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A B S T R A C T   

Herein, we report the synthesis of graphene quantum dots (GQDs) functionalized with 1,5-diphenylcarbazone for 
the selective quantification of Fe in wine, via front-face fluorescence. Crystalline GQDs are obtained via a clean 
and relatively size-controlled synthesis based on the electrochemical exfoliation from a graphene foam. The 
product of the synthesis was later functionalized to solely detect Fe3+ amongst various other ions present within 
the sample. The detection is based on quenching the fluorescence emission from the functionalized nanomaterial 
in the presence of the analyte, which follows a linear relationship with the concentration of the analyte, 
consistent with the Stern-Volmer model. Diverse parameters involved in the measurements, including the pH and 
excitation wavelength, were optimized, giving place to limits of detection (LOD) of 0.014 mg L− 1 and 0.11 mg 
L− 1 in waters and white wines, respectively. A soft UV-based digestion and a profound analysis of interferences 
were key factors to achieve such LODs. Furthermore, front-face fluorescence measurements improved the 
applicability of the method by avoiding the commonly occurring matrix shielding effects. We believe that the 
sensitive, selective, and fast detection of Fe3+ within real (i.e.; wine) samples represents a major step forward in 
the field.   

Introduction 

The outstanding optical, electrical, and overall chemical properties 
of graphene quantum dots (GQDs) are special attributes due to quantum 
confinement and functional groups at the border [1]. As a consequence, 
these carbon nanostructures have been employed in a wide array of 
fields, ranging from cancer diagnostics to energy storage [2–4]. Among 
these, optical sensing applications involving detection by direct fluo-
rescence quenching [5], Förster resonance energy transfer (FRET) [6] 
and fluorescence enhancement [7] have become valuable analytical 
tools in recent years. The synthesis of GQDs can proceed via two general 
approaches: bottom-up, which is based on building up molecule by 
molecule [8], and top-down methods, generally involving the break-
down (into small pieces) of bulk precursors. The latter comprise solvo- 

or hydrothermal cutting, ultrasonic exfoliation, acidic or plasma 
oxidation, or nanolithography, among others, to achieve the breakdown 
of the starting material [9]. Top-down methods performed from nano-
materials are specially interesting since they can give place to highly 
crystalline GQDs with relatively high control over the size of the product 
(i.e.; number of layers) [10,11], while avoiding the use of strong and 
hazardous chemical conditions [12]. 

GQDs are actually one step forward with respect to graphene because 
they exhibit a HOMO-LUMO bandgap that results in extraordinary op-
tical properties [13]. Consequently, applications of GQDs for fluores-
cence sensing have grown notably in the last years, stimulated by the 
fact that they represent an attractive and more sustainable alternative to 
organic fluorophores, fluorescent metallic nanoclusters, and semi-
conducting quantum dots, given their superior photostability and 
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Contents lists available at ScienceDirect 

Talanta Open 

journal homepage: www.sciencedirect.com/journal/talanta-open 

https://doi.org/10.1016/j.talo.2023.100202 
Received 24 January 2023; Received in revised form 3 March 2023; Accepted 5 March 2023   

mailto:mllaver@mendoza-conicet.gob.ar
mailto:fjiban@inifta.unlp.edu.ar
www.sciencedirect.com/science/journal/26668319
https://www.sciencedirect.com/journal/talanta-open
https://doi.org/10.1016/j.talo.2023.100202
https://doi.org/10.1016/j.talo.2023.100202
https://doi.org/10.1016/j.talo.2023.100202
http://creativecommons.org/licenses/by-nc-nd/4.0/


Talanta Open 7 (2023) 100202

2

biocompatibility [4]. In this context, metal ions are widely explored 
analytes because of their ability to quench the emission of GQDs via 
electron transfer mechanisms [14]. With the aim of improving the 
sensitivity, great progress has been achieved mainly associated with 
enhancements in the quantum yield of the probes [15]. For example, 
analytes including iodide [16], cyanide [17], melamine [18], and nitrite 
[19] within foods and beverage samples have been detected with similar 
fluorescence-based probes. Nevertheless, while sensitivity has been 
improved in aqueous samples [5], selectivity still presents major chal-
lenges, thus remaining one of the main factor hindering the direct 
application of GQD-based fluorescence sensors in complex matrices. 

In this context, researchers are searching for more sensitive and se-
lective carbon-based probes for the determination of Fe within wine 
samples. This is motivated by the fact that the quality and safety of 
oenological products -especially wine-, depends strongly on the con-
centration of inorganic ions in its composition. These may come from 
various sources, including raw materials and processing practices such 
as adding new ingredients for improving organoleptic properties [20]. 
Hence, the determination of these species in wine is of significant 
importance, since they can reveal information concerning their origin, 
conditions of cultivation and manufacture, as well as potential con-
taminations or added ingredients [21]. Furthermore, mineral content 
frequently causes precipitation and a subsequent loss of organoleptic 
properties [22]. It is clear then, that the determination of some critical 
metallic species, such as those of Fe, becomes paramount. 

