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A B S T R A C T

The purification of photoluminescent carbon dots has a strong impact on their applications, making rigorous 
protocols necessary to isolate them. In this work, a sequential filtration process was implemented on photo
luminescent carbon dots synthesized by a microwave-assisted hydrothermal treatment of an agricultural waste, 
achieving good effectiveness and higher yields compared to chromatographic purification approaches. Filtration 
membranes of different cut-offs were carefully selected considering the by-products from the biomass decom
position. The synthetic route allowed the preparation of carbon dots with average particle sizes of 3.5 nm, 
composed of a graphitic-like core decorated with oxygen and nitrogen moieties. Dynamic light scattering 
measurements of the suspensions revealed higher aggregation of the nanoparticles in the least purified samples. 
This also influences the photoluminescence emission properties due to self-absorbing and quenching effects. The 
thermal characterization of the solids recovered after each filtration step has shown (for the least purified 
samples) the presence of fragments assigned to molecules arising from an incomplete hydrothermal trans
formation of the precursor. The aqueous suspension of the carbon dots recovered after the most purified protocol 
displayed a notorious emission upon excitation at 375 nm, confirming that the carbon dots are responsible for the 
observed optical features. These results highlight the importance of an adequate purification process of carbon 
dots obtained from complex precursors (such as biomass), to avoid bias interpretation of their photo
luminescence properties.

1. Introduction

Carbon dots (CDs) are carbon-based nanomaterials of nanometric 
dimensions and singular electron acceptor and donor capacities and 
intriguing optical properties [1] that have been implemented as sensi
tizers in solar cells [2], sensors for detection of heavy metals, organics, 
and bacteria [3–5], and in many other applications [7]. These nano
particles have been obtained from different carbon sources and by 
different synthesis methods, such as bottom-up treatments (e.g. chemi
cal oxidation, thermal decomposition, ultrasonic treatment, and hy
drothermal synthesis) and top-down approaches (e.g. electrochemical 
oxidation, acid refluxing, plasma treatment, and laser ablation) [8–12]. 

The synthesis of CDs using biomass as precursor is a promising method 
to obtain these valuable nanomaterials from agro-industrial waste, 
which is an abundant and low-cost sustainable source. However, when 
biomass is submitted to hydrothermal processes, most of it remains as a 
solid carbonized material, and the recovered supernatant contains just a 
few milligrams of CDs along with by-products capable of being in sus
pension too. The generation of a considerable number of by-products 
after the hydrothermal process is corroborated by the low yields of 
CDs obtained from each synthesis [12,13]. The hydrophilic by-products 
may interact with the highly functionalized CDS, hindering their puri
fication process. An inadequate purification process may impact the 
performance of the material in the intended application [14–17]. 
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Rigorous purification protocols are necessary to achieve the isolation of 
CDs. Chromatography [17] and liquid-liquid extraction [15] have been 
employed to perform the purification, however, these techniques can be 
time-consuming or methodologically complex due to the similarities in 
the physicochemical properties of the components of the mixture, and 
the diversity in size, defects, and surface functional groups of the CDs 
[8]. These processes can be even more challenging in the case of biomass 
derived CDs due to the heterogeneity of precursors like banana, mango, 
potato or orange peel [12,18].

On the contrary, membrane separation processes may be a suitable 
option to achieve the purification of CDs with higher yields than other 
techniques, since these are facilitated by the high stability of CDs in 
aqueous suspensions, enabling their separation through a size exclusion 
mechanism. Membrane separation processes are also a fast and suitable 
solution towards scaling up for commercialization purposes [19]. For 
the ultrafiltration membrane separation process, the retention rating 
parameter used is called molecular weight cutoff (MWCO), and its units 
of measurement are Daltons, which are also known as atomic mass units 
[20]. The MWCO from 1 to 500 kDa of a membrane is associated with its 
ability to retain particles with a size between 1 and 30 nm in diameter 
[21]. The selection of the retention rating of the membranes is crucial for 
the implementation of a purification method [22]. Although in the case 
of CDs there is no direct correlation between the size of the particles and 
their molecular weight, it is possible to calculate the last one indirectly 
by estimating their theoretical molecular structure. Sk et al., performed 
computational studies on carbon dots nanostructures that associated 
particle sizes between 0.5 and 5.5 nm with molecular weights between 
0.1 and 10.8 kDa [23] by counting the carbon atoms in the molecular 
models.

