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1. Introduction

Surface engineering: binary Mg,Fe-LDH -xFezO,4
nanocomposites for improved magnetic
solid-phase extraction of pharmaceuticals
from aqueous solutionf

Tetiana Hubetska,?® Victor Demchenko?® and Natalia Kobylinska €2 *2

In this work, binary Mg,Fe-LDH-xFezO4 (x = 0 to 2.0) nanocomposites were prepared via the in situ
growth of Mg,Fe-layered double hydroxides (LDHs) onto magnetite nanoparticles and applied for the
removal of diclofenac motives. These materials were prepared by a simple prolonged sonication method
and systematically characterized by several techniques (e.g. XRD, VRM, SEM, FTIR, TEM, etc.). The XRD
patterns of the magnetic nanocomposites confirm the formation of both LDHs and magnetic phases.
The intricate surface functional groups of the starting components played pivotal roles in the formation
of magnetic composites, according to FTIR spectra. The hexagonal plate-like morphology of the
Mg,Fe-LDHs and Mg,Fe-LDH-xFesO, samples is evident from TEM data. The Mg,Fe-LDH-1.0FezO4
nanocomposite exhibited high agglomeration of the magnetite nanoparticles, which broke their layered
structure. Various influencing factors (e.g., concentration, pH medium, and contact time) that are known
to influence the adsorption properties of materials were systematically studied to clarify the mechanism
of the adsorption process. To assess the safety of the adsorbents, the effect of the adsorbed DCF on the
release of metal ions from the LDHs structure was also monitored. Moreover, the Mg,Fe-LDH-xFezO4
(x = 0.1 to 1.0) nanocomposites can be quickly separated from the 400 mL solution by an external
NdFeB magnet before and after the magnetic solid-phase extraction process. The capacity of the
magnetic nanocomposites to adsorb diclofenac increased with increasing solution pH. At 25 °C and
pH = 7.5, the maximum adsorption capacities for Mg,Fe-LDH-0.1FezO,4 and Mg,Fe-LDH-0.3FezO, were
153.2 mg g~ (0.48 mmol g™%) and 143.2 mg g~* (0.45 mmol g4, respectively, which do not exceed the
capacities for the starting Mg,Fe-LDHs (158.1 mg g™%). Further results indicated that the adsorption
isotherm for diclofenac anion retention could be fitted to the Langmuir equation. The FTIR and
XRD data indicate that organic molecules are adsorbed on the obtained materials by electrostatic
and complex-forming processes without significant anion-exchange reactions. Moreover, after 3
regeneration cycles, the magnetic nanocomposites still retained a highly ordered structure and
morphology with a magnetic response.

Most of the diclofenac-containing drugs (up to 75%) enter the
surface water, groundwater and soil samples.? Long-term exposure

Diclofenac (2-[2-(2,6-dichloroanilino) phenyl] acetic acid, DCF)*
and its metabolites (e.g., 4’-hydroxydiclofenac (4’-OH-DCF) or
5-hydroxylated DCF (5-OH-DCF)*) have been frequently detected in
various water sources, usually as emerging compounds,’ because
of their widespread human and veterinary use since the 1970s.*
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to these contaminants has been shown to have a negative impact
on ecosystem health and sustainability." It has also been proved
that DCF is not readily biodegradable.® Several years ago, DCF
(among 17 organic compounds) was included in the watch list for
European Union monitoring in different aquatic compartments
(namely, effluents of wastewater, surface water, and groundwater),
defined in Decision 2015/495/EU."*

Currently, chemists and technologists are actively investigat-
ing the determination and removal of DCF from water sources.®
So far, many methods have been widely reported to remove
emerging pollutants from aqueous solutions, such as nano-
filtration,” photocatalysis,® and adsorption'® as a low-cost and
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feasible option in large-scale approach. However, each method
has its advantages and disadvantages. For example, photo-
oxidation processes have been extensively used for the water
treatment of organic compounds including pharmaceuticals,
but these techniques are associated with problems such
as excessive time requirements with noneffective energy
consumption.

To date, many adsorptive materials (e.g., clay minerals,
carbon-based materials, magnetic materials, etc.) have been
reported in the literature for pharmaceuticals removal.'’?
Compared to other reported conventional sorbents, synthetic
clays (currently known as layered double hydroxides (LDHs))
have aroused increasing attention in environmental conserva-
tion because of their low-cost and simple synthesis of layered
structures.”® Furthermore, LDHs have a greater hydrophilic
character and resistance to high pH solution.'* The sorption
purification process is affected by the composition of the
hydrotalcite, which determines the layer charge, the nature of
the anion present in the interlayer, and the amount of water
molecules in the interlayer.* These characteristics determine
the accessibility of the anionic interlayer species. Hence, they
should influence the adsorption of the anionic pollutants when
using these materials as sorbents." The most common types of
LDHs as sorbents are Mg,Al-, Mg,Fe-LDHs.16 These two materi-
als stand out in water treatment processes due to their high
crystallinity and the simplicity of the preparation methods."
Many studies have shown that under the same conditions, the
crystallinity of Mg,Fe-LDHs is slightly poorer than that of the
Mg,Al-LDHs. However, from a safety perspective, (Ksp(Al(OH);) =
1.3 x 10~ **) and (Kp(Fe(OH);) = 4.0 x 10~ >®) differ by almost five
orders of magnitude.'” Nevertheless, to some extent, unmodified
LDHs exhibited low removal efficiency for contaminants owing to
their limited functional groups. For example, the equilibrium
adsorption capacity of Zn,Fe-LDHs, Mg,Al-LDHs (or calcined at
500 °C) and Zn,Al-LDHs to diclofenac was reported to be only
74.50mg g ',"* 123 mg g~ ! (or 1494 mg g~ 1)," and 500 mg g~ *,*°
respectively. At the same time, the hybrid LDHs-based materials
for the carbons,* polymers,”>* clays,”* metal oxides’>** and
industrial wastes®® are found to be effective in the removal of
DCF from aqueous solutions.

Furthermore, the LDHs used for water treatment as sorbents
are usually powders. Thus, it is difficult to separate the sorbent
from a suspension without a centrifugation process.>
This disadvantage limits the applicability of LDHs when a large
number of samples are considered. In such a process, automa-
tion would be desirable. Magnetic solid phase extraction
(MSPE) technology (i.e., applying an external magnetic field
to perform the removal and preconcentration of emerging
pollutants) has attracted much attention for improving the
manufacturability of the sorption process.”” Thus, an area of
increased research interest is the impartion of magnetic prop-
erties to materials to enhance the purification and precon-
centration process by sorbents from aqueous solution or other
liquid."* Introducing magnetic properties to 2D-layered materials
enables effective manipulation of the powders in the aqueous
solution for dispersion or separation processes.
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Various types of LDHs containing magnetic nanoparticles
(Fe304(mainly), y-Fe;0,, MFe,0, (M = Co, Mg, Mn, etc.)), such
as Mg,Al-,?53! Mg Fe-,**> CuFeNi-,** Zn,Cr-,** and Ca,Al-LDHs,**
have been prepared by several scientific groups. The resulting
magnetic composites have been typically used for controlled
drug and gene delivery,'®*" and as heterogeneous catalysts.”*>*
At present, these composites have been explored for their appli-
cations in environmental remediation®>*?** and photo-
catalysis.> Currently, the study of magnetic LDHs-based materials
for the removal of pharmaceuticals is still in the early stage.*® The
design of a cost-effective and eco-friendly approach for the synth-
esis of nanocomposites for MSPE based on LDH materials remains
a challenge. Thus, understanding the removal mechanisms of
organic anions on the surfaces of LDHs is important for remediat-
ing many of these pollutants in water and wastewater treatments.

In this work, a MSPE procedure based on the Mg,Fe-layered
double hydroxides (Mg,Fe-LDHs) decorated with magnetite
nanospheres was established and applied to the removal of
pharmaceutical pollutants. The main objectives were as fol-
lows: (1) to fabricate Mg,Fe-LDH-xFe;0, nanocomposites with a
molar ratio (x) from 0 to 2.0; (2) to find the suitable molar ratio
of Mg,Fe-LDHs to Fe;0, for effective MSPE of DCF molecules;
(3) to determine the influencing factors in the MSPE experi-
ments using the feasibilities of the magnetic nanocomposites;
and (4) to evaluate the potential for sustainable application of
the nanocomposites in regeneration studies. The predominant
factors affecting the MSPE efficiency were taken into account,
and the developed procedure was successfully applied to the
preconcentration and uptake of DCF from aqueous solution.

2. Experimental part

2.1. Materials

All of the chemicals used were of analytical grade, and used
without further purification. The following materials were used
in this study: magnesium nitrate hexahydrate (Mg(NO;),-6H,0,
98.0%), iron(n) chloride tetrahydrate (99%) (Merck), iron(m)
chloride anhydrous (99%), ammonium hydroxide (NH3;-H,O,
25%) (Merck), ethanol (96.0%), and urea (CH,4N,0, 96.0%) were
purchased from Sigma-Aldrich. Diclofenac sodium standard
was obtained from the Center of Quality Control of Drugs,
Ukraine. A stock standard solution of the drug (20 pg mL ") was
prepared by dissolving appropriate amounts of diclofenac
sodium in deionized water. Purified water was obtained with
a Milli-Q apparatus.

111355.0100 ICP multi-element standard solution IV (Certi-
pur® Certified Reference Material, HC73962555) 23 elements
(Ag, Al, B, Ba, Bi, Ca, Cd, Co, Cr, Cu, Fe, Ga, In, K, Li, Mg, Mn,
Na, Ni, Pb, Sr, Tl, Zn) in diluted HNO; (Suprapur‘@ 6.5%)
1000 mg L' were obtained from Merck KGaA (Darmstadt,
Germany).

