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Abstract: Spent coffee grounds (SCGs) are known for containing many organic compounds of interest,
including carbohydrates, lipids, phenolic compounds and proteins. Therefore, we investigated them
as a potential source to obtain carbon dots (CDs) via a nanotechnology approach. Herein, a comparison
was performed between CDs produced by SCGs and classic precursors (e.g., citric acid and urea).
The SCG-based CDs were obtained via the one-pot and solvent-free carbonization of solid samples,
generating nanosized particles (2.1–3.9 nm). These nanoparticles exhibited a blue fluorescence with
moderate quantum yields (2.9–5.8%) and an excitation-dependent emission characteristic of carbon
dots. SCG-based CDs showed potential as environmentally relevant fluorescent probes for Fe3+ in
water. More importantly, life cycle assessment studies validated the production of CDs from SCG
samples as a more environmentally sustainable route, as compared to those using classic reported
precursors, when considering either a weight- or a function-based functional unit.

Keywords: carbon dots; nanotechnology; fluorescence; spent coffee grounds; life cycle assessment;
sensing

1. Introduction

Carbon dots (CDs) are fluorescent carbon-based nanomaterials with a near-spherical shape
and are typically sized below 10 nm [1,2]. CDs possess remarkable properties, including high
photoluminescence, biocompatibility, high photostability and chemical stability, good water solubility
and simplicity of functionalization [3–7]. Thus, it is not surprising that CDs have emerged as a suitable
replacement for more traditional fluorophores, being used in several fields, such as the fabrication of
light emission devices, bioimaging, sensing, drug delivery and biomedicine [2,8–11].

Another very attractive feature of CDs is that they can be fabricated from a large variety of
precursors without expensive and/or toxic materials or sophisticated equipment [12–15]. In fact, their
general synthetic route is based on the simple thermal or microwave-assisted treatment of organic
molecules as a carbon source (generally citric acid), together with other organic molecules as a nitrogen
source (e.g., urea as a common nitrogen source), both in aqueous solution or in powder form [16–18].
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These approaches make CDs a sustainable and non-toxic alternative to metal-based quantum dots.
However, most available organic molecules are still expensive, and their use and/or synthesis can pose
significant challenges to the environment and to human health [19]. It has become quite desirable to
use biomass waste as alternative precursors in the synthesis of CDs [20], given that biomass waste
material is ubiquitous, nontoxic, cheap and renewable [21]. Furthermore, the use of such biomass
would allow the valorization of waste material of other industries, a desirable outcome toward the
establishment of a circular economy.

One of the biomass waste materials of increasing importance is spent coffee grounds (SCGs), which
are the residues obtained from treatment of coffee powder with hot water or steam during the brewing
process [22]. In fact, coffee consumption has increased significantly in recent years, with a worldwide
consumption of over 9.5 million tons in 2017. Among the different ways of consuming coffee, one of the
most popular ways is by using disposable espresso capsules, being a method adopted in homes, offices
and cafeterias [23]. This significant increase in coffee consumption has consequently led to an increase
in waste products, including used coffee capsules containing coffee grounds. In fact, their increasing
numbers has forced companies to create various recycling programs. For example, Nespresso created a
worldwide collection system consisting of 14,000 collection points and over 88,000 United Parcel Service
(UPS) drop off points in the USA. Residues from espresso coffee consumption are also considered to be
the main waste generated by cafeterias widespread all over the world. In simple terms, used coffee
capsules are composed by the capsule itself and by SCGs [22], with most of a used capsule’s weight
corresponding to SCGs. Thus, SCGs are becoming a quite problematic waste product. Interestingly,
SCGs have been found to contain many organic compounds of interest, such as carbohydrates, lipids,
phenolic compounds and proteins [24]. Thus, SCG waste has significant potential for valorization.

Given this, it is not surprising that several researchers have already used SCGs as precursors
for the fabrication of CDs. Chang and co-workers pioneered the use of SCGs in the fabrication of
CDs, by performing the one-pot thermal carbonization of the samples and obtaining nanoparticles
with a size of 5 ± 2 nm and a fluorescent quantum yield of 3.8% [25]. These CDs were then used
in cell imaging and surface-assisted laser desorption/ionization mass spectrometry (SALDI-MS) of
angiotensin I and insulin. CDs with similar properties (a size of 4.4 nm and a quantum yield of 5.5%)
were also tested for cells and fish imaging [26]. SCG-based CDs were also applied for the sensing of
heavy metals, [27] after synthesis via the hydrothermal treatment of SCGs in the presence of hydrazine
and subsequent functionalization with poly(ethylene imine), from which resulted nanoparticles with
average sizes between 1.88 ± 0.72 nm and 2.67 ± 0.81 nm. Finally, Li and co-workers have prepared
CDs from the treatment of coffee bean shells with an aqueous sodium hydroxide solution, followed by
precipitation with hydrochloric acid. This resulted in the formation of CDs with diameters ranging
from 1 to 5 nm, which were later used for banana storage (based on their antioxidation ability), and the
imaging of cellular nuclei and in vivo bioimaging [28].

These results demonstrated that SCGs can indeed be used in the fabrication of CDs with relevant
practical applications (bioimaging and sensing), which indicated that SCGs could provide a more
environmentally sustainable route for the synthesis of CDs. However, these studies failed to assess
some significant aspects. Namely, they did not investigate the environmental impacts associated with
the synthesis of CDs from SCGs. They also did not compare the properties of the SCG-based CDs with
those of CDs obtained from standard precursors (such as citric acid and urea). Thus, while the claim
was made, there is not enough information to determine if the use of SCGs as precursors can indeed
lead to a more environmentally sustainable fabrication of CDs, when in comparison with the use of
standard precursors. This can be particularly problematic if we consider that, while the use of standard
precursors might lead to a less sustainable synthesis route (when considering only the amount of CDs),
they also might lead to improved properties that could justify a more resource-intensive synthesis.

It should be pointed out that most studies found in the literature regarding CDs are focused
on the development of new individual nanoparticles with novel applications at the laboratory scale.
However, and despite the hundreds to thousands of such papers, the translation of this vast research
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to industrial/commercial applications is non-existent. This is due to the fact that, while each new study
uses different synthesis protocols and/or precursors, leading to almost unrepeatable nanoparticles,
there are only limited data on trends that may allow us to predict the structure/surface functionalization
and photoluminescence of CDs. This makes the reproduction of existent results difficult and prevents
the rational development of new CDs, leaving the research community to serendipitous discoveries,
given that there has been an insufficient effort to develop a well-defined and reproducible scaffold
structure for CDs, which researchers can use to improve and modify in a rational and incremental way
toward new applications.

Herein, we have compared the fabrication of CDs prepared from different SCG samples and
from standard precursors (citric acid and urea), [16,29,30] via a one-pot and solvent-free carbonization
method [21]. The objective of this comparison is to determine if the use of SCGs as precursors really
leads to a more environmentally sustainable synthesis route than the use of standard precursors, even
when the functional properties of all CDs are considered (such as synthesis yield and fluorescent
quantum yield). Our work also aims to determine if different SCGs can be used as a family of precursors
that can generate reproducible and predictable CDs, with identical structure/surface functionalization
and photoluminescence, and in this way lead to the formation of common and dependable CD scaffolds.

To this end, the resulting CDs were characterized by atomic force microscopy (AFM), dynamic light
scattering (DLS) and X-ray photoelectron (XPS), UV–Vis and fluorescence spectroscopy. A comparative
life cycle assessment (LCA) study was also performed for all CDs, to determine which is the most
environmentally sustainable fabrication method for fluorescent CDs.

2. Materials and Methods

2.1. Materials

Three different SCG samples were obtained from three different used espresso capsules, each one
corresponding to different Portuguese coffee brands: Chave D’Ouro® descafeínado (decaffeinated)
blend, Nicola® Rossio (intense) blend, and Chave D’Ouro® Prestígio (Prestige) blend. Citric acid and
urea were purchased from Sigma-Aldrich (St. Louis, MI, USA).

