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A B S T R A C T

In this study, hybrid magnet-sensitive nanoparticles made by magnetite and humic acid are primarily obtained 
following a co-precipitation route. Subsequently, such hybrid systems are fully recycled following a two-step 
process, namely: (i) calcination under air (oxidizing) atmosphere, and (ii) acid digestion to obtain an Fe(III) 
aqueous solution. After neutralization, hybrid magnet-sensitive nanoparticles are re-synthesized following a 
properly modified synthetic route analogous to the previous one. Both hybrid nanoparticles are characterized by 
means of different morphological, structural, physicochemical, and magnetic techniques. Additionally, these 
magnet-sensitive hybrids are tested in the photocatalytic abatement of paracetamol from model wastewater, 
investigating a photo-Fenton degradation route. Experimental results evidence a superimposable degradation 
profiles of both hybrid nanoparticles, with an almost complete degradation of paracetamol after 120 min of UV 
irradiation (with 96–98 % of abatement). These results clearly demonstrate that the recycling route here pro-
posed is an effective approach for the virtuous recycling of these hybrid nanoparticles, and the photocatalytic 
tests, although preliminary, encourage on the possibility of using these magnetic systems as substrates for the 
sustainable abatement of recalcitrant emerging micro-contaminants in wastewater treatments.

1. Introduction

In today’s world, the continuous anthropogenic impact on our planet 
is creating a dramatic depletion of the available resources, and a serious 
alarm regarding the clean water scarcity [1,2], with ca. 3.6 billion 
people (i.e., almost half of the human population) living in countries 
that suffer water scarcity [3]. Considering these aspects, it clearly 
emerges the importance of exploring integrated water reuse and water 
treatment processes seeking for a transition toward a more circular 
water management [4]. Among the different inorganic nanomaterials 
exploitable in the photocatalytic remediation of contaminated waste-
water, the most promising substrates are metallic systems (e.g., AgNPs, 
ZVI), and metal oxides, such as titania (TiO2), zinc oxide (ZnO), and iron 
oxides nanoparticles, with TiO2 being the most common photocatalyst 
due to its high photocatalytic activity, reasonable cost, photo-, chemical 
and biological stability [5–7].

In this context, magnetic iron oxide nanomaterials have attracted 

growing interest in water treatments as low cost and environmental- 
friendly substrates, easily recoverable (simply by applying an external 
magnetic field), and showing great performances as heterogeneous 
catalysts in (photo)-Fenton processes [8–15]. The catalytic mechanism 
involving iron oxides can be twofold: (i) a heterogeneous action 
involving the electron/hole separation and formation of hydroxyl radi-
cals [16], and (ii) a homogeneous action involving the leaching of iron 
ions from the solid surface [17]. Based on our personal expertise, it has 
been fully demonstrated that magnetic iron oxides (i.e., magnetite) 
nanoparticles partially covered with humic-like substances [18–20] are 
very promising hybrid materials for the photocatalytic abatement of 
different emerging contaminants from wastewater media, such as Car-
bamazepine [21], Caffeine [4,22], Diclofenac [13], Flumequine [21], 
Ibuprofen [21], Sulfamethoxazole [21], and many others. However, this 
might not be enough. In fact, despite the numerous public demonstra-
tions in support of climate and ecological activism have risen up the 
attention on water emergency, the recent energetic crisis has also 
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pointed out the importance of developing technological solutions based 
on renewable energy and materials with closed life cycles. Hence, the 
reuse of materials is becoming a key point to save minerals and raw 
materials, reducing the production of waste and pollution degree of the 
environment. Translating this key point to the direct use of hybrid 
nanosystems made by magnetite and humic acids (HA) for the envi-
ronmental remediation of contaminated wastewater, it becomes legiti-
mate to ask whether this approach is a sustainable technological 
solution or not, and in particular which is the fate of the hybrid 
magnetite-HA nanoparticles once their use has ended. Is it possible to 
fully recycle end-of-life hybrid magnetite-HA nanoparticles, reaching a 
closed life cycle?

This last aspect has been poorly investigated in the state-of-the-art 
literature. In fact, in the study by Nyabadza et al. [23], it has been re-
ported that even if nanomaterials have shown great potential in the 
treatment of contaminated wastewater, a recycling or disposal plan after 
their use is a mandatory point, in order to ensure a full sustainability. In 
this context, the separation of the nanomaterials from water is a crucial 
step that demands careful attention. Multiple approaches have been 
developed for recycling or disposing nanomaterials, with magnetic 
separation and flocculation being the most promising ones [23]. How-
ever, in most cases, the preferred disposal strategy still remains the 
immobilization of regenerated nanomaterials into composite matrices or 
their direct incineration (see [23], and references therein). Interestingly, 
in the study by Gautam et al. [24], hybrid magnetite nanoparticles 
functionalized with HA were used as adsorbents for the removal of dye 
molecules from water. In their studies, the authors reported the possi-
bility of desorbing the adsorbate molecules in presence of 0.1 M HCl and 
recycling the magnetite nanoparticles by performing five adsorption/ 
desorption processes. Results indicate a progressive reduction of the 
magnetic nanomaterials’ sorption capacity and efficiency with the 
number of their reuses.

On the contrary, the present study aims to evaluate the possibility to 
fully recycle end-of-life hybrid magnetite-HA nanoparticles, by resyn-
thesizing newly hybrid nanoparticles starting from the exhausted ones. 

This last aspect is a poorly investigated topic, since in most of the 
literature, the synthesis of magnetite nanoparticles involves mineral 
waste (e.g., iron ore tailings) [25], and not previously prepared nano-
materials. Here, hybrid magnetite-HA nanoparticles were synthesized 
by means of a well-established co-precipitation route from exhausted 
hybrid magnetic nanoparticles [21,26,27]. First, such nanoparticles 
were calcined under air (oxidizing) atmosphere in order to both burn 
away the organic fraction deriving from the residual HA, and convert the 
inorganic fraction (i.e., partially-reduced magnetite Fe3O4) into the fully 
oxidized hematite α-Fe2O3. Lastly, with the purpose of isolating ferric 
ions into a more usable form, hematite has been acid digested, obtaining 
a Fe(III) aqueous solution [28]. After neutralization, hybrid magnetite- 
HA nanoparticles were resynthesized following a co-precipitation 
route analogous to the previous one, thus obtaining recycled hybrid 
magnetite-HA (RHM) nanoparticles. The entire procedure is reported in 
Fig. 1.

