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ARTICLE INFO ABSTRACT

Keywords: Water pollution caused by antibiotic effluents, particularly ciprofloxacin is a growing environmental concern. To
Functional silica aerogels address this problem, silica aerogels containing vinyl, epoxide, or methacrylate organic functionalities were
Ciprofloxacin synthesized through facile sol-gel synthesis under ambient conditions and employed as ciprofloxacin adsorbents
Antibiotic . . . . . . . .

Adsorption in this study. The physicochemical and structural features of the materials were characterized using conventional

and complementary techniques. Structural characterization confirmed the successful chemical functionalization
of the silica surface for all samples. Similar to the pristine aerogel, the vinyl-functionalized aerogel displayed a
typical mesoporous network, whereas epoxide and methacrylate functionalization caused dominantly macro-
porous structures. Batchwise sorption experiments were performed under different operating conditions. The
results of the equilibrium and kinetic adsorption studies showed excellent alignment with the Langmuir isotherm
and pseudo-second-order kinetic models, respectively. Under optimum conditions (Cp = 100 mg/L, Mads/Vsoln =
0.5, pH=6, t = 90 min), the adsorption capacities of ciprofloxacin onto vinyl, epoxide, and methacrylate-
modified aerogels were 62.7, 45.8 and 47.8 mg/g, respectively. Despite of the differences at micro- meso- and
macrostructure level, obtaining similar adsorptive performances confirms that mechanism of sorption is not only
relied on pore filling but also controlled by molecular interactions. The adsorbents also exhibited repetable
sorption performance for at least six cycles.

Structure-activity relationship

1. Introduction antibiotic-resistant genes, causing a serious threat to both aquatic life

and human health [7].

The residuals of pharmaceutically active compounds (PAC) in
aquatic environments have recently been considered alarming pollut-
ants because of their ever-increasing use and long-term hazardous ef-
fects [1,2]. Among PAC, the quinolone class of antibiotics with low
volatility, non-biodegradability, and high eco-toxicity are of primary
environmental concern because of their widespread use in human or
veterinary medicine, agriculture, and their common detection in water
bodies, including surface waters, groundwater, and even drinking water
[3-5]. More specifically, ciprofloxacin (CIP), the most prescribed
second-generation fluoroquinolone antibiotic, is one of the top phar-
maceutical pollutants, and its removal is a high priority for preventing
bioaccumulation in ecosystems [6]. The presence of residual CIP in
water, even at low concentrations, can trigger the development of

* Corresponding author.

To date, many water treatment techniques, including membrane
separation [8], advanced oxidation [9], photocatalytic degradation
[10,11], ion exchange [12], and adsorption [13-15], have been tested to
remove CIP from aquatic media. Considering its ease of operation and
scalability, relatively low operational cost, small environmental foot-
print, and high efficiency, adsorption has generally been accepted as a
more convenient technique compared to other methods [16]. Current
research has proved that, numerous adsorbents, such as carbon-based
materials [17,18], silica-based materials [16,19-21], polymers, resins
[22], metal-organic frameworks[23], clays [24], and zeolites [25] have
been tested for ciprofloxacin adsorption from water. Among silica-based
adsorbents, generally ordered mesoporous silica structures and their
composites have been studied for antibiotic removal applications
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[26-28]. On the other hand, amorphous silica structures such as aero-
gels and xerogels also serve as a viable alternative adsorbent for such
applications owing to their very low density, high porosity, high
apparent surface area, tunable pore and particle sizes, pore accessibility,
adaptable surface properties and ease of functionalization [6].

The use of silica aerogels has been widely reported and proven to be
effective in separation processes, particularly for the removal of oil,
heavy metals, and organic pollutants [29-32]. However, only a limited
number of studies have utilized these superior materials for the removal
of antibiotics, particularly CIP, from water [3,6,33]. Recently, Guzel-
kaya et al. in their study, synthesized a silica xerogel adsorbent from
volcanic tuff to evaluate its performance on CIP removal from aqueous
solutions and found the maximum adsorption capacity as 24.45 mg/g
[6]. Mohseni-Bandpei et al. prepared an amine modified pum-
ice—derived silica aerogel to remove cefixime from water and reported
the obtained capacity as 27.43 mg/g [2]. In another study by the same
authors, amino functionalization was once again employed through a
post-grafting method on pumiced derived silica aerogels to remove
ibuprofen yielding a maximum ibuprofen uptake of 39.95 mg/g [34].
Lamy-Mendes et al. also investigated the impact of amino functionali-
zation on carbon nanotubes/silica aerogel composites for the amoxi-
cillin removal from water, achieving the highest adsorption capacity
recorded as 19.5 mg/g [35].

As a conclusion drawn from previous studies, it is evident that
regardless of the specific pharmaceutical pollutant targeted, function-
alization of silica aerogels is a viable strategy for improving the
adsorptive capacity towards antibiotics. Electrostatic interactions,
hydrogen bonding, n—r interactions, pore diffusion, and hydrophobic
interactions are the main mechanisms of CIP adsorption. The in-
teractions between the silica surface and the organic pollutant moieties
can be enhanced by simply altering the surface chemistry and surface
charge characteristics of the adsorbent. Usually, owing to the abundance
of surface hydroxyl groups on the silica structures, pristine silica aero-
gels possess negatively charged surface groups. These groups are pri-
marily convenient for the adsorption of electron-deficient molecules
such as neutral and cationic compounds [2]. However, through appro-
priate surface modification, silica can also effectively capture anionic
moieties. Furthermore, in addition to the surface properties, the uptake
is highly affected by the pore characteristics, including pore size dis-
tributions, pore accessibility, and interconnectivity. These characteris-
tics as well as the surface properties can be easily adjusted by
incorporating different functionalities into the silica skeleton.

To customize the silica surface to adsorb antibiotics, the majority of
studies have applied amine functionalization owing to the nucleophi-
licity of NHy groups in aqueous media. Most of these studies involved
amine functionalization via a post-grafting method [34,36,37]. Apart
from amine functionalization, there is hardly any study in literature that
considers other organic functionalities on silica-based materials for
capturing CIP molecules from aqueous solutions. Only in one study,
Hongasawat et al., reported on superparamagnetic hexagonal meso-
porous silica adsorbents functionalized with 3-aminopropyltriethoxy-
siliane, 4-(triethoxysilyl) butyronitrile, 3-mercaptopropyltriethoxysi-
lane, phenyltrimethoxysilane, and n-octyldimetholchlorosilane via a
post grafting approach for the CIP removal and stated that dispersing
superparamagnetic iron oxide particles together with the incorporation
of phenyl functional groups has yielded an enhanced adsorption ca-
pacities and fast equilibrium time [38]. However, tedious synthesis
conditions and complicated modification steps make it necessary to be in
endeavor on developing more facile modification strategies for silica
functionalization.