In this work, a sequential membrane separation process for the pu
rification of carbon dots is proposed. Despite the number of studies 
reporting the synthesis and different applications of orange peel-derived 
carbon dots [1–4,6,24–26], the correlations of their chemical composi
tion and structure with the photoluminescence emission properties have 
been scarcely addressed. Hence in this study, aqueous suspensions of 
carbon dots obtained from the microwave-assisted hydrothermal treat
ment of orange peels, were sequentially filtered through membranes of 
different pore diameters, in the following order of retention rates: 0.22 
µm, 0.1 µm, 100 kDa, 50 kDa, and 5 kDa. The samples from the different 
purification steps were analyzed to obtain information about the 
chemical composition of the carbon dots, the average particle size in the 
aqueous suspensions, and the dependence of those parameters on the 
photoluminescence emission features. Our data has revealed that the 
low purification steps render large aggregates of carbon dot particles, 
while average nanoparticles below 10 nm are stabilized for the most 
purified samples. The aqueous suspension of the carbon dots recovered 
after the most purified protocol displayed a notorious emission upon 
excitation at 375 nm, confirming that the carbon dots are responsible for 
the observed optical features. The samples with low purification showed 
higher photoluminescence features, partially arising from the presence 
of subproducts arising from an incomplete hydrothermal transformation 
of the precursor. These results highlight the critical role of the purifi
cation process of carbon dots prepared from complex precursors (such as 
biomass).

2. Materials and methods

2.1. Synthesis of the CDs

Oranges (Citrus sinensis) were collected from a local market in the 
city of San Luis Potosi, Mexico. To avoid modifications in the compo
sition, origin of the fruit or maturation stage, only the lignocellulosic 
fraction of oranges from Citrus sinensis species were considered for this 
study. The peel was carefully removed from the fruit, cut into small 
pieces, sun dried, and pulverized. Based on previous studies , the as- 
obtained orange powders were treated in 1 M HCl solution and stirred 

for 24 hours before further processing [2], to decrease the large inor
ganic fraction (ashes) in the pristine biomass (Table S2). Afterwards, the 
liquid was filtered out and the powder was rinsed with deionized water 
until constant pH (ca. 4), and then dried. The CDs were synthesized 
through a microwave-assisted hydrothermal method optimized in a 
previous study [2]. Briefly, 100 mg of the acid-washed orange peel 
powders were suspended in 15 mL of deionized water and placed in a 
microwave oven (Nanowave 400 Anton Paar GmbH, maximum power 
700 W) at 220 ◦C for 30 minutes, under stirring at 1000 rpm. The ob
tained aqueous suspension was sequentially filtered as indicated below.

2.2. Sequential purification

The aqueous suspension recovered from the microwave digestion of 
the biomass precursor was sequentially filtrated in various steps using 
membranes of different cut-offs. Details of the membranes and the 
sequential order in the filtration are as follows: (step 1) mixed-cellulose 
esters membrane with a pore size of 0.22 µm; (step 2) PVDF Durapore 
membrane with a pore size of 0.1 µm; (steps 3 to 5) Spectrum MicroKros 
TC Hollow Fiber Filters with modified poly(ether-sulfone) membranes 
with a molecular weight cut-off of 100 kDa (step 3), 50 KDa (step 4) and 
5 kDa (step 5). The obtained filtrates were freeze-dried to obtain the 
final CDs-containing powder. The solids were labeled according to the 
last membrane used in the sequential filtration (e.g., 1:0.22 µm for step 
1; 2:0.1 µm for steps 1+ 2; 3:100 kDa for steps 1+2+3; 4:50 kDa for steps 
1+2+3+4 and 5:5 kDa for steps 1+2+3+4+5). As example, the sample 
4:50 kDa was obtained after 4 sequential filtration steps with mem
branes of 0.22 µm, followed by 0.1 µm, 100 kDa and finally 50 KDa. The 
recovered solids after lyophilization were dispersed in deionized water 
for further characterization of the aqueous suspensions (photo
luminescence and UV–vis spectrophotometry).

