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Abstract

Carbon microspheres were prepared by microwave-assisted hydrothermal treatment, at
180 ◦C, of commercial carbohydrates (saccharose, glucose, and xylose) and xylose extract
obtained from almond shells with varying synthesis parameters. When 1.6 M aqueous solu-
tions of commercial carbohydrates were used, 2–10 µm carbon microspheres were obtained
from saccharose after 15 min, while a longer amount of time (60 min) and the addition of
acid medium (1% v/v H2SO4, 1% v/v H3PO4) were needed to obtain carbon microspheres
from commercial xylose and glucose (≤ 1 µm). The higher reactivity of saccharose could be
related to the formation, during heating, of fructose, which is more reactive than glucose
and xylose. An increase in the acid concentration and in the carbohydrate concentration
increased the formation and size of the microspheres. Comparative experiments with
conventional heating did not produce a solid. Interestingly, when xylose extract obtained
from almond shells was used, small carbon microspheres (1–3 µm) were obtained at a much
lower concentration (0.2 M) and time (15 min) than with commercial xylose. This could be
related to the acid medium used during extraction of xylose from the biomass. Activation
of microspheres with CO2 resulted in high-surface area materials (243–326 m2/g) with
great potential as catalytic supports.

Keywords: spherical carbons; microwaves; biomass valorization; xylose; glucose;
saccharose

1. Introduction
Lignocellulosic biomass is one of the most important renewable resources, since it

does not compete with food crops due to its non-edible nature and is less expensive
than conventional agricultural feedstocks. For this reason, adequate upgrading strategies
using new technologies are under research for the conversion of this type of biomass into
high-value products.

The preparation of carbon materials with different morphologies from lignocellulosic
biomass could be an excellent option for its valorisation. Specifically, the preparation of
spherical carbons has become popular in recent years with respect to traditional carbon
materials because they have interesting properties such as wear resistance, mechanical
strength, good adsorption performance, purity, low ash content, a smooth surface, good
fluidity, good packaging, a low pressure drop and a high bulk density [1–15]. Additionally,
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their microporosity can be increased with tuneable pore size distribution using controlled
procedures [1–4]. These properties have allowed spherical carbons to be used in many ap-
plications such as gas-phase adsorption [6], liquid-phase adsorption [7], energy storage [8],
CO2 storage [9], catalysis [10], photocatalysis [11], medicine [12], heavy metal wastewater
treatment [13,14], and controlled drug delivery [15].

The preparation of spherical carbons has brought with it the use of different sources
as precursors, like polymers [16], resorcinol–formaldehyde resin [17], polystyrene-based
macroreticular ion-exchange resin spheres [18], or urea/formaldehyde resin [19], lignocellu-
losic biomass as natural biofibres [20], sugarcane [21], lettuce [22], waste peanut hull [23], or
algae [24]. Taking into account that lignocellulosic wastes have gained importance in recent
times, carbohydrates, such as lignin [25], cellulose [26], saccharose [3], glucose [27,28],
fructose [29], and xylose [30], have also been used as raw materials for the synthesis of
spherical carbon materials.

The most common methodology used to prepare spherical carbons is conventional
hydrothermal treatment [31–34]. After the first publications at the beginning of the
20th century, which were specially focused on the coal formation mechanism [35,36], the
first study about the formation of carbon microspheres with sizes of around 1.5 µm by the
hydrothermal treatment of saccharose was published in 2001 [37]. Later, the preparation of
carbon spheres from glucose or saccharose, loaded with noble-metal nanoparticles with
sizes lower than 0.2 µm, was also reported [38].