Therefore, in this study, the authors aimed to address the influence of
various organic group substitutions on the design of the chemical and
morphological structures of silica aerogels and how they will eventually
impact their CIP adsorption ability. For this purpose, vinyl, epoxide, and
methacrylate substituents were incorporated into the silica network
using a facile one-pot sol-gel synthesis under ambient conditions. Under
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these conditions, vinyltrimethoxysilane (VITMS), 3-Glycidyloxypropyl-
trimethoxysilane (GPTMS), and 3-(trimethoxysilyl)propyl methacry-
late (TMSPM) precursors were employed in a mixture of classical silicon
alkoxide (tetraethylorthosilicate) and methylfunctional silane (methyl-
triethoxysilane, MTES) through co-gelation, and the wet gels were dried
by evaporative drying. Throughout this study, the obtained materials
were called aerogels, as they displayed strikingly similar characteristics
to their supercritically dried counterparts. The variations caused by
different functional groups on the macro-, meso-, and microstructural
features of the synthesized adsorbents were monitored using FTIR, SEM,
Ny Sorption, 2°Si-MAS-NMR, 3C-CP MAS NMR, and SAXS analyses. In
order to test the effectiveness of the synthesized adsorbents, batch
sorption experiments were conducted to remove CIP molecules from
water. The underlying adsorption mechanisms were investigated using
equilibrium and kinetic studies. The change in CIP adsorption efficiency
was evaluated depending on various operating conditions, such as initial
CIP concentration, adsorbent dosage, pH, and contact time. The optimal
conditions that yielded the maximum sorption capacities were deter-
mined. The repeatable use of the synthesized adsorbents was also
assessed using cyclic adsorption—desorption tests.

To the best of the authors’ knowledge, this work represents the first
attempt to explore the utilization of silica aerogels with organic func-
tionalities as potential antibiotic adsorbents. Therefore, the results of
this study provide guidance for developing functional silica-based ad-
sorbents to remove pharmaceutical pollutants from aqueous media for
environmental remediation purposes in the future.

2. Materials and methods
2.1. Materials

In this study, vinyltrimethoxysilane (VTMS, 98 %), 3-Glycidyloxy-
propyltrimethoxysilane (GPTMS, 98 %), 3-(trimethoxysilyl)propyl
methacrylate (TMSPM, 98 %), methyltriethoxysilane (MTES, 99 %), and
tetraethyl orthosilicate (TEOS, 99 %) were used as silica precursors.
Analytical grade ethanol, n-hexane, and distilled water were used as
solvents. Ammonium hydroxide was chosen as the base catalyst, and
HCI was used as the eluent in the desorption studies. 1-Cyclopropyl-6-
fluoro-4-oxo-7-(piperazin-1-yl)-1,4-dihydroquinoline-3-carboxylic acid
(CIP, 98 %) was selected as the target antibiotic. The chemicals were
supplied by Merck and were used without further purification.

2.2. Method

Functional silica aerogel adsorbents (S-VTMS, S-GPTMS, and S-
TMSPM) were synthesized using a one-step sol-gel method under
ambient conditions. In a typical synthesis, the functional organosilanes
were mixed thoroughly with TEOS and MTES for 5 min. To initiate the
hydrolysis reactions, ethanol and water were added to the mixture and
without the addition of any acid catalyst, the solutions were hydrolyzed
for 16 h at 25 °C. The molar ratio of total Si/ethanol/water was kept
constant at 1/10/20, whereas the molar ratio of the silanes was set to 3/
1/6 for organosilane (VTMS, GPTMS, or TMSPM)/MTES/TEOS. Subse-
quently, to accelerate the condensation reactions, 10 M NH4OH solution
was added dropwise to the obtained mixture until the pH of the sols
reached 7. The sols were completely gelated within 1 h and the obtained
gels were aged in molds for 12 h. After aging, the wet gels were washed
with ethanol and n-hexane for 12 h at 25 °C subsequently to remove the
residuals. Finally, the aerogels were dried in an oven at 70 °C overnight
and at 110 °C for 2 h. For comparison, a bare silica aerogel (S-BARE
SILICA) comprising only TEOS was also synthesized using a similar
procedure by keeping the total Si/solvent ratio similar to that in the
series. The synthesis pathway and basic characteristics of the reference
sample are presented in the Supplementary File (Fig. S2 and Table S1).
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2.3. Characterization

The impact of the substitution of different organic functionalities to
silica network on the physicochemical and microstructural properties of
the aerogels was assessed by complementary combinations of various
characterizations. FTIR and 2°Si-MAS NMR analyses were employed to
identify the chemical composition and degree of functionality of the
synthesized aerogels. FTIR spectra of the samples were collected on a
PERKIN ELMER Spectrum-100 FTIR analyzer between the wavelength
range of 600-4000 cm . 2°Si-MAS NMR and 13C-CP-MAS-NMR spectra
were obtained using a magic-angle spinning (MAS) spectrometer
(Bruker Superconducting FT. NMR Spectrometer Avance TM spec-
trometer) operating at a spinning rate of 8500 Hz with a 4 mm MAS
probe at 25 °C.

The textural properties of the adsorbents were evaluated by Ny
sorption analysis using a Quantachrome Autosorb-6 Pore Analyzer.
Before the analysis, silica aerogels were degassed at 120 °C for 12 h and
the adsorption-desorption isotherms were obtained at 77 K. Pore char-
acteristics of the aerogels such as apparent surface area, total pore vol-
ume, micropore volume and average pore size of the samples were
determined by using Brunauer-Emmett-Teller (BET), Bar-
rett-Joyner-Halenda (BJH) and Dubinin-Radushkevich (DR) methods.

The morphology of the samples was examined via scanning electron
microscopy (SEM) and Small-Angle X-ray Scattering (SAXS). SEM mi-
crographs were obtained under 7.5 kV accelerating voltage in low vac-
uum mode at a magnification of 100,000 using a Thermo Scientific
Apreo S instrument. SAXS measurements were carried out using a
SAXSpoint 2.0 instrument (Anton Paar, Austria), operating with Cu Ka
radiation and a hybrid photon-counting 2D EIGER R series detector over
a Q-range of 0.08-5 nm~!. Q is the momentum transfer defined as Q =
(27/2)sind, where 1 is the used X-ray wavelength and 6 is the half of the
scattering angle.

The bulk density of the silica aerogels was determined from the mass-
to-volume ratio obtained after drying, and the corresponding porosities
were calculated according to Eq. (1):

Y%Porosity = (1 —p,/p,) x 100 (@D)]

where p; is the silica skeletal density, which is taken as 1.43 g/cm® for
the organically functionalized silica backbone [39].

2.4. Antibiotic adsorption studies

Various batch experiments were performed in series to evaluate the
adsorptive performance of the synthesized functional silica aerogels
under different operating conditions. In a typical batch experiment for
equilibrium isotherm studies, CIP solutions with various initial con-
centrations (5-125 mg/L) were mixed with 0.05 g adsorbent in a 50 ml
erlenmeyer flask (mags/Vsoln = 1 g/L), and the solution was shaken at
200 rpm on an orbital shaker for 24 h at atmospheric conditions and
neutral pH (pH=6). The adsorbents were then separated from the so-
lutions using a 0.22 um syringe filter. The CIP concentration in the final
solution was measured by UV-Vis Spectrophotometer (Shimadzu-UV
1800) at 273 nm. Each adsorption experiment was performed in tripli-
cate to ensure the repeatability of the results. The effects of adsorbent
dosage (mads/Vsoln = 0.5, 1, 1.5) and solution pH (2,4,6,8,11) were
investigated as operational parameters. During these experiments, the
pH of the solutions was adjusted using either 0.2 M HCI or 0.5 M
NH4OH. The initial CIP concentration was set to 100 mg/L and the
adsorption process was allowed to continue for 24 h.

