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Abstract

This chapter provides an overview of the most recent advances in the mechanistic study of hydrothermal carbonisation (HTC) and the
strategies to improve the conversion by using carbon-based catalysts. HTC, although not a recent discovery, has lately been receiving
increasingly attention by both academic and industrial sectors due to the possibility to exploit this process to perform a simple, green
and inexpensive conversion of bio-derived waste material into valuable chemicals and advanced materials and, as such, this chapter
will also look into the use of hydrochars formed in HTC and their application in catalysis, more specifically heterogeneous catalysis
with a mention on electrocatalysis. The versatility and tuneability of these solids give rise to the great range of applicability in different
fields. A detailed overview of the HTC process is presented and the main uses of hydrochars in catalysis is then shown, highlighting
their use as solid acid catalysts, as pristine solid catalysts, as sacrificial agents in synthesis, since their removal through combustion is

easy, and the niche application of these solids in electrocatalysis for future research perspective.

1. Introduction

The term hydrothermal carbonisation (HTC) is referred to
as a process in which an aqueous solution or dispersion of
carbon containing compounds, typically lignocellulosic
biomass or saccharides, are heated under water at
subcritical temperatures, at moderate to high pressures.
HTC was first studied about a century ago? as a way to
mimic natural conversion process of biomass into fossil
fuel. However, in the last decades3-?, it has become object
of intense research because it potentially allows the
conversion of ubiquitous and inexpensive cellulose —
derived from agricultural waste— into: (a) other chemicals,
like furfural, 5-hydroxymethylfurfural (5-HMF), levulinic
acid (LA), formic acid, acetic acid and lactic acid; some of
which being recognised as platform chemicals for the
transition to a greener chemistry?; and (b) carbonaceous
materials (i.e., hydrochar). Through a sequence of
dehydration, polymerisation, and aromatisation reactions,
this previously mentioned hydrochar is formed, mostly
composed of condensed furan rings bridged by aliphatic
regions with terminal hydroxyl and carbonyl functional
groups. Upon the “polymerisation” of 5-HMF or furfural,
nucleation takes place followed by growth of the particles
upon further incorporation of 5-HMF-derived monomers,
which leads to the formation of spherically shaped
particles.

One of the main disadvantages of hydrochars is that they
present limited porosity and surface area. For certain
applications, a nanoscale porosity is highly desirable. There
are many well established technologies to produce porous
carbons among which the most common ones are chemical
activation! and templating methodologies.?
Nonetheless, there are advantages to using this method.
HTC has been considered as energy- and atom-economical
process because only one-third of the combustion energy
is released via dehydration; pre-drying process is
unnecessary due to the aqueous reaction media and the
carbon efficiency is close to one after suitable operational
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conditions!3. Coupled with these advantages is the ability
to tune or manipulate the surface of the resulting
hydrochar during the HTC process such as increasing
acidity (using different acids in a one-pot synthesis).14

The most common way hydrochars might be used in
catalysis is as support for metal or metal oxide active sites.
However, since the surface of hydrochar involves many
oxygen functionalities such as furanic, phenolic, or
carboxylic oxygen atoms, catalytic activity can also be
achieved through surface functionalities alone.
Modification of the conditions during the synthesis or post-
treatment of the material can allow the addition of metallic
or metal oxide particles on the structure. Another useful
function of hydrochars is that they can be eliminated
through combustion in air. Taking all these properties into
account, this book chapter analyses the use of hydrochars
in heterogeneous catalysis in three groups: sulfonated
(solid acid catalysts) and pristine hydrochars, as support,
and as a sacrificial agent. Another important subject of
analysis is the process through which these materials are
obtained: HTC. The use of hydrochars in electrocatalysis isl
also mentioned, as there is a growing interest in the use of
these solids in such processes.

2. Hydrothermal carbonisation:
mechanism

A deep and thorough understanding of the mechanisms of
carbonisation of cellulosic biomass is the key to control the
process and, therefore, make it scalable for industrial
conversion of biowaste. Although the complex network of
transformations and decomposition of cellulosic materials
under hydrothermal conditions is still not fully understood
and subject of debate, it can be summarised in a few basic
steps: (i) hydrolysis of long cellulose and hemicellulose
chains into their constituting monomers (mainly glucose
and other C6 and C5 sugars); (ii) dehydration of C6 sugars
to 5-HMF and C5 sugars to furfural; (iii) decomposition to
lower molecular weight compounds or, alternatively,


https://creativecommons.org/licenses/by-nc/4.0/

Chapter 9

condensation and aromatization reaction, to produce
hydrochar (see Fig. 1).
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Figure 1. General hydrothermal reaction scheme.