In the last 20 years, the interest in the synthesis of spherical carbons by hydrothermal
treatment has considerably increased. Sevilla et al. prepared spherical carbons using
biomass [39], commercial cellulose [26], and commercial saccharose [40,41]. Titirici et al.
prepared spherical carbons from different lignocellulosic materials such as sunflower
stem, walnut shells, or olive stones [42,43], different commercial carbohydrates such as
monosaccharides as xylose [30] and glucose [44,45], disaccharides such as saccharose [46]
and maltose [30] and polysaccharides such as cellulose [43], amylopectin from potato
starch [30], and aldehydes such as furfural and 5-HMF derived from thermal decomposition
of carbohydrates [30,47]. In all these works, variables such as the hydrothermal treatment
time, temperature or the concentration of the precursor have been studied [26,30,39–47].
The optimal time for the hydrothermal treatment by conventional heating was found to
be around 24 h [3]. Microwave irradiation is becoming a reference technology in reduc-
ing preparation temperatures or times, significantly lowering costs in productive pro-
cesses [48]. When applied to the preparation of solids, microwaves not only decrease
the synthesis temperature or time, with the corresponding energy-saving, but can also
modify the final properties of the solids [49–51]. For this reason, microwave technology has
gained interest in recent decades as a powerful tool for the pyrolysis of different wastes or
biomass [52–54]. Taking into account that carbon materials and their precursors are good mi-
crowave absorbers [55], many researchers have carried out investigations using microwave-
assisted processes for the production, modification, and regeneration of carbon materi-
als [39–47]. However, there are no references about the application of microwaves for the
synthesis of carbon microspheres from carbohydrates or natural xylose extracted from
lignocellulosic biomass.

In this work, microspherical carbons were prepared from commercial carbohydrates
(xylose, glucose, and saccharose) and from xylose extract obtained from lignocellulosic
biomass (almond shells) with microwave irradiation. The effect of the microwave irradia-
tion time, the addition of different mineral acids to the aqueous solution medium (H2SO4,
H3PO4), and the concentration of the carbohydrate on the preparation of the spherical
carbons were analyzed. The activation of carbon microspheres with CO2 was also studied.
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2. Results and Discussion
Figure 1 shows the results obtained by heating 1.6 M aqueous solutions of commercial

glucose, xylose, and saccharose to 180 ◦C with microwave irradiation and magnetic stirring
for 15 and 60 min. Spherical carbons were obtained from saccharose after 15 min (S15)
although the spheres were not well defined, showed variable sizes (2–10 µm), and presented
poor formation. An increase in the microwave irradiation time to 60 min (S60) resulted in
a higher formation, higher definition and more homogeneous sizes of spheres (4–7 µm)
accompanied by the presence of some bigger spheres of around 12 µm. Therefore, we
obtained spherical carbons from saccharose using microwaves at much shorter times than
those used with conventional heating, for which longer times at the same temperature were
required (12 or 24 h) [3]. On the other hand, carbon spheres were not formed when using
commercial glucose or xylose in the same conditions independently of the heating time
(G15, G60, X15, X60).

Figure 1. ESEM images of the carbon microspheres obtained by microwave-assisted hydrothermal
treatment of 1.6 M aqueous solutions of commercial xylose, glucose, and saccharose at 180 ◦C under
magnetic stirring for 15 and 60 min.

The mechanism of formation of carbon microspheres involves multiple steps (Figure 2).
For disaccharides such as saccharose, an additional step is required. First, saccharose is
hydrolysed into monocarbohydrates, glucose, and fructose [40]. Then, monocarbohydrates
are dehydrated into furanic compounds, mainly 5-HMF (from glucose and fructose) and
furfural (from xylose). Dehydrated compounds (5-HMF and furfural) react through several
polymerization–condensation reactions until the formation of polyfuranic compounds is
achieved. At the same time, depending on the hydrothermal conditions, aromatization
reactions can occur and the carbon microspheres may form a polyaromatic network [56].
Under mild hydrothermal conditions, the main fragments consist of furanic and aliphatic
groups [57], whereas at stronger hydrothermal conditions, the formation of phenolic
domains is favoured [26]. The formation of a polyaromatic network is predominant in
high-temperature reaction conditions [58]. The different behaviour observed for saccharose
in aqueous solution with respect to xylose and glucose (Figure 1) should be related to
the formation of fructose, which is more reactive for obtaining 5-HMF, and consequently,
increases the yield for the formation of carbon microspheres [57].
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Figure 2. Proposed mechanism for the formation of carbon microspheres.