Adsorption kinetic experiments were performed by changing the
contact time of the adsorbate and adsorbent between 15-1440 min.
Kinetic studies were carried out under ambient conditions at an initial
CIP concentration of 100 mg/L, adsorbent dosage of mags/Vsoln = 0.5 g/
L, and solution pH of 6.

After every batch experiment, the equilibrium adsorption capacity
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(q.,mg/g) and the removal efficiency (RE,%) of the adsorbents were
calculated according to Eq. (2) and Eq. (3), respectively:

Ci — Ce X Vson
o GG o
G-C)

i

RE% = x 100 3)

where C;, C; and C.(mg/L) are the ciprofloxacin concentration at initial
time, at any time t and at equilibrium, respectively. mg4; (mg) is the mass
of the functional aerogel adsorbent and V(L) is the ciprofloxacin so-
lution volume.

In equilibrium adsorption experiments which was conducted under
ambient conditions at adsorbent dosage of 1, and solution pH of 6. the
adsorption mechanism of the adsorbents was studied using the Langmuir
and Freundlich equilibrium isotherm models. The linearized form of the
model equation is given by Egs. (4)-(5).

Langmuir isotherm model:

C. 1 C.

e _ e 4
qe qm + KL qm ( )
Freundlich isotherm model:

Ing, = InKy + %lnCe ()

In these equations, gn(mg/g) is the maximum adsorption capacity,
C.(mg/L) is the equilibrium CIP concentration, K; (L/mg) is the Langmuir
equilibrium constant, Kr(mg/g) is the Freundlich equilibrium constant,
and n is an emprical constant called heterogenity factor.

The adsorption kinetics of the aerogels were evaluated by fitting the
experimental data to the pseudo-first-order, pseudo-second-order,
intraparticle, and liquid film diffusion kinetic models (Egs. (6)-(9)),
respectively.

Pseudo-first order:

In(q. — q:) = Inq, — k;t 6)

Pseudo-second order:

i = kzlqg +q—i )
Intraparticle diffusion:

¢ =kt +C 8)
Liquid-film diffusion:

In(1 - q:/q.) = —kyt 9

where g, and q. (mg/g) indicate the adsorption capacity at any time t and
at  equilibrium, respectively. k1(1/min), ky(g/mgmin) and

k, (mg/gmin’l/ 2), ka(1/min) are the rate constants of pseudo-first order,

pseudo-second order, intraparticle diffusion and liquid film diffusion
models, respectively. C is a some model constant giving information
about the thickness of the boundary layer. The values of the rate con-
stants and model parameters were determined from the slopes and in-
tercepts of the linearized plots of each model.

To assess the regeneration ability of the synthesized adsorbents,
adsorption—desorption cyclic studies were carried out by utilizing
different eluent solutions (0.5 M HCI and 0.5 M NH4OH). The desorption
experiments were performed by mixing 0.30 mg of CIP loaded adsorbent
with 30 ml of eluent solution at a constant speed (200 rpm) under
ambient conditions. After 240 min of contact, the suspension was
centrifuged and the concentration of the supernatant was measured
using a UV-Vis Spectrophotometer. After each desorption experiment,
the functional adsorbents were washed with distilled water until pH=6
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prior to the next cycle. The desorption capacity (g, 4s(mg/g)) of each
cycle was determined by the equation below:

Cf X Veluent

qe.des (mg/g) = (10)

Mcip-load.ads

where Vpent, Mcp—toad.ads and Cy are the volume of the eluent solution,
mass of the CIP loaded functional adsorbents and the final concentration
(mg/L) of CIP measured in the eluent solution, respectively.

3. Results and discussion

3.1. Strucutral characterization of organofunctional silica aerogels
adsorbents

Employing a wide array of structural characterization methods for
organofunctional silica aerogel adsorbents is crucial for the design and
optimization of adsorptive properties.

3.1.1. Chemical composition

3.1.1.1. FTIR spectroscopy. In Fig. 1, the characteristic bands origi-
nating from the different stretching vibrations of the silica backbone are
prominent for all samples, exhibiting varying intensities. The band ob-
tained at approximately 1040 em! is related to the asymmetrical
stretching vibration of the Si-O-Si bond, and according to the obtained
intensities, the degree of silica polymerization is higher in S-VTMS than
in S-GPTMS and S-TMSPM. Because of the steric hindrance of the large
epoxide and methacrylate organic groups (Fig. S1) during silica poly-
condensation, S-GPTMS and S-TMSPM resulted in a lower degree of
siloxane crosslinking, which was also confirmed by the NMR data. The
other common band observed at 789 em ™! is ascribed to the symmetric
Si-O-Si stretching vibration and exhibits a change in intensity similar to
the asymmetric stretching vibrations among the samples. The reference
sample, S-BARE SILICA contains all the bands characteristic for siloxane
stretching vibration confirming the well-developed silica network. In
addition, a large shoulder near 1250 em ! appears, which is attributed
to the longitudinal mode (LO) of Si-O-Si vibrations caused by Coulombic
interactions [40]. For S-VTMS, S-GPTMS and S-BARE SILICA, the broad
band centered at approximately 3400 cm ™! is related to the stretching
vibrations of hydroxyl radicals in unreacted surface silanol groups [40].
The band observed near 950 cm™! is also related to the stretching
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vibrations of surface silanols, and is visible only in S-TMSPM and S-
BARE SILICA. Since the silsesquioxane network in S-BARE SILICA is free
from any organic attachment, observed no C-related signal in this
sample as expected and it exhibited more prominent —~OH related signals
at 950 cm ! and near 3400 cm ™! as the surface of the silica is covered by
the silanol polar groups. The distinct band appearing at approximately
1270 cm ™ is detectable only for S-VTMS and S-GPTMS and corresponds
to the asymmetric deformation mode of the C-H bonds [41] originating
from either the ethyl group of MTES or the vinyl/epoxide groups of
functional silanes in the samples.

The successful functionalization of the silica surfaces was confirmed
by the remaining bands in the spectra corresponding to vinyl, epoxide,
and methacrylate radical groups.

S-VTMS exhibited several distinct bands characteristic of the vinyl
moieties. The bands appearing at wavelengths of 967, 1410, 2983, and
3067 cm ™! were attributed to the wagging, scissoring, symmetrical, and
asymmetrical vibration modes of the CH;, group, respectively [41]. The
signal at 1603 cm ™ resulted from the stretching vibrations of C=C in the
vinyl group.

