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A B S T R A C T

Magnetic nickel ferrite nanoparticles with a size of 20 � 3 nm have been synthesized by a co-precipitation
method at room temperature. Crystalline structured particles with ferromagnetic properties were
obtained by calcination at 600 �C. These nanoparticles were characterized in order to determine the
particle size distribution, morphology, surface charge and adsorption properties. Nickel ferrite
nanoparticles were tested as potential adsorbent for removal of dipyrone from aqueous solution by
evaluating adsorption kinetics and isotherms. The maximum adsorption capacities at 20 �C were
30.4 mg g�1 (pH 6) and 25.0 mg g�1 (pH 4). Additionally, analytical solution of the Langmuir adsorption
kinetic equation was successfully applied. Desorption experiments were conducted at lab scale by using a
flow through system aiming to study the release of dipyrone from the proposed material at different
experimental conditions. A 55% of desorption for pre-sorbed DIP is achieved by performing several
extraction cycles with an aqueous solution (pH 2.5) at 50 �C. Also, 43% desorption was obtained by adding
0.2 M phosphate, and 48% by adding 0.2 M sulfate. With the advantages of low cost and rapid processing,
these magnetic nanoparticles could gain a promising application in the removal of pharmaceutical
compound residues during treatment of water samples on a large scale.
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1. Introduction

The occurrence of pharmaceuticals and related compounds in
the aquatic environment has been recognized as an emerging
problem. The continuous discharge of pharmaceuticals into the
environment results in a prolonged exposure of aquatic organisms
and animals to these compounds and/or their active metabolites
[1,2]. In this concern, compounds such as antibiotics, antidepres-
sants, estrogens and analgesics are the most commonly found in
wastewater and environmental water [3,4]. Dipyrone is a common
analgesic, antispasmodic and antipyretic drug, especially used in
clinical treatments, that has been banned in some countries due to
its potential association with diseases such as agranulocytosis [5].
Nevertheless, this compound is one the most consumed pharma-
ceuticals in Argentina, Brazil, Germany, Italy and Spain, among
others [6]. Additionally, dipyrone is used in veterinary practices for
domestic and farm animals, such as horses and cattle, so this
compound is under scope of the European Regulation [7]. Recently,
dipyrone residues were found in water samples, as a consequence
of its high solubility in water and its high polarity [6,8].
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Adsorption processes are widely applied to remove organic
pollutants from aqueous media, including drinking water, waste-
water, groundwater and surface water. Several adsorbents such as
carbon-based materials and synthetic resins have been investigat-
ed for adsorption of pharmaceutical compounds [9]. However,
extensive application of some of these adsorbents is limited due to
the high cost, difficult disposal and regeneration. In this concern,
the use of magnetic nanoparticles represents an interesting and
economical alternative due to their simple synthesis and
manipulation [10]. Synthesis of nanoscale ferrites (represented
by the general formula MFe2O4, where M is usually a divalent metal
ion) commonly implies co-precipitation, solvo/hydrothermal and
microemulsions routes [11,12]. Among these, the co-precipitation
method is widely used because of its simplicity, low cost, rather
low synthesis temperature and small particle size obtained.
Although ferrites are used in applications such as inductors,
transformers, gas sensors [13], photocatalyst [14] and adsorbent
for removal of dyes [15], these nanosized magnetic particles are
being also considered as potential adsorbents of pharmaceutical
compounds due to their high surface area and the advantage of
separation under application of magnetic fields and regeneration
by heating at high temperatures. As an example, magnetite (Fe3O4

or, more explicitly, FeIIFeIII2O4) particles have been applied for
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extraction of tetracycline and sulfonamide compounds in aqueous
solution [16,17]. Particularly, nickel ferrite (NiFe2O4), which has an
inverse spinel cubic structure where Fe3+ ions are located at the
tetrahedral sites while octahedral sites are occupied by Fe3+ and
Ni2+ ions, is a soft magnetic material with low saturation
magnetization but high electrical resistivity. This material has
been recently used as adsorbent for removal and degradation of
organic dyes [18,19]. Nevertheless, there are no experimental
studies presented in the literature where nickel ferrite particles are
proposed for adsorptive removal of pharmaceutical compounds.

