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Abstract

Iron oxide clusters were incorporated into amino-functionalized SBA-15 in order to obtain a
magnetically recoverable adsorbent. The physical-chemical properties of the material were
characterised by FE-SEM, STEM, XRD, TGA, XPS, FT-IR and acid-base titration analysis.

Iron oxide nanoparticles were uniformly dispersed into the pore of mesoporous silica and that the
adsorbent is characterised high specific surface area (177 m?/g) and accessible porosity.

The sorbent was successfully tested for the removal of glyphosate in real water matrices. Despite
the significant content of inorganic ions, a quantitative removal of the contaminant was found. The
complete regeneration of the sorbent after the adsorption process through diluted NaOH solution

was also proved.
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1. Introduction
Human activities in several field is persistently connected to the disposal of a large number of
various toxic pollutants. In recent years, water pollution has become a major issue, as a large
amount of pollutants deriving from industrial and agricultural activities are found to cause serious
adverse health effects on humans [1, 2]. Wastewaters are contaminated by different sources,
including plastic, textile, leather, cosmetics, paper-making, printing, and dye-manufacturing
industries. In addition to those chemical pollutants, overuse of herbicides is another constant source
of contamination of the environment, since herbicides give rise to toxicity and normally are
persistent in soil [3-5]. In particular, glyphosate-based herbicides are currently among the most
widely used agricultural chemicals globally. Glyphosate is a foliar absorption herbicide, which
penetrates the cuticle by diffusion and it is rapidly transported throughout the plant tissue. In
addition, sorption and degradation of glyphosate can be very different depending on soil
composition, however different studies showed that glyphosate is mainly adsorbed onto variable-
charge surface sites (Al and Fe oxides) [6, 7]. Therefore, long-term use of glyphosate, especially on
oxide-poor soils, can lead to pollution of groundwater, in particular in areas with a shallow
groundwater table.
In this context, there is a real need for powerful and reliable methods for the complete removal of
herbicide from agricultural and domestic wastewaters and, as last stage, from drinking water.
Many of existing treatment technologies for decontamination, such as chemical coagulation or
flocculation combined with flotation and filtration, membrane filtration, oxidation, and photo-
degradation processes suffer from several drawbacks such as incomplete removal of pollutants,
high-energy requirements, or production of toxic sludge and other waste products which need
further treatment [8-10]. In the field of water remediation, adsorption process provides a highly
versatile, eco-friendly and effective method to remove organic and inorganic contaminants. In
addition, the possibility to regenerate the adsorbents and the relatively simple required procedures
make adsorption a very convenient remediation strategy. For this aim activated carbon has been
widely used because of its high adsorption capacity [11], however, the valuable costs of production
and regeneration represent a significant drawback. Therefore, other classes of inorganic adsorbents
with high surface areas have been used as alternatives to carbon-based adsorbents [12-16].
Among these mesoporous silicas, in the last decade, due to their high surface area, large and
uniform pore size, and tunable pore structure have been tested as adsorptive removal of a wide
range of contaminants [17-20]. Furthermore, the high exposed surface area can be easily

functionalized with organic moieties, to impart specific hydrophilicity/hydrophobicity or to



introduce specific binding sites, with the aim to achieve very specific adsorbent - contaminants
interactions [21] and thus high selective adsorption behaviour. Organically functionalized
mesoporous silica have demonstrated their potential in application for removal of various organic
contaminants, such as aromatic compounds, dyes, and pesticides [20]. For instance, SBA-15
modified with organic moieties, characterized by different hydrophobicity and acidity, has been
successfully used as high capacity and selective sorbents for the removal of pharmaceuticals in
water [22]. Large-pore mesoporous silica microspheres modified with alkyl chains (-Cas), tested for
the extraction of phthalates, chosen as model hydrophobic compounds, in water samples, have
shown very high capacity and fast adsorption kinetics [23]. Selective adsorption of negatively
charged acid dyes in competitive adsorption studies involving various dyes has been conducted by
charge-modified mesoporous silica through functionalization with ammonium groups [24]. Very
recently, a new sorbent obtained by combining grafted amino groups and Fe (I11) ions on SBA-15
surface has shown excellent adsorption behaviour towards tetracycline antibiotics from aqueous
solution [25], confirming the ability of Fe ions to form stable complexes with organic molecules.
The adsorption capacity of iron-based adsorbents for removing contaminants (e.g. PO+>, heavy
metals, organic dyes) in different matrices (e. g., ground waters, surface waters, soils) has been
extensively investigated in the literature [26-31]. Furthermore, magnetic iron oxide materials are
useful for magnetic separation processes where an adsorbent can be separated from the solution
using an applied magnetic field, which allows a convenient and low-cost strategy for the recovery
of the adsorbents in a multiphase suspension without using extra organic solvents and additional
filtration steps. Additionally, magnetically recovered adsorbents can be at a further stage
regenerated by elution of adsorbed contaminants, and, in specific cases, the re-elution in reduced
volume of different solvents is essential for their extraction and enrichment in view of further
analysis [24-32].

