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A synthesis of carbon nanoparticles from hydrothermal dissociation of sugars of different composition is proposed in the present experimental study. The process has been carried out in a stirred batch reactor at a fixed temperature, using precursors dissolved in aqueous solvent in the presence of NaOH. The use of surface passivation agents has been avoided in order to test how the competing kinetics of chemical reaction and of particle agglomeration may condition the properties of the final product.
The carbon nanoparticles have been characterized in diameter by dynamic light scattering. It has been shown that the molecular structure of the precursor and the selected residence time have a basic role in determining the probability distribution function of the as-made nanoparticles diameters. When fructose and lactose are adopted as precursors, the process of sugar decomposition is active even at room temperature owing to the action of NaOH. The present method, thanks to its easy reproducibility and to the absence of noxious releases as a by product, may represent a first step towards a cost-effective and environmentally sound technique for the synthesis of carbon nanoparticles at a larger scale. Finally, such aspects are discussed and some applications of practical relevance are proposed.
Introduction
The synthesis of organic and inorganic nanomaterials can be considered as one of the more challenging aspects in modern manufacturing industry (Reverberi et al., 2016). Examples concern the production of sensors utilized for safety sensor systems (Fabiano et al, 2015), the fabrication of polymer composites with ferroelectric properties (Pascariu et al., 2013), the synthesis of smart materials for biomedical applications (Toccafondi et al., 2015) and for environment decontamination (Vocciante et al., 2019). Physical and chemical methods are the two most important techniques to be adopted in current manufacturing of nanoparticles (NPs). Very often, the former rely upon complex and costly apparatuses affecting the production costs, but they offer the advantage of a satisfactory process control in terms of average sizes and particle diameter dispersion. Carbon nanodots (CDs), a subset of carbon NPs having diameters <10 nm, are in the hotspot for their surprising properties that make them a first choice material in a wide variety of applications concerning environmental remediation and decontamination. According to a further classification (Cayuela et al., 2016), CDs exhibiting a crystalline state and the presence of quantum confinement are named carbon quantum dots (CQDs).  In their comprehensive review paper, Li et al. (2020) analysed the uses of several carbonaceous sorbents at different length scales and observed that the carbon surface affinity with pollutants is essentially related to the electronic surface configuration of the sorbent, having  electrons of sp2 hybridized double-bonded carbon atoms and also having surface heteroatoms like O and N, supplying electron pairs to the adsorbed molecules. It is generally believed that electron pair donors like oxygen of carbonyl groups and nitrogen of amine groups may explain the capture of cations present in liquid medium, and this aspect has been successfully exploited for the abatement of toxic elements like Pb2+, Cd2+, Hg2+ and even radionuclides operated by CQDs (Rani et al., 2020). This mechanism of capture is generally strongly conditioned and even inhibited by the pH of solution, owing to a protonation of the active sites getting inactive towards adsorption of target cations. The unique properties of CDs in optoelectronics opened a wide scenario of applications in electroluminescence as visible light emitters, in photocatalysis (Sharma et al., 2018) and in sensor technology. A satisfactory explanation of correlations between surface chemistry of CDs and their optical properties is still controversial. Beside the classical approach concerning the well-known process of electron-hole recombination at the origin of CDs photoluminescence, some authors agree in ascribing this phenomenon to the presence of fluorescent molecules at the surface of CDs (Das et al., 2014). A detailed discussion concerning the origin of light emission of CDs can be found in a review paper of Goryacheva et al. (2017), who investigated several different mechanisms of CDs luminescence, including the basic role of surface defects. A considerable rise in photoemission by excitation with UV light has been observed in N-doped and S-doped CDs (Hu et al., 2014), with a greater attention of the scientific community on the former type of functionalization. Chen et al. (2019) carried out a very exhaustive study concerning functionalization of CDs in order to improve their optical properties, where both metallic and non-metallic dopants were considered. Other authors pointed out that the intensity of photon emission may be strongly affected by the composition of the solvent embedding nanodots owing to effects related to solvation and to polarity of the solvent itself (Sciortino et al, 2018). The advantages offered by CDs with respect to conventional inorganic semiconductors rely upon their biocompatibility, low toxicity and the possibility of exploiting a specific surface functionalization not only for optical purposes, but also to improve their dispersibility in polar and aqueous solvents. For these reasons, such NPs have shown promising uses in medicine as anticancer therapy, in bioimaging for diagnostic purposes and in drug delivery. Citotoxicity tests, based on repeated administration of CDs by intravenous route in mammalians did not show significant side effects on target organs (Ostadhossein and Pan, 2017).
In a different context, agriculture benefitted from the use of CDs, owing to their positive effects on plant growth and germination. In fact, the process of photosynthesis was stimulated by luminescent CDs, acting as electron carriers in biochemical reactions occurring in chloroplasts (Shojaei et al., 2019).
