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Introduction
In the last decades, new carbonaceous materials have appeared, they stand out for their excellent
physicochemical properties that make them ideal for applications such as: bioimage1, solar cells2,
ion sensors3, controlled release of drugs4, adsorption5, supercapacitors6, and photocatalysis7. These
new materials are the Carbon Nanoparticles (CNP) that can have a spherical, ellipsoidal or tubular
shape and within this group are: fullerene, graphene, graphene oxide, nanotubes, nanowires,
nanofibers, nanodiamonds, nanospheres, hybrid materials and Carbon Quantum Dots (CQDs).
CNP are high interest because they are non-toxic8 and have luminescent properties9 equal to or
better than semiconductor nanomaterials based on metals such as cadmium, selenium, tellurium or
lead. Also, they are photobleaching resistant and easily water dispersed. They have a chemical
surface that can be functionalized, giving them chemical stability, biocompatibility and
characteristics to be used as photocatalyst. Its synthesis is relatively easy and cost effective.
Among the production methods of the CNP are the top-down and bottom-up methods, the first one
performs the synthesis from carbon structures already formed, while the second one uses simple
molecules as precursors to form the structure of the nanoparticles by a polymerization process.
Among the top-down methods are: laser ablasion10, chemical oxidation of arc-discharge11,
electrochemical oxidation12, and many more. The bottom-up methods are: pyrolysis13, assisted
processes with microwaves14 and hydrothermal carbonization (HTC)15.
HTC is one of the most used methods for the synthesis of these nanomaterials, because it performs
the process in mild conditions, does not require expensive equipment or reagents, raw materials
are abundant, no pre-treatment is required to eliminate moisture and allows the functionalization
of its surface16. In the regular HTC process, an aqueous solucion with a precursor as a carbon
source, is introduced in a closed reactor; it is brought to a certain temperature and time. Three
products are generated: a solid carbonaceous material known as hydrochar; a liquid containing
soluble substances such as furans, organic acids, aldehydes; and the third product is the CNP that
are dispersed in water. A gaseous current also is produced, which is composed of gases such as;
CO2, CO, CH4 and H2. The pressure in the reactor is self-generated and the temperatures are in the
range of 170 oC to 350 oC.
The first HTC study to obtain carbonaceous materials was made at the beginning of the 20th
century using saccharides as raw material sources. Since then, a lot of research has been carried
out with different carbon sources, ranging from simple molecules such as glucose, fructose or
sucrose17, to complex molecules such as starch18, cellulose19 and different types of biodegradable
biomass of vegetable, animal or industrial origin such as: orange juice20, banana juice21, milk22,
human hair23, among others. Inside the reactor many reactions occur, like; hydrolysis, dehydration,

