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Abstract

The efficient removal of the antibiotic ciprofloxacin (CIP) from aqueous samples using magnetic nanosorbents prepared
using three sulfated polysaccharides, k-, 1- and A-carrageenan and an alkoxysilane agent containing a reactive epoxide
ring is described. The prepared nanosorbents were characterized in detail using FTIR spectroscopy, solid-state 2°Si and
13C NMR spectroscopy and elemental microanalysis. The synthesis method was more effective for incorporating higher
amounts of k-carrageenan in the siliceous shells. Although being less sulfated, k-carrageenan is cheaper than the other car-
rageenan tested. The CIP adsorption was a cooperative process, well described by the Dubinin—Radushkevich isotherm,
with maximum adsorption capacities of 878, 969 and 865 mg/g for k-, 1- and A-carrageenan sorbents, respectively. Overall,
the produced magnetic nanosorbents are among the best magnetic systems with high adsorptive efficiency for CIP. It is sug-
gested that protonated CIP molecules are exchanged with ester sulfate counterions of carrageenan at the particles’ surface
as the main pathway for CIP adsorption. The adsorption process was exothermic and entropically favorable for the three
sorbents. However, at 298 K, the adsorption was spontaneous for k-carrageenan-based sorbents and non-spontaneous for
1- and A-carrageenan particles. The magnetic sorbents could be reused and maintained their ability towards CIP removal up
to four cycles. The removal efficiency in wastewater was enhanced with the sorbent dose.
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Magnetic carrageenan nanosorbents were prepared using three carrageenan polysaccharides (kx-, 1-, and A-carrageenan). The
resulting magnetic particles removed the antibiotic ciprofloxacin efficiently from ultra-pure water and wastewater samples.
Magnetic features enabled the fast magnetic separation of the nanosorbents from water.
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Introduction

Antibiotics in the environment are emerging pollutants that
can spread antibiotic resistance, which poses a severe public
health concern [1-3]. Various studies have confirmed many
medicinal substances in several environmental compart-
ments: surface waters, soil, sediment and groundwater [4-6].
Ciprofloxacin (CIP), a synthetic third-generation fluoroqui-
nolone, is widely used as a broad-spectrum antibiotic against
bacterial infections affecting humans and animals [7]. Due
to their extensive use, CIP is released into the environment,
likely via wastewater discharges, and is frequently detected
in various aquatic environments [7, 8]. Discharges of par-
tially treated or untreated effluents from the pharmaceuti-
cal industry, hospitals and domestic sewage are the major
sources of antibiotics [9]. Several studies have reported
concentrations of CIP in surface water and wastewater
effluents in the ng/L-mg/L range [10, 11]. The wastewaters
discharged in hospitals and pharmaceutical industries are
of particular concern due to the high levels of CIP contami-
nation, up to 150 pg/L and 31 mg/L, respectively [10, 11].
Ciprofloxacin is considered a high-risk emerging contami-
nant to the environment because it presents a high solubility,
persistence, acute and chronic toxicity [7, 12]. The presence
of CIP in wastewaters is known to cause hazardous effects
on the ecosystem even at low concentrations, and therefore,
its removal from wastewater is mandatory [7, 12]. Conse-
quently, it is essential to develop sustainable methods for
removing CIP from water to prevent public health risks and
to mitigate the overall development of antibiotic resistance.

Nanotechnology offers many opportunities to develop
nanomaterials with enhanced properties for application in
various fields [13-21]. A variety of water treatment technol-
ogies have been reported for the removal of pharmaceutical
compounds involving biodegradation [22], photolysis [23],
membrane treatments [24], electrochemical approaches [25]
and adsorption [26, 27]. Adsorption is a promising technique
for water decontamination due to the affordable cost, higher
performance and convenience in use [28-30]. The sorbent
is a key component of the adsorption technology that deter-
mines its efficacy for a target pollutant. In an attempt to find
effective sorbents, several materials have been investigated
for CIP adsorption, namely activated carbon [31], carbon
nanotubes [32], graphene oxide [33], aluminum [34], iron
oxides [35], montmorillonite [36], kaolinite [37], birnessite
[38] and polysaccharides [39, 40].
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Among the polysaccharides, carrageenan has attracted
attention due to its wide range of applications in the food
industry, such as thickening, gelling, stabilizing agents and
pharmaceutical, cosmetics, printing and textile industries
[41, 42]. Carrageenan is one of the seaweed-derived biopol-
ymers obtained by extraction from red (Rhodophyta) sea-
weed [42]. Carrageenans are linear sulfated polysaccharides,
among which the most common are Kappa (), lota (1) and
Lambda (\) carrageenan. These polysaccharides differ in the
sulfate substitution pattern and 3,6-anhydrogalactose con-
tent, which affects the gel-forming properties [43]. Hence,
K-carrageenan has one anionic ester sulfate group per disac-
charide unit, and 1- and A -carrageenans have two and three
ester sulfate groups per disaccharide unit, respectively [42].

Apart from the conventional uses of carrageenan alone,
hybrid systems of carrageenan with various natural sub-
strates have been reported to be good candidates for the
adsorption of pharmaceutical contaminants from water [39,
44-46]. Sol—-gel-derived hybrid materials, where interpen-
etrating organic polymers and inorganic components are
covalently bonded, have shown promise as sorbents [47—49].
Silicon alkoxide coupling agents have been essential in pre-
paring such hybrid materials to enhance the compatibility
between the inorganic and organic components. These cou-
pling agents contain a specific functional group that reacts
with the organic component forming strong covalent bonds,
and alkoxide groups that hydrolyze and condensate to cre-
ate a siliceous network [50]. Furthermore, the separation of
the sorbent/pollutant system from the treated solution is a
critical aspect to consider in the design of sorbents. This can
be achieved using magnetic nanoparticles with functional-
ized surfaces that confer high affinity towards the pollutant
molecules and whose magnetic features enable fast magnetic
separation from the treated water [29, 51-54]. In previous
works, we successfully applied this strategy to develop: (i)
gelatin based magnetic bio-hybrids using epoxide and iso-
cyanate coupling agents [50]; (ii) carrageenan and alginic
acid magnetic bio-hybrids with isocyanate coupling agents
for ciprofloxacin removal [39], and (iii) magnetic bio-hybrid
composed of chitosan and quaternary derivatives, also modi-
fied with isocyanate coupling agents, for the adsorption of
diclofenac [55].

In this work, Fe,;O, nanoparticles coated with k-, 1- and
A-carrageenan hybrid siliceous shells were prepared, for the
first time, using the epoxide functionalized 3-glycidoxypro-
pyl trimethoxysilane (GPTMS) as a coupling agent. The
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chemical composition, morphology, textural and surface
properties of the materials were characterized using X-ray
diffraction (XRD), Fourier transform infrared spectroscopy
(FTIR), scanning and transmission electron microscopy
(SEM, TEM), nitrogen sorption, thermogravimetric analysis
(TGA), solid-state nuclear magnetic resonance (NMR) spec-
troscopy and zeta potential measurements. The influencing
factors of CIP adsorption by the resulting magnetic materials
were studied systematically. The anionic carrageenans at the
surface of the magnetic sorbents are expected to favor the
adsorption of cationic species of ciprofloxacin, while the
magnetic property of Fe;0, could provide the facile separa-
tion of the particles from water. In addition, the removal of
CIP in wastewater samples was investigated.

