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This study describes a miniaturized approach for liquid-liquid microextraction based on mass transfer into low
volume of deep eutectic solvent and magnetic phase separation, using specially produced magnetic chromium
dioxide nanoparticles with a hydrophobic surface layer of fatty acids. The nanoparticles modified with fatty acid
helped to recover low volumes of viscous hydrophobic deep eutectic solvent-based extract reproducibly and
easily (up to 10 pL) in a microextraction procedure with the application of magnetic forces. It was demonstrated
that the collector properties depend on nanoparticles’ surface and magnetic characteristics. The developed
approach was implemented for the separation and preconcentration of trace fluoroquinolone antibiotics from
environmental waters prior to their determination by high-performance liquid chromatography with fluoro-
metric detection as a model analytical task. The limits of detection, calculated from a blank test based on 3o,
were 0.01 pg L™! for ofloxacin, 0.02 pg L™ for lomefloxacin and fleroxacin, and 0.04 pg L™! for norfloxacin. The
procedure provides significant solvent reduction and high enrichment factors. The approach is green, which is

proved by the analytical eco-scale assessment tool with the total score equal to 85 out of 100.

1. Introduction

Deep eutectic solvents (DESs) have attracted the attention of re-
searchers in several areas of science and technology in recent years due
to various reasons. These solvents are considered as a green alternative
to conventional organic solvents due to their beneficial characteristics,
such as high thermal stability, negligible vapor pressure, non-
flammability, and miscibility with different solvents [1]. Usually, pre-
cursors used for the preparation of DESs are inexpensive, non-toxic [2,
3], and often biodegradable [4]. DESs are widely used for organic and
inorganic synthesis [5,6], in electrochemical deposition of metals for
obtaining composite materials [7], as electrolytes for solar cells [8], as
modifiers of various materials (magnetic nanoparticles (MNPs)) [9],
sensors [10], and quantum dots [11]), and for liquid-liquid micro-
extraction (LLME) [12,13].

Recently, hydrophobic DESs were found to be efficient for separation
and preconcentration of various organic compounds from aqueous
matrices [14-19]. The first hydrophobic DESs were formed based on
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interaction between carboxylic acids as hydrogen bond donors and
quaternary ammonium salts as hydrogen bond acceptors [20]. Later, it
was shown that DESs based on carboxylic acids and tetrabutylammo-
nium bromide were unstable in aqueous phase due to the dissolution and
dissociation of the quaternary ammonium salt in water [13]. Mean-
while, hydrophobic DESs based on carboxylic acids and terpenoids are
stable in a wide range of aqueous samples, from which target analytes
can selectively be separated into the DESs with high enrichment factors
(EFs) [21,22].

However, LLME procedures based on hydrophobic DESs have several
drawbacks; as the hydrophobic precursors (such as terpenoids and fatty
acids) of these DESs are incompatible with chromatographic separation
and detection in water-polar organic solvent mixtures. Usually, DESs are
diluted by polar solvents before used in chemical analysis [23,24],
including back extraction of target analytes into aqueous phase [25].
Other drawbacks of DESs are their relatively high viscosity and low
density, which makes their collection in micro-liter amounts difficult
and irreproducible. Several approaches for the elimination of these
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drawbacks are presented in literature; one of them is based on the so-
lidification of floating organic droplet [26-28], by which the extract
phase could solidify in ice bath or refrigerator for easy collection. In this
case, the extraction solvent (DES) with low density and a particular
freezing point floats above the aqueous phase and solidifies at low
temperature. The extract phase is then analyzed after melting [29].
DES-based ferrofluids, known to be stable and uniform solid-liquid
composite materials consisting of magnetic nanoparticles (MNPs) sus-
pended in base fluids, have also been used as extraction solvents [30].
These ferrofluids are typically prepared by coating nanoparticles with
already-prepared DESs. After an aqueous sample is mixed with a
DES-based ferrofluid, the obtained extract phase can be separated by an
external magnetic field without centrifugation. Since DES-based ferro-
fluids are not suitable solvents for analytical instrumentation, a back
extraction step is typically required before analysis.

In this work, a new approach is suggested for miniaturized LLME
based on mass transfer into low volume of DES followed by magnetic
phase separation, using MNPs. The work demonstrates the use of MNPs
as an extract phase collector, which allows significant reduction in DES
consumption (down to 10 pL) without decrease in reproducibility. For
the first time, MNPs have been used to reproducibly and easily recover
microliter amounts of viscous hydrophobic DES-based extracts in an
LLME procedure by the application of magnetic forces. Previously re-
ported study [31] devoted to the topic involved simultaneous addition
of MNPs and hydrophilic DES in a relatively large volume (200 pL) to the
sample followed by solid-phase extraction and liquid-liquid extraction
proceeding at the same time.