2.2. Fabrication of CDs

CDs were fabricated via a one-pot and solvent-free carbonization method, based on the pioneering
work of Hsu and co-workers in the use of SCGs as CD precursors [25]. More specifically, the three
SCG-based CDs were prepared from different coffee blends from Portuguese brands: Chave D’Ouro®

decaffeinated blend, Nicola® Rossio (intense) blend, and Chave D’Ouro® Prestígio (Prestige) blend.
The resulting CDs were then identified as: decaf-CDs from Chave D’Ouro® decaffeinated blend,
rossio-CDs from Nicola® Rossio (intense) blend and prestige-CDs from Chave D’Ouro® Prestígio
(Prestige) blend.

All CDs were fabricated according to the same procedure. Namely, 2.5 g of each SCG sample
were placed in a beaker, which was heated at 200 ◦C for 4 h in a VWR DL 112 Prime oven (2500 W
power consumption). The synthesized CDs were subsequently dissolved in water, while discarding
unsuspended and insoluble aggregates. Purification was initially done by centrifuging the aqueous
solutions at 6000 rpm for 30 min in order to eliminate suspended impurities. The CDs were further
purified by dialysis (Float-A-Lyzer® G2 Dialysis Device, MWCO: 500 Da), which ran continuously
for three days. After that, the samples were freeze-dried, and the resulting powder was stored for
further use. The CDs synthesized from citric acid and urea (CA@U-CDs) were prepared with the same
procedure, by using 2.5 g of citric acid + urea (3:1) as precursor powder instead of SCGs.

2.3. Characterization

Zeta potential measurements were determined by using a particle analyzer Anton Paar Litesizer™
500. X-ray photoelectron spectroscopy (XPS) data were obtained with a Fi Kratos Axis Ultra HAS-VISION.
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AFM analysis was carried out using a Veeco Metrology Multimode/Nanoscope IVA by tapping. A silica
plate was used to deposit the sample for analysis and an AFM RTESP cantilever was used. UV–Vis
spectra were obtained with a UV-3100PC spectrophotometer, by using quartz cells. Fluorescence
spectra were obtained in standard 10 mm fluorescence quartz cells and collected in a Horiba Jovin
Yvon Fluoromax-4 spectrofluorimeter. Spectra were obtained with a 1 nm interval and 5 nm slit widths.
The assessment of photostability was made by subjecting CDs to irradiation by a low-pressure lamp
(40 W, model Vilber, VL-340.BL) emitting UV radiation at 365 nm.

2.4. Calculation of Fluorescence Quantum Yield

The relative fluorescence quantum yield (QYFL) was calculated with a standard procedure, [30,31]
which is based on the comparison of the integrated luminescence intensities and absorbance values of
the relevant sample (different CDs) with that of a reference fluorophore, with the following equation:

QYSample
FL = QYQuinine Sulphate

FL ×
GradSample

GradQuinine Sulphate
×

η2
Sample

η2
Quinine Sulphate

(1)

In Equation (1), Grad is the gradient from the plot of integrated fluorescence intensity versus
absorbance and η is the refractive index. Quinine sulphate was chosen as a reference fluorophore
of known quantum yield (QYFL = 0.54) [32]. Fluorescence was measured with a Horiba Jovin Yvon
Fluoromax-4 spectrofluorimeter. Absorbance measurements were made with a UNICAM Helios
Gamma, using quartz cells.

2.5. Scope and System Boundaries

This was a cradle-to-grave study that aimed to compare the potential environmental impacts of the
synthesis of CDs from either waste products (SCGs) from the coffee industry or typical precursors used
at laboratory scale. More specifically, the aim of this LCA study was to obtain comparative information
regarding the environmental impacts of using SCG samples or typical precursors to fabricate CDs,
and not to obtain quantitative data. This work was focused on the manufacturing stage of the target
CDs and considered the direct emissions from the production of CDs and indirect impacts associated
with upstream resource extraction and energy generation.

This work used thermal carbonization of three different SCGs and one citric acid—urea mixture—as
the synthetic strategy for the four studied CDs. A detailed description of the four routes can be found
in Section 2.2. The environmental impacts were analyzed and compared in the first stage using a
weight-based functional unit of 1 kg of CDs. This was made because the selection of a weight-based
functional unit makes sense when comparing the production of an equivalent nanomaterial [33,34].
However, these impacts were normalized by the QYFL of the different CDs (Table 2), in a later stage.
Such an approach was required because weight-based functional units do not consider the functional
benefits of the materials for which they were engineered, and so, they do not account for the possibility
that a more resource-intensive synthesis may be later justified in the use stage (given the improved
functionality). QYFL was chosen as a normalization factor because, while CDs have many different
applications, a high QYFL is a required property in most, if not all, of these applications. In fact,
a high QYFL is essential for both imaging and sensing applications, which are the practical applications
developed to date for SCG-based CDs.

2.6. Life Cycle Inventory Data

The assessment of the environmental impacts associated with the fabrication of CDs (via thermal
carbonization) was based on inventory (foreground) data from laboratory-scale synthesis procedures
performed by our group, as described in Section 2.2. The life cycle inventory data for the foreground
system consisted of average data found on the Ecoinvent® 3.5 database for the synthesis procedures
(primary data).
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The present LCA model only included the carbonization step, given that this was a comparative
study, and not a quantitative one. Subsequent purification steps were the same for all CDs, and so, they
should have provided the same impacts for all synthesis procedures. Thus, our model only included
the electricity used to power the oven during the carbonization step (10 kWh) and the number of
precursors needed to produce 1 kg of CDs, which was calculated considering the synthesis yields
described (Table 1). More specifically, CA@U-CDs required 7.61 kg of citric acid and 2.54 kg of urea
(synthesis yield of 9.85% and a 3:1 ratio) to produce 1 kg of CA@U-CDs. As for the SCG samples,
it should be noted that in LCA terms, their use as CD precursors should not generate environmental
impacts associated with their production. Namely, SCG samples are produced irrespective of their
subsequent use as CDs precursors, given their production results entirely from coffee brewing. Thus,
any environmental impact resulting from the production of SCG samples should be attributed to the
coffee industry, and not to the production of CDs. Nevertheless, all four CDs produced unspecified
chemical waste that should be accounted for in the final waste flows: 9.2 kg for CA@U-CDs, 187.7 kg
for decaf-CDs, 130.6 kg for rossio-CDs, and 50.0 kg for prestige-CDs. Thus, our LCA model regarding
the synthesis of SCG-based CDs only contemplated the electricity used to power the oven and the final
waste flows, while for CA@U-CDs the electricity, final waste flows and the amounts of citric acid/urea
were considered.

Table 1. Atomic surface compositions (%) *, synthesis yields (%), fluorescence quantum yield (QYFL)
(%) for decaf-carbon dots (CDs), rossio-CDs, prestige-CDs and CA@U-CDs.

Decaf-CDs Rossio-CDs Prestige-CDs CA@U-CDs

C (%) 59.1 57.1 59.0 58.9

O (%) 35.3 34.9 34.1 27.2

N (%) 2.8 6.2 4.4 13.9

K (%) 2.7 1.8 2.5 -

Synthesis yield (%) 0.53 0.76 1.96 9.85

QYFL (%) 4.3 2.9 5.8 22.5

* Obtained by X-ray photoelectron spectroscopy (XPS).

The different processes and chemicals included in this study were modeled with the following life
cycle inventory (LCI) data: citric acid {GLO} | market for; Urea, as N {GLO} | market for; Electricity,
medium voltage {PT} | market for; Chemical waste, unspecified. The amounts of citric acid and urea
are described above in the “Fabrication of CDs” section. The electricity process refers to the electricity
used by the oven (VWR DL 112 Prime) during the carbonization process (200 ◦C for 4 h). This oven
possesses a capacity of 112 L and a nominal power consumption of 2500 W. This results in an electricity
amount of 10 kWh for each synthesis.

2.7. Environmental Impact Assessment

LCA studies were performed using SimaPro 9.0.0.35 Multiuser software. Environmental impacts
were modeled using the ReCiPe 2016 v1.1 LCIA, Hierarchist version [35]. The impact potentials
evaluated according to the ReCiPe method were: global warming—human health (GW–HH),
global warming—terrestrial ecosystems (GW–TE), global warming—freshwater ecosystems (GW–FE),
stratospheric ozone depletion (SO), ionization radiation (IR), ozone formation—human health (OF–HH),
fine particulate matter formation (FPM), ozone formation—terrestrial ecosystems (OF–TE), terrestrial
acidification (TA), freshwater eutrophication (FE), marine eutrophication (ME), terrestrial ecotoxicity
(TE), freshwater ecotoxicity (TET), marine ecotoxicity (MET), human carcinogenic toxicity (HC),
human non-carcinogenic toxicity (HNC), land use (LU), mineral resource scarcity (MR), fossil resource
scarcity (FR), water consumption—human health (WC–HH), water consumption—terrestrial ecosystem
(WC–TE) and water consumption—aquatic ecosystems (WC–AE).
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2.8. Sensitivity Analysis

A sensitivity analysis was performed to help to better understand uncertainties associated with
this study by considering “what if” scenarios [36]. That is, by varying the amount and type of materials
and electricity employed in the synthesis of the CDs. In this way, it is possible to evaluate to what
extent key assumptions affect LCA results.