Stock solutions of NO;~, SO,>~, and PO,>" ions were prepared
using NaNO;, Na,SO,;, and Na,HPO, salts (Sigma-Aldrich,
99.99%) dried at 150 °C for 3 hours and double distilled water
by weight (AB-204S, Mettler Toledo). Humic acid sodium salt

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(CoHgNa,0,, tech. 50-60%, 226.139 ¢ mol ', Thermo Scientific
Chemicals) was used as humic acid (HA).

A NdFeB magnet (1.0 cm x 1.5 cm X 1.5 cm) was used for
the magnetic solid phase extraction procedure.

2.2. Synthesis of the samples

2.2.1. Preparation of magnetite nanoparticles. The pre-
paration of Fe;0, magnetic nanoparticles (MNPs) by the modi-
fied co-precipitation method in ammonium media was first
reported by Massart.® In a typical synthesis, 2.83 g of FeCl,
(anhydrous) was dissolved in 80 mL of deionized water in a
three-necked flask. Water was previously deoxygenated with a
stream of nitrogen gas for 20 min. 1.72 g FeCl,-4H,0 was then
added and thoroughly mixed at 600 rpm in a water bath at
35 °C. When the temperature became 60 °C, 10 mL of NH;-H,O
solution (25 wt%) was added dropwise with a separating funnel
into the clear yellow solution at 800 rpm. Upon addition, the
solution turned black. Then, the black mixture was aged in a
60 °C water bath for 30 min under continuous stirring. N, gas
was continuously purged throughout the above process. Finally,
Fe;0, nanoparticles were collected by a magnet, and washed
repeatedly with ethanol (3 times) and water (3 times). One half
of the obtained Fe;O, was saved in an ethanol solution at room
temperature for further use. The second half was washed and
dried at room temperature for characterization.

2.2.2. Preparation of Mg,Fe-LDHs plates. A pristine Mg,Fe-
LDHs sample with a Mg/Fe molar ratio of 3:1 was prepared via
hydrothermal method. Initially, urea (0.4000 g), Mg(NO3),-6H,0O
(2.2312 g) and Fe(NO3);-9H,0 (1.1718 g) were dissolved in 50 mL
of a water mixture. The resulting mixture was sonicated for
15 min, and transferred to a 100 mL Teflon-lined autoclave that
is heated at 180 °C for 12 h. The product obtained upon cooling
to room temperature was transferred into a glass. One half of
the resulting product was washed into a glass up to a near-
neutral pH value and dried at 50 °C for further characterization.
The other half was dispersed in 25 mL of deionized water to
form a stable aqueous dispersion with a required concentration
of brown product for further use.

2.2.3. Synthesis of Mg,Fe-LDH-xFe;0, (x = 0.1, 0.3, 0.5, 1.0
and 2.0) nanocomposites. For the preparation of Mg,Fe-LDH-
xFe;04, (x = 0.3), a uniform suspension of 0.2 g Fe;O, in
20 mL ethanol was prepared by sonication (15 min). Then,
the prepared 0.2 g of Mg,Fe-LDHs in the above solution was
sonicated again for an additional 2 h. The resulting dark brown
precipitate was recuperated by magnetic separation, and
washed several times with distilled water to remove any ions
possibly remaining in the final product. Finally, the solution
was dried at 70 °C until the ethanol was completely evaporated.

Similarly, other magnetic nanocomposites (Mg,Fe-LDH-0.1Fe;0,,
Mg,Fe-LDH-0.5Fe;0,, Mg,Fe-LDH-1.0Fe;O0, and Mg,Fe-LDH-
2.0Fe;0,) were prepared by varying the amount of Fe;O, in
the reaction mixture.

2.3. Methods of samples characterization

2.3.1. Powder XRD measurements. X-ray diffraction data
were obtained using a PAN Analytical X’Pert Pro high-resolution
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diffractometer using Cu Ko (1.5406 A) radiation with Ni-
monochromatic filter at room temperature in the 20 range of
5° to 80°, with a scanning speed of 0.04° s~ * and a step time of
10 s. The crystallite sizes of the Fe;0, powders were calculated
by applying the Scherrer equation®” to the full width at half
maximum (FWHM) of the (311) peak. An instrumental broad-
ening correction was applied using a LaBs standard.

2.3.2. N, adsorption-desorption analysis. N, adsorption/
desorption isotherms were performed at 77 K with a Micro-
meritics ASAP 2020 adsorption analyzer. The solids (about
0.40-0.45 g) were degassed under vacuum before measurement
at 110 °C for 12 hours. The specific surface area (Sggr) was
evaluated in the relative pressure range between 0.01-0.20. The
pore distribution and pore volume were calculated using the N,
desorption isotherms based on the Barrett-Joyner-Halenda
(BJH) model.

2.3.3. Fourier transform infrared (FTIR) spectroscopy.
FTIR spectra were recorded using a Thermo Nicolet Nexus
470 spectrometer. Dried samples (1 mg) were mixed with KBr
powder (100 mg) in an agate mortar. The mixture was pressed
into a pellet under 2 tons load for 1 min, and the spectrum was
immediately recorded. A total 64 scans with a resolution of
4 cm™ " were used for each spectrum. The signal from a pure
KBr pellet was subtracted as the background.

2.3.4. Scanning electron microscopy (SEM). The morphol-
ogy of solids was evaluated with a JEOL JSM-6060S microscope.
The chemical composition of the initial samples and corres-
ponding nanocomposites was analyzed by energy-dispersive
X-ray spectroscopy (EDX, FEI Quanta FEG 650) operating at 20 kV.

2.3.5. Transmission electron microscopy (TEM). The aver-
age size and morphology of the samples were determined by
high-resolution transmission electron microscope (HRTEM)
images (JEOL 2100F, Japan) at 200 kV. The TEM samples were
prepared by coating a copper grid with a thin layer of diluted
nanoparticles suspension.

2.3.6. Thermogravimetric analysis (TGA). TGA was con-
ducted to analyze the thermal decomposition path of the
studied samples using a Mettler Toledo simultaneous TGA/
SDTA851 thermogravimetric analyzer. The analysis was per-
formed in a N, atmosphere at a gas flow rate of 100 mL min ™"
from ambient temperature to 1000 °C at a heating rate of
5 °C min ' with a sample weight of approximately 5-7 mg.
The initial and highest degradation temperatures were deter-
mined from the DTG curve.

2.3.7. Magnetic measurements. Magnetic properties of
samples were measured by vibrating sample magnetometer
(EV9 VSM with PPMS-14T system) at room temperature using
100 Oe s~ ' magnetic field in driving mode with a Nb;Sn magnet
between +20 to —20 kOe longitude at 300 K, a sensitivity of
10~° emu, and 0.5% accuracy. Sample preparation was carried
out by filling a sample-holder that consists of a quartz cylinder
of diameter 3 mm x 10 mm, and closely packed vials were
mounted on the brass half tube sample holder with fused
quartz paddles for magnetization measurements.

2.3.8. Point of zero charge (pHy,) procedure. The “pH drift”
method was used to calculate the pH,,. value of the solids.*

Mater. Adv, 2024, 5, 8145-8163 | 8147
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Briefly, 0.05 g of the sample was added to 0.01 M NacCl (25 mL)
with different pH, (3.0-11.0). Then, the solution was set for 24 h
to achieve a constant pH (pHgina OF pHe). Finally, the pHgpn, value
of the suspensions was measured. The difference between the
PHgina and pH, was plotted versus pH,. The pHy,. value of the
sample is equal to the pH, on the graph at which the ApH = 0.

2.3.9. Chemical composition of adsorbents. The chemical
composition of the obtained samples was determined by XRD,
EDX, TGA and spectroscopic methods. To perform elemental
analysis, 20 mg of solid was dissolved in 1.0 M HNO; (50 mL),
and stirred continuously until the solid was completely dis-
solved. The obtained solution was filtered out with filter paper.
The filtrate was analyzed by flame atomic absorption spectro-
scopy (AAS) to determine the concentration of the elements
present in the sample.

The ratio of crystalline phases in the magnetic nanocompo-
sites was evaluated by XRD data using the general structure
analysis system (GSAS-II software package).*

2.4. Analytical techniques

For all of the tests, the concentrations of metal ions in the
solutions were analyzed using a flame atomic absorption
spectrometer (C-115M) with an air-acetylene burner.

The UV-visible spectroscopic measurements in the present
work were performed on a SPECORD® 250 Plus (Analytik Jena
GmbH + Co. KG) spectrophotometer operated at a resolution of
1 nm. The measurements were carried out in a quartz cell of
10 mm path length (volume 3.0 mL). Spectral recording was
carried out in absorbance units at the UV wavelength range of
190-320 nm (Fig. S1, ESIt). Absorbance peaks of the DCF
solution appeared at 199 nm and 276 nm. Standard diclofenac
solutions in the concentration range of 0.5-40 mg L™ ' were
employed to determine the intensity of the absorbance peak at
276 nm.'® The calibration curve of the DCF solutions was
obtained through linear fitting of the absorbance peak intensity
(Fig. S2, ESIf). The all-test solutions were filtered with a
0.22 um membrane (nylon) prior to the determination of the
DCF concentration.

The pH measurements were performed using an Inolab
Level 2 pH/ionomer (WTW).

2.5. Adsorption experiments

2.5.1. Optimization of procedure. The influence of the
initial concentrations of DCF from 1 to 500 mg L' was
examined. The adsorption experiments were performed at
ambient temperature using batch method. An internal tem-
perature control system was deemed unnecessary because the
room temperature (and consequently, the temperature of the
test solution) exhibited negligible change from approximately
25 £ 2 °C. The experiments were provided by adding 10-100 mg
of obtained solids into 20-300 mL of diclofenac solution. After
shaking at 150-180 rpm for a duration of 300 min, the mixture
of solid and liquid was separated via NdFeB magnet (or filtra-
tion) and measured by spectrophotometry and AAS methods.