Morphological, structural and physicochemical properties of both 
HM and RHM were monitored by means of multiple techniques, such as 
scanning electron microscopy (SEM), X-ray powder diffraction (XRD), 
thermal gravimetric analysis (TGA), Fourier transform infrared (FTIR) 
spectroscopy, transmission Mössbauer (TMS) spectroscopy, and 
vibrating sample magnetometry (VSM). Lastly, to evaluate the efficiency 
of both HM and RHM in terms of photocatalytic abatement against 
paracetamol as target pollutant, preliminary photo-Fenton degradation 
experiments were carried out. In particular, paracetamol (a non- 
steroidal anti-inflammatory drug) is an emerging pollutant among the 
sixteen substances detected in surface, drinking, and groundwater, with 
global average concentrations ranging between ca. 0.030 to 0.920 μg 
L− 1 (i.e., low concentration, and relatively difficult to be removed), and 
being highly biologically active [29].

Fig. 1. Scheme of the direct synthesis of HM, and the recycling route proposed for the synthesis of RHM from HM.
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2. Experimental section

2.1. Chemicals

Reactants: Iron(II) sulfate heptahydrate (FeSO4⋅7H2O, 98 %, CAS 
7782-63-0, Thermo Scientific), iron(III) chloride hexahydrate 
(FeCl3⋅6H2O, CAS 10025–77-1, VWR Chemicals), paracetamol 
(C8H9NO2, 78 %, CAS 103–90-2, Thermo Scientific), and humic acid 
sodium salt (HA, tech. 50–60 % as humic acid, CAS 68131–04-4, Thermo 
Scientific) were used as received. Potassium bromide (KBr, 99 + %, FTIR 
grade, CAS 7758-02-3, Aldrich) was heated at approx. 80 ◦C prior to use 
to maintain it dry. Solutions and solvents: Ammonia solution (25 %, ISO. 
Reag, Ph. Eur., CAS 1336-21-6, Supelco), 6 M HCl solution prepared by 
diluting hydrochloric acid (HCl, puriss., p.a., ACS reagent. ISO, reag. Ph. 
Eur., fuming ≥37 %, CAS 7647-01-0, Sigma-Aldrich) in deionized water, 
6 M NaOH solution prepared by dissolving sodium hydroxide pellets 
(NaOH, puriss., p.a., ACS reagent, ≥ 98 %, CAS 1310-73-2, Aldrich) in 
deionized water, hydrogen peroxide solution (H2O2, 35 wt%, CAS 7722- 
84-1, Alfa Aesar), acetone (CH3COCH3, CAS 67–64-1, Sigma-Aldrich). 
Furthermore, deionized water was used during washing procedures. 
Milli-Q water with a resistivity of 18.2 MΩ cm was used. All chemicals 
were used without further purification.

2.2. Synthesis of hybrid magnetite via co-precipitation mechanism

Hybrid magnetite nanoparticles are prepared following a modified 
procedure taken from the literature [21,26,27]. In detail, iron(II) sulfate 
heptahydrate (4.17 g) and iron(III) chloride hexahydrate (6.17 g) were 
introduced into a beaker (with Fe(III)/Fe(II) molar ratio of ca. 1.5), and 
dissolved in 100 mL of deionized water by means of magnetic stirring. 
The obtained solution was heated from RT to 90 ◦C. Once the target 
temperature was reached, two solutions were added simultaneously: (i) 
25 % ammonia solution (10 mL), and (ii) previously prepared 2 wt% HA 
aqueous solution (50 mL). Immediately, hybrid magnetite nanoparticles 
precipitate in the alkaline medium, forming a dark-brown suspension. 
Such suspension was maintained under magnetic stirring at isothermal 
conditions (90 ◦C for 30 min), and then cooled down to RT. Hybrid 
magnetite nanoparticles were separated from the aqueous medium by 
performing a magnetic separation (applying a commercial neodymium 
magnet). Afterwards, hybrid magnetite nanoparticles were centrifuged 
at 4000 rpm for 30 min, washing with deionized water (four times) and 
acetone (one time), in order to remove the possible reaction by-products 
(i.e., residual ammonium salts). Purified suspension of hybrid magnetite 
nanoparticles was deposited over a glass Petri dish and oven dried under 
air atmosphere at 80 ◦C overnight. Lastly, dried hybrid magnetite 
nanoparticles were gently crumbled inside an agate mortar, and sample 
stored inside a closed glass vial (yield 89.7 %). The obtained sample was 
defined as HM (acronym of Hybrid Magnetite). Furthermore, for the 
sake of comparison, a bare magnetite (defined as M0) obtained 
following the previous procedure in absence of HA, has been taken as 
reference substrate.

2.3. Thermal treatment and acid digestion of hybrid magnetite

The controlled degradation of the hybrid magnetite nanoparticles 
was carried out by performing two subsequent treatments: a preliminary 
thermal treatment under oxidizing conditions, followed by an acid 
digestion. The thermal treatment was performed by depositing the HM 
sample (ca. 1.3 g) on an alumina vessel and introducing it inside a 
Carbolite CWF1200 muffle furnace (Carbolite, Hope, UK), operating 
under air (oxidizing) atmosphere. The applied thermal program was the 
following: (i) heating ramp from RT to 800 ◦C (heating rate: 10 ◦C 
min− 1), (ii) isothermal step at 800 ◦C for 4 h, and (iii) cooling step from 
800 ◦C to 50 ◦C (cooling rate: 5 ◦C min− 1). Subsequently, the sample was 
allowed to cool down from 50 ◦C to RT naturally. At the end of the 
thermal treatment, the organic fraction of the HM sample (deriving from 

the HA fraction) was evolved as volatiles, whereas the inorganic fraction 
of the HM sample (deriving from the iron oxide fraction) was oxidized to 
hematite (the most thermodynamically stable form of iron(III) oxide). 
The hematite solid residue was defined as HPT (acronym of Hematite 
Post-Thermal treatment). The acid digestion was performed by intro-
ducing in a beaker a known amount of HPT (ca. 1.0 g), and dissolving 
the sample in 20 mL of 6 M HCl solution by means of magnetic stirring at 
60 ◦C for 4 h. During this step, the hematite deriving from the previous 
thermal treatment (HPT sample) was fully solubilized as Fe(III) acid 
solution, defined as AS (acronym of Acid Solution).