3. Results and Discussion

3.1. Synthesis of CDs

The thermal carbonization of the three SCG samples led to the formation of nanoparticles with a
relatively heterogenous size distribution (Figure 1). These measurements also allowed us to obtain the
following average sizes for the SCG-based CDs (± standard deviation): 2.1 ± 1.0 nm for decaf-CDs,
3.9 ± 1.0 nm for rossio-CDs and 2.3 ± 0.8 nm for prestige-CDs. These values are in line with the sizes
between 1 and 5 nm obtained in previous studies focused on the preparation of CDs from SCGs [25–28].
The thermal carbonization of citric acid + urea lead to the formation of CDs with a homogeneous
distribution, with an average size of 1.0 ± 0.3 nm (Figure 1).

Nanomaterials 2020, 10, x FOR PEER REVIEW 6 of 17 

 

materials and electricity employed in the synthesis of the CDs. In this way, it is possible to evaluate 
to what extent key assumptions affect LCA results. 

3. Results and Discussion 

3.1. Synthesis of CDs 

The thermal carbonization of the three SCG samples led to the formation of nanoparticles with 
a relatively heterogenous size distribution (Figure 1). These measurements also allowed us to obtain 
the following average sizes for the SCG-based CDs (± standard deviation): 2.1 ± 1.0 nm for decaf-CDs, 
3.9 ± 1.0 nm for rossio-CDs and 2.3 ± 0.8 nm for prestige-CDs. These values are in line with the sizes 
between 1 and 5 nm obtained in previous studies focused on the preparation of CDs from SCGs [25–
28]. The thermal carbonization of citric acid + urea lead to the formation of CDs with a homogeneous 
distribution, with an average size of 1.0 ± 0.3 nm (Figure 1). 

 

Figure 1. Atomic force microscopy (AFM) images and relative size distribution for (A) decaf-CDs, (B), 
rossio-CDs, (C) prestige-CDs and (D) CA@U-CDs. 

Reaction yields (mass by mass) were obtained by measuring the weight of the freeze-dried 
powder relative to each sample, after steps of solubilization, centrifugation and dialysis. 
Unfortunately, the reaction yields for the reactions using the three SCG samples as precursors were 
not satisfactory: 0.53% for decaf-CDs, 0.76% for rossio-CDs and 1.96% for prestige-CDs (Table 1). 
Nevertheless, these values are in line with those obtained (2%) for the production of CDs from 
Nescafe® original instant coffee [26]. Furthermore, while the reaction yield for CA@U-CDs was higher 
(9.85%), this is still a rather poor yield (Table 1). Thus, it appears that in terms of reaction yield, the 
efficiency of the synthesis using SCGs is comparable to that of the same process using standard 
precursors. It should also be noted that the yields of the production of CDs are generally quite low 
[37–39]. Given this, the problem of low production yield cannot be ascribed specifically to SCG-based 
CDs, but to CDs in general. Thus, the main conclusion that can be obtained from these results is that 
SCG-based CDs present similar production yields to typical CDs. 

In conclusion, these results demonstrate that the thermal treatment of SCG samples led to the 
formation of nanoparticles with a yield similar to that of using standard precursors. Further 
evaluation and characterization were then done to assess if the resulting CDs possessed potentially 
advantageous characteristics. 

3.2. Surface Characterization of CDs 

Figure 1. Atomic force microscopy (AFM) images and relative size distribution for (A) decaf-CDs,
(B), rossio-CDs, (C) prestige-CDs and (D) CA@U-CDs.

Reaction yields (mass by mass) were obtained by measuring the weight of the freeze-dried powder
relative to each sample, after steps of solubilization, centrifugation and dialysis. Unfortunately, the
reaction yields for the reactions using the three SCG samples as precursors were not satisfactory: 0.53%
for decaf-CDs, 0.76% for rossio-CDs and 1.96% for prestige-CDs (Table 1). Nevertheless, these values
are in line with those obtained (2%) for the production of CDs from Nescafe® original instant coffee [26].
Furthermore, while the reaction yield for CA@U-CDs was higher (9.85%), this is still a rather poor
yield (Table 1). Thus, it appears that in terms of reaction yield, the efficiency of the synthesis using
SCGs is comparable to that of the same process using standard precursors. It should also be noted
that the yields of the production of CDs are generally quite low [37–39]. Given this, the problem of
low production yield cannot be ascribed specifically to SCG-based CDs, but to CDs in general. Thus,
the main conclusion that can be obtained from these results is that SCG-based CDs present similar
production yields to typical CDs.

In conclusion, these results demonstrate that the thermal treatment of SCG samples led to
the formation of nanoparticles with a yield similar to that of using standard precursors. Further
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evaluation and characterization were then done to assess if the resulting CDs possessed potentially
advantageous characteristics.

3.2. Surface Characterization of CDs

An XPS analysis was done to analyze the surface composition of the four CD samples
(Figures S1–S3). More specifically, the XPS atomic composition (at w %) of each sample was determined
(Table 1). It was revealed that all types of sample (both SCG-derived and CA@U-CDs) were composed
mostly of C (~57–58%) and O (~27–35%). The main differences were the presence of small amounts
of K (~2–3%) in the SCG-derived CDs, and that the N molecule fraction in CA@U-CDs (~14%) was
significantly higher than in the SCG-based CDs (~3–6%). This lower N (at w %) in the latter samples
was related with higher amounts of O. A detailed scan for the internal levels of C 1s, O 1s and N
1s was subsequently done, towards deconvolution and chemical state and the quantitative analysis
(Figures S1–S3).

C 1s spectra could be split into four peaks for all samples: at binding energies of ~284 eV
(attributed to C-C/C-H groups) [40], ~286 eV (C-O/C-N groups) [41], ~287 eV (C=O groups) and
~288 eV (O-C=O) [42]. SCG-derived decaf-CD and prestige-CD samples presented a very similar
composition, with a higher contribution from C-C/C-H groups (~47–48%), followed by C-O/C-N groups
(~36-38%). The contribution by C=O groups was moderate (~11%), while that by O-C=O groups was
negligible (~3%). This analysis might indicate a small degree of π-conjugation at the surface of these
CDs, with potential impacts on the photoluminescence efficiency. The degree of π-conjugation should
be slightly higher for SCG-derived rossio-CDs, given a reduced contribution of C-C/C-H groups (~40%),
and the consequent higher contribution of C-O/C-N (~42%) and C=O (~16%) groups. Nevertheless,
the contribution by C 1s was qualitatively very similar between all SCG-based CDs. This is not true,
however, for CA@U-CDs. For these CDs, the contribution of π-conjugated groups (C=O and O-C=O)
was 35%, with an emphasis on O-C=O groups (~25%), while that contribution was just ~15% for
SCG-based CDs. This increase resulted from a decrease in the contribution of C-N/C-O groups (~17%),
while the contribution by C-C/C-H groups remained predominant (~47%). C 1s analysis indicated that
the degree of π-conjugation at the surface of CA@U-CDs should be significantly higher than at the
surface of SCG-based CDs.

O 1s could be split into just two peaks: at binding energies of ~531 eV (C=O groups) and
~532 eV (C-O groups) [42]. The three SCG-based CDs presented identical compositions: predominant
contributions by C-O groups (~67–74%), with moderate contributions from C=O groups (~25–32%).
The composition of CA@U-CDs was quite different, however, given that the dominant contribution
was from C=O groups (~84%), while the contribution by C-O groups was quite moderate (~16%).
These results further support the notion that the degree of π-conjugation at the surface of CA@U-CDs
was higher than at the surface of CA@U-CDs, with potential benefits for the former regarding
their photoluminescent properties. Finally, N 1s could also be split into two peaks: at binding
energies of ~400 eV (amine/amide groups) and ~401.4 eV (protonated amides). All four samples
presented dominant contributions from amine/amide groups (~88–95%), with small/almost negligible
contributions from protonated amines (~4–12%) [43].

