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Effect of Lignin, Humins, and Biomass-Derived Acids on
Kinetics of Catalytic Hydroxymethylfurfural Production
during Saccharide Dehydration Reactions

Ana Jakob, Blaz Likozar, and Miha Grilc*

Hemicelluloses, the most prevalent components of waste ligno-
cellulosic biomass, can be efficiently converted through the
hydrolysis of polysaccharides and subsequent dehydration of
individual sugar units into value-added furanics. Over the past
two decades, the hydroxymethylfurfural (HMF) biobased com-
pound has demonstrated immense potential for its utilization
capacity. However, the low process efficiency of the HMF produc-
tion on an industrial scale has been restricting its valorization.
Experimental kinetic studies are thus useful to elucidate underly-
ing reaction mechanisms, enabling process optimization, and
assessing biorefinery techno-economic operation. This review
aims to present, analyze, and examine the validated characteristic
activity of homogeneously, and heterogeneously catalyzed sugar

1. Introduction

A rapid increase of the world population, growing demand of
energy consumption, and accelerating carbon footprints are
resulting in global warming and depletion of natural resources.
In search for a suitable alternative, biomass can efficiently replace
nonrenewable feedstock, although the application and viability
of biofuel and biobased chemicals itself can be challenging
due to not fully optimized and costly infrastructure and technol-
ogies.l"? Therefore, the development of efficient processes and
cost-effective feedstock utilization up to date remains essential,
prior to the widespread use of biomass.”!

Generally, lignocellulosic biomass contains 25%-35% hemi-
cellulose, 40%-50% cellulose, and 15%-20% lignin, denoted in
Table 1. Its complexity currently demands fraction isolation/
separation for efficient production of targeted final products.
Different physical/mechanical (milling, comminution, steam
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dehydration, namely glucose, fructose, and xylose, as well as real
wood and agricultural streams. Kinetic studies demonstrated the
trend of strong temperature sensitivity for both HMF and humin
formation and feedstock-dependent selectivity. Systematic test-
ing with complex mixtures, controlled material samples, and
model chemical intermediates contributes to unraveling the
impact of feedstock complexity on HMF synthesis by identifying
unwanted interactions and regulating the influence of impurities.
Therefore, the principles of these elusive pathways are evaluated,
discussing the possibilities of limiting undesired side products.
Comparing the relevance of HMF, an overview is concluded with
the acknowledged challenges of feedstock, impacting HMF
selectivity.

explosion, hydrothermolysis), chemical (acid, base hydrolysis,
pyrolysis, organosolv), and biochemical (enzyme-hydrolysis)
pretreatment methods can be employed to alter its structure
and composition.”! The proportion of individual biomass frac-
tions is conditioned by its origin and can differ among the sour-
ces (plant residue, wood waste, and so on), which can be a vital
parameter for the selection of suitable pretreatment and/or later
product selectivity.”®

After lignocellulose biomass fractionation, isolation, and
hydrolysis of polysaccharides obtained from the (hemi)cellulose
portion of biomass, several monomeric sugar units are available
for further conversion. Pentoses present in hemicellulose fraction
of biomass are, via dehydration reaction, converted into furfural,
whereas hexoses (present in cellulose and hemicellulose) can be
dehydrated into 5-hydroxymethylfurfural (5-HMF). 5-HMF can be
also further rehydrated into levulinic acid (LA) and formic acid
(FA), as demonstrated in Figure 1.2 Common starting feedstocks
for sugar dehydration into 5-HMF are biomass derived glucose
and fructose. Using glucose as a reactant can appear to be more
challenging, since it usually requires an additional step of isomer-
ization. However, its lower cost makes glucose more industrially
relevant feedstock for further conversion.” Acid-catalyzed dehy-
dration is up till now the most studied route for the dehydration
of sugars into 5-HMF.® In addition to the reaction of rehydration,
5-HMF yield and selectivity can be reduced due to the side reac-
tions via (cross)polymerization of 5-HMF and sugars, resulting in
humin formation, an undesirable furanic polymer.®'” Humins are
identified as complex carbonaceous, heterogeneous, polydis-
perse compounds, and they can be classified as insoluble humins
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Table 1. Variability of the feedstock of lignocellulosic biomass.
Feedstock Celluloses Hemicelluloses Lignin  References

[%] [%] [%]
Sugarcane 44 29 20 [145]
bagasse
Corncob 30 37 33 [90]
Rice husk 28 28 24 [145]
Corncob 50 31 15 [145]
Maple wood 41 18 24 [146]
Corn stover 33 23 16 [146]
Soft wood (pine) 31 19 29 [147]
Switchgrass 34 26 16 [147]

(solid humins) and soluble humins (humin precursors).""'? Due
to their complexity and difficult analytical determination, their
precise molecular structure still remains relatively unknown.
With suitable analytical techniques such as solid-state nuclear
magnetic resonance (NMR) and Fourier transform infrared (FTIR),
researchers have been able to partially identify the structure of
humins.""'3 Studies mostly agree that humins are polymerized
furanics, connected through aliphatic linkages with additional
carboxyl, hydroxyl, and carbonyl groups."™ Humin formation
is not only responsible for greatly reduced 5-HMF and furfural
yields but also can contribute to reactor plugging and catalyst
poisoning/deactivation."*'® Reactor clogging during biomass
valorization and sugar dehydration commonly occurs due to
excessive humin formation; however, it can be particularly facili-
tated when using real biomass feedstock. Uncontrolled humin
formation and/or utilization of not fully fractionated lignocellu-
losic biomass can result in excessive polymerization and solid
formation.l'”? As this issue can be particularly challenging, several
mitigation strategies, such as enzymatic pretreatment and the
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use of suitable polar solvents, can be employed as viable
solutions.l'® In addition, reactor design, in combination with
careful solvent selection, can further contribute to mitigating
humin formation and reducing the potential risk of reactor clog-
ging. For instance, biphasic continuous-flow reactors have been
reported in the literature as a promising approach to limit humin
formation.['®?%

Considering the aforementioned challenges, reaction condi-
tions, catalyst, and starting sugar concentration must be carefully
selected to minimize off-path reactions of humin formation.

Several studies have been investigating various factors that
influence the 5-HMF production, including properties of different
homogeneous and heterogeneous catalysts,” solvent® feed-
stock composition, and heating systems.?"! The addition of polar
aprotic solvents (such as dimethyl sulfoxide [DMSO], tetrahydro-
furan [THF], methyl isobutyl ketone [MIBK]) to aqueous medium
has so far shown superior performance, limiting side reactions,
and achieving high 5-HMF yields.” Improved 5-HMF selectivity
was also demonstrated in ionic liquids as a reaction media.”*?
With acid-catalyzed dehydration of fructose performed in
DMSO, Morales et al. and Sajid et al. achieved ~90% molar yield
of 5-HMF.*2% The benefits of H,O/THF medium for lignocellu-
losic biomass conversion were presented by Li et al,* with
the role of THF as a cosolvent in a monophasic and/or biphasic
system. Nikolla et al. reported 57% vyield of 5-HMF from glucose
feedstock in a THF-water biphasic system.”?®! Good performance
of a MIBK/water biphasic system was reported by Roman-Leshkov
et al,, where continuous, in situ extraction of 5-HMF resulted in
55% yield from fructose feedstock.”’”

The selection of catalysts is another critical factor that can
greatly influence 5-HMF selectivity. Therefore, various types of
homogeneous and heterogeneous acid catalysts have been
investigated, trying to elucidate the role of Brgnsted and Lewis
acidity on saccharide conversion. As homogenous catalysts,
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Figure 1. Formation of humin and polymerization byproducts during biomass valorization. (5-HMF~5-hydroxymethylfurfural). Adapted with permission."?

Copyright 2013, John Wiley and Sons.

mineral (HCl, H,SO,) and organic acids (acetic, formic, lactic
and so on) are widely used Brgnsted acids, facilitating hydrolysis
and dehydration, while metal chlorides (AlCr;, CrCl,, SnCl,)
as Lewis acids contribute to the glucose-fructose isomeriza-
tion.”®?? Due to the easier catalyst separation, recyclability,
and nontoxicity, heterogeneous catalysts are often preferred
over homogeneous. Heterogeneous catalysts can also over-
come some challenges associated with the application of
biocatalysts, such as higher cost and lower activity.'”
Commonly used solid acid catalysts for 5-HMF production are
ion-exchange resins, namely Amberlyst-15 and Dowex-50, differ-
ent types of zeolites, functionalized carbons and silica, metal
oxides, and phosphates.'”

So far, studies have mainly focused on the sugar dehydration
reaction starting from sugar model compounds, fructose, and
glucose, respectively. With the implementation of the real ligno-
cellulosic biomass mixtures, the reaction itself becomes much
more challenging to control, due to its complexity. To this
end, information obtained through kinetic studies may be critical
for further development of the process. By identifying key inter-
mediates and rate-determining steps, they essentially provide
valuable information for process optimization and efficient cata-
lyst design.2® Researchers perform reaction kinetic studies using
different principles, such as power-law and/or first order kinetic
modeling. Various studies focus on kinetics of homogenously cat-
alyzed dehydration reactions. Alternatively, the studies conduct-
ing kinetic modeling of heterogeneous systems provide crucial
information of liquid and surface phase reactions.®'*? Although
many conducted studies are limited to the kinetics of sugar
model compounds, transferring, modifying, and studying the
kinetic models for real biomass streams gives important informa-
tion about the effect of several factors impacting the reaction.
Therefore, this review aims to examine and assess the most
relevant kinetic studies in order provide information about the
optimal reaction conditions and catalyst selection for the ligno-
celullosic biomass conversion into 5-HMF. Knowing, humins are
an unavoidable side product of sugar dehydration reaction, the
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goal is to provide information on humin formation and its effi-
cient inhibition. Focusing on more effective feedstock utilization,
the impact of lignin on the selectivity and kinetics of catalytic
dehydration reaction will be discussed.

2. Mechanism of Carbohydrate Dehydration
Reaction

Once glucose monomers become available, following the
hydrolysis of (hemi)cellulose, different mechanisms and pathways
are possible for the further conversion toward 5-HMF.B3 Based
on theoretical studies, both acyclic and cyclic pathways of
dehydration have been proposed. Staring with glucose as a
substrate, researchers are concise that dehydration proceeds
dominantly through the cyclic pathway, Figure 2.8 Solvent
system and catalyst selection can highly influence the reaction
pathway itself.

