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Abstract: Size uniformity is a key challenge in the prepara-
tion of hydrothermal carbon spheres and a prerequisite for
size effect research and many applications of carbon spheres.
To solve the scientific problem of low uniformity due to the
slow carbonization in traditional preparation of glucose
carbon spheres, we propose to add acid/base catalysts to
accelerate nucleation, shorten the nucleation time, and
improve the size uniformity of carbon spheres. The carbon
spheres prepared under base conditions versus acid condi-
tions have higher uniformity and smaller particle size
(particle size = 503 nm). This result is due to the faster accu-
mulation of aromatic clusters, shorter nucleation time, and
larger number of carbon spheres in alkaline systems. The
NaOH-HCSs-based solid acid catalyst as-prepared exhibits
excellent catalytic activity, and the esterification rates of
levulinic acid and n-butanol maximize to 96.36%.

Keywords: hydrothermal carbon spheres, acid/base cata-
lysts, size uniformity, solid acid catalyst, biodiesel

1 Introduction

Carbon sphere is a new member of carbon nanomaterials
after fullerenes, carbon nanotubes, and graphene. A sphe-
rical shape is the shape adopted by materials during
synthesis (nucleation, growth) and is determined by con-
siderations of energy minimization [1]. Compared with
other types of carbon nanomaterials, the preparation pro-
cess of carbon spheres is simpler. Among them, the hydro-
thermal method for preparing carbon spheres has the
advantages of being green, sustainable, low-cost, and rich
in surface functional groups [2]. Hydrothermal carbon
spheres (HCSs) are nanomaterials with regular spherical
morphology and are widely applied in chromatography [3],
catalyst supports [4–6], hard template [7,8], reinforcement
materials for rubber [9], biomedicines [10,11], and so forth.
However, the size nonuniformity of HCSs is the key and diffi-
culty in the preparation of carbon spheres. With glucose as an
example, its hydrothermal carbonization to form carbon
spheres conforms to the Lamer mechanism [12]. Specifically,
water ionizes H+ and OH−, which act as acid and base cata-
lysts, respectively, to catalyze glucose decomposition into
5-hydroxymethyl furfural (HMF) [13,14], organic acids (e.g.,
acetic acid, lactic acid, acrylic acid, levulinic acid (LA), formic
acid), and other compounds (e.g., furfural, 1,2,4-benzenetriol)
[15,16]. The organic acids formed during the hydrothermal
process will act as acid catalysts to accelerate glucose decom-
position. The HMF formed therefrom generates aromatic
clusters through dehydration–condensation–polymeriza-
tion. When the concentration of aromatic clusters reaches
the critical supersaturation point, they explode into carbon
nucleus, which then grow into carbon spheres each with a
hydrophobic nuclei and a hydrophilic shell by enriching small
molecules in the solution (HMF, LA, etc.) [17].

The HMF-generating rate in conventional hydrothermal
carbonization of glucose is slow, resulting in a slow genera-
tion rate of aromatic clusters. When the concentration of
aromatic clusters reaches the critical supersaturation point
for the first time, carbon nuclei are generated and then
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enriched with small molecules to form carbon spheres [18].
Then, HMF continues to generate aromatic clusters. After
the concentration of aromatic clusters reaches the critical
supersaturation point for the second time, they explode to
form new carbon nuclei [19,20]. The time difference
between the two times of carbon nucleolus generation
will lead to size inhomogeneity in the carbon spheres.
Therefore, accelerating the hydrothermal glucose carbo-
nization and shortening the nucleation time of carbon
spheres are the key factors in improving the size unifor-
mity of carbon spheres. Since H+ and OH− produced from
water ionization are catalysts to promote glucose decom-
position [21], adding acids or bases to increase the initial
catalyst dosage may accelerate glucose carbonization.

Sobczuk et al. found [22] that pH has a significant
impact on the diameter of carbon spheres prepared by
the microwave heating solvothermal method. The dia-
meters of carbon spheres obtained at the lowest pH value
(7.50) and the highest pH value (10.00) were 780–920 nm
and 80–150 nm, respectively, indicating that the diameter
of carbon spheres decreases with increasing pH. Zhao et al.
found [23] that the larger the amount of sulfuric acid
added during the preparation of carbon spheres by
hydrothermal method, the smaller the diameter of the
carbon spheres. As sulfuric acid to water is 1:5, the dia-
meter of carbon spheres is between 5 and 8 μm. As sul-
furic acid to water is 1:2, the diameter range decreases to
1–4 μm. As the sulfuric acid ratio increases to 1:1, the
diameter of carbon spheres decreases to within 100 nm.
Réti et al. found [8] that when using sucrose as raw mate-
rial and hydrothermal carbonization to prepare carbon
spheres, the initial solution pH was 3, and the particle size
distribution was wide, with an average particle size of
810 nm. When the initial pH is 12, the particle size distri-
bution narrows and the average particle size is around
400 nm. Although there have been many studies on the
effect of pH on carbon spheres, more attention has been
paid to the analysis of pH on the morphology and particle
size of carbon spheres, but systematic mechanism studies
are still lacking.

