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Abstract

:

Luminescent carbon dots (CDs) synthesized from Pithecellobium dulce (P. Dulce) leaves, in a simple, single-step carbonization procedure, were used as optical nanosensors. TEM revealed the crystalline nature of the CDs with the average dimension of 20 nm with a quantum yield of 24%. In addition to carbon, the X-ray photoelectron spectroscopy shows the presence of oxygen and nitrogen. The FTIR spectra and Zeta potential were used for additional characterization of the nanoprobes. Among the contaminants and heavy metals, the proposed nanoprobes were found to be selective towards 4-nitrophenol (4-NP) and Cr(VI), respectively. The emission response of CDs towards 4-NP solution not only reveals the high sensitivity of the CDs (Limit of detection (LOD) of 14 nM) but also demonstrates a color change (light to dark yellow) that is attributed to spontaneous deprotonation detectable with the naked eye. The selectivity of CDs towards Cr(VI) (LOD 0.9 nM) was also tested in the presence of other metals. The quenching mechanism has been attributed to the inner filter effect for both analytes. The observed low detection limits in river and tap water opens up the possible applicability of the proposed nanoprobes as optical sensors in environmental pollution monitoring.
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1. Introduction


With the continual expansion of mankind and the rapid development of industrial technologies, environmental pollution, specifically organic contaminants, heavy metals, bisphenol compounds, and nitroaromatic compounds pollution, has become a serious issue [1,2]. The continuous emission of various manmade chemicals and by-products not only degrades environmental quality but also causes a risk to public health [1]. Nitroaromatic compounds, in particular nitrophenols, are shown to have several uses in the military and chemical industries. The nitrophenol family includes (a) all three isomers of mono-nitrophenols, namely adjacent (2-NP), interphase (3-NP), and antithesis (4-NP/p-NP), and (b) dinitrophenols, namely 2-4 Dinitrophenols (2,4-DNP) and 2,4,6-trinitrophenol (TNP/ picric acid) [3,4]. Unfortunately, all the above mentioned chemicals are also well-known carcinogens. An additional concern is that nitrophenols are difficult to eliminate or degrade from water resources due to their high solubility and stability in water which has the potential to produce more serious environmental issues [5]. As a result of their misuse and uncontrolled disposal, they can cause substantial contamination to the environment, particularly soils, rivers, lakes, and ground water [2]. The p-nitrophenol (4-NP) in particular, is one of the most harmful pollutants created from the production of pesticides, pharmaceuticals, dyes, leather anti-fungal agents, and other industrial goods. As a result of its toxicity and carcinogenicity, the United States Environmental Protection Agency (USEPA) has placed 4-NP on its “Priority Pollutant List”. According to the USEPA, the maximum permissible content of 4-NP in drinking water is 0.43 μM [6].



In addition, among the numerous heavy elements, Cr(VI) is one of the most toxic ions, and exposure to it causes cancer along with harm the respiratory system, gastrointestinal system, and immune system [7]. This is due to the extremely soluble nature of Cr(VI) and its massive discharge from various electroplating, tanning, and leather industries, leading to a significant increase in Cr(VI) levels in drinking water. According to EPA guidelines, the maximum contaminant level for total chromium concentrations in drinking water should be less than 100 ppb [7].



On the other hand, traditionally reported 4-NP and Cr(VI) detection strategies, such as electrochemical methods, chromatographic techniques, capillary electrophoresis, and fluorometric assays [6,7] have some limitations, such as the usage of expensive chemicals, time-consuming sample preparation, and extensive analysis times. As a result, developing a cost-effective, simple, and quick approach for accurate determination of the trace amount of 4-NP and Cr(VI) in environmental and drinking water samples is critical. Although semiconductor quantum dots (e.g., CdS, CdTe, CoTe, and SnO2) have been widely employed for environmental pollution monitoring, their toxicity (due to the use of heavy metal ions) has prompted researchers to look for novel biodegradable and biocompatible nanomaterials [8]. Organic carbon-based quantum dots have attracted attention as a prominent sensing device in the last decade due to their exceptional photochemical stability and photophysical performance. Carbon nanoparticles with a large surface area, enhanced conductivity, and specificity can be used for fast and efficient detection of environmental organic and non-organic toxins [9,10,11]. The use of toxic chemicals can be minimized even further by synthesizing carbon dots (CDs) with green precursors, which is the preferred technology, with several benefits such as cost-effectiveness and sustainability to organic waste [7,9,12,13].