In this work, synthesized nickel ferrite nanoparticles (NFNPs)
are proposed for removal of dipyrone (DIP) in aqueous solution.
The adsorption process was studied by analyzing adsorption
kinetics and isotherms under various experimental conditions to
evaluate the potential effects of the surface charge, pH and
temperature on the adsorption capacity. Adsorption and desorp-
tion rate constants were obtained by solving the Integrated Kinetic
Langmuir equation, (IKL). In addition, desorption studies were
performed aiming to evaluate the release of DIP from the
adsorbent material. For this purpose, a flow system was
implemented for evaluating desorption processes under different
conditions of pH and temperature with minimal handling of
samples and reagents.

2. Materials and methods

2.1. Chemicals

Ferric chloride hexahydrate (FeCl3�6H2O, 97%) was obtained
from Anedra (Argentina) and nickel chloride hexahydrate
(NiCl2�6H2O) was purchased from Biopack (Argentina). Sodium
hydroxide was obtained from Merck (Germany). Hydrochloride
acid, sodium chloride, sodium hydrogen phosphate, sodium
bicarbonate and sodium sulfate were purchased from Cicarelli
(Argentina). Dipyrone (DIP, chemical formula C13H16N3NaO4S) was
obtained from Parafarm (Argentina). All chemicals were of
analytical grade and used as received. Ultrapure water (18 MV
cm�1) was used for the preparation of solutions. Stock solutions of
DIP and aqueous dilutions were stored in darkness to prevent
degradation.

2.2. Synthesis of nano sized nickel ferrite

A co-precipitation method was used for the synthesis of
nanocrystalline powder NiFe2O4. Ferric chloride and nickel
chloride aqueous solutions were mixed in a 1:2 molar ratio with
constant stirring. Then, a 2.0 M NaOH solution was added dropwise
(1.0 mL min�1) to the above solution while monitoring the pH. The
co-precipitation reaction was carried out at room temperature
(23 �C � 2 �C) and a brown colored precipitate was obtained at pH
11.4. The precipitate was washed several times with distilled water
Table 1
Physicochemical properties of dipyrone [Ref. [21]].

Physicochemical properties 

Molar mass: 333.34 g mol�1

logP: �0.82
Solubility at 25 �C: very soluble in
water, soluble in ethanol and
methanol, practically insoluble in
methylene chloride
until the pH of the slurry became 6 and the conductivity
272 mS cm�1. The wet slurry was dried at 105 �C for 4 h and then
it was grounded and subjected to calcination at 600 �C for 5 h.

2.3. Characterization

The powder was characterized at several stages using X-ray
diffraction (XRD). XRD patterns were obtained with a Philips PW
1710 diffractometer with CuKa radiation (l = 1.54059 Å) and a
graphite monochromator operated at 45 kV, 30 mA and 25 �C at a
scan rate of 2u s�1. The N2-BET method was employed for surface
area, pore volume and pore diameter determination. The N2

adsorption isotherms at 77.4 K were measured with a Quantach-
rome Nova 1200e instrument. Thermogravimetric analyses were
run from 20 to 800 �C at a heating rate of 5 �C min�1 with a Rigaku
Thermoflex TG 8110 equipment. The IR spectra were measured in
the 400–4000 cm�1 region (2 cm�1 resolution) to samples
dispersed in KBr discs. All spectra were recorded with a Nicolet
FT-IR Nexus 470 Spectrophotometer.

The magnetic properties were measured on a VSM-7404
vibrating sample magnetometer (VSM) with a maximum magnetic
field applied of 1900 Oe at room temperature. A defined amount
(42.98 mg � 1.43 mg) of the synthesized sample dried at room
temperature, 40 �C, 75 �C, 105 �C and calcined at 600 �C was taken
and subjected to analysis.

TEM analysis was performed using a JEOL 100 CX II transmis-
sion electron microscope, operated at 100 kV with magnification of
450,000x. Observations were made in a bright field.

The electrophoretic mobility of synthesized NFNPs was
measured with a Zetasizer Nano ZS90 instrument (Malvern
Instruments Ltd.) at 25 �C and the zeta potential was calculated
using the Smoluchowski equation [20]. Stock suspensions of nickel
ferrite (200 mg L�1) in 0.01 M NaCl as supporting electrolyte were
subjected to analysis using 0.1 M HCl and 0.1 M NaOH solutions to
adjust the pH of suspensions. In order to evaluate the surface
charge on NFNPs after adsorption of DIP in aqueous solution,
electrophoretic mobility measurements were performed in the pH
range of 2.5–9.5 for the following initial concentrations of DIP: 3,
30 and 200 mg L�1, including 0.01 M of NaCl as supporting
electrolyte. Samples were equilibrated for 30 min before analysis.