The zeta potential of all samples was measured by DLS in aqueous solutions, revealing the
following results: −24 mV for decaf-CDs, −12.5 mV for rossio-CDs, −18.1 mV for prestige-CDs and
−0.5 mV for CA@U-CDs. This indicates the possibility that the SCG-based CDs were negatively
charged, while CA@U-CDs should have presented a neutral state.

3.3. Fluorescent Characterization of CDs

The absorption, excitation and fluorescence spectra of the four samples can be found in Figure 2.
The two latter spectra were obtained at the fluorescent and excitation wavelength maxima, respectively.
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fluorescence intensity as a function of irradiation time under a UV light source (365 nm).

All samples presented the typical absorption spectra of CDs (Figure 2A), with strong absorbance
in the UV region and the absence of the comparable absorbance of the wavelengths of the excitation
maxima [44,45]. All four CDs present quite similar excitation wavelength maxima (Figure 2B): 370 nm
for decaf-CDs and prestige-CDs, 360 nm for rossio-CDs and 350 nm for CA@U-CDs. The same can
also be said for their fluorescence maxima, given that all CDs generated blue emission (Figure 2C):
450 nm for decaf-CDs, 445 nm for rossio-CDs, 450 nm for prestige-CDs and 440 nm for CA@U-CDs.
This blue emission was consistent with the fluorescence exhibited by other SCG-based CDs described
in the literature [25–27]. This indicates that SCG samples can be used to produce CDs with comparable
emission and excitation maxima to those obtained by using typical precursors. However, it is noticeable
that the bands of CA@U-CDs were more well-resolved than those of SCG-derived CDs, especially
considering their excitation spectra. The broader excitation bands of SCG-derived CDs could be
attributed to their higher size heterogeneity.

Interestingly, all CD samples presented an excitation-dependent emission (Figure 2D), which
is a typical feature of CDs [46,47]. Such a feature has also been found in the case of SCG-based
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CDs [25–27]. Namely, the emission maxima of these four nanoparticles is in the blue region of the
visible spectrum. However, increasing the excitation wavelength from 300 to 500 nm, leads to a quite
significant ~100 nm redshift in the emission. Therefore, SCG-derived CDs can also emit green light,
albeit with less efficiency than blue fluorescence.

Given the relative size heterogeneity of the SCG-based CDs (Figure 1), one could be tempted to
attribute this excitation-dependence to quantum confinement effects [48], that is, particles of different
sizes emit with different energies. However, the size homogeneity of CA@U-CDs do not support
this hypothesis. Thus, it is possible that this excitation-dependence arises from sp2 subregions in
the carbon core and from functional groups on the surface, as hypothesized by Van Dam et al. [47].
Nevertheless, the luminescence of CDs should not be explained by just a single dominating mechanism,
but rather by two or more processes (such as quantum size effects, bandgap transitions or defect-derived
emission) [49].

Such a conclusion is supported by the excitation–emission (EEM) matrices of the three SCG-based
CDs, which are presented as 2D color surfaces in Figure 3. These EEMs show only a well-defined
luminescent region for each SCG-based CD, with a maximum in the blue region of the spectrum,
and similar luminescent centers (which could be expected if the excitation-dependent emission was
the result of different emitter species mixed in the solution).
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The QYFL for the four CD samples can be found in Table 1. The QYFL obtained for SCG-based CDs
is interesting (between 2.9 and 5.8%), thereby indicating that SCGs can be appropriate precursors for
the fabrication of CDs. Such values are in line with those obtained for other SCG-based CDs [25–27],
which were between 3.8% and 8%. However, SCG-based CDs appear to be at disadvantage when we
compare them directly with CDs prepared with typical precursors. Namely, the QYFL of CA@U-CDs
was significantly higher (22.5%) than those recorded by CDs derived from SCGs. Two reasons can
explain the higher QYFL of CA@U-CDs: one, the higher π-conjugation of the surface of this type of CD
as demonstrated by XPS analysis (Figures S1–S3); the second reason is the higher N XPS mole fraction
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of this type of CD, also demonstrated by XPS analysis. More specifically, the N-doping of CDs has been
demonstrated to generate a high QYFL [50,51]. Additionally, the lower content of amide groups on
the surface of CDs vs. CA@U-CDs (see XPS N content) may also account for the observed differences.
In the synthesized model CDs, the abundance of amide groups on the surface favors photoinduced
charge transfer between amide and carboxylic acid groups via hydrogen bond interactions, enabling a
more rigid structure, with this being the origin of the high blue fluorescence observed in almost all
CDs [52].

Figure 2E shows the photostability of the four CD samples, which was accounted for by measuring
their fluorescence after subjecting them to UV radiation at 365 nm (low pressure UV lamp, 40 W).
Decaf-CDs were the most photostable CDs, with their fluorescent intensity only decreasing by ~3% in
a 30-min period. Prestige-CDs and CA@U-CDs presented similar photostability, as their fluorescence
intensity decreased by ~10% in the same 30-min period. Rossio-CDs were shown to be the least
photostable, with a decrease of ~20% in the measured time period. Given this, this analysis revealed
that at least decaf-CDs and prestige-CDs CDs can be considered to be photostable (with decreases of
just ~3% and ~10% when subjected to 30 min of UV irradiation). Moreover, these SCG-based CDs
presented comparable photostability to that of typical CDs, such as CA@U-CDs.

3.4. Sensing of Fe3+

Arguably, one of the most common and well-studied applications for CDs is their use as fluorescent
probes in the sensing of heavy metal cations [53–55]. The focus on this field results from the significant
adverse health effects resulting from the presence of heavy metals in water resources. One of such metal
cations is Fe3+ [53], as iron is an essential trace element for human metabolism, but elevated intake of
this metal can lead to health hazards due to the production of reactive oxygen species (ROS) [53]. ROS
can cause several diseases, such as Alzheimer’s and Parkinson’s diseases and cancer [56]. United States
Environmental Protection Agency (USEPA) established a permissible limit of 0.3 mg/L (5.357 µM) in
drinking water [53].

The potential Fe3+-induced quenching of SCG-based CDs was subsequently explored, with the
emission profiles of CDs as a function of Fe3+ presented in Figure 4. Fe3+ induced a concentration-
dependent quenching for all four CD samples, with quenching following a linear Stern–Volmer
relationship. However, an R2 of 0.82 for decaf-CDs indicates the inability of this type of SCG-based
CDs to be used as a fluorescent probe for Fe3+. In contrast, an R2 of 0.99 for the other CDs
indicate their potential as fluorescent probes for this heavy metal. Fitting the data of decaf-CDs,
rossio-CDs, prestige-CDs and CA@U-CDs to the standard Stern–Volmer equation revealed the following
Stern–Volmer constants (KSV): 5.80 × 10−3, 1.82 × 10−2, 6.71 × 10−3 and 1.39 × 10−2 µM−1, respectively.
These values correlate well with the obtained quenching for each CD: 15.8% for decaf-CDs, 34.8%
for rossio-CDs, 26.5% for prestige-CDs and 36.0% for CA@U-CDs. The emission profiles (Figure 4)
also allowed us to obtain limits of detection (LoD) for each CD: 14.11 µM for decaf-CDs, 3.51 µM for
rossio-CDs, 4.58 µM for prestige-CDs, and 3.07 µM for CA@U-CDs.

These results pointed to SCG-based CDs (except for decaf-CDs) exhibiting a response to Fe3+

comparable to CA@U-CDs. Furthermore, their LoDs were below the permissible limit for Fe3+

(5.357 µM) in drinking water, as established by USEPA [52]. Both rossio-CDs and prestige-CDs have
the potential to be employed as fluorescent probes of environmental relevance, with a response to Fe3+

comparable to that shown by CDs prepared with typical precursors (CA@U-CDs).
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Figure 4. Emission profiles of (�) decaf-CDs, (J) prestige-CDs, (�) CA@U-CDs (N) and rossio-CDs
(d) as a function of the concentration of Fe3+ (in mM), in aqueous solution. F0 and F are the relative
fluorescence intensities in the absence and presence of Fe3+, respectively. R2 = 0.85; 0.98; 0.98 and
0.96, respectively.