For S-GPTMS, the small peak observed near 690 cm ™! was attributed
to the out-of-plane bending of the C-O-H group in epoxide [42]. The
slight signals appearing as small shoulders at 850 cm™* and 910 cm™!
are related to the asymmetric stretching of the epoxy ring, indicating
that GPTMS did not undergo a ring-opening reaction owing to the mild
synthesis conditions, and the ring structure was retained in the sample
[43]. The peak observed at 1410 is to the in-plane bending vibration of
the C-H bonds in the —C(CH3) = CHj structure [44]. The band near
1460 cm™! and two bands observed between 2800-3000 cm™! are
ascribed to the stretching vibration of the C-H bonds of the alkyl groups
in the organic network [45].

In TMSPM TMSPM-derived sample, several emerging peaks were
observed at wavelengths between 1300-1700 cm ™ *. The bands at 1310
and 1325 are attributed to the stretching vibrations of the C-O-C bonds
in the acrylate structure [45]. The slight bands near 1406 and 1467
cm ™! were due to the different stretching vibrations of the C-H bond of
the alkyl groups of the organic substitution. The more prominent band at
1639 cm™! and the distinct bands appearing as two shoulders at 1697
and 1718 cm ™! are ascribed to the stretching vibrations of C=C and C=0
in the methyl methacrylate moieties in the silica structures, respectively
[43,46].

150

130 OO, e wied
= 110 Vo(C-H) vi{CH)
G ) v
g 90 Vo(C-0-H) 7 8lCH,) V(C=0) V,(CH,) v,(CH,)
5 J(C-H)
70
(%]
c
o
= 50

V,(Si-0-Si) /’ .
30 V(Si-OH) V,5(Si-0-Si) 0
10 Vy4(Si-O-Si)
500 1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm)
—S-VTMS S-GPTMS S-TMSPM  —S-BARE SILICA

Fig. 1. FTIR spectra of silica aerogel adsorbents prepared from different organosilanes.
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3.1.1.2. 2°Si-MAS-NMR spectra. The solid-state 2°Si MAS NMR spectra
of the aerogels are presented in Fig. 2 to provide further information
about the silicon environment and degree of organic functionalization
on the silica surface. In ' 29S{ MAS NMR spectra, Q" and T notations
are used to describe Si-based quaternary oxygen tetrahedra and three
oxygen and one organic group tetrahedron, respectively, where n rep-
resents the number of siloxane groups bonded to the silicon atom. In
Fig. 2, two main peaks indicating silica clusters comprising siloxane
groups (Q4) and some isolated silanol groups (Q3) were observed at
approximately — 110 ppm and — 101 ppm, respectively, in the Q" region
[30]. For S-VTMS, Q4 was the only dominant signal, proving a high
degree of TEOS polycondensation and the successful formation of the
siloxane network. The intensity of the Q* peaks of S-GPTMS and S-
TMSPM was lower and was accompanied by Q3 structures, confirming
the presence of surface ~OH groups resulting from the incomplete
condensation of TEOS. The decreasing intensity of the Q* signals in these
samples is attributed to the decrease in silica crosslinking during TEOS
polymerization due to the steric restrictions imposed by the bulky
organic chains of the selected functional silanes, which is in accordance
with the FTIR results.

S-VTMS 8
N
2 =
3 |
g [
w
\Q |
RN
A [ |
- A rooow WA s Py "
100 50 0 -50 -100 -150 -200 -250 ppm
&
S-GPTMS $
|
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Fig. 2. 29Si-MAS-NMR Spectra of the organofunctional silica aerogels.
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Along with the Q" structures, T" resonances were also apparent in the
spectra because of the co-condensation of trialkoxysilanes with TEOS.
The species detected on the silica surface in the form of T° signals near
—66 ppm in S-GPTMS and S-TMSPM were assigned to the tri(T%)-fold
Si-O-linked silicon structures and refer to the complete condensation of
trifunctional silanes and chemical attachment of the organic groups to
the silica surface [47,48]. The same signal, however, shifted near — -82
ppm for S-VTMS, where the Si atom is directly bonded to the vinyl
group, as reported in previous studies [49]. For vinyl-modified silica
structures, the slight additional signal appearing at-65 ppm corresponds
to T! resonance, which is ascribed to Si units with one siloxane bridge
and two non-bonding oxygen groups. This additional peak shows that,
even to a low extent, there are also some hydroxyl-rich sides on the silica
surfaces of S-VTMS, which is also reflected in the FTIR findings.

For systems comprising silanes with long alkyl chains and polymer-
izable epoxide and methacrylate functional units, the final organ-
ic-inorganic hybrid structure is highly dependent on the condensation of
inorganic components (siloxane units), as well as the existence and/or
extent of polymerization in organic epoxide and methacrylate functional
units. Therefore, for S-GPTMS and S-TMSPM, the incorporation of
organic functionalities into the silica structure was further investigated
by '3C-CP-MAS NMR spectrophotometry, and the obtained spectra
together with labeled carbon atoms in their molecular structure are
depicted in Fig. 3.

Both in GPTMS and TMSPM-functionalized aerogels, the character-
istic signals for the glycidoxypropyl and methacryloxypropyl groups
were observed in the 1*C-CP-MAS NMR spectra. The glycidoxypropyl
unit of GPTMS contains an epoxy ring, which under particular condi-
tions is capable of forming various chemical species, such as diols,
dioxane rings, terminal ethyl ether moieties, and polyethylene oxide
chains (Fig. S3). Diols and methyl/ethyl ether groups can be formed
depending on whether the opened epoxy ring reacts with acidic water or
alcohols. Short polyethylene chains can also be formed in the structure
through polyaddition reactions. According to Fig. 3, the signals
appearing at approximately 7, 14, 16, and 22 ppm are ascribed to the
first and second carbon atoms of GPTMS attached to the silicon atom
[50]. The sharp peaks obtained near 49 and 42 ppm were due to the C5
and C6 carbon atoms in the epoxy ring, indicating that the GPTMS did
not undergo complete ring-opening reactions during synthesis, which
was also confirmed by the FTIR results [51]. On the other hand, the less
intense peak observed at 58.28 ppm related to the terminal methyl/ethyl
ether groups and the sharp peaks between 70-73 ppm related to the C
atoms in poly(ethyleneoxide) chains show that hydrolytic ring-opening
reactions and polymerization reactions of the opened epoxy ring have
also taken place to some extent [52]. The additional slight signals that
appeared in the 62-65 ppm region can be attributed to the methoxy
groups bonded to the Si atom, which may come from either GPTMS or
MTES during sol-gel reactions [51]. In the S-TMSPM, the intense peaks
at 7.12 and 20.98 ppm are attributed to C1 and C2 carbon atoms in
methylene groups attached to Si atom, respectively [50]. The peak ob-
tained at 16.54 ppm is related to the C7 atom in the = C-CHj, structure.
The signals observed in between 44-58 ppm as well as the smaller signal
obtained at 83.78 ppm correspond to C atoms in non-hydrolyzed
methoxy groups (-OCHj3) retained in the structure [47,53]. The peak
at 65.67 ppm was ascribed to the C3 atom belonging to the O-CH; unit in
TMSPM [50]. The characteristic signals appearing near 123 and 135
ppm are attributed to the vinylic carbons (=CH> (C6) and = C-CH3 (C5))
and the peaks near 166 and 175 ppm carbonyl carbons (C=0 (C4)) in the
methyl methacrylate organic group. In line with the FTIR results, they
confirm the methacrylate functionality of the sample [48].