Many studies in the last twenty years have contributed to
put together this general scheme, by focusing on different
aspects of the whole process. Since the dawn of the
“rediscover” of HTC, it is known that the decomposition of
glucose under neutral hydrothermal treatment produces
fructose, dihydroxyacetone, glyceraldehyde, erythrose,
glycolaldehyde, pyruvaldehyde, 1,6-anhydroglucose, 5-
HMF, acetic acid, formic acid and hydrothermal carbon?5.
In 2007, Asghari and Yoshida® reported the results from a
study on the reactivity of fructose under hydrothermal
conditions in presence of HCl as an acid catalyst. This study
proved the dehydration path of fructose under
hydrothermal conditions to 5-HMF, which can easily
undergo hydration reaction, with loss of a C atom in form
formic acid (FA) and subsequent ring opening to form LA.
While the latter two do not undergo any further reactions,
fructose and 5-HMF can also form soluble polymers
through distinct paths. 2-furaldehyde (2FA), originated
only from fructose, was also detected. Finally, the study
proved that pressure had a minor impact on products yield,
compared to other reaction parameters such as
temperature, initial pH and composition of feedstocks.
Recently, Buendia-Kandia et al.” have provided a quite
exhaustive scheme of the dehydration, decomposition and
condensation pathways that take place during HTC (see
Fig. 2). The scheme has been elaborated by studying the
decomposition  of  microcrystalline  cellulose in
hydrothermal conditions, testing three temperatures (180,
220, and 260 °C), sampling the liquid phase every 20 min
on an overall reaction time of 120 min. Their results
confirmed the pathway proposed by Matsumural8: long
chains of cellulose are firstly hydrolysed to smaller
oligomers or monomers of glucose. Glucose can undergo
isomerizsation to fructose via Lobry de Bruyn—Alberda—van
Ekenstein transformation or epimerisation to mannose.
Dehydration reaction of fructose produces 5-HMF, which is
readily decomposed to levulinic and formic acid; glucose
oligomers can undergo dehydration before complete
hydrolysis, producing cellobiosan and subsequently
levoglucosan. Retro-aldol condensation of glucose
produces erythrose and glycolaldehyde from which lactic
and acetic acid are derived. Decarbonylation and
decarboxylation reactions account for the production of
CO and CO,. Finally, due to limited access of water
molecules on the inner cellulose fibres, pyrolysis of
cellulose can occur, leading to direct formation of
hydrochar.

It is worth noting how water can serve as both acid and
basic catalyst, in sub-critical condition, as pointed out by
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Jin et al.2%, who studied the production of lactic acid during
hydrothermal treatment of cellulose and glucose. In fact,
although lactic acid is traditionally known to be a product
of alkaline degradation of sugars, it has been detected in
large amounts even in neutral condition. Its production has
been explained by the benzylic acid rearrangement of
pyruvaldehyde, which in turn is a product of a retro-aldol
condensation of fructose. This rearrangement proved that
water under sub-critical condition can act as a Brgnsted
acid catalyst when catalysing isomerizsation of glucose to
fructose and also as an effective Brgnsted base catalyst in
catalysing rearrangement of pyruvaldehyde to lactic acid.
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Figure 2. Scheme of reaction pathways of cellulose
decomposition as proposed by Buendia-Kandia?’.
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More recently, some studies have emphasised some
discrepancies between experimental observations and the
common belief of formic acid and levulinic being present in
equal concentration?°, Yang et al.2! have explained this
excess of FA by a sequence of reactions that entail a retro-
aldol pathway; furthermore, they have demonstrated,
using computational methods (in particular Density
functional theory, DFT, calculations) the possibility of two
alternative dehydration pathways of glucose and fructose:
the former produces 5-HMF and dominates at low
temperatures and low rates of conversion; the latter does
not involves 5-HMF and proceeds through retro-aldol
reaction and secondary furfuryl alcohol chemistry,
contributing to the FA excess. Latest studies, nonetheless,
tend to assume that dehydration of glucose to 5-HMF
mainly happen via an isomerisation step to fructose, which
is also a rate limiting step.22

2.1 Organic compounds in the liquid phase

A large variety of chemical compounds can be found in the
liquid phase after a hydrothermal decomposition of
cellulosic biomass. Among them, 5-HMF is a very
promising, highly functionalised, bio-based chemical
building block, produced from the dehydration of hexoses,
which can play a key role not only as intermediate for the
production of the biofuel dimethylfuran (DMF), but also for
other biomass-derived intermediates, such as 2,5-furan-
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dicarboxylic acid?3, 2,5-dimethylfuran2425, adipic acid and
LA26, 5-HMF is synthesized mainly by the dehydration of
monosaccharides such as fructose?’” and glucose?829,
through the loss of three water molecules. Disaccharides
or polysaccharides, such as sucrose?? or cellulose3931, can
be used as starting materials, but hydrolysis is necessary
for depolymerisation. Sucrose hydrolysis is more efficiently
catalysed by a base; however, dehydration of the
monomers is catalysed by acids. This difference introduces
a problem, namely that the formation of 5-HMF by
dehydration is a very complex process because of the
possibility of side-reactions. Moreover, with respect to the
dehydration reaction which leads to the formation of 5-
HMF, glucose (an aldose) reactivity is lower than that of
fructose (a ketose). Since the ultimate aim is to convert
cellulosic biomass into 5-HMF, hydrolysis of the cellulose
polymer to give glucose must be followed by a further step
of isomerisation to fructose in order to enhance the final
yield. Finally, it is important not only to optimise the
synthesis of this compound, but also to develop an efficient
isolation method. 5-HMF is not easy to extract from an
aqueous phase, since the distribution coefficient between
the organic and the aqueous phase is not favourable32.

LA, also named 4-oxopentanoic acid, is derived from 5-
HMF which, under hydrothermal conditions, is rehydrated
to form LA along with formic acid. LA is considered as one
of the most promising platform chemicals derived from
lignocellulosic biomass for the synthesis of fuels and
chemicals933, It is regarded as a platform chemical that
finds applications for several purposes, such as source of
monomers for the synthesis of polymer resins as well as
components in flavouring and fragrance industries34,
textile dyes, additives, extenders for fuels, antimicrobial
agents, herbicides and plasticisers3>3¢, Many of the
processes for the highly selective production and
separation of LA are still early in their development stage.
Thus, finding an economically viable process for converting
more complex biomass feedstock to fuels and to chemical
precursors for industrial production would be attractive to
reduce the release of atmospheric CO,;, without
compromising food supply.