Dehydration of glucose into 5-HMF over Brgnsted acid cata-
lyst can proceed solely through cyclic intermediates with negli-
gible contribution of isomerization to fructose.>*¥ According to
density-functional theory (DFT) calculations, Yang et al. reported
glucose protonation as a rate-limiting step, followed by dehydra-
tion into protonated intermediates, which are able of further
dehydration into 5-HMF. Similarly, Rodriguez et al. proposed a
direct conversion of glucose to 5-HMF catalyzed by Brensted
acids, with results supported by a combination of experimental
(13C NMR carbon mapping and kinetic isotope effects) and
molecular dynamics simulation techniques.®>™ In the presence
of Lewis acid catalyst, glucose conversion proceeds via glucose-
fructose isomerization. An important contribution to the
understanding of underlying isomerization mechanism was pre-
sented by Roman-Leshkov et al.®® Authors have suggested two
pathways of isomerization based on the nature of the selected
catalyst. In the case of Lewis acid, isomerization proceeds through
intramolecular hydride shift, but when basic catalyst is used, this
step proceeds via proton transfer.’”’ Alternatively, when using
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Figure 2. a) Acyclic and b) cyclic reaction mechanism of glucose and fructose dehydration. Abbreviations: DGE~3-deoxyglucos-2-ene, DGO~3-deoxyglucosone,
DGS~34-deoxyglucosene, HMHMTD~2-(hydroxymethyl)-5-(hydroxylmethylene)-tetrahydrofuran-3,4-diol, HHMDHC~4-hydroxy-5-(hydroxymethyl)-4,5-dihydrofuran-
2-carbaldehyde. Adapted with permission.?® Copyright 2020, Elsevier; *' Copyright 2023, American Chemical Society; “' Copyright 2020, The Royal Society of

Chemistry.

aqueous solution of LiBr, not only Li+ but also Br— ions signifi-
cantly contributed to isomerization through the mechanism of
proton transfer (as a weak Lewis base).*® Choudhary et al.
described the mechanism, denoted in Figure 7, where the
Brgnsted base is responsible for deprotonation, which later
enables the second step of intramolecular hydride shift
catalyzed by Lewis acid.®” Thus, a synergy of Lewis acidity and
Brgnsted basicity (—OH) is required for glucose-fructose isomeri-
zation in aqueous media. After isomerization, hemiacetal of fruc-
tose in cyclic ketofuranose form can be dehydrated into 5-HMF in
three consecutive steps, which involves two intermediates
2-(hydroxymethyl)-5-(hydroxylmethylene)-tetrahydrofuran-3,4-diol
(HMHMTD) and 4-hydroxy-5-(hydroxymethyl)-4,5-dihydrofuran-2-
carbaldehyde (HHMDHC), depicted in Figure 2.254% Alternatively,
fructose can undergo dehydration via acyclic path. This has been
studied mostly to explain the formation of some side products,
such as furfural.*'*? Open configuration of fructose can undergo
three steps of dehydration, with rate limiting step of 1,2-endiol
isomerization.“” Although according to the experimental studies
conducted in D20 and with deuterated glucose or C;s-labeled
fructose, the cyclic pathway is considered more plausible, espe-
cially in aqueous media.®***" Furfural was also later suggested to
form through the cyclic pathway, predominantly in weak basic
media.?**! The formation of degradation side products during
saccharide dehydration reaction are almost unavoidable, partially
due to the unstable nature of 5-HMF. Reaction can proceed
with rehydration of 5-HMF to levulinic and FA or 5-HMF can
undergo poly-condensation, leading to humin formation.
Horvat et al. was first to propose the mechanism of both
mentioned reactions, where LA can be formed through an
intermediate of 2,5-dioxo-3-hexenal.** With C;; labeling and
in situ NMR experiments, researchers were later able to identify
the exact mechanism of rehydration, where the C1 carbon in
5-HMF forms FA, whereas the C6 carbon of 5-HMF correlates with
the Cs carbon in LA™}
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3. Mechanism of Humin Formation and its
Inhibition

The mechanism of humin formation can be attributed to different
substrates during dehydration reaction, including sugars, furanics
(5-HMF or furfural), or their intermediates. Sumerskii et al. studied
formation of humin-like substances (HLS) under industrial condi-
tions of wood hydrolysis (0.5% H,SO,, 2 h, 175-180 °C)." Authors
proposed poly-condensation of 5-HMF via formation of carboca-
tion. Protonation of either the aldehyde or alcohol group enabled
the formation of ether or/and (hemi)acetal derived oligomers. In
hydrothermal acidic media, the possibility of LA or monosaccha-
ride integration into humin formation was not excluded.
Considering the presence of lignin authors also suggested the
possibility of lignohumic complex formation. Based on analytic
techniques (gas chromatography-mass spectrometry (MS) and
13C-NMR), it was suggested that HLS are comprised of 60% fur-
anic rings and 20% aliphatic linkers."® Acidic properties of
humins are suggestive of possible incorporation of LA into the
humin structure. Whitaker et al. have confirmed the latter by
cation exchange titration of produced humins.“® Horvat et al.
proposed the involvement of a highly reactive intermediate
(2,5-dioxo-6- hydroxy-hexanal) DHH in the formation of 5-HMF-
derived humins, Figure 3.”” Patil et al. proposed the aldol addi-
tion/condensation between 5-HMF and DHH as a primary route
for humin formation.'¥ Condensation reactions and/or nucleo-
philic attack of 5-HMF, with the possible participation of LA,
was later also confirmed by attenuated total reflectance-FTIR
spectroscopy, scanning electron microscopy, and dynamic light
scattering.*®” Comparisons between glucose, fructose, and
5-HMF humin formation revealed that the direct conversion of
sugars into humins does not seem to be as significant in relation
to 5-HMF."¥ This contradicts the proposed mechanisms of most
kinetic studies, which include direct formation of humins and
FA from either fructose or glucose. Alternatively, the direct

© 2025 The Author(s). ChemSusChem published by Wiley-VCH GmbH

85U8017 SUOWIWOD BA1TE81D) 8]qeot [dde 8y} Aq pauIsnob ae sl VO 85N JO S9N 1oy Akeld18UIIUO AB]1/M UO (SUONIPUCO-PUE-SUIBI/WIOY A8 | 1M Aled 1 Bu Uo//:Sciy) SUORIPUOD pue WIS | 81 89S *[5202/2T/c2] Uo Akeiqiauliuo A8|im euelian( Jo AiseAluN Aq 282105202 95S9/200T 0T/10p/uiod 8| im Arelq i jpuljuo'adoune-Alis iweyoy/sciy woly pepeojumoq ‘vz ‘20z ‘XyasyasT


http://doi.org/10.1002/cssc.202501282

Chemistry
Europe

European Chemical

Review

ChemSusChem doi.org/10.1002/cssc.202501282 Socteties Publishing
(@) ' (b)
== |
} e 12, o
| | guerte+ Glucose
nou,cﬂ—cno —_— wﬂ—m | 0.38 Fructose
WY s LA | 1 4 Xylose 5
1 I
? +H0 e | g0 frucm g
| sociuchot A gluc:fruc
+H0 1 034 gluc/iruc/xylx e Qluc/HMF
non,c—@—c-m — mu,c_©<°" X 0.8 - Xyl X L4
o o ero | Water-soluble
L — | -#o S " B o7 o ¢ products and
I .06 HIC o oligomers
+H0 =\ 1 oY 1 ol
HC / o - n,c@< — LA
o’ CHO 0 CHO I o HMF
i D-5 c5 : B8 Furfural
- " 0.4 -
-H0 — |
HyC CHO —_— mc—<_>—cno 1
© 0 ps 0 0 16 ] 0.2 i
+2H,0 |
Y - HCOOH ]
_ : _“&® Biochar
n,c—<_\coon - n,c‘<_\cw;om, : 0 2 T T T T
o o . | 0 0.5 1 1.5 2
Levulinic Acid I

H/C

Figure 3. a) Mechanism of humin formation (DHH-2,5-dioxo-6-hydroxy-hexanal). Reprinted with permission."¥ Copyright 2011, John Wiley and Sons. b) A van
Krevelen plot, with the changes in H/C and O/C ratio during acid-catalyzed dehydration of sugars (HMF~5-hydroxymethylfurfural, TB ~1,2,4-Trihydroxybenzen,
LA~levulinic acid). Adapted with permission."? Copyright 2013, John Wiley and Sons.

degradation of saccharides (fructose/glucose) was suggested to
be due to the stoichiometric excess of detected FA in comparison
to LA during dehydration reactions, as shown in Table 2. Fu et al.
proposed the formation of oligomeric species, described as
humin precursors, via 5-HMF and LA cross-polymerization and
self-5-HMF condensation.”® Authors have also utilized electro-
spray ionization-MS to explore the additional path of direct sac-
charide degradation to FA and humins. Van Zandvoort et al. later
reported that humins can be formed through additional reaction
pathways."'? The presented Van Krevelen plot demonstrated par-
ticipation of sugars, intermediates, and furanics in humin forma-
tion (Figure 3). Alternatively, additional experiments and analytics
(2D solid-state NMR and infrared spectroscopy, and gel perme-
ation chromatography) confirmed that humins are mostly
derived by 5-HMF.["""3 Oppositely, Maruani et al. proposed that
the appearance of water-soluble glucose oligomers under acidic
hydrothermal conditions during dehydration reaction could con-
tribute to humin formation.®" In addition, Meier et al. demon-
strated that the elimination of pentose’s/hexose’s hydroxyl
groups on carbon atoms 2, 3, and 5 can prevent the formation
of furfural/5-HMF and also inhibit formation of humins.*? Despite
all these efforts, the consensus on the mechanism of humin
formation has not been reached. However, it can be observed
that the mechanism of humin formation is strongly influenced
by both the catalyst type and the reactor system used in the stud-
ies. For example, in hydrothermal liquid water (HLW) systems
where no acid catalysts were applied, the formation of sugar-
degradation-derived FA was not observed; therefore, the hypoth-
esis that humins originate primarily from HMF appears plausible.

ChemSusChem 2025, 18, e202501282 (5 of 23)

In contrast, when either solid acid or homogeneous acid catalysts
were introduced, the data indicate significant degradation of
both sugars and furanics. This is supported by the stoichiometric
excess of FA reported in most kinetic studies. Incorporation of LA
into humins is considered unlikely, as its concentration typically
does not decrease over time. Therefore, there are most likely mul-
tiple possible mechanisms of humin formation, depending on the
specific reaction systems utilized.

