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Humins are side-products derived from the acid-catalysed conversion of carbohydrate-containing
biomass, including sugars (e.g. glucose, fructose, sucrose), oligosaccharides, polysaccharides, and ligno-
cellulosic feedstocks into hydroxymethylfurfural (HMF), furfural, and levulinic acid. Until recently, humins
were primarily burned as a power and heat source, but now several higher value applications for humins
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are within reach. This review covers the history, state of the art, and future outlook on the subject of
industrial humins, including their origin, production conditions, compositions, characterisation, and pro-
posed structures. Current opinion on humin formation mechanisms, kinetic studies, ways to minimise
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their production, established valorisation routes, and novel applications are also discussed.

1. The origin, characterization and value applications of humins are discussed.

2. De-fossilisation of the chemical industry using carbohydrates as feedstocks will result in strongly increased amounts of
humins. Applying Green Chemistry principles, value added applications are beneficial. Many aspects of formation and
characterization of humins are currently not well known among the wider audience.

3. Process conditions will be optimized to maximize the valorization of humins as part of the overall biorefineries. All
major streams of biorefineries including humins will be valorized.

1. Introduction

The growing global population and advancing standards of
living require increasing amounts of energy that cannot be sat-
isfied by the current status quo." The generation of energy,
fuels, and chemicals from renewable resources as an alterna-
tive to fossil resources has become a worldwide priority, and is
expected to undergo dramatic growth over the next decades.’
The focus of research, development, and industrial deploy-
ment is on process productivities and optimisation of yields,
efficiency, feedstock availability and cost and, of course, on the
reduction/valorisation of waste/side streams with the goal of
establishing a truly circular economy. If we take into consider-
ation the so called “Earth Overshoot Day”,® the index calcu-
lated by the Global Footprint Network that measures the date
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of the year on which humanity has used more natural
resources than the Earth can renew in one year (i.e. by overfish-
ing, overharvesting, over-emission of CO, into the atmosphere,
etc.), an impressive trend emerges. Back in 1987, the
Overshoot Day fell on December 9", while in 2024 this day was
reached already on August 1%. Therefore, despite the signifi-
cant ecological improvements gained by using renewable
resources over fossil/non-renewable ones, a close look needs to
be focused on the reduction of CO, emissions and the
reduction/valorisation of waste/side-products. This needs to
lead to the progressive transition from an unsustainable linear
economic model* to a sustainable circular one.”” There is
some consensus globally on the need to move to a 100%
renewable and decarbonised energy sector, for example by
using solar, wind, and hydropower sources. However, there is
not yet an equivalent strategy for the materials sector, where
carbon is indispensable. This is especially true for the chemi-
cal and plastics industries, where progress away from fossil-
based carbon feedstocks towards above-ground carbon sources
has been slow. Under a renewable carbon strategy for the
chemical industry, manufacturers would need to stop using all
fossil sources and instead use renewable carbon, such as

This journal is © The Royal Society of Chemistry 2025
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Carbon Embedded in Chemicals and Derived Materials
updated nova scenario for a global net-zero chemical industry in 2050
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Fig. 1 A possible scenario for world plastic production in 2050 based
solely on renewable carbon.®

carbohydrates from plants or atmospheric CO,, in addition to
recycling as much carbon as possible (Fig. 1). Thus, industry
has to go beyond using renewable energy. All fossil carbon use
will ultimately have to end, as the carbon contained in chemi-
cals and plastics is destined to end up in the atmosphere
sooner or later.

The Renewable Carbon Initiative is a recent movement to lead
this transition by bringing together stakeholders all along the
value chain.® Solutions such as poly(ethylene furanoate) (PEF)
and biobased poly(ethylene terephthalate) (PET), for example, will
be crucial for the chemical and plastics industry to initiate the
transition from fossil-based resources and embrace the develop-
ment of sustainable and circular technologies.

Currently, the most widely used renewable resources for
chemicals and fuels are starch and sugar-containing crops and
to a lesser extent oil crops,®® although both of these raise
some issues within the food versus fuel debate.'®"" In the long
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run, abundantly available lignocellulosic biomass will be a
viable additional resource.”'**® Cellulose, hemicellulose, and
lignin are the principal structural components in such bio-
masses.'* The polysaccharides can be used as feedstocks for
the production of furanic building blocks leading for example
to PEF (Scheme 1). Using Brensted acid-catalysts, polymeric
(lignocellulose, starch) or dimeric (sucrose) feedstocks, can be
hydrolysed into sugar monomers.'* Cellulose is hydrolysed to
C6-monomers (mainly glucose and some glucose oligomers),'®
while hemicellulose (including xylan, glucuronoxylan, arabi-
noxylan) is hydrolysed into a mixture of C5 and C6 monomers
(including xylose, mannose, and galactose) with relative com-
positions dependent on the wood source (e.g. hardwoods, soft-
woods, or grasses).">'” Monomeric sugars are then converted
into specific derivatives in presence of an acid catalyst with
loadings up to 20 mol%.'®"® The acidic dehydration of C5
sugars results in furfural,®® while for C6 sugars, the main reac-
tion pathways proceeds through 5-(hydroxymethyl)furfural
(HMF)'*?'27 and levulinic acid (4-oxopentanoic acid, LA)***°
with varying selectivities.'?°3* Despite extensive investi-
gations into the acid-catalysed dehydration of sugars into
HMF, no consensus on the exact reaction mechanism has
been reached.'®*'*>3® The conversion of glucose into HMF is
a multistep reaction, with the first step consisting of a kineti-
cally promoted isomerisation into the more reactive ketohex-
ose fructose.®” Under acidic conditions, fructose then under-
goes dehydration to HMF, levulinic acid (LA) and formic
acid.*®*° The latter acids are formed through rehydration of
the C2 and C3 positions of the HMF ring. Historically, levuli-
nic acid was first prepared from sucrose by Mulder.'® LA, a
keto-acid, is stable under most processing conditions and has
therefore attracted a lot of interest as platform molecule for a
range of products and applications.>***™*
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Scheme 1 Different scenarios for the production of furan building blocks from carbohydrates (starch, sucrose, and lignocellulosic biomass). PEF
and furfuryl alcohol are two of the potential end products for this class of compounds. Humins are the major side-products in the formation of

furanic building blocks.*®
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HMF was first reported in 1895 and has found applications
as a platform for chemicals as well as fuels."” HMF can be con-
verted into a plethora of compounds, such as alkoxymethyl-
furfurals, 5-(hydroxymethyl)furoic acid, 2,5-furandicarboxylic
acid (FDCA), dimethylfuran, levulinic acid, and adipic acid
(Scheme 2). These chemicals have applications across a wide
range of fields including biofuels, polymers (polyesters, polya-
mides, polyurethanes), industrial chemicals, pharmaceuticals,
and solvents.'>3*°* For instance, FDCA can replace terephtha-
lic acid as building block for polyesters (PEF and other (co-)
polymers).*>*° To produce the polyester PEF, FDCA is co-
polymerised with biobased ethylene glycol derived directly
from sugars® or via ethanol. PEF is, in many aspects, a techni-
cally and environmentally superior polyester to PET.>>”* This
was recently confirmed by an ISO-certified LCA.>® Currently,
the company Avantium is starting up the first FDCA plant in
the Netherlands. This flagship plant will allow further deploy-
ment of all of the different FDCA applications under develop-
ment.>> However, FDCA production is one of many appli-
cations of HMF (Scheme 2). Due to the strong interest in the
aforementioned products, several feedstocks have been exam-
ined for the production of HMF and LA.*>”° The acid-catalysed
dehydration of carbohydrate solutions is however always
accompanied by the formation of side-products, and among
these the most prominent is a dark-coloured material of low
solubility: the so-called humins fraction.’”

Humins production is responsible for the loss of yield in
the primary products (HMF, furfural, LA), leading also to
engineering challenges (solids handling) and reactor design
concerns.’® As a response to these issues, an alternative to the
HMF platform has been developed in the form of 5-(chloro-
methyl)furfural (CMF).>>*® Whereas HMF is only practically
produced with high yield directly from fructose, and gene-
ration from cellulose leads to significant diversion to humic
products, CMF can be produced with high efficiency directly
from raw biomass. CMF is the main product of the Origin
Materials technology,®® which is now under commercial devel-
opment using a biomass feed that is not competitive with food
production. Also Avantium has recently developed a modified
Bergius process in which carbohydrates and polycotton textiles

HO A~
OH

)K/\g \\(_7) Ho o

2,5 Blshydvoxymelhyllullural / Adipic acid

o o o [

o
\/ — W O\ J ou
FDCA

2.5 Diformylfuran // \ \

acid Caprolactam

1,6- Hexanediol

Caprolactone

Scheme 2 Molecules derived from HMF, adapted from van Putten
etalt®

3138 | Green Chem., 2025, 27, 3136-3166

View Article Online

Green Chemistry

are treated with concentrated HCI to give furanics, especially
CMEF, without any prior fractionation.®>*> CMF can be used as
a platform molecule in its own right, or converted in high
yield to HMF.®® Although CMF represents a major improve-
ment over HMF, the CMF process is still prone to humins for-
mation. A recent comparative analysis of HMF and CMF pro-
duction has been published by Karimi and co-workers.®”

The term humins was firstly used by Muller in 1849 to
describe the solid material found during the acid-catalysed de-
hydration of sucrose.*® In 1880, Grote and Tollens mentioned
the formation of humins as the “dark-coloured caramel” side-
product of LA preparation.®®®® Schweizer’®”* further character-
ised humins using various oxidation and halogenation reac-
tions, concluding that humins are a polymerised dehydration
product of carbohydrates containing an intact hexose frame-
work, while Blanksma and Egmond’ were the first to show
that humins could be produced directly from HMEF.”” The
same term has been subsequently used to also describe
humin-like substances,”® humic solids,”*”® and in some cases
the char that results from the Biofine process for making
LA.">”7 Hayes and co-authors’® described humin as the in-
soluble component of soil organic matter that remains after
extraction of the other components with aqueous base. Humin
usually makes up a substantial component of soil, but its lack
of solubility and intractable nature have made it difficult to
study. The major components of soil humin are predominantly
functionalised aliphatic hydrocarbons, particularly those
found in lipids, waxes, cuticular materials, cutin/cutan, and
suberin/suberan, which are relatively minor components of
plants. There is also evidence for small amounts of carbo-
hydrates, peptides, and peptidoglycans. However, the role of
lignin as a precursor to humins is still under debate.”®”°
Despite the similarity of the terms, it can be concluded that
there is little chemical resemblance between the humin found
in soil organic matter and industrial humins formed during
the acid-catalysed dehydration of carbohydrates.”®

The structural elements of carbohydrate-derived humins
have still not been fully elucidated and remain under active
investigation. Humins appear as a complex heterogeneous and
polydisperse mixture of oligomers and macromolecules mainly
consisting of a furanic network linked by aliphatic chains
bearing several oxygen-based moieties (Fig. 2). The elemental
composition of acid-catalysed dehydration-derived humins is
typically found to be in the order of 55-65% carbon, 4-5%
hydrogen, and 30-40% oxygen.?* %

Importantly, the humins structure and yields from acid-cat-
alysed dehydration of carbohydrates can vary depending on
several factors (e.g. temperature, catalyst, solvent, feedstock,
concentrations, residence time). In the earliest studies,
humins yields were often not reported by the authors.
According to Weingarten et al.,”"°> humins yields during acid-
catalysed carbohydrate dehydration are generally in the range
of 8 to 20 mol% starting from HMF, 16-36 mol% starting from
fructose, and higher than 32 wt% starting from glucose. Thus,
humins formation substantially decreases the selectivity of
acid-catalysed dehydration processes. According to economic

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 A proposed chemical structure for a synthetic, glucose-derived
model humin material.1%2

studies of biobased chemical and biofuel production, the key
parameter for improving the economic value of these kinds of
conversions is an increase in process selectivity, ideally by
avoiding humins formation.’>°* Unfortunately, the generation
of humins has thus far been unavoidable, particularly at indus-
trial scales using relevant feedstock concentrations.
Alternatively, humins could be considered a co-product
instead of a waste stream and commercially valorised, thereby
increasing the economic viability of acid-catalysed sugar de-
hydration processes.”>®® However, this scenario requires,
insights into the molecular structure of humins, their for-
mation mechanisms, chemical behaviour, and reactivity. Here,
we review the state of the art in these key knowledge areas to

Table 1 Overview of different humins in relation to production conditions,

View Article Online

Tutorial Review

derive a better understanding of humins formation and the
development of valorisation approaches.

2. Humins formation in relation to
the processing conditions

In general, humins are generated as condensation by-products
during the acid-catalysed dehydration of sugars into HMF, fur-
fural, and levulinic acid (Table 1).*>*"°7°® However, humins
can be also produced through other reactions involving carbo-
hydrates, such as the conversion of glucose to ethylene and
propylene glycols®>'® or the conversion of cellulose into
ethanol.’® Also, depending on the operational parameters
used during the acid-catalysed dehydration process, humins
can present different degrees of condensation and compo-
sitions which have a direct effect on their physical character-
istics and chemical properties.