2.2 Hydrochar: morphology and chemistry

Synthesis of carbonaceous spheres via HTC of sugars was
first reported in 2001, in a study by Wang et al.3 In this
study, it was noted that the diameter of these particles
grew proportionally with both dwell time and initial
concentration of the precursor. The spherical appearance
of these carbon particles was attributed to the separation
of early sugar dehydration products from the aqueous
solution and subsequent formation of an emulsion, from
which first nuclei originates.

Better insights on the chemical structure of these carbon
spheres were later provided by Baccile et al.37, who used
different solid-state 13C NMR techniques to characterise
the carbon product of HTC of glucose. Their results
indicated that the core of the carbonaceous scaffold
consists on condensed furan rings linked either via the a -
carbon or via sp2- or sp3- type carbon3’. This structure
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suggests that 5-HMF and furfural are the main building
blocks of hydrochar. More recent investigations by van
Zandvoort et al.3® has provided further details about the
chemical structure of hydrochar (see Fig. 3). In fact, a
better characterisation of the linkages between furanic
units has been achieved by means of 1D and 2D solid-state
NMR spectra of 13C-labeled humins. The most abundant
are Cq—Ciliphatic and Cq —Cq linkages, whereas other ones
such as Cpg—Cg and Cg—Ciiiphatic cross-links appear to have
smaller contribution to the overall structure. This
difference shows that furan rings are mostly linked to each
other by short aliphatic chains; LA is also included in the
structure through covalent bonds. A chemical structure
(see Fig. 2) has been proposed.

Figure 3. Chemical structure of humins proposed by van
Zandvoort?4.

DFT calculations have also proved to be helpful in supplying
more information about the chemical structure of
hydrochar. A study by Brown et al.3° proposed two possible
structures: (1) a structure consisting of arene domains
comprised of 6-8 rings connected via aliphatic chains; (2) a
furan/arene structure consisting primarily of single furans
and 2 or 3 ring arenes. These two structures have been
inferred by simulating Raman spectra of model
constituents of hydrochar by means of DFT and
subsequently fitting the experimental Raman hydrochar
spectrum with a 12-peak fit. Following NMR and IR
analysis, however, suggested that the latter model is more
consistent with the experimental observations.

Formation and growth mechanism of carbonaceous
spheres (such as those in Fig. 4) is still object of debate.
Based on their observations regarding the dissolution
behaviour of cellulose under hydrothermal conditions,
Sevilla and Fuertes® proposed a nucleation pathway to
explain the formation of the typical carbonaceous spheres.
This pathway encompasses six steps: (1) hydrolysis of
cellulose chains; (2) dehydration and fragmentation into
soluble products of the monomers that come from the
hydrolysis of cellulose; (3) polymerisation or condensation
of the soluble products; (4) aromatisation of the polymers
thus formed; (5) appearance of a short burst of nucleation;
(6) growth of the nuclei formed by diffusion and linkage of
species from the solution to the surface of the nuclei.
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Figure 4. SEM image of carbonaceous spheres obtained
by hydrothermal carbonization of sugars.

5-HMF obviously plays a major part in the carbon spheres
formation, as highlighted by their chemical structure of
linked furan rings. Acid catalysed degradation of 5-HMF
has been studied by Tsilomelekis et al.*° by means of ATR-
FTIR spectroscopy, Scanning Electron Microscopy (SEM)
and Dynamic Light Scattering (DLS) to understand the
growth mechanism of 5-HMF derived humins. The
proposed mechanism involves an initial nucleophilic attack
of a
5-HMF carbonyl group to the a- or B-position of the furanic
ring, along with aldolic condensation and etherification.
This condensation leads to the formation of small, soluble
oligomers that grow heavier until they form small solid
nuclei through phase separation. Further growth is the
result of both smaller particles aggregation and continuous
5-HMF Addition. It is unclear if aggregation of constituting
small particles is based on chemical reactions or physical
interaction. Cheng et al.*! have noted that humins, which
are related to hydochars, can be partially dissolved by
multistage dissolution in organic solvent to oligomers that
have mass numbers ranging from 200 to 600 Da, as
detected by LC-MS. This observation may, in fact, suggest
that humins are actually aggregates of oligomeric species
rather than macromolecules. How that relates to
hydrochars is still not fully resolved.

Formic acid and LA are abundant in the reaction medium
during HTC, where formation and growth of hydrochar
based spherical particles take place. It is reasonable to
think that these acids might play a role in the process. In
fact, it has been shown that formic acid, due to its rather
high pK,, significantly increases the rate of conversion of
C6 sugar to 5-HMF in an autocatalytic fashion, therefore
speeding up the growth of the spherical particles of
hydrochar. LA, on the other hand, has a lower pK, and
therefore does not have a strong Brgnsted catalytic effect,
but it does effect the growth of the spherical particles
taking part in the process as building units and slowing the
growth by reducing the surface density of hydroxyl groups
of carbonaceous spheres.*2
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2.3 Carbon dots

The name “carbon dots” encompasses different carbon-
based nanomaterials whose properties resembles those of
well-known metal-based quantum dots. Since their
fortuitous discover in 2004 by Xu et al.*3, this new class of
material has been object of intense study and research
because of their promising and sometimes outstanding
properties. Carbon dots are fluorescent and have tuneable
emission wavelengths, like traditional metal quantum
dots, but, unlike their inorganic cognate, they show better
aqueous solubility, photo-stability, ease to be
functionalised, low toxicity and, therefore, good bio-
compatibility. They also have a much lower cost compared
to the heavy metal based quantum dots, as they can be
synthetised using biomass waste as raw carbon source.
Carbon dots can be divided in two sub-groups, based on
their morphology: graphene quantum dots (GQDs) and
carbon quantum dots (CQDs). Graphene quantum dots are
small, single- or multi-layered graphene discs with
diameters ranging from 3 to 20 nm and carboxylic
functionalities on the edges**. It can be argued that this
kind of nanoparticles, commonly referred to as graphene
quantum dots, are in fact graphene oxide quantum dots,
due to the high amount of oxygen-containing groups on
their surface and edges. In fact, true oxygen-free graphene
quantum dots have been produced by Fei et al.*> through
solvent exfoliation of graphite nanoparticles.

