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This study evaluates the effectiveness of microalgal-based carbon-encapsulated iron nanoparticles (ME-nFe) in
the removal of pharmaceutical compounds (PhACs) from water solutions and real municipal effluent at a lab-
oratory scale. The investigated PhACs were chosen to represent different classes of synthetic drugs: antibiotics,
anti-inflammatory drugs, antihypertensives, antiepileptics, neuroprotectors, and antidepressants. The adsorbent
material was produced through hydrothermal carbonization (225 °C for 3 h), using microalgae grown on
wastewater as the carbon source. ME-nFe showed heterogeneity in terms of porosity (with both abundance of
macro and mesopores), a total pore volume of 0.65 mL g™, a specific surface area of 117 m? g~ ! and a total iron
content of 40%. Laboratory scale adsorption tests (1 g L™! of nanoparticles with 2 min contact time) showed high
removal for the most hydrophobic compounds. Removal efficiencies were high (over 98%) for Irbesartan,
Ofloxacin and Diclofenac, promising (over 65-80%) for Clarithromycin, Fluoxetine, Lamotrigine and Metoprolol,
but low for Gabapentin-Lactam and Propyphenazone (<20%). Electrostatic interactions between the drugs and
the surface of the nanoparticles may account for the observed data, although additional removal mechanisms

cannot be ruled out.

1. Introduction

The contamination of natural water bodies by pharmaceutical com-
pounds (PhACs) has become an issue of growing concern in recent years
due to their widespread use and persistence in the environment (Adeleye
et al., 2022). PhACs are designed to be biologically active at low con-
centrations and resist degradation, making them recalcitrant to con-
ventional biological treatment methods (Luo et al., 2019; Silori and
Tauseef, 2021). Municipal wastewater treatment plants (WWTPs) were
not originally designed to address the removal of such contaminants.
Therefore, the presence of PhACs in effluents poses a considerable
challenge with potential environmental impacts. The continuous expo-
sure of microorganisms to antimicrobial drugs promotes the develop-
ment of antimicrobial resistance (AMR) among bacteria and pathogens
(Frascaroli et al., 2021). This is not a minor issue, as AMR leads to the
decreased efficacy of antimicrobials, prolongs diseases, and increases
mortality (Skandalis et al., 2021). Advanced oxidation processes (AOPs),
biological treatment, adsorption, and membrane filtration are among
the most common technologies used for PhAC removal. Each of these
approaches has its advantages and drawbacks. Their effectiveness can
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vary depending on the specific pharmaceutical compounds and oper-
ating conditions (Rodriguez-Serin et al., 2022). While significant prog-
ress has been made in pharmaceutical removal, several challenges
persist. These include incomplete removal, the formation of trans-
formation products with unknown toxicity, and the potential environ-
mental release of active compounds due to treatment inefficiencies
(Bollmann et al., 2016). An interesting approach could be the combi-
nation of processes with different mechanisms. Synergistic effects can be
exploited, potentially leading to high efficiency in removing organic
pollutants. Noudeh et al. combined electrocoagulation techniques with
chitosan adsorption to remove antibiotics from hospital wastewater
(Noudeh et al., 2023). Nowadays, adsorption is still considered the most
readily scalable process, as AOPs involve higher operation costs
(including both oxidants and energy requirements) and can potentially
generate transformation products (Mirzaei et al., 2017). Activated car-
bons (ACs) are the most studied adsorbents given their large specific
surface area (over 500 ng'l) and pore volume. Pore size distribution is
another interesting characteristic: while the abundance of micropores
makes them potentially effective in the adsorption of high amounts of
micropollutants, the uptake is usually slow (up to some hours) (Bhadra
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et al., 2016). Another drawback involves the management of the satu-
rated ACs. Since effective regeneration strategies are still lacking, their
disposal as harmful waste material is the most common approach.
Moreover, the development of energy-efficient, cost-effective removal
processes remains a priority as the concept of WWTP is evolving. In this
context, emerging strategies involving the use of innovative materials
such as nanoparticles and advanced adsorbents, produced from waste
products or biomasses, are rising (Liu et al., 2023). The potential use of
zero-valent iron nanoparticles (nZVI) in wastewater treatment has
raised attention due to their high reactivity toward various contami-
nants. Properties such as their high surface area and redox potential
make them effective agents for the degradation of micropollutants in
water (Zou et al., 2016). Encapsulating these iron nanoparticles within a
carbonaceous matrix further enhances their stability, reactivity, and
overall performance in wastewater treatment applications, while
reducing aggregation. The synergistic combination of iron nanoparticles
and carbonaceous materials seems a promising avenue for addressing
water pollution challenges (Fronczak et al., 2018). Iron-impregnated
carbon nanotubes made from chitosan (MCS@MWCNTs) were recently
proposed to remove acetaminophen from aqueous solutions. The com-
bination of their nanosized structure (hollowed and layered) and the
magnetic properties of Fe304 make them an effective and promising
technology (Nabatian et al., 2022). Iron-based nanomaterials can also be
employed in conjunction with AOPs, leveraging the activity of iron it-
self, which can replace more conventional catalysts (Olusegun et al.,
2023). This could result in reduced process costs. Within this context,
ZnO/Fe303 nanocomposite was studied to trigger the ozonation of
Captopril from wastewater (Dolatabadi et al., 2022). Iron-loaded ad-
sorbents can be produced through hydrothermal carbonization (HTC),
working under relatively moderate temperature and pressure conditions
(180-250 °C). The water content of many carbonaceous biomasses
serves as a natural and cost-effective catalytic agent, playing a pivotal
role in reducing the activation energy required for the different
chain-like reactions occurring in the reactor. HTC can be used to pro-
duce carbon-coated iron nanoparticles or iron-loaded hydrochar (Gau-
tam et al., 2024) by using biomasses or waste materials with reducing
power, avoiding the use of harmful chemicals needed in other conven-
tional synthesis methods (Calderon et al., 2018). Munoz et al. (2021)
recently demonstrated the effectiveness of iron-loaded mesoporous
carbon materials (CE-nFe) in the removal of a mixture of three PhACs
(Diclofenac, Sulfamethoxazole and Metronidazole) from water solution
at laboratory scale. A regeneration involving heterogeneous Fenton
oxidation, exploiting the iron content of the adsorbent as a catalyst was
also proposed.

