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a b s t r a c t
This work describes the preparation, the characterization, and the magnetic properties of a series 
of three mixed NiZn ferrite nanoparticles and the study of their efficiency for the adsorption–desorption 
of Eriochrome black T (EBT) dye. The nanoferrites were produced by the coprecipitation method. 
The produced powders were pure phases with a cubic spinel-type ferrite structure. They consisted 
of almost spherical nanoparticles with an average size ranging from ~13.5 to 16 nm. The smallest 
size was observed with the ferrite (abbreviated to as NiZn1) which exhibited the largest Zn content. 
Magnetic study revealed a superparamagnetic behavior at room temperature with a reasonable 
saturation magnetization and a relatively high Curie temperature. Adsorption, desorption, and 
regeneration study of EBT onto the nanoparticles was achieved by varying the nanoparticle nature, 
the pH, the nanoparticle dosage, the contact time, and the dye concentration. Regarding the effect 
of the nanoparticle nature on the removal of EBT, the smallest nanoparticles (NiZn1) were notice-
ably more performant. For these nanoparticles, the removal efficiency was found to increase with 
the decrease of pH. At pH 2.0, the adsorption of EBT onto NiZn1 nanoparticles was fast and the 
uptake capacity was found to decrease with the adsorbent dosage. Three kinetic models were tested. 
The best fitting to the kinetic data (R2 > 0.986) was with the pseudo-second-order model. The adsorp-
tion capacity, qe, of NiZn1 was found to increase with the increase of the adsorbate concentration. 
For instance, for the EBT dosage of 4.0 g L–1, qe, was found to range from 12.5 for 50 to 34.4 mg g–1 
for 250 mg g–1. The selected NiZn1 nanoadsorbent was tested in six adsorption–desorption-reuse 
cycles without significant loss in sorption/desorption performance.
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1. Introduction

The spinel-type ferrites is a class of wide range of ferric 
oxides (including the fully oxidized maghemite, γ-Fe2O3) 
with the general chemical formula M2+Fe3+

2 O4 (M = Fe, Ni, 
Cu, Zn, Co, (Co,Zn), (Ni,Zn), etc.). They exhibit an almost 

close packing cubic arrangement of oxide ions that form 
tetrahedral (A) and octahedra (B) sites, where the metal 
ions reside [1]. In recent years, nanosized spinel-type fer-
rite-based materials have gained great attention owing 
to their unique and tuneable physicochemical features, 
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in particular, the magnetic and the electrical properties. 
These properties are strongly dependent on several intrinsic 
and extrinsic parameters such as the cation’s occupancy over 
A and B sites (which in turn is strongly dependent on the elab-
oration history), the surface chemistry, the microstructure, 
the interparticle magnetic interaction, etc. [1–3]. Spinel-type 
nanoferrites find wide applications in various fields, such 
as biomedicine, energy storage, water treatment, electron-
ics, optics, electrochemistry, catalysis, etc. [4–9]. The rapid 
development of industrial activities increased the amount 
of wastewater discharged into water bodies. The discharged 
wastewater contains different organic and inorganic pollut-
ants that are highly toxic and harmful to the environment. 
An important fraction of the chemical species resist degra-
dation and are environmentally persistent which required 
developing new approaches to tackle this problem [10]. 
In addition, many molecules (synthetic dyes, insecticides, 
pesticides, etc.) are highly colorized and some of them may 
also cause allergies, dermatitis, skin irritation, or cancer to 
humans and might lead to genetic mutations [11]. Besides, 
dyes can also seriously affect aquatic life by affecting neg-
atively the growth of marine plants. The most used waste-
waters processing treatments routes (the chemical routes, 
the coagulation, and flocculation, the biological treatment) 
present several drawbacks like the high operational cost, 
the lack of selectivity, the release of harmful by-products, 
the difficulty of recycling the treatment reagents and the 
incomplete removal of the pollutant. Adsorption technique 
using magnetic-based nanomaterials (especially the spi-
nel-type ferrites) has demonstrated great potential to over-
come most of the above-mentioned issues [12–15]. Recently, 
spinel-type ferrites have been extensively used as mag-
netic adsorbents to remove both cationic and anionic azo 
dye molecules (organic compounds containing the linkage 
C–N=N–C) from aqueous solutions. Their superiority owes 
to their high specific surface area, high dispersion ability, 
reasonable magnetic performance, biocompatibility, reus-
ability, and cost-effectiveness. Eriochrome Black T (EBT) 
was used as a model adsorbate for the adsorptive removal of 
synthetic azo anionic dyes from wastewaters using various 
adsorbents [11,16–21]. While, to the best of our knowledge, 
only few studies have been dedicated to the use of magnet-
ically guided and reusable ultrafine particles for the EBT 
uptake [19,22,23]. For instance, Moeinpour et al. reported 
the adsorption studies under various parameters, such as 
pH, contact time, initial dye concentration and adsorbent 
dosage using 50 nm nanosized NiFe2O4 ferrite produced 
by the coprecipitation method. The maximum adsorption 
occurred at the pH value of 6.0 with an adsorption capacity 
of 47.0 mg g–1 of adsorbent [19]. Attallah et al. [22] reported 
the chemical synthesis of magnetite nanoparticles modified 
with pectin shell and silica/pectin double shell, and then 
tested them for single dye and dye mixture adsorption from 
water samples. Saha et al. [23] studied the adsorption of 
different dyes (including EBT) on the magnetite (Fe3O4) hav-
ing an average size of 20–40 nm. The ferrite has been synthe-
sized by coprecipitation of divalent and trivalent iron salts 
using triethylamine as base and the sodium dodecyl sulfate 
as a stabilizing agent. For EBT, maximum adsorption capac-
ity of ~89 mg g–1 of adsorbent was found at pH ~4.0–5.0, 
then it decreases with the increase of pH beyond the pH 