Carbon quantum dots are quasi-spherical carbon
nanoparticles, with diameters around or below 10 nm?¢;
they can have an amorphous or nanocrystalline structure
with sp? carbon clusters*” with high amount of oxygen
atoms and carboxylic groups on their surface*s. First
chemical route to synthesis of CQDs was developed by Pan
et al. in 2010, through hydrothermal treatment of
graphene sheets.*?

The approaches to the synthesis of carbon dots are two:
“top-down” and “bottom-up”. Bottom-up approach relies
on small molecular precursors as seeds for the carbon dots
to grow, whereas top-down method consists in the
breaking down of macromolecules derived from larger
carbon structures, biomass included, into small carbon
dots. Given the purpose of this chapter, only examples of
top-down approaches via HTC are relevant and therefore
will be mentioned. A vast variety of biomass has been used
as carbon source to successfully synthetize CDs in one-pot
reactions: papaya powder39, coconut water®l, peach
gum>2, prunus avium®3, salep flour®4, unripe prunus
mume>> and grape skin®6 just to name a few. CQDs can be
doped with different elements, in order to enhance their
properties through the addition of dopants (boron3?,
nitrogen>23357) or carefully choosing biomass which
naturally contains heteroatoms (N- and S-doped CQDs
from garlic®859). These materials have proven to be
effective as probes for the detection of metal ions5253,57,58
(due to the quenching effect of these species on the
fluorescence of the CDs) and other chemicals>45659, as
catalyst>* or for imaging of cells>>.
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HTC for the synthesis of carbon dots is a sustainable, low
cost and relatively easy strategy to turn biomass waste into
a valuable material. However, this hydrothermal route
produces high amounts of by-products, mostly
hydrothermal carbon. Although hydrothermal carbon is
itself a valuable, versatile and promising material, as it will
be mentioned later on, the whole process of HTC still needs
a deeper, insightful comprehension of its mechanisms, in
order to selectively drive the reaction towards the desired
products (soluble chemicals, hydrothermal carbon or
nanoparticles).

2.4 Carbon catalysts for hydrothermal conversion
of biomass

Nowadays, industrial processes for the production of
5-HMF and LA from cellulosic biomass rely on mineral acids
as homogeneous catalysts of fructose dehydration®961,
Despite satisfactory yields of conversion and selectivity
achieved, the use of mineral acids as homogeneous
catalysts poses some challenges, namely uneasy acid
recovery and high maintenance costs due to pipe
corrosion. These difficulties could easily be overcome by
means of heterogeneous catalysis. A large variety of
heterogeneous acid catalysts have been developed to
perform catalytic conversion of biomass or biomass-
derived sugars, such as mixed metal oxides®?,
phosphates®3, zeolites®455 to name a few.

Carbonaceous materials can also serve as a starting
material for the synthesis of solid acid catalysts. Shen et
al.%¢ have prepared a bi-functional carbon based acid
hetero-catalyst through hard-templating using sucralose as
carbon source. Due to the use of this synthetic chlorinated
sugar, the resulting carbon material possessed —Cl groups
able to bind cellulose and -SOsH to catalyse
depolymerisation and dehydration. With this catalyst, LA
was formed from untreated cellulose in pure water with
yields as high as 51.5%. Ball-milling pretreatment of
cellulose improved the performance of the solid acid
catalyst. However, a downside of this preparation resides
in the use of a synthetic sugar, not readily available from
natural sources, which requires previous treatment and
possibly higher costs. Recently, Zhang et al.%” developed a
macro-/mesoporous carbonaceous catalyst with hybrid
Brgnsted-Lewis acid sites (sulfonic groups and ZrV
respectively). This catalyst was tested for the thermal
conversion of fructose and glucose in a water/DMSO
biphasic solvent and cellulose in a 1-butyl-3-methyl
imidazolium chloride ([BMIM]-CI) ionic liquid. Conversion
and 5-HMF yield was high, with a remarkable 5-HMF yield
(43.1%) and selectivity (57.7%) from cellulose. Although
this synthetic route allows excellent control of porosity and
very fine surface functionalisation, it requires non-
renewable precursors and transition metals and it involves
several preparation steps. Metal organic frameworks
(MOFs) can also serve as starting material for the synthesis
of carbonaceous catalysts, as reported by Jin et al.%8, who
fabricated a MOF starting from zinc nitrate hexahydrate
and terephthalic acid. The MOF was subsequently
carbonised and treated with concentrated sulphuric acid to
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add sulfonic groups to the carbon structure. The MOF-
derived sulfonated carbon was macro/mesoporous and
active towards the dehydration of fructose to 5-HMF in
isopropanol/DMSO with a yield of 89.6% in the optimal
conditions. An interesting alternative consists on the use of
carbonaceous materials derived from biomass waste. In
fact, effective carbon-based catalysts can be prepared
from a variety of bio-derived carbon sources. Moreover,
their preparation usually requires a reduced number of
steps. Hu et al.’®? have reported the preparation of
magnetic lignin-derived carbon catalyst from enzymatic
hydrolysis lignin (EHL), a residue of enzymatic hydrolysis of
lignocellulosic biomass to separate cellulose from lignin.
EHL was impregnated with an aqueous solution of FeCl; 10
mmol-L71, then dried and carbonised at 400 °C and finally
treated with H,SO4 for sulfonisation. Fe'" salts are found to
be reduced to Fes3O4 during carbonisation. The catalysts
demonstrated high performance in fructose conversion in
DMSO and 5-HMF vyield, good recyclability and excellent
recovery due to its magnetic properties.