2.4. Synthesis of recycled hybrid magnetite via co-precipitation 
mechanism

In order to balance the pH of the AS, it was mandatory prior to 
neutralize the acid environment. To do this, ca. 20 mL of 6 M NaOH 
solution were added dropwise very slowly to the solution at RT under 
vigorous magnetic stirring, in order to avoid the immediate precipita-
tion of ferric hydroxide. Hence, the calculated concentration of Fe(III) in 
the neutralized AS is expected being 0.31 M. Therefore, recycled hybrid 
magnetite nanoparticles were prepared re-scaling the previously 
described procedure. In detail, iron(II) sulfate heptahydrate (2.25 g) 
were introduced into a beaker, and dissolved in 40 mL of neutralized AS 
(thus still maintaining the stoichiometric Fe(III)/Fe(II) molar ratio of ca. 
1.5) by means of magnetic stirring. Deionized water (14 mL) were added 
to the medium, thus obtaining the final volume being equal to 54 mL. 
The obtained solution was heated from RT to 90 ◦C. Once the target 
temperature was reached, two solutions were added simultaneously: (i) 
25 % ammonia solution (5.4 mL), and (ii) previously prepared 2 wt% HA 
aqueous solution (27 mL). Immediately, hybrid magnetite nanoparticles 
precipitate in the alkaline medium, forming a dark-brown suspension. 
Such suspension was maintained under magnetic stirring at isothermal 
conditions (90 ◦C for 30 min), and then cooled down to RT. Hybrid 
magnetite nanoparticles were separated from the aqueous medium by 
performing a magnetic separation (applying a commercial neodymium 
magnet). Afterwards, hybrid magnetite nanoparticles were centrifuged 
at 4000 rpm for 30 min, washing with deionized water (four times) and 
acetone (one time), in order to remove the possible reaction by-products 
(i.e., residual ammonium salts, sodium chloride). Purified suspension of 
hybrid magnetite nanoparticles was deposited over a glass Petri dish and 
oven dried under air atmosphere at 80 ◦C overnight. Lastly, dried hybrid 
magnetite nanoparticles were gently crumbled inside an agate mortar, 
and sample storage inside a closed glass vial (yield 65.5 %). The ob-
tained sample was defined as RHM (acronym of Recycled Hybrid 
Magnetite).

2.5. Morphological, physicochemical, and magnetic characterizations

Scanning electron microscopy (SEM) micrographs were collected by 
means of a Zeiss Gemini 500 microscope equipped with a traditional 
electron detector and the Bruker Quantax detector for energy dispersive 
X-ray spectroscopy (EDS) microanalysis. Samples were deposited onto 
SEM stubs using a double-adhesive carbon tape for SEM-EDS analysis. 
Stabs were covered with a gold coating to avoid any charging effect by 
means of an Edwards S150B sputter coater.

X-ray powder diffraction (XRD) patterns were recorded by means of 
a Rigaku Miniflex 600. The acquisition was performed using a Cu source 
(40 kV, 15 mA), scanning in the 20–70◦2θ range, with a step size of 0.02 
degrees, angular velocity 5.0 degrees per minute. Instrumental PDXL-2 
software was used for the sake of comparison with reference diffrac-
tion patterns from the ICDD database. The crystallite average size was 
estimated by means of the Scherrer equation (Eq. (1)): 

τ =
Kλ

βcosθ
(1) 
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where τ is the average size of the crystalline domains (expressed in nm), 
K is the shape factor (typically 0.9), λ is the X-ray wavelength (0.154 nm 
for a Cu source), β is the line broadening at half the maximum intensity 
(FWHM) of the selected Bragg angle after subtracting the instrumental 
line broadening (expressed in radians), and θ is the Bragg angle 
(expressed in radians). Regarding the magnetite systems, the Bragg 
angle selected was the crystal reflection at ca. 2θ = 35.4◦, corresponding 
to the Miller index (311).

Thermogravimetric analysis (TGA) thermograms were collected by 
using a Mettler Toledo TGA/DSC1 STARe system at a constant air flow 
(50 cm3 min− 1). Measurements were performed on open alumina sam-
ple holder, with the following thermal program: heating ramp from 
30 ◦C to 150 ◦C (heating rate: 10 ◦C min− 1), isothermal step at 150 ◦C for 
10 min, heating ramp from 150 ◦C to 1000 ◦C (heating rate: 10 ◦C 
min− 1), isothermal step at 1000 ◦C for 5 min.

Fourier transform infrared (FTIR) spectra were recorded in trans-
mission mode by means of a Jasco-4100 spectrophotometer, equipped 
with DTGS detector, applying the Blackman-Harris apodization func-
tion, and working with 128 scans at 4 cm− 1 resolution in the 4000–400 
cm− 1 range. Samples were dispersed in dried KBr (1:100 wt. ratio), 
manually grinded inside an agate mortar, and hydraulic pressed to 
obtain homogeneous pellets.