2.4. Batch adsorption experiments

DIP, which contains a sulfonic group in the molecule (Table 1), is
fully dissociated at pH values above 2.0 [21], thus adsorption
experiments were performed in the pH range 2.5–9.5.

DIP adsorption isotherms were carried out using polypropylene
tubes covered with polypropylene caps. Each tube contained 8 mg
of NFNPs, the desired volume (from 0 to 500 mL) of a 4 g L�1 stock
DIP solution to cover a concentration range from 0 to 200 mg L�1

and the needed volumes of 0.1 M NaCl solution to achieve a final
Dipyrone structure



3884 V. Springer et al. / Journal of Environmental Chemical Engineering 4 (2016) 3882–3890
NaCl concentration of 0.01 M. The pH of the so-prepared
dispersions was then adjusted by adding small volumes (micro-
liters) of 0.1 M HCl or NaOH and ultrapure water was added to a
final total volume of 10 mL. After equilibration, the solid and liquid
phases were separated employing a Nd magnet and different
aliquots were taken to quantify the DIP concentration that
remained in the liquid phase (supernatant).

The uptake of DIP by the NFNPs was calculated as follow:

aeq ¼ co � ceq
m

V ð1Þ

where aeq is the uptake after equilibration (mg g�1), c0 and ceq
(mg L�1) are respectively the initial and equilibrium concentra-
tions of DIP in the aqueous solution, V is the total volume (L) and m
is the amount of NFNPs (g).

Two kinetic runs, one at pH 4 and the other one at pH 6 were
also performed in order to check the effect of time on adsorption.
The procedure was similar to that described above, but instead of
waiting for equilibration, the supernatants were analyzed as a
function of the adsorption time during 420 min.

2.5. Desorption experiments

In order to evaluate the possible release of DIP from the NFNPs,
desorption experiments were carried out at different pH and
temperatures. A flow system composed by a peristaltic pump, an
extraction syringe and a mixing cell was adapted to perform the
washing cycles, which were done by mixing DIP-loaded NFNPs
with 14 mL of extraction solution with constant stirring and
controlled temperature. Briefly, a 10 mL aqueous mixture of
800 mg L�1 NFNPs and 100 mg L�1 DIP in 0.01 M NaCl at pH 6.0
was delivered by a peristaltic pump to a mixing cell with
continuous stirring to produce the DIP adsorption. After agitation
Fig. 1. Characterization of the synthesized samples by: (A) XRD and (B) infrared spectro
calcined at 600 �C. Inset: changes in color during drying and calcination processes.
for 60 min, the nanoparticles were magnetically decanted and
aliquots were withdrawn with the extraction syringe for DIP
quantification. Then, the supernatants were delivered to the waste
reservoir and the adsorbent was rinsed with water to remove any
excess of DIP. A 14 mL of extraction solvent was pumped into the
system and mixed with the DIP-loaded NFNPs while maintaining
constant stirring. Temperature was controlled by using a ther-
mostatized bath. After the contact time, the stirring was
discontinued and nanoparticles were magnetically separated. A
2 mL aliquot of the supernatant was withdrawn and diluted to 4 mL
prior to DIP quantification.

2.6. Quantification process

For quantification of DIP two spectrophotometric methods
were proposed on the literature [22,23]. In the first method
(Method no. 1) DIP was determined through the reaction between
dipyrone and ammonium molybdate in acidic medium at 60 �C to
produce blue molybdenum, which is detected spectrophotometri-
cally at 620 nm. Method no. 2 is based on the hydrolysis of DIP
under acid conditions and detection at 258 nm. As can be seen in
Table S1 (Supplementary material), DIP can be quantified employ-
ing both methods at the studied concentration range. Neverthe-
less, method no. 2 was selected for further application due to its
sensibility, simplicity and the short time consumed for analysis.
The whole procedure was applied as follow: A calibration curve
between 1 and 100 mg L�1 was constructed by preparing the
standard solutions in 0.1 M HCl and absorbance data was recorded
at 258 nm with an Agilent 8453 diode array spectrophotometer
using a 1-cm quartz cell. The calibration curve was
Y = (0.0252 � 0.0007)X + (0.0134 � 0.0086) with R2 = 0.9994. For
analysis of supernatants, a 1:2 dilution in 0.1 M HCl was made
prior to analysis.
scopy. From the top to the bottom: samples dried at 25 �C, 40 �C, 70 �C, 105 �C and
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3. Results and discussion

