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Abstract

A batch reaction system (volume 1 L) for scaled-up production of S-HMF-based adhesive precursor solutions from industri-
ally available fructose syrup was developed. The stabilizing effect of sodium dithionite addition was demonstrated. With this
system, no concentration steps are needed in the production of adhesive precursors for wood composite board production.
The reaction system was optimized in a design of experiment approach to achieve good reaction conditions and to produce
reaction solutions with 5-HMF concentrations appropriate for adhesive synthesis. Only three runs in the adjusted system
are required to produce enough precursor for the synthesis of 10 kg of adhesive, thereby enabling the testing of the adhesive
systems in particle board trials.

Furthermore, the structure of humin side products from different reaction stages, formed from 5-HMF and byproducts by
condensation, aldol-like reactions and attack on furan ring systems, was investigated. The data were compared to information
from literature and possible elements of humin structures are proposed.

Keywords 5-Hydroxymethylfurfural (5-HMF) - Acidic dehydration - Scale-up - Adhesive precursor - Humin structure

1 Introduction

Today’s wood board industry relies heavily on fossil-based
binder systems that utilize formaldehyde as reactive com-
ponent. The replacement of fossil-based binders with alter-
natives made from renewable resources is highly desired
to reduce the environmental impact of the used systems.
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Taking particleboards as example, the adhesive accounts for
approximately 10-14 wt% of their dry mass. A worldwide
production of 95 million m* of particleboard per year [1], at
a density of around 650 kg/m?, requires approx. 6-9 mega-
tons of adhesive annually. This shows that even replacing a
part of this adhesive amount with renewable-based counter-
parts can have a major impact in terms of the sustainability
of particleboard production. Furthermore, formaldehyde has
been classified as cancerogenic by the European Union [2].
The utilization of carbohydrates, such as starch, celluloses
and hemicelluloses, which make up 75% of the available bio-
mass [3], is a desirable alternative for adhesive production.
These carbohydrates could be converted into monosaccha-
rides, such as glucose or fructose, and further to follow-up
products to replace toxic or fossil-based chemicals.
5-Hydroxymethylfurfural (5-HMF) is considered an
important bio-based platform chemical that displays poten-
tial in binder production as well as in various other fields.
Examples are the production of polyesters or green solvents
from 5-HMF secondary products, such as 2,5-furandicar-
boxylic acid (FDCA) [4]. FDCA can be produced by oxi-
dation of 5-HMF [5] and is one popular example for the
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variety of possible applications starting from 5-HMF and
its derivatives. The utilization of 5-HMF as cross-linker in
adhesive systems is a promising approach in the develop-
ment of sustainable products that could replace the currently
used fossil-based adhesive systems in the wood panel indus-
try. 5-HMF has several reaction sites that are interesting for
cross-linking: the aldehyde moiety, the alcohol group and
the furanic ring system. The research interest in 5-HMF is
high and a lot of work has been invested in studies on its
production and utilization, as evident from the rise in the
number of publications on the topic (Fig. 1).

Although 5-HMF is seen as a very potent and versatile
platform chemical, no large-scale production has been estab-
lished up to now. Only a small-scale (up to 300 t/a) commer-
cial plant is operated by AVA Biochem in Switzerland. As
a consequence, large-scale industrial availability of 5S-HMF
is not yet given [6]. This makes in situ approaches that use
5-HMF as reactant without isolation or purification very
interesting.

Good overviews of methods in 5-HMF production
and the involved solvents, catalytic systems and reaction

Fig. 1 Publications on 5-HMF
per year, keyword search for
“hydroxymethylfurfural” in
CAS Scifinder (Oct 10, 2021)
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mechanisms, are available in the literature as follows.
Van Putten et al. covered dehydration chemistry aspects
from various sources as well as process chemistry and
process technology. The review also considers nutritional
and toxicological topics and provides information on the
multiple possible applications of 5-HMF [7]. Yu et al.
focused in their review on catalytic systems and underly-
ing mechanisms [8], while Hu et al. addressed the catalytic
and autocatalytic production of 5-HMF from biomass [9].
The challenging industrial production has recently been
the topic of an account from our group [6], whereas Zhao
et al. discussed the production of 5-HMF from lignocel-
lulosic biomass in their review [10]. Slak et al. addressed
process intensification and 5-HMF separation and purifi-
cation [11] as well as a multiscale modeling approach for
(hemi)cellulose hydrolysis and cascade hydrotreatment of
5-HMF [12].

In general, 5-HMF is produced from hexoses through
acidic dehydration. One molecule of D-fructose generates
one equivalent of 5-HMF and three equivalents of water
(Scheme 1). Rehydration, elimination and ring opening from
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Scheme 1 Dehydration of fructose to 5-HMF and side reaction of 5-HMF to formic acid and levulinic acid
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5-HMF might produce levulinic acid and formic acid in an
important side reaction (Scheme 1).