Thus, depending on the reaction conditions under which
they are produced, humins can appear as solid materials'®**°>
or highly viscous liquids.’®'°®'®” Severe reaction conditions
involving higher temperatures, longer reaction times, higher
acidity, and higher feedstock concentrations tend to increase
the degree of cross-linking, delivering solid materials usually
consisting of agglomerates of spherical particles with a wide
size distribution (Fig. 3a and c¢)."®*'® On the other hand,
humins derived from milder reaction conditions have a lower
degree of cross-linking and are mostly composed of a mixture
of oligomers with a broad molecular weight range. The
degrees of condensation of humins are also directly correlated
with other properties such as solubility, reactivity, and valori-
sation potential. For instance, solid humins show extremely
limited solubility,’*>'*° while viscous liquid humins tend to

composition, properties. Humins formed from sucrose in foods have not

been extensively characterised up to now. Hardwoods result in more furfural production when woody biomass is used

Intermediate(s) Lignin
Target product present during present in Appearance  Degree of
of process Companies involved humins formation® Solvent Feedstock humins (viscosity) condensation  Ref.
FDCA Avantium Renewable =~ MMF/HMF/LA/ Methanol Fructose No Highly Medium 53
Polymers methyl levulinate viscous
HMF Michelin/Resicare, HMF Water Fructose No Solid High 19 and 85
Sugar Energy
Purified Origin Materials CMF/furfural Organic Woody Yes Solid Very high 60
terephthalic solvent/32% biomass
acid HCI-H,0
Furoate esters xF Technologies HMF/CMF CH,Cl,/32% Fructose No Solid (5 to Medium/high 86
HCI-H,0 10 nm)
Furfural Many HMF Water Corn cobs,  Yes Solid High 87 and 88
bagasse,
hardwood
Levulinic acid GF Bio-chemicals HMF/furfural Water Woody Yes Solid Very high 15,77 and
biomass 89
Caramel Many HMF/furfural None Sucrose No Highly Very low 40, 68, 89
viscous and 90
Balsamic Many AMF/HMF Acetic acid  Sucrose No Viscous Low 19
vinegar

“Intermediates formed include MMF (methoxymethylfurfural); CMF (chloromethylfurfural); AMF (acetoxymethylfurfural).

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Picture and SEM image of highly cross-linked solid humins®3
(@®® and c), picture of an oligomeric viscous humins®* (b) and SEM
image of a dried, water insoluble fraction from viscous humins*® (d).

be soluble in organic solvents (Fig. 3b).**'°® In addition, the
higher reactivity and high functional group content of the less
cross-linked humins samples allow the development of valori-
sation  pathways through modifications and (co-)
polymerisations.?>9%104106,107,111-120 = congidering the wide
variety of humins (Table 1), it is therefore important to refer to
the experimental production conditions (feedstock, catalyst,
and operating parameters) when comparing studies of
humins.

3. Challenges in humins
characterisation

Similarly to lignins, humins quantification and characteris-
ation are key elements to estimate their yields, the reaction
mechanisms involved, the prevention of their formation, and
to develop dedicated valorisation routes. However, humins
characterisation presents difficulties due to variations in levels
of cross-linking, isolation techniques, solubility properties,
yield calculation methods, and differences in feedstock
origins. First, separation of individual humins products and
intermediates is difficult to achieve, and often leads to a high
degree of fragmentation of the humins, accompanied by a
broad range of molecular weights. Also, humins yield determi-
nation is not standardized; it is calculated either using the
weight of the insoluble material isolated or based on the mass
balance of starting material minus the amount of identified
monomeric compounds (e.g. HMF, LA, residual carbo-
hydrates). However, the latter calculation method is hampered
by assuming a complete dehydration of the furanic moieties,
which is often not the case. In addition, the chemical structure

3140 | Green Chem., 2025, 27, 3136-3166
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of humins is known to vary widely in the nature and number
of reactive moieties, and the molecular masses depend on the
process used. For example, highly cross-linked humins may
undergo aromatisation and various structural
rearrangements,'*>'*"1*> while viscous liquid humins can
contain a variety of impurities such as solvents, catalysts, and
side products of the biorefinery process, making their actual
chemical composition difficult to determine.’®'°® Thus, this
lack of rigorous and specific protocols for humins isolation,
analysis, and classification leads to challenges in structural
understanding and comparisons between humins samples.
When lignocellulosic feedstocks are used, the complexity of
the humins composition is further increased by the presence
of lignin."> Unconverted biomass components are incorpor-
ated into the humins structure as a cross-linked network.
Thus, FT-IR spectra of biorefinery chars clearly indicate the
presence of lignin fragments in the humins, while thermo-
gravimetric analysis (TGA) also shows the presence of minor
amounts of cellulose and hemicellulose.'” Recently, humin-
lignin hybrids have been characterised by in-depth structural
analyses of spruce organosolv lignin isolates, showing the
extent to which humin-lignin hybrids form depending on the
combined severity applied of the process.'*?

Due to the complexity of humins, characterisation often
requires a combination of different approaches including solid
and/or solution state analytical techniques (Table 2). Electron
microscopy is used to determine the surface morphology of
the humins. X-Ray and dynamic light scattering (DLS) allow
the estimation of humins particle size and the activation
energy of humins formation, both of which lead to better
understanding of the humins growth mechanism.”>'** FT-IR
analysis provides insights into the overall structure of humins
as well as specific functionalities."”>'** More detailed struc-
tural patterns and functional groups are identified using solid
or solution state NMR, depending on the solubility properties
of the humins.*®191267128 Thig compilation of data generates
useful insights on humins structure, properties, and formation
mechanisms, which will be further discussed in the section 5.
In the following section, we will review how the preparation
conditions such as feedstock, catalyst, and solvent can influ-
ence the yields and compositions of the resulting humins.

4. The influence of the experimental
conditions on humins formation
4.1. Influence of the process conditions

Acid-catalysed sugar dehydration processes require optimi-
sation, not only in order to maximise the yield of the primary
product, but also to reduce the formation of humins.'?”"*¢°
The reaction conditions, such as the concentration, tempera-
ture, and residence time (often expressed as the so-called
“combined severity”) have a direct effect on the HMF selecti-
vity and its subsequent conversion into LA. To highlight the
strong influence of the temperature, van Putten et al'’
reported that the activation energy of humins formation from

This journal is © The Royal Society of Chemistry 2025
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Table 2 Characterisation of humins using different analytical techniques reported in the literature for the three different humins formation systems.

Adapted from Liu et al.*?°

Particle size/

Humins formation Electron X-ray/light TGA/ Pyro-GC/

systems microscopy scattering DSC  Raman FT-IR BC-NMR  'H-NMR LC-MS*

Acid-catalysed dehydration 102,103,125 22,124 and 22,73,102,103, 102,136 73,97,102, 102,103,

in water and 130-132 133 108, 109, 125, and 137 103,109 and 130, 132,
130 and 133-135 137 138 and 139

Acid-catalysed dehydration 48, 106 and 141 48 48,140 and 143 48 48,120, 126, 140, 143,

in organic solvents and bi- 140 and 128 and 144 145 and 146

phasic systems 142

Hydrothermal carbons 147-149 147,148 and 151 and 153 127 and 154-156

(HTC) 150-152 153 154

“ Pyro-GC-MS = pyrolysis gas chromatography/mass spectrometry.

HMEF is ~100 k] mol™", while the HMF rehydration to levulinic
acid is in the range 13-110 kJ mol~"."®" However, these results
are in disagreement with kinetic studies performed under
milder conditions, in which the selectivity toward levulinic
acid relative to the humins pathway shows a weaker depen-
dence on temperature.'®® On the other hand, Girisuta
et al.'®®1%% developed kinetic models for humins formation
in the acid-catalysed preparation of LA from several feedstocks,
showing that humins as side-products cannot be avoided. An
activation energy of 164.7 k] mol™" was calculated for the
humins formation,'® suggesting that milder reaction con-
ditions could potentially limit the generation of these side-pro-
ducts. These observations are in agreement with the kinetic
models of Huber et al."*® for LA production, which show that
high temperatures and short reaction times (180-200 °C, less
than 1 min) maximise the yield of HMF, while lower tempera-
tures and longer reaction times maximise levulinic acid pro-
duction.” In conclusion, longer residence times enhance the
rehydration of HMF into levulinic acid along with the conco-
mitant humins formation.'®*"'%°

4.2. Influence of the catalyst

Combinations of homogeneous and heterogenous catalysts as
well as integrated homogeneous-heterogenous catalytic
systems have been investigated in acid-catalysed dehydration
reactions of sugars to maximise the HMF and LA yields and
limit the formation of humins. However, homogeneous
Bronsted acids, such as H,SO, and HCI, are the most com-
monly used catalysts and currently give the best performance.
First, acid concentrations between 3.5 and 10 wt% enhance
levulinic acid yields at operating temperatures between 150
and 230 °C.>® Higher acid concentration and lower reaction
temperatures also generally reduce the production of humins,
according to kinetic studies,'®81:91:108:164,166-168 The Yipetic
model from the Huber group for LA production showed that
the process of glucose dehydration to HMF, HMF rehydration
into LA, and the simultaneous condensation of intermediates
into humins have a first order dependence on the acid concen-
tration.”® Patil & Lund'*® demonstrated that the acid concen-
tration has a stronger effect on the formation rate of LA than

This journal is © The Royal Society of Chemistry 2025

of humins. In other words, higher concentrations of acid cata-
lyst increase the yield and selectivity to LA. Using other
Brensted catalysts such NaHSO,, H3;PO,, citric acid, and
formic acid at concentrations between 0.016 to 1.6 M at
150 °C, Jung et al. showed that the dehydration rate of fructose
into HMF and the rehydration rate of HMF into LA do not
depend linearly on the acid concentration, but have an expo-
nential dependency."® The use of metal chlorides as Lewis
acids to facilitate the carbohydrate ring opening'”®
stabilise of the a-anomer of glucose'”* were also investigated.
A kinetic study on the mutarotation of glucose catalysed by
Lewis acids was reported Ramesh et al.'’> Among the metals
tested, the rate of glucose mutarotation follows the order SnCl,
> CrCl; > AICl;. CrCl; was shown to promote isomerisation to
the o-glucose anomer. Interestingly, the resulting humins
structures also appeared to be different depending on the
Lewis acid used. Combined Lewis/Brensted acid catalysts were
studied in xylose conversion to furfural using AICl3/HCI in
water or a biphasic water-methyl isobutyl ketone system in a
flow microreactor.'”® A series of parallel and tandem reactions
of isomerisation, dehydration, and degradation of xylose were
observed, where the Lewis acid catalysed the isomerisation
and epimerisation between xylose, lyxose, and xylulose, while
both the Lewis and Brensted acids were active for sugar de-
hydration to furfural and side reactions leading to humins.
The same phenomena were observed using Bregnsted-Lewis
acidic ionic liquids ([HOsS—-(CH,);-MIM]CI-FeCl;) as catalysts
under hydrothermal conditions."®

Heterogeneous catalysts have also been applied to this
process. Microporous zeolitic catalysts were investigated,
taking advantage of their tuneable properties such as mor-
phology, adsorption selectivity, hydrophilic/hydrophobic
nature, and acid/base character.>*'%*'7* A correlation between
the acidity of the catalyst and the enhancement of secondary
reactions was observed in that physical deactivation of the
catalyst by the humins led to an increased by-product for-
mation rate. Better results were reported using sulfonated
chloromethyl polystyrene as catalyst, although further optimi-
sation is still required."”® Ion-exchange resins have been tested
in water in place of the common acids, but the selectivity
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towards HMF was not improved."’® Zhang et al.'”” reported a
surprisingly high yield of around 94% HMF from glucose in a
y-valerolactone — water solvent using a 50% loading of silicoa-
luminophosphate zeolite SAPO-34 as the catalyst. However,
this could only be achieved at <2% glucose loading. Higher
sugar concentrations gave lower yields due to the formation of
soluble humins."*® H-B zeolite SnCl,-phosphotungstic acid/p
as a catalyst was also reported, achieving in the best cases
yields around 71% of furfural and 30% of HMF in biphasic
systems, along with some humins.'”® A direct relationship was
observed between reaction time/temperature and the reduction
of reaction yields, with an increase of humins and soluble
side-products formation. It was reported that, in a catalytic
system with the zeolite catalyst H-Beta-25, molecular oxygen
could act as both a humins “cleaner” and a reaction accelera-
tor for the synthesis of methyl levulinate (ML) from HMF or
furfuryl alcohol (FA)."”° Both the reaction efficiency and the
catalyst turnover were significantly improved by the reduction
of fouling at the catalyst surface."””