3.1. General characteristics of the synthesized nickel ferrite

Fig. 1 shows XRD patterns and IR spectra of the solid
synthesized by the co-precipitation method after drying at
different temperatures and after calcination at 600 �C. The figure
also presents the pictures of the different solids in the dry state to
visualize how the samples look like with the naked eye. Samples
dried up to 105 �C show a XRD pattern that corresponds to a poorly
crystalline material, which already has the main reflections that
correspond to nickel ferrite. The calcination at 600 �C results in a
highly crystallized and pure nickel ferrite. There is no evidence of
the presence of other iron oxides or nickel oxide phases, in
agreement with previous results in the literature [24]. The
diffraction peaks can be indexed to a face centered cubic structure
of nickel ferrite and the crystallite size (D311) was estimated to be
16.6 nm using the Scherrer’s equation [25]. This size is comparable
to data reported in the literature for nickel ferrite particles
obtained by calcination process at 600 �C [26]. The IR spectra show
strong and broad bands at 3416 cm�1 and 1635 cm�1 for samples
dried between 25 and 105 �C, attributed to the O��H stretching and
vibration modes of adsorbed water. Additionally, two bands in the
region of 1370–1450 cm�1 can be assigned to the asymmetric
stretching mode of adsorbed carbonate groups [27]. Regarding the
calcined sample, the two main bands between 604 and 400 cm�1

observed in the spectrum correspond to the metal–oxygen
vibration bands in the crystal lattices. These bands could be
Fig. 2. Electronic micrographs of the calcined sample and magnetization study of the sy
hysteresis curve (20 �C) at maximum applied field of 1900 Oe.
assigned to the intrinsic stretching vibrations of Fe-O and Ni-O in
the spinel structure, respectively [28]. No other bands, which could
be assigned to other nickel and iron oxides phases were detected in
the spectrum of calcined samples [29,30]. Additionally, it is
possible to appreciate changes in color by the naked eye during the
drying and calcination processes of NFNPs, which can be associated
with the evaporation of structural water and crystallization
process.

Fig. 2 shows the TEM micrographs and results from the
magnetic characterization of the studied NFNPs. Most of the
particles appear polyhedral in shape, with a particle size of
20 � 3 nm (average � standard deviation, n = 40). This is a value
close to the estimated using XRD. Even though it is recognized that
the Scherrer equation may sometimes misjudge the nanoparticle
size [31], it works rather well for the solid studied here. The
magnetic hysteresis curve of the calcined sample showed
saturation magnetization (Ms = 26 emu g�1), remanent magneti-
zation (Mr = 2.7 emu g�1) and coercivity (Hc = 95 Oe), exhibiting
ferromagnetic behavior. The value of Ms resulted small compared
to that of bulk nickel ferrite (55 emu g�1) [32]. All the other
samples resulted paramagnetic, indicating that the ferromagnetic
behavior is only achieved after calcination (Fig. S1).

From the nitrogen adsorption/desorption isotherms, the BET
surface area and average pore volume were calculated as
36.91 m2g�1 and 0.33 cm3 g�1, respectively (Fig. S2).

Thermogravimetric analyses showed a significant weight loss
from 20 �C to 250 �C for samples dried at room temperature, which
is probably attributed to moisture evaporation and loss of
nthesized magnetic nanoparticles. (A) TEM: 270,000x; (B) TEM: 450,000 x and (C)



Table 2
Comparison between NFNPs synthesized in the proposed work and those obtained from the literature.

Ref. [33] Ref. [34] Ref. [35] Ref. [36] Ref. [37] This work
Method Hydrothermal Hydrothermal Hydrothermal Co-precipitation Chemical combustion Co-precipitation

Temperature of synthesis (�C) 200 150 200 80 80 Room temperature
Calcination (�C) – – – 600–1000 600–800 600

Size
Average diameter (nm) 10–20 10–60 15 8–28 17–35 16.6–20

Magnetic properties
Ms (emu g�1) 58 35.1 52.2–60.8 40.5–45 26.6–36.9 26
Mr (emu g�1) 13.6 – – – 1.99–7.26 2.7
Hc (Oe) 166.7 – – 89–175 56.1–104.6 95
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structural water. For the calcined sample, the minimal weight loss
observed can be associated to moisture evaporation (Fig. S3).