values [23]. The relatively high adsorption capacity of EBT 
as compared to the other dyes was ascribed to the existence 
of additional hydroxyl (–OH) groups in the molecular struc-
ture of EBT. For EBT dye, a maximum uptake capacity of 
~65 and 72 mg g–1 of adsorbent was reported for magne-
tite/silica/pectin and magnetite/pectin, respectively. The 
highest adsorption efficiency was observed to occur in high 
acidic medium (pH = 2). It is expected that the Fe2+-based 
iron oxide nanoparticles such as Fe3O4 and its derivatives 
are not chemically stable, in particular, in acidic aqueous 
media which seriously limits their long-term reusability in 
any adsorption process [24]. Further, for efficient and fast 
removal of the contaminant-loaded adsorbent by an exter-
nal magnetic field, producing magnetic nanoparticles with 
reasonable magnetization in crucial. This could be fulfilled 
by the synthesis of mixed spinel-ferrites with adjusted 
substitution of the paramagnetic metal cations with non- 
magnetic metal cations like Zn2+, Cd2+, etc. In the context, a 
series of superparamagnetic NiZn mixed ferrites was pro-
duced by the coprecipitation method and then character-
ized by various techniques such as X-ray diffraction (XRD), 
energy dispersive X-ray (EDX), Infrared (IR), UV-visible, 
transmission electron microscopy (TEM), and squid mag-
netometry. Then, we investigated the adsorptive removal 
by the produced nanomaterials of EBT as a model of azo 
dyes from synthetic wastewaters by studying the effect of 
selected physicochemical parameters like the nanoparticle 
nature, the pH, the adsorbent dosage, and the contact time.

2. Experimental

2.1. Nanoparticles synthesis

Three Nickel–Zinc mixed ferrite nanoparticles with 
different degrees of zinc substitution and a nominal molar 
ratio ([Ni] + [Zn])/[Fe] = 0.5, were produced by the chemical 
co-precipitation route, introducing some modifications to 
the method described by Zins et al. [25]. For our prepara-
tions, the chosen degrees of zinc substitution defined by the 
nominal molar ratio R0 = [Zn]/([Ni] + [Zn]) were 0.5, 0.33, 
and 0.25. The corresponding nominal chemical formula 
are Ni0.5Zn0.5Fe2O4, Ni0.66Zn0.33Fe2O4, and Ni0.75Zn0.25Fe2O4, 
respectively. For the sake simplicity in notation, the prepa-
rations, and the resulting mixed ferrites are hereafter 
denoted as NiZn1, NiZn2, and NiZn3, for the ratio 0.5, 
0.33, and 0.25, respectively. In a typical procedure (for 
the preparation of NiZn1), acidified freshly solutions, of 
FeCl3 (160 mL, 1.0 M; Techno Pharmchem, Haryana, India, 
98%), NiCl2·6H2O (40 mL, 1.0 M; InterChem, UK, 97%) and 
ZnCl2 (40 mL, 1.0 M; Loba Chemie, India, 98%) were pre-
pared and mixed vigorously in a 2,000 mL capacity conical 
flask. To the reaction, the medium was then quickly poured 
1.0 L of 1.0 M NaOH solution. A dark brownish precipitate 
formed immediately. The reaction medium was subjected 
to additional simultaneous vigorous magnetic stirring and 
heating for 90 min. The obtained precipitate was allowed 
to cool and to settle overnight. The supernatant was then 
discarded from the precipitate with the aid of a NdFeB 
magnet. The precipitate was then washed several times 
with an excess of ultrapure water until an almost neutral 
pH is reached. The obtained wet precipitate was vigorously 
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stirred in 100 mL of 2 M nitric acid solution for about 20 min 
resulting in a very stable black colloid. The cationic mag-
netic colloid obtained directly after this treatment was not 
chemically stable with time. A gradual dissolution of par-
ticles and gelation of solution took place. To prevent this 
dissolution, to the previously obtained acidic suspension 
was added an acidified aqueous solution of metal nitrates 
(98%) purchased from Techno Pharmchem, Haryana, 
India [Fe(NO3)3: 140 mL, 0.5 M; Ni(NO3)2: 70-z′ mL, 0.5 M; 
Zn(NO3)2: z′ mL, 0.5 M (with z′ = 70 R0)]. The obtained solu-
tion was heated to boiling under vigorous stirring for about 
40 min. It is noticed that on boiling, the previously observed 
dark brownish color re-appeared. The brownish precipitate 
was allowed to cool and settle overnight. The supernatant 
was isolated from the precipitate with the aid of a NdFeB 
magnet. Subsequently, an excess of ultrapure water was 
added, and the precipitate was washed in order to remove 
the excess of dissolved salts. Note, while washing, a rapid 
decantation of the magnetic precipitate can be performed 
by adding an excess of 1.0 M NaOH solution. The result-
ing precipitate was washed with excess of ultrapure water 
under magnetic decantation. Once a neutral pH of the 
supernatant was reached, the precipitate is dried at 80°C in 
a hot air oven for further use.

It is worthening that in the washing/decantation step, a 
pale red to brownish color supernatant was observed for all 
the preparations. This is believed to be due to the presence of 
fraction of ultrafine particles that couldn’t be easily decanted 
magnetically, thus indicating a polydispersity in the pro-
duced nanoparticles.

2.2. Batch adsorption experiments

The effect of various parameters including the nanopar-
ticle nature, the pH, the nanoparticle dose, the contact time, 
and the EBT initial concentration, on the adsorption efficiency, 
the adsorption kinetics, the desorption, and the regeneration 
capacity of the produced NiZn ferrites, was studied at room 
temperature in a batch mode. For each adsorption experi-
ment, a certain volume (in mL) of dye solution of known 
initial concentration was added to a certain amount of the 
adsorbent accurately weighted in a dry clean screw capped 
glass test tube. The agitation was carried out using intermit-
tent ultrasonication/vortexing. After a certain time of contact, 
the nanoadsorbent was quickly (within seconds) separated 
from the mixture using a permanent strong neodymium 
iron boron magnet. For the determination of the residual 
amount of EBT in the collected supernatant, a calibration 
curve was plotted using a series of standard aqueous solu-
tions (5–200 mg L–1) of analytical grade EBT (Sigma-Aldrich, 
≥99%, St. Louis, USA) dissolved in freshly prepared acidic 
or alkaline ultrapure water. The pH of EBT solutions (prior 
to the addition of the adsorbent) was adjusted to the desired 
value using 0.1 HCl and/or 0.1 NaOH solutions and the pH 
measurement was done using a pre-calibrated (pH 4.0 and 
7.0) benchtop pH meter (Hach, SensION, England, UK). The 
UV-visible spectra were recorded in the 250–700 nm range 
against an aqueous solution of adjusted pH as blank, using 
a UV-visible double-beam spectrophotometer (Jasco V-670, 
England, UK) equipped with 1 cm wide quartz cells. The 
maximum absorbance at the wavelength, λmax = 531 nm, 

was considered for the calculation of EBT concentration by 
extrapolation from the calibration curve.