2.6. Photocatalytic testing

Photocatalytic experiments were performed in a 0.5 L cylindrical 
Pyrex batch photoreactor equipped with an external cooling jacket, 
enveloped by aluminium foil, in presence of a 125 W medium-pressure 
Hg lamp (Helios Italquartz, Italy), with a maximum emission at about 
365 nm, axially immersed within the photoreactor [30]. The tempera-
ture of the solution has been maintained at 25 ± 2 ◦C by the circulation 
system through a jacket surrounding the reactor. In the case of the 
heterogenous systems, the suspension has been kept in the dark for ca. 
0.5 h to reach the adsorption-desorption equilibrium, before adding 180 
μL of a H2O2 solution 35 wt% (final concentration 3.7 mM) and 
switching on the UV lamp. A magnetic stirrer was used to guarantee the 
homogeneity of the reaction mixture. The concentration of the 
magnetite-based nanomaterials was 100 mg L− 1 (ca. 50 mg), whereas 
the initial paracetamol concentration was 30 mg L− 1. Control experi-
ments were carried out in homogeneous conditions (i.e., in absence of 
the nanomaterials) to evaluate the photolysis (only UV irradiation) and 
the photostability of paracetamol in presence of H2O2 (UV/H2O2). Ali-
quots (4 mL) were taken at different time intervals (0, 15, 30, 60, 90, 
120, and 150 min) to evaluate the progress of paracetamol degradation. 
For each aliquot, the presence of suspended magnetite has been removed 
by performing a magnetic separation (by using a commercially available 
neodymium disc magnet, diameter 42 mm, strength ca. 12 kg; Super-
magnete, Germany) and the supernatant solution filtrated through a 0.22 
μm hydrophilic PTFE syringe filter. All tests were performed in dupli-
cate. The quantitative determination of the paracetamol was performed 
by means of a single beam Cary 60 UV/Vis spectrophotometer (Agilent 
Technologies) measuring with scam control medium in the 190–800 nm 
range (absorption maximum at 245 nm). The degradation efficiency 
(expressed as C/C0) of paracetamol was calculated applying the 
following formula (Eq. (2)): 

C
C0

=
Abst

245 nm

Abs− 30 min
245 nm

× 100 (2) 

where Abst
245 nm is the integral value of the absorption signal at 245 nm 

at a given time t, and Abs− 30 min
245 nm is the integral value of the absorption 

signal at 245 nm at time − 30 min (i.e., in the dark). The absorption 
signal of Milli-Q water was taken as reference for the baseline 
correction.

3. Results and discussion

3.1. Evaluation of the recycling process: Morphological, structural, 
thermal, physicochemical, and magnetic characterization

Fig. 2 reports the morphological (SEM) and structural (XRD) char-
acterization of magnetic nanomaterials coming from the recycling pro-
cess, namely the reference bare magnetite (M0), both the freshly 
prepared HM and resynthesized RHM nanomaterials, as well the he-
matite phase deriving from the thermal treatment proposed in the HM- 
to-RHM recycling process (i.e., HPT). The morphological analysis of the 
reference bare magnetite (M0) reveals the formation of pseudo-spherical 
aggregates of nanoparticles with average diameter of ca. 80–100 nm 
(Fig. 2A’), whereas the XRD pattern of M0 shows the main relevant 
reflections at 2θ = 30.1◦ (220), 35.4◦ (311), 43.1◦ (400), 53.4◦ (422), 
57.0◦ (333), and 62.6◦ (440), which can be associated to the presence of 
the magnetite crystal phase (card number 01–074-0748, ICDD, Fig. 2A) 
[4,31]. No extra peaks are detected, confirming the purity of the sample. 
Interestingly, the freshly prepared HM nanomaterial after the co- 
precipitation route here proposed shows a similar morphology 
compared to the reference M0, with formation of pseudo-spherical ag-
gregates of particles with average diameter of ca. 50–100 nm (Fig. 2B’). 
The XRD characterization reveals the presence of the main relevant 
signals due to magnetite crystal phase (Fig. 2B), whereas the signal 
width confirms the presence of smaller particles rather than the refer-
ence M0, probably due to the action by HA during the particle growth 
[31,32]. After performing the thermal treatment necessary for the 
recycling process, the XRD analysis of the resulting HPT sample revels 
the presence of the main relevant reflections at 2θ = 24.2◦ (012), 33.3◦

(104), 35.7◦ (110), 41.0◦ (113), 49.6◦ (024), 54.2◦ (116), 57.8◦ (018), 
62.6◦ (214) and 64.2◦ (300), which can be associated to the presence of 
the fully oxidized hematite crystal phase (card number 01–089-8104, 
ICDD, Fig. 2C), thus indicating the occurrence of the magnetite-to- 
hematite transition [33,34]. The consequence of this is a morpholog-
ical evolution toward rounded condensed nanostructures with average 
diameter of ca. 100–220 nm (Fig. 2C’), thus indicating the occurrence of 
condensation phenomena involving the starting HM nanoparticles. 
Following the proposed recycling process, HPT nanoparticles are used as 
source of Fe(III) for the synthesis of newly hybrid RHM samples. As 
demonstrated by the morphological and structural characterization, 
RHM particles are almost identical with the HM ones, with pseudo- 
spherical aggregates of particles with average diameter of ca. 50–100 
nm (Fig. 2D’), and presence of the main relevant signals due to 
magnetite crystal phase (Fig. 2D). No XRD signals due to the presence of 
HA are detected in the XRD pattern of both HM and RHM, probably 
because below the limit of detection of the instrument (for the sake of 
comparison the XRD pattern of bare HA is reported in the Supporting 
Information, SI, Fig. S1) [35].

Interestingly, the crystallite average size estimated by the Scherrer 
equation (Eq. (1)) applied to the main intense XRD signal at ca. 35.4◦2θ 
(311) for the two hybrids magnetite is 11 nm for HM and 12 nm for 
RHM. For the sake of comparison, the crystallite average size calculated 
for the bare magnetite M0 is 13 nm. The XRD result testifies that the 
nanoparticles scanned with the SEM analysis are primarily made by 
aggregates of smaller crystallites, whose diameter is in the ca. 10–13 nm 
range.

Fig. 3 reports the thermal and physicochemical characterization of 
bare reference substrates (HA, and M0), process intermediates (HPT) 
and hybrid nanomaterials (HM and RHM) in terms of TGA measure-
ments carried out under air (oxidizing) atmosphere (Fig. 3A), and FTIR 
spectroscopy (Fig. 3B), respectively.

