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Abstract: Of great concern are the residual antibiotics from dirt that can be found in farm soil and
wastewater. This kind of emerging pollutant into engineered nanomaterials is riveting. This work
proposes the elimination and transformation of a beta-lactam antibiotic, oxacillin, from environmental
waste to graphene quantum dots (GQDs). Two protocols were followed in which the use of
ethylenediamine (EDA) in the transformation leads to GQDs with excellent optical properties.
Therefore, two types of GQDs were synthesized in a Teflon-lined stainless autoclave by a thermal
procedure using oxacillin in the absence and presence of EDA. The ensuing e-GQDs from oxacillin
and EDA display a stronger fluorescence emission in comparison to those synthesized without EDA
(o-GQDs). The combination of Kaiser test analyses, infrared (IR) and Raman measurements revealed
the presence of oxygen-containing groups and primary amines at the edges of the graphitic nanolayer
for e-GQDs. This straightforward strategy brings hope and opens a new interest in waste recycling
by means of extracting residual contaminants from the environment for their further transformation
into adequate non-toxic graphitic nanomaterials with potential applications.
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1. Introduction

Non-biodegradable anthropogenic organic molecules are uncontrolled discharged at low
concentrations in industrial streams, without preventing them from entering the environment and
interacting with living organisms. Of great concern are many pharmaceutical compounds which
are characterized for being noxious and resistant to microbial degradation. Such pollutants can be
accumulated over long periods of time in soils and natural waters, causing resistance in diverse
bacterial populations and posing a serious challenge and a threat to the ecosystem and global health.

Oxacillin is a second-generation penicillin-resistant beta-lactam antibiotic [1] employed for treating
bacterial infections in human medicine and for preventing diseases in domestic animals. Its mechanism
of action involves its binding to certain proteins in order to debilitate and alter the cell wall formation,
causing inhibition of cell growth and promoting cell lysis [2]. However, a large consumption of this
type of antibiotic and its unmodified excretion via urination/feces into the sewage system produced a
mass-residual contamination which is responsible for newly more-resistant bacterial strains.

Residual amounts of oxacillin are recorded in agricultural and municipal wastewater [3,4],
which usually affect rivers [5]. The removal of such types of semisynthetic acid-stable penicillin from
contaminated soils and wastewaters is difficult to accomplish. The treatments of wastewater containing
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antibiotics can be classified into biotic (biodegradation) [6] and nonbiotic (oxidation) processes [7].
Giraldo et al. [6] evaluated various oxidation pathways with chloride ions to degrade oxacillin residues
into biodegradable compounds. In this regard, new proposals are needed to develop recycling
methodologies for this emerging pollutant, with an emphasis on those that provide substantial profits.

In recent decades, a special interest in exploring newly nano-sized carbon allotropes with
outstanding properties is turning to graphitic quantized nanodots [8–10] because of their myriad of
applications in many fields of research [11–14]. Graphene quantum dot (GQD) displays exceptional
electronic properties accordingly to its laminar structure, size and quantum confinement effect. Many
preparation methods of GQDs have been developed until now by both bottom-up and top-down
methodologies [3] using a plethora of precursors (recently with attention in biomass substances [15–19]
and synthetic conditions with conventional [20] and non-conventional reactors [21,22]). The need for a
more rational synthetic procedure for such nanodots with specific optical properties [23] by means
of tuning their bandgap from selecting the specific reaction conditions and precursors is therefore
desirable to establish a series of relationships between the nanosheet structure and their photophysical
features [24,25] according to the effects of internal structure, composition, size and surface. In this
respect, some investigations suggested that the use of polar protic solvents promotes the appearance of
certain functional groups at the GQD edges (namely, carboxyl moieties) capable of forming hydrogen
bonds with certain molecules (tuning GQD selectivity), which concretely affected in their optical
properties; on the contrary, polar aprotic solvents like dimethylformamide appear to be involved
in the graphitic framework formation by increasing both nitrogen content and conjugation length
of the graphene layer, which is reflected in a red-shifting emission [26]. Others reported that the
nitrogen content in the laminar defects is substantial for boosting the catalytic, electrical-optical and
photovoltaic performances as well as displaying red-shifting in the emission or even an efficient
two-photon emission of the nanolayers, which is of special interest in applications like electrocatalysis,
electrochemical/optical sensing, photovoltaic and imaging applications [27–33]. There exists an
ongoing debate on the photoluminescence origin of this newly graphitic family; thus, further research
is being undertaken on that point to design newly low-cost synthetic pathways of GQDs with specific
physicochemical properties [25].

