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Abstract: Considerable efforts have been made in recent years to identify an optimal treatment
method for the removal of antibiotics from wastewaters. A series of supramolecular organic-inor-
ganic magnetic composites containing Zn-modified MgAl LDHs and Cu-phthalocyanine as photo-
sensitizer have been prepared with the scope to -lactam antibiotics removal from aqueous solu-
tions. The characterization of these materials confirmed the anchorage of Cu-phthalocyanine onto
the edges of the LDH lamellae, with a negligible part inserted in the interlayer space. The removal
of f-lactam antibiotics occurred via a concerted adsorption and photocatalytic degradation. The ef-
ficiency of the composites was depending on i) the LDH: magnetic nanoparticle (MP) ratio, that is
strongly correlated to the textural properties of the catalysts, and ii) the phthalocyanine loading in
the final composite. A maximum of the efficiency was achieved with a removal of ~93% of antibiotics
after 2h of reaction.

Keywords: layered double hydroxides; magnetic nanoparticles; phthalocyanines; antibiotics re-
moval

1. Introduction

Antibiotics are by far the most successful class of drugs fighting against the bacterial
infections and, therefore, extensively used in both the human and veterinary medicine.
These are produced by both microorganisms or via synthetic or semi-synthetic routes
where, does not matter of the pathway, the building of the complex chemical structures
generates pollutant residues [1]. Besides these, the excretion after their use and the dis-
posal of the un-used medicinal compounds are additional sources of pollution. Some an-
tibiotics, such as penicillins, can be easily degraded, while others, such as fluoroquin-
olones or tetracyclines, are considerably more persistent. Accordingly, these predominate
for a longer time in the environment and accumulate in higher concentrations [1]. Thus,
the potential role in promoting the development of a high resistance to human and animal
pathogens even enhances the concern about their presence in the environment.

Considerable efforts have been made in recent years to identify an optimal treatment
method for the removal of antibiotics from wastewaters. With this aim, advanced oxida-
tion processes (AOP) emerged as a more promising tool compared to more traditional
routes, such as the adsorption on activated carbon, air stripping or the reverse osmosis
[2]. Indeed, many of these techniques only transfer pollutants from one phase to another
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without a complete destruction up to the mineralization. Biological treatment is not toxic
to organic culture but has also some limitations [3]. The most important is related to its
applicability only for wastewaters containing biodegradable compounds.

Among the various advanced oxidation processes, photocatalysis has emerged as a
promising technology for wastewater treatment. The main advantages of the process are
the possibility of a simultaneous removal of antibiotics and antibiotic-resistant bacteria,
the lack of mass transfer limitations under the operational environmental conditions, and
the price, the commercially availability, the non-toxicity and the photochemical stability
of the catalyst [4].

Recent research focused organic photocatalysts as mimicking natural supramolecu-
lar systems [5] where the triplet states of the excited organic molecule can participate in
electron transfer processes quite similar to the semiconductors [5]. Metallophthalocya-
nines (Pcs) can act as electron donors upon a photochemical excitation in the visible region
[5]. However, the use of bare (metallo)phthalocyanines is limited due to the recovery and
stability problems [5]. Therefore, their immobilization represents a viable alternative to
solve these. TiO: immobilized phthalocyanines [6] or mechanical mixtures of metal-
lophthalocyanines and zeolites [5] have already been found effective for the photocatalytic
degradation of organic compounds. Encapsulation of these complexes in porous supports
led to an increase of the activity compared with the free complex that is the result of two
factors: i) concentration of substrates around the active sites, and ii) a protection against
degradation [7].

Encapsulation of metallo-phthalocyanines inside the layered double hydroxides
(LDHs) represents another suggested solution to create hybrid organic-inorganic supra-
molecular systems [8]. In a strong connection to their adsorptive and oxidation catalytic
properties, LDHs were utilized in photocatalysis under both UV and Vis light irradiation
[9,10]. These studies demonstrated that the immobilization of the macrocyclic complexes
may enhance the catalytic behaviour for the environmental pollution control under Vis
irradiation, as well, anionic phthalocyanines (sulfonated phthalocyanines) playing the
role of the charge neutralizing anion [8,11-16]. However, the conventional catalyst sepa-
ration methods such as filtration or centrifugation are not always suitable for nanoparti-
cles due to an incomplete separation. To solve this practical problem, magnetic nanopar-
ticles (MNPs) were considered as alternatives. Properties such as high surface areas and
chemical stability, non-swelling properties in organic solvents [17], easy recovery by an
external magnet, reusability [18], regular shapes, uniform size, low cost of production,
non-toxicity and biocompatibility [19] recommend these as catalytic supports.

