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Abstract: Chars obtained from the hydrothermal carbonization (HTC) of agricultural wastes are
increasingly being employed as solid biofuels. Their properties are strongly dependent on HTC
process parameters. In this study, 13C solid-state NMR spectroscopy was applied to semiquantitatively
investigate carbon functionalities present in olive tree trimming feedstock and in the corresponding
hydrochar samples. Hydrochars were obtained by HTC under different conditions, that is, at two
different temperatures (180 and 250 ◦C), with two different biomass/water ratios (B/W of 7 and
25% w/w) and with reaction times at peak temperatures of 30, 60, and 180 min. The NMR analysis was
complemented by infrared spectroscopy experiments. A detailed analysis of carbon functionalities
and their evolution during HTC allowed the transformation of feedstock into hydrochar to be
followed and the structure of hydrochars to be correlated to the different reactions occurring during
HTC in dependence on reaction time, temperature, and B/W ratio, as well as to the hydrochar
properties fundamental for their application as solid biofuel reported in previous studies. 13C solid-
state NMR spectroscopy revealed a powerful tool for explaining hydrochar properties as a function
of HTC parameters.
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1. Introduction

Hydrothermal carbonization (HTC) is a thermochemical process that can be used
to convert fresh biomass into valuable carbon-rich materials, generally referred to as
hydrochars [1]. In recent years, with the increasing attention towards environmentally
friendly processes and renewable energy sources, HTC has attracted much interest given
the low energy consumption of the process and the possible application of hydrochars
as solid fuels. In fact, HTC is carried out at relatively low temperatures (180–250 ◦C)
and under water pressure; hence, it is possible to use wet biomass without a preliminary
energy-consuming drying process [2]. Moreover, hydrochars have a much higher calorific
value than the initial biomass [3,4]. Relevant to the use of hydrochars as fuel is, among
other parameters, the higher heating value (HHV), which is related to char composition,
and, combined with the mass yield of the process, determines the energy yield. In general,
higher fixed carbon content, HHV and degree of aromatization render carbon materials
more apt to replace fossil carbon sources.

The structure and properties of chars produced by HTC depend on process parameters,
such as the highest temperature reached, the residence time at the peak temperature, and
the solid load expressed as the biomass-to-water ratio (B/W), with an interplay between
the different parameters [4,5]. Temperature has been found to determine the degree of
carbonization, the calorific value, and mass yield, the first two increasing and the latter
decreasing with increasing temperature [6]. The residence time has been observed to have a
similar effect, although less pronounced [4,7]. In general, higher energy yields are obtained
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in milder conditions (i.e., temperature < 230 ◦C and residence time ≤ 6 h) since, under
more severe conditions, the HHV does not significantly increase, whereas the mass yield
decreases [8]. Contrasting results are reported in the literature regarding the effects of
the B/W ratio. HHV and mass yield were found to decrease with decreasing B/W [6],
but in other cases the opposite trend in mass yield was observed [9]. Also feedstock
type affects the HTC process. In fact, although all biomass mainly consists of the same
three components, i.e., lignin, cellulose, and hemicellulose, in variable proportions, the
interactions between lignin (less prone to degradation) and the other two components may
alter their degradation pathway and kinetics [4]. Less important is the inorganic content
since, due to dissolution in water, ashes in hydrochars are typically much less than in
the initial feedstock. The low ash content represents an added value since it reduces the
possibility of fouling, slagging, and corrosion during the combustion process [3,10].

Given the issues related to organic waste management, the application of HTC to
biomass from municipal, industrial, or agricultural wastes has been extensively investi-
gated [4,11]. Among the agricultural wastes investigated, olive tree trimmings, widely
available in Mediterranean countries, have been recently studied [6,12–16]. Olive pruning
contains about 31–35% of water and therefore it is suitable for HTC, whereas it would
require a drying step if pyrolysis, gasification or torrefaction were used. All studies have
demonstrated the good energy densification of olive tree pruning hydrochar.

For a thorough physico-chemical characterization of hydrochars, several instrumental
techniques and analytical methods have been used, and among them 13C solid-state Nuclear
Magnetic Resonance (SSNMR) spectroscopy has revealed to be of great relevance [5,17–21].
Indeed, this technique allows carbon functionalities of complex organic matrices, such as
feedstocks and chars, to be (semi)quantitatively determined on whole samples, irrespective
of their crystalline or amorphous nature, and without requiring any sample pretreatment.