Combinations of homogeneous and heterogeneous cata-
lysts have been studied to promote the isomerisation of
glucose into fructose and tune the selectivity to HMF and LA.
Garcés et al. studied a combination of HCl and f-zeolite cata-
lysts, the latter used for their important contribution of Lewis
acidity. An HMF selectivity of 41% from glucose was obtained
at 140 °C and 200 ppm HCI for 5 h, whereas more severe con-
ditions were required to reach an LA selectivity of 34% (at
140 °C, 400 ppm HCI, 24 h)."®® A proposed kinetic model, com-
bining the effect of both catalysts, showed a decrease of
30-40% in the activation energy of the main conversion step,
along with a reduction in humins yields compared to the pre-
vious studies involving only homogenous or heterogeneous
catalysts.'”® The presence of NaCl in aqueous reaction systems
leads to increased formation of humins.'®’ However, Hu
et al.'® showed that both NaCl and cetyltrimethylammonium
bromide (CTAB) catalyse the depolymerisation of cellulose and
the formation of levulinic acid in a 2-methyltetrahydrofuran/
water (MTHF/H,0) biphasic solvent system. Thus, NaCl pro-
moted humins formation through degradative condensations,
whereas CTAB inhibited humins formation by suppressing
these pathways, leading to an overall increased LA yield
(60.8 mol% from microcrystalline cellulose).'®* Similarly, up to
69.8% HMTF yield was obtained from cellulose using hafnyl
phosphates as catalysts in a NaCl-H,O/THF biphasic
system."®® The formation of humins was not avoided, although
deposition on the catalyst surface was reduced. Better results
were obtained using fructose and glucose as feedstocks, with
yields of 94.8% and 90.5% respectively at a 2% substrate
loading. The authors suggested that the phosphate groups
have a role in the deactivation of unselective Lewis acid Hf-OH
sites that lead to humins. Using a biphasic system (aq NaCl/
MIBK) with fructose as feedstock, a highly porous niobium-
containing glass matrix with high surface dispersion of
niobium oxide showed HMF yields up to 53% with selectivities
ranging from 49-65%.'®* Interestingly, no influence of the
metal dispersion on the acidity profile was observed. The
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humin formation correlated with HMF yield regardless of the
catalyst employed.'®*

In summary, the promising results obtained with heteroge-
nous catalysts are limited by the deactivation through absorp-
tion of the side-products (e.g. humins) on the catalyst surface.
Significant challenges in the engineering of economically prac-
tical scale-up in these cases will make it difficult to compete
with inexpensive homogeneous catalysts such as H,SO, or HCl
in the production of HMF or LA from carbohydrates.

4.3. Influence of the solvent

The reaction medium has a strong influence on the efficiency
of the acid-catalysed dehydration of sugars. Different systems
have been investigated including aqueous, organic, ionic, and
bi-phasic media. Water is the most convenient and practical
solvent for acid-catalysed dehydration processes. However, low
product selectivity and large amounts of insoluble condensed
humins are often obtained in this solvent.'®® Currently, polar
organic solvents are the most suitable media to solubilise the
sugars, stabilise the sugar conformers, and improve catalyst
activity.'®> Indeed, water-miscible solvents such as DMSO,
ethylene glycol, and other alcohols showed positive effects in
the conversion of fructose into HMF compared to the results
obtained using water.'®*'8%'87 These co-solvents influence the
reaction kinetics by enhancing HMF formation and slowing its
degradation into LA. The humins produced with these solvents
are often soluble, which can lead to separation issues along-
side other disadvantages.'®* With DMSO, an increased acidity
of the medium was observed because of reactive S-containing
side-products such H,S0,."*%'®” Whitaker et al.'®® showed that
DMSO was stable under the reaction conditions (120-150 °C)
and that the major acidic species formed were levulinic acid,
formic acid, and humins. When alcoholic solvents are used,
HMF ethers and levulinic acid esters are formed.*">* Ethanol
and THF were studied for the synthesis of 5-ethoxymethyl-
furfural (EMF) from fructose using an SO;H-substituted cyclo-
dextrin-derived carbon catalyst ~under  ultrasound
irradiation.’® A dependence between selectivity and THF
solvent fraction was observed. Using THF it was possible to
improve the selectivity for EMF and strongly inhibit humins
formation.

To increase the yields and selectivities, already starting in
the 1950s, co-solvents in biphasic systems were investigated,
such as 1-butanol'® and methyl isobutyl ketone
(MIBK).'*®191719% Thege solvents extract the product from the
aqueous medium which then limits further condensation reac-
tions to humins. For example, carbon nanotubes in a water/
MIBK biphasic system improved the transformation of cell-
ulose into HMF."®* Deep eutectic solvents (DES) are also prom-
ising systems to improve yields.'>'® They are composed of
the quaternary ammonium salt choline chloride (ChCl) and an
acid catalyst and form low melting mixtures with carbo-
hydrates.’®” When ChCl was used in combination with AlICl;, a
70% yield of HMF was obtained in a water/MIBK system.'®®
The selectivity was optimal for a ChCl content of 50 wt% in
water. The humins formed in such DES systems were soluble.
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With a biphasic system consisting of MIBK and a DES com-
posed of ChCl and ethylene glycol (EG), an HMF yield of 63%
was obtained from fructose.'®® Gomes et al.>" reported inter-
esting results in the synthesis of HMF from sugars using a
biphasic system (aq NaCl/THF) and a combination of Lewis
acids (ZnCl, and AICl;) and a Brensted acid (HCl). After 1 h
reaction time at 180 °C, HMF production was increased using
an extraction solvent/reaction solvent ratio >10. The best HMF
yield achieved using glucose as feedstock was 62.7% with
ZnCl,/HCI and 66.9% for AICI;/HCI, while the best HMF yield
using sucrose was 65.6% using ZnCl,/HCI and 54.4% for AICl;/
HCL?*' The humins obtained under such conditions were
mainly constituted of furanic species, and in particular
2-methylfuran units. When using AICl;/HCI, fragments of the
humins measured by mass spectrometry were twofold larger
than those obtained with ZnCl,/HCI, showing that catalysts
with the stronger acidic nature led to increased oligomerisa-
tion and condensation reactions.>’ Another biphasic system,
consisting of NaHSO,/ZrO,/H,O-THF showed a maximum
HMF yield of 86.5% from glucose.”?”® Even though NaHSO,
was the acid catalyst for HMF conversion, the role of ZrO, was
to influence the glucose-fructose isomerisation. Humins for-
mation on the ZrO, surface could not be avoided, but accord-
ing to the authors it was sufficiently limited to reuse the cata-
lyst for six additional cycles without reconditioning. Biphasic
systems involving isophorone, 2-methyltetrahydrofuran, or
cyclopentylmethylether were also tested in the conversion
xylose to furfural.”®' The maximum furfural yield was around
78 mol% using cyclopentylmethylether. Again, this study
showed that product yields decrease with the increasing reac-
tion time because of humins formation. However, despite the
fact that humins formation was not avoided, this is a promis-
ing initial investigation given the avoidance of salts. Although
several biphasic systems were tested, none was able to strongly
reduce humins formation.>"*°> However, interesting results
were reported using ternary solvent systems. Fructose dehydra-
tion in H,0O/dioxane/MIBK in combination with Amberlyst 70
catalyst gave 93% selectivity and 84% yield of HMF with resi-
dence time as short as 1.6 min. The in situ extraction of HMF
from the active aqueous phase to the organic phase by MIBK
protected it from unfavourable side reactions and humins
formation.>*?

4.4. Influence of the feedstock

The carbohydrate source can also influence the acid-catalysed
dehydration yields and the chemical structures of resulting
humins. Along with glucose and fructose, other carbohydrate-
sources can likewise be converted using acid-catalysed pro-
cesses.®® An in-depth study of the conversion of different
aldoses and ketoses in both water and methanol showed clear
differences in rates, yields, and side-products formed.>>?*®
With some sugars, substantial amounts of hydroxyacetylfur-
fural (HAF) were formed. Velaga et al.'*' have reported conver-
sions of bamboo sawdust, cellulose, glucose, and fructose to
LA using mordenite zeolites, achieving 61, 56, 52 and 43%
yields, respectively. Similarly, Sievers et al investigated the
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hydrolysis and conversion of several lignocellulosics and
sugars and, such as pine wood and glucose, fructose, xylose***
in ionic liquids.>® They observed that fructose was converted
much faster than mannose, glucose, and xylose and yielded
HMF with high selectivity. When loblolly pinewood, a ligno-
cellulosic feedstock, was submitted to acid-catalysed hydro-
lysis, “pseudo-lignin” side products (i.e. lignin-humins
adducts) were identified.***

During acid-catalysed dehydration, glucose is partly iso-
merised into fructose (or at least the intermediate 1,2-enediol),
which is kinetically favoured in the dehydration step to
HMEF.?”"72067208 However, glucose is converted into humins at
a rate greater than the isomerisation into fructose,>*® which
explains the reduction of product yields. Furthermore, it has
been reported that HMF production from glucose occurs sim-
ultaneously with the apparent formation of water-soluble
glucose oligomers, which can release glucose slowly and pro-
gressively, thereby acting as glucose “reservoir” for HMF.
However, these oligomers can also be incorporated directly in
the humins structure.> The isomer-dependent conversion
rate was confirmed by Kimura et al. by >C NMR.**® As men-
tioned earlier, the use of Lewis acids in acid-catalysed glucose
dehydration leads to increase the isomerisation into fructose
and higher HMF yields." In addition, HMF itself plays also a
role in the humins generation process. The calculated reaction
order for humins formation is 1.3 when fructose is used as
feedstock, while it is 1.7 when HMF is used."' Sievers et al.
hypothesized that humin formation results from the conden-
sation of several water-soluble products with HMF, which plays
a role in the formation of a cross-linked network.?°* Therefore,
fructose is the best commonly available feedstock to achieve
the highest HMF yields.'®” Interestingly, adding LA or glucose
to the acid-catalysed dehydration of fructose leads to a
decrease in process selectivity and higher amounts of humins
are observed according to Tarabanko et al.>'® They postulated
that the formation of LA in the process is a reaction of first
order with respect to substrate concentration, and the humic
substance formation is a reaction of second order with respect
to the initial carbohydrate loadings. These two process charac-
teristics are the main reasons for decreasing selectivities of
carbohydrate conversions at increasing substrate concen-
trations.>'® Interestingly, Meier et al suggested that the
absence of OH groups in position C2 or C5 of pentoses can
suppress the formation of humins during the acid-catalysed
conversion of such carbohydrates into furanics.*!*

The elemental composition of humins was shown to vary
with feedstock. Humins derived from HMF were composed of
58 wt% carbon while humins derived from glucose contained
a higher C content (62 wt%).** Humins formed during the pro-
duction of levulinic acid from HMF were found to contain
61.2 wt% carbon.®® A higher C content of 65.5 wt% was found
in humins derived from fructose treated with phosphoric acid
at high temperature.>'

Finally, in all process conditions, the importance of the
concentration in feedstock should also not be underestimated.
Indeed, when high loadings of fructose were used, a decrease
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in conversion to LA and higher humins formation were
observed starting at 95 °C.'**?'32* §q while high feedstock
concentrations are necessary to develop economic processes,
this comes at the cost of substantial diversion to humins.

To conclude, this section shows the practical limits in
terms of process optimisation in the acid-catalysed dehydra-
tion of carbohydrates. Despite all attempts to eliminate
humins, their formation is still currently unavoidable.
However, all the experimental conditions discussed in this
section have impacts on the nature of the humins, such as
structure, degree of condensation, physical state (liquid versus
solid), and reactivity. In the next section, in-depth investi-
gations of humins targeted at the elucidation of their mecha-
nisms of formation, molecular structures, functionalities,
physico-chemical properties, and reactivity will be reviewed.

5. Humins formation mechanisms
5.1. Mechanistic insights

The complex molecular structure and the mechanism of
humins formation have not yet been unequivocally deter-
mined, despite several structural proposals and mechanistic
studies. The first study on humins structure was published by
Mulder in 1840,%° who prepared humins by acid-catalysed de-
hydration of sucrose using HCI, whereby an elemental compo-
sition of 64-65 wt% C, 5-6 wt% H, 31-32 wt% O was found.
Other  investigations conducted around 1938 by
Schweizer’®”"%° proposed that sucrose-derived humins were
formed by dehydration reactions, while the pyran ring of the
sugar remained intact, a claim which is not confirmed in
recent work. The self-condensation of HMF to generate
humins was suggested by Zeitsch,®® which was also proposed
for the production of char and tar from sugars treated in (sub)
critical water.'”*?’® However, while the polymerisation of fur-
fural to resins was already well known,*'® the self-conden-
sation pathway for HMF and furfural could be excluded due to
the absence of a hydrogen « to the carbonyl group.>"” It is gen-
erally considered that humins derived from Cé6-sugars are gen-
erated via condensations between the dehydrated intermedi-
ates of the process (HMF or derivatives).>” Results of the acid-
catalysed hydrolysis and dehydration of cellulose using sulfu-
ric acid in ionic liquids showed that humins yield was directly
proportional to the HMF concentration, leading to the specu-
lation that humins were formed by condensation between
glucose and HMF.'® A similar conclusion was drawn for
xylose-derived humins, suggesting a condensation between
xylose and furfural.3%9%218

Using density functional theory-based mechanistic studies
and microkinetic analysis on glucose Brgnsted acid-catalysed
dehydration, it was found that humins could result from poly-
merisation of HMF ether dimers and acetal trimers with
glucose dehydration intermediates.>'® The group of Vlachos
used ultra-small angle X-ray scattering (USAXS) to investigate
the evolution of the size, morphology, volume fraction, and
concentration of humins formed during dehydration of fruc-
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tose to HMF and the subsequent polymerisation of HMF
between 80-95 °C in 1 M hydrochloric acid.'®* The apparent
activation energy of humins formation is 102 + 0.4 kJ mol .
The trend in the number of particles over time reveals compet-
ing processes entailing continuous nucleation leading to
increasing polydispersity and finally aggregation and precipi-
tation. The direct observation of the growth of humins indi-
cates that they are formed primarily from HMF rather than
fructose.'®! One study surprisingly excluded a role for HMF in
humins formation, where instead FA and glucose mono-de-
hydration products were indicated as main building blocks.*?°

Several proposals have been reported to elucidate the
mechanism involved in humins formation in the acid-cata-
lysed dehydration of sugars.’*' The vast majority of research
on industrial humins formation and composition has been
performed under aqueous conditions and the most relevant
insights are described in the following section.