3.1.2. Morphological properties

3.1.2.1. SEM micrographs. SEM micrographs of the synthesized inor-
ganic—organic  hybrid adsorbents revealed various porous
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Fig. 3. 13C-CP-MAS NMR Spectrum of S-GPTMS and S-TMSPM.

microstructures in the size range of 1-200 pm. During the evolution of
these hybrid structures, the hydrolysis and condensation reaction rates
of the tri- and tetraalkoxysilanes played a crucial role in the formation of
the porous morphology. Because of the faster reaction kinetics of tet-
raalkoxysilanes, primary particles with a SiO, core were generated as a
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result of TEOS condensation, initially forming smaller pores between
these primary silica particles. The comparatively slower hydrolysis and
condensation rates of trialkoxysilanes with vinyl, epoxide, and methyl
functional groups resulted in condensation of these silanes onto the
surface of the initially formed clusters, creating larger particles with

Fig. 4. SEM micrographs of the organofunctional silica aerogels under 500 and 100,000 magnification.



S. Sert Cok et al.

larger pores. Both the particle and pore sizes in the final network were
strongly influenced by the attached organic groups on the silica surface.
As shown in Fig. 4, the samples exhibited a network of particle aggre-
gates rather than a typical chain-like morphology, which is typically
obtained in solely TEOS/TMOS-derived systems. S-VTMS displayed a
more uniform morphology comprising finer silica particles and smaller
pores. In S-GPTMS and S-TMSPMV, irregular growth of the secondary
particles as agglomerated clusters was distinct, which triggered the
formation of randomly distributed larger pores, resulting in a less
compact morphology.

This is because bulky epoxide and methacrylate terminal groups
cover the silica surface to a greater extent than the smaller vinyl and
methyl radicals. This steric effect hindered the complete condensation of
the surface silanol groups and lowered the degree of siloxane bridging in
the network. S-TMSPM possessed a looser network with densely packed
silica particles, as evidenced by the few micrometer-sized macropores
and distinct accumulation of clusters in the SEM images. Moreover, the
additional formations that appeared as microbeads with different con-
trasts in the SEM micrographs of all samples could be attributed to the
small oligomers resulting from the self-condensation of excess tri-
alkoxysilanes [52].

3.1.2.2. SAXS profiles. The morphological properties of the synthesized
aerogels were further examined via SAXS analysis, and the SAXS scat-
tering curves of the adsorbents are depicted in Fig. 5.

The SAXS curves of the S-VTMS sample exhibit characteristics typical
of mesoporous materials [29,54]. The particle size of S-VTMS was esti-
mated to be approximately 25nm. Because of the undefined, irregular
shape of the particles, as observed in the SEM images, and their high
polydispersity, model fitting was performed using a shape-independent
one-level function. This function combines the exponential Guinier-type
scattering at low Q with a power law scattering at high Q [55]. The
diameters (D) were calculated from the gyration radius (Rg), assuming a
spherical particle shape: D = 2\/5/_3Rg.

The vinyl functionalizing group occupied some of the available
binding spaces, resulting in a nearly 20% reduction in the average
particle size compared to that of the bare silica aerogel (Fig. S4). The
power exponent for S-VTMS exhibited a value of 2.3, characteristic of
volume or mass fractal systems, indicating that the nanoscale structure
is a complex self-organized system. In this system, the particles
contribute to space filling in a fractal-like manner.

The structures of the S-TMSPM and S-GPTMS samples, as confirmed
by SEM measurements, exhibited larger particle sizes. Consequently,
only the surface characteristics can be analyzed within the size range
studied by SAXS. The scattering curves were fitted with two power-law
functions, and the crossover values of these two functions were
determined.

The crossover in Q corresponds to a characteristic size value calcu-
lated as 27/Q, which delineates a rough boundary between two size
ranges for which the scattering intensities can be characterized by power
laws. The complexity of the studied system suggests that the high-Q
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Table 1
SAXS results of S-GPTMS and S-TMSPM.

Sample Small-Q power High-Q power
S-TMSPM 3.96 + 0.06 1.32 £ 0.02
S-GPTMS 4.29 + 0.04 1.71 £ 0.05

Cross-over (27/Q) approx. 42 nm approx. 32 nm

range, corresponding to smaller sizes, would exhibit fractal-like
behaviour with fractal dimensions between 2 and 3. This indicates
that the structures are highly ramified, branched, or porous. It can be
inferred that the small primary particles are composed of highly rami-
fied branching molecular structures.

The low-Q range, corresponding to larger sizes in real space, suggests
that the size of the particles, composed of the primary particles seen in
the high- Q range, exceeds the range covered in the present experiment,
that is, the particles are larger than several tenths of nanometers. The
surfaces of these particles in the case of the S-TMSPM sample appear
smooth (with p = 4 indicating smooth surfaces), while in the case of the
S-GPTMS sample, there is a density gradient (p > 4) at the interface
between the particles and pores (Table 1).

3.1.3. Textural properties

3.1.3.1. N, sorption. The textural properties of the aerogels obtained
from the Ny sorption and bulk density measurements are summarized in
Table 2. The low bulk density (<0.173 g/cm®) and very high porosity
(>92 %) proved that all samples were obtained in a lightweight form.
Nevertheless, the differences in the attached organic groups on the silica
surface led to significant alterations in the porous structures of the
samples. The previously presented SEM and SAXS results showed that
the sizes of the secondary particles and pores comprising the silica
network in S-VTMS were much smaller than those of S-GPTMS and S-
TMSPM, which predominantly fall in the mesoporous range. In line with
these observations, the Ny sorption results also confirmed the meso-
porous morphology of S-VTMS, with a high apparent surface area (892
m?/g) and total pore volume values (1.02 cm>/g). As depicted in Fig. S5,
the type IV isotherm of S-VTMS was accompanied by a hysteresis loop of
type H3, which is specific to materials with plate-like particles with
wedge-shaped/grooved pores. The H3 type of hysteresis loop is also
characterized by the existence of some macropores, which are not
completely filled by the pore condensate. The macropore domain was
even more evident in S-GPTMS and S-TMSPM. Since only the pore sizes
up to 50 nm are detectable in Ny sorption analysis, BET measurements
remained insufficient for the precise determination of macro and mes-
opore distribution within the samples S-GPTMS and S-TMSPM. Despite
being highly porous, the low mesopore volume and apparent surface
area values obtained from the porosimetry measurements were ascribed
to the deformable macropore domains of these samples. For such ma-
terials, compression of loose macropores during N3 intrusion is the main
reason for the underestimation of the obtained surface area, total pore
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Fig. 5. SAXS curves of the adsorbents.
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Table 2

Pore properties of the synthesized organofunctional silica aerogels.
Pore Properties Sample ID

S-VTMS S-GPTMS S-TMSPM

Apparent Surface Area (m?/g) 892 9.4 19.4
DR Micro Pore area (m2/g) 54 4.86 13.1
Total Pore Volume (cm®/g) 1.02 0.0094 0.026
DR Micro Pore volume (cm3/g) 0.32 0.0017 0.0046
BJH Avarage Pore Diameter (nm) 4.32 1.88 2.13
Bulk Density (g/cm®) 0.094 0.173 0.156
Porosity (%) 96 92 93

volume, and average pore diameter [39]. Table 2 also shows that all the
samples contained a significant number of micropores. More than half of
the pores detected in the 0-50 nm region belonged to micropores for S-
GPTMS and S-TMSPM, whereas for VTMS, micropores occupied only 6
% of the total porous domain in the network.