The removal efficiency of EBT by the produced nano-
particles can be assessed by the percentage of EBT removal 
and the amount of dye adsorbed per unit mass (q) using the 
following equations:

Removal% =
−

×
C C
C

t0

0

100  (1)

q
C C
m

Vt
t=

−
×0

adsorbent

 (2)

where C0 and Ct (in mg L–1) are the initial concentration (at 
t = 0) and the concentration after t minutes of contact of the 
adsorbate species with the adsorbent, respectively; qt is the 
adsorption capacity (in mg g–1). It represents the amount 
(in mg) of adsorbate species removed by the adsorbent 
(in g) after t minutes of contact. V is the volume (in L) of 
the adsorbate solution used. madsorbent is the mass (in g) of the 
adsorbent used.

2.3. Point of zero charge of the as-produced nanoferrites

The point of zero charge (pHpzc) of the as-produced 
nanoferrites was measured using 0.01 M NaCl solutions 
adjusted to different pH values (pHi) in the range 2−12 by 
adding either a 0.1 N HCl or a 0.1 N NaOH solution. Thirty 
milligrams of each ferrite sample were contacted with 
10 mL of each the abovementioned solutions and shacked 
for about 24 h. The preparation was then magnetically 
decanted, and the pH (pHf) of the supernatant measured. 
The pHpzc (at ΔpH = 0) value was determined from a plot 
of (pHf – pHi) vs. pHi.

2.4. Characterization techniques

XRD data were collected at room temperature at a 2θ 
step scan of 0.05 on a Bruker D8 Advance X-ray diffractom-
eter (Massachusetts, USA) operating at a voltage 40 KV and 
an electric current 40 mA and equipped with CuKα radia-
tion (λCu = 1.54056 Å). The XRD powder pattern indexing, 
the unit cell constant calculation and refinement, and the 
crystallite size were carried out using X’Pert HighScore 
Plus package [26]. From the line broadening of the most 
intense XRD diffraction peak (hkl: 311) and considering a 
Lorentzian profile function for the peaks refinement, the 
average crystallite size (LXRD) of the powders contents was 
calculated using the Scherrer formula [27]:

B k
L

( )
cos( )

2θ λ
θ

=
×

×
 (3)

where L represents the crystallite size (in nanometers), 
k is the shape factor (0.89 for spherical particles), λ is the 
wavelength of the CuKα radiation, B is the full width at half 
maximum (FWHM) of the diffraction peak and θ denotes 
Bragg’s angle of the most intense XRD diffraction peak 
(hkl: 311). Mid-infrared (IR) characterization was carried in 
the 4,000–400 cm–1 range at a resolution better than 4 cm–1 on 
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a Nicolet UR 200 FT-IR (Fourier transform infrared) appara-
tus (Thermo Scientific, Massachusetts, USA) using the KBr 
pelleting technique. Elemental chemical analysis was con-
ducted with an EDX detector mounted on a FEI Quanta 450 
scanning electron microscopy (SEM). The particle morphol-
ogy was observed by a JEOL 2100F-LM microscope TEM 
(Tokyo, Japan) operating at 200 kV. Particle size distribution 
was derived considering at least 150 particles measured on 
randomly chosen TEM micrographs. Specimens were pre-
pared by dispersing the powder in acetone and dropping 
the suspensions on copper grids coated with carbon sup-
port films. The magnetic measurements of the three ferrites 
under study were conducted on a quantum design PPMS 
VSM (Physical Property Measurement System – vibrat-
ing sample magnetometer). The hysteresis loops were 
measured with magnetic field cycling between +50 and 
–50 kOe at 300 K and the temperature-dependent magne-
tization was recorded in the temperature range 50–330 K 
under a fixed magnetic field of 20 kOe.

3. Results and discussion

3.1. Phase analysis

EDX and elemental mapping analysis carried out at 
randomly selected areas of sample revealed the expected 
metallic elements, for instance Fe, Ni, and Zn. Typical EDX 
spectra are shown in Fig. 1. Quantitative analysis inferred 
from EDX analysis permits the determination of the chemical 
formula of the as-produced three NiZn ferrites. They are 
Ni0.44Zn0.56Fe2.0O4, Ni0.37Zn0.44Fe2.13O4, and Ni0.35Zn0.35Fe2.19O4 
for NiZn1, NiZn2, and NiZn3, respectively. As can be 
clearly noticed, the chemical formula departs slightly from 
the expected chemical formula, calculated based on the 
nominal molar ratios.

Fig. 2 shows the XRD patterns of prepared samples. All the 
XRD peaks can be indexed in the cubic spinel structure with 
no extra lines corresponding to any other phase, indicating 

that the prepared ferrites are single phase. From the zoom-
view around the most intense peak (inset in Fig. 2), it is seen 
that the peaks positions of NiZn2 and NiZn3 are very close. 
While those of NiZn1 have relatively slightly lower 2θ values.

Fitted values of the unit cell parameters of the NiZn 
ferrites are gathered in Table 1. These values are compara-
ble to those reported for other NiZn ferrites (for instance 
[28,29]). As expected, the cell parameter of NiZn2 and 
NiZn3 are very close. While that of NiZn1 is slightly larger 
in agreement with the chemical formula inferred from 
EDX analysis in which the last ferrite presents the larger 
Zn content. Indeed, on the basis on the ionic radii of the 
constituting metal cations, namely Ni2+, Zn2+, and Fe3+, 

Fig. 1. EDX spectra of selected NiZn powders: (a) NiZn1 and (b) NiZn3.

Fig. 2. XRD patterns of the as-prepared NiZn1, NiZn2, and NiZn3 
powders. The inset is a zoom-view around the most intense peak 
(hkl: 311) showing the relative shift and the broadening of the 
XRD peaks.
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the notably larger Zn content observed with EDX should 
result in the largest lattice parameter calculated for NiZn1.

Fig. 3 shows the Mid IR spectra of the produced 
nano ferrites recorded at room temperature.