B-Lactam antibiotics such as amoxicillin (AMO), ampicillin (AMP), penicillin G
(PEG), penicillin V (PEV) and cloxacillin (CLX) have antimicrobial properties through the
presence of a p-lactam ring. These drugs are widely used in medicinal treatments and a
high content of their metabolites ends in waste waters, which leads to several negative
effects. In accordance, their removal from the environment is imperative, and various pro-
cedures involving UV irradiation [20], radiolysis [21], ozonolysis [22], Fenton- and photo-
Fenton processes [20,23], photocatalysis with semiconductors [4,24-27], or a combination
of these [28] have already been reported. Among these, techniques involving the solar
light as source of irradiation in the photodegradation of p-lactam antibiotics are the most
appropriate.

In this respect, it was already reported that AMO, AMP, PEV, PEG or CLX can be
degraded under visible irradiation by ZnS nanoparticles as a photocatalyst, in a large do-
main of concentrations (0.5-1000 mg L), the rate of degradation increasing as the stability
of the antibiotic molecules decreased [29]. ZnO nanoparticles and ZnO/polyaniline core-
shell nanocomposite also degraded ampicillin under sun-light irradiation [30], while pho-
tocatalytic membranes composed of hybrid polylactic acid (PLA)/TiOz nanofibers depos-
ited on fiberglass supports exhibited a high rate of degradation of AMP, this being virtu-
ally eliminated in the first 30 minutes of process. Also, metallic nanoparticles (Ag-NPs)
were used in the photocatalytic degradation of AMP under natural sunlight irradiation
with an efficiency of 96.5% [31].
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However, in our best knowledge, at least to-date, MPc-LDH-MNP organic-inorganic
supramolecular hybrid systems were not investigated as photocatalysts for the removal
of p-lactam antibiotics. In accordance, this study reports the preparation of such kind of
materials, their characterization and catalytic behaviour for the photodegradation of the
B-lactam antibiotics uner visble light.

2. Results and Discussion

The coding of the catalysts based on their preparation conditions is presented in table
1.

Table 1. The preparation details for the catalysts prepared taking different LDH:MNP ratios and
from different MNP precursors.

Sample Precursor Conditions
P1 FeClz + Fe(NOs)s LDH:Fe3O4=1:3 (10 min ageing)
P2 FeClz + Fe(NOs)s LDH:Fe3O4=1:3 (30 min ageing)
P3 FeClz + Fe(NOs)s LDH:Fe304+=3:1 (60 min ageing)
P4 FeClz + Fe(NOs)s LDH:Fe304+=3:2 (60 min ageing)
P5 FeClz + Fe(NOs)s LDH:Fe30+1:1 (60 min ageing)
P6 FeClz + Fe(NOs)s LDH:Fe3O4=1:2 (60 min ageing)
P7 FeSOs + FeCls (2:1 mol) LDH:Fe3O4=3:1 (60 min ageing)
P8 FeSOs + FeCls (1:2 mol) LDH:Fe304+=3:1 (60 min ageing)

2.1. Characterization
2.1.1. X-Ray Diffraction (XRD)

As previously reported [32], the X-ray diffractogram of the bare LDH shows, at low
angles, narrow and intense diffraction lines and, at high diffraction angles, wide and less
intense lines characteristic to the LDH materials [33]. In addition to the lines, the addi-
tional ones corresponding to the zincite phase (ZnO) appeared, as minor impurities, in the
2 theta range 31-38¢[32]. The reconstruction by memory effect occurred with the preser-
vation of the lines of the stable ZnO phase (ICDD 005-0664).
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Figure 1. X-Ray diffractograms corresponding to P1-P8 catalysts.

The X-ray diffractograms corresponding to P1-P8 catalysts are presented in Figure 1.
The magnetite phase can be observed in almost all samples and most predominant for P1,
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P2, P5 and P6. Except LDH, FesO4 (ICDD 19-0629), and small impurities of ZnO no other
phases and impurities were detected.

Table 2. Network parameters determined from the X-ray diffractograms for the bare MgZnAl LDH
and P1-P8 catalysts.