Therefore, the integration of functionalized mesoporous silica with iron oxide nanoparticles to
obtain a magnetic nanocomposite characterized by enhanced adsorption behaviour, due to the
combination of the adsorption properties of both of these materials, is undoubtedly an attractive
remediation strategy. In order to attain this aim, in this work, a magnetic nanocomposite based on
iron oxide nanocrystals included within the pores of an SBA-15, modified with amino groups, has
been prepared, characterized and tested in the adsorption of glyphosate from water samples. The
optimal pH for the adsorption has been chosen, on the basis of the pK values of glyphosate (scheme
1) and grafted amino groups, in order to enhance adsorption of glyphosate through the electrostatic
interactions between the molecule functionalities and the surface binding sites. The regeneration of

the material has been also investigated.
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Scheme 1: Deprotonation reactions and relative pKa values of glyphosate [www.chemicalize.org]

2. Experimental Section

2.1 Materials

All reagents used throughout this work were of analytical grade. Ordered mesoporous silica (SBA-
15 type) were purchased from ACS Material (Advanced Chemical Supplier, USA). Iron (111) nitrate
nonahydrate (98%), (3-aminopropyl) triethoxysilane (APTES, 99%), toluene (99.8%), ethanol and
acetone (>99%), were purchased from Sigma Aldrich (Chemie, Steinheim, DE). Hydrochloric acid
(35% wiw, d= 1,187 g/ml) and NaOH (>98%) were from Carlo Erba (Milano, IT). Glyphosate and
H>SO4 (95-97%, d=1.84 g/ml) were from Sigma-Aldrich. High-purity water (18.2 MQ-cm
resistivity at 25 °C), produced by an Elix-Milli Q Academic system (Millipore, Vimodrone, Ml,

Italy) was used for standard and eluent preparation.

2.2 Samples preparation



The magnetic nanocomposite was obtained by means of the incipient wetness method. Specifically,
3 g of SBA-15 were impregnated with an aqueous solution of Fe(NOz)3 * 9H20 salt, which was
obtained dissolving 3.2 g of the salt in 5 mL of bi-distilled water. After impregnation, the powder
was dried in an oven at 80°C for 12 h. The impregnated SBA-15 was then annealed at 700 °C for 12
h in air (first oxidising thermal treatment) and at the same temperature for 12 hours in Ar + 5% H>
gas atmosphere (second reducing thermal treatment) [33]. The obtained sample is referred hereafter
as RED-Fe-SBA-15.

For surface functionalisation RED-Fe-SBA-15 (1 g) was added to 200 mL of toluene and the
obtained suspension was stirred at ambient temperature for 1 h, then the temperature was raised to
383 K and APTES (1% v/v) was added dropwise. The reaction was carried out at 383 K for 24 h,
the powder was then recovered by filtration, washed three times by toluene and dried at 353 K
overnight. The obtained sample is referred hereafter as RED-Fe-NH2-SBA-15.

2.3 Characterisation methods

X-ray diffraction (XRD) patterns were obtained using a PANalytical X’Pert Powder (Cu Ka
radiation) diffractometer.