Materials and methods
Chemicals

Ciprofloxacin hydrochloride monohydrate
(C7H,3FN;05-HCI-H,0, Sigma-Aldrich, 99.0%) was
used in the adsorption studies. All solutions were pre-
pared in ultra-pure water obtained from the Synergy
equipment (0.22 um filter, Milli-Q, Millipore). The poly-
saccharides k-carrageenan (cat.22048, M, =300,000 g/
mol), 1-carrageenan (cat.C1138, M, =950 g/mol) and
A-carrageenan (cat.22049, M, =500,000 g/mol) were
acquired from Fluka BioChemica—Sigma-Aldrich and
used as purchased. Regarding the preparation of magnetite
nanoparticles the following chemicals were used: ferrous
sulfate heptahydrate (FeSO,-7H,0, Sigma-Aldrich, > 99%),
potassium nitrate (KNO;, Sigma-Aldrich, >99%) and potas-
sium hydroxide (KOH, LabChem, > 86%). Tetraethyl ortho-
silicate (Si(OC,Hs),, TEOS, Sigma-Aldrich, >99%) was
used as a source of silica. 3-(Glycidyloxypropyl)trimeth-
oxysilane (CyH,,05Si, GPTMS, Sigma-Aldrich > 98% was
used as a coupling agent. Ammonia solution (25% NH;)
and methanol (CH;0H, > 99%) were purchased from VWR.
Ethanol (CH;CH,OH, > 99%) and N,N-dimethylformamide
(HCON(CHj;), >99%) were obtained from Carlo Erba
Reagents.

Modification of k-, 1- and A-carrageenan with GPTMS

Three common types of carrageenan polysaccharide (x-,
1- and A-carrageenan) were modified by reaction with the
alkoxysilane coupling agent 3-(glycidyloxypropyl)trimeth-
oxysilane (GPTMS). Typically, the dry carrageenan (1 g)
was dispersed in dry N,N-dimethylformamide (13 mL) and
GPTMS (5.2 mmol, 1.24 mL) was added. The mixture was
heated to 100 °C (373 K), in nitrogen (N,) atmosphere under
constant stirring (500 rpm). The reaction was performed

for 24 h. After cooling to room temperature, the solid was
recovered and washed thoroughly with dry methanol and
dry ethanol to eliminate the reaction solvent. The resulting
powders were dried at room temperature. Three different
derivatized polymers were obtained, hereafter designated
k-CRG/GPTMS, 1-CRG/GPTMS and A-CRG/GPTMS.

Synthesis of magnetic hybrid particles with k-, 1-,
and A-carrageenan

The magnetic particles coated with hybrids of k-, 1-, and
A-carrageenan and GPTMS were prepared in two steps. The
magnetic core consisting of magnetite nanoparticles (Fe;O,)
were synthesized starting from an aqueous solution of
Fe,S0O,.7H,0 as previously reported [56]. Then, the coating
was performed through the sol-gel method in the presence
of the magnetic cores, employing a mixture of TEOS with
the modified polymers k-CRG/GPTMS, 1-CRG/GPTMS
and A-CRG/GPTMS. Typically, 40 mg of Fe;O, nanopar-
ticles was dispersed in 38 mL of ethanol, under sonication
(horn Sonics, Vibracell) for 15 min in an ice bath. Then,
0.406 mL of TEOS and 0.3 g of the carrageenan deriva-
tive were added to the mixture, following by the addition
of 2.4 mL of ammonia. The reaction was sonicated for two
hours, immersed in an ice bath. The produced particles were
separated magnetically from the solution using a NdFeB
magnet and washed successively with ethanol. Finally, the
magnetic particles were left to dry by evaporation of the sol-
vent. Three different magnetic hybrid particle samples were
obtained, Fe;0,@Si0,/x-CRG/GPTMS, Fe;0,@Si0,/1-
CRG/GPTMS and Fe;0,@Si0,/A-CRG/GPTMS.

Synthesis of non-magnetic k-, 1-, and A-carrageenan/
silica hybrid particles

The non-magnetic hybrid particles were obtained by
hydrolysis and condensation of a mixture of the modified
carrageenan (k-CRG/GPTMS, 1-CRG/GPTMS and A-CRG/
GPTMS) with TEOS in a homogeneous alcoholic medium
containing water and using a base as a catalyst. Briefly, the
modified carrageenan (0.3 g) and TEOS (0.406 mL) were
mixed in an Erlenmeyer flask containing deionized water
(0.9 mL). Then, ethanol (8.5 mL) and ammonia solution
(0.15 mL) were added to the mixture, under constant stirring
(250 rpm), for 24 h at room temperature. After the reac-
tion, the materials were washed five times with deionized
water and one time with ethanol, followed by centrifugation.
Finally, the solvents were evaporated, and three non-mag-
netic hybrid particles were obtained (SiO,/x-CRG/GPTMS,
Si0,/1-CRG/GPTMS and SiO,/A-CRG/GPTMS). For com-
parative purposes, SiO, particles have also been prepared
using the Stober method [57].
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Characterization of materials

Fourier transform infrared (FTIR) spectra with attenuated
total reflectance (ATR) of the particles were collected using
a spectrophotometer Bruker Tensor 27, at 4 cm™' of resolu-
tion and 256 scans. The X-ray powder diffraction (XRD)
data were collected using a PANalytical Empyrean X-ray
diffractometer equipped with the Cu Ka monochromatic
radiation source at 45 kV/40 mA. The elemental analysis
was performed using a Leco Truspec-Micro CHNS 630-
200-200 equipment. The specific surface area was meas-
ured by N, sorption experiments at— 196 °C after sample
degasification at 80 °C under nitrogen flow overnight using
a Gemini V2.0 surface analyzer (Micromeritics Instru-
ment Corp.).The specific surface area was calculated using
Brunauer—-Emmett—Teller (BET) isotherm and the pore
volume using the Barret—Joyner—-Halenda (BJH) method.
Scanning electron microscopy (SEM) images were obtained
using a Hitachi SU-70 microscope operating at an acceler-
ating voltage of 15 kV. Transmission electron microscopy
(TEM) analysis was done in a Hitachi H-9000 TEM micro-
scope operated at 300 kV. The SEM samples were prepared
by placing a drop of a dilute ethanolic suspension of the
particles over a glass slide glued to the sample holder using
double-sided carbon tape. After evaporating the sample was
coated by carbon sputtering. For TEM analysis, the samples
were prepared by evaporating an ethanolic suspension of
the nanoparticles deposited on a copper grid coated with an
amorphous carbon film. Thermogravimetric analysis (TGA)
of the materials was carried out in a TGA 50 instrument
from Shimadzu. The TGA measurements were performed
under a nitrogen atmosphere, and the samples were heated
from 25 to 900 °C at a rate of 10 °C min~'. The '*C CP
(cross-polarization)/MAS (magic-angle spinning) NMR
(nuclear magnetic resonance) and 2°Si MAS NMR spectra
were recorded on a Bruker Avance III 400 MHz (9.4 T) spec-
trometer at 79.49 and 100.61 MHz, respectively. 2°Si MAS
NMR spectra were recorded with 4.5 ps 1H 90° pulses, a
recycle delay of 60 s, and at a spinning rate of 5 kHz. *C
CP/MAS NMR spectra were recorded with 3.65 ps 'H 90°
pulses, 1.5 ms contact time, a recycle delay of 5 s, and a
spinning rate of 9 kHz. Chemical shifts are quoted in ppm
relative to tetramethylsilane (TMS). The surface charge of
the particles was assessed by measuring the zeta potential
in a Zetasizer Nano ZS equipment (Malvern Instruments).

Adsorption experiments

The adsorptive performance of the magnetic hybrid particles
was evaluated in batch adsorption experiments. Briefly, the
magnetic hybrid sorbents were accurately weighed, added
to glass vials with CIP solution and shaken, at 30 rpm, in
an overhead shaker, at 25.0 +£2.0 °C. Before the adsorption
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experiment, CIP stock solutions were prepared in ultra-pure
water and shaken, at 100 rpm, overnight in dark conditions.
After the corresponding shaking period, the magnetic hybrid
sorbent was separated magnetically from solution using a
NdFeB magnet, which was analyzed spectrophotometrically
by monitoring the absorbance at 273 nm, in a Jasco U-560
UV-VIS spectrophotometer, for the residual CIP concen-
tration. The calibration curve was performed in ultra-pure
water and used to convert the absorbance into CIP concen-
tration (Figure S1, Supporting Information).