3.5. Comparative LCA Study

Another parameter that should be considered while evaluating the potential of certain samples as
CD precursors is the environmental impact they cause by using them in the synthesis and development
of CDs. That is, new precursors should lead to a sustainable synthesis strategy for this type of
nanoparticle. This is particularly important since the production steps of engineered nanomaterials
have been identified as being of environmental concern [57]. In fact, it has been found that the production
of engineered nanomaterials can be orders of magnitude more energy- and material-consuming than
for fine chemicals and pharmaceuticals [58]. Furthermore, LCA studies of engineered nanomaterials
have shown that the energy and chemicals used during the synthesis of these nanomaterials can
contribute a significant share of the environmental impacts generated during their life cycle.

To obtain comparative information regarding the sustainability of using SCG samples as
CD precursors we have performed an LCA study, given that LCA aims to quantify the relevant
environmental impacts of a given system during its life cycle [13,59–62]. To this end, the environmental
impacts of synthesizing CDs with selected precursors (decaf-CDs, rossio-CDs and prestige-CDs) and
typical reagents (CA@U-CDs) was analyzed and compared by using a mass-based functional unit of
1 kg of CDs. This was made because the selection of a weight-based functional unit (FU) makes sense
to compare the production of an equivalent amount of nanomaterial [33]. However, these impacts
were later normalized by the QYFL of the CDs. Such an approach is needed because weight-based
functional units do not consider the functional benefits of the engineered nanomaterials for which they
were fabricated, and so might not account for the possibility that a more resource-intensive synthesis
may be justified later in the use stage (given the improved functionality).

The relative environmental impacts associated with the synthesis of the four CDs are presented
in Figure 5, by considering a weight-based functional. The analysis of the synthesis of CA@U-CDs
(Figure 5A) shows that citric acid is the main agent responsible for the resulting environmental impacts
in all categories, followed by urea. The contribution made by the use of electricity is always below
10%, except in the case of ionization radiation. The use of electricity is the only contributing parameter
for the synthesis of SCG-based CDs (Figure 5B), given that it is the only input parameter in their
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synthesis. This results from the fact that, as already referred to in Section 2.6, the use of SCGs as CD
precursors should not generate environmental impacts associated with their production, given that
their production results entirely from coffee brewing. More specifically, SCG samples are produced
irrespective of their subsequent use as CD precursors, and so any environmental impact resulting from
the production of SCG samples should be attributed to the coffee industry.Nanomaterials 2020, 10, x FOR PEER REVIEW 12 of 17 
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Figure 5. Relative environmental impacts of CA@U-CDs (A) and of spent coffee grounds (SCG)-based
CDs (B) with the ReCiPe2016 as the life cycle impact assessment (LCIA) method. Comparative
environmental (C,D) profiles for the four different routes for the synthesis of CDs. Environmental
profiles were obtained using ReCiPe2016 as LCIA. Graphic C refers to an analysis using a weight-based
functional unit of 1 kg of CDs, while Graphic D is re-scaled with respect to the QYFL of the CDs.

All four CDs are compared in Figure 5C, with all weight-based environmental categories being
divided into three main ones: human health, ecosystems and resources. It is clearly seen that
CA@U-CDs produce significantly more environmental impacts in all categories than any of the
SCG-derived CDs. This results from the significant use of citric acid and urea as precursors, while the
latter CDs use a waste product of another industry as a precursor. Furthermore, this LCA assessment
does not detect any difference regarding the environmental impacts produced by any SCG-based CD.
This is not surprising, given that all CDs use the same amount of electricity.

The final step of this study was to assess the environmental impacts associated with each synthetic
route, when rescaled with respect to the QYFL of the resulting CDs (Table 2 and Figure 5D). This
rescaling was done by considering the highest QYFL (that of CA@U-CDs) as the reference QYFL (QYREF

FL ).

The QYFL-normalized functional unit for each CD was then calculated as
QYREF

FL
QYFL

(Table 2).

Table 2. Function-related functional unit for decaf-CDs, rossio-CDs, prestige-CDs and CA@U-CDs.

Function-Related Functional Unit Decaf-CDs Rossio-CDs Prestige-CDs CA@U-CDs

QYREF
FL

QYFL
5.2 7.8 3.9 1.0

There were not many qualitative differences with the rescaling, given that the fabrication of
CA@U-CDs still produced significantly higher environmental impacts in all categories than any
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of the SCG-based CDs, even when it was considered a function-based functional unit. However,
the contributions from each SCG-based CD was significantly higher in all three categories: decaf-CDs
(19.7–32.1%), rossio-CDs (29.6–48.1%) and prestige-CDs (14.8–24.1%). From the three categories, the one
associated with higher impacts is that of human health, followed by ecosystems and then by resources.
Finally, for a QYFL-based functional unit, the SCG-based CDs that generated higher environmental
impacts were rossio-CDs > decaf-CDs > prestige-CDs.

A sensitivity analysis was performed by changing the input of the electricity and raw materials
(citric acid and urea) by ± 30%. The results for changing the input of citric acid to 70% and 130% of the
original value are present in Figure S4. This variation did not lead to any significant qualitative change,
given that it still was CA@U-CDs that produced the highest environmental impacts in all categories
(by a wide margin). Nevertheless, these results indicate that changing the amount of citric acid does
have a non-negligible quantitative impact, as reducing the amount of citric acid by 30% led to a ~10%
approximation between the impacts produced by CA@U-CDs and SCG-based CDs. In turn, a 30%
increase led to a ~10% distancing.

The comparative environmental profiles for all CDs when changing the input of urea to 70% and
130% of its original value is shown in Figure S5. Changing the amount of urea did not lead to either
significant qualitative or quantitative effects. CA@U-CDs still led to the higher environmental impacts,
and the contribution of SCG-based CDs was nearly unchanged in all three categories.

Finally, the comparative environmental profiles for different inputs of electricity can be found
in Figure S6. Once again, changing the amount of electricity used did not change the fact that
CA@U-CDs led to higher environmental impacts, when in comparison with the studied SCG-based
CDs. Nevertheless, varying the amount of electricity did have a non-negligible effect in the three
categories. This effect is similar to that exerted by varying citric acid, but in an opposite way. That is,
decreasing the input of electricity by 30% led to a ~10% distancing between CA@U-CDs and SCG-based
CDs (while the same variation of citric acid led to an approximation), while increasing the electricity
by 30% led to a ~10% approximation (while the reverse was true for citric acid). Thus, decreasing the
used electricity favored the sustainability of SCG-based CDs, while decreasing the amount of citric
acid favored CA@U-CDs. Urea did not seem to provide a significant effect either way.

In summary, SCG samples, despite lower synthesis yields and QYFL, are a better option than
typical precursors (citric acid and urea) for the fabrication of CDs in terms of environmental impacts.
This is true both when considering a weight-based and a function-related functional unit. Prestige-CDs
should be the preferred option when considering their QYFL.

4. Conclusions

The fabrication of fluorescent CDs by using either spent coffee grounds (SCGs, biomass waste
material from the coffee industry) or standard precursors (citric acid and urea) as precursors was
compared, both in terms of associated environmental impacts and the structural and luminescent
properties of these nanoparticles. The one-pot and solvent-free carbonization of the different precursor
samples led to the formation of nanoparticles with an average size of 1.0–3.9 nm and a similar blue
emission. However, while SCG-based CDs present moderate quantum yields (2.9–5.8%) and quite low
reaction yields, CDs made from citric acid and urea showed more a significant quantum yield (22.5%)
and higher reaction yields. Nevertheless, an LCA study demonstrated that the fabrication of CDs with
SCGs is more environmentally beneficial than using typical precursors, irrespective of using either a
weight-based or function-related functional unit. Thus, while comparison with CDs generated with
typical precursors indicates that SCG-based CDs could benefit from some improvement, the present
study validates the use of SCGs (instead of more common organic molecules) as precursors as the
most sustainable route for the fabrication of CDs. SCG-based CDs also demonstrated their potential as
sensing probes for Fe3+ in water.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/6/1209/s1,
Figure S1: XPS C 1s spectra for decaf-CDs (A), rossio-CDs (B), prestige-CDs (C) and CA@U-CDs (D), Figure S2:
XPS O 1s for decaf-CDs (A), rossio-CDs (B), prestige-CDs (C) and CA@U-CDs (D), Figure S3: XPS N 1s spectra for
decaf-CDs (A), rossio-CDs (B), prestige-CDs (C) and CA@U-CDs (D), Figure S4: Comparative environmental
profiles for the synthesis of all CDs, rescaled with respect to the QYFL of the CDs, by changing the input of citric
acid to 70% (A) and to 130% (B) of the original value, Figure S5: Comparative environmental profiles for the
synthesis of all CDs, rescaled with respect to the QYFL of the CDs, by changing the input of urea to 70% (A) and
to 130% (B) of the original value, Figure S6: Comparative environmental profiles for the synthesis of all CDs,
rescaled with respect to the QYFL of the CDs, by changing the input of electricity to 70% (A) and to 130% (B) of the
original value.

