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Abstract: In the present study the development of novel polymer-supported nanocomposite
graphene oxide (GO)–TiO2 films, based on poly(L-lactic acid), one of the most exploited bioplastics
worldwide, was explored for photocatalytic applications. The nanocomposites were synthesized
and evaluated as photocatalysts for the removal of a mixture of nine antibiotics, consisting of two
sulphonamides (sulfamethoxazole, sulfadiazine), three fluoroquinolones (levofloxacin, norfloxacin,
moxifloxacin), one anti-TB agent (isoniazid), one nitroimidazole (metronidazole), one lincosamide
(lincomycin) and one diaminopyrimidine (trimethoprim), which are commonly found in wastewaters.
The films were synthesized using 1 wt% GO and different TiO2 content (10, 25, and 50 wt%) and
characterized using Fourier transform infrared spectroscopy (FTIR), wide-angle X-ray diffraction
(WAXD), thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). Findings
confirmed the successful immobilization of GO/TiO2 in all cases. The PLLA–GO–TiO2 50 wt%
composite film demonstrated higher photocatalytic efficiency and, thus, was further investigated
demonstrating excellent photostability and reusability even after four cycles. Overall, PLLA–GO–TiO2

50 wt% nanocomposite demonstrated high efficiency in the photocatalytic degradation of the
antibiotics in various matrices including pure water and wastewater.

Keywords: antibiotics; bioplastics; graphene oxide; nanocomposites; photocatalysis; poly (L-lactic
acid); titanium dioxide

1. Introduction

The occurrence of contaminants of emerging concern (ECs) in wastewater has been highlighted
globally due to the potential irreversible effects on human health and aquatic biota [1]. According to
their presence in household products [2,3], they have been identified in wastewater influents [4] which
has become a worldwide issue [5–7]. These compounds are characterized as “pseudo-persistent” and
due to their water soluble residuals they are categorized as compounds of ‘’emerging” concern [8–10].

Antibiotics are widely used [11–14] and usually present in urine and faeces of humans and
animals since a small percentage is metabolized and the rest is excreted unaltered [2,15–18]. They are
continuously detected in surface waters [4] and even in low concentrations they are considered a risk
for human health and the ecological environment since their residues can promote the development
of bacteria with antimicrobial resistance (AMR), thus evolving the ability to sidestep the activity of
antibiotics towards them. The issue of antibiotic removal from wastewater treatment processes is
present due to their inability to biodegrade completely [12,19], thus becoming secondary pollutants

Appl. Sci. 2020, 10, 2368; doi:10.3390/app10072368 www.mdpi.com/journal/applsci

http://www.mdpi.com/journal/applsci
http://www.mdpi.com
https://orcid.org/0000-0002-5284-2141
http://dx.doi.org/10.3390/app10072368
http://www.mdpi.com/journal/applsci
https://www.mdpi.com/2076-3417/10/7/2368?type=check_update&version=2


Appl. Sci. 2020, 10, 2368 2 of 20

that could be further detected in the receiving waters [13,19–21]. The problem can be minimized
if actions are taken to ameliorate the effectiveness of wastewater treatment processes in removing
antibiotics and control their release to aquatic ecosystems [21].

As mentioned above, difficulties of antibiotic removal from WWTP effluents still exists [4,22] and
there is a necessity in developing new methods [23,24] as alternatives to the conventional treatment for
decontaminating water containing non-biodegradable organic compounds [25]. Advanced oxidation
processes (AOPs) have been developed and have been recognized lately as emerging technologies due to
their effectiveness in degradation of organic compounds [8,26]. Among different AOPs, semiconductor
photocatalytic technology represented by titanium dioxide (TiO2) is regarded a promising water and
wastewater treatment method [26]. TiO2 is a non-toxic, stable photocatalyst with high photocatalytic
activity under UV irradiation, and it is considered as the most promising photocatalyst for the oxidation
of organic pollutants [23,24,26–28]. However, TiO2 is characterized by low quantum efficiency,
fast recombination of the photoexcited electron-hole pairs and wide band gap resulting in limited
performance under visible light [29,30] with a tendency for aggregation and weak recycling ability [31].
To overcome some of these drawbacks, the combination of semiconductors with carbon-based materials
such as graphene oxide (GO) has been reported. The GO demonstrates a beneficial role in photocatalysis
since it improves the adsorbance of the contaminants and plays the role of an electron acceptor, thus
hindering the electron-hole recombination. Additionally, GO can act as a photosensitizer extending
the light adsorption of GO/TiO2 nanocomposites into the visible region [32].