Due to inefficient 5-HMF production that can appear because
of the excess humin formation, researchers are striving to maxi-
mize its inhibition. Humin formation can be extensively limited by
changing the solvent system, either by the addition of an organic
solvent to the aqueous medium or its total replacement. Tang
et al. investigated the effect of THF addition on the kinetics of
glucose dehydration over AICI;.*® The reported reaction rates
demonstrated suppression of 5-HMF-derived humin formation
and 5-HMF rehydration. llluminating the importance of solvent
systems, Fu et al. studied solvent effects on the degradative
condensation of fructose.”” Each individual solvent revealed
the promotion of different side products. THF and dioxane lead
to excessive formation of FA, while MIBK facilitated formation of
acetic acid. A significant amount of LA was formed in gamma
valero-lactone (GVL) and N-methyl-2-pyrrolidone, whereas
DMSO specifically promoted formation of 5-HMF.®* Furthermore,
Kimura et al. demonstrated the influence of reaction media
(DMSO, water, and methanol) on the product distribution of non-
catalytic dehydration of fructose. DMSO led to the formation of
5-HMF as the final product formed via two distinct intermediates
with the highest reaction rate constant. Water resulted in the
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Table 2. Homogenously catalyzed monosaccharide dehydration.
Feedstock T[°C] Catalyst Solvent Activation energy Reaction network References
[kJ mol~"]
Fructose 140-180 H,SO, water Ea, = 123 Ea, = 92 Fructose a HMF [76]
(0.005-1M) Ea; = 148 Ea, = 119 HMF a Levulinic and formic acid
Fructose a humins
HMF a humins
Glucose 140-200 H,SO, water Ea, = 152 Ea, = 111 Glucose a HMF [148]
(0.005-1M) Eas; = 165 Ea, = 111 HMF a Levulinic and formic acid
Glucose a humins
HMF a humins
Fructose/Glucose 117-155 H,SO, Water/MIBK Ea; = 156 Ea, = 181 Glucose a HMF [67]
(0.005-0.45 M) Ea; = 177 Ea, = 133 Glucose a humins
Eas = 142 Eas = 147 Glucose a humins and formic
Ea, = 97 Ea; = 108 acid
Eay = 104 Fructose a HMF
Fructose a humins
Fructose a humins and formic
acid
HMF a Levulinic and formic acid
HMF a humins
HMF a humins and formic acid
Fructose 90-130 Hcl water Ea, = na. Glucose a Fructose [74]
(0.05—0.25M) Ea, = 88 Ea; = 135 Fructose a HMF
Ea, = 136 Eas = 91 Glucose a humins
Eas = 115 Ea, = 77 Fructose a humins
Eas = 114 HMF a Levulinic and formic acid
Glucose a Anhydroglucose
Glucose a Glucose dimer
Glucose a HMF
Fructose 70-150 HCl water Ea, = 126 Ea, = 97 Fructose a HMF [75]
(pH 0.7-1.6) Ea; = 135 Ea, = 62 HMEF a Levulinic and formic acid
Eas = 130 Fructose a humins
HMF a humins
Fructose a humins and formic
acid
Glucose 140-180 HCl water Ea, = 160 Ea, = 95 Glucose a HMF [77]
(0.1M) Eas = 51 Ea, = 142 HMF a levulinic and formic acid
Glucose a humins
HMF a humins
Fructose 210-270 HCl water Ea, = 161 Ea, = 132 Fructose a HMF [87]
(pH = 1.5) Ea; = 96 Ea, = 113 Fructose a furfural
supercritical water Eas = 104 Eas = 102 HMF a levulinic and formic acid
Ea, =115 Formic acid a degradation
products 1
LA a degradation products 2
Fructose a humins
HMF a humins
Fructose 100-130 pTSA DMSO Ea, = 34 Fructose a HMF [24]
(1.0 M) Ea, = 25 HMF a Levulinic and formic acid
Fructose 100-130 Oxalic acid DMSO Ea, = 97 Fructose a HMF [24]
(1.0 M) Ea, = 78 HMF a Levulinic and formic acid
Glucose 180-220  High-temperature liquid water Ea, = 108 Ea, = 136 Glucose a HMF [88]
water Eas = 89 Glucose a humins
Ea, = 109 HMF a LA
Eas = 31 HMF a humins
LA a degradation products
Fructose 180-220  High-temperature liquid water EQiimo cataysy = 127 Fructose a HMF [79]
water Eai tormic aciay = 112
Eal(acetic acid) = 126
Glucose 130-170 Formic acid water Ea; = 132 Glucose a HMF [80]
(10-64 wt%) Ea, = 91 HMF a Levulinic and formic acid
Ea; = 106 Glucose a humins
Ea, = 113 HMF a humins
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Table 2. Continued.
Feedstock T[°C] Catalyst Solvent Activation energy Reaction network References
[kJ mol~"]
Glucose 180-220 Formic acid water Ea, = 153 Glucose a intermediate [81]
(5-20 wt%) Ea, = 107 HMF a Levulinic and formic acid
Ea; = 117 Glucose a humins
Ea, = 127 HMF a humins
Eas; = 110 Intermediate a HMF
Fructose/glucose 130-190  High-temperature liquid water Ea; = 139 Fructose a HMF [85]
water Ea, = 98 Fructose a Glucose
Ea; = 106 HMF a humins
Ea, = 108 Glucose a Fructose
Eas = 120 Fructose a humins
Eas, = 78 Glucose a humins
Ea, = 85 Glucose a HMF
Glucose/Fructose/ 110-140 HCl water Ea, = 175 Mannose a HMF [149]
Mannose/HMF (5-120 mM) Ea, = 58 Mannose a humins
Ea; = 127 Fructose a HMF
Ea, = 133 Fructose a humins
Eas = 97 HMF a Levulinic and formic acid
Ea; = 64 HMF a humins
Ea, = 129 Fructose a Fromic acid and
Eas = 160 humins
Ea, = 51 Glucose a HMF
Glucose a humins
Glucose/Fructose/ 110-140 CrCls water Ea; = 100 Glucose a Fructose [149]
Mannose/HMF (5-17 mM) Ea, = 9 Fructose a Mannose
Ea; = 80 Mannose a Glucose
Ea, = 114 Fructose a humins
Eas = 68 Mannose a humins
Eas = 71 Glucose a humins
Ea, = 56 HMF a humins
Glucose 140-200 HC water Ea; =17 Mannose a HMF [93]
(0.01-0.1 M) Ea, = 58 Mannose a humins
Ea; = 127 Fructose a HMF
Ea, = 133 Fructose a humins
Eas = 64 HMF a humins
Eas = 129 Fructose a Fromic acid and
Ea, = 92 humins
Eag = 139 HMF a Levulinic and formic acid
Ea, = 180 Glucose a HMF
Ea, = 183 Glucose a Formic acid
Glucose a humins
Glucose/Fructose/ 140-200 CrCls water Ea, =73 Glucose a Fructose [93]
Mannose/HMF (1.7 mM) Ea, =75 Fructose a Mannose
Ea; = 80 Mannose a Glucose
Ea, = 71 Fructose a humins
Eas = 110 Mannose a humins
Eas = 73 Glucose a humins
Ea, = 55 HMF a humins

formation of levulinic and FA together with a small amount
of 2/4-benzenetriol. Methanol promoted the formation of
anhydrofructoses.™

Cheng et al. provided an important contribution by assessing
the solubility of humins in various solvents."! The solubility of
humins was found to be in good correlation with the solvent
donor number, where THF and DMSO resulted in the highest con-
centration of solubilized humins. Vasudevan et al. studied glucose
solvation, using force-field molecular simulation.®® It was pro-
posed that even a small amount of cosolvent (DMSO, dimethyl-
formamide, THF) added to the aqueous system can stabilize
glucose molecules via stronger water-glucose interactions.
Importantly, Mellmer et al. addressed high 5-HMF yields and
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selectivity in polar aprotic solvent systems, mainly attributing
them to increased rates of glucose dehydration.””! The relative
change in stabilization of acidic protons in comparison to proton-
ated transition state enhances the reaction rate of dehydration,
especially when using strong Brensted acid catalysts, including
solid acids such as zeolite and heteropoly-acids, as illustrated
in Figure 4.5”

Additionally, an exceptional 5-HMF yield and selectivity of
~90% have been recorded, specifically when using DMSO as
reaction media. The superior performance of 5-HMF formation
in DMSO is in the literature described by various mechanisms.*®
Amarasekara et al. suggested that DMSO promotes dehydration
reactions by stabilizing fructose molecules in the furanose isomer
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Figure 4. a) Comparison of Gibbs free energy for Brgnsted acid-catalyzed reaction in water and organic solvents. AGact/solv activation and solvation free
energy barrier. Reprinted with permission.*”? Copyright 2014, Wiley. b) Isomeric forms of glucose and fructose.

form, leading to dehydration through a cyclic intermediate.”

Additionally, DMSO was also found to stabilize the hydronium
ion in the vicinity of fructose but destabilizes it in the close prox-
imity of 5-HMF, resulting in an increased dehydration rate and
reduced humin formation.®® Whitaker et al. similarly discussed
the impact of DMSO on the sugar dehydration reaction mecha-
nism.“® Authors have refuted the possibility of catalytic activity of
DMSO'’s degradation species and suggested that the main reason
for higher 5-HMF yields and selectivity lies in the stabilization of
both molecules, fructose and 5-HMF, respectively.

Pedersen et al. conducted dehydration reactions from
glucose/fructose mixtures in an acetone-water solvent system,
which, similarly to DMSO, demonstrated an effect of 5-HMF
stabilization.’®”’ Furthermore, acetone was reported to suppress
5-HMF rehydration and facilitate 5-HMF formation, which could
be attributed to not only to the modification of the reaction path-
way and/or water being a product of dehydration reaction but
also to the distribution of monosaccharide isomer (fructo-
furanose).® Glucose and fructose are known to exist in a or p
pyranose and furanose forms, where a-furanose appears to be
readily converted to 5-HMF (Figure 4). Both solvation effects
and stability of specific isomers are temperature-dependent,’®?
as such, B-furanose isomer dominates at higher temperatures
and polar aprotic solvent environment, making it favorable for
5-HMF formation.'®*

To improve 5-HMF yield and inhibit humin formation, organic
solvents can also be added to the aqueous medium in order to
form a biphasic system. Biphasic system enables increased 5-HMF
yields due to transpiring in situ extraction. Once 5-HMF is formed,
it is extracted to the organic phase where reactions leading
to undesirable products, namely levulinic and FA and humins,
are suppressed, as shown in Figure 5. Roman-Leshkov et al.
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investigated biphasic systems for fructose to 5-HMF conver-
sion.””? The addition of MIBK as a water-immiscible organic sol-
vent resulted in increased 5-HMF selectivity. This was later
improved further by the addition of water and organic phase
modifiers; DMSO/polyvinylpyrrolidone and 2-butan. Additionally,
methyl propyl ketone appeared to be a suitable solvent for the
biphasic dehydration of glucose due to the higher partition coef-
ficient of 5-HMF compared to MIBK, resulting in higher yields.®
The overall efficiency of these biphasic systems can be prede-
fined by numerous different parameters. Lin et al. have demon-
strated that the free solvation energy of the product in organic
solvent may be of the greatest importance, followed by the
parameters such as solubility of the product, free solvation
energy of the organic solvent in water, and the degradation of
the furanic in selected organic solvents.”™ Recently, Rodriguez
et al. have demonstrated a superior behavior of water-saturated
MIBK solvent systems for the direct dehydration of glucose.® It
was found that solvents with ketone functionality allow easier
protonation of specific fructose —OH groups, resulting in a better
5-HMF selectivity.