3.2. Batch adsorption experiments

The adsorptive behaviors of the three functional aerogels and a
reference aerogel for the removal of CIP from water were investigated
via batch-wise experiments. The initial CIP concentration, adsorbent
dosage, solution pH, and contact time were tested as operational pa-
rameters to determine the optimum working conditions for achieving
the highest sorption capacity for specific adsorbents.

The relationship between the initial concentration and the adsorp-
tion capacity was revealed by contacting a fixed amount of aerogel ad-
sorbents with varying concentrations of CIP solution for 24 h at a
constant ambient temperature, and the results are depicted in Fig. 6. As
the driving force for the mass transfer of CIP molecules increased with
increasing initial CIP concentration, the obtained sorption capacity
gradually increased up to 100 mg/L and then leveled off after 100 mg/L
because of the saturation of the adsorbents for CIP uptake. The equi-
librium adsorption capacities at the maximum CIP uptake were recorded
as 50.32, 20.72, 42.03 and 46.77 mg/g for S-VTMS, S-GPTMS, S-TMSPM
and S-BARE SILICA, respectively. In contrast, the highest RE (up to 90
%) was reached in the dilute CIP solution and tended to decrease as the
CIP concentration in the water increased. The variations in the obtained
maximum capacities can be attributed to the differences in the micro-
structural and surface characteristics of the samples, which will be dis-
cussed in detail in later sections.

The equilibrium data for the adsorbents were further evaluated using
adsorption isotherms. The Langmuir and Freundlich models were used
to analyze the adsorption isotherms of the samples (Fig. 7). For all
samples, the Langmuir model fitted the experimental data best, with R?
values varying between 0.977-0.994 verifying that adsorption is
assumed to be monolayered, and each adsorbent contains homoge-
nously distributed active sites with uniform binding energies [26]. The
gm Vvalues calculated using the Langmuir model, which is an important
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parameter for designing efficient adsorption systems for target pollut-
ants, were also very close to the experimentally obtained equilibrium
capacity values for each aerogel adsorbent (Table 3). The maximum
capacities obtained in this study are also comparable to those of silica-
based materials synthesized for the same purpose in the literature
(Table 4).

The effect of different adsorbent dosages on the equilibrium capacity
of the functional silica aerogels was also tested, as shown in Fig. 8.
Regardless of the type of adsorbent, the equilibrium capacity recorded
after 24 h of contact decreased with increasing adsorbent input, and the
highest capacity (48-66 mg/g) was obtained at the lowest adsorbent
dosage (mads/Vsoln = 0.5). This was presumably due to the particle ag-
gregation of the aerogels at high dosages, which limited the availability
of the active sorption sites for CIP molecules.

The CIP adsorption capacity of the samples was evaluated as a
function of time to determine the kinetic behavior of the synthesized
adsorbents. As depicted in Fig. 9, in the first 30 min, the adsorption
capacity increased almost linearly because of the vacancy of the active
sides and the strong affinity between the adsorbent binding sides and
adsorbate molecules. Except for S-GPTMS, all samples reached more
than 70 % of their maximum capacity within 30 min and 60 min of
contact, and the maximum adsorption capacity was reached for all
samples, confirming fast sorption kinetics. The adsorption trends of the
four aerogels over time were quite similar yet they ended up with
different equilibrium capacities. This difference in the obtained capac-
ities can easily be attributed to aerogels’ differentiation in morpholog-
ical and surface characteristics depending on attached functional groups
on silica surface. Although in theory, adsorbents with high surface areas
and high pore volumes are regarded as more efficient in uptake of large
amounts of contaminants, it is shown in this study that the predomi-
nantly macroporous adsorbents S-TMSPM and S-GPTMS with low
apparent surface area values of 19 m?/g and 9 m2/g also exhibited
competitive sorption performances compared to S-BARE SILICA, which
has the highest surface area (912 m?/g) value among the series. More-
over, despite having similar textural properties and almost the same
apparent surface area values, S-VTMS yielded better adsorptive perfor-
mance for CIP molecules than unmodified silica aerogel. This observa-
tion clarifies that pore filling is not the only controlling mechanism of
CIP adsorption, and molecular interactions between the organically
functionalized surface of the silica and antibiotic molecules are equally
important in determining the ultimate capacity of these adsorbents.
After 60 min, noticeable changes in the adsorption capacities were only
detectable for the S-VTMS and S-BARE SILICA. They showed a slight
increase (5.6 % for S-VTMS and 7.6 % for S-BARE SILICA) in their
adsorption capacity between 1 h and 24 h of contact duration, which can
be attributed to the slow diffusion of CIP into the micropores of these
aerogels. After 90 min, no noticeable changes were observed in the
obtained capacity, indicating that the equilibrium time was 90 min for
all samples.

To elucidate the underlying adsorption mechanism, the adsorption
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Fig. 6. Effect of initial CIP concentration on equilibrium capacity (a) and removal efficiency (b) of vinyl, epoxide and methacrylate functionalized silica adsorbents.
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Fig. 7. Langmuir and Freundlich equilibrium adsorption isotherms of CIP on vinyl, epoxide and methacrylate functionalized silica aerogel adsorbents.

Table 3
Adsorption isotherm parameters.

Sample ID Ge.exp(MG/8) Isotherm Models

Langmuir Parameters Freundlich Parameters

qm(mg/g) Ky (L/mg) R? n Kr(mg/g) R?
S-VTMS 50.33 58.47 0.095 0.987 1.803 6.192 0.883
S-GPTMS 20.72 19.26 0.297 0.977 2.701 4.617 0.722
S-TMSPM 42.03 48.54 0.092 0.994 1.869 5.243 0.907
S-BARE SILICA 46.77 51.54 0.116 0.992 2.134 7.253 0.916

Table 4
Comparison of maximum fluoroquinolone antibiotics adsorption capacities of
silica-based adsorbents in literature.

Adsorbent Specification Maximum Capacity (mg/g) Ref.