Apart from the previously mentioned limitations, there are still some drawbacks that hinder the
implementation of suspended powder TiO2 photocatalysts in large-scale units. Among them, post
separation for the recovery of the very fine particles of the photocatalyst and the feasibility of reuse
of the recovered catalyst are considered the most prominent challenges since they render the whole
process unprofitable. To overcome this drawback, the immobilization of the TiO2 catalyst on different
polymer-supporting materials has been recently proposed [33–35]. In the latter case, immobilization of
TiO2 on a membrane or a film demonstrates the advantage of acting also as a barrier for contaminants
and their degradation products, thus improving the efficiency of the process. Consequently, employing
new catalysts with immobilized TiO2 nano-sized particles proved to be a promising alternative that
might facilitate the application of photocatalysis in real treatments.

In this context, herein, poly(L-lactic acid) nanocomposite (PLLA) was proposed as a supportive
polymer for the immobilization of GO–TiO2 nanoparticles. PLLA is one of the most commercially
available bioplastics which has received considerable attention due to its nontoxicity, biocompatibility,
biodegradability, biorenewability and good processability [36,37]. PLLA found application in
miscellaneous fields like food packaging, tissue engineering and drug delivery systems [36–38].
For example, Athanasoulia et al. (2018) incorporated TiO2 particles into PLLA polymers via extrusion
melt blending in order to test bactericidal efficiency under UV-light and low crystallinity of the
poly(L-lactic acid) matrix. Likewise, Buzarovska et al. improved their biomedical application, by using
thermally-induced phase separation (TIPS), due to their efficient antibacterial properties and good
characteristics of the polymer matrix [36]. Despite the number of studies conducted in PLLA-based
polymer materials recognizing its high potential, few data are currently available for the use of PLLA
and its incorporation in photocatalytic applications [39–43]. Very recently, an interesting review
has been published by Kaseem et al. [43] describing the experimental approaches used to improve
the compatibility of PLA/TiO2 composites. Most of the reviewed studies, however, focused on the
antimicrobial properties of PLA/TiO2 materials, while a handful of them are dedicated on their
photocatalytic performance by using organic dyes a model compound [39–42]. To the best of our
knowledge, PLA/TiO2 materials have not been reported until now for the photocatalytic degradation
of emerging contaminants, like antibiotic compounds.

Based on the above, to allow the easy recovery and possible reuse of the photocatalyst, novel
floating, polymer-supported nanocomposite GO/TiO2 films, based on poly(L-lactic acid), were prepared
and characterized. The efficiency of the new photocatalysts was evaluated in eliminating a mixture
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of nine antibiotics in two types of water matrices (pure water and wastewater effluent). Previous
studies usually focus on the degradation of individual compounds. However, synergistic effects and
the complexity of cocktail effects underline the importance of their study as a mixture [44]. Kinetics
and detoxification of the treated solution were investigated in order to give an integrated evaluation of
the newly synthesized nanocomposite films. Finally, the durability of the synthesized PLLA–GO–TiO2

50 wt% composite film as photocatalyst was evaluated during multiple treatment cycles. Thus far,
the use of PLLA–GO–TiO2 for water wastewater treatment is still in its inception. To the best of our
knowledge, such study has not been conducted before.

2. Materials and Methods

2.1. Materials and Reagents

PLLA used for the preparation of the film was purchased under the trade name Purasorb PL38
(Purac Biochem, Gorinchem, The Netherlands). Its inherent viscosity was 3.81 dL/g (Mn = 700,000 Da)
and the water content less than 0.5%. The GO was synthesized by using a modified Staudenmaier’s
approach [45]. Accordingly, 10 g of powdered graphite was added to an acid mixture (concentrated
H2SO4 and HNO3) in an ice-water bath for cooling. Subsequently, potassium chlorate powder was
added carefully to the mixture in small portions while stirring and cooling. After 18 h the mixture was
poured into distilled water and the oxidation product was finally washed with distilled water until
pH 6 and left to dry at room temperature. Titanium dioxide P25 was used as received from Evonik
(Darmstadt, Germany) (particle size 20–30 nm; crystal structure: ~80% anatase and 20% rutile; surface
area: 56 m2 g−1, zero point of charge ≈ 6.3–6.8). All used antibiotics (sulfamethoxazole, sulfadiazine,
isoniazid, trimethoprim, norfloxacin, moxifloxacin, lincomycin, levofloxacin) were obtained from Sigma
Aldrich (Taufkirchen, Germany) with high purity (>98%). LC-MS-grade methanol was purchased by
Merck (Darmstadt, Germany) and formic acid LC-MS grade (98%) was supplied by Sigma-Aldrich
(Taufkirchen, Germany). Ultrapure water that was used for experiments and chromatographic analysis
was obtained from a Millipore Waters Milli-Q water purification system. The solutions of antibiotics
used for the experiments were freshly prepared before treatment by spiking the target antibiotics
(1 mg/L) in ultrapure water or wastewater effluent which was previously filtered using a 0.45 µm pore
size filter.