The developed approach was implemented for the separation and
preconcentration of fluoroquinolones (ofloxacin, lomefloxacin, flerox-
acin, and norfloxacin) from environmental water samples prior to their
determination by high-performance liquid chromatography with fluo-
rometric detection (HPLC-FLD) as an analytical task model. Fluo-
roquinolones are synthetic broad-spectrum antibiotics used in human, as
well as veterinary medicine for the treatment of various bacterial in-
fections [32]. Fluoroquinolones consumed by humans or livestock by
oral or parenteral means of administration are subsequently excreted
into the environment, most commonly, in active form [33]. The entry of
these drugs into the environment, especially, into water systems, leads
to the development of antibiotic resistant bacteria. There is also evi-
dence of genotoxicity of fluoroquinolones [34], which makes their
presence in the environment, even in trace amounts, extremely
dangerous. Thus, the determination of fluoroquinolones in environ-
mental water samples is of great importance for environmental
monitoring.

2. Experimental
2.1. Reagents and solutions

All chemicals and reagents were of analytical grade. Ultra-pure water
from Millipore Milli-Q RG (Millipore, USA) was used. Ofloxacin, lome-
floxacin, fleroxacin, norfloxacin, thymol, hexane, Na,HPO4 and
NaH,PO4, hexanoic, heptanoic, octanoic and nonanoic acids were pur-
chased from Sigma-Aldrich (Germany). Methanol was purchased from J.
T. Baker Chemical Company (USA). CrOs, Cry0s, and FeyOs, used for
magnetic nanoparticles production, were purchased from Nevareactiv
(Russia). SbC2040H was synthesized as described in literature [35].

Stock solutions of analytes (1.0 g L™}) were prepared by dissolving
the corresponding amounts of substances in 0.01 mol L™! NaOH. The
stock solutions were stored in a dark place at 5 °C and used within 1
month. Working solutions of fluoroquinolones were prepared immedi-
ately before the experiments by dilution of the stock solutions with ultra-
pure water. Phosphate buffer solution (pH 6.4) was prepared by mixing
of 0.05 mol L™ NayHPO, and 0.05 mol L™ NaH,PO4 (255:745, v/v),
and adjusted with 1 mol L™! NaOH.
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2.2. Apparatus

Chromatographic separation was carried out, using LC-20 Promi-
nence liquid chromatographic system with fluorometric detection
(Shimadzu, Japan).

Surface modification of CrO, nanoparticles was carried out, using an
ultrasonic homogenizer Sonoplus HD2070 (Bandelin, Germany) and
Unimax 1010 orbital shaker (Heidolph, Germany). Centrifugation was
carried out with LV-1006 centrifuge (ELMI, Latvia).

The phase composition of obtained MNPs was studied, using a D2
Phaser diffractometer (Bruker, USA), operated at 30 kV, 10 mA, with Cu
Ka radiation (wavelength 1.5406 [D\). The X-ray diffraction (XRD)
pattern was recorded in the 26 range from 25° to 95° with scanning step
of 0.02°. The crystallite size was calculated using Debye-Scherrer’s
formula for different X-ray reflections.

FTIR spectra were recorded by an IRAffinity-1 spectrophotometer
(Shimadzu, Germany) in the region of 400-4000 cm " using KBr pellets
(in case of nanoparticles) or directly in the region of 1500-4000 cm ™},
using attenuated total reflection attachment (in case of DES precursors
and DES phase).

Morphological analysis was carried out by high-resolution TEM
(HRTEM) analysis, using a TM-1000 transmission electron microscope
(Hitachi, Japan). The average particle size and their distribution were
determined from TEM images within ImageJ program, measuring more
than 100 particles. The data were fitted to the log-normal distribution.
The mean value of the fit was taken as the average particle size. SEM
analysis was performed, using a Zeiss Merlin electron microscope (Carl
Zeiss AG, Germany), equipped with EDS detector (Oxford Instruments
INCA x-act, Great Britain).

Specific surface area (SSA) was estimated by the Brunauer-Emmett-
Teller method on a surface area analyser, Micromeritics ASAP-
2020MP (Micromeritics Instrument. Corp., USA). SSA values were
calculated based on the TEM data by the following equation: SSA = dip,

where d — nanoparticle thickness, p — CrO, density. The comparison of
experimental and calculated SSA values was used to confirm the accu-
racy of size estimation from TEM data.

Dynamic light scattering (DLS) experiments and zeta potential
analysis were carried out with a SZ100 Analyzer (Horiba Jobin Yvon,
Japan).

Magnetic measurements were carried out with a Lake Shore 7410
vibration sample magnetometer (VSM) (Lake Shore Cryotronics, USA) at
room temperature.

NMR spectroscopy for DES and its precursors was carried out with a
NMR spectrometer Bruker AVANCE IIITM 400 MHz (Bruker, USA).

2.3. Preparation of DESs

DESs were prepared according to procedure presented in literature
[36]. The hydrogen bond acceptor (thymol) was mixed with the
appropriate fatty acid (hexanoic, heptanoic, octanoic and nonanoic
acids) at molar ratio of 1:1, and the mixtures were heated at 60 °C with
stirring until transparent viscous liquids were obtained. DESs were
stored at room temperature.

