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In this work, efficient adsorbents for B-lactam antibiotics based on mesoporous iron oxide
containing surface [FeO,(OH),] sites were produced by controlled precipitation of iron hydroxide
and thermal treatment at 150, 200, 300 and 450 °C (150FeOH, 200FeOH, 300FeOH and 450FeOH,
respectively). Mossbauer, X-ray diffraction (XRD), thermogravimetry-mass spectrometry (TG-MS),
Fourier transform infrared spectroscopy (FTIR), Raman, Brunauer-Emmett-Teller method (BET),
scanning electron microscopy (SEM) and elemental analyses showed that the temperature caused
a gradual dehydroxylation process with a significant increase of the mesoporous surface area (e.g.,
114-142 m? g'! with 46-59% mesopores, i.e., 0.04-0.09 cm? g!) and approximate compositions of
FeO, 4s(OH), 5 for 150FeOH up to FeO, 34,(OH), ,, for 450FeOH. The material 150FeOH showed
high adsorption capacities of ca. 42 and 58 mg g*! for amoxicillin and ceftriaxone, respectively.
Experiments assessing the effect of NO;", Cl, competitive PO,* adsorption and H,O, decomposition
suggest that the [FeO,(OH),] surface sites located in the mesopores are involved in the efficient
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adsorption by complexation of the B-lactam antibiotics.
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Introduction

Antibiotics have been widely used in human and
veterinary medicine for several decades.!? The B-lactams,
the most varied and used antibiotics in the world,!
contaminate the environment by different ways, e.g.,
excretion, industrial wastewater, inadequate drug disposal
in landfills and in sewage network.’ As these antibiotics
are persistent and not efficiently degraded by conventional
wastewater treatments®® they may disturb the microbial
communities and also can cause an increase of the resistance
of pathogenic microorganisms.®” Several studies have been
carried out on the development of technologies to remove
these antibiotics such as the use of microorganisms,® anodic
oxidation,’ the Fenton process,'® photocatalysis'"'? and
ozonization.'* Adsorption has also been used as an effective
and simple alternative and materials such as wheat grains,'
organoclays,'>!'¢ and chitosan based material,'” which are
some examples of adsorbents used for amoxicillin removal.
Carbon-based materials, such as activated carbon,'$-*°

*e-mail: rochel @ufmg.br

magnetic multi-walled carbon nanotube,?’ magnetic

activated carbon,!” carbon nanofibers,?? graphene-based
materials,? carbon nanotubes** and graphene oxide®® have
been extensively investigated for the antibiotic adsorption.
However, several of these works suggest that the relatively
large B-lactam antibiotic molecules do not effectively
access the narrow micropores of activated carbons.?”?

Recent works showed high efficiencies of Fe oxides,
i.e., Fe,0O; supported on Al,0,* and in the waste red mud?!
for the adsorption of B-lactam molecules from water.
Although a possible B-lactam complexation with iron®? has
been suggested during adsorption, the presence of support,
i.e., silica, alumina and other impurities, does not allow a
clear conclusion on the interaction of the antibiotic with
superficial Fe** sites. Also, Ghauch et al.** suggested that
B-lactam antibiotics can be adsorbed on iron corrosion
products like iron hydroxides.

In this work, a controlled synthesis based on the
gradual dehydroxylation of Fe hydroxide to produce a
mesoporous adsorbent containing [FeO,(OH), | surface sites
was designed to produce efficient adsorbents for $-lactam
antibiotics on aqueous solutions.
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Experimental
Synthesis of the materials

The materials were prepared using a Fe(NO,);.9H,0
solution (50 g L") and adding dropwise 1 mol L'' NH,OH to
reach pH ca. 9. The obtained solid was filtered and washed
with 10 mL of 1 mol L' NH,OH and dried at 80 °C for
24 h. The material, FeOH, was then treated at different
temperatures (150, 200, 300 and 450 °C) for 180 min in
a tubular furnace in air atmosphere. The adsorbents were
named as 150FeOH, 200FeOH, 300FeOH and 450FeOH,
respectively.