2.2. Synthesis of Films

The preparation of the films was based on the phase inversion method by which PLLA was firstly
dissolved in a mixture of Trifluoroacetic acid (TFA)/chloroform (CHCl3) 25/75 v/v to prepare a viscous
solution (5 wt%) which was then carefully poured into a glass casting support using doctor blade
in order to obtain the required film thickness (150 µm). Subsequently, solvent was evaporated at
room temperature and the prepared films have been further dried under vacuum till constant weight.
The nanocomposite films with the immobilized GO/TiO2 particles were prepared by following the
same procedure. In this case, after dissolution of PLLA, a mixture of dispersed GO and TiO2 in a
solvent was added under sonication for 5 min, and the procedure was continued, as described for neat
PLLA. Three different films were finally prepared containing 1 wt% GO and 10, 25 and 50 wt% TiO2.
All synthesized films have been vacuum dried at 60 ◦C for 24 h.

2.3. Characterization of PLLA–GO–TiO2 Composite Films

2.3.1. Wide Angle X-Ray Scattering

In order to investigate the crystallization of the PLLA and its nanocomposites with GO and TiO2

a XRD diffractometer (Rigaku-Miniflex 600, Chalgrove, Oxford, UK) was employed using Cu Ka
radiation and scanning temperature range from 5◦ to 80◦.
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2.3.2. Differential Scanning Calorimetry (DSC)

The thermal properties of PLLA and its nanocomposites with GO and TiO2 were tested using a
Perkin–Elmer, Pyris Diamond differential scanning calorimeter (DSC) calibrated with indium and zinc
standards. All DSC measurements were carried out under N2 of 10 mL/min. The samples of 5 ± 0.1 mg
were sealed in aluminium pans, scanned from about 30 to 200 ◦C at a 20 ◦C/min heating rate, held for
5 min in order to erase any thermal history and then were supercooled to -65 ◦C with a cooling rate of
200 ◦C/min. Glass transition and melting temperatures were obtained through subsequent heating
runs as previously described.

2.3.3. Thermogravimetric Analysis (TGA)

A SETARAM SETSYS TG-DTA 16/18 thermal analyser was employed for the determination of
weight loss and thermal stability carried out in simultaneous TG/DTA (thermogravimetry/differential
thermal analysis) measurements. The thermogram was obtained from ambient temperature up to
600 ◦C, with a heating rate of 20 ◦C min−1 with a nitrogen flow rate (99.9%) at 30 cm3 min−1.

2.3.4. Scanning Electron Microscopy (SEM)

In order to examine the morphology (structure and porosity) of the prepared films a SEM (JEOL
JMS-840) was employed. Cross-sections were used covered with a carbon coating in order to provide
good conductivity of the electron beam. Operating conditions were the following: accelerating voltage
20 kV, probe current 45 nA and counting time 60 s.

2.4. TiO2 Photocatalytic Degradation Experiment

For the photocatalytic experiments under simulated solar irradiation an Atlas Suntest CPS+ solar
simulator (Germany) was used. Illumination was performed with a xenon lamp (1.5 kW, 750 W m−2).
All experiments were carried out in a 200 mL Pyrex glass reactor. The pH value of ultrapure water
was approximately 6. The experiment was performed in two separate stages. In the first part,
the appropriate amount of catalyst together with prepared solution of nine antibiotics (100 mL) was
added in the glass reactor, and it was kept in the dark on a magnetic stirrer for 30 minutes in order to
achieve adsorption equilibrium on the catalyst’s surface. Then the lamp was turned on and during
illumination samples were collected at different time points and filtered through 0.22 µm syringe nylon
membrane filters. Finally, samples were injected in the LC-MS system for determination of the target
compounds in positive (PI) ionization mode.

2.5. Analytical Procedures

2.5.1. Kinetic Studies—LC-MS Analysis

An LC-MS system by Schimadzu was employed for the quantitative analysis of antibiotics
concentration equipped with an ESI ionization source operating in positive ionization mode (PI).
The detector voltage was set at 1.65 kV and for the chromatographic separation an Athena C18, (4.6 mm
× 250 mm × 5 mm particle size; CNW Technologies) column was used operating at a flow rate 0.4 mL
min−1 at 40 ◦C. Twenty microlitre (20 µL) samples were injected and the elution of the compounds was
performed by a binary gradient consisting of water-0.1% formic acid (A) and methanol (B).