For particular organic solvents, such as THF, the addition of
salt (NaCl) is needed to induce the biphasic system. In specific
NaCl-H,O/THF system, the addition of NaCl not only suppressed
isomerization and glucose formation but also facilitated FA
and humin formation from fructose and 5-HMF rehydration.
Importantly, fructose to 5-HMF dehydration was significantly
enhanced.® The introduction of CI~ ions through NaCl addition
also enhances the intermediate stabilization during 5-HMF forma-
tion, increasing its overall yield. However, CaCl, seems to be less
efficient with a lower increase in partition coefficient and poten-
tial glucose complexation, leading to slower 5-HMF formation.*®
Hu et al. demonstrated that the addition of NaCl can inhibit
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humin formation by preventing C—C cleavage of fructose,
through hydrogen bonding interactions between Cl~ ions and
fructose molecules. However, NaCl can also promote fructose
aggregation by altering the ratio of fructose anomers present
in solution, leading to the soluble humin formation.®®

Fu et al. studied the suppression of unwanted oligomeric side
products (humin precursors) in a triphasic system containing
H,0-CO,, THF-CO,, and CO,. THF was found to be responsible
for the inhibition of cross/self-condensation of 5-HMF and LA,
while CO, suppressed the sugar oligomer formation.*"

To achieve higher conversion and vyields, researchers also
tried to implement a simultaneous-isomerization-and-reactive-
extraction process for 5-HMF production where, in order to
increase 5-HMF yield, enzymatically formed ketoses are extracted
into acidic ionic liquid (IL) medium where formed 5-HMF is then
further extracted into an additional organic phase (THF).""® When
performing reaction kinetic modeling for biphasic systems, sev-
eral factors should be carefully considered such as miscibility of
selected solvents, their partition coefficients along with extrac-
tion rates. Guo et al. first developed a kinetic model for fruc-
tose/glucose dehydration by using sulfuric acid as a catalyst in
aqueous media and later expanded it further using a biphasic
system containing MIBK and water."”

Initial feedstock or substrate loading has been reported to
affect the formation of 5-HMF, levulinic and FA, and humins dif-
ferently. Humin formation tends to have a higher reaction order
due to it being apolymerization type of reaction.®® Although Patil
et al. reported humin formation from 5-HMF as a first-order reac-
tion according to an experimental kinetic modeling study.' Van
Zandvoort et al. ascribed the difference between glucose and
fructose humin formation to higher yields of 5-HMF formed from
fructose."? Another study has found that glucose concentration
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had no significant impact on the humin formation. Oppositely,
temperature and to some extend also acid concentration had
a more pronounced effect on the amount of humins formed
via acid-catalyzed dehydration of glucose. Tsilomelekis et al. have
studied the impact of temperature and acid concentration on the
growth kinetics, where increasing temperature and/or acid con-
centration resulted in higher growth rates.*® Fructose concentra-
tion showed no effect on the growth rate of humins (zero order),
while the opposite was observed for the initial concentration of
5-HMF, where increased starting concentration of 5-HMF resulted
in higher growth rate.®® Bounoukta et al. developed two differ-
ent models for glucose dehydration over p-toluene sulfonic acid
(pTSA)/Ca carbon catalyst, where second order humin formation
was found to better describe obtained experimental data.””
Reviewing kinetic studies on saccharide dehydration, different
reaction orders for humin formation have been reported. Most
studies model humin formation as a first-order reaction, primarily
for reasons of simplicity.

4. Reaction Kinetics for Dehydration of Model
Compounds

Kinetic studies are of significant importance and provide valuable
information that can contribute to the process optimization and
rational catalyst design. Traditionally, kinetic studies are based on
fitting experimental data to obtain apparent rate constants.”"
Reaction kinetics can be studied using different modeling
approaches. Macrokinetic studies, using power-law approach
appear to be most prevalent, due to its simplicity for industrial
purposes. Within the reaction rate equation, the reaction rate
constant describes the temperature dependance, while
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exponents represent the reaction orders in relation to the con-
centration of observed species.*” The experimental data regres-
sion using power-law approach also allows an easy incorporation
of heat and mass transfer phenomena, although the obtained
data are only transferable within a limited range of reaction
conditions. Regression analysis of experimental data suggests
that reactions of sugar dehydration tend to follow first order
kinetics. Researchers, therefore, often assume first order kinetics
in their set of differential equations for saccharide conversion into
5-HMF. The temperature dependance of reaction rate constants is
commonly expressed by Arrhenius equation regardless of type of
model used. On the contrary, microkinetic modeling developed
during the last two decades avoids any prior assumptions and
includes all of the elementary steps of the reaction.*®”? First,
principle data obtained from DFT calculations can be applied
within the transition theory to determine the reaction rates.
Kinetic experimental data is later being fitted to obtained model
data to confirm and validate the established microkinetic
model.2%”" Despite all the advantages offered by microkinetic
modeling, this approach is rather scarce among the kinetic
studies of lignocellulosic biomass conversion into 5-HMF, due
to its complexity.

4.1. Kinetic Studies Using Homogenous Acid Catalysis

Homogenous catalysis so far remains one of the most used and
industrially applicable methods for furanic production. In addition
to their nonrecyclable nature, they are difficult to separate from
the desirable products. Homogeneous catalysts can also pose an
environmental risk due to often being highly corrosive.”®
Nonetheless, its continued use on the industrial scale lays in
its high activity and low costs.l”? For the acid-catalyzed dehydra-
tion of sugars, mineral acids such as sulfuric and hydrochloric
acids are usually used, as well as some organic acids and metal
chlorides, which are listed in Table 2.

4.1.1. Mineral and Organic Acids

The literature has so far mostly focused on the mechanisms and
kinetics of homogeneously catalyzed reactions with fructose and
glucose, commonly selected as model compounds. Reaction
networks for kinetic modeling usually consist of multiple,
consecutive steps including sugar dehydration, followed by
5-HMF rehydration, and optional pathways of degradation
and/or humin formation. When glucose is used as a substrate,
an additional isomerization step may also occur. A comprehen-
sive reaction mechanism with seven parameters was proposed
by Garcés et al. while studying an aqueous phase conversion
of glucose and fructose to 5-HMF and LA over HCL”% The model
included the equilibrium reaction of glucose-derived intermedi-
ate formation, such as isomerization to fructose, dimerization,
and anhydro-glucose formation.”* Swift et al. proposed addi-
tional steps of open chain configuration when studying the con-
version of fructose. The proposed mechanism for the dehydration
of fructose to 5-HMF also involves the formation of an additional
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reversible intermediate (tautomer).””! The tautomerization of
fructose strongly affects the reaction kinetics, so it is important
to include it in the developed kinetic models to avoid underesti-
mation of the fructose dehydration rate. Pedersen et al. estab-
lished a kinetic model, with a reaction pathway for conversion
of high fructose corn sirup (glucose and fructose mixture) under
HCl, with the hypothesis that sugars are the main source for
humin formation.®" Higher calculated activation energies
(228 kJ mol™") for glucose-derived humins, indicate that the reac-
tion is more favorable at higher temperatures. Although a
direct comparison of the kinetic studies can be challenging
due to the different reaction conditions, catalysts, and feedstock
concentrations, some trends were observed in the calculated
activation energies and reaction rate constants. Fructose dehy-
dration to 5-HMF usually proceeds the fastest with the highest
reaction rate constant and a relatively high activation energy
(120-135kJ mol™"), as shown in Table 2. When using glucose
as a starting feedstock, slightly higher activation energies and
significantly lower reaction rate constants can be observed, sug-
gesting higher reactivity of fructose.’”7¢””! Sugar-derived humin
formation commonly results in the highest activation energy,
indicating the thermosensitivity of the reaction. Alternatively,
rehydration of 5-HMF into organic acids had the lowest activation
energies. Similarly to the addition of NaCl in biphasic systems, the
difference in kinetics of H,SO, and HCI catalyzed sugar dehydra-
tion can also appear due to the stabilization of transition state by
Cl~ ions during 5-HMF formation.?

Fachri et al. presented a kinetic model for fructose dehydra-
tion to 5-HMF catalyzed by sulfuric acid. The developed model
considered reactions of 5-HMF rehydration to levulinic and FA,
and humin formation from both fructose and 5-HMF."® Based
on the calculated reaction order using power-law approach
modeling, it was proposed that varying the initial concentration
of fructose had a negligible effect on its conversion or yield of
formed 5-HMF. Changing reaction conditions, such as increasing
reaction temperature and acid concentration, result in higher
reaction rates, whereas more diluted acid concentrations can also
lead to higher 5-HMF yields which consequently limits humin for-
mation.”® In biphasic reaction systems, the final 5-HMF yield is
not affected by acid concentration, but the latter highly impacts
the reaction rate. By biphasic system utilization, formed 5-HMF is
extracted into the organic phase, preventing 5-HMF degrada-
tion.®”! Furthermore, studying the kinetics of sulfuric acid-
catalyzed sugar dehydration Van Putten et al. explained the
importance of hydroxyl group orientation in relation to reactivity
of different ketoses.”® Among fructose, sorbose, and tagatose,
the latter was the most reactive with significantly lower activation
energy (89 kJ mol™") and higher reaction rate constant in compar-
ison with sorbose (138 kJmol™") and fructose (124 kJmol™).
Different reactivity is proposed to be a function of hydroxyl group
orientation at C4 and C5 position, illustrated in Figure 6. Based on
the orientation of the hydroxyl (—OH) groups, different cation
intermediates are formed. The intermediate with the most stable
structure was found to have its dipole moment aligned in the
same direction as that of the product (HMF).The orientation of
hydroxyl groups does not have the same effect on the reactivity
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of aldoses, which was found to result in lower 5-HMF selectivity
and reaction rates.’®