5.2. Humins formation and composition in aqueous systems

A mechanism for the acid-catalysed dehydration of HMF was
suggested by Horvat et al. in 1985 and is represented in
Scheme 3.°7'%” It was suggested that humins are generated by
a poorly defined polymerisation reaction starting from the pro-
posed intermediate DHH (2,5-dioxo-6-hydroxyhexanal), formed
from the 4,5-addition of water to HMF and subsequent ring
opening. The authors were able to identify four other inter-
mediates of the acid-catalysed dehydration of sugars to
humins using in situ NMR and '*C labelling studies. However,
DHH was never isolated and, if it forms, was therefore believed
to be subject to rapid polymerisation into humins. Several sub-
sequent studies have also proposed mechanisms of humins
formation via the DHH intermediate. Velaga et al'*' also
suggested that the humins formation involves DHH. However,
this again appears to be speculation based mostly on literature
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e [ | o. | o |
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Scheme 3 Humins formation routes from HMF. Redrawn and adapted
from Horvat et al.>”*37 with permission from Elsevier, copyright 2025.
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suggestion and was only supported by inconclusive FT-IR ana-
lyses of humins produced during the conversion of HMF into
LA using mordenite zeolites. Shi et al.'*""*** reported a detailed
mechanistic proposal for humins formation by hydrothermal
degradation of several model compounds, and the formation
of DHH was again suggested as one of the intermediates.
Therefore, despite the fact that it has never been isolated,
DHH is currently considered one of the most likely intermedi-
ates in the generation of humins (Scheme 3). The model based
on Horvat’s observations was an important first step in the
understanding of the mechanism of humins formation.
Additional work on the chemical structure of humins and the
mechanism of their formation from HMF with different
amounts of aldol condensation has been reported.'*°

Several propositions for humins structure and formation
mechanism have been subsequently developed by the groups
of Weckhuysen,'°>'® Lund and Patil,"°®*** and Sumerskii.”
In the following sections, these different proposals are further
discussed. Although these all help to better understand the
process, currently none of them can be considered to fully
describe humins structure.

5.2.1. Mechanistic pathway by Sumerskii and Zerubin
group. Sumerskii et al.”® studied humins obtained from reac-
tions in aqueous media with 5 wt% carbohydrates and 0.5%
H,S0, at 175-180 °C for 2 h. The solid humins were filtered
and the solution was neutralised to precipitate a soluble
humins fraction. Roughly 20% of the humins could be
extracted with acetone which, according to FT-IR analysis, was
associated with an oligomeric fraction. Both the soluble and
insoluble humins fractions were characterised. FT-IR spectra
revealed the presence of furanic moieties and several oxygen-
rich functional groups,”® in agreement with the >*C NMR ana-
lysis of the acetone-soluble fraction. Furanics were also
detected by pyrolysis-GC-MS analysis.”®> The authors estimated
that the humins structure consisted of around 60% furan
rings and 20% of aliphatic linkers. A mechanism for humins
formation was subsequently proposed. It involves nucleophilic
addition of the hydroxyl group of one HMF molecule to the
aldehyde function of another HMF molecule. This step, cata-
lysed by Breonsted acids, generates acetal and hemiacetal
bonds which are included in the final humins structure
(Scheme 4). Another proposed mechanism involves the proto-
nation of levulinic acid, leading to a species that reacts with
HMEF via the carbonyl or OH function (Scheme 4).”® Unlike the
mechanism proposed by Horvat, this one does not involve
DHH.

5.2.2. Mechanistic pathway proposed by Lund group.
Consistent with the mechanism proposed by Horvat et al.,””"**’
Lund et al.'®®"> suggested aldol addition and condensation
as main reaction steps in the acid-catalysed production of
humins. These mechanistic hypotheses, as suggested by
Horvat, assumed the formation of DHH. Again, the absence of
detection of the DHH intermediate was considered as an indi-
cation of its high reactivity.'®® Free energy calculations showed
that aldol addition reactions were the most favourable of the
possible DHH reactions."?® They postulated that carbohydrates
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Scheme 4 Humins formation mechanism in water as proposed by
Sumerskii et al.”

were first converted into HMF and then DHH in order to form
humins. The authors highlighted two possible processes for
humins growth, which are related but mechanistically
different (Scheme 5)."°®

The FT-IR spectra showed that humins retain the furan ring
and the hydroxymethyl group of HMF. Furthermore, benz-
aldehyde (which does not produce humins under the reaction
conditions) can be incorporated in the humins structure if
added during the acid-catalysed conversion of HMF. In a later
study, FT-IR spectra of humins formed during the acid-cata-
lysed dehydration of HMF, glucose, fructose, and cellobiose
were compared.' The spectra of products from the acid-cata-
lysed dehydration of glucose and fructose contained two
strong peaks at 1625 and 1710 cm™ " which were not observed
for HMF humins. The authors explained that the higher HMF
concentration observed during the reaction resulted in almost
exclusive reactivity between DHH and HMF. Furthermore, at
high fructose conversion rates, minor accumulation of humins
and less incorporation of HMF into the structure was observed,

(b)

\ 0. OH +H0

Scheme 5 Two possible processes of humin growth as proposed by
Lund et al.1%8
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in contrast with the high accumulation of humin products
found in glucose or cellobiose dehydration reactions.'®® The
experimental results indicated that the direct formation of
humins from glucose, fructose, and cellobiose was not signifi-
cant. Instead, the conversion to HMF and subsequently to
DHH occurred before the formation of humins. This study
supported the hypothesis that humins form during the acid-
catalysed dehydration of sugars through aldol additions/con-
densations. Density functional theory based calculations per-
formed by Velasco Calderén et al.>*> The formation of the
HMF-DHH dimer was slightly endergonic, while the rehydra-
tion of HMF to DHH was thermodynamically downhill.

5.2.3. Mechanistic pathway proposed by van Zandvoort
and Weckhuysen. Another suggestion for the humins structure
and the mechanism of their formation was proposed by van
Zandvoort et al.'® The structure proposed in this study appears
to be more complex compared to previous reports (Fig. 2).
According to the Weckhuysen group, humins are produced from
a combination of formic acid, LA, DHH, and HMF. A model of
humins structure was proposed based on extensive analytical
investigations using a combination of techniques such as FT-IR
and solid state/solution NMR (Scheme 6). Following extensive
NMR studies of **C labelled humins, using a combination of 1D
and 2D NMR techniques, the authors determined that glucose-
derived humins present mainly Ca-C aliphatic and Coa-Ca lin-
kages, and in a minor amount CB-C aliphatic and CB-Cp bonds
(Scheme 6).'°>'° The ketone moieties detected can be the
result of LA incorporation into the humins structure or from
intermediates of sugar dehydration/HMF rehydration.

5.3. Humins formation and composition in biphasic and
organic solvent systems

This subject covers a wide range of process conditions, e.g. the
addition of water-miscible solvents such as DMSO, the use of
“pure” organic solvent systems such as methanol and ethanol,
bi-phasic systems such as MIBK and water, as well as the use

0 OH
\ o
W/
HMF _
0 2
/—Q‘//
HO e
DHH
0
OH
LA
0
Ho)LH
FA

Scheme 6 Humins building blocks and structure as proposed by van
Zandvoort et al'°? and adapted Coumans et al.??®> Reproduced from
Coumans et al.?** with permission from ACS, copyright 2025.
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of ionic liquids. These systems have been extensively studied
for the production of HMF and to a lesser extent LA. The co-
produced humins (which are often observed in smaller
amounts than in the pure aqueous systems discussed in the
section 4.3) are less well characterised. It should also be kept
in mind that during the dehydration of carbohydrates substan-
tial amounts of water are formed, so none of the reaction con-
ditions described here are remaining water-free.

5.3.1. Mechanism of humins particle growth in water/
organic solvent systems. Tsilomelekis et al. reported an investi-
gation of molecular structure, growth rate, and reaction
mechanism for humins derived from acid-catalysed dehydra-
tion of HMF in water and in water/DMSO mixtures.*” Using
FT-IR analysis, it was observed that the absorbance of the C-H
out-of-plane mode relative to the furanic hydrogen stretches
decreases after long reaction times. Also, the decrease of the
C=O0 stretch at 1668 cm™" was consistent with previous litera-
ture mechanisms involving the aldol condensation reactions
between the enols from DHH and the carbonyl group of HMF
that lead to humins.

The authors concluded that humins formation involves
multiple parallel reaction pathways including substitution at
the o or B position of the furan ring via nucleophilic attack, as
proposed by van Zandvoort et al.'®> When DMSO was used as
co-solvent, nucleophilic attack appeared to be suppressed,
leading to smaller humins particles (~100 nm). Using water as
solvent resulted in larger particles (between ~100 nm and
5 pm), formed by the aggregation of smaller ones. Humins
particles growth in water was studied in situ using dynamic
light scattering (DLS).>*> At pH = 0 and 50 °C the initiation of
the reaction, associated with the presence of smaller particles
(100-200 nm), was observed after 10 minutes, while at pH = 1,
it was observed after 1 hour (growth rate 2.1-2.9 nm min™").
The key parameters in humins production, as always, were
temperature, reaction time, and acid concentration.'®*!®
Higher temperatures and acid concentrations led to acceler-
ated growth rate and a greater particle size. Based on these
observations, a reaction network for humins formation from
HMF in presence of an acid catalyst was proposed. First,
soluble oligomeric chains of humins are formed via etherifica-
tion and aldol condensation reactions as previously
discussed.”>'*®'>> HMF then reacts with the intermediates
(DHH, DHH-like molecules, and/or HMF) and, in aqueous
media, the humins particles grow via nucleophilic attack on
the furan ring as described above.'® It is possible to suppress
this path by using polar aprotic co-solvents such as DMSO,
which cause the particles to remain at reduced dimensions.
Finally, small particles combine to produce larger, water in-
soluble aggregates that precipitate. This reaction network gives
a good overview and interpretation of all the results and
insights obtained so far on humins particle growth. Fu and co-
workers'®® concluded that the degradative condensation of
fructose is very much solvent dependent because of different
tautomeric preferences in various solvents. Depending on the
polar aprotic solvent used, carbohydrates can exist in pyranose,
furanose or acyclic forms. This results in different products orig-
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inating from dehydration, C-C cleavage and condensation reac-
tions of degraded fructose fragments, explaining some of the
possible reaction pathways for the formation of humins during
the dehydration of fructose to HMF. Typically, a-fructofuranose
in 1,4-dioxane and acyclic, open-chain fructose in THF undergo
conversion to formic acid and oligomers, and o-fructopyranose
in y-valerolactone or N-methylpyrrolidone favours formation of
LA and oligomers, whereas p-fructopyranose in 4-methyl-2-pen-
tanone favours conversion to acetic acid and corresponding oli-
gomers. These correlations provide a general understanding of
the solvent-controlled formation of the oligomers, which rep-
resents an important step towards the rational design of
effective solvent systems for HMF production.'*?

5.3.2. Humins produced in alcoholic solvents. Humins
formed in alcoholic solvents are usually highly viscous, soluble
in organic solvents, and less condensed compared to humins
originating from aqueous reaction systems. Constant and co-
workers recently reported an extensive characterisation of
industrial humins derived from pilot plant-scale methanolic
cyclodehydration of p-fructose to 5-methoxymethyl-2-furfural
(MMF), as part of the Avantium YXY® process to produce
FDCA.*® The authors extended the multi-technique analytical
approach previously developed for industrial lignins®** to
these soluble humins. These industrial humins were first puri-
fied to remove HMF and MMF and fractionated to allow the
isolation of a water-insoluble, high molecular weight fraction,
also called Water-Insoluble Purified Industrial Humins
(WIPIH), and a water-soluble, low to middle molecular weight
fraction, ie. the Water-Extractable Solubles (WES). These frac-
tions were characterised using a broad range of analytical tech-
niques including elemental analysis, thermogravimetry, size
exclusion chromatography, and IR and NMR spectroscopy
(solid state-NMR, solution-state NMR with 'H, **C, ['H, (]
HSQC, '°F and *'P). Aided by a comprehensive library of NMR
spectra of furanic model compounds, the authors assigned the
2D HSQC NMR spectra and identified the main furanic build-
ing blocks and inter-unit linkages of the industrial humins
(Fig. 4 and Scheme 7). The WIPIH and WES fractions were
found to be composed of furanic rings interconnected by short
aliphatic chains containing a wide range of functionalities
including alcohols, ethers, carboxylic acids, esters, aldehydes,
and ketones. WIPIH, with an average molecular weight (M,,) of
2250 g mol ™', was composed of furanic rings connected with
aliphatic linkers via ester or ether bonds. Based on HSQC
NMR, there was no evidence of acetal or bis-furylmethane-like
units in WIPIH. The most abundant functionality quantified
was hydroxyl groups, at around 2.5 mmol per g of humins.
Quantification of the total carbonyl moieties using derivatisa-
tion with 4-(trifluoromethyl)phenylhydrazine followed by '°F
NMR analysis'*® revealed about 1.62 mmol C=O0 per gram of
humins, which represents 4.5 wt% of the WIPIH fraction. It
was estimated that carbonyls were mainly present as conju-
gated enones with roughly only 20% of the carbonyl groups
being aliphatic.

