of MB solution used in 
experiment = 0.1 L.

It is worth noting that the thermodynamic; isotherm, and 
kinetic adsorption processes were analyzed based on the 
results of effects of temperature; adsorbent dose, and reac-
tion time, respectively.

2.5. Isotherm, kinetics, and thermodynamics studies

To comply with isotherm data, three formulas were 
selected: Langmuir; Freundlich, and Temkin. These isotherm 
formulas are widely applied in the literature by many 
researchers to describe the type of adsorption of various pol-
lutants onto different adsorbents. The Langmuir equation is 
a widely used isotherm model for describing the mono-layer 
sorption interaction between the pollutant molecule and 
homogeneous sites over the adsorbent used. This model can 
be mathematically represented as shown in Eq. (3) [25,26].

q
q K C
K Ce
L e

L e

=
+
max

1
 (3)

where qmax represents the maximum uptake of pollutant mol-
ecules by the adsorbent (mg/g), and KL is the constant that 
reflects the affinity level of the active sites of the adsorbent 
for adsorption of pollutant molecules at the equilibrium con-
dition (L/mg).

The basic characteristic of the non-dimensional constant 
of the Langmuir equation is called the dimensionless sepa-
ration factor (RL) as Eq. (4), where the favorable adsorption 
case of pollutant molecules onto the adsorbent particles takes 
place at the values of 0 < RL < 1 [27].

R
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1 0
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Freundlich isotherm model is an empirical equation 
(Eq. (5)). Unlike the Langmuir model, this model proposes 
that the adsorbent surface comprises heterogeneous and 
multi-layered active sites.

q K Ce F e
n=
1

 (5)

where n is an empirical parameter of the Freundlich equation 
(g/L) represents system heterogeneity, and KF is adsorption 
capacity constant (mg/g). In addition, the desirability of the 
adsorption process can be determined if 1/n was <1.

Temkin model is a complex isotherm one that describes 
indirect interactions between pollutant molecules and 
adsorption sites in the liquid–solid adsorption system. 
If the Temkin model was applicable to the adsorption pro-
cess, then the heat of adsorption of target pollutant molecules 

onto the layer of adsorbent’s sites would linearly decrease 
in accordance with the increase of surface coverage. It was 
found that this model is perfect to be applied to intermediate 
pollutant concen trations [28,29].

q B RT
B

ACe
t

t e= ( )ln  (6)

where At is a constant of Temkin model that denotes equilib-
rium binding (L/g); Bt is adsorption heat constant (J/mol); R 
is the constant of universal gas (8.314 J/mol K), and T is the 
thermodynamic temperature (K).

The modeling of the experimental data of the pollut-
ant kinetic mechanism with the appropriate mathematical 
models, is a necessary step to ensure a successful design 
of the treatment adsorption unit. Until recently, the well-
known kinetic equations of pseudo-first-order (Eq. (7)) 
and pseudo-second-order (Eq. (8)) have been widely made 
used of in the literature to describe that field [30]. Each of 
these two kinetic formulas expresses the kinetic adsorp-
tion in different mechanisms, that is, physical or chemical 
adsorption [31]. Besides these kinetic models, Elovich model 
(Eq. (9)) has become an increasing application in adsorption 
studies [32,33].
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where qt stands for the adsorption uptake (mg/g) calculated 
at a specific time of adsorption process (t, min); k1 and k2 
represent constants of reaction rate (1/min) of the first- and 
second-order kinetic rate, consecutively, and α and β are the 
constants of Elovich equation.

Eventually, Gibbs free energy change (ΔG°, kJ/mol); 
entropy (ΔS°, kJ/mol K); and enthalpy (ΔH°, kJ/mol) param-
eters, associated with the thermodynamic of MB adsorption 
onto FeNi3@SiO2@CuS magnetic nanocomposites, were elic-
ited from results of effects of temperature through using Eqs. 
(10)–(12) [22,34–36].
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where Kd denotes equilibrium constant (L/g).
The compatibility of experimental data with mathemati-

cal models was done by nonlinear regression methods. In this 
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study, the best model was chosen, in this study, based on the 
results of the two statistical parameters: correlation coeffi-
cient results (R2), and root mean square error (RMSE). In this 
context, high R2 and small RMSE values denote high compat-
ibility between the applied model and the experimental data.