2.4. Synthesis of MNPs

The synthesis of CrO, nanoparticles was carried out as described in
literature [35]. For this, 214.0 g of CrOs, 82.0 g of Cry03, 3.3 g of
SbC2040H and 16.5 g of Fe;O3 were mixed with 100 mL of ultra-pure
water and maintained under hydrothermal conditions at 330°C for 2 h
in an autoclave. After that, the autoclave was cooled to room tempera-
ture. The resulting black precipitate was collected, washed with
ultra-pure water three times for 20 min, and air-dried at 100 °C for 5 h.

For surface modification of MNPs, 200.0 mg of obtained CrO, pow-
der, 20.0 mg of carboxylic acid (hexanoic, heptanoic, octanoic or
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nonanoic acid) and 5 mL of ultra-pure water were mixed, sonicated (325
W, 35 kHz) for 10 min and shaken for 30 min (1200 rpm). The modified
MNPs were collected by centrifugation (7000xg, 2 min), washed once
with ethanol and freeze-dried.

2.5. Samples

Two different environmental water samples were analyzed. River
water (the Neva River, St. Petersburg) and lake water (St. Petersburg)
were collected during the autumn season in glass bottles. Samples were
filtered through a hydrophilic (cellulose acetate) filter (0.45 pm) and
stored in a dark place at 5 °C. The pH of all samples was in the range of
5-7; thus, no pH adjustment was required.

2.6. Microextraction procedure

10 pL of DES based on thymol and nonanoic acid (molar ratio 1:1)
and 5 mL of environmental water sample with pH from 5 to 7 (prepared
according to 2.5) were manually mixed in a polypropylene vial for 3 min
(Fig. 1). The collector (chromium dioxide MNPs, modified with non-
anoic acid, 5.0 mg) was added to the mixture in the vial, and the
resulting suspension was shaken manually for 1 min A magnet was
brought to the wall of the vial, and the aqueous phase was aspirated into
a syringe, while the collector, dampened by the extract phase, con-
taining analytes, was held by the external magnet. Finally, 50 pL of
methanol was added into the vial, and extract dissolution was carried
out for 3 min by manual stirring. The MNPs were collected by the
magnet, and analyte solution in methanol (30 pL) was aspirated into a
chromatographic syringe and introduced into the HPLC-FLD system for
analysis.

2.7. HPLC-FLD analysis

Chromatographic separation was carried out with a Supelco C18
column (250 mm x 4.6 mm, 5 pm). Mobile phase, consisting of solvent A
(phosphate buffer solution, pH 6.4) and solvent B (methanol), was used
for the determination of fluoroquinolones. Separation of analytes was
carried out in isocratic elution mode. The concentration of solvent A was
55%, whereas the concentration of solvent B was 45%. The flow-rate
was 0.70 mL min~!. The excitation and emission wavelengths were
278 and 456 nm, respectively. The temperature of the chromatographic
column was 30 °C. The injection loop volume was 20 pL.

3. Results and discussion
3.1. Optimization of extraction in DES phase

3.1.1. DES composition and preliminary studies
Previously, hydrophobic DESs based on thymol and fatty acids

Fluoroquinolones Mixing Mixing
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(hexanoic, heptanoic, octanoic, and nonanoic acids) were investigated
for fluoroquinolones extraction. In all cases, DESs based on thymol and
fatty acids at 1:1 M ratio of precursors were viscous liquids at room
temperature. For fluoroquinolones extraction, 100 pL of DES and 2.0 mL
of working analyte solution (0.1 mg L-1) were manually mixed for 10
min, and after phase separation by centrifugation (7000xg, 3 min),
analysis of the aqueous phase and DES phase was performed. The results
show that, increase in hydrophobicity of the fatty acid precursor of DES
had a positive effect on the extraction recovery (ER, %) (Fig. 2 A). The
highest ER was observed for the hydrophobic DES based on thymol and
fatty acid with the longest hydrocarbon chain (nonanoic acid) due to its
least solubility in aqueous phase.

The effect of molar ratio of DES precursors on the extraction effi-
ciency of fluoroquinolones was also investigated by manual mixing of
500 pL of DES and 500 pL of working analyte solution (0.1 mg L-1) for
10 min, phase separation by centrifugation and further analysis of the
aqueous phase and DES phase. Mass transfer of fluoroquinolones in
nonanoic acid phase and thymol phase was characterized by 28-40%
and 50-80% ER values, respectively. However, DES based on thymol
and nonanoic acid with molar ratio of 1:1 showed the best extraction
ability (Fig. 2 B); a phenomenon that can be due to synergetic combi-
nation of van der Waals forces between aromatic cycles of thymol and
fluoroquinolones (rn-n interactions) and hydrogen bonding between the
hydroxyl group of thymol or carboxyl group of nonanoic acid and the
hydroxyl groups of fluoroquinolones (ESM Fig. 1).

The synergetic effect of DES based on thymol and nonanoic acid was
confirmed by comparing the experimental and calculated distribution
coefficients of extraction. The experimental distribution coefficients
were observed to be higher than the coefficients calculated by the ad-
ditive scheme. The experimental distribution coefficients (D;) of the
extraction system (aqueous phase and DES, 1:1, v/v) were determined as
the concentration of fluoroquinolones in DES phase (Cpgs) divided by
their concentration in aqueous phase (Cy) after phase separation: D; =
Cpes/Cag- The additive distribution coefficients (Daqq) were calculated
for various molar ratios of thymol (y1) and nonanoic acid (¥2): Dggg =
Dexp1-41 + Dexp2-¥2, Where Dexpy — distribution coefficient for thymol;
Dexp2 — distribution coefficient for nonanoic acid. The synergy coeffi-

cient (k) was calculated according to the following equation: k = lg(g:‘;).