Table 2 shows a brief comparison between the NFNPs
synthesized in the present work and those pointed out in the
literature [33–37]. As can be seen, the proposed co-precipitation
method allows obtaining NFNPs with a narrow distribution of size
compared with the others co-precipitation and hydrothermal
methods. On the other hand, high temperatures for synthesis are
not required in this work. Additionally, the magnetic properties of
the obtained NFNPs are comparable with those obtained employ-
ing other methods for synthesis.

3.2. Adsorption studies

3.2.1. Batch studies for adsorption of DIP on nickel ferrite
Fig. 3 shows adsorption kinetics and isotherms for calcined

sample at pH 4 and 6 at 20 �C. Kinetic data show that the
adsorption of DIP on NFNPs is relatively fast and reaches
equilibrium after approximately 2 h of reaction. Generally,
adsorption kinetic results were interpreted in the literature in
terms of empirical equations, such as the pseudo-first order and
the pseudo-second order kinetic equations, which are now known
Fig. 3. Adsorption studies of DIP on NFNPs. (A) Kinetic and adsorption isotherms at pH
equation. Additional experimental details summarized in Section 3.2.1.
to be special cases of the Langmuir adsorption kinetics [38–40]. It is
then more appropriate to use the Langmuir adsorption kinetics, for
which a complete analytical solution has been found, and
adsorption and desorption rate constants can be obtained. The
analytical solution is called the Integrated Kinetic Langmuir
equation, (IKL) [38] which is presented in Supplementary material.
In Langmuir kinetics the overall adsorption rate (du/dt) is defined
as the difference in adsorption and desorption rates as follows:

du
dt

¼ va � vd ¼ kac 1 � uð Þ � kdu ð2Þ

Where va is the adsorption rate, vd the desorption rate, c the
concentration and u ¼ a=am is the surface coverage at time t, being
a and am the adsorbed amount at time t and the maximum
adsorbed amount, respectively. ka is the adsorption rate constant
whereas kd is the desorption rate constant. Under equilibrium
conditions the adsorption and desorption rates are equal, the
overall adsorption rate is zero, and thus Eq. (2) becomes the
Langmuir isotherm:

ueq ¼ aeq
am

¼ Kceq= 1 þ Kceq
� � ð3Þ
 6.0, (B) Kinetics and adsorption isotherms at pH 4.0. Inset: parameters from IKL



Fig. 4. Comparison of adsorption isotherms at different pH and temperature
conditions. Inset: adsorbed DIP (mg g�1) vs pH (Ceq: 100 mg L�1, at 20 �C).
Experimental conditions summarized in Section 3.2.1.
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where ueq is the surface coverage at equilibrium and K ¼ ka=kd is
the Langmuir constant. By using the IKL equation, adsorption
kinetic curves (a vs t) can be fitted and the obtained ka and kdcan be
used to calculate K and to check this last value with the adsorption
isotherm. An example for calculation is given in Supplementary
material, and the results of such calculations are given as lines in
Fig. 3. The equations worked very well, since at a given pH the same
set of parameters produces a good fit of both, kinetic and
equilibrium data. Indeed, ka and kd values that lead to a good fit
of the kinetic curve generate the right K value to fit the adsorption
isotherm. Calculations show that increasing the pH from 4 to 6
increases ka and decreases kd resulting in a higher overall
adsorption rate and an increased adsorption under equilibrium.

Adsorption isotherms in the pH range 2.5–9.5 are shown in
Fig. 4. Maximum adsorption occurred at pH 6 and both, acidic or
basic conditions decreased DIP adsorption. Data are also compared
to the adsorption isotherm at pH 6 and 50 �C. Results show that the
maximum adsorption takes place at pH 6 and 20 �C. Increasing the
temperature to 50 �C (keeping pH at 6) or changing the pH to 2.5 or
9.5 (keeping temperature at 20 �C) produce a rather similar
decrease in the adsorption. Changes in temperature or pH,
therefore, will be used below as possible strategies for desorption.
Fig. 5. Effect of adsorbed DIP on surface charge of n
3.2.2. Effect of adsorbed DIP on the electrophoretic mobility of nickel
ferrite