Amongst the biomass-derived carbonaceous materials,
humins are promising starting material for the synthesis of
solid catalysts. Hydrochars, which are usually regarded to
as by-products of the hydrothermal conversion of biomass,
are rich in oxygen functionalities on their surface such as
hydroxyl, carbonyl and carboxylic groups® which provide
acid sites for catalytic purposes or further
functionalisation. Moreover, hydrochars porosity can be
enhanced by activation”’0. All these features make
hydrochars promising for the development of carbon-
based heterogeneous catalysts, as it will be further
discussed in this chapter.

3. Hydrochar applied for heterogeneous
catalysis

After establishing the fundamentals of the HTC process,
this next section will deal with the use of these formed
hydrochars as heterogeneous catalysts. Carbon-based
materials have long been used in heterogeneous catalysis
reactions because of their desired properties for catalyst
support and carbon-based materials act as direct catalysts
in many industrial applications”!. This kind of materials are
especially suitable for catalysis because of their resistance
to acid/base media, porosity and surface chemistry control
as well as for environmental aspects.

Along with the use of hydrochars as-produced, a lot of
research has been applied to devise various modification
approaches to further expand its activation capacities’2.
Given that hydrochars can be a highly porous and carbon-
rich, they are promising alternatives to replace
conventional solid carbon-based catalysts with some
known demerits (e.g., high costs and environmentally
unfriendliness).

Since catalytic activity is highly dependent on accessibility
to catalytic active sites dispersed throughout the internal
pores, the morphology and porosity of hydrochars without
activation exhibit very poor catalytic properties. To
overcome these issues, many studies have been directed

5
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to modifying the morphology and porosity of hydrochars
via various treatments’3.

Hydrochars and related compounds have been used in
catalysis in many ways. On their own they can be used as
catalysts, mainly as solid acid catalysts. This functionality is
secured by introducing strong Brgnsted acidity, mainly by
sulfonated groups on the surface of the hydrochar
particles.

Another widely spread use of hydrochar particles is as
catalyst support. The tuneability of their surface polarity
and area facilitate the anchoring of metal nanoparticles,
which can then be used in different reactions.

A last and least studied use for these hydrochars is the use
of them as templates. Since hydrochar can be eliminated
by combustion in air at temperatures that are not too
drastic, they can be used as structural directing agents.

3.1 Sulfonated hydrochar catalysts

Addition of sulfonated groups to HTC synthesised carbon
materials give rise to introduction of sulfonic acid groups
leading to the formation of a solid acid catalyst that can be
used in catalytic reactions such as those tested by Roldan
et al.”* (see Fig. 5). These catalysts can be recovered
through simple filtration methods and are generally made
by treatment of porous carbon in concentrated sulphuric
acid at high temperatures. Roldan et al. prepared catalysts
in this way and tested them in esterification reactions of
palmitic acid with methanol, observing in the end a change
in the deactivation of the catalyst depending on the
activation temperature employed for each catalyst. When
temperatures lower than 500 °C were used, the
deactivation of the catalyst was attributed to formation of
surface sulfonate esters on the surface of the carbon
particles, and while for those treated at higher
temperature it is thought that accumulation of reactants
and products in the pores of the particles is the main cause
of deactivation.

HO,S SO,H
H0 H.SO,
Glucose —> —5
160-200°C
HO,S SO,H

Figure 5. Schematic view of sulfonation of porous carbon.

Similar catalysts have been used for the esterification of
glycerol?s and oleic acid’®. In this case, the glucose used as
carbon source was treated for 19 h at 195 °C, leading to the
formation of a carbonaceous material, which contained
67.9% carbon and 27.5% oxygen. It was observed that after
sulfonation (150 °C, 15 h), the carbon content decreased to
55.8% and oxygen content increased to 40.5%. From this
change in values and taking into account the amount of
sulphur added, one conclusion is that additional oxygen
other than that of the sulfonated groups was added during
the treatment with sulphuric acid. This inclusion of O may
have happened by water addition to double bonds,
hydrolysis of furan groups, or ether functionalities. The
sulfonated catalyst was tested in the esterification of
glycerol with acetic, butyric, and caprylic acid and the
catalytic performance compared to the one of commercial
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sulfonated resins?>. Turnover numbers of glycerol and the
acetic acid were in the same range for both the commercial
and the hydrochar solid catalysts. To reuse the catalysts,
these were first treated with acid to cleave the esterified
sulfonic groups, which could have formed regenerating the
acidity of the surface of the catalyst.

Pileidis et al.7? also prepared hydrochars (HTC conditions
230 °C, 24 h), turned them into solid catalysts, and studied
them for the esterification of LA. In this case, not only
glucose was used. Cellulose and rice straw were used as
carbon sources as well. These sources led to hydrochars
with 80, 76, and 70% carbon (for glucose, cellulose and rice
straw, respectively) and were then sulfonated (80 °C, 4 h)
introducing 5%—%6 sulphur. Esterification was carried out
at 60 °C and after 3 h almost full conversion was achieved
using the glucose-derived catalyst and a 97% selectivity
toward the ester. The second best in performance was the
catalyst prepared from rice straw with 92% of both
conversion and selectivity. With carbonised and sulfonated
cellulose, 89% conversion and selectivity were observed.
It is worthy to note that it has been reported that
sulfonation at high temperature (150 °C) induces changes
in the structure of hydrochar. This change is due to
decreasing the abundance of furanic groups and increasing
the presence of benzenic rings’s.