2.3. Characterization techniques

Fourier Transformed-Infrared Spectroscopy (FTIR) spectra were ob
tained with an Thermo Scientific NICOLET iS50 FT-IR spectrometer. For 
this analysis, the materials were dried and measured at Attenuated total 
reflectance (ATR) mode. Thermogravimetric analyses of the samples 
were carried out in a thermobalance (Netzsch-STA 409 CD) coupled to a 
mass spectrometer. Briefly, ca. 10 mg of the sample was heated under an 
argon atmosphere up to 1000 ◦C (heating rate of 10 ◦C min-1) and the 
composition of the evolved gases was analyzed in the mass spectrom
eter. The average hydrodynamic diameter size of the materials was 
determined by electrophoresis by a NANOTRAC WAVE II equipment at 
room temperature, using aqueous suspensions of the obtained powders 
(the pH of those aqueous suspension was adjusted with 0.1 M NaOH). 
High-resolution transmission electron microscopy (HR-TEM) analysis of 
the materials was performed with a JEOL- 200 CX microscope operating 
at 80 KV. The aqueous suspensions of the materials after the purification 
steps were characterized by UV–vis spectrophotometry (Aquamate 
Thermo Spectronic spectrophotometer). The photoluminescence emis
sion spectra of these aqueous suspensions were measured in a Horiba 
fluorimeter (FluoroMax-4) using 375 nm as excitation wavelength. 
Nuclear magnetic resonance (NMR) spectra of the 5:5kDa aqueous sus
pension were measured on a Bruker Avance III 500 MHz equipment for 
1H (500 MHz) and 13C (125 MHz) nuclei in deuterium oxide (D2O, 99.8 
%).

3. Results and discussion

3.1. Choice of the membranes

Carbon dots were obtained upon microwave-assisted hydrothermal 
synthesis using orange peel waste. The aqueous solutions recovered after 
the hydrothermal treatment of the precursor were sequentially filtered 
in successive steps with membranes of cut-offs between 0.22 µm and 5 
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kDa (covering microfiltration and ultrafiltration membranes). It is 
important to point out that these membranes are a popular choice in the 
purification of carbon dots [3,27–31], despite they cover a fairly large 
range of dimensions, out of the nanometric dimensions of quantum dot 
materials (i.e., below 10 nm). Even if the correlation between a 
two-dimension particle size (nm) and a three-dimension molecular 
weight (kDa) is not straightforward, it is possible to estimate a rela
tionship according to the literature (Fig. 1) [14,23,31,32]. A few ex
amples are shown in Figure 1, and a more exhaustive list of studies 
correlating molecular cut-offs with the size of carbon dots is compiled in 
Table S1.

For instance, Essner et al. reported a correlation between the mo
lecular weight and the size of colloidal fluorescent carbon dots, esti
mating that particles with 3–8 nm diameter size would correspond to a 
molecular weight between 15 and 40 kDa [14]. On the other hand, Hu 
et al. reported particles of 1.4±0.2 and 3.3±0.5 nm associated to mo
lecular weights of 2.4 and 7.7 kDa, respectively [6]. Computational 
studies on carbon dots have also associated particle sizes between 0.5 
and 5.5 nm with molecular weights between 0.1 and 10.8 kDa, corre
sponding to CxHy structures with x between 8–862 and y between 6–480 
atoms [23]. Fig. 1 illustrates that the first two membranes used in this 
work (cut-off of 0.22 and 0.1 μm) allow to reject aggregates/particles in 

the suspensions between 220 and 100 nm size. Further sequential sep
aration with ultrafiltration membranes of 100, 50 and 5 kDa cut-offs 
would allow to target carbon nanoparticles of sizes between 1.59 and 
60 nm (Table S1).

Considering this, a theoretical average particle size of 10 nm would 
correspond to molecular weights below 100 kDa. Thus, the sequential 
separation carried out in this work with 100 kDa (step 3), 50 kDa (step 4) 
and 5 kDa (step 5) membranes is expected to ensure the rejection of the 
large carbonaceous particles typically formed during hydrothermal 
transformation of biomass, as well as many of the aromatic compounds 
that are formed during the decomposition of the biomass precursor (e.g., 
lignin, cellulose/hemicellulose derivatives, polysaccharides, poly
phenols, carbohydrates) [33–39].

3.2. Synthesis Yield

Table 1 shows the yield of recovered solids in the synthesis and the 
ionic conductivity of the aqueous suspensions after the different filtra
tion steps. The yield of the recovered solid fraction after the sequential 
filtration steps was quantified from absorbance measurements of re- 
suspended aqueous dispersions after the freeze drying (the linear cor
relations are shown in Figure S1). Data of the synthesis without the acid 

Fig. 1. Illustrative correlation between the molecular cut-off of different membranes used in the sequential filtration, and the average particle size of carbon dots. 
Molecular weights of relevant compounds formed in the degradation of biomass (i.e., the precursor used in this study for the synthesis of the carbon dots) are also 
included for comparison purposes.
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pre-treatment after filtration with a 0.22 µm membrane is also shown for 
comparison.

As described above, before the hydrothermal treatment, the pre
cursor was initially treated in an acidic medium to decrease its large 
inorganic content (e.g., Ca, K, Mg, Na, P, S; Table S2). Otherwise, most of 
these inorganics are solubilized during the hydrothermal treatment and 
accumulate in solid fraction containing the carbon dots after the freeze- 
drying step, constituting a large fraction of inorganic impurities [2].