2.5.2. Mineralization Studies

A TOC (total organic carbon) analyser was used to evaluate the degree of mineralization of the
irradiated samples (previously filtered through 0.22 µm syringe nylon membrane filters).
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2.5.3. Toxicity Analysis

Daphnia toxicity test was conducted according to OECD 202 guideline for testing of chemicals.
Briefly, after incubation of daphnia magna eggs for 72 to 80 h under illumination, hatching of the
ephippia occurred. Forty millilitres (40 mL) of test solution was loaded into four wells (10 mL each
well) on a multiwall and 20 daphnias, divided into four groups of five organisms each, were added
at the sample test and at control samples containing standard freshwater. The multiwall was placed
in the incubator at 20 ◦C in the dark and the immobilization was recorded at 24 and 48 hours and
compared with control values.

3. Results and Discussion

3.1. PLLA–GO–TiO2 Characterization

The incorporation of added GO and TiO2 amounts into PLLA film was evaluated with
thermogravimetric analysis (TGA). As can be seen from Figure 1a neat PLLA and its nanocomposites
have almost similar behaviour during heating. There is a small mass loss till 170 ◦C (about 1.7%),
due to water evaporation, while the main mass loss occurs between 350–450 ◦C with a maximum
decomposition rate at 370 ◦C for neat PLLA and at 384 oC for nanocomposites (Figure 1b). Thus,
it seems that the addition of GO and TiO2 enhances the decomposition of PLLA, which is in good
agreement with previous reported studies in PLA nanocomposites [46–48] as well as in PLLA/TiO2

nanocomposites [36,37]. In neat PLLA almost all the material is decomposing since only a char
(no degraded material) of about 0.3% was remaining at 600 ◦C. In nanocomposites this char is much
higher, which is expected since both GO and TiO2 are non-degraded materials at that temperatures,
and its amount increases by increasing the GO–TiO2 content. From mass loss curves it was calculated
that in all nanocomposites the remaining char is very close to the initially added GO–TiO2 amounts,
which is a proof that these are incorporated successfully in films.
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The previous findings were also proved from XRD studies, since in all recorded patterns the
characteristic peaks of TiO2 can be found (Figure 2). TiO2 NPs exhibited the anatase structure with
peaks at 25.5◦ (101), 36.4◦ (103), 38◦ (004), 48.3◦ (200) and a double peak at 64.3–55.2◦ (105–211) while
the small intensity peak at 27.6◦ (110) corresponds to a rutile structure [44]. Unfortunately, due to the
small amount of GO in nanocomposites, any peak corresponded to them cannot be found on these
patterns [47–50]. On the other hand, PLLA is a semicrystalline polymer with characteristic peaks at 17.31,
19.57 and 22.92◦. These peaks can be found in all nanocomposites. However, it is evident that as the
amount of GO–TiO2 increases their intensity reduces. This was expected since the addition of inorganic
nanoparticles in large amounts in a polymer, reduces the ability of macromolecules to be folded and,
thus, its crystallisation behaviour. Similar findings were also mentioned by Athanasoulia et al. for
PLLA/TiO2 nanocomposites [37].

Some interactions between inorganic fillers and PLA matrix can be also responsible for this
restriction to chain mobility. This was confirmed by FTIR spectroscopy (Figure 3). The main absorption
peaks were observed at 3020 and 2943 cm−1, 1743 cm−1 and 1177 cm−1 due to CH stretching of methyl
and methylene groups, stretching mode of the carboxyl ester groups and C-O groups, respectively.
Additionally, some additional peaks were recorded at 1454 and 1381 cm−1, due to the asymmetric
and symmetric deformation of CH3 group and one broad and weak peak in the area 3500–3800 cm−1

with a maximum at 3714 cm−1 corresponding to the –OH end groups. TiO2 nanoparticles have
characteristic peaks at 807 cm−1 corresponding to Ti–O–Ti groups and a broad peak of Ti–OH groups
at 3200–3500 cm−1. On the other hand, GO exhibits lot of reactive groups like –OH, –COOH and
epoxy groups. Absorption peaks hovering around 1630 cm−1 was attributed to the C–O stretching
vibrations of the COOH groups, while strong adsorptions at 1395 cm−1 1060 cm−1 were assigned to
the –C–OH deformations and C–O stretching vibrations, respectively. Moreover, exhibition of a peak
at 1215 cm−1 which was indexed to asymmetric stretching of C–O–C bridges in epoxy groups was
observed [51]. However, due to its low amount in the prepared films (1 wt%) none of these peaks
could be found in the recorded spectra. Comparing the spectra of prepared films with these of neat
PLLA some characteristic shifts can be seen in the area of hydroxyl groups. In all nanocomposites the
–OH absorbance is progressively shifted to lower wavenumbers by increasing the TiO2 amount. This is
an evidence that some interactions may are taking place between the –OH end groups of PLLA and
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TiO2. On the contrary, the carbonyl group peak at 1743 cm−1 remains stable, which is a proof that these
peaks are not participated in any kind of interactions with TiO2 groups.
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The addition of GO and mainly TiO2, which is in much higher amount compared with GO,
nanoparticles affects also thermal properties of PLLA. As can be seen from Figure 4a PLLA is a
semicrystalline material with melting point at 154.3 ◦C while the addition of nanoparticles causes a
small reduction in melting point (about 1◦C). This reduction seems not to be affected from the addition
of TiO2 amount. The same behaviour is observed in nanocomposites after quenching, in which the
malting point is recorded at about 152–153 ◦C (Figure 4b).