Chemical methods for CDs synthesis rely upon many techniques, which are customarily divided in bottom-up and top-down processes, as indicated in Figure 1(a). The former comprise a wide variety of techniques which are more numerous than the latter, a feature generally characterizing the production of other species of NPs, such as inorganic NPs. In case of metal NPs (Reverberi et al., 2017), top-down methods like etching are often problematic, owing to an intrinsic difficulty in controlling the size of the nano-phase, whose diameter distribution function is generally large. However, a different situation occurs in case of CDs synthesis, where the drawbacks typical of top-down methods are overcome by their advantage in homogeneity of NPs, which keep the structural characteristics of the starting bulk material (Sciortino et al., 2018). A common aspect for almost all bottom-up methods for carbon NPs production is the role of temperature (Dzhardimalieva and Uflyand, 2018), acting both directly on the precursor in hydrothermal, solvothermal, pyrolysis (Chiarioni et al.,  2006) and combustion methods, and indirectly, as in laser and ultrasound synthesis. Alcohols, polyalcohols, carboxylic acids, aminoacids and amines have been largely used as carbon source, but the recent stringent constraints in term of environment protection and sustainability shifted the choice towards precursors of natural origin. Sharma et al. (2017) proposed an exhaustive survey concerning many different species of green precursors, namely materials of vegetal and animal origin, common beverages, bakery products and even industrial wastes, like waste paper and food waste, including waste frying oil.
Caramelization of sugars is a challenging thermal process in bottom-up CDs synthesis, owing to the limited formation of toxic by-products together with a high yield in photoemission and stability of the as-produced carbon NPs. Glucose and sucrose are mostly used as precursors in thermolysis; the process is generally carried out in autoclave at temperatures ranging from 100°C to 200°C in aqueous or organic solvents, to ensure fast kinetics of decomposition. In most cases, the dimension of the carbon NPs are sufficiently small to be classified as CDs. In this paper, a process of sugar hydrothermal dissociation using a batch reactor with reflux of the solvent is proposed. Four different carbohydrates have been used to test the suitability of different precursors for the synthesis of carbon NPs. The process has been carried out at temperature never exceeding 100°C in presence of dissolved NaOH, to investigate the possibility of obtaining carbon NPs in milder conditions with respect to standard hydrothermal processes. In this regard, the novel process well fulfils with the ongoing trend towards cleaner, environmentally-friendly and inherent safer production processes (e.g. Primerano et al., 2016), by properly addressing the “attenuation” and “substitution” guidewords (Fabiano et al., 2019), thus minimizing the need of protective and mitigating safety barriers.  
The remainder of this paper is organized as follows. In section 2, we describe the experimental setup and the relevant operative conditions. In section 3, the results are presented and the sizes of as-prepared CDs are characterized and discussed according to the different choices of precursors. In section 4, the conclusions are drawn and the direction for future works is traced. 
Materials and Methods
Experimental setup
Lactose (C12H22O11, 99%, La Farmochimica, Genova, Italy), fructose (C6H12O6, 99%, La Farmochimica, Genova, Italy), mannitol (C6H14O6, >98%, Sigma Aldrich, Milano, Italy), erythritol (C4H10O4, 99%, Sigma-Aldrich, Milano, Italy), sodium hydroxide (NaOH, >99%, Carlo Erba, Milano, Italy) were of analytical grade.  
[image: ]In all experimental samples, 0.3 g of precursor was dissolved in 4.5 g of distilled water, previously purged with nitrogen to remove the presence of oxygen. In each solution of sugar, 0.1 g of NaOH have been added and the mix has been put in a flask kept at constant temperature by immersion in a thermostatic bath for a prefixed time, as shown in Figure 1(b). The flask is equipped with a reflux column, cooled with a constant stream of water at room temperature, in order to ensure a fixed concentration of carbon precursor and NaOH during the experiment. The hold-up is continuously kept in vigorous agitation by a stirring bar to attain a homogeneous temperature distribution inside the vessel.
Figure 1: (a): Conceptual scheme of different types of chemical methods for carbon NPs synthesis. (b): simplified layout of the experimental laboratory equipment.
Analytical methods
CDs have been characterized in diameters by dynamic light scattering using a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK). We used disposable polystyrene cuvettes of standard size (3.5 mL total, filled in with 1.3 mL solution). For each solution, we carried out at least six measurements of five runs each. In case of some deviating measurements, we considered only the dominating results, in the ratio of at least 67% of the total number. The results are presented as the size distribution by NPs number, which is the actual quantity of practical interest.
Results and Discussion
In the first experimental essays, aqueous solutions of mannitol and erythritol in the presence of NaOH were tested for decomposition at 100 °C for one hour. No appreciable change in color, which is a typical visual sign of ongoing caramelization kinetics for C NPs synthesis, was noticed. For this reason, these precursors were excluded from further experimental tests, which were focused only on fructose and lactose. The thermolysis of these compounds was carried out at 50 °C for two different reaction times.