This study concerns the laboratory-scale application of microalgal-
based carbon-encapsulated iron nanoparticles (ME-nFe) for the
removal of pharmaceutical compounds (PhACs) from a real wastewater
effluent. Unlike many studies that use unrealistically high concentra-
tions of contaminants, this research focuses on concentrations typically
found in a municipal wastewater, ranging from a few nanograms per
liter to micrograms per liter. The low concentrations and heterogeneity
of emerging micropollutants are not just analytical challenges; they are
major factors in the inefficiencies of conventional treatment methods.
The research introduces an innovative approach involving microalgae
grown on wastewater, directly harvested from a pilot microalgal pond
within the Bresso-Niguarda wastewater treatment plant (WWTP) in
Milan, Italy. These nanoparticles have proven to be quite versatile, given
their effectiveness in removing certain heavy metals from the secondary
effluent of the wastewater treatment plant (Mantovani et al., 2023). If
they prove to be equally promising for treating organic contaminants
from real wastewaters, the integration of microalgae into conventional
WWTPs could gain more attention. As described by Rossi et al. (2023)
microalgae and bacteria can be used as a side stream treatment to
remove nitrogen, phosphorus, and organic matter from the liquid phase
of anaerobic sludge. By reducing the loads of these nutrients in the su-
pernatant before it is redirected at the beginning of the wastewater

Journal of Environmental Management 368 (2024) 122171

treatment line, it is possible to reduce the energy costs of the WWTP
related to mechanical oxygenation in activated sludge systems (Tua
et al., 2021). The biomass grown on the wastewater can then be sepa-
rated and processed through HTC to produce microalgal-based iron
nanoparticles. These nanoparticles could be directly employed in the
WWTP and used for polishing the effluent, removing heavy metals and
pharmaceutical residues either in substitution or in addition to the
already designed or existing tertiary treatments. Compared to conven-
tional powdered activated carbons, these nanoparticles are faster ad-
sorbents that exhibit both reducing power and magnetic properties due
to the presence of iron. This would allow for their recovery after treat-
ment without the need for centrifugation processes. If WWTPs were to
adopt this technology, using algae biomass grown directly onsite, they
could potentially enhance the efficiency and effectiveness of the treat-
ment chain (Mezzanotte et al., 2022).

2. Material and methods
2.1. Chemicals

Iron (III) nitrate nonahydrate (Fe(NO3)3-9H,0)) (Sigma-Aldrich) was
used as the iron source for the production of the ME-nFe. Ethanol
(Sigma-Aldrich) was used to wash the nanoparticles after the synthesis.
Amisulpride (AMS), Ofloxacin (OFX), Metoprolol (MTP), Sulfamethox-
azole (SFX), Clarithromycin (CLM), Gabapentin-Lactam (GBP), Carba-
mazepine (CBZ), Irbesartan (IRB), Diclofenac (DCN), Lamotrigine
(LMG), Fluoxetine (FLX) and Propyphenazone (PHP) were purchased in
their solid forms (Sigma-Aldrich). Methanol, formic acid and Ultrapure
water (UW) (Sigma-Aldrich) were used to prepare the mobile phases to
detect the PhACs through UPLC-MS.