In WES, acetals, ethers, and esters appeared to be the main
linkers of furanic rings and residual sugar oligomeric deriva-
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tives. An average M,, of 470 g mol™" and up to 3.9 mmol of
hydroxyls per g of humins were measured. Based on these
findings and using a top-down approach, the authors revised
and refined the previously suggested model*®> and proposed a
new model for the molecular structure for industrial fructose-
derived humins fractions (Scheme 7). The linkages in the pro-
posed structure result from aldol condensation, etherification,
or esterification of the carbonyl, alcohol, and acid groups
present in the humins and their precursors. The presence of
methanol in the reaction mixture from which these humins
originate also led to the insertion of methyl and methoxy
groups in the structure. This methanol incorporation likely
inhibited further dehydration/condensation reactions and
resulted in a lower degree of cross-linking compared to
aqueous reaction mixture-derived (synthetic) humins. Shi
et al.'® also observed that very limited amounts of solid
humins were formed using ethanol as solvent. Through aceta-
lisation, ethanol was suppressing condensation reactions of
the main humins precursors (a-oxo aldehydes and
a,f-unsaturated aldehydes) and thus limiting humins for-
mation. In addition to the characterisation work, Constant
et al. also studied the relationship between industrial and syn-
thetic humins.*® By conducting an aqueous acid thermal treat-
ment at 180 °C on the industrial humins, it was shown that
the industrial sample was structurally related to more recalci-
trant insoluble humins and can be possibly considered a pre-
cursor of these materials. Filiciotto et al.'*® reported a study of
the interpretation of humins chemical structure based on
bottom-up approaches. Industrial humins were subjected to
catalytic decomposition (thermal and hydrogen-assisted reac-
tions) in continuous flow and the resulting products were sub-
sequently analysed. This approach was based on decompo-
sition of the humins into detectable products which sub-
sequently could be associated with potential building blocks,
called reconstruction.'*® A plethora of products were isolated
in this process, underlining the high complexity of the humins
structures. The identified products included furanics, levuli-
nates, sugar derivatives, aromatics, small organic acids, and
several other oxygenated molecules. Contrary to previously pro-
posed humins structures, this reconstructed structure points
to a more heterogeneous composition and is similar to that of
a hydrothermal carbon.'**'®” However, the approach needs to
be further verified. Another methodology reported by
Sangregorio et al. involved a study of the curing kinetics of
these industrial humins in order to gain insights into their
general condensation process.*? Thermally treated humins
showed an auto cross-linking behaviour and the process was
faster when an acidic initiator was used.

This phenomenon allows faster cross-linking at lower temp-
eratures, which is important for many of the applications dis-
cussed in section 6. It was postulated that the cross-linking
occurs via an acid-catalysed hemiacetal formation pathway
(Scheme 8).

Cerdan et al. studied the thermal polymerisation mecha-
nisms of similar industrial humins from a rheological perspec-
tive.”>> They also observed that thermal cross-linking of native
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Fig. 4 Solution state [*H; *C] HSQC NMR spectrum of water-insoluble purified industrial humins (WIPIH) in dg-DMSO with the main synthons/
structures identified.*®
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Scheme 7 Revised model for the molecular structure of industrial fructose-derived humin fractions; (a) representation of the WIPIH high molecular
weight fraction, (b) representation of the water-extractable solubles (WES) low to middle molecular weight fraction.*®
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Scheme 8 Acid-catalysed hemiacetal formation between humins

chains.**?

industrial humins led to an increase in molecular weight and
subsequently to the formation of a gel, the structure of which
was composed of physical (thermally reversible) and chemical
(thermally irreversible) cross-links. Temperature played an
essential role in the cross-link density and the gel properties.
High temperatures hampered gel formation and markedly
decreased viscosity, whereas upon cooling a stronger gel was
formed by restoring the physicochemical bonds via the for-
mation of chemical cross-links. In addition, a transition from
a supramolecular network to a covalently cross-linked network
was observed, and properties such as elasticity and reprocessa-
bility of humins gels were influenced by the degree of poly-
merisation.??® The low level of cross-linking together with the
high content and diversity of functional groups of humins
formed in alcoholic solvents allows for a broader range of
valorisation opportunities compared to more condensed
humins (section 6).*®

5.3.3. Humins formation in ionic liquids. The mechanism
of humins formation from glucose/fructose conversion into
HMF was studied in the ionic liquid system 1-butyl-3-methyl-
imidazolium chloride, ((BMIM]CI) with CrCl; as catalyst.'*°
Furanic model compounds representing the identified humins
intermediates were investigated to understand the humins
growth mechanism. The authors identified three types of reac-
tions that result from the instability of furan compounds
bearing a hydroxymethyl and an electron-donating group and
thus promote humins growth: (1) bimolecular ether formation,
(2) intermolecular addition, and (3) furan ring cleavage with
water. Hydroxymethylated furans could be stabilised in
[BMIM]CI when the OH group was protected as a methyl ether,
and the stability was further enhanced by electron-withdrawing
groups such as an aldehyde group on the ring."*° Analysis of
humins formed in ionic liquids showed that the structure and
morphology do not resemble those reported in literature, and
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that the material displayed a number of unique aspects. The
hydrogen bonding proprieties of the ionic liquid exert a strong
influence on the chemical functionality of the humins gener-
ated in their presence, and this may give them advantages as
functional materials.?*¢

5.4. Humins formation and composition produced under
hydrothermal carbonisation conditions

Highly cross-linked humin-like substances are produced by
hydrothermal treatment of pure carbohydrates as well as ligno-
cellulosic biomass, leading to so-called hydrothermal carbons
(HTCs)."?**3%154 The hydrothermal carbonisation approach is
widely used to produce carbonaceous compounds.'®”**” In
contrast to the acid-catalysed dehydration humins, HTCs are
in general formed without the addition of mineral acids and
are the targeted product of hydrothermal biomass treatment.
The hydrothermal carbonisation of carbohydrates is carried
out by the combined application of temperature and pressure
usually at 130-220 °C."** HTCs can be considered as fully reti-
culated, solid humins produced as structured micro- and
nano-particles that may have applications in several fields,
including catalysis and catalyst supports, soil enrichment,
energy storage, water purification, and CO, sequestration.'*®
HTC materials have been extensively studied, and their charac-
terisation can be used as a reference model for acid-catalysed
dehydration-derived humins.

FT-IR, NMR, and/or Raman analysis of HTC derived from
fructose, glucose, and HMF showed the presence of aromatic
structures.'*”"*11%% Observations of '*C labelled HTC using
advanced solid-state "*C NMR showed that HTC contains
furan-based substances. The various subunits are linked
together through aliphatic chains in the a or f positions of the
furan ring with hydroxyl and carbonyl moieties also embedded
in the structure (Scheme 9).">>'** Similarly to humins, the
HTC structure differs depending on the feedstock. In their

o] OH
\ o Hydrothermal
w carbonisation
—_—

HMF

Condensation
T>200°C

Scheme 9 Conversion pathways of cellulose derived HMF into acid-
catalysed dehydration (ACD) humins'®%1%® and hydrothermal carbons
(HTC).*%0
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series of articles, Titirici and Baccile suggested different struc-
tures for pentose- and hexose-derived HTCs.'*”"'**'°® HTCs
derived from hexoses (including glucose and fructose) were
similar to each other, but differ slightly from pentose-derived
HTC.' Indeed, HTC from xylose had lower H/C and O/C
ratios compared with HTCs from other sugars.'*” HTCs from
C5- and C6-sugars result in similar compositions to those
obtained from furfural and HMF. The difference between
HTCs derived from pentoses and hexoses can be explained by
the different H/C and O/C ratios of the primary building
blocks, e.g. furfural (CsH40,) and HMF (C¢HeO3). Thus, the
BC NMR spectrum of xylose-HTC contained fewer aliphatic
groups, along with stronger signals associated with C=C con-
jugated systems compared to glucose-HTC. C6 sugar-HTC and
HMF-HTC were quite similar, while C5 sugar HTC were closer
to carbonised furfural.'® The structure of HTC, like in acid-
catalysed dehydration of humins, appears to be strongly
dependent not only on the feedstock used but also on the
preparation temperature.'”® Sugar-derived HTC prepared at
180 °C consisted of a furanic network with aliphatic linkers, as
reported above.'>® However, in sugar-derived HTC calcinated
at 350 °C, a higher number of conjugated aromatic rings was
found, generated by aromatisation and furan ring fusion to
give polycyclic systems. When HTC were prepared above
400 °C, they resembled graphene-like sheets.'>® Thermolysis of
HMF at 27.5 MPa and 290 to 400 °C led to furfural, a residual
humic “tar”, and 1,2,4-benzenetriol in yields of up to 46%.%*

Regarding the HTC mechanism of formation, a series of
reactions including dehydration, polymerisation, and aromati-
sation were proposed by Baccile et al.'®” and Eady et al.?*® and
are shown in Scheme 10. Part of the HTC originates from the
dehydration of Cé6-sugars into HMF and C5-sugars into fur-
fural, and some of the furanics subsequently undergo ring
opening reactions to give diketones.'”” Thus, aldol-like con-
densations and aromatisation via Diels-Alder reactions along
with polycondensations lead to the HTC structure. Shi
et al.”>"'** suggested a pathway for HTC formation involving
aldol condensation, subsequent acetal cyclisation, and de-
hydration using a-oxo aldehydes (such as 3-deoxyglucosone)
and a-oxo carboxylic acids as precursors. Another parallel
route proposed by the authors was a Cannizzaro-type reaction
to form a-hydroxy acids.'***° The initialisation of the poly-
merisation of HTC is followed by the nucleation and growth of
spherical particles by the incorporation of HMF/furfural-
derived molecules."”® The HTC could have a uniform particle
size,'*® or a wide distribution of particles sizes,"*” or have no
defined shape.'*® The HTC polyaromatic spherical structures
are composed of a hydrophilic shell and a dense hydrophobic
core.

Sevilla et al.'**'** showed that the diameter of spherical
HTC particles can be modulated in the range 0.4-6 pm by con-
trolling the reaction parameters, such as temperature, reaction
time, feedstock, and concentration. A temperature increase
was associated with an increase in the C/O and C/H ratios due
to carbonisation and aromatisation of the structure. This was
supported by a decrease in oxygen moieties as determined by
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Scheme 10 Possible chemical reactions of HMF, including diketone
(DHH) formation (reaction d), during the hydrothermal carbonisation
process. Redrawn and adapted from Baccile et al.*¥” with carbonyl ene
reaction (g) from Yue et al.>*° and Eady et al.??® with permission from
Wiley, copyright 2025.

FT-IR. Slight differences between the bulk and surface were
observed by TEM. Similar C/O ratios, with several oxygen
groups present at the surface and in the bulk material, were
analysed by XPS."**'** Different morphologies were observed
on the surface of HTC particles depending on the starting
monosaccharide (textured when produced from glucose,
smooth when produced from fructose).">* HTC can also be
formed around a metallic nanoparticle centre, and the surface
can be decorated with smaller metal particles such as Ag or
Pd."*® Specific new functionalities can be introduced onto the
surface of HTCs by taking advantage of the exposed reactive
moieties.>*"*%?