Appl. Sci. 2020, 10, 2368 8 of 20

Appl. Sci. 2020, 10, 2368 8 of 20 

reduction in melting point (about 1°C). This reduction seems not to be affected from the addition of TiO2 
amount. The same behaviour is observed in nanocomposites after quenching, in which the malting point 
is recorded at about 152–153 °C (Figure 4b).  

 

 

Figure 4. DSC thermogramms of prepared nanocomposites containing different GO-TiO2 contents in 
comparison with neat PLLA (a) as prepared samples and (b) melt quanched samples. 

However, the glass transition temperature is progressively shifted to higher temperature, from 
62.1°C to 63.7 °C, as the amount of TiO2 nanoparticles increases. This is due the formed interactions 
between PLLA and TiO2, as proved form FTIR spectroscopy, which hinders the segment mobility of 
macromolecules [52–55]. On the contrary, the addition of nanoparticles seems to enhance the 
crystallization of PLLA and, as can be seen by the cold crystallization temperature, which was recorded 

 

60 80 100 120 140 160 180

N
or

m
al

iz
ed

 H
ea

t F
lo

w
 E

nd
o 

U
p 

(W
 g

-1
) 

Temperature (oC)

 PLLA-GO/TiO2 50%
 PLLA-GO/TiO2 25%
 PLLA-GO/TiO2 10%
 PLLA

154.3oC

153.0
o

C

153.1oC

153.3
o

C

a

 

40 60 80 100 120 140 160 180

20

25

N
or

m
al

iz
ed

 H
ea

t F
lo

w
 E

nd
o 

U
p 

(W
 g

-1
) 

Temperature (oC)

 PLLA-GO/TiO2 50%
 PLLA-GO/TiO2 25%
 PLLA-GO/TiO2 10%
 PLLA

153.2oC

152.7
o

C

152.4
o

C

152.9
o
C

62.1oC

63.7
o

C

63.4
o

C

62.9oC

130.1oC

127.6
o

C

125.5
o

C

128.8
o

C

b

Figure 4. DSC thermogramms of prepared nanocomposites containing different GO-TiO2 contents in
comparison with neat PLLA (a) as prepared samples and (b) melt quanched samples.

However, the glass transition temperature is progressively shifted to higher temperature,
from 62.1 ◦C to 63.7 ◦C, as the amount of TiO2 nanoparticles increases. This is due the formed
interactions between PLLA and TiO2, as proved form FTIR spectroscopy, which hinders the segment
mobility of macromolecules [52–55]. On the contrary, the addition of nanoparticles seems to enhance
the crystallization of PLLA and, as can be seen by the cold crystallization temperature, which was
recorded as an exothermal peak before the melting point of PLLA, it was progressively shifted to lower
temperatures by increasing TiO2 content. Similar crystallization behaviour was also mentioned for
PLLA/SiO2 nanocomposites [56].
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3.2. PLLA–GO–TiO2-Based Photocatalysis

3.2.1. Photocatalytic Degradation

The contribution of other processes like hydrolysis, adsorption or photolysis to the photocatalytic
degradation process, were firstly examined. No hydrolytic effect was observed for any of the
studied compounds. In order to examine the absorption of the target antibiotic compounds onto
the newly synthesized catalyst, their mixture was left in the dark, in the presence of the composite
film. After 30 min all the compounds were less than 1% adsorbed on the catalyst’s surface except of
moxifloxacin, norflaxacin and sulfadiazine, which exhibited a small adsorption reaching 15.8%, 11.6%
and 6.1%, respectively. The photolytic effect was also examined by conducting experiments at the
same initial concentration of the pharmaceuticals as in the photocatalytic run and in the absence of the
catalyst. Results are depicted in Figure 5.
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Obviously, as shown in Figure 5, all antibiotics are photolytically degraded since they exhibit
adsorption at wavelengths above 290 nm, thus having an overlap with the emission spectrum of the
lamp used. However, complete disappearance is only observed for metronidazole and norfloxacin
after 120 and 180 min of illumination, respectively, while no other antibiotic is completely degraded
after six hours of treatment. This is in accordance with previous studies [55] since norfloxacin belongs
to the class of fluoroquinoles and it has been concluded that this class of antiobiotics can undergo not
only direct or indirect photolytic degradation but also a self-sensitised photo-oxidation via reactive
oxygen species. The other two fluoroquinolones, moxifloxacin and levofloxacin, also undergo direct
photolysis but at slower rates [55].