Sample a (10\) c (A) IFS (10\) 1 Toos/Toos Toos/I110 D(A) 2
LDH-MgZnAl 3.0717 22.8689 2.82 2.96 5.54 132
P1 3.0462 22.5822 2.73 1.00 0.67 111
P2 3.0557 22.6262 2.74 1.08 0.68 115
P3 3.0616 22.9058 2.84 2.21 4.89 96
P4 3.0539 22.8707 2.82 2.21 6.73 105
P5 3.0644 23.1147 2.90 1.95 4.56 79
P6 3.0663 23.5299 3.04 3.00 1.29 200
P7 3.0612 22.9415 2.85 2.17 3.98 97
P8 3.0589 22.8956 2.83 2.20 4.04 95

1TFS represents the distance of the interplanar space (the values using Miyata’s reported sheet thickness of 4.8A [34]).
2 The crystallite size (obtained with the Debye-Scherrer equation) and determined from the FWHM value of the reflection 003.

The network parameter “a” (Table 2), calculated as a = 2-di10 formula, indicating the
average cation-cation distance in the layered network, shows a decrease of the inter-layer
space, as an effect of hydration associated to the elimination, by calcination, of carbonate
anions that are larger and the replacement of these by hydroxyl anions which are much
smaller in size. The network parameter "c", calculated as ¢=3/2-(doos+2doos), keeps the trend
of IFS variation caused by an increase of the electrostatic forces between the layers and
the interlayer anions. According to literature the presence of heavy interlayer molecular
species led to a change in the electron density of the 001 harmonics, i.e. organic anions [35],
metal nanoparticles [36] or oxometalates [37]. Considering the “a” and “c” parameters we
can conclude that the majoritty of phthalocyanine is anchored on the edge of the hydrox-
ide lamellae while a smaller part is placed in the interplanar space. The crystallite size,
which in this case is an average of the entire composite, depended on the LDH : MP ratio.

2.1.2. Diffuse Reflectance UV-Vis spectroscopy (DR-UV-Vis)

Bare LDH shows a wide absorption band in the range 240 - 380 nm with maxima at
348 and 359 nm, respectively, associated to the presence of zincite in the layered structure
[32]. The absorption band at 212 nm corresponds to Mg(OH)2 / MgO [32,38].

The DR-UV-Vis spectra of the phthalocyanine-LDH composite, exemplifed for P2, P3
and P5 catalysts (Figure 2), revealed strong absorption bands in the region 500-900 nm,
assigned to their Q bands [39]. Anchoring the magnetic particles led to an additional ab-
sorption in the range of 400 - 600 nm [40] that overlapps, in the region 200 - 450 nm, with
the absorption bands of MPc [41].
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Figure 2. DR-UV-VIS spectra collected for P2 (LDH:MP=1:3), P3 (LDH:MP=3:1) and P5
(LDH:MP=1:1) catalysts.

2.1.3. Diffuse Reflectance Infrared Spectroscopy (DRIFT)

The intercalation of phthalocyanine was also confirmed by the DRIFT analysis (Fig-
ure 3). The wide absorption band located in the 3700 - 3400 cm! range corresponds to the
vibrations of the OH, v(O - H) groups in the interplanar space, while the band at 3000 cm-
1is assigned the hydrogen bonds between water and the carbonate anion [42]. The band
at 1638 - 1650 cm! corresponds to the vibrations of the water molecules in the layered
structure, that in the range 1100 and 650 cm! to the vibrations of the COs> groups and
those before 600 cm to the Mg-O, Zn-O and Al-O bonds. Infrared spectra also showed
bands associated to the presence of LDH-anchored phthalocyanine [43]. That at approxi-
mately 1650 cm can be assigned to the C = N bond, that at 1120 cm™ to the S = O bond,
and those at 730, 1033 and 1090 cm-! to the C-H bond.
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Figure 3. DRIFT spectra corresponding to P2 (LDH:MP=1:3), P3 (LDH:MP=3:1) and P5
(LDH:MP=1:1) catalysts.
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2.1.4. Textural properties

The surface areas of the P1-P8 catalysts (Table 2) varied in a rather narrow range, i.e.
from 110 (P4) to 160 m2-g! (P5). The increase of the ageing time which means also an in-
crease in the MNP size, led to a decrease of the surface area (samples P1 and P2). All the
samples presented a Type IV adsorption-desorption isotherm, characteristic of mesopo-
rous materials (Figure 4). However, depending on the LDH : MNP ratio and the nature of
MNP precursors, the variation in the pore size was larger (Table 3, Figure 4).

