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First identification of primary nanoparticles in the
aggregation of HMF
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Abstract

5-Hydroxymethylfurfural [HMF] is an important intermediate compound for fine chemicals. It is often obtained via
hydrothermal treatment of biomass-derived carbohydrates, such as fructose, glucose and sucrose. This study investigates
the formation of carbonaceous spheres from HMF created by dehydration of fructose under hydrothermal conditions.
The carbonaceous spheres, ranging between 0.4 and 10 μm in diameter, have granulated morphologies both on the
surface and in the interior. The residual solution is found to contain a massive number of primary nanoparticles. The
chemical structure of the carbonaceous spheres was characterised by means of FTIR and NMR spectroscopies. Based on
these observations, a mechanism involving the formation and aggregation of the nanoparticles is proposed. This
mechanism differs considerably from the conventional understanding in the open literature.
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Introduction
Hydrothermal treatment of saccharides (e.g. fructose, glu-
cose, sucrose and starch) at elevated temperatures has
attracted much attention in recent years for its technologi-
cal and scientific interests [1-6]. In general, hydrothermal
treatment of saccharides produces water-soluble organic
substances and insoluble carbonaceous solids. The soluble
organic substances have been the focus of early research,
and understanding of the chemical reaction process and
the products has been well established by earlier research-
ers [7,8]. In more recent years, the solid products, often
referred to as humins in early studies, have attracted keen
attention due to their potential for applications as func-
tional nanomaterials or as nanotemplates for other materi-
als [1,9-11]. Among these studies, several hypotheses have
been suggested in the literature for the physical and che-
mical mechanisms for the formation of these carbonac-
eous solids, often in a spherical form. Earlier studies
suggested that the carbonaceous spheres form via dehy-
dration of saccharide molecules followed by aromatization
under hydrothermal conditions. The carbonaceous spheres
produced are thus expected to have a highly aromatic
nucleus and a hydrophilic shell [1-5,9]. Another hypothesis

proposed by Wang et al. [12] suggests that sucrose mole-
cules form a kind of amphiphilic micelle compound under
hydrothermal conditions, and as the concentration of this
compound reaches a critical micelle concentration, spheri-
cal micelles develop. The carbonaceous spheres thus grow
by the polymerization of sucrose molecules [12]. Yao et al.
[2] proposed probably the most acceptable suggestion, in
which fructose converts into 5-hydroxymethylfurfural
[HMF] in the solution and then HMF monomers polycon-
dense into nano-micro carbonaceous spheres via intermo-
lecular dehydration. The microspheres further coalesce
into larger spheres via a process analogous to emulsion
coalescence. Despite the various concepts proposed, little
direct experimental evidence have been reported in the lit-
erature to support these hypotheses. More recently, Hu et
al. [13] published a review paper on hydrothermal proces-
sing of biomasses and pointed out: ‘In the HTC process of
carbohydrates, the formation process and the final mate-
rial structures are rather complicated, and a clear scheme
has not been reported’. This statement well summarises
the current state of understanding of the products and
their formation mechanisms.
To clarify this issue, we used fructose as a model precur-

sor material to investigate the formation mechanism of the
carbonaceous spheres under hydrothermal conditions. In
this study, we identified for the first time the formation of
primary nanoparticles, which serve as the building blocks
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for the micron-sized carbonaceous spheres. Based on this
observation, we are able to elucidate that the formation
mechanism of carbonaceous spheres is via aggregation of
the primary nanoparticles.

Experimental works
Fructose (99%, Sigma-Aldrich, Castle Hill, New South
Wales, Australia) was used as the saccharide precursor for
the hydrothermal treatment. The fructose was dissolved in
distilled water to form a 7.5-wt.% solution. The solution
was filled in a 100-ml, Teflon-lined, stainless steel auto-
clave to 80% full. The autoclave was placed into a pre-
heated oven and maintained at a constant temperature
ranging between 423 and 463 K for various durations up
to 48 h. Carbon spheres formed were separated from the
solution by centrifugation, followed by washing in distilled
water and absolute ethanol for several times, and finally
dried at 333 K for 24 h.
Morphology of the carbon spheres was characterised by