The dependence of the experimental distribution coefficients on DES
composition (extraction isotherms) is represented in Fig. 3. The
extraction isotherms, as well as the synergy coefficient values higher
than zero (Table 1), indicate the presence of synergetic effect. The
optimal DES composition, y; = 0.50 and y2 = 0.50, provided the
maximum synergetic effect. Among the studied fluoroquinolones,
ofloxacin, which is the most hydrophobic analyte, had the highest dis-
tribution coefficient.

To confirm the established patterns thermodynamic partition co-
efficients were determined in the work. Two-phase system consisting of
1-octanol and water is widely used to estimate hydrophilicity of a sub-

Mixing

solution 2

Addition of DES Addition of CrO, MNPs

modified with fatty acid

Withdrawal of
aqueous phase

Magnet

Addition of eluent

HPLC-FLD analysis

Fig. 1. Graphical representation of LLME with hydrophobic DES followed by magnetic phase separation.
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Fig. 2. Investigation of appropriate DES composition for extraction of fluoroquinolones into DES phase (fluoroquinolone concentration 0.1 mg L™1): A. Effect of
hydrogen bond donor type on extraction recovery (molar ratio of thymol to fatty acid 1:1, volume of sample solution 2.0 mL, volume of DES 100 pL, pH = 6,
extraction time 10 min); B. Effect of thymol content in DES on extraction recovery (volume of sample solution 500 pL, volume of DES 500 pL, pH = 6, extraction time

10 min).
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Fig. 3. Effect of DES composition on distribution coefficient (fluoroquinolone
concentration 0.1 mg L™}, volume of sample solution 500 pL, volume of DES
500 pL, pH = 6, extraction time 10 min).

stance. Thermodynamic partition coefficients between 1-octanol and
water (Kp) is defined as Z—;, where q, is the equilibrium activity of the

neutral (zwitterionic and molecular) species in 1-octanol phase, and a,,
is the equilibrium activity of the neutral (zwitterionic and molecular)
species in aqueous phase. Kp values at pH 7 for norfloxacin, lome-
floxacin, fleroxacin and ofloxacin are equal to 0.100, 0.146, 0.294 and
0.526, respectively [37]. A higher Kp value represents a higher hydro-
phobicity of the analyte, and thus, a greater fraction of the molecules of
the analyte are extracted into 1-octanol phase. Thus, Kp values explain
distribution coefficients of the analytes in the studied extraction sys-
tems; and can be said to have influence on the extraction of analytes in
DES phase. Another important feature of these compounds is related to
the proportion of their zwitterionic and molecular forms in solution. As
can be found in literature [38], the ratios of concentration of zwitter-
ionic form to molecular form for lomefloxacin, fleroxacin, ofloxacin and
norfloxacin are 3018, 435, 146 and 118, respectively. This data shows
that lomefloxacin has significantly more zwitterionic species compared
to the other fluoroquinolones. Norfloxacin, with the lowest Kp value of
0.100, and thus, the least hydrophobic analyte, is mostly in its molecular
than zwitterionic form. The oppositely charged groups of zwitterionic

species accounts for their higher polarity compared to molecular
species.

3.1.2. Effect of pH

The pH of aqueous phase has significant influence on the behavior of
fluoroquinolones. The analytes studied have two dissociation constants
[39]: pKa; = 6.05 and pKay = 8.22 for ofloxacin, pKa; = 5.82 and pKay
= 9.30 for lomefloxacin, pKa; = 6.30 and pKay = 8.38 for norfloxacin,
and pKa; = 5.46 and pKay = 8.10 for fleroxacin. At pH < pKa;, analytes
exist mainly in cationic forms. Neutral molecular and zwitterionic forms
are predominant at pKa; <pH < pKay. At pH > pKay, deprotonation of
more than 50% of fluoroquinolone molecules occurs with the formation
of anionic forms. Since DES based on thymol and nonanoic acid is hy-
drophobic, mass transfer of neutral molecular and zwitterionic forms to
the DES phase can be performed effectively. The effect of pH (1-7) on
mass transfer of fluoroquinolones to DES phase was studied. The pH of
each working solution was adjusted with 1 mol L~} HCl or NaOH. Then,
100 pL of DES was added to 4 mL of the solution, and manually mixed for
10 min. Phase separation was carried out by centrifugation before
phases analysis. Mass transfer in alkaline media was not studied because
the DES decomposes in such conditions due to the ionization of thymol
and nonanoic acid. It was found that pH less than 5 resulted in
decreasing ERs because fluoroquinolones exist in cationic forms at these
conditions (Fig. 4 A). Therefore, neutral media is more appropriate for
fluoroquinolones mass transfer.