The pH of the solution was controlled from 5.0 to 11.0 via
0.1 M HCI and 0.1 M NaOH. Additionally, the solution pH was
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periodically evaluated utilizing a pH meter, and kept constant
by adding drops of 0.1, 0.05 or 0.01 M HCI or NaOH solutions,
as needed.

2.5.2. Adsorption kinetics. The kinetic adsorption experi-
ments of DCF onto the obtained solids were checked at one
initial concentration (300 mg L") at room temperature. Briefly,
50 mg of adsorbent was added to 50 mL of DCF solution at
pH 7.5 £ 0.1, and the mixtures were agitated on an orbital
shaker at 180 rpm for various time intervals. The kinetic data
were evaluated with the adsorption time from 0 to 300 min.
At the predetermined time, the DCF concentrations in the
solutions were assessed using spectrophotometry at 276 nm.
Also, the adsorbed amount at time ¢ (g,) was calculated in
accordance with the following equation:

g. (mmol g™ ") = (Co — C)-Vim

where C, and C, are the DCF concentrations in solution at the
initial and each time ¢ (min), respectively, with units of mol L™;
m is the weight of adsorbent with unit g; and V is the volume of
adsorbate solution with unit L.

2.5.3. Adsorption equilibrium studies. For adsorption iso-
therms, the procedure was performed with various initial
concentrations from 10 to 500 mg L™, and the pH was adjusted
to about 7.5 under batch condition. The experiment was carried
out as follows: suspensions of 50 mg of Mg,Fe-LDHs
(or magnetic nanocomposites) and a 50 mL solution were
placed under constant stirring overnight at room temperature.
When the adsorption equilibrium was reached, the adsorbents
were conveniently separated via external magnetic field (using
NdFeB magnet) and the supernatant was analyzed to allow DCF
concentration measurements.

The DCF removal efficiency (R, %) and adsorption capacity
(e, mmol g~') were calculated according to the following
formula:

R (%) = (Co — Ce)/Co

de (mmOl gil) = (CO - Ce)'V/m

where C, and C. are the DCF initial and equilibrium concen-
trations, respectively, with units of mol L™"; m is the weight of
adsorbent, g; and V is the volume of the adsorbate solution, L.

2.6. Desorption (regeneration) experiments

To check the reusability of the adsorption process, the DCF-
loaded adsorbents were first stirred overnight with 100 mL
NaNOj; (or Na,COj;) solution (100 mg L™'). Then, the absor-
bance of the solution was measured to determine the concen-
tration of released DCF. The effect of DCF release was
controlled by spectrophotometry and TGA analysis. After thor-
ough and repeated washing steps with distilled water until
neutral pH, the adsorbent was magnetically separated and
dried at 50 °C for the next experiments.

2.7. Release of metal ions and effect of co-existing ions

The effect of adsorbed DCF on the release of metal ions from
the starting Mg,Fe-LDHs matrix was controlled using the AAS

© 2024 The Author(s). Published by the Royal Society of Chemistry
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method. The release of Mg(u) and Fe(m) ions into solution from
Mg,Fe-LDH -xFe;O, nanocomposites and different interferent
ions was also studied.

The release of metal ions was monitored in 50-mL centrifuge
tubes consisting of magnetic solids, oxygen-free double-dis-
tilled water, 100 mg L' ICP multi-element standard solution
IV and a pre-determined concentration of DCF. Simultaneously,
the influence of inorganic anions and humic acids (0.1 mg mL™")
were also investigated under the same conditions.

2.8. Sample preparation of environmental water samples

The environmental samples (artesian, urban river and lake
waters) were collected from 28 June to 05 August 2024 in Kyiv
(Ukraine), from an artesian well (20 meters deep) in the city
district area, Dnipro River (near the center of Kyiv), and Vira
Lake (near a pharmaceutical plant). A 1-mL volume of 65%
nitric acid per 1 L of the water samples was added for stabili-
zation. The stabilized water samples were refrigerated in glass
bottles at 4 °C.

Subsequently, 50 mg of magnetic adsorbent was added to
250 mL of each water sample with spiked amounts of target
analyte; the pH of the suspensions was adjusted to 7.2-7.8, and
it was stirred for 5 hours at room temperature. The solid phase
was isolated from the suspension with the NdFeB magnet, and
the target analyte and metal contents were determined in the
supernatant solution by spectrophotometry and AAS methods.
The water samples were filtered with a 0.45 pm membrane
prior to the determination of DCF and metal ions.

3. Results and discussion

3.1. Synthesis and characterization of materials

The Mg,Fe-LDH-xFe;0, (x = 0.1, 0.3, 0.5 and 1.0) nanocomposites
were synthesized using a multi-step method. The illustration of the
formation of the Mg,Fe-LDH-xFe;O, nanocomposites is shown in
Scheme 1.

In the first stage, Mg,Fe-LDHs nanoplates grew directly by
hydrothermal method. Then, magnetite nanoparticles were
prepared through an easy in situ coprecipitation approach, and
used as the new nano-supports. In the second stage, Fe;O, was
dispersed in the Mg,Fe-LDHs suspension via ultrasonic agitation
to obtain a uniform material. The electrostatic attraction between
Fe;0, and Mg,Fe-LDHs combined with ultrasonic treatment

=) @
[ 0 O
% / 2
°\5&§ MgFe-LDH xFe;0,
80°C ) 24h

Sonification (2 hours)

Scheme 1 Schematic presentation of the synthesis route of the Mg,Fe-
LDH-xFesO4 nanocomposites.
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provided a strong driving force for the effective assembly of
Fe;0, nanoparticles on Mg,Fe-LDHs nanoplates (Scheme 1). The
step-by-step reaction procedures to synthesize the magnetic nano-
composites were controlled by various instrumental methods.

The SEM images indicated that the as-synthesized material
was composed of bulk-like aggregated structures after drying
(Fig. S3, ESIt). These data also reveal that the starting Mg,Fe-
LDHs material and most of the nanocomposites have a classical
layered structure.’® SEM images of the magnetic nanocompo-
sites revealed that the solid surface was also rough, and the
particles agglomerated to varying extents. This might be due to
the magnetic dipole moment interaction between the magne-
tite cores. Furthermore, TEM images were recorded to observe
the morphology of all materials to be prepared, and to confirm
the combination of Mg,Fe-LDHs with the Fe;O, cores (Fig. 1).
Mg,Fe-LDHs consist of well-dispersed plates with hexagonal
morphology and sizes in a range of ca. 80-105 nm (Fig. 1a). The
electron micrograph of the Mg,Fe-LDH-xFe;O, nanocomposites
shows the Mg, Fe-LDHs maintaining the external shape.
However, a noticeable network of black points appears in the
plate surfaces, which can be ascribed to the Fe;O, nano-
particles. The average size of the Fe;O, nanoparticles was
ca. 20-25 nm. This is higher than the average diameter
(10 nm) of bare Fe;O, (Fig. 1b) because there was a small
amount of agglomeration in several magnetic nanoparticles. It
is also noteworthy that the plate morphology of the Mg,Fe-
LDHs sample was found to be stable when subjected to stirring
or ultrasound treatment during the preparation of the magnetic
nanocomposites (Fig. 1c-e). The TEM images of the Mg,Fe-
LDH-2.0Fe;0, sample exhibited formed particles with irregu-
larly shaped sheets and conglomerates of Fe;O, nanoparticles
on the surface of the sheets (Fig. 1f).

XRD analysis was used to determine the crystalline phase
structure and purity of the prepared magnetic nanocomposites
and corresponding homophases (Fig. 2). The XRD pattern of
the starting Mg,Fe-LDHs exhibits a typical two-dimensional
lamellar structure with rhombohedral symmetry (3R-polytype)
and major diffraction peaks consistent with the (003), (006),
(012) and (110) lattice planes, demonstrating the successful
synthesis of crystalline hydrotalcite-like materials with the
general formula [MgeFe,(CO;)(OH);6]-4H,O according to
JCPDS: 38-0486. This effect indicated that the interlayer anion
of the obtained Mg,Fe-LDHs was carbonate because most LDHs
containing CO;>~ ions had this symmetry. The diffraction
pattern of the Fe;O, sample matches perfectly with the spinel
type phase (250540-ICSD), with the main diffraction peaks
consistent with the (220), (311), (222), (400), (422), (511), (440)
and (533) lattice planes. Crystalline phases of impurities were
not observed. All diffraction peaks of Mg,Fe-LDHs and Fe;O,
nanoparticles can be observed in the Mg,Fe-LDH-0.3Fe;0,
samples. This confirms the formation of the magnetic nano-
composites. The (003) peak intensity of Mg,Fe-LDHs coincides
with the highly intense peak of Fe;O,. It should be noted here
that the main (003) peak of the harmonica-like 2D-structure of
Mg,Fe-LDHs phase is higher in intensity compared to the (311)
peak of magnetite. Therefore, it is understood that the fraction
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Fig.1 TEM images of Mg,Fe-LDHs (a), FesO4 (b), Mg,Fe-LDH-0.1FezO4 (c), Mg,Fe-LDH-0.3FezO4 (d), Mg,Fe-LDH-0.5Fez04 (e), and Mg,Fe-LDH-2.0FezO4

(f) samples.
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Fig. 2 Powder XRD patterns of the initial components (FesO4 and Mg,Fe-
LDHs) and the resulting magnetic nanocomposite (Mg,Fe-LDH-0.3Fes0,).

of Fe;O, is lower than Mg,Fe-LDHs. The increase in the
formation of the magnetic phase is due to the addition of a
higher concentration of magnetite, leading to the formation of
aggregates, which broke the layered structure of the magnetic
nanocomposite (Mg,Fe-LDH-2.0Fe;0, sample). However, by
increasing the stoichiometry of Fe;O, in the magnetic nano-
composites, the relative intensities of the diffraction peaks
corresponding to Fe;0O, start to uncontrollably increase. It has
been also confirmed that no changes occur when varying the
amount of magnetite phase in the crystalline layered structure
before x = 1.0 (Fig. S4, ESIt).