In this study, we tried to increase the catalyst content
in the initial glucose solution by adding HCl or NaOH
as an acid or base catalyst and study the effects of dif-
ferent catalysts and pH on the glucose carbonization
rate, and the size and uniformity of carbon spheres. The
carbon spheres as-obtained were further carbonized and
sulfonated to form solid acid catalysts, and their effect
on the synthesis of biodiesel butyl levulinate (BL) was
studied.

2 Experimental

2.1 Materials

Glucose, LA, n-butanol, and BL were all purchased from
Aladdin. Hydrochloric acid (HCl), sodium hydroxide (NaOH),
and sulfuric acid (H2SO4) were all bought from Sinopharm
Chemical Reagent Co., Ltd.

2.2 Preparation of traditional hydrothermal
carbon spheres (THCSs)

Glucose (10 g) was dissolved in 100mL of deionized water
and stirred for a few minutes to form a homogeneous
solution. The homogeneous solution was transferred to a
200mL corrosion-resistant autoclave. Then, the autoclave
was heated at 6°C·min−1 to 180°C, kept for 3 or 6 h, and then
cooled naturally to room temperature. The carbon mate-
rial was washed three times with deionized water and
ethanol by repeated centrifugation/ultrasonic dispersion,
and the resulting product was THCS.

2.3 Preparation of carbon spheres in HCl
system (HCl-HCSs) or NaOH system
(NaOH-HCSs)

Glucose (10 g) was dissolved in 100mL of an HCl aqueous
solution (pH = 3 or 4) and stirred for 15min to form a homo-
geneous solution. The homogeneous solution was transferred
to a 200mL corrosion-resistant autoclave. Then, the autoclave
was heated at 6°C·min−1 to 180°C, kept for 3 or 6 h, and then
cooled naturally to room temperature. The carbon material
was three timeswith deionizedwater and ethanol by repeated
centrifugation/ultrasonic dispersion, and the resulting product
was HCl-HCS. In the same way, the pH of the solution was
adjusted to 10 or 11, and the product was NaOH-HCS.

2.4 Preparation of carbon sphere-based
solid acid catalysts

The carbon spheres were first carbonized at 600°C to
improve their mechanical strength and catalytic stability
as catalysts. With NaOH-HCSs as an example, NaOH-HCSs
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(2 g) were placed in a 50 mL quartz boat. Then, the quartz
boat was placed in a tube furnace, protectedwith nitrogen, and
heated to 600°C at a heating rate of 10°C·min−1. Carbonized
NaOH-HCSs were obtained after keeping the temperature con-
stant for 2 h.

Then, 1 g of the carbonized NaOH-HCSs and 10mL of
98 wt% H2SO4 were stirred evenly and transferred to a
25 mL hydrothermal autoclave lined. The autoclave was
placed in an oven at 120°C for 10 h and then quickly cooled
to room temperature [24]. The resulting solid acid catalyst
was repeatedly washed with deionized water until no −

SO4

2

was detected in the solution (Figure 1(a)).

2.5 Catalytic activity

The esterification reaction of LA and n-butanol was used as
a probe reaction for analyzing catalyst activity (Figure
1(b)). LA (1.16 g), 4.44 g of n-butanol, and a certain amount
(1, 5, 10 or 15 wt%) of the catalyst were put into a pressure
bottle and reacted at a certain temperature (60, 80, 100 or
120°C) with a stirring speed of 200 r·min−1 for 3 h. After the
reaction, the mixture was quickly cooled in cold water. The
yield of BL was calculated as follows:

( ) = ( × )BL %   BL/ LA0 1.4827 ,yield (1)

where BL is the actual concentration of BL after the reac-
tion; LA0 is the initial concentration of LA; 1.4827 is the
ratio of molecular weight of BL (172) to molecular weight
of LA (116); LA0 × 1.4827 denotes that all LA0 is converted to
the theoretical concentration of BL.