Considering the small difference between activation energy
denoted in Table 2, multiple pathways of side product formation
could occur along with the desired 5-HMF. Compared to mineral
acids, organic acids are less corrosive, homogenous catalyst
alternatives that provide Brgnsted acidity necessary for sugar
dehydration reactions.”” While studying fructose conversion in

high-temperature liquid water, Li et al. discussed the influence
of formic and acetic acid. The latter showed no effect on lowering
the activation energy (126 k) mol™"), while the decrease of acti-
vation energy was more pronounced with FA (112 kJ mol~")."?
Dussan et al. and Kupiainen et al. studied the conversion of glu-
cose (and different saccharides) using FA as a catalyst.*® Reaction
of glucose dehydration in both cases demonstrated the highest
and rehydration of 5-HMF in the lowest activation energy.®"
Seemala et al. reported lignocellulose biomass conversion using
LA as an acid catalyst.® Considering the carbohydrate dehydra-
tion reaction pathway, formic and LA can be formed via rehydra-
tion of 5-HMF. Therefore, in situ formed organic acids (levulinic
and FA) could act as an acid catalyst and influence the reported
reaction kinetics. Guo et al. proposed to include the dissociation
of levulinic and FA in the kinetic models when dilute acid catalyst
is used or high amounts of these acid are formed.®” On the con-
trary, Whitaker et al. studied the conversion of fructose in DMSO
and water, the authors found no significant effect of organic acid
(formic and LA 10 mol%) on the fructose conversion to 5-HMF "¢
Sajid et al. focused on the kinetics of fructose conversion in DMSO
and water, studying the catalytic activity of five different organic
acids: pTSA, oxalic acid maleic acid, succinic acid, and malonic
acid.”¥ Based on the calculated reaction rate constants, the dehy-
dration reaction was reported to be the fastest in all five organic
acid systems, followed by significantly slower 5-HMF rehydration
and humin formation. The reaction rate constants of fructose
dehydration in water appeared to be as followed: pTSA > oxalic
acid > maleic acid > malonic acid > succinic acid. Changing the
reaction media to DMSO resulted in significantly higher reaction
rate constants and lower activation energies for dehydration
reactions and fructose derived humin formation (34 and
25 kJ mol™") catalyzed by pTSA. The kinetic paramters differ sig-
nificantly from all previously mentioned, which can imply the

D-glucose

(b)

D-fructose

Figure 7. Scheme of active sites involved in aldose-ketose isomerization in aqueous media a) CrCl;, Reprinted with permission.?® Copyright 2013, John
Wiley and Sons, b) AICl;, Reprinted with permission.”” Copyright 2020, Elsevier, and c) Sn-beta zeolite (Int-1~intermediat 1, Int-2~intermediate 2). Reprinted

with permission.®® Copyright 2013, John Wiley and Sons.
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difficulty of reaction kinetics comparison due to the difference in
each individual reaction system and conditions.

4.1.2. Catalysis through Subcritical Water

When water is heated between 175 and 275 °C, the concentration
of H" and OH™ ions are increased, and therefore, can contribute
to acid-catalyzed dehydration reactions.®® High 5-HMF yields of
47% and 30% have been achieved in aqueous environments at
175°C starting from fructose and glucose, respectively.®
Recently Jakob et al. studied dehydration of different carbohy-
drates (glucose, fructose, and xylose) under hydrothermal condi-
tions (130-190°C) with and without added catalysts.®*! The
results additionally confirmed high 5-HMF yields, when fructose
was applied as a feedstock (52%), while glucose dehydration lead
to considerably lower 5-HMF yields (33%). Elevated temperatures
and pressures have also been reported to result in additional
side reactions, and substantial formation of trihydroxy benzene,
1,6-anhydroglucose, erythrose, glyceraldehyde and so on.®®
Jing et al. proposed a reaction mechanism, addressing decom-
position products formation from all compounds involved
including glucose, 5-HMF, and LA in the temperature range
of 180-220 °C.57#8 Studies conducted in aqueous media at ele-
vated temperatures (above 180 °C), tend to report and include
degradation of LA to their kinetic model.®”#® Calculated kinetic
parameters of studies conducted in subcritical water can be
highly affected by the change in reaction conditions.®® Yu
et al. discussed the effect of initial glucose concentration on
its conversion in hot-compressed water (175-275 °C)."®¥! The ini-
tial glucose concentration turned out to be of significant impor-
tance in the underlying reaction mechanism. Increased initial
sugar loading resulted in dehydration as a primary route of
glucose decomposition, because H* ions overruled the effect
of OH™. Contrarily, lower initial concentrations were more sus-
ceptible to the effect of OH™ ions. The latter led to facilitated
isomerization and aldehyde formation.®® The developed kinetic
models thus far usually do not specify the difference between
the catalytic contribution of subcritical water, and the present
H* and OH™ ions or the effect of solely thermal degradation
of saccharides. Although, this additional catalytic performance
should be acknowledged since it can highly impact the calcu-
lated kinetic parameters.

4.1.3. Metal Chlorides

Metal chlorides offer Lewis acidity which facilitates glucose-
fructose isomerization which typically can improve 5-HMF yield
and selectivity in various solvent systems. Metal chlorides can
be identified as either water sensitive or water compatible based
on their hydrolysis constant, where water sensitive metal chlor-
ides result in higher constant values.®*® Hydrolyzed metal ions in
water can result in both Lewis and Brgnsted acidity (hydronium
ion) that can catalyze both isomerization and dehydration reac-
tions.®" Different metal chlorides have been investigated in
aqueous glucose conversion reactions where smaller metal ion
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radium was correlated with increased reaction rates. Authors
explained this phenomenon by stronger effective surface charge
density of smaller metal ions, making them harder Lewis acid,
leading to more pronounced attraction of glucose. Catalytic activ-
ity of water-sensitive and water-compatible metal chlorides fol-
lowed the trend of LaCl; < DyCl; < YbCl; and InCl; < GaCls < AlCls,
respectively.®"’ Comparing homogenously CrCls, AlCl; and het-
erogeneously Sn-beta catalyzed glucose isomerization, the latter
was found to be the most active. In terms of activity of homoge-
nous catalyst, AICl; resulted in significantly higher reaction rate
than CrCl;, which could be as aforementioned due to the acid
hardness.®® Higher activation energies of water-compatible
metal salts were accompanied with lower reaction rates, whereas
activation energies for glucose conversion calculated for water-
sensitive salts showed no specific trends in relation to reaction
rates. Starting with fructose as a feedstock, the same authors sug-
gested the involvement of Lewis acid sites in fructose dehydra-
tion to 5-HMF. When comparing fructose conversion conducted
with HCl, AICl;, and YbCls, the latter two resulted in higher reac-
tion rates but lower 5-HMF selectivity. These findings imply that
Lewis acidity can facilitate humin formation, resulting in lower
5-HMF selectivity. A kinetic study of Brensted/Lewis acid-catalyzed
glucose dehydration was conducted using maleic acid and HCI,
along with AICl; providing Lewis acidity.® The role of pH has been
shown to influence the strength of the Lewis acidity of different
metal halides in aqueous environments.” A combination of
HCl and AICl; (pH = 1.20) resulted in the highest glucose-fructose
isomerization reaction rate and increased humin formation. When
maleic acid alone (pH=1.85) or in combination with AlCl;
(pH = 1.44) was utilized, humin formation was suppressed and
resulted in the lowest reaction rate constant. The authors
describe this phenomenon to be related to the possible favor-
able intermediate formation between 5-HMF/fructose and
maleic acid.®? Similarly, Guo et al. reported the influence of
pH changes introduced by HCl on AICI; hydrolysis and its
catalytic activity, allowing enhanced glucose isomerization in
the pH range of 2-4 by AI(OH), species, Figure 7.2 Chen
et al. presented a model of glucose dehydration accounting
for tandem Lewis (CrCl;) and Bronsted (HCI) catalytic species,
by using hierarchical approach, where authors integrate three
submodels of Lewis and Bronsted acid-catalyzed reaction as
well as so called catalyst speciation model.*

In addition to metal chlorides, organic bases can also facilitate
sugar isomerization reactions, where the catalytic performance of
trimethylamine was found to be comparable to other Lewis acid
catalyst.®¥ Additionally, solvent was again found as important
variable, effecting the tautomeric form of hexoses and conse-
quentially navigating the reaction pathway.””

4.2. Kinetic Studies Using Different Solid Acid Catalysis

Other widely used catalytic systems for conversion of saccharides
to 5-HMF are heterogeneous solid acid catalysis. These catalysts
are easily recyclable, and their use simplifies final product sepa-
ration and offers possible basicity and acidity modulation.®?”
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Commonly used solid acid catalysts include alumina silicates,
zeolites, heteropolyacids, functionalized carbon catalysts, and
ion exchange resins.*®®® |on exchange resins, such as Amberlyst-
15, with the presence of sulfonic groups (—SOsH) exhibit
Bronsted acidity, necessary for dehydration reactions. Modulated
with different metals can serve as efficient catalysts for saccharide
conversion.”? Zeolites are porous, solid acid alumino-sillicate cata-
lysts, possessing Brensted and Lewis acid sites. Different zeolite
topologies (e.g., MFI, BEA, MOR) can result in different pore size
and structure. The acid ratio can be influenced with particular pre-
treatments (calcinations), while metal doping can increase Lewis
acidity.'%

In addition to catalyst acidity and porosity, it is particularly
important to balance the hydrophobicity and hydrophilicity of
the catalyst based on the selected solvent and its polarity when
using a solid acid catalyst. In the case of a highly hydrophilic cat-
alyst surface, a polar solvent such as water can block the acid sites
and decrease catalytic activity.""®Y Increasing the hydrophobicity
of the catalyst can also enhance catalyst stability and improve the
selectivity toward HMF.['%? However, it is important to note that
some degree of hydrophobicity is necessary for the adsorption of
sugars and can influence the overall product distribution.!%*
Therefore, it is important to balance the interplay of solvent polar-
ity and catalyst hydrophobicity. The disadvantage of both zeolite
and Amberlyst-15 catalysts is their instability in aqueous media at
elevated temperatures, leading to leaching and fouling under
these conditions.!'%197

Swift et al. studied the conversion of fructose and glucose
to 5-HMF over H-BEA zeolites'® The reaction network
implemented for the kinetic model contained five reaction rate
constants, including the equilibrium of glucose-fructose isomeri-
zation. This study is one of the only studies that considers both
heterogeneous and homogeneous contribution while also
accounting for the ratio between Lewis and Brgnsted acid sites
of the catalyst. The resulting turnover frequency (TOF) of H-BEA
was lower compared to when homogenous HCl catalyst
was used. Authors also demonstrated that the high activation
energy of glucose-fructose isomerization over H-beta zeolite
(145 ki mol™") can be significantly lowered by impregnation of
the zeolite with Sn (89 kJ mol™").8>198.1991 Simjlarly, Jakob et al.
studied the conversion of glucose and fructose under hydrother-
mal reaction conditions with the addition of H-BEA zeolite.®
Authors have concluded that the addition of the specific
catalyst (H-BEA 28) especially facilitates the glucose-fructose
isomerization and 5-HMF rehydration toward LA, consequently
resulting in decreased 5-HMF yields.®™™ Carniti et al. used
niobium phosphate as a catalyst for fructose dehydration in a
continuous flow reactor, where they obtained an activation
energy of 66kJ mol™" in the temperature range from 90
to 110°C."®