It is interesting to observe that the total solid yield obtained from the 
carbon precursor subjected to the acid treatment (60 ± 36 %) was larger 
than that of the untreated biomass (16 ± 6 %). This suggests that the 
lignocellulosic fraction of the orange peel was the main source of carbon 
for the synthesis of CDs, which is consistent with the amount of these 
components in the biomass before (~29.2 %) and after the acidic 
treatment (~79.7 %). Our previous studies have shown that acidic pH 
and oxidizing environments facilitate the formation of carbon dots from 
the microwave-assisted hydrothermal treatment of the lignocellulosic 
fraction of orange peels [2].

On the other hand, the yield of solids in suspension at each purifi
cation step did not change significantly with the number of membranes 
employed. It should be recalled in here that the synthetic route was the 
same in all the cases, and that the difference among the dispersions is the 
filtration with the membranes. Hence, the similarities in the solid yields 
in the dispersions regardless the membrane cut-off suggests that the 
synthesis method did not favor the formation of large carbonaceous 
particles or aggregates (ca. above 10 nm), that would be removed upon 
the first two steps of the sequential separation. The pH of the dispersions 
remained around 3.5 and the values of the ionic conductivity slightly 
decreased with the number of filtration steps, although differences are 
subtle.

3.3. Particle size

The average particle size of the synthesized carbon dots was deter
mined in the suspensions after the sequential filtering by Dynamic Light 
Scattering (Fig. 2) and in the solids by high resolution TEM (Fig. 3). The 
hydrodynamic diameter of the carbon dots was evaluated from aqueous 
suspensions of the prepared materials with a solid loading of 0.25 mg 
mL-1 and pH adjusted to 6 (Fig. 2, Figure S4). The solid loading and the 
pH were selected after optimization experiments to obtain a suspension 
stable enough to execute particle size measurements for all the samples; 
otherwise, a poor reproducibility of the determinations was obtained. 
For example, in highly concentrated dispersions a tendency of aggre
gation of the particles into large clusters are typically observed due to 
the favored interactions among the particles [47,48]. Furthermore, the 
hydrodynamic diameter for the 5:5kDa sample was also evaluated in a 
more diluted suspension to increase the stability of the nanometric 
particles in suspension (ca. 0.05 mg mL-1, see Figure S5), obtaining 
similar profiles.

Table 1 
Yield of recovered solids, pH and ionic conductivity of the aqueous suspensions 
obtained from each sequential filtration step.

Filtration 
step

Recovered solids 
[wt. %]

pH Ionic conductivity 
[µS cm-1]

without acid 
pre-treatment

1: 0.22 µm 16 ± 6 3.5 661

With acid pre- 
treatment

1: 0.22 µm 60 ± 36 3.3 301
2: 0.1 µm 25 ± 8 3.4 301
3: 100 kDa 16 ± 6 3.4 298
4: 50 kDa 48 ± 12 3.5 276
5: 5 kDa 36 ± 24 3.9 275

Fig. 2. Histograms of particle sizes obtained from Dynamic Light Scattering of the aqueous suspension of the solids recovered after the different filtration steps: (A) 
0.22 µm; (B) 0.1 µm; (C) 50 kDa; (D) 5 kDa. Measurements correspond to 0.25 mg/mL aqueous suspensions (pH 6).
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The first samples prepared upon one and two separation steps 
showed a wide distribution of particle sizes, compared to the rest of the 
series (ca. 500 nm for sample 1:0.22 µm and 800 nm for sample 2:0.1 
µm). The range of particle sizes of these dispersions (Fig. 2A and B) was 
more than one order of magnitude higher than in the most purified 
samples (Fig. 2C and D, ca. below 10 nm in both cases). This points out 
the outstanding impact of the purification method in the eventual for
mation of large particle aggregates for a given composition. This is most 
likely due to the presence of oligomeric fragments in the suspension, 
that would favor interparticle interactions and/or interaction with the 
solvent of the suspension. Note that in this work only one experimental 
protocol has been used for the synthesis of carbon dots, and that the 
difference among the studied samples was the sequential separation 
with different membrane pore sizes and the number of separation steps 
on the same dispersion. These observations agree with reports in the 
literature on graphene oxide dots synthetized through microwave- 
assisted hydrothermal degradation of cellulose that showed properly 
dispersed nanometric suspensions at concentrations around 0.05 and 
0.07 mg mL-1 [48]. It should be noted that carbon dots of smaller di
mensions are typically produced when less complex precursors (e.g., 
organic commodities/monomers, citric acid, saccharides, etc.) and 
similar synthetic procedures are used [1,19]. This is due to the 
complexity of biomass, that involves the degradation of cellulose, 
condensation and polymerization of several aromatic molecules before 
the formation of stable carbon nanoparticles [27,28].