The overall purpose of this study was to investigate the effects of the different hy-
drothermal carbonization process parameters on the chemical structure of olive tree trim-
ming hydrochars in order to discern the chemical transformations of the biomass during
HTC and to highlight the relationships between atomic-scale properties and the macro-
scopic parameters of relevance for the application of hydrochar as a fuel. To this end, the
structure of chars produced by HTC at different temperatures (180 ◦C and 250 ◦C), for
different reaction times (from 30 to 180 min), and with different biomass/water ratios
(B/W equal to 7 and 25% w/w) was investigated employing 13C SSNMR spectroscopy,
complemented by Fourier Transform infrared (FTIR) spectroscopy. A careful analysis of
the spectroscopic data was performed, and the semiquantitative information obtained on
carbon functionalities was discussed in relation to the reactions occurring in different HTC
conditions and to fuel properties, such as HHV and fixed carbon content.

2. Materials and Methods
2.1. Samples

Feedstock and hydrochar samples were available from previous studies [6,12,13]. In
particular, the feedstock consisted of olive tree trimmings, leaves included, from three
30-year-old trees of the Moresca variety. After drying in an oven at 40 ◦C for 48 h to
eliminate the excess moisture, the trimmings were ground to a particle size <2 mm and
sieved. Before the HTC tests, the feedstock was dried in an oven at 105 ◦C for 12 h.
After adding the appropriate amount of water to the dried feedstock to reach the desired
biomass/water (B/W) ratio, HTC was performed, following the procedure reported in
previous studies [6,12,13]. B/W of 7 and 25% w/w were used, and the reaction times at
peak temperature were set to 30, 60, or 180 min. The reaction temperature was 250 ◦C for all
samples but one, where it was 180 ◦C. Hydrochar samples were dried in a ventilated oven at
105 ◦C until constant weight. Samples are indicated as FS (feedstock) and HTC_B/W_T_t,
where B/W is either 7 or 25, T is the reaction temperature (◦C), and t is the reaction
time (min).
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2.2. Infrared Spectroscopy

Infrared spectra were recorded using a Perkin-Elmer Spectrum One FTIR Spectropho-
tometer using KBr pellets. Spectra were acquired over the 4000–400 cm−1 range, with a
spectral resolution of 4 cm−1 and accumulating 128 scans.

2.3. 13C SSNMR Spectroscopy
13C magic angle spinning (MAS) NMR spectra were recorded on a Bruker AVANCE

spectrometer equipped with a 4 mm CP-MAS probe head operating at 400.13 MHz for
proton and 100.62 MHz for carbon-13. 1H-13C cross-polarization (CP) spectra with proton
dipolar decoupling were recorded on all samples, using a contact time of 2 ms, a recycle
delay of 8 s and acquiring 1200 scans; the RF field strength was 71.5 kHz for both CP and
dipolar decoupling. Preliminary tests were performed to find the experimental parameters
that allowed a higher overall S/N ratio to be obtained. All spectra were recorded at room
temperature with a MAS rate of 8 kHz. In some cases, spectra were also acquired at
different MAS rates to assess the possible presence of spinning sidebands in the spectra.
The chemical shifts were referenced to TMS using adamantane as external standard.

For a site-specific quantification of the different functional groups, deconvolution of
the CP-MAS spectra was performed using the SPORT-NMR software [22]. The relative
signal integral intensities obtained from the deconvolution were used for a semiquantitative
estimation of the relative abundances of the different C functional groups over the following
chemical shift regions: 0 to 45 ppm (alkyl C), 45 to 60 ppm (methoxyl and N-alkyl C),
60 to 110 ppm (O-alkyl and di-O-alkyl C), 110 to 145 ppm (H-, C-substituted aromatic C
and furanic C), 145 to 165 ppm (O-substituted aromatic C and furanic C), 165 to 190 ppm
(carboxyl C), and 190–220 ppm (aldehyde and ketone C). The area of signals over each
spectral region was then expressed as a percentage of the total spectral area [23].