decarboxylation, and condensation, which can be consecutive or parallel. The principal product of
the reactions is 5-(hydroxymethyl) furfural24,25 (HMF) together with other furans in smaller
proportion, these compounds form the hydrochar and the CNP by means of aromatization and
polymerization processes. Due to the reaction conditions of the process, temperature gradients are
formed, which together with the HMF, furans and gases create environments that make it difficult
to control the characteristics of the final product. As a consequence of this, a lot of products were
generated during the polymerization process. The chemistry of furans is very extensive, and many
possible reactions can occur simultaneously with a heterogeneous system like the hydrothermal
process.
Once the HTC process has finished, one of the fundamental steps is the separation of the products.
The hydrochar can be separated from the aqueous solution by simple filtration, while to separate
the CNP there are different methods such as: electrophoresis with polyacrylamide gel, dialysis,
centrifugation or extraction with solvents. In the last method the aqueous solution is mixed with
an organic solvent that is immiscible with water and due to the polarity effect, the CNP will migrate
from the water to the organic solvent. In our study we call this process solvent extraction
hydrothermal carbonization (SE-HTC). It has been supposed that, if the organic solvent together
with water were introduced in the reactor, the reaction conditions would change, resulting in
carbonaceous materials with different characteristics, and the variation of the mass yield. The
process, where a blend of organic solvent-water is used in the hydrothermal process, is called;
solvent assisted hydrothermal carbonization (SA-HTC). For this purpose, glucose was used as
carbon source, using organic solvents of different polarity: hexane, toluene and butyl acetate in the
extraction process as well as in the assisted process, in order to determine the characteristics of the
final products.
Materials and Methods
Chemicals: D-(+)-Glucose, butyl acetate, hexane and toluene were obtained from commercial
sources. Distilled water was used for all the experiments.
Synthesis:
HTC: Dissolve 10 g of glucose in 300 mL of distilled water. The solution is placed in a stainlesssteel reactor of 500 mL capacity. It is heated to 200 oC for 4 hours, then the reactor is cooled down,
and the hydrochar is separated by filtration, using a membrane filter of 0.45 um. The suspension
is ultra-centrifuged for a time of 15 minutes at 20000 rpm, then the liquid is evaporated in a rotary
evaporator and finally the CNP are dried in a lab oven for two hours.
SE-HTC: Dissolve 10 g of glucose in 300 mL of distilled water. The solution is placed in a
stainless-steel reactor of 500 mL capacity. It is heated to 200 oC for 4 hours, then the reactor is
cooled down, and the hydrochar is separated by filtration, using a membrane filter of 0.45 um. The
suspension is mixed with 100 mL of organic solvent (hexane, toluene or butyl acetate), which is
let to repose for 10 minutes, and the aqueous phase is separated from the organic phase, each of
the fractions is ultra-centrifuged for a time of 15 minutes at 20000 rpm, then the liquid is
evaporated in a rotary evaporator, and finally the CNP from the aqueous phases and those derived
from the organic phase are dried in a lab oven for two hours.

SA-HTC: Dissolve 10 g of glucose in 300 mL of distilled water, add 100 mL of organic solvent
(hexane, toluene or butyl acetate) and place the solution into a stainless-steel reactor of 500 mL
capacity. It is heated to 200 oC for 4 hours, then the reactor is cooled down, and the hydrochar is
separated by filtration, using a membrane filter of 0.45 um. Repose the blend for 10 minutes, the
aqueous phase is separated from the organic phase, each of the fractions is ultra-centrifuged for a
time of 15 minutes at 20000 rpm, then the liquid is evaporated in a rotary evaporator, and finally
the CNP from the aqueous phases and those derived from the organic phase are dried in a lab oven
for two hours.
Characterization methods: FESEM images were obtained by using a Carl Zeiss microscope. TEM
images were taken using a TEM-200 microscope operating at 200 kV. Fourier transform infrared
spectra of the materials in powder form were analyzed using a Perkin Elmer Spectrum Two FTIR Spectrometer. The elemental analysis (C, H, and O) was performed using an ELEMENTAR
VARIO CUBE Analyzer. Absorption spectra were made on Cary 60 UV-Vis Spectrophotometer.
Emission spectra were measured with BioTek Synergy H1 spectrometer.
Results and Discussion
In both process: SE-HTC and SA-HTC; there are three solid products: the hydrochar, the CNP of
the organic phase, and the CNP of the aqueous phase, the mass yield of these products are in table
1, the total yield is the sum of the three solid products that were generated in the process.
Table 1. Mass yields from SE-HTC and SA-HTC processes
Mass Yield (%)
CNP
CNP
Organic phase
Aqueous phase
0
32,01

Process

Solvent

Time of
reaction (h)

Hidrochar

HTC

---

4

16,88

Hexane

4

14,81

0,38

36,44

51,63

Toluene

4

15,93

1,48

33,40

50,81

Butyl Acetate

4

14,11

3,89

35,99

53,99

Hexane

4

10,94

2,13

37,25

50,32

Toluene

4

8,38

3,86

39,06

51,33

4

1,74

14,11

32,51

48,35

2

1,59

15,07

32,38

49,04

1

5,62

13,95

30,14

49,71

SE-HTC

SA-HTC
Butyl Acetate

TOTAL
48,89

For the three processes: HTC, SE-HTC and SA-HTC, there is a total mass yield of around 50% in
all samples, regardless of the type of process or the type of solvent used. The total mass yield is
within the range of solid products (50% to 80%) obtained in a common hydrothermal carbonization
process as mentioned by Libra, Ro, Kammann26 et al. Therefore, using a blend of organic solventwater in the process instead of only water does not affect the total yield of carbonaceous material
that is produced. But, in all cases the mass distribution of the hydrochar and the CNP of the aqueous
phase and the organic phase is different. The amounts of hydrochar obtained in the SA-HTC
processes are lower than the hydrochar obtained in the SE-HTC processes, on the contrary; for the