3. Results and discussion

3.1. Characterization study

All results of characterization analyses by means of 
field emission scanning electron microscopy (FESEM), 
transmission electron microscopy (TEM), vibrating sam-
ple magnetometer (VSM), and Fourier transform infrared 
(FTIR) are presented in Fig. 1. FESEM micrograph captured 
at magnification of 20 KX (Fig. 1a) indicates that FeNi3@
SiO2@CuS surface is rugged and coarse in nature. In addi-
tion, it appeared that this adsorbent consists of several 
spherical and highly agglomerated aggregates of nano 

size, with the approximate diameter range of 24–63 nm. 
The property of agglomeration is caused by high magnetic 
force of the synthesized FeNi3@SiO2@CuS nanoparticles, 
leading to coalescence among these particles. The FeNi3@
SiO2@CuS adsorbent can also be characterized by a porous 
material, due to its possessing of a large number of small 
pores and cavities. These properties provide a high specific 
area for reaction and adherence to the pollutant mole-
cules. These findings present the adsorbent, under inves-
tigation in the present study, as a superior material that 
can be effectively used in adsorption systems.

The high-resolution TEM image of the FeNi3@SiO2@CuS 
particle is displayed in Fig. 1b. The synthesized nanoparticles 
are amorphous with asymmetrical shape. It is apparent that 
the synthesized nanoparticles of this adsorbent are multi- 
dispersed, so the agglomeration of them was high.

Furthermore, magnetism property of the synthesized 
adsorbent was also determined through VSM analysis. 
In fact, nanoparticles of low magnetic value that applied 

 1 

a

b

c

d

Fig. 1. SEM micrograph (a), TEM micrograph (b), VSM analysis (c), and FTIR spectra (d) of FeNi3@SiO2@CuS magnetic nanocomposite.
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in water treatment methods require advanced separation 
methods in order to separate them from the treated solutions 
which are unfavorable in several applications as they add 
more costs to the treatment system. The obtained hystere-
sis loop of the magnetization curve (Fig. 1c), indicates that 
the FeNi3@SiO2@CuS particles have a high magnetic prop-
erty as their saturation magnetization values are found to 
be 18.72 emu/g. Thus, FeNi3@SiO2@CuS magnetic nanocom-
posite can be, after adsorption, easily isolated from solutions 
via a magnetic field, without further need for advanced 
separation technology like nanofiltration [37].

The XRD patterns of the FeNi3@SiO2@CuS magnetic 
nanocomposite with its parent particles (FNSCS) are pre-
sented in Fig. 2a. The peaks detected at 75.47°, 51.18°, 
and 44.24° reflect the presence of FeNi3 nanoparticles in 
the structure of the prepared adsorbent (JCPDS card no. 
38-0419). The wide peak of 2θ = 10°–25° was also related 
to the amorphous silica (JCPDS card No. 29-0085), ascer-
taining the presence of a silica layer in the nanoparticles. 
The peaks detected at 2θ = 29.35°, 31.85°, 32.13°, 48.04°, 
52.69°, and 59.38° are related to the presence of CuS com-
pound (JCPDS Card No. 06-0462). The size of each nanopar-
ticle was calculated using the Debye–Scherrer equation 
(Eq. (13)), amounted to 48 nm confirming nano size range 
of the used adsorbent.

D =
0 98.
cos

λ
β θ

 (13)

where D is the diameter of nanoparticle (nm), θ is the dif-
fraction angle in the peak (radians), β is the peak width in 
half-length (radian) located at 2θ in the obtained XRD pat-
tern, and λ is the wavelength of the applied X-ray which is 
equal to 0.1540 nm.