Table 3. Surface area, pore volume and main pore size for P1-P8 catalysts.

Sample Ss (BET) (m2-g) Pore volume (cm?3-g7) Average pore size (A)

P1 129 0.277 72
P2 116 0.258 73
P3 137 0.858 34, 317
P4 111 0.392 34,90, 231
P5 163 0.336 37,63, 182
P6 148 0.230 36, 45
P7 124 0.628 ~200
P8 124 0.498 ~200
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Figure 4. Pore size distribution (a) and adsorption-desorption isotherms (b) for the P1-P8 catalysts.

2.2. Degradation of Antibiotics

The experiments carried out in this study for the removal of antibiotics from water
using the organic-inorganic magnetic composites photocatalysts indicated two parallel
processes, namely, the adsorption and the photocatalytic degradation (Figures 5 and 6,
respectively).

Simple adsorption measurements indicated a removal of ampicillin in the limits of 9-
87%. Considering only this step, the removal of ampicillin varied in the order of efficacy
of the photocatalysts: P7>P3>P8>P5>P6>P4>P2~P1 as consequence of their textural prop-
erties.

However, the photocatalytic degradation cannot be separated on the adsorption of
the ampicillin and degraded fragments, however, it is also depending on the photo-irra-
diation energy. Under LED irradiation the maximum was achieved for P8, with a removal
of ~93% after 2h of reaction. Then, the removal decreased in the order in the order of cat-
alyst used: P7>P5>P8~P3>P6>P4>P2>P1 (Figure 5). The performance of these catalysts de-
pended on the LDH:MNPs ratio and is also related to the textural properties of the com-
posite.
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Figure 5. Removal of ampicillin from water solution using a blue LED (445-465 nm) as irradiation
source.

Moving to a solar simulator as an irradiation source (Figure 6) afforded a higher re-
moval efficiency that is correlated to a higher photocatalytic efficiency assigned to the ab-
sorption of the light via the Q bands of phtalocyanine.
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Figure 6. Removal of ampicillin from water solution using a solar simulator as irradiation source.

Similar tests in the removal of amoxicillin under solar simulated light irradiation
(Figure 7) using selected composites confirmed the order of activity determined for ampi-
cillin. However, both the absorption part and the photocatalytic behavior showed some
differences. These are directly related to the structural features of these antibiotics (Figure
8) which can affect both the adsorption of the molecules and the photocatalytic degrada-
tion processes. Thus, the degradation of the [-lactam antibiotics can follow two routes,
e.g. hydroxylation and opening of the (-lactam ring [44]. The ratio between these routes
is influenced by the structure of the antibiotic and the nature of the catalyst. For example,
hydroxylation can be enhanced for amoxicillin compared to ampicillin by the population
and the strength of the hydroxyl groups able to activate the aromatic ring making it more
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susceptible to the attachment of these. However, the mechanism of the photo-degradation
of the B-lactam antibiotics is still under discussion.
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Figure 7. Example of removal of amoxicillin from water solution using a solar simulator as an irra-
diation source.
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Figure 8. Structures of amoxicillin (a) and ampicillin (b).

3. Materials and Methods
3.1. Synthesis

The synthesis of LDH Mgo75Znos75Alo2s has been carried out following a reported
procedure [32]. Therefore, two solutions (A and B), were mixed at a inlet flow of 1 cm?min-
1, at RT under stirring (600 rpm). Solution A of a concentration of 1.5M contained the ni-
trate-like precursors of Mg, Zn and Al in the molar ratio Mg / Zn / Al=0.375/0.375/ 0.25.
The base solution contained 0.23 moles NaOH and 0.092 moles Na2CO:s at a concentration
of 1M in Na2COs. Co-precipitation of these took place for 1.5 h at the pH of 10 + 0.2 (con-
tinuously monitored by a pH-meter pH315i), after which the resulted precipitate was aged
for 18 h, at 80 °C in air atmosphere at the same stirring rate. The suspension was then
cooled at room temperature, filtered under vacuum, and washed with distilled water until
the pH of 7. The precipitate was dried at 120 °C for 24 h in air atmosphere resulting LDH-
MgZnAl. The insertion of phthalocyanine into the structure of LDH started from the cal-
cination of LDH for 18 hours at 460 °C (10 °C/min), then contacting the resulted mixed
oxide with a solution of Co-phthalocyanine 3,4',4",4"-tetrasulfonic acid (0.1M) under stir-
ring, for 12 h, filtration of the composite phthalocyanine-LDH, washing the precipitate
and drying at 120 °C for 24 h in air. The ammount of CuPc determined by elemental anal-
ysis was ~ 10 x 10~ moles CuPc / g of LDH.

