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ARTICLE INFO ABSTRACT

Editor: Xiaying Xin The increasing consumption of antibiotics is causing the rise of multidrug-resistant bacterial strains. Therefore,

the removal of these molecules from water is highly important and requires the development of high-

Keywords: performance systems, whose production from biobased resources, especially residues, would greatly enhance
Rice hus?‘_ . their sustainability value. This work focuses on the development of TiO2-containing porous silica microspheres,
:ZIrOZT silica microspheres MICROSCAFS®, using rice husk as silica source. The MICROSCAFS® are employed in the adsorption and solar-
Mingocycline driven photodegradation of minocycline, a ubiquitous antibiotic for various therapies. The biobased content of
Water treatment the MICROSCAFS® is increased by substituting tetraethyl orthosilicate, commonly employed for their prepara-
Photocatalysis tion, with rice husk-extracted silica. The incorporation of biogenic silica alters the structure of MICROSCAFS®,

that display a hollow structure with high surface porosity. Furthermore, upon high temperature treatment, a
significant increase in surface area, up to ca. 92 m2eg ™! is observed, leading to an adsorption capacity of 80.81
mgeg . The adsorption mechanism is best described by the Freundlich model, implying that adsorbate multi-
layers are formed during the process. The presence of 3.4 nm anatase crystallites confers an efficient photo-
catalytic ability (k = 7.6e10"2 mgeL lemin!) to the biobased MICROSCAFS®, yielding a complete removal of
minocycline (10 mgeL ™! in simple water matrices and adsorbent dosage of 50 mg) via a 45-minute irradiation in
solar-simulated conditions (1 sun) compared to 165 min needed for fossil-based MICROSCAFS®. Zero-order
kinetics best fit the process, the rate limiting step being the photodegradation reaction. Lastly, the high rate
of photodegradation is maintained over 4 cycles, demonstrating the high system stability.

Antibiotic removal

1. Introduction

The relentless pace of industrial production is inevitably affecting the
environment by emitting harmful and persistent substances, named
recalcitrant organic pollutants (ROPs), in the ecosystem. These include
agrochemicals, phenols, dyes, surfactants and pharmaceuticals, which
persist in soil and water adversely affecting animals' and humans' health
[1]. Among pharmaceuticals, antibiotics stand out for the potential
development of tolerance between bacterial species, more specifically
because of the transfer of a large range of antibiotic resistance genes
including those causing diseases [2]. Those strains mutate in the so-
called “superbugs”, i.e. multidrug-resistant forms characterized by
enhanced virulence [3]. Furthermore, ROPs are ineffectively removed in
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typical wastewater treatment plants [4], which are designed for the
purification of aqueous media from a wide range of pollutants including
suspended and colloidal particulates as well as dissolved organic matter
through physical and chemical treatments. In this context, chemical
advanced oxidation processes (AOPs), which degrade these pollutants
through oxidation reactions, represent a valid and promising alternative
to the current treatments. Indeed, AOPs are characterized by the pres-
ence of reactive oxygen species that possess one or more unpaired
electrons, the most common being the hydroxyl radical ("OH), the su-
peroxide anion radical (0O%), the hydroperoxyl radical (HO3) or the
alkoxyl radical (RO®) [5]. To this end, TiO; plays a key role in catalysing
the photodegradation of persistent pollutants in wastewater due to its
high photostability, non-toxicity, inexpensiveness, photo-reactivity and

Received 12 September 2024; Received in revised form 6 December 2024; Accepted 12 January 2025

Available online 21 January 2025

2214-7144/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


mailto:matteo.gigli@unive.it
www.sciencedirect.com/science/journal/22147144
https://www.elsevier.com/locate/jwpe
https://doi.org/10.1016/j.jwpe.2025.107003
https://doi.org/10.1016/j.jwpe.2025.107003
https://doi.org/10.1016/j.jwpe.2025.107003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jwpe.2025.107003&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

F. Langiano et al.

chemical and biologically inertness [5]. Upon irradiation, TiO» gener-
ates electron/hole (e /h™) pairs, in which the holes exhibit a highly
positive potential of +2.53 V vs the Standard Hydrogen Electrode [6].
This highly positive potential widens the possibilities towards the pho-
todegradation of organic molecules, as explained by Wu et al. [7],
posing valid means against the threat of emerging pollutants. Another
peculiarity of TiO, lies in its wide bandgap (3.0 eV for rutile, 3.2 eV for
anatase and brookite) that allows photoelectrons to yield superoxide
anions, widening its application range [8]. These unique properties led
to the synthesis of different polymorphs of titania photocatalysts, both as
nano- (in the form of spheres, tubes, fibers and sheets) and macro-
structures [8]. Different photocatalytic properties were also achieved
via the modulation of particle size, specific surface area, pore structure
and crystalline phase [8]. For instance, Zhu et al. [9] achieved successful
photocatalytic degradation of tetracyclines (TCs), a widely used class of
antibiotics, through the application of TiO2 (P25) nanoparticles in
aqueous solution under UV irradiation, reaching >95 % removal within
40 min.

TiO, immobilization inside an easily recoverable system makes this
semiconductor even more attractive, as this strategy addresses some
drawbacks such as poor adsorption, and difficult recovery, separation
and agglomeration, all limiting its photocatalytic efficiency [10]. SiOo-
TiO4 based materials were thus synthetized as core-shell microparticles
[11], monodisperse yolk-shell microspheres [12], bi-layer films [13]
depending on the targeted application. [14-18]There are several studies
where SiO, was employed as stable mesoporous support for immobi-
lizing photoactive TiO, species, producing TiO»-SiO, mixed oxides.
These systems present enhanced photocatalytic activity due to a better
dispersion of TiO and increased pollutants adsorption caused by their
activation by Ti-O-Si bond [19]. For instance, Jaseela et al. [20]
compared the photodegradation activity under visible light of Bisphenol
A using both mesoporous TiO, and TiO2-SiO2 nanocomposites. After 32
min the bare titania achieved only 37 % degradation, while the TiO,-
SiO5 composite reached 99 %. Conversely, Marques et al. [14,15]
studied the fine-tuning of porous hybrid and inorganic silica spherical
particles with tailored interconnected macroporosity (MICROSCAFS®)
through an adapted sol-gel method combined with polymerization-
induced phase separation, assisted by temperatures below 100 °C.
These microspheres were subsequently loaded with TiO5 nanoparticles
and employed in continuous flow solar-driven water purification pro-
cesses [16]. More recent work regarded the implementation of titanium
and hafnium precursors directly in the sol-gel synthesis, obtaining a
multicomponent oxide SiO»-TiOy and SiO-TiO2-HfO, material with
interconnected macro- and meso-porosity, expanding the composition
range of MICROSCAFS® [17,18].