In order to obtain carbon microspheres from glucose and xylose under microwaves,
we changed two preparation parameters: the addition of acid medium (1% v/v H2SO4,
1% v/v H3PO4, 25% v/v H3PO4) to the aqueous solution and the concentration of carbo-
hydrate (2.6 M). Figures 3 and 4 show the results obtained for the samples of glucose and
xylose, respectively, with microwaves at 180 ◦C for 60 min.

Figure 3. ESEM images of the carbon microspheres obtained by microwave-assisted hydrother-
mal treatment of 1.6 and 2.6 M aqueous solutions of commercial glucose with 1% v/v H2SO4,
1% v/v H3PO4, and 25% v/v H3PO4 at 180 ◦C under magnetic stirring for 60 min.

Figure 4. ESEM images of the carbon microspheres obtained by microwave-assisted hydrother-
mal treatment of 1.6 and 2.6 M aqueous solutions of commercial xylose with 1% v/v H2SO4,
1% v/v H3PO4 and 25% v/v H3PO4 at 180 ◦C under magnetic stirring for 60 min.
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The addition of 1% v/v H2SO4 to the 1.6 M solution favoured the synthesis of small
carbon spheres (≤3 µm) from glucose (G60-S) and ≤1 µm from xylose (X60-S) but with
poor formation. In contrast, by adding 1% v/v H3PO4 to the 1.6 M solution, small carbon
spheres (≤1 µm) at very low formation were obtained from xylose (X60-P, Figure 4) but
not from glucose (G60-P, Figure 3). This can be related to the differences in the reactivities
of the starting carbohydrates, since the number of decomposed species generated from
the different saccharides during the hydrothermal treatment differed [40]. By increasing
the concentration of H3PO4 to 25%, well-defined carbon spheres were obtained from
both glucose (G60-P25) and xylose (X60-P25) with larger sizes (3–9 µm). Therefore, the
acid medium increased the reaction rate during the hydrothermal treatment. This can be
explained by the presence of hydronium ions from the acid, which catalyze the dehydration
and further polymerization of 5-HMF [59]. Another study also reported an increase in
the glucose decomposition at pH values between 1.5 and 2.2 at temperatures close to
200 ◦C [60].

The use of a higher concentration of the carbohydrate aqueous solution (2.6 M) facil-
itated the formation of undefined carbon spheres for both glucose (G60(2.6)) and xylose
(X60(2.6)) but with a slightly higher definition, higher formation, and bigger size again
for those obtained from glucose (Figures 2 and 3). Logically, when sugar concentration
rose, polymerization also increased, as all the equilibriums were displaced towards the
formation of the polymer. The addition of 1% v/v H2SO4 at a higher glucose concentra-
tion (2.6 M) increased the formation, the size (4–7 µm), and the definition of the carbon
microspheres, while the addition of 1% v/v H3PO4 allowed their appearance with a size of
3–5 µm (Figure 2). By using the xylose precursor (2.6 M), an increase in the size, definition,
and formation of the carbon microspheres was observed in both acid conditions (Figure 3).
The increase in the concentration of H3PO4 to 25% increased the formation of spheres
but with similar sizes with respect to those prepared with 1% v/v H3PO4. H2SO4 is a
stronger and more dehydrating acid than H3PO4, so polymerization should be faster, and
also dehydration should start faster, leading to bigger spheres.

Two acid-modified xylose samples (X120-S(2.6) and X120-P25(2.6)) were prepared at a
longer microwave irradiation time (120 min) in order to study its effect on the formation of
carbon microspheres at a higher concentration (2.6 M). The formation of spheres increased
slightly but their size was similar (Figure 5).