The EDS pattern of FeNi3@SiO2@CuS magnetic nano-
composite is presented in Fig. 2b. The formation of the FeNi3 
magnetic nanoparticles (core) of used adsorbent can be 
clearly deduced, due to the atomic Fe to Ni ratio, which is 
approximately 1:3. The peak detected at 1.8 keV relates to the 
low constituent of silica in the structure of FeNi3@SiO2@CuS. 
In addition, copper presence with a high ratio confirms the 
element as CuS (outer layer) onto FeNi3@SiO2@CuS magnetic 
nanocomposite.

To identify type of the functional groups, responsible for 
MB adsorption, FTIR spectra of FeNi3@SiO2@CuS magnetic 
nanocomposite samples prior to and after MB adsorption 
were carried out (Fig. 1d). For FT-IR spectrum prior to MB 
adsorption, the blue curve in Fig. 1d, vibration of Ni and 
Fe metals during the nanocomposite synthesis is the reason 
behind emergence of Fe–Ni–Ni, Ni–Fe–Ni, and Fe–Ni–Ni 
groups below 600 cm–1. Owing to the presence of SiO2 for 
nanocomposite synthesis, the sharp peaks detected at 808 
and 1,100 cm–1 correspond to the extended vibration of the 
Si–OH, Si–O–, Si–O–Si groups [13,38]. The vibration peaks 
belonging to the SiO2 group are appropriated to asym-
metric and symmetric tensile modes. The 3,440 cm−1 broad 
peak corresponds to OH– stretching vibration caused by the 
presence of water in the structure of the synthesized nano-
composite [39]. The peak at 1,639 cm–1 relates to H–OH of 
SiO2 [40]. These peaks confirm that SiO2 is well coated on 
the surface of FeNi3 nanoparticles. The sharp peak observed 

in the range of 887.75 cm–1 may correspond to the vibration 
of Ni–Cu, Fe–Cu, and Fe–Ni–Cu bonds. The weak peaks 
ranging from 1,010 to 1,030 cm–1 can be attributed to Ni–
SiO2 and Fe–SiO2 bonds. The 1,356.19 cm–1 peak refers to the 
C–H and N–O groups that confirm presence of polyethylene 
glycol or hydrazine hydrate as residuals of raw materials 
in the structure of synthesized nanocomposite [13,41]. After 
MB adsorption (red curve in Fig. 1d), resulting from the 
reaction between MB molecules and active groups of the 
nanocomposite, some peaks intensity moved to new values. 
According to the curve, it is obvious that there are trans-
formations in peak intensity at 3,400; 1,100; and 1,356 cm–1 
wavelength associated with the interaction of MB molecules 
with the O–H, Si–O–, and C–H bonds in the synthesized 
nanocomposite, respectively.

3.2. pH effects

A number of studies demonstrated that pH of the aque-
ous solution can affect the efficiency degree of adsorption 
process through several mechanisms. Generally, at differ-
ent pHs the adsorbate or pollutant molecules may have 
different surface charges. On the other hand, the surface 
properties or the degree of ionization of the used adsorbent 

 

a

b

Fig. 2. XRD patterns of FeNi3@SiO2@CuS, FeNi3@SiO2, and FeNi3 
(a), and EDS pattern of FeNi3@SiO2@CuS (b).
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greatly depend on pH value [42]. Therefore, the determina-
tion of pHpzc value of the used adsorbent is very important 
to make in order to indicate the condition at which the net 
charge of the functional groups existing on the adsorbent 
surface is neutral [43]. According to the conducted analysis, 
the pHpzc of the FeNi3@SiO2@CuS magnetic nanocomposite 
was determined to be 6.18 (Fig. 3a), therefore, the surface 
charge of the FeNi3@SiO2@CuS magnetic nanocompos-
ite will be negative when this adsorbent is presented in a 
solution of pH > 6 and vice versa. However, the current 
study investigated the pH influence of the MB dye solution 
on the removal efficiency of this dye via FeNi3@SiO2@CuS 
magnetic nanocomposite within the range of 2–12 (Fig. 3b). 
The results of this figure revealed that MB dye removal per-
centage increased in ratio to the increase of pH values. This 
phenomenon can be illustrated in light of both pHzpc value 
of the adsorbent and pka value of the adsorbate. These val-
ues indicated that the dominating charge of FeNi3@SiO2@
CuS nanoparticle is positive in the pH value < 7, in addi-
tion, the MB is characterized by being cationic dye in the 
acidic medium as its pka value = 3.8 (Table 1). All these fac-
tors contribute to an increase in the electrostatic repulsion 