In a previous publication [13], the successful production
of 5-HMF-rich binder precursors in a continuous mesore-
actor system from fructose solutions catalyzed by sulfuric
acid was reported. This “adhesive precursor” is an aque-
ous compound mixture comprising non-reacted fructose,
formed 5-HMF, the side products levulinic acid and formic
acid as well as humins (5-HMF oligomers and conden-
sation products). The publication also included detailed
information on the choice of the catalyst as well as the
solvent system. This setup achieved good 5-HMF yields of
49 mol%. There are obviously systems that achieve higher
5-HMF yields, but these systems use either organic sol-
vents (biphasic systems) or heterogeneous catalysis, which
would require additional separation steps. A drawback of
this continuous system was its limitation to maximum fruc-
tose concentrations of 15 wt% in the reaction solutions.
This was due to clogging issues at higher fructose concen-
trations. The produced solutions had thus to be concen-
trated by vacuum distillation to achieve 5-HMF concentra-
tions of ~60 g/L (~5 wt%) and to allow the production of
final precursors for binders with high solid contents. The
continuous setup was chosen for the precise reaction and
temperature control [14], which were problematic in batch
reaction systems. Inconsistent heating and cooling times
lead to irreproducible results. In this work, we tested the
hypothesis that the improvement of a batch reaction sys-
tem with a pressurized dosing system and a fast cooling
system would eliminate these effects and enable the use of
high sugar concentrations of 60 wt% in the starting solu-
tion. The important question was whether a carbohydrate-
based precursor containing the same levels of 5-HMF as
the precursor produced with the continuous reaction system
can be obtained with the improved batch reaction system,
thereby eliminating the concentration step that was neces-
sary before.

Another important part of this work was to scale the
reaction to a size that enables the production of adhesive
amounts needed for the manufacture of laboratory particle-
boards. To produce a laboratory board of 50 X 50 cm with
a thickness of 16 mm, approximately 400 g of adhesive are
needed (10% resin content in the board). The goal was a
system that allows the production of 10 kg of adhesive, an
amount that allows production of several particle boards
in one press series, in a reasonable time. At a flow rate
of 7 ml/min and with the need of the concentration of the
produced solution, this has not been easily achievable in
the continuous reaction system.

One major side reaction in the precursor production pro-
cess is the formation of black, tarry side products, usually
denoted as humins. The formation of these compounds led

to the clogging issues in the continuous reaction system.
Structural features of the humins produced in both 5-HMF
production variants, continuous and batch, were inves-
tigated and compared to data available in the literature
[15-19].

In renewable-based adhesive design, green chemistry
principles are important since the developed system will
be used to produce a sustainable binder system for wood
composites. The goal of this work is the development of
an in situ system for adhesive production that avoids the
need for solvent recycling, as well as any energy consuming
extraction or purification steps. This is achieved by the utili-
zation of a homogeneous catalyst that can remain in the final
adhesive system. With this, no additional waste streams are
generated. The environmental impact of the whole adhesive
system will be checked in a LCA analysis which is to be
published on the project homepage [20].

Gomes et al. demonstrated the stabilization of 5-HMF
during its production or distillation by the addition of
sodium dithionite (Na,S,0,) [21]. The hypothesis that the
use of sodium dithionite during the precursor production in
our batch reaction system would lead to similar stabilization
effects and therefore could reduce humin side product forma-
tion was tested and the system was optimized in a design of
experiment (DoE) approach.

2 Material and methods

Fructose, in the form of a syrup containing 70.5 wt% carbo-
hydrates (consisting of 95% fructose and 5% of other mono,
di- and trisaccharides), was supplied by Cargill Deutschland
GmbH and diluted to the desired concentrations with deion-
ized water. Sulfuric acid (H,SO,, 98% p.a.) and sodium
dithionite (Na,S,0,, EMPLURA®) were purchased from
Sigma-Aldrich (Merck Supelco).

2.1 Experiments with increasing sugar
concentrations

Producing the adhesive precursors in a conventional batch
reaction system caused problems with regard to reproduc-
ibility due to difficulties with the temperature management.
To reduce the problem with inconsistent heating and cooling
times, a biichiglasuster® versoclave Typ 4E/1.0 L reactor
(Btichi AG, Switzerland) with a pressurized dosing system
was used. In a typical experiment, the fructose syrup, con-
taining 70.5 wt% of sugar, was diluted to the target concen-
tration with deionized H,O and preheated to the reaction
temperature. Diluted sulfuric acid catalyst, the appropriate
amount to reach a final concentration of 1% in the reaction
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solution, was added and the reaction time was started. The
water used to dilute the acid was subtracted from the amount
of solvent used to dilute the sugar syrup. Experiments with
rising sugar content in the starting solution, from 10-60
wt%, at a constant reaction temperature of 120 °C were per-
formed. The reaction time was 45 min with 15 min cooling
time to below 100 °C. Batch size was 400 g or 700 g for most
of the experiments (mass of the complete reaction solution
including all reactands). In the case of the higher charge, the
cooling time to reach a solution temperature below 100 °C
was 17 min.