The thermal degradation of HA shows two main weight losses, the 
first one at ca. 100 ◦C (corresponding to ca. 9 wt%) due to the evapo-
ration of physically sorbed water molecules (moisture), followed by a 
broad weight loss in the 250 ◦C–800 ◦C temperature range due to the 
decomposition of the HA organic (both aliphatic and aromatic) fraction, 
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leaving at 1000 ◦C a residue of ca. 37.6 wt% attributable to the presence 
of ashes and other inorganic residues (Fig. 3A) [20]. M0, instead, shows 
an almost negligible weight loss within the entire temperature range 
(corresponding to ca. 3 wt%), living at 1000 ◦C a reddish residue of ca. 
97.1 wt%, thus indicating the absence of organic components, and the 
oxidation of the bare magnetite phase into the thermodynamically sta-
ble hematite phase. Regarding the hybrid magnetite-HA nanomaterials, 
the thermogram of the HM sample shows two main weight losses, the 
first one at ca. 100 ◦C (corresponding to ca. 3 wt%) due to the moisture 
evaporation, and a second one in the 250–400 ◦C temperature range 
(corresponding to ca. 15.6 wt%) primarily due to the decomposition of 
the organic fraction deriving from HA (but we cannot exclude the 

evolution of water coming from the iron oxide surface dehydration), 
leaving at 1000 ◦C a residue of ca. 79.6 wt% corresponding to the re-
sidual iron oxide. Analogously, the RHM sample shows a thermal profile 
similar to the HM sample, with two weight losses, the first one at ca. 
100 ◦C (ca. 3 wt%), followed by a second one in the 250–400 ◦C tem-
perature range (ca. 13.3 wt%), leaving at 1000 ◦C a residue of ca. 81.6 
wt%. Lastly, the thermal analysis of the HPT sample (i.e., the interme-
diate hematite product sampled from the recycling process here pro-
posed) confirms the goodness of the thermal treatment of the recycling 
process in Fig. 1 as a negligible weight loss (< 1 wt%) is registered 
within the entire temperature range (leaving a residue of ca. 99.8 wt%).

In order to confirm the chemical nature of the organic fraction in the 

Fig. 2. XRD patterns (left), and SEM micrographs (right) of M0 (A, A’), HM (B, B’), HPT (C, C’), and RHM (D, D′). Legend: M0 (black), HM (blue), HPT (red), and 
RHM (green). XRD reference patterns: magnetite (01–074-0748, Fe3O4, black), and hematite (01–089-8104, α-Fe2O3, red).
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hybrids, FTIR spectra of all samples are collected. In particular, the FTIR 
spectrum of bare HA shows a broad signal centered at ca. 3400 cm− 1 

attributable to the alcoholic and phenolic O–H stretching modes, fol-
lowed by signals at ca. 1600 cm− 1 due to carboxylate C––O and aliphatic 
C––C stretching modes, at ca. 1400 cm− 1 due to O–H bending mode and 
phenolic C–O stretching mode, and at ca. 1100 cm− 1 due to C–O 
bending mode of organic matter (e.g., polysaccharides) [4,36]. Bare 
magnetite M0, instead, shows the characteristic signals at ca. 640 cm− 1 

and ca. 580 cm− 1 due to Fe–O stretching mode [4,37], coupled with 
weak signals at ca. 3400 cm− 1 and ca. 1630 cm− 1 attributable to the 
presence of traces of sorbed water. Interestingly, both HM and RHM 
show the main relevant IR signals attributable to the co-presence of the 
magnetite phase and the organic HA, thus confirming the previously 
discussed TGA outputs (Fig. 3A). For the sake of completeness, also the 
FTIR spectrum of HPT (i.e., the recycling process intermediate sampled 
after the thermal treatment) has been performed, registering the pres-
ence of signals at ca. 540 cm− 1 and ca. 475 cm− 1, consistent with the 
presence of the hematite phase [37,38]. This last result confirms the 
absence of the characteristic IR signals of both magnetite and HA- 
derived organic fraction, in accordance to the outputs deriving from 
both the XRD (Fig. 2C) and TGA (Fig. 3A) characterizations.

Fig. 4 shows the room temperature TMS spectra of M0 (top), HM 
(middle) and RHM (bottom) samples. For all the samples, the data can 
be interpreted by the coexistence of two magnetically-split sextets (“A 
tetra” and “B octa”) with an additional broad component in HM and 
RHM, as indicated with “unresolved doublet” in the Fig. 4’s inset.

Table 1 summarizes the hyperfine parameters as obtained by fitting 
the data with the Vinda software package [39]: isomer shift (δ), quad-
rupole splitting (Δ), hyperfine magnetic field (Bhf), linewidth (Γ) and the 
relative area (%) of the detected components by assuming the same 
recoilless-free fraction equal to 1. The δ are given relative to α-Fe.

The hyperfine parameters of “A tetra” and “B octa” detected in M0 
(Table 1) are compatible, respectively, with those expected for Fe3+ in 
the A-tetrahedral site, and Fe2.5+ (i.e., equal number of Fe3+ and Fe2+

ions) in the B-octahedral site, of magnetite nanoparticles [40,41]. Slight 
differences are observed in the δ and Bhf values, which we interpret as it 
follows. In the case of “Fe3+” (A tetra) contribution, we observe a higher 
δ when compared to the δ ca. 0.26 mm s− 1 reported for bulk Fe3O4, while 
for the “Fe2.5+” (B octa) contribution, we measure a marked reduction of 
δ than the expected δ ca. 0.67 mm s− 1. While the coexistence of the two 
sextets reflects that the chemical-structural nature of M0 is still that of 
magnetite in accordance with XRD (Fig. 2), from TMS we conclude that 
there is a large tendency for the Fe atoms to move from the Fe2+ to the 
Fe3+ charge state [40]. Same arguments apply for the HM and RHM 
samples (Table 1).