2.2. ME-nFe production

Microalgae grown on wastewater were used as the source material
for the HTC process to produce microalgal-based carbon-encapsulated
iron nanoparticles (ME-nFe). The biomass was grown in a pilot-scale
high-rate algae-bacteria pond (HRAP) situated at the Bresso-Niguarda
Wastewater Treatment Plant (WWTP) in the outskirts of Milan, Italy.
A mixed culture primarily composed of Chlorella vulgaris and Scene-
desmus spp. (S. acutus, S. obliquus and S. acuminatus) was cultivated on
the liquid phase of anaerobic sludge, called centrate (as it is obtained
through centrifugation) (Rossi et al., 2023). This cultivation was con-
ducted continuously for eight months (from May to November 2021),
serving as a pilot-scale treatment to remove nitrogen and phosphorus.
The microalgae were harvested directly at the Bresso plant using an
ELECREM 1110/230 V centrifugal clarifier. Raw samples of the micro-
algal suspension were collected to perform total suspended solids (TSS)
analysis according to Standard Methods (APHA/AWWA/WEF, 2012).
10 L of the microalgal suspension was centrifuged and the fresh biomass
was preserved in a glass bottle and stored in the fridge before being used.
The ME-nFe were obtained with a single-step process through hydro-
thermal carbonization following the protocol described in a previous
work (Mantovani et al., 2023), slightly modified. Fresh biomass was
used instead of the freeze-dried one. The microalgal pellet obtained
through centrifugation was re-suspended in 200 mL of distilled water.
Considering the starting TSS concentration in the HRAP (0.6 gTSS-L ™)),
a 30 gTSS-L_l was obtained and enriched with 15 g of Fe(NO3)3-9H20.
Then, the microalgal and iron salt mixture was transferred to a
High-Pressure Laboratory Reactor (BR-700, BERGHOF) and heated to
the end temperature of 225 °C (Fig. 1S of Supplementary Material). An
autogenous pressure of 30 bar was generated as a consequence of the gas
and aqueous vapour inside the reactor. During the process, chain
chemical reactions are responsible for the de-structuration of the
microalgal carbonaceous matrix (Wang et al., 2018) and the reduction of
the iron salt. These lead to the formation of iron nanoparticles (both iron
oxides and zero-valent iron) that are encapsulated inside the
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carbonaceous matrix. After that, the reactor was left to cool overnight.
Finally, the HTC products (liquid and solid) were recovered and sepa-
rated by vacuum filtration using a cellulose acetate filter (cut-off 0.2
pm). The solid fraction (ME-nFe) was subsequently washed three times
with a 50:50 (v:v) water-ethanol solution, removing the tar and other
HTC residues and dried at 80 °C for 12 h. Finally, it was ground and
stored in a glass vial.

2.3. ME-nFe characterization

The nanoparticles were characterized to better understand their
properties following different techniques. BET surface area and the pore
size distribution analysis on the ME-nFe were obtained by physical
adsorption on the solid surface of nitrogen gas molecules at 77 K, by a
Coulter SA 3100 analyzer at Universita degli Studi di Milano. The
method for measuring the specific surface area (m2-g1) of the material
is based on the theory developed by Brunauer, Emmett and Teller (BET).
The size and morphology of the nanoparticles were evaluated through a
LEO 1430 Scanning Electron Microscope (SEM). TEM images were ac-
quired with JEOL JEM 2100Plus Transmission Electron Microscope
(JEOL, Japan) operating with an acceleration voltage of 200 kV and
equipped with an 8-megapixel Gatan (Gatan, USA) Rio Complementary
Metal-Oxide-Superconductur (CMOS) camera. Energy dispersive X-ray
(EDX) analyses were performed on a Hitachi TM 1000 scanning electron
microscope to check the atomic composition of the nanoparticles.
Microwaved-assisted acid digestion following Inductively Coupled
Plasma-Optical Emission Spectroscopy (Optima 7000 DV PerkinElmer)
was performed to investigate the total iron content of the material. The
crystalline phases were analyzed by X-ray diffraction (XRD) using an X-
ray powder diffractometer PANalytical X'Pert PRO PW3040/60 with Cu
radiation at 40 kV with a step size of step 0.02° at 2 s/step. The func-
tional groups of the samples were analyzed by micro-FTIR (Thermo
Fisher, Nicolet IN10). The determination of the point of zero charge
(PZC) by the pH drift method was carried out according to (Bhattarai
etal., 2020). A NaCl 0.01M stock solution was boiled in a glass beaker to
remove dissolved CO. Multiple 20 mL aliquots of this solution were
sampled and put into 50 mL Falcons. The pH of each sample was
adjusted to consecutive integers ranging from 2 to 10 using 1M HCl and
0.1M NaOH solutions. Subsequently, ME-nFe nanoparticles were
weighed (150 mg) and added to each Falcon. The sealed samples were
put on a horizontal shaker for 24 h. Finally, the nanoparticles were
removed from the solutions by filtration and pH was measured using a
pH-meter (XS INSTRUMENTS mod—PC 510). For each sample, the final
pH value (pHa4) was recorded and plotted against the starting value
(pHop). The PZC refers to the intersection point between the curve con-
necting individual data points and the pHy = pHa4p, line, indicating the
pH of the solution where the nanoparticles exhibit an overall neutral
surface charge.

2.4. Application of ME-nFe nanoparticles for the removal of PhACs

Microalgal-based carbon encapsulated zero-valent iron nano-
particles (ME-nFe), produced through hydrothermal carbonization
(HTC) were used as adsorbents to remove 12 pharmaceutical com-
pounds from water solutions and a municipal treated effluent (from
Bresso WWTP). A VELP FC 6S Jar tester and 500 mL beakers were used,
under 90 rpm continuous stirring. Preliminarily, adsorption tests were
performed on a synthetic solution containing all the PhACs at a starting
concentration of 1.5 pg L™1. Three doses of nanoparticles were tested
(0.1,1,and 3 g L) as well as two contact times (2 and 10 min). This
configuration was chosen according to similar applications found in the
literature. Specifically, these short contact times were selected following
an evaluation of the adsorption kinetics of similar nanoparticles for
Diclofenac, Sulfamethoxazole, and Metronidazole (Munoz et al., 2021).
By 5 min, 90% of the equilibrium uptake had been achieved. Based on
the best results (1 g ME-nFe-L~! dose and 2 min contact time) a similar
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adsorption test was performed on the effluent from Bresso WWTP
(instead of the synthetic solution) investigating the effectiveness of the
ME-nFe on the same targeted PhACs. Effluent samples were collected
before the UV disinfection process (pre-UV). At the end of the tests, the
nanoparticles were separated from the liquid phase using a neodymium
magnet, holding them at the bottom of the beaker while siphoning the
solution into a clean one. All experiments on the synthetic solution were
carried out in quintuplicate while the effluent ones were performed in
triplicate. The removal efficiencies of pharmaceuticals (nx) were
computed according to the following formula:

(Xu)-(Xe)
= (€]
ﬂx (Xu)
Where: X, and X; are the concentrations of the compound X in the un-
treated and treated samples, respectively.