3.1.3. Effect of DES volume

The extraction solvent volume is an important microextraction
parameter, which can influence the ER, EF, as well as the sensitivity of
the developed method. Varied volumes (5-80 pL) of DES were injected
into 5 mL of aqueous sample with a micropipette. Manual mixing was
carried out for 10 min, followed by centrifugation and aqueous phase
aspiration for further analysis. High viscosity of DES phase makes its
collection in micro-liter amounts (less 50 pL) difficult and irreproduc-
ible. The reproducibility of analyte extraction in DES phase is an
important factor for providing suitable overall reproducibility of the
microextraction procedure. To estimate effect of the extraction solvent
volume in micro-liter amounts only aqueous phase was analyzed after
centrifugation. The initial and residual concentrations of fluo-
roquinolones in the aqueous phase were considered to calculate EFs.
High EFs and satisfactory reproducibility values were achieved, using
10.0 pL of DES (Fig. 4 B). Higher DES volumes led to dilution effect.

3.1.4. Effect of ionic strength
It is known that the ionic strength of a sample solution can affect ERs
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Table 1

Distribution coefficients and synergy coefficients for DESs based on thymol and nonanoic acid.
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[40]. Different widely-used salting-out agents (sodium chloride, sodium
sulfate, and sodium nitrate) were studied at 5% concentration in the
sample. The experimental investigations showed no difference in ER
values with or without the salting-out agents (ESM Fig. 2 A). Thus,
further studies were performed without addition of salts.

3.1.5. Effect of extraction time

To study the effect of extraction time on mass transfer of fluo-
roquinolones, 10.0 pL of DES was chosen for analyte separation. In this
instance, slow extraction kinetics could be observed due to high sample-
to-extractant phase ratio. The aspirated aqueous phases after extraction
were analyzed as mentioned before. Mixing time of 3 min was optimum
to obtain equilibrium in the extraction system (ESM Fig. 2 B).

3.2. Optimization of DES phase collection with MNPs

Though, 10.0 pL of the extract could not be reproducibly aspirated
with pipette, MNPs served as an effective extract phase collector. In this
research, MNPs based on surface modification of CrO, particles with 6-9
hydrocarbon chain fatty acids were investigated as collectors of the
extract phase. CrO2 was chosen based on its stability and excellent
magnetic properties [35]. The data on characterization of obtained
MNPs is presented in Section 3.4.2.

The highest chromatographic peak areas were observed for MNPs
with surface modified by octanoic and nonanoic acids (ESM Fig. 3 A).
These two types of MNPs, with sparse modification layer, exhibit
stronger magnetic characteristics according to the data presented in
Section 3.4.2. Sparsity of the modified surface layer of MNPs promotes
both hydrophilic and hydrophobic interactions between MNPs and DES
containing analytes. This phenomenon is in agreement with reported
observation in literature [41]. Stronger hydrophobic interactions were
observed between DES and the MNPs with increasing length of hydro-
carbon chain of fatty acids as surface-modifiers. Further experiments
were conducted with CrO, MNPs, modified with nonanoic acid, due to
low solubility of the modifier; and thus, high stability of the MNPs in
aqueous phase.

The available collector surface area depends on the mass of nano-
particles. The mass of nanoparticles was varied in the range of 1-7 mg;
and 5.0 mg was chosen as optimal, because this provided maximum
chromatographic peak areas at minimum nanoparticles consumption
(ESM Fig. 3 B).

3.3. Elution procedure optimization

Elution of DES phase containing analyte from the collector was
required to obtain solution compatible with HPLC-FLD system. The
elution efficiency depends on the properties of the eluent. Three polar
solvents (acetonitrile, methanol, and isopropanol) were investigated as
eluents; and satisfactory separation of the analyte signals under the
selected chromatographic conditions was achieved only with methanol.
Thus, for the best compatibility with chromatographic separation,
methanol was used as a component of the mobile phase.

The effect of eluent volume on chromatographic peak areas was
studied. Minimum eluent volume of 50 pL provided maximum peak area
values (ESM Fig. 4 A). At higher eluent volume, dilution effect was
observed.

Different elution times (1, 3 and 5 min) were also studied. It was
established that mass transfer in methanol was fast, and 3 min was
enough to complete the elution of fluoroquinolones from the collector
(ESM Fig. 4 B). The chromatograms of the initial aqueous solution of
fluoroquinolones and eluate from MNPs are presented in ESM Fig. 5.