For all samples, the Bhf of both “A tetra” and “B octa” components are 
lower than in bulk Fe3O4, where we would expect respectively values 
around 49 T and 46 T [40,41]. This is most likely due to the increased 
number of Fe ions located at the surface of the nanoparticles, which also 
explains the tendency toward the Fe2+ to Fe3+ oxidation, even if a large 
fraction of Fe3+ still occupy the octahedral B-site (Table 1). Generally, a 
gradual broadening of spectral lines is observed when decreasing the 
particle diameter to few-nm, by finally approaching the super-
paramagnetic limit as reflected by the collapse of magnetically-split 
sextets into broad central lines [40,42–44] This may well be the origin 
for the emerging “unresolved doublet” component detected in HM and 
RHM, where in accordance with the crystallite average size estimated by 
the Scherrer equation (Fig. 2), smaller particles are observed when 
compared to M0. This is also in agreement with the overall super-
paramagnetic behavior detected by VSM (vide infra), where HM and 
RHM are characterized by null remanence and coercive field.

Fig. 3. TGA curves (A) and FTIR spectra in the 4000–400 cm− 1 range (B) of HA, M0, HM, HPT, and RHM. Legend: HA (wine), M0 (black), HM (blue), HPT (red), and 
RHM (green).

Fig. 4. TMS spectra obtained at RT for the M0 (top, black dots), HM (middle, 
violet dots), RHM (bottom, green dots) samples.
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In Johnson et al. [40] it has been shown that the transition from well- 
resolved magnetically-split sextets to broad superparamagnetic com-
ponents, may occur in a very narrow particles’ size change from 11.9 nm 
to 10.6 nm, which is surprisingly very close to the average diameters we 
estimate form XRD (see discussion about Scherrer analysis in Fig. 2).

Quite surprisingly, by judging the TMS data (Fig. 4 and Table 1), it 
emerges that RHM seems closer to M0 than HM. This demonstrates a 
very efficient resynthesizing process, which recovers the chemical, 
structural, and magnetic properties of Fe3O4, also as observed at the 
most atomic-scale.

Fig. 5 reports the magnetization curves measured by means of VSM 
of bare reference M0, and the two hybrid nanomaterials HM and RHM, 
whereas numerical parameters are summarized in Table 2. According to 
the experimental profile, all samples show superparamagnetic behavior 
[45]. Bare reference magnetite M0 shows magnetization saturation (Ms) 
value equal to ca. 74.4 emu g− 1, a very low intrinsic coercivity (Hc; ca. 
3.2 Oe), and almost zero magnetic remanence (Mr; ca. 0.4 emu g− 1). 
Both hybrid nanomaterials show comparable Ms values (i.e., ca. 48.8 
emu g− 1 for HM, and ca. 44.1 emu g− 1 for RHM), and negligible Hc and 
Mr values. Interestingly, the decrease of the Ms values for hybrid 
nanomaterials compared to neat magnetite follows the order M0> >

HM ≈ RHM. This particular trend can be attributed to different factors, 
namely: (i) the possible different sizes of the magnetic domains forming 
the nanoparticles, (ii) the presence of organic species forming the hybrid 
systems (HM and RHM), and (iii) the occurrence of quenching phe-
nomena involving the surface spin magnetic moments caused by an 
increased disorder of the organic binding ligands (in our case HA) as the 
particles decrease in size [4,46]. Furthermore, the M0> > HM ≈ RHM 
trend is confirmed even performing the mass normalization (data not 
shown for the sake of brevity).

3.2. Photocatalytic abatement of paracetamol in aqueous medium

Preliminary photocatalytic experiments are carried out to assess the 
performance of the two hybrid nanomaterials (HM and RHM) toward 
the abatement of contaminants investigating a photo-Fenton degrada-
tion route, selecting paracetamol (a non-steroidal anti-inflammatory 
drug) as target pollutant. The photostability of paracetamol under the 
experimental conditions is reported in the Supporting Information 
(Fig. S2), whereas the photocatalytic behavior of the different substrates 
(i.e., M0, HM and RHM) as a function of the (UV irradiation) time is 
reported in Fig. 6. For completeness, the variation of the experimental 
absorbance UV–Vis spectra in the 200–400 nm range relative to the 
paracetamol solution during the (photo)catalytic tests are reported in 
the Supporting Information (Fig. S3).

The photostability of the paracetamol aqueous solution has been 
preliminary assessed in homogeneous conditions under UV irradiation 
either in absence (i.e., UV) or presence of H2O2 (i.e., UV/H2O2). From 
the trend reported in Fig. S2, no significant degradation of paracetamol 
has been observed under UV irradiation (absence of photolysis). By 
introducing H2O2, at the experimental conditions selected (UV/H2O2) 

Table 1 
Hyperfine parameters (isomer shift δ, quadrupole splitting Δ, hyperfine magnetic field Bhf, and average linewidth Γ) obtained from the fit of the TMS spectra of samples 
HM and RHM. The relative spectral area (%) is also indicated, by assuming an identical recoilless factor equal to 1.

M0 HM RHM

A tetra B octa A tetra B octa “unres.doublet” A tetra B octa “unres.doublet”

δ (mm s− 1) 0.326(2) 0.333(6) 0.34(1) 0.21(2) – 0.31(1) 0.33(1) –
Δ (mm s− 1) 0 0 0 0 – 0 0 –
Bhf (T) 48.06(2) 44.08(2) 46.2(1) 40.3(2) – 47.5(1) 42.9(1) –
Γ (mm s− 1) 0.54(2) 0.75(6) 0.7(1) 1.6(3) – 0.5(1) 1.1(1) –
% 60(1) 40(1) 36(1) 43(1) 21(1) 34(2) 53(2) 13(2)

Fig. 5. Magnetization curves M vs. H of M0 (black), HM (blue), and RHM 
(green) samples.

Table 2 
Magnetic properties of M0, HM, and RHM samples measured at RT.

