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ABSTRACT: Humins are carbonaceous, polymeric byproducts _

formed during the acid-catalyzed condensed phase transformation samsmus® > AT Jon o o 'g*AOH
of biomass-derived moieties and are responsible for significant
carbon loss and catalyst deactivation. There exists very limited
knowledge about their formation chemistry and composition.
Infrared spectra of humins formed during the dehydration of
glucose/fructose to S-HMF show that the furan ring and the
hydroxy methyl group of S-HMF are present in humins, but the
carbonyl group is not. Based on this, aldol addition and
condensation between S-HMF and other derived species are
proposed as the main reactions that initiate humin formation.
Hence, in this work, density functional theory (DFT)-based calculations are performed to compute the reaction pathways, activation
barriers, and reaction free energies associated with all elementary reaction steps in the SHMF-initiated, acid-catalyzed reactions
leading to humin formation. The humin formation is initiated with the rehydration of HMF to form 2,5-dioxo-6-hydroxy-hexanal or
DHH (key promoter of humin formation), followed by its keto—enol tautomerization and aldol addition and condensation with
HMEF. The rate-determining step in this pathway is the aldol-addition reaction between the DHH-derived enols with 5-HMF. Within
the implicit solvation approximation, the formation of the S-HMF-DHH dimer is slightly endergonic, whereas the S-HMF
rehydration leading to DHH is thermodynamically downhill. This mechanistic understanding of initiation reactions for humins could
pave the way to screen and design solvent and catalyst systems to deter their formation.
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1. INTRODUCTION

In the recent past, second-generation lignocellulosic biomass
has attracted much attention worldwide as a renewable source
of carbon to produce chemicals." It is the only sustainable
source of carbon that can be transformed into chemical
feedstock.”™* Lignocellulosic biomass consists of three main
structural units: hemicellulose, lignin, and cellulose.® Cellulose
is a polymer of glucose units connected by glycoside linkages
that accounts for 40—50% of a typical lignocellulosic
feedstock.® The selective transformation of biomass feedstocks
to chemicals is carried out mainly in the condensed phase at
moderate conditions (temperature below 400 K) and in the
presence of homogeneous and heterogeneous catalysts.”
Biomass molecules undergo a wide variety of reactions, such
as isomerization, hydrolysis, hydrogenation, dehydration, and
aldol addition, to name a few, to obtain valuable platform
chemicals such as S-hydroxymethylfurfural (S-HMF), furfural,
tetrahydro furfural (THF), glyceraldehyde (GHA), and
levulinic acid (LA).° Among these, 5S-HMF is considered a
key buildin(g block for the polymer industry and for producing
biofuels.”'’ The acid-catalyzed dehydration of cellulose-
derived carbohydrates to furans has been extensively studied
in the literature."' ™' However, the dehydration of biomass
species to S-HMF also leads to the formation of humins as a
byproduct.'* Humins are polymeric, carbonaceous species that
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are formed during catalytic deconstruction and conversion
reactions of cellulosic biomass. Their formation lowers the
selectivity toward the desired platform chemicals, causes
significant carbon loss, deactivates catalysts, and may cause
severe processing and separation problems.'> Humin for-
mation also drastically decreases the selectivity toward S-HMF
in sugar dehydration, since 10—50 wt % of the initial substrate
is converted to humins.'® Deposition of humins may also
damage the reactor and its components.'”~*' The process
economics of biorefineries can be significantly improved by
inhibiting the formation of humins and this requires a
thorough understanding of their formation process and
molecular structure. However, the majority of the focus in
the biomass community has been on improving the selectivity
of the desired products, with little attention to the chemistry of
the formation of the undesired product, humins. The addition
of aprotic solvents to the aqueous reaction phase during the
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Scheme 1. Glucose Conversion Pathway to S-HMF and the Rehydration of S-HMF to LA and DHH Leading to the Formation

of Humins
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Scheme 2. Schematic Illustrating Reaction Pathways for Humin Formation through 5-HMF Rehydration to DHH, DHH
Keto—Enol Tautomerization, and Further Dimerization Reaction with S-HMF*
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“Carbon atoms are numbered throughout the scheme and each reaction intermediate, and the elementary reaction steps are numbered. Post-DHH
formation, the reaction pathways corresponding to 1,2-enol, 2,3-enol, 4,5-enol, and $,6-enol are color coded using blue, orange, green, and red

arrows.