Although there are some reports that describe the use of GQDs for the 
detection of Fe3+, many of them either present the analytical application 
as a secondary proof-of-concept application [23–25], or just deal with 
simple matrices in which organic and/or biological interferences do not 
have to be considered [26–30]. This work seeks for efficient alternatives 
to apply GQDs-based sensors beyond water analysis, where applications 
are scarce due to their inherently low selectivity. We hereby present the 
synthesis of 1,5-diphenylcarbazone-functionalized GQDs (DPC-GQDs), 
and their application as a fluorescence probe for the selective and sen-
sitive determination of Fe3+ in environmental waters and of total Fe in 
white wine samples. The GQDs were initially obtained by an electro-
chemical exfoliation approach from graphene, characterized by 
high-resolution transmission electron microscopy (HR-TEM), and 
further functionalized with 1,5-diphenylcarbazone (1,5-DPC) via a wet 
chemistry method. The resulting nanomaterial was characterized by 
different techniques and successfully applied for the fast quantification 
of Fe3+ using a front-face fluorescence approach. Fe species within 
samples taken from river, dam, tap waters, and white wines were 
detected and carefully analyzed. To achieve high sensitivity and selec-
tivity, several parameters such as pH, heating, UV exposure, and con-
centration of the probe were evaluated to optimize the fluorescence 
measurements and the digestion of wine samples. To the best of our 
knowledge, this represents the first application of GQDs for the fluo-
rescent detection of elemental analytes in wine samples. 

Materials and methods 

Materials and reagents 

Nickel foam with thickness = 1.6 mm and porosity = 87% was 
purchased from MTI Corp (Richmond, CA, USA). H2 (99.999%) and CH4 
(99.999%) were purchased locally from Linde, Argentina. 1,5-diphenyl-
carbazide (1,5-DPCZ, > 98%) was from Riedel-de Haën, acetone 
(99.8%) and tris(hydroxymethyl)aminomethane (TRIS, > 98%) were 
from J.T. Baker, while sodium nitrate (NaNO3, ≥ 99.0%) was from 
Sigma-Aldrich. Hydrogen peroxide (H2O2, 30% v/v) and nitric acid 
(HNO3, 65% v/v) were from Merck. A 1000 mg L− 1 Fe3+ standard so-
lution from J.T. Baker was used for the preparation of working solutions. 
Standard solutions for interference assays were obtained from Merck 
and J.T. Baker. Ethyl acetate (99.8%) was from Sigma-Aldrich, and 
potassium thiocyanate (KSCN, 99%) was from Dalton (Mendoza, 

Argentina). 

Instrumentation 

Fluorescence measurements were carried out with a RF-6000 spec-
trofluorophotometer (Shimadzu, Kyoto, Japan). Front-face fluorescence 
spectra were collected using a quartz cuvette held by a solid sample 
holder including a light cutting filter for blocking scattered light. Spectra 
were smoothed using the Savitzky-Golay method with a 5-point window 
and a polynomial order of 2, using the OriginPro 2021 software (Ori-
ginLab Corporation). Excitation-emission matrices were obtained using 
the 3D built-in method included in the LabSolutions RF software (Shi-
madzu). Imaging of nanostructures and structural characterization was 
performed by HR-TEM, using a TECNAI F20 (FEI, Oregon, USA) mi-
croscope operating at 200 kV at room temperature. GQD dispersions 
used for this characterization were centrifuged at 10,000 rpm for 30 
min, and the resulting clear supernatant was drop-casted onto the HR- 
TEM grids. No dialysis or chromatographic purification were per-
formed on any of the samples. Attenuated Total Reflectance-Fourier 
Transform-Infrared (ATR-FT-IR) spectra were obtained using a Perkin 
Elmer (Beaconsfield, UK) Spectrum Two instrument with a Universal 
ATR module from the same company. UV–Vis spectroscopy measure-
ments were carried out in a Shimadzu UV 1800 spectrophotometer using 
a standard quartz cuvette. A Horiba F-51 pH meter (Kyoto, Japan) was 
used for pH determinations. Ultrapure water (18 MΩ cm) was obtained 
from a Milli-Q water purification system (APEMA, Buenos Aires, 
Argentina). 

Electrochemical exfoliation of graphene to obtain GQDs 

GQDs were obtained following a relatively unexplored synthesis 
based on the electrochemical exfoliation of graphene grown on Ni foam 
by a well-known chemical vapor deposition method [31], as recently 
described [32]. Briefly, the electrochemical synthesis consisted on the 
application of a fixed voltage (30 V) to a graphene-covered Ni foam/Cu 
foil two-electrode system immersed in a NaOH ethanoic solution. The 
product of the synthesis was subjected to purification by three 
redissolution-centrifugation cycles, and finally stored as a powder at 4 
◦C. 