In line with the need for developing eco-innovative materials
aligning with the principles of circular bioeconomy [21], the utilization
of biomass waste-derived starting materials is of great interest. They are
easily available, cheap and often non-toxic compared to synthetic pre-
cursors [22]. Furthermore, their structure possesses internal porosities
that favours the entrapment of complex molecules like dyes and anti-
biotics [23]. Within these materials, chitin, especially in its deacetylated
form, i.e. chitosan (CS), holds significant potential. [23]A recent study
proposed by Rostami et al. [24] described the synthesis of a stable and
biodegradable ternary composite constituted by CS, TiOy and multi-
walled carbon nanotubes for the adsorption of organic dyes (methylene
blue and methyl orange) and of the antibiotic ciprofloxacin in aqueous
medium. This composite material showed remarkably high values of
maximum adsorption capacity towards all the target molecules,
respectively 531.91, 1763.6 and 1510.5 mgeg ™!, and exhibited stable
performances in recyclability tests up to 8 cycles.

Other studies focus on the valorization of fruit shells due to their
content of cellulose, hemicellulose and lignin, which inherently contain
a high concentration of functional groups [22]. For instance, Buhani
et al. [25] proposed a novel system for water remediation by valorizing
the carbonaceous material deriving from rubber fruit shells through
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modification with a silane agent, 3-Aminopropyl Triethoxysilane
(APTES), which enhanced the overall adsorption capacity of the system.
This bio-based adsorbent demonstrated significant activity in the
removal of two differently charged dyes, coomassie brilliant blue
(anionic) and methylene blue (cationic) even after a three-cycle reus-
ability test, as an adsorption percentage exceeding 80 % was maintained
[25]. In another study Buhani et al. [26] focused on the upcycling of
rubber fruit shells, exploring the improvement on their adsorbing ac-
tivity by conferring magnetic properties to the biomass-derived acti-
vated carbon. The adsorption ability towards both organic and inorganic
pollutants was further enhanced through subsequent silanization with
triethoxy(phenyl)silane. Also in this case, high maximum adsorption
capacity of both methylene blue and crystal violet, respectively of
85.060 and 90.504 mgeg !, and high removal percentages exceeding 80
% up to 4 recycles were demonstrated.

In continuity with the above-illustrated research, the present study
focuses on the upcycling of rice husk (RH) — a widely available silica-rich
biomass residue - as silica source for MICROSCAFS® through the
replacement of the expensive and fossil-derived commonly used Si
alkoxide tetraethyl orthosilicate (TEOS). The extraction of silica from
RH plays a pivotal role in the valorisation of abundant economic waste,
which would be otherwise burned contributing to the increase of
greenhouse gases emissions [27]. Rice husk abundance is correlated
with the high consumption of rice, which represents the staple food for
over half of the global population [28]. The product resulting from the
RH treatment and calcination is known as Rice Husk Ashes (RHA), a
light and highly porous material mainly constituted by SiO5 (95-98 %)
together with potassium, phosphorous and traces of sodium, calcium,
magnesium, iron, copper, manganese and zinc in varying percentages
depending on geographical factors and harvest year [29]. Silicon is
indeed introduced in rice plants via root absorption of its soluble species
(silicates or mono-silicic acid), which undergo biomineralization to
create a network of lignocellulose and silica [30]. Silica from RH has
been employed for several scopes such as water purification, heavy
metals adsorption, catalysts preparation, synthesis of composites for
construction materials, and biofertilizers production [30]. In terms of
bioremediation purposes, Chen et al. [31] investigated the feasibility of
RHA application for TCs adsorption from aqueous media, reaching a
removal efficiency of 61 % starting from an initial concentration of 5
mg/L. In another study, Costa et al. [32] reported the synthesis of
mesoporous silica MCM-41 using silica extracted from RH as an alter-
native to TEOS. The obtained material exhibited high surface area and
the conventional hexagonal mesostructure of the family of ordered
mesoporous silicas (M418S), exhibiting high removal percentages in the
adsorption of polycyclic aromatic hydrocarbons [32]. Additional evi-
dence supporting its applicability in the framework of water remedia-
tion was reported by Niculescu and Raboaca [33], who described the
photocatalytic oxidation of the dye Rhodamine 110 under natural light
using biobased MCM-41 as catalyst support, and by Alhadhrami et al.
[34]1, who reported the dual activity of SiO, nanoparticles synthesized
from RHA in both photodegradation of methyl orange under UV irra-
diation and in the growth inhibition of coliform bacteria in canal water
samples.

Building on this ground, the biobased MICROSCAFS® here devel-
oped were tested as multifunctional composite materials for water pu-
rification, and more specifically for the solar-driven degradation of
minocycline (Fig. S1A), a second-generation semi-synthetic tetracycline.
It has an expanding broad scope of applications, from safer and effica-
cious treatment of papulopustular rosacea in the form of topical gel, to
the treatment of cancer [35,36]. Tetracyclines contamination in Euro-
pean aquatic environments was recently reported as high as 600-1290
ng-L’1 [37,38]. Therefore, their removal from wastewater is attracting
increasing interest and, for example, the photocatalytic degradation of
minocycline was previously explored with various semiconductor cat-
alysts [39,40]. The physicochemical properties of the RHA-containing
MICROSCAFS®, along with the adsorption mechanisms involved and
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the photocatalytic activity, are here compared throughout the study
with the pristine reference material, i.e. TEOS-based MICROSCAFS®, to
highlight any differences and potential advantages deriving from the
addition of silica extracted from RH to the system.

2. Experimental section
2.1. Materials

Rice husk (RH) was kindly provided by Riseria delle Abbadesse,
located in Grumolo delle Abbadesse, Vicenza, Italy.

Hydrochloric acid (HCl 37 %) and tetraethyl orthosilicate (TEOS 98
%) were purchased by Sigma-Aldrich, (3-glycidyloxypropyl)trimethox-
ysilane (GPTMS, Xiameter OFS-6040, >98.5 %) was kindly supplied by
Dow, and ammonia aqueous solution (25 %) was purchased by Chem-
Lab. Decahydronaphthalene (decalin, mixture of cis and trans isomers,
98 %) and sorbitan monooleate surfactant (Span® 80, HLB: 4.3) were
supplied by Merck, titanium isopropoxide (TiPOT 98 %) by Acros Or-
ganics and glacial acetic acid (>99 %) by Fisher Chemical. Minocycline
was provided by Hovione S.A. Deionized water was used for all the
experiments unless otherwise stated.

2.2. Silica extraction

RH was ground to a 3 mm mesh and boiled under reflux in a 4 M
hydrochloric acid solution under magnetic stirring for 2 h. Afterwards,
the solid was filtered and washed with water to reach neutral pH. The
treated RH was then dried at 90 °C overnight and calcinated in a muffle
furnace at 550 °C for 4 h, with a heating rate of 5 °C-min ™' The resulting
product, finally ground in a ball mill at 650 rpm for 20 min to obtain a
more homogeneous particle size distribution, is hereinafter named RHA.