This section has shown that in the last two decades a lot of
fundamental information on humins formation and compo-
sition has emerged, although the picture is far from complete.
More work is needed on the molecular mass determination of
(soluble) humins, the influence of the feedstock source on
humins properties, and better understanding of the reactions
that occur during the processing of reactive humins. To make
humins suitable for higher-value applications it is also impor-
tant to understand how the properties of humins can be
steered towards the desired functionalities. The current status
of these value-added applications will be discussed in the next
section.
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6. Value-added applications for
humins

The development of suitable applications for acid-catalysed,
dehydration-derived humins was underdeveloped for a long
period of time, if even considered at all. However, in the last
decade several studies have been conducted focusing on the
potential applications of these industrial side-products, many
with promising results (Fig. 5). A wide range of applications is
already under development, including solubilization, gasifica-
tion, syngas production, activated carbon, adhesives, foams,
and the use of self-healing materials in robotics (Fig. 5).
Research in application development is growing fast, and the
investigations around this emerging topic are both encoura-
ging as well as very much needed, because as described
earlier, humins appear to be unavoidable as side-products in
the ubiquitous acid-catalysed processing of carbohydrates.
Improvement of the business value proposition for industrial
humins is therefore a necessity for the development of a truly
circular, biobased economy. The use of furan-based resins for
various applications is long established, and Gandini and co-
workers have published an extensive review of the current state
of the art on this subject.>**>** Resins based on furfural and
furfuryl alcohol currently represent the most important pro-
ducts within this context, but polymers based on HMF and
5-methylfurfural have also been discussed.>*****

6.1. Solubilisation and modification of humins

In order to make humins processing and transportation
easier, solid humins should ideally be solubilised or, if liquid,
be available in a less viscous phase.?*>*3*® However, the solubi-
lity of these recalcitrant side-products is generally quite poor.
For instance, solid humins formed via acid-catalysed dehydra-
tion in water showed only a 3-5% weight loss after 24 hours of
Soxhlet extraction with acetone and ethanol.'** Thus, there is
a growing interest in making humins more soluble and easier
to process.”*’

Van Zandvoort performed the reactive solubilisation of
humins using an alkaline pretreatment similar to that used for

chemicals Porous materials Catalysts Insulation
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Fig. 5 An overview of potential industrial applications of humins cur-
rently under investigation.
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lignin."” Glucose-derived humins were solubilised in 0.5 M
NaOH at 200 °C for 3.5 h, while xylose- and fructose-derived
humins required a higher temperature of 240 °C. It was
observed that longer treatment times and higher temperatures
led to a reduction of the average M,,. 0.5 M NaOH was selected
as the best medium, since a stronger alkaline environment
leads to a greater decrease in the M,,. These investigations
were performed using a combination of techniques (solid-state
NMR, elemental analysis, FT-IR, GC-MS). This work suggests
that alkaline treatment leads to the cleavage of C-O-C bonds,
and thereby to the reduction of the M,,. An increase in aromati-
sation of the material (presumably via Diels-Alder and/or de-
hydration reactions) was also detected, which leads to polycyc-
lic systems bearing carboxylic groups.'®® Indeed, FT-IR signals
associated with carboxyl functions increased at the expense of
ketone groups, and this structural change (along with the
reduction of the M) could explain the increased solubility of
humins after such treatment. The humins obtained by this
method were soluble at pH > 7 and could find applications in
the production of syngas or hydrogen via aqueous phase
reforming or catalytic hydrotreatment.>*”~>%°

A simple and industrially relevant way to solubilise humins
by acylation was reported Mija et al.>** The reaction of humins
with a series of maleic, succinic, valeric, or stearic acid anhy-
drides, organic acids (acetic acid, sebacic acid), or acyl halide
(stearoyl chloride) gave good yields of low viscosity acylated
humins. The modified humins were less hydrophilic so they
become more suitable as potential biofuels. This process can
also facilitate humins transportation as the acylated humins
have manageable viscosity values in the range 5 to 40 Pa s at
60 °C. A selective chemical modification of industrial humins
was recently reported to alter their physical properties.”*
Thus, esterification of humins into humins-benzoate, -acetate,
and -valerate derivates was conducted to suppress hydrogen
bonding and give the product in a powdered form. In contrast,
low viscosity humins liquids (200 Pa s) were obtained using
adipoyl and sebacoyl chlorides.”*® The solubilisation of
humins using solvents of different polarities was studied by
Cheng et al.'*® The authors confirmed that humins were not
simply a high molecular weight polymeric product, but more
of a heterogeneous mixture of large, insoluble molecules along
with smaller, soluble species. These molecules of different
molecular weights interact with each other by weak forces and
dipolar interactions. The study showed that solvents with
higher donor numbers (higher Lewis basicity) were better sol-
vents for humins, and the solubilised humins could make
transportation more convenient.'*®

6.2. Gasification of humins

The potential for the valorisation of humins by steam reform-
ing to give H, was investigated the group of Seshan.'?>?%1:242
Both thermal and catalytic steam gasification were studied.
The alkali metal-based catalyst Na,CO; showed the highest
activity and product analysis indicated that the selectivity to
CO and CO, was 75% and 25%, respectively.>*> After the
thermal treatment, the remaining humins were modified both
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in morphology and structure. They consisted of de-oxygenated,
highly aromatised char residues with around 45 wt% of
sample losses through the generation of volatile compounds.
Valorisation of humins via dry reforming was also studied.
Non-catalytic dry reforming of humins is challenging under
mild gasification conditions (below 1000 °C).>*! Again, Na,CO;
enhanced the reforming rate, making the process more
viable.>*! Acetic acid and phenols were found to be the major
components of the condensable side-products in the low
temperature stage of humins gasification."*

6.3. Pyrolysis/liquefaction of humins

The pyrolysis of representative solid humins samples derived
from fructose and glucose were first assessed by the group of
Heeres,?*132:236:2437245 pyro.GC-MS (300-600 °C, 10 s, helium
mobile phase) and micro-pyrolysis (500 °C, 12 s, N, atmo-
sphere) were used. Using pyro-GC-MS, furanics, organic acids,
and other components were produced in small amounts
(<1 wt%). Micro-pyrolysis yielded 30 wt% gaseous and liquid
products, the remainder being a solid char. Synthetic humins,
crude industrial humins, and purified industrial humins
showed significant differences in thermal degradation pat-
terns. Thermal decomposition of industrial methanol-based
humins was observed between 50 and 650 °C (66 wt% weight
loss), whereas the major weight loss for the more condensed
synthetic solid humins (47 wt%) was between 200 and 800 °C.
For quantitative analysis, a gram scale pyrolysis unit was used,
giving product oils (9-11 wt% with respect to humins load)
with approximately 1.5 and 10 wt% aromatics arising from syn-
thetic and crude industrial humins, respectively. GPC analysis
on the product oils clearly showed the breakdown of the
humins structure into lower molecular weight species. The
higher heating value (HHV) of the liquid products (up to 41 MJ
kg™") was considerably higher than the crude industrial
humins feed (21-24 MJ kg !).>*® Recent work of the Heeres
group reports on the catalytic pyrolysis of technical humins
derived from pyrolytic sugar oil.>**> Mixtures of benzene,
toluene, xylene naphthalene, and ethylbenzene in 5.1 wt%
yield based on humins loading were obtained. Batch liquefac-
tion experiments at 350 °C for 4 h with isopropanol as both
the solvent and hydrogen donor resulted in 80 wt% conversion
of the humins feed into a product oil with considerable
amounts of phenolics and aromatics (24.7% based on GC
analysis).”*

Vlachos and co-workers®*’” reported a one-step catalytic
hydrotreatment of humins in methanol into humins oil con-
taining fully and partially deoxygenated compounds using
commercial noble-metal catalysts. Aromatic hydrocarbons,
phenols, and esters were the main products. The highest oil
yield and a conversion of 75% were obtained at 400 °C for 3 h
at 30 bar H, using a catalyst-to-humins mass ratio of 1:10.
B3C-isotopic labelling studies confirmed that methanol partici-
pates in alkylation and esterification reactions, incorporating
into aromatic, phenolic, and ester products.>®” Similarly, the
catalytic conversion of humins into cyclic hydrocarbons was
reported with a 95% conversion rate and up to 88% yield using
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a bifunctional catalyst.>*® The C-C bond network was efficien-
tly depolymerised at reaction temperatures of 340-380 °C
under the cooperative catalysis of nano-Ru particles and a
porous, strong Lewis acid.>*® The catalytic hydrotreatment of
humins using supported Pd @ zeolite (Beta, Y, and USY) cata-
lysts with different amounts of Pd was investigated under
hydrogen pressure. The major compounds in the humins oil
as shown by GC-MS were alcohols, organic acids, ethers, and
alkyl-phenolics.**® Furanic compounds were not identified in
the reaction products. A possible explanation may be related to
their high reactivity under the reaction conditions.

Finally, preliminary studies of spray combustion of humins/
ML mixtures as an alternative to heavy fuel oil (HFO) have also
been conducted.”® It was reported that parameters such as
stability, heating value, flashpoint, viscosity, and density of
these mixtures fall within the HFO limits. In the spray com-
bustion tests, the mixture had ignition and combustion beha-
viours similar to HFO. However, the combustion residual ash
and carbon were high, representing risks in terms of engine
damage, while determination of the calculated carbon aroma-
ticity index (CCAI), acid number, and water content was not
possible because of the oxygen content of the humins/ML
fuel.>®' Another potentially interesting valorisation method-
ology involving catalytic hydrotreatment of humins was
reported using ruthenium catalysts at 400 °C in presence of FA
and isopropanol or H,. Up to 69% conversion was obtained in
the best case, resulting in an oil consisting mainly of mono-
mers (principally alkyl phenolics) and small oligomers.>*®

6.4. Oxidised low molecular mass compounds from humins

The catalytic oxidation of humins with O, into short-chain car-
boxylic acids was reported using homogeneous polyoxometa-
late as catalyst under mild conditions (90-120 °C).**?
Unfortunately, low yields of formic and acetic acid resulted.
For example, only 8.3 wt% and 4.0 wt% were respectively
obtained, the main product being CO,. Comparable yields
were reported later by Wassenberg.'”® The same authors
further investigated the oxidative conversion of humins using
model substances like furan derivatives of varying complexity
in combination with polyoxometalates as oxidation catalysts in
aqueous media.”***** various transition metals such as V, Mn,
Co, Ni, and Nb were used as substitutes for molybdenum
atoms in Keggin-type phosphomolybdates. The H,[PVM0;,0,]
catalyst showed the highest activity and lowest CO, for-
mation.>*® A two-step degradation of humins was studied by
Kang et al.*®® involving alkaline catalytic hydrothermal treat-
ment and wet oxidation. Acetic acid yields of 37.2% on a mass
basis in water were achieved.

6.5. Activated carbon from humins

A new class of highly porous organic sorbents called micro-
porous humins can be produced from humins, which in some
cases have high levels of CO, sorption, and thus could poten-
tially be useful for the separation of carbon dioxide from gas
mixtures.>*® Their synthesis involves the polymerisation of
HMTF in concentrated sulfuric acid and treatment with diethyl
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ether and heat, by which the porosity could be tuned. A high
uptake of CO, (up to 5.27 mmol g~* at 0 °C and 1 bar) and
high CO,-over-N, and CO,-over-CH, selectivities were observed.
These microporous humins were aromatic in nature and struc-
turally amorphous, which was shown in a multipronged
approach using *C NMR, FT-IR, elemental analysis, and
WAXS.>*°

Microporous humins-based materials were also prepared by
Bjornerbick and Hedin.*®” In this case, humins of controlled
porosity were produced by acid-catalysed dehydration of sugars
with concentrated sulfuric acid. The humins were then washed
with ether and carbonised at 400 °C. Despite the interesting
results, these processes do not aim directly at the valorisation
of industrial humins, because they involve the targeted syn-
thesis of humins following a specific protocol. It would be
interesting to evaluate whether the findings of these studies
can be applied to industrial humins.

The preparation of humins-derived activated carbon at
800 °C was reported by Kang et al.>*® for sorbent material
applications. A pseudo-second order kinetic model was devel-
oped to simulate the adsorption capacity, with a maximum of
1195 mg g~ ' of methylene blue and 218 mg g~ of phenol.”*®
The principal reason for such high adsorption capacities was
associated to the pore size distribution (1.7-300 nm). It was
also suggested that acid groups, with a density of 3.3 meq g~*
on the macroporous surface, also contributed.>**>
Additionally, preparation of activated carbons from humins
using phosphoric acid activation has been reported, achieving
a BET surface area of 2375 m” g~ * under optimal conditions
(400 °C).>?®

Other preparations of activated carbons of previously carbo-
nised humins were investigated using both physical (CO,) and
chemical activation (KOH), including tests as supercapacitor
electrode materials.”®* Unfortunately, good characterisation of
the texture of the activated carbon produced was lacking, while
the BET surface area was poor compared to commercially avail-
able carbons (862 m”> g~' in the best case).’®® However, the
electrochemical characterisation of these humins-derived acti-
vated carbons using a 3-electrode cell demonstrated their
potential. Al Ghatta et al.**® found that humins produced in
various ionic liquid environments can be used for metal
extraction, having comparable efficiencies to commercial acti-
vated carbons. For example, this study revealed that humins
were superior for the extraction of antimony from wastewater,
showing promise as an adsorbent additive for water purifi-
cation. Vinod and Dutta used humins-derived activated carbon
(HAC) for the phosphotungstic acid-catalysed esterification of
LA into alkyl levulinates®*® as well as the synthesis of gamma-
butyrolactone by catalytic hydrogenation over palladium sup-
ported on HAC.>®”