In Figure 2, the probability distribution function of particle diameters have been plotted for four different cases, namely for fructose and lactose dissociation for two different reaction times of 10 and 30 minutes. In all samples, an appreciable change of color during time was observed, starting from a clear yellow to a dark orange-red for longer times.  At equal short reaction times, the samples containing fructose show a darker coloration than those containing lactose, but these differences tend to disappear at longer reaction times. This trend can be ascribed to the combined effects of caramelization and aggregation kinetics, with different reciprocal weights depending on the specific precursor.  The upper-left plot, which refers to fructose at short reaction time, indicates the formation of very small carbon NPs, having average diameter of 1.7 nm, so that they can be considered as carbon nanodots.  As expected, the corresponding upper-right plot depicts a curve indicating greater average diameters of about 38 nm. This trend can be explained recalling that, in the present experiments, no surfactants or capping agents for NPs stabilization (Grytsenko et al., 2019) have been employed. As a consequence, at least as far as fructose is concerned, the longer the reaction time at the same temperature, the higher is the number of aggregation events leading to larger diameters. In lower-left panel, the curve corresponding to lactose dissociation for short times is reported. The trend is somewhat different from the one of fructose at short times, with formation of larger NPs having average diameter of 68 nm even at the beginning of the caramelization process. The lower-right plot depicts a situation essentially similar to the one corresponding to short times, with average diameter of 105 nm, suggesting the attainment of a regime where aggregation dominates the global scenario. In the present experimental campaign, the use of surface passivation agents has been intentionally avoided to check, at least qualitatively, the combined effects of time and temperature during the carbonization process. On the other side, when lactose is used, the concomitant use of a surface passivation agent was proven to be particularly beneficial to slow down the aggregation, as in the case-study reported by Zhang et al. (2013), who synthesized fluorescent carbon NPs at 100 °C in a reflux reactor for 24 h using tris(hydroxymethyl) amino-methane (Tris) as surface passivation agent. They obtained stable CD of very small dimensions, with high quantum yield in fluorescence up to 12.5%. In the present experimental study, the presence of NaOH as basifier made it possible to start a caramelization process at a particularly low temperature, but there are similar cases where variations of pH proved to be beneficial for the dissociation of precursors with formation of carbon NPs (Wang el al., 2017). Incidentally, lactose has been object of analogous investigations by López et al., (2015), who carried out its thermal dissociation by microwave heating at 160 °C in acid medium, obtaining CDs of 10 nm as average diameter. Interestingly, this result was attained without using additives for surface passivation, limiting the dissociation time at 15 minutes only. Studies concerning carbon NPs chemical synthesis carried out at 
T<100 °C are uncommon in literature.  In the present case, the dissociation of sugars proceeds even 
at T<50 °C, as clearly observable in Figure 3, where  the samples pertaining to fructose and lactose, after addition of NaOH, have been photographed at sequential time steps at room temperature to have a direct visualization of the chromatic changes related to the kinetics of caramelization.
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Figure 2: Particle size distributions obtained by DLS for the four combinations of fructose (upper row) and lactose (lower row) at short (left column) and long (right column) reaction time: a) fructose, 10 min; b) fructose, 30 min; c) lactose, 10 min; d) lactose, 30 min.
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Figure 3: Upper row: from left to right, images of fructose decomposition at room temperature after several reaction times, namely t = 0h, 6h, 12h, 24h. Lower row: from left to right, images of lactose decomposition at room temperature, after the same reaction times listed above.

In this context, the present work has some aspects in common with the study of Mitra et al. (2013), who obtained CQDs at room temperature from polyethylene glycol (PEG-200) in a single-pot process. 
Conclusions
A technique of carbon NPs synthesis at low temperature using lactose and fructose as precursors has been proposed, without the addition of capping agents or surface passivation reagents. The method benefits from the presence of NaOH as basifier, by which carbon NPs of small dimensions have been obtained at mild operating conditions. On the opposite, carbohydrates like mannitol and erythritol showed a negligible kinetics of dissociation even at higher temperatures (T=100 °C), and a relative insensitivity to the presence of NaOH. For these reasons, they did not prove to be suitable for such a technique. 
With respect to other standard processes for carbon NPs synthesis from sugars, the method here proposed may offer the following advantages:
· The present hydrothermal process in aqueous solvent at T=50 °C may reduce considerably the fixed costs of operations, thus requiring simple and economical apparatuses. The running cost in terms of reagents and utilities is likewise limited.
· Neither hazardous emissions, nor toxic by-products or intermediate can result by the synthesis process, contrarily to conventional thermolysis routes carried out at higher temperature.
· The process does not require special protective or mitigating safety layers including added-on technical measures, owing to its inherent safety and “green” characteristics.
The present technique may be used as a starting point to synthesize functionalized carbon NPs for a variety of applications, including photocatalysis and optoelectronics. In further investigations, the effect of surface passivation agents will be tested, possibly having high efficiency combined with low environmental impact and easiness of removal. 
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