Below 1,000 cm–1, the IR spectra show two main absorp-
tion bands at around 590 and 430 cm–1, which is a com-
mon feature of spinel-type ferrites [26]. The two bands 
are due to the intrinsic vibrations of tetrahedral and octa-
hedral metal–oxygen complexes, respectively. The very 
intense broad band centred at around 3,430 cm–1 and the 
sharper one located at 1,640 cm–1 are, respectively, assigned 
to the stretching and the bending vibrations of hydroxyl 
groups. The OH groups are attributable to the adsorbed 
water molecules and very probably also to the hydroxyl 
groups coming from the alkaline medium (NaOH solu-
tion) in which the as-produced particles were decanted 
during their separation from their supernatant (section 
2.1 (Nanoparticles synthesis)). The last suggestion is sup-
ported by the measurement of the point of zero charge (not 
shown) of the as-produced particles which is found to be 
slightly larger than 7.0. Finally, the broad and intense band 
located at around 1,075 cm–1 and the very sharp one cen-
tered at 1,385 cm–1 are ascribable to the vibrational modes 
in NO3

– groups [25,30]. The NO3
– species arise from the metal 

salt nitrates used in the final preparation step of the as- 
produced ferrites (section 2.1 “Nanoparticles synthesis”).

3.2. Point of zero charge

The plot (pHf – pHi) vs. pHi for the determination of 
the point of zero charge of the as-produced nanoferrites is 
depicted in Fig. 4.

The surface charge is positive for pH < pHPZC and neg-
ative for pH > pHPZC. In the case of our ferrites, the point 
of zero charge being located close to pH 7 (Table 1). These 
values fall in the range reported in the literature for iron 
oxides [31,32]. The NiZn ferrites can be considered as 
amphoteric solids, which can develop charges in the proton-
ation reaction in acid medium (≡Fe–OH + H+ ↔ ≡Fe–OH2

+) 

and deprotonation reaction in basic medium (≡Fe–OH ↔ 
≡Fe–O– + H+), where, ≡ denotes the surface of the nanoparti-
cle. These surface reactions can be interpreted as the specific 
adsorption of H+ and OH– ions at the hydrated solid/water 
interface [31]. Besides, it was observed that destabilization 
of a colloidal dispersion of the as-produced particles 
occurred at pH values ranging from about 4 to 9; A mac-
roscopic phase separation between the supernatant and 
the all the magnetic particles could be clearly observed.

3.3. Microstructural analysis

For all produced powders, the XRD peaks show a clear 
broadening, as the result of a reduced particle size and/or 
lattice strain. Estimation of the particle size, LXRD, from the 
peak broadening gives a mean value of ~16, 18, and 19 nm for 
the ferrites NiZn1, NiZn2, and NiZn3, respectively (Table 1). 
Morphology of the as-prepared NiZn powders was observed 
with TEM. The results are presented in Fig. 5 and listed in 
Table 1.

As can be clearly seen from TEM images, the particles 
of NiZn ferrites show important irregularity in both the size 
and the shape with some agglomeration. They are composed 
of polygonal plate-shaped nanoparticles of six or higher 
sides. The average particle size (calculated by measuring the 
average of the largest and the smallest length of each particle) 
ranges from 13 nm for NiZn1 to 16 nm for NiZn3. It is noticed 
that all the produced nanoparticles could be considered as 
single crystals since the average particle diameter deter-
mined by TEM agrees well with the crystallite size inferred 
from XRD (Table 1).

3.4. Magnetic analysis

Magnetization, M, as a function of applied mag-
netic field, H, measured for all samples at 300 K is shown  
in Fig. 6.

Fig. 4. Determination of the pH of the point of zero charge 
(pHpzc) of the as-produced NiZn1, NiZn2, and NiZn3 
nanoparticles.

Fig. 3. IR spectra of the as-prepared NiZn1, NiZn2, and NiZn3 
powders. The inset is a zoom-view around the band associated 
to the vibrational v1 mode of Fe–O vibration.
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At a first sight, there is neither remanence, nor coerciv-
ity, and then no hysteresis features, indicating a superpara-
magnetic behaviour of the produced nanoferrites at ambient 
temperature. Additionally, one can observe a similarity 
in the M vs. H curves of the NiZn2 and NiZn3 nanoparti-
cles. In small ferromagnetic or ferrimagnetic single domain 
particles, superparamagnetism occurs above the so-called 
blocking temperature, TB, because of weakly interacting 
and thermal fluctuations of the spins of the nanoparticles. 
The thermal effects allow flips of spins between the easy 
magnetization axes which lead to near zero-coercivity and 
increase in saturation magnetization [33]. In fact, a zoom 
view around H = 0 (Fig. 6), reveals the existence of a very 
weak hysteresis loop (non-zero coercivity (Hc) and non-
zero remanence (Mrem)). This is likely due to the existence 
of a small fraction of nanoparticles with a blocking tem-
perature, TB, above 300 K. The last result could be related 

to the polydispersity in size for the coprecipitation-made 
nanoparticles inducing a distribution in TB [34]. The satura-
tion magnetization, Msat, values determined by extrapolat-
ing the magnetization vs. 1/H curve to 1/H = 0 are gathered 
in Table 1. They are of ~56, 66, and 65 emu g–1, for NiZn1, 
NiZn2, and NiZn3, respectively. For our nanoparticles, Msat 
values are large enough to be easily separated with a per-
manent magnet (inset in the upper-left of Fig. 6). At a given 
temperature, the magnetic features (Msat, Hc, Mrem, etc.) of 
nanoparticles vary significantly with various intrinsic factors 
such as the core chemical composition, the average particle 
size, and the surface functionalization. In our case, the close 
magnetic features of NiZ2 and NiZn3 could be explained by 
the similarity of the chemical composition and the average 
particle size. While, the relatively reduced Msat observed for 
NiZn1 could be related to the superposition of two factors: 
(i) a higher Zn2+ content (the chemical compositions); in the 

Table 1
pH of point of zero charge (pHpzc) and selected structural, microstructural, and magnetic characteristics of the as-produced NiZn 
ferrites

a (Å) LXRD (nm) <DTEM> (nm) pHpzc Msat (300 K) [emu g–1] M(0) [emu g–1] TC (K) T1/2 (K) β

NiZn1 8.397(1) 15.7 13.6 ± 2.2 7.02 55.5 81 621 372 1.3
NiZn2 8.3894(8) 18.1 15.4 ± 3.6 7.07 66.4 96 633 383 1.4
NiZn3 8.382(1) 18.5 16.1 ± 2.9 7.57 64.8 88 656 410 1.5

M(0), TC, and β, are the spontaneous magnetization at 0 K, the Curie temperature and the Bloch’s exponent, respectively.

