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s into the base-tuned
hydrothermal treatment of side stream biomasses†

Vitalii Tkachenko,a Nader Marzban,ab Sarah Vogl,c Svitlana Filonenko *a

and Markus Antonietti a

Herein, we analyzed the hydrothermal processes applied to four very different side stream biomasses

(chestnut foliage, sugar beet pressing chips, pine bark and branches from park cleaning, bamboo cuts)

and identified diverse soluble products depending on the starting pH of the reaction, covering mild to

strong basic pH conditions. Despite the biological diversity of the starting products, hydrothermal

disintegration of biomass results in a remarkable reduction of chemical diversity towards a controllable

number of molecular products, and the well-resolved and rather simple NMR-spectra allow the

assignment of the products to only a few families of compounds. It has been revealed that in

comparison with the classical hydrothermal treatment, where mostly hydrochar is produced, molar

excess of base shifts the hydrothermal treatment towards a humification process. A further increase of

the base content causes destruction of the biomass into the more oxygenated homogeneous colloid

and thus, for the first time, it can be assigned to the hydrothermal fulvication process. We discuss diverse

valorization schemes depending on the biomass and conditions applied.
Introduction

The time of fossil carbon sources to support chemistry is slowly
running out,1 and plant or microbial biomasses can become
a renewed source of carbon fragments, being based only on
light and CO2.2 To begin, this is how fossil energy carriers were
generated by natural processes on geological timescales, and
this is also how they can be made in future, preferably by
engineering processes.3 The current white biotechnologies of
bioethanol production4–6 or biogas fermentation6–8 are just two
well-known examples, but in both cases, the efficiency for full
biomass is comparably low,9 e.g., methanization is rather
incomplete, and larger amounts of the originally contained
carbon are le over as fermentation sludges. Thermal gasica-
tion of biomass works only with dry, clean, high-value biomass
and also shows relatively low conversion and energy yields,
caused by the thermodynamic detour involving C]O as
a dened intermediate.10 Hydrothermal techniques, such as
hydrothermal carbonization11,12 or hydrothermal humication,
have the advantage to work with wet or colloidal biomasses
(such as sludges), and as optimized engineering processes
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accelerated by increased temperature and pressure, they are
much faster than biological or geological processes.13 In addi-
tion, majority products are either in dissolved form or grained
as humic substance or biochar, both with direct usage cascades.
The clear processing advantages for biomass treatment and its
applications for sustainable and efficient agricultural practices
enabled IUPAC to name articial humic matter within the Top
Ten Emerging technologies.14

Any successful valorization scheme, in given chemical limits,
should be only weakly dependent on the source of biomass, and
especially local variations of soil, temperature, water, or climate
should hardly be reected in the chemical product. The amount
of base in hydrothermal treatment tunes the process in wide
ranges of chemical products and their diversity.15,16 Molar base-
to-biomass ratios result in the production of articial humic
substances – an emerging technology for carbon dioxide
sequestration and an efficient soil amendment.17,18Despite wide
interest in the scientic community, the chemistry behind the
hydrothermal humication of a variety of biomasses is poorly
discussed.

It is one purpose of the present paper to analyze how much
product diversity and usage schemes depend on the biological
diversity and the treatment processes involved. The base
content is varied in a broad range to connect the two extreme
cases: hydrothermal humication (excess amounts of base) and
hydrothermal carbonization (mild base). The amounts and
types of soluble fragments and solid products were then
analyzed. On the other hand, we selected typical Central Euro-
pean biomasses, but concentrated on the side streams:
Sustainable Energy Fuels, 2023, 7, 769–777 | 769
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- Chestnut foliage as a local variant of a yearly collected
biomass stream from parks and inner cities.

- Sugar beet pressing chips as a side product of saccharose
production.

- Pine bark and branches from park cleaning and as a side
product of wood and paper production.

- Bamboo cuts as an example for one-year cultivation,
lignocellulosic energy plants.

Based on the identied chemical structures and properties,
we also discuss potential usage schemes for the products
generated under the hydrothermal treatment with various
amounts of base.