Several researchers have conducted experiments to detect Cr(VI) selectively. Pineapple juice-derived CDs were used as sensors for Cr(VI) with a linear concentration range (LCR) and an LOD as 0–18 μM and 0.052 μM, respectively [14]. Tulsi leaf-derived CDs (Bhatt et al., 2018) reveal 1.6–50 μM and 0.015 μM as the LCR and LOD, respectively. Many other researchers have used various green sources, such as lemon peel waste [15], groundnuts, and dried rose petals [16] to detect Cr(VI). In addition, apple seeds [3], palm shell powder, and triflic acid (N and S co-doped) [17], and shaddock peel + HCl [18] selectively detected 4-NP with LODs of 13 nM, 79 nM, and 37.1 nM. The reported low LODs for Cr(VI) (i.e., 81 pM [16] and 0.185 nM [19]), using CDs synthesized with dried rose petals and Panax notoginseng, have been achieved through additional nitrogen/sulfur and nitrogen dopants with the green precursors (i.e., ethylenediamine (EDA)/L-cysteine and EDA, respectively).



In this work, we present the one-step synthesis (direct carbonization) of fluorescent CDs with high selectivity towards 4-NP and Cr(VI) under lab conditions as well as in real water samples using only a green and sustainable carbon precursor, P. Dulce leaves. Due to the high adaptability to different kinds of soils, Pithecellobium dulce is considered as an abundant and invasive plant in México and other countries. As it has even been declared as a noxious weed in some regions [20] due to which economic and environmental equilibrium may significantly be impacted by these invasive plants, this work presents a way to produce highly functional and versatile material from Pithecellobium dulce leaves [20,21].



The proposed fluorescence approach allowed the selective and sensitive detection with a turn-off effect of the nanoprobes in a linear concentration range from 20 to 80 nM with an LOD of 14 nM for 4-NP and an LCR from 10 to 16 nM with an LOD of 0.9 nM for Cr(VI) detection without any additional treatment or incorporation of dopant to the as-prepared CDs.




2. Materials and Methods


2.1. Materials


P. Dulce leaves were collected from the local streets of Cuernavaca City, Morelos State, Mexico (18.954602, −99.220129). 4-nitrophenol (4-NP, 99.5%) was procured from Sigma Aldrich. Except where the use of tap or river water is specified, all the general studies utilized deionized water. Phenol, 4-aminophenol, 2-aminophenol, and catechol were acquired from Sigma Aldrich. Metal salts were acquired from Fermont, including potassium dichromate -K2CrO7 (99%), coper sulfate -CuSO4, cobalt sulphate -CoSO4 (99%), nickel sulfate -NiSO4 (98%), ferrous sulfate (II) -FeSO4 (99%), cadmium nitrate -Cd(NO3)2 (99%), -Mg(NO3)2 (99.5%), silver nitrate -AgNO3 (99%), barium nitrate -Ba(NO3)2 (99%), zinc chloride -ZnCl2 (97.2%), ferric chloride (III) -FeCl3 (97%), ferrous chloride (II) -FeCl2 (98%), tin chloride -SnCl2 (99%), lead chloride -PbCl2 (99%), copper chloride -CuCl2 (99%), cobalt chloride -CoCl2 (98%), and mercury chloride -HgCl2 (99.5%).