In order to stimulate companies operating according to the green chemistry, this communication
proposes the reuse and transformation of an antibiotic residue, oxacillin, into a photoluminescence
nanomaterial intended to be used as a sensing probe, giving more hopes to researchers to eliminate
waste throughout a process that provides benefits.

2. Materials and Methods

2.1. Materials and Instrumentation

Kaiser test kit, oxacillin sodium salt monohydrate, ethylenediaminetetraacetic acid (EDTA, 99%),
ethylenediamine (EDA, 99.5%), 9,10-bisphenylethynylanthracene, and sulfuric acid (99.999% purity)
were purchased from Sigma Aldrich (Madrid, Spain). Ethanol (99%) and methanol (99.8%) were
purchased from PanReac AppliChem (Darmstadt, Germany). All reagents were used without further
purification. All glassware was rinsed with EDTA at 5% and then with ultrapure water (HPLC grade)
prior to use. Oasis Hydrophilic-Lipophilic-Balanced (HLB) tubes were purchased from Waters (Milford,
CT, USA). Also, 0.45-µm pore size nylon-filter membranes were supplied from Sartorius Stedim Biotech
(Göttingen, Germany). Water samples were collected from Guadiana river.

Fluorescence emission and absorption spectra were recorded on a Photon Technology International
QuantaMaster™ spectrofluorometer equipped with an 814-photomultiplier tube (PMT) detection
system. The instrument contains a 75 W Xenon short arc lamp (for the fluorescence measurements) and
a deuterium/halogen light source (for the absorption measurements) and is controlled by the Felix 32
software. All optical measurements were recorded at room temperature using micro quartz cuvettes of
10 mm light path. Both emission and excitation slit widths were set at 3 nm unless otherwise indicated.
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Lifetimes of the respective deoxygenated solutions were measured at room temperature in 1 cm closed
quartz cuvettes with a time correlated single photon counting spectrometer (Edinburgh Analytical
Instrument FLS920P-model, Scotland). F980 operating software was used for data collection.

Raman and IR spectra of the respective dry solid materials were recorded with an
AFM/Confocal/Raman spectrometer (alpha500; WITec GmbH, Ulm, Germany) with a laser of 532 nm and
a Bruker Tensor37 attenuated total reflection Fourier transform infrared (ATR-FT-IR) spectrophotometer
equipped with a deuterated triglycine Sulfate detector. The IR spectra were collected in the wavelength
range from 500 to 3650 cm−1 at a resolution of 4 cm−1 with 64 coadded scans each. Data collection was
collected with OPUS software (Bruker, Ettligen, Germany).

Zeta potential of the as-prepared GQD dispersions in water were measured in triplicate using a
Zetasizer Nano ZSP equipped with a 633-nm laser, and a 173-degree scattering angle.

Microscopic images of the ensuing GQDs were performed using a transmission electron microscope
(TEM) model JEOL JEM 2010. Samples were prepared by dropping the diluted solutions of each GQDs
on a TEM grid and letting them dry under vacuum at 30 ◦C for 4 h.

The content of amine groups was determined in triplicate using the Kaiser test kit. pH values of
the aqueous solutions were measured using a Basic 20 pH-meter. Ultrapure water was collected from a
Millipore system.