Functionalization of GQDs with 1,5-DPC 

The functionalization of GQDs with 1,5-diphenylcarbazone (1,5- 
DPC) was carried out using an aqueous solution of GQDs containing 
120.0 mg of the material in 60 mL of ultrapure water. This solution was 
then mixed with 120.0 mg of 1,5-diphenylcarbazide (1,5-DPCZ) previ-
ously dissolved in 30 mL of acetone, and left to react during 24 h at room 
temperature under constant stirring. Throughout the reaction, the so-
lution gradually turned purple, indicating the oxidation of 1,5-DPCZ 
into 1,5-DPC, as reported to occur in diverse reaction conditions [33, 
34]. Afterwards, the mixture was left at 60 ◦C to evaporate the solvent, 
and the remaining solid was then washed 4 times with 10 mL of acetone, 
followed by centrifugation at 1080 xg during 15 min to remove all 
excess by-products. Finally, the purified solid was dried at room tem-
perature and stored at 4 ◦C prior to its characterization and analytical 
application. 

Collection of real samples and treatment 

River and dam water samples were collected directly in clean HDPE 
bottles at 5 cm below the surface, whereas tap water was left to run for 
20 min and sampled directly in a clean beaker. 500 mL of river waters 
from the Potrerillos dam (Mendoza, Argentina) and the La Carolina 
River (San Luis, Argentina) were collected, centrifuged to eliminate sand 
residues, and stored at − 18 ◦C. Prior to their use, the aliquots from these 
samples were filtered through 0.45 µm pore size PTFE membrane filters. 
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In all cases, 50 μL of 2.0 mol L− 1 TRIS buffer was added to the samples 
before the addition of the probe and fluorescence measurements. White 
wine samples, on the other hand, were purchased from markets of the 
City of Mendoza (Argentina) and were subjected to a soft digestion 
before the application of the fluorescent probe. A modified digestion 
protocol based on the one reported by dos Santos et al. [22] was 

followed, which consisted in the addition of 50 μL of 65% (v/v) HNO3 
and 50 μL of 30% (v/v) H2O2 to 5.00 mL of sample, followed by 2 h of 
irradiation with a low-power 15 W commercial lamp, with a maximum 
emission intensity at 253.7 nm, according to the manufacturer. The 
digested samples were then transferred to 10 mL volumetric flasks, and 
the pH was set to 9.0 using solid NaOH and 100 μL of a 2.0 mol L− 1 TRIS 

Fig. 1. (a) High-resolution transmission electron microscopy (HR-TEM) image of as-synthesized graphene quantum dots (GQDs), with its corresponding Fast Fourier 
Transform of a region of interest and their size distribution histogram. (b) Zoom-in HR-TEM image of as-synthesized GQDs. 
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buffer. For pH optimization studies, a phosphate buffer was used for 
adjusting the pH to 7.0 (final concentration = 0.02 mol L− 1), an acetic 
acid/acetate buffer for adjusting the pH to 4.0 (final concentration =
0.02 mol L− 1), while HCl was used for adjusting the pH to 1.0. 

In all cases, fluorescence analyses were run on the samples after their 
pre-treatment, or on 5.00 mL aliquots of standard solutions prepared 
with 50 μL of 2.0 mol L− 1 TRIS buffer in the case of optimization studies. 
50 µL of 3.00 mg mL− 1 aqueous GQD-DPCs were then added, and the 
mixtures were immediately measured by front-face fluorescence with 
the instrumental setup described in the Instrumentation section. Mea-
surements were carried out in the emission range between 330 and 530 
nm, with an excitation wavelength of 321 nm. The excitation and 
emission slits were fixed at 5.0 and 20 nm, respectively, to maximize the 
sensitivity, and the scan rate was 600 nm min− 1 in all measurements, 
allowing for the measurement of full spectra in ca. 20 s. 

Results and discussion 

Characterization of GQDs and DPC-GQDs 

Fig. 1(a) shows an HR-TEM image and the Fast Fourier Transform 
(FFT) taken from a group of as-synthesized GQDs. GQDs exhibit a highly 
crystalline structure with diameters ranging from 4.0 to 6.5 nm. 
Assessment on the crystallinity of the observed GQDs shows several 
spots in the diffraction pattern with a reciprocal vector of 4.76 nm− 1, 
commonly attributed to 01‾10, 10‾10, 1‾100, 0‾110, ‾1010, ‾1100 
reflections for graphene-like nanostructures. Furthermore, the size dis-
tribution of the as-synthesized GQDs is shown as an inset, and it corre-
sponds to a monomodal narrow gaussian distribution centered at 5.2 
nm, with a 0.85 nm full-width half-maximum. Fig. 1(b) shows a 25 x 25 
nm zoom-in HR-TEM image of the as-synthesized GQDs. Highly crys-
talline GQDs with diameters of ~ 5 nm are observed. Additionally, a 
lattice fringe of ~0.21 nm, assigned to the 10‾10 reflection plane of 
graphene is measured and shown [35]. Further characterization of the 
electrochemically-obtained GQDs used as starting material, including 
Raman spectroscopy, atomic force microscopy (AFM) and X-ray photo-
electron spectroscopy (XPS) can be found in a previously published work 
from our group [32]. 