Figure 5. ESEM images of the carbon microspheres obtained by microwave-assisted hydrothermal
treatment of 2.6 M aqueous solutions of commercial xylose with 1% v/v H2SO4 and 25% v/v H3PO4

at 180 ◦C under magnetic stirring for 60 and 120 min.
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In order to more clearly observe the effect of microwaves on the formation of carbon
microspheres, three samples were prepared by conventionally heating 2.6 M aqueous
solutions of commercial xylose to 180 ◦C for 60 min (samples X60(2.6)C, X60-S(2.6)C,
X60-P(2.6)C). The results are shown in Figure 6, compared to the corresponding samples
prepared at the same conditions but with microwaves. Carbon spheres were not observed
in any of the samples prepared by conventional heating. Therefore, the use of microwaves
favoured the formation of the carbon microspheres. This could be explained by the higher
homogeneity of the heating with microwaves, which allowed faster microspheres formation,
reducing the preparation time, with the subsequent energy-saving, as observed in the
preparation of other materials [46–48].

Figure 6. ESEM images of the carbon microspheres obtained by conventional (CONV) and microwave-
assisted (MW) hydrothermal treatment of 2.6 M aqueous solutions of commercial xylose with
1% v/v H2SO4 and 1% v/v H3PO4 at 180 ◦C for 60 min.

Finally, natural xylose extract solution (36 g/L, approximately 0.2 M), obtained from
almonds shells, was used for the preparation of spherical carbons with microwaves for
15 and 60 min (Figure 7).

Figure 7. ESEM images of the carbon microspheres obtained by microwave-assisted hydrothermal
treatment of natural xylose extract solutions at 180 ◦C for 15 and 60 min.
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Interestingly, the results showed the formation of very small, well-defined carbon
microspheres for both reaction times (≤1–3 µm). This contrasts with the results obtained
with commercial xylose in which a much higher concentration was needed in aqueous
solution (2.6 M) in order to observe the appearance of the microspheres (Figure 3). This can
be explained by the acidity of the xylose extract solution, which comes from the treatment
of the almond shells used to obtain it and favours the formation of microspheres.

Electron density maps of the elements were acquired by EDX coupled with the ESEM
equipment for all samples. Table 1 summarizes the wt % of the elements obtained from
the EDX microanalysis. Figures 8 and 9 depict the ESEM image and C, O, and S mapping
obtained by EDX for the samples X60-S(2.6) and X15-biomass, respectively.

Table 1. Quantification of the elements of the carbon microspheres by ESEM-EDX.

Sample C
(wt %)

O
(wt %)

S
(wt %)

P
(wt %)

S15 69.3 30.7 -- --
S60 71.1 28.9 -- --

G60-S 66.5 33.5 -- --
G60-P25 68.3 31.5 -- 0.2
G60-(2.6) 71.6 28.4 -- --

G60-S(2.6) 73.7 26.2 -- --
G60-P(2.6) 67.4 32.6 -- --

G60-P25(2.6) 72.3 27.6 -- 0.1
X60-S 64.6 35.4 -- --
X60-P 69.3 30.7 -- --

X60-P25 66.5 33.4 -- 0.1
X60-(2.6) 72.0 28.0 -- --

X60-S(2.6) 71.2 28.7 0.10 --
X60-P(2.6) 72.2 27.8 -- --

X60-P25(2.6) 67.9 31.9 -- 0.2
X120-S(2.6) 72.6 27.1 0.30 --

X120-P25(2.6) 74.6 25.3 -- 0.2
X15-biomass 67.5 32.9 0.04 --
X60-biomass 67.5 32.5 0.05 --

Figure 8. ESEM image and C, O, and S mapping obtained by EDX for the sample X60-S(2.6).

All samples showed values of 66–76% for C and of 25–35% for O (Table 1). This means
that the microspheres were not only formed by carbon but also contained volatile organic
compounds, as expected due to the low temperature used for the carbonization treatment:
180 ◦C. Only at higher carbonization temperatures (above 600–700 ◦C), can volatiles be
avoided. In addition to C and O, all the microspheres prepared with the addition of
25% H3PO4 had P in small amounts (0.1–0.2%), and the microspheres prepared with
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commercial xylose with 1% H2SO4 at a higher concentration (2.6 M) showed the presence of
S in small amounts (0.1–0.3%) (Table 1, Figure 7). The microspheres prepared with aqueous
solutions of xylose extracted from almond shells also contained S in very small amounts
(0.04–0.05%) (Table 1, Figure 8), as a result of the acid medium (1% v/v H2SO4) used during
the extraction of xylose from the lignocellulosic biomass.