2.3. Synthesis of rice husk ashes-based MICROSCAFS®

Conventional MICROSCAFS® (MS) synthesis was conducted
following the procedure described by Vale et al. [17] with minor mod-
ifications. RHA-based MICROSCAFS® (MSR) were prepared by replac-
ing TEOS by specific amounts (20 wt%, 50 wt%, 80 wt% and 100 wt%)
of RHA. In detail, after 45 min from the beginning of TEOS and GPTMS
pre-hydrolysis, RHA was added to the silanes mixture in the above-
reported concentrations. The biobased MICROSCAFS® are named as
follows: MSR20, MSR50, MSR80 and MSR100, where the number rep-
resents the RHA wt%. Additionally, each sample was calcinated at
900 °C for 30 min. The samples subjected to this heat treatment are
identified with the abbreviation “ht”. Lastly, a MICROSCAFS® sample
containing only GPTMS (MSG) was prepared for sake of comparison,
according to the above-described procedure.

A brief techno-economic feasibility of the method adopted for the
synthesis of the MICROSCAFS® is reported in SI.

2.4. Characterization

Elemental analysis was carried out on RH, treated rice husk and RHA
to determine the content (wt%) of C, H, N and S in each sample. The test
was carried out in duplicate by means of a UNICUBE® trace analyzer
(Elementar, Lomazzo, Italy), using the method “plant” and sulfanil-
amide as standard. Prior to the analysis, the samples were dried in
vacuum at 40 °C for 24 h.

ICP-OES (PerkinElmer Optima 5300 DV instrument, Waltham, MA,
USA) was performed on pristine biomass and RHA to determine the SiO5
content and on the microspheres to quantify the amount of TiOy. The
procedure for RH and RHA consisted in dissolving 10 mg of sample in 4
mL of HNOg, 2 mL of H,0 and 0.5 mL of HF (ultrapure for analysis)
inside a Teflon container, which was then sealed and put in a microwave
digester (Ethos UP Milestone, Bergamo, Italy). Each sample was digested
in duplicate using the “dry plant” method and analyzed separately.
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Lastly, the samples were first diluted to 50 mL and subsequently ten
times further prior to the analysis. Silicon was quantified by means of a
calibration curve built in the range 0.5-10 mg-L ™.

As to the microspheres, 100 mg of each sample were dissolved in a 2
mL HNO3 and 5 mL HF mixture and treated in a Ethos UP microwave
digester. Each sample was digested in duplicate using the “silica”
method and analyzed separately. Afterwards, the samples were first
diluted to 50 mL and subsequently 20 times prior to the analysis. Ti was
quantified via a calibration curve built in the range 0.5-20 ppm at the
wavelength of 337.279 nm.

The chemical structure of RHA and of the prepared MICROSCAFS®
was evaluated by Fourier transform infrared spectroscopy in attenuated
total reflectance mode (ATR-FTIR) on a PerkinElmer Spectrum Two
spectrophotometer (Waltham, MA, USA) equipped with a UATR Two
accessory. The following parameters were used for the analysis: spectral
range 4000-400 cm™!, 4 cm™! resolution and 8 scans of data
accumulation.

X-ray powder diffraction patterns were recorded with conventional
Bragg-Brentano geometry at 295 K, with a step size of 0.05° on a scale of
5-145° 20 and a time of 500 s/step. An Empyrean diffractometer
(Malvern Panalytical Ltd.) equipped with Bragg-Brentano HD incident
optics, 1/8° divergence slit and copper X-ray tube (wavelength Ko
1.5406 A) at 40 kV and 40 mA was used. A hybrid 2D solid-state pixel
detector PIXcel3D (255 active channels) was employed.

The quantitative phase analysis by X-ray diffraction was performed
using the Rietveld method modified by Riello et al. [41]. This method
allows to perform the quantitative analysis of the crystalline phases even
if an amorphous matrix is present, without adding any internal stan-
dards to the sample. The quantification of the different phases, already
successfully applied to various materials, particularly to study the
crystallization of LAS glass ceramic, [42] is possible because during the
crystallization process the whole chemical composition of the sample
does not change [42]. The crystallite size distribution was obtained by
the Fourier analysis of the fitted peak shape of the anatase corrected for
the instrument broadening (Warren-Averbach method) [43].

Thermal stability was determined by thermogravimetric analysis
(TGA) using a Hitachi STA7200 thermal analyzer (Ibaraki, Japan).
About 5 mg of sample were transferred to an alumina crucible and
heated from 35 to 900 °C with a heating ramp of 10 °C-min~! under Ny
flux (200 mL-min ™).

Solid state NMR spectra were recorded at room temperature in a
Bruker AVANCE III 500 spectrometer (Bruker, Billerica, MA, USA),
operating at By field of 11.7 T, with 'H and 2°Si Larmor frequencies of
500.1 and 99.4 MHz, respectively, to gain insight on silicon coordina-
tion. All experiments were performed in a 4 mm double-resonance MAS
probe (Bruker, Billerica, MA, USA) at 296 K. The samples were sealed
into a ZrO, rotor with Kel-F caps and spinned at 5 kHz. The spectra were
externally referenced to trimethylsilane (lH, 0 ppm) and tetrakis(tri-
methylsilyl)silane (2°Si, —9.9 ppm for SiMes group). The 2°Si MAS
spectra were acquired using the direct observation of 2°Si using high
power proton decoupling. During the acquisition, a tppm15 decoupling
scheme was employed.

Scanning electron microscopy (SEM) images and EDS data were ac-
quired using a Phenom ProX G6 benchtop SEM (ThermoScientific,
Waltham, MA, USA). A 15 nm layer of gold was sputtered on the samples
before the analysis using a turbomolecular pumped coater Q 150 T ES
(Quorum Technologies, Lewes, UK). The size distribution of the micro-
spheres was determined from SEM photographs at 105x magnification
by measuring with the ImageJ software the diameter of at least 100
microspheres per sample.

Laser diffraction analysis (LDA) was used to further investigate the
size of the MICROSCAFS® in aqueous dispersion. A Mastersizer 3000
(Malvern Panalytical, Malvern, UK), equipped with a Hydro EV wet
dispersion unit and an in-line sonication probe for agglomerate disper-
sion was employed for the test. The microspheres were suspended in
water at room temperature and each sample was analyzed eight times.
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N adsorption/desorption isotherms were performed on the micro-
spheres at N condensation temperature (77 K) using a Micromeritics
Tristar II Plus instrument (Norcross, GA, USA). Before the analysis, each
sample was outgassed at 200 °C for 2 h under high vacuum (102 Torr)
to remove moisture and other surface contaminants. The surface area
was determined using the Brunauer-Emmett-Teller (BET) method and
the average diameter of the pores was calculated using the Barrett-
Joyner-Halenda (BJH) method.