3. Results
3.1. FTIR Spectroscopy

The FTIR spectra of the feedstock (FS) and char samples after HTC in different con-
ditions are reported in Figure 1. The FS spectrum (Figure 1a) showed features typical
of lignocellulosic materials, with peaks mainly arising from functional groups in car-
bohydrates, i.e., cellulose and hemicellulose, and lignin [18,24–34]. The bands in the
3000–2800 cm−1 region and the broad band between 3700 and 3100 cm−1 were ascribable
to asymmetric and symmetric C-H stretching vibrations in methyl and methylene groups
and to the O-H stretching vibrations in hydroxyl and carboxyl groups, respectively. These
functional groups are present in both carbohydrates and lignin, while cutin, suberin, and
extractives containing methylene and methyl groups may contribute to the bands between
3000 and 2800 cm−1 [24]. Bands from carbohydrates were observed at 1732, 1375, 1210,
1165, 1060, and 1033 cm−1, ascribable to C=O, C-H, C-O-C, and C-O deformation and
stretching vibrations of different groups. In particular, the band at 1732 cm−1 was assigned
to C=O stretching vibrations of the carboxyl and acetyl groups in hemicellulose. Moreover,
the bands at 1318 and 895 cm−1 arise from the CH2 rocking and the C-H deformation
in cellulose, while the band at 1375 cm−1 is assigned to C-H deformation in cellulose
and hemicellulose. Bands ascribable to aromatic C=C and C-O stretching and bending
vibrations of different lignin groups were detected at 1610, 1512, and 1265 cm−1, while
signals arising from aromatic C-H deformations were found between 900 and 700 cm−1.
Bands from C-H and C-O deformation, bending, and stretching vibrations of groups in
carbohydrates and lignin were observed at 1457, 1430, and 1110 cm−1.
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Figure 1. FTIR spectra of FS (a) and hydrochar samples HTC_25_180_30 (b), HTC_25_250_30
(c), HTC_25_250_60 (d), HTC_25_250_180 (e), HTC_7_250_30 (f), HTC_7_250_60 (g), and
HTC_7_250_180 (h).

Upon HTC treatment, several changes occurred in the FTIR spectra (Figure 1b–h),
associated with the transformation of olive trimming components during the carbonization
process [5,14,18,24,26–28,30–33,35–38]. The broad O-H stretching, observable in the spectra
of all hydrochars, showed a decrease in intensity with increasing treatment time for samples
with B/W = 25% w/w and a reaction temperature of 250 ◦C; at the same time, the band
maximum shifted to higher wavenumbers. On the other hand, this band was not affected by
HTC at 180 ◦C, while the treatment at 250 ◦C for samples with B/W = 7% w/w only caused
the band shift. A band at 3065 cm−1 due to aromatic C-H stretching vibration was visible in
the hydrochar spectra, although with very low intensity. The alkyl C-H stretching signals
in the 3000–2800 cm−1 region slightly increased in intensity with increasing treatment time
and temperature. The band of hemicellulose at 1732 cm−1, clearly distinguishable in the
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feedstock, remained visible after HTC at 180 ◦C, whereas it appeared as a shoulder of the
adjacent C=O stretching bands at 1700 and 1652 cm−1 upon treatment at 250 ◦C. The latter
bands showed a significant increase in intensity with increasing treatment temperature,
while they initially increased and then decreased again with increasing treatment time. The
aromatic or furanic C=C and C=O stretching bands at 1610, 1512 and 1427 cm−1, hardly
visible in the feedstock spectrum, increased upon treatment at 180 ◦C and 250 ◦C for 30 min,
remaining almost constant for longer treatments. Of the aliphatic C-H deformation bands,
mainly due to cellulose, the CH and CH2 ones significantly increased with treatment,
the former (at 1457 cm−1) remaining practically constant after the initial increase, the
latter (at 1318 cm−1) progressively increasing. Conversely, the CH2 band at 1375 cm−1

did not change upon treatment. The bands at 1265 and 1210 cm−1, due to aromatic C-O
and phenolic O-H, respectively, were more clearly visible upon treatment. Lignin O-CH3
groups mainly contributed to the band at 1265 cm−1; the observation of this band in all
hydrochar samples indicates the preservation of lignin during treatment [32]. The band
at 1165 cm−1, ascribed to C-O-C in carbohydrates, decreased for longer treatment times.
The aliphatic C-O-C stretching band at 1110 cm−1 increased with treatment temperature
but decreased at long treatment times. From an initially broader band, distinct bands at
1060 and 1033 cm−1 appeared upon treatment at 250 ◦C, decreasing at long reaction times.
The small band at 895 cm−1 due to cellulose, present in the FS spectrum, disappeared upon
HTC treatment. The presence of aromatic structures in the thermally treated samples was
also indicated by the signals at 885, 812, and 782 cm−1, ascribable to out-of-plane C-H
bending in aromatic rings.