2.2. Methods


P. Dulce leaves were washed and dried in a dehydrator at 40 °C for 4 h. The dried carbon precursor was ground in a coffee mill for 30 s. Carbon dots were synthesized by direct carbonization in a muffle furnace at 200 °C for 120 min. The TGA analysis for leaves at 200 °C revealed a mass loss of 9.9 % (Figure S1). The generated carbonaceous material was utilized to make solutions with a concentration of 10 mg/mL that were treated in an ultrasonic bath for 4 h before being centrifuged at 13,000 revolutions for 20 min. Following this, filtering was performed using 2 μm filter paper. The filtrate was refrigerated in order to preserve the CDs to be used for further studies. The estimated concentration is 1.4 mg/mL for final stock solution. The quantum yield (QY) was calculated with rhodamine 6G in water (  Q  Y x    = 92% [22]) as a reference, using the equation:


  Q  Y x  = Q  Y  s t    (     K x     K  s t      )     (     η x     η  s t      )   2   



(1)




where   K    is the slope from the linear regression of integrated luminescence vs. the absorbance of   s t   and  x  (subscripts) for the standard and sample, respectively. The refractive index of the aq. solution is taken as η = 1.33 for both low-concentration solutions. Absorbance values were kept less than 0.1 to achieve the linear relationship of absorbance at different molar concentrations [23] of the CDs as well as the reference.



A UV–Vis (Perkin Elmer Lambda 900) spectrophotometer and fluorescence (Varian Cary Eclipse) spectrometer were used to investigate the optical properties of synthesized CDs. The primary functional groups that are present in the ground leaf samples were evaluated using FT-IR (Varian Cary Eclipse) to see how their presence or composition changed after the pyrolithic carbonization temperature treatment. To determine the particle size distribution of the synthesized CDs, high-resolution transmission electron microscopy (HR-TEM) measurements were performed through TEM-JEOL JEM-2010. For surface sensitive quantitative analysis, a Thermo Scientific scalab 250Xi X-ray photoelectron spectrometer (XPS) was used. The ZP (zeta potential) measurements were performed using a Malvern zeta sizer. A Rigaku X-ray diffractometer (XRD) was employed for measuring the diffraction pattern using monochromatized Cu Kα radiation (λ = 1.54 Å).





3. Results


3.1. Characterization of CDs


The existence of a maxima at 325 nm and 260 nm in the absorbance spectra (Figure 1a) is attributed to n to π* and π to π* transitions with carbon–carbon and carbon–oxygen molecular unsaturated centers, respectively. Although CDs appear to be pale yellow in daylight, under UV light, a blue emission was observed (inset Figure 1a) indicating the high fluorescence emission. CDs showed an intense peak corresponding to emission at 428 nm after optimal excitation at 325 nm. The estimated QY of the as-synthesized CDs was 24% (Figure S2) considering the slope of the integrated signal corresponding to fluorescence intensity vs. absorbance for CDs and Rhodamine 6G as a reference. On the other hand, the main functional groups found on the raw leaves before and after carbonization were identified through Fourier transform infrared spectroscopy, as depicted in Figure 1b. Vibrational bands were observed at 3606 cm−1 with a medium sharp -OH stretching; the band located at 2915 cm−1 refers to the C-H group [24,25], while the peak at 1693 cm−1 is generated by the C=O strength [24], at 1528 cm−1, the band of medium binding of N-H corresponds to the scissor vibration of NH2, and at 1415 cm−1, a vibration band of C-OH was detected [26]. The C-O strength signal appears at 1047 cm−1 [27], and the peak at 880 cm−1 is attributed to the C-H functional group [28].



The TEM images reveal a spherical morphology (Figure 1c–f). The size distribution of the as-prepared CDs revealed a particle size range of 10–50 nm (average diameter: 24.14 ± 6.5 nm; the histogram is taken over 100 particles shown as an inset in Figure 1d with the crystal lattice spacing of 0.32 nm (inset in Figure 1d). The chemical composition of the CDs was confirmed with XPS experiments, where the results revealed the presence of C, O, and a weak signal for N (survey scan in Figure 1g) on the surface of the carbon dots. The calculated atomic percentages majorly show the presence of carbon and oxygen (~65 and 35%) and a slight presence of nitrogen (Figure S3). The high-resolution deconvoluted XPS spectrum of the carbonized sample, Figure 1h, reveals the C1s spectra with four bands located at 284, 284.5, 285.7, and 287.5 eV, corresponding to C-O, C-C, C-N/C=N, and C=O [29,30,31,32] in the C 1s spectrum of carbon dots, respectively. Two signals are observed in the high-resolution O 1s spectrum at 530.9 eV (C-O/C=O are present) and at about 532.1 eV, corresponding to C-OH/C-O-C bonds [33,34]. In addition, CDs showed a weak signal in the N1s spectrum with two peaks around 399 and 399.6 eV attributed to groups C=N and N-H [35]. As per Clogston et al.[36], the Z-potential near to   ± 10    mV    (close to be neutral) could tend to form agglomerates. In the present case, the Z-potential value of −12 mV supports the anionic character of carbonized particles.