Finely crushed MICROSCAFS® were also analyzed using a JASCO
UV-Vis spectrophotometer (Easton, MD, USA) equipped with an inte-
grating sphere in the range 190-900 nm to estimate the band gap energy
(eV) via the Tauc plot method. It assumes that the energy-dependent
absorption coefficient a can be expressed as (Eq. (1)):

1
14

(a hw)r =B (hv — Ey) (€]

where h is the Planck constant, v is the photon's frequency, E; is the band
gap energy and B is a constant. The y factor depends on the nature of the
electron transition and for the materials under investigation is equal to 2
(indirect allowed transition band gaps semiconductors). To apply this
method, the obtained reflectance spectra were transformed in the cor-
responding absorption spectra applying the Kubelka—Munk function
(Eq. (2)):

(1 - Rw)z

FRe) =53

(2)

where R, is the reflectance of an infinitely thick specimen

(Ro = ).
Lastly, by substituting F(R,,) to o in Eq. (2), the following equation is
obtained (Eq. (3)):

1
14

(F(Rw)hv ) = B(hv — E,) 3
2.5. Adsorption tests

Adsorption tests were performed in dark conditions to determine the
maximum adsorption capacity of the prepared MICROSCAFS®. In detail,
the samples were mixed with different minocycline solutions (20, 50,
100, 200 and 400 mg-L~!) at the fixed concentration of 1 g-L™! and
stirred at 100 rpm and 24 °C for 24 h to reach adsorption-desorption
equilibrium. Afterwards, the dispersion was centrifuged at 9000g for
10 min and the supernatant was transferred to quartz cuvettes (optical
path length 1 cm) and analyzed by means of a JASCO V750 UV-Vis
spectrophotometer to determine the absorbance and subsequently
calculate the equilibrium concentration through the Lambert-Beer eq. A
4-point calibration curve was built in the range 10-80 mg-L, regis-
tering the absorbance at 346 nm, the slope of the line being the molar
absorption coefficient of minocycline (12,000 mol 'eLecm™). A blank
sample was prepared by dispersing each MICROSCAFS® in ultrapure
water in the absence of minocycline and treating it as the tested samples.
Blank samples were then used as reference in the UV-Vis measurements
to compensate any possible scattering due to the presence of solid res-
idues that could not be separated by centrifugation.

The adsorption capacity at equilibrium (geg, mg-g~ 1), determined as
the amount of minocycline adsorbed on the microspheres after 24 h, was
calculated as follows (Eq. (4)):

Co — Ce
qeqzwv @

where V is the volume of the minocycline solution (10 mL), Cy is the
concentration of minocycline at the beginning of each experiment, C, is
the supernatant concentration measured after 24 h and m is the mass of
MICROSCAFS® (0.010 g). Subsequently, Langmuir and Freundlich
adsorption models were applied to the acquired data to evaluate the
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adsorption mechanism of the different samples and their adsorption
capacity. The Langmuir model (Eq. (5)) postulates that adsorption takes
place as a monolayer on the adsorbent's surface, which has uniform sites
with no mutual interactions between adsorbates. This implies that every
binding site exhibits identical affinity for the adsorptive:

_ qma.xKL Ceq

T14+ KLCeq ®)

Qeq

where gpay is the maximum adsorption capacity (mg-g™1), K; is Lang-
muir adsorption equilibrium constant (L-gfl) and C,q is minocycline
concentration in the supernatant at equilibrium [44]. By contrast, the
Freundlich model (Eq. (6)) is an empirical equation that refers to het-
erogeneous surface energy systems with exponentially decaying
adsorption:

1

qeq = KF ng (6)
where C,q is minocycline concentration at equilibrium, Kr [(mgl’l/ nLV
1.¢~1)] is the Freundlich adsorption equilibrium constant and n express
the favourability of the adsorption process (the higher the value of n, the
higher the adsorption capacity at low adsorptive concentration) [45].

The kinetic analysis of minocycline adsorption (10 mg-L’l) was
performed using a pseudo-first-order model, described by the following
equation (Eq. (7)):

C:
In—= —kt 7
C @)

where C, and C, are the concentrations at a specific time t and at the
beginning of the adsorption experiment (mg-L ™), respectively, k is the
adsorption rate constant (min~') and t is time (min).

2.6. Photocatalytic tests

The photocatalytic activity of the MICROSCAFS® towards the
degradation of minocycline was investigated using a solar simulator
(model 94011A-ES from Newport, Irvine, CA, USA) equipped with a 100
W Xenon lamp with a standard AM 1.5 G filter. The lamp's technical
specifications and its spectral output are reported elsewhere as declared
by the producer [46]. The minocycline solution was placed in a ther-
mostated double-jacketed batch reactor. Before each test, the distance
between the lamp and the liquid's surface was adjusted, with the aid of a
reference cell, to achieve the intensity of 1 sun (1000 W-m’z).

For each experiment, 50 mL of a 10 mg-L™! minocycline solution
kept at 19 °C were employed and 50 mg of MICROSCAFS® were
dispersed in the solution and mixed at 300 rpm with a magnetic stirrer.
The tests consisted of an initial dark period, during which the reactor is
not illuminated and covered with aluminum foil, followed by an irra-
diation period where the solar lamp is on. The initial dark step has a
variable duration, as it depends on the adsorption capacity of the tested
microspheres.

Every 15 min an 800 pL aliquot was sampled and centrifuged at
7000g for 15 min to remove residual fragments of the microspheres.
Subsequently, the absorbance of minocycline in the supernatant was
determined at A = 346 nm using a JASCO V-750 UV-Vis spectropho-
tometer (JASCO, USA) and the corresponding concentration was derived
from a calibration curve built in the range 0-40 mgL™'. A 6-point
calibration curve was built in the range 0-40 mg-L, the slope of the
line being the molar absorption coefficient of minocycline (12,000
molflnLocm’l).

A zero-order kinetic model, defined by the following formula (Eq.
(8)), meaning that the rate determining step is the photodegradation
reaction, was used to fit the experimental data:

C=—kt+Co (€)]

where C; and Cj are the concentrations at a specific time t and at the
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beginning of the irradiation phase (mg-L™!), respectively, k is the pho-
todegradation rate constant (mg~L_1~min'1) and t is time (min).
The degree of degradation was calculated as follows (Eq. (9)):
t

C,
Degradation% = {1 - C_} x 100 ()]
0

2.7. Recyclability tests

The recyclability of the best performing MICROSCAFS® sample was
evaluated by a 4-cycle test. At the end of each photodegradation cycle, a
1 mL aliquot was collected and analyzed to calculate the concentration
of minocycline. Based on the determined value, the amount of mino-
cycline needed to restore the initial concentration (10 mg~L’1) and 1 mL
of H5O to restore the initial volume (50 mL) were added to the reactor at
the beginning of each subsequent cycle.

2.8. LC-HRMS analysis

The supernatant sampled at the end of each photocatalytic test was
analyzed by means of liquid chromatography quadrupole time-of-flight
mass spectrometer (LC/Q-TOF MS, Bruker, Billerica, MA, USA) to
determine the residual concentration of minocycline and the presence of
possible by-products formed during exposure to solar light. The mino-
cycline content was quantified through a 5-point calibration curve,
which ranged from 0.30 to 5 mg-L™!. The chromatographic run was
performed on a BEH C18 column 130 A (75 x 2.1 mm, 2.5 pm particle
size) (Waters, Milford, MA, USA) at 50 °C, using a flow rate of 0.3
mg-min . The mobile phase was 0.1 % of formic acid in water (eluent
A) and in methanol (eluent B), using an optimized elution gradient. The
mass spectrometer operated in positive/negative mode, with a capillary
voltage of 2500 V (4)/3500 (—), a nebulizer pressure of 3 bar, dry
temperature of 250 °C and 9 L-min~! as dry gas flow. The acquisition
was performed in Auto MS/MS mode selecting a mass range of 30-1000
Da.