Fig. 5. TEM images of the as-prepared NiZn1, NiZn2, and NiZn3 powders.
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mixed spinel-like structures, (M2+)1–x(Zn2+)x(Fe3+)2O4, where 
M2+ is a divalent paramagnetic ion, the magnetic dilu-
tion beyond a threshold Zn2+ content, induces a decrease 
in the magnetic interaction between the individual mag-
netic moments located in the tetrahedral (A) and the octa-
hedral (B) spinel sites, resulting in a departure from the 
Néel’s collinear model and therefore a decrease in Msat [1]. 
(ii) a reduced particle size (Table 1); the lower value can be 
considered as a consequence of the finite size of the crys-
tals which leads to a non-collinearity of magnetic moments 
near the surface. This is due to broken exchange bonds at 
the external layer of the particles resulting in a magnetically 
dead surface layer [35].

Temperature-dependent magnetization decay, mea-
sured at 20 kOe for the as-produced NiZn1, NiZn2, and 
NiZn3 nanoferrites is shown in Fig. 7.

As expected, the magnetization increases with decrease 
in temperature of the sample. Below, the Curie tempera-
ture the data points measured for the produced nanofer-
rites are well fitted (R2 > 0.999) with the modified Bloch’s 
law function [34].

M T M T
TC

( ) ( )= × −
























0 1
β

 (4)

Where (1/TC)β is called the Bloch’s constant (B) that depends 
upon the structure of the material. M(0) is the spontaneous 
magnetization at 0 K and TC is the temperature at which 
the saturation magnetization is zero. M(T) is the tempera-
ture-dependent magnetization and β is the Bloch’s expo-
nent. The modified Bloch’s law parameters are depicted in 
Table 1. In the spinel-type structures, the magnetic features 
depend on temperature and in a complex interdependent 

manner, on three intrinsic parameters including the nature 
of cations, their oxidation state, and their distribution over 
the spinel sites as well as the particle size, the interparti-
cle interaction and surface chemistry [36,37]. TC values 
calculated from the modified Bloch’s fitting were of 621, 
633, and 656 K, for NiZn1, NiZn2, and NiZn3, respectively. 
The noticeable difference between the values are due to 
the contribution of the above-mentioned intrinsic param-
eters. However, one can notice a monotonous decrease in 
TC from NiZn1 to NiZn3. This tendency could be explained 
by the predominant influence of the chemical composi-
tion, in particular, the influence of the relative content of 
the nonmagnetic Zn2+ (the molar ratio Zn2+/metal cations 
is 0.18, 0.14, and 0.11 in NiZn1, NiZn2, and NiZn3, respec-
tively). Indeed, in spinel ferrites, TC depends strongly on 
the strength of the super-exchange interaction between 
paramagnetic cations located in A and B sites; a high TC 
traduces a strong coupling and vice versa [38]. Therefore, 
an increase of the fraction of the non-magnetic Zn2+ cation 
should induce a certain magnetic dilution and consequently 
a decrease in the strength of the super-exchange interaction. 
Additionally, as can be noticed from Fig. 7, the magnetiza-
tion decay with temperature is low which is crucial for many 
applications. A measure of the decay is the temperature, T1/2, 
at which the magnetization is reduced to 50%. For all three 
ferrites, the calculated T1/2 values are above 372 K (~100°C) 
which far exceeds the ambient temperature. This allows 
the magnetic materials to be integrated even in industrial 
systems working under severe thermal environments while 
maintaining good magnetization response to an external 
magnetic field. In the case of “free” ultrafine and clusters 
of ferro- and ferri-magnetic particles, some theoretical cal-
culations have shown that the Bloch’s exponent, β is higher 
than that of the bulk counterparts (β = 3/2) and may reach 2, 
as a consequence of the reduction in the size of the particles 
[34]. The main idea behind the explanation of this finite-size 
effect is that the lack of full coordination at the surface of 

Fig. 6. Hysteresis loops measured at 300 K for the as-produced 
NiZn1, NiZn2, and NiZn3 nanoferrites. The inset in the down-
right corner is a zoom-view around H ~ 0 showing the exis-
tence of small coercivity and remanence. The inset in the 
upper-left corner shows the magnetic separation of NiZn1 by 
an external magnetic field after adsorption of EBT dye onto the 
nanoparticles in comparison with an untreated EBT solution.

Fig. 7. Temperature-dependent magnetization decay, measured 
at 20 kOe for the as-produced NiZn1, NiZn2, and NiZn3 nano-
ferrites. The continued thin black lines are the best fit to the 
experimental data points to the modified Bloch’s law.
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the finite-size particles may lead to larger spin deviations in 
this region than in the central part of the particles. However, 
there have been also reports where nanoparticulated sys-
tems show lower Bloch exponents, close to the bulk value 
3/2 [37]. These low values are justified in terms of the core-
shell model and the effect of the matrix where the magnetic 
particles are embedded. In our case, the Bloch’s exponent 
is close to the bulk value 3/2. As demonstrated by IR analy-
sis, the anchoring of the H2O, OH–, and NO3

– groups on the 
surface of the NiZn nanoparticles seems to strongly recover 
the coordination at the surface of the finite-size particles to 
approach the structure of full coordination of the bulk.

3.4. EBT adsorption study

The effect of various factors that could influence the 
adsorption process and efficiency such as the nanoparti-
cle nature, the pH of solution, the initial EBT concentra-
tion, the nanoadsorbent dosage, and the contact time were 
investigated.

3.4.1. Effect of nanoparticle nature

To investigate the effect of adsorbent nature, 5 mL of 
100 mg L–1 EBT solution (EBT dissolved in ultrapure water 
without any pH adjustment, pH 6.1) was simultaneously 
treated with 20 mg of each of three as-produced three 
NiZn ferrites under an agitation of 20 min. Fig. 8 depicted 
the UV-visible spectra of the treated EBT solutions (NiZni 
+ EBT) along with the untreated one (untreated EBT). An 
important decrease in absorbance of EBT solution, and 
therefore an important EBT removal was observed with all 
ferrites. Additionally, it can be deduced from the UV-visible 
spectra, the removal % of EBT by NiZn2 and NiZn3 are very 
similar which is likely due to the particle size similarity. 
However, the NiZn1 ferrite shows higher removal efficiency 
which could be mainly due to its relatively smaller parti-
cle size as compared to the two other as-produced ferrites 
(Table 1); for a given mass of nanoadsorbent, the smaller the 
particle size, the larger the surface area and therefore the 
larger the number of the adsorption surface sites. Hereafter, 
we only focus on the study of the uptake of EBT by the 
NiZn1 nanoparticles. It should also be noted that the rela-
tively higher removal efficiency of EBT by the last nanopar-
ticles was also checked (UV-visible spectra not shown) with 
the pH of 2.0 of the maximum removal of EBT (section 3.4.2 
“Effect of pH”).

