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Abstract

This paper reports the removal of two widely used pharmaceuticals, namely dipyrone and diclofenac, by magnetic nickel
ferrite nanoparticles. A method combining nickel ferrite nanoparticles and high-performance liquid chromatography was
applied for the simultaneous monitoring of these polar compounds. The adsorption process of the target compounds on
nickel ferrite nanoparticles was performed by using only 800 mg L~! of the adsorbent at pH 5.8. From the experimental
adsorption isotherms, maximum adsorption resulted 31.2 mg g~! for dipyrone and 16.8 mg g~! for diclofenac, with dipyrone
having a slightly higher affinity for the surface than diclofenac. The presence of dissolved salts in water samples affected the
adsorption with removal efficiency remaining between 30-42% for diclofenac and 40-60% for dipyrone. On the other hand,
desorption of the drugs was achieved using methanol for diclofenac and ascorbic acid for dipyrone. This research provides
the understanding of the adsorption behavior of polar pharmaceuticals on bare nickel ferrite nanoparticles, which promotes
the large-scale application of these magnetic nanoparticles to the removal of pharmaceuticals from water samples and their
further selective recovery.

Keywords Diclofenac - Dipyrone - Emerging pollutants - Magnetic nanoparticles - Selective desorption

1 Introduction

Nonsteroidal anti-inflammatory drugs (NSAIDs) are widely
used for the treatment of fever (antipyretic), pain (analge-
sic) and inflammation (anti-inflammatory) in human and
veterinary medicine due to the blocking of the cyclo-oxyge-
nase enzyme and inhibition of the synthesis of prostanoids
(Cashman 1996). Due to their extensive use, some of these
substances and their active metabolites have been reported
in natural water (surface and groundwater), wastewater
treatment plants and, to a minor extent, drinking water
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(Fernindez et al. 2010; Larsson et al. 2014). Although the
concentrations of NSAIDs in surface water are relatively
low (from ng L™! to mg L™! levels), continuous release and
chronic exposure to these substances can produce adverse
effects on aquatic life and potential risk to human health
(Parolini et al. 2011). For these reasons, their monitoring
and control is very important in order to provide safe aquatic
environment. Conventional water treatments include biologi-
cal processes, reverse osmosis, ozonation, advanced oxida-
tion technologies and adsorption processes (World Health
Organization 2011; Xiao et al. 2015), including polymeric
sorbents or functionalized organic sorbents (Paiga et al.
2015).

In the last years, special attention has been paid on the
application of micro- and nanosized adsorbents to remove
pollutants from aqueous media. As an example, carbon
nanotubes have been applied for adsorption of pharmaceuti-
cals and personal care products in water samples (Ncibi and
Sillanpdd 2015; Wang et al. 2016). Nevertheless, carbon-
based materials are highly hydrophobic and their synthesis
and/or surface modification imply high production cost, lim-
iting the large-scale application in water treatments. Another
example is constituted by magnetic nanoparticles, which
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have become increasingly popular because they combine
high surface area with magnetic properties, making possible
high adsorption yields and easy recovery from the aqueous
solution by applying a magnetic field (Zhang et al. 2017). In
this regard, nickel ferrite nanoparticles (NFNPs) have been
recently applied for removal of some organic and inorganic
pollutants from water samples (Ali 2012; Wang et al. 2012;
Zhang et al. 2011). This nanomagnetic adsorbent showed
important adsorption properties and potential environmental
applications. However, it was never used for the simultane-
ous removal of polar NSAIDs from aqueous solutions.

In this work, the adsorption capacity of NFNPs toward
highly polar pharmaceuticals is evaluated. Dipyrone (DIP),
a common NSAID that has been banned in some countries
due to its potential association with agranulocytosis disease
(Hedenmalm and Spigset 2002), and the extensively used
diclofenac (DC), assigned as emerging pollutant in EU
(Decision (EU) 2015), have been selected as target com-
pounds based on their widespread occurrence in domestic
sewage and environment (Ahmad et al. 2016; Dai et al. 2015;
Feldmann et al. 2008; Kostopoulou and Nikolaou 2008). In
fact, DC has been recently reported in concentrations up to
0.1 mg L™! in surface water and sediments (Agunbiade and
Moodley 2016) and DIP at 1.0 mg L™ in effluents (Gémez
et al. 2007). To the best of our knowledge, there are no
reports where DIP and DC are simultaneously adsorbed onto
this type of adsorbent and then selectively desorbed. This
research aims to achieve a general approach for the removal
of these polar emerging pollutants by employing a low cost
and effective nanomagnetic adsorbent.