In Figure 6, the photocatalytic elimination of the mixture of antibiotics is depicted in the presence
of the immobilized GO–TiO2 on the composite film. All pharmaceutical compounds are almost
completely eliminated within six hours of irradiation, thus indicating that even if photolysis is taking
place its contribution to the overall photocatalytic process is smaller.
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More specifically, most of the compounds appear to be quite susceptible to photocatalysis since
they are more than 90% degraded within 180 min of treatment while moxifloxacin, trimethoprim and
lincomycin require more prolonged treatment.

According to the literature, the photocatalytic degradation follows the first order kinetic law
expressed as in Equations (1) and the non-linear fit was applied to all photocatalytic degradation
data [55]:

C = C0 e−kt (1)

where k (min−1) is the apparent first order rate constant. In Table 1 all kinetic parameters, including
the rate constants, the half-lives (min) calculated from Equation (2) and the regression coefficients R2

are presented:
t1/2 = ln(2)/k (2)

Table 1. Kinetic data during photolysis and photocatalysis of antibiotic mixture (C0(drug) = 1 mgL−1,
PLLA–GO–50 wt% TiO2 = 1 gL−1, I = 750 Wm2 ).

Categories Antibiotics Photocatalysis Photolysis

k t1/2 R2 k t1/2 R2

Fluoroquinolones moxifloxacin 0.014 49.5 0.98 0.003 231.0 0.96
levofloxacin 0.019 36.5 0.99 0.005 138.6 0.97
norfloxacin 0.031 22.4 0.99 0.020 34.7 0.98

Sulfonamides sulfamethoxazole 0.022 31.5 0.97 0.010 69.3 0.99
sulfadiazine 0.015 46.2 0.97 0.014 49.5 0.98

Diaminopyrimidines trimethoprim 0.008 86.6 0.99 0.001 69.1 0.96
Lincosamides lincomycin 0.013 53.3 0.98 0.007 99.0 0.98

Imidazoles metronidazole 0.037 18.7 0.99 0.033 21.0 0.99
Hydrazide
derivatives isoniazid 0.017 40.8 0.98 0.006 11.5 0.97
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Photolytic kinetic data were also calculated and included in Table 1 for comparison.

3.2.2. Effect of TiO2 Content on PLLA Film

In order to investigate the effect of the TiO2 loading on the photocatalytic degradation kinetics of
the studied mixture, three different PLLA–GO–TiO2 composite films were tested containing 10%, 25%
and 50 wt% TiO2. In Table 2 all kinetic parameters (rate constants k (min−1), half-lives t1/2 (min) and
regression coefficients, (R2)) are presented.

Table 2. Effect of TiO2 loading on kinetic parameters during the photocatalytic degradation of antibiotic
mixture (C0(drug) =1 mgL−1, PLLA–GO–TiO2 = 1 gL−1, I = 750 Wm2).

Antibiotics PLLA–10% wt TiO2 PLLA–25% wt TiO2 PLLA–50 wt% TiO2
Fluoro-Quinolones k t1/2 R2 k t1/2 R2 k t1/2 R2

moxifloxacin 0.013 53.3 0.97 0.014 49.5 0.98 0.014 49.5 0.98
levofloxacin 0.009 77.0 0.98 0.014 49.5 0.98 0.019 36.5 0.99
norfloxacin 0.020 34.7 0.97 0.023 30.1 0.96 0.031 22.4 0.99

Sulfonamides
sulfamethoxazole 0.010 69.3 0.98 0.011 63.0 0.99 0.022 31.5 0.97

sulfadiazine 0.013 53.3 0.98 0.014 49.5 0.98 0.015 46.2 0.97
Diaminopyrimidines

trimethoprim 0.003 231.0 0.99 0.005 138.6 0.98 0.008 86.6 0.99
Lincosamides

lincomycin 0.008 86.6 0.97 0.012 57.8 0.98 0.013 53.3 0.98
Imidazoles

metronidazole 0.032 21.7 0.96 0.033 21.0 0.99 0.037 18.7 0.99
Hydrazide derivatives

isoniazid 0.009 77.0 0.98 0.016 43.3 0.97 0.017 40.8 0.98

Obviously, the composite film with the higher loading of TiO2 is the most effective since
higher reaction rates are achieved. The increase of the TiO2 content sped up the photodegradation
kinetics since more hydroxyl radicals are produced and more active sites are available for antibiotics
degradation [24], [57]. Moreover, the use of a high TiO2 dosage in an immobilized catalyst does not
provoke the reduction of the reaction rate caused by light scattering and turbidity of the solution as it
is usually observed in the suspended form of the catalyst [26]. Since the PLLA–GO–50%wt TiO2 film
exhibited the higher photocatalytic efficiency, it was selected to be further investigated.