3. Results and discussion

The calcination at 550 °C of the acid-treated rice husk yielded 16 wt
% SiOs, in full agreement with literature data [47]. As determined by
elemental analysis, the content of C, H, N and S in RHA was respectively
equal to 0, 0.9 £+ 0.1, 0 and 0.23 + 0.03 wt%, demonstrating, differently
from RH, the absence of carbonaceous matter (Table S1). Furthermore,
ICP-OES analysis showed that 92 % of the obtained fine white powder is
constituted of SiO; (Table 1), indicating that RHA consists mostly of
silica, while small percentages of metal oxides like CaO, MgO, K20
might be present [48]. This result is further supported by FT-IR analysis
(Fig. S2A), whose spectrum is characterized by the silanes' typical vi-
bration modes such as asymmetric and symmetric stretching of Si-O-Si
group at ca. 1100 and 800 cm™!, a weak band at 470 cm ™! attribut-
able to its bending mode vibration, and the broad band at 3450 cm™!
relative to the -OH stretching vibration of silanol groups and of residual
sample humidity [49,50]. Lastly, the C—H stretching bands present in
the range 2800-3000 cm ™! can be ascribed to the adsorption of con-
taminants from the environment, as carbon was not detected in the
sample by CHNS measurements. RHA diffractogram (Fig. S2B) is char-
acterized by a wide diffused peak centred at 20 = 22°, distinctive of
amorphous SiOy [51], and its thermogravimetric curve (Fig. S2C)

Table 1
Silicon content expressed in mg g~! obtained from ICP-OES analysis conducted
on rice husk (RH) and rice husk ashes (RHA).

Sample Si (mgg™h) Si0, (%)
RH 124 +1 26 %
RHA 429 + 10 92 %
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revealed stability up to 900 °C, in agreement with literature data [29].

With the main purpose of determining the nature of the Si species
constituting the prepared microspheres, 2°Si MAS-NMR spectroscopy
was carried out on RHA, MSR100 and MSG (Fig. 1). These samples were
chosen to verify whether the Si units present in RHA and in MSG, where
the peaks are ascribable only to the Si derived from GPTMS, were both
visible in MSR100, to thus confirm the incorporation of RHA in the
MICROSCAFS®. The conventional notation Q" and T™, which respec-
tively stand for tetrafunctional and trifunctional Si centres, was used to
describe the units [52]. Specifically, Q refers to [(SiO), Si (OH)4.,] units,
where n is the number of bridging oxygen atoms surrounding the central
silicon atom, whereas T indicates [(SiO), RSi (OH)3.;,] units, where R
symbolizes the 3-glycidyloxypropyl group connected to the central Si. In
the RHA spectrum, three peaks representing three different environ-
ments of silicon atoms are visible. At —89 ppm a weak shoulder indi-
cating the presence of Q2 units, i.e. a silicon atom bonded with two
siloxane groups and two silanol groups, is also detected. The most
intense peak at —107 ppm (Q* units), and a more prominent shoulder at
—98 ppm (Q® units), respectively represent Si connected to four and
three siloxane groups [53]. The amount of the three units is correlated to
the relative intensity of their peaks (deconvoluted spectra are shown
Fig. $3). In RHA, the most abundant unit is Q%, suggesting that almost all
the network is condensed, apart from a fraction of uncondensed Si-OH
groups. On the other hand, in the MSG spectrum T? and T® peaks of
the same intensity, respectively localized at —54.0 and —63.0 ppm, are
present. This result indicates that in this case Si is covalently bonded to
one alkyl group and to two and three siloxane groups, respectively [52].

Finally, in the case of MSR100, both T and Q units can be observed.
Nevertheless, the Q*/Q? ratio is higher for MSR100 than for RHA, sug-
gesting more homocondensation (more siloxane bonds). Thus, RHA and
GPTMS reacted to form a siloxane network constituted by both com-
pounds, indicating an effective incorporation of RHA in the
MICROSCAFS®.

Subsequently, SEM analysis was carried out to evaluate the surface
and bulk structure of the different microspheres and to obtain infor-
mation about particle size (Fig. 2).

MS (Fig. 2A-B) and MSR20 (Fig. 2C-D) present similar shape and
internal porosity, as visible from the enlargement of the inner particles'
core. Their morphology agrees with literature data [17]. Contrarily, for
TEOS substitution higher than 20 %, the microspheres are bigger and
their morphology changes. For example, Fig. 2F shows that nucleation
took place inside the spheres rather than polymerization-induced phase
separation (spinodal decomposition) which would have led to the for-
mation of the interconnected porous MS structure. By further increasing
the degree of TEOS substitution, not only the size of the particles
increased, but also their core-shell structure further varied, as a hollow
structure with high surface porosity could be observed (Fig. 2J). The
bigger dimensions of RHA-rich MICROSCAFS® can be ascribed to the
enlargement of the emulsion's water droplets disrupted by the RHA
powder. In fact, an in-depth evaluation of the size distribution of the
prepared MICROSCAFS® (Fig. S4 and Table S2) confirmed that by
increasing the content of RHA the average particle diameter was
enhanced. This phenomenon is even more evident for MSR80 (119 + 67
pm) and MSR100 (115 + 49 pm), which display an almost doubled size
with respect to MS (62 + 21 pm). On the contrary, the spherical shape
and average diameter of MSG did not significantly change compared to
MS, further strengthening the hypothesis of an emulsion destabilization
process, i.e. emulsion's droplets coalescence, in the presence of RHA.
Lastly, MSG microspheres display an empty core as the RHA-containing
ones, although a more uniform surface is preserved (Fig. 2L). Hence, it
can be concluded that the generation of an interconnected macroporous
domain inside the emulsions' water droplets can be achieved up to a
TEOS replacement of 20 wt%. This aligns with previous studies, which
state that higher GPTMS contents lead to a lower condensation rate
compared to tetraalkoxysilanes, this effect being further enhanced by
the steric hindrance of the alkyl chain [17].
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Fig. 1. 2°Si MAS spectra of RHA, MSR100 and MSG.

Among all the synthesized MICROSCAFS®, to maximize the valor-
isation of RH, MSR100 were selected for further analysis, together with
MS as reference. Furthermore, to obtain fully inorganic microspheres
with increased thermal and chemical stability, a calcination treatment at
900 °C was conducted on these two samples. The weight loss at the end
of the calcination process decreased with the increase of the RHA con-
tent (53.6 % for MS vs 35.7 % for MSR100), providing further proof of
the involvement of RHA in the sol-gel polycondensation reaction with
GPTMS. Indeed, the amount of organic moiety is lowered by enhancing
the RHA content, and RHA is stable at 900 °C (Fig. S2C).