2 Materials and methods
2.1 Reagents and solutions

All reagents used were of analytical grade with no further
purification. Water from Arium water purification system
(Sartorius, Goettingen, Germany; resistivity > 18 MQ cm)
was used for the preparation of all solutions. LC grade
methanol obtained from Merck (Darmstadt, Germany)
and phosphoric acid 85% v/v (Fluka, Buchs, Switzerland)
were employed for mobile phase preparation. Stock solu-
tions of DIP and DC (1 g L™!) were separately prepared
by dissolving accurately weighed amounts of the solid drug
(Sigma Aldrich, St. Louis, MO, USA) in methanol. Work-
ing solutions were prepared by appropriate dilution of the
stock solutions in mobile phase or water when required.
All solutions were stored at 4 °C and filtered through a
0.45 pm filter (Corning, Flintstone, UK) prior to usage.
FeCl; and NiCl, solutions (0.05 M each) and 0.01 M EDTA
(C,oH4N,Na,04-2H,0) solution were prepared by dissolv-
ing weighed amounts of the solid compounds (Fluka, Buchs,
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Switzerland) and used for evaluating the possible interaction
of metallic cations with DIP in aqueous solution. Ascorbic
acid and potassium persulfate were obtained from Sigma
Aldrich and their solutions were prepared in ultrapure water
by dissolving the solid compounds. NaOH and HCl solutions
(2.0 and 0.1 M, respectively) were used for adjusting the pH
of solutions whenever required.

NaCl (2.45 g), MgCl,-6H,0 (1.11 g), Na,SO, (0.40 g),
NaHCO; (0.02 g) and KCl (0.07 g) supplied by Fluka, were
weighed to prepare 100 mL of artificial sea water (ASTM
Standards D1141 2013), aiming to evaluate the matrix
effect arising from ionic strength and co-existing ions on
the adsorption process.

The mobile phase for separation of DIP and DC was fil-
tered through a 0.45 um filter (reversed cellulose, Corning,
Flintstone, UK) and degassed using ultrasound radiation for
15 min before use.

2.2 Synthesis and characterization of NFNPs

NFNPs were synthesized by a co-precipitation method at
room temperature (Maaz et al. 2009). Briefly, ferric chlo-
ride and nickel chloride aqueous solutions were mixed in a
1:2 molar ratio and constantly stirred. Then, a 2.0 M NaOH
solution was added dropwise at a flow rate of 1.0 mL min™"
to the above solution while monitoring the pH. This co-
precipitation reaction was carried out at room temperature
(22 °C+2 °C) and a brown colored precipitate was obtained
at pH level of 10-11. The obtained solid was washed with
water until the pH of the slurry became 6 and the conductiv-
ity was 272 uS cm™!(Hanna HI 99300 conductimeter, Bue-
nos Aires, Argentina). The wet slurry was dried at 105 °C
and then it was grounded in a mortar and subjected to calci-
nation at 600 °C for 5 h.