Fig. 2 shows ATR-FT-IR spectra measured for GQDs before and after 
their functionalization, for the solid by-product obtained after drying 

the supernatant (assumed to be unreacted 1,5-DPC), and for the starting 
1,5-DPCZ. The spectrum of the pristine GQDs shows typical signals at 
1430 and 880 cm− 1 (epoxide and ether groups) and at 1583 cm− 1 (C = O 
stretching) [25,36]. There are some interesting aspects worth high-
lighting from the spectra corresponding to the functionalized probe. 
First, the appearance of several low-intensity signals in the region be-
tween 900 and 1200 cm− 1, along with a small shoulder at 1485 cm− 1, 
and the broadening of the band at 1410 cm− 1, which match signals from 
the 1,5-DPC spectrum. This is accompanied by the fact that intense 
signals from the starting 1,5-DPCZ, (e.g. at 688 and 740 cm− 1) are not 
present in the spectrum of the functionalized material. In addition, it can 
be qualitatively observed that the peak intensity at 1430 and 1583 cm− 1 

for GQDs is reduced after the functionalization (taking the band at 880 
cm− 1 as a reference), which could indicate a decrease in the number of 
epoxide and carbonyl groups, as a consequence of nucleophilic attacks 
from 1,5-DPC. Furthermore, the spectrum of the starting 1,5-DPCZ 
significantly differs from the spectrum obtained for the reaction 
by-product/s, thus indicating that changes in the structure of the reac-
tant occurred during the process. This chemical modification has been 
reported for 1,5-DPCZ, and involves its oxidation to 1,5-DPC [33], which 
is consistent with the change in color observed during the functionali-
zation of GQDs. So far, based on the above observations, the successful 
functionalization of the GQDs is most likely expected. 

Excitation-emission matrices (EEMs, also known as 3D fluorescence 
spectra) were also obtained for the GQDs before and after functionali-
zation with 1,5-DPC, as shown in Fig. 3. In addition, normalized exci-
tation and emission spectra for GQDs and DPC-GQDs can be found in 
Fig. A1 along with their absorption spectra in Fig. A2, both as part of the 
Appendix. The spectra show that the as-obtained GQDs present 
maximum emission intensities at 313 nm with excitation wavelengths 
around 222 and 260 nm, while DPC-GQDs show a single emission 
maximum at 418 nm, when excited at 321 nm. This is also consistent 
with the fact that the maximum absorption of DPC-GQDs occurs at a 
higher wavelength than in the case of GQDs (Fig. A2). Furthermore, the 
EEM of the supernatant of the reaction (which is assumed to be 1,5-DPC) 
shows emission only when excited with wavelengths over 340 nm, while 
1,5-DPCZ does not exhibit any fluorescence whatsoever. This confirms 
that the optical properties of GQDs are significantly altered as a conse-
quence of their functionalization with 1,5-DPC, and that the observed 
changes do not come from either free 1,5-DPC or 1,5-DPCZ. 

Fluorescence response to Fe3+

Fig. 4 shows the emission spectra of DPC-GQDs aqueous solutions 
before and after the addition of 5.00 mg L− 1 Fe3+, taken with an exci-
tation wavelength of 321 nm. As can be observed, a significant drop in 
the emission intensity of the probe occurred upon addition of the ana-
lyte, indicating its rapid response. It is important to notice that not only a 
61% reduction in the emission intensity was obtained after the addition 
of Fe3+, but also that the maximum emission wavelength shifted from 
421.3 to 428.4 nm. This result confirms that as-synthesized DPC-GQDs 
act as a fluorescence probe toward Fe3+, due to the ability of the analyte 
to quench their emission. 

On the other hand, the observed red-shift suggests an electron- 
transfer mechanism as the one responsible for the fluorescence 
quenching. This occurs due to the proximity of the metal cation, which 
accelerates the non-radiative recombination of the generated exciton via 
an electron transfer step. This, in turn, decreases the HOMO-LUMO gap 
of the probe, thus reducing the probability of radiative relaxation, and 
leading to a reduction of the emission intensity and a shift in the emis-
sion wavelength [37,38]. The proximity of the Fe3+ cations to the sur-
face of the GQDs is ascribed to the chelating interaction with 1,5-DPC 
molecules immobilized along the surface of the carbogenic core. In 
addition, the possibility of an aggregation-induced mechanism as the 
one responsible for the fluorescence drop upon Fe3+ addition [23] was 
ruled out, since quenching has been proved to occur without significant 

Fig. 2. ATR-FT-IR spectra of graphene quantum dots (GQDs), 1,5-diphenylcar-
bazone-functionalized GQDs (DPC-GQDs), the dried supernatant obtained from 
the reaction between GQDs and 1,5-diphenylcarbazide (1,5-DPC). No relevant 
signals, beside C–H peaks at around 3000 cm− 1, were found beyond the shown 
wavenumbers range. 
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shifts in the maximum emission wavelength in these cases [39,40]. 
To quantify the quenching caused by Fe3+, we evaluated the Stern- 

Volmer model [41], which proposes a mathematical solution of how 
emission changes as a function of the quencher concentration in the 
form: 