3.4. Investigation of extraction phase and extract collector

3.4.1. Characterization of DES
To confirm the formation of DES, 'H NMR and FTIR spectra of
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Fig. 4. Investigation of appropriate experimental conditions for extraction of fluoroquinolones into DES phase (fluoroquinolone concentration 0.1 mg L™'): A. Effect
of pH on extraction recovery (molar ratio of thymol to nonanoic acid 1:1, volume of sample solution 5 mL, volume of DES 10 pL, extraction time 10 min); B. Effect of
volume of DES on extraction recovery (molar ratio of thymol to nonanoic acid 1:1, volume of sample solution 5 mL, pH = 6, extraction time 10 min).

thymol, nonanoic acid and DES were obtained (ESM Figs. 6 and 7). B
NMR spectra were recorded in CDCl3 and calibrated according to the
residual peak of CHCl3 (7.26 ppm). In the DES spectrum, the signals
corresponding to the proton of the hydroxyl group of thymol at 4.62
ppm and the proton of the carboxyl group of nonanoic acid at 11.10 ppm
were shifted, overlapped and formed one broad peak at 7.65 ppm. Thus,
displacement of signals related to the protons of the carboxyl group of
nonanoic acid, and the hydroxyl group of thymol was observed. The
formation of hydrogen bond led to the proton belonging simultaneously
to two molecules (thymol and nonanoic acid). Furthermore, signal
broadening was observed because of the formation of hydrogen bonds
and active intermolecular proton exchange between the two precursors;
and thus, the 'H NMR spectrometer recorded all the positions of the
bound proton in time. This phenomenon can be considered as a
confirmation of the formation of DES [42]. Additional confirmation is
the shift of peak corresponding to the stretching vibration of the hy-
droxyl group of thymol from 3250 to 3420 cm ™! in the FTIR spectrum
along with its broadening, showing the involvement of the hydroxyl
group in hydrogen bond formation, as reported in literature [43,44].

3.4.2. Characterization of MNPs

In accordance with XRD data (ESM Fig. 8 A), as-prepared CrO MNPs
have a common tetragonal P4,/mnm crystal structure (marked as filled
square, ICDD card # 01-084-1821). The observed two low intensity
peaks from Cry03 (marked with open circles, ICDD card # 01-070-3766,
6% based on semi-quantitative analysis) correspond to the transfer from
bulk CrO; phase and surface f-CrOOH phase (marked as open squares,
ICDD card # 01-070-1115).

TEM image (ESM Fig. 8 B) demonstrated the needle-like nano-
particles with the thickness of 20.5 + 1.0 nm (ESM Fig. 8 B, in the
insert). The obtained result was in good agreement with SEM data (ESM
Fig. 9 A) and experimental SSA value of 30 m? g~!. In addition, the
MNPs crystallite size, calculated from XRD data, was equal to 23.9 + 1.0
nm. The close value of TEM size and XRD crystallite size indicated that
MNPs are monocrystalline. This was confirmed by SAED data (selected
area of electron diffraction, ESM Fig. 8 D), which shows the single points
that are typical for monocrystalline samples.

The FTIR spectra of CrOy MNPs (ESM Fig. 10, grey line) shows the
peaks related to CrO, in a range of 500-1200 cm ™!, marked as filled
square [45,46]. The additional peaks detected near 470, 1400 and 1520
cm !, marked as open square, are associated with $-CrOOH [45,46].
Furthermore, the peaks observed at 1618 and 3430 cm ™! are typical for
oxide materials and are caused by surface hydroxyl groups and adsorbed
water.

The VSM data for CrOo MNPs (ESM Fig. 8 C) represent the typical
ferromagnetic behavior with the expressed magnetic saturation and
coercivity value equal to 625 Oe (ESM Table 1). In accordance with XRD
data (ESM Fig. 8 A, open squares, 9% based on semi-quantitative

analysis), FTIR data (ESM Fig. 10, grey line) and TEM data (ESM
Fig. 8 E, highlighted with red rectangle), the obtained nanoparticles
show the presence of p-CrOOH surface layer. This was formed due to
careful and prolonged washing of the MNPs; which can provide simple
and fast surface modification for the MNPs with fatty acids via the
interaction between nanoparticle surface hydroxyl groups and fatty acid
carboxyl groups. Hexanoic, heptanoic, octanoic and nonanoic acids
were used as surface-modifiers to ensure hydrophobicity of the
nanoparticles.

The successful modification was confirmed by FTIR spectroscopy
data (ESM Fig. 10). In addition to the peaks related to CrO, (marked as
filled square), f-CrOOH (marked as open square) [45,46], surface hy-
droxyl groups and adsorbed water (marked as filled circle), the peaks
observed in the region of 2800-3000 cm ! (marked with a dot rect-
angle) are related to CH, symmetric and asymmetric vibrations of hy-
drocarbon chains of fatty acids. These peaks are well-distinguished and
are of expressed intensity, indicating the successful surface modification
of the MNPs. In addition, the peaks observed near 1630 and 3440 cm™!
show abrupt changes in intensity for the MNPs modified with hexanoic
and nonanoic acids in comparison with the unmodified MNPs. The low
intensity peaks near 2300 cm ! (related to sorbed CO- molecules) also
became more expressed. This points to a particular arrangement of the
modifiers on the MNPs surface, leading to more expressed sorption of
gaseous molecules from air.

According to the SEM data, all the MNPs have needle-like, agglom-
erated structure, and are very similar to each other, which indicates that
the surface modification, as expected, did not affect MNPs size and
shape. EDX analysis (see data in the Table in ESM Fig. 9) shows that the
amount of carbon is zero for unmodified MNPs and increases from 2.9 at
% up to 12.5 at% with increase in hydrocarbon chain of fatty acid. This
confirms that an equal number of fatty acid molecules (independent of
their hydrocarbon chain) are attached to the same MNPs surface area
during modification.