Effect of pH

The performance of the magnetic hybrid particles for remov-
ing CIP from ultra-pure water was studied at distinct pH
values (5, 6, 7 and 8) by adjusting the solution pH with HC1
(0.01 M) or NaOH (0.01 M) solutions. An initial CIP con-
centration of 60 mg/L and a fixed sorbent dose of 0.5 mg/
mL were used. The contact time was 24 h, to ensure that the
sorption equilibrium was reached. Afterwards, the magnetic
hybrid particles were separated magnetically using a NdFeB
magnet. The amount of CIP adsorbed at each time (g,, mg/g)
was determined by Eq. (1):

|4
0= (Co=C)x M

where C, (mg/L) is the initial concentration of CIP, C,
(mg/L) is the CIP concentration in the treated solution at
time 7, V is the volume of solution (L) and m is the sorbents
mass (g).

Kinetic adsorption studies

The CIP adsorption time profile was assessed to investigate
the kinetics of adsorption. Solutions of CIP were prepared
(100 and 200 mg/L) by diluting the stock CIP solution in
ultra-pure water, and the batch experiments were conducted
at an initial pH of 5. The sorbent dose tested was 0.5 mg/
mL in all the kinetic experiments. Then, the system was
shaken during 3 h (180 min) under controlled room tem-
perature (25.0+2.0 °C), and aliquots were collected along
the time. After analysis of the supernatant in a UV-VIS
spectrophotometer, the amount of CIP adsorbed onto the
magnetic hybrid particles was determined using Eq. (1). The
percentage of removal (R, %) was obtained from Eq. (2):
Gy —

R= G x 100
=7 . 2
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Equilibrium adsorption studies

The equilibrium adsorption studies involved shaking solu-
tions with different concentrations of CIP (from 40 to
1100 mg/L) with a fixed sorbent dose (0.5 mg/L) of the sorb-
ent material for 24 h. The equilibrium adsorption experi-
ments were conducted at pH=5 and 25.0+2.0 °C. The CIP
adsorbed concentration at equilibrium was determined as
defined by Eq. (1), but respectively replacing g, (mg/g) and
C, (mg/L) by g, (mg/g) and C, (mg/g), where C, is the con-
centration of CIP at equilibrium.

Regeneration and reuse of the magnetic hybrid particles

To further investigate the regeneration and reusability of
the Fe;0,@8Si0,/x-CRG/GPTMS, Fe;0,@8Si0,/1-CRG/
GPTMS and Fe;0,@Si0,/A-CRG/GPTMS particles, a fixed
sorbent dosage (0.5 mg/mL) was tested in all the recycling
cycles. The regeneration of the magnetic hybrid particles
was evaluated after one adsorption cycle with CIP solution
at a concentration of 100 mg/L for 24 h, at pH=5. After that,
CIP-loaded magnetic hybrid particles were magnetically col-
lected from the solution and the regeneration process was
conducted washing the particles with 10 mL KCI 1 M (four
times), 10 mL distilled water (twice) and 10 mL ethanol
(one time). Then, the magnetic hybrid particles were dried
at 30 °C prior to reuse. The feasibility of the above-described
regeneration method was evaluated using the regenerated
magnetic hybrid particles in four consecutive adsorption/
desorption cycles.

Application in the removal of ciprofloxacin in wastewater
samples

The wastewater sample used in this work was gathered at
a local Aveiro's sewage treatment plants, after secondary
treatment, corresponding to the final effluent. After collec-
tion, the wastewater sample was vacuum filtered through a
0.45 pm filter paper, to remove suspended residues. The pH
and conductivity results were measured and are shown in
Table S1, Supporting Information. The wastewater sample
was spiked with CIP at an initial concentration of 5 mg/L
and the pH was adjusting to 5. Selected sorbent doses of the
magnetic hybrid particles (0.5, 1, 2.5 and 5 mg/mL) were
added to the spiked CIP solution, and the mixtures were
shaken for 24 h. Then, the magnetic hybrid particles were
magnetically separated from the solution, and the remaining
concentration of CIP in the treated water was analyzed by
UV-VIS spectrophotometry at 4., 273 nm (Fig. S2, Sup-
porting Information). The calibration curve was performed
and used to convert the absorbance into CIP concentration in
the wastewater samples (Fig. S2, Supporting Information).

Results and discussion
Materials characterization

The first step of this work consisted of synthesizing mag-
netite nanoparticles and their encapsulation in hybrid sili-
ceous shells containing three types of carrageenans that vary
in the degree of sulfation: k-, 1-, and A-carrageenan. The
powder XRD patterns of the inorganic core showed the six
characteristic X-ray diffraction peaks for Fe;0, (20=18.5°,
30.1°, 35.5°,43.3°,53.6°, 57.1°, and 62.7°) ascribed to the
reflections (111),(220),(311),(400),(422),(511),
and (4 4 0), thus matching the reported diffraction pattern
of magnetite (JCPDS file No. 19-0629) and confirming this
iron oxide as the main crystalline phase present in the pow-
dered samples (Fig. S3, Supporting Information). The Fe;0,
particles were then encapsulated through a one-step pro-
cedure by using either k-, 1-, or A-carrageenan/SiO, shells.
This method involved the hydrolysis and condensation of
a mixture of the silica precursor (tetracthyl orthosilicate,
TEOS) and one of the modified polymers (k-CRG/GPTMS,
1-CRG/GPTMS and A-CRG/GPTMY), in the presence of the
magnetic nanoparticles. The coated particles were magnetic
and could be quickly attracted using a NdFeB bench mag-
net. Our previous studies have shown that spheroidal Fe;0,
nanoparticles of identical size are ferrimagnetic with small
hysteresis loops and saturation magnetization of 83 emu.
271 [39]. A decrease in saturation magnetization is expected
with the encapsulation owing to the mass contribution of the
siliceous shell. Yet, this type of coating does not degrade
the magnetic properties of the Fe;O, core [39, 58]. Further-
more, coated particles still exhibited magnetic properties
sufficiently high to achieve magnetic separation (Fig. S4,
Supporting Information).

Further insight into the structure and composition of the
hybrid shells was obtained from the analysis of non-mag-
netic hybrid particles obtained by the hydrolysis and conden-
sation of TEOS with the modified polymers. The morpho-
logical characteristics of the magnetic hybrid particles and
the non-magnetic hybrid particles were assessed by TEM
and SEM, as depicted in Fig. 1 and Fig. S5 (Supporting
Information), respectively. The TEM image of bare Fe;0,
particles shows nanoparticles with spherical shape and an
average size of 56 + 11 nm (Fig. 1a). TEM images of Fe;0,
coated particles show spheroidal nanoparticles uniformly
coated by a shell. The shell thickness was about 18 +2 nm
for Fe,0,@Si0,/x-CRG/GPTMS (Fig. 1b), 16 +2 nm for
Fe;0,@Si10,1-CRG/GPTMS (Fig. Ic) and 16 +5 nm for
Fe;0,@8Si0,1-CRG/GPTMS (Fig. 1d) particles. Note that
a similar thickness was observed for the bio-hybrid shell
regardless of the biopolymer used. Conversely, the SEM
analysis of the non-magnetic hybrid particles revealed a

a
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Fig.1 TEM images of the produced magnetic nanoparticles: a bare Fe;O,, b Fe;0,@SiO,/k-CRG/GPTMS, ¢ Fe;0,@Si0,/1-CRG/GPTMS and

d Fe,0,@Si0,/A-CRG/GPTMS

Table 1 Compositional and structural properties of carrageenan-based materials: elemental analysis, particle diameter, BET surface area and

pore volume

Sample C (%)* H (%) N (%) S (%)* D (nm)° Sper (M%/g)° v, (em’/g)®
Core Shell
Fe,0, 0.2 0.06 0.04 - 56+11 - 27.4 0.066
Fe,0,@Si0,/x-CRG/GPTMS 232 3.70 0.27 3.3 56+11 18+2 6.1 0.006
Fe,0,@Si0,/1-CRG/GPTMS 13.0 2.10 0.20 32 56+11 16+2 6.3 0.005
Fe,0,@Si0,/A-CRG/GPTMS 15.5 2.60 0.30 3.9 56+11 16+5 9.0 0.015
Si0,/x-CRG/GPTMS 21.3 3.40 0.90 29 187+15 - 4.6 0.006
Si0,1-CRG/GPTMS 11.7 2.30 0.06 2.1 670+250 - 3.4 0.002
Si0,/A-CRG/GPTMS 13.2 2.10 0.17 2.5 1101 101 - 2.3 0.003