The crystal lattice parameters of the obtained materials were
calculated from the XRD data (Table 1). Parameter a represents

8150 | Mater. Adv, 2024, 5, 8145-8163

Table 1 Crystal lattice parameters of the synthesized samples according
to XRD analysis

Magnetite Hydrotalcite

Sample D(311), A d(003), A a= b, A c, A D(OOS), A
Mg,Fe-LDHs — 7.7761  3.1095 23.3284 33.5
Mg, Fe-LDH-0.1Fe;0, 14.2 7.7763 3.1098 23.3296 20.2
Mg,Fe-LDH-0.3Fe;0, 13.3 7.7769 3.1101  23.3298 32.2
Mg,Fe-LDH-0.5Fe;0, 12.5 7.7773  3.1107 23.3310 21.2
Mg, Fe-LDH-1.0Fe;0, 14.0 7.7784 3.1121  23.3423 36.7
Mg,Fe-LDH-2.0Fe;0, 14.2 7.7923 3.1045 23.3331 25.5

Fe,0, 12.2 — — — —

Notes. a = 2d(;19) and represents the average distance between cations;
¢ = 3d(o03) and is related to the thickness of the interlayer distance.

the average intermetallic distance calculated from the position
of the (110) reflection, and parameter ¢ corresponds to 3d(go3)-
The basal spacing of the starting Mg,Fe-LDHs equals 7.7761 A
based on the (003) plane. The d(y3) values of the obtained
magnetic nanocomposites were found to range from 7.7763 A
to 7.7923 A. The crystallite sizes (D, A) for the Fe;0, and Mg,Fe-
LDH-xFe;0, samples were determined by Scherrer equation®”
from the characteristic peaks (311) and (003) of the crystal
plane Fe;O, and Mg,Fe-LDHs phases, respectively. These XRD
results are consistent with those reported in the literature for
these compounds prepared by other routes."®

Fig. 3a shows the magnetic hysteresis loops of the Fe;O,
nanoparticles and the corresponding magnetic nanocompo-
sites. All of the obtained samples present superparamagnetic
properties. The synthesized magnetic nanocomposites
have almost zero coercivity and remanence, thus proving their
superparamagnetic properties.’” These properties of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Magnetic hysteresis loops (a) and variation of the magnetizations (b)

nanocomposites can be explained in that the Fe;O, nano-
particles consist of small crystallite aggregates, which have
LDHs shells around each other. The saturation magnetization
of pristine Fe;0, is 75.87 emu g, which is lower than that of
the bulk magnetite (92 emu g ').*! Upon increasing the stoi-
chiometric ratio of Fe;0,, the specific saturation magnetiza-
tions of the magnetic nanocomposites initially linearly
increases and then levels off (Fig. 3b). This might be due to
the bonding of the diamagnetic materials (inorganic layered
materials) to the nanoparticles surface, hence quenching their
magnetic moment. In addition, the disordered surface region
of the prepared magnetic nanoparticles increases the surface
spin disorientation. This might lead to the reduction of
the effective magnetic moment. Conversely, the saturation
magnetization of the highest Fe;O4-loading nanocomposite
(Mg,Fe-LDH-2.0Fe;0,) is 67.49 emu g ', which is below the
value obtained for pristine Fe;O,. The magnetic nanocomposite
with x = 0.1 has the lowest magnetization (38.03 emu g '),
which is ~2 times less compared to the pristine magnetite; it still
can be used even under a relatively low external magnetic field.
The pristine Fe;0, can be separated quickly and efficiently
under a magnetic field in just 10 s, and re-dispersed immedi-
ately once the external magnetic field is off. Although the
magnetization of Mg,Fe-LDH-xFe;O0, decreases as a result of
functionalization, the magnetic responses of Mg,Fe-LDH-

Mg,Fe-LDHs
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for the FesO4 and Mg,Fe-LDH-xFesO4 (x = O to 2) samples.

0.3Fe;0, and Mg,Fe-LDH-0.5Fe;0, are sufficiently high for
practical applications. This confirmed that Fe;O, and Mg,Fe-
LDHs were assembled into the nanocomposites, rather than
just mechanically mixed.

The textural parameters of the materials are a very important
characteristic in the adsorption process. In this way, the
specific surface area (Sggr), the total pore volume (Vio), and
pore size distribution (D) of the obtained solids are measured
using N, adsorption/desorption at 77 K (Fig. 4).

As presented in Fig. 4a, the adsorption/desorption isotherms
of the Mg,Fe-LDHs and corresponding magnetic nanocompo-
sites are of type II, according to the IUPAC classification.** The
isotherms exhibit a low closed H3-type hysteresis loop above
the relative pressure of 0.6 due to the mesopores structure and
capillary condensation process, accompanied by multilayers
when starting the adsorptive cycle.

The N, adsorption/desorption data show that the Sggr of the
bare Mg,Fe-LDHs is 120.0 m> g~ ' (Table 2), which is greater
than that reported by Silva et al. (84.0 m* g~ ")."* Quite differ-
ently, the specific surface area of bare Fe;O, is less than
50 m> g ' and there is a very narrow distribution of the pore
size (4.0 nm), as shown in Fig. 4b. At the same time, all
magnetic layer-structured nanoadsorbents show a lower Sggr
than bare Mg,Fe-LDHs. The Mg,Fe-LDH-0.1Fe;0, nanocompo-
site has a specific surface area of 108.4 m”> g ' and a broad pore

T T T (b)
4.0 nm Mg,FeLDHs

EO 03 ° Mg,Fe-LDH0.1Fe;0,
c'cn : —o— Mg,Fe-LDHID.3Fe;0, |
= Mg,Fe-LDH0.5Fe,0,
E —o—Fe,0,
Q 8.5nm 1
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5
o
> |
9
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2 ]
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Fig. 4 N, adsorption/desorption isotherms (a) and pore size distribution (b) of the initial components and corresponding magnetic nanocomposites.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Mater. Adv., 2024, 5, 8145-8163 | 8151


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma00609g

Open Access Article. Published on 12 September 2024. Downloaded on 10/26/2025 8:46:22 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Table 2 The textural properties of Mg,Fe-LDHs and other magnetic
materials

Samples Sper (m* g™") Viot (em® g71) D (nm)
Mg, Fe-LDHs 120.0 0.21 8.54
Mg,Fe-LDH.-0.1Fe;0, 108.4 0.20 6.23
Mg, Fe-LDH-0.3Fe;0, 70.3 0.19 5.72
Mg,Fe-LDH.-0.5F¢,0, 65.0 0.18 4.97
Mg,Fe-LDH-1.0Fe;0, 45.0 0.18 4.07
Fe;04 42.0 0.17 4.05

size distribution of 6.0-6.3 nm, while the Mg,Fe-LDH-0.5Fe;0,
sample has a Sgpr of 45.0 m®> g~ and a narrow pore size
distribution close to 4.07 nm. These results are in agreement
with the different morphologies of the nanocomposites,
i.e., Mg,Fe-LDH-0.5Fe;0, with the compact parallel stacking
Mg,Fe-LDHs shell plates may possess a small Sggr compared to
Mg,Fe-LDH-0.1Fe;0, with relatively loose vertically oriented
Mg,Fe-LDHs shell plates.

The FTIR spectra of the starting components (Mg,Fe-LDHs
and Fe;0,) and corresponding magnetic nanocomposites
(Mg,Fe-LDH-0.3Fe;0, as example) are illustrated in Fig. 5.
The strong and broad absorption peak in all FTIR spectra
between 3600 and 3300 cm ™" is due to the hydrogen-bonded
v(OH) vibrations, both from the brucite-like layers and from the
interlayer water molecules. The interlayer water molecules also
give rise to the broad absorption vibration (J(H,O)) with
medium intensity that is close to 1630 cm™'. Moreover, the
hydrogen bonding of the water with interlayer CO;>~ ions also
gives rise to a shoulder at 1354 cm ™" in the spectrum of the
Mg, Fe-LDHs sample. The very intense absorption band at
1361 cm™ ' in the Mg,Fe-LDH-0.3Fe;0, spectrum corresponds
to the v; mode of the interlayer CO;>~ species. Thus, this band

View Article Online
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was shifted to higher wavenumbers after contact with magne-
tite nanoparticles. Furthermore, when compared to (OH) of
H,0 molecules, the strong and narrow band of v;(CO5>") for
Mg,Fe-LDHs compared to Mg,Fe-LDH-0.3Fe;0, indicates a
higher symmetry of the arrangement of interlayer CO;>~ ions
between the layers of Mg,Fe-LDHs, and thus higher crystallinity
of that sample.