2.5. PhACs and analytical procedure

Amisulpride (AMS), Ofloxacin (OFX), Metoprolol (MTP), Sulfa-
methoxazole (SFX), Clarithromycin (CLM), Gabapentin-Lactam (GBP),
Carbamazepine (CBZ), Irbesartan (IRB), Diclofenac (DCN), Lamotrigine
(LMG), Fluoxetine (FLX) and Propyphenazone (PHP) were the target
PhACs. They belong to different classes of synthetic active compounds,
and they are commonly detected in municipal wastewater. Except for
CLM which is a larger molecule, all the others have similar molar
masses. Some of them (CBZ, IRB, DCN, LMG, FLX, OFX, and CLM) have
hydrophobic properties while others (GBP, AMS, SFX, PHP and MTP)
have high hydrophilicity (more information on Table 1S of Supple-
mentary Material). Starting from solid standards, a 1000 pg L~} stock
solution containing all the analytes (solution A) was prepared according
to Mantovani et al. (2024). Solution A was used to prepare the cali-
bration curves for each compound (with seven calibration points be-
tween 0.5 and 50 ng mL™!) and the synthetic solutions for the adsorption
tests. Limits of detection (LODs) and quantification (LOQs) were deter-
mined as threefold and tenfold the standard deviation of the lowest
standard, as indicated in the ISO 6107:2021 Standard (ISO, 2021) (More
information can be found in Supplementary Material, Tables 25-4S).
Similarly, an internal standard (IS) working solution of 1000 pg L™! of
fluoxetine-d6 was prepared. The 1.5 pg L™! synthetic solutions for the
first series of tests were prepared by adding 375 pL of solution A in 250
mL of ultrapure water (UW). After the adsorption test, the ME-nFe were
recovered using a neodymium magnet while the water samples were
filtrated (cutoff 0.2-pm) and stored in autosampler vials, ready to be
analyzed. A sample of untreated solution was also collected. Concerning
the application of ME-nFe on Pre-UV effluents, 120 mL of treated
wastewater were collected and filtered at 0.2 pm. Later the samples were
spiked with 2.5 pL of the IS solution. The same process was carried out
for procedural blanks using UW. Both treated and untreated samples
were collected and underwent a solid-phase extraction process using
Oasis® HLB cartridges (200 mg/6 mL, Waters, Milford, MA). The
pre-concentration protocol involved the following steps: conditioning
the cartridges with 6 mL of methanol and 6 mL of UW, vacuum filtration
extraction at a rate of 5-10 mL minfl, washing with 6 mL of UW, fol-
lowed by a 15-min air-drying. Elution was performed using 6 mL of
methanol. Subsequently, the obtained samples were concentrated under
a nitrogen stream, resuspended in 1 mL of UW, and transferred to
autosampler vials. The separation process was made by an XSelect CSH
C18 XP chromatographic column (130 f\, 2.5 pm, 3mm x 100 mm) with
solvent A (UW with 1 mM ammonium acetate and 0.10% formic acid)
and solvent B (methanol with 1 mM ammonium acetate and 0.10%
formic acid) as mobile phases. The analysis was carried out using
ultra-performance liquid chromatography (Acquity UPLC H-class, Wa-
ters, USA) coupled with a QDa detector (Waters, USA), with elution rates
adjusted based on the specific compounds being analyzed. The flow rate

was maintained at 0.5 mL min~ .
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3. Results and discussion