dehydration of sugars has been shown to improve the
selectivity toward $-HMF though.”*™*

Investigating humin formation is challenging due to their
complex and unknown molecular structure. Likewise, during
the condensed phase catalytic conversion of biomass, several
reactions occur simultaneously, making it difficult to isolate
humin formation reactions. Since humins are polymeric and
insoluble oligomers, it is challenging to determine their
chemical structure and identify the intermediates that can
potentially lead to their formation. It has been proposed that
humins formed during the catalytic dehydration reactions of
cellulose-derived biomass molecules consist mainly of furan
rings and aliphatic linkers and are rich 1n functional groups
such as carboxyl, carbonyl, and hydroxyl.>® Moreover, Cheng
et al”’ reported that a certain fraction of humins is a
conglomerate of oligomers interacting weakly rather than being
large macromolecules. Zandvoort et al.>* characterized humins
derived from glucose, fructose, and xylose in aqueous sulfuric
acid. Based on Fourier transform infrared (FTIR) spectrosco-
py, it was suggested that humin formation during the
transformation of hexoses occurs via 5-HMF, which further
undergoes polycondensation processes by electrophilic sub-
stitution with the formation of ether or acetal bonds between
the furan rings. However, Dee and Bell” performed kinetic
studies during the acid-catalyzed hydrolysis of cellulose, where
glucose is the main intermediate species undergoing
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dehydration to S-HMF. A corollary of that work was that the
reduction of humin formation was attributed to the decrease of
S-HMF formation, suggesting that humins are formed due to
the polymerization and condensation of S-HMF and glucose.
Patil and Lund®>*' based on the IR spectra of acid-catalyzed
humins formed from S-HMF, fructose, and glucose showed
that the furan ring and the hydroxyl methyl group of S-HMF
were present in humins but the carbonyl group was not. Thus,
the absence of the carbonyl group in humins suggested that $-
HME is polymerized through its carbonyl group. Additionally,
it was observed that humins were derived from S-HMF and
not from levulinic acid (LA) or formic acid (FA), which are
rehydration products of S-HMF. Their findings are consistent
with a mechanism proposed by Horvat®” for identifying 2,5-
dioxo-6-hydroxy-hexanal (DHH) as a promoter of humin
formation, which, in turn, is formed from the hydration of 5-
HME. According to this, aldol addition and condensation are
proposed as the main reaction pathways between DHH and $-
HMEF or any carbohydrate molecule present in the reacting
system to initiate humin formation. An overall pathway for the
conversion of cellulose-derived glucose to S-HMF and
subsequent degradation of S-HMF to humins and other
products is shown in Scheme 1.

To summarize, there is sufficient experimental evidence to
conclude that S-HMF is a precursor of humin formation in the
sugar dehydration reaction and to suggest that rehydration and
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addition—condensation reactions between S-HMF and its
derivatives initiate humin formation. Hence, to investigate the
humin formation chemistry in detail and to explore the kinetic
and thermodynamic feasibility of the reaction pathways,
density functional theory (DFT)-based calculations are
performed in this paper. Individual elementary reaction steps
are simulated and associated activation free energy barriers and
reaction free energies are computed. We aim to investigate
aldol addition/condensation as a primary humin growth
reaction, preceded by the hydration of S-HMF and its keto—
enol tautomerization to DHH. DHH is suggested to be a key
intermediate leading to humin formation. We also endeavor to
get an insight into the effect of the solvation environment on
the energetics of humin formation, using implicit water and
dimethyl sulfoxide (DMSO) solvent models.