forces of the cationic MB molecules and adsorbent particles 
of positive charges. Therefore, the removal efficiency of the 
MB will be low as the number of negative reaction sites 
on FeNi3@SiO2@CuS nanoparticles has been limited to the 
acidic pH values. Furthermore, it is well known that the H+ 
protons are more concentrated in acidic values which might 
jostle the cationic dye molecules to be adsorbed onto neg-
ative charge sites of the used adsorbent [42,44]. It is worth 
to mention that these protons are responsible for reacting 
with the dye anions in the aqueous solution at pH < pka, 
such a reaction will lead to present dye molecules of neutral 
charge. In this way, the dye molecules will remain trapped 
in water solution without any reaction with the adsorbent 
particles. As the pH solution becomes above 6, the func-
tional sites of the adsorbent gets negative charge in charge 
and that would be ideal attraction positions and adsorption 
sites for positively charged dye molecules [45]. In this case, 
the attraction force will increase through increasing the pH 
value, which in turn, increases the percentage of removal 
as results in Fig. 2 show. Notably, these results were found 
to be fully in compliance with these of both Liu et al. [11] 
and Coşkun et al. [46].

 1 1

a b

Fig. 3. Plots of results of the pHpzc analysis (a), and effect of pH values on the adsorption process (b) (FeNi3@SiO2@CuS dose = 1 g/L, 
initial dye concentration = 30 mg/L, contact time = 60 min, and temperature at ambient condition).

Table 1
Physicochemical properties of MB dye molecule

Chemical structureC16H18N3SClFormula

319.85 g/molMolecular weight
3.8pka

665 nmλmax

BlueColor
CationicType
Bis(dimethylamino) phenotiazin e-5-ium-chlorideName according to IUPAC rules
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3.3. Initial concentration and contact time effects

This study, impact of MB concentration on the adsorp-
tion process was tested in relation to different values (10, 
20, 30, 40, 50, and 60 mg/L). The results of the experiment 
presented in Fig. 4 were plotted as a contact time function 
(0–180 min), where the pH and FeNi3@SiO2@CuS dose are 
fixed at values of 12 and 1 g/L respectively. It can be clearly 
noted that an increase in the initial concentration of MB 
negatively effects adsorption capacity of the adsorbent used 
reducing removal efficiencies. This is because the amount 
of adsorbent used in this test is the same for all applied 
MB concentrations, so the number of binding sites is also 
equal. Thus, as pollutant molecules concentration increases 
in the aqueous solution while the amount of adsorbent 
stays stable, that leads to an increase in the competitiveness 
between them on the specified sorption sites. This phenom-
enon was also presented in the same study that discussed 
MB removal from aqueous solution by using magnetic car-
bon nanotube [47]. Other brilliant results regarding the 
adsorption equilibrium are determined by this experimen-
tation test. In this context, Fig. 4 reveals that the removal 
efficiencies at different initial MB concentration increased 
with prolonged contact time until they reached the equilib-
rium level within the first 60 min. In fact, one can conclude 
that the adsorption process was rapid as results indicated 
that more than half of the removal efficiency was achieved 
in the first 30 min of contact time [48,49]. The abundance of 
uncovered sorption sites which not occupied by contami-
nant molecules at the first stage of contact were behind this 
behavior. For practical application perspectives, the rapid 
pollutants removal of applied FeNi3@SiO2@CuS is consid-
ered as a positive property to such adsorbent to be a good 
media for treatment processes. The studies of Liu et al. [11] 
and Wang et al. [50] revealed same results.