The data presented in ESM Fig. 11 and summarized in ESM Table 1
demonstrates a typical ferromagnetic behavior of MNPs with high values
of saturation magnetization, which is required for simple and fast
collection of MNPs with a magnet.

The remanence (M) to saturation magnetization (Mg) ratio (i.e. Mg:
My) is not strongly influenced by the surface modification. At the same
time, the coercivity, responsible for the stability of the MNP agglomer-
ates (formed under the influence of magnetic field) during the extraction
procedure, depends on the fatty acid chain length, and attained maximal
value for the CrO, MNPs modified with nonanoic acid. This phenome-
non can be explained by the physical interaction between single-domain
MNPs via the hydrophobic tail of the modifying fatty acid, followed by
particle-particle magnetic interactions. It is important to note that the
formed agglomerates (more expressed in the case of nonanoic acid than
the other fatty acids) can be destroyed by physical impact on the system
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in the elution step, resulting in well-distinguishable disaggregated
MNPs.

As can be seen from ESM Table 1, surface modification led to
decrease in zeta ({)-potential values, which can be used for estimation of
the surface charge of MNPs in aqueous solution. Contrary to hexanoic
and heptanoic acids forming a dense layer on the surface of MNPs,
resulting in sharp decrease of surface charge, octanoic and nonanoic
acids with longer hydrocarbon chains formed a sparse layer, with slight
changes in the surface charge. These results are supported by hydro-
dynamic size measurements. Surface modification with octanoic and
nonanoic acids resulted in minimal sizes of MNP agglomerates, which
usually appear when nanoparticles are placed in a liquid phase. It should
be pointed out, that the trend for zeta-potential change is similar to the
variation of oxygen percent by EDX, which can be explained by the
special arrangement of fatty acid molecules on MNPs surface.

3.5. Analytical performance

Feasibility of the developed procedure was evaluated based on
relevant parameters such as linear range, determination coefficient,
limit of detection (LOD), limit of quantification (LOQ) and precision
(Table 2).

For each fluoroquinolone, the calibration curve was obtained by
plotting peak area vs concentration (n = 3). The values of LOD calcu-
lated from a blank test based on 3o (standard deviation of the peak area
values for blank sample) were 0.01 pg L™! for ofloxacin, 0.02 pg L™! for
lomefloxacin and fleroxacin, and 0.04 pg L! for norfloxacin. For peak
area values equal to 100, the LOQ was 0.03 pg L™! for ofloxacin, 0.06 pg
L~ for lomefloxacin and fleroxacin, and 0.12 pg L™ for norfloxacin.

The intra-day and inter-day precision was expressed as relative
standard deviation (RSD) of analyte content that ranged from 3 to 5%
and from 7 to 10%, respectively. ERs and EFs were in the range of
90-99% and 90 to 99, respectively.

To assess greenness of the developed approach, the analytical eco-
scale assessment tool proved to be a good, semiquantitative procedure
for this purpose [47,48]. Ideal green procedure has a total score of 100
with no penalty points. Penalty points depend on the harmful impacts of
the approach on the environment (i.e. toxicity of the chemicals, energy
consumption, the amount of waste generated), which are subtracted
from the total score. The penalty points for the determination of fluo-
roquinolones by the proposed technique are summarized in ESM
Table 2. The total score was 85, demonstrating that the approach is
green (>75 of the total score according to the assessment tool).

Table 2
Analytical characteristics of the developed procedure.
Parameters Analyte
Lomefloxacin Norfloxacin Fleroxacin Ofloxacin
Linear range, ug Lt 0.06-15.0 0.12-15.0 0.06-15 0.03-15.0
Intercept 4281 15,851 10,423 48,927
Slope 30,597 60,301 11,125 91,696
Determination 0.996 0.998 0.997 0.996
coefficient, r?
Limit of detection, pg 0.02 0.04 0.02 0.01
-1
Limit of quantification, 0.06 0.12 0.06 0.03
pg Lt
Relative standard 3 4 4 5
deviation (n = 3), %
Intra-day (C = 0.12
or15.0 pg L™1)
Inter-day (C = 0.12 or 7 9 8 10
15.0 pg LY
Extraction recovery, % 95 94 95 97
Enrichment factor 95 94 95 97
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3.6. Analysis of real samples

The proposed procedure was applied to the analysis of river and lake
water samples. Fluoroquinolones were not found in all the environ-
mental water samples (Table 3). To study the accuracy of the procedure,
two different samples were spiked at various concentration levels in
order to calculate the relative recoveries for each analyte. The spiked
concentration levels were chosen based on usually found residue levels
of fluoroquinolones in environmental waters (up to 10 pug L™ [49]. As
can be seen in Table 3, good relative recoveries were obtained (from 89
to 101%), proving that there is no interfering effect of sample matrix.
Additionally, no interfering peaks were observed during chromato-
graphic analysis of real samples (ESM Fig. 12).