Author Contributions: Conceptualization, L.P.d.S.; Investigation, D.M.A.C., A.E.M. and L.P.d.S.; Supervision,
L.P.d.S.; Visualization, L.P.d.S., D.M.A.C. and M.A.; Writing—Original draft, D.M.A.C., M.A. and L.P.d.S.;
Writing—Review and editing, L.P.d.S., M.A., R.L. and J.C.G.E.d.S. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by project UIDB/00081/2020 (CIQUP). Authors thank to project
RTI2018-099668-BC22 of Ministerio de Ciencia, Innovación y Universidades, and project UMA18-FEDERJA-126 of
Junta de Andalucía and FEDER funds. The publication has been prepared with support from RUDN University,
Program 5-100. Luís Pinto da Silva acknowledges funding from “Fundação para a Ciência e Tecnologia” (FCT,
Portugal), under the Scientific Employment Stimulus (CEECIND/01425/2017). Diana Crista also acknowledges
FCT for funding relative to her PhD grant (SFRH/BD/144423/2019).

Acknowledgments: The Laboratory of Computational Modelling of Environmental Pollutants—Human
Interactions (LACOMEPHI) is acknowledged. We thank Centro de Materiais da Universidade do Porto (CEMUP) for
performing the AFM and XPS measurements (www.cemup.up.pt).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lim, S.Y.; Shen, W.; Gao, Z. Carbon quantum dots and their applications. Chem. Soc. Rev. 2015, 44, 362.
[CrossRef] [PubMed]

2. Barman, M.K.; Patra, A. Current status and prospects on chemical structure driven photoluminescence
behaviour of carbon dots. J. Photochem. Photobiol. C 2018, 37, 1–22. [CrossRef]

3. da Silva, J.C.G.E.; Gonçalves, H.M.R. Analytical and bioanalytical applications of carbon dots. Trends Anal. Chem.
2011, 30, 1327. [CrossRef]

4. Kozák, O.; Datta, K.K.R.; Greplová, M.; Ranc, V.; Kaslik, J.; Zboril, R. Surfactant-derived amphiphilic carbon
dots with tunable photoluminescence. J. Phys. Chem. C 2013, 117, 24991. [CrossRef]

5. Wang, K.; Gao, Z.; Gao, G.; Wo, Y.; Wang, Y.; Shen, G.; Cui, D. Systematic safety evaluation on photoluminescent
carbon dots. Nanoscale Res. Lett. 2013, 8, 122. [CrossRef]

6. ESimões, F.C.; da Silva, J.C.G.E.; Leitão, J.M.M. Peroxynitrite and nitric oxide fluorescence sensing by
ethylenediamine doped carbon dot. Sens. Actuator B 2015, 220, 1043. [CrossRef]

7. Algarra, M.; Orfãos, L.; Alves, C.S.; Moreno-Tost, R.; Pino-González, M.S.; Jiménez-Jiménez, J.;
Rodríguez-Castellón, E.; Eliche-Quesada, D.; Casto, E.; Luque, R. Sustainable Production of Carbon
Nanoparticles from Olive Pit Biomass: Understanding Proton Transfer in the Excited State on Carbon Dots.
ACS Sustain. Chem. Eng. 2019, 7, 10493. [CrossRef]

8. Kang, Y.F.; Li, Y.H.; Fang, Y.W.; Xu, Y.; Wei, X.M.; Yin, X.B. Carbon Quantum Dots for Zebrafish Fluorescence
Imaging. Sci. Rep. 2015, 5, 11835. [CrossRef]

9. Joseph, J.; Anappara, A.A. White-Light-Emitting Carbon Dots Prepared by the Electrochemical Exfoliation of
Graphite. Chem. Phys. Chem. 2017, 18, 292. [CrossRef]

10. Travlou, N.A.; Giannakoudakis, D.A.; Algarra, M.; Labella, M.; Rodríguez-Castellón, E.; Bandosz, T.J.
Carbon Quantum Dot Surface-Chemistry-Dependent Ag Release Governs the High Antibacterial Activity of
Ag-Metal–Organic Framework Composites. Carbon 2018, 135, 103. [CrossRef]

11. Crista, D.M.A.; Mello, G.P.C.; Shevchuk, O.; Sendão, R.M.S.; Simões, E.F.C.; Leitão, J.M.M.; da Silva, L.P.;
da Silva, J.C.G.E. 3-Hydroxyphenylboronic Acid-Based Carbon Dot Sensors for Fructose Sensing. J. Fluoresc.
2019, 29, 265. [CrossRef] [PubMed]

12. Algarra, M.; Pérez-Martín, M.; Cifuentes-Rueda, M.; Jiménez-Jiménez, J.; da Silva, J.C.G.E.; Bandosz, T.J.;
Rodríguez-Castellón, E.; López-Navarrete, J.T.; Casado, J. Carbon dots obtained using hydrothermal treatment
of formaldehyde. Cell imaging in vitro. Nanoscale 2014, 6, 9071. [CrossRef] [PubMed]

http://www.mdpi.com/2079-4991/10/6/1209/s1
www.cemup.up.pt
http://dx.doi.org/10.1039/C4CS00269E
http://www.ncbi.nlm.nih.gov/pubmed/25316556
http://dx.doi.org/10.1016/j.jphotochemrev.2018.08.001
http://dx.doi.org/10.1016/j.trac.2011.04.009
http://dx.doi.org/10.1021/jp4040166
http://dx.doi.org/10.1186/1556-276X-8-122
http://dx.doi.org/10.1016/j.snb.2015.06.072
http://dx.doi.org/10.1021/acssuschemeng.9b00969
http://dx.doi.org/10.1038/srep11835
http://dx.doi.org/10.1002/cphc.201601020
http://dx.doi.org/10.1016/j.carbon.2018.04.018
http://dx.doi.org/10.1007/s10895-018-02336-2
http://www.ncbi.nlm.nih.gov/pubmed/30612287
http://dx.doi.org/10.1039/C4NR01585A
http://www.ncbi.nlm.nih.gov/pubmed/24974800


Nanomaterials 2020, 10, 1209 15 of 17

13. Sendão, R.M.S.; de Yuso, M.V.M.; Algarra, M.; Esteves da Silva, J.C.G.; Pinto da Silva, L. Comparative life cycle
assessment of bottom-up synthesis routes for carbon dots derived from citric acid and urea. J. Clean Prod.
2020, 254, 120080. [CrossRef]

14. Rodríguez-Padrón, D.; Algarra, M.; Tarelho, L.A.C.; Frade, J.; Franco, A.; de Miguel, G.; Jiménez-Jiménez, J.;
Rodríguez-Castellón, E.; Luque, R. Catalyzed Microwave-Assisted Preparation of Carbon Quantum Dots
from Lignocellulosic Residues. ACS Sustain. Chem. Eng. 2018, 6, 7200. [CrossRef]

15. Wang, H.; Ning, G.; He, X.; Ma, X.; Yang, F.; Xu, Z.; Zhao, S.; Xu, C.; Li, Y. Carbon quantum dots derived by
direct carbonization of carbonaceous microcrystals in mesophase pitch. Nanoscale 2018, 10, 21492. [CrossRef]

16. Song, Y.; Zhu, S.; Zhang, S.; Fu, Y.; Wang, L.; Zhao, X.; Yang, B. Investigation from chemical structure to
photoluminescent mechanism: A type of carbon dots from the pyrolysis of citric acid and an amine. J. Mater.
Chem. C 2015, 3, 5976. [CrossRef]