I0

I
= 1 + KSV [Q] (1)  

where; I0/I represents the ratio between the maximum emission in-
tensity of the probe before and after the addition of the quencher, KSV is 
the Stern-Volmer constant, which depends on the quenching rate con-
stant and the fluorescence lifetime of the probe in absence of quencher, 
and [Q] is the concentration of quencher. Hence, this model provides a 
simple and linear relationship between the ratio of intensities and the 

concentration of Fe3+, ideal for the quantification of the analyte. 
With certain understanding of general aspects associated with 

quenching by Fe3+, we also evaluated and optimized other parameters 
related to the quantification of this species. Initially, an evaluation of 
Fe3+ calibration curves (from 0.050 to 5.00 mg L− 1) obtained using 
different concentrations of DPC-GQDs was carried out, to assess the ef-
fect of the concentration of the probe on the linearity of the detection. 
Considering the coefficient of determination (R2) of the linear re-
gressions, we observed that concentrations of DPC-GQDs above 0.030 
mg mL− 1 led to R2 values higher than 0.989, which is considered 
adequate for quantification, whereas concentrations below 0.030 mg 
mL− 1 resulted in calibration curves with poor linearity. Therefore, 
concentrations of 0.030 mg mL− 1 or above of DPC-GQDs were imple-
mented for further experiments. 

Other important aspects to consider 

To gain insights into the potential degradation and optimal storage 
conditions, the stability of DPC-GQD solutions was studied. Fig. A3 in 
the ESI shows the absolute emission intensity of 0.030 mg mL− 1 solu-
tions obtained from a single stock solution as a function of time, for a 
period of 40 days. This experiment demonstrates that the stock solution 
stands for long periods of time with no apparent changes on its emission 
characteristics. 

Additionally, 0.030 mg mL− 1 solutions of the functionalized probe 
were subjected to bleaching assays using a commercial UV lamp (15 W, 
UVC, maximum emission at 253.7 nm), which demonstrated 12 and 
25% reductions in their maximum emission intensity after irradiating 
for 10 and 60 min, respectively. However, this is not considered critical, 
since the probe was never exposed to prolonged times under UV irra-
diation other than during the fluorescence sensing. 

An additional aspect to consider is the general performance of the 
DPC-GQDs probe and its emission characteristics in the presence of 
different salt concentrations. To test this, various concentrations of 
model saline compound solutions prepared with NaNO3 were mixed 
with 0.030 mg mL− 1 DPC-GQDs. Considering ± 5% changes in the 
original fluorescence as acceptable, Fig. A4 in the Appendix shows that 
concentrations up to 2.00 g L− 1 of NaNO3 were suitable for direct 
application, whereas concentrations above this threshold considerably 
affected the emission of the probe. This agrees well with the results 
obtained for real aqueous samples, in which relatively low salinity 
within waters could be efficiently analyzed by the developed method. 

Finally, as part of the optical characterization of the synthesized 
probe, its response time was also studied. Fig. A5 in the Appendix shows 

Fig. 3. Excitation-emission matrices for as-synthesized GQDs (top), 1,5-diphe-
nylcarbazone-functionalized GQDs (middle) and 1,5-diphenylcarbazone (bot-
tom). For clarity proposes, the high-intensity emission resulting from scattering 
(when λem = λexc) has been white-colored in the top spectrum. 

Fig. 4. Emission spectra for a 0.030 mg mL− 1 solution of 1,5-diphenylcarba-
zone-functionalized graphene quantum dots (DPC-GQDs) before and after the 
addition of 5.00 mg L− 1 of Fe3+. 
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the emission intensity of DPC-GQDs solutions (0.030 mg mL− 1) as a 
function of the elapsed time upon the addition of 5.00 mg L− 1 Fe3+. The 
inset in the figure exhibits a sudden drop in emission intensity of the 
probe within the first 30 s since the addition of the analyte. This rep-
resents an interesting advantage toward applications, since it signifi-
cantly reduces the time of analysis. Fig. A5 also shows that the 
quenching remained constant for up to 30 min after the addition of the 
analyte, while measurements performed 24 h later still showed a similar 
response. 

Improved selectivity of DPC-GQDs 

Although the analysis of several factors related to the chemical and 
optical characteristics of DPC-GQDs was discussed in the previous sec-
tion, the selectivity of the probe still demanded some improvements. 
Fig. 5 shows the relative emission intensity of GQDs and DPC-GQDs at 
pH 9.0 in the presence of selected species, which corresponded to the pH 
were significant changes for Fe(III) were observed. On the other hand, 
Fig. A6 (Appendix) shows results obtained for pH 1.0 and 7.0 indicating 
that as-modified GQDs are sensitive to most of the interference ions 
present in sample. For the sake of simplicity, it is important to point out 
that only a small fraction of the interfering species was included in 
Figs. 5 and A6 (Appendix). Actual experiments were carried out also in 
the presence of Ag+, Fe2+, Ni2+, Co2+, Cr3+, Cr6+, Ba2+, Mn2+, Zn2+, as 
well as with the anions SO4

2− , NO3
− , HCO3

‒ Cl− and Br− . The full range of 
potentially interfering ions measured at pH 9.0 is shown in Fig. A7 
(Appendix). 