An important contribution for a more in-depth understanding
of kinetics of fructose dehydration was introduced by Moreau
et al™? The dehydration of fructose to 5-HMF was conducted
using an H-mordenite type of zeolite in a biphasic MIBK/water
solvent system. H-mordenite catalysts with different Si/Al ratios
were tested at a reaction temperature of 165 °C. Both the highest
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fructose conversion and 5-HMF selectivity, along with the highest
initial rate constant of 7.6 x 106 mol s~ was achieved with a Si/Al
ratio of 11. A pseudo first-order approach was introduced for the
kinetic modeling with a two-step reaction scheme: 1) dehydration
of 5-HMF and 2) 5-HMF rehydration to formic and LA, where
reported activation energies were 141 and 64 kJ mol™', respec-
tively.? A kinetic study conducted by Lourvanij et al. contributed
valuable information on how different catalyst properties impact
reaction rates and product selectivity."' Among the important
catalyst parameters, such as catalyst acidity and catalyst morphol-
ogy, pore size and its geometry play an important role during
saccharide dehydration. To investigate how the pore size of solid
porous aluminosillicate catalysts affects selectivity and reaction
rates, four different types of micro- and mesoporous catalysts
were selected with similar acidity: HY-zeolite (FAU topology),
aluminum-pillared montmorillonite (APM), MCM-20, and MCM-41.
The authors established a kinetic model based on 13 parameters.
Activation energies for three of the studied catalysts (HY-zeolite,
APM, and MCM-40) followed the trend that more energy is needed
for either fructose or glucose (fructose produced by isomerization
of glucose) dehydration (134-218 kJ mol™"), whereas, the reaction
of 5-HMF rehydration activation energy resulted in a significantly
lower value (54-80kJmol™"). Based on the kinetic modeling
results and reaction rate constants, the study suggests that the
mechanism for the formation of 5-HMF via the glucose-fructose
isomerization pathway is more likely to occur in relation to direct
glucose conversion to 5-HMF. Comparing the forward rate con-
stants (reaction rate constant of individual reactions per acidity
on the catalyst), they concluded that the dehydration of fructose
and glucose was fastest when the catalyst pore diameter was
around 10A, due to the size of the hydrated sugar molecule.
Furthermore, reaction rate constants for 5-HMF rehydration
and bond cleavage were, in all the studied cases, higher com-
pared to dehydration reactions. The developed model also
included coke formation which suggested the formation of coke
and insoluble humins can be facilitated when using microporous
materials."""! Similar conclusions were presented by Kruger et al.
where furan selectivity can be severely dependent on the catalyst
pore diameter, with regards to the size of sugars/furanics mole-
cules as shown in Figure 8.°7 Catalyst can be characterized as
microporous, with the pore size <20 A, mesoporos 20-500 A,
and macroporous >500 A. As pore sizes of some catalysts are
close or smaller than the size of sugar molecules, internal diffu-
sion can become an important factor with these porous materials.
Alternatively, it has been suggested that larger pores might facili-
tate humin and oligomer formation. Along with the impact of
catalyst structure, acidic properties are also considered of vital
importance when it comes to the conversion of sugars. By intro-
ducing metal ions onto alumino-sillicate catalysts, it is possible to
increase Lewis acidity and thus, facilitate this isomerization step.
The study conducted by Wei et al. exemplified that an increase in
Lewis acidity can lead to faster dehydration of glucose when
using 8wt% Cr/HZSM-5 (MFI topology) catalyst instead of
undoped HZSM-5.""? with the addition of Cr, the reaction rate
constant for glucose dehydration significantly increased and the
Ea decreased, whereas the decrease in the Ea for 5-HMF
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o explain the low 5-HMF concentration that was achieved."™
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Figure 8. Catalyst pore size comparison. Reprinted with permission.*®
Copyright 2012, Elsevier.

rehydration was not as significant. However, the authors men-
tioned that an excessive increase of Lewis acidity in the case of
higher Cr loading (16% Cr/HZSM-5) resulted in facilitated cross-
polymerization, and therefore, increased humin formation.'?

The topology and acidity of zeolite can greatly impact cata-
lytic activity and product distribution. While some acidity is nec-
essary, too acidic catalyst can lead to high activity and conversion
but low selectivity toward the desired products by facilitating
humin formation. In addition, the type of acid sites appears to
be crucial, as the right balance between Lewis and Brgnsted acid
sites is required to achieve high yields of furanics and LA. While
conventional zeolites may face challenges due to their micropo-
rosity and pore sizes, as discussed above, researchers have
explored the advantages of using hierarchical zeolites for sugar
dehydration. Different pretreatments, such as dealumination,
desilication, including steam and/or acid treatment, can modify
the pore structure and acidity. Introduction of mesoporosity
facilitates easier molecular diffusion and higher reaction rates.
Using this approach, Xiang et al. were able to achieve higher
HMF yields."™

Ramli et al. has in the study of dehydration of glucose to LA
over Fe/HY zeolite included additional kinetic parameter of reac-
tion rate constants for humin formation."' Introduction of Fe
metal ion to the HY-zeolite catalyst surface increased the
Lewis acidity, and therefore, promoted glucose-fructose isomeri-
zation, which provided higher yields of the final product (LA).l'*
Similarly to Cr doped HZSM-5, increased loading of Fe resulted in
higher Lewis acidity, causing excess humin and side product for-
mation. The addition of Fe to the catalyst modified the pore diam-
eter (increased mesopore and decreased micropore volume).
Authors proposed a theory where a larger mesoporous size in
an aqueous environment can lead to formation of H;O" ions.
This significantly increases the effective acidity within the pore
microenvironment and can therefore, promote unwanted side
reactions of humin formation.'"" A kinetic model was
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acid density resulted in fast catalyst deactivation due to deposi-
tion of humins, where catalyst ion doping decreased the acidity
and increased long term catalyst activity."'®

Li et al. proposed that humin formation and rehydration to LA
can be promoted by medium-to-strong Lewis acidity,”"'® while
high amounts of Bregnsted acid can facilitate aldol addition/
condensation. Therefore, it can be noted that both total acidity
and the L/B acid ratio can significantly impact the reaction mech-
anism as well as the distribution of the final products. Li et al.
demonstrated that fructose conversion and its isomerization
can increase with decreasing Si/Al ratio of HZSM-5. 5-HMF yield
primarily increased but started decreasing after Si/Al ratio of 25,
although further decrease appeared to be beneficial for the for-
mation of LA™ Acid strength can therefore be a key factor
determining the reaction rate, selectivity, and product distribu-
tion. Both strong Bronsted and Lewis acid sites can contribute
to increased reaction rate and conversion. Strong Lewis acids
are known to facilitate sugar isomerization, while strong
Bronsted sites promote dehydration. However, both can also neg-
atively impact product selectivity and stability, particularly in the
case of sugar dehydration. Therefore, catalyst optimization is
crucial, and methods for tuning catalyst acidity include control-
ling both the density and strength of acid sites. Strategies for
achieving this include adjusting the Si/Al ratio, performing cation
exchange, and applying postsynthetic treatments, such as
dealumination or desilication. For example, decreasing the
Si/Al ratio increases the total acid site density by introducing
more Al; however, this can also increase Lewis acidity and con-
sequently influence the overall acid strength due to the forma-
tion of extraframework aluminum.

Additionally, it was found that leaching species of zeolite have
negligible activity for fructose dehydration, they can play a major
role in humin formation via dehydrative condensation of 5-HMF
and fructose. Overall, it is proposed that a higher Si/Al ratio can
lead to the formation of smaller humin oligomers, while a lower
Si/Al ratio results in larger oligomers.!''”?

Despite the efforts of humin formation regulation, they are
often an inevitable side product of sugar dehydration reactions,
therefore, there is still a need for catalyst regeneration. Common
methods refer to calcination and catalyst washing, but authors
have also discussed regeneration of catalyst under mild oxidation
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condition at low temperature of 70 °C, using Fenton’s chemis-
try.""8 A technique showed promising results especially in
removing the humin deposits, but unfortunately prior present
acids sides could not be fully recovered. The data of kinetic
parameters and reaction network studied is presented in Table 3.

5. From Model Compounds to Real Biomass
Feedstock Kinetics

5.1. Homogenous Catalysis

The transition from simple sugar model compounds toward real-
istic biomass streams can be particularly challenging. In 1945,
Saeman et al. studied biomass hydrolysis along with glucose
decomposition and established the first systematic kinetic
model."™?" A two-step reaction mechanism included cellulose
hydrolysis with glucose decomposition as the second step.
Increased acid concentration and temperature resulted in a rela-
tively higher rate of hydrolysis compared to glucose decomposi-
tion. Girisuta et al. studied acid-catalyzed hydrolysis of
microcrystalline cellulose to LA and established a kinetic model
using a power-law approach."? Hydrolysis of cellulose- and
glucose-derived humin formation required the largest activation
energies (175 and 165 kJ mol™', respectively), meaning these
reactions will be facilitated at increased reaction temperatures.
Based on the calculated kinetic parameters, authors proposed
that lower temperatures and higher acid concentrations are
favorable for 5-HMF rehydration, resulting in higher selectivity
toward LA. Authors later transferred their established kinetic
model by introducing specific correction factors to a real biomass
sample containing water hyacinth plant. Hemicellulose conver-
sion to C5 sugars was found to proceed with a higher rate com-
pared to cellulose decomposition to C6 sugars."?" The study also
demonstrated a higher rate of pure cellulose conversion in com-
parison to the conversion of the real biomass cellulose. This could
be attributed to either different stages of cellulose crystallinity
and/or the presence of lignin matrix in the real biomass sample.
Two kinetic studies conducted by Rivas et al. also showed the
same trend of higher pentose reactivity in comparison to hexo-
ses, which correlated with higher values of reaction rate con-
stants.'?>'2¥) The evaluation of the kinetic parameters for the
conversion of 5-HMF and furfural showed the higher stability
of furfural. Rehydration and 5-HMF-derived humin formation
resulted in higher reaction rates in comparison to furfural. A study
conducted by Girisuta et al. demonstrated a relatively high reac-
tion rate of C6 oligomer conversion which was significantly
affected by acid concentration, namely more acidic media lead
to higher glucose yields."?" The highest rate constants and low-
est activation energy was attributed to the 5-HMF rehydration
reaction. Shen et al. studied the conversion of cellulose under
hydrochloric acid catalysis and proposed the reaction of glucose
dehydration to 5-HMF to be the rate controlling step due to the
lowest absolute reaction rate."*! Qing et al. studied SnCl, cata-
lyzed conversion of corncob where the activation energy for
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glucose dehydration into 5-HMF appeared to be significantly
lower compared to other homogenous catalysts (HCl, H,SO,)
denoted in Table 4.1

Instead of relying on commonly used dilute acid pretreat-
ment to hydrolyze biomass streams, hydrothermal pretreatment
can be applied for hemicellulose or cellulose decomposition
to avoid the use of highly corrosive acids. Dos Santos Rocha
et al. presented a kinetic model for the degradation of sugarcane
straw, separately developing a kinetic model for the conversion
of hemicellulose to C5 sugars and furfural, and cellulose to
C6 sugars and 5-HMF.'*! The experiments were carried out
in a temperature range of 185-210°C. The conversion of
hemicellulose to monomers tended not to be particularly temper-
ature dependent, whereas, the hydrolysis of xylooligomers to
monomers (220 kJmol™") and their degradation to byproducts
(146 k) mol™") were strongly favored at higher temperatures.
On the contrary, the hydrolysis step of cellulose required higher
temperatures than that of hemicellulose. The activation energies
showed a strong instability of 5-HMF at higher temperatures
(266 k) mol™"), whereas, the temperature-dependent degrada-
tion of furfural was not as prominent.