means of scanning electron microscopy [SEM] (Zeiss
1555 instrument, Sydney, New South Wales, Australia)
and transmission electron microscopy [TEM] (JEOL
3000 instrument, Sydney, New South Wales, Australia).
Molecular structure of the carbon spheres was analysed
by means of Fourier transform infrared [FTIR] spectro-
scopy (PerkinElmer Spectrum GX FTIR spectrometer,
Melbourne, Victoria, Australia) with a resolution of 4
cm-1. Samples for FTIR analysis were prepared by mixing
the sample powders with KBr (Ajax Finechem Pty. Ltd.,
Sydney, New South Wales, Australia) and compacting
into discs. Solid-state 13C cross-polarisation magic angle
spinning spectra were recorded with a Varian 400 MHz
spectrometer (Melbourne, Victoria, Australia) with 4- or
6-mm zirconia rotors spinning at 5 kHz. A recycle delay
of 2 s and a contact time of 2 ms were employed with
SPINAC decoupling during acquisition. Typically, 1, 600
scans were acquired, and exponential multiplication with
a line broadening of 100 Hz was applied prior to Fourier
transformation.

Results
SEM and TEM identification of primary particles and their
aggregation
Hydrothermal treatment of fructose solution in an auto-
clave at temperatures in the range of 423 to 463 K for differ-
ent times produced carbonaceous solids in a spherical
shape. Figure 1 shows SEM images of carbon spheres pro-
duced under hydrothermal conditions. Micrograph (a)
shows carbon spheres synthesised at 423 K for 6 h. The
spheres, typically 100 to 300 nm in diameter under these
conditions, are granular on their surfaces. Micrograph (b) is
a TEM image of the same sample, revealing the same
features.

Hydrothermal treatment at higher temperatures pro-
duced larger, smooth and nearly perfect spheres, with dia-
meters in the range of 0.4 to 10 μm. Micrograph (c) shows
a sample treated at 453 K for 6 h. Micrograph (d) shows
the surface morphology of a large, smooth sphere at high
magnification. It is evident that the surface is rough and
granulated. The granules are typically approximately 5 nm
in size. To further examine the interior structure of the
carbon spheres, the carbon sphere powders were cast into
epoxy and then sliced for examination of their cross sec-
tions. Micrographs (e) and (f) show the SEM images of a
sliced sample. Micrograph (e) shows a low-magnification
image of the cross section of the sample, capturing both
populations of the large and small spheres. Micrograph (f)
shows the details of the interior of the carbonaceous
sphere, revealing that the interior consisted of entirely
nano-sized particles, typically approximately 5 nm.
Figure 2 shows TEM images of a sample prepared from

a residual fructose solution after hydrothermal treatment
at 423 K for 6 h. It is seen that the residual solution con-
tained a large population of nano-sized carbonaceous par-
ticles. These nanoparticles, hereafter referred to as
primary particles, are uniform and are typically approxi-
mately 5 nm in size.

Chemical structure of carbonaceous spheres
Figure 3 shows an FTIR spectrum of carbon spheres
synthesised at 453 K. The broad band at approximately 3,
300 cm-1 corresponds to O-H stretching of carboxylic
bonds [14]. The band at 2, 920 cm-1 is due to asymmetric
C-H stretching of aliphatic groups. The shoulder at 1,
704 cm-1 is an indication of undissociated carbonyl
groups. The vibrations at 1, 604, 1, 510 and 1, 395 cm-1

are the characteristic band stretches of the five-member
heteroaromatic ring with double bonds [15]. The bands at
800 to 700 cm-1 may be assigned to strong hydrogen wag
absorption of the five-membered ring with a CH = CH
group unsubstituted [15]. This spectrum indicates that the
carbon spheres are the derivatives of HMF, as evidenced
by the signature five-member heteroaromatic rings. HMF
is an intermediate compound formed via dehydration of
fructose under hydrothermal conditions, as reported by
Baccile et al. [16].
Figure 4 shows a solid-state 13C nuclear magnetic reso-