The structural and morphological characterization of the
nanocrystalline powder was performed with a X-ray diffrac-
tometer (Philips PW 1710, Cu Ka A=1.54059 A, graphite
monochromator operated at 45 kV, 30 mA and 25 °C at a
scan rate of 2° 0 s7!; Westborough, MA, USA), a trans-
mission electron microscope (JEOL 100 CX II, 100 kV;
Tokyo, Japan) and N, adsorption isotherms (Quantachrome
Nova 1200e instrument, temperature: 77.4 K; Florida,
USA), while the magnetic characterization was done with
a vibrating sample magnetometer (VSM-7404, magnetic
field: 1900 Oe, room temperature; Westerville, OH, USA).
The electrophoretic mobility of the obtained NFNPs was
measured with a Zetasizer Nano ZS90 instrument (Malvern
Instruments Ltd., Worcestershire, UK) at 25 °C and the
zeta potential was calculated based on the Smoluchowski
equation (Leroy et al. 2011). Stock suspensions of NFNPs
(200 mg L") in 0.01 M NaCl as supporting electrolyte were
used to measure the electrophoretic mobility in the pH range
between 2.5 and 9.5.
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2.3 Chromatographic determination of DIP and DC

Chromatographic separation was carried out using an ana-
lytical HPLC system (Jasco, Easton, USA) comprising: pump
(PU-2089), automatic injector (AS-2057), multi-wavelength
array detector (MD-2015), LC-Net II/ADC controller and
equipped with a monolithic Chromolith RP-18e column
(100 mm x 4.6 mm i.d., Merck). The Chrom-Nav® software
was used for control and data processing. DIP and DC were
detected at 254 and 279 nm, respectively. The optimized sep-
aration was carried out using a gradient elution: solvent A
(0.1% v/v phosphoric acid: methanol, 90:10) and solvent B
(0.1% v/v phosphoric acid: methanol, 30:70) at a flow rate of
0.8 mL min~!. The gradient elution was performed as follows:
0-6.0 min, 100% A; 6.0-8.0 min, 100-0% A; 8.0-20.0 min,
100% B; 20-24 min, 100-0% B; 24-28 min, 100% A. The
calibration solutions were prepared in ultrapure water and
injection volume was 50 pL. The auto-sampler was operated
at 4 °C and the auto-sampler needle was rinsed before and after
aspiration of the sample using mobile phase.

2.4 Adsorption experiments

Adsorption batch experiments were carried out in 25 mL
polypropylene tubes containing 10 mL of aqueous solution
at pH 5.8 +0.2. For adsorption isotherms and kinetic experi-
ments, the concentration of NFNPs was set at 800 mg L~ 'and
ionic strength fixed at 0.01 M with NaCl. The process was
assisted by ultrasonic irradiation (60 W, 50 Hz). After a given
contact time between the particles and DIP or DC, NFNPs
were decanted using a Nd magnet and an aliquot from the
supernatant was analyzed by high-performance liquid chro-
matography (HPLC-UYV). For adsorption isotherms, the initial
concentrations of analytes ranged from 1.0 to 200 mg L' and
measurements were conducted after 24 h. All experiments
were performed in duplicate. Additionally, control experiments
(without adsorbent) were simultaneously performed in order to
verify whether the analytes were stable throughout the experi-
mental time and under the working conditions.

The uptakes of DIP and DC by the NFNPs were calculated
as follows:

V(C, - C,p)

m

Geqg = ey
where C,, and C,, (mg L") represent the initial concentra-
tion and the concentration in the solution at equilibrium,
respectively. V (L) is the volume of solution and m (g) is the
mass of the adsorbent.

In the same way, the uptake of each analyte at each time, g,
(mg g~!), was calculated using Eq. 2:

v(C, - C,
szy )

m

where C, (mg L") represents the concentration in the solu-
tion at time ¢ (min).

Several substances were tested as DC and DIP desorbing
agents, including non-aqueous polar solvents, such as etha-
nol and methanol, and aqueous solutions of ascorbic acid
and sodium persulfate. Desorption studies were performed
with 3 mL of desorbing agents and assisted by ultrasonic
irradiation for 15 min.

3 Results and discussion
3.1 Physicochemical characterization of NFNPs

Figure 1 shows the results obtained from X-ray diffraction
(XRD), transmission electron microscopy (TEM) and mag-
netic measurements. The XRD pattern corresponded to a
pure nickel ferrite with a face centered cubic structure (He
et al. 2013). The average crystallite size (D5;,) was estimated
to be 16.6 nm from the Scherrer’s formula (Klug and Alex-
ander 1974) and resulted comparable to data reported in the
literature for NFNPs obtained by calcination (Shanmugavel
et al. 2015). These results were confirmed by TEM micro-
graphs, where polyhedral particles with a size of around
20 nm were observed. The synthesized NFNPs showed sat-
isfactory magnetic properties with a saturation magnetiza-
tion (Ms, 26 emu g~') smaller than that of the bulk material
(55 emu g~!) and exhibiting ferromagnetic behavior (Gold-
man 2006).