2.6 Testing and characterization

The surface functional groups of carbon spheres were
characterized on a Vertex 70 Fourier transform infrared
spectrometer (FT-IR, Bruker, Germany) via KBr pellets and
at 400–4,000 cm−1. The crystallinity of carbon spheres were

analyzed on a D8 Advance X-ray diffractometer (XRD,
Bruker, Germany) with Cu-Kα (1.5406 Å) as the radiation
source and a scanning range of 2θ = 10°–70°. The mor-
phology of the carbon spheres was observed using a VEGA
3 EasyProbe scanning electron microscope (Scanning elec-
tron microscopy (SEM), TESCAN, Czech Republic). The ele-
ment contents on the sample surface were analyzed using
an energy-dispersive spectrometer (EDS, TESCAN, Czech
Republic). The particle size distributions of the carbon
spheres were analyzed with Nano Measurer 1.2 software.
The specific surface area and pore structure of carbon
spheres were analyzed using an ASAP 2460 N2 adsorption
desorption instrument (BET, Micromeritics, USA). The ester-
ification reaction products were quantitatively analyzed
with a GC-2014 device (Shimadzu, Japan).

3 Results and discussion

3.1 Morphology and particle size distribution
of glucose-derived carbon spheres
prepared from different hydrothermal
methods

3.1.1 Traditional hydrothermal method

SEM shows the average particle size of THCSs increases
with the extension of carbonization time from 169 nm after
3 h to 537 nm after 6 h (Figure 2), indicating the carbon
nucleus as-generated continuously adsorbs the surrounding
small organic molecules and gradually grows, which is con-
sistent with previous studies [25,26]. The particle size distri-
bution of the carbon spheres becomes wider with time – the
reason is that the slow glucose carbonization rate in the
traditional hydrothermal method makes the sphere nuclea-
tion time too long. Namely, the former carbon nuclei are
always accompanied by the newly generated carbon nuclei
during the growth. The carbon nuclei generated at different
time points have different growth periods, which ultimately
leads to low size uniformity of carbon spheres (Figure 3).
Thus, accelerating glucose carbonization and shortening the
nucleation time of carbon spheres may be the keys to sol-
ving this scientific problem.

3.1.2 Acidic system (HCl)

The effects of pH on the morphology and particle size of
carbon spheres in a hydrochloric acid system (HCl-HCSs)

Figure 1: (a) preparation of carbon sphere-based solid acid catalyst and
(b) esterification of LA and n-butanol.
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were investigated with the presence of 0.5 M glucose and at
180°C. The addition of HCl into the glucose carbonization
system maintained the spherical morphology of the carbon
spheres and significantly improved the size uniformity
(Figure 4). These results indicate that the effect of pH on
the uniformity of carbon spheres in an acidic system is
particularly important. The effect on improving the unifor-
mity of carbon spheres is better at pH = 4 than at pH = 3.

SEM showed that the average particle sizes of the
carbon spheres prepared after 3 and 6 h are 408 and
651 nm, respectively, at pH = 3, but are 244 and 571 nm,
respectively, at pH = 4. Namely, the particle sizes of the
carbon spheres are smaller at pH = 4, indicating that pH
affects the particle size of carbon spheres in addition to
size uniformity. The reason may be that the acidity of the
initial glucose solution is too high at pH = 3. Acidic conditions
are favorable for glucose dehydration to generate HMF [27],
but unfavorable for aldol reactions of cyclic and aromatic
ketones/aldehydes, resulting in slow formation of aromatic

clusters and prolonged nucleation periods [28]. Therefore,
the particle size and distribution of carbon spheres at pH = 3
are larger than those at pH = 4.

3.1.3 Base system (NaOH)

The effects of pH on the morphology and particle size of
carbon spheres in a base system (NaOH-HCSs) were inves-
tigated in the presence of 0.5 M glucose and at 180°C. The
addition of NaOH into the glucose carbonization system
maintained the spherical morphology of the carbon spheres
and improved size uniformity (Figure 5). Compared with the
acidic systems, the base systems more largely affect the size
uniformity of carbon spheres. The reason is that glucose is
first dehydrated to HMF and then participates in polymer-
ization and aldol condensation reactions to form aromatic
clusters. In alkaline systems, the aldol reaction between
cyclic ketones and aromatic ketones/aldehydes is more

Figure 2: SEM images of THCSs: (A) and (a) 3.0 h; (B) and (b) 4.5 h; (C) and (c) 6.0 h.