TG analyses were carried out between 298 K and 1073 K in air (flow rate 100 mL/min with a
heating rate of 10 K/min) using a SETARAM 92 instrument and used to estimate the amount of
grafted amino groups in RED-NH,-Fe-SBA-15 sample. Specifically, RED-NH>-Fe-SBA-15 and
RED-Fe-SBA-15 (the reference sample) were first normalized against the dry weight, then the
reference was subtracted from the RED-NH.-Fe-SBA-15 sample, and the mass loss was normalized
to the mass of the substrate to yield the mass increase (in wt %) from the amino functionalization
step.

Nitrogen adsorption isotherms were measured using a Quantachrome AUTOSORB-1 instrument.
Prior to nitrogen adsorption, samples were outgassed at 393 K for 5 h. BET specific surface areas
were calculated in the relative pressure range 0.04-0.1 and the pore size distribution were
determined through the DFT (Density Functional Theory) method, using the NLDFT equilibrium
model for cylindrical pores.

Field Emission Scanning Microscopy (FESEM) and Scanning Transmission Electron Microscopy
(STEM) images were recorded with a ZEISS MERLIN instrument, equipped with an EDS detector
(Oxford Instruments).

A PHI 5000 Versaprobe Il Scanning X-ray Photoelectron Spectrometer, equipped with a
monochromatic Al K-alpha X-ray source (1486.6 eV energy, 15 kV voltage and 1 mA anode

current), was used to investigate surface chemical composition. A spot size of 100 micron was used



in order to collect the photoelectron signal for both the high resolution (HR) and the survey spectra.
Different pass energy values were exploited: 187.85 eV for survey spectra and 23.5 eV for HR
peaks. The core level spectra were deconvoluted with a nonlinear iterative least squares Gaussian
fitting procedure.

For FTIR measurements powders were pressed in self-supporting wafers and spectra were recorded
at room temperature with a Bruker Tensor 27 spectrometer operating at 2 cm™ resolution, after
outgassing the sample at 373 K for 1 h (residual pressure equal to 0.1 Pa).

Magnetic measurements were performed using a vibrating sample magnetometer (VSM),
LakeShore model 7410. The measurement has been performed at room temperature under a

maximum field of 17 kOe.

2.4 Titration of amino groups
In order to evaluate the dissociation constant of the amino groups bonded to the sorbent surface and
sorbent capacity, titration measurements were performed according to the method proposed by
Soldatov [34], using a EA-920 pH-meter (Orion Research Inc., Beverly, MA, USA) with an
Ag/AgCI reference electrode.

2.5 Adsorption experiments

The performance of RED-Fe-NH2-SBA-15 sorbent in the removal of glyphosate was tested
on a water sample collected after the potabilization process, which takes place in the Torino water
treatment plant (IT).
These samples were characterized in terms of pH and conductivity measured at 20°C (pH 7.4 and
490 uS/cm, respectively). The concentration of the main anions and cations (regulated by the Italian
Legislative Decree 31/2001, on Drinking Waters) was also determined, in order to evaluate possible
competitive interactions towards the sorbent surface. Concentrations of anions and cations were 13
mg/L CI-, 32 mg/L NOs’, 35 mg/L SO4*, 167 mg/L HCOs and 1 mg/L K*, 6 mg/L Na*, 13 mg/L
Mg?*, 85 mg/L Ca?*.

Batch adsorption experiments were performed on tap water samples, spiked with glyphosate
standard to have a final glyphosate concentration of 2 mg/L in a volume of 17.5 mL. The tap water
samples were put in contact with 0.1 g of sorbent. The pH of herbicide’s solution was chosen
according to the pK values of glyphosate (scheme 1) and grafted amino groups (as determined by
procedure described in section 2.4).

The mixture was stirred in an orbital shaker for 24 hours. The solution was then filtered

through a mixed cellulose ester membrane (0.45 pum) and the filtrate was injected in an ion



chromatographic system and analyzed to determine glyphosate concentration, under optimized
chromatographic conditions. For chromatographic separations, a 4000i chromatograph (Dionex,
Thermo Scientific, Sunnyvale, CA, USA), equipped with IonPac AG16 (50 x 4 mm) guard and
lonPac AG16 (250 x 4 mm) analytical column (Dionex, Thermo Scientific, Sunnyvale, CA, USA),
with a 25uL-injection loop and with a conductivity detector was used. The mobile phase was a 35
mM sodium hydroxide solution. Detection was performed by chemical suppressed conductivity
using a 50 mM H>SO4 regenerant solution and a AMMS 111 (4 mm) membrane suppressor obtained
from Dionex Thermo Scientific. Eluent flow rate was set at 1.0 mL/min. Chromatographic data
were collected and handled by PeakNet 2.8 software (Dionex, Thermo Scientific), without applying
data correction or smoothing. The peak area obtained for glyphosate after injection of filtrate
solution (Aritrate) Was compared with the one obtained by the injection of a tap water sample, spiked
with 2 mg/L glyphosate, which was not put in contact with the sorbent (Astandard) in order to
compensate for any matrix effect induced in glyphosate detection.