CNP, the mass yield increases when SA-HTC process takes place. When an organic solvent is
introduced in the reactor, the precursor tends to form CNP instead of forming hydrochar and this
phenomenon is greater when the polarity of the solvent increases (polarity index: hexane 0.0
toluene 2,4, butyl acetate 3,9, water 9,0). In this way, with butyl acetate the highest amount of
CNP was obtained, and the lowest amount of hydrochar. This solvent was tested at different
reaction times, 1, 2 and 4 hours, the CNP mass yield at all times is very similar, around 14%.
Therefore, the mass of products generated in the SA-HTC process depends on the organic solvent,
but not on the reaction time.
One posible reason for the formation of higher amount of CNP and lower amount of hydrochar in
the SA-HTC process is described by Kuster24, who mentions that HMF can be hydrolyzed by
taking two molecules of water from the medium to become levulinic acid and formic acid. Hence,
if the HMF is not in the aqueous medium, but in an organic phase, its hydrolysis would be avoided
and there would be a greater amount of HMF. In this case, during the SA-HTC process, the HMF
would pass from the aqueous phase to the organic phase, hydrolysis would be prevented, and the
aromatization and polymerization reactions would occur with a tendency to form CNP instead of
hydrochar.
Despite determining the mass yield of the solid products in the HTC, SE-HTC and SA-HTC
processes, the carbonaceous materials that is of interest are the CNP that are in the organic phase.
Table 2. Elemental Analysis of CNP obtained in SE-HTC and SA-HTC processes
Process

Solvent

Time of
reaction (h)

Sample code
of CNP

C (wt%)

H (wt%)

O (wt%)

O/C*

H/C*

--

--

--

Glucose

40,00

6,67

53,33

1,00

2,00

HTC

--

4

G1

46,79

7,31

45,90

0,74

1,87

Hexane

4

SE1

47,85

6,09

46,06

0,72

1,53

Toluene

4

SE2

54,13

6,90

38,97

0,54

1,53

Butyl Acetate

4

SE3

60,93

5,48

33,59

0,41

1,08

Hexane

4

SA1

52,71

6,52

40,77

0,58

1,48

Toluene

4

SA2

53,08

6,57

40,35

0,57

1,49

4

SA3

SE-HTC

SA-HTC
Butyl Acetate

63,78

6,37

29,85

0,35

1,20

2

SA3

a

64,68

5,48

29,84

0,35

1,02

1

SA3b

65,14

4,89

29,97

0,35

0,90

*Atomic ratios

Table 2 shows the elemental analysis of the CNP obtained in all hydrothermal carbonization
processes. Regardless of the type of process (SE-HTC or SA-HTC), the amount of C increases,
while the amount of O decreases, and in the case of H it remains mostly constant. In both processes
, there is an influence of the organic solvent, when the polarity increases, higher carbon percentages
are reached, and in some cases, up to 60% of C was reached , just like in research carried out by
Karak21. On the other hand, the percentage of oxygen decreases as the polarity of the solvent
increases, which implies that the number of oxygenated groups decreases as the polarity index of
the organic solvent is higher. With the percentages obtained, the atomic ratios; O/C and H/C were

determined, these data are located in the Ven Krevelen diagram where the type of reaction that
occurred in the HTC process can be observed (figure 1).
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Figure 1. Venn Krevelen diagram for samples of the SE-HTC and SA-HTC processes