As can be seen in Fig. 5, GQDs at a pH of 9.0 were quite sensitive 
toward quenching by different species, such as Al3+, Ca2+ and Mg2+, 
being the last two ions very common species within real samples. This 
demonstrates that the probe without functionalization lacks selectivity, 
most probably due to non-specific coordination interactions favored by 
the presence of oxygenated functional groups on the surface and edges 
of the material, as shown by the ATR-FT-IR characterization. The 
functionalized DPC-GQDs, on the other hand, provided an excellent 
selectivity toward Fe3+ under these conditions. Furthermore, as is 

shown in Fig. A6, the selectivity of both DPC-GQDs and GQDs was 
significantly lower at pH 7.0, while at pH 1.0 the results were similar to 
those obtained at pH 9.0. Moreover, it was found that the presence of the 
potential interfering species did not affect the quenching effect of Fe3+, 
regardless of the pH. 

Taking into consideration the previous results, we considered pH 1.0 
and 9.0 adequate, in principle, for a selective determination of Fe3+. 
However, at acidic pH (~1.0) the emission intensity of the probe was 
significantly quenched in comparison to pH 9.0, making then the basic 
pH a better choice in terms of sensitivity. The fact that pH 9.0 was 
optimal is most likely a consequence of the acid-base characteristics of 
the carbazone group in the structure of 1,5-DPC, which has a pKa of 8.54 
[42], favoring interactions with Fe3+ over other species while not 
suffering from quenching by a high concentration of H+. Furthermore, it 
should be noticed from the results presented in Figs. 5 and A7, that the 
quenching effect seems to depend on the charge of the species, being 
species with a + 3 charge more efficient quenchers than those with a + 2 
charge, and so forth. It is important to mention that several anions 
commonly found in samples including SO4

‒, Cl‒ and HCO3
‒ caused no 

significant modifications on the response of either GQDs or DPC-GQDs. 
Furthermore, hydroxyl anions did not significantly quench the emission 
of the nanomaterial at a pH of 9.0, when compared with measurements 
performed in ultrapure water. This is consistent with the fact that the 
probe-analyte interaction is of a coordinating character in both cases, 
which is expected only for cationic species. 

Analytical characteristics 

Fig. 6 shows the response curve obtained after the analysis of stan-
dard Fe3+ samples, with the calibration curve from the linear portion of 
the plot as an inset, and the actual emission spectra for the linear range 
in the right panel. As seen in the figure, the relative fluorescence in-
tensities increased linearly with the analyte concentration (as a conse-
quence of the quenching produced by Fe3+), flattening for 
concentrations above 6.4 mg L− 1 (115 µmol L− 1), which indicates the 
upper limit of the linear range. The linear relationship between the 

Fig. 5. Relative emission intensity (I/I0 x 100) for 0.030 mg mL− 1 for graphene quantum dots (GQDs) and 1,5-diphenylcarbazone-functionalized GQDs (DPC-GQDs) 
in the presence of 5.00 mg L− 1 of different ionic species measured at pH 9.0. The maximum emission intensity of pure GQDs and DPC-GQDs were taken as the initial 
intensity (I0). 
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relative emission intensity I0/I and the concentration of Fe3+is consis-
tent with the Stern-Volmer model, shown in Eq. (1). From the limit of 
detection (LOD) to this limit, a linear fit was performed which yielded 
the equation Io/I = (1.002 ± 0.008) + (0.208 ± 0.004) C, where C is the 
concentration of Fe3+ in mg L− 1 and Io/I is the relationship between the 
maximum fluorescence intensity of DPC-GQDs without and with 
different analyte concentrations. The R2 correlation coefficient was 
0.9962, indicating a fairly acceptable linear fit of the data. 

In addition, the linear fit was used to calculate the LOD as 3 times the 
quotient between the standard deviation of the intercept and the slope as 
recommended by IUPAC [43]. This resulted in a value of 0.014 mg L− 1 

(0.24 µmol L− 1). The limit of quantification was calculated using the 
same recommendations, as 10 times the aforementioned quotient, 
yielding a value of 0.047 mg L− 1 (0.84 µmol L− 1). It is important to 
highlight that the linear range covers most of the expected concentra-
tions of Fe3+ in the analyzed samples, and that the LOD is well below the 
0.3 mg L− 1 limit for Fe3+ in drinking water, as recommended by the 
World Health Organization [44]. Moreover, to evaluate the reproduc-
ibility of the probe, 6 independent measurements were performed at the 
optimal conditions with 0.50 mg L− 1 of Fe3+, resulting in a relative 
standard deviation of 2.2%, demonstrating an excellent precision. 
Measurements performed on five different days, on the other hand, 

yielded a relative standard deviation of 5.7%. 
Table 1 summarizes and compares the most recently reported fluo-

rescence GQD-based sensors for Fe species, including ours. The table 
shows type of fluorescence sensor, synthesis method, linear range, LOD, 
and the sample source. The LOD achieved with our developed probe is in 
line with the values obtained in most of the cited works, as well as the 
linear range. However, for a fair comparison, the sample source should 
be taken into account in this analysis, since more than half of these 
recent reports do not include the analysis of real or more complex 
samples other than drinking water. This is a clear demonstration of the 
difficulties encountered when applying this type of probes in the context 
of real-life matrices. Interestingly, there are two recent reports that 
addressed the application of probes in more complex samples, namely 
human serum [45] and human urine [46], albeit with significant in-
terferences from several species in both reported probes. Our work, on 
the other hand, allowed for a highly selective determination of Fe3+ in 
waters and white wines, without major interferences. Furthermore, all 
of the methods included in the comparison involve bottom-up wet 
chemistry syntheses of GQDs, which usually require harsh chemical 
conditions [47] and extensive purification steps (e.g. prolonged dialysis 
[24,46]). These issues were prevented by our method, which consisted 
in a simple electrochemical exfoliation from graphene followed by a 