%C, H, N and S content assessed by elemental microanalysis

bParticle diameter measured by SEM

BET surface area (Sggr) and pore volume (V,) assessed by N, sorption.

well-defined spheroidal morphology but with markedly dif-
ferent average particle sizes depending on the type of carra-
geenan (Fig. S5, Supporting Information). Indeed, the aver-
age size was 187 +15 nm, 670+250 nm and 1101 + 101 nm
for the non-magnetic hybrid particles prepared with k-,
1-, and A-carrageenan, respectively (Table 1). The results

* @ Springer

suggest that the average particle size increases with the
degree of sulfation of the carrageenan.

The surface characteristics (specific surface area and pore
volume) of the materials were determined by N, adsorp-
tion/desorption isotherms (Table 1). The BET surface area
decreased from 27.4 m*/g in Fe;0, to 6.1, 6.3 and 9.0 m*/g
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Fig.2 a, b ATR-FTIR spectra of carrageenan materials as indicated; ¢ Thermograms of carrageenan based materials, performed under nitrogen

atmosphere at a heating rate of 20 °C/min

in Fe;0,@Si0,/x-CRG/GPTMS, Fe;0,@Si0,/1-CRG/
GPTMS and Fe;0,@Si0,/A-CRG/GPTMS particles, respec-
tively. The formation of the hybrid shell led to an increase
of particle size and consequent decrease of the surface area.
The pore volume is low, indicating that overall these are
non-porous materials. Elemental microanalysis of the mag-
netic and non-magnetic hybrid particles (Table 1) shows a
considerable amount of carbon content (12-23 wt %) due
to the incorporation of the carrageenans and the presence
of sulfur which originates in the ester sulfate groups of car-
rageenan. Although the carrageenans differ in the sulfate
content in the following order k- <1- <A-, the produced
K-carrageenan-based materials showed the highest sulfur
content. This result indicates that the method is more effi-
cient in incorporating k-carrageenan in the hybrid materials,
which is also confirmed by the higher carbon content present
in the k-carrageenan-based materials.

The FTIR spectra of k-, 1-, and A-carrageenan and the
carrageenan-derivative Si alkoxides, k-CRG/GPTMS,

1-CRG/GPTMS and A-CRG/GPTMS (Fig. 2a), showed sev-
eral bands in the anomeric region characteristic of the type
of carrageenan and the degree of sulfation [59]. Briefly,
k-carrageenan showed absorption bands in the region
1065-1036 cm™" due to C—O and C—OH vibrations, a band at
841 cm™! ascribed to the a(1-3)-p-galactose C—O-S stretch-
ing vibration, a relatively strong band at approximately
930 cm™! indicating the presence of 3,6-anhydro-p-galactose
and a broad band at 1226 cm™' that corresponds to the S—O
asymmetric stretching of the ester sulfate groups (Fig. 2a)
[60]. The FTIR spectrum of 1-carrageenan also shows the
bands at approximately 930 cm™! and 841 cm™!, with the
same intensity pattern as in k-carrageenan. However, an
additional well-defined feature is visible in the spectrum,
around 805 cm™!, indicating the presence of sulfate ester in
the 2-position of the anhydro-p-galactose residues, a charac-
teristic band of the 1-carrageenan [61]. The FTIR spectrum
of A-carrageenan contains variable amounts of 2-sulfate ester
groups, and presents high sulfate content as indicated by
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the broad band at 838 cm™'-820 cm™! [62]. Furthermore,
a broad band between 3500 cm™! and 3000 cm™! could be
observed in carrageenan spectra and was assigned to hydro-
gen bonded O-H stretching vibrations [59]. All these vibra-
tional bands are typical of k-, 1-, and A-carrageenan and have
also been observed in the FTIR spectra of k-CRG/GPTMS,
1-CRG/GPTMS and A-CRG/GPTMS.

The FTIR spectrum of bare magnetite shows a strong
band centered at 528 cm™ ascribed to the stretching vibra-
tion of the Fe—O bond in Fe;O, (Fig. 2b) [56]. This band
is also observed in the FTIR spectra of the coated mag-
netic hybrid particles although shifted to higher wavenum-
bers. The FTIR spectra of the magnetic and non-magnetic
hybrid particles (Fig. 2b) also display the vibrational bands
expected for a material comprising the polysaccharide and
a siliceous network, and thus confirm the organic—inorganic
hybrid nature of the materials. According to previous stud-
ies, the strong band at 436 cm™! (5(0-Si-0)) is an evidence
of the formation of a siliceous network in both magnetic
and non-magnetic hybrid particles [45]. Despite overlap-
ping with vibrational features of carrageenan, the bands
ascribed to amorphous silica are observed at 1041 cm™!
(0,4(S51-0O-51)), 946 cm™! (o(Si—OH)) and at 794 cm™" (v
((Si-O-S1)) [63].

The TGA of k-, 1-, and A-carrageenan-based materials are
shown in Fig. 2c. The magnetic and non-magnetic hybrid
particles showed higher thermal stability than the pristine
polysaccharides, which is expected due to the presence of the
inorganic component. Figure 2c¢ also shows a similar ther-
mal profile for all polysaccharide-based particles, namely
the occurrence of three main stages of weight loss. The
first stage of weight loss occurred in the temperature range
of 60-150 °C. This is due to the evaporation of adsorbed
water molecules H-bonded to —OH groups of the galactose
units along the polymer chain [64]. The weight losses at
this stage for all pristine carrageenan, magnetic and non-
magnetic hybrid particles were 11-13%, 5-11% and 7-8%,
respectively. In the second stage, the pristine carrageen-
ans, magnetic and non-magnetic hybrid particles achieved
total weight losses of 20-50%, 30-43% and 13-23% at
180-270 °C, 220-430 °C, and 220-260 °C, respectively.
This stage was due to the decomposition of carrageenan pol-
ysaccharide chains, ascribed to carbohydrate-backbone frag-
mentation and sulfur dioxide release [65]. This thermolysis
stage started at a higher temperature for the magnetic and
non-magnetic hybrids derived from k- and A-carrageenan,
as compared to the corresponding biopolymer, and indicates
enhanced thermal stability most likely owing to the polysi-
loxane network. Further decomposition occurred afterwards,
in a third stage. In the magnetic hybrids the onset tempera-
ture of the third decomposition stage markedly increased
(~50 °C) in comparison to non-magnetic hybrids. This result
confirms the complex thermal degradation mechanism for
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these polymers in silica and magnetic particles, as reported
in previous studies [64, 66—-69]. At 900 °C, the residue of k-,
1-, and A-carrageenan was 20, 25 and 18 wt.%, respectively.
At the same temperature, the magnetic and non-magnetic
particles show a higher residue mass, ca. 36-68 wt.% and
42-55 wt.%, respectively, more than in the corresponding
polymer counterpart, which is an evidence of the presence of
a magnetic and siliceous inorganic components in the hybrid
particles. Moreover, at 900 °C the magnetic and non-mag-
netic k-carrageenan particles showed a weight loss of 64%
and 58%, respectively, indicating higher thermal decomposi-
tion than in the 1- (32% and 53%) and A-carrageenan-based
(44% and 44%) particles. This result is in agreement with
a high carbon content detected by elemental microanalysis
(Table 1) in the k-carrageenan-based particles.