3.2. 13C SSNMR Spectroscopy

For a more detailed characterization of the chemical structure of our materials, feed-
stock and hydrochar samples were investigated by 13C CP-MAS NMR. In agreement with
FTIR, the NMR spectrum of FS (Figure 2a) presented the characteristic signals of lignocellu-
losic materials [18,39–42]. In particular, the 60–110 ppm spectral region was dominated by
the signals of cellulose [43], with less intense signals deriving from hemicellulose (C-1 to
C-6 carbons) [39] and from aliphatic side chains of lignin [44–48]. Indeed, cellulose signals
are expected at 104.5 ppm for carbon C-1 of β-D-glucose units, at 72.1 and 74.6 ppm for C-2,
C-3, and C-5, at 83.3 and 88.1 ppm for C-4, and at 62.2 and 64.5 ppm for C-6. The signals
at 88.1 and 64.5 ppm, due to C-4 and C-6 of crystalline or internal cellulose, and those at
83.3 and 62.2 ppm, due to amorphous cellulose and cellulose on the surface of fibers, were
not clearly distinguished due to the higher intensity of the broader amorphous signals.
The shoulder at about 102 ppm was ascribed to amorphous cellulose or hemicellulose
C-1. The signal of carboxyl carbons from acetate groups of hemicellulose was observed
at 172.5 ppm [41,43,49]. Conversely, the signal of acetate methyl carbons was not clearly
distinguished at 21.0 ppm, due to the superposition with signals of other alkyl groups in the
0–45 ppm region, arising from carbohydrates and lignin, but also from organic extractives,
cutin, and suberin [5]. In particular, the strong signal at about 30 ppm is typical of long
aliphatic chains. Aromatic lignin carbons, resonating between 115 and 160 ppm [44–48]
(in particular, protonated aromatic carbons between 115 and 128 ppm and oxygen-bonded
aromatic carbons between 147 and 160 ppm) could be observed, even though their signals
had low relative intensity. The methoxyl group signal typical of lignin was detected at
55.7 ppm [39].
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Figure 2. 13C CP-MAS NMR spectra of FS (a) and hydrochar samples HTC_25_180_30 (b),
HTC_7_250_30 (c), HTC_25_250_30 (d), HTC_7_250_60 (e), HTC_25_250_60 (f), HTC_7_250_180 (g),
and HTC_25_250_180 (h).

The 13C CP-MAS NMR spectra of the hydrochars obtained from the different treat-
ments are shown in Figure 2b–h. Three main changes were observed in the spectra of
the carbonized samples as temperature and reaction time increased: (1) The carbohy-
drate signals (in the 60–110 ppm spectral region) became narrower and decreased in
intensity; (2) The relative intensities of alkyl (0–45 ppm) and aromatic C (110–165 ppm)
signals increased; (3) New signals appeared due to carboxyl (165–190 ppm) and carbonyl
(190–220 ppm) functional groups. In fact, after HTC at 180 ◦C (Figure 2b), the narrowing of
the signals in the 60–110 ppm region, mainly due to cellulose and hemicellulose, indicated
a significant reduction in the contribution of amorphous cellulose and hemicellulose com-
pared to crystalline cellulose. The broad signals of the amorphous components strongly
decreased for the hydrochars obtained at 250 ◦C, as highlighted by the narrow linewidth of
the carbohydrate signals, even after 30 min of treatment (Figure 2c,d). The latter signals
decreased in intensity as treatment time increased (Figure 2c–h). However, cellulose was
not completely transformed even at the longest reaction time, and a slower decreasing
trend was observed when HTC was performed with a lower B/W ratio (B/W = 7% w/w
vs. B/W = 25% w/w) (Figure 2g,h). Also the signal of residual lignin at ~56 ppm was
observable in all the hydrochar spectra. New signals appeared in the aliphatic (0–45 ppm)
and aromatic (110–165 ppm) regions, as well as in the carboxyl (165–190 ppm) and carbonyl
(190–220 ppm) regions, due to the formation of new chemical structures. In particular,
a sharp signal at 168.0 ppm was observed in the spectra of all hydrochars produced at
250 ◦C (Figure 2c–h), ascribable to inorganic carbonates [50]. The formation of carbonyl
groups, mainly ketones, was clearly observed for treatment times ≥60 min (Figure 2e,h).
This finding agrees with results reported in the literature on HTC of carbohydrate-based
materials [18,19,21,51–53].