3.1. Characterization of microalgal-based carbon-encapsulated iron
nanoparticles

Fig. 1A shows the SEM image of the nanoparticles, which had a
globular morphology consistent with the one described in Mantovani
et al. (2023), obtained from the same microalgal biomass (Fig. 1B). A
better visual of the sample can be obtained by TEM images. ME-nFe
appears aggregated as to be expected from a material obtained
through HTC. The microalgal biomass subjected to the HTC process
tends to undergo structural breakdown, forming hydrochar (Fig. 1C).
This leads to the formation of particles and aggregates of large di-
mensions (up to a few microns), within which the small iron nano-
particles are encapsulated and can be distinguished, especially at higher
magnifications (Fig. 1D). The Average diameter of iron nanoparticles (9
+ 3 nm) was determined through imageJ software. The specific surface
area (BET) of the ME-nFe was 117 m> g’l, similar to other novel ad-
sorbents produced through hydrothermal carbonization ((Calderon
et al., 2018; Munoz et al., 2021)), but lower than the one obtained after
the pyrolysis (750 °C) of iron-loaded microalgae (201 m? g*l) (Nakarmi
et al., 2022). The higher temperature of pyrolysis in the absence of ox-
ygen likely led to increased loss of the carbonaceous matrix and the
formation of more defective sites, consequently resulting in a higher
specific surface area. This parameter is important as it describes the
potential adsorption capacity of the ME-nFe. The nitrogen adsorption
isotherm (Fig. 2A) showed no hysteresis loop, having a shape that can be
assimilated to the type II of IUPAC classification. This kind of adsorption
isotherm usually describes nonporous or macroporous material. Fig. 2B
shows the pore size distribution of ME-nFe, calculated using the
Barret-Joyner-Halenda (BJH) method based on the desorption branches
of the isotherm. Actually, 42 % of the total pore volume was made of
macropores having a diameter higher than 80 nm. Mesopores were only
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slightly less abundant (38% of the total pore volume had a diameter
ranging from 20 to 80 nm) while micropores (diameter <6 nm)
accounted for approximately 10%. The presence of mesopores is
important. They ensure faster adsorption of micropollutants than
microporous materials such as activated carbon, which usually need
long times (up to hours) due to diffusion limitations. Reduced contact
times for adsorption would enhance the efficiency and practicality of
tertiary wastewater treatment (Xiao and Hill, 2017). The total pore
volume accounted for 0.65 mL g 1. The material’s total iron content was
39.5% by weight and was quantified using ICP after acid digestion.
Assuming a homogeneous distribution of iron within the nanoparticles
and considering the yield obtained in their production, the 4 g of ME-nFe
recovered from a single HTC batch contained 1.6 g of iron. Each syn-
thesis uses 15 g of Fe (NO3)3-9H20, corresponding to 2.06 g of iron. This
results in an iron incorporation efficiency into the carbonaceous matrix
of approximately 78%. The result of EDX analysis is illustrated in Fig. 3S
of Supplementary Material, confirming the relevant presence of iron and
showing an abundance of oxygen (38 and 37 % wt., respectively). This
suggests that iron oxides could be rather relevant in the ME-nFe, while
carbon accounted for 21% wt. The material was also composed of less
abundant elements such as aluminum, phosphorus and silica (0.5, 0.3
and 2.7 % wt., respectively). The first ones are common elements of
green microalgal biomass, while Si could be attributed to the presence of
Diatoms (a peculiar taxon of brown microalgae characterized by a silica
shell) that can be found in small concentration in the microalgal com-
munity of Bresso pilot raceway. The XRD pattern confirmed the presence
of iron oxide (Fig. 4S of Supplementary Material) showing the crystal-
line phase of hematite (FepOs3, at 33.1°, 35.6°, 40.8°, 49.4°, 54.0° and
64.0°) and magnetite (Fe3O4 at 30.0°). The functional groups on the
surface of ME-nFe were determined by FTIR analysis. As shown in
Fig. 6S of Supplementary Material, a broad peak around 3400-3200 cm?
can be observed, revealing O-H stretching, typical of hydroxyl groups in
alcohols and phenols. Peaks around 2950-2850 cm™! indicate aliphatic

Fig. 1. SEM image of the ME-nFe (A); SEM image of freeze-dried microalgae used for the ME-nFe production (B); TEM images of ME-nFe at different levels of

magnification (C and D).
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Fig. 2. Nitrogen adsorption-desorption isotherm of ME-nFe (A); Pore size distribution of ME-nFe(B).

C-H stretching vibrations, related to the methyl and methylene groups of
fatty acids, suggesting the presence of alkane groups. The strong peak
near 1700 cm™ (1750-1650 cm™) reveals the presence of carbonyl
groups (C=0), indicative of ketones, aldehydes, or carboxylic acids. To
complete the ME-nFe characterization, the pHpzc value was also
measured at pHpzc = 6.4 (Fig. 3S of Supplementary Material), which
seemed consistent with literature data on iron oxide-loaded adsorbents
(Noreen et al., 2020)

3.2. Application of ME-nFe nanoparticles for the removal of PhACs

Fig. 3 shows the results obtained in the first series of tests on the 1.5
pg L ~! solution varying the ME-nFe concentration and the adsorption
time. The interaction with nanoparticles varied among different PhACs.
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Fig. 3. Percent removal of Sulfamethoxazole (SMS), Lamotrigine (LMG),
Diclofenac (DCF), Fluoxetine (FLX), Metoprolol (MET), Amisulpride (AMS),
Ofloxacin (OFX), Carbamazepine (CBZ), Clarithromycin (CLM), Gabapentin-
Lactam (GBP), Irbesartan (IRB), and Propyphenazone (PHP). Data are pre-
sented as average and standard deviations (n = 5).

For some of them, differences were highlighted based on the contact
time, and the use of a higher adsorbent dose did not always result in
greater removal. Overall, the shorter contact time (2 min) proved to be
the most effective. Specifically, for Sulfamethoxazole (SMX), Gaba-
pentin lactam (GBP), Propyphenazone (PHP), and Irbesartan (IBS), the
residual concentrations were higher after 10 min compared to 2 min.
This is likely associated with a partial desorption mechanism. On the
other hand, the removal of Amisulpride (AMS), Ofloxacin (OFX),
Metoprolol (MET), and Clarithromycin (CLM) was not affected by time,
and no desorption occurred after 10 min. The lower dose of nano-
particles (0.1 g L™!) was usually the least effective, except for Diclofenac
(DCN). The differences observed between the testsat 1 gL ™! and 3 g L™}
are not so pronounced to justify the use of the higher dose. Furthermore,
for some compounds (Gabapentin-lactam, Sulfamethoxazole, Propy-
phenazone and Fluoxetine), the removal efficiency was betterat 1 gL'
This seems peculiar: increasing the ME-nFe dosage should enhance the
number of active sites and improve efficiency unless aggregation phe-
nomena among the nanoparticles did occur. To mitigate this potential
issue, the subsequently used nanoparticles were homogenized using a
sieve (cut-off 38 pm).