The attachment of the magnetic particles (MPs) was achieved by mixing 100 mg of
modified LDH with Cu-phthalocyanine in 100 mL of water. After a vigorous stirring for
10 min, the corresponding amounts of FeCl> and Fe(NOs)s were added resulting in a
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MP@CuPc@LDH-MgZnAl composite. The mixture was then heated at 70 °C on an oil bath
and treated, by a slow addition, with 7.5 mL of 5M NaOH. The resulted suspension was
then left to aging for 60 min. Finnaly, the solid was magnetically removed, washed with
water by decantation and dried at 70 °C for 12 h.

In order to verify the structural influence of the LDH : MNPs ratio and the nature of
the MNP precursors, a series of materials containing CuPc@LDH-MgZnAl were prepared
using a simmilar protocol (Table 1).

3.2. Characterization
3.2.1. Specific surface area (BET) and pore size measurements

The investigation of the textural characteristics was performed using the 77K nitro-
gen adsorption-desorption isotherms collected using a Micromeritics ASAP2020 Surface
Area and Porosity Analyzer. The samples were were outgassed under vacuum for 24 h at
120 °C.

3.2.2. X-ray Diffraction (XRD)

XRD data were collected at room temperature using a Shimadzu XRD-7000 appa-
ratus taking the monochromatic Cu Ka radiation ( A=1,5406 A, 40kV, 40 mA), with a scan-
ning rate of 0.1 degrees per minute, in the range 26 = 5 — 80 degrees.

The size of the crystallites was estimated using Sherrer's equation:

D =k-A/FWHM: sinf (1)

where:

k = 0.9 (shape factor)

A = wavelength of the X-ray radiation source (for Cu =1.54 A)
FWHM = full width at half height (in radians)

0 = maximum position (in radians)

3.2.3. Diffuse Refflectance UV-Vis spectroscopy (DR-UV-Vis)

The DR-UV-Vis spectra were collected under ambient conditions using a Specord 250
equipment (Analytic Jena) with an integrating sphere as measuring device in the reflec-
tance mode. MgO was used as reference material.

3.2.4. Diffuse Reflectance Infrared Spectroscopy (DRIFT)

The infrared spectra were collected with a Brucker Tensor II device equipped with a
Harrick Praying Mantis Diffuse Reflection accessory. The final spectra averaged 128 scans
with a resolution of 4 cm!. KBr was used as a reference.

3.3. Photocatalytic tests

The irradiation has been generated by a sunlight simulator using a Luzchem LZC-4b
source (LED 445-465 nm), or a Sciencetech SF150-A Small Collimated Beam Solar Simula-
tor (equipped with Air Mass AM1.5G Filter and Light-Tight Reaction Chamber). The evo-
lution of the photocatalyzed reaction was followed by means of a liquid chromatograph
(HPLC) equipped with Zorbax SB-C18 column (4.6 x 150 mm, 5 microns), mobile phase
25 mM KH2POs: ACN = 60: 40, mobile phase flow 0.5 mL- min‘!; analysis time 30 min;
column temperature 60 °C, DAD detection 204 nm). In a typical experiment, 15 mL of a
prepared 0.015M solution of antibiotic and 60 mg of catalyst were added into a quartz
test-tube. To establish the absorption-desorption equilibrium, before turning on the lamp,
the samples were kept in the dark, under stirring, for 10 minutes.

4. Conclusions

A series of supramolecular organic-inorganic magnetic composites containing Zn-
modified MgAl-LDHs and Cu-phthalocyanine as photosensitizer have been prepared
with the scope to f-lactam antibiotics removal from aqueous solutions. The resulted
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composites were characterized using textural, spectral and diffractometric techniques.
These confirmed the anchorage of Cu-phthalocyanine onto the edges of the LDH lamellae,
without any insertion in the interlayer space. The removal of these antibiotics occurred
via a concerted adsorption and photocatalytic degradation. The efficiency of the compo-
sites was depending on i) the LDH:MP ratio that is strongly correlated to the textural
properties of the catalysts and ii) the phthalocyanine loading in the final composite. A
maximum of the efficiency was achieved for the P8 photocatalyst, with a removal of ~93%
ampicillin after 2 hours of reaction.
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