Results obtained by electrophoretic mobility measurements are
shown in Fig. 5. The isoelectric point (IEP, pH where the
electrophoretic mobility or the Zeta potential is zero) in NaCl
solutions was 6.5, in agreement with IEP values previously
reported in [41] and summarized by Kosmulski [42]. In the
presence of DIP, the IEP shifted to around 5. Data show that DIP can
change the charge of nickel ferrite from positive to negative in the
pH range 5–6, proving that the interaction between the adsorbate
and the surface is not purely electrostatic. The behavior is typical of
specific adsorbing anions such as phosphate, arsenate and sulfate
[43,44], which usually form surface complexes when adsorbing at
the metal oxide-water interface (see Section 3.2.3).

3.2.3. Effect of ionic strength and co-existing ions
Typically, dissolved salts are present in water samples in a

concentration range between 50 and 1000 mg L�1 for fresh water
samples and between 1000 and 10000 mg L�1 for slightly and
moderately saline water [45]. In order to evaluate the effect of ionic
strength and the co-existing species on DIP adsorption several
experiments were performed with different concentrations of
NaCl, NaHCO3, Na2SO4 and Na2HPO4 (10 mM to 200 mM). These
salts were added to mixtures of DIP (100 mg L�1) and 800 mg L�1 of
NFNPs at pH 6.0 � 0.2 and were mechanically shaken for 60 min to
reach the equilibrium. As a result, the adsorption capacity
decreased up to 48% when the concentration of the other salts
increased (Fig. S4). This tendency was especially observed with
phosphate and sulfate ions which strongly complex the surface of
magnetic nanoparticles [46,47]. This behavior can be associated
with the trend of DIP to form metallic complexes with M2+ and M3+

cations, as previously reported in the literature for reactions in
aqueous media [48,49]. The fact that increasing the concentration
of ligands such as phosphate or sulfate decreased DIP adsorption,
and that adsorbed DIP produced an electrophoretic behavior
typical of particles with specifically adsorbed anions suggests that
the mechanism of DIP adsorption is formation of inner-sphere
complexes with metal ions at the surface of the particles [42–44].
This is why good ligands are needed to desorb it.

3.3. Desorption studies

In order to evaluate the possible desorption of DIP from the
adsorbent material a flow through system was designed for rinsing
of NFNPs with minimal handling of samples and reagents (Fig. 6).
In preliminary studies, basic and acidic solutions and polar organic
solvents, such as methanol and ethanol, were tested as desorption
ickel ferrite. Additional details in Section 3.2.2.



Fig. 6. Flow system for dynamic rinsing of NFNPs (P.P.: peristaltic pump; M.C.: mixing cell). Inset: mixing cell with the DIP-NFNPs aqueous mixture.
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solvent. Due to the strong adsorption of DIP on NFNPs, the use of
organic solvents was ineffective and only aqueous solutions at pH
2.5 or 9.5 (adjusted with 0.1 M HCl and 0.1 M NaOH, respectively)
were useful to break the complex DIP-NFNPs. Since increasing
temperature also decreased the adsorption, these aqueous
solutions were evaluated for desorption at variable temperatures
(25, 40, 60, 70 and 90 �C). Close to 20% of pre-sorbed amount of DIP
was removed during the first 20 min at 25 �C, and the removal was
increased to 40–45% at 50 �C, at both pH conditions (Fig. S5).
Studies at higher temperatures were not successful as a conse-
quence of DIP degradation, probably due to strong hydrolyzing
conditions [50]. Taking this into account, an aqueous solution at pH
2.5 was chosen for evaluating the process by performing several
extraction cycles at 50 �C. In this case, the flow system was
implemented an each rinsing step was performed during 2 min
followed by the magnetic recovery of the nanoparticles and
quantification of the DIP in the supernatant as previously
described (Section 2.5). From the obtained results, a 55% of
desorption for DIP is achieved after six washing cycles performed
at the selected temperature and under this strong acidic condition
(Fig. 7).
Fig. 7. Rinsing steps for desorption of DIP under strong acidic conditions (pH 2.5) at
50 �C. Experimental details in Section 3.3. Inset: UV–vis spectra recorded at 258 nm.
3.4. Evaluation of the adsorption performance of nickel ferrite
nanoparticles