3.2. Selectivity of CDs for 4-Nitrophenol and Chromium (VI)


To assess the selectivity of CDs, the changes in the fluorescence intensity in the presence of different organic pollutants were measured. The fluorescence response of CDs for 4 NP was more sensitive than that of other organic phenolic compounds. A complete PL quenching (turn-off) was observed in the presence of 4 NP (Figure 2a,b). While assessing the selectivity towards different metals, it is important to consider that the most common ions found in rivers and lakes around the world are Al, As, Cd, Co, Cr, Cu, Fe, Hg, Mn, Ni, Pb, and Zn [37]. The majority of these ions along with others such as Ba, Hg, and Mg were tested to observe the analytical performance of the proposed nanoprobes towards the heavy metals present in the water.



The optical signal of the CDs in the presence of different metal ions, was found to quench selectively for Cr(VI) (Figure 2c,d). In addition, in low and high concentrations of 4-NP and Cr(VI) analytes, a significant displacement of the maximum PL peak occurs.




3.3. Sensitivity Assessment for 4-Nitrophenol Using P. dulce-Derived CDs


Figure 3a includes the sensitivity experiment of CDs towards 4-NP from 20 nm to 2 mM LCR of 4-NP in DI water with a PL turn-off effect, along with a spectral redshift (maximum wavelength signal shifted by 30 nm).



Figure 3b represents the Stern–Volmer equation (F0/F = 0.9906 + 0.0012 [4-NP]) with an R2 of 0.9902 and an estimated LOD of 14 nM in the linear range of 20 to 80 nM. The Stern–Volmer relation is defined by F0/F = 1 + KSV [Q], where KSV is the slope and Q is the analyte concentration. The LOD is estimated according to 3σ/S, where σ is the standard deviation of the response of the the carbon solution signal without the analyte and S is the slope of the calibration plot in a good linear fitting range [38,39]. The results of the evaluation of 4-NP sensitivity in river water from 10    μ M    to 1.5 mM with a bathochromic shift of 65 nm and fitted data in linear adjustment from 10 to 160 nM are shown in Figure 3c and its corresponding figure (Figure 3d) uses a Stern–Volmer equation (F0/F = 1.026 + 0.7644 [4-NP], R2 = 0.9948) with an estimated LOD of 10 nM. The evaluation of 4-NP in tap water is depicted in Figure 3e with an LCR of 10 nm–1 mM and a Stern Volmer equation of F0/F = 1.0113 + 1.3639 [4-NP], R2 = 0.9638 and a red shift of 53 nm (Figure 3f). The LOD was observed as 13 nM in the concentration linear range between 10 to 100 nM. A comparison of F0/F vs. different concentrations of 4-NP in deionized, river, and tap water is included in Figure S4a.




3.4. Interference Studies for 4-NP


Various organic pollutants were tested in deionized water for their ability to quench the PL of the CDs as potential interfering contaminants’ in the 4-NP detection. For interference studies, 100 μM of 4-NP and 100 μM of other contaminants solutions were prepared. The resulting data allow us to conclude that potential interferences have no impact on the feasibility in 4-NP optical sensing (Figure 3g).



However, compared to the PL intensity corresponding to each tested organic pollutant, the presence of 4-NP decreased the possible observation of the quenching signal, when all the tested organic pollutants were present.