Results and discussion
Results of pH variation on biomass transformations

As a very lignin-rich waste biomass, we analyzed chestnut tree
foliage from the park of Sanssouci, here infected by Gracillar-
iidae. For preservation of plant health, these leaves have to be
collected and burned, an energy-demanding process that
returns the carbon stored in leaves back to the atmosphere.
According to the analysis, they contain 42 wt% of cellulose,
39 wt% of lignin/tannins, with the remaining 19 wt% being
mostly hemicellulose and waxes. The samples were hydrother-
mally treated as described in the experimental part, while the
base content was varied between X = 0.25–5, with X being the
molar ratio of the base to the assumed sugar units.

A visual overview of the products is given in Fig. 1. High
amounts of base resulted in dark-brown, non-sedimenting
dispersions with a minor amount of black precipitate,
presumably insoluble parts of lignin mixed with minerals. The
dispersion is stable upon storage. The nal pH is still in the
weakly alkaline region (pH = 8.5 at a ve-fold excess (further
VT500), see Table S1† for VT500 run), but far from the original
ultrabasic starting solution.

A medium amount of base results in neutral pH values at the
end of the reaction, with no clear sedimentation behavior, but
increased amounts of a so precipitate. A minor amount of base
results in the classical hydrothermal carbonization behavior
that is a well-dened sedimentation of a solid hydrochar phase
from a yellow to orange overlayer medium with a clear, solely
molecules-containing solution. It is obvious that the colloidal
stability is related also to the nal pH, i.e., polymers and
particles are potentially stabilized by ionized carboxylates and
phenolates, which occur only at alkaline pH. We enhanced the
sedimentation of the fraction composed of large solid particles
by centrifugation (Fig. 2a), and analyzed the amount of carbon
Fig. 1 A line-up of the reaction mixtures after hydrothermal pro-
cessing after 1 day of storage at room temperature.

770 | Sustainable Energy Fuels, 2023, 7, 769–777
and inorganic components in both solution (Fig. 2b) and
centrifuged sediment (Fig. 2c) by weight. The results are pre-
sented as TIC and TOC diagrams.

The ash content in collected leaves is typically very high. This
is related to the accumulated mineral dusts throughout the
year, as well as the adhered soil grains from collecting the leaves
in fall. In all cases, the liquid and solid yields are substantial.
They require different treatments and analysis schemes, but the
general trend is that more base generates more liqueed
biomass products (Fig. 2d).

The sequestration and distribution of the carbon between
solid and liquid phases aer hydrothermal treatment with
various amounts of the base depend on the cascade of the
transformations that small molecular weight products from the
biomass hydrolysis undergo. A basic pH condition prompts
hydrolysis of the holocellulose, and glucose is the predominant
starting molecule in the reaction mixture concerning biomass
hydrothermal treatment. This work will concentrate on inter-
preting the mechanisms that glucose undergoes in the over-
heated water depending on the starting pH. Detected
intermediates and hydrolysis products from other biomass
components and their roles in chemical transformations
towards nal products will be explained. The main small
molecular weight molecules are still presented in the reaction
mixture aer the end of the process, and can be detected by
liquid NMR and HPLC. The NMR spectra of the lyophilized
liquid phase (see Fig. 3a) form distinctive product patterns of
the intermediates, which enables the discussion of the biomass
transformation and resulting products to be divided into three
rough groups: I – lack of KOH (VT025 and VT050), II – mild
amount of KOH (VT100, VT150 and VT200) and III – excess of
KOH (VT500), as summarized in Table S1.† The carbohydrate
content has been calculated according to VDLUFA (2012;
methods 6.5.1, 6.5.2 and 6.5.3).19