3.4. Temperature effects and thermodynamics analysis

Temperature is also an important environment factor 
that affects the treatment processes adopting the sorption 
technique [51,52]. Therefore, temperature effect on the 

adsorption performance of FeNi3@SiO2@CuS for MB was 
examined within a temperature range of 5°C–50°C. Results 
of removal efficiency vs. contact time are presented in Fig. 5. 
Notably, the other experimental factors like pH, initial dye 
concentration, and FeNi3@SiO2@CuS dose were fixed at 12, 
30 mg/L, and 1 g/L, respectively. According to the results 
gained from equilibrium condition, when the temperature 
rises from 5°C to 50°C, the percentage removal of MB rises 
significantly from 44.16% to 96.13%. This can be justified by 
the increment of solubility ratio of the dye and decrease in 
the water viscosity with high temperature. Such a process 
makes the movement of pollutant molecules easier in the 
solution. Moreover, with the rise of temperature, the surface 
area of the used adsorbent may increase because of pore 
size enlargement. Therefore, it is highly probable that active 
sites collide with adsorbate molecules which, consequently, 
increase the adsorption efficiency [51–53]. Results also 
showed that the rise in temperature above 20°C did not sig-
nificantly increase MB removal efficiency. Thus, the adsorp-
tion process can be conducted at room temperature without 
any need for temperature adjustment.

The results of this experiment are further utilized in 
the thermodynamic analysis of MB adsorption onto FeNi3@
SiO2@CuS magnetic nanocomposite by applying the Eqs. 
from (10) to (12). The results of the thermodynamic param-
eters were tabulated (Table 2). The findings indicated that 
all the determined ΔG° values were negative, thus spon-
taneous and feasible adsorption reaction types affected 
the interaction system of MB-FeNi3@SiO2@CuS magnetic 
nanocomposite couple. While, the positive values of ΔH° 
and ΔS° showed that the MB adsorption type was endo-
thermic, and there was an increase in randomness taking 
place during the reaction of MB dye with FeNi3@SiO2@CuS 
nanoparticles. Moreover, an increase in free energy of the 
pollutant molecules with a rise in temperature means that 
the adsorption process will be more preferable in this case. 
Thus, the ΔG° < –20 kJ/mol and ΔH° < 25 kJ/mol, the process 
of adsorption is physical [54,55].

3.5. Adsorbent dose effects and isotherm study

Fig. 6 presents the results of effect of FeNi3@SiO2@CuS 
dose variation from 0.2 to 2 g/L on the MB removal efficiency, 

Fig. 4. Plots of the results of the effect of initial MB concentrations 
on its adsorption process as a function of contact time (FeNi3@
SiO2@CuS dose = 1 g/L, pH = 12, and temperature at ambient 
condition).

Fig. 5. Plots of the results of the effect of temperature on MB 
removal efficiency as a function of contact time (pH = 12, initial 
dye concentration = 30 mg/L, and FeNi3@SiO2@CuS dose = 1 g/L).
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where the solution pH, and initial MB concentration were 
controlled at values of 12, and 30 mg/L, respectively. This 
experiment was also conducted by shaking the adsor-
bent–adsorbate mixtures for a period of 180 min. Clearly, 
an increase in adsorbent dose was increase in removal effi-
ciency. This increment in due to increase in the values of 
surface area or number of sorption sites as a result of the 
increase in the amount of adsorbent particles [56,57]. On 
another hand, the determined removal efficiencies compar-
isons at the equilibrium conditions revealed that the addition 
in the adsorbent quantity in aqueous solution, greater than 
1 g/L, has a limited effect of improving MB removal effi-
ciency. The reason behind the appearance of such results is 
due to the agglomeration tendency of the FeNi3@SiO2@CuS 
particles, which was clearly manifested in high doses. As a 
result, the aggregation of the available sorption sites of the 
used adsorbent occurred. This findings thoroughly agree 
with the results obtained from previous studies [22,44,58].