For all samples, the stretching modes at shorter frequency
(below 800 cm ™) are due to lattice vibrations, involving metal-
oxygen stretching bonds (Fig. 5). The peaks located at 739 cm ™"
and 584 cm ™' shown in the spectrum of Mg,Fe-LDHs are the
stretching vibration of the Mg(u)-O and Fe(m)-O bonds of
brucite-like layers, respectively. Furthermore, the FTIR spec-
trum of the Fe;O, nanoparticles shows two typical bands of
Fe-O bonds: one at about 428 cm™ ' that is attributed to the
stretching modes of the octahedral sites of the Fe(u)-O bonds,
and the other at about 578 cm™' that is attributed to the
stretching vibrations of the octahedral and tetrahedral sites
(Fe(m)-O). These vibrations were shifted to higher wavenum-
bers to 445 cm ™' and 584 cm ', respectively, after the Fe;O,4
was loaded onto the Mg,Fe-LDHs. Furthermore, there was a
new band observed at 570 cm™ "', which was assigned to the
Fe(m)-O stretching vibration of Fe;O,. The M-O vibrat-
ional modes of the magnetic nanocomposites that lie below
1000 cm™ ' are shifted in position in association with the
different atomic weights of the Mg(u), Fe(n) and Fe(m) ions
and their bond strengths with oxygen. The 1380 cm™' band
shifted to a higher wavenumber (1438 cm™ '), which is attrib-
uted to the interaction between Fe;0, and the interlayer anions
of Mg,Fe-LDHs. Thus, the FTIR spectrum of the Mg,Fe-LDH-
0.3Fe;0, sample indicates a mixture of MgFe-LDHs and Fe;O0,
phases.
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Fig. 5 FTIR spectra of the initial components and corresponding magnetic nanocomposite.
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Table 3 The chemical compositions of the prepared materials based on EDX and AAS analyses

EDX analysis AAS analysis

Composition (%)
Sample Mg(u) Fe(m) cl() Mg(u)/Fe(i) Mg(u) Fe(1) Na(1) Mg (i)/Fe(m)
Mg, Fe-LDHs 55.2 — 15.2 — 51.4 17.7 12.1 2.9
Mg,Fe-LDH-0.1Fe;0,4 41.3 34.3 13.2 0.95 32.15 14.06 10.6 1.24
Mg,Fe-LDH-0.3Fe;0, 21.1 22.9 3.11 1.12 21.13 24.11 8.51 1.12
Mg, Fe-LDH-0.5Fe;0, 31.1 26.1 14.3 1.19 33,4 43.8 5.26 0.76
Mg, Fe-LDH-1.0Fe;0, 22.1 21.4 9.3 1.05 21,3 39.5 1.29 0.85

EDX, AAS and TGA analyses were combined to obtain the
chemical composition of the prepared solids. The EDX spectra
in Fig. S4 (ESIt) demonstrated the presence of O, Mg, Fe, Na
and Cl elements in Mg,Fe-LDHs. Of these, Na and Cl are
attributed to several impurities, and Mg, Fe, and O are derived
from the target Mg,Fe-LDHs sample. It can be seen from
Table 3 that the Mg(u)/Fe(ir) molar ratios of the Mg,Fe-LDHs
was about 2.9, which was equal to those of the starting reaction
mixture (3.0), suggesting complete coprecipitation of the metal
cations on the brucite layers during hydrothermal treatment.
However, the molar ratios of the samples by both methods are
quite different. The Mg(u)/Fe(m) ratios by EDX analysis are
obviously lower than the AAS one, indicating the possible
Fe;0,rich surface of the sorbents. Meanwhile, the Mg(u)/
Fe(m) molar ratios of Mg,Fe-LDH-0.1Fe;0, and Mg,Fe-LDH-
0.5Fe;0, are much larger than the corresponding AAS ones
(0.76 and 0.15). For Mg,Fe-LDHs, the Mg(u) species is even
undetected on the surface owing to its much thicker Fe;O,
layer, as mainly illustrated by the TEM data (Fig. 1c-f). These
observations clearly demonstrate the clear structure of these
magnetic nanoadsorbents involving the Mg,Fe-LDHs plate-like
particles with different amounts of variously oriented growth of
the magnetic nanoparticles on their surface.

The TGA analysis of the as-synthesized materials was per-
formed under an inert atmosphere (Fig. 6). The total weight
loss of the bare Fe;0, is 4.4% (Fig. 6a) for the whole tempera-
ture range because of the slow removal of all kinds of adsorbed
water. Accordingly, the TG curves of the Mg,Fe-LDHs and
Mg,Fe-LDH-0.3Fe;0, samples exhibit four degradation steps.

100 T (a)
904
< L
@ 80+ L
o
=
5 70 F
2 .
E 8.9% I |
60 - Fe;O,
—— Mg,Fe-LDHI0.3Fe,0, i
—— Mg,Fe-LDHs
50 : ; ;
0 200 400 600 800

Temperature (OC)

The first step corresponds to the removal of physically bonded
water from the interlayer space (25-170 °C), and a weight loss of
8.8% is observed on both TG curves for this stage. The second
one (in the temperature interval of 170-340 °C) is related to the
dehydration of the brucite-like layers, where the TG curve
shows a major weight loss of 8.7%. The next weigh loss of
13.8% also occurred at the temperature range of 340-530 °C,
which is due to the decomposition of the interlayer carbonate
ions. The last weight loss of 8.9% occurred at high temperature
(=530 °C), and can be ascribed to the dehydroxylation
(or the collapse) of the hydroxide layers. The total weight losses
of the prepared Mg,Fe-LDHs and Mg,Fe-LDH-0.3Fe;0, samples
were measured to be 40.2% and 34.7%, respectively.

As in Fig. 6b, the DTA profile of the samples shows three
main peaks at 120 °C, 270 °C and 395 °C (and an edge at
550 °C). The peaks at 165 °C and the edge of 270 °C originated
from the interlayer water loss and dehydration, respectively.
The peak at 395 °C can be ascribed to the dehydroxylation and
decomposition of anionic carbonates. Generally, the mass loss
processes were endothermic, thus supporting a water vaporiza-
tion mechanism. The DTA results for the initial Mg,Fe-LDHs
were similar to those of the magnetic nanocomposite.

To complete the characterization study, the stoichiometric
coefficients of the materials were derived using the Mg/Fe ratio
determined by AAS (Table 3), the amount of CO, and H,O lost
between 250 °C and 800 °C determined by TGA (Fig. 6a), and
considering the electroneutrality of the solids. The uncertain-
ties are based on the assumption that the analytical accuracy of
the used AAS technique is £5% for Mg and Fe, and that the
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Fig. 6 TG (a) and DTA (b) curves of the FesO4, Mg,Fe-LDHs and Mg,Fe-LDH-0.3FesO,4 samples.
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trueness of the TGA analysis is well below 5%. In this case, for
sample Mg,Fe-LDH-0.3Fe;O, containing carbonate ions, the
following formula Mgy 74Feq26(OH)[(CO3> )o.2-2H,0]-0.3(Fe;0,)
is calculated.

To identify the chemical composition and phases formed
from the solids, the solids obtained upon TGA of Mg,Fe-LDH-
0.3Fe;0, at temperatures ranging from 100 to 800 °C were also
analyzed by XRD analysis (Fig. S5, ESIT). The products can be
indexed to MgFe,0, (spinel phase), MgO, and FeO, and the
removal of interlayer water, hydroxyl and carbonate groups can
be described as follows:

1st stage:

Mgy 74Fe0.26(0H),[(CO3> o 2-2H,0]-0.3(Fe;0,)
— Mg 74Feq 26(0H),[(CO5>)o.2]-0.3(Fe;0,) + 2H,0

2nd stage:

Mg0.74Feo.26(OH)2[(C0327)0.2]'0-3(Feso4)
—>Mg0.74Feo.260[(C0327)0_2]~0.3(Fe304) + Hzo

3rd stage:

Mg0.74Feo.26O[(COS27)0.2]'0-3(F3304) — Mgo.72F€.250(Fe304)o.3
(Or(MgO)0.37(FeO)0.3(MgFeZ3O4.1)0.37) + 0.2C02

In fact, the results of the XRD patterns, N, isotherms, FTIR
spectra, VRM, TGA, TEM and SEM/EDX analyses indicate the
existence of Fe;0O, in the layered structure of Mg,Fe-LDHs of the
obtained Mg,Fe-LDH-xFe;0, (0 < x < 1.0) nanocomposites,
thereby making them the most suitable materials for MSPE.

3.2. Adsorption performance for pharmaceuticals

To obtain magnetic nanocomposites with the appropriate
adsorption performance toward target DCF molecules, several
parameters were optimized including the pH of the medium,
removal and equilibrium parameters. The Mg,Fe-LDHs and
Mg,Fe-LDHs-0.3Fe;0,4 samples were selected as the representa-
tive adsorbents because they demonstrate essentially different
properties in the removal experiments.

3.2.1. Effect of the solution pH on DCF adsorption. The pH
of the medium is one of the important influencing factors on
the behavior of Fe;O, nanoparticles and Mg,Fe-LDHs in
solution.*® Hence, the magnetic composites can exhibit excel-
lent sensitivity to the pH of the medium. The pK, of DCF is 4.21,
and the carboxyl group of DCF was fully deprotonated at pH
values higher than the pK, values (Fig. S6, ESIt). Therefore, the
effect of pH on the uptake of DCF by the obtained samples was
studied by varying the pH value in the range of 5-11 (Fig. 7).

As presented in Fig. 7, it was found that the pH of the
solution has a major effect on the adsorption capacity in the
entire range of studied pH values. The Mg,Fe-LDHs do not
exhibit an obvious adsorption when the pH value is below 6.
This may be explained by the fact that the Mg,Fe-LDHs have
positive charges below the pHp,c (9.94, Fig. S7, ESIf), and
efficient interaction occurs between DCF and the surface of
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Fig. 7 Effect of the pH value on the recovery of DCF by the initial Mg,Fe-
LDHs and Mg,Fe-LDH-0.3Fe30, (conditions: V = 200 mL, C = 500 ng mL™*
and weight 50 mg).

the brucite-like layer motifs. Thus, the surface of Mg,Fe-LDHs
carries a positive charge below pHpyc, facilitating the adsorp-
tion of DCF through electrostatic forces. Conversely, at pH
values above the pHpyc, the surface of Mg,Fe-LDHs becomes
negatively charged. This may lead to electrostatic repulsion
with DCF molecules, resulting in decreased adsorption capacity
(Fig. 7). This further demonstrates the participation of electro-
static interactions in the adsorptive removal of DCF on the
Mg,Fe-LDHs. This effect was also observed with a slight shift to
basic pH for the magnetic nanocomposites. It has been shown
that DCF was efficiently absorbed at pH 7.0-8.5 and 7.5-9.5 for
the Mg,Fe-LDHs and Mg,Fe-LDH-0.3Fe;0, samples. The high
removal of DCF at pH (6.7-7.5) could be due to the hydrogen
bonding formation and metal complexation. So, the DCF
motifs mainly carboxylic-interact with the Fe(m) ions of the
matrix, and form complexes based on coordination bonds.>®
The formation of the Fe(m)-ligand coordination bonds is based
on the theory of “hard and soft acids and bases” (HSAB). The
HSAB principle states that Fe(ui) ions as hard Lewis acids prefer
to combine with hard bases, such as water (donor atom, O)
molecules and DCF (N,0 donor atoms) anions to generate
stable complexes. The surface complexes involve the bonding
of several Lewis base species to one Lewis acid center.