The isoelectric point (IEP) of the nanomagnetic particles
was 6.5, as obtained from electrophoretic mobility versus
pH data, in agreement with the IEP reported in the litera-
ture (Plaza et al. 2001), whereas surface area and average
pore volume were 49 m* g~! and 0.33 cm® g1, respectively.
Table 1 summarizes the physical characterization of NFNPs.

The results show that the used co-precipitation method
allowed obtaining nanomagnetic particles of nickel fer-
rite with a narrow size distribution, similar to the particles
obtained by other co-precipitation methods (Joshi et al.
2014). Their magnetic properties enable their removal from
a dispersion using simply a magnet (see below).

3.2 Evaluation of adsorption of DIP and DC
on NFNPs

Typical HPLC-UV chromatograms for DIP and DC solu-
tions used for calibration are shown as Supporting Informa-
tion (Fig. S1). Well-defined chromatographic peaks were
obtained for DIP and DC with retention times (Rt) of 4.8 and
16.3 min, respectively. Calibration curves (peak area vs. con-
centration) were constructed in the range 1.0-10 mg L™! for
DIP [Y = 53,404 (+789)X — 23,845 (+4211), R>=0.997]
and DC [Y =177,000 (+3689)X —36,329 (+20,273),
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Fig. 1 Physicochemical characterization of the synthesized NFNPs. (a) TEM micrograph (x270,000), (b) magnetization curve, (¢) XRD pattern

TNaI?II\?IJs Characterization of Physical characterization Experimental data Characterization technique

Specific surface area

BET surface area (Aggy) 49.63 m? g~! Nitrogen sorption isotherms

Average pore volume 0.33 cm® g™!
Size

Average diameter 16.6 nm X-ray diffraction (XRD)

20 nm Transmission electron microscopy (TEM)

Isoelectric point

pHpzc 6.5 Electrophoretic mobility
Magnetic properties

Ms 26 (emu g7 1)

Mr 2.7 (emu g~") Vibrating sample magnetometer

Hc 95 (Oe)
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R?=0.995]. Limits of detection (LODs), calculated as three
times the standard deviation of the regression line/slope
(Miller and Miller 2010), were 0.3 and 0.4 mg L™ for DIP
and DC, respectively.

Figure 2 shows an example of the chromatograms
obtained for a DIP solution before and after being in con-
tact with NFNPs in an adsorption experiment. The peak area
corresponding to DIP decreased significantly in the second
case, evidencing an important adsorption on the particles.
Besides this, an extra peak (Rt: 4.3 min) appeared after
being in contact with the particles. Although small, this peak
may affect quantification if corresponds to an unknown spe-
cies containing DIP, and thus some extra experiments were
performed in order to assign it. The more plausible candi-
dates for these species are soluble Fe**—DIP or Ni**-DIP
complexes, because the solid particles can release some Fe**
and Ni?* ions to the aqueous media and because DIP is a
good ligand for transition metal ions due to the presence of
its sulfonate group (Loginova and Konovalova 2008; Pierre
et al. 2007; Suarez et al. 2011; Teixeira and Dadamos 2009).
Chromatograms obtained for synthetic solutions containing
DIP + Fe** or DIP 4+ Ni** are shown in Fig. 2b. They clearly
show the presence of the peak at 4.3 min in both cases. In
Fig. 2c, in addition, it is shown that the peak becomes very
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small after adding 0.01 M EDTA to the mixture. EDTA is
a very strong ligand for metal ions and should displace DIP
from the Fe**—DIP or Ni**-DIP complexes. The results con-
firm the presence of a relatively small amount of metal-DIP
complexes in the supernatants of the adsorption experi-
ments. These complexes should be taken into account in
an accurate quantification. Moreover, the fact that DIP can
form complexes with iron and nickel ions in solution is a
very good indication that the substance can form surface
complexes with iron and nickel ions belonging to the surface
of NFNPs and adsorb significantly.