2.2. Methods

2.2.1. Extraction, Preconcentration and Back Extraction Procedures

A solid phase extraction (SPE) method for recovering residual oxacillin from enriched river waters
was selected as previously reported elsewhere [5]. Oasis HLB cartridge was preconditioned with
methanol, hydrochloric acid solution (HCl, 0.5 N) and ultrapure water. After that, water samples
were filtered, treated with 1 mL of an EDTA solution (5%) and passed through the SPE cartridge to
isolate the oxacillin residues over the water surface. SPE cartridge was then washed with ultrapure
water and the antibiotic was back extracted using methanol. All methanolic extracts were slowly
evaporated under a nitrogen stream to obtain the crystalline residue. Oxacillin was then stored in
refrigerator for further use. All the experiment took place within a day under light protection to avoid
degradation [34]. Liquid chromatography (LC) was used to assure the presence or the absence of the
antibiotic in methanolic extracts and river water samples.

2.2.2. Preparation and Optimization of the Graphene Quantum Dots

GQDs were synthesized from oxacillin as a single-source precursor (denoted as o-GQDs) as
follows: 100.5 mg of oxacillin residue were sonicated with sulfuric acid for 5 min and then heated
in a Lange thermoreactor (LT200), at 200 ◦C for 8 h. The synthetic treatment of the acidic mixture
resulted in the formation of reddish-to-black aggregates in which the heat process allows to moisture
and volatile compounds (ammonia) removal. After one hour, the visual appearance of a blackish wet
gel-like cluster in contrast to the white crystalline precursor appears. After cooling the resulting black
solid down to room temperature, it was subsequently treated with NaOH (0.1 M) and methanol to
redisperse the o-GQDs, using between each step successive centrifugations (3000 r.p.m., 5 min) for
separating insoluble impurities. The final brown colored aqueous solution was adjusted to neutral pH
and stored in darkness for their posterior use.

A similar procedure was performed to synthesize other graphitic nanodots (designated as e-GQDs),
but in this case oxacillin and ethylenediamine were used as carbon and nitrogen sources. The procedure
is summarized as follows: 50 mg of oxacillin were heated in the presence of EDA (50 µL) and sulfuric
acid in a thermoreactor at 200 ◦C. The final visual appearance is a gel-brownish dry solid. The ensuing
nitrogen doped e-GQDs were then redispersed in acidic-water media and methanol, centrifuged and
the resulting yellowish solution was stored in darkness at room temperature.
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2.2.3. Kaiser Test Protocol

The amount of amine groups attached onto GQD surfaces were measured by the Kaiser Test,
which procedure is shown below in summary: Approximately 1 mg of each type of modified GQD (in
triplicate) was weighed accurately and mixed in a test tube with 75, 100 and 75 µL of solutions I, II and
III of the Kaiser Test kit, respectively. The test tubes containing the nanosheets and other three tubes
considered as the blank were then sonicated and incubated at 100 ◦C for ca. 7 min. Then, all test tubes
were removed from heat and diluted with 2.8 mL of an ethanol solution (60% v/v). The absorbance of
each sample (resulting in solutions of pale yellowish or purple colors) at 570 nm was recorded and
compared to the blank (without GQDs). The following equation gives the amine loading, expressed as
micromoles of amino groups per gram of GQDs:

Amine content (µmol/g) =
[Abs(sample) −Abs(blank)] × dilution (mL) × 106

Extinction coefficient× Sample weight (mg)
(1)

3. Results and Discussion

3.1. Extraction of the Antibiotic from Wastewater

Analytical protocols for a fast and efficient decontamination of water resources containing residual
antibiotics in agricultural and urban environments were already reported [5–7]. We pursued the
extraction of oxacillin from water samples following a SPE procedure. Since oxacillin is considered
a potential emerging contaminant [35] and LC analyses of river water did not detect its presence,
contaminated wastewater was prepared by spiking a river water sample with the antibiotic. The sample
was refrigerated at 4 ◦C to avoid degradation of the antibiotic.

In preliminary studies, retention of oxacillin with diverse filter membranes was evaluated, likewise
observing than nylon either cellulosic membranes did not retain the antibiotic. Thus, a first-step
filtration of the collected water in nylon membranes was performed prior the enrichment.