Regardless the process being SE-HTC or SA-HTC, the reaction that governs the processes is
dehydration, followed by decarboxylation, and for both processes demethanation does not take
place. When butyl acetate is used as solvent, greater dehydration is achieved compared to the other
solvents; therefore, there is an effect of polarity on the degree of dehydration. On the other hand,
at any reaction time (1, 2 and 4 hours), there is no significant difference in the atomic ratio
obtained, therefore; time does not affect the dehydration of the precursor.
The changes in the chemical structures of the samples after the HTC process have been analyzed
using FT-IR spectroscopy (Figure 2) and compared with its precursor, glucose.
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Figure 2. Infrared spectra for the CNP of SE-HTC and SA-HTC processes

The band at 3370cm-1 corresponds to the O-H group (hydroxyl), the band at 2995cm-1 to C-H
groups (aliphatic), while the band at 1650cm-1 is attributed to C=O (carbonyl and quinone) and the
1395cm-1 band to C=C (aromatics), the band of 1046cm-1 is for C-O-C/ C-O groups (hydroxyl,

500

ester, ether) and finally band 844cm-1 to C-H (aromatics).
In all the CNP of the SE-HTC and SA-HTC processes, the intensity of the bands corresponding to
the hydroxyl group (3370cm-1), is weaker than the band of glucose. A decrease in the bands of the
C-H groups (aliphatic) and an increase of the C=C and C-H (aromatics) bands is also observed.
Considering that the O-H group is the lost group in dehydration and that the CNP are aromatic and
non-linear systems, the results of the Ven Krevelen diagram confirm that the dehydration and
aromatization take place during the HTC processes.
The carbonyl group (C=O) (one of the oxygenated groups that gives polarity to the CNP), has a
different behavior, for the samples SE1 and SE2 the band decreases, while for samples SA1 and
SA2 the band remains mostly constant, these four samples were made with hexane and toluene
respectively, which are the solvents with the lower polarity. In contrast, for samples SE3, SA3,
SA3a and SA3b that were treated with butyl acetate, the intensity of the C=O band increases
significantly; a similar case happens with the bands of groups C-O-C/C-O. The latter is expected,
since butyl acetate has a greater polarity than toluene and hexane, and it will draw CNP that have
more oxygenated polar groups (hydroxyl, carbonyl and carboxyl) in their chemical structure.
In the research conducted by Titirici27 et. al., the synthesis of carbon nanodots was made from
glucose, similar to the procedure performed in this study. One of the conclusions from TEM
images, is that the product of the reaction is a heterogeneous mixture of amorphous-like, carbonblack type and various crystalline nanoparticles including carbon onions and expanded
nanographite. On the other hand, the research carried out by Tang28 et. al. also observed in the
TEM images, a mixture of dispersed particles and amorphous CQD in the range of 2 to 6 nm. In
this case, a similar result is recognized since the TEM and FESEM images (figure 3) indicate that
there is a spherical CNP mixture with different sizes, along with amorphous carbonaceous
material. In addition, very small amounts of CQD were observed. For sample G1, the size
distribution is from 25 nm to 124 nm. The ultra-centrifugation that is performed on the samples
treatment is fundamental for the process, because if it´s not actioned, a large amount of
carbonaceous material is observed in the TEM and FESEM images, which prevents proper
observation of the nanospheres.

Figure 3. a) FESEM image for sample G1, b) TEM image for sample SE3

Although the TEM and FESEM used provide high resolution, the images are difficult to capture,
due to, the low contrast that exists between the CNP and the carbon coated grids of the
microscopes. Furthermore, when the electron beam of the equipment impinges on the
nanoparticles, they become electrically charged and move or reflect light, which makes it
challenging to obtain an image27.