To corroborate the hydrodynamic particle diameter values obtained 
in the DLS studies, the sample obtained upon 5 separation steps (5:5 
kDa) was further analyzed by high resolution transmission electron 
microscopy (Fig. 3). In agreement with the DLS results, a homogeneous 
dispersion of spherical nanoparticles with an average particle size of 
3.42 ± 0.85 nm was observed (statistic measurement of at least 200 
nanoparticles; Figure S5). In addition, the sample obtained from orange 
peel without washing after the first purification step was analyzed by 
Scanning Electron Spectroscopy revealing clusters larger than 500 nm 
(Figure S6). This observation is also consistent with the DLS measure
ments. The particles presented well-defined crystallographic planes with 
a d-spacing of 0.21 nm, that correspond to the (100) plane of graphitic 
carbon with sp2 hybridization, as referenced in the crystallographic 
chart JCPDS 26-1076. Similar d-spacing values have been widely 

reported in the literature for CDs obtained from various biomass pre
cursors [24,49–51].

3.4. Chemical characterization of the obtained fractions

After the filtration steps, the solid fraction was recovered by lyoph
ilization, and it was further characterized. The FTIR spectra of the 
powders (Figure S2) revealed similar profiles in all the materials 
regardless the filtration step, with the characteristic bands correspond
ing to oxygen- and nitrogen-containing functional groups. This agrees 
with the elemental analysis of the precursor (Table S2). All the samples 
displayed a broad band centered at 3300 cm-1, attributed to O-H 
stretching vibrations, along with two small bands centered at 2930 and 
2880 cm-1, attributed to stretching vibrations of sp2 and sp3 C-H. The 
band at 1725 cm-1 is associated with carboxylic acids, and the one 
around 1650 cm-1 could be related to stretching of N-H bonds, N-CO in 
amides and/or carbonyl groups from aldehydes or ketones. This is 
consistent with the presence of a small amount of nitrogen in the pre
cursor (Table S2). The band around 1160 cm-1 -slightly more notorious 
for samples 3:100 kDa and 4:50 kDa- is assigned to the stretching of the 
C-O bonds. Besides, the band at 1020 cm-1 suggests the presence of 
primary alcohols; it could also be associated with the presence of sulf
oxides (in agreement with the small amount of sulfur in the precursor, 
Table S2). The band centered around 1513 cm-1 is associated with ar
omatic carbon structures.

The thermal stability of the samples was rather similar regardless the 
filtration step, as inferred from the thermogravimetric profiles obtained 
under inert atmosphere (Fig. 4). The total mass loss after heating up to 
1000 ◦C varied between 58 and 66 wt.%, following a subtle decreasing 
trend as the number of separation steps was increased (Table 2).

Various regions can be identified in the thermogravimetric profiles. 
The first region between 25 and 150 ◦C is attributed to the evolution of 
the moisture of the samples; the region between 150 and 600 ◦C cor
responds to the decomposition of the carbonaceous matrix of the carbon 
dots. In general, the thermogravimetric profiles were rather similar for 
all the samples. In the range between 150 and 300 ◦C, a sharp peak was 
observed for all the samples, with mass losses increasing with the 
sequential filtration. This mass loss is typically associated to the evolu
tion of the functional groups decorating the surface of the carbon dots 

Fig. 3. High resolution TEM micrographs of the solid recovered after the sequential filtration step 5:5kDa at 0.05 mg/mL. Inset shows the interlayer distance of the 
carbon dots.
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Fig. 4. Thermogravimetric profiles under inert atmosphere for the lyophilized solids recovered after each sequential purification steps; (b) CO (m/z28) and (c) CO2 
(m/z 44) evolution profiles detected in the mass spectrometer coupled to the thermobalance.
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[40], as confirmed by the signals corresponding to m/z 28 and m/z 44 in 
the profiles (Fig. 4b,c). In the region between 300 and 600 ◦C, the mass 
losses ranged from 27 to 28 wt. %, with a slightly lower value for the 
most purified sample (5:5 kDa, ca. 25 wt. %). At temperatures above 600 
◦C the mass loss was low for all the samples (accounting for 3–6 wt. %).

The gases evolved from thermogravimetric analysis were charac
terized by mass spectrometry. The m/z ratio corresponding to CO and 
CO2 are shown in Fig. 4, since these gases are related to the nature of the 
oxygen containing groups in carbon materials [40]. Other selected m/z 
in the range 50–300 are shown in Fig. 5 and Figure S3.