Adsorbent characterization

The crystal structure and phase identification were
obtained by Mossbauer spectroscopy (°’Co source in
an Rh matrix using o-Fe as reference spectrum at room
temperature) and powder X-ray diffraction (XRD,
Shimadzu XRD-7000, Cu radiation). The composition
and structure were studied by infrared (PerkinElmer FTIR
GX, KBr pellet) and Raman spectroscopy (SENTERRA,
633 nm, 2 mW laser). The superficial area (Brunauer-
Emmett-Teller (BET) method) and pore structure were
obtained by using N, adsorption-desorption measurements
(Quantachrome Autosorb-1). The thermal decomposition
(TG) was carried out under argon with a heating rate of
5 °C min™' up to 500 °C (thermobalance NETZSCH STA
449 F3) and the thermal products were analyzed by a
coupled mass spectrometer (MS) NETZSCH Aéolos
QMS 403C. The particle morphology was characterized
by using scanning electron microscopy (SEM, FEI Quanta
200 FEI and Quanta FEG 3D FEI microscopes). The
%H was obtained by elemental analysis (PerkinElmer
CHN-PE-2400). Zeta potential measurements using
0.5 mg mL"! of the adsorbent were conducted by the
Zetasizer Nano ZS Malvern Instruments.

Adsorption experiments

The adsorption experiments were conducted using
20 mg of adsorbent and 20 mL of the antibiotic solution
(100 ppm, pH 5). The removal was monitored by the
maximum adsorption at 272 nm, for amoxicillin (AMX), and
at 262 nm, for ceftriaxone, on UV-Vis spectrophotometer
(Shimadzu UV-2550), after 24 h of contact.

The adsorption isotherms were adjusted using the
Langmuir and Freundlich isotherm models and initial
concentrations of amoxicillin as 25, 50, 75, 100, 150, 200,
250, 300, 350 and 450 mg L. The pH effect (3, 5, 7, 9,
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11), ionic strength (0.01, 0.1, 0.2 mol L' NaCl and NaNOs)
were evaluated in this study for the 150FeOH.

Furthermore, the competitive adsorption using phosphate
(0.01, 0.1, 0.2 mol L") and the H,0, decomposition in
the presence and absence of AMX (200 mg L')* were
evaluated for the 150FeOH material.

Results and Discussion
Sample characterization

The different materials used in this work were prepared
by a precipitation of Fe hydroxide followed by thermal
treatment at 150, 200, 300 and 450 °C for the controlled
dehydroxylation to produce mesopores and surface
[FeO,(OH),] sites (equation 1):

Fe(OH); — FeO,(OH) (mesopores) + H,O (D)

These samples were named hereon as FeOH (Fe
hydroxide precipitate without any thermal treatment),
150FeOH, 200FeOH, 300FeOH and 450FeOH. The
Maossbauer spectra at room temperature for the samples
(Figure 1) indicated an amorphous superparamagnetic Fe**
phase, probably related to iron hydroxide, for the materials
FeOH (without thermal treatment) and 150FeOH. The
thermal treatment at 200 °C led to the partial formation

FeOH150

Relative transmission / a.u.

12 9 6 -3 0 3 6 9 12
Velocity / mm s

Figure 1. Mossbauer spectra for the samples FeOH and 150FeOH to
450FeOH.
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of hematite o-Fe,0;. On the other hand, for the materials
treated at 300 and 450 °C, the amorphous iron hydroxide
was completely converted to hematite. Similar results have
been observed before.**3

XRD analyses for the samples FeOH and 150FeOH
also indicated the presence of an amorphous material
(Figure 2). For the materials treated at temperatures higher
than 150 °C, it was observed the presence of hematite with
well defined peaks at 24, 33, 36, 41, 49, 54, 57, 62, 64°
(PDF 24-72). As the temperature increased, the hematite
peaks became more intense and narrow, suggesting an
increase in the crystallinity. The crystallite average size of
a-Fe,0,, estimated by the Scherrer equation, varied from
12 nm for 200FeOH to 16 and 18 nm for 300FeOH and
450FeOH, respectively.