3.4.2. Effect of pH

The pH value of an aqueous environment plays a cru-
cial role in the adsorption process, because the adsorbate–
adsorbent interaction strongly depends on the surface 
charge of the adsorbent and the species of adsorbate. To 
study the effect of pH on adsorption of EBT, a fixed amount 
(20 mg) of the NiZn1 adsorbent was suspended in 10 mL of 
100 mg L–1 EBT solution accurately adjusted to a certain pH 
value by adding 0.1 M HCl or/and 0.1 M NaOH. The mixture 
was agitated for 60 min. The effect of pH on the adsorption 
of EBT onto the particles in the pH range 2–10 is depicted 
in Fig. 9.

The EBT adsorption behavior on NiZn1 nanoparticles 
shows strong pH dependence and the removal capacity 
decreased continuously as the initial pH increased from 2 
to 10 with a sharp decrease from pH 8. The uptake of the 
dye was of 100% and 59% at pH 2 and 10, respectively. The 
photo in the insert comparing the color of untreated EBT 
solutions and the supernatant of the treated EBT ones with 
the NiZn1 nanoparticles at different pH values supports the 
last results. EBT is an anionic dye due to its sulfonate groups 

Fig. 8. Effect of the nanoparticle nature on the removal of EBT. 
The UV-visible spectrum of the untreated EBT solution is 
shown for comparison. Initial pH = 6.1, EBT volume = 5.0 mL, 
initial EBT concentration = 100 mg L–1, nanoparticle dos-
age = 4.0 g L–1, and contact time = 20.0 min.

Fig. 9. Effect of the starting pH on the removal of EBT by the 
NiZn1 nanoparticles. The photo along with the plot shows the 
colour change of the untreated EBT solutions and the superna-
tant of the associated treated EBT ones at different pH values. 
EBT volume = 10.0 mL, initial EBT concentration = 100 mg L–1, 
nanoparticle dosage = 2.0 g L–1, and contact time = 60.0 min.
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(–SO3
–) that are negatively charged in aqueous solutions. 

Whereas, as demonstrated before, for pH values below the 
pHpzc of ~7, the ferrite nanoparticles are positively charged 
at their surface with a progressively dominant (≡Fe–OH2

+) 
entities as the pH decreased in the acidic range which 
enhances EBT adsorption through electrostatic attraction.

Further, for pH values below 7, the two hydroxyl 
groups of EBT are deprotonated (or at least (pKa1 = ~6.3) 
one of them is protonated). These OH groups could par-
ticipate to the ferrite surface through hydrogen bonding 
as well as electrostatic interaction through the partially 
charged hydroxyl groups [23]. Similarly, Attallah et al. [22] 
reported that the maximum adsorption of EBT dye onto 
the ferrite-based material, magnetite/pectin, and magne-
tite/silica/pectin hybrid nanocomposites was at pH about 
2.0 and 3.0, respectively. Aziz et al. [16] and Sriram et al. 
[18] also observed a maximum adsorption efficiency of 
EBT onto amine activated diatom xerogels and the vege-
table Persea americana wastes, respectively, at around pH 
2.0. For pH values beyond ~7, both the EBT dye and the 
nanoparticles surface become negatively charged with 
a progressively dominant (≡Fe–O–) entities as the pH 
increased from 7 to 10. This results in an increase of mutual 
electrostatic repulsion between the adsorbate species and 
adsorbent surface and therefore to a large reduction in dye 
adsorption onto the nanoparticles. It is worth noting that 
the sharp of removal % decrease beyond ~8 revealed strong 
electrostatic repulsion between the negatively charged sur-
face nanoparticles and the highly dense negatively charged 
EBT dye (SO3

– and two OH–). As evident from studying 
the effect of pH, removal of EBT was more proficient in 
pH = ~2.0. Therefore, the rest of the adsorption study will 
be carried out at this pH value.

3.4.3. Effect of nanoparticle dosage

To investigate the effect of adsorbent dosage, 5 mL of 
100 mg L–1 EBT solution was treated by varying dosages of 
adsorbent (1.0, 2, 4.0, and 6.0 g L–1) for a contact time of 3.0 
min at a constant starting pH 2.0 (Fig. 10). An extraordinary 
decrease in absorbance of EBT supernatant was observed 
after only 3.0 min indicating an important and a very fast 
decrease of EBT concentration with the increase in the num-
ber of nanoparticles. Typical photos of the EBT supernatants 
in comparison with the untreated 100 mg L–1 solution for 
the dosages 1.0 and 6.0 g L–1 are also provided as a guide 
for the eye.

To get a quantitative analysis of the efficiency of EBT 
removal, the removal % of EBT by the produced nanopar-
ticles as well as their uptake capacity at a contact time of 
3.0 min are calculated according to the equations (Eqs. (1) 
and (2)) and the results are plotted in Fig. 11.

From Fig. 11, it is observed that for the short contact 
time of 3.0 min, the removal percentage of the EBT on treat-
ing with NiZn1 nanoparticles, increased constantly up to 
a dosage of 6.0 g L–1. For example, the removal percentage 
is of ~35% and 92% for the dosages of ferrite of 1.0 and 
6.0 g L–1, respectively. The expected result can be explained 
as follows: For a given number of adsorbate species, the 
increase in the removal percentage can be explained by 
the fact that the increase of sorbent dosage induced an 

increase of the number of particles which leads to an over-
all surface area increase and therefore to larger number 
of surface adsorption sites resulting in larger number of 
adsorbed EBT species. For the uptake capacity, however, 
a monotonous decrease with the increase of the adsorbent 
dose can be noted. For the short contact time of 3.0 min, 
the uptake capacity ranges from ~38 mg g–1 for the dosage 
of 1.0 g L–1 to ~15 mg g–1 for the dosage of 6.0 g L–1. For a 
fixed amount of adsorbate, the decrease in uptake capac-
ity with the increase of dosage is mainly due to the pres-
ence of more surface area and therefore more adsorbent 
sites. Aggregation between nanoparticles due to magnetic 

Fig. 10. Absorption spectra EBT solutions treated by differ-
ent dosages of the NiZn1 nanoparticles. The inset depicts 
selected photos of the treated solution (in the right) in compar-
ison with the untreated one (in the left). Initial pH = 2.0, EBT 
volume = 5.0 mL, initial EBT concentration = 100 mg L–1, and 
contact time = 3.0 min.