3.5. Sensitivity Assessment for Chromium (VI)


As shown in Figure 4a, sensitivity experiments using nanoprobes that were also selective for Cr(VI) were performed in the range 3 nM to 2.5 mM; the maximum emission peak was maintained at 420 nm with low-concentration solutions, i.e., from 3 nM to 7    μ M   , however, the PL band is then slightly redshifted. Figure 4b shows the corresponding Stern–Volmer equation (F0/F = 0.7563 + 0.0314 [4-NP]) with the R2 of 0.9986 and an estimated LOD of 0.9 nM. The Cr(VI) in river water was tested in the range of 20 nM to 2 mM (Figure 4c). The obtained Stern–Volmer equation was F0/F = 0.9882 + 1.0414 [Cr(VI)] with the R2 of 0.9907 and an estimated LOD of 7 nM is depicted in Figure 4d. In the case of detection for Cr(VI) in tap water (Figure 4e), there is a low concentration range (from 10   nM   to 10    μ M   ) in which the maximum PL peak is steady around 423 nm, while in higher concentrations (100   µ M   to 2 mM), a displacement of the signal is observed (around 50 nm). The Stern–Volmer equation for tap water is F0/F = 1.0255 + 2.0607[Cr(VI)] with an R2 of 0.9883 and LOD of 8 nM (Figure 4f). A comparison of F0/F vs. different concentrations of Cr(VI) in deionized, river, and tap water is included in Figure S4b indicating a high proximity in the large range of 3   nM   to 1000    μ M   .



The LODs of CDs from the proposed P. Dulce were compared with the values of other carbon dots obtained from other different leaves to detect 4-NP and chromium (VI) (Ref. to Table S1 [5,40] and Table S2 [7,41,42]).



The difference in the S-V constants between deionized, river, and tap water is due to the difference in their properties, such as the conductivity and pH that can possibly contribute to the different linear concentration range. The measured conductivities (mS/cm) for deionized water, tap water, and river water are 0.0061, 0.1103, and 1.12, respectively. On the other hand, the pH values of deionized water, tap water, and river water are 5.69, 7.65, and 7.5, respectively.



After a certain range, the relationship between concentration of the analyte and photoluminescence signal is not well correlated, which has been attributed to the differences in the interaction between the CDs and the analyte molecule [43], i.e., when the analyte concentration is increased, due to the limited number of CDs, the mutual interaction between analyte–CDs is reduced and the distance between the CDs and quencher is modified, as can be corroborated in the red shift of PL bands (in accordance with [44]). The aforementioned behavior has been reported previously in numerous works, for example, Tammina and Yang [45], reported the influence of 4-NP concentration (0.25–125 μM) on the emission intensity of N-CDs; nevertheless, they observed a linear graph between F/Fo vs. the concentration of 4-NP in the low range of 0.25–7.5 μM, with an LOD of 50 nM when using 10 μL of N-CDs. After this range, the detection of this analyte could not be controlled with the same accuracy. The same restriction in the range of detection was observed in the detection of Cr(VI). On the other hand, Singh et al. obtained carbon dots from Dunaliella salina biomass to detect Cr(VI) and they observed a narrow linear range from 30 to 180 nm with a good correlation coefficient with an LOD of 18 nM from the tested range of 0.04–25 μM [46]. Similarly, Pooja D. et al. used Carica papaya waste pulp to obtain CDs for total chromium detection in the range of 10 ppb to 1000 ppm. No continuous correlation between PL intensity and analyte concentration was observed; nevertheless, the detection was possible in the LCR of 10–100 ppb with an LOD of 0.708 ppb with R2 of 96.74 [47]. Nevertheless, when the CD concentration is increased, the LODs and the linear ranges can be also increased and detect the analytes with considerable accuracy in higher concentrations, as has been demonstrated in other works from our research group [48]. In addition, although low concentrations of nanoprobes (CDs) can quantify a huge range of analyte concentrations, there can possibly be more than one slope for acquiring a linear optical signal with respect to the analyte concentration (present case). Hence, the possibility of varying the CD concentration, for different predefined ranges of analyte, should be considered.