Sample name Ms (emu g¡1) Mr (emu g¡1) Hc (Oe)

M0 74.4 0.4 3.2
HM 48.8 0.0 0.0
RHM 44.1 0.0 0.0

Fig. 6. Photocatalytic tests expressed as relative concentration of paracetamol 
as a function of the (irradiation) time in photo-Fenton conditions (UV/H2O2). 
Degradation of paracetamol in presence of only H2O2 (magenta squares, 
magenta dashed line), M0 (black circles, black solid line), HM (blue circles, blue 
solid line), and RHM (green circles, green solid line). Initial conditions: 
[paracetamol] 30 mg L− 1, [H2O2] 3.7 mM, [magnetite] 100 mg L− 1, UV irra-
diation. Tests are carried out at natural pH. The error bars represent the stan-
dard errors of duplicate experiments.
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the paracetamol concentration decreases by ca. 84 % after 90 min, and 
by ca. 96 % after 150 min, according to analogous systems in the liter-
ature [22,47], the paracetamol degradation in presence of H2O2 under 
UV irradiation is mainly attributed to the photo-catalytical action of the 
hydroxyl radicals generated by H2O2 photolysis.

Regarding the magnetite-based nanomaterials object of the present 
study, tests are initially performed in the dark (the first 30 min) to reach 
the adsorption equilibrium, subsequently the UV light has been switched 
on, and H2O2 inoculated. As highlighted by the trends in Fig. 6, in all 
cases the adsorption effect is negligible. Regarding the photocatalytic 
tests, the addition of bare magnetite M0 in presence of both H2O2 and 
UV irradiation causes an initial delay of the paracetamol degradation 
compared to the tests performed in absence of M0 (i.e., after 90 min of 
irradiation the residual paracetamol is ca. 26.5 % in the case of M0, and 
ca. 16.4 % in the case of UV/H2O2), whereas after 150 min of irradiation 
there is an inversion point, with ca. 3.5 % of residual paracetamol in the 
case of M0 and ca. 4.4 % in the case of UV/H2O2. On the contrary, the 
addition of the two hybrid nanomaterials (HM and RHM) changes the 
paracetamol degradation profiles. In detail, both degradation profiles 
are almost superimposable between each other, thus confirming once 
again the comparable activity of the two hybrid nanomaterials, and 
consequently the efficacy of the recycling route here proposed. Inter-
estingly, both hybrid systems promote the almost complete degradation 
of paracetamol after 120 min of UV irradiation, with residual paracet-
amol of ca. 1.6 % and ca. 3.5 % in the case of HM and RHM, respectively. 
Even if the obtained results are quite moderate compared to previous 
studies [4,13,21], they are at least comparable with the ones reported by 
Palma et al. [22]. Moreover, the performances of both hybrid systems 
HM and RHM are still better than in the case of simply UV/H2O2 (re-
sidual paracetamol ca. 9.0 % after 120 min of irradiation) and bare 
magnetite M0 (ca. 13.4 %).

Trying to find a rationale, all tests done so far have highlighted that 
these systems, although promising, still present several criticalities, one 
above all their strong dependence from the organic fraction (which fa-
vors the particles dispersion, and provides functionalities able to form 
photoactive complexes with iron) [22]. By making a consideration over 
the composition of the nanomaterials (and, in particular, the content of 
the organic shell), the amount of organic fraction in the hybrid systems 
here discussed (HM and RHM) can be estimated being ca. 13–16 wt% 
(by means of TGA characterization), thus analogous to the ones calcu-
lated by Palma et al. (i.e., below 15 wt%) [22], but remarkably lower 
than the more efficient systems reported by Franzoso et al. (i.e., 35 wt%) 
[4]. Furthermore, according to the literature, there are experimental 
evidences that the efficiency of these types of heterogeneous photo- 
Fenton oxidation mechanism in presence of magnetite and HA 
strongly depends on two different aspects: (i) a surfactant-like effects 
due to the presence of the HA organic shell which enhances the NPs 
dispersion, as well as (ii) the release/dissolution of both organic moi-
eties and soluble iron species from the solid phase, thus making the 
catalytic process primarily homogeneous [48]. According to the litera-
ture, in heterogeneous catalytic processes Fe2+ ions initiate the Fenton- 
process following the classical Haber-Weiss mechanism involving the 
oxidation of Fe2+ to Fe3+ and the decomposition of H2O2 into reactive 
hydroxyl radicals [49,50]. However, this process is reversible, and Fe3+

can be regenerated into Fe2+ through reaction with either H2O2 (Fenton 
conditions) or light radiation (photo-Fenton conditions) [50,51]. In a 
recent study by Molamahmood et al. [52], it has been reported the 
catalytic action of different iron oxides and oxyhydroxides against the 
decomposition of H2O2, confirming that this process is a surface-related 
heterogeneous process.

However, independently from mechanistic conclusions (which are 
out from the scope of the present study, and deserve further in-
vestigations with dedicated experiments), the photocatalytic tests 
clearly demonstrate that the hybrid magnetite-HA system obtained after 
the recovery cycle here proposed (RHM) shows analogous performances 
as the hybrid magnetite-HA system obtained from direct synthesis (HM).

3.3. Relevance of the results

This study addresses the topic of the recycling of end-of-life hybrid 
magnetite-HA nanosystems once they have exhausted their photo-
catalytic action in the environmental remediation of contaminated 
wastewater. In recent years, the research based on the use of magnet- 
sensitive materials for the remediation of contaminated wastewater 
has been remarkably intensified. The reasons behind this are at least 
four, all related to each other. First, as already discussed in the intro-
duction of the present study, almost half of the human population lives 
in countries that suffer from water scarcity, and the global supply of 
fresh water deriving from the continental rainfall is not enough to 
accomplish the global water demand, thus providing an efficient (and 
virtuous) recycling of water is becoming always more an important 
technological solution for a transition toward a more circular water 
management. Second, the easiest way to provide an efficient recycling of 
wastewater in a controlled way is to consider technologies integrable 
into water treatments plants, which are facilities already available 
nearby the most populated metropolis/cities and able to daily treat large 
volumes of contaminated water. Third, treating large volume of water 
containing traces of contaminants opens to new concerns, such as the 
increasing growth of persistent emerging contaminants, hardly remov-
able by traditional processes. Finally, in view of a more sustainable 
development, magnetite-based heterogeneous photo-Fenton is surely 
among the most promising photocatalytic approaches for the removal of 
organic contaminants from aqueous environment as it merges the ad-
vantages of a clean technology based on the use of UV radiation (which 
in perspective can be further substituted with the cheapest solar radia-
tion), and the use of environmental-friendly magnet-sensitive substrates, 
easy removable from the aqueous medium, by simply applying an 
external magnetic field.