Fig. 11. Effect of the nanoparticle dosage on the EBT removal 
percentage and on the uptake capacity of the produced NiZn1 
nanoparticles. Initial pH = 2.0, EBT volume = 5.0 mL, initial EBT 
concentration = 100 mg L–1, and contact time = 3.0 min.
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interaction and to high surface to volume ratio which is 
expected to be enhanced with the increase in nanoparti-
cle dosage, may also contribute to the reduction of uptake 
capacity. Similar trend in the uptake capacity change with 
the adsorbent dosage, have also been observed for the 
removal of EBT by the 50 nm sized NiFe2O4 ferrite where 
the q was reported to vary between ~32 and 1.5 mg g–1 in the 
dosage range 0.25–5 g L–1 [19].

3.4.4. Effect of the EBT concentration and the contact time

The adsorption kinetics of the EBT uptake efficiency by 
the NiZn1 nanoparticles was analyzed at ambient tempera-
ture at the optimum pH (pH 2.0) in the presence of 4.0 g L–1 
adsorbent by varying the contact time from 5 to 100 min 
for various initial EBT concentrations (25–250 mg L–1). The 
plots of qt vs. the contact time, t, for different initial EBT 
concentrations are presented in Fig. 12.

Form Fig. 12, it is seen that the rate of EBT uptake 
takes place in two stages. An initial step involving a very 
fast uptake of the dye species, followed by a much slower 
removal rate which gradually reach an equilibrium state. 
Moreover, whatever the concentration, more than 90% of 
the removable dye takes place in the first 20 min. The fast 
adsorption of EBT by the adsorbent could be ascribed to the 
external surface adsorption process of the NiZn1 nanopar-
ticles, which is different from the microporous adsorption 
process. Since a large fraction of the adsorption sites of the 
nanoparticles exists in the exterior of the adsorbent com-
pared with the porous adsorbent, it is easy for the adsorbate 
to access these active sites, thus resulting in rapid attain-
ment of the equilibrium. Besides, the equilibrium time is a 
concentration–dependent parameter. It is short for the low 
EBT concentrations and become larger and larger with the 
increase of the EBT concentration. This is expected since, 
for a fixed adsorbent dosage, the total of available adsorp-
tion sites is also fixed and limited, while for a fixed volume 

of the EBT solution, the number of dye molecules become 
larger and larger with the increase of dye concentration. 
This results in a decrease in the removal percentage of the 
adsorbate. While, at equilibrium time, the removal effi-
ciency of EBT was found to increase to some extent with the 
dye concentration. It ranges between 12.5 and ~35 mg g–1 for 
the concentrations between 50 and 250 mg L–1.

Three common adsorption kinetics models including 
the intraparticle diffusion model, the pseudo-first-order 
model, and the pseudo-second-order models were tested in 
order to define the most probable mechanism that describes 
the adsorption of EBT dye onto the NiZn1 nanoparticles. 
The integrated forms of the three models are respectively 
expressed as [39]:

q k t Ct = × +1
1 2/  (5)

ln( ) ln( )q q q k te t e− = − ×2  (6)

t
q k q

t
qt e e

=
×

+
1

3
2  (7)

where qt (mg g–1) is the adsorption capacity as defined by 
Eq. (2), qe (mg g–1) is the adsorption capacity at equilibrium 
time, k1 (mg g–1 min–1/2) is the intra-particle diffusion rate 
constant, and C is the intercept. k2 (min–1) is the rate con-
stant for the pseudo-first-order adsorption process and k3 
(g mg–1 min–1) is the rate constant for the pseudo-second- 
order adsorption. Plots of the experimental data, according 
to their linear forms of the variable t of the above-mentioned 
models are shown in Fig. 13.

It can be deduced, that the experimental data plots 
(Figs. 13a and b) according to Eqs. (5) and (6) associated 
to the intra-particle diffusion model and the pseudo- first-
order model, clearly deviate from the linearity. While, 
whatever the EBT concentration, the experimental data 
points plotted (Fig. 13c) according to the linear form of 
Eq. (7) associated to the pseudo-second-order show excel-
lent linearity with a correlation coefficient better than 
0.986. Parameters of the pseudo-second-order model for 
EBT adsorption onto the NiZn nanoferrite for selected 

Table 2
Parameters calculated from the best fit of the experimental data 
points to the pseudo-second-order for EBT adsorption onto a 
4.0 g L–1 NiZn1 dosage for selected initial dye concentrations

EBT concentration 
(mg L–1)

50 100 150 200 250

R2 0.999 0.998 0.981 0.989 0.986
Removal (%) 100 95.3 83 68.4 55.6
qeexp (mg g–1) 12.5 23.8 31.4 29.9 34.8
qetheo. (mg g–1) 12.5 24.4 28.2 29.5 34.4
Cetheo. (mg L–1) 0 2.3 37.0 82.2 112.3
k3 (mg g–1 min–1) × 102 7.9 3.1 2.8 4.9 1.4

Removal (%) and the qeexp (mg g–1) were inferred form the experimen-
tal results of Fig. 12.

Fig. 12. EBT uptake capacity by 4.0 g L–1 nanoparticles dosage as 
a function of the contact time for different initial dye concentra-
tions.
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EBT initial concentrations are summarized in Table 2. 
The kinetics study indicated that the pseudo-second- 
order sorption mechanism is predominant for the sorp-
tion of the EBT entities onto our NiZn1 nanoparticles. For 
this model, it is considered that the rate of the sorption 
process is controlled by the chemisorption process. The 
mechanism involves valance forces through the sharing 
or exchange of electrons between sorbent and sorbate as 
covalent forces [40].

From Table 2, it can be noted that, at equilibrium, the 
adsorption capacity, qe, increases with the increase of the 
adsorbate concentration. For instance, for the 4.0 g L–1 EBT 
dosage, the theoretical adsorption capacity, qetheo, ranges from 
12.5 for 50 to 34.4 mg g–1 for 250 mg g–1. This can be explained 
by the fact that more targets of EBT provide the higher driv-
ing force to facilitate the ion diffusion from the solution to 
the positively charged NPs surfaces, and therefore more 
collisions between EBT ions and active sites of the sorbent. 
Besides, it is important to notice that as outlined before 

(section 3.4.3 “Effect of nanoparticle dosage”), the adsorp-
tion capacity, qe, is expected to be higher for low adsorbate 
dosages.