2. METHODOLOGY

DFT calculations are performed using Gaussian 09 code.’
The hybrid functional RM06-2X is used in combination with
the 6-311++G (2d, p) basis set. This theory level is deemed
sufficient to study the chemistry of cellulose-derived
molecules.”” For the geometry optimization and transition-
state (TS) calculations, no constraints are applied to the atoms.
The TS search is performed using the Berny algorithm, as
implemented in the Gaussian code. Geometry optimization is
accompanied by frequency calculations at the same level to
distinguish the optimized structures as the TS and the local
minima, indicated by the presence and absence of an imaginary
frequency (which corresponds to the reaction coordinate),
respectively. Intrinsic reaction coordinate (IRC) calculations
are performed to confirm that the obtained TS is linked with
the anticipated reactant and product on the potential energy
surface. The polarizable continuum model (PCM) using the
integral equation formalism variant (IEFPCM) is used during
all geometry optimization calculations and TS search. Implicit
solvation in the continuum model is implemented using the
dielectric constant (&) of DMSO and water. The reaction free
energies in the gas phase and in the implicit solvent phase are
reported at 433 K. Self-consistent field (SCF) selected for
finding electronic structure configuration was very close
equivalent to 1.00D- 06 in convergence in energy change.

The Zundel cation,®® which is an important and simplified
structure for the solvated proton H;O,, was chosen as the acid
catalyst.”” A conformational analysis was carried out to
determine the ground state of the initial system formed by a
DHH molecule interacting with a Zundel structure. All
energies are reported in kJ/mol.

3. RESULTS AND DISCUSSION

The complete reaction network investigated in this work,
starting from S-HMEF, is shown in Scheme 2. The reaction
steps involved are (i) the rehydration of S-HMF to DHH; (ii)
the keto—enol tautomerization of DHH, resulting in the
formation of four enols 1,2-enol, 2,3-enol, 4,5-enol, and $,6-
enol; (iii) subsequent reaction of each enol with the
protonated S-HMF (S-HMF*) via aldol addition; and (iv)
further two-step condensation reaction of the rest of the
dimers except for those derived from the aldol-addition
reaction between 1,2-enol and S-HMF*. All of the reaction
steps and intermediate species are numbered in Scheme 2 and
referenced throughout the manuscript.

3.1. Rehydration of 5-HMF to form DHH. The hydration
of S-HMF to DHH follows the mechanism described by
Markonikov’s electrophilic addition.”**” Scheme 3 shows the

Scheme 3. Hydration Reaction Mechanism of 5-HMF
Leading to DHH Formation®
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“Blue arrows in the molecular structures indicate electron flow.
Transition states of the reactions are depicted using square brackets
and atoms not taking part in the reaction are faded. Transition states
corresponding to the rehydration of S-HMF are denoted with the
letter R. Indices of the species and carbon atoms numbering
correspond to those in Scheme 2.

detailed reaction mechanism of DHH formation from 5-HMF,
corresponding to steps 1—5 in Scheme 2. Figure 1 shows the

corresponding free energy profile. Step 1 corresponds to the

Deprotonation

l l 1
T"_OH addition ' Ring opening '

Protonation

Figure 1. Free energy profile for the rehydration of S-HMF to form
DHH. Free energy barriers for each elementary step in water and
DMSO are shown in blue and red, respectively. Transition states
corresponding to the rehydration of S-HMF are denoted with the
letter R. Free energy values are reported in kJ/mol.
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Scheme 4. Reaction Mechanism for the Formation of the Four Possible Enols from DHH”
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“Blue arrows in the molecular structures indicate the electron flow. Transition states of the reactions are depicted using square brackets and atoms
not taking part in the reaction are faded. Transition states corresponding to the keto—enol tautomerization are denoted with the letter E. Indices of
the species and carbon atoms numbering correspond to those in Scheme 2.

protonation at C,« of S-HMF generating an electrophilic site at
Cs«. The protonation at C,« leads to the formation of
intermediate 2. This proton addition at C,: is the rate-
determining step for the rehydration of S-HMF to DHH, with
a free energy barrier of ~93 kJ/mol in both water and DMSO
implicit solvation. Further, hydroxylation at Cg: leads to the
formation of intermediate 3. Subsequently, Cs« is protonated
to form intermediate 4, promoting furan ring opening. Finally,
the —OH group at Cs: is deprotonated, leading to a carbonyl
group, regeneration of the acid catalyst, and forming DHH, as
species 5. The free energy profile reveals that it is an
endergonic reaction, with AGy slightly more than 30 kJ/mol,
in both DMSO and water implicit solvation, as shown in
Figure 1.