The group I corresponds to a process similar to a typical
classical hydrothermal carbonization (HTC). Low amounts of
base are consumed very fast at the beginning of the hydro-
thermal process. Thus, only a limited amount of carbohydrates
can undergo retro-aldol addition towards lactic acid, products
of its oxidative cleaving and organic acids formed from other
intermediates.11 The sample with the lowest base-to-biomass
ratio is a typical product of the hydrothermal carbonization,
considering both visual appearance and results from the CHN
analysis (see Table 1), and SEM imaging (see Fig. 8). The base
content is not enough to have any considerable inuence on the
acid-catalyzed dehydration and polycondensation of carbohy-
drates towards biochar. Fast precipitation of the product and
the clear transparent supernatant point to complete product
separation and only slight effects due to colloidal stability.
Broad signals on NMR (see Fig. 3a) and FTIR spectra (see
Fig. S1a†) also evidence the highly condensed polymeric struc-
tures, mostly in the region between 3 and 4 ppm. Those are the
remaining partly etched cellulose fragments in the continuous
phase as the most stable part of biomass under those condi-
tions.20 The amount of KOH is not enough to prohibit the fast
drop of pH towards acidic region, and the forming furfural
derivatives quickly condense into a highly cross-linked
This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) Separation procedure of the performed runs: phase unstable products of each run were separated from dissolved and dispersed
products by centrifugation. (b) Concentration of carbon in the liquid/colloidal phase. In a liquid phase, the total carbon (TCL) and total inorganic
carbon (TICL) were determined and the total organic carbon (TOCL) was calculated by subtraction. (c) Yield of solid products (amount of biomass
converted to solid fraction). (see the details of analysis in ESI†). (d) Carbon distribution in liquid/colloidal and solid phases after the hydrothermal
process.
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carbonaceous material. This explains the absence of the typical
furfural derivative aromatic protons that occur at 7.5–6.5 ppm.
In contrast, the NMR spectra in the range from 4.0 to 3.0 ppm
reveal an abundance of oxygenated aliphatic protons, which are
typical for the intermediate products (blue frame on Fig. 3b) of
carbohydrate dehydration. There are only weak signals above
6 ppm. This suggests that the solution is almost free of double
bonds and phenolates, which accumulate in the solid coun-
terphase. This observation is also corroborated by HPLC
employed for quantitative determination of the phenols
content, furfurals, glucose and organic acids in the reaction
media aer hydrothermal processes from chestnut foliage
(Fig. 4). On average, a 2× higher phenol derivative concentra-
tion was determined for the solid phase (∼0.2 wt%) compared
to the liquid/colloidal compartments (∼0.1 wt%) (Fig. 4a and b).
As a consequence, the amount of the aromatic compounds in
the liquid phase is extremely low for detection by NMR. We also
found furan derivatives (Fig. 3b green frame) at equilibrium
concentrations for the solid and liquid fractions determined by
HPLC. The absence of signals at 7.5 to 6.5 ppm specic to these
molecules is due to the low residual pH and rapid condensation
during the preparation of the NMR sample.

With the intermediate amount of base (group II), the organic
acid diversity and the carbohydrate part of the NMR spectrum
remain – with minor shis – unchanged, but with increased
intensities from 1 to 2.5 ppm. This happens because the retro-
This journal is © The Royal Society of Chemistry 2023
aldol splitting of sugars and the consecutive hydride shi both
preferably take place under alkaline conditions, resulting in the
main products of lactic acid (a C3-acid), succinic acid (a C4-
acid), and formic acid (C1) formation. As a result, the amount
of organic acids increases (Fig. 3c and d), while the stronger
KOH signicantly decreases the size of the carbohydrate frag-
ments (as indicated by a smaller, oligomer like peak broad-
ening). New well-dened peaks at 4.5 ppm (an aromatic
hydroxymethyl group, as the one of HMF), 7.3 ppm (furanes),
and 8.6 (proton at highly carboxylated aromatics) appear,
indicating that the solution phase starts to accumulate a larger
amount of furan derivatives. The nal pH in these runs is 5.65,
6.80 and 7.26 (VT100, VT150 and VT200, respectively). Under
these reaction conditions, the furfural derivatives formed in the
nal acidic media and formaldehyde groups are only partly
subjected to condensation reactions, resulting in the less cross-
linked, uffy articial humic polymer observed in the samples
VT100, VT150 and VT200. Some amount of the preformed furan
derivatives cannot condense due to insufficient acidity,
appearing in the NMR spectra aer the reaction and detectible
with HPLC (Fig. 4a and b). Lignin degradation is also less
expressed because of the increased pH, and this was conrmed
by both NMR and HPLC techniques. All spectroscopic attributes
of the group II samples point to a hydrothermal humication
process characterized by the balance between the retro-aldol
addition reaction of carbohydrates to organic acids and
Sustainable Energy Fuels, 2023, 7, 769–777 | 771
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Fig. 3 (a) 1H NMR spectra of the soluble products of chestnut foliage
after hydrothermal treatment in the presence of various amounts of
base: x0.25 eq. KOH/ 1 − x5 eq. KOH (VT025/ VT500) with regard
to the carbohydrate content in the starting biomass material. (b)
Proposed degradation pathways of chestnut foliage via base-catalyzed
retro-aldol addition and acid-catalyzed dehydration as pH dependent
hydrothermal treatment. The different reaction pathways (b) can be
followed by the different regions and groups on the NMR spectra (a)
highlighted with corresponding frames. Blue frame – cellulose frag-
ments, green-dashed frame – furan derivatives, red-dotted-frame –
aliphatic compounds and organic acids.