3.4.5. Regeneration and reuse of the nanoparticles

As demonstrated before (section 3.4.2 “Effect of pH”), 
adsorption of EBT dye on NiZn1 nanoparticles surface 
decreases drastically with the pH increase. Therefore, 
desorption of the dyes and therefore regeneration of the 
adsorbent could be performed at high alkaline pH values. 
Adsorption–desorption–regeneration tests were conducted 
on a 50 mL EBT solution with an initial concentration of 
50 mg L–1 and a nanoparticles dose of 1.0 g L–1. To test the 
reusability of the nanoadsorbent, the following detailed 
procedure was adopted: In a first step, the nanoparticles 
were shacked with the EBT solution for 10 min. Then, the 
absorbance of the supernatant was measured after decanta-
tion with the aid of NdFeB magnet. After that, to remove the 

Fig. 13. Plots of the experimental data points at different initial dye concentrations, according to the equations associated to the (a) 
intra-particle diffusion model, the (b) pseudo-first-order model, and (c) the pseudo-second-order model of the sorption of EBT onto 
a 4.0 g L–1 NiZn1 ferrite dosage. For the plot (c), the red lines represent the best linear fit of the experimental data points to the pseu-
do-second-order model.
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adsorbed EBT species, the EBT–loaded nanoparticles were 
dispersed in an excess (about 25 mL) of 0.5 M NaOH and 
then the mixture was shacked for about 5.0 min. Clearly, 
the recuperated supernatant shows the characteristic color 
of water soluble EBT. The last step was repeated and a 
complete desorption of EBT (complete decolorization of 
the supernatant) was reached as confirmed by UV-visible. 
The adsorbent was then thoroughly washed with ultrapure 
deionizer water till the pH of the wash water become neu-
tral and finally washed with ethanol and dried at 60°C for 
about 1 h. The regenerated nanoparticles were subjected to 
subsequent runs under the same conditions as described 
before. Six consecutive adsorption–desorption–regener-
ation cycles were carried out to validate the reusability of 
the produced nanoparticles. Fig. 14 shows the removal effi-
ciency of EBT during the six cycles of adsorption–desorp-
tion–regeneration. As can be seen, a good reproducibility 
of the adsorption capacity of the nanoadsorbent during 
the number of cycles was achieved, which indicated that 
there were no noticeable nanoparticles loss and/or irre-
versible adsorbent sites on the surface of the adsorbent. 
Additionally, one can notice the high chemical stability of 
the produced nanoparticles in a relatively strongly acidified 
medium (pH 2.0). These advantages along with the ultrafine 
microstructure and the reasonable magnetization and high 
Curie temperature make our nanoferrite a promising candi-
date for wastewater treatments even in severe conditions.

It is interesting to compare the physical characteris-
tics and the adsorption–desorption performance of our 
as-synthesized nanoparticles with other adsorbents towards 
the EBT dye (Table 3). Referring to Table 3, one can notice 
that (i) for the magnetic nanoparticles-based adsorbents 
(the first four adsorbents), we expect that our nanopar-
ticles should have the easiest, the most scalable, and the 

Fig. 14. Reusability of the NiZn1 nanoadsorbent for the adsorp-
tion–desorption of EBT dye during six cycles. The inset is a photo 
comparing the untreated EBT solution (left) to the supernatants 
(right) of the first three EBT adsorption–desorption–regeneration 
cycles. Ta
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cheapest chemical procedure. (ii) Our nanoparticles exhib-
ited the largest saturation magnetization, which is a cur-
tail intrinsic parameter for the ease and quick magnetic 
separation of the adsorbent from the supernatant. (iii) The 
adsorption capacity, qe, of our NiZn1 nanoferrite is reason-
able compared to the other nanoadsorbents, and as outlined 
before, this capacity is expected to be much larger for low 
adsorbent dosages. (iv) Our nanoparticles are highly regen-
erable, with a performance after successive six runs of about 
90%. (v) A fast removal rate was observed for our nanopar-
ticles, and more than 90% of the removable adsorbents were 
achieved in less than 20 min and the equilibrium state for the 
EBT removal is reached in less than 100 min, even for EBT 
concentration as high as 250 mg L–1.

4. Conclusion

The phase purity, the structure, the microstructure, 
the surface functionality, and the magnetic properties of a 
series of NiZn nanoferrites were investigated by various 
characterization techniques. EDX, XRD, and IR analyses 
showed that the as-produced powders are pure ultrasmall 
nanoparticles with ~13–16 nm size. The nanoferrites exhib-
ited a room-temperature superparamagnetic behavior with 
reasonable saturation magnetization (Msat ranges from 56 to 
65 emu g–1) and high Curie temperature (TC ranges from 621 
to 656 K). The large TC (along with their good chemical sta-
bility) confer to the produced nanoparticles the advantage 
for their utilization in severe conditions of environmental/
industrial wastewater treatments. The room-temperature 
adsorption of the EBT dye onto the produced nanocrystals 
was found to be dependent on the nanoparticle nature and 
the best adsorption capacity was found with the smaller 
nanoparticles (NiZn1). Additionally, it was shown that the 
removal efficiency was very rapid and depends strongly 
on the pH; the lower the pH, the larger the adsorption 
capacity. At the optimum pH (pH 2.0), the uptake capac-
ity was found to decrease with the increase in nanoparti-
cle dosage. For instance, for the contact time of 3.0 min, the 
uptake capacity was found to range from ~38 mg g–1 for the 
dosage of 1.0 g L–1 to ~15 mg g–1 for the dosage of 6.0 g L–1. 
The kinetic study revealed that the pseudo-second-order 
model fitted well the experimental data (R2 > 0.986). The 
adsorption capacity, qe, of NiZn1 was found to increase with 
the increase of the adsorbate concentration. For instance, for 
a 4.0 g L–1 EBT dosage, qe, was found to range from 12.5 for 
50 mg g–1 to 34.4 for 250 mg g–1. Furthermore, for a techno-
logical application point of view, the NiZn1 nanoadsorbent 
was tested in six adsorption–desorption cycles with-
out noticeable decrease in its performance. An in-depth 
research work aiming further improvement of the uptake 
and the recycling efficiency of the produced nanoparticles 
by functionalizing their surface with various affordable 
bifunctional ligands is currently under process.
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