3.2. Keto—Enol Tautomerization of DHH. Keto—enol
tautomerization is often involved in the transformation of
biomass molecules, such as carboxylic acids and olefins, or the
transformation of levoglucosan (LGA) to produce levogluco-
senone (LGO), to name a few. DFT calculations have been
implemented to investigate these reactions in the past.**~"
The reaction mechanisms for the keto—enol tautomerization of
DHH are shown in Scheme 4. The keto—enol tautomerization
of DHH takes place via a two-step mechanism. First, DHH is
protonated at carbonyl groups at the C, or Cy carbon, leading
to intermediates 6 and 7, respectively. When the carbonyl
group at C, is protonated, intermediate 6 is produced, forming
an electrophilic site at C,. Subsequently, the deprotonation at
C, or C; takes place, leading to the formation of 1,2 or 2,3-
enol, respectively. On the other hand, when the carbonyl group
at Cs is protonated, intermediate 7 is produced, followed by
deprotonation at C, or Cg, leading to the formation of 4,5 or
S,6-enol, respectively. This step restores the Zundel structure,
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which initially yielded a proton to initiate the keto—enol
tautomerization of DHH. The free energy profile for all four
possible keto—enol tautomerizations of DHH is shown in
Figure 2. The free energy of an isolated S-HMF is added to
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Figure 2. Free energy profile for the keto—enol tautomerization
reactions. Activation free energy barriers in kJ/mol are also shown in
the legend. Transition states corresponding to the keto—enol
tautomerization are denoted with the letter E. The labeling of
intermediates and transition states is the same as in Scheme 2.

allow us to map the complete free energy profile with the
subsequent bimolecular reactions. It can be observed that the
protonation leading to 4,5-enol and 5,6-enol is kinetically more
favorable, leading to intermediate 7 compared to the
protonation leading to 1,2- and 2,3-enols through the
formation of intermediate 6. Further, it is observed that the
TS-3a corresponding to deprotonation at C, in step 3a leading
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to 1,2-enol is the least favorable compared to other a-hydrogen
transfer of enols studied. This is because the double bond
between C; and C,, just beside the carbonyl group, makes the
molecule rigid. Additionally, 1,2-enol shown as intermediate 8
in Figure 2 is the least stable enol compared to other enols
formed. This can be a consequence of the formation of a
ketene group involving C, and C, carbon atoms. This group is
more reactive compared to any ketone group formed in the
case of 2,3-, 4,5-, or 5,6-enol.

Figure 3 shows the transition-state configurations for the two
possible protonation reactions of DHH leading to two possible

(b)

Figure 3. Transition states corresponding to the protonation reaction
of the keto—enol tautomerization of DHH: (a) protonation of the C,
carbonyl group of DHH leading to intermediate 6 and (b)
protonation of the Cy carbonyl group of DHH leading to intermediate
7. The blue dotted lines indicate the intermolecular interactions
between the Zundel structure and DHH polar groups. Oxygen atoms
(red), hydrogen atoms (white), and carbon atoms (gray) are shown.

enolate ions, intermediates 6 and 7. In Figure 3a for E-TS1, it
can be seen that the hydroxyl group close to the protonated
carbonyl oxygen attached to C, stabilizes the water cluster.
However, for E-TS2 in Figure 3b, the two water molecules are
well stabilized with the carbonyl group at Cq. It is suggested
that this difference in the intermolecular interaction between
the DHH and the Zundel structure causes the difference in the
activation free energies between the two possible protonation
mechanisms of DHH.