17. Kasprzyk, W.; Swiergosz, T.; Bednarz, S.; Walas, K.; Bashmakova, N.V.; Bogdat, D. Luminescence phenomena
of carbon dots derived from citric acid and urea—A molecular insight. Nanoscale 2018, 10, 13889. [CrossRef]

18. Sendão, R.M.S.; Crista, D.M.A.; Afonso, A.C.P.; de Yuso, M.V.M.; Algarra, M.; da Silva, J.C.G.E.; da Silva, L.P.
Insight into the hybrid luminescence showed by carbon dots and molecular fluorophores in solution.
Phys. Chem. Chem. Phys. 2019, 21, 20919. [CrossRef]

19. Zhang, B.; Liu, Y.; Ren, M.; Li, W.; Zhang, X.; Vajtal, R.; Ajayan, P.M.; Tour, J.M.; Wang, L. Sustainable Synthesis
of Bright Green Fluorescent Nitrogen-Doped Carbon Quantum Dots from Alkali Lignin. ChemSusChem 2019,
12, 4202. [CrossRef]

20. Sharma, V.; Tiwari, P.; Mobin, S.M. Sustainable carbon-dots: Recent advances in green carbon dots for sensing
and bioimaging. J. Mater. Chem. B 2017, 5, 8904. [CrossRef]

21. Xie, Y.; Cheng, D.; Liu, X.; Han, A. Green Hydrothermal Synthesis of N-doped Carbon Dots from Biomass
Highland Barley for the Detection of Hg2. Sensors 2019, 19, 3169. [CrossRef] [PubMed]

22. Pedras, B.M.; Nascimento, M.; Sá-Nogueira, I.; Simões, P.; Paiva, A.; Barreiros, S. Semi-continuous
extraction/hydrolysis of spent coffee grounds with subcritical water. J. Ind. Eng. Chem. 2019, 72, 453. [CrossRef]

23. Parenti, A.; Guerrini, L.; Masella, P.; Spinelli, S.; Calamari, L.; Spugnoli, P. Comparison of Espresso Coffee
Brewing Techniques. J. Food. Eng. 2014, 121, 112. [CrossRef]

24. Campos-Vega, R.; Loarca-Pina, G.; Vergara-Castaneda, H.A.; Oomah, B.D. Spent coffee grounds: A review
on current research and future prospects. Trends Food Sci. Technol. 2015, 45, 24. [CrossRef]

25. Hsu, P.C.; Shih, Z.Y.; Lee, C.H.; Chang, H.T. Synthesis and analytical applications of photoluminescent
carbon nanodots. Green Chem. 2012, 14, 917. [CrossRef]

26. Jiang, C.; Wu, H.; Song, X.; Ma, X.; Wang, J.; Tan, M. Presence of photoluminescent carbon dots in
Nescafe®original instant coffee: Applications to bioimaging. Talanta 2014, 127, 68. [CrossRef]

27. Wang, L.; Li, W.; Wu, B.; Li, Z.; Wang, S.; Liu, Y.; Pan, D.; Wu, M. Facile synthesis of fluorescent graphene
quantum dots from coffee grounds for bioimaging and sensing. Chem. Eng. J. 2016, 300, 75. [CrossRef]

28. Zhang, X.; Wang, H.; Ma, C.; Niu, N.; Chen, Z.; Liu, S.; Li, J.; Li, S. Seeking value from biomass materials:
Preparation of coffee bean shell-derived fluorescent carbon dots via molecular aggregation for antioxidation
and bioimaging applications. Mater. Chem. Front. 2018, 2, 1269. [CrossRef]

29. Liu, M.L.; Chen, B.B.; Li, C.M.; Huang, C.Z. Carbon dots: Synthesis, formation mechanism, fluorescence
origin and sensing applications. Green Chem. 2019, 21, 449. [CrossRef]

30. Lakowicz, J.R. Principles of Fluorescence Spectroscopy, 2nd ed.; Kluwer Academic/Plenum Publishers: New York,
NY, USA, 1999.

31. Williams, A.T.R.; Winfield, S.A.; Miller, J.N. Relative fluorescence quantum yields using a computer-controlled
luminescence spectrometer. Analyst 1983, 108, 1067. [CrossRef]

32. Melhuish, W.H. Quantum efficiences of fluorescence organic substances: Effect of solvente and concentration
of the fluorescente solute. J. Phys. Chem. 1961, 65, 229. [CrossRef]

33. Feijoo, S.; González-García, S.; Moldes-Diz, Y.; Vazquez-Vazquez, C.; Feijoo, G.; Moreira, M.T. Comparative
life cycle assessment of different synthesis routes of magnetic nanoparticles. J. Clean. Prod. 2017, 143, 528.
[CrossRef]

34. Hischier, R.; Walser, T. Life cycle assessment of engineered nanomaterials: State of the art and strategies to
overcome existing gaps. Sci. Total Environ. 2012, 425, 271. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.jclepro.2020.120080
http://dx.doi.org/10.1021/acssuschemeng.7b03848
http://dx.doi.org/10.1039/C8NR07385F
http://dx.doi.org/10.1039/C5TC00813A
http://dx.doi.org/10.1039/C8NR03602K
http://dx.doi.org/10.1039/C9CP03730F
http://dx.doi.org/10.1002/cssc.201901693
http://dx.doi.org/10.1039/C7TB02484C
http://dx.doi.org/10.3390/s19143169
http://www.ncbi.nlm.nih.gov/pubmed/31323887
http://dx.doi.org/10.1016/j.jiec.2019.01.001
http://dx.doi.org/10.1016/j.jfoodeng.2013.08.031
http://dx.doi.org/10.1016/j.tifs.2015.04.012
http://dx.doi.org/10.1039/c2gc16451e
http://dx.doi.org/10.1016/j.talanta.2014.01.046
http://dx.doi.org/10.1016/j.cej.2016.04.123
http://dx.doi.org/10.1039/C8QM00030A
http://dx.doi.org/10.1039/C8GC02736F
http://dx.doi.org/10.1039/an9830801067
http://dx.doi.org/10.1021/j100820a009
http://dx.doi.org/10.1016/j.jclepro.2016.12.079
http://dx.doi.org/10.1016/j.scitotenv.2012.03.001
http://www.ncbi.nlm.nih.gov/pubmed/22483746


Nanomaterials 2020, 10, 1209 16 of 17

35. Huijbregts, M.A.J.; Steinmann, Z.J.N.; Elshout, P.M.F.; Stam, G.; Verones, F.; Vieira, M.; Zijp, M.; Hollander, A.;
van Zelm, R. ReCiPe2016: A harmonised life cycle impact assessment method at midpoint and endpoint
level. Int. J. Life Cycle Assess. 2017, 22, 138. [CrossRef]

36. Pianosi, F.; Beven, K.; Freer, J.; Hall, J.W.; Rougier, J.; Stephenson, D.B.; Wagener, T. Sensitivity analysis of
environmental models: A systematic review with practical workflow. Environ. Model. Softw. 2016, 79, 214.
[CrossRef]

37. Tan, J.; Zou, R.; Zhang, J.; Li, W.; Zhang, L.; Yue, D. Large-scale synthesis of N-doped carbon quantum dots
and their phosphorescence properties in a polyurethane matrix. Nanoscale 2016, 8, 4742. [CrossRef]

38. Wang, J.; Peng, F.; Lu, Y.; Zhong, Y.; Wang, S.; Xu, M.; Ji, X.; Su, Y.; Liao, L.; He, Y. Large-scale green synthesis
of fluorescent carbon nanodots and their use in optics applications. Adv. Opt. Mater. 2015, 3, 103. [CrossRef]

39. Suryawanshi, A.; Biswal, M.; Mhamane, D.; Gokhale, R.; Patil, S.; Guin, D.; Ogale, S. Large scale
synthesis of graphene quantum dots (GQDs) from waste biomass and their use as an efficient and selective
photoluminescence on–off–on probe for Ag+ ions. Nanoscale 2014, 6, 11664. [CrossRef]

40. Greczynski, G.; Hultman, L. C 1s Peak of Adventitious Carbon Aligns to the Vacuum Level: Dire Consequences
for Material’s Bonding Assignment by Photoelectron Spectroscopy. Chem. Phys. Chem. 2017, 18, 1507.
[CrossRef]

41. Marsden, A.J.; Brommer, P.; Mudd, J.J.; Dyson, M.; Cook, R.; Asensio, M.; Avila, J.; Levy, A.; Sloan, J.;
Quigley, D.; et al. Effect of oxygen and nitrogen functionalization on the physical and electronic structure of
graphene. Nano Res. 2015, 8, 2620. [CrossRef]

42. Moulder, J.F.; Stickle, W.F.; Sobol, P.E.; Bomben, K.D. Handbook of X-ray Photoelectron Spectroscopy, Perkin-Elmer
Corporation; Physical Electronics Division: Eden Prairie, MN, USA, 1992.