Figure 3: Schematic diagram of nucleation and nuclear growth of glucose-derived carbon spheres prepared by traditional hydrothermal method.
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Figure 4: Typical SEM images of HCl-HCSs: (A) and (a) pH = 3, 3 h; (B) and (b) pH = 3, 6 h; (C) and (c) pH = 4, 3 h; (D) and (d) pH = 4, 6 h.
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Figure 5: Typical SEM images of NaOH-HCSs: (A) and (a) pH = 10, 3 h; (B) and (b) pH = 10, 6 h; (C) and (c) pH = 11, 3 h; (D) and (d) pH = 11, 6 h.
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favorable, which accelerates the accumulation of aromatic
clusters and quickens nucleation after reaching the critical
supersaturation point [29]. The shortened nucleation time
significantly improves the uniformity of carbon spheres.

SEM showed that at pH = 11, the particle sizes of
carbon spheres prepared after 3 or 6 h are smaller than
those prepared at pH = 10, indicating the pH in the base
systems also very critically influences the particle size of
carbon spheres. Comparison shows that the NaOH-HCSs
are smaller in particle size than the HCl-HCSs. The reason
is that the nucleation time is shortened in the base systems,
and due to the limitation of the total amount of raw mate-
rials, more raw materials are used for nucleation rather
than nucleolus growth. Therefore, the particle sizes of
NaOH-HCSs are smaller than those of the HCl-HCSs.

3.1.4 Effect of acid/base system on glucose
carbonization rate

To verify that the addition of acid or base can accelerate
glucose carbonization and shorten the nucleation time, we
investigated the effects of HCl (Figure 6(a) and (b)) and
NaOH (Figure 6(c) and (d)) on hydrothermal glucose carbo-
nization rate and the pH decreasing rate.

Glucose solution is colorless and transparent, while carbon
spheres are black brown in color. During glucose carboniza-
tion, the glucose solution gradually changed from being color-
less and transparent to dark. Namely, the carbonization
process can be visually observed from the color change of the
glucose solution. Figure 6(a) shows the color change of glucose
solutions with time at pH = 3, 4, and 6.8 (neutral). When the

Figure 6: (a) Schematic diagram of hydrothermal carbonization in HCl system and neutral system; (b) pH changes with time in HCl system and neutral
system; (c) Schematic diagram of hydrothermal carbonization in NaOH system and neutral system; (d) pH changes with time in NaOH system and
neutral system.
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initial solution was neutral, the color of the glucose solution
changed slowly, indicating its carbonization rate was slow. In
contrast, the addition of HCl significantly accelerated the black-
ening of the solution, especially at pH = 4, which verifies that
HCl can accelerate glucose carbonization. The carbonization
rate at pH = 3 was slower than that at pH = 4, which may be
because excessive acids inhibit the carbonization rate [30]. The
glucose carbonization will generate various organic acids,
which act as new acid catalysts to further catalyze the glucose
decomposition. Therefore, the speed of pH drop implies the
glucose carbonization rate. Figure 6(b) illustrates the change
in aqueous pH over time.When the initial solutionwas neutral,
the pH decreases slowly, indicating that only small amounts of
various organic acids were generated from the glucose decom-
position, whichmeans that the glucose carbonizationwas slow.
The addition of HCl significantly accelerated the pH drop,
which was caused by two reasons. First, the pH of the initial
solution is low. Second, HCl accelerates glucose decomposition
to produce organic acids. The rapidly generated organic acids
further accelerate the glucose decomposition, verifying that the
glucose carbonization rate is faster in an acidic system.

Figure 6(a) shows the color change of glucose solutions
with time at pH = 6.8 (neutral), 10, and 11. Compared with
THCSs, the glucose carbonization was significantly acceler-
ated by the addition of NaOH and was the fastest at pH = 11.
Compared with HCl-HCSs, the base systems more severely
impacted the carbonization rate, which is consistent with
the aforementioned results about the effect of acid/base sys-
tems on the uniformity and size of carbon spheres. Figure
6(d) illustrates the change of aqueous pH over time. In base
systems, the base acted as a catalyst to accelerate glucose
decomposition to produce organic acids. The organic acids
then neutralized the base, eventually making the solution
acidic. After 1 h of hydrothermal carbonization, the pH of

the initial base systems was lower, which also verifies that
the base catalyst can accelerate glucose carbonization.