The profiles of CO and CO2 evolution showed rather similar trends 
for all the samples, with some exceptions for the solids recovered after 
the first two microfiltration steps (1:0.22 µm and 2:0.1 µm). The profiles 
of the evolution of CO2 showed a wide band between 200 and 550 ◦C for 
all the samples with small differences in the intensities, along with a 
shoulder at 150–200 ◦C. These bands are attributed to the decomposi
tion of carboxylic acids of different acidic strength [41]. A small band 
above 600 ◦C was observed for sample 2:0.1 μm in the CO2 profiles, 
which may be attributed to the decomposition of lactones [40]. The 
quantification of the amount of CO2 evolved ranged from 400–550 
micromol/g (Table 3), with slightly higher values for the samples with a 
higher number of purification steps.

The CO profiles showed a multimodal pattern with a first wide peak 
at temperatures between 200 and 600 ◦C, featuring a shoulder at 
200–300 ◦C. A second peak was clearly observed above 800 ◦C for all the 
samples. The low temperature CO peaks are typically associated to the 
decomposition of carboxylic acids and anhydrides, while the evolution 
of CO at 400–700 ◦C is associated to phenolic groups, and that above 750 
◦C is associated with the presence of ether, carbonyl and quinone groups 
[40]. The shoulder around 150–250 ◦C in the CO profile may be ascribed 
to carboxylic acids, since it appears at the same temperatures in the CO2 
profiles; a similar assignment has been suggested in the literature for 
oxidized graphene flakes [41], although the origin of this peak is not 
fully understood. The low temperature peak in the CO profile (featuring 
around 200 ◦C) has also been assigned to the decomposition of hydroxyl 
groups in oxidized graphene-derivatives [41].

For selected samples (i.e., 1: 0.22 µm, 4: 50 kDa and 5: 5 kDa) the 
thermal decomposition profiles were recorded at m/z values ranging 
from 50 to 300. This range of m/z values would cover molecules typi
cally found during the decomposition of biomass precursors [33–37], 
that could not be removed by the sequential separation with the mem
branes (Fig. 1). Selected m/z values are shown in Figure 5; the complete 
profiles of all detected m/z are shown in Figure S3.

It should be mentioned that in the range 50–300 m/z, only signals 
corresponding to selected m/z were detected: namely m/z 51–58, 
65–68, 77–79, 81, 82, 91, 92, 95, 96, 105, 109, and 110 values. This 
indicates that subproducts with molecular weight higher than 110 and 
lower than 300 are not formed.

The m/z values of 53, 95 and 96 showed a bimodal shape, with a 
sharp peak between 150 and 200 ◦C and a broad band extending be
tween 250 and 400 ◦C, in accordance with the thermogravimetric pro
files. The intensity of the sharp peak observed at low temperature was 
more pronounced for the least filtrated samples. On the contrary, the 
intensity of the broad band was rather constant for all the samples. At m/ 
z values of 54–57, only the band between 250 and 400 ◦C was observed 

with constant intensities in the samples, while at m/z of 58 the intensity 
of the band decreased with the purification step. These m/z values are 
associated with fragments of furfural, furanone and phenolic derivatives 
observed in the decomposition of biomass precursors [42], and could 
correspond to compounds like acetone, propenal or propenol. For the 
profiles corresponding to m/z values of 109 and 110, a sharp peak 
featuring between 150 and 250 ◦C, and to m/z values of 81 and 82, a 
broad peak between 250 and 450 ◦C were observed in all the samples. 
These fragments can be assigned to phenolic 1,2-bencenediol, anisole, 
cresols, and methyl-phenols derivatives, common subproducts detected 
in the degradation of biomass [43–46]. The intensity of the peak was 
rather similar for the samples after the first (0.22 μm) and fourth (50 
kDa) separation steps, but was decreased substantially for the sample 
filtered at the fifth step (5 kDa), indicating the improving in the puri
fication of the sequential separation with the 5 kDa membrane. These 
results also point out that the mass loss observed in the region 150–300 
◦C in the thermogravimetric profiles corresponds to the decomposition 
of the matrix of the carbon dots.