Extraction was then accomplished by flushing the refrigerated water sample (at pH 7.5) through
the Oasis HLB tube. EDTA was used to avoid interfering metal ions. The content of oxacillin in water
samples before and after the extraction and preconcentration process was assessed by monitoring
its absorbance (210 nm). LC analyses of the filtered water after passing through the SPE cartridge
suggested a total retention of the antibiotic. Before back extraction of the antibiotic, the cartridge
was washed thoroughly to remove any interfering molecules trapped in the sorbent material. It was
first necessary to test whether the antibiotic remained in the sorbent material or was degraded after
washing with ultrapure water at different pH values. It was suitable to perform the washing steps with
ultrapure water at pH 6 since the antibiotic remained in the sorbent material, as fluorescence within
the cartridge under ultraviolet irradiation at 365 nm was observed.

Methanol, diethyl ether and acetonitrile were tested for back-extraction of the retained oxacillin
from the SPE cartridge. It was observed that only methanol redissolved most the antibiotic from the
sorbent material. The solvent of the back-extracted antibiotic was gently removed, and a portion of the
resulting residue was then reconstituted in ultrapure water for the LC analysis. Isolated oxacillin was
successfully recovered, and its optical characterization demonstrated that oxacillin did not undergo
degradation along the extraction/preconcentration and back extraction protocols. Recovery of oxacillin
resulted to be 87%, being similar to those previously reported [5].

3.2. Synthesis and Characterization of Two Types of Graphene Quantum Dots, o-GQDs and e-GQDs

In this study, we went one step further by transforming the recovered oxacillin residue into a
fluorescent material. Figure 1 illustrates the synthetic procedures of two types of graphitic structures
derived from oxacillin residues. Briefly, o-GQDs were formed by oxidation in thermal and acidic
conditions of oxacillin under air atmosphere, while conversion from oxacillin to e-GQDs took place in
presence of EDA under identical conditions. The as-prepared GQD aqueous dispersions are highly
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stable, since no sign of precipitation or diminution of the respective emission intensities were found
after 14 months. The aromatic core (non-polar) and highly oxygenated edges (polar) of such GQD
structures denotes an amphiphilic nature.
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Figure 1. Schematic representation of the synthetic procedure of graphene nanostructures from oxacillin
residues recovered from water samples. Pictures of graphene quantum dot (GQD) dispersions in water
under sunlight (left) and UV lamp (right) irradiation are shown.

The former nanomaterials displayed a flakelike morphology with averaged diameters of 14 and
10 nm for o-GQDs and e-GQDs, respectively (Figure 2).
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Regarding the surface functionalities of each nanographene, Kaiser test and IR experiments were
performed. We estimated by Kaiser test the content of primary amine groups possibly attached to
the graphitic edges and layer defects. The presence of amine groups was confirmed for e-GQDs
exclusively (Table 1). IR spectra gave us information about the important IR-active functional groups
of each nanographene. In contrast to oxacillin precursor, e-GQDs display broad bands around 3318
and 3190 cm−1 ascribed to vibrational modes of O–H, N–H and small peaks at 2946 cm−1 due to C–H
stretching vibrational modes from any aliphatic fragment attached to the graphitic layers. Peaks at
1663 and 1576 cm−1 can be assigned to carbonyl groups (namely, amide) while other peaks appeared
bellow 1560 cm−1 showing the fingerprint of the carbonic structure. IR profile for o-GQDs resembles
the e-GQDs, as depicted in Figure S1.

Table 1. Amine content found in Kaiser test of graphene quantum dots formed from oxacillin and
ethylenediamine (EDA) precursors (e-GQDs) in triplicate.