* = Hematite
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Figure 2. XRD powder diffraction for FeOH, 150FeOH, 200FeOH,
300FeOH and 450FeOH.

Raman spectra of the samples FeOH, 150FeOH and
200FeOH also suggested the formation of hematite with
bands near 226, 245, 292, 410, 494 and 611 cm™',** which
became more intense at higher temperatures, i.e., 300FeOH
and 450FeOH (Figure 3).

Infrared spectra (Figure 4) for FeOH and 150FeOH
materials showed two broad bands related to VOH from
iron species and adsorbed water in region 1, near 3402
and 3152 cm’'. As the thermal treatment increased to
200, 300 and 450 °C, these bands gradually decreased,
indicating a dehydration/dehydroxylation of the iron
oxyhydroxy species. The same was observed in region 2
for the band assigned to 8H,O between 1618-1628 cm™.%
Simultaneously to the dehydration/dehydroxylation
process, typical bands of Fe,O; at 447 and 535 cm’!
(region 3) gradually appeared.™

SEM images of the FeOH suggested an agglomerated
material composed of irregular particles (Figure 5). For the
thermally treated materials, 150-450FeOH, no significant
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Figure 3. Raman spectra for FeOH, 150FeOH, 200FeOH, 300FeOH and
450FeOH and standard hematite.
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Figure 4. FTIR spectra of FeOH, 150FeOH, 200FeOH, 300FeOH and
450FeOH.

changes in the morphology was observed, except the
formation of some porous structure present on the particles
surfaces.

The surface area obtained by N, adsorption/desorption
(BET method) for the 150FeOH sample was 114 m? g’
with ca. 0.04 cm® g!' (46%) of mesopores (Figure 6).
Thermal treatment at 200 °C (200FeOH) led to an increase
in the surface area to 142 m? g'! and mesoporosity of
0.087 cm?® g! (59%), probably due to the dehydration of
iron oxyhydroxide. When the temperature was increased
to 300 and 450 °C, the BET surface area decreased to
102 m? g! (0.05 cm? g! or 54% of mesopores) and 31 m? g!
(0.03 cm® g! or 69% of mesopores), respectively, probably
due to sintering and loss of micro and mesoporosity of the
materials. These results are likely related to the conversion
of the Fe hydroxide to Fe,O,, which at low temperatures
led to the development of micro and mesoporosities, but
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Figure 5. SEM images of FeOH, 150FeOH, 200FeOH, 300FeOH and
450FeOH samples.

sintered at higher temperatures with a decrease on the
surface area.’%

The zero charge points found by zeta potential
measurements were 8.0, 7.0, 7.4 and 6.8 for the
samples 150FeOH, 200FeOH, 300FeOH and 450FeOH,
respectively (Figure S1, Supplementary Information (SI)
section).

The TGMS curves for the FeOH sample (Figure 7)
showed two endothermic events related to the water
loss between 100 and 200, and at 234 °C. These losses,
especially at 234 °C, are related to the dehydroxylation
processes. Based on %H (obtained by CHN) and TG of
the different materials, the following empirical formulae
were obtained for the FeOH sample treated at 150, 200,
300 and 450 °C: FeO, o«(OH), 4, (150FeOH), FeO, ,,(OH), 5,
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Figure 6. Pore size distribution of the materials 150FeOH, 200FeOH,
300FeOH and 450FeOH.
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Figure 7. TGMS for the FeOH sample.

(200FeOH), FeO, 35(OH)y,, (300FeOH), FeO, ;5(OH), 4
(450FeOH), respectively.

B-Lactam antibiotics adsorption

The obtained materials were tested for the adsorption
of the B-lactam antibiotics, amoxicillin and ceftriaxone
(Figure 8). The FeOH sample showed a significant Fe**
leaching and it was not possible to carry out adsorption
experiments.