As mentioned above, one of the issues in the HTC is the high heterogeneity of the process, for that,
the extraction with solvents (SE-HTC) allows to separate the nanoparticles and classify them
according to their chemical affinity. In this research, the separation was carried out with three
solvents: hexane, toluene, and butyl acetate. In the TEM and FESEM images of samples SE1 and
SE2, a small amount of nanospheres is observed in a matrix of amorphous carbonaceous material;
but in sample SE3 (figure 3b) a high number of nanoparticles with diameters ranging from 34 nm
to 122 nm is observed. Comparing samples SE3 and G1, both have very much alike range of
diameters that are highly dispersed, but the polarity of the nanospheres is different, therefore, it
can be stated there is no relationship between polarity and the size of the nanoparticles, thus, the
nanoparticles can be either large or small and have the same surface chemistry.
In the SA-HTC process, a similar situation to the SE-HTC process occurs, for the SA1 and SA2
samples the TEM and FESEM images show small amounts of nanospheres in a matrix of
amorphous carbonaceous material, while in the samples SA3b, SA3a and SA3, a great quantity of
nanospheres is observed (figure 4), with size range of 56 nm to 290 nm, 83 nm to 268 nm, and 80
nm to 275 nm, respectively. Once more, the particles display high dispersion size, but the range
remains mainly constant despite the different reaction times, therefore; time does not influence the
size of the nanoparticles.

Figure 5. a) TEM image of sample SA3, b) TEM image of sample SA3 a, c) FESEM image of sample SA3 b

One of the most important characteristics of the CNP is their optical properties. Figure 6a shows
the absorption spectrum of all the samples of the hydrothermal carbonization processes, all spectra
have a peak at 280 nm in the ultraviolet region with a tail that extends along the visible region.
Moreover, there is another peak at 327 nm with low intensity. According to the analysis of
microscopy and FT-IR, the samples are a mixture of nanospheres of different sizes and with
different functional groups in their structure. However, every absorption spectrum are equal, which
implies that the absorbance in the spectra is attributed to transitions π-π* of the carbon double
bonds (C=C) of the aromatic compounds that are present in the nanospheres. There is hardly any
influence of n-π* transitions that produce C=O bonds that are on the surface of CNP. Hence,
neither the size nor the functional groups on the surface of the nanoparticles present influence in
the absorption spectrum.
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Figure 6. a) Absorption spectra for samples from SE-HTC and SA-HTC processes, b) Absorption
spectra for the samples treated with butyl acetate at different storage times, c) PL map for the
sample G1 d) PL map for sample SA3, e) PL map for sample SA3 stored for three months
The nanospheres present a high photoluminescence (PL) that is dependent on excitation. Figure
6c shows a PL map for the sample G1, obtained from the compilation of the emission spectra,
taken at different excitation wavelengths, from 300 nm to 490 nm with 10 nm intervals. There are
two zones with a maximum fluorescence intensity, one at 345 nm corresponding to the blue color
and another at 495 nm corresponding to the green color. Any SE-HETC and SA-HTC samples,
have a PL map equal to the G1 sample, this is why all diagrams are not shown in this article. Thus,
the emission phenomenon is a product of the aromatic structure of the nanospheres and does not
depend on the particle size nor the surface functional groups, as it was already acknowledged in
the absorption spectra.
Since the CNP treated with butyl acetate present higher yield, samples SA3, SA3a and SA3b were
stored for three months without protecting them from light. The absorption spectrum and the PL
map were achieved (Figure 6b, 6d and 6e), with obtaining peaks of absorption and fluorescence
intensity equal to the storageless samples. In addition, new peaks were not observed, which
indicates that the samples are photo-stable and do not lose their optical characteristics over time.

Conclusions
The amount of total solid products that are generated in an HTC process does not depend on the
liquid used in the process. Whether water or a blend of water-organic solvent is placed inside the
reactor, the total yield does not vary. However, the amount of CNP that are in the aqueous phase
and in the organic phase does differ if the process is extraction or assisted. The best performance
of CNP is in the SA-HTC process with butyl acetate as the organic solvent. In addition, these
results do not alter with the reaction time. Hence, at different times the amount of CNP obtained
remains mainly constant. In the SA-HTC process with butyl acetate, regardless of the reaction; the
highest degree of dehydration was achieved according to the Ven Krevelen diagram and the FTIR spectra. When it comes to the optical properties, the C=C aromatic functional groups are those
that govern the processes of absorption and emission light. In both SE-HTC and SA-HTC
processes, the optical properties do not depend on the synthesis conditions. Even though the CNP
had already been processed several months ago, their optical properties remain the same.
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