Run
n◦

GQD Sample
(mg)

Amine Content Found
(µmol/g)

1 3.0 14.03

2 3.9 12.52

3 4.2 16.35

Valuable information about the graphitized section and their defects was achieved by Raman
spectroscopy. Raman spectrum of e-GQDs displays the two prominent broad D and G bands
characteristic to the disordered sp2-hybridized carbon and the stretching vibration for sp2 carbon
domains, respectively (Figure S2). It is important to mention that these features are similar for e-GQDs
directly prepared from commercially-available oxacillin and for o-GQDs. In fact, there is an increase in
the background for o-GQDs due to its inherent fluorescence. From the intensities of the bands related
to the disordered amorphous and ordered graphitic carbon, e-GQD shows a slightly higher disordered
degree than o-GQDs.

o-GQD solution owns a high negative zeta potential of −24.3 mV as result of the high content of
carboxylic functionalities. e-GQDs exhibit less negative zeta potential, being −19.2 mV the cumulative
surface charge, as a consequence of less carboxyl groups being present on the surface (i.e., part of
carboxylic groups may form amide bonds by one part of EDA).

Diluted aqueous solutions of e-GQD and o-GQD were pale-orange brownish and pale reddish
under visible light, respectively, whilst at naked eye blue fluorescence were observable under ultraviolet
light irradiating at 365 nm (Figure S3).

Absorption features of both GQDs are rather similar (Figure 3) consisting of a continuous UV
absorption band associated with the sp2-carbon cores that became distended to the visible region
derived from both surface defects and core defects linked to the double bonds of carbon and heteroatoms
(nitrogen and oxygen). Both unstructured graphitic frameworks are characteristic of other carbon and
graphene quantum nanodots previously reported [8,21].
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As for most of carbonaceous nanodots [8], the fluorescence mechanism of GQDs is not completely
understood. Fluorescence is mostly due to the zig-zag sites and surface energy traps within the
graphitic layer. It is important to determine if the emission properties of both nanodots are tunable.
Figure S3C,D reflects that the emission depends on the excitation wavelength for both graphitic
structures in aqueous solution, as a result of the combination of at least two fluorescence contributions
regarding the intrinsic quantum effects of core and surface defects [8]. Interestingly, the emission
bands of e-GQDs displayed smaller shifting upon variable excitation wavelengths compared to
o-GQDs, being the maxima intensities occurring at 506 nm and 543 nm for diluted e-GQD and o-GQD
aqueous solutions, respectively. Full width at half maximum resulted in being narrower for e-GQDs
(89 nm) compared to o-GQDs (113 nm) and most of the reports [8,36]. Broad emission bands imply a
superposition of several emissions from diverse emitters (wider size distribution and higher superficial
defects from the oxidation process) as occurred for o-GQDs. It is important to mention that the optical
features of GQDs synthesized from the extracted oxacillin are the same as those nanodots obtained
from the commercially-available antibiotic.

With an increase in π-conjugation of the graphitic nanosheet, the fluorescent emission of o-GQDs
red-shifts. The existence of an electronic transition (involving a coupling between the surface and
graphitic core) provokes an ultrafast charge separation of an electron from the core to the surface and
their radiatively recombination with a free hole at the core. With these results, we expected that more
surface defects are found in o-GQDs since higher surface oxidation implied a red-shifting emission.
In addition, the higher excitation dependence of the o-GQD corroborates the higher size distribution
found in this synthesis in the absence of EDA. These results are in agreement with TEM analyses,
in which e-GQD displays a lower size distribution.

An essential factor regarding the fluorescence efficiency of the synthesized GQD is the quantum
yield. Diluted samples of the nanodots gave rise to a quantum yield of 24% for the successfully
produced nitrogen-doped e-GQDs and 4% for o-GQDs using 9,10-bisphenylethynylanthracene as
reference. A successive inquiry on the doorstep is the decay kinetics of the fluorescence, which was
studied by time-resolved experiments. As depicted in Tables 2 and 3, both GQDs display an early
decay kinetics in which the experimental data are fitted to triexponential behaviors. The nanosecond
decay kinetics are dependent on the excitation wavelengths for both cases. The observation of lifetime
values of a few nanoseconds suggested that the fluorescent transitions are dipole-allowed [8,21].
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Table 2. Fit parameters of the decay kinetic curves excited at different excitation wavelengths for
graphene quantum dots formed from oxacillin precursor (o-GQDs).