2.2 Modification of the batch reaction system

After the first set of experiments with rising sugar concen-
tration, a cooling system was fitted to the reactor. This was
done to achieve comparability of reactions at different reac-
tion temperatures by eliminating large differences in cool-
ing times. A system that allowed emptying of the pressur-
ized reactor in a safe, quick and reproducible manner was
developed. A metal coil cooled with cold water was fitted
between the reactor and a pressure container. Pressure from
the container was relieved through tubing into a washing
vessel filled with water for gas washing and avoidance of
air contamination and smell. The system enabled emptying
of the reactor within 1 min, thereby cooling the reaction
solution to 30—40 °C. Figure 2 shows the final reaction setup
that was used in the subsequent design of experiment (DoE)
optimization with sodium dithionite stabilization.

2.3 Design of experiment (DoE) optimization
of the reaction system with sodium dithionite
stabilization

For the DoE, a randomized two-level factorial design was
chosen. Reaction time (15, 30, 45 min), reaction temperature
(120, 130, 140 °C) and sodium dithionite content (0.1, 0.55,
1 wt% of the overall reaction mass) were the influencing
factors, with the 5S-HMF yield, the levulinic acid yield and
the mass loss during reaction (the mass of humins produced)
being the three monitored responses. The conditions for the
DoE were chosen based on previous work [13]. All reactions
were performed with a starting solution containing 60 wt%
of carbohydrates, the final catalyst content in the reaction
solution was set to 1%, and all experiments followed the
same procedure:

The fructose solution was transferred into the reactor,
batch size was 600 g with a stirring speed of 250 rpm in all
DoE experiments. Concentrated sulfuric acid was diluted
with 20 ml of deionized water and prepared for addition
in the pressurized dosing system. The reactor was sealed
and the reaction solution was heated to the desired reaction
temperature. After stabilization of the reactors jacket tem-
perature and the solution temperature, the sulfuric acid was
added to the reaction solution to start the reaction. After the
desired reaction time, the reactor was emptied into the pres-
sure container through the cooling coil, which was cooled
using an ice bath. The coil was emptied by blowing pressur-
ized air through the system and the reactor was immediately

Fig.2 A: Main reactor (1) with pressurized dosing system (2); B: cooling coil; C: reactor with installed cooling system (3) and pressure con-

tainer (4)
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filled with hot water to avoid charring of residues on the hot
reactor walls.

2.4 Humin samples for analysis

Two different humin samples were taken. The first sample
was obtained from the mesoreactor process described in our
previous work [13]. During the concentration of the reac-
tion solution to obtain the final precursor, a sticky black
polymer was formed, which was collected and dried for fur-
ther analysis. Freeze-drying was chosen as drying method
to avoid further change of the sample. The second humin
sample collected was produced during the batch reaction
process described in this work. Black, charry polymer resi-
dues were collected from the surfaces of the reactor and
the stirrer after the reaction solution had been removed
and were freeze-dried for further analysis. An ALPHA 1-4
LDplus freeze-dryer (Martin Christ Gefriertrocknungsanla-
gen GmbH, Germany) with the condenser set to -55 °C and
vacuum at 0.045 mbar was used. Figure 3 shows the appear-
ance of humin samples taken and the deposition of humins
on the stirrer of the batch reactor system.

2.5 Analytical methods

FTIR spectra were recorded on a FTIR Single-Range
spectrometer in ATR mode (PerkinElmer Frontier,
Waltham, MA, United States). A spectrum of air was
recorded as background before each measurement. Each

sample was analyzed in the range from 4000 cm™! to
600 cm™! with 8 scans per measurement and two meas-
urements per sample. The measurements are presented
as absorbance. The humin samples were freeze-dried for
48 h prior to analysis.

All reaction solutions were analyzed directly by 'H NMR
spectroscopy for determination of the 5S-HMF concentra-
tion. All '"H NMR spectra were acquired at room tempera-
ture on a Bruker Avance II 400 instrument (resonance fre-
quency 400.13 MHz for 'H) equipped with a 5 mm liquid
N, cooled probe head (Prodigy) with z gradients. For the
measurements, 500 uL of the sample solution was mixed
with 30 uL of 0.34 mM NaOAc as the internal standard and
100 uL of D,0 (99.8% D, Eurisotop, Saint-Aubin, France).
A relaxation delay of 2 s was used. Molar yields were cal-
culated based on the initial fructose amount in the reac-
tion solution. Weight percentages were based on the final
concentration of 5-HMF and levulinic acid in the reaction
solution.