3.3. Aldol-Addition Reaction between DHH and 5-
HMF. S-HMF becomes electron deficient when the carbonyl
group is protonated, leading to a nucleophilic addition with
any enol available. The aldol-addition reaction between S-
HMF* and the DHH-derived enols has been found to take
place in a concerted manner. Scheme 5 shows S-HMF
protonation and four-aldol-addition reactions for each enol
derived from DHH. In the case of 1,2-enol, the —OH bonded
to C, is deprotonated to restore the Zundel structure, while C,
is bonded to C;x to form the dimer. Similarly for 2,3-enol, the
same —OH group bonded to C, is deprotonated. However, in
this case, C; becomes electron deficient, reacting with C;« to
form the corresponding dimer shown in Scheme Sc. In the case
of 4,5- and §,6-enols, the —OH bonded to C; is deprotonated,
while C, and C4 now become nucleophilic carbons reacting
with Cj« of S-HMF, respectively. Finally, the dimers are
formed with a single carbon—carbon bond and a hydroxyl
group present at the f-carbon atom, as shown for all of the
reactions.

The free-energy barriers for the aldol-addition reactions
between 5S-HMF" and the enols are reported in Figure 4. The
barriers for the aldol-addition reaction of all enols with the
HMF are between 90 and 100 kJ/mol. These values resemble
the apparent activation energies of 94 + 8.8 kJ/mol calculated
by Patil et al’® from the kinetic data analysis for the
rehydration of S-HMF at 118—13$ °C starting with 0.1 M in
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Scheme 5. Reaction Mechanism of the Aldol-Addition
Reactions of (a) 1,2-Enol, (b) 2,3-Enol, (c) 4,5-Enol, and
(d) 5,6-Enol with 5S-HMF*. The Blue Arrows Indicate
Electron Flow during the Reactions. Transition States of the
Reactions Are Depicted Using Square Brackets and Atoms
Not Taking Part in the Reaction Are Faded. Transition
States Corresponding to the Aldol Addition Are Denoted
with Letters AA. Indices of the Species and Carbon Atoms
Numbering Correspond to Those in Scheme 2
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Figure 4. Free-energy profile for aldol-addition reactions. The
numbers in the legend indicate the activation free energies. All
energy values are reported in kJ.mol™'. Transition states correspond-
ing to the aldol addition are denoted with letters AA. The labeling of
intermediates and transition states is the same as in Scheme 2.

an acidic medium. The aldol-addition reaction is identified to
be the rate-determining step with the highest energy barriers
along the entire reaction pathway. Moreover, no significant
differences in the barriers were found between DMSO and
water, in the implicit solvent.

3.4. Condensation of Dimers Derived from Enols and
5-HMF Aldol Addition. This reaction proceeds in two steps:
loss of hydroxyl group and the subsequent deprotonation of
the dimer leading to a C—C double bond, thus producing a
water molecule. This reaction only occurs for dimers 13, 14,
and 15 due to the presence of a hydrogens (C atom which is «
to the newly formed C=0 group in the dimer). In the case of
the dimer derived from 1,2-enol, the reaction does not take
place due to the absence of an « hydrogen.

3.5. Dehydration Intermediate Reaction. Dehydration
is the first step for the dimer. Scheme 6 describes the detailed
reaction mechanism for the dehydration of the dimers, leading
to the formation of humin precursors. The dehydration takes
place in a single step involving the protonation of the —OH
group attached to C;« and the loss of the hydroxyl group from
the dimer, as can be seen in Scheme 6.

Energetics of the dehydration reaction is shown in Figure S.
The highest activation barrier is for the dehydration of the
dimer derived from 4,5-enol. On the other hand, the kinetically
most favorable dimer dehydration is that derived from $,6-
enol. Additionally, the difference in the free energy barriers
between water and DMSO implicit solvation, for 4,5- and $,6-
enols, is approximately 20 kJ/mol.

As previously mentioned, the intermolecular interaction
between the dimer and the Zundel structure can play a major
role in altering the energetics of the reaction. Figure 6 shows
the transition states for the three different dehydration
reactions. The dehydration of the dimer derived from $,6-
enol has the lowest activation barrier because the —OH groups
bonded to C4 and C; stabilize the Zundel structure in the
transition state. This does not occur in the case of the other
dimers because of the lack of the —OH group in the immediate
vicinity in the transition state. However, for 2,3-enol, the
carbonyl group at C, also stabilizes the water cluster, as shown
in Figure 6a.