Sulfonated hydrochar has been used for the production of
biomass-derived platform molecules, such as
monosaccharides or 5-HMF by hydrolysis and dehydration
reactions. In this way, glucose or sucrose were
transformed into hydrochar at 180 °C for 10—-15 h and
sulfonated with concentrated sulphuric acid at 200 °C for
15 h.7?

Alternative methods of sulfonation have been proposed,
such as direct HTC with sulfonic precursors (mainly
hydroxyethylsulfonic acid)&. The catalysts prepared using
this method presented very high stability and reusability,
enabling future applications.

3.2 Pristine hydrochar as catalysts

Sulfonation is a simple method to introduce strong acidic
sites into hydrochar. However, the pristine surface also
possesses catalytic properties because of the high density
of hydroxyl and carboxylic groups. This property has been
demonstrated in the application of such catalysts for the
5-HMF production from fructose in ionic liquid®l.
Hydrochar was produced from glucose at 180 °C and 10 h
and used after oven-drying without any further treatment.
The results showed that fructose was converted into
5-HMF with a maximum yield of 80% after 120 min of
reaction time. The stability of these catalysts was not
properly evaluated, hence, clarification would be needed;
however, this study showed that even sulphur-free
surfaces of hydrochars presented catalytic activity in
reactions such as the dehydration of fructose.

Hydrochar also permits alkaline functionalisation of
surfaces and their use in catalysis32. Hence, spherical
particles of hydrochar were synthesised from glucose at
160 °C maintaining the temperature for 12 h. Thereafter,
acidic functionalities such as carboxylic and hydroxyl
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groups were neutralised with sodium hydroxide at room
temperature. The sodium-hydroxide-treated hydrochar
was active for the base-catalysed aldol condensation?2.
Benzaldehyde was reacted with acetaldehyde to form
cinnamaldehyde. High selectivity (94%) was achieved at
34% conversion based on benzaldehyde consumption. At
this conversion value, the cinnamaldehyde also started to
react with acetaldehyde to produce the higher weight
homolog. In comparison with sodium hydroxide solutions,
the modified hydrochar is less active but more selective
and can be used in three catalytic runs with the same
activity.

In summary, it can be said that hydrochar possesses a
promising potential as a metal-free catalyst for industrial
application. Introduction of strong Brgnsted acid sites is
straightforward by sulfonation, for example, by treatment
with sulphuric acid. However, oxygen functionalities of
pristine hydrochar can also be used for -catalytic
transformation.

3.3 Hydrochar as catalyst support

Active carbons are classical supports for numerous
catalysts found in commercial processes. This widespread
use is due to their high stability and surface area. In
general, activated carbons possess a high surface area of
1000-1500 m2g~1, and they can be made nonpolar and
hydrophobicif they have a low oxygen content. In contrast,
hydrochar has a very polar surface and a much lower
surface area. By reduction of oxygen content and
increasing that of carbon, the properties of hydrochars can
become closer to those of nonpolar activated carbon?4. By
tuning these parameters (surface area and polarity) the
deposition of metal precursors can be enhanced.
Hydrochars with or without further modification have
been employed as carbon support for metals®3-86, The
process is, in most cases, the same. A hydrochar is
synthesised and then activated (thermally or chemically) to
support the metal precursor, which is then reduced by
addition of a reducing agent (NaBH,4 for example). In some
cases, the reduction step can be avoided when using
pristine carbon surfaces®”:23, as C is a common reduction
agent. Glucose-derived and modified hydrochars support
and stabilise the metal nanoparticles (NPs) and keep them
active for prolonged time under reaction conditions.
Palladium NPs supported onto hydrochar were employed
for the Suzuki-Miyaura coupling®. The catalyst
demonstrated high catalytic activity for the reaction of
many aryl halides and boronic acids. It could be recycled
for up to five times through simple centrifugation. In liquid-
state reactions, leaching of the supported metal is usually
a problem but the properties of hydrochar favours the
redeposition of leached particles during cool-down of the
reaction.

More elaborated supports can be designed by combining
HTC with a porous polymer as template. Such was done by
Cheng at al.® where, in this case, a polymer was
introduced during the HTC process serving as a template,
which was then treated at 700 °C in a reducing
atmosphere. This thermal treatment increased the BET
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surface area significantly. This adsorbent was then loaded
with gold NPs and tested for the hydrogenation of
4-nitrophenol to 4-aminophenol with sodium borohydride,
resulting in high catalytic activity.