The analysis of the effluent from Bresso WWTP highlights a certain
heterogeneity in the concentrations of the studied PhACs, from a few
nanograms per liter (ng-L™!) to micrograms per liter (ug-L ™). On the
other end, Sulfamethoxazole (SFX) and Carbamazepine (CBZ) concen-
trations were below their detection limits even after the SPE procedure,
so they were not considered during the adsorption test (Table 1). After

Table 1
Average concentrations of the untreated and treated effluent (using the ME-nFe).
Data are shown as average =+ standard deviation (n = 3 for all the compounds).

Chemical Pre-UV Effluent ME-nFe treated Effluent
(gL (gL
Ofloxacin (OFX) 194 +7 13.6 £ 0.3
Irbesartan (IRB) 11,202 + 11 464 + 25
Diclofenac (DCN) 1247 + 12 78 £ 8
Clarithromycin (CLM) 34+3 7+1
Fluoxetine (FLX) 58 + 4 15+1
Lamotrigine (LMG) 307 + 6 98 +1
Metoprolol (MTP) 195 +5 63 +4
Amisulpride (AMS) 72+ 5 37+8
Gabapentin-Lactam 313+ 3 256 + 5
(GBP)
Propyphenazone (PHP) 9+1 8+1
Sulfamethoxazole (SFX) n.d. n.d.
Carbamazepine (CBZ) n.d n.d.
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the ME-nFe treatment, the concentration of all compounds significantly
decreased except for Gabapentin-Lactam (GBP) and Propyphenazone
(PHP). The low affinity of these two compounds for the nanoparticles
had already been observed in the preliminary test on the synthetic
wastewater. Fig. 4A summarizes the result of the Jar test. Overall, the
highest removal efficiencies were observed for Irbesartan, Ofloxacin,
Diclofenac and Clarithromycin (96 + 0%, 93 + 1%, 94 + 1%, and 80 +
1%, respectively). Fluoxetine, Lamotrigine and Metoprolol removals
were still significant (74 + 3%, 68 + 1%, 67 + 2%, respectively).
Amisulpride removal was over 45% showing the highest variability in
the three replicates (48 + 11%). This is one of the largest molecules
among the studied ones, having a molecular weight of 369.5 g mol . Its
chemical properties (i.e. the combined effect of its relatively low hy-
drophobicity and molecular weight) may have hindered the interaction
with ME-nFe nanoparticles and the diffusion through the mesopores due
to steric effect (Bernal et al., 2018). But this is just a hypothesis, espe-
cially considering that Ofloxacin (having similar characteristic in terms
of chemical properties) was easily removed by the nanoparticles. Pear-
son correlations were calculated to understand if and how the main
chemical-physical properties of PhACs could have influenced the
ME-nFe treatment (Fig. 4B). As expected, a significant linear correlation
(p-value = 0.025) was found between the experimental data (%
Removal) and the hydrophobicity of the PhACs (Log Kow). This would
confirm the relevance of the carbonaceous shell of the ME-nFe: while the
pores of the nanoparticles are finite the most hydrophobic pollutants are
the first ones to be removed through adsorption. While the role of
adsorption seems evident, the ME-nFe contain zero-valent iron and iron
oxides, which enhance their reductive power. Degradation processes
cannot be ruled out: redox reactions could have synergistically com-
plemented the adsorption of micropollutants on the carbonaceous shell
of ME-nFe.