Figure 9. ESEM image and C, O, and S mapping obtained by EDX for the sample X15-biomass.

Proximate analysis was performed by TGA to quantify the content of fixed carbon
in the precursor and in the spherical carbons prepared with microwave irradiation, first
under a N2 atmosphere to measure their moisture and volatile compounds content and
then under an air atmosphere to determine their fixed carbon and ash content. Figure 10
shows the proximate analysis for commercial xylose and for the X120-P25(2.6) sample, as
representative carbon microspheres obtained under microwaves.

 

Figure 10. TGA study of commercial xylose and X120-P25(2.6) sample.

From the results, we can observe that commercial xylose had around 10% moisture and
74% volatile compounds, whereas the fixed carbon was around 16–18%, and as expected,
the ash content was not observed. In contrast, the X120-P25(2.6) sample had around 7%
moisture, 43% volatile compounds, and close to 50% fixed carbon. Such an increase in
fixed carbon is expected due to its incorporation into the microspheres, and could give the
material potential as a precursor in the obtention of activated carbons. The importance of
using microwaves for obtaining carbon spheres with a high fixed carbon content should be
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highlighted from economic and environmental perspectives, since the time and temperature
of the hydrothermal process were considerably reduced in comparison with those prepared
in conventional processes, in which the temperature for obtaining carbonized materials
were above 600–700 ◦C.

FTIR spectra of the samples (e.g., Figure 11) showed typical organic groups re-
lated to the starting materials used to prepare microspheres, as previously observed by
other authors [61,62]. The bands in the range 3034–2773 cm−1, 1832–1580 cm−1, and
1539–1345 cm−1 could be assigned to CH2 units, C=O bond stretching vibrations, and C=C
bond stretching in aromatic rings, respectively [61]. Moreover, one band at 1150 cm−1

could be attributed to C-O bond stretching vibration, and a small band at 740 cm−1 to C-H
bond bending vibrations in aromatic rings. Samples prepared in sulfuric acid medium,
as the samples of Figure 11, also showed one band at 1020 cm−1 assigned to S=O bond
vibrations. Interestingly, X15-biomass showed a broad band at 3400 cm−1 assigned to O-H
bond stretching vibrations and an additional C-O stretching band at 1100 cm−1, which
was not observed in X60-S(2.6), indicating a higher number of surface functional groups
featuring C-O bonds. This could be explained by the higher oxygen content of the former,
which was possibly caused by its smaller microsphere size reducing the proportion of
carbon, found in the core of the spheres, to the oxygen found on their surface [62].

Figure 11. FTIR spectra of samples X60-S(2.6) (black) and X15-biomass (red).

Raman spectroscopy is usually employed to study the graphitic nature of carbon
materials. The Raman scattering spectra of three representative microsphere samples are
shown in Figure 12. Samples X60-S(2.6) and X60-Biomass produced spectra featuring
a clear G-band at around 1580 cm−1, caused by the vibration of sp2 carbon atoms in a
graphite-like lattice, and a D-band at around 1320 cm−1 associated with the vibration of
out-of-plane carbon atoms in defects in the graphite lattice, indicating a relatively well-
defined structure containing both graphitic and disordered carbon [61,62] in line with the
typical structure observed in this type of material [61,62]. Both samples showed a D-band
to G-band intensity ratio above 1, signalling a greater proportion of disordered carbon;
however, this ratio was considerably larger for X60-Biomass, possibly due to the lower
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xylose concentration during its preparation hampering the formation of graphitic domains.
X15-Biomass produced a spectrum devoid of any significant features, indicating a much
less defined carbon structure, likely as a consequence of its lower synthesis time.

Figure 12. Smoothed Raman scattering spectra of X60-S(2.6), X15-Biomass, and X60-Biomass samples.