As mentioned before, hydrochars can be treated under
basic condition neutralising any acid surface functionality.
This neutralisation can be interesting when using them as
supports such as when loading palladium NPs and using
them in oxidation reactions82. The absence of acid sites
lowers the number of side reactions that can occur
augmenting selectivity, and the high dispersion of the
metal allows high activities to be achieved. This high
dispersion is aided by this basic pre-treatment of the
material as evidenced when smaller palladium NPs were
observed for those samples treated with higher
concentration of basic solution (2.7 nm versus 7.5 nm).
The hydrothermal process can also be performed together
with metal oxide particles®92, Hence, using magnetic
metal oxide cores, a magnetically active material can be
obtained. In this way, active catalysts for the Suzuki—
Miyaura cross-coupling reaction have been prepared with
palladium and platinum NPs as active sites®. In this work,
Fe30,4 particles (magnetite) were introduced during the
carbonisation of glucose at 180 °C for 4 h. After this,
palladium or platinum NPs were deposited on the carbon
shell and the whole material protected by a further layer
of approx. 35 nm thickness of mesoporous silica. The silica
was added to prevent sintering of the metal NPs while its
porosity allowed the organic molecules tested to pass
through it. The magnetite particles had a uniform diameter
of approx. 180 nm composed of nanocrystals of approx.
8 nm sizes. The carbon shell thickness was measured to be
approx. 15 nm. The size of the supported palladium and
platinum particles was determined by HRTEM and mean
diameters of 14 and 25 nm were obtained, respectively.
The hydrophilic surface of the hydrochar facilitated
dispersion of the particles in water during the mesoporous
silica synthesis and allowed a regular coverage of the
particles. At all stages of the synthesis, the particles
showed high superparamagnetic properties, which
facilitated the retrieval of the catalyst. High conversions
were shown by the catalysts (77%—99%) depending on the
nature of the reactants.

It can be seen from this overview that carbonaceous
materials synthesised through the HTC process have a very
wide application as catalysts support thanks to their
physical and chemical properties.

3.4 Hydrochar as sacrificial component

The defined structure and geometry of the spherical
particles of hydrochar can be used as a template, since it
can be easily removed with a thermal treatment in air at
about 500 °C.93-95 With this in mind, very effective catalysts
for the low-temperature oxidation of CO were produced?3.
In his work, Zhao et al. produced gold NPs by bringing in
contact the gold precursor and glucose in water. Glucose
has two main roles in this synthesis, it acts as reducing
agent and it is also a carbon source for generating the
hydrochar. Once the gold NPs were formed, the cerium
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precursor was added and the mixture heated to 180 °C for
different periods of time (1, 6, 10, and 20 h). Afterward, the
solid was collected and calcined at different temperatures
in the range of 300—600 °C for 6 h, eliminating all hydrochar
(see Fig. 6). TEM images (of the calcined samples) showed
gold NPs of an average size of 11 nm after 1 h hydrothermal
treatment and the whole diameter of the core—shell
structure was about 40 nm. When the hydrothermal
treatment was prolonged to 10 h, gold NPs grew to 16 nm
and the shells to 100 nm. The best catalytic performance in
carbon monoxide oxidation was that shown by the catalyst
that was prepared by hydrothermal treatment for 10 h and
was subsequently calcined at 600 °C. This catalyst allowed
the reduction of the reaction temperature from 300 to
155 °C for full conversion and it was also tested on stream
for 70 h without any deactivation being evident.

Aust + ﬁ, Air

Ce*+  g0°C I

Glucose 1-20h 600°C
QHydrochar @ CeO, @ AuNPs

Figure 6. Schematic representation of the synthesis of
core—shell distribution of gold particles and cerium oxide.

Similarly, cobalt NPs protected within hollow mesoporous
silica spheres were synthesized®*. Starting from spherical
particles of hydrochar with diameters of 100-150 nm and
synthesised from glucose at 180 °C for 4.5 h. After
impregnation with cobalt nitrate providing NPs of approx.
4 nm and the synthesis of a mesoporous silica shell
(thickness approx. 20 nm) with cetyltrimethylammonium
bromide-based structures as soft template, all organic
material was removed by calcination at 430 °C. This
synthesis procedure provided a catalyst with interesting
performance in the epoxidation of alkenes. When the
cobalt/silica hollow spheres were employed in the
epoxidation of styrene with oxygen, a 94% selectivity
toward the epoxide was achieved at almost complete
conversion.

4. Hydrochars in electrocatalysis

Electrocatalysis plays a crucial role in many energy storage
and conversion technologies such as the oxygen reduction
reaction (ORR) at the cathode of metal-air batteries or fuel
cells, the oxygen evolution reaction (OER) and hydrogen
evolution reaction (HER) at either electrode of water
electrolysers, and CO; reduction in liquid fuel conversion
devices. The problem of these electrocatalytic reactions is
that they generally display slow kinetics and as such
requires the development of a catalyst that can improve
and give future perspective to these technologies®®.

An important reaction in sustainable energy systems is the
oxygen reduction reaction (ORR). Out of the metal-free
ORR electrocatalysts tested, significant research has been
focused on nitrogen-doped carbon materials®’-101, |nside
the graphitic matrix of carbon materials, polarised C-N
bonds (whose polarisation strength depends on the type of
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nitrogen contained) modifies the energies of adjacent
carbon atoms, generating active sites for the ORR reaction.
At the same time, the delocalisation of donated electrons
within the m-system translates into an increase in the
n-type conductivity of the materiall92, Examples of these
nitrogen-doped carbon materials have been synthesised
using natural halloysite as a template and urea as the
nitrogen source?8; a flaky morphology was obtained with
glucose as a carbon source, whereas using furfural resulted
in rod-like structures. The metal-free electrocatalysts were
tested for ORR in alkaline aqueous electrolytes, and the
rod-like catalyst demonstrated a better performance than
the flaky material. Due to both of them containing a similar
amount of N and graphitisation degrees, the high
performance of the rod-like catalysts was attributed to the
high surface area and large pore volume (which provided
more active sites), the great complexity in pore size
distribution, and the rod-like morphology, which facilitated
electron transport. Compared to a commercial Pt/C (20 wt.
%) catalyst, the carbon catalysts demonstrated a higher
retention in diffusion limiting current density (after 3000
cycles) and enhanced methanol tolerances. When tested
as cathodes in a single cell fuel cell of the H,/O, anion
exchange membrane kind, the rod-like catalyst delivered a
peak power density as high as 703 mW cm=2 (vs
1100 mW cm~2 with the commercial Pt/C cathode catalyst).
Time and resources have also been invested in researching
doping with different heteroatoms such as B and 599,103,104,
In one study of carbogels derived from glucose and
ovalbumin, the synergistic effect of boron and nitrogen
was thought to augment the electron transfer numbers
and lower hydrogen peroxide yields when compared to
those observed in purely N-doped systems, whereas the
presence of S decreased the surface area and nitrogen
content resulting in diminished ORR performance®. In
contrast, sulphur doping of 5.5 wt. % in SiO,-templated
mesoporous ordered carbons was found to enhance the
electrocatalytic activity in the ORR in alkaline solution,
likely because the mesoporous structure was retained
from the templating method.103