The results on Bresso Pre-UV effluent are noteworthy: at least a 70%
removal was obtained for seven out of the ten monitored pharmaceu-
ticals. Using the ME-nFe on this wastewater rather than the synthetic
one (composed of analytical graded standards dissolved in ultrapure
water) does not appear to have reduced their effectiveness. This
outcome was not taken for granted, considering that the Pre- UV effluent
contains a much broader range of pharmaceutical residues, organic
compounds, and inorganic pollutants. At this stage, the effluent proves
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Fig. 4. A) Percent removal of Lamotrigine (LMG), Diclofenac (DCF), Fluoxetine
(FLX), Metoprolol (MET), Amisulpride (AMS), Ofloxacin (OFX), Clarithromycin
(CLM), Gabapentin-Lactam (GBP), Irbesartan (IRB) and Propyphenazone (PHP).
Data are presented as average and standard deviations (n = 3); B) linear cor-
relation between Percent removal and hydrophobicity of the PhACs.
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to be free of macroscopic impurities. Its turbidity is indeed low, as well
as the concentration of suspended solids (0.01 + 0.01 gL _1). This limits
the undesired saturation of adsorption sites. It is important to note that
the characteristics of urban wastewater, and thus of effluents, can vary,
potentially influencing the performance of the nanoparticles. For
instance, the role of the matrix proved significant and limiting when
using ME-nFe to remove the same PhACs from the liquid phase of
anaerobic sludge (centrate), where microalgae are grown to produce the
nanoparticles. As visible in Fig. 5S in the Supplementary Material, only
Diclofenac exhibited removal efficiencies comparable to the ones ob-
tained in the Pre-UV Effluent test. For all other PhACs, the removal was
much lower. This can be attributed to the presence of suspended and
dissolved solids (0.1 & 0.1 g L™1), causing increased turbidity in the
centrate, and the elevated concentration of inorganic nutrients (the
concentrations of Total Ammoniacal Nitrogen and phosphates are
around 250 and 10 mg L™}, respectively) and organic matter (225 mg
L~! of chemical oxygen demand, COD). Undoubtedly, these components
led to a higher and faster saturation of the nanoparticle’s active sites,
lowering their availability for micropollutants. However, it must be
considered that ME-nFe are specifically designed for polishing the
effluent at the end of the wastewater treatment train. Concerning the
pre-UV test, the ME-nFe proved to be particularly effective in the lab-
scale removal of Irbesartan, Ofloxacin and Diclofenac (over 90%).
Literature data on their removal through conventional treatments do not
always highlight such high efficiencies. According to Joss et al. and
Nguyen et al. (Joss et al., 2005; Nguyen et al., 2019), Diclofenac is only
partially removed by activated sludges (10-50%) while Irbesartan
removal is lower than 40% (Lopez et al., 2022). As for Ofloxacin, a very
high variability (0-90%) can be observed depending on different studies
(Belviso et al., 2021; Estrada-Arriaga et al., 2016; Rosal et al., 2010)).
Generally, the use of activated carbon or other novel adsorbents offers
better options compared to biological degradation. However, research
on environmentally plausible concentrations is not so widespread (at
least for the category “novel adsorbent™) and still focuses on isotherms,
kinetics, and thermodynamic studies on highly concentrated water so-
lutions. Geng et al. (2021) obtained an 80% removal treating a solution
at 40 mg L' of Diclofenac with coconut shell-based granular activated
carbon (GAC). Munoz et al. (2021) obtained an 80% removal after 5 min
through the adsorption on carbon-encapsulated iron nanoparticles
(CE-nFe). Moreover, the efficiency gradually increased up to 100% after
1 h. The concentration of Diclofenac (100 mg L~!) was much higher than
that in the Pre-UV effluent of Bresso WWTP. However, the nanoparticles
used were produced through the same HTC process as in this study,
albeit with a different starting biomass. ALOthman et al. (Alothman
et al., 2020) obtained an 85% removal of Diclofenac from synthetic
wastewater (400 pg LY using iron composite nanoparticles (2 g L!
dose and 50 min contact time). Miller et al. (2019) evaluated a
wood-derived powdered activated carbon treating municipal waste-
water. Diclofenac and Ofloxacin were detected among the studied
micropollutants, with concentrations of 303 ng L™! and 1632 ng L7},
respectively. By using a 10 mg L' dose of activated carbon with a
contact time of 45 min, they achieved a 30% removal for Diclofenac and
79% removal for Ofloxacin. Making comparisons with the ME-nFe of this
study is not easy due to the substantial differences in adsorbent type and
dosage as well as in contact times. Hydrothermal carbonization, which
operates at a lower temperature, does not yield solid materials with
surface areas as high as those produced through pyrolysis (which was
used by (Miller et al., 2019)). Nevertheless, by increasing the adsorbent
dosage during the tests, the difference in hypothetical sorption capacity
appears to be mitigated. Masud et al. (2020) used reduced graphene
oxide (rGO) supported nanoscale zero-valent iron (nZVI) nanohybrids
(rGOnZVI) to remove micropollutant from water. The material was
tested both as adsorbent and as a catalyst for Fenton-like reaction,
treating a mixture of pharmaceutical compounds at a concentration of
200 pg L. Among the studied micropollutants Diclofenac, Lamotrigine,
Fluoxetine and Sulfamethoxazole were efficiently removed after 30 min
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(97, 95, 98 and 74%, respectively) using 0.1 g L™! of rGOnZVI. Values
were even higher with the addition of Hy05 to perform advanced
oxidation. nZVI allowed the formation of OH radicals, leading to the
degradation of the above-mentioned PhACs in 10 only minutes. These
seem remarkable results considering the low dosage of adsorbent
needed, one order of magnitude less than the ME-nFe. However, the
production of rGOnZVI through the wet chemical methods, involving
NaBH, and inert atmosphere with a constant N5 gas flow, doesn’t seem
particularly environmentally friendly. The pH of the pre-UV effluent
(7.8 £ 0.4) is higher than the nanoparticles’ point of zero charge (pHzpc
= 6.4). Therefore, an overall negative charge is expected on the surface
of the ME-nFe when dispersed in the pre-UV effluent. This aspect is
crucial in understanding the interactions between nanoparticles and the
different pharmaceutical compounds. Depending on their pKa and the
wastewater pH, PhACs tend to dissociate to varying degrees. Fluoxetine,
Metoprolol, Amisulpride, and Clarithromycin have pKa values higher
than the pH of the pre-UV effluent, meaning they are primarily in their
cationic forms. In these cases, the observed removal could be attributed
to electrostatic attraction (Escudero-Curiel et al., 2021). The chemical
structure of each compound can strongly influence the interaction with
the carbonaceous shell of ME-nFe. Aromatic rings present in many
pharmaceutical compounds can contribute to the adsorption mechanism
through dispersive n—n coupling reactions (Roman et al., 2020). More
generally, the presence of OH and COOH groups (confirmed by FTIR
analysis) on the carbonaceous shell of ME-nFe may be accountable for
surface interactions with electron-rich regions of pollutants. This was
observed in the case of nitrogen and chlorine atoms, inducing dipoles for
Fluoxetine (Roman et al., 2020). Irbesartan, Diclofenac, Lamotrigine,
Gabapentin-Lactam, and Propyphenazone all have a pKa < pH. Irbe-
sartan and Gabapentin-lactam are zwitterions, possessing both positive
and negative charges. Due to its pKa (4.1), Diclofenac is mainly present
in the anionic form in wastewater. Lamotrigine, a weak base with two
protonation states, is only partially in the cationic form (pKa = 5.7) in
the environment. Since electrostatic interactions are not likely to occur
in those cases, the high removal of Diclofenac, Irbesartan, and Lamo-
trigine may also be attributed to other forces fostering adsorption, such
as hydrogen bonds (H-bonds) between chemical components on the
surface of the ME-nFe and the PhACs (Lach and Szymonik, 2020).