As another environmentally friendly option, ionic liquids can
be applied as a solvent for one pot biomass conversion toward
value-added products. Good solubility of the cellulose fraction in
ionic liquids can ensure homogenous conditions, avoiding mass
transfer limitations. Vanoye et al. performed hydrolysis of ligno-
cellulosic biomass starting form cellobiose as a cellulose model
compound.*® The developed kinetic model was successfully
applied to the conversion of pure cellulosic feedstock, while
the predicted optimal conditions were not transferable to the
conversion of raw biomass (Miscanthus grass). An important
observation was also that the real biomass sample did not
completely dissolve into IL, so the reaction proceeded under het-
erogeneous conditions. Therefore, additional modifications and
correction factors should be introduced to achieve a good fit
for crude biomass samples.

The presence of various compounds/impurities can affect
the utilization of lignocellulosic biomass, and additional steps
are usually required for process optimization. Similarly, as in
the reactions conducted with the model compounds the by
Girisuta et al."?” and Rivas et al.'*¥ difficulty in achieving higher
5-HMF yields can be attributed to the high activation energy
of direct sugar humin formation (~160kJmol~") and favor-
able rehydration reaction at lower temperatures and highly
acidic media.

5.2. Solid Acid Catalysis

The use of solid catalysts for a one pot conversion of lignocellu-
losic biomass material is not often reported in the literature. One
of the main reasons lies in the solid state of the substrate/starting
feedstock (cellulose), consequently creating heterogeneous reac-
tion system, where the efficiency of solid catalyst can be highly
compromised by the limits of the mass transfer. In order for cel-
lulose to undergo catalytic conversion, it must dissolve in water.
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Table 3. Heterogeneously catalyzed monosaccharide dehydration to 5-HMF.
Feedstock T[°C] Catalyst Solvent Activation energy Reaction network References
[kJ mol~"]
Glucose 120-200 10% Fe/HY zeolite water Ea, = 64 Ea, =76 Glucose a HMF [114]
(19) (1g) Ea; = 61 Ea, = 70 Glucose a humins
HMF a LA
HMF a humins
Glucose 180 pTSa-Ca/AC MIBK/H,O No data Glucose a Fructose [70]
(1 mmol) Ca/AC, Glucose a Levoglucosan
pTSA/AC Fructose a HMF
(40 mg) Levoglucosan a HMF
HMEF a Levulinic and formic acid
Glucose a humins
Glucose + HMF a humins
HMF a humins
Glucose 160-200 HZSM-5 water Ea, = 87 Glucose a HMF [112]
(19) (0.759) Ea, = 58 HMEF a Levulinic and formic acid
Glucose 160-200 Cr/HZSM-5 water Ea, = 69 Glucose a HMF [112]
(19) (0.75 g) Ea, = 54 HMEF a Levulinic and formic acid
Fructose/glucose 110 —140 H-BEA-25 water Ea; = 142 Fructose a HMF [108]
(10 wt%) (025g, 125g L") Ea, = 111 HMF a Levulinic and formic acid
Ea; =145 Ea, =79 HMF a humins
Eas = 133 Fructose a humins and formic acid
Fructose Ba Glucose
Fructose 90 —110 Niobium phosphate water Ea, = 66 Fructose a HMF [110]
(~0.3 M) (3-49)
Glucose 125 —145 Niobium phosphate water Ea; =132 Glucose a humins [150]
(2% m/v) (3:1 glucose vs Ea, = 86 Glucose a Fructose
catalyst) Ea; =25 Ea, = 134 Fructose a HMF
Eas = 162 Fructose a humins
Eas = 133 HMF a Levulinic and formic acid
HMF a humins
Fructose 165 H-form mordenite MIBK/water Ea; = 141 Fructose a HMF [42]
(3.59) (1g) Ea, = 64 HMF a Levulinic and formic acid
Glucose 130—190 HY-zeolite water Ea, = 178 Glucose a HMF [111]
2% wt (0.74M) (59) Ea, = 205 Fructose a HMF
Ea; = 53 HMF a Levulinic and formic acid
Glucose 130—190 APM and MCM-41 water Ea, = 209 Glucose a HMF [111]
2% wt (0.74M) (59) Ea, = 187 Fructose a HMF
Ea; = 77 HMF a Levulinic and formic acid
Glucose 130 —190 APM and MCM-41 water Ea, = 216 Glucose a HMF [111]
2% wt (0.74M) (59) Ea, = 132 Fructose a HMF
Ea; = 54 HMF a Levulinic and formic acid
Glucose 160-175 Dual-functional water Ea;, = 162 Glucose a intermediate [151]
(0.1g) carbon-based solid Ea, = 86 Intermediate and HMF a humins
acid catalyst Ea; = 126 Intermediate a HMF
(DFCSA-P,N,Al) Ea, = 153 HMF a LA
(0.05g) Eas = 172 LA a humins
Fructose/glucose 130-190 H-BEA water Ea; =10 Fructose a HMF [85]
(0.5g) (0.59) Ea, = 151 Fructose a Glucose
Ea; = 140 HMF a humins
Ea, = 136 Glucose a Fructose
Eas = 97 Fructose a humins
Eas = 21 Glucose a humins
Ea, =17 Glucose a HMF
Eagz = 60 HMF a Levulinic and formic acid

r].[129

This can be achieved by decrystallization and/or depolymerisai-
ton using alkai pretreatment. Gromov et al. recently published a
study with a kinetic model of multistep hydrolysis-dehydration of
cellulose as a starting material over solid sulfonated carbon cata-
lyst. They reported cellulose solubilization and glucose-fructose
isomerization as the main rate limiting steps in 5-HMF formation,
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without significant LA formatio ! Jiang et al. have proven that
acid sites present on the solid catalyst surface can donate a pro-
ton to a solid cellulose particle, resulting in protonated species
that can dissolve and degrade in water."*” Since cellulose is a
macromolecule, it can also undergo free radical degradation reac-
tion. MCM-41, modified by sulfuric acid facilitates cellulose
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Table 4. Homogeneously catalyzed cellulose and real biomass samples.
Feedstock T[°C] Catalyst Activation energy [kJ mol™'] Reaction network References
Woody biomass (Douglas-fir) 170-190 H,50, Ea; = 180 Cellulose a Glucose [119]
Ea, =138 Glucose a degradation products
Cellulose 150-200 1.7 wt% H,SO, Ea, = 152 Cellulose a glucose [120]
Ea, = 152 Glucose a HMF
Ea; =111 HMF a Levulinic and formic acid
Ea, = 165 Glucose a humins
Eas = 111 HMF a humins
Eas = 175 Cellulose a humins
P. pinaster wood 130-250 H,50, Glucose: Xylose: Ea; = 78 C6 oligosaccharides a hexoses [123]
Ea, = 113 Ea, = 138 Ea, = 158 Ea; = 129 Hexoses a HMF
Ea; = 72 Ea, = 166 Ea, = 79 Arabinose: HMF a Levulinic and formic acid
Galactose: Ea; = 100 Ea, = n.a. Ea, = 141 Hexoses a humins
Ea, = 148 Ea; =72 Ea; = 116 Ea, = 79 C5 oligosaccharides a pentoses
Ea, = 158 Pentoses a furfural
Mannose: Ea; = 103 Pentoses a humins
Ea, = 156 Ea; = 72 Furfural ahumins
Ea, = 180
Sugar cane bagasse 150-200 H,S0, Ea, = 145 Glucan a Glucose [124]
Ea, = 152 Glucose a HMF
Eas; = 102 HMF a Levulinic and formic acid
Ea, = 161 Glucose a humins
Microcrystalline cellulose 160-200 HCl Ea, = 96 Cellulose a Glucose [125]
Ea, =137 Glucose a HMF
Eas = 144 HMFa Levulinic and formic acid
Ea, = n.a. Glucose a humins
Eas = 147 HMF a humins
Eas = 59 Levulinic and formic acids a
degradation products
Corncobs 160-200 Sncl, Ea, = 48 Cellulose a Glucose [126]
Ea, = 46 Glucose a HMF
Eas; = 57 HMFa Levulinic and formic acid
Ea, = 76 Glucose a humins
Eas = 67 HMF a humins
Sugarcane straw 180-210  Hydrothermal Ea, =105 Cellulose a Glucose [127]
treatment Ea, = 216 Cellulose a oligomers of glucose
Eas = 106 Oligomers of glucose a Glucose
Ea, = 181 Glucose a HMF
Eas = 119 Glucose a degradation products
Eas = 266 HMF a degradation products
Sugarcane straw 180-210 Hydrothermal Ea, = 63 Hemicellulose a Monomers [127]
treatment Ea, = 109 Hemicellulose a Xylo-oligomers
Ea; = 220 Xylo-oligomers a Monomers
Ea, = 123 Monomers a Furfural
Eas = 146 Monomers a degradation products
Eas = 120 Furfural a degradation products
Cellobiose 80-150  Methanesulfonic Ea; = 111 Cellobiose a Glucose [128]
acid (in IL) Ea, =102 Glucose a degradation products

degradation at increased temperatures. Using sulfonated MCM-
41, authors observed a fast decrease in the cellulose concentra-
tion at the start of the reaction due to the degradation of the
amorphous cellulose fraction. Their developed kinetic model also
provides reaction rate constants and activation energies, where
degradation of 5-HMF demonstrated the highest activation
energy and reaction rates. The use of solid acid catalyst can
be challenging due to possible deactivation and humin deposi-
tion."™ To avoid these difficulties, the reaction media can be a
crucial factor in suppressing undesired product formation. When
studying realistic stream mixtures, it is important to consider their
complex structure with possible presence of metal ions, which
can be a defining factor for catalyst selection. Authors have
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reported the change in acidity of zeolite catalyst. Based on
metal-exchange studies, metal ions can be responsible for cata-
lyst deactivation due to their possibility to exchange with the
Brgnsted acid sites.>"