Using CO2 to activate carbon materials is a sustainable, environmentally friendly
alternative to conventional methods. Unlike chemical activation, physical activation with
CO2 avoids the use of hazardous reagents and enables efficient processing at moderate
temperatures. This method is consistent with the principles of the circular economy, as it
converts low-value organic waste and converts captured CO2 into high-value activated
carbons for use in environmental and industrial applications.

The textural properties of the microspherical carbon X60-biomass were devel-
oped through physical activation with CO2 at 680 ◦C for 5 h (X60-biomass-AC5),
10 h (X60-biomass-AC10) and 20 h (X60-biomass-AC20). Figure 13 shows the N2

adsorption–desorption isotherms and pore size distribution graphics, while Table 2 depicts
the BET surface area, average pore diameter and pore volume values of the activated
carbons with respect to the non-activated carbon precursor.

 

Figure 13. N2 adsorption–desorption isotherms (left) and pore size distribution graphic (right)
of the activated carbon samples X60-biomass-AC5 (orange), X60-biomass-AC10 (magenta), and
X60-biomass-AC20 (green) with respect to the non-activated sample X-60-biomass (blue).
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Table 2. Surface properties of the activated and non-activated carbon samples.

Sample B.E.T. Surface Area
(m2/g) Average Pore Size (nm) Micropore Volume

(cc/g)

X60-biomass 5 6.0 0.007
X60-biomass-AC5 243 1.1 0.129

X60-biomass-AC10 258 1.1 0.144
X60-biomass-AC20 326 1.1 0.148

The N2 adsorption–desorption isotherms of the activated samples were of type I,
which corresponded to microporous materials, according to the Brunauer, Emmett, and
Teller classification, while the non-activated carbon microspheres did not show practical
N2 adsorption, likely due to their very low porosity (Figure 13, left). This is reinforced by
the pore size distribution shown by the activated samples, which feature a large number of
micropores with an extremely narrow size distribution centred around 1.1 nm alongside a
smaller number of pores with sizes between 1.5 nm and 2 nm regardless of the activation
conditions used (Figure 13, right) while non-activated carbon microspheres showed a very
small number of pores.

After activation with CO2, the surface area considerably increased regardless of the
used conditions, growing over fifty–sixty times from the non-activated carbon microspheres
to the activated ones, which gave these carbonaceous materials great potential to be used
as catalytic supports. However, the increase in the treatment time did not have a great
effect on the surface area, which only slightly increased at a longer time (Table 2). Addi-
tionally, a higher micropore volume and lower average pore size values were observed
for the activated samples. This confirms the generation of narrower micropores during
the activation of the samples, as previously observed for carbon microspheres prepared
by conventional heating [3]. Activated carbon microspheres also showed much higher
pore volumes than non-activated ones (Table 2), demonstrating the effectiveness of CO2

activation in the formation of porosity in carbonaceous materials.
Figure 14 shows the Raman spectra of the activated sample X60-Biomass-AC5 com-

pared to the same sample without activation (X60-biomass). Highly defined D and G bands
were observed for the activated sample, implying a much more defined structure, although
with a similar proportion of disordered and graphitic carbon. The increased structural
definition of the activated microspheres can be explained by the high temperature of the ac-
tivation process and is consistent with previous characterisations of microspheres subjected
to high-temperature activation [61].

Figure 14. Smoothed Raman scattering spectra of X60-Biomass and X60-Biomass-AC5.
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3. Materials and Methods
3.1. Materials

Three commercial carbohydrates, two monosaccharides (Xylose and D-(+)-Glucose)
and one disaccharide (D-(+)-Saccharose) were used as precursors for the preparation of
spherical carbons. Xylose (99%), D-(+)-Glucose (99%), and D-(+)-Saccharose (98%) were
supplied by Merck KGaA (Darmstadt, Germany). Almond shells supplied by Cooperativa
Unió nuts (Reus, Spain) were used as precursor to obtain xylose solutions.