Liquid NMR spectra were recorded on a Bruker Avance
II 400 (resonance frequency 400.13 MHz for 'H and
100.61 MHz for !3C) equipped with a 5 mm N,-cooled
broadband observe cryoprobe head (Prodigy) with z gradi-
ents at room temperature with standard Bruker pulse pro-
grams. The samples were dissolved in 0.6 ml of DMSO-
dg (99.8% D, Eurisotop, Saint-Aubin, France). Chemical
shifts are given in ppm, referenced to the residual solvent
signal (8y 2.49 ppm, & 39.6 ppm). All two-dimensional
experiments were performed with 1 k X256 data points,

Fig.3 A: Humin sample from the mesoreactor production process; B: Humin deposition on the stirrer of the batch reactor; C: humin sample

from the batch process (without sodium dithionite stabilization)
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while the number of transients and the sweep widths were
optimized individually. HSQC experiments were acquired
in edited mode using adiabatic pulse for inversion of *C
and GARP-sequence for broadband '*C-decoupling, opti-
mized for ! Jcuy= 145 Hz. An example of a typical 'H
NMR spectrum of the product mixture is given in the sup-
porting information, including peak assignment.

Solid state NMR experiments were performed on a
Bruker Avance III HD 400 spectrometer (resonance fre-
quency of 'H of 400.13 MHz and '*C of 100.61 MHz,
respectively), equipped with a 4 mm dual broadband CP-
MAS probe. '3C spectra were acquired by using the basic
cross-polarization sequence at ambient temperature with a
spinning rate of 12 kHz, a cross-polarization (CP) contact
time of 2 ms, a recycle delay of 2 s, SPINAL-64 'H decou-
pling and an acquisition time of 50 ms. 3 k data points were
sampled to give a spectral width of 300 ppm. Chemical
shifts were referenced externally against the carbonyl sig-
nal of glycine with §=176.03 ppm. The acquired FIDs were
apodized with an exponential function (Ib=33 Hz) prior to
Fourier transformation.

A Polyma 214 (Netzsch-Geridtebau GmbH, Germany)
was used for the differential scanning calorimetry (DSC)
measurements. Humin samples (2 — 5 mg) were measured
in a closed, high-pressure steel crucible. The device was
calibrated by measuring gallium, indium, tin and bismuth at
a heating rate of 5 K/min. Typical measurements were taken
from 20 °C to 350 °C. The data were analyzed with Netzsch
Proteus® software (Netzsch-Geritebau GmbH, Selb, Ger-
many) and Origin 2016G software (OriginLab Corporation,
Northampton, MA, USA).

Fig.4. 5-HMF yields from
starting solutions with increas- 80
ing amounts of fructose (n=1) 70

60
50

5-HMF yield

o O
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3 Results and discussion

3.1 Experiments with increasing fructose
concentrations

Experiments were conducted to determine whether the same
5-HMF levels (60 g/L) as previously produced in the contin-
uous reaction system by concentration of the solution can be
also achieved in the batch reactor by using high sugar con-
centrations from the beginning. Figure 4 shows the results
of the experiments performed at 120 °C.

The 5-HMF yield of 73 g/L, obtained at 60 wt% of fruc-
tose in the starting solution, exceeded the targeted 60 g/L.
This amount of 5-HMF proved to be sufficient to signifi-
cantly improve adhesive properties and was therefore con-
sidered quite satisfactory [13, 22]. All experiments of this
series (Fig. 4) were performed once, while the experiment
at 40 wt% fructose concentration was repeated 4 times
to test the reproducibility of the reaction results. Only
minute deviations were found: 55.1 +0.6 g/L (variation
of £ 1.1 mol%). These results confirm that the selected
setup and pressurized dosing system enable high reproduc-
ibility, inconsistencies in heating time were successfully
eliminated. While the absolute obtainable mass of 5-HMF
improved with higher (starting) fructose concentration,
the molar yield decreased from 20 to 13%. The reason
for this is that the (starting) fructose concentration was
increased while the catalyst concentration remained the
same. Since also side product formation (see humin depo-
sitions in Fig. 3) increases at higher fructose concentra-
tions, optimization of this system was required. This was

40
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2
e | B8 [ B8 [ B8 [ B8 [ B8 [
0
10 20 30 40 50 60

fructose content starting solution [% w/w]

H[g/L] m[mol%]



Biomass Conversion and Biorefinery (2024) 14:8711-8728

8717

also one reason for including the stabilization experiments
with sodium dithionite in the DOE.