Fig. 6. Relative emission intensity for 0.030 mg mL− 1 of 1,5-diphenylcarbazide-functionalized graphene quantum dots (DPC-GQDs) as a function of Fe3+ con-
centration, with the linear range shown as an inset (n = 3). The panel on the right shows selected emission spectra corresponding to the linear region measured from 
0 to 6.4 mg L− 1. The vertical dotted line indicates the position of the maximum emission for DPC-GQDs. 

Table 1 
Comparison of the hereby presented results with other recently published GQD-based fluorescence sensors for Fe3+ determination.  

Fluorescence Sensor Synthesis Method Linear Range LOD Real Samples Refs. 

Single-layer GQDs Hydrothermal 0 – 85 μM 0.26 μM Tap water [5] 
Er3+-doped GQDs Hydrothermal 0.04 – 140 μM 11.2 nM Human serum [45] 
N,Fe-co-doped GQDs Hydrothermal 10 – 110 μM 3.21 μM Human serum and urine [46] 
S and N co-doped GQDs High-temperature pyrolysis 0 – 20 and 200 – 667 

μM 
41.1 and 500 
nM 

River water [47] 

N-doped GQDs Acid vapor cutting 0.50 – 50 μM Not reported Tap water [48] 
GQD-embedded 

hydrogel 
Pyrolysis (GQDs) 10 – 200 μM Not reported None [27] 

GQDs Pyrolysis 3.5 – 670 μM 1.6 μM Tap water [30] 
N-doped GQDs Hydrothermal 1.6 – 6.0 mM 2.37 μM None [26] 
N-GQDs-based test 

paper 
Hydrothermal (N-GQDs) Not reported 0.1 μM Drinking water [29] 

Glutathione-doped 
GQDs 

Pyrolysis 1 – 150 μM 0.10 μM Drinking water [28] 

DPC-GQDs Electrochemical exfoliation from 3D 
graphene 

0.24 – 115 μM (water) 
2.0 – 120 μM (wine) 

0.24 μM 
(water) 
2.0 μM (wine) 

Tap, dam, river and underground waters, white 
wines 

This 
work  
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straightforward wet chemistry approach for their functionalization, 
requiring no further steps than mixing and centrifugation for their 
purification. 

Front-face fluorescence measurements with real samples 

Finally, the quantification of Fe3+ in different real water samples; 
namely tap, river, and dam waters, was carried out. Significant draw-
backs during the measurements were experienced due to radiation 
shielding effects caused by the presence of species within the sample 
matrix, which absorb radiation and affect the excitation-emission pro-
cess. This resulted especially inconvenient taking into account the fact 
that the Stern-Volmer expression (Eq. (1)) can only be applied as an 
external calibration curve, since an analyte-free measurement is 
required to calculate the relative emission intensity I0/I, thus ruling out 
the application of a standard addition calibration. In this context, front- 
face fluorescence measurements represented a fundamental tool to 
minimize shielding effects and to obtain spectra from real samples that 
could be effectively analyzed, thanks to the reduction in the optical path 
length resulting from this configuration [49]. 

Consequently, using the front-face fluorescence approach along with 
optimal chemical conditions, we were able to construct an external 
calibration curve obtained from synthetic standards (Fig. 6) which was 
later used for the determination of Fe3+ in all of the water samples tested 
in this work. In addition, to further evaluate the accuracy of the method, 
standard recovery assays were carried out with all the aqueous samples 
at two levels: 0.10 and 1.00 mg L− 1, as shown in Table 2. The table also 

shows the results obtained from a standard spectrophotometric method 
for the determination of Fe3+, based on a liquid-liquid extraction using 
ethyl acetate, after the addition of KSCN as complexing and chromo-
genic reagent [50]. The table shows that the developed fluorescence 
probe yielded results which were in excellent agreement with the highly 
established colorimetric method used as reference. Furthermore, the 
results of the recovery assays were satisfactory, with recoveries ranging 
from 100 to 120% at the 0.10 mg L− 1 level, and from 97 to 103% at the 
1.00 mg L− 1 level. 