3.6. Deprotonation as the Final Reaction Step. The
last step in the reaction mechanism is the deprotonation of the
dimer to restore the Zundel structure. It is observed in Scheme

Reactions for (a) 2,3-Enol-Derived Dimer, (b) 4,5-Enol-
Derived Dimer, and (c) 5,6-Enol-Derived Dimer”
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“Transition states of the reactions are depicted using square brackets
and atoms not taking part in the reaction are faded. Transition states
corresponding to the dehydration reaction are denoted with the letter
D. Indices of the species and carbon atoms numbering correspond to
those in Scheme 2.
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Figure S. Free energy profile for the dehydration reactions of the
dimers derived from 2,3-, 4,5-, and 5,6-enol aldol-addition reaction
with S-HMF. The numbers in the legend indicate the activation free
energies. All energy values are reported in kJ.mol™". Transition states
corresponding to the dehydration reaction are denoted with letter D.
The labeling of intermediates and transition states is the same as in
Scheme 2.
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Figure 6. Transition states corresponding to the dehydration reaction of (a) 2,3-enol-derived dimers, (b) 4,5-enol-derived dimers, and (c) 5,6-enol-
derived dimers. The blue dotted lines indicate the intermolecular interactions between the Zundel structure and the dimer’s polar groups. Oxygen

atoms (red), hydrogen atoms (white), and carbon atoms (gray).

7a for the case of dimer 16 (derived from 2,3-enol) that C,
loses the only hydrogen attached to it, forming a double bond

Scheme 7. Reaction Mechanism of Deprotonation Reactions
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those in Scheme 2.

with C,«. The same occurs for the rest of the dimers 17 and 18
(derived from 4,5- and 5,6-enols) where C, and Cg4 are
deprotonated, respectively.

The free energy barriers corresponding to the deprotonation
reaction are shown in Figure 7. A relatively higher energy

150 DP-TS2 water DMSO
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4,5en0l 86.1 — 86.1 ==

DP-TSI 56 enol 598 — 50,0 —=
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Figure 7. Free energy profile for the deprotonation reactions. The
numbers in the legend indicate the activation free energies. All energy
values are reported in kJ.mol ™. Transition states corresponding to the
deprotonation are denoted with letters DP. The labeling of
intermediates and transition states is the same as in Scheme 2.

barrier is required to deprotonate the dimer derived from 4,5-
enol. Furthermore, no significant differences are observed
between the free energy values of the reaction in water and
DMSO implicit solvation.

The transition state structures for the deprotonation of the
three dimers are shown in Figure 8. It is noticeable that during
the deprotonation of the dimer derived from 4,5-enol, water
molecules of the Zundel structure only have one polar group to
be stabilized, which is the —OH bonded to Cg-. The absence of
more polar groups with which the water molecules can interact
leads to a higher energy barrier. On the other hand, for cation
16 (dimer derived from 2,3-enol), water molecules are
stabilized not only by the —OH bonded to Cg: but also by
the carbonyl group at C,. In the same way, cation 18 (dimer
derived from 5,6-enol) has two —OH groups bonded to C¢ and
Cg+ with which the Zundel structure is well stabilized.

3.7. Complete Free Energy Profile. The free energy
profile for the entire reaction pathway presented in Scheme 2 is
shown in Figure 9. Aldol-addition reactions have the highest
activation free energy barriers in all of the pathways, except for
the one in which 1,2-enol is involved. These free energy
profiles also give us the thermodynamic perspective of the
reactions. In general, reactions corresponding to steps 2, 3, and
S (protonation, deprotonation, and dehydration) show positive
reaction free energies, while the aldol-addition reaction as well
as the final deprotonation of the dimers are thermodynamically
downhill. However, the overall reaction is slightly endergonic.
These results are in agreement with the values reported by
Patil et al.*® This could be the reason that humin formation in
the condensed phase biomass reactions usually occurs at
temperatures above 100 °C.
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Figure 9. Free energy profile for all of the reactions leading to the
formation of the final dimers, as a precursor for humin formation. The
activation free energies are calculated with respect to DHH
interacting with the Zundel structure and an isolated S-HMF as the
reference. The labeling of intermediates and transition states is the
same as in Scheme 2.