3.2. Methods
3.2.1. Preparation of Xylose Extract Solution from Almond Shells

Xylose extract solutions were obtained from almond shells following a procedure
described elsewhere [63]. Next, 5–15 g of ground almond shells were mixed in 50 mL
of 1% (m/v) H2SO4 solution in a sealed Teflon reactor and heated to 120 ◦C for 1 h
with microwave irradiation under magnetic stirring in a Milestone ETHOS-Touch Con-
trol laboratory microwave oven equipped with a temperature controller and operating
at a frequency of 2.45 GHz. The solid obtained was filtered and the liquid phase was
stored as “extract” in the fridge. The concentration of xylose in the extract solution was
36 g/L, as determined by HPLC chromatography with a RI detector using a RezexRHM-
Monosaccharide H+(8%) column.

3.2.2. Preparation of Microspherical Carbons

Table 3 summarizes the preparation conditions and nomenclature of the synthesized
samples. Firstly, 25 mL of a 1.6 M aqueous solution of commercial carbohydrate (glu-
cose, xylose or saccharose) was added to a 100 mL sealed Teflon reactor and subjected
to hydrothermal treatment at 180 ◦C for 15 min or 60 min under magnetic stirring in the
previously described microwave oven, with a programmed power of 800 W and a heating
rate of roughly 10 ◦C/min.

Table 3. Preparation conditions of the samples.

Sample Name Carbohydrate Carbohydrate
Concentration

Reaction
Medium Heating Heating Time

(min)
S15 Saccharose 1.6 M H2O Mw 15
S60 Saccharose 1.6 M H2O Mw 60
G15 Glucose 1.6 M H2O Mw 15
G60 Glucose 1.6 M H2O Mw 60
X15 Xylose 1.6 M H2O Mw 15
X60 Xylose 1.6 M H2O Mw 60

G60-S Glucose 1.6 M 1% v/v H2SO4 Mw 60
G60-P Glucose 1.6 M 1% v/v H3PO4 Mw 60

G60-P25 Glucose 1.6 M 25% v/v H3PO4 Mw 60
G60(2.6) Glucose 2.6 M H2O Mw 60

G60-S(2.6) Glucose 2.6 M 1% v/v H2SO4 Mw 60
G60-P(2.6) Glucose 2.6 M 1% v/v H3PO4 Mw 60

G60-P25(2.6) Glucose 2.6 M 25% v/v H3PO4 Mw 60
X60-S Xylose 1.6 M 1% v/v H2SO4 Mw 60
X60-P Xylose 1.6 M 1% v/v H3PO4 Mw 60

X60-P25 Xylose 1.6 M 25% v/v H3PO4 Mw 60
X60(2.6) Xylose 2.6 M H2O Mw 60

X60-S(2.6) Xylose 2.6 M 1% v/v H2SO4 Mw 60
X60-P(2.6) Xylose 2.6 M 1% v/v H3PO4 Mw 60

X60-P25(2.6) Xylose 2.6 M 25% v/v H3PO4 Mw 60
X120-S(2.6) Xylose 2.6 M 1% v/v H2SO4 Mw 120
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Table 3. Cont.

Sample Name Carbohydrate Carbohydrate
Concentration

Reaction
Medium Heating Heating Time

(min)
X120-P25(2.6) Xylose 2.6 M 25% v/v H3PO4 Mw 120

X60(2.6)C Xylose 2.6 M H2O Conv 60
X60-S(2.6)C Xylose 2.6 M 1% v/v H2SO4 Conv 60
X60-P(2.6)C Xylose 2.6 M 1% v/v H3PO4 Conv 60

X15-biomass Xylose from
almond shells 0.2 M Extract acid

aqueous medium Mw 15

X60-biomass Xylose from
almond shells 0.2 M Extract acid

aqueous medium Mw 60

Mw: microwaves; Conv: conventional heating.