3.6. Interference Studies for Cr(VI) Detection


PL quenching in the presence of Cr(VI) was assessed and compared with other metal ions. Mixtures of 100 μM of Cr(VI) and 100 μM of the aforementioned pollutant metal ions were used. The difference of Cr(VI) in a one-to-one concentration with other metal ions confirms negligible interference when these metal ions are present individually with Cr(VI) (Figure 4g).




3.7. Effect of Temperature, pH, and Salinity


Apart from the abovementioned analysis, some additional measurements were conducted, such as the effect of salinity, temperature, and pH on the optical response of the nanoprobes. A decrease/increase in PL intensity with an increase/decrease in temperature reveals a reversible cycling behavior from 25 to 70 °C. (Figure S5a–c). The obtained data were linearly fitted with an R2 = 0.96. The influence of the concentration of chlorides on the emission intensity was analyzed with the help of optical measurements at different concentrations of NaCl. CDs show a stable emission signal in chlorides in the tested concentration range of 0.5 to 4 M (Figure S5d). The proposed nanoprobes show a stable response at diverse pH values with the exception of extreme values of 1 and 14 where the photoluminescence intensity diminishes. There is currently no definite consensus among researchers on how to explain the influence of pH on the luminescence response of CDs [49].




3.8. Possible Mechanism of PL Quenching for 4-NP and Cr(VI)


There are different sensing mechanisms proposed for fluorescent particles. CDs in environmental monitoring mainly include the dynamic/static quenching effect, Förster resonance energy transfer (FRET), inner filter effect (IFE), photoinduced electron transfer (PET), and surface energy transfer (SET). In particular, the IFE consists of the absorption of both the excitation and emission wavelengths or only signals emitted by the absorbers [13,38,50] as was observed in the corresponding sensing nanoprobe systems (in this case, 4NP and Cr(VI)). The absorption spectrum of 4-NP (ref. to Figure 5a) centered at 315 nm overlaps with the excitation spectrum of the CDs at ~260–390 nm. On the other hand, Cr(VI) possess three absorbance bands (260, 360, and 440 nm; ref to Figure S6) and an overlap among the emission band at 325 and the PL band of CDs (428 nm) with the absorbance bands of Cr(VI) supporting the turn-off mechanism due to the IFE [50,51,52].



Moreover, a redshift in the PL signal (when either the 4-NP or Cr(VI) concentration is increased) was observed. According to Zhang et al., the emission peak shift in PL bands of CDs, in the presence of high concentrations of Cr(VI) ions, may be attributed to the coordination interaction of the Cr(VI) and functional groups containing nitrogen (of CDs), i.e., imidazole groups attached to the CDs’ surface [44].



On the other hand, Xiao et al. observed a red-shift in the maximum of the emission band of their co-doped CDs when the 4-NP concentration was increased and concluded that the shift was a consequence of the IFE [53]. Similarly, Qin et. al. attributed the selective detection of 4-NP (using CDs from Escherichia coli) to the IFE mechanism which was accompanied by the red-shifted emission peak [54]. Tummala et al. suggested that the red-shift in fluorescence is also related to the deprotonation of 4-NP to a 4-nitrophenolate ion with IFE as the possible quenching mechanism [55].



Additionally, Wang et al. related this phenomenon to the quantum effect and the distribution of emissive traps on the surface of the nitrogen and silicon co-doped CDs [56]. El-Shaheny et al. detected o- and p-nitrophenols with graphene quantum dots. Based on the corresponding suppressed efficiency (%E), they determined that the fluorescence quenching by both nitrophenols originates from IFE. This conclusion was supported by the gradual red shift of the fluorescence maxima at high quencher concentrations [57].



The PL maximum band of P. Dulce CDs was noticeably red shifted for 4-NP (30, 65, and 53 nm for deionized, river, and tap water at a concentration of 1 mM of 4-NP) and for Cr(VI) (32, 44, and 14 for deionized, river, and tap water at a concentration of 1 mM of Cr(VI)) as possible evidence of the predominant IFE mechanism. In addition, with the help of diphenyl carbazide (DPC) assay (Figure S8) the possibility of partial reduction of Cr(VI) to Cr(III) can also be considered [58]. Further studies are needed to confirm the possibility.