Solid-state NMR spectroscopy analysis of non-magnetic
hybrid particles was used to investigate the structure of the
magnetic hybrid shells. The non-magnetic hybrid particles
were prepared in the absence of Fe;O, nanoparticles but with
similar chemical composition as the shells. Figure 3 dis-
plays the *C cross-polarization (CP)/magic-angle spinning
(MAS) NMR spectra for k-, 1-, and A-carrageenan and for the
Si0,/xk-CRG/GPTMS, SiO,/1-CRG/GPTMS, SiO,/A-CRG/
GPTMS particles; the corresponding chemical-shift assign-
ments are listed in Table S2 (Supporting Information). The
13C NMR spectra of the non-magnetic hybrid particles
showed resonances characteristic of the polysaccharide and
the coupling agent GPTMS. In the range 60-105 ppm of
the spectra, it was difficult to assign the resonances, due
to several different C—O environments. When compared to
the polysaccharide, the spectra of the non-magnetic hybrid
particles shows new signals between 22 and 37 ppm, that
are ascribed to the C, and C carbon atoms of the Si-bonded
propyl chain linked to GPTMS, as reported in the literature
[70, 71]. The broad resonances between 6 =60 ppm and
105 ppm have been attributed to the carbon atoms of k-, 1-,
and A-carrageenan (C,—C4 and C,—Cy) [72, 73]. In Fig. 3,
the schematic representation showing the C sites labeling
is merely illustrative of the covalent linkage between the
siliceous network and the polysaccharide carrageenan.
Based on these results, we could not discern the preferable
substitution sites in the carrageenan macromolecules. The
chemical shifts of k-, 1-, and A-carrageenan are given in
Table S2 (Supporting Information). It should be noted that
these assignments are close to the literature values [72-74].
The influence of sulfate groups is illustrated by the '*C NMR
spectrum of 1-carrageenan (Fig. 3b), which, compared to
k-carrageenan (Fig. 3a), has one more sulfate on the C,
carbon [73] (Fig. S6, Supporting Information). Moreover,
the 1-carrageenan spectrum contains a very characteristic
signal at 74.5 ppm attributed to C,. This signal is absent in
the spectra of other red algae polysaccharides [73], which
is interpreted as the result of specific interaction between
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Fig.3 '3C CP/MAS NMR
spectra (left) and schematic
representation (right) showing
the labeling of C and Si sites
according to NMR spectroscopy
notation of a SiO,/k-CRG/
GPTMS, b SiO,/1-CRG/
GPTMS and ¢ SiO,/A-CRG/
GPTMS particles

two sulfate groups belonging to adjacent mono-saccharide
residues in the 1-carrageenan [73]. The resulting '3C NMR
spectrum of A-carrageenan (Fig. 3c) is composed of very
broad signals, rather than clearly defined signals [72, 73].
Several anomeric carbons observed in the range of 103 ppm-
93 ppm, demonstrate the absence of a single repeating unit in
A-carrageenan. The spectrum of A-carrageenan showed ano-
meric signals at 102.5/101.9 attributed to C, of B-galactose
2-sulfate linked to a-anhydrogalactose [72—74] and C, of
3-galactose 2-sulfate linked to a-3,6 anhydrogalactose [74],

b)

as illustrated in Fig. S6, Supporting Information.
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Solid-state 2Si NMR spectroscopy was used to clarify
the structure of the non-magnetic hybrid particles. The *Si
MAS NMR and *’Si CP/MAS NMR spectra of SiO,/k-CRG/
GPTMS, Si0,/1-CRG/GPTMS and SiO,/A-CRG/GPTMS
particles are shown in Fig. 4 (a and b, respectively). For
comparison, the NMR spectra of amorphous SiO, particles
prepared using the same methodology [57, 65] but in the
absence of k-CRG/GPTMS, 1-CRG/GPTMS and A-CRG/
GPTMS were also included in Fig. 4. The silicon sites are
labeled in Fig. 3 according to the usual NMR spectroscopy

notation: Q" is used to describe silica species where the sili-
con is bonded by n bridging oxygens and 4 —n non-bridging
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Fig.4 a »°Si MAS NMR spectra and b °Si CP/MAS NMR spectra of
Si0,, Si0,/k-CRG/GPTMS, Si0,1-CRG/GPTMS and SiO,/A-CRG/
GPTMS particles

oxygens; T" represents a silicon atom bonded to carbon
with n bridging oxygens with 3 —n non-bridging oxygens
[65, 75, 76]. According to the literature, the resonances at
8= —94,—102 and — 111 ppm are normally assigned to Q?,
Q’ and Q* sites, respectively (Fig. 4a) [56, 76]. From 2°Si
MAS NMR spectra was calculated the fraction of silanol
groups ((Q*+Q%/Q*) and was 0.52 in the SiO, particles,
decreasing to 0.49, 0.37 and 0.50 in the SiO,/k-CRG/
GPTMS, SiO,/1-CRG/GPTMS and SiO,/A-CRG/GPTMS
particles, respectively (Table S3, Supporting Information).
The decrease in the number of surface hydroxyl groups pro-
vides evidence for the covalent bonding of k-CRG/GPTMS,
1-CRG/GPTMS and A-CRG/GPTMS on the surface of the
siliceous hybrid particles. Furthermore, the 2°Si CP/MAS
NMR spectra of non-magnetic hybrid particles (Fig. 4b)
show four resonances at approximately 8 =-37.2 ppm,
—44.6 ppm, —54.3 ppm, and —65.3 ppm, which, compared
to literature values, can be ascribed to the Si sites in T, T,
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Fig.5 a Adsorption capacity of the hybrid sorbents as a function of
pH (initial CIP concentration of 60 mg/L, 24-h contact time); b zeta
potential values of magnetic colloidal particles

T2, and T?, confirming the covalent bonding of carrageenan
macromolecules to the siliceous network. The presence of
T? species indicates that the hydrolysis of the three alkoxy
groups of the k-CRG/GPTMS, 1-CRG/GPTMS and A-CRG/
GPTMS can occur during the sol—gel reaction. These sig-
nals were more pronounced in the spectrum of SiO,/A-CRG/
GPTMS than SiO,/x-CRG/GPTMS and SiO,/1-CRG/
GPTMS particles.

Removal of CIP using the magnetic hybrid particles
Effect of pH

The effect of the pH on the ability of magnetic carrageenan-
based hybrid particles to adsorb ciprofloxacin was examined

at pH values ranging between 5 and 8. The presence of a
carboxylic acid group (pKa,; =5.9) and a secondary amine



Journal of Nanostructure in Chemistry

group (pKa,=_8.3) in the ciprofloxacin molecule gives
amphoteric behavior [77]. At pH <5.9, CIP exists in the
form of cationic species, while at the neutral pH it exists as
a zwitterion, and the anionic form is the dominant species at
higher pH. From the results in Fig. 5a, it was noticed that the
adsorption capacity of CIP using the magnetic hybrid par-
ticles gradually decreased as the pH increased from 5 to 8.
The removal percentage of CIP also decreased when
the pH increased from 5 to 8 (Fig. S7, Supporting Infor-
mation). As shown in Fig. 5b, the colloidal particles pre-
sent negatively charged surfaces between pH=3 and 9; the
observed high negative zeta potential values are explained
by the presence of ionized ester sulfate groups of k-, 1- and
A-carrageenan at the surface of the particles [78]. Hence, the
adsorption at pH=35 can be ascribed mainly to the electro-
static attraction between cationic ciprofloxacin species with
protonated amine groups and the negative surface charge
of Fe;0,@Si0,/x-CRG/GPTMS (-43.1 mV), Fe;0,@
5i0,/1-CRG/GPTMS (- 34.8 mV) and Fe;0,@SiO,/A-CRG/
GPTMS (- 39.1 mV) particles. This means that an increase
in pH causes the fraction of cationic CIP species to decrease,
and therefore the adsorption capacity decreases. At pH=6,
the fraction of cationic CIP should be considerable, close
to 50% (pKa,=5.9). However, at this pH, the adsorption
capacity did not follow the trend of the zeta potential, with
1-carrageenan-based sorbents showing less adsorption capac-
ity despite a more negative surface charge. This suggests that
the sorption mechanism may involve other pathways, namely
the hydrogen bonding formation between the CIP molecules
and hydroxyl groups of the carrageenan [12]. Interestingly,
the adsorption capacity of the materials followed the trend
k-CRG > A-CRG >1-CRG, regardless the pH investigated.