The chemical structures of THCSs, HCl-HCSs, and NaOH-
HCSs were studied using fourier transform infrared (FTIR)
and XRD. The characteristic peaks at 3,471 and 1,107 cm−1 are
due to OH stretching vibration and bending vibration,
respectively; the peaks at 2,923 and 2,856 cm−1 are character-
istic of aliphatic –CH– stretching vibration, and the peaks at
700 and 1,625 cm−1 correspond to C]O and C]C stretching
vibration (Figure 7(a)) [31]. The infrared analysis shows a large
number of oxygen-containing functional groups (OH−, –C]O,
–COOH) on the surface of carbon spheres. Comparison of the
FTIR spectra between HCl-HCSs and NaOH-HCSs indicates that
the addition of acid/base catalysts does not change the types of
surface functional groups in the carbon spheres.

The XRD spectra are shown in Figure 7(b). The peak at 2θ
= 15°–30° belongs to the (002) crystal plane, indicating that the
carbon material is composed of amorphous polycyclic aro-
matic carbon sheets. The weaker peak at 2θ = 40°–45° belongs
to the (101) crystal plane, suggesting that the graphitization
degree of the carbon material as-prepared is very low [32].
Comparison of XRD spectra between HCl-HCSs and NaOH-
HCSs shows that the addition of acid/base catalysts will not
affect the crystallinity of carbon spheres.

3.2 Performance of carbon sphere-based
solid acid catalysts

3.2.1 Preparation and physicochemical properties of
carbon sphere-based solid acid catalysts

The carbon spheres prepared from direct hydrothermal
treatment of glucose are soft with a slight structural order.

Figure 7: (a) FTIR spectrum and (b) XRD pattern of HCSs, HCl-HCSs and NaOH-HCSs.
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The carbon spheres were first carbonized at high tempera-
ture to improve their mechanical strength and catalytic
stability before the use as catalysts [33]. The influence of
carbonization on the morphology, specific surface area,
and pore structure of NaOH-HCSs was investigated with
NaOH-HCSs as an example.

Figure 8(a) shows the SEM image of NaOH-HCSs after
carbonization. The morphology of the carbonized carbon
spheres is not changed significantly, and the original uni-
formity is maintained compared with Figure 5(b). After
carbonization, the diameter of carbon spheres decreases.
On the one hand, the escape of small-molecule substances
generated during the carbonization process leads to a
decrease in the total volume of carbon spheres. On the
other hand, the carbonization process is accompanied by
the reorganization and rearrangement of chemical bonds.
The newly formed carbon–carbon bonds may make the
structure of the carbon spheres more compact, further
leading to a reduction in diameter [34]. XRD demonstrates
that the (002) crystal plane peak becomes sharper and
moves to a larger angle after carbonization, indicating
that the spacing between carbon sheets is reduced, and
namely, the graphitization degree is improved. The (101)
crystal plane also moves to a larger angle and becomes
sharper, indicating that the graphitization degree of the
carbon spheres increases after carbonization [35]. The
carbon content of the carbon spheres increases from 51
to 79% after carbonization, further indicating the increase
in the carbonization degree.

Figure S1(a) and (c) shows a non-porous isotherm, indi-
cating that there is no microporous and mesoporous struc-
ture. Figure S1(b) and (d) shows that the hysteresis loop
belongs to type H4 loop, and the adsorption branch is
composite of Types I and II [36], indicating that carbonized

carbon spheres have microporous and mesoporous struc-
tures. As can be seen from Table S1, the BET of NaOH-HCSs
after carbonization is higher than that of HCl-HCSs, and
mesoporous pores are more abundant, indicating that
NaOH-HCSs exposes more active sites and is more condu-
cive to loading sulfonic acid groups.

Figure 9(a) shows the SEM image of the carbonized
NaOH-HCSs after sulfonation with concentrated sulfuric
acid (98%). Clearly, the sulfonated carbon spheres basically
maintain a monodisperse spherical shape. A large amount
of S exists on the surface of the sulfonated carbon spheres
(Figure 9(b)), indicating that the sulfonic acid groups were
successfully grafted onto the surface of the carbon spheres.
After sulfonation, the diameter of carbon spheres further
decreases. This is due to the dissolution or detachment of
unstable substances remaining on the surface of carbon
spheres during the sulfonation process; meanwhile, the
sulfonation reaction leads to the break of weak binding
parts on the surface of carbon spheres, ultimately resulting
in a reduction in the diameter of carbon spheres [37].