nance [NMR] spectrum of carbonaceous spheres synthe-
sised at 453 K. The peak at 13.55 is attributed to mobile
CH3 groups. The peaks at 30.09 and 38.60 ppm (indicated
by the single arrows) are characteristic of sp3 carbon
atoms, indicating the presence of aliphatic species in the
sample. In reference to our solution 13C NMR analysis,
these peaks are assigned to an embedded levulinic acid
[16]. The peaks at 111.87 and 151.38 ppm (indicated by
the double arrows) are associated with O-C = CH and
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O-C = CH sites on the furan ring, respectively [16,17].
These peaks are attributed to a heterocyclic aromatic com-
pound - furan, indicating the presence of HMF aromatic
rings [17]. The broad peak at 170 to 180 ppm (marked by

*) is attributed to C = O groups in ketones and aldehydes
from HMF, and embedded levulinic and formic acids [16].
The peak at 200.75 ppm (marked by #) is a spinning side
band. This spectrum demonstrates that the carbonaceous
spheres are composed of cross-linked furan rings derived
from HMF, rather than graphene-type species or
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Figure 1 SEM and TEM images of carbonaceous spheres, revealing details of grainy surfaces and interiors. Carbon spheres produced at
(a, b) 423 and (c, d) 453 K. (e, f) Cross-sectional views revealing the interior of the carbonaceous spheres.

Figure 2 TEM image of primary nanoparticles in a residual
fructose solution after hydrothermal treatment.
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Figure 3 FTIR spectrum of carbon spheres derived from
fructose.
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saccharide molecular link, as claimed in the literatures
[1-4,9]. This evidence, together with the FTIR analysis,
further suggests that HMF, rather than fructose, is the
feedstock of carbonaceous spheres. Elemental analysis of
the solid carbon spheres showed that the spheres

contained 65.7 wt.% C, 4.3 wt.% H and 30.0 wt.% O, corre-
sponding to a molecular formula of C6H0.59(H2O)2.06. This
corresponds to a loss of 0.94 H2O per molecular unit of
HMF.

Discussion
From all observations and analyses obtained in this
study, we propose the following hypothesis as the for-
mation mechanism of carbonaceous spheres from fruc-
tose under hydrothermal conditions, as schematically
illustrated in Figure 5. Under hydrothermal conditions,
fructose undergoes dehydration to form HMF. This has
been proven in the literature [8,18]. HMF monomer
has active functional groups, such as the hydroxyl
terminal. This renders the HMF monomer the ability
to polycondense via intra-molecular dehydration
through reactions between the hydroxyl and H-term-
inals of different HMF monomers to form cross-linked
furanic species. The continued growth in size of the
cross-linked furanic species eventually results in the
precipitation of the molecular clusters out of the solu-
tion into the primary carbonaceous nanoparticles.
These primary nanoparticles, having inherited the func-
tional groups of HMF on their surfaces, may continue
to aggregate via the same polycondensation reactions
as those causing the formation of the primary particles,
leading to the formation of the large, near carbonac-
eous spheres. This concept, supported by the direct
experimental evidence and the known chemistry of
HMF, differs significantly from the conventional
hypotheses in the open literature.
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Figure 4 Solid state 13C NMR spectrum of carbon spheres
produced by fructose. Single arrows indicate aliphatic groups.
Double arrows in dash box indicate furanic ring. Asterisk indicates C
= O group.

Figure 5 Schematic illustration of the formation mechanism of carbonaceous spheres from fructose under hydrothermal condition.
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Conclusions
In this study, carbonaceous spheres were produced from
fructose under hydrothermal conditions. The experimental
evidence clearly demonstrates that the carbonaceous
spheres are formed as aggregates of nanoparticles. TEM
observation of residual solutions after hydrothermal treat-
ment provides the direct and first evidence of the presence
of these primary nanoparticles. Based on these observa-
tions, a new mechanism for the formation of carbonaceous
spheres from saccharides has been proposed. The mechan-
ism involves three steps, including dehydration of fructose
into HMF, polycondensation of HMF monomers into pri-
mary particles via intra-molecular dehydration and aggre-
gation of primary nanoparticles in carbonaceous spheres.
This mechanism differs significantly from the conventional
understanding in the open literature.
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