While the pressurized dosing system used in the inves-
tigation with different fructose starting concentrations
allowed the precise setting of heating times, the difference
in cooling times still rendered the comparison of reactions
at different temperatures difficult. Cooling a batch reactor
from 140 °C to < 100 °C takes significantly longer than
cooling from, e.g., 120 °C. This results in a longer time
at elevated reaction temperature after the desired reaction
time, which leads to incomparable results, since the reac-
tion temperature is no longer constant during the cooling
process. Therefore, the above-mentioned cooling system
(see 2.2.) was designed and installed. Experiments con-
firmed that efficient cooling to < 50 °C was achieved from
all reaction temperatures up to 140 °C in under 1 min.
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Since the reaction rates of the dehydration reaction are
very low below 100 °C, this was sufficient to make com-
parison of different reaction temperatures feasible.

3.2 Batch reaction optimization results (DoE)

The three main responses (to the factors reaction temperature,
reaction time and sodium dithionite concentration) studied in
the DoE setup were the 5-HMF yield, the levulinic acid yield
and the yield loss during the reaction. The latter corresponds
to the humin formation during the reactions and is based on
the reasonable approximation that all side reactions of fruc-
tose not affording 5-HMF eventually lead to humins. Figure 5
depicts the influence of the three main factors on the 5S-HMF
yield. Of these influencing factors, the reaction temperature
had the largest influence on the outcome, followed by the
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Fig. 5 Influence of the reaction time [min] and the reaction temperature [°C] on the 5-HMF yield [mol%] at different sodium dithionite contents

of 0.1, 0.55 and 1 wt%
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Fig.6 Influence of the reaction time [min] and the reaction temperature [°C] on the levulinic acid yield [mol %] at different sodium dithionite

contents of 0.1, 0.55 and 1 wt%
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used stabilizer content. The reaction time was found to have
the least impact. All three factors were statistically significant
for the 5-HMF and levulinic acid yield models.

For the 5-HMF yield, the developed model showed a
good fit for the data, with an R%?=0.9365, no significant lack
of fit and a model p-value of 0.001.

Figure 5 obviously shows that the temperature had a
greater influence on the outcome than the reaction time.
Sodium dithionite addition generally slows the reaction
down and leads to lower yields. Although this is not directly
desired for 5-HMF, this drawback is overcompensated by
a strong reduction of side product formation. As shown in
Fig. 6, the yield of levulinic acid is decreased from a maxi-
mum of 4 mol% to < 1.5 mol%. The developed model for
levulinic acid formation showed R?=0.9130, no significant
lack of fit and a model p-value of 0.0025. This indicates
that the model is significant and can well be used to predict
levulinic acid yields.

Unfortunately, the developed model was not significant
for the mass loss (humin mass formed) during the reaction.
This is most likely due to the emptying process for the cool-
ing system, which was emptied by blowing pressurized air
through the tube. This process was not strictly reproducible
and had no defined end point, which makes it likely that it
was not always carried out in the exact same way and for
the same time. This may have led to incomplete collection
of the reaction solution. However, it was evident that the
reactions in the presence of 1 wt% of sodium dithionite lead
to nearly no humin deposition on the inner reactor surfaces
and the mass loss in these reactions remained constant. The
deposition of insoluble humins during the reaction run was
nearly completely eliminated. Some thin layers of deposits
formed eventually during the emptying process on the hot
reactor surfaces and could be easily removed.

With this accumulated reaction data, good conditions
for the production of the adhesive precursor in this reaction
system were identified: 140 °C, 33 min and 1 wt% sodium
dithionite. The reaction carried out at these conditions
yielded 13.4 mol% 5-HMF (69 g/L). The prognosis (DoE)
15 mol% 5-HMF yield where not reached, which means that
the model could be further refined. In an attempt to further
improve the reaction conditions, the reactor was pressur-
ized to 0.35 MPa before the heating of the solution to avoid
foaming and the stirring speed was raised to 400 rpm. Also,
the reaction volume was increased to 1000 g, which is close
to the maximum capacity of the reactor (volume of 1 L).
After this adjustment, the reaction had a constant yield of
73 +3 g/L (n=6) which corresponds to 5.9 wt% of 5S-HMF
in the final precursor and a yield of 14.15 mol% 5-HMF.
This is already very close to the predicted 15 mol% of the
DoE model. On average 980 g of reaction solution were col-
lected in these reaction runs, which corresponds to a mass

@ Springer

loss of only 3 wt%, which can be further reduced by optimi-
zation of the cooling system.

Although the reaction mechanism of the 5-HMF stabi-
lization by sodium dithionite still remains speculative, the
positive effect of sodium dithionite on the reaction system as
reported by Gomes et al. [21] was confirmed. The stabilizing
impact of the reducing agent on this reaction points either to
a possible involvement of oxidation processes during 5-HMF
degradation or polymerization, which are impeded, or to a
discrimination of follow-up reactions leading to humins and
levulinic acid over the targeted formation of 5S-HMF from
fructose.