3.7. Comparison of the developed procedure with other procedures

The main figure of merits values for proposed and reported sample
preparation procedures using DES for fluoroquinolone determination in
different matrices by various analytical techniques are indicated in
Table 4. As can be seen, other liquid-liquid microextraction approaches
require relatively high volume of the extraction solvent to be used and
more than 20 min for sample preparation. In case of solid-phase
extraction, additional sample preparation steps and analytical equip-
ment are required. Unlike these reported microextraction procedures for
fluoroquinolone determination, the developed procedure requires min-
imum DES volume consumption (down to 10 pL), and provides less LODs
and higher throughput along with comparable sample amount.

4. Conclusion

In this work, specially produced MNPs based on chromium dioxide
with a fatty acid surface layer were successfully applied to hydrophobic
DES phase (extract) collection after LLME. The developed approach
allowed to significantly reduce the extraction solvent (DES) volume
(down to 10 pL). To analyze the extract by the HPLC-FLD method, it was
eluted from the collector by a polar solvent. The obtained extract solu-
tion in the polar solvent was compatible with water-polar organic sol-
vent mobile phase, because it contains minimum amount of
hydrophobic DES precursors. The developed sample preparation pro-
cedure was used for the sensitive determination of fluoroquinolones in
environmental waters by HPLC-FLD. Time of sample pretreatment was
less than 8 min, using 10 pL of DES, 5 mg of MNPs and 50 pL of meth-
anol. This is significant for reaching the main goals of sustainable
growth and development, such as minimizing resource consumption,
toxic material use, waste and pollutants generated throughout the entire
chemical analysis process. According to the analytical eco-scale assess-
ment tool, the proposed approach is green and environmentally friendly.
The obtained LODs allowed to determine fluoroquinolones at levels less
than usually found in environmental waters.
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Table 3
Determination of fluoroquinolones in water samples (n = 3, P = 0.95).

Talanta 252 (2023) 123868

Sample Added, pg L! Found, pg L™! Relative recovery, %
FLERO LOME NOR OFLX FLERO LOME NOR OFLX FLERO LOME NOR OFLX
River water 0 0 0 0 <LOD <LOD <LOD <LOD - - - -
0.25 0.25 0.25 0.25 0.25 £+ 0.02 0.24 £+ 0.05 0.24 + 0.04 2.4 +0.4 100 96 96 96
5.0 5.0 5.0 5.0 4.6 +£ 0.6 4.8 £0.5 51+0.5 4.9 £ 0.6 92 96 102 98
10.0 10.0 10.0 10.0 9.7+ 0.5 9.3+ 0.6 93+04 9.9+ 0.7 97 93 93 99
Lake water 0 0 0 0 <LOD <LOD <LOD <LOD - - - -
0.25 0.25 0.25 0.25 0.22 £+ 0.03 0.22 £+ 0.06 0.24 = 0.05 0.23 £+ 0.06 88 88 96 92
5.0 5.0 5.0 5.0 4.5+ 0.6 4.6 + 0.5 49+ 0.5 4.8 + 0.6 90 92 98 96
10.0 10.0 10.0 10.0 9.7 £ 0.7 9.5+ 0.5 9.0 £0.5 9.9 +£ 0.4 97 95 90 929
FLERO - fleroxacin, LOME — lomefloxacin, NOR - norfloxacin, OFLX — ofloxacin.
Table 4
Figure of merits for proposed and reported sample preparation procedures using DES for the fluoroquinolones determination.
Method Sample Sample DES Sample Extractant Extraction LOD RSD, Relative Ref.
preparation amount volume, pL time, min % recovery, %
qNMR Pharma- DLLME methyltrioctyl- 15¢g 200 20 100 pg L™ for gatifloxacin, 6 >92 [50]
ceuticals ammonium bromide levofloxacin, enrofloxacin,
and decanoic acid ciprofloxacin, sparfloxacin
MECC Water DLLME methyltrioctyl 5g 200 20 6 pg L~! for sparfloxacin, 7.6 88-114 [51]
ammonium bromide enrofloxacin; 10 pg L™! for
and decanoic acid gatifloxacin, ciprofloxacin,
lomefloxacin, levofloxacin
HPLC- Meat LLME tetrabutylam- 02g - 30 10 pg kg ! for ofloxacin, 15 4-10 98-100 [52]
FLD monium bromide pg kg ~! for fleroxacin
and 1-heptanol
HPLC- Milk SPE choline chloride and 20 mL - - 500 pg L~! for levofloxacin <5.4 88.3-101.5 [53]
uv glycerol
HPLC- Environ- LLME thymol and nonanoic 5 mL 10 8 0.01 pg L~! for ofloxacin, <14 89-101 This
FLD mental acid 0.02 pg L ! for lomefloxacin work
water and fleroxacin, and 0.04 pg

L~ for norfloxacin

gqNMR - quantitative nuclear magnetic resonance; DLLME — dispersive liquid-liquid microextraction; MECC — micellar electrokinetic capillary chromatography; LLME
—liquid-liquid microextraction; HPLC-UV - high performance liquid chromatography with spectrophotometric detection in the ultraviolet region of the spectrum; SPE
— solid phase extraction; HPLC-FLD - high performance liquid chromatography with fluorometric detection.

the work reported in this paper.
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