Silica xerogels from volcanic tuff 24.5 [56]
Silica nanoparticles from rice husk 30.0 [16]
Protein modified nanosilica 85.0 [19]
ZnO supported SBA-15 32.3 [57]
Nanosilica form rice husk 74.1 [21]
Mesoporous silica nanoparticles 47.2 [27]
Diamine modified MCM-41 110 [28]
Mesoporous silica 15.0 [58]
Vinyl modified aerogel 66.1 This study
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Fig. 8. Effect of adsorbent dosage on CIP adsorption capacity of silica aerogels.
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Fig. 9. Effect of contact time on the CIP adsorption capacity of silica aerogels.

kinetics were analyzed using different kinetic models. The model pa-
rameters and correlation coefficient values (R%) obtained for each model
are presented in Figs. 10, 11, and 5. For all the samples, the adsorption
behavior was better described by a pseudo-second-order kinetic model
(R? > 0.97), which means that the adsorption process was promoted by
chemical attraction in dynamics with the assistance of physisorption. In
particular, for S-TMSPM and S-BARE SILICA, the experimental Q. values
were in excellent agreement with the values calculated from the PSO
kinetic model. For S-VTMS and S-GLYMO, the Qe values calculated by
the PSO model were also quite consistent with the experimentally ob-
tained equilibrium capacities (Table 5). Intraparticle and liquid film
diffusion models were also applied to gain more insight into the diffu-
sion mechanisms during the sorption process and the rate-limiting steps
affecting the adsorption kinetics. As shown in Fig. 11, the plot of g, vs. t'/
2 displayed multilinearity, and the lines did not pass through the origin,
indicating that intraparticle diffusion is not the sole rate-limiting step,
and the rate of adsorption is also controlled by external diffusion pro-
cesses. In Fig. 11, the first linear part of the plot obtained for all samples
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Fig. 10. Modelling of adsorption kinetics: Fitting of time-dependent CIP adsorption data on pseudo-first and pseudo-second models.

is about the external diffusion of the CIP molecules to the outer surface
of the meso/macropores of the aerogels, which is driven by the con-
centration difference between the CIP solution and the outer surface of
the aerogels, implying a fast adsorption process. The steepness of this
line and the large intercept values in Fig. 11 indicate the domination of
external diffusion over intraparticle diffusion; therefore, it could be
regarded as the major rate-controlling factor in the adsorption kinetics
of the synthesized aerogels. The second linear part, which is only
distinguishable for S-VTMS and S-BARE SILICA, is ascribed to the in-
ternal diffusion through the inner micropores, confirming the open
porous interconnected network of the samples with accessible active
inner sides. The last section of the line is related to the equilibrium state
of the adsorption. Having higher R? values in liquid-film diffusion model
than in intraparticle diffusion model also suggest that film diffusion
through the boundary liquid layer covering the external surface of the
aerogels is the main rate-limiting step of CIP adsorption with the
contribution of intraparticle diffusion. As a main consequence of this
observation, higher adsorption capacities were obtained at high initial
CIP concentrations because higher initial concentrations of CIP solution
led to the generation of a higher gradient for the diffusional mass
transfer of CIP through the boundary layer around the aerogels. In brief,
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the kinetic models for the functionalized silica aerogel adsorbents in this
study confirm that the adsorption process is mainly governed by
chemical attractions and that the adsorption rate is controlled by
external diffusion with the contribution of intraparticle diffusion.
Since CIP is a special molecule that can possess different charge
states under different acid-base conditions, the effect of solution pH on
CIP adsorption on functional silica aerogels was also investigated, and
the results are shown in Fig. 12. Resulting from having two acid disso-
ciation constants (pKy; = 6.1 and pKu,s = 8.7), CIP exists in three
different ionic forms depending on the pH of the media [26,59]. Because
of the protonation of the amine moieties in its structure, CIP molecules
are in the cationic form when the solution pH is < 6.1. Above pH=8.7,
the anionic CIP species became dominant in the solution because of the
deprotonation of the carboxylic group. At a solution pH between
6.1—38.7, CIP molecules were in the zwitterionic state because of the
simultaneous presence of negatively charged carboxylate moieties
(—COO0) and positively charged amine moieties (-NH3) in the aqueous
solution. To unveil the impact of electrostatic interactions on the
adsorptive performance of the adsorbents, the surface charge charac-
teristics of the functional aerogels and bare silica aerogels were inves-
tigated using point of zero charge (pzc) measurements (Fig. S6). After
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Fig. 11. Modelling of adsorption kinetics: fitting of the time-dependent CIP adsorption data to the intraparticle and liquid diffusion kinetic models.

Table 5
Kinetic model parameters for CIP adsorption.
Qeexp Pseudo-first order Pseudo-second order
ka1 (1/min) Qecatc(Mg/g) R? ks (g/mgmin) Qecatc(Mg/8) R?

S-VTMS 66.08 0.0247 42.98 0.9148 0.0011 69.93 0.9857
S-GPTMS 48.26 0.0276 39.26 0.9335 0.0012 55.63 0.9748
S-TMSPM 49.08 0.0244 19.97 0.7806 0.0039 50.00 0.9959
S-BARE SILICA 56.24 0.0252 34.01 0.9615 0.0019 58.13 0.9930

the experiments, the pzc values of S-BARE SILICA, S-VTMS, S-GPTMS,
and S-TMSPM were determined to be 2.2, 3.5, 4, and 3.2, respectively,
indicating that the surface of the adsorbents was positively charged at
pH values lower than the pzc of the corresponding adsorbent and vice
versa. Therefore, owing to the strong repulsion between the positively
charged surface groups of CIP molecules and the functionalized aero-
gels, the adsorption process was significantly obstructed under strongly
acidic conditions (pH=2). Between pH=4-6, the surfaces of all adsor-
bents were negatively charged and CIP molecules were still in cationic
form, so that the obtained sorption capacity significantly increased and
reached its maximum at pH=6 owing to the enhanced electrostatic
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attraction. After pH=6, because CIP molecules were in their neutral
form, strong electrostatic attractions lost their dominance and the
sorption capacity started to decrease. Nevertheless, an obvious increase
in the sorption capacity was observed after pH=8 for S-GPTMS and S-
TMSPM, which could be indicative of additional mechanisms besides
electrostatic interactions in the determination of final sorption capac-
ities. In strong alkaline conditions (pH>10) as reported in previous
studies, epoxy group retained in the silica structure transforms into diol
groups by further ring opening reactions [60]. The possible increment in
the number of diol groups attached to the silica improved the adsorption
ability of S-GPTMS on CIP as a results of enhanced n-n EDA and
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Fig. 12. Effect of solution pH on the CIP adsorption capacity of silica aerogels.

hydrogen bonding interaction. Despite the diminishing of electrostatic
attraction, the increment on the adsorptive capacity of S-TMSPM could
be attributed to the domination of other contributing mechanisms to the
overall adsorption process.

As can be deduced from the previous discussions, physical in-
teractions, such as pore filling or electrostatic interactions, might not be
the only mechanism affecting CIP adsorption on the functional aerogel
adsorbents in this study (Fig. 13). In particular, for S-GPTMS and S-
TMSPM, rather than pore filling, chemical interactions such as n-n
electron-acceptor-donor (EDA) interactions and hydrogen bonding
seemed to play a dominant role in facilitating the adsorption of CIP onto
these adsorbents. Due to presence of a fluorine group with strong elec-
tronegativity in its molecular structure (Fig. S1), CIP molecule can act as
a m-electron acceptor [61]. On the other hand, the hydroxyl groups on
the silica surface behave as n-electron donors. Alkyl radicals attached to
the carbon atoms in the modified silica surfaces also behave as electron
donors, resulting from both inductive and hyperconjugation effects,
whereas vinyl, epoxide, and methacrylate functional moieties on silica
aerogels usually play dual roles as both electron acceptors and donor
[62,63]. Therefore, n-n EDA interactions could be an important factor
promoting the adsorption of CIP in both samples. In addition to n-t EDA
interactions, CIP containing -NH-, -COOH, -C=0, and —F functional
groups also tended to form hydrogen bonds with the oxygen-containing
functional groups of S-GPTMS and S-TMSPM, which was also reflected
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in the FTIR spectra (Fig. 14) obtained after CIP adsorption [64].