In addition, the UV absorption wavelength of 4-NP was red shifted from 315 nm to 400 nm, Figure 5b) in the presence of the CDs. The absorbance intensity was increased with the increase in the interaction time, due to the formation of a 4-nitrophenolate ion. The red shift is related to the deprotonation of 4-NP to a 4-nitrophenolate ion and the same phenomenon was reflected in the change of color from transparent to yellow [59] (Figure 5c).



The noticeable change in color is accompanied by a minor decrease in the band intensity corresponding to 4 -nitrophenol (band at 320nm (in absorbance); Figure 5d not only gives an additional confirmation of the change of 4-NP concentration but also opens up a possibility for their usage as dual-sensors (absorbance and PL). The luminescence quenching and the formation of the 4-nitrophenolate ion is possibly induced by the functional groups around the CDs’ surface. The pH for the CDs’ stock solution was approximately ~7 whereas the pH value for 4-NP was obtained around 5. The pH rises to almost 6.9 when CDs interact with the phenolic solution to generate the deprotonation of 4-NP to 4-nitrophenolate ion. The pH increment has been reported in other deprotonation stages from 4-NP to 4-NP ion, when sodium borohydride has been used as a reducing agent [60].




3.9. Interference Studies for 4-NP and Cr(VI) with Respect to Each Other


A couple of experiments were performed to study the interference between the contaminant 4-NP and Cr(VI) (Figure S7), with the fixed concentration of either 4-NP or Cr(VI) (100  μ M) and changing concentration of another analyte Cr(VI)/4-NP in the concentration range of 0.5 to 500  μ M. Although the presence of either of the contaminant (4-NP/Cr(VI)) solution is not found to interfere with the detection of the other analyte (Cr(VI)/4-NP), the addition of the 4-NP in the Cr(VI) solution reveals a relatively predominant F/F0 ratio response.





4. Conclusions


A simple green synthesis (carbonization at 200 °C) of blue light emitting carbon dots from Pithecellobium dulce leaves was demonstrated. The absorbance bands maximum at 260 and 325 nm have been attributed to n-π* and π-π* transitions with C-C from the core and C-O molecular unsaturated centers from the surface, respectively. The relative quantum yield was determined to be 24% using Rhodamine 6G as a reference. The CDs’ size of approx. 20 nm and interplanar spacing of 0.32 nm were estimated by TEM. The XPS signal corresponding to carbon, confirms the presence of C-O, C-C, C=C/C-N, and C=O. The oxygen spectrum discloses the presence of C-O/C=O, C-OH / C-O-C groups, and nitrogen 1s reveals C=N and N-H functionalized surface. The optical response of the CDs remains stable/invariable under different pH (2–13) and saline solutions. The nanoprobes were found to be selective towards 4-NP and Cr(VI) with very low limits of detection in deionized water, i.e., 14 and 0.9 nM, respectively. The efficacy of the CDs for 4-NP has been demonstrated in river and tap water with similar LODs of 10 and 13 nM, respectively. Similarly, for Cr(VI), apart from the low LODs of 7 and 8 nM in river and tap water, respectively. Apart from producing an added value product from the abundant biowaste (P. Dulce), the proposed CDs show a lower LOD than other CDs from leaves based biomass, without adding any additional dopants. A simultaneous decrease in the absorbance band of 4-NP at ~320 nm and the emergence of a 4-nitrophenolate ion band that increased proportionally with CDs’ concentration indicated the deprotonation of 4NP in addition to an incremental change in pH. Apart from the formation of the 4-nitrophenolate ion, the luminescence quenching in the presence of 4-NP has been attributed to an inner filter effect, which also dominates in Cr(VI) detection. The deprotonation of 4-NP using P. Dulce can be further investigated for possible catalytic applications. The suggested simple, one-step, cost-effective synthesis method and detection technique make the proposed nanoprobes a possible strong option for the construction of sensitive optical sensors for 4-NP and Cr(VI) in environmental applications.
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Figure 1. (a) Absorbance, photoluminescence (PL) emission, and photoluminescence excitation (PLE) spectra of the synthesized CDs (inset: photographic image of the CDs suspended in water, under daylight (A) and UV light (B)), (b) FTIR spectra of raw and carbonized leaves, (c–f) TEM micrographs (inset in (d) reveal the magnified view of interplanar distance and the particle size distribution), (g) XPS survey, and (h) high-resolution XPS spectra corresponding to C1s, O1s, and N1s of CDs. 
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Figure 2. Selectivity studies of CDs towards different organic pollutants in deionized water: (a) PL emission spectra taken at a 1 mM concentration of the analyte, (volumetric ratio of analytes,: CDs: total volume 1:120) and (b) relative/normalized PL peak emission intensity (F/F0) (with respect to the control) for each analyte, where F0 is the control, i.e., PL is the peak intensity of only CDs; and (c) PL response towards different metal ions taken at 10 mM of metal ion concentration and (d) relative/normalized PL peak emission intensity (F/F0) (with respect to the control) for each metal ion. 