The most purified suspension (5:5kDa sample in aqueous suspension) 
was qualitatively analyzed by 1H and 13C Nuclear Magnetic Resonance 
(NMR) to determine the surface chemistry of the carbon dots. In this 
sense, the 1H NMR spectrum (Figure S7) shows the presence of proton 
atoms attached to sp3 hybridized carbon in the region from 0.5 to 6 ppm. 
The sp3 carbon atoms were identified by their association with alkane 
protons and linked to ether, epoxy, carbonyl, amino, and amide func
tional groups. On the other hand, protons associated with carbon atoms 
with sp2 hybridization were found in the region between 6 and 9 ppm 
and they were related to aromatic or aldehyde protons. Although this 
technique is not very sensitive, data suggests a higher ratio of sp3 over 
sp2 hybridization of carbon atoms.

This information was corroborated by 13C NMR analysis. In the 13C 
NMR spectrum a first zone between 10-105 ppm was also associated 
with sp3 hybridized carbon atoms, corresponding to alkyl substituents 
(10 to 50 ppm), C-O and C-N single bonds in hydroxyl, amine, and amide 
groups (50–80 ppm) and carbons linked to ether, epoxide, and terminal 
C=C bonds (80–105 ppm). The region between 100–120 ppm is asso
ciated with sp2 hybridized carbon atoms, and the signals between 
150–190 ppm can be related to the presence of C=O bonds in amides, 
carboxylic acids, or aldehydes. In addition, a 13C Attached Proton Test 
experiment (APT) was conducted with the aim to provide information 
regarding the number of hydrogen atoms bonded to a carbon atom. The 
APT spectra (Figure S7) revealed the signals attributed to the resonance 
of quaternary carbons and methylene groups (featuring as negative 
signals), while carbons bonded to an odd number of protons (e.g., 
methine, methyl groups) appear in the positive axis. Qualitative NMR 
analyzes corroborate in the carbon-based material the presence of sp2 

and sp3 hybridized carbon atoms at the nanoscopic level corresponding 
to various functional groups, which has also been described with the 
thermal decomposition profiles and the FTIR spectroscopy.

3.5. Optical properties of the suspensions

The impact of the purification process on the optical properties of the 
carbon dots was assessed by UV–vis absorption spectrophotometry and 
photoluminescence emission spectroscopy (Fig. 6). Note that the UV–vis 

Table 2 
Mass losses (wt.%) from the thermogravimetric profiles under inert atmosphere for different thermal ranges.

Total Mass loss 25–1000◦C [wt. 
%]

Mass loss 25–150 ◦C [wt. 
%]

Mass loss 150–300 ◦C [wt. 
%]

Mass loss 300–600 ◦C [wt. 
%]

Mass loss 600–1000 ◦C [wt. 
%]

Step 1: 0.22 
µm

58.3 3.5 24.6 27.2 3.1

Step 2: 0.1 µm 59.8 4.2 25.8 27.7 6.2
Step 4: 50 kDa 65.7 4.2 34.2 28.0 3.4
Step 5: 5kDa 62.0 5.1 33.3 25.1 3.6
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absorption spectra give information about the amount of light absorbed, 
regardless is stabilization to the ground state through radiative or non- 
radiative transitions, whereas the photoluminescence spectroscopy 
provides information about the amount of light absorbed that follows a 
radiative transition (i.e., photoluminescence emission) to return to the 

fundamental state.
For comparison purposes, a solid loading of 0.25 mg mL-1 was 

selected for this study. This allows a proper comparison of the optical 
properties of the samples avoiding differences due to light re-absorption 
processes eventually occurring in concentrated suspensions. Fig. 6a 

Fig. 5. Thermogravimetric profiles under inert atmosphere for the lyophilized solids recovered after each sequential purification steps corresponding to selected m/ 
z signals.
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shows the UV–vis absorption spectra of aqueous suspensions recovered 
at the different filtration steps. All the suspensions presented rather 
similar profiles, characterized by a broad absorption band in the UV 
region and a long tail extending to the visible region. The absorption 
band is characterized by a main peak located at 280 nm, and shoulders 
or less intense peaks at 220 and 340 nm. The peaks at 280 and 220 nm 
can be attributed to π-π* transitions of sp2 carbon atoms (i.e., a graphitic 
carbon core), and the bands between 300–400 nm are attributed to n-π* 
transitions in C=O bonds (i.e., functionalized carbon atoms) [52].

The samples presented differences in the intensity of the absorbance 
even when all the dispersions were prepared with the same concentra
tion. The absorbance of sample 2:0.1 µm was the highest among the 
series, suggesting the presence of a larger number of absorbing groups in 
the suspension. The intensity of the bands was somewhat decreasing 
with the number of separation steps, although differences are subtle. 
This suggests that only a small fraction of light absorbing species were 
removed during the purification steps, pointing out that the CDs matrix 
and the small molecules (<5 kDa) are the main responsible for the 
observed optical features (with a less contribution from the impurities 
removed during the microfiltration). Similar observations have been 
reported by Essner et al. on the purification of carbon dots derived from 
citric acid following a nanofiltration membrane processs. Essner et al. 
identified two different populations of fluorophores: the first one with 
sizes smaller than 1 kDa responsible of most of the fluorescence of the 
samples, and the second one of size smaller than 50 kDa, which were low 
quantum yield emitters [14].