Table 1 N/C/H/O analysis data of the freeze-dried products of
hydrothermal treatment in the presence of different amounts of KOH

Sample N in % C in % H in % O in % O/C H/C

Chestnut foliage 0.77 46.64 5.81 40.07 0.64 1.49
VT025 1.15 58.28 5.09 27.04 0.35 1.05
VT050 1.10 55.96 5.10 27.37 0.37 1.09
VT100 1.09 54.09 5.06 31.30 0.43 1.12
VT150 1.04 52.68 5.00 32.77 0.47 1.14
VT200 1.02 49.44 4.82 32.52 0.49 1.17
VT500 0.65 45.12 4.48 34.48 0.57 1.19
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a consecutive dehydration–condensation reaction at slightly
acidic pH. Under those conditions, the system avoids rapid
condensation into a highly cross-linked carbonaceous material.
Instead, linear or slightly branched humic polymers abundant
in phenolates and carboxylic acids form, as easily judged by
macroscopic observation and colloidal nature of the main
product.

The group III at high base is nally practically free of any
precipitates, and the products remain in the liquid phase
772 | Sustainable Energy Fuels, 2023, 7, 769–777
largely as organic acids, whose concentrations at least double.
The base is not used up completely as evidenced by the high pH
remaining aer the reaction. Nearly all NMR signals are below
4 ppm, and the nal peak at 8.56 ppm is typical for protons with
highly carboxylated aromatics. The group III thereby demon-
strates another scenario of the hydrothermal process. The
excess of alkali allows for almost complete conversion of the
carbohydrates towards the nal products following the retro-
aldol reaction. Even aer exhaustion of all available carbohy-
drates, some alkali remains, resulting in a nal pH value of 8.6.
Ketone and aldehyde groups are of particular interest for
possible further reactions, such as pyruvaldehyde, levulinic
acid, glyceraldehyde. Here, the base-catalyzed aldol condensa-
tion occurs with the formation of linear well-soluble polymeric
structures called fulvic acids. The decreased intensity of the
signal at 8.56 ppm at maximum KOH proves the ongoing aldol
re-condensation at alkaline pH, which is absent at neutral pH.
Furanes are absent (because acidic pH values are never attained
during the hydrothermal process), as conrmed by both NMR
and HPLC techniques, due to the complete conversion towards
organic acids and aldehydes. We might thereby call the III
group – hydrothermal fulvication.

Most of the well-dened signals are in the region below
3 ppm, and correspond to a diversity of organic acids, keto- and
hydroxyl acids (Fig. 3, red frame). Fig. 4c and d provide infor-
mation about some organic acid nal concentrations aer the
hydrothermal treatment. The acetic acid concentrations in both
solid and liquid fractions remain constant at different KOH
amounts, which underlines our assumption that it is mostly
generated by ester splitting from acetylated hemicellulose and
lignin.

The 13C CPMAS NMR spectra of VT050, VT150 and VT500
were measured (1 sample for each group) in order to evaluate
the chemical structure of the humic substance in the solid
phase (see Fig. 5). The signal at 182 ppm corresponds to the
carbonyl carbon attached to the aromatic systems in highly
substituted polymer systems. The sharpening signals reveal the
formation of less crosslinked matter from VT050 to VT500, as
a consequence of the higher mobility of different compartments
presented in the samples when going from biochar (VT050) to
humic substances (VT150 and VT500). The sharp peak at
168 ppm for the biochar sample can be attributed to the
carbonyl group in the molecular state of the furan derivatives
adsorbed on the biochar surface. This was also conrmed by
HPLC study (Fig. 4a), where HMF and furfural were detected for
VT050.