Therefore, a pH value of 7.5-8.5 was chosen as an optimum
value for subsequent experiments. The pH of environmental
water is usually around 7.5-9.0; in this case, it is not necessary
to adjust the solution pH for practical applications of the
adsorbents.

3.2.2. The adsorbent hydrolytic stability. The hydrolytic
stability of the adsorbents has been studied within a wide pH
range from 5.0 to 10.0 (Fig. 8). The concentration of Mg** and
Fe*" ions in the solution remains constant for the samples
treated with stress solution within the pH range of 7.0-9.4. This
is fully consistent with the literature data for the hydrolytic
stability of LDH-based adsorbents (e.g., ref. 17).

According to AAS analysis, the maximum leaching amount
of Fe’" ions from Mg,Fe-LDHs at DCF sorption under the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Effect of the pH value on the stability of the obtained materials
after 24 hours contact time.

studied pH solution was found to be 0.004 mg L " (0.1 g solid
added to 50 mL solution). However, the maximum leaching of
Mg>" ions was found to be significant, indicating that the
material may not be safe under all conditions.

3.2.3. Effect of sample volume. The effect of the sample
volume was studied using different volumes of sample solution
(20.0-200.0 mL) for a fixed quantity of obtained materials
(Fig. 9a). The experimental results show that the removal
percent decreased when the sample volume was greater than
250.0 mL. Therefore, the sample volume was set as 200.0 mL.

3.2.4. Effect of the amount of sorbent. The amount of
sorbent plays a crucial role in the MSPE procedure (Fig. 9b).
In the present study, the effect of the amount of Mg,Fe-LDH-
0.3Fe;0, is investigated by varying its loading in the range of
20-100 mg. When the amount of adsorbent is increased from
20 to 50 mg, the extraction efficiencies of the analyte increase
correspondingly, which is explained by the higher quantity of
active sites. However, the extraction capacities remain unchanged
when the amount of adsorbent exceeds 50 mg, indicating the
complete saturation of the Mg,Fe-LDH-0.3Fe;O, active centers.
Based on these results, it has been concluded that 50 mg is an
optimal adsorbent loading amount for the extraction.
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3.2.5. Effect of the magnetic separation time. To reach the
equilibrium of magnetic separation procedure, the extraction
time was investigated in the range of 5 to 60 s. The magnetic
composites were completely separated after quantitative recov-
eries of the target metal ions when the magnetic field was applied
for greater than 10 s. When the solution was higher than 50 mL,
the separation time was longer than 30 s (for 400 mL). These
results indicated that the developed MSPE procedure was very
efficient and fast. In our experiments, a separation time of 10-30 s
was employed depending on the volume solution. Specifically,
15 s was selected as the optimum extraction time.

Based on the above main properties of the obtained materi-
als, the nanocomposites Mg,Fe-LDH-0.3Fe;O, and Mg,Fe-LDH-
0.5Fe;0,4, which can form a stable colloidal suspension in
aqueous solution and good extraction by NdFeB magnet, were
chosen for studying the adsorption properties.

3.2.6. Adsorption kinetics. The influence of the contact
time on DCF adsorption is shown in Fig. 10a. The adsorption
capacities of the tested samples toward DCF increased quickly
in the first 60 min, then gradually increased, and finally
reached a stable plate. Adsorption equilibrium of the adsor-
bents was achieved after 2 hours, except for Fe;0, (90 min). The
adsorption kinetics of DCF to goethite also showed similar
phenomena in a wide pH range.>®

Pseudo-first order and pseudo-second order models were
used to fit the adsorption kinetic data (Fig. 10b and c), and
the parameters are summarized in Table 4. Correlation coeffi-
cients (R*> > 0.98) of the pseudo-second order kinetic model
obtained from the DCF adsorption were higher than that for
the pseudo-first order kinetic model. When the second-order
model is applied, the rate constant (k,) varies from 1.2054 to
0.1842 ¢ mmol ' min~'. Moreover, the calculated adsorption
capacities obtained from this kinetic model were approximately
close to the experimental data. Therefore, the adsorption of DCF
on the above materials could be dominated by the chemisorption
process™ with a rate-limiting step at all-time intervals. Similar
results have been obtained for the adsorption of DCF by the Zn,Al-
LDH-xBi,0;*° and CS@PANI@Mg,Al-LDH>' composites.

However, the removal of DCF on the obtained nanomaterials
was not expected to only follow typical kinetic models, and a

100

(2] [e ]
(=} o
! L
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20

—O— Mg,Fe-LDHs
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Fig. 9 Effect of the solution volume (a) and dose of the sorbent (b) on the DCF sorption by Mg,Fe-LDHs and Mg,Fe-LDH-0.3FesO,4 samples.
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Fig. 10 Effect of the contact time on the DCF adsorption by Mg,Fe-LDHs and the corresponding magnetic materials (a), and the related data
fitting by pseudo-first-order (b), pseudo-second-order (c), and Weber—Morris (d) models (conditions: Co = 300 mg L™, pHo = 7.5 + 0.1, T = 25 °C,

m/V=10glL™.

Table 4 Kinetic parameters of fitting with pseudo-first order and pseudo-second order models for DCF adsorption on Mg,Fe-LDHs and corresponding

magnetic adsorbents at pHo = 7.5

exp

Pseudo-first order model

Pseudo-second order model

qe
Sample (mmol g™ ) g (mmol g™ k; (min™") R? ¢&" (mmol g~1) k, (g mmol™* min™") R
Mg, Fe-LDHs 0.38 0.22 0.022 0.8612 0.42 0.1842 0.9919
Mg, Fe-LDH-0.3Fe;0, 0.37 0.23 0.019 0.9251 0.38 0.1868 0.9823
Mg,Fe-LDH-0.5Fe;0, 0.29 0.31 0.022 0.9012 0.31 0.2027 0.9946
Fe;0, 0.03 0.08 0.013 0.9529 0.03 1.2051 0.9898

cal

g and ¢ are the experimental and calculated adsorption capacity at equilibrium, respectively (mmol g~ ); k; and k, are the pseudo-first-order
and pseudo-second-order rate constants, respectively.

number of other mechanisms might be governing the adsorp-
tion processes. In this context, to demonstrate the molecular
diffusion effect, the Weber-Morris (or intra-particles diffusion)

kinetic model*®

is applied. The plots and values of the corres-

ponding rate constants are presented in Fig. 10d and Table S1
(ESIY), respectively. In Fig. 10d, the graphs do not have a linear
fitting plot, indicating that the removal process was controlled
by several factors. The fitting plots contain three different
regions, which is consistent with various step adsorption
processes. The first stage involves rapid adsorption (~75%)
on the surface of the materials within a period of the initial
60 min. The rate constant (K;) is larger in the obtained magnetic
nanocomposites than the pristine Mg,Fe-LDHs due to the large
specific surface area (Table 2). The second stage involves a

8156 | Mater. Adv, 2024, 5, 8145-8163

decrease in the slope of the fitting line, suggesting a reduction
in the adsorption sites of the adsorbents as they are consumed,
resulting in a decrease in the adsorption rate. This effect also
suggests that the process is primarily adsorption in the exterior
surface, along with some absorption inside the interlayer space.
In the third stage, the slope of the fitting line is nearly zero,
indicating a lack of adsorption sites, and the adsorption
process reaches the equilibrium state.

The intercept (C) values of the obtained adsorbents are
observed between 0.0005 mmol g * (I stage) and 0.3781 mmol g *
(III stage) (Table S1, ESIY). It is known®® that with a greater value
of C, there is a greater boundary layer effect in the sorption
process. In this case, the effect of the boundary layer thickness
is very important for the sorption in the III stage compared to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the sorption in the I stage. This observation also indicates that
the intra-particles diffusion of the DCF species is not the
dominating factor controlling the mechanism of the adsorption
process.

3.2.7. Adsorption isotherms. Through adsorption iso-
therms, the equilibrium relationship between the adsorbate
and adsorbents was analyzed. Fig. 11 and Fig. S8 (ESI{) present
the adsorption isotherms of DCF onto the as-synthesized
samples. The adsorption process on Mg,Fe-LDHs and Mg,Fe-
LDH-xFe;0, samples exhibits an L-type isotherm.*® This
indicates that DCF is strongly attracted with the adsorbents,
mostly by chemisorption between cations in the brucite-like
layer and DCF groups, which suggests that the layer charge may
be important. The obtained experimental isotherms (Fig. 11)
illustrate the quantitative removal of DCF onto the obtained
materials at low concentrations. Then, the sorption of DCF
onto the obtained materials was gradually improved, and
finally attained the platform. The slope of the isotherm inclina-
tion indicates the affinity of the adsorbent to the adsorbate.*®
Meanwhile, it was observed that the adsorption affinities of
all the obtained samples differed. In this key, the pristine
Mg, Fe-LDHs have the highest affinity to the DCF ions, and
quantitatively adsorb them from the water solution up to the
total capacity of the adsorbent. With increasing Fe;O, amount,
the adsorption capacity of the magnetic nanocomposites
decreased, which may be attributed to the blocked active
spaces. This is because the loading of Fe;O, results in two
opposite effects. It decreases the number of adsorption sites,
thereby enhancing the magnetic properties. It also enhances
the extent of aggregation, thereby limiting the availability of
active sites. At low concentrations, the magnetic material has
sufficient active sites for the analyte to be completely adsorbed,
but the adsorbed amount per unit mass can be relatively weak.
At higher concentrations, the increase in concentration
improves the adsorptive capacity of mass transfer, and thus
the adsorptive capacity per unit weight becomes larger. However,
due to the limited number of active sites on the surface of the
magnetic nanocomposites, the adsorption will be in equilibrium

150

—o— Mg,Fe-LDHs
—o— Mg,Fe-LDH-0.1Fe;0,
—o— Mg,Fe-LDH-0.3Fe;0,|
—o— Mg,Fe-LDH-0.5Fe,0,
Mg,Fe-LDH-1.0Fe;0,
100 150
C. (mgiL)

50 1

0 T
0 50

200

Fig. 11 Adsorption isotherms of DCF onto Mg,Fe-LDHs and the corres-
ponding magnetic nanocomposites at room temperature (conditions:
pH =75+ 0.1, m/V = 1.00 g L%, time = overnight).
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as the concentration is further increased, resulting in a gradual
decrease in the removal efficiency.