However, to the best of the authors’ knowledge, the use of such 
magnetite-based approach, even if promising, has not yet found indus-
trial applications, as several technological and engineering issues are 
actually still open. Among the open problems, there is for sure the fate of 
the photocatalysts once they exhausted their activity against the organic 
emerging contaminants. In fact, the scientific literature already pointed 
out that the key mechanism for this type of process requires an impor-
tant contribution due to homogeneous phase reactions involving the 
soluble iron release, with a consequent decrease of the catalytic efficient 
with the cycling [22].

The results of the present study explore the possibility of extending 
the life of these magnetic systems by fully recovering them, and con-
verting the exhausted materials into useful matter exploitable for 
resynthesizing novel hybrid magnetite-HA nanoparticles showing com-
parable features as the starting systems. In order to provide some eco-
nomic considerations on the produced products, it should be pointed out 
that the overall cost (simply in terms of raw materials, and normalizing 
the synthesis respect to 1 g of product) for HM corresponds to ca. 6.07 
€/1 g, whereas in the case of RHM systems, it corresponds to ca. 5.97 
€/1 g. If we consider also the further cost due to the thermal treatment 
performed in a muffle oven in the case of the RHM synthesis, the overall 
cost can rise to more than ca. 8 €. However, in this simplistic economic 
analysis, we need to consider also the disposal costs of HM, which will 
further rise their total cost.

For the sake of completeness, it is important to underline that the 
here proposed recycling process requires a thermal treatment (which, 
however, can be modulated depending on the characteristics of the 
selected organic component that should be removed), and an acid 
digestion, which are both not properly environmental-friendly routes. 
However, it should be point out that these approaches are mandatory for 
obtaining an acid solution containing Fe(III) ions, without traces of 
organic matter. Furthermore, both these approaches are simple tech-
nologies easily-integrable in ordinary processes and exploitable also in 
other side-processes (e.g., conveying hot fumes deriving from the ther-
mal treatment into a heat exchanger can reduce the cost associated to 
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this step). Additionally, the possibility of separating the CO2 produced 
during the calcination step before being release in the atmosphere with 
strategies for carbon capture utilization and storage (CCUS) is an 
interesting strategy that can further increase the potentiality of the 
proposed protocol [53,54].

Therefore, even if the catalytic tests here proposed show some lim-
itations (further studies are still necessary to optimize the testing con-
ditions), the preliminary results here resumed clearly show that the use 
of magnetite-based nanomaterials in photocatalytic remediation pro-
cesses of contaminated wastewater remains a very appealing techno-
logical solution, and it is possible to fully recycle end-of-life hybrid 
magnetite-HA nanosystems for obtaining novel systems suitable for 
the designed purpose.

4. Conclusions

The present manuscript reports a case study showing a recycling 
process involving hybrid magnetite-HA nanoparticles (HM in the text) to 
obtain newly synthesized hybrid nanoparticles (RHM in the text) with 
the same features of the starting nanosystems. In detail, HM nano-
particles are synthesized following a co-precipitation route, whereas 
RHM nanoparticles are obtain following a two-step process, namely: (i) 
calcination under air (oxidizing) atmosphere of the HM particles to both 
burn the organic fraction, and convert the inorganic fraction into the 
fully oxidized hematite, and (ii) acid digestion of hematite to obtain an 
acid Fe(III) aqueous solution. Subsequently, after neutralization, the 
RHM nanoparticles are resynthesized following a properly modified co- 
precipitation route analogous to the previous one.

Morphological, structural, physicochemical and magnetic variations 
between HM and RHM are monitored by SEM, XRD, TGA, FTIR and 
transmission Mössbauer spectroscopies, and VSM. Results evidenced 
that both systems show analogous features between each other. Finally, 
preliminary photocatalytic experiments are carried out to assess the 
performance of the two hybrid nanomaterials (HM and RHM) toward 
the abatement of paracetamol in a model wastewater, investigating a 
photo-Fenton degradation route. Experimental results point out: (i) the 
absence of adsorption phenomena (in the dark), (ii) both degradation 
profiles are almost superimposable between each other, (iii) both hybrid 
systems promote the almost complete degradation of paracetamol after 
120 min of UV irradiation, with residual paracetamol of ca. 1.6 % and 
3.5 % in the case of HM and RHM, respectively.

In conclusions, the experimental data reported in this study indicate 
that the recycling process here proposed is an effective route for the fully 
recycling of the hybrid magnetite-HA nanosystems, and that the pho-
tocatalytic tests performed, although preliminary, encourage on the 
possibility of using these magnetic hybrids for the abatement of recal-
citrant contaminants from aqueous media in a clean way.
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G. Mailhot, R. Nisticò, New insights on the photodegradation of caffeine in the 
presence of bio-based substances-magnetic iron oxide hybrid nanomaterials, 
Materials 11 (2018) 1084, https://doi.org/10.3390/ma11071084.

[23] A. Nyabadza, M. Makhesana, A. Plouze, A. Kumar, I. Ramirez, S. Krishnamurthy, 
M. Vazquez, D. Brabazon, Advanced nanomaterials and dendrimers in water 
treatment and the recycling of nanomaterials: a review, J. Environ. Chem. Eng. 12 
(2024) 112643, https://doi.org/10.1016/j.jece.2024.112643.

[24] R.K. Gautam, I. Tiwari, Humic acid functionalized magnetic nanomaterials for 
remediation of dye wastewater under ultrasonication: application in real water 
samples, recycling and reuse of nanosorbents, Chemosphere 245 (2020) 125553, 
https://doi.org/10.1016/j.chemosphere.2019.125553.

[25] R. Kumar, R. Sakthivel, R. Behura, B.K. Mishra, D. Das, Synthesis of magnetite 
nanoparticles from mineral waste, J. Alloys Compd. 645 (2015) 398–404, https:// 
doi.org/10.1016/j.jallcom.2015.05.089.
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