The best material for B-lactam antibiotics adsorption
was 150FeOH, with adsorption capacity of ca. 42 and
57 mg g' for amoxicillin and ceftriaxone, respectively.
A slight decrease was observed for the material treated
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Figure 8. Adsorption of amoxicillin and ceftriaxone on 150FeOH,
200FeOH, 300FeOH and 450FeOH.

at 200 °C (200FeOH) with adsorption capacity reaching
values of 38 and 43 mg g' for amoxicillin and ceftriaxone,
respectively. As the thermal treatment increased to 300 and
450 °C (300FeOH and 450FeOH), a strong decrease in
the adsorption capacity was observed for both antibiotics.
The UV-Vis spectra of the B-lactam antibiotics after all
adsorptions did not show any change, indicating that the
antibiotic molecules are stable under the experimental
conditions.

The amoxicillin adsorption isotherm (Figure S2, SI
section) for the sample 150FeOH showed the best fit
for the Langmuir model (coefficient of determination
(R?)=0.9935) compared to Freiindlich (R*>=0.9827), with
maximum monolayer adsorption capacity of 64 mg g’!,
which was close to the experimental data (60 mg g™).

The effect of ionic strength was studied using NaCl
and NaNO, solutions (Figure 9). It was possible to
observe a decrease in the AMX adsorption capacities when
0.01-0.2 mol L' NaCl and NaNO; solutions were used.
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Figure 9. Effect of chloride, nitrate and phosphate on the AMX adsorption
on 150FeOH.
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A similar effect of salts, e.g., KNO,, causing a slight
decrease in AMX adsorption has been observed for
graphene and it was discussed in terms of electrostatic
interactions.’” On the other hand, in this work, the
presence of phosphate in the same concentrations caused a
remarkable decrease on AMX adsorption to ca. 0.5 mg g
This result is likely related to the strong complexation of
PO,* species to iron,** which is hindering the interaction
of AMX with the surface.

The peroxide decomposition was investigated as a
probe reaction to detect Fe’* species available on the
surface as the H,O, molecule decomposes by initial
complexation with Fe3*_ .. Kinetic data of the H,0,
decomposition showed a linear behavior between 5 and
30 min (Figure S3, SI section), suggesting a pseudo-zero
order kinetics. Figure 10 shows the H,O, decomposition
rates obtained for each sample in the absence (black) and
presence (gray) of AMX.
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Figure 10. H,0, decomposition rates in the absence (black) and presence
(gray) of amoxicillin.

450FeOH

It can be observed in Figure 10 that the material
150FeOH was the most efficient for H,O, decomposition.
The treatment at higher temperature strongly decreased the
peroxide decomposition. These results suggest that after
thermal treatment the Fe3*,  available for the interaction
and reaction with H,O, molecules strongly decreased.
Likely, dehydroxylation processes at higher temperature
led to the decomposition of [FeO,(OH),] surface sites to
form the more stable Fe,O, phase. It is interesting to observe
that in the presence of amoxicillin, the H,0, decomposition
reaction rate significantly decreased for all materials. This
result, i.e., H,O, decomposition inhibition by AMX, is
likely due to a complexation of amoxicillin on the Fe**
active site hindering the adsorption and reaction of H,0,
(see detail in Figure 10). Similar results have been observed
in a previous work.*
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The adsorption capacities of the FeOH produced
materials were normalized by surface area and compared
to other adsorbents reported in the literature for amoxicillin
adsorption (Figure 11), e.g., modified red mud,*' Fe oxide/
Al,0,,*® magnetic Fe,0,@C nanoparticle (MNPs_PAC,
671 m? g);* and modified activated carbon materials
with high surface areas such as microwave-assisted KOH
biochar (KAC, 1065 m? g'),* CO, activated carbon (OP,
1055 m? g!),* templated nanoporous carbon (TNC,
660 m? g'),” and commercial activated carbon (AC,
935 m?> g").»®

-2
mADSORBENT

q / mgAMX

i,
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Figure 11. AMX adsorption capacities for different materials.