The percentage of glyphosate adsorbed %GLYags Was calculated according to the following

equation:

%GLYqqs = (1 — L4225 100 eq. (1)

Astandard

Removal procedure was tested in triplicate.

3. Results and Discussion

3.1 Structural and chemical characterization of functionalized materials

RED-Fe-SBA-15 sample was characterized by STEM analysis, shown in Figure 1 (a-b), to
investigate the size and dispersion of iron oxide. Reported images evidence that nanoparticles with
a spheroidal shaped and size between 10 and 20 nm were effectively and homogenously confined
inside the SBA-15 particles, without aggregation on the external surface. The mesoporous structure
is still discernible in STEM micrographs after high-temperature reducing treatment and it will be
further investigated by N2 adsorption-desorption analysis. An EDS spectrum collected on RED-Fe-
SBA-15 sample is shown in Figure 1.c. The elemental analysis identified the presence of Fe, which
is attributed to the iron oxide nanocrystals embedded inside the silica support, with a concentration
of 12.7 % w/w, (obtained as average of 3 measurements): a value very close to the used iron
nominal fraction corresponding to 14,7 % wi/w.

The wide-angle XRD patterns of SBA-15 and RED-NH-Fe-SBA-15 supports are shown in Figure
2.a. The parent SBA-15 exhibits three well-resolved peaks at 0.93, 1.60- and 1.85° 26, which
respectively correspond to (1 0 0), (1 1 0), and (2 0 0) reflections of the hexagonally ordered porous



structure, with a unit cell parameter of 11.0 nm, calculated as ao = 2d100/v3. The pattern of RED-
NH2-Fe-SBA-15 shows reflections at slightly higher 26 values, 0.99<, 1.71° and 1.97°, with a unit
cell parameter of 10.3 nm, evidencing that the deposition of iron-oxide nanoclusters and the
successive amino- functionalization do not change significantly the original hexagonal structure.
The slight shrinkage of the unit cell parameter can be reasonably ascribed to a densification of silica
walls induced by the two consecutive thermal treatments conducted at 973 K. The wide-angle XRD
pattern of RED-NH.-Fe-SBA-15 (Figure 2.b) evidences the presence of reflection peaks ascribable
to different crystalline phases. Specifically, the broad band centred at 26=22° can be assigned to the
characteristic reflection from amorphous SiO, (JCPDS 29-0085) and the two peaks at 35.5° and
62.9° are ascribed to (311) and (440) reflections of spinel structure of maghemite phase (JCPDS 39-
1346). These peaks could be in principle associated to magnetite (JCPDS 79-0416), as well, which
makes challenging to distinguish the two iron oxides from XRD pattern. The other diffraction peaks
are attributed to an iron (ll) silicate (Fe2SiOs) phase, which is reported to form under high
temperature reducing treatment [35]].

Figure 3 reports the nitrogen sorption isotherms of SBA-15, RED-Fe-SBA-15 and RED-NH,-Fe-
SBA-15 (the curves are shifted for sake of clarity): type IV isotherms with parallel adsorption-
desorption branches typical for mesoporous materials are observed. As expected, the volume
adsorbed and the relative pressure value at which the capillary condensation occurs is downward
shifted after the encapsulation of iron oxide clusters inside SBA-15 channels, as consequence of the
pore size reduction, and this trend is more pronounced after amino groups grafting. The specific
surface area, mesopore diameter, as determined by the equilibrium NLDFT method based on
nitrogen sorption data at 77 K, and porous volume are reported in Table 1. A significant reduction
in specific surface area, total pore volume, and mesopore size is observed, as expected for a
successful grafting. Nevertheless, the final material is characterized by a relative high SSA (177

m?/g) and a pore diameter (4.8 nm) which appears acceptable for a fair diffusion kinetics.