Another series of samples were prepared with commercial glucose and xylose
modifying the reaction medium by adding different mineral acids (1% v/v H2SO4,
1% v/v H3PO4, 25% v/v H3PO4) and varying the concentration of carbohydrate in the
solution, which was either 1.6 M or 2.6 M. These two concentrations were selected based on
their successful application in previous studies for the synthesis of carbon microspheres [3].
The hydrothermal treatment of these samples was carried out with microwave irradiation
at 180 ◦C for 60 min under magnetic stirring. Two more samples were synthesized by
microwave-assisted hydrothermal treatment of 2.6 M aqueous solutions of xylose with
1% H2SO4 or 25% H3PO4 at 180 ◦C for 120 min. Finally, three samples were prepared
by conventional hydrothermal treatment of 2.6 M aqueous solutions of xylose without
acid addition and with 1% H2SO4 or 1% H3PO4 in an autoclave at 180 ◦C for 60 min
for comparison.

For the preparation of spherical carbons from natural xylose obtained from almond
shells, 25 mL of the xylose extract solution (0.2 M), obtained as explained in Section 3.2.1,
was added to a 100 mL capacity sealed Teflon reactor and heated under stirring with
microwave irradiation to 180 ◦C for 15 or 60 min.

For all the preparations, after hydrothermal treatment, the solid was recovered by
filtration, washed with distilled water, and dried in an oven at 110 ◦C for 12 h.

3.2.3. Activation of Microspherical Carbons

A flow of 80 mL/min of CO2 was passed through the sample X60-biomass and heated
at 10 ◦C/min from room temperature to 680 ◦C using different activation times: 5 h
(X60-biomass-AC5), 10 h (X60-biomass-AC10) and 20 h (X60-biomass-AC20).

3.2.4. Characterization Techniques

Environmental scanning electron microscopy (ESEM) was employed to observe the
morphology and the particle size of the prepared materials using a JEOL 6400 electron mi-
croscope (Peabody, MA, USA) (3.5 nm resolution at 20 kV) fitted with an energy-dispersive
X-ray spectrometer (Inca-Energy, Oxford Instruments in Abingdon, Oxfordshire, United
Kingdom), which allowed us to obtain electronic density maps of the elements present in
the samples, and with a Si(Li) detector with 1.38 eV energy resolution.

N2 adsorption–desorption isotherms of spherical carbon samples were obtained at
−196 ◦C using a 3Flex Micromeritics Adsorption analyser (Norcross, GA, USA) with a
value of 0.164 nm2 for the cross-section of the N2 molecule. Brunauer, Emmet, and Teller
(B.E.T.) theory was applied to calculate the total surface area. Samples were degassed at
120 ◦C prior to analysis.

Proximate analysis was performed by thermogravimetric analyses (TGA). The exper-
iments were carried out with a Mettler Toledo TGA 2 equipment (Columbus, AL, USA)
to quantify the carbon content in the prepared materials. First, 20 mg of the sample was
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heated at 10 ◦C/min under a N2 flow (50 mL/min) from room temperature up to 800 ◦C, as
described elsewhere [64]. This allows the determination of the sample moisture and volatile
compounds content. The sample was then cooled to room temperature and submitted to a
new temperature cycle in the same heating conditions but under airflow (50 mL/min) to
determine the ash and fixed carbon content.

FT-IR spectra of samples were recorded with a JASCO FT-IR 6700 spectrometer
(Barcelona, Spain) by attenuated total reflection with a diamond crystal. Each spectrum
was built from 32 sample scans from 400 cm−1 to 4000 cm−1 with a 4 cm−1 resolution.

Raman scattering spectra of samples were recorded with a Renishaw InVia Raman
confocal microscope (Barcelona, Spain) working with a near-infrared 785 nm laser source
and measured from 200 cm−1 to 2000 cm−1 with a 1 cm−1 resolution.

4. Conclusions
The main advantages of using microwave irradiation for the preparation of carbon

microspheres were as follows: (i) The carbonized materials were prepared much faster
(15–60 min) and at lower temperature (180 ◦C) than by conventional heating (12–24 h and
600–700 ◦C, respectively, as reported in the literature). (ii) The heating and cooling rates
were higher than those associated with the conventional method. Therefore, the amount of
gases needed to maintain an inert atmosphere could be reduced. (iii) Adding acid medium
under microwaves increased the formation rate of the carbons. (iv) The activation of the
carbon microspheres with CO2 resulted in high-surface-area materials (243–326 m2/g) with
great potential as catalytic supports.
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