The same set of experiments was performed with DC,
but no extra peaks were observed. It is known that Fe**-DC
complexation can occur in aqueous solutions (Agatonovic-
Kustrin et al. 1997), although it seems to take place at unde-
tectable concentrations in our conditions.

3.2.1 Adsorption kinetics

Kinetic experiments were performed with 800 mg L™! of
NFNPs suspension and a sample volume of 10 mL at pH
5.8+0.2 (22 °C). At this pH, DC and DIP are mainly in their
anionic form, and they can act as good ligands to bind Fe**
and Ni?* at the surface (Table S1). Ultrasonic irradiation

24000
——DIP-Fe (lll) ==DIP-Ni (Il)
14000
4000
1 2 3 4 5 6 7
-6000 . .
time (min)

N
N T

-6000 -

Fig.2 Chromatograms of the following aqueous solutions: (a)
5 mg L~! DIP before (blue line), and after contact with NFNPs in
an adsorption experiment (red line). Experimental conditions: sam-
ple volume, 10 mL; NENPs amount, 8 mg; ionic strength, 0.01 M;
temperature, 22 °C; pH, 5.8; contact time, 30 min (b) 5 mg L!

time (min)

DIP+6.8 mM Fe** (diluted 1:2 prior to analysis, blue line), and
5 mg L™! DIP+3.4 mM Ni** (red line). (¢) DIP+3.4 mM Ni**
(dashed line), and the same mixture containing also 0.01 M EDTA
(blue line). (Color figure online)
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was preferred to mechanical assistance for the removal of
both drugs from the aqueous solution because ultrasonic
assistance can induce major dispersion of NFNPs and thus
improve the adsorption. Kinetic data obtained for DIP and
DC are shown in Fig. 3. The q, versus time t curves show that
most of the adsorption occurs during the first 20 min. Hence,
20 min were enough to achieve rather invariable adsorption
values. The results are in agreement with those reported in
the literature when acidic pharmaceuticals, including DC,
were removed from aqueous solution (Gil et al. 2018).

3.2.2 Adsorption isotherms

The adsorption isotherms of DIP and DC onto NFNPs are
depicted in Fig. 4. At low equilibrium concentrations the iso-
therms run closely for both substances, with DIP having a
slightly higher affinity for the surface than DC. At high con-
centrations, however, the differences between the isotherms
become stronger, reaching maximum adsorption values of
around 31.2 mg g~! for DIP and 16.8 mg g~! for DC. The
results suggest that the sulfonate group of DIP behaves as a
better ligand than the carboxylate group of DC (see molecular
structures in Table S1). The strong differences at high con-
centrations may arise from the different chemical structures
of the analytes, leading to different conformations of the mol-
ecules at the surface, and thus to different effective surface
areas occupied by them. It has been recently proposed that t—r
interactions and C—H---x hydrogen bonds between DC mol-
ecules can generate possible micelle-like aggregates in water
(Kozlowska et al. 2018). These molecule-molecule interac-
tions could also affect differently the adsorption of DC and
DIP. In addition, it has been also proposed a possible steric
hindrance of the carboxylic group of DC due to the interaction
with water molecules even in diluted solutions (Levina et al.
2018). Either molecule—molecule interactions or steric hin-
drance could affect DC adsorption as compared to DIP adsorp-
tion, but there is no clear information on this so far. The shape
of the DC isotherm is similar to the shape of the isotherms
reported in the literature when this drug was adsorbed onto
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Fig.4 Equilibrium adsorption isotherms of DIP and DC onto NFNPs
at pH 5.8

hybrid-sericite support (Tiwari et al. 2015) or activated carbon
(de Franco et al. 2018). Concerning DIP, there are not detailed
information in the literature to compare the adsorption under
equilibrium conditions.