Table 1: Textural properties of SBA-15, RED-Fe-SBA-15 and RED-NH-Fe-SBA-15, obtained

from N adsorption-desorption analysis

SSAger (M?g)  Vp (cm*/g) Dorr (Nm)

SBA-15 490 0.92 8.1

RED-Fe-SBA-15 381 0.51 7.0

RED-Fe-NHz-SBA-15 177 0.28 4.8




FT-IR spectroscopy has been used to assess the presence of anchored amino groups on RED-NH-
Fe-SBA-15. The spectra of SBA-15, RED-Fe-SBA-15 and RED-NH»-Fe-SBA-15 outgassed at 373
K are reported in Figure 4.a. FT-IR spectrum of SBA-15 shows sharp band at ca 3747 cm™, due to
isolated silanols and a broad envelope centred at 3500 cm™, ascribed to H-bonded hydroxyl groups.
After encapsulation of iron oxide clusters, the most significant change observed is the reduction of
the intensity for the band at 3500 cm™. This depletion could be ascribed both to the high thermal
treatment, which is expected to induce the condensation of adjacent silanols, and to the presence of
iron oxide clusters which may react with SiOH groups producing iron silicate through the formation
of Si-O-Fe. In order to elucidate further this point, the spectrum of RED-Fe-SBA-15 has been also
registered at low frequencies: the relative curve and band assignments are shown in Figure 4.b. The
spectrum shows, among the others, the presence of a shoulder at around 943 cm™ ascribable to the
stretching mode of Si-O-Fe bonds [36-38]. Furthermore, in the 650-500 cm, the bands due to the v
(FeO) modes, ascribable to the Fe-O bonds in maghemite phase, are observed [39].

The FT-IR spectrum of RED-NHz-Fe-SBA-15 shows, in the region 3300-3000 cm™, the stretching
modes of -NH_ species and, in the region 2950-2850 cm™, intense bands due to -CHa stretching
modes of propyl chains of the functional groups. At lower wavenumbers, a band at 1595 cm™ is
observed, which is due to the -NH: bending mode, whereas the two shoulders at around 1650 cm™
and 1520 cm are assigned to the bending mode of protonated amines [40].

The band due to isolated silanols is not observed, whereas a broad absorption centered at about
3000 cm™ (to which bands due to -CH, stretching modes are superimposed) is visible. Both
evidence reveal the occurrence of H-bonding between surface silanols and anchored -NH: species.
Moreover, part of isolated silanols can be consumed by the reaction with functionalizing silanes
[41].

The molar total concentration of amino groups has been estimated on the basis of the weight loss
measured by thermogravimetric analyses. TG curve (shown in Figure 5) of RED-NH»-Fe-SBA-15
shows small weight loss at temperature below 370 K (release of adsorbed water) and a more
significant weight loss between 623 and 823 K, ascribable to the decomposition of the aminopropyl
groups. The curve related to TG analysis of RED-Fe-SBA-15 is reported for comparison and it has
been used as reference for the estimation of the amount of amino groups: a small weigh loss in the
623 - 823 K range is also observed, likely due to the release of water formed by silanols
condensation. The estimated amount of amino groups for RED-NH-Fe-SBA-15 resulted to be 1.3

mmol/g.