Due to the high polarity and high solubility of DIP in aqueous
solution, the adsorptive removal of this compound and/or its
metabolites has not been widely studied. Table 3 compares the DIP
adsorption performance of the nickel ferrite investigated here with
other materials. To the best of our knowledge, there are not
research works in the literature where DIP is adsorbed onto metal
oxides-based adsorbent including nickel ferrite. There is one report
of DIP adsorption on chitosan spheres [51], but experiments were
performed in ethanol and thus the results cannot be directly
translated to DIP removal from water or to evaluate the
performance of the adsorbent in decontamination of polluted
waters. There is another report where DIP is extracted with an
anionic exchange polymer in order to quantify it, but with only 36%
adsorption [52]. Table 3 also includes adsorption data of different
pharmaceutical compounds on magnetic materials [53–55].
Although some sorbents show satisfactory adsorption efficiency,
most of them were used as hybrid materials or required
appropriate functionalization of the surface prior to use. Hence,
we demonstrate that the proposed NiFe2O4 can be used for
removal of DIP from aqueous solution without any surface
functionalization, requiring minimal volume of samples and
sorbent material.

4. Conclusion

In this work nickel ferrite nanoparticles with a size of 20 � 3 nm
have been synthesized by a co-precipitation method at room
temperature. The synthesized nanoparticles resulted polyhedral in
shape with an IEP of 6.5 and ferromagnetic properties. Adsorption
capacity of the synthesized nickel ferrite particles was tested for
the removal of dipyrone as a model compound of polar emerging
pollutant. The adsorption of DIP was found to be a pH and
temperature dependent process and was successfully fitted by
applying the IKL equation, which is the full solution of Langmuir
adsorption kinetics. Due to the strong adsorption of DIP on NFNPs,
the desorption process was only possible at low and high pH
conditions and high temperatures. Additionally, this material



Table 3
Comparison of the adsorption of DIP on different solids, and of different pharmaceutical compounds on magnetic materials in the literature.

Adsorbent material Pharmaceutical
compounds

Experimental conditions for adsorption
kinetics

Amount adsorbed at
equilibrium
(qe, mg g�1)

Ref.

Chitosan microspheres (*) Dipyrone (DIP)
Diclofenac (DIC)

Cadsorbent: 0.1 g L�1

Co: 2.0 g L�1

T: 25 �C
Equilibrium contact time: 30 min

133 (DIP)
155 (DIC)

[51]

Mixed-mode reversed phase/anionic exchange Strata X-
AW

Dipyrone Cadsorbent: 200 mg/3 mL (commercial
cartridge)
T: 25 �C
Sample volume: 500 mL

n.r. [52]

Fe3O4 Chlorotetracycline Cadsorbent: 0.05 g L�1

Co: 5.0 mg L�1

T: 25 �C
Sample volume: 50 mL
pH: 6.5
Equilibrium contact time: 600 min

100 [53]

CNTs/CoFe2O4

composites
Sulfamethoxazole
(SMX)
17b-estradiol
(E2)

Cadsorbent: 0.1 g L�1

Co: 2.0 mg L�1

T: 25 �C
Sample volume:500 mL
pH: 5.5
Equilibrium contact time: 120 min

6.98–7.43 (SMX)
19.3 � 20.0
(E2)

[54]

Thermal-responsive magnetic
molecularly non-imprinted polymers
(T-MNIPs)
and
Thermal-responsive magnetic molecularly imprinted
polymers
(T-MMIPs)

Norfloxacin Cadsorbent: 1.3 g L�1

Co: 80 mg L�1

T: 35 �C
Sample volume: 6 mL
Equilibrium contact time: 150 min

31.1 (T-MNIPs)
52.9 (T-MMIPs)

[55]

NiFe2O4 Dipyrone Cadsorbent: 0.8 g L�1

Co: 200 mg L�1

T: 20 �C
Sample volume: 10 mL
pH: 6.0 (4.0)
Equilibrium contact time: 120 min

30.4 (pH 6.0)
25.0 (pH 4.0)

This
work

n.r.: not reported, only 36% retention is informed in Supplementary material.
(*) in ethanol.
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could be tested in a lab-scale flow through system due to its simple
recovery using commercial Nd magnets. From the obtained results,
the proposed nickel ferrite nanoparticles can be considered as
alternative low-cost adsorbent for removal of polar pharmaceuti-
cal compounds from water samples.
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