Although there is strong experimental evidence that
modifying the solvent medium (water vs DMSO-—water
mixtures) alters the yield of humins, the implicit solvation
model does not reveal significant differences in both the
kinetics and thermodynamics of the reactions leading to humin
formation. Further investigation of the rate-determining aldol-
addition reaction step, with explicit solvent molecules in
condensed phase (and with finite temperature dynamics), is
needed. By identifying the elementary reaction steps and
associated activation barriers, the present work laid the
foundation for the same.

3.8. Extended Reaction Mechanism for the Forma-
tion of Oligomers. The mechanistic understanding and
reaction mechanisms developed in this work allow us to
predict the subsequent steps for the generatlon of larger
oligomers, as previously pointed out by Patil et al.’’ Scheme 8
shows the reaction mechanism extended from the dimer
derived from 5,6-enol, as the pathway via this enol has the
lowest free energy barrier and is thermodynamically most
facile. This dimer can further react with S-HMF molecules
until it becomes saturated, forming a pentamer. Once this
macromolecule can no longer react with another S-HMF
molecule, it can be acid attacked to generate a nucleophilic
carbon again (as initially occurred with a S-HMF molecule)
and further react with another enol available in the reaction
medium. It can also subsequently undergo acid-catalyzed
keto—enol tautomerization.

This suggested mechanism supports aldol-addition and
condensation as the main reaction for humin formation. The
molecular structure corresponding to the oligomer shown in

Scheme 8. Extended Reaction Mechanism for Oligomeric
Humin Formation from Dimer Derived from 5,6-Enol and
S-HMF
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Scheme 8 reveals that as more S-HMF molecules react, their
carbonyl functional groups are lost, forming repeated double
bonds with carbons initially belonging to the enol molecule.
Experimentally, it has been observed through IR spectra of
humins derived from 5-HMF that the peak corresponding to
the carbonyl group of S-HMF is absent in humins. On the
other hand, the IR of humins derived from 5S-HMF reveals that
the structure of humins is rich in furan rings, which aligns with
the structure of the oligomer shown in Scheme 8.

S-HMF-derived macromolecules, as shown in Scheme 8,
would constitute humins observed in biomass reactions.
However, it is important to highlight that humins derived
from other biomass moieties, could be present too.
Experimentally it has been shown that the aromatic ring of
other organic molecules (i.e, benzaldehyde) added to the
reaction system gets incorporated into the structure of humins,
while the aldehyde group is lost. Additionally, benzaldehyde
alone did not generate humins. These experimental observa-
tions suggest that regardless of the initial species, the aldol-
addition mechanism would be the main pathway leading to
humin formation.*”*'

4. CONCLUSIONS
Pathways for acid-catalyzed reactions resulting in the formation

of humins, from S-HMF, are simulated using density functional
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theory (DFT) and the reaction free energies and the activation
free energy barriers are computed. Elementary reaction steps
involve the hydration of S-HMF to 2,5-dioxo-6-hydroxy-
hexanal (DHH), followed by the keto—enol tautomerization of
DHH and the aldol-addition condensation reaction of the
enols with S-HMF. Depending on the location of the carbonyl
group, four different enols can be formed from DHH. The
rate-determining step in this mechanism is the aldol-addition
reaction between the DHH-derived enols and 5-HMF, except
for the pathway involving 1,2-enol, where the activation barrier
is the highest for the keto—enol tautomerization step. The
rehydration of S-HMF to DHH (key promoter of humin
formation) and the overall reaction from the keto—enol
tautomerization of DHH to the formation of the dimers are
found to be endergonic. The initiation reaction pathway
computed in this work explains the subsequent chemistry of
the further polymerization of the dimer by reacting with -
HMF to form humins. The computed mechanism and the
suggested polymerization scheme are in excellent agreement
with the experimental spectroscopic evidence that suggests
aldol-addition mechanism as the main pathway for humin
formation. An implicit solvation model in DFT computations
did not reveal a significant difference in reaction energetics for
water and DMSO. Thus, to evaluate the effect of solvent on
kinetics and thermodynamics of humin formation, the key
reaction steps identified in this work need to be simulated with
explicit solvent molecules, in the condensed phase, and
possibly with finite temperature dynamics.
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