Heteroatom-doped systems are not only used for ORR,
they have also been tested for the HER. 2D crystalline
carbons were obtained from hydrochars of glucose,
fructose or cellulose with guanine, which played an
important role in producing the 2D-morphology of the
resultant carbon materials1%. The porous N-doped carbons
were not only found to be highly active towards ORR, but
also showed efficiency for HER with a very low
overpotential of 0.35 V to achieve 10 mA cm2 in alkaline
medium.

In the other half of the water splitting reaction, suitable
catalysts are also required for the ORR; in the past, the
development of fuel cells has been held back by the slow
kinetics of the OER. Non-noble metal alternatives for OER
are often based on transition metal oxides, while carbon-
based materials have generally been underexplored
because of their relatively poor performance. However,
one approach used activated carbon cloth by creating
oxygen-containing functional groups on its surface using
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peroxovanadium complexes, which results in a higher
specific surface area and faster electron transfer rate,
when compared to a pristine carbon cloth10, The
overpotential (310 mV) at 10 mA cm=2 of the activated
carbon cloth is much lower than the pristine material and
comparable to that of RuO,/C (280 mV), making the carbon
cloth a competitive non-metal catalyst for OER. The growth
of transition metals on a carbon fabric can also improve
electrocatalytic performance. In one study, highly porous
and granular Ni-Co nanowires were grown hydrothermally
on a carbon fibre woven fabric and then coated with a
conductive shell by glucose carbonisation19?. The structure
of the nanowires greatly increased the catalytic surface
area delivering an overpotential of 302 mV at a current
density of 10 mA cm=2. The conductive carbon layer not
only enabled facile electron transport throughout the
entire electrode, but also prevented fragmentation of the
nanowires during reaction, resulting in greater structural
integrity and more reliable performance.

Lastly, HTC has been used to prepare a 3D hierarchical
structure of mesoporous Sn0O, nano-sheets supported on
flexible carbon cloth, which could efficiently and selectively
electrochemically reduce CO, to formate in aqueous
conditions%, The electrode exhibited a partial current
density of 45 mA cm~2 at a moderate overpotential (0.88 V)
with high Faradaic efficiency (87%), even larger than most
gas diffusion electrodes. The performance was attributed
to the presence of SnO; particles, which showed high
selectivity in the reduction of CO,. The highly porous
structure provided a large surface area increasing the
contact surface between electrode and electrolyte and
facilitating mass and charge transfer, and the robust
structure maintained the high stability of the
electrocatalyst during long-term operation.

In summary, hydrochars and related compounds have a
wide range of applicability, going beyond heterogeneous
catalysis and going into the niche field of electrocatalysis.

5. Conclusions

In this chapter, the HTC process has been explained and we
can conclude that it has established itself as a very
promising strategy to emancipate from fossil fuel by usage
of bio-based waste. This conceptually simple process
allows to obtain valuable platform chemicals (5-HMF, LA),
hydrochar and carbon dots. Although many advances have
been achieved in the last two decades in the
comprehension of the mechanisms of this HTC process,
many efforts are still needed to shed light on the complex
networks of reaction and interaction pathways that lead to
the formation of the aforementioned products. Moreover,
there is still a strong need for an optimisation of the
process through development of catalysts, which can drive
selectively the reaction towards the desired product,
avoiding loss of material and synthesis of by-products.
Carbon-based catalyst can potentially fulfil this
requirement because of their great versatility, the
abundance of functionalities on their surface and the easy
tuneability of their physical properties such as porosity.
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Another important aspect shown here is the use of these
hydrochars in heterogeneous catalytic applications.
Pristine hydrochar surfaces that do not require addition of
any extra species contain a wide variety of oxygen
functionalities that can be exploited for catalytic purposes.
Further than this, modification of the surface through
thermal treatment reduces the oxygen content and shifts
hydrophilicity of the materials as well as increases the
surface area.

We can find similarities between hydrochar and silica with
the exception that hydrochar can be easily combusted.
Making use of these similarities, various complex
structured materials can be prepared.

Although many of the works cited in this chapter used
glucose as a carbon source due to it being more
scientifically reproducible, the outlook of all experiments is
the use of real raw biomass as this carbon source.

In conclusion, from the information recapped, it seems
proven that HTC is a valuable asset both in refinement of
bio-waste as well as in synthesis of catalysts. The
preparation of hydrochar, and its chemical reactivity,
allows the incorporation of heteroatoms other than O. This
flexibility has been exploited in material synthesis, but for
catalysis, further research is needed. Many impulses from
HTC for catalysis can be expected in the future that might
also lead to industrial applications following a sustainable
alternative to already established processes.
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