In the FTIR spectra obtained after CIP adsorption, the samples were
characterized by new emerging peaks, confirming the presence of CIP
molecules stored in the pore channels or on the surface of the functional
silica aerogels (Fig. 14). The band observed near 830 cm™!, which was
only distinguishable for S-VTMS and S-GPTMS, was attributed to the
out-of-plane deformation modes of the C-H bond in aromatic mono/
polycyclic rings in the CIP molecule [65]. The intensity of the peak at
approximately 1270 cm ™! increased in all samples with CIP loading and
was ascribed to the conjugation of the stretching vibrational C-O band
and bending vibrational -OH band in the carboxylic acid structure of CIP
[66]. The signals obtained in the spectral region between 1400 and
1465 cm™! are related to the stretching vibrations of the C-O bonds in
the carbonyl groups of CIP, and they are more obvious in S-TMSPM than
in S-VTMS and S-GPTMS. The common signals that appeared at 1630
and 1728 cm ™! are attributed to the N-H bending vibration in the qui-
nolone structure and the C=0 stretching vibration of the carboxylic acid
group in CIP molecules, respectively [67]. Although they appeared in S-
VTMS and S-GPTMS as small shoulders, their intensity was much higher
in S-TMSPM, confirming the abundance of adsorbed CIP in this sample.
The ~OH-related signals appeared as large bands at approximately 3500
cm ™!, which became more obvious after CIP loading. With the CIP
loading the —OH- related vibrations displayed slight shifting in all
samples (Fig. S7). The changes in both in the intensity and the position
of these bands could be ascribed to the formation of hydrogen bonds
between the carboxyl and/or hydroxyl groups of the CIP molecules and
the surface silanol or oxygen-containing functional groups of the ad-
sorbents. At the same time, it could also be attributed to the -OH groups
in carboxylic group in the CIP structure.

3.2.1. Regeneration studies

For practical applications, the regeneration and reusability of the
adsorbents were investigated using cyclic tests. Since the weaker
adsorption interaction between the adsorbent and adsorbate indicates
an easy desorption process, and the pH is a crucial factor in determining
the extent of dissociation of the adsorbed molecules from the surface of
the adsorbent, both acidic (0.5 M HCI) and basic (0.5 M NH4OH) solu-
tions were used as eluents to remove the adsorbed CIP molecules from
the functional aerogels. The obtained results were presented in the
Fig. 15. The desorption tests were repeated until the samples preserved
over 80 % of their initial capacity. At the initial stage, the desorption
efficiency correlated positively with time; more than 85 % of CIP was
desorbed within 60 min for all samples, and the obtained efficiency

-t EDA intractions

—c

Pore filling

CIPROFLOXACIN

Fig. 13. Schematic representation of CIP adsorption mechanisms on functionalized silica aerogel adsorbents.
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stabilized after 120 min. As previously mentioned, under strong acidic
conditions, due to the protonation of CIP ((Ro-N-H3)), antibiotic mole-
cules hardly adsorbed on the positively charged adsorbent surfaces,
which made CIP desorption very easy. Similarly, under strongly basic
conditions, due to the deprotonation of the carboxylic group in CIP, the
adsorbent and adsorbate molecules were in anionic form, which also
hampered electrostatic attraction. Nevertheless, the obtained adsorption
capacity was still higher than that under strongly acidic conditions
(Fig. 12). In parallel with the weaker adsorptive interactions, strongly
acidic conditions easened the dissociation of the adsorbed molecules
during the desorption process better than under strongly basic condi-
tions. With an acidic eluent, the maximum desorption efficiencies
calculated after 24 h of exposure were 97.6 %, 97.5 %, 93.1 %, and 95.1
% for S-VINYL, S-GPTMS, S-TMSPM, and S-BARE SILICA, respectively.
S-TMSPM, which had the lowest desorption efficiency compared to the
other samples, could also be another indication of stronger molecular
interactions between the methacrylate functional silica surface and CIP
molecules.

Without a significant loss in their adsorptive capacity, S-VTMS
retained its adsorptive performance for up to eight cycles, whereas S-
GPTMS and S-TMSPM exhibited durable cyclic performance over six
cycles, and S-BARE SILICA had repeatable sorption ability up to five
cycles. The change in the decreasing adsorption capacities for each
sample could be attributed to the partial deterioration of the active
binding sites of the adsorbents, as well as the presence of residual CIP
molecules retained in the structure. Nevertheless, durable sorption
performance over several cycles is a good sign for the efficient use of
functional silica adsorbents in antibiotic removal applications from
environmental and economic points of view.

4. Conclusion

In this study, organofunctional silica aerogel adsorbents were syn-
thesized via a one-pot sol-gel method under ambient conditions to
remove ciprofloxacin molecules from water. Various organofunctional
silanes with vinyl, epoxide, and methacrylate functional groups were
incorporated into sol-gel reactions as silica co-precursors to modify the
gel surface. NMR and FTIR results proved successful network formation
with effective surface functionalization. The SEM images displayed
particle-aggregated clustered structures for all samples. The differences
in the incorporated organic groups significantly altered the network
compactness by changing the size of the pores and particles in the
network. S-VTMS exhibited a more compact morphology with finer
secondary particles and smaller pores, whereas S-GPTMS and S-TMSPM
were characterized by larger pores and agglomerated large silica parti-
cles, as indicated by SAXS analysis. The Ny sorption results also
confirmed the mesoporous morphology of S-VTMS, whereas in S-GPTMS
and S-TMSPM, there were obvious macropore domains in the network.
The prepared aerogels were then evaluated as ciprofloxacin adsorbents
via batch sorption experiments and under the optimum operating con-
ditions (Cyp = 100 mg/L, m/V=0.5, pH=6, t = 90 min) the equilibrium
capacities were 62.7, 45.8 and 47.8 mg/g for S-VTMS, S-GPTMS and S-
TMSPM, respectively. Equilibrium and kinetic studies revealed that the
adsorption of ciprofloxacin molecules best fitted the Langmuir isotherm
model and pseudo-second-order kinetic model for all the samples. These
results showed that the adsorption process was promoted by the
chemical attraction between the attached functional groups on the silica
surface and ciprofloxacin molecules with the assistance of phys-
isorption. Therefore, despite having a low surface area, both S-GPTMS
and S-TMSPM had similar maximum capacities as S-VTMS. The regen-
eration studies confirmed that the synthesized adsorbents were suitable
for repeatable usage over several cycles (eight for S-VTMS, six for S-
GPTMS, and S-TMSPM). Overall, the highly competitive sorption ca-
pacity, fast sorption kinetics, and reusability make these aerogels
excellent candidates for application as efficient adsorbents for antibiotic
removal from aqueous media in the future.
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