6.6. Humins as catalyst (support)

Humins-based iron oxide nanocomposites have been reported
as catalytic materials.”*® Humins were also used as templates
for the synthesis of alumina foam catalyst supports.>®® The
catalyst was prepared using cheap and solvent-free method-
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ologies, using both crude industrial humins and humins
foams. These catalysts were tested in the microwave-assisted
synthesis of vanillin from isoeugenol in an oxidative environ-
ment and showed good recyclability in some cases. After only
5 minutes, vanillin yields between 42-57% were achieved.
When multifunctional sulfonated humins (MSH) were used as
the catalyst in 90 wt% aqueous sulfolane solution, cellulose
was converted into LA in 65.9% yield. The MSH exhibited out-
standing performance both in catalytic activity and recyclabil-
ity due to its synergistic effect with sulfolane and water. A levu-
linic acid yield of 45.6 mol% was likewise obtained starting
from bamboo instead of pure cellulose.”’”® Yang and co-
workers®”! described the use of glucose-derived humins as the
starting material for a novel class of effective carbonaceous
solid acid catalysts produced via low-temperature pyrolysis fol-
lowed by sulfonation. A range of reaction conditions were
investigated, and the structure-function relationships of the
resulting catalysts were also discussed based on the analysis of
the structure and composition. Compared to a catalyst derived
simply from the carbonisation of glucose itself, the humins-
derived catalyst had a substantially greater surface area and
higher SO;H density, which showed higher catalytic activity
and efficiency, not only in esterification of levulinic acid and
n-butanol (yield = 95%, 373 K), but also in hydroxyalkylation/
alkylation of 2-methylfuran and furfural (yield = 64.2%, 323 K).
Additionally, the catalyst could be reused over at least four
cycles without obvious deactivation.””* Galaverna and co-
workers®”* reported a new humins-like resin, prepared from
2,5-bis(hydroxymethyl)furan (BHMF, Scheme 2) and maleic
anhydride, which was used as a solid support for palladium
immobilisation. Proof of concept was demonstrated using
Heck and Suzuki cross-coupling reactions. The activity (yields
up to 99%) and reusability (at least 7 times) of the catalyst
were evaluated. Queen and co-workers pursued a different
approach, presenting a scalable, solid-state method for produ-
cing metal-organic framework (MOF)/polymer composites.>”?
The simple method consists of mixing a MOF powder, namely
Fe-BTC (BTC = 1,3,5-benzenetricarboxylate), with HMF and
heating the resulting solid, which promotes both solid-state
diffusion of HMF into the MOF and the formation of a
humins polymer with a high density of accessible hydroxyl
functionalities within the MOF pores. The resulting composite,
Fe-BTC/humins, was found to selectively extract Ag" ions from
laundry wastewater. Subsequent reduction of the Ag" species
yielded a novel catalyst, Fe-BTC/humins/Ag, which was able to
catalyse the reduction of cinnamaldehyde into cinnamyl
alcohol in a highly selective manner. Moreover, the catalyst
exhibited recyclability up to five cycles, which is an improve-
ment over the Fe-BTC/Ag catalyst without humins.>”® Solid
humins derived from starch-rich waste were valorised as raw
materials for producing biochar-supported Lewis acid cata-
lysts. These humins were collected and impregnated with AlCI,
followed by carbonisation. Detailed characterisation revealed
several aluminium oxide species on the biochar surface, plau-
sibly in the amorphous state. These humins-derived biochars
exhibited good catalytic activity toward glucose-to-fructose iso-
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merisation, a common biorefinery reaction in the dehydration
of carbohydrates catalysed by Lewis acids.>”*

A porous lignin-humins composite was produced as a side-
product of the acid-intensive CMF process on raw biomass
(spruce sawdust).””® The powdery solid that was filtered from
the reactor already had a moderate level of porosity which dra-
matically increased on pyrolysis above 400 °C. The most inter-
esting property of this humic material was its mesoporous
pore structure with a width distribution of 30 + 20 nm. Most
pyrolytic carbons, on the other hand, are microporous (pore
width <2 nm). Mesoporosity is a highly desirable property in
catalysts as it provides good accessibility to active sites, as
opposed to microporosity, which tends to impose diffusional
control because of the restrictive pore volumes. Samples of the
product were sulfonated to test their potential as hetero-
geneous acid catalysts in the esterification of levulinic acid
with ethanol. The unpyrolysed sulfonated catalysts gave the
highest ester yields (up to 92%). Origin Materials is currently
commercialising materials of this kind as a co-product of CMF
production.®*

6.7. Humins as components for asphalt

To decrease the environmental impact of bitumen, more sus-
tainable binders are being developed. It was shown that indus-
trial humins can be used as a macromolecular binder for
bitumen.?””® Humins were mixed at 50 wt% with bitumen.
When the non-water soluble fractions of humins (Humins Non
Soluble - HNS) were employed, no variation in the chemical
structure of the bitumen was observed in FT-IR spectra after
mixing. DSC investigations showed that the crystallisation of
the aromatic fractions in bitumen shifted to higher tempera-
tures in humins-modified bitumen. The thermogravimetric
data highlighted that the presence of humins or HNS in
bitumen can lead to higher mass loss below 200 °C compared
to pure bitumen. Rheological investigations highlighted some
key advantages of adding humins or HNS into bitumen. At
high temperatures, the storage modulus of the modified
bitumen is increased and shows lower susceptibility to vari-
ations in frequency in the viscosity measurements. At low
temperatures, the phase angle of HNS-modified bitumen is
lower than that of unmodified bitumen, suggesting less temp-
erature dependent viscosity changes as a consequence of a
cross-linked network formation.>’® Also, a patent application
has been filed on an asphalt compositions that include
humins, claiming improved and  dry-strength
properties.>”’

wet-

6.8. Humins-based adhesives for fibre-based materials

Another humins application that has been studied is as ther-
moset resins and in material composite preparations. For
instance, thermosetting resins were obtained by adding large
quantities of humins (55-75%) to a polyfurfuryl alcohol (PFA)
network.""""'?> The preparation was carried out by acid-
induced polymerisation, and the chemical interaction between
the PFA and the humins was followed by FT-IR analysis. This
furan-based resin mixture was impregnated on cellulose fibres

3154 | Green Chem., 2025, 27, 3136-3166

View Article Online

Green Chemistry

for the production of fibre composites after curing. It is worth
noting that the tensile strength of these humins-PFA compo-
sites was twofold higher than other composites made from
PFA or PFA-lignin. Humins-PFA composites were less brittle
compared to their common FA-based analogues due to
enhanced interactions between the resin and the fibre.

These materials not only showed interesting properties, but
also cost reductions, since lower quantities of FA were
required. Kang et al.>®° reported the use of humins as poten-
tial low-value phenol replacements in phenol-formaldehyde
type adhesives for wood adhesion applications. Humins were
first treated hydrothermally in order to produce an alkaline
soluble additive which was subjected to reaction with formal-
dehyde and phenol. The humins-(50 wt%)-phenol-formal-
dehyde adhesives thus obtained showed good bonding
strength and viscosity properties, and met the GB/T 14732-
2006 Chinese National Standard safety requirements for com-
mercialisation. Sangregorio et al.'™® reported a study on the
reactivity of industrial humins, proving their potential in the
preparation of thermoset-like resins and confirming previous
results®'% that showed that, upon sufficient thermal treat-
ment, humins mixtures were able to react in a non-reversible
way, polymerising into a furanic based network. Glass tran-
sition (Ty) values above 65 °C were measured after thermal
treatments at 120-140 °C. Such T, values are close to those
found for humins foams produced at a higher temperature
(250 °C), proving that the completeness of the cross-linking
could be associated with a glass transition of 70-75 °C. In the
wake of these results, Sangregorio et al. reported the prepa-
ration of composite humins-flax fibres."'*'*® These compo-
sites proved to have a good elastic modulus of ~1.5 GPa, while
SEM showed good adhesion between the humins matrix and
the flax fibres (Fig. 7). The only drawback reported was that,
despite an interesting reduction in hydrophilicity of the com-
posite material compared to that of pure flax, some furanic
compounds could be leached into water (mainly 5-hydroxy-
methyl-2-furancarboxylic acid (HMFCA)). This might be the
result of incomplete curing of the industrial humins and
requires further investigation.

Reprocessable humins-based thermoset resins were syn-
thesised for the first time by Dinu et al. by copolymerising
humins with a biobased epoxy monomer, either resorcinol
diglycidyl ether or trimethylolpropane triglycidyl ether.>”®
These bioresins have excellent thermal stability, tensile
strengths up to 10 MPa, and Young’s moduli up to 1.8 GPa
and could be reinforced with the addition of chicken feathers
or plant-derived, non-woven (Fig. 6).””® These composites
showed T, values ranging from 37 to 81 °C, and SEM analysis
confirmed very good adhesion and good compatibility
between the matrices and the fibres (Fig. 7). Both the resins
and composites were able to be mechanically reprocessed
without impacting their properties, even after 10 cycles.

Recently, a dedicated humins batch reaction production
system was described for adhesive applications.”®! The scaled-
up production of HMF-based adhesive precursors used indust-
rially available fructose syrup with sodium dithionite as stabil-

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4gc06244b

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 02 1403. Downloaded on 14/11/1404 08:07:53 ..

(cc)

Green Chemistry

ay
o
e - Mechanical
G -y 3
£y . “recycling

f ' (Heat & Pressure)

View Article Online

Tutorial Review

HTB

Fig. 6 Reprocessable humins-based thermosets and their composites with chicken feathers or jute, hemp, and flax non-woven fibres.2’® Redrawn
and adapted from Dinu et al.?’® with permission from Elsevier, copyright 2025.

Chicken feathers fibers non-woven

Jute fibers non-woven

Fig. 7 SEM analysis showing the strong compatibility between the humins-based thermosets and chicken feathers, jute, and flax non-woven

fibres 278,279

iser. With this system, no concentration steps are needed in
the generation of adhesive precursors for wood composite
board production. The synthesised adhesives were tested for
particle board applications at the appropriate concentrations.

vidal et al.*®* reported the production of sustainable com-
posites for construction material applications based on hemp
and flax fibres reinforced with a matrix combining humins
and epoxidized linseed oil. The thermal conductivities of the
composites were measured to be around 0.1 W m~" K™, which
is in line with other natural materials used in buildings. The
composites were tested both for their flame retardancy and the
generation of burning drops. The results showed that none of
the materials generated burning drops when exposed to fire
and they also had a lower tendency to spread fire compared
with natural fibres. It also has been reported that melt-spin-
ning of humins into fibres is possible.**?

6.9. Humins for making wood more durable

Current approaches to increasing the durability of wood, such
as treatment with bitumen or CCA (copper-chromium-
arsenic), result in an environmental burden, thus more benign
and preferably biobased solutions are desired. Recent work
has focused on an alternative way to modify wood by impreg-
nation with industrial humins and subsequent curing.'**

This journal is © The Royal Society of Chemistry 2025

Their high affinity with lignocellulosic biomass allowed
humins to be polymerised in situ within the wood matrix
(Fig. 8). The resulting modified wood showed enhanced
dimensional stability after immersion in water without com-
promising the mechanical properties. From a fire safety point
of view, impregnation did not significantly impact the flamm-
ability of treated pinewood. Moreover, advantages of humins
compared with polyfurfuryl alcohol (PFA) as a wood impreg-
nation agent have been identified both in terms of thermal
hazards and fire-induced toxicity hazards. A photodegradation
stability study of pine micro veneers modified with humins
and 3 wt% of citric acid, used as reaction catalyst, showed 41%
lower strength losses in weathered humins-treated wood com-
pared to untreated wood.”®® Modification of wood with
humins thus shows promise for improving the properties of
lumber in a green and sustainable way,>% 14233285

6.10. Humins polymers with tunable flexibility

The addition of polymers to humins has been investigated to
form humins-based copolymers. First, Licsandru and Mija
reported the preparation of recyclable, humins-based copoly-
mers consisting of industrial humins, epoxidized linseed oil
(ELO), and Capcure® as a hardener."’” It was possible to
prepare resins with a bio-based carbon content up to 70 wt%,
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Fig. 8 Scanning electron micrograph (SEM) images taken from the
cross-section of control wood (a and b) and humins-modified wood (c
and d). Middle lamellae and cell walls are indicated by the arrows.'**

including up to 60 wt% humins. These resins showed thermo-
mechanical reprocessability and high tunability of mechanical
properties, ranging between rigid to elastomeric-like behav-
iour. Dinu and Mija'®* also reported the ability of humins to
produce thermosets with a ductile character by the copolymeri-
sation of 55 wt% humins with 45 wt% epoxy-based aliphatic
ethers, ie. poly(ethylene glycol) diglycidyl ether or glycerol
diglycidyl ether. The resulting materials also show elastomeric
behaviour (Fig. 9), with an impressive tensile strain break at
up to ~60% in the case of copolymerisation with poly(ethylene
glycol diglycidyl ether). This is an effect of the copolymer ali-
phatic chain length, with longer chains giving a stronger elas-
tomeric effect, highlighting the possibility of tailoring the
resin properties based on the application by selecting the com-
position. The mechanism of copolymerisation between
humins and the aliphatic bis-epoxides using N,N-dimethyl-
benzylamine as promotor was investigated using Fourier trans-
form infrared spectroscopy (FT-IR) and one dimensional (1D)
and two-dimensional (2D) NMR spectroscopy. Using these
techniques, the principal chain connections were identified.'®”
Starting from this study, the same group also reported the
preparation of composites between humins resins and indus-
trial wastes (lignin and chicken feather powder).””® Up to

e

Fig. 9 Different humins-based thermoset behaviour as a function of
formulation, from more rigid to more elastic.1°*
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10 wt% of these bio-fillers were incorporated into the humins
matrix and the resulting composites were characterised by
SEM, tensile tests, dynamic mechanical analysis (DMA), TGA,
and water adsorption tests. Interestingly, while the Young’s
modulus values of the elastic humins matrix was estimated to
be 1 MPa, it increased to 22 MPa when composites were made
with the bio-fillers. Even better results were found for the rigid
humins matrix composition, where the Young’s modulus goes
from 106 MPa (when polymerised alone) to 443 MPa (with
chicken feathers) and 667 MPa (with lignin). The Mija group
also investigated the properties of thermosets synthesised
from humins and a bio-based tri-epoxide (the triglycidyl ether
of phloroglucinol).""®'"® High values of bio-based carbon
content (BCC ~ 95%) of these humins-based copolymer resins
were reached. The copolymerisation reactivity studies done by
DSC revealed a good enthalpy of reaction (270-365 J g™ %),
reaching the maximum reactivity around 106-148 °C (depend-
ing on the formulation). The designed materials show high
performance, with values for elastic storage moduli (E') in the
glassy region ~3.7-5 GPa, glass transition values from 122 °C
to 154 °C, and Shore hardness values of 82-85 Shore D, con-
firming the stiffness of these materials. The thermogravimetric
analyses of these materials revealed very good thermal stabi-
lity, with an onset of thermal decomposition (T5%, corres-
ponding to a mass loss of 5%) at 272-277 °C. Three humins/
epoxy-based copolymer thermosets of 95% BCC were devel-
oped, with mechanical performance comparable to those of
industrial thermoset materials used in construction or auto-
motive sectors. In a recent study, a broad set of transesterifica-
tion reactions with humins were carried out using different
polylactic acid (PLA) and polycaprolactone grades.”*° High-
strength thermoplastic elastomers with different structures
were prepared via one-pot reactions in dioxane followed by
solution casting. For example, highly elastomeric humic
materials were produced with 12% of the p-enantiomer of
amorphous PLA. The humins-containing materials displayed
superior mechanical performance compared to the virgin
PLA.>*® The applications reported in this section show the
impressive opportunities for humins in innovative materials
preparation in compliance with green chemistry principles but

also responding to the high demand for biobased
products.>30288
6.11. Humins-based foams