3.3 5-HMF-rich precursor stability and utilization

To see whether the precursors produced with the batch reac-
tion system had good storage stability, samples of precur-
sor were stored at room temperature for one week and the
5-HMF concentration was determined again. The concentra-
tion of 5-HMF dropped by 0.3 wt% within one week, point-
ing to condensation of 5-HMF, since levulinic acid levels
remained constant. Neutralization of the precursor solution
with NaOH reduced the 5-HMF loss to 0.2 wt%. Further-
more, the neutralization of the solution caused dissolution
of the small particles, which were present in the acidic pre-
cursor. This effect is shown in the microscopic images in
Fig. 7. This behavior points to the presence of substances
of higher molecular weight (oligomers). It is assumed that
these substances contain acidic functions, such as carboxylic
acid and phenolic hydroxy moieties, since this would lead to
better solubility as the solution gets less acidic (increasing
pH). This behavior is well known from polyphenols or some
technical lignins, for instance.

The formation of small 5-HMF oligomers should not
interfere with later resin synthesis, it might even improve the
adhesives’ performance. Nevertheless, the stability results
suggest that the precursor is not stable for long time periods
over weeks and should be used soon after production.

The obtained adhesive precursors were successfully
used in adhesive synthesis. The optimization of the syn-
thesis is to be presented in a follow-up publication [23].
The adhesives are produced using bishexamethylene tri-
amine as an additional cross-linker in the fructose/5-HMF
system. This leads to structurally very complex adhesive
mixtures, since multiple reactions can occur between the
cross-linkers, the fructose and the side products of the pro-
duction process. The scaling process to produce enough
precursor for the production of 10 kg of adhesive in a rea-
sonable time frame was successful. The adhesive amount
required for one particleboard press series was success-
fully synthesized with the precursor produced in only
three runs in the batch reaction system. Since the reaction
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Fig. 7 Micrographs of the acidic (A) and neutralized (B) precursor solutions
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Fig.8 Overlay of the fingerprint region of the FTIR spectra of fructose, 5-HMF, and two humin samples. Bands from the furan core are indi-

cated by vertical lines
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solution is heated to the desired temperature before start-
ing the reaction, the upscaling to industrial scale should
be easier for the present system than for alternatives. The
pressurized dosing system is realized quite easily also on
industrial scale, employing available external pressure
sources. In addition, the pressure in the batch reaction is
quite moderate, being set to 0.35 MPa and never reaching
more than 0.5 MPa during the reaction. These pressures
are low in comparison to those in various other industrial
processes [24].

Detailed results from the particleboard trials will be dis-
cussed in a follow-up publication [25]. Related rheokinetic
properties of the produced adhesives have already been dis-
cussed [13, 22].

3.4 Analysis of humin side products

FTIR spectra of the humin byproducts from concentrated
mesoreactor solution and those from batch precursor pro-
duction, measured after freeze-drying, are shown in Fig. 8.
The spectra of fructose and 5-HMF are listed for compari-
son. As shown in Fig. 8, the furanic bands at 1521 cm™,
1020 cm™!, 964 cm™! and 780 cm™! remain present also
in the formed humins. This indicates, as also published by

Ghatta et al. [16], that the furanic moiety remains stable

— Fructose solid

— HMF reference
Freeze dried Humins, Mesoreactor
Freeze dried humins, batch reactor

Absorbance

1500 1800 1700 600 1500 1400

Newly formed
C=01705 cm

Newly formed
C=C 1612 cm™*

0O-H deformation 1400 cm!

decreasing

| [V
: Jodend

Wavenumber [cm™]

during the humin formation process or is incorporated as
structural units into ladder-type furan-quinoid oligomers as
identified by Rosenau et al. [12].

The decrease of the peaks at 1400 cm~! (OH deforma-
tion), 1200 cm™! (C—OH) and 720 (CH, rocking) points to a
polymerization via the -OH moiety of the 5-HMF molecule.
These signals are marked in Fig. 9.

Furthermore, similar to observations by Shen et al. [18],
the formation of new peaks at 1705 cm™' and 1612 cm™!
was observed. Shen et al. assigned these peaks to the C=0
and C=C peaks formed by the aldol-like condensation
of 5-HMF with levulinic acid (Scheme 2). The original
C =0 aldehyde peak of 5-HMF is slightly decreased in
the formed humins, therefore it is likely that the aldehyde
moiety takes part in the reaction, but is not the main reac-
tion side during humin formation. This thesis is also sup-
ported by a small band at around 2930 cm™!, which can be
assigned to aldehyde C-H bonds found in the humin spec-
tra. Finally, a new band at 1061 cm™!, can be assigned to
C-0-C moieties formed during the reaction. This C-O-C
band along with the strong absorption around 1600 cm™!
argues in favor of intact furanoid systems and/or benzoid
moieties being formed. The humins collected from the
mesoreactor can be seen as early-stage product, since the
band characteristic for humins can already be detected but
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-CH, rocking 720 cm™*
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Fig.9 Overlay of the fingerprint region of the FTIR spectra of fructose, 5-HMF, and two humin samples. Bands from the -CH,-OH moiety and