Phenolic aromatic groups found at 140 to 160 ppm for runs
VT050 and VT150 are clearly detectable for these runs with
HPLC and NMR studies. The resonance shown along the aryl-C
region (110–140 ppm) originate from the condensed aromatic
moiety units derived from lignin. The region from 0 to 45 ppm
includes the alkyl-C signals assigned to the aliphatic chains of
various lipid compounds, such as fatty acids and plant waxes.21

The sharp bands around 29 ppm are related to the large
abundance of bulk methylene segments of different molecules
with specic structural conformation and rigidity, such as wax
and cutin components. The identication of the molecular
This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Content of phenols, furfurals, glucose and organic acids in products of the hydrothermal process of chestnut foliage at different eq. KOH
determined with HPLC. (a) Phenol and furfural derivatives in the solid fraction. (b) Phenol and furfural derivatives in the liquid fraction. (c) Glucose
and organic acids in the solid fraction. (d) Glucose and organic acids in the liquid fraction.

Fig. 5 13C-CPMAS-NMR spectra of the chestnut foliage solid phase
after hydrothermal treatment. One sample for each group was
measured.

Fig. 6 Van Krevelen diagram of the products of hydrothermal treat-
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species also allows for the explanation of simple sum analyses,
such as elemental analysis, presented in Table 1. Generalized
data are also presented in the van Krevelen diagram (see Fig. 6,
hydrochar zone according to ref. 22), representing the compo-
sition in ratios of H/C and O/C. We see that low base
This journal is © The Royal Society of Chemistry 2023
hydrothermal processes really progress along the previously
described HTC path: the biomass mostly splits with water by
dehydration, and the overnight reaction results in a lignite-like
product (longer reaction times and higher temperatures cause
black coal compositions).23–25 The decrease of nitrogen content
in the solid phase was observed for the VT500 run, where the
reaction mixture possesses basic pH at the end of the process.
This pH avoids protonation of amino groups, and as a conse-
quence, poor adsorption on negatively charged sediments
occurs. Furan derivatives, as supported by the NMR data,
undergo splitting to carboxyl acids, which then undergo aldol
condensation with less water elimination. We also applied
HSQC to conrm our assignments. (Owing to the transfer to
non-expert labs, an additional decline of the hydrogen content
ment of chestnut foliage based on elemental analysis.

Sustainable Energy Fuels, 2023, 7, 769–777 | 773

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D2SE01513G


Sustainable Energy & Fuels Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
D

ec
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 8

/2
6/

20
24

 9
:2

1:
31

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
is typical for lignin-rich products. This is attributed to a deme-
thylation of the coniferyl and sinapyl alcohol upon creation of
methanol, which is also obtained by the dry distillation of wood
as “wood spirit”. Splitting up the reaction path in the van Kre-
velen diagram into a dehydration and demethylation path
allows for the estimation of the degree of demethylation.
Furthermore, alkaline treatment splits up the available methoxy
groups, so we intend to keep discriminative analysis as simple
as possible, at the best with tabletop machines). Two of these
spectra are shown in Fig. 7a and b for the VT150 and VT500
runs, respectively. These spectra essentially conrm our
previous assignments, but also reveal some further details of
the mechanism. We see a strong signal for acetate groups in
both samples, which we attribute to the former acetylation of
hemicellulose and lignin. Another point is the formation of
terminal methyl groups, which give weak signals under acidic
conditions and presumably only related to the wax content,
while their increase under alkaline conditions clearly proves the
occurrence of an alkaline hydride shi, e.g., from glyceralde-
hyde to lactic acid. In the better resolved 2D spectra, we also
found indications of lignin or tannin degradation towards
soluble fragments.

The disperse/solid phase

Discussing the NMR spectra and considering the heterogenous
nature of the samples, it is clear that we up to now analyzed the
soluble species with sufficient mobility. For instance, even the
supernatants are completely non-transparent for group III of
the hydrothermal process (see Fig. 1), pointing to the excellent
efficiency of the high charges of fulvic species to stabilize
colloids made up from non-soluble species. As the amount of
phenols is very high in chestnut foliage, and they were only
a small amount of phenols in the NMR spectra, the mass
balance between the two phases suggests they are mostly in the
heterogeneous particles. SEM images, also coupled to EDX (see
Fig. S2† for solid phase and Fig. S3† for dispersion), allowed us
to study the structure and the relative specic surface area of the
solid phase (Fig. 8). At highest base (Fig. 8a), the structure is the
one of the mineral impurities and inclusions, coated with
Fig. 7 (a) 2D 1H–13C HSQC NMR (two-dimensional 1H–13C gradient he
NMR) spectra of hydrothermal treatment sample VT150. (b) 2D 1H–13C HS
–CH3 (blue)) spectra of the hydrothermal treatment sample VT500.