3.2.3. Reusability Study of the PLLA–GO–50%wt TiO2 Composite Film

In order to achieve the maximum efficiency of a catalyst, recycling and reuse are significant
parameters to be investigated. Under this light, the photocatalytic activity of the PLLA–GO–50 wt%
TiO2 composite film was tested for four cycles. After each cycle the nanocomposite film was withdrawn
from the reactor, washed with deionized water, dried and prepared for the next run.

In Table 3 all the calculated k values are depicted and in Figure 7a comparable degradation
performance of one compound of the mixture, sulfamethoxazole, is illustrated for four
consecutive cycles.

Obviously there is no observed reduction on the catalyst’s efficiency for all antibiotics, indicating
the stability of the composite film towards radiation and the •OH radicals which has been previously
reported that may attack not only the organic pollutants but also the adjacent polymer chains [24,58].
Moreover, the observed capability of the catalyst to maintain its degradation efficiency after four
cycles can be attributed to the strong attachment of TiO2 particles on the polymer film as it is obvious
in Figure 8. PLLA–GO–50 wt% TiO2 composite films after their uses have been characterized by
several techniques to detect any differences caused by the photocatalysis process. As it can be seen in
Figure 8a, the initial PLLA–GO–50 wt% TiO2 composite has smooth surface while after the first run of
photocatalysis there are some micropores formed into its surface. These could be due to TiO2 removal
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or due to the partial decomposition of PLLA matrix due to photocatalysis. However, the surface and
its porosity remain almost the same after the fourth run of photocatalysis and it seems to be unaffected
from the additional runs.

Table 3. Effect of reusability of the PLLA–GO–50 wt% TiO2 films on the kinetic data of the photocatalytic
degradation of antibiotic mixture. C0(drug) = 1 mgL−1, PLLA–GO–TiO2 = 1 gL−1, I = 750 Wm2.

Categories Antibiotics

Cycles

k (min−1)

1st 2nd 3rd 4th

Fluoroquinolones moxifloxacin 0.014 0.013 0.014 0.014
levofloxacin 0.019 0.019 0.018 0.018
norfloxacin 0.031 0.032 0.030 0.030

Sulfonamides sulfamethoxazole 0.022 0.022 0.021 0.022
sulfadiazine 0.015 0.014 0.015 0.016

Diaminopyrimidines trimethoprim 0.008 0.009 0.007 0.008
Lincosamides lincomycin 0.013 0.013 0.011 0.012

Imidazoles metronidazole 0.037 0.035 0.037 0.033
Hydrazide derivatives isoniazid 0.017 0.017 0.017 0.017
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Moreover, TGA analysis has been conducted in all PLLA-GO/TiO2 50 wt% films after several
photocatalytic runs. As it can be seen in Figure 9, after the second run the mass loss is much higher,
compared with the sample before photocatalysis, and the remaining char is about 45.8%. This is an
indication that some small amount of TiO2 (about 2.3%), which was probably located at the surface of
prepared films, was removed during photocatalysis. This phenomenon was also repeated during 4th

run where an additional 1.1% of TiO2 was lost, since the remaining char is 44.7%. Similar results have
been found in our previous studies in PET/TiO2 films [24]. This removal can also explain the porosity
of used firms after several photocatalysis runs.
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3.2.4. Mineralization and Toxicity Evaluation

In order to investigate the degree of mineralization, TOC measurements were carried out during
and at the end of the process. However, after 6 h of illumination less than 30% removal of the TOC was
achieved indicating that recalcitrant intermediates are formed requiring more prolonged irradiation
time for their elimination.

Since the formation of various transformation products throughout treatment may pose
environmental risks [59] the evaluation of the changes in toxicity during treatment is indispensable.
In the present study a Daphnia magna toxicity bioassay was applied to samples taken during the
photocatalytic treatment and the immobilization of the organisms expressed as the % effect after 24 h
and 48 h of exposure was determined. In Figure 11, the results from the bioassay are depicted.
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Obviously, photocatalytic treatment of the target mixture leads to a reduction in toxicity in general.
After 2 h of treatment toxicity appears a reduction from 55% effect to 20% (48h) since most of the
compounds of the mixture are by this time more than 70% degraded. However, after three hours of
illumination a slight increase is depicted despite the fact that most of the parent compounds are more
than 90% degraded, thus indicating the formation of by-products that may pose a slight toxic effect on
the tested organism. After six hours of treatment, a 20% effect is still observed probably due to the
presence of recalcitrant intermediates as it has been also indicated by the slight reduction of TOC (less
than 30%).