3.2.3 Competitive adsorption of DIP and DC in binary
mixtures

Adsorption experiments were also performed in binary mix-
tures of DIP and DC aiming to evaluate their influence on the
adsorption process for further application in practical situa-
tions. Drugs were mixed in 0.5, 1.0 and 2.0 molar ratio and
contact time was set as 20 min, considering that after this time
the systems were close to equilibration, as shown for single
systems (Fig. 3). The removal efficiency (%) was calculated
as follow:

Co- C
R = =9 o 100% 3)
B 2
T ; .
z 1
o
et o
;_’ I
o .\r
0 10 20 30 40

time (min)

Fig. 3 Adsorption kinetic data for (a) DIP, initial concentration of 5 mg L~! and (b) DC, initial concentration of 3 mg L~
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where Co is the initial concentration (mg L™!) and C is the
remaining concentration after adsorption. The adsorption
of DC was significantly decreased by the presence of DIP,
e.g., when the initial concentration of DIP was twice the
initial concentration of DC (molar ratio 2), DC adsorption
was seven times smaller than in absence of DIP (Fig. 5a). On
the contrary, the adsorption of DIP was virtually not affected
by the presence of DC in the solution (Fig. 5b). Thus, the
higher affinity of DIP for the surface becomes evident with
this type of experiments.

3.3 Evaluation of desorption of DIP and DC

Based on the previous results and the stable adsorption of both
drugs on NFNPs, adsorbent regeneration and/or recovery of
analytes was evaluated. Two different organic solvents, metha-
nol and ethanol, and two different solutes in water, ascorbic
acid and potassium persulfate were tested. The results are
listed in Table 2. The highest desorbed fraction was observed
for DC when using methanol (60% of pre-adsorbed mass),
while DIP was not recovered in the extract when using organic
solvents. It can be associated to the differences in the solubil-
ity of both pharmaceuticals in the solvents and the specific
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Fig.5 Evaluation of simultaneous adsorption of DIP and DC on
NENPs (Concentration of each analyte: 3 mg LY, (a) removal effi-
ciency (%) for DC and (b) removal efficiency (%) for DIP

Table 2 Recovery of pre-adsorbed analytes using different desorbing
agents (experimental conditions: 800 mg L™' of NENPs; 10 mL of
DIP-DC mixture, 5.0 mg L~! of each drug; 3 mL of eluting solvent;
agitation time of 15 min)

Analyte  Desorption efficiency (%)*
Potassium per-  Ascorbic acid Methanol  Ethanol
sulfate 2% m/v) (2% m/v)

DIP 102+1.1 35.6+1.3 - -

DC - 9.5+0.6 60.5+1.7 219+2.1

#Mean of three replicates (n=3)

interactions with the adsorbent (Table S1). In this case, DIP
was properly released by 2% m/v aqueous ascorbic acid as
desorbing agent (35% of pre-adsorbed mass).

Ascorbic acid (vitamin C, AH,) is a water-soluble ketol-
actone with two ionizable hydroxyl groups. It has two pKa
values (pK1: 4.2 and pK,: 11.6) being ascorbate (AH™) the
dominant specie at near neutral pH condition. It is known
that this molecule is a good ligand for transition metal ions
(Boatright 2016; Davis 1992; Gorman and Clydesdale
1983; Harel 1994) and that it readily adsorbs on iron oxides,
such as magnetite nanoparticles and magnetite entrapped
calcium-alginate beads (Sonmez et al. 2016; Sreeja et al.
2015). Thus it should compete with DIP for adsorption sites
and displace it from the nickel ferrite surface.

Hence, the obtained results show that it is possible the
selective desorption of analytes by performing a sequential
rinsing procedure with the selected solvents. This proce-
dure was checked applying the following rinsing protocol:
(1) NFNPs were mixed with 3 mL of methanol and soni-
cated during 15 min for desorption of DC. After magnetic
recovery of the adsorbent, the extract was directly analyzed
by HPLC-UYV. Then, the same procedure was performed
with 3 mL of ascorbic acid solution to release DIP from the
NFNPs. As can be seen in Fig. 6, the chromatographic peaks
for DC and DIP were selectively obtained after implementa-
tion of the protocol.