The experimental adsorption capacities toward DCF for
the Mg,Fe-LDHs, Mg,Fe-LDH-0.1Fe;0,, Mg,Fe-LDH-0.3Fe;0,,
Mg,Fe-LDH-0.5Fe;0, and Mg,Fe-LDH-1.0Fe;0, samples were
158.1 mg g~ (0.49 mmol g™ ), 153.2 mg g~ (0.48 mmol g™ 1),
143.2 mg g~ (0.45 mmol g™ ), 124.3 mg g~ (0.38 mmol g 1),
and 89.1 mg g ' (0.28 mmol g "), respectively (Fig. 11 and
Fig. S8, ESIf). The starting Mg,Fe-LDHs exhibit the highest
adsorption performance due to the positive charge on the
surface, and resulting in electrostatic repulsions between
the DCF ions and Mg,Fe-LDHs. With increasing Fe;O, amount,
the adsorption capacity of the magnetic nanocomposites
decreased, which may be attributed to the Mg,Fe-LDHs being
stacked randomly on the surface of Fe;O, and blocking the
interlayer. This is not beneficial for removing DCF motifs in
the magnetic solid-phase extraction process from aqueous
solution.

The isotherm models are a serious justification for evaluat-
ing the interaction between the organic molecules on the
surface adsorbents and DCF in the solution at the equilibrium
state.'®”" To further understand the adsorption mechanism of
DCF by adsorbents, we used four classic adsorption model fits,
Langmuir, Freundlich, Temkin and Redlich-Peterson. The
Langmuir model represents a uniform surface property of the
adsorbent, where only one molecule can be adsorbed at each
adsorption site. The Freundlich model represents a non-
uniform surface property, where a multimolecular overlay can
be formed on the adsorption sites. The Redlich and Peterson
model*” describes the low and high concentration limits of the
Langmuir and Freundlich equations. The fitting curves of the
isotherm adsorption models of the obtained adsorbents for
DCF removal are plotted in Fig. S9 (ESIT) with the parameters
shown in Table 5.

The Langmuir isotherm equation (R* > 0.9940) displayed a
better goodness of fit than the other tested equations, suggest-
ing monolayer adsorption, and the calculated capacity (gm,
Table 5) values of the obtained adsorbents from the Langmuir
equation is very close to the values of the equilibrium experi-
mental quantity adsorbed, as shown in Fig. 11. The Kj, values
for DCF adsorption on the above adsorbents were all between
0 and 1, thereby confirming the dominant chemisorption
process. According to the Freundlich equation at constant
system pH, the adsorption isotherms of DCF on solids exhib-
ited a nonlinear characteristic (1/z < 1), and also indicated a
minimum interaction between the adsorbed DCF motifs. The
nonlinearity of the sorption behaviors indicated specific inter-
actions with functional groups on the obtained sorbents. Due
to the low correlation coefficients (R* > 0.7546), the Freundlich
equation was mainly ignored. The Temkin isotherm equation
indicates the chemisorption process because the b, value was
higher than 20 k] mol *.*® The linear fitting of the equilibrium
data indicated that the experimental adsorption isotherm
obtained for Mg,Fe-LDH 0.5Fe;0, was best fitted to the Red-
lich-Peterson model, with the highest R> parameter (shown in
Table 5).

Mater. Adv, 2024, 5, 8145-8163 | 8157
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Table 5 Parameters of four kinds of isotherm adsorption models for DCF adsorbed onto the obtained adsorbents at pHg = 7.5

Model Parameter Mg,Fe-LDHs Mg, Fe-LDH-0.1Fe;0, Mg,Fe-LDH-0.3Fe;O0, Mg, Fe-LDH-0.5Fe¢;0, Mg, Fe-LDH-1.0Fe;O0, Fe;04
Langmuir Ky, (L mg ™) 0.42 0.2 0.08 0.03 0.09
Gm, (Mg g™)  156.25 156.24 147.06 133.33 102.04 30.4
R? 0.9999 0.9997 0.9997 0.9989 0.994
Freundlich Kg, (mg' ™" 81.4 72.88 63.61 33.08 9.6 7.41
L1/n g—1)
1/n 0.14 0.17 0.27 0.43 0.29
R’ 0.7546 0.9598 0.9449 0.8971 0.9532
Temkin Ap(Lmg™)  154.04 37.82 22.4 1.74 1.61 1.52
b, (Jmol™)  153.84 138.07 138.94 111.67 112.84 453.01
R’ 0.832 0.9822 0.988 0.9424 0.9838
Redlich-  Kgp (L mg™?) 3.65 0.40 0.19 0.16 0.14
Peterson agp (L mg™")# 0.41 0.12 0.22 0.13 0.67
0.75 0.29 0.17 0.48 0.52
R? 0.9579 0.9998 0.9899 0.9999 0.9888

gm and Ky, are the Langmuir constants related to the capacity of adsorbents and energy of adsorption, respectively; Kr is the partitioning Freundlich
coefficient, and 1/n is the dimensionless reaction order (commonly less than 1); b, is the Temkin constant related to the heat of sorption, Ay is the
equilibrium binding constant corresponding to the maximum binding energy; Kgp is the Redlich-Peterson adsorption capacity constant; agp is the
Redlich-Peterson isotherm constant; and f is an exponent (dimensionless) between 0 and 1.

Table 6 Comparison of the sorption properties of the prepared composites toward DCF with some LDH-based reported sorbents

No. Sorbent Adsorption performance (¢, mg g '; time, min; pH medium, etc.) Ref.

Pristine LDHs materials

1 Zn,Fe-LDH 74.5 mg g~ '; time 30 min, the pseudo-second order kinetic model. 18

2 MgAI-LDH (or calcined at 500 °C) 123 mgg ' (or1494 mgg ) 19

3 MgAI-LDH 104 mg g~ '; m/V = 5/20 mg mL ™" 22

4 Zn,Al-LDH (or calcined at 500 °C) 94.32 mg g ' (737.02 mg g '), ¢t = 20 min, the pseudo-second order kinetic 24
model; pH = 7.0, V=50 mL, m = 50 mg, T =22 °C.

5 (Co, Mg, Ni and Zn),Al-LDHs 38mgg ', 78 mgg !, 16 mg g ' and 150 mg g '; 0.1-0.4 mg L', 298 K, 26
PH 6; pseudo-second order linear reaction.

6 Mg,Fe-LDHs 158.1 mg g ', pH = 7.5, Langmuir isotherm model, suggesting the This study
chemisorption process.

LDHs-based composites

7 Zn,Al-LDH-xBi,0, 500 mg g~ (Zn,Al-LDH-1.0Bi,05); 20

8 CS@PANI@Mg,Al-LDH 618.16 mg g ', pH=5.5 + 0.1, m/V=0.5 g L '; ¢ = 2-4 h, the pseudo-second 21
order kinetic model; Langmuir isotherm model, suggesting the monolayer
adsorption.

9 MgAI-LDH/PmPD 588 mg g ', Kq = 1.3 x 10* mL g, time 2 h, pseudo-second order kinetic 22
model.

10 Cellulose acetate/Mg-Al-LDH pH = 7, the CA membrane retained only 2.7% of the drug due to a lack of 23
electrostatic interaction between the neutral polymer and the negatively
charged DCF molecule.

11 Fe;0,/cellulose/ionomer/CaAl-LDHs 258 mg g~ ', t = 2 min, Langmuir model (at low concentration) and 35
Freundlich model (at high concentration level).

12 Mg,Fe-LDH-xFe;0, 153.2 mg g ' (0.48 mmol g ), 143.2 mg g~ ' (0.45 mmol g '), 124.3 mg g~ * This study

(x=0.1, 0.3, 0.5, 1.0 and 2.0)

(0.38 mmol g '), 89.1 mg g ' (0.28 mmol g ') and 76.1 mg g "
(0.23 mmol g™ "); m/V=1.0 g L™ pH = 7.5, Langmuir isotherm model,
suggesting the chemisorption process.

Notes. CS - carbon sphere; PmPD - Poly(m-phenylenediamine).

3.2.8.

Comparison of the adsorption capacities. The adsorp-

is obvious that the performances of the prepared nanocomposites

tion capacities of the obtained materials and other adsorbents
reported in the literature for DCF are shown in Table 6.

At pH,, of 7.5, the maximum adsorption capacity of the starting
Mg,Fe-LDHs towards DCF is 158.1 mg g, and this capacity can be
much higher than those reported in other works for pristine LDHs
(Table 6). This outcome was ascribed to the fact that the specific
reaction (e.g., complex-formation) of the brucite-like structure of
Mg,Fe-LDHs with DCF took place during the adsorption process. It

8158 | Mater. Adv, 2024, 5, 8145-8163

are at a satisfactory level with respect to the adsorption capacity
among the reported LDHs-based hybrid materials. Thus, these
prepared materials could be well suited for practical applications.