Structural changes on the MICROSCAFS® induced by the substitu-
tion of TEOS with RHA and by the calcination procedure were investi-
gated by FT-IR analysis (Fig. S5). As to MS, a broad band centered at
3400 cm’l, resulting from the v, (-OH) of silanol groups and phys-
isorbed moisture, could be detected [14]. The weak band at ca. 1250
em ™! corresponds to the epoxide symmetric ring breathing vibration of
GPTMS, while the peaks at 2930 cm ™' and 2860 cm™! are due to
stretching vibrations of -CHy groups in decalin, Span80 and GPTMS
[14,17]. The presence of traces of the surfactant Span80 is also evident
from the bands at 1200 cm ! (vas C=0), and at 1410 em~! (5 0—H)
[17]. Furthermore, the peak at ca. 1060 cm ™! may be ascribed to the
asymmetric stretching of Si-O-alkyl groups and Si-O-Si groups derived
from polycondensation of the silanes or, in the case of MSR100, of the
hydrolyzed RHA with Si-OH from hydrolysed GPTMS. The band at ca.
960 cm ™! can be attributed to Si—O asymmetric stretching in Si-O-Ti,
and to Si-OH bonds [54,55]. In line with NMR data, its relative in-
tensity is lower for MSR100 than MS, suggesting that MSR100 contains
more Q units, while in MS more heterogeneous condensation occurs,
therefore more Si-O-Si bonds are present. Lastly, the peak at ca. 440
cm ! reflects the stretching vibrations of Ti—O bond in TiO, [56-58],
which results from the use of TiPOT.

The FT-IR spectra of heat-treated samples show significant changes,
as the materials are fully inorganic systems. All the bands relative to

traces of Span80, decalin, water and other organic residues are no longer
discernible. Indeed, only the asymmetric stretching of the Si-O-Si ho-
mogeneous pattern (at 1040 cm 1), the overlapped bands relative to
stretching vibrations of Si—O in Si-O-Ti achieved through hetero-
condensation (960 cm™!) and the stretching vibration of Ti-O-Ti (440
cm 1) can be observed [56-58].

Finally, the Si-O-Si band peaked at ~1090-1050 cm ™! is broader for
MSR100ht than for MSht, possibly due to an overlapping of bands
ascribed to a variety of Si species, such as T units and Q units, as detected
by 2°Si MAS-NMR.

In view of their application in aqueous media, the size of the selected
samples was also analyzed by LDA and the results are reported in Fig. S6
and Table S3. The average dimensions (Dx 50) of MS and MSR100 are
slightly higher than those obtained by SEM analysis, suggesting possible
agglomeration phenomena in water. On the opposite, after the calci-
nation, a lower hydrodynamic diameter was observed, indicating a
colloidal stabilization effect induced by the heat treatment.

As porosity plays an important role in the adsorption behaviour, the
microspheres were subjected to physisorption studies to determine
surface area and pores' size. Fig. S7 shows the isotherms of Ny phys-
isorption for MS, MSR100, MSht and MSR100ht, as well as the distri-
bution of pores obtained through the application of the BJH method. At
a first glance, MS (Fig. S7A) seems to display a type III isotherm, which
refers to non-porous or macroporous materials. However, with a deeper
analysis, a tight H3 hysteresis loop can be identified at high relative
pressures, meaning that the sample is also endowed with mesopores
(Fig. 2B). Similar considerations can be made for the corresponding
heat-treated sample (MSht). which also shows a type III isotherm
(Fig. S7C) in agreement with previous data [17]. Furthermore, both MS
and MSht display a bimodal pore distribution, with a fraction of meso-
pores peaked at 5 nm and a broad distribution of macropores ranging
from 100 to 140 nm. The surface area is respectively equal to 18.17 m?
g land 14.10 m? gL
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Fig. 2. SEM images of MS (A, B), MSR20 (C, D), MSR50 (E, F), MSR80 (G, H), MSR100 (I, J), and MSG (K, L). Scale bar (A,C,E,G,L,K) = 300 ym; Scale bar (B, D, F, H,
J, L) = 30 pm. Each image on the right represents a higher magnification of the respective left side picture.

As to MSR100, the physisorption experiments revealed its non-
mesoporous nature and an extremely low surface area value of 1.20
m? g7}, rendering the measure unreliable (Fig. S7B). On the contrary,
MSR100ht exhibits a type IV isotherm (Fig. S7D) together with a rela-
tively high surface area equal to 91.81 m? g~1. The shape of the hys-
teresis can be identified as H5, suggesting that MSR100ht has a
particular pore structure containing both open and partially blocked
mesopores [59], whose distribution is centred at 5 nm.

Calcination leads to the loss of organic species, which could act as
active sites of adsorption. However, this treatment did not significantly
modify the surface of MS, nor its size distribution, while, in the case of

MSR100, it led to the promotion of pore formation, drastically
increasing the surface area. As RHA showed a slight mass loss (ca. 5 %)
upon heating to 900 °C (Fig. S2C), this phenomenon might have
contributed to such pore formation.

Since the photoactivity of the samples could be ascribed to the
intrinsic presence of TiO (vide infra), ICP-OES and XRD analysis were
performed to quantify its content [41]. The results are presented in
Table 2, while the XRD diffractograms are reported in Fig. S8.

The calcinated samples displayed higher TiO content due to the
removal of organic substances. The increase was more significant for MS
than MSR100 due to the higher concentration of organic matter prior to
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Fig. 2. (continued).

Table 2
Specific surface area, TiO, content from ICP-OES and XRD, crystallite di-
mensions and band gap energy values for MS, MSR100, MSht and MSR100ht.

Sample Surface TiOy TiO, Crystallite Band
area (m2 content (%) content dimensions gap
gD (ICP-OES) (%) (XRD,  (nm) energy

anatase) (eV)

MS 18.17
MSR100 1.20
Msht 14.10
MSR100ht  91.81

11.1 £ 0.2 3.59

8.2+ 0.1 3.53
23.4+0.7 3.27
12.7 £ 0.2 . 3.21

the heat treatment. Of note, the amount of Ti contained in MSR100 is
lower than that in MS, in agreement with the loading used in the
synthesis.

To confirm the higher TiO2 concentration in MSht, quantitative
phase analyses on XRPD pattern were performed. The results show that
only anatase (ICSD 9852) was produced during the synthesis. Therefore,
quantitative calculations (Fig. 3A-B) were carried out [41,42] and the
data are collected in Table 2. [43]

XRD analysis is in full agreement with ICP-OES data, confirming a
higher TiO5 content in the MSht sample with respect to MSR100ht,
although the reported values are lower. This result can be ascribed to the
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Fig. 3. XRPD and fitted diffraction pattern of MSht (A), MSR100ht (B), and calculated crystallite dimensions (C) for MSht and MSR100ht.

partial diffusion of Ti ions into the SiO2 amorphous matrix. Additionally,
the crystalline phase of MSR100ht presents sharper peaks than MSht,
which may be attributed to different crystallite dimensions. To confirm
this hypothesis, the crystallite size distribution was calculated with the
Warren-Averbach method [43]. As shown in Fig. 3C, the anatase crys-
tallites in MSR100ht are almost double in size than those in MSht, their
diameter being respectively equal to 3.4 and 1.8 nm.