λexc (nm) τ1 (ns) %Rel τ2 (ns) %Rel τ3 (ns) %Rel

400 0.22 14 1.33 49 4.71 37
440 0.34 21 1.89 47 5.43 32
475 0.20 17 1.62 45 5.10 39

Table 3. Fit parameters of the decay kinetic curves excited at diverse excitation wavelengths for e-GQDs
formed from oxacillin and EDA as carbon and nitrogen sources.

λexc (nm) τ1 (ns) %Rel τ2 (ns) %Rel τ3 (ns) %Rel

390 0.14 1 1.25 50 6.3 49
415 0.34 19 1.83 50 5.94 31
435 0.10 9 1.25 45 4.64 46

A possible fluorescence mechanism widely applied by most researchers is associated to
an excitation-dependent emission behavior owing to multichromophoric moieties within these
nanosystems, explaining that the emission is due to the presence of many different surface states while
the absorption is due mainly to the core state. In our case, it is expected that diverse chromophore
scaffolds are responsible for the excitation-dependent emission which is related to exciton self-trapping
in aromatic network either surface chemical moieties. A second approach that typically governs the
fluorescence of semiconductor quantum dots and many GQDs is due to the quantum confinement
and considers that the dimensional distribution of nanodots are affecting the emission spectra, having
typically excitation-independent emission behavior which emission is characteristic for each quantum
dot size. In addition, the effect of the bidentate amine, EDA, in the synthesis also influences the final
emission by providing new fluorophores on the GQD surface in the excited state which can act as
templates for a narrow size distribution formation, as for instance amines acting as electron donors
which can stabilize carbon frameworks in hydrogen bond acceptor solvents.

3.3. Interaction and Simple Detection of Fluoroquinolone Based on GQDs as Fluorescent Probes

We envisioned that GQDs could be used as sensing probes to detect fluorine-containing antibiotics
in environmental waters.

Preliminary experiments were focused on the evaluation of possible interactions between the
synthesized GQDs and fluoroquinolone. It was found that only e-GQDs produced a significant change
in the optical properties of norfloxacin (at 17.5 ng·L−1) at basic pH values. At a pH of 3, no improvement
in the fluorescence of the antibiotic was observed whilst at pH 5 a slight enhancement occurred.
The antibiotic doubled its fluorescence in presence of e-GQDs at a working pH of 8, as depicted
in Figure 4. Similar results occurred for e-GQDs synthesized directly from pure oxacillin. However,
the different behavior in the emission intensity of the antibiotic in presence of e-GQDs or o-GQDs is an
indication of the variety in functionalities of each graphitic nanostructure. The higher nitrogen content
of e-GQDs which is translated into an intense emission and a structured π-conjugation framework
with primary amines enables their interaction electrostatically with the zwitterionic fluoroquinolone
consisted of an anionic carboxylic group and a cationic piperazine moiety at such basic conditions
(6.3 < pH < 8.7). The electrostatic forces could be reinforced by π–π stacking interactions between the
GQD framework and the electron-poor heterocycle containing a fluorine atom (an electron-withdrawing
ability), provoking a fluorescent enhancement response.
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Figure 4. Emission spectra of norfloxacin (at 16.65 ng·L−1) in the presence and absence of e-GQDs (at
30 mg·mL−1) in aqueous solution at pH 8. Excitation wavelength was set at 260 nm.

A fluorometric assay of fluoroquinolones in weakly basic media can be established by simply
monitoring the degree of fluorescence enhancement of the selected fluoroquinolone exciting at its
characteristic excitation wavelength.

4. Conclusions

This work offers an advantageous manner to remove contaminants from the environment with
the benefit of synthesizing nanomaterials with exceptional optical features and sensing applications.
This idea brings both social and economic gains since it proposes the transformation into new graphitic
nanoparticles with potential applications from a pollutant that was recycled by an easy recovery
process, being in-line to green chemistry.
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Photographs of the ensuing GQD aqueous solutions under sunlight (A) and UV light (B), and excitation-wavelength
dependence emission of o-GQDs (C) and e-GQDs (D).
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