A more detailed and quantitative description of the transformation of organic matter
during the different HTC processes could be obtained by performing a deconvolution of the
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13C CP-MAS NMR spectra. The procedure was first applied to the FS spectrum (Figure 2a)
to analyze signals from the different feedstock components in detail. The deconvolution of
the hydrochar spectra (Figure 2b–h) was performed, keeping the chemical shift values of
the feedstock signals fixed and using the minimum number of additional signals required
to achieve a good reproduction of the experimental spectra. In the aliphatic region of the
hydrochar spectra, the main contributions were found at 41, 36, 30, 26, and 17 ppm, some
of them already present in the FS spectrum, increasing in intensity with treatment time and
temperature. In the region between 110 and 165 ppm, signals at 110, 120, 125, 129, 132, 139,
and 144 ppm were found, in addition to those of lignin at ~147 and 153 ppm and signals
with lower intensity at 149 and 158 ppm. The additional signals can be ascribed to aromatic
and furanic structures formed during HTC by the transformation of carbohydrates, while
the signal at 110 ppm can be ascribed to furan units. Those at 125 and 132 ppm are assigned
to arene units and those at 147–152 ppm to both arene and furan units [51,52]. Based on the
relative intensities of these signals, the aromatic structures were found to prevail over the
furanic ones for all hydrochar samples. The integral intensities of the signals obtained from
the spectral deconvolutions were therefore determined over the seven spectral regions
indicated in the Materials and Methods section. The relative intensities are reported in
Figure 3.
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As can be observed from Figure 3, carbohydrates, mainly responsible for the intensity
in the 60–110 ppm region, are the main component of olive tree trimmings, and they are only
partially decomposed during HTC, the decomposition being more severe when the process
is conducted at higher temperature, higher solid load, and for more extended periods. In
the HTC process alkyl and aromatic structures are formed, which add to those already
present in the feedstock due to recalcitrant waxes, cutin, suberin, and lignin. As a result,
aromatic components progressively increase by increasing HTC temperature, time, and
B/W ratio, whereas allyl components increase by increasing HTC temperature and B/W
ratio but do not show a clear trend with reaction time. The lignin O-CH3 signal between
45 and 60 ppm is present in all spectra, confirming lignin recalcitrance to hydrothermal
carbonization. The contribution of carboxyl structures decreases by prolonging the HTC
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process, whereas an opposite trend is observed for carbonyl groups, the formation of which
is observed only after treatment at 250 ◦C and is favoured by the higher solid load.

4. Discussion

The effects of the process parameters temperature, treatment time, and biomass/water
ratio on the structure of hydrochars obtained by HTC of olive tree trimmings was qualita-
tively investigated by FTIR spectroscopy, then studied in more detail and more quantita-
tively by 13C SSNMR spectroscopy. The differences observed in the FTIR spectra recorded
on hydrochar samples with respect to that of the feedstock (Figure 1) can be explained
in terms of the reactions known to occur during the HTC process [2–4]. In particular,
dehydration and decarboxylation reactions can be associated with the loss of intensity of
the O-H stretching band between 3700 and 3000 cm−1 and bands of carbonyl and alcohol
groups in the “fingerprint region”, with both reactions being favoured at higher treatment
temperature, longer heating times, and higher B/W ratio. These reactions mainly occur
on carbohydrate components, as indicated by the evolution of the bands at 1732 cm−1

(from hemicellulose), 895 cm−1 (from cellulose) and 1165 cm−1, whereas lignin seems to
remain almost unreacted after HTC in the adopted conditions. On the other hand, aliphatic
alkyl structures, aromatic and furanic units, and carbonyl functional groups increase in
content during the HTC process, as indicated by the bands at 3000–2800 cm−1 (alkyl chains),
3065, 1610, 1512, 1527, 885–782 cm−1 (aromatic structures), 1265 and 1210 cm−1 (C-O and
phenolic O-H), and 1700 and 1652 cm−1 (C=O groups).

A more detailed picture of the transformations occurring during HTC was achieved
from the 13C CP-MAS NMR spectra (Figures 2 and 3). The first effect of HTC at lower tem-
peratures and short carbonization time is the hydrolysis of hemicellulose and amorphous
cellulose [54], as shown by the narrowing of carbohydrate signals in the 60–110 ppm region.
Indeed, in previous studies, extractives and hemicellulose were found to be easily hydrol-
ysed and completely solubilized in hot compressed water, with the consequent presence of
monomers and oligomers in the liquid aqueous phase [1–4,55,56]. Moreover, part of the
amorphous cellulose and soluble lignin is fragmented into smaller molecules, mainly into
oligosaccharides and 5-hydroxymethylfurfural the former, into phenolic derivatives the
latter [7]. On the contrary, crystalline cellulose was found to be resistant to hydrolysis, as
expected for a lignocellulosic biomass, where cellulose may be protected from water by
lignin and by hemicellulose.