The heat treatment also impacted the band gap energy in both MS
and MSR100, which respectively decreased after the calcination step
from 3.59 eV to 3.27 eV and from 3.53 eV to 3.21 eV. The obtained
values resulted larger than the typical band gap energy of TiO2, which
corresponds to 3.2 eV for anatase and 3.0 eV for rutile, probably due to
the different chemical environment [60].

The photocatalytic activity of the samples towards minocycline was
subsequently studied. First, experiments in dark conditions were per-
formed to reach adsorption-desorption equilibrium and to determine the
adsorption capacity. The obtained adsorption isotherms (Fig. S9) were
fit using Langmuir and Freundlich models to understand the adsorption
mechanism. High correlation coefficients were obtained by applying the
Freundlich model for MS (R2 = 0.99) and the heat-treated samples, i.e.
MSht (R* = 0.91) and MSR100ht (R? = 0.94). In the case of MSR100, the
Freundlich model still presented a higher correlation coefficient (0.72)
than the Langmuir model (0.51), although the R? values were both lower
than 0.9, meaning that other mechanisms could be involved in the
adsorption process.

According to the Freundlich model, adsorption occurs at energeti-
cally heterogeneous sites, with the formation of adsorbate multilayers

[61]. Adsorption equilibrium constant (Kg), adsorption intensity (1/n)
[62], and the maximum adsorption capacity (qmax) determined for a
minocycline concentration of 400 mg-L ™! (the highest tested concen-
tration), are listed in Table 3.

Freundlich's n parameter expresses the mean energy of adsorption,
with values higher than 1 suggesting a strong adsorbent/adsorptive
interaction and markedly heterogeneous adsorption site energies [63].
On these bases, it can be inferred that all samples showed high affinity
with minocycline, with MSR100ht displaying the highest value. These
considerations are confirmed by the value of Kg, which represents the
adhesion ability of the adsorbate onto the adsorbent (relative adsorption
capacity of the adsorbent) [61], that displays the highest value for
MSR100ht among the studied samples. This could originate from the
relatively high surface area (91.81 m? g~!) of this material, which
promoted minocycline adsorption.

Table 3

Empirical parameters of Freundlich's equation (Kg, n) and minocycline adsorp-
tion capacity (qeq) for MS, MSR100, MSht and MSR100ht (minocycline solution
Co: 20, 50, 100, 200, 400 mg~L’1; V =10 mL; T = 25 °C; time: 24 h; stirring
speed: 100 rpm; adsorbent mass: 10 mg).

Sample Ky [mg" /" L" g7 n Qmax (mg g7")
MS 12.86 + 2.18 3.06 86.80 + 9.29
MSR100 7.04 + 5.43 2.90 +1.25 67.18 +15.71
MSht 8.14 + 2.89 3.07 £ 0.65 56.86 + 7.60
MSR100ht 20.78 +£ 4.15 4.38 +£ 0.79 80.81 + 10.05
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In this context, it is important to consider the protonation state of
minocycline in solution. Indeed, minocycline bears four hydroxyl groups
and two dimethylamino groups, which confer a complex charge
behaviour as a function of pH. At pH 6.4, i.e. the experimental condi-
tions employed in the present work, minocycline exists in its zwitter-
ionic form (Fig. S1B), exhibiting an absorption maximum at 346 nm
[64]. In this state, one dimethylamino group is protonated and one
hydroxyl group is deprotonated. Moreover, at this pH, the MICRO-
SCAFS® presented an overall neutral surface charge [65]. The
minocycline-particle interaction can thus be ascribed to the formation of
hydrogen bonds involving amide, carbonyl and phenolic groups of
minocycline and the Si-OH and Ti-OH groups on the surface of the
MICROSCAFS® [66].

The kinetic analysis of minocycline adsorption revealed that a
pseudo-first-order model could reliably describe the recorded trends for
all the samples (Fig. S10), suggesting a diffusion-controlled adsorption
process.

On the other hand, the adsorption kinetics (Table 4) evidence that
MS exhibited the best performance (k = 2.2 1072 min~ 1), while the heat
treatment caused a reduction of the adsorption rate by an order of
magnitude (2.2 1073 min’l). This result could be ascribed to the lower
surface area of the heat-treated sample. An opposite trend was observed
for MSR100 (3.1 10~ min~!) and MSR100ht (4.0 10~ min™?) as a
consequence of the 76-fold increase of surface area induced by the
calcination.

After the establishment of adsorption-desorption equilibrium, the
samples were irradiated with simulated solar light (1 sun) and the cor-
responding minocycline photodegradation kinetics were studied
(Fig. 4).

In the case of MS (Fig. 4A), due to the rapid adsorption step, the
irradiation was started before reaching the adsorption-desorption
equilibrium plateau to verify the ability of MS to photodegrade mino-
cycline by observing any slope changes of the kinetic curve. Neverthe-
less, this did not occur. It is also worth pointing out that a longer test
with MS would have been difficult due to the mechanical fragility of the
microspheres, as many already broke during the 3 h test. This did not
happen for MSR100, which maintained their integrity over a much
longer timeframe, implying that RHA increased the overall stability of
the system.

The photodegradation kinetics of minocycline could be described
using a zero-order kinetic model (Fig. $12), suggesting a surface reaction
limited process characterized by a relatively fast adsorption equilibrium
and a relatively slow surface reaction. Under these experimental con-
ditions, the surface of the MICROSCAFS® is saturated with minocycline,
the rate determining step being the photodegradation reaction [67]. The
highest photodegradation rate was obtained using MSR100ht (k =
7.61072 mgoLflomin’l), followed by MSht (3.7-10’2 mgoL*Iomin’l)
and MSR100 (1.61072 mgoL’lomin’l) (Fig. S12 and Table 4). This
result well correlates with the specific surface area of the samples and
with the presence of TiO; crystalline phases (Fig. 3). MSR100 exhibited
the scarcest performance (45 % degree of degradation in 165 min irra-
diation) due to the very low specific surface area and to the absence of
TiO3 crystalline phases. Conversely, the relatively high specific surface
area of MSR100ht and the presence of larger anatase crystallites allowed
to reach a complete removal of minocycline in 45 min. Another factor

Table 4

Kinetic constants of adsorption (min~1) and photodegradation (mgoL’lomin’l)
calculated during the tests (minocycline solution Cy: 10 mg-L’l; V=50mL;T=
19 °G; stirring speed: 300 rpm; adsorbent mass: 50 mg).

Sample Kadsorption (min ") Kphotodegradation (mgeL~'emin~")
MS 2.21072 -

MSR100 3.110°° 1.61072

MSht 221072 3.7102

MSR100ht 401073 7.6 1072
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that influences the photodegradation rate is the energy band gap value
(Table 2). In this regard, the narrower the energy band gap, the higher
the number of photons absorbed per unit time and area, resulting in an
enhanced photocatalytic activity.