774 | Sustainable Energy Fuels, 2023, 7, 769–777
a phenolic layer. In group II with the relative balance of base
and biomass sugar, the structure is very different, uffy and full
of structural pores, indicating a low interface energy towards
water (Fig. 8b–d). This is the typical, well reported texture of
humic acid/clay conjugates,26,27 i.e., we are in the hydrothermal
humication range. At lower base, the transition to hydro-
thermal carbonization is observed (Fig. 8e and f). According to
the lower ionic content and stabilization, the structures are
denser, still created from primary carbon nanoparticles, but in
a tighter packing orientation and with stronger connections
between the particles. We assume these high colloidal surface
areas to be loaded with solution species, bound by adsorption.
Variation of biomasses

To obtain a more general sense of the observations, we also
analyzed three other types of side stream biomasses available in
large amount, among them forestry remnants (multiple years
grown, high in phenols andminerals), bamboo chops (one year-
lignocellulosic biomass rich in waxes, a model also for corn
stalks, sugar can bagasse, or miscanthus), and sugar beet
remnants (so industrial side biomass from food production)
treated in the hydrothermal humication regime. The NMR
spectra of the soluble species are shown in Fig. 9, while the FTIR
spectra are shown in Fig. S1b.† The pH values of the nal
reaction mixtures were all close to neutral (pH= 6.48–6.80), i.e.,
the reaction progressed in a similar manner, independent of the
specic plant textures. Despite the high biological diversity, the
spread of chemical products is practically the same. All signals
appeared with slightly different intensities at the same posi-
tions, and the biological effects were reduced to a clearly
increased alkyl fraction from bamboo, while bark and branches
seem to be more easily digestible (as judged by the relative
narrow carbohydrate leover peak). The FTIR spectra are also
very similar, except for an amide peak found only in the sugar
beet product (sugar beet contains about 10 wt% of protein in the
raw biomass before saccharose extraction. This is different from
the other biomasses).
teronuclear single quantum coherence nuclear magnetic resonance
QCNMR (phase sensitive:–CH2– opposite phase (red) than –CH– and

This journal is © The Royal Society of Chemistry 2023
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Fig. 8 SEM images of the chestnut foliage solid fraction after hydrothermal treatment at different amounts of KOH. (a) Hydrothermal fulvication
(group III); (b)–(d) hydrothermal humification (group II) and (e and f) hydrothermal carbonization (group I).

Fig. 9 1H NMR of hydrothermal humification based on different
biomasses: sugar beet, bark, bamboo and chestnut foliage at x1.50 eq.
KOH. Blue frame – cellulose fragments, green-dashed frame – furan
derivatives, red-dotted-frame – aliphatic compounds and organic acids.
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We take all of these results as an indication to claim the
hydrothermal biomass conversion in a rst approximation
independent of the specic biomass origin.
Usage schemes for the converted chemical products

To discuss the potential usage and valorization schemes of the
converted products, we have to quantify the content of specic
chemicals in both solid and liquid fractions. For that, we utilize
the abovementioned quantitative HPLC for hydrothermal
mechanism interpretation.

Fig. 4a and b illustrate the general trend of phenols content,
which signicantly decreases with the increase of KOH. Within
VT025 to VT100, the hydrothermal process nishes under an
acidic condition, where a part of lignin undergoes Friedel–
Cras dealkylation more efficiently towards phenols. Thus,
catechol is detected as the main phenolic product in both solid
and liquid fractions. We have to underline that catechol
This journal is © The Royal Society of Chemistry 2023
equilibrates between the solid and liquid phases. Thus, by
weight, a larger amount already stays bound at the solid phase,
with decreasing solid content being adsorbed less. Phenol and
guaiacol are both produced in lower amounts with almost equal
concentrations over the whole range of studied KOH content.
For VT150 to VT500, the overall concentration of phenol deriv-
atives drastically decreases, i.e., we indeed required acidic
conditions to liberate the phenols, or vice versa, alkaline media
is necessary to achieve the absence of phenols. Fig. 4a and b also
report the concentration of furfural and HMF in the solid and
liquid phases, respectively. As furans usually come with distinct
regulatory issues, it is preferable that their concentration
remains low. On the other hand, HMF in honey and fruit jams
can be notoriously high, and sugarcane molasses can easily
contain 100–300 mg HMF per kg.28 The reported values here are
signicantly smaller, but worth the consideration for agricul-
tural applications.