XPS analysis of RED-NH,-Fe-SBA-15 has been also carried to better elucidate the nature of grafted
functionalities. The related deconvoluted N 1s (shown in Figure 6) spectrum exhibits three
components at 399.1 eV, 400.6 eV and 401.7 eV. On the basis of the literature [42], the peaks at
lower BE (399.1 eV) and at higher BE (401.7 eV) are ascribed, respectively, to free amines (-NH2)
and to protonated amines (-NHs*), whereas the remaining component is tentatively ascribed to
amino groups perturbed by iron cations (both Fe(ll) and Fe(l1l) species present in maghemite and
magnetite phases) exposed at the surface of incorporated nanoclusters [22].
The magnetic properties of the samples were measured by vibrating sample magnetometry and
plotted in Figure 7. The room temperature hysteresis loop is characterised by a coercive field of
approximately 150 Oe, which suggests the presence of particles that are still in the ferromagnetic
state at room temperature. Conversely, the magnetisation does not saturate even at the maximum
applied field (1.7 T), a behaviour which could arise from the presence of iron oxide nanoparticles,
or of canted or antiferromagnetic states at their surface, that follow a linear dependence with the
applied magnetic field.
The dissociation constant of amino groups, bonded to the sorbent surface, has been evaluated using
the procedure proposed by Soldatov. [34], as already applied by the authors [43]. The acid-basic
strength of sorbents exhibiting ion-exchange properties is influenced by the affinity of their
functional groups towards H* and OH" species. For this reason, the titration process is an ion-
exchange reaction between the counter ion of titrant species (A°) and the hydroxyl ions, associated
to the protonated amino groups (R). Accordingly, the following equation could be written (Eg. 2):
R+ A +HO < RH" A + OH (Eq.2)
The titration of OH" species displaced within the ion-exchange reaction has been performed by
means of a 0.043 M standardized HCI solution.
As shown by Soldatov [34], the maximum of the first derivative of the titration curve (which
represents the volume of titrating agent —-HCI- added to reach the equivalent point) is equal to the
number of active sites (NH3*) on the material surface (E, meg/g). The pK value could be easily
extrapolated from the titration graph, since it corresponds to the value of pH where only half of the
active sites are titrated (E/2).
The ion exchange capacity of the RED-NH2-Fe-SBA-15 is 0.342 meq/qg, a value significantly lower
than the amount estimated by TG analysis. This incongruity is supposed resulting from two main
reasons: the first is a most likely overestimation of amino groups obtained by thermogravimetric
analysis, and the second is the presence, as evidenced by FT-IR and XPS data, of surface amino
groups already protonated or interacting with Fe cations. The percentages of total area calculated
for the deconvoluted spectrum of N1s (Figure 6) are 48.7 %, for the component at 399.1 eV, 24,5 %



for the component at 400.6 eV and 26,8% for the component at 401.7 eV. On the basis of these
values more than half of amino moieties are not expected to be available for proton-transfer reaction
and thus to be probed by titration.

The pK value obtained (7.6) is about 3 units lower than the bulk solution value (pK=10.6 [44]), but
still in agreement with the pK of APTES monolayer produced on silicon substrate and with the
characteristic of surface amino groups [45].

The first derivative of the titration curve highlighted an additional maximum (pK 8.5) which was
ascribed to the dissociation of Q? silanols groups [46], as confirmed by titration of the SBA-15

support under the same procedure.

3.2 Removal of glyphosate from water solution

Results obtained by the characterization of RED-NH-Fe-SBA-15 evidenced textural and chemical
features which strongly suggest the suitability of this sorbent for removal of glyphosate from water
samples under proper experimental conditions. In fact, the exposed SSA, the average pore diameter
and pore volume are large enough to promote fast diffusion kinetics of glyphosate inside the pore
structure. In addition, adsorption interaction between glyphosate and RED-NH,-Fe-SBA-15 is
expected to take place both through the interaction with protonated amino groups and iron
nanoclusters, via ion-exchange and chelation mechanisms [29], respectively, as recently
demonstrated [47]. For the above mentioned reasons, the RED-NH»-Fe-SBA-15 sorbent was tested
for the removal of glyphosate from real samples matrices.

Since the presence of glyphosate in surface waters seems to be a relevant issue for drinking water
processes, especially because its removal is greatly dependent upon the method employed during
potabilization, [48], the removal properties of RED-NH>-Fe-SBA-15 were tested on tap water
samples, spiked with 2 mg/L of glyphosate. pH of water was adjusted to 2.1, in order to promote
better ionic interactions between the positively charged protonated amino group of sorbent surface
(pKa 7.6 for surface —~NHs"* species) and the negatively charged functionalities of herbicide. After
24h of contact (equilibrium conditions reached, as experimentally verified), the solutions (filtered
and analysed by ion chromatography) showed no more evidence of glyphosate (glyphosate
concentration below the detection limit of the ion chromatographic method, 100 pg/L). Despite the
significant content of inorganic ions in tap water, the sorbent exhibits quantitative removal,
meaning that no competitive effects by ions of the matrix interfere with the adsorption of
glyphosate onto the sorbent.