The isotherm study was conducted to get essential 
information such as the maximum adsorption capacity of 
the used adsorbent and affinity constants of targeted pol-
lutants. These two parameters are essential for designing 
adsorption treatment system. Therefore, the experimen-
tal data in Fig. 6 (curve of the effects of adsorbent dose 
at 1 g/L) was modeled on isotherm models (Eqs. (3), (5), 
and (6)). The nonlinear regression methodology built-in 
Statistica software was used to make isothermal data com-
ply with theoretical models. Through this methodology, 

the values of each model’s parameters with their corre-
sponding precision coefficients were determined and listed 
in Table 3. Moreover, Fig. 7 was made in compliance with 
Table 3 results. Fig. 7 displays the relationship between the 
experimental isotherm points and theoretical models of MB 
adsorption onto FeNi3@SiO2@CuS magnetic nanocomposite. 
The results obtained demonstrated that the highest R2 and 
the lowest RMS values appeared in the case of Langmuir 
model. These findings demonstrate a single layer sorption 
process of MB molecules onto a homogeneous surface of 
FeNi3@SiO2@CuS nanoparticles [59]. In addition, the value 
of RL parameter was 0.16, which reflects desirability of the 
adsorption process by Langmuir model [60]. Since the n 
value was set to be >1, a physical adsorption process was 
involved in the reaction of MB molecules to active sites 
of FeNi3@SiO2@CuS [61,62]. This finding is quite consis-
tent with thermodynamic results but contrary to what we 
have found in the kinetic study that will be shown later. 
Furthermore, Table 4 showed that the FeNi3@SiO2@CuS 

Fig. 6. Plots of the results of the effect of FeNi3@SiO2@CuS doses 
effects on MB removal efficiency as a function of contact time 
(initial dye concentration = 30 mg/L, pH = 12, and temperature at 
ambient condition).

Fig. 7. Plots of the experimental data and theoretical isotherm 
curves of MB adsorption onto FeNi3@SiO2@CuS magnetic nano-
composites.

Table 2
Thermodynamic parameters of MB adsorption onto FeNi3@
SiO2@CuS magnetic nanocomposite

T (K) ΔG° (kJ/mol) ΔH° (kJ/mol) ΔS° (J/mol k)

278 –20.278 0.066 64.970
283 –21.293
293 –24.184
313 –26.173
323 –27.263

Table 3
Estimated isotherm and modeling regression parameters of the 
MB adsorption onto FeNi3@SiO2@CuS magnetic nanocomposites

Model Parameter Value

Langmuir qmax (mg/g) 24.457
KL (L/mg) 5.091
RL 0.160
R2 0.993
RMSE 1.238

Freundlich Kf (mg/g) 11.023
N 4.545
R2 0.907
RMSE 3.129

Temkin AT (L/mg) 35.84
BT 739.9
B 3.350
R2 0.801
RMSE 4.532
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exhibited an excellent adsorption capacity for MB dye, com-
pared with other adsorbents used for the same purpose.

3.6. Adsorption kinetics

Understanding kinetics of adsorption process is very 
important point in the designing of treatment system. It 
is because kinetics studies of the adsorption treatment 
processes provide important information on reaction mech-
anism that occurs (i.e., chemical, physical type). In addi-
tion, it might be used to specify the dominant rate-limiting 
step of the removal process of pollutant and mass trans-
fer parameter [30,73]. As a result, the design parameters 
and operation aspects linked to adsorption process are 
dependable, based on the kinetic study. In this direction, 
kinetics data should be properly modeled to cope with 
the relevant models of kinetics reaction to secure a rep-
resentative model for the adsorption kinetics process. 
The three kinetic models (previously illustrated in Eqs. 
(7)–(9) in the current study) are modeled, using the data 
of experiment of the effect of initial dye concentrations 

at 30 mg/L (Fig. 4). Parameter results of each model are 
listed in Table 5. Fig. 8 also graphically shows the results 
of the application of the kinetic models for the modeling 
of kinetic data of MB adsorption onto FeNi3@SiO2@CuS 
magnetic nanocomposites. The results indicated that, the 
second-order model was the best one to fit experimental data 
in which the highest R2 and the lowest RMSE values were 
determined. In addition, this model exhibited uptake value 
(9.80 mg/g), very close to the real one (10.04 mg/m). Because 
of the assumption of kinetic mechanism of the second-order 
model that is based on chemical adsorption in addition to 
the thermodynamic and isotherm studies which exhibited 
physical adsorption, one can deduce that the major reac-
tion of MB to the surface of the synthesized FeNi3@SiO2@
CuS magnetic nanocomposites that occurs through both 
chemisorption and physical processes [74,75].