Figure 2. Selectivity studies of CDs towards different organic pollutants in deionized water: (a) PL emission spectra taken at a 1 mM concentration of the analyte, (volumetric ratio of analytes,: CDs: total volume 1:120) and (b) relative/normalized PL peak emission intensity (F/F0) (with respect to the control) for each analyte, where F0 is the control, i.e., PL is the peak intensity of only CDs; and (c) PL response towards different metal ions taken at 10 mM of metal ion concentration and (d) relative/normalized PL peak emission intensity (F/F0) (with respect to the control) for each metal ion.



[image: Chemosensors 10 00532 g002]







[image: Chemosensors 10 00532 g003 550] 





Figure 3. (a) Sensitivity of CDs towards different concentration of 4-NP in deionized water and (b) Stern–Volmer fit for estimating the LOD of F0/F vs. 4-NP, where F0 is the fluorescence intensity of CDs in water (control) and F is the intensity of CDs + 4-NP from 20 nM to 2 mM. (c) Sensitivity of CDs towards different concentrations of 4-NP in river water, (d) F0/F vs. 4-NP concentration; Stern-Volmer fit for estimating LOD, (e) Sensitivity of CDs towards different concentration of 4-NP in tap water, (f) Stern–Volmer adjustment and LOD for 4-NP in tap water, and (g) interference test in detection of 4-NP (deionized water). 






Figure 3. (a) Sensitivity of CDs towards different concentration of 4-NP in deionized water and (b) Stern–Volmer fit for estimating the LOD of F0/F vs. 4-NP, where F0 is the fluorescence intensity of CDs in water (control) and F is the intensity of CDs + 4-NP from 20 nM to 2 mM. (c) Sensitivity of CDs towards different concentrations of 4-NP in river water, (d) F0/F vs. 4-NP concentration; Stern-Volmer fit for estimating LOD, (e) Sensitivity of CDs towards different concentration of 4-NP in tap water, (f) Stern–Volmer adjustment and LOD for 4-NP in tap water, and (g) interference test in detection of 4-NP (deionized water).



[image: Chemosensors 10 00532 g003]







[image: Chemosensors 10 00532 g004 550] 





Figure 4. Sensitivity of CDs towards different concentrations of Cr(VI) in (a) DI water, (b) river water, and (c) tap water. Stern–Volmer fit, F0/F vs. 4-NP concentration for LOD calculation (d) in the range of 10 to 160 nM in DI water and (e) in the range of 20 to 50 nM in river water, (f) in tap water (10–50 nM), and (g) interference studies of metal ions vs. Cr(VI) detection. 
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Figure 5. (a) Inner filter effect projected as a possible mechanism of 4-NP sensing/deprotonation, (b) changes in 4-NP + CDs absorbance at different times, (c) schematic representation of possible mechanism of PL quenching and images showing the change of color in visible light and under UV light, and (d) evolution of 4-nitrophenolate ion peak at different concentrations of CDs at initial time. 
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