It can be observed a higher adsorption capacity of
150FeOH (ca. 0.52 mg,\x m?) when compared to the other
obtained materials in this work: ca. 0.31 and 0.22 mg,,x m™
for 200FeOH and 300FeOH, respectively. It is also possible
to infer from Figure 11 that the 150FeOH showed higher
AMX adsorption capacity under similar conditions when
compared with other two classes of materials, i.e., a
supported Fe oxide and carbon-based adsorbents. This
result seems to indicate that the interaction of the AMX
molecules with the Fe oxide surface is becoming less
efficient as the materials are treated at 200 and 300 °C. This
effect is likely related to the conversion of the [FeO,(OH),]
phase to o-Fe,0;, which is less efficient for the antibiotic
adsorption.

The results obtained in this work also seem to indicate
that the adsorption of B-lactam antibiotics on Fe oxide
depends on two main factors: the mesoporous surface area
and the presence of surface Fe—~OH labile bonds.

The material 150FeOH with the best adsorption results
showed surface area of 114 m? g! with a good mesoporosity
with a composition of FeO, ,«(OH), . Due to the relatively
large dimensions of the AMX molecule (16 x 19 x 7 A), S the
presence of mesopores is very important for the adsorption
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process. For the sample treated at 200 °C, although the
surface area increased to 142 m? g, the surface labile
OH species ([FeO,(OH),]) concentration on the material
strongly decreased to FeO, ,,(OH), 5, which apparently was
responsible for the lower adsorption capacity. The samples
300 and 450FeOH showed both a decrease in the surface
area and OH concentration leading to a further decrease
in the adsorption capacity. The specific AMX adsorption
(mg m?) shows a good correlation with the OH concentration
(obtained from TG and CHN analyses) in the different
materials (Figure S4, SI section). Moreover, the amoxicillin
radius of 4.23 A, estimated using the van der Waals volume
according to Zhao et al.,* and the maximum adsorption
capacity for 150FeOH, 42 mg g, were used to estimate the
area of 156 m? g! occupied by the amoxicillin molecules,
which is fairly close to the BET value (114 m? g).

These results clearly indicate that the presence of
[FeO,(OH),] sites on the surface is important for the
amoxicillin adsorption. Although the nature of the
interaction of the antibiotic with the iron oxide is not clear,
one can envisage a possible complexation of the AMX
molecule with surface available Fe** species as suggested
in previous works.**3' The adsorption experiments in the
presence of different concentrations of NaCl and NaNO,
showed a relatively low effect of ionic strength on the AMX
adsorption, suggesting that ionic/electrostatic interactions
have some influence on the process, but do not determine
the adsorption process. On the other hand, the presence of
phosphate strongly inhibited the AMX adsorption, which
indirectly suggests an interaction of the AMX molecule
with the coordination sphere of Fe** surface sites. Inhibition
effect of AMX on the H,0O, decomposition also indicates a
complexation of Fe** surface species. A recent experimental
and theoretic work showed that AMX molecules can
efficiently complex with Fe** species in aqueous medium.*
Based on this information, it can be considered that the AMX
adsorption/complexation on the iron oxide surface depends
on the presence of OH labile ligands in Fe—OH species.

Figure 12 shows schematically the evolution of the Fe
hydroxide to produce mesopores containing [FeO,(OH), ]
surface sites capable of complexing the AMX molecules.

Conclusions

The controlled production of a mesoporous Fe oxide
phase containing surface [FeO,(OH),] sites resulted in
efficient adsorbents for the adsorption of the hazardous
B-lactam antibiotics. The results suggested that there
are two effects important for the AMX adsorption: the
presence of mesopores and surface [FeO,(OH),] species.
The [FeO,(OH),] surface sites containing labile OH ligands
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Antibiotic diffusion and complexation
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Figure 12. Schematic representation of mesopores formation by the dehydration of Fe(OH), and AMX adsorption.

seem to be important in the adsorption process of the
antibiotic molecules by complexation. These findings can
be used to design new efficient materials for the adsorption
of harmful antibiotic molecules.

Supplementary Information

Supplementary data (zeta potential titration of
materials; adsorption isotherm of amoxicillin on 150FeOH;
H,0, decomposition kinetics; AMX adsorption capacity for
the different [FeO,(OH),] compositions) are available free
of charge at http://jbcs.sbq.org.br as PDF file.
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