Effect of contact time and initial CIP concentration

Figure 6 shows the time profile of the CIP uptake using
the magnetic carrageenan-based hybrid particles for two
initial concentrations of CIP (100 and 200 mg/L) during
180 min, at pH=35, calculated from UV-VIS spectroscopy
data (Fig. S8, Supporting Information). Regardless of the
initial CIP concentration, the particles showed fast adsorp-
tion, reaching the maximum CIP adsorption after 60 min.
Afterwards, the CIP adsorption slightly decreased and sta-
bilized after 180 min (3 h) of contact time. The amount of
CIP removed by the particles increased with the increase in
CIP concentration (Fig. 6), suggesting that the CIP adsorp-
tion capacity by the particles was not exhausted in the CIP
concentration tested. The removal percentage of CIP using
Fe,0,@8Si0,/x-CRG/GPTMS (50%) and Fe;0,@Si0O,/1-
CRG/GPTMS (20%) particles remained the same regard-
less of the initial CIP. However, the removal percentage of
CIP using A-CRG-based particles decreased steadily as CIP
concentration increased (35% for 100 mg/L of CIP and 20%
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Fig.6 Time profile of adsorption capacity (initial CIP concentration
of 100 and 200 mg/L, at pH=5 for 180 min/3 h) using the particles
a Fe;0,@85i0,/x-CRG/GPTMS, b Fe;0,@8Si0,/1-CRG/GPTMS and
¢ Fe;0,@8Si0,/A-CRG/GPTMS, and the corresponding kinetic model
fitting
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for 200 mg/L of CIP) (Fig. S9, Supporting Information).
These results suggest that the application of the particles
for CIP removal might be most efficient at low concentra-
tions (<30 mg/L), which are most typical of natural aquatic
environments where dilution is prevalent [79].

Kinetic studies

The kinetics of CIP adsorption onto the three types of mag-
netic hybrid particles were fitted by pseudo-first-order [80],
pseudo-second-order [81] and Elovich [82] models (Equa-
tions S1, S2 and S3, Supporting Information). The fitting
curves are shown in Fig. 6 and the kinetic parameters of
each model and the evaluation of the adequacy of the model
fitting are reported in Tables S4, S5 and S6, Supporting
Information. Two parameters (coefficient of determination
(R?) and Chi-square test value (+?)) were used to evaluate
the goodness of fits (Eqs. S4 and S5, Supporting Informa-
tion). The R? and agreement between the experimental data
(¢.. exp) and the calculated values (g,, cal) indicate that
the adsorption of CIP best follows a pseudo-second order
kinetic model for Fe;0,@Si0,/x-CRG/GPTMS particles
and Elovich model for Fe;0,@8Si0,/1-CRG/GPTMS and
Fe;0,@Si0,/A-CRG/GPTMS particles. The pseudo-sec-
ond-order adsorption kinetics indicates strong interaction
between CIP and adsorbent and is in agreement with other
adsorption studies regarding pharmaceuticals [83, 84]. The
Elovich model has been mostly employed to describe chemi-
cal sorption and considers that the solid surface is energeti-
cally heterogeneous [85]. The parameter o describes the
initial adsorption rate, while f is an indicator of desorption.
As shown in Tables S4, S5 and S6 (Supporting Information),
the low values of f indicate effective interactions between
CIP and the sorbents. Higher o values indicate faster ini-
tial CIP adsorption in Fe;0,@SiO,/x-CRG/GPTMS par-
ticles. Moreover, under the conditions tested, the removal
efficiency was higher using k-carrageenan-based particles
(Fig. S9, Supporting Information).

Equilibrium isotherms

The equilibrium adsorption isotherms of CIP by magnetic
hybrid particles were studied by fitting the following models
to data: Langmuir [86] and Freundlich [87] isotherms, which
are two-parameter isotherms (Eqs. S6 and S7, Supporting
Information, respectively), Sips isotherm [87], which is a
three-parameter isotherm (Eq. S8, Supporting Information,
respectively), and Dubinin—Radushkevich isotherm [88],
that has been successfully used to describe sigmoidal iso-
therms (Eq. S9, Supporting Information). The simulated
curves and all the isotherms parameters are summarized in
Fig. 7 and Tables S7, S8 and S9, Supporting Information.
Figure 7 showed that the equilibrium adsorption capacity

"
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Fig. 7 Isotherm data for the equilibrium adsorption of ciprofloxacin
(CIP) on the a Fe;0,@Si0,/x-CRG/GPTMS, b Fe;0,@Si0,/1-CRG/
GPTMS and ¢ Fe;0,@Si0,/A-CRG/GPTMS particles, and model fit-
ting

(g.) of magnetic particles increased with CIP's initial con-
centration. Considering the fitting indicators, the two-param-
eter isotherm that better describes the data for all systems is
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the Langmuir isotherm. However, the coefficient of deter-
mination (R?) values obtained for the Langmuir adsorption
isotherm model were relatively low, ranging from 0.965 to
0.889, indicating poor data fitting. Furthermore, the Lang-
muir model failed in predicting the maximum adsorption
capacity (g, of the sorbent. The experimental q,,,, value
of x-, 1- and A-carrageenan based particles was 878.3, 969.3
and 865.1 mg/g, respectively, while the Langmuir model
predicted values higher than 2000 mg/g. Thus, the Langmuir
isotherm model significantly overestimated the maximum
adsorption capacity of the particles, and for this reason, it
was not appropriate to predict the experimental values. The
maximum adsorption capacities of the produced x-, 1- and
A-carrageenan-based materials were in the same order of
magnitude, which could be explained by the similar sulfur
content in the final materials.

The adsorption capacity for CIP was higher than many
other sorbents [12], which suggested that the magnetic
hybrid particles synthesized in this study had a broad spec-
trum of adsorption performance for CIP. Furthermore, it
was observed that the adsorption capacity for CIP dupli-
cates using the magnetic k-carrageenan hybrid particles
produced in this work, in comparison with a recent study
reported by us with k-carrageenan modified with a differ-
ent coupling agent [39]. From the analysis of the fittings,
the Sips and Dubinin—Radushkevich isotherms models
adequately described the experimental data (R>> 0.990).
The Sips isotherm is a combined form of the Langmuir and
Freundlich isotherm models [87], while Dubinin—Radush-
kevich isotherm is applied to deduce the heterogeneity of

the apparent adsorption energy on the adsorption site [88].
As the mean free energy expresses the energy for taking
out a molecule from its adsorption site to the infinite, the
Dubinin—Radushkevich isotherm model has been used for
evaluation of nature of sorption, whether it is physical or
chemical, between metal ions and pesticides [89-91]. The
mean free energy, E (kJ/mol) per mol of adsorbate, can be
determined using Eq. (3), where Ky, is the Dubinin—Radu-
shkevich constant.