Fig. 4c and d provide information about some organic acid
nal concentrations aer hydrothermal treatment. Acetic acid
concentrations in both solid and liquid fractions remain
constant at different KOH amounts, which was attributed to
ester splitting from acetylated hemicellulose and lignin. The
acetic acid content is about 1 wt% overall, which is rather high.
The overall concentration of organic sugars (fructose and
glucose) and acids (lactic acid (a C3-acid), succinic acid (C4),
and formic acid (C1)) at high base is found to be around 65 g L−1

of the liquid reaction uid, with another 28 g kg−1 adsorbed
onto the solid sediment.

The use of the articial humic acid mixture in group II or the
processes has already been discussed in the literature.29–31

Indeed, the promotion of soil quality, microbiome growth and
improvement of agronomical indices to increase grain yield was
proven most times. This is in part also true for the hydrochar
generated in group I,32 as polar digestible molecules are
Sustainable Energy Fuels, 2023, 7, 769–777 | 775
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generated here. However, the furan derivatives content might
be inhibitive in the early phases of application.

What is le is the use of the high organic acid content
generated in group III, which we called here simplistically
hydrothermal fulvication. All of these organic acids represent
value as such, but must then be isolated and separated. Using
such mixtures for fermenters in white biotechnology however
could generate a simpler usage strategy, for instance, calculated
methanization yields of 17 g L−1 or 24 m3 CH4 per m

3 digestate,
which was by recipe 20 wt% wet biomass and 80 wt% of base/
water.
Conclusions

In this article, we compared three different hydrothermal
digestion schemes tuned by the amount of the added base, and
applied to four different agricultural side stream biomasses:
chestnut foliage, side products of wood industry, bamboo chops
as a typical one-year lignocellulosic harvest, and sugar beet
pressing residues as a typical side product of food industry.
Molar excess of base shis the hydrothermal treatment towards
a humication process, and further increase of the base content
causes destruction of the biomass into a homogeneous colloid
in a fulvication process.

Independent of the specic biomass starting products, the
hydrothermal disintegrations are rather similar despite the
chemical product spectra. Thus, the hydrothermal processes
appear to be independent of the specic biology and textures.
This is excellent news from an engineering perspective when
the dissolved products are the focal point. The absence orminor
addition of base or ashes results in an acid-catalyzed reaction
cascade, running mostly along dehydration of the contained
sugars and the formation of a typical HTC furanic hydrochar.
The phenol-content can be rather high (up to 5 g kg−1) in this
process, as lignin turns out to liberate monocyclic phenols by
acid-catalyzed Friedel–Cras dealkylation.

A process with applied medium base content results in
hydrothermal humication. The reaction begins under alkaline
conditions, but ends with weakly acidic conditions. Further-
more, the condensation products are more functional, highly
hygroscopic, and much less cross-linked, while the furan
derivatives and phenols play less of a role in the condensation
and appear less in the products. The articial humic acid
prepared as such was already carefully analyzed as a soil addi-
tive, and both microbial and agronomic traits were found to be
outstanding.33

We also found an all-alkaline path, referred as hydrothermal
fulvication, practically free of phenols and furanes. The highest
yields of organic acids are created under this conditions,
namely increasing amounts of lactic acid (3 + 3 splitting), formic
acid (5 + 1 and 1 + 4 + 1 splitting), and succinic acid (1 + 4 + 1,
again). Acetic acid, present in the same amounts independent
on the run, most likely is formed only by ester splitting of the
contained acetates. As all these organic acids are also known to
be products of fermentation processes,34 we can consider the
liquid phase as nutrition uids for fermenters, such as in the
776 | Sustainable Energy Fuels, 2023, 7, 769–777
most simple case for accelerated and also yield-boosted biogas
production.
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