3.3. Current limitation and fate of the spent ME-nFe nanoparticles

As previously highlighted, ME-nFe nanoparticles appear particularly
effective to remove highly hydrophobic PhACs. However, the seques-
tration of more hydrophilic molecules, such as Amisulpride,
Gabapentin-Lactam, and Propyphenazone, was less effective. Among the
tested micropollutants, only Ofloxacin stands out for a very high
removal despite its low Log Kow value. Evaluating ME-nFe across a
broader spectrum of PhACs would allow for a deeper investigation.
While the development of a nanoparticle management plan falls outside
the scope of this study, which wanted to assess the effectiveness of ME-
nFe in PhACs removal as observed with heavy metals, it is not possible to
overlook this issue. The fate of spent adsorbent materials remains a
critical concern. One of the advantages of iron nanoparticles is their
inherent magnetism, fostering easy recovery from the treated effluent
after their application. This feature enhances their control and subse-
quent management. Identifying strategies for nanoparticle regeneration
becomes a pivotal concept to ensure their repeated use, an extended life
cycle, and a reduction in the associated production costs. Existing
literature displays the use of spent iron nanoparticles as catalysts in
Fenton-like processes, leveraging the iron within them to start the pro-
duction of radicals in the presence of hydrogen peroxide (Nieto--
Sandoval et al., 2023). This process enables the chemical oxidation of
the adsorbed micropollutants on the nanoparticle surface, freeing up
their pores. As previously mentioned, Munoz et al. have proposed this
post-treatment to regenerate carbon-encapsulated iron nanoparticles,
akin to ME-nFe, yielding promising results. High-temperature heat
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treatments stand out as one of the most commonly employed methods
for regenerating activated carbons, aiming to exceed the thermal
degradation point of micropollutants and restore the adsorptive capacity
of the adsorption material. However, the substantial oxygen content
within the carbonaceous matrix of ME-nFe must be considered, as it
could lead to additional oxidation of the iron in the nanoparticles during
the treatment, altering their properties and reducing their effectiveness
over time. Alternatively, chemical treatments such as desorption using
solvents like methanol and ethanol could be employed for nanoparticle
regeneration. Exploiting the varied affinity of different drugs and pol-
lutants for the organic phase of the solvent might facilitate the release of
the adsorbed PhACs from the active sites of the nanoparticles, restoring
their adsorption capacity. The desorption mechanism would be effective
until the solubility threshold of the specific pollutants is reached. It is
important to note that this threshold can vary from drug to drug, leading
to variable desorption efficiencies. Furthermore, the management of
solvents loaded with pollutants is not of secondary importance. Some
literature studies suggest that pollutant-loaded solvents could be used as
co-substrates for the anaerobic digestion of municipal sludge, resulting
in increased biogas production and a simultaneous partial degradation
of pharmaceuticals (Granatto et al., 2020). Establishing a sustainable
post-use strategy could really enhance the competitiveness of this
technology for wastewater treatment.

4. Conclusion

ME-nFe, formed by a carbonaceous shell coating zero-valent iron and
iron oxide nanoparticles, proved to be an effective adsorbent for phar-
maceutical compounds. Produced through hydrothermal carbonization
of microalgal biomass and iron nitrate, this method is both environ-
mentally friendly and energetically efficient, representing an innovative
option for adsorbent production. The obtained nanoparticles were tested
at the laboratory scale, treating both synthetic solutions and real
municipal pre-UV effluent containing environmentally relevant con-
centrations of PhACs. Despite the relatively modest specific surface area
(117 m? g 1), the mesoporous structure of ME-nFe and their high
reactivity due to iron components proved effective, particularly against
seven of the tested PhACs. Moreover, the magnetic properties of the
nanoparticles facilitate easy recovery, distinguishing it from powdered
activated carbons and enhancing practicality in wastewater treatment
applications. A direct and significant correlation between the experi-
mental data and the hydrophobicity of PhACs was observed, suggesting
that the Me-nFe could be particularly useful for removing those pollut-
ants but is probably not as effective for more hydrophilic compounds.
Preliminary tests on synthetic solutions allowed to understand that the
ME-nFe were more effective when used at 1 g L ! dose and 2 min contact
time, minimizing agglomeration and desorption phenomena. When used
to treat a municipal effluent, the ME-nFe were even more effective
particularly toward Irbesartan, Ofloxacin and Diclofenac (over 90%
removals) while Clarithromycin, Fluoxetine, Lamotrigine and Meto-
prolol removal ranged from 65 to 80%. The obtained results are
certainly promising, highlighting the potential of ME-nFe for waste-
water treatment, particularly in contexts where locally produced algal
biomass can be used. Developing strategies for the regeneration of spent
nanoparticles could make this approach more attractive from an eco-
nomic perspective while increasing the environmental sustainability of
municipal WWTPs.
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