3.3. Adsorption mechanisms

To elucidate the interaction mechanisms between DCF and
Mg,Fe-LDHs (or magnetic Mg,Fe-LDH-0.3Fe;0,), XRD and FTIR
analyses were conducted, as shown in Fig. 12.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 XRD patterns (a) and FTIR spectra (b) of Mg,Fe-LDHs before and after adsorption of DCF ions.

By comparison of the XRD patterns before and after the
adsorption of DCF (Fig. 12a), we can see that some diffraction-
angle peaks are decreased (11.40° to 11.24°, 22.95° to 22.63°)
and some peaks are increased (56.67° to 59.92°), while other
peaks remained unchanged. The diffraction angle at 39.4588°
in the XRD pattern after adsorption belongs to DCF. The basal
peak (20 = 36.2169°) position in the drug-containing product
(Mg,Fe-LDHs/DCF, Fig. 12a) corresponds to an interlayer layer
distance of 7.8598 A, which is slightly higher than that of
Mg,Fe-LDH by 0.00917. This means that the diclofenac ions
mainly are not intercalated in the interlayer space of the layered
structure. The 20 values of the highly intense peaks for the initial
Mg, Fe-LDHs and Mg,Fe-LDHs/DCF products are 36.3559° and
36.2169°, respectively. This effect is probably due to the interac-
tions of the organic groups with the surface of the material and
complexation of the layer-formed metal cations (Mg(u) and Fe(i))
of the Mg,Fe-LDHs plates. The results obtained from XRD analysis
are consistent with the previously reported data."®

The FTIR spectra of Mg,Fe-LDHs before and after DCF
adsorption were also recorded (Fig. 12b). Generally, the spec-
trum of DCF exhibited typical peaks at 3380 cm ™, 3030 cm ™%,
1585 cm™ ', 1556 ecm ™', 1451 cm ™', 1289 ecm ™', 1(C-N,,), and
750 cm™' due to the y(N-H), 1(C-Hy), 6(C=Ca,), §(N-H),
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¥(COO™) and (C-Cl) stretching vibrations, respectively. After
DCF sorption, the peaks corresponding to #(N-H), ©(COO), and
1(C-Cl) were shifted. This change indicated the existence of a
chemical interaction between DCF and Mg,Fe-LDHs. Com-
plexation between the =N-H and -COOH groups of DCF and
the metal ions of the brucite-like layers may have occurred.”®
Additionally, the wide peak of the 1(O-H) stretching vibration
of Mg,Fe-LDHs near 3440 cm ' was shifted to 3396 cm ™,
which was probably attributed to the formation of N---O and
O---HO hydrogen bonding between DCF and the brucite-like
layers of the Mg,Fe-LDHs plates. Based on the FTIR data of
Mg,Fe-LDHs before and after adsorption, the uptake mecha-
nism could be explained via electrostatic interaction, hydrogen
bonding, and complexation interactions (Scheme 2). Moreover,
adsorption takes place at the surface of the magnetic nano-
composites through electrostatic forces of attraction for DCF,
accompanied by intercalation of CO;>~ anions from aqueous
solution, which consequently remained unchanged by DCF via
anion exchange according to XRD data.

3.4. Regeneration of the adsorbents

Reusability is one of the key factors for evaluating the
economic viability of novel sorbents. For this purpose, the

Scheme 2 Schematic presentation of the adsorption mechanisms of DCF onto Mg,Fe-LDHs (or Mg,Fe-LDH-xFezO,4) samples.
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Fig. 13 Reusability of the Mg,Fe-LDH-0.3FezO,4 sample for the adsorp-
tion/desorption of DCF in aqueous solution.

Mg,Fe-LDH-0.3Fe;0, nanocomposite was selected as a model
sample. The adsorption capacity of the Mg,Fe-LDH-0.3Fe;0,
magnetic nanocomposite for three consecutive adsorption-
desorption cycles is presented in Fig. 13. The regeneration studies
for the nanocomposite reveal that 69-79% of the adsorbed
analytes can be removed by washing (within 300 min) the DCF-
adsorbed nanocomposites once with Na,COj; (or NaNO;) solution.
During the adsorption/desorption process, the non-renewable
nature of the complexation reaction is the main reason for the
gradual decrease in the removal of DCF ions. Thus, upon several
repeated inorganic salts-treatment processes, the exhausted mag-
netic adsorbents can be regenerated.

3.5. Multicomponent model solution study

Under real conditions, the effective removal of a pollutant from
the water matrix is significantly affected by the presence of
other components with various concentrations.”® To conduct

‘Wlnadl]_pn_

DCFPb Cd Zn Cu Ni Mn Co Ca Mg K
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the selectivity study of the proposed magnetic adsorbents, the
effect of interfering ions on the adsorption process was char-
acterized using a multicomponent model solution (simulated
water). Under the optimized experimental conditions, the
effects of both cations (multi element ICP standard solution
contains 23 elements) and anions (Cl~, NO;~ HPO,*>~, SO>~
and humic acids (A-)) on the adsorption of DCF were investi-
gated. In this sense, various coexisting ions (approximately
4 mg L of each component) were added to 50 mL aqueous
solutions containing DCF with a concentration of 10 mg L~ "
(Fig. 14).

The mono- and doubly-charged cations showed different
effects of the removal of DCF motifs on the adsorbents
(Fig. 14a). Among them, Na" and K" ions only showed a minor
influence on the adsorption of DCF. Alkaline earth metals
(especially Ca®* ions) were shown to have a relatively significant
effect. Pb**, Ni**, Co®" and other double-charged ions will cause
interference if its concentration is more than 10 times over the
DCF solution (Fig. 14a). Generally, double-charged cations had
a greater influence than monocharged cations. Although the
divalent cations showed insignificant effects on the adsorption
of the target analyte, AAS showed that the concentration
of Mg(u) ions in solution was significantly increased after
the adsorption procedure. The mechanisms of these doubly-
charged cations affecting the adsorption process would be
integrated, including the effect of ionic strength, the effect of
competitive adsorption, and the effect of isomorphic substitu-
tion with matrix Mg(u) ions. From Fig. 14b, it can be observed
that the potentially interfering anions have no significant effect
on the removal of DCF by the proposed procedure using the
Mg,Fe-LDH-0.3Fe;0, sample. A slight reduction in the sorption
of DCF can be observed in the presence of ClI™ and NO; ™, and
the interference effect was much stronger in the presence
of humic acid.

To demonstrate the applicability of the developed procedure
for real-time wastewater treatment, tests were performed at
high concentrations of co-existing ions. In this case, the toler-
ance limit was taken as the concentration of the co-existing
ions causing a variation in the intensity of DCF within £25%.
The tolerable ratio of each species concentration was as follows:

10 . : . . b)

A

DCF HPO42" SO42- NO3~ CI

Fig. 14 Effect of the coexisting cations (a) and anions (b) on the DCF removal in multi-component solutions by the Mg,Fe-LDH-0.3FezO4 sample
(conditions: C(DCF) = 10 mg L™, C(M) = C(A™) = 4 mg L%, time 300 min, m/V = 1.0 g L%, pH 7.5).
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various real samples under the optimum conditions.
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1000-fold for K" and Na" (from their nitrate salts); 10-fold for
Pb>*, Ccu®’, €d*", zn*", AI**, Mn**, Ni*", and Co*" (from their
nitrate salts); and 20-fold for Mg>* and Ca*" (from their nitrate
salts); 100-fold for PO,*>~, Cl~, NO;~ and SO,>~ (from their
sodium salts) ions.

3.6. Application to real water samples

The adsorption potential of the magnetic nanocomposites was
explored via the removal of DCF in three real samples (artesian
water, river water, and lake water (near pharmaceutical
manufacturing plant)) by adding the samples with various
DCF concentrations. The adsorption capacity data and the
recoveries for spiked samples are shown (Fig. 15).

As illustrated in Fig. 15, DCF was removed entirely from all
studied water samples. The average values of recovery on the
spiked DCF in different samples ranged from 98.5% to 103.3%.

The good magnetic and adsorptive parameters of the
obtained materials indicate that the proposed procedure has
potential for MSPE of other pharmaceuticals from aqueous
solution. As a result, the as-synthesized composites appear to
be a promising platform for the removal of emerging organic
pollutants from water media, and mainly without the use of an
anion exchanger.

4. Conclusions

In summary, the Mg,Fe-LDH-xFe;0, (x = 0.1, 0.3, 0.5, 1.0 and
2.0) nanocomposites as an efficient sorbent were synthesized
via sonification treatment of both components. The molar ratio
of Mg,Fe-LDHs/Fe;0, had a significant effect on the 2D-layered
structure and specific surface area of the magnetic nanocom-
posites. The Mg,Fe-LDH-xFe;0, samples with 0.1 < x < 1.0
have a high magnetic saturation, and are well suited for
magnetic solid phase extraction of pharmaceuticals from aqu-
eous solution. High adsorption capacities of magnetic nano-
composites were obtained toward diclofenac sodium as a
model pharmaceutical. The optimum pH for the removal of
diclofenac by magnetic nanocomposites is about 7.5. The
removal effectivity of diclofenac anions by Mg,Fe-LDH-xFe;0,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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samples decreases with increasing Fe;O,-loading on the chemical
composition of adsorbents. Analyte adsorption of the obtained
nanocomposites is described by the Langmuir adsorption iso-
therm model, suggesting the monolayer adsorption process,
whereas the Weber-Morys model indicates that the adsorption
of diclofenac mainly occurs on the external surface. Conversely,
the adsorption kinetic data for pollutants were well fitted to the
pseudo-second-order model. Simultaneously, based on the XRD
and FTIR data of samples before and after adsorption, the
removal mechanism could be explained through electrostatic
interaction (including hydrogen bonding) between adsorbents
and diclofenac motifs, and complexation reactions in a hetero-
geneous system. With the overcoming of certain limitations
related to the chemical composition of nanocomposites and
excess double-charged inorganic cations in solution, they are
poised to become a ubiquitous tool for environmental remedia-
tion efforts.
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