43. Campos, B.B.; Contreras-Cáceres, R.; Bandosz, T.J.; Jiménez-Jiménez, J.; Rodríguez-Castellón, E.;
da Silva, J.C.E.; Algarra, M. Carbon dots coated with vitamin B 12 as selective ratiometric nanosensor for
phenolic carbofuran. Sens. Actuat. B 2017, 239, 553. [CrossRef]

44. Dekaliuk, M.O.; Viagin, O.; Malyukin, Y.V.; Demchenko, A.P. Fluorescent carbon nanomaterials: “quantum
dots” or nanoclusters? Phys. Chem. Chem. Phys. 2014, 16, 16075. [CrossRef] [PubMed]

45. Malyulin, Y.; Viagin, O.; Maksimchuk, P.; Dekaliuk, M.; Demchenko, A.P. Insight into the mechanism of
the photoluminescence of carbon nanoparticles derived from cryogenic studies. Nanoscale 2018, 10, 9320.
[CrossRef] [PubMed]

46. Sharma, A.; Gadly, T.; Gupta, A.; Ballal, A.; Ghosh, S.K.; Kumbhakar, M. Origin of Excitation Dependent
Fluorescence in Carbon Nanodots. J. Phys. Chem. Lett. 2016, 7, 3695. [CrossRef]

47. Dam, B.V.; Nie, H.; Ju, B.; Marino, E.; Paulusse, J.M.; Schall, P.; Li, M.; Dohnalová, K. Excitation-Dependent
Photoluminescence from Single-Carbon Dots. Small 2017, 13, 1702098.

48. Jiang, K.; Sun, S.; Zhang, L.; Lu, Y.; Wu, A.; Cai, C.; Lin, H. Red, Green, and Blue Luminescence by Carbon
Dots: Full-Color Emission Tuning and Multicolor Cellular Imaging. Angew. Chem. Int. Ed. Engl. 2015,
54, 5360. [CrossRef]

49. Sarswat, P.K.; Free, M.L. Light emitting diodes based on carbon dots derived from food, beverage, and
combustion wastes. Phys. Chem. Chem. Phys. 2015, 17, 27642–27652. [CrossRef]

50. Zhou, X.; Zhao, G.; Tan, X.; Qian, X.; Zhang, T.; Gui, J.; Yang, L.; Xie, X. Nitrogen-doped carbon dots with high
quantum yield for colorimetric and fluorometric detection of ferric ions and in a fluorescent ink, Microchim.
Acta 2019, 186, 67. [CrossRef]

51. Huang, Q.; Li, Q.; Chen, Y.; Tong, L.; Lin, X.; Zhu, J.; Tong, Q. High quantum yield nitrogen-doped carbon
dots: Green synthesis and application as “off-on” fluorescent sensors for the determination of Fe3+ and
adenosine triphosphate in biological samples. Sens. Actuator B 2018, 276, 82. [CrossRef]

52. Vallan, L.; Urriolabeitia, E.P.; Ruiperez, F.; Matxain, J.M.; Canton-Vitoria, R.; Tagmatarchis, N.; Benito, A.M.;
Maser, W.K. Supramolecular-enhanced charge transfer within entangled polyamide chains as the origin of
the universal blue fluorescence of polymer carbon dots. J. Am. Chem. Soc. 2018, 140, 12862–12869. [CrossRef]

53. Devi, P.; Rajput, P.; Thakur, A.; Kim, K.H.; Kumar, P. Recent advances in carbon quantum dot-based sensing
of heavy metals in water. Trends Anal. Chem. 2019, 114, 171. [CrossRef]

54. de Acha, N.; Elosua, C.; Corres, J.M.; Arregui, F.J. Fluorescent Sensors for the Detection of Heavy Metal Ions
in Aqueous Media. Sensors 2019, 19, 599. [CrossRef] [PubMed]

55. Berlina, A.N.; Zherdev, A.V.; Dzantiev, B.B. Progress in rapid optical assays for heavy metal ions based on
the use of nanoparticles and receptor molecules. Microchim. Acta 2019, 186, 172. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s11367-016-1246-y
http://dx.doi.org/10.1016/j.envsoft.2016.02.008
http://dx.doi.org/10.1039/C5NR08516K
http://dx.doi.org/10.1002/adom.201400307
http://dx.doi.org/10.1039/C4NR02494J
http://dx.doi.org/10.1002/cphc.201700126
http://dx.doi.org/10.1007/s12274-015-0768-0
http://dx.doi.org/10.1016/j.snb.2016.08.055
http://dx.doi.org/10.1039/C4CP00138A
http://www.ncbi.nlm.nih.gov/pubmed/24965696
http://dx.doi.org/10.1039/C8NR02296H
http://www.ncbi.nlm.nih.gov/pubmed/29737346
http://dx.doi.org/10.1021/acs.jpclett.6b01791
http://dx.doi.org/10.1002/anie.201501193
http://dx.doi.org/10.1039/C5CP04782J
http://dx.doi.org/10.1007/s00604-018-3176-9
http://dx.doi.org/10.1016/j.snb.2018.08.089
http://dx.doi.org/10.1021/jacs.8b06051
http://dx.doi.org/10.1016/j.trac.2019.03.003
http://dx.doi.org/10.3390/s19030599
http://www.ncbi.nlm.nih.gov/pubmed/30708989
http://dx.doi.org/10.1007/s00604-018-3168-9
http://www.ncbi.nlm.nih.gov/pubmed/30767144


Nanomaterials 2020, 10, 1209 17 of 17

56. Qiao, Y.; Liu, C.; Zheng, X. Enhancing the quantum yield and Cu2+ sensing sensitivity of carbon dots based
on the nano-space confinement effect of silica matrix. Sens. Actuators B 2018, 259, 211. [CrossRef]

57. Pourzahedi, L.; Eckelman, M.J. Comparative life cycle assessment of silver nanoparticle synthesis routes.
Environ. Sci. Nano 2015, 2, 361. [CrossRef]

58. Eckelman, M.J.; Zimmerman, J.B.; Anastas, P.T. Toward Green Nano. J. Ind. Ecol. 2008, 12, 316.
59. Hauschild, M.Z. Assessing Environmental Impacts in a Life-Cycle Perspective. Environ. Sci. Technol. 2005,

39, 81A–88A. [CrossRef]
60. Ramos, A.; Teixeira, C.A.; Rouboa, A. Assessment study of an advanced gasification strategy at low

temperature for syngas generation. Int. J. Hydrog. Energy 2018, 43, 10155–10166. [CrossRef]
61. Ramos, A.; Teixeira, C.A.; Rouboa, A. Environmental Analysis of Waste-to-Energy—A Portuguese Case

Study. Energies 2018, 11, 548. [CrossRef]
62. Christé, S.; da Silva, J.C.G.E.; da Silva, L.P. Evaluation of the Environmental Impact and Efficiency of

N-Doping Strategies in the Synthesis of Carbon Dots. Materials 2020, 13, 504. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.snb.2017.12.061
http://dx.doi.org/10.1039/C5EN00075K
http://dx.doi.org/10.1021/es053190s
http://dx.doi.org/10.1016/j.ijhydene.2018.04.084
http://dx.doi.org/10.3390/en11030548
http://dx.doi.org/10.3390/ma13030504
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Fabrication of CDs 
	Characterization 
	Calculation of Fluorescence Quantum Yield 
	Scope and System Boundaries 
	Life Cycle Inventory Data 
	Environmental Impact Assessment 
	Sensitivity Analysis 

	Results and Discussion 
	Synthesis of CDs 
	Surface Characterization of CDs 
	Fluorescent Characterization of CDs 
	Sensing of Fe3+ 
	Comparative LCA Study 

	Conclusions 
	References