1
E=——.
V2Kpr 3)

When the adsorption energy E is less than 8 kJ/mol, it is
indicative of physisorption (physical attachment of CIP mol-
ecule to the particles’ surface); if E is between 8 and 16 kJ/
mol, the process is dominated by chemical ion-exchange
mechanism and if the value of E is greater than 16 kJ/
mol reflects chemical interactions [39, 92]. The value of E
obtained in this work is 15.2, 10.9 and 10.7 kJ/mol for k-,
1- and A-carrageenan-based magnetic particles, respectively.
These E values for CIP adsorption on the sorbents indicate
that the chemical ion-exchange mechanism is prevalent, sim-
ilar to previous studies for CIP adsorption on other materials
[39, 93]. These results suggest that in the adsorption process,
protonated CIP molecules are exchanged with ester sulfate
counterions in the polysaccharides k-, 1- and A-carrageenan.

The efficiency of the prepared particles for CIP removal
was compared with other bio-based adsorbents reported in
the literature. The maximum adsorption capacity was 878.3,

Table2 Comparison of the

maximum CIP adsorption Adsorbent Ginax (ME/E) Method of determination References

capacity (¢p,,) using several Fe,0,@Si0,/x-CRG/GPTMS 878.3 Dubinin—Radushkevich This work

E:‘;t;alsi‘:gr:ifr‘:be“‘s reported Fe,0,@Si0,/i-CRG/GPTMS 969.3 Dubinin-Radushkevich This work
Fe;0,@Si0,/A-CRG/GPTMS 865.1 Dubinin-Radushkevich This work
Magnetic nanocomposites of alginate 463.7 Langmuir [39]
Magnetic nanocomposites of k-carrageenan 426.6 Langmuir [39]
Magnetic nanocomposites of A-carrageenan 961.2 Dubinin—Radushkevich [39]
MgO/chitosan/graphene oxide nanosheets 1111 Langmuir [94]
Activated carbon from bamboo 613.0 Experimental [95]
Activated carbon from desilicated rice husk 461.9 Langmuir [96]
Activated carbon from lignin 418.6 Langmuir [97]
Al(IIl)-chelated cryogels of chitosan 390.0 Experimental [98]
Modified alginate/graphene hydrogel 344.8 Langmuir [99]
Sodium alginate/k-carrageenan 291.6 Dubinin—-Radushkevich [100]
Magnetic chitosan/graphene oxide 282.9 Langmuir [101]
Fe;0,4/graphene oxide/biochar 283.4 Langmuir [102]
Activated carbon from peach stones 263.7 Experimental [103]
k-Carrageenan/sodium alginate hydrogel 229.0 Experimental [104]
Magnetite-imprinted chitosan 142.9 Langmuir [105]
Sodium alginate/graphene oxide 100.0 Langmuir [106]

]
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969.3 and 865.1 mg/g for the particles prepared using k-,
1- and A-carrageenan, respectively. As shown in Table 2,
the developed particles effectively remove CIP and present
maximum adsorption capacities higher than most reported
bio-based adsorbents. In addition, these particles offer the
advantage of fast separation and recovery from water using
low-energy magnetic separation.

Adsorption thermodynamics

Thermodynamic studies on CIP adsorption by the nanosor-
bents were conducted with varying reaction temperature
(298 K, 308 K, and 318 K). Details of the experimental
setup and the calculation methodology are described in
Supporting Information and Fig. S10 (Supporting Informa-
tion). The calculated thermodynamic parameters are sum-
marized in Table 3. The negative values of the enthalpy
change (AH) indicated that the CIP adsorption was an exo-
thermic process. This means that energy is released in heat
to the surroundings, and adsorption is favored at a lower
temperature. Indeed increasing the temperature resulted in
less CIP removal (Table S10, Supporting Information). The
magnitude of AH was low (~22-72 kJ/mol), which is more
typical of physical adsorption. The heat of chemisorption
generally falls into a higher range of 80-200 kJ/mol [107,
108]. Thus, a mechanism involving strong chemisorption
purely can be excluded, which is in accordance with what
was inferred from the values of the mean free energy (E)
calculated using the Dubinin—Radushkevich isotherm. There
is a decrease in entropy (AS<0), which is in agreement with
is an associative mechanism. The entropy decreases because
CIP molecules change from a disorderly state in the aqueous
medium, to a more orderly condition when adsorbed at the
surface of the sorbent particles [109]. At 298 K, the adsorp-
tion was spontaneous (AG< 0) for k-carrageenan-based sor-
bents (Fe;0,@8Si0,/x-CRG/GPTMS) and non-spontaneous
for the other sorbent particles. A slight increase of the AG
values with the temperature was observed, indicating that
the rise in the temperature was unfavorable for the sponta-
neity of adsorption. Similar behavior was observed for CIP
adsorption onto k-carrageenan/alginate hydrogels, being
spontaneous at 293 K and 298 K but non-spontaneous at
303 K [100]. Positive AG values have been reported for the

[ |Fe,0,@si0/x-CRG/GPTMS
[ |Fe,0,@5i0,/1-CRG/IGPTMS
1.0 L Fe,0,@Si0,/A-CRG/IGPTMS
0.8 ]
g
o 0.6
0.4
0.2
0.0

Cycles

Fig.8 The ratio between the adsorption capacity (g) of ciprofloxacin
(CIP) and the adsorption capacity after the first cycle (q,) for Fe;0,@
Si0,/x-CRG/GPTMS, Fe;0,@Si0,1-CRG/GPTMS and Fe;0,@
SiO,/A-CRG/GPTMS particles in four consecutive adsorption/des-
orption cycles (adsorption conditions: 100 mg/L CIP, pH=35, contact
time of 24 h)

adsorption of CIP onto coal fly ash and activated alumina
[110] but, contrarily to this work, the process was endother-
mic and spontaneous at high temperature.

Regeneration and reusability

From a practical point of view, the regeneration and reusabil-
ity of the sorbents are essential features to consider for their
technological application. Based on the mechanism analy-
sis for the CIP adsorption process, the regeneration of the
magnetic particles was performed by treatment using KCl
1 mol.dm™3 [39, 45, 111]. Desorption of CIP after an adsorp-
tion experiment performed with the magnetic particles, was
monitored by UV-VIS analysis of the aqueous solution used
to rinse the particles (Fig. S11, Supporting Information).
The CIP concentration in the supernatant decreased with the
increasing number of rinsing steps, and no CIP was detected
in the supernatant of the last rinsing, indicating that K™ ions
promoted the desorption of CIP from the magnetic hybrid
particles. The adsorption—desorption cycles were repeated
four times. As shown in Fig. 8, the recycled particles have

Table 3 Thermodynamic
parameters values for adsorption
of ciprofloxacin using Fe;0,@
Si0,/x-CRG/GPTMS, Fe;0,@
Si0,/1-CRG/GPTMS and

Fe;0,@Si0,/A-CRG/GPTMS
particles

Parameters
Nanosorbent AG (kJ/mol) AS (J/mol K) AH (kJ/mol)
298 K 308 K 318 K
Fe;0,@Si0,/x-CRG/GPTMS -1.87 0.47 2.81 -233.7 -71.5
Fe;0,@Si0,/1-CRG/GPTMS 1.04 2.51 3.98 - 146.8 -42.7
Fe;0,@Si0,/A-CRG/GPTMS 1.37 2.15 2.93 -78.1 -21.9
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maintained their ability toward CIP removal in all recycling
steps. For all the particles, no significant differences were
observed between the first and second adsorption cycles
for the adsorption percentage (decreases < 10%). At the 4th
cycle, the adsorption capacity of k-, 1- and A-carrageenan-
based particles decreased nearly 15%, 19% and 13% relative
to the initial adsorption capacity. The results further confirm
that electrostatic interaction was the key driving force for
CIP uptake. The regeneration experiments demonstrated
that the as-designed magnetic hybrid particles possess good
reusability.