Figure S2 shows the infrared spectra of NaOH-HCSs before
and after carbonization and after sulfonation. Clearly, the peak
of –OH at 3,471 cm−1 and the peak of C]O at 1,700 cm−1 in the
carbonized carbon materials are weakened, while the peak of
C]C at 1,600 cm−1 is enhanced, indicating that the amounts of
oxygen-containing functional groups are reduced and the car-
bonization degree is improved in the carbon materials after
carbonization. After sulfonation, the characteristic peaks due
to symmetric stretching of O]S]O and the stretching of SO3

appear at 1,150 and 1,030 cm−1, respectively [38].
Table S1 and Figure S3 show that the BET of NaOH-HCS

after sulfonation increased from 183.04 to 201.37 cm2·g−1,
which is due to the small destruction on the carbon net-
work producing the small particles. The decrease in pore

Figure 8: (a) SEM image of NaOH-HCSs after carbonization at 600°C and (b) XRD pattern before and after carbonization.
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size after sulfonation suggests that the SO3H groups were
incorporated inside the pores of the carbon catalyst [39].

3.2.2 Application of carbon sphere-based solid acid
catalysts in esterification reaction

BL is a novel bio-based cold flow improver for biodiesel
fuels [40]. The addition of BL not only improves the lubricity
and conductivity of diesels, but also reduces the particulate
emissions in the diesel mixtures. Therefore, we selected the
esterification reaction of LA and n-butanol to prepare BL as
a probe reaction and investigated the activity and stability of
the carbon sphere-based solid acid catalysts.

The amount of the catalyst plays an important role in
esterification reactions. As the catalyst dosage increases
from 1 to 10wt%, the yield of BL rises from 24.34 to 93.15%
(Figure 10(a)), which is because the increased number of
reaction sites improves the esterification yield. The BL yield
does not increase significantly when the catalyst dosage
further increases to 15wt%. The underlying reason may

be that because the excessive catalyst will aggregate, which
reduces the contact with the reactants and makes a large
number of active sites unavailable, resulting in little change
in the BL yield. Figure 10(b) shows the effect of esterification
temperature on the esterification rate. The esterification is
accelerated with the temperature rise. The reason is that the
esterification reaction is reversible and endothermic, and
the temperature rise is conducive to the positive reaction.
At 100°C, the yield of BL is up to 93.15%. With further
increase of temperature, the BL yield increased to 96.36%,
which does not increase significantly, indicating that 100°C
is the optimal reaction temperature. The reproducibility of
the solid acid catalysts was investigated under the optimal
conditions. The catalysts were recovered, washed, and dried
before the next experiment. The catalysts still have an ester-
ification rate of 84.33% after five cycles (Figure 10(c)), indi-
cating that the catalysts have high reproducibility. Carbon
sphere-based solid acid catalysts are composed of polycyclic
aromatic carbon sheets, and the inherent hydrophobicity of
carbon prevents the hydration of –OH. Moreover, the –COOH
in the catalysts increases the electron density between the

Figure 9: SEM image (a) and EDS spectrum (b) after sulfonation of NaOH-HCSs.

Figure 10: (a) effect of catalyst dosage on esterification rate, (b) effect of esterification temperature on esterification rate, and (c) catalyst stability test.
Reaction conditions: 1.16 g of LA, 4.44 g of n-butanol, 3 h.
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carbon and sulfur atoms, allowing –SO3H to be tightly com-
bined with the carbon skeleton, which accounts for the high
cyclability of the catalysts.

4 Conclusions

In this study, the problem of low size uniformity of HCSs
prepared by glucose-derived carbon spheres was reduced
to a certain extent. The size uniformity of carbon spheres
can be effectively improved by adding acid or base as cata-
lysts. The particle size distribution of carbon spheres is the
narrowest and the size is the smallest at pH 11. The reason is
that the aldol reaction between cyclic ketones and aromatic
ketones/aldehydes is more favorable in base systems, which
accelerates the accumulation of aromatic clusters and the
nucleation after reaching the critical supersaturation point.
The shortened nucleation time significantly improves the
uniformity of carbon spheres. Due to the limitation of raw
materials, more raw materials are used for nucleation
rather than nuclear growth, so the sizes of carbon spheres
are smaller in base systems. NaOH-HCS-based solid acid
catalysts were prepared by carbonization and sulfonation,
and their application in biofuel catalysiswas studied, expanding
the application scope of carbon spheres.
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