Therefore, the substitution of TEOS with RHA endows the particles
with superior features for an efficient removal of minocycline from
water. In terms of photodegradation mechanism, tetracycline molecules
possess a delocalized © system connected with a hydroxyl group
(Fig. S1A), which lowers the gap between HOMO and the LUMO to 1.97
eV, making it capable of absorbing visible light [7]. Minocycline can
form a surface complex with TiO, under visible light irradiation [68],
allowing the transfer of the visible-excited photoelectrons from the
LUMO of minocycline to the conduction band (CB) of TiOy (Fig. 5).
Therefore, the electrons in the CB of TiO5 can be transferred to O,
forming the radical ‘O3, capable of degrading minocycline to stable
products [7]. Moreover, the concurrent holes' generation in the valence
band (VB) of TiO5 can react with HyO to produce hydroxyl radicals
capable of reacting with minocycline towards the formation of other by-
products (vide infra) [69].

LC-HRMS analysis was conducted on the supernatant aliquots
sampled during the photocatalytic tests to better quantify the decrease
in minocycline concentration and to detect the presence of common
degradation by-products. Specifically, TP431 (of proposed empirical
formula Cy1H22N20g, Fig. S1C) was the only compound identified. Its
presence is attributable to the attack by photogenerated hydroxyl radi-
cals leading to hydrogenation and cleavage of a dimethylamino group of
minocycline [69].

The results obtained from LC-HRMS (Fig. 6A) revealed residual
minocycline concentration values comparable to those obtained through
UV-Vis spectroscopy. In particular, the test conducted on sample MS
resulted in a final concentration of 0.49 mg/L, compared to 3.50 mg/L
for MSR100. On the other hand, for MSht and MSR100ht the minocy-
cline final concentrations were 0.92 mg/L and 0.15 mg/L, respectively.

The TP431 by-product was found in all four ion chromatograms,
with the highest concentration observed for MSht, followed by
MSR100ht, MSR100 and MS. The effective conversion of minocycline to
TP431 is an important factor, as TP431 is overall non-toxic to fish, green
algae and daphnids, unlike the parent antibiotic [69]. In fact, in terms of
acute toxicity, minocycline is harmless to fish, but harmful to green
algae and toxic to daphnids. Conversely, as for chronic toxicity, it is
harmful to fish and toxic to daphnids and green algae. The results pre-
sented in this study demonstrate that these noxious effects can be
minimized under solar irradiation in the presence of the developed
MICROSCAFS®.

Lastly, the recyclability of the best performing sample (MSR100ht)
was evaluated over four photodegradation cycles (Fig. 6B). In this case,
the experiment was carried out using the same concentration of mino-
cycline and mass of the catalyst of the previous tests, the only difference
being a 90-minute solar irradiation. The results show that the MSR100ht
performances were overall maintained, meaning that the RHA-based
system is not only stable over the degradation of minocycline, but can
also be efficiently recovered and reused.

4. Conclusions

In this study, silica extracted from rice husk (RHA) was for the first
time incorporated into MICROSCAFS®. The synthetic process is based
on a sol-gel method combined with polymerization-induced phase sep-
aration, where RHA replaced the standard TEOS alkoxide in varying
amounts ranging from 20 wt% to 100 wt%, in alignment with the
principles of circular economy and sustainability. The process is easily
scalable, as a preliminary scale-up test using a 2 L oil-jacketed reactor
equipped with a turbine-shaped stirrer to produce conventional
MICROSCAFS® was successfully carried out. The substitution of TEOS
with RHA is not expected to introduce additional complexity or con-
straints to the scaled-up synthesis, as a homogenizer inducing high shear
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spectra are reported in Fig. S11.
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Fig. 5. Possible photocatalytic mechanism of TC degradation by TiO, under visible light irradiation [7].

stress is employed in the process. Furthermore, the extraction of silica
from RH involves conventional steps of grinding, boiling, filtration/
washing, and drying/heat treatment at 550 °C.

Among the synthesized samples, MRS100 and its calcinated form
(MSR100ht) were selected for further characterization and testing to
maximize the valorisation of RHA, and the results were compared to the
conventional MICROSCAFS®. Proof of RHA introduction emerged from
several analytical techniques. 2°Si MAS-NMR spectroscopy evidenced
both RHA and GPTMS silicon coordination sites (Q and T units) in the
MSR100 sample, while SEM analysis revealed the morphological dif-
ferences in size (along with LDA measurements) and internal pore
structure between the conventional and the bio-based sample. Addi-
tionally, FT-IR spectroscopy showed that MSR100 and MSR100ht
display a heterogeneous condensation-related band, at ca. 960 cm™?, yet
of lower intensity than that of MS and MSht, and a broader Si-O-Si
related band resulting from the variety of Si species (Q and T units),
in agreement with the MAS-NMR results.

Physisorption analysis demonstrated that MSR100ht has the highest
surface area (91.81 m?> g’l) and a pore size distribution centered at 5

11

nm, confirming the primary presence of mesopores as suggested by the
type IV isotherm. ICP-OES analysis revealed that the TiO, content in
MSR100ht is half the value of MSht (12.73 % vs 24.41 %), and XRD
analyses evidenced the formation of anatase crystallites in both heat-
treated samples, whose size was 3.4 and 1.8 nm, respectively. These
data suggest that the presence of RHA might have promoted the for-
mation of larger anatase crystals. As to MS and MSR100, no crystalline
phases could be detected as only the broad band of amorphous SiO2 at
20 = 22° was visible, correlating with their low photocatalytic activity
showed during the solar-driven photocatalytic tests. MSR100ht dis-
played the highest minocycline photodegradation, achieving a complete
removal in 45 min, compared to 165 min needed for MSht. Moreover,
the kinetic constant of photodegradation of MSR100ht (7.6e10 2
mgoL’lomin’l) doubled that of MSht (3.7¢10~2 mgoLflomin’l). The
high removal efficiency of MSR100ht could be ascribed to the relatively
higher specific surface area and crystallinity, and to the relatively lower
band gap energy (3.21 eV) with respect to the other materials. LC-HRMS
measurements carried out on the aqueous phase after the photo-
degradation experiments evidenced the presence in all samples of one
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Fig. 6. Minocycline final concentration (mgemL ") calculated through MS and UV-Vis, n.d. = not detected (A); minocycline's removal by MSR100ht achieved over 4
cycles. Each cycle is carried out using 50 mL of a 10 mgeL ™! minocycline solution and 50 mg of MSR100ht, at the constant temperature of 19 °C and stirring speed of
300 rpm. Each cycle lasts 90 min during which the solution is irradiated at the intensity of 1 sun (B).

degradation product (TP431) providing further proof of minocycline's
degradation. Lastly, the best performing sample, MSR100ht, was tested
over four photodegradation cycles, exhibiting high and overall stable
removal percentages. Although the photodegradation tests were carried
out in simple water matrices and further studies are needed to validate
the applicability of the proposed system in real environments, the results
here presented demonstrate the potential of linking the research on
innovative systems for water remediation with the demanding need to
valorise residues in the context of circular economy, thus opening an
interesting upcycling pathway towards the generation of a new class of
solar-driven photocatalysts.
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