Table 4
Comparison of the uptakes of MB dye by FeNi3@SiO2@CuS with other adsorbents

ReferenceDosage of 
adsorbent (g/L)

Temperature 
(°C)

Initial MB 
concentration (mg/L)

pHqm (mg/g)Adsorbent

[63]103060–100–9.83Rice husk
[64]103010–6072.39Pyrolyzed petrified sediment
[65]63510–40–5.87Coir pith carbon
[66]424100–1,0006.9423Activated desert plant
[67]–18–75.23Marine seaweed
[68]––0–1207.218.6Orange peel
[68]––0–120 7.220.8Banana peel
[69]1–20–320–95.45Brown marine macroalga
[70]–––5.939.73Modified pine nut shells
[71]–25–8219.9Arginine modified activated carbon
[72]20 mg2525–4008.9318.36Fe3O4@AMCA-MIL-53(AI)
This study125301224.45FeNi3@SiO2@CuS

Fig. 8. Plots of the experimental and theoretical kinetic values of 
MB adsorption onto FeNi3@SiO2@CuS magnetic nanocomposites.

Table 5
Kinetics parameters and the R2 and RMSE values of MB adsorp-
tion onto FeNi3@SiO2@CuS magnetic nanocomposites (qe,cal and 
qe,exp refer to MB uptakes that were calculated and determined 
experimentally, respectively)

Model Parameters Values

qe,exp (mg/g) 10.04
Pseudo-first-order qe,cal (mg/g) 4.950

k1 (1/min) 0.030
R2 0.990
RMSE 3.12

Pseudo-second-order qe,cal (mg/g) 9.800
k2 (1/min) 0.0137
R2 0.999
RMSE 0.250

Elovich α 0.706
β 0.714
R2 0.978
RMSE 2.400
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3.7. Effect of the presence of NaCl

The results of the effect of the NaCl on the adsorption 
process are displayed in Fig. 9. The increase in NaCl con-
centration had significantly decreased the removal effi-
ciency. This is because NaCl particles c with MB molecules 
on the same adsorption sites, thus the removal efficiency of 
this dye dramatically decreased.

4. Conclusion

The present study concluded that FeNi3@SiO2@CuS 
magnetic nanocomposites have the high adsorbent capac-
ity for the MB molecules in aqueous solution. The analy-
sis of TEM, FESEM results showed that the average size 
of the synthesized nano-adsorbent was determined to be 
between 24 and 63. The hysteresis loops analysis using the 
VSM technique indicates that the synthesized adsorbent has 
a paramagnetic property might be separated by an exter-
nal magnetic field. According to findings of the current 
study, the highest uptake of the synthesized nanocomposite 
for MB was found to be 24.457 mg/g according to results 
of the best fit model of Langmuir. This uptake was deter-
mined at the optimized conditions: pH = 12, equilibration 
contact time = 180 min, initial MB concentration = 20 mg/L, 
and FeNi3@SiO2@CuS dose = 2 g/L. The kinetic adsorption 
adopted the pseudo-second-order model. Spontaneous 
and endothermic adsorption was characteristics of MB 
adsorption onto FeNi3@SiO2@CuS, as induced by the results 
of effect of temperature and thermodynamics analyses. 
Finally, the findings revealed that the synthesized FeNi3@
SiO2@CuS has a high potential value which can be applied 
in full-scale as an efficient adsorbent over adsorption 
treatment process of MB contaminant.
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