5.2.1. Effect of Lignin

The structure of lignocellulosic biomass is an important aspect
when conducting reactions with real biomass samples, where
the protective lignin layer can affect the surface accessibility of
cellulose and hemicellulose. Based on a study on glucose
decomposition, Xiang et al. established a complex reaction
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network and discussed the effect of acid soluble lignin (ASL) on
the degradation process."**'**¥ |t has been proven that ASL in
acid medium facilitates glucose conversion by formation of
ALS-glucose or ALS-oligomer complexes.'* A comprehensive
kinetic study conducted by Yan et al. revealed the impact of cel-
lulose crystallinity, in situ formed ASL-glucose complex, and
humins on the reaction kinetics."** Cellulose crystallinity signifi-
cantly impacted the reaction rate of hydrolysis at lower temper-
atures (140-160°C), whereas this tended to diminish with an
increase in temperature. In situ formed ASL-glucose complex
and humins demonstrated a greater influence on the reaction
kinetics at higher temperatures. Generation of the ALS-glucose
complex was facilitated by higher hydronium ion concentration
in water medium, which negatively impacted 5-HMF yield. The
third parameter of 5-HMF-derived humin formation was negligi-
ble at lower temperature below 160 °C, whereas the increase in
temperature resulted in lower 5-HMF and LA yields.['*¥

Raw lignocellulosic biomass is comprised of both C5 and C6
sugars, therefore, the understanding of possible lignin interfer-
ence and its impact on conversion of both hexoses and pentoses
is crucial for process optimization and catalyst design to achieve
maximum yields. When studying acid-catalyzed conversion of
model compounds (xylose/ xylan) along with a real biomass sam-
ple, YemisB et al. obtained higher furfural yield in straw biomass
compared to pure model compound.”! Interestingly, the study
conducted by Daorattanachai et al. contrarily showed that the
presence of Kraft lignin negatively impacted furfural yields from
xylose and xylan."*® The opposite has been proven for hexoses
where lignin could promote glucose-fructose isomerization. It
was proposed that the isomerization reaction could be promoted
by organic acids originating from lignin under conditions of hot-
compressed water. Although, the study does not mention possi-
ble contribution of in situ formed organic acids. The impact of
lignin on sugar conversion was studied at different acid concen-
trations where at concentration >0.5 M H;PO,, the presence of
lignin increased 5-HMF yields."*® This indicates a possible lignin
neutralization capacity which was studied later by Lamminpaa
et al, where authors presented the impact of kraft lignin on
xylose conversion.'*” Lignin has shown to significantly impact
the pH of the reaction media. Authors demonstrated the inhibi-
tion effect of lignin on xylose conversion and furfural yield which
was more pronounced when using sulfuric acid in comparison to
FA. The variance was ascribed to different acid strength and dis-
sociation ability. The neutralizing capacity could also originate
from cations (potassium, sodium, magnesium) present in bio-
mass. The changes in pH could not fully explain the inhibition
of xylose conversion. It has been suggested that there are addi-
tional pathways existing during xylose dehydration inhibition."”
Gomes et al. investigated the production of furanics from sugar-
cane bagasse and reported lower 5-HMF and furfural yield when
real biomass was used as a feedstock."*® Authors have associated
the inhibitory effect of lignin with a barrier-like effect of lignin as
a macromolecule and/or possible catalyst (ZnCl,/HCl, AlCls/HCI)-
lignin interaction resulting in catalytic deactivation and lower
activity. Alternatively, Jongerius et al. studied the presence
of lignin and lignin model compounds as catalyst stabilizers.
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Authors reported that lignin could prevent recrystallization of alu-
mina support to boehmite in Pt/y-Al,O; and consequently avoid
the loss of Lewis acidity and sintering of metal particles.">?

It was reported that higher lignin concentrations in the bio-
mass stream can decrease furfural yield, along with an increase in
degradation rate.l'”? Alternatively, the addition of lignin model
compounds to saccharide mixtures had no significant effect
on either furfural or xylose degradation. Dussan et al. proposed
the mechanism for xylose/furfural degradation in the presence of
lignin. The authors proposed two possible pathways for lignin
facilitated xylose/furfural degradation, which resulted in lower
furfural yields. The first reaction pathway can be described by
aldol condensation between a lignin carbonyl group and furfural.
Another explanation for the low furfural selectivity can be due to
the electrophilic behavior of xylose intermediates reacting with
the lignin carbocation formed under the acidic conditions. The
results in the study also proposed no significant effect of lignin
on glucose dehydration to 5-HMF or its degradation.

On the contrary, an efficient method for feedstock purifica-
tion was implemented by Liu et al. when studying the conversion
of biomass hydrolysate containing high glucose concentrations
into 5-HMF.['*% With the addition of activated charcoal (50 wt%),
they were able to remove inhibitors, such as lignin and furanics,
leading to higher yields of 5-HMF. Additionally, Binder et al.
reported no negative effect of lignin and other macromolecules
on the 5-HMF yield using N,N-dimethylacetamide-LiCl (10%) with
ionic liquid as a reaction media for conversion of corn stover.'*!
Similarly, no interference of lignin present in the biomass was
observed when authors used GVL as a solvent. Other advantages
of using solvents, like GVL, are its ability to dissolve lignin and
huminic species that are formed during dehydration."*?

It has been proven that lignin can react and form complexes
with both C5 and C6 sugars, when biomass conversion is
conducted under hydrothermal acidic catalysis. This can conse-
quently lead to lower selectivity and yields of 5-HMF and furfural,
respectively.’**'3”) Oppositely, positive effects of lignin on
glucose-fructose isomerization have also been demonstrated
in the literature. However, considering lignin’s ability of neutrali-
zation, using acid catalyst in low concentrations can lead to neu-
tralization and decreased acid concentration, affecting catalyst
activity.l'36137

Acknowledging the challenges of real biomass conversion,
strategies such as advanced process intensification and staged
pretreatments could greatly benefit the design of a fully inte-
grated biorefinery to maximize the process efficiency.'*’

6. Summary and Outlook

Lignocellulosic biomass is an abundant raw material, which
makes it suitable feedstock for an industrial production of
5-HMF. Efficient conversion requires different pretreatment steps,
hydrolysis of polysaccharides, and dehydration of individual
sugar units. Kinetic studies are thus of significant importance,
contributing to process optimization and better understanding
of underlying reaction mechanisms. This review presents and

© 2025 The Author(s). ChemSusChem published by Wiley-VCH GmbH

85U8017 SUOWIWOD BA1TE81D) 8]qeot [dde 8y} Aq pauIsnob ae sl VO 85N JO S9N 1oy Akeld18UIIUO AB]1/M UO (SUONIPUCO-PUE-SUIBI/WIOY A8 | 1M Aled 1 Bu Uo//:Sciy) SUORIPUOD pue WIS | 81 89S *[5202/2T/c2] Uo Akeiqiauliuo A8|im euelian( Jo AiseAluN Aq 282105202 95S9/200T 0T/10p/uiod 8| im Arelq i jpuljuo'adoune-Alis iweyoy/sciy woly pepeojumoq ‘vz ‘20z ‘XyasyasT


http://doi.org/10.1002/cssc.202501282

Chemistry
Europe

European Chemical
Societies Publishing

Review

ChemSusChem doi.org/10.1002/cssc.202501282

examines kinetic studies of homogeneously and heterogeneously
catalyzed dehydration of individual sugars, namely fructose and
glucose, as well as real lignocellulosic biomass feedstocks.
Despite the availability of comprehensive literature, comparison
of catalyst performance can be limited due to the lack of stan-
dardized normalization metrics. To improve data comparability,
it would be beneficial to report results as yield per unit surface
area, TOF or turnover number. This would allow more direct data
comparison. However, the use of these metrics also requires sev-
eral assumptions, including the accurate determination of acid
sites and their accessibility, and does not account for differences
in reaction conditions or systems used.

The biomass composition has shown to be one of the most
critical factors in 5-HMF production. Accordingly, kinetic studies
with more complex mixtures and real biomass samples are great
contributors to help unravel the impact of stream complexity on
5-HMF production and identify possible unwanted interactions.
Studying these systems revealed the effect of hemicelluloses
and lignin presence on the reaction kinetics and 5-HMF yield.
The major problems for inefficient lignocellulosic biomass utiliza-
tion are still attributed to excessive humin formation. Therefore,
the principles and pathways of humin formation along with the
possibilities of limitation and inhibition of these undesired side
products were discussed. Based on the kinetic studies reported
in the literature, a suitable combination of reaction conditions,
catalyst and solvent selection can considerably limit humin for-
mation. Additionally, polar aprotic solvents and biphasic system
were reported to be efficient in achieving high 5-HMF yield.
Several studies of sugar dehydration were carried out in HLW
water, which indicates a possible increased catalytic performance
at higher temperatures, potentially impacting the reported kinetic
parameters. However, HLW can also be seen as an efficient,
environmentally friendly, and scalable option for industrial-scale
sugar dehydration reactions. On the contrary, homogeneous
catalysts (mineral and organic acids, metal chlorides) can be effi-
ciently utilized for the dehydration of sugars into 5-HMF,
but they are known to be corrosive. In contrast, more environ-
mentally friendly heterogeneous catalysts can, through manipu-
lation of Lewis and Bregnsted acidity as well as porosity,
significantly improve 5-HMF yields. Solid acid catalysts can also
be a feasible option due to their recyclability, yet they are also
known to suffer from poor stability. Regarding the mechanism
of humin formation, researchers suggested that 5-HMF plays a
key role in the condensation and/or cross/self-polymerization
reaction. However, there is still no consensus in the existing
literature on the involvement of partially dehydrated sugars or
rehydration byproducts in the structure of humins. In contrast,
most kinetic studies consider the formation of humins and/or
by-products directly from sugars (glucose and fructose).
Furthermore, lignin and humins have been found to significantly
influence and/or modify the reaction kinetics. Therefore, several
correction factors had to be employed for a better fit of the model
when using real biomass streams. Therefore, future research
should focus on the possibility of solvent and catalyst-dependent
reaction mechanisms of humin formation and explore the impact
of complex biomass streams. This would help to develop more
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accurate kinetic models and allow a better description of real bio-
mass feedstock reactivity, as this remains a critical challenge.
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