Moreover, to demonstrate the sensing capabilities of the developed 
DPC-GQDs in more complex samples than water, the analysis of white 
wines was carried out. Since direct measurements were not possible in 
this case due to the high organic content within the matrix sample, we 
added a digestion step to the overall protocol. Typical digestion pro-
cedures for elemental analysis involve high concentrations of acids (i.e.; 
HNO3) and/or oxidants [51–53], which resulted impractical for fluo-
rescence measurements using GQDs, since the probe readily oxidizes 
under these conditions. The Collection of Real Samples and Treatment 
section describes the soft digestion protocol performed in this work. This 
finally led to solutions easily buffered to pH 9.0. In this case, the 
oxidizing medium (needed for the soft digestion) resulted in the oxida-
tion of Fe2+ to Fe3+, leading to the quantification of total Fe in wine 
samples. This was ultimately achieved using matrix-matched standard 
solutions obtained by treating aqueous standards with the described 
digestion protocol. Considering this, the analytical figures of merit for 
the determination of Fe in these samples were different from those ob-
tained for the analysis of waters. Based on the calibration curve, a LOD 
of 0.11 mg L− 1 (2.0 μmol L− 1) and a linear range up to 6.7 mg L− 1 (120 
μmol L− 1) were obtained. These are useful values considering the usual 
concentrations of Fe in white wines [54], and were corroborated by the 
application of the probe on these samples, as shown in Table 2. The table 
also shows the concentrations of Fe in the same samples, determined by 
the application of a spectrophotometric method developed by Riganakos 
et al. [55]. As can be seen, these do not significantly differ from those 
obtained using the fluorescence probe. Furthermore, recovery studies 
were carried out using 1.00 mg L− 1 Fe3+ standard additions, with 
adequate results ranging between 91 and 109%. 

Conclusions 

A sensitive, selective, and fast fluorescence probe has been devel-
oped on the basis of electrochemically-obtained GQDs further func-
tionalized with 1,5-DPC, for the determination of Fe species in standard 
and real samples. The clean and straightforward electrochemical 
approach led to small and highly crystalline carbon nanostructures 
without the need of using harsh chemicals and performing tedious pu-
rification steps such as cleaning and dialysis protocols. Although as- 
synthesized GQDs presented very good sensitivity, they lacked of 
selectivity toward the analyte of interest. Consequently, 1,5-DPC-func-
tionalized GQDs significantly improved the selectivity of the probe to-
ward Fe3+ and allowed for its specific determination after carefully 
optimizing both chemical and instrumental parameters. We also incor-
porated the use of front-face fluorescence to eliminate shielding effects 
caused by radiation. The developed probe gave a full response toward 
the analyte in less than 30 s and the aqueous solutions were stable for 
over 40 days under regular storage conditions. Importantly, the probe 
was successfully applied for the determination of Fe within wine bev-
erages with an LOD of 2.0 µmol L− 1 and a linear range up to 120 µmol 
L− 1. White wines represented a specially challenging sample, since 
matrix effects usually hinder the application of GQD-based probes for 
the analysis of samples other than waters. To overcome this issue, a soft 
UV light-based digestion was optimized which, along with the devel-
opment of a matrix-matched calibration curve, allowed for the desired 
analysis. Finally, one of the main highlights of this work relays on the 
fluorescence detection of Fe in real samples employing a simple and 
reliable method. In summary, the developed functional nanomaterial 

Table 2 
Determination of Fe3+ in waters from various sources and of total Fe in white 
wines, along with recovery studies (95% confidence interval, n = 3). All con-
centrations are mg L− 1.  

Water 
Sample 

Fe3+

added 
Fe3+

found 
DPC- 
GQDs 

Recovery 
(%)a 

Fe3+ found 
Spectrophotometric 

Recovery 
(%)a 

Tap 0 0.44 ±
0.03 

– 0.41 ± 0.02 – 

0.10 0.55 ±
0.04 

110 0.50 ± 0.03 90 

1.00 1.47 ±
0.06 

103 1.42 ± 0.04 101 

River 0 0.98 ±
0.04 

– 1.01 ± 0.05 – 

0.10 1.08 ±
0.07 

100 1.10 ± 0.05 90 

1.00 1.95 ±
0.0 

97 2.00 ± 0.07 99 

Dam 0 0.77 ±
0.05 

– 0.80 ± 0.04 – 

0.10 0.89 ±
0.08 

120 0.89 ± 0.03 90 

1.00 1.74 ±
0.05 

97 1.75 ± 0.05 95 

White 
wine 

Fe3+

added 
Fe 
found 
DPC- 
GQDs 

Recovery 
(%)a 

Fe found 
Spectrophotometric 

Recovery 
(%)a 

Sample 
1 

0 1.65 ±
0.11 

– 1.71 ± 0.05 – 

1.00 2.56 ±
0.09 

91 2.77 ± 0.04 106 

Sample 
2 

0 1.11 ±
0.09 

– 1.13 ± 0.05 – 

1.00 2.20 ±
0.12 

109 2.15 ± 0.07 102 

Sample 
3 

0 2.03 ±
0.16 

– 2.18 ± 0.10 – 

1.00 3.00 ±
0.15 

97 2.08 ± 0.15 90  

a Recovery = 100 x (Found – Initial) / Added. 
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permitted the determination of Fe in complex samples which are usually 
beyond reach for GQD-based fluorescence probes. 
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