3.2.5. Evaluation of the Photocatalytic Efficiency of the PLLA–GO–50 wt% TiO2 Composite Film on the
Photodegradation of the Mixture of Antibiotics in a Wastewater Matrix

In order to examine the efficiency of the PLLA–GO–50 wt% TiO2 composite film on the elimination
of the target compounds being present in a wastewater matrix, experiments were conducted in a
wastewater effluent obtained from an urban wastewater treatment plant. In Table 4, the physicochemical
characteristics of the effluent are depicted.

In Figure 12, the photocatalytic degradation of the antibiotic compounds is presented. Obviously,
the newly synthesized PLLA–GO–50 wt% TiO2 composite film is effective enough to cause more than
90% degradation for most of the studied compounds.

In Table 5, all kinetic parameters are presented.
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Table 4. Physisochemical characteristics of the wastewater effluent.

Physicochemical Parameters Values

BOD (mgL−1) 11
COD (mgL−1) 59

SS (mgL−1) 8.4
N–NH3 (mgL−1) 9.3
N–NO3 (mgL−1) 1.5

Ptot (mgL−1) 1.2
Bicarbonate (mgL−1) 380

Chloride (mg−1) 124
TOC (mgL−1) 14.3

pH 7.9
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Figure 12. Photocatalytic degradation of the antibiotics mixture in the presence of PLLA–GO–50 wt%
TiO2 composite films in a wastewater effluent (C0(drug) = 1 mgL−1, PLLA–GO–50 wt% TiO2 = 1 gL−1,
I = 750 Wm2).

Table 5. Kinetic data of the photocatalytic degradation of antibiotic mixture in wastewater effluent.
(C0(drug) = 1 mgL−1, PLLA–GO–50 wt% TiO2 = 1 gL−1, I = 750 Wm2).

Categories Antibiotics Photocatalysis in Wastewater Effluent

k t1/2 R2

Fluoroquinolones moxifloxacin 0.0035 198.0 0.99
levofloxacin 0.0048 145.9 0.98
norfloxacin 0.0078 89.4 0.97

Sulfonamides sulfamethoxazole 0.0055 126.0 0.96
sulfadiazine 0.0038 184.8 0.97

Diaminopyrimidines trimethoprim 0.002 346.6 0.99
Lincosamides lincomycin 0.0033 213.3 0.99

Imidazoles metronidazole 0.0093 74.9 0.99
Hydrazide derivatives isoniazid 0.0043 163.1 0.98
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Since the resulting correlation coefficients were R2 > 0.96, the first-order simplified model can be
also applied to adequately describe the degradation of the pharmaceutical compounds in a wastewater
matrix. However, slower kinetics compared to ultrapure water are obtained due to this increase of the
complexity of the matrix. Firstly, a significant role to the scavenging effect is played by the dissolved
organic matter (~11 mg/L) which not only consumes the produced hydroxyl radicals since the latter lack
of selectivity, but also competes with the target compounds for the active sites on the catalyst’s surface,
thus suppressing their degradation [31]. Moreover, inorganic ions that are present in wastewaters, like
bicarbonates, chlorides or sulphates, can act as scavengers of hydroxyl radicals, thus prohibiting the
photodegradation process of the pharmaceuticals [60].

4. Conclusions

In the present study, novel polymer supported nanocomposite TiO2 films, based on poly(L-lactic
acid), a well-known bioplastic, have been synthesized and successfully applied for the photocatalytic
degradation of a mixture of nine antibiotics which are commonly found at environmental samples.
Characterization techniques such as FTIR, WAXD, TGA and DSC further confirmed their successful
preparation. Among all prepared catalysts, PLLA–GO–50 wt% TiO2 composite film showed better
photocatalytic activity towards the treatment of the antibiotic mixture. The application was evaluated,
comparing its efficiency during the treatment of ultrapure water and a wastewater effluent. Effective
degradation of the target compounds was observed in both cases although slower kinetics was obtained
for wastewater effluents due to the complexity of the matrix. After photocatalysis, the acute toxicity
of antibiotics decreased suggesting that the formed TPs possessed similar or lower acute toxicity to
aquatic organisms (Daphnia magna) and, therefore, applying the photocatalysis as a post-treatment
technique would be beneficial for the elimination of antibiotics.

In conclusion, the reusability of the photocatalyst was assessed for four consecutive cycles.
The findings revealed that the PLLA–GO–50 wt% TiO2 composite film can be easily reused without
losing efficiency and avoiding the need of additional post-treatment recovery. Thus, the proposed
bioplastic materials provide new possibilities in the investigation of immobilized TiO2 graphene
composites on polymer films and promote their practical application in water and wastewater
purification addressing various environmental issues.
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