By increasing the temperature and prolonging the HTC treatment, cellulose is also
transformed, as indicated by the decrease in intensity of the O-alkyl and di-O-alkyl signals
in the 60–110 ppm region. In fact, at temperatures >230 ◦C, subcritical water can disrupt the
hydrogen bonds and crystalline structure of cellulose, hydrolysing the β-(1-4)-glycosidic
bonds to form glucose monomers [1]. Nonetheless, carbohydrate components are still
detected in the 13C CP-MAS NMR spectra of hydrochars at the longest HTC reaction time
of 180 min, even for those obtained with the lower B/W ratio.

The solubilization and hydrolysis products are generally highly reactive, undergoing
condensation, oligomerization and polymerization reactions. These reactions occur in
parallel [1,3,4], ultimately leading to the formation of polymeric furanic and aromatic
structures connected by aliphatic chains. The solid residue formed through these reactions
is often called secondary char. These reactions may be accompanied by dehydration,
decarboxylation, and decarbonylation reactions. When precipitates form on the surface of
cellulose, water access is inhibited. Consequently, cellulose is subject to pyrolysis and not
dissolution and hydrolysis [57], giving carbonaceous materials with aromatic structures
instead of furanic ones [58]. Additional contributions to the aromatic structures arise from
lignin. Indeed, soluble lignin fragments are quickly polymerized. Moreover, some stable
lignin crystalline structures may undergo demethylation and pyrolytic reactions without
fragmentation [1]. As a result, minor chemical and physical modifications occur to lignin
during the HTC process, especially under mild conditions [32,59]. The interconnected
network formed by non-dissolved pyrolyzed cellulose and lignin is usually referred to as
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primary char. The aliphatic structures increase upon HTC treatment. This trend indicates,
on one side, the recalcitrance to hydrolysis of aliphatic structures present in waxes, cutin,
and suberin and, on the other, the formation of new alkyl groups from the dehydration of
the alkoxy ones [49,60].

On the whole, the HTC treatment in the mild conditions reported here gives rise
only to a partial carbonization of the feedstock, as previously observed for different
biomasses [5,18,21,35,61,62]. The transformation from a lignocellulosic composition to
a mainly aromatic network, typically observed for biomasses upon HTC at much higher
temperatures [31,32], only partially occurred during the HTC processes carried out here.
The biomass load (B/W = 25% w/w vs. B/W = 7% w/w) mainly affects the decomposition
and carbonization rates which are higher for the higher B/W ratio (Figure 3).

Our spectroscopic data (Figures 2 and 3) indicate that hydrochars are constituted of
hydrophobic aromatic/aliphatic structures, but are also rich in reactive oxygen functional
groups (i.e., hydroxyl/phenol, carboxyl, or carbonyl). Moreover, aromatic structures prevail
over furanic ones, and residual feedstock components (mainly lignin) are conserved in the
hydrochar samples. The obtained results can help to explain some properties of hydrochars
from lignocellulosic biowaste at the molecular level and the HTC mechanisms reported in
previous studies [6,12,13]. The increase in carbon content and decrease in oxygen content
observed by increasing the HTC temperature (from 180 to 250 ◦C) and reaction time (from
30 to 180 min) is strongly correlated to the progressive carbonization of carbohydrates by
dehydration and decarboxylation reactions, as well as to the preservation of lignin and
alkyl components. The prevalence of aromatic over furanic structures suggests that primary
char is mainly formed under the explored HTC conditions, in agreement with ref. [13,21].
The structures detected by the NMR experiments are also compatible with the higher HHV,
energy densification ratio (EDR), and fixed carbon found for hydrochar samples obtained
at higher temperatures after longer treatments [6,12,13].

As far as the effect of solid load on hydrochar properties is concerned, the lower
carbonization degree of carbohydrates observed at the lower B/W ratio agrees with the
lower carbon increase and oxygen decrease found by ultimate analysis and with the lower
HHV, EDR, and fixed carbon values reported in ref. [6]. Indeed, at lower biomass load, the
greater capacity of the liquid phase to dissolve molecular fragments arising from biomass
hydrolysis, as observed by the higher liquid mass yield [6], hinders the polymerization and
condensation reactions leading to the formation of secondary char.
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