The development of sorbents to be used for purification of water matrices should not consider the
adsorption of target molecules alone, but also the possibility to desorb them and reuse the material.



For such reason, the same aliquots of RED-NH2-Fe-SBA-15 previously tested in the removal
studies, and thus containing adsorbed glyphosate, were tested for release. Under the assumption that
ionic interactions between glyphosate and the amino groups of the sorbent play a crucial role in
glyphosate adsorption, a 12.5 mM NaOH solution (pH 12.5) was used to release the herbicide. After
15 minutes of contact, the NaOH solution was filtered and analysed by ion chromatography,
revealing that glyphosate retained on the sorbent surface was quantitatively released. Desorption of
glyphosate was ascribed both to the reduced ion exchange capacity exhibited by RED-NH>-Fe-
SBA-15 at very basic pH (due to the deprotonation of amino groups, pK = 7.6) and to the
competitive effect of the OH™ counter ion in the ion exchange equilibrium. Chromatograms obtained
for tap water sample analysed before and after the adsorption process, and for the solution of NaOH
after the release treatment are shown and compared in Figure 8.

Therefore, on the basis of the results obtained from both adsorption and desorption experiments, the
synthesis of RED-NH»>-Fe-SBA-15 as sorbent for glyphosate removal seems justified by a
quantitative retention of the herbicide and the subsequent complete regeneration of the material.

4. Conclusions

A material based on iron oxide clusters incorporated into amino-functionalized SBA-15 was
prepared in order to obtain a magnetically recoverable adsorbent with enhanced adsorption
behaviour. The physical-chemical properties were characterised by FE-SEM, STEM, XRD, TGA,
XPS, FT-IR and acid-base titration analysis. The characterization results showed that iron oxide
nanoparticles were uniformly dispersed into the pore of mesoporous silica and that the final material
exhibits relatively high specific surface area (177 m?/g) and accessible porosity.

The obtained sorbent was successfully tested for the removal of glyphosate in real water matrices.
Despite the significant content of inorganic ions, a quantitative removal of the contaminant was
found, which strongly suggests the possibility of integration of this sorbent in wastewater treatment
plants. The complete regeneration of the sorbent after the adsorption process through diluted NaOH

solution was also proved.
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Captions to Figures

Figure 1: (section a) Bright Field (BF) and (section b) Bright Field + Dark Field (BF+DF) STEM
images of RED-Fe-SBA-15. Section c: related EDS spectrum.

Figure 2: (a) Wide-angle XRD patterns of SBA-15 and RED-NH,-Fe-SBA-15, (b) XRD pattern of
RED-NH2-Fe-SBA-15.

Figure 3: N2 adsorption-desorption isotherms of SBA-15 (red), RED-Fe-SBA-15 (blue) and RED-
NH2-Fe-SBA-15 (black) and relative DFT pore size distributions.

Figure 4: FT-IR spectra in 3800-1300 cm™ range of SBA-15, RED-Fe-SBA-15 and RED-NH,-Fe-
SBA-15 (a) and FT-IR spectrum of RED-Fe-SBA-15 in 1200-400 cm™ range (b).

Figure 5: TG analysis curves of RED-Fe-SBA-15 and RED-NH2>-Fe-SBA-15.

Figure 6: The XPS spectrum of N 1s for RED-NH,-Fe-SBA-15 sample.

Figure 7: Magnetization curves at 300 K of RED-NH2-Fe-SBA-15 sample.

Figure 8: Removal of glyphosate from tap water by RED-NH,-Fe-SBA-15. Chromatograms of a tap
water sample spiked with 2 mg/L glyphosate before (chromatogram A) and after (chromatogram B)
the treatment with RED-NH»-Fe-SBA-15.

Recovery of glyphosate from RED-NH.-Fe-SBA-15, using 12.5 mM NaOH solution.
(Chromatogram C). Chromatographic conditions: column: lonPac AG16 (50 mm x 4 mm) and
lonPac AS16 (250 mm x 4.0 mm); eluent: 35 mM NaOH (1.0 mL/min); detection: suppressed
conductivity
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Figure 5
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Figure 7
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