The impact of the different purification steps was more clearly seen 
in the photoluminescence emission features of the samples. Fig. 6b 
shows the photoluminescence emission upon excitation at 375 nm of 
aqueous suspensions with 0.25 mg mL-1 after each separation step. The 
full dataset at different dilutions is shown in Figure S8.

The shape of the photoluminescence spectra was characterized by a 
broad emission with a maximum at ca. 450 nm and a pronounced 
shoulder at around 550 nm. The multimodal character of the emission 
spectra indicates the contribution of several fluorophores to the emis
sion of the samples. The intensity of the emission at the maximum 

position (ca. 450 nm) did not show a clear correlation with the different 
filtration steps (trend: 2:0.1 µm >> 3:100 kDa >> 4:50 kDa ~ 1:0.22 µm 
> 5:5 kDa). The highest emission intensities were obtained for the 
sample after 2 steps of purification (membrane 0.1 µm), and the lowest 
one was measured for the most purified sample (membrane 5 kDa). This 
is important since it confirms that the photoluminescence emission of 
suspensions of carbon dots can be altered by the emission of other flu
orophores present in the medium if the samples are not sufficiently 
purified. The emitting fluorophores removed during the sequential 
filtration may be related to presence of the compounds with m/z 53, 
81–82, 96–96, 109–110 observed in the thermal fingerprint of the least 
purified samples (Fig. 5), and whose intensity decreased with the 
number of filtration steps.

Despite samples 1:0.22 µm and 3:100 kDa displayed rather similar 
absorbance features (Fig. 6a), the emission of sample 3:100 kDa was 
more pronounced than that of sample 1:0.22 µm. These differences may 
be related to quenching effects promoted by light-absorbing compounds 
involving non-radiative transitions in the least purified sample (1:0.22 
µm).

Regardless the decrease in the intensity of the emission, the sus
pension of carbon dots in the most purified protocol still displayed a 
notorious emission upon excitation at 375 nm. The absolute quantum 
yields of the dispersions with 0.25 mg mL-1 upon excitation at 375 nm 
ranged between 3.4 % for the least purified sample and 5.2 % for the 
most purified one. These values, although are not among the highest 
reported for carbon dots, are comparable to those reported for non-metal 
doped carbon dots [53–55].

4. Conclusions

Carbon dots with average particle sizes of 3.5 nm and composed of a 
graphitic-like core decorated with oxygen and nitrogen moieties have 
been synthesized by a microwave-assisted hydrothermal treatment of 
orange peels. The application of a sequential filtration to the suspensions 
of those carbon dots with membranes of decreasing molecular cut-off 
has revelated the importance of the correct purification methods on 
the chemical composition and the photoluminescence emission features 
of the obtained carbon dots. A complete thermal characterization by 
TPD-MS of the solids recovered after each filtration step has demon
strated the presence of fragments assigned to different molecules (e.g., 
furfural and phenolic derivatives) released in the medium during the 
hydrothermal transformation of the precursor. The analysis of the 
average particle size by dynamic light scattering has highlighted the 
impact of the purification in the formation of large particle aggregates, 
responsible for a decrease in the intensity of the photoluminescence 
emission owing to self-absorbing and quenching effects. The aqueous 
suspension of the carbon dots recovered after the most purified protocol 

Table 3 
Total amounts of CO2 and CO released from the samples and determined by TPD 
–MS and total amount of oxygen obtained from TPD data (assuming that all the 
surface oxygen was released as CO and/or CO2).

CO (µmol g-1) CO2 (µmol g-1) Oxygen ( %)

1: 0.22 µm 587 410 32.6
2: 0.1 µm 522 559 33.5
4: 50 kDa 352 463 33.8
5: 5 kDa 580 481 33.0

Fig. 6. (a) UV–vis and (b) photoluminescence spectra upon excitation at 375 nm of aqueous suspensions at 0.25 mg mL-1 after each separation step.
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displayed a notorious emission upon excitation at 375 nm, confirming 
that the carbon dots were responsible for the observed optical features. 
All this highlights the importance of an adequate purification process to 
isolate carbon dots obtained from complex precursors (such as biomass), 
to avoid bias interpretation of the photoluminescence properties of these 
materials.
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