newly formed bands are indicated by vertical lines
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are not as pronounced as in the spectrum of the humins
from the batch reaction system. An overlay of the full FTIR
spectra can be found in the supporting information as well
as a full "H NMR spectrum of the products of a typical
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conversion from fructose to 5-HMF. Figure 10 depicts the

region from 6 to 10 ppm of such a '"H NMR spectrum.
The prominent doublets at 6.50 and 7.36 ppm originate

from the furan ring hydrogens in 5-HMF, the singlet at
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Fig. 11 'H-'*C HSQC spectrum
(with peak assignment) of
humins produced during the
mesoreactor process
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9.28 ppm from its aldehyde hydrogen. The small resonances
next to the dominant ones, at 6.59, 7.30 and 9.30 ppm and
indicated by arrows in Fig. 10, are assigned to the 5S-HMF
dimer (compound 2 in Scheme 2), which is formed from
5-HMF by etherification. The detection of these peaks and
their assignment is in line with reports from Gomes et al.
[21] and Shen et al. [18]. The formation of such dimers
also agrees with the formation of new C—O-C bands at

150.6

1061 cm™! in the FTIR spectra. The small peak at 8.13 ppm
originates from formic acid.

The HSQC spectrum of the humin precursors obtained
from the mesoreactor solutions (Fig. 11) did not present
a lot of new information. All major peaks found could
be assigned to either 5-HMF, fructose or levulinic acid,
the main components in the reaction solution. On the one
hand, this suggests that residual fructose and 5-HMF are
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Scheme 3 5-HMF acetal forma-
tion as proposed by Shen et al.
[18] and al Ghatta et al. [16]

H X2 o OH
0 X 0 0

/+ 5-HMF

Yoo L~

+ 5-HMF/ ’

\

H o)
O?{\E.)_/O
/ o “/
s o)

m/z 467

incorporated in the final humin structure by either etheri-
fication, strong non-covalent interaction (hydrogen bond-
ing) or also physical entrapment. On the other hand, the
proposed ladder-type oligomers as humin-like structures
[19] are highly symmetric and possess very few detectable
protons which, in addition, can undergo H-D exchange
which additionally reduced detectability in 'H NMR. The
resonances around 3.5 ppm / 60—80 ppm can be assigned
to either fructofuranose or tetrahydrofurane intermediates
(rehydrated furans). C1 and C6 of fructofuranose lead to
signals at 63 and 64 ppm in the 1*C spectrum with cor-
responding peaks at 3.2 and 4 ppm in the 'H spectrum,
C3 and C4 are found at 75.3 and 75.7 ppm and 3.8 ppm,
respectively, and C5 at 82 ppm and 3.5 ppm. Resonances
were extracted from the HSQC spectrum and assigned
according to Kalinowski—Berger—Braun [26].

To gain more information on the structure of humin sam-
ples, despite the relative silence of the 'H spectra, a solid-
state 3C NMR spectrum was recorded (Fig. 12). Again, the

(O
OH
+ levulinic acid
)
X 0] AN
H
0 \ o
0 0
H 0] O
| —
o
O
© 0]
H
@]

signals of the furanoid structures at around 150 and 110 ppm
were very prominent. Also, the resonance around 177 ppm
corresponds to the aldehyde carbon in 5-HMF or benzoqui-
noid (conjugated) keto groups as in the ladder-type oligom-
ers (Scheme 4). Only a weak signal is found for the original
hydroxymethyl group of 5-HMF at 56 ppm, again suggest-
ing consumption of this moiety. Peaks at 65 or 70 ppm can
be assigned to -CH2-OR moieties as, e.g., in the 5S-HMF
dimer (compound 2, Scheme 2). The region of fructofura-
nose or hydroxylated tetrahydrofurans has relatively low
intensity, indicating more complete consumption than in
the above-discussed humin precursors from the mesoreac-
tor process. Peaks above 185 ppm point to the formation
of new keto functionalities, while the high-field resonances
below 40 ppm indicated aliphatic (methylene and methyl)
groups, probably originating from levulinic acid products.
As already mentioned in the section on FTIR analysis, this
incorporation could happen through aldol-type condensation
of the 5-HMF aldehyde with levulinic acid as the initiating
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Scheme 4 Chromophores tentatively formed upon humin formation based on MS data

step, as shown in Scheme 2. The formed intermediate (E)-
6-[5-(hydroxymethyl)furan-2-yl]-hex-4-oxo-5-enoic acid
(compound 4 in Scheme 2) has been detected and confirmed
by Shen et al. [18] by HPLC-MS and comparison with the
authentic compound. Amarasekara et al. [27] synthesized the
compound in a base-catalyzed aldol condensation of 5-HMF
with levulinic acid, with the reported '>*C NMR being in
good accordance with those in this work. The region around
125 ppm indicated a C=C double bond as the one in this
compound or the quinoid double bonds of oligomers simi-
lar to those in Scheme 4. The lower intensity of the sig-
nal can be explained by the relatively low abundance of
olefinic structures not carrying a hydroxyl or ether moiety
(cf. Scheme 4).