Removal of ciprofloxacin from wastewater samples

To preliminary assess the performance of the hybrid sor-
bents for CIP present in a more complex matrix, a waste-
water sample was spiked with CIP (5 mg/L), and the pH
was adjusted to 5. Figure 9 shows the percentage removal
of CIP from ultra-pure water and wastewater samples. For
all the magnetic hybrid particles, the percentage removal
of CIP from wastewater was lower than in ultra-pure water.
However, by increasing the sorbent dose from 0.5 to 5 mg/
mL, the removal of CIP also increased in ultra-pure water
and wastewater, indicating that the hybrid sorbents are still
viable in these conditions. The decrease of CIP removal in
real wastewater is expected, and it might be due to interfer-
ence of natural organic matter and ions present in wastewater
that competes with CIP for getting adsorbed. The reduction
of the maximum absorbance of the real wastewater spiked
with CIP over the treatment with the particles (Fig. S12,
Supporting Information) confirmed the removal of CIP.
Similar effects were observed when CIP was removed from
river water using cellulose nanofibers and y-Al,O5 nanopar-
ticles [112, 113].

Adsorption mechanism

Based on the results discussed above, the prevalent mecha-
nism for CIP adsorption at pH=35 onto these particles seems
to be the ion-exchange between protonated CIP molecules
and the counterions of the ester sulfate groups of the carra-
geenan polysaccharides. The E values determined from the
Dubinin—-Radushkevich isotherm (from 10.7 to 15.2 kJ/mol)
are in agreement with an ion-exchange mechanism. In addi-
tion, the low magnitude of AH values is in accordance with
weak chemisorption processes such as ion exchange [107].
Because ion exchange is weak chemisorption, the process
was reversible, and the sorbents particles could be regener-
ated through the treatment with aqueous KCI. An identical
mechanism has been reported for CIP adsorption on other
materials, such as clay minerals [114, 115] and magnetic
resins [116].
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Fig.9 Removal efficiency of CIP from a ultra-pure water and b
wastewater spiked with CIP (5 mg/L, at pH=5 for 24 h) using sev-
eral sorbent doses (0.5, 1, 2.5 and 5 mg/mL) of Fe;0,@SiO,/k-CRG/
GPTMS, Fe;0,@8i0,1-CRG/GPTMS and Fe;0,@SiO,/A-CRG/
GPTMS particles

To investigate the nature of the interaction between the
nanosorbents and CIP molecules, FTIR spectra of the nano-
sorbents after CIP adsorption (initial CIP concentration of
40 mg/L) were obtained and are depicted in Fig. S13, Sup-
porting Information. The presence of CIP can be confirmed
by the appearance of a well-defined band 1627 cm™!, due to
the ketone C=0 stretching of CIP molecules. Further evi-
dence of CIP adsorption is the appearance of the bands in
the region of 1489 cm~! and 1459 cm™', which are ascribed
to C-N stretching and protonation of amine group in piper-
azinyl moiety, respectively [117]. In the nanosorbents pre-
pared from 1- and A-carrageenan, these bands are less visible,
which agrees with a lower CIP removal by these particles,
for the initial CIP concentration tested. However, the disap-
pearance of the C—O-S$ stretching band at ca. 840 cm™! of
1- and A-carrageenan-based particles after CIP sorption is

(]
’r @ Springer



Journal of Nanostructure in Chemistry

consistent with a sorption mechanism involving ester sulfate
groups.

The sigmoidal shape of the adsorption isotherms indi-
cated cooperative binding of CIP molecules [118]. Due to
planar shape and hydrophobic character, CIP molecules have
the propensity to self-aggregate and form clusters [119].
Thus, at lower CIP concentration, the CIP molecules interact
mainly with the surface of the nanoparticles and adsorb via
cation exchange mechanism, while as the CIP concentra-
tion increases, we might expect that CIP-CIP interaction will
happen, leading to multilayer adsorption. Previously, it was
found that the binding of the amphiphilic cationic drug doxa-
zosin to carrageenans is cooperative in nature and that the
strength of interactions increases with increasing negative
charge of carrageenans [120]. The k-, 1- and A-carrageenan
differ in the degree of sulfation and consequently on nega-
tive charge density. However, in our work, we could not find
a clear correlation between CIP adsorption capacity of the
sorbents and the carrageenan type. This may be because the
sorbents particles here described presented similar sulfur
content (Table 1) and no striking differences on the zeta
potential values were observed, suggesting similar sulfa-
tion degree at the sorbents surface. Nevertheless, we could
observe differences between the three sorbents, namely at
the level of the sorption thermodynamics. Furthermore, at
pH=6 and above, the adsorption capacity of the three car-
rageenan sorbents was inconsistent with the zeta potential
values. This indicates that other adsorption pathways, such
as H-bond formation between CIP molecules and OH groups
of carrageenan, may also co-exist [121, 122] besides electro-
static interaction and cation exchange (Fig. 10).

Fig. 10 Scheme of plausible
interactions between magnetic
hybrid nanosorbents and CIP
molecules

nanosorbent

¥ @ Springer

Conclusions

In the present work, magnetic hybrid nanosorbents of k-, 1-
and A-carrageenan were successfully prepared using a facile
one-step method for the surface modification of magnetite
nanoparticles. The synthetic strategy reported here seems
to be more effective for incorporating k-carrageenan in the
hybrid siliceous shells. Although k-carrageenan has a lower
degree of sulfation, this biopolymer is cheaper than 1- and
A-carrageenan, advantageous in process costs. Furthermore,
the produced magnetic hybrid particles using distinct car-
rageenans showed similar sulfur content. The resulting
magnetic particles removed ciprofloxacin efficiently from
ultra-pure water and wastewater samples. The maximum
ciprofloxacin adsorption capacity of these magnetic sorb-
ents in ultra-pure water (pH 5) was found to be > 865 mg/g
in ultra-pure water, placing this material among one of the
best magnetic systems for removing this pharmaceutical
from water. CIP adsorption was described by a pseudo-
second-order kinetic model for k-carrageenan sorbents and
Elovich model for the 1- and A-carrageenan particles. The
CIP adsorption onto the hybrid particles was a coopera-
tive process, well described by the Dubinin—Radushkevich
(DR) isotherm. The adsorption was exothermic (AH < 0)
and entropically favorable (AS <O0) for the three types of
particles. However, at 298 K, the adsorption was sponta-
neous (AG< 0) for x-carrageenan-based sorbents (Fe;0,@
Si0,/x-CRG/GPTMS) and non-spontaneous for the other
sorbent particles. The low magnitude of the enthalpy change
(—21.9 < AH < —71.5kJ/mol) and low values of mean free
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energy calculated from the DR isotherm (10.7 < E<15.2kJ/
mol) pointed to ion exchange as the main mechanism for CIP
removal by the magnetic hybrids. The improved efficiency
obtained is related to the high affinity of ester sulfate groups
from carrageenan polysaccharides, used here as surface
modifiers, to cationic CIP molecules, along with reduced
nanoparticle dimensions and high surface-to-volume ratio.
The magnetic sorbents exhibited a good recycling perfor-
mance up to 4 cycles, providing evidence for the cost-effec-
tiveness of the method. The removal efficiency of CIP from
wastewater was lower than in ultra-pure water. However, the
results also show that by increasing the sorbent dosage, the
removal efficiency also increases for both systems (ultra-
pure water and wastewater), suggesting that after several
sequential adsorption treatments, it is possible to achieve
a significant removal of CIP from real water. Overall, the
results obtained here allow us to anticipate that the proposed
sorbents have an excellent potential for removing ciprofloxa-
cin in environmental water samples.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s40097-022-00498-x.
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