The production of carbon aerogels based on the conversion of
inexpensive and abundant precursors using environmentally
friendly processes is currently a highly attractive area in
materials chemistry. The group of Titirici has reviewed the
latest developments in the rapidly developing field of carbon-
aceous aerogels prepared from biomass and biomass-derived
precursors, highlighting innovative approaches to green, sus-
tainable nanomaterial synthesis.”® Humins have been widely
used as substrates in the preparation of porous carbon
materials.”>'°??° The preparation of 100% humins-based,
carbonaceous, macroporous foams was reported by Mija et al.
using a single step process and without requiring any

This journal is © The Royal Society of Chemistry 2025
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Fig. 10 Optical microscopy photographs showing the morphologies of
humins foams as a function of reaction temperatures (from left to right
220, 230 and 400 °C).*®

additives.”>'°**%° By heating industrial humins to a tempera-
ture higher than 180 °C, it was possible to produce a solid,
homogeneous, porous, cross-linked material without pre-treat-
ment or further modification (Fig. 10). These humins foams
have porosities and properties that can be tailored by adjusting
the reaction parameters.®'%%29%29! The mechanism of for-
mation consists of a combination of chemical and physical
phenomena including the release of volatiles and gases during
heating (leading to pore formation) and thermally-induced
auto-cross-linking (leading to polymerisation of the matrix)
(Fig. 10).

By selecting the final temperature of preparation, it was
possible to increase the carbon fraction of these materials up
to 95%, creating a plethora of promising sustainable appli-
cations including electrodes for energy storage and conversion,
as catalyst supports, or as cheap adsorbents (Fig. 11).>*” These
humins foams were carbonized and activated using CO, to
prepare activated carbon monoliths with surface areas up to
1482 m* ¢! that can compete with commercially available
materials. These carbon monoliths have the advantage of a
great adaptability, being easier to handle and recover.
Moreover, the humins foams were able to sequester 3.66 wt%
of CO, at 25 °C when carbonized at 700 °C, with the saturation
reached after 44 min of treatment.”®” Other applications
include the sequestration of dyes, which may be of value in
water purification applications.”***** Furthermore, the higher
thermal stability of humins foams compared to untreated
humins should be emphasised, with no serious self-heating/
self-ignition behaviour and relatively safe uses.”®

Other bio-based materials were also produced by reacting
the humins with tannins,'®"?9%?°47298 olycerol,>*® and chito-
san.’® As example, the combination of humins with various
ratios of tannins/furfuryl alcohol results in self-blowing foams

INDUSTRIAL
HUMINS

" Ccation exchange

Fig. 11 Some examples of humins-derived foams and potential
applications.?°
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where humins contribute to the strength of the cell walls to
give a predominantly interconnected cell structure. Humins
have been shown to react well with condensed tannins, even at
ambient temperature, but the reaction is slowed by their high
viscosity compared to that of tannins with furfuryl alcohol.**®

6.12. Humins as components of self-healing materials

The incorporation of humins into a Diels-Alder (DA) polymer
network based on a furan-maleimide thermally-reversible
cross-linking reaction was investigated by Cerdan et al.**' The
addition of humins led to the establishment of a considerable
degree of self-healing capability which was observed by anneal-
ing the material for 1 h at 60 °C. However, this was achieved at
the expense of a decline in mechanical properties, while the
unmodified material showed no healing under the same con-
ditions. The thermal healing step favoured irreversible humins
polycondensation, thus strengthening the material while
maintaining the enhanced healing performance. A synergistic
healing mechanism was hypothesised based on the humins
flowing towards the area of damage, followed by thermal
humins cross-linking during the healing process, together
with thermally-reversible DA bond recombination. A multi-
material, soft robotic gripper was manufactured which not
only showed improved recovery of functional performance
upon healing but also tuneable stiffness by means of thermal
cross-linking of the humins. For the first time, both damage
healing and zone reinforcement for further damage prevention
were achieved in a single, intrinsic, self-healing system.*’

6.13. Humins in the production of electrically conductive
materials

Humins chemically modified with succinic anhydride have
shown the ability to be electrically conductive when cross-
linked in the solid state then heated to temperatures from
250 °C up to 450 °C. These succinate-modified humins also
showed ability to function in solution as photosensitizers in
dye-sensitized solar cells.>*®> Their area of applications can
therefore be expanded to printing electronic circuits, organic
light emitting diodes, actuators, electrodes, electromagnetic
shielding, and microwave-absorbent coatings.>*> Novel nano-
composite materials have been prepared following a micro-
wave-assisted method involving the reaction of sucrose with
2:1 phyllosilicate clay minerals. In this way, macromolecular
intercalation materials (referred to by the authors as “caramel-
clay nanocomposites”) are formed when sucrose is heated with
Na-montmorillonite in a microwave reactor. It would be inter-
esting to evaluate if, under the applied experimental con-
ditions, similar properties can be achieved when starting from
industrial humins instead of sucrose. The most interesting
feature of the synthesised caramel-clay compounds is their
behaviour as precursors for carbon-clay nanocomposites.
These nanocomposites are environmentally friendly, low-cost
porous materials possessing electrical conductivity.>*>*** Leal
Silva et al®*** showed the potential of humins in the pro-
duction of carbon-based O, electrodes for Li-O, batteries.
Such an application has potential because of the increasing
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need for the development of new, cost-competitive energy
storage technologies with enhanced specific capacity com-
pared to current state-of-the-art lithium-ion batteries. Humins
were thermally treated under an inert atmosphere to enhance
their electronic conductivity. The product was then mixed with
a binder and spread out over a stainless-steel mesh to produce
an O, electrode. It is anticipated that reactive industrial
humins can also play a role as binders. Results of discharge
experiments has demonstrated the potential of humins in the
manufacture of carbon-based electrodes for batteries.***

6.14. Humins as photoactive products

Another application as UV-shielding materials was explored by
blending humins with poly(vinyl alcohol) (PVA).**> PVA-
humins composite films showed high stability and durability
even under extreme conditions, such as intense UV irradiation,
sunlight exposure, and thermal treatment, while retaining
their UV-shielding efficiency. PVA-humins (0.5-2.0 wt%) com-
posite films showed 63-99% UV-shielding capacity across the
entire UV range with 48-89% optical transparency. Decolorised
humins composite films showed superior UV-shielding
efficiency (98%) with >98% optical transparency. The thermal
stability of the PVA-humin based films was a significant
improvement over PVA films themselves, exhibiting a higher
thermal degradation temperature (Td, by 57 °C) and glass tran-
sition temperature (by 7.3 °C). Furthermore, the composite
film exhibited an excellent mechanical strength of 71 MPa and
338% strain to break compared to the neat PVA film (25 MPa
mechanical strength and 177% strain), along with an
enhanced DMA storage modulus. UV shielding was demon-
strated by a rhodamine B photodegradation stability, which
showed that incorporation of humins resulted in only 0.4%
degradation of rhodamine B, while unmodified PVA films
showed 100% degradation. The enhanced photostability of
rhodamine B while using PVA-humins was attributed to the
formation of charge-transfer complexes between humins and
PVA.*®® Tzvetkov et al.>*® demonstrated a ball milling approach
to making photocatalytic humins derived from H,SO,-de-
hydrated glucose-fructose syrup. The photocatalytic perform-
ance was evaluated by monitoring the degradation of mala-
chite green as a model pollutant under visible light irradiation,
which showed that prolonged milling (up to 120 min)
enhanced photocatalytic activity. The textural characteristics,
adsorption capacity, and the presence of oxygen and sulphur
functionalities in the humins were mainly responsible for the
successful preparation of an efficient bio-based photocatalyst
by ball milling.?*® A recent patent discloses a biodegradable
biopolymer composition produced by mixing humins and chit-
osan and describes a method to prepare a UV-absorbing film
wherein the humins were made by acid-catalysed dehydration
of non-edible bio-waste materials.**” Another patent discloses
the use of humins as a component of electromagnetic wave
absorbing functional materials.*®® The preparation method
comprises taking xylose-based humins as a carbon source,
reacting them with cobalt-acetate and thiourea, and calcining
the CooSg coated humins at different temperatures to obtain a
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composite material with a CooSg/humins carbon core-shell
structure that has excellent electromagnetic wave absorbing
capacity in the frequency range of 2-18 GHz.>%®

7. Safety assessments and end of life
of humins

Before humins can become a major component in a wide
range of applications, thorough knowledge is needed of their
potential toxicity and the safety both of the starting humin
material as well as in the developed applications. In terms of
ecological safety, thermal stability, and flammability of
humins, a preliminary attempt at classification was conducted
in 2018.°® This work showed that the overall fire risk associ-
ated with humins is not significantly different from that of
conventional woody materials. Further ecotoxicity and biode-
gradability tests according to European regulations on the
Registration, Evaluation, Authorisation and Restriction of
Chemicals (REACH), along with primary evaluation of aquatic
ecosystem hazards, were published in 2019.%% It is well known
that furan-based materials have flame retardant properties.
For example, a flame-retardant material derived from a furan
resin and basalt fibre was prepared which was suitable for use
in interior applications.**® Wang and Dong®'® reviewed various
furan-based polymers with good flame-retardant properties. A
modification of the furan-based materials with phosphor con-
taining compounds further improves the flame resistance.
However, the flame-retardant properties of fully furan-based
resins are usually limited.**°

To our knowledge, the work of Muralidhara et al. was the
first published information about humins and humins-
based foams focusing on safety issues, which is often an
underappreciated aspect of the sustainable use of new bio-
based feedstocks and materials.”® However, it was stated
that further work is still needed to achieve a more compre-
hensive insight and understanding of safety pertaining to
use of humins and humins-based derivatives.”® The further
processing of humins in different applications will likely
alter the safety aspects of these end products, which is a
matter for future studies.’®**

8. Conclusions and outlook

Humins are side products of the acid-catalysed dehydration of
sugars and other carbohydrates into furanic building blocks as
well as levulinic acid. In the previous century, research was
mainly focused on attempts to avoid/minimize the formation
of humins based only on lab-scale reactions. However, it is
now generally accepted that under commercially relevant con-
ditions the formation of humins is unavoidable. The main
challenges around humins are understanding their formation
mechanism and the evaluation of the parameters that lead to
their production (e.g. type of feedstock, catalysts, solvents, pH,
temperature, reaction time, combined severity, substrate

This journal is © The Royal Society of Chemistry 2025
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loading, reactor configuration) in order to increase the yields
of the primary products at the expense of humins generation.
Much in the way of fundamental information on humins for-
mation and composition has emerged, but the picture is far
from complete. The high dependence on the feedstock and
process parameters used during industrial humins production
leads to dissimilarities between a wide variety of samples
reported in literature. More work is needed on the molecular
mass determination of (soluble) humins, reactions occurring
during the processing and storage of reactive humins, and
knowledge on how the properties of the humins can be modi-
fied to make them better suitable as feedstocks for specific
higher-value applications.

During the last decade, interest has indeed shifted to some
extent from avoidance of humins formation towards valorisa-
tion of this side-stream. Therefore, industrial humins are
attracting more and more attention as feedstock for a wide
range of applications. Much work is now being devoted to the
deliberate synthesis of humins and hydrothermal carbons
from a variety of sources. Many studies have demonstrated
practical valorisation routes for these products, with appli-
cations including the production of chemicals and fuels, poly-
mers and composites, carbon-based porous materials and acti-
vated carbons, catalysts and catalyst support materials, self-
healing materials, wood and fibre composites, and impregnat-
ing agents for wood.

With the construction of Origin Material’s CMF production
facility and the startup of Avantium’s commercial FDCA plant,
multi-ton quantities of industrial humins will soon become
available. Improvement of the business value proposition for
such humins is therefore a necessity for a truly circular, bio-
based economy.
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