Scheme 2 depicts the initial side reactions of 5S-HMF
that are likely to occur during the humin formation process.
Compound 3 was also reported by Badoux et al. [28] in a
patent application for the swiss company AVA Biochem, the
only industrial 5-HMF producer. Compound 5 was synthe-
sized as alternative aldol condensation product of levulinic
acid and 5-HMF by Amarasekara et al. [27] under base

@ Springer

catalysis. Compounds 6 and 7, the levulinate and formiate
that are formed by esterification reaction with 5-HMF, were
confirmed by Shen et al. [18] by HPLC-MS and comparison
with the authentic compounds.

Both Shen et al. and al Ghatta et al. propose the forma-
tion of acetals during the reaction (Scheme 3). We consider
this formation as highly unlikely under our reaction condi-
tions, since acetals usually are not stable in acidic environ-
ment. Similarly, hemiacetals as in furanoses and pyranoses
are opened up quickly via oxacarbenium ions and furans
undergo complex dehydration/rehydration processes [29].
5-HMF acetals have even been used by Kirchhecker et al.
[30] to enable acidic debonding of polyurethane adhesives.

The depicted tetramer unit (compound 8, Scheme 3)
was proposed based on a peak in the mass spectrum at
m/z=467. We propose an alternative structure for this
compound (Scheme 4), formed by attack of the protonated
aldehyde moiety on the furanic ring of a second 5-HMF
molecule and possible subsequent ring closure. This reac-
tion is strongly favored by the acidity of the medium and the
furan structure being highly electron-rich. The formation
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Scheme 5 Structural elements (color coded) in the formed humins: formic acid (yellow), levulinic acid (black) and compounds 2 (gray), 4 (red),
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of such a ring system explains the strong coloration of the
reaction solution, even at low levels of 5-HMF formation,
while all structures in Scheme 3 would be colorless in pure
form (no conjugation beyond the furan system). Tentative
structures of these strong chromophores, which also explain
the mass peak of m/z=249 found in the mass spectrum
by al Ghatta et al., are shown in Scheme 4. Similar struc-
tures were reported by Rosenau et al. in their work on the
chromophores from hexeneuronic acids [15]. Their optical
electronic structure has been studied by Kumart et al.[31]
Although the above indications render it likely that humins
are at least to certain extent represented by such structures,
conclusive proof for their formation is not provided by the
solid-state '>*C NMR and IR data.

Taking all this gathered information into account, we pro-
pose the formed humins to possess the following structural
elements (Scheme 5).

The DSC measurements of the humin samples (Fig. 13)
showed that the humins from the batch reactor were stable
in the range of 50-300 °C. This is different from the case of
the humins formed in the mesoreactor process, which show
a clear reaction peak at 167 °C, with a small remaining con-
tribution of the fructose decomposition peak at 218 °C. This
supports, as already mentioned above in connection with the

FTIR spectra, that the humins from the mesoreactor process
can be seen as intermediates of the larger structures formed
in the batch process.

4 Conclusion

An adhesive precursor solution based on high-fructose
syrup, containing 5-HMF levels suitable for adhesive syn-
thesis, was successfully produced in an adjusted batch reac-
tion system. The reactor was equipped with a pressurized
dosing system to allow precise heating times and with a
cooling system that eliminates differences in cooling time,
which ensured comparability of reactions at different tem-
peratures. Sodium dithionite was successfully used to reduce
byproduct formation and the reaction conditions were opti-
mized in a DoE approach, with 140 °C, 33 min reaction
time and 1% Na,S,0, content (yielding 73 g/L of HMF) as
the outcome. The reaction temperature was found to have
the biggest influence on the reaction, followed by the sta-
bilizer content and the reaction time. The precursor needed
for the production of 10 kg of adhesive was produced in
only three runs in the batch reaction system, which was not
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Fig. 13 DSC analysis of humin samples and fructose syrup at 5 °C/min

easily achievable with the continuous reaction system, so
that now the testing of the new adhesive systems in particle
board trials was possible.

Samples of the major humin byproducts produced during
the adhesive precursor synthesis were collected from the
batch process and the previous mesoreactor process. These
samples were analyzed with NMR and FTIR spectroscopy
as well as differential scanning calorimetry, and the gath-
ered data were compared to the available literature on humin
structure. With the collected information, possible structural
elements of humin matter, in agreement with all available
analytical data, were proposed.
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