The reusability of the sorbent was also evaluated after
rinsing it with 3 mL of deionized water during 5 min, aiming
to remove traces of methanol and ascorbic acid. The results
indicate that the adsorbent maintained its performance for
four cycles and then it decreased dramatically (Fig. S2). This
can be attributed to the strong binding of ascorbic acid to
the NFNPs surface (Sreeja et al. 2015), which affects the
available sorption sites.

3.4 Evaluation of matrix effect on DIP and DC
adsorption and comparison with other sorbents

Regarding the evaluation of matrix effects, that is the
components of a sample other than the analyte, expected

@ Springer
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Fig. 6 Selective desorption of analytes using methanol (DC desorption) and 2% m/v ascorbic acid (DIP desorption). Inset: sequential pictures for
the capture of NFNPs in aqueous solution by an external magnetic field (Nd magnet)

to be present in more complex water samples, adsorption
experiments were performed in tap water and artificial sea
water aiming to evaluate the effect of co-existing ions,
such as chloride, carbonate, phosphate and sulfate on the
adsorption process. Figure 7 shows that the adsorption
of both analytes decreased significantly when the sample
became more complex (t . >4.76; t,,=2.31; a=0.05;
v=2_8). In fact, a decrease of c.a. 10% was observed for
tap water (TW) and c.a. 35% for artificial sea water (SW)
when compared to the adsorption in ultrapure water (UW).
The effects are attributed in both cases to the possible
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competition for the sorption sites that takes place in this
type of adsorbent (Chunming 2017).

Up to now, DIP and/or metabolites have been only
retained on polymeric reversed phase sorbents (Gyenge-
Szabd et al. 2014; Szabd et al. 2013) or with mixed-mode
reversed phase/anionic exchange sorbent (Paiga et al. 2015).
Concerning DC, many papers have been published in the
literature where the central aim was to evaluate the ability
of different materials for removal of this drug from aque-
ous solution. For example, adsorption capacities lower than
1 mg g~! have been achieved when using sericite-hybrid
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Fig.7 Removal efficiency of DIP and DC from different water sam-
ples under optimal conditions (UW ultrapure water, TW tap water, SW
sea water)

materials (adsorbent dosage 2.0 g L™!) (Tiwari et al. 2015)
and hybrid-materials such as organoclays prepared with
two long-alkyl chains cationic surfactants (De Oliveira
et al. 2017). In the same way, this compound has been
recently removed using both, a column packed with acti-
vated carbon (adsorbent dosage 1.0 g) and batch conditions
(adsorbent dosage 12.5 g L™!) with an adsorption capacity
of 1 mg g~! at 25 °C when the equilibrium concentration
was 100 mg L™! (de Franco et al. 2018). In fact, DC has
been successfully removed from aqueous solution only using
modified-multiwalled carbon nanotubes (Hu and Cheng
2015) and by carbon nanotubes/Al,O; composites (Wei et al.
2013). Nevertheless, the cost of carbon nanotubes is higher
than the proposed material as pointed out in the literature
(Wang et al. 2016), which represents an important factor for
large-scale applications. As can be seen, the bare NFNPs
used in this study allows obtaining satisfactory results if
compared with these recently published works where more
sophisticated adsorbent materials were employed.

4 Conclusion

In the present work NFNPs were used, for the first time, for
the simultaneous removal of two polar pharmaceutical com-
pounds, DIP and DC, from aqueous solution. The NFNPs are
easy to synthesize and simple to recover due to its magnetic
properties which represent an economic alternative to the
traditional sorbents. Adsorption on these nanoparticles was
found to be a favorable process for both drugs. Additionally,
it is possible the controlled release of the adsorbed mol-
ecules by using a sequential rinsing protocol with methanol
and ascorbic acid. It makes possible the reuse of NFNPs for
successive dynamic processes. From the present study, the
application of these bare NFNPs could be extended toward
the removal of other polar pharmaceutical compounds in
aqueous solution.
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