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Abstract
The hydrolysis of lignocellulosic biomass results in the production of so-called fermentation inhibitors,
which reduce the efficiency of biohydrogen production. To increase the efficiency of hydrogen production,
inhibitors should be removed from aqueous hydrolysate solutions before the fermentation process. This
paper presents a new approach to the detoxification of hydrolysates with the simultaneous formation
of in-situ deep eutectic solvents (DES). In the first stage of the study, inhibitors were identified in the
real hydrolysate samples using high-performance liquid chromatography (HPLC). Four monoterpenes were
tested for their potential to extract furfural (FF) with simultaneous DES formation. An optimization
process of the most important parameters affecting the extraction process and DES formation (Thymol:FF)
was conducted using the Central Composite Design (CCD) model. A temperature of 40 ◦C, pH of 7, mHBD :
mHYD ratio of 2:1, and time of 50 min were selected as the optimal conditions. These results indicate
the high efficiency of FF removal from hydrolysates (92.1–94.6%) in a one-step process. Meanwhile, the
structural properties of the formed DES measured by Fourier-transform infrared spectroscopy (FT-IR) and
Nuclear magnetic resonance spectroscopy (NMR) differed only slightly from those of the DES composed
of pure substances (Furfural and Thymol).
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1. INTRODUCTION

Currently, biohydrogen is considered an environmentally
friendly fuel with the potential to replace fossil fuels Guo
et al., 2010; Parkhey et al., 2019; Redondas et al., 2012).
The two most commonly used methods for the production of
hydrogen are steam-methane reforming and water electroly-
sis Dash et al., 2023). However, in recent years, increasing
attention has been paid to obtaining biohydrogen from waste
materials using biological methods. There are environmental
advantages to this solution, including the utilization of non-
recyclable waste and the replacement of conventional fossil
fuels with more environmentally friendly alternatives Rathi
et al., 2022). The main raw material for biohydrogen pro-
duction is lignocellulosic biomass, that is, food waste, agri-
cultural waste, or wood. The first step in the production of
biohydrogen is biomass hydrolysis Rodionova et al., 2022).
During this process, lignin and hemicellulose are converted
into simple fermentable sugars, including glucose, cellobiose,
xylose, galactose, mannose, and arabinose. During hydrolysis,
fermentation inhibitors are also generated. Phenols, polyphe-
nols, furans, and carboxylic acids are formed, which tend to
inhibit cell growth and enzymes involved in glycolysis. Conse-
quently, fermentation inhibitors hinder biohydrogen produc-
tion during fermentation. The substances occurring in high
concentrations in hydrolysates that have a significant impact
on reducing biohydrogen production are furans (furfural (FF)

and 5-hydroxymethylfurfural (HMF)) Palmqvist and Hahn-
Hägerdal, 2000). On the other hand, they are also valuable
substances that are used in industry to produce inks, plastics,
adhesives, and fertilizers, and to synthesize furfuryl alcohol,
tetrahydrofuran, and levulinic acid. Therefore, the separation
of furans from hydrolysates has the benefit of producing more
biohydrogen, as well as obtaining valuable chemicals (Eseyin
and Steele, 2015).

Currently, processes such as membrane filtration and extrac-
tion, adsorption, ion exchange, and liquid-liquid extraction
(LLE) are mainly used to separate furans from aqueous solu-
tions Carvalho et al., 2006; Doddapaneni et al., 2018; Grzenia
et al., 2012; Ludwig et al., 2013; Pan et al., 2019). Most of
these processes are expensive, complicated, nonselective, and
may result in sugar losses. Among the aforementioned meth-
ods, the LLE technique appears to be the most attractive
because of its high selectivity and efficiency, simple recov-
ery of FF and HMF, and low-cost procedure Wang et al.,
2021). In addition, the use of a suitable extraction solvent
(non-toxic, biodegradable, low-volatility, and non-flammable)
can contribute to ensuring a fully “green” process. Extrac-
tion solvents should also exhibit high affinity for furans, high
hydrophobicity, and low viscosity to ensure high extraction
efficiency. Conventional extraction solvents such as toluene,
xylenes, ethylbenzene, isopropyl acetate, ethyl acetate, and
isobutyl acetate have been studied for FF and HMF recovery
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from a model or real hydrolysates. Cui et al., 2018; Dietz et
al., 2019; Roque et al., 2019). However, they do not meet
the standards for green chemistry and engineering. There-
fore, increasing attention has been paid to the development
of new alternative solvents.

Recently, compounds known as deep eutectic solvents (DES)
have attracted considerable interest. DES are liquids formed
by combining two or three substances, the so-called hydrogen
bond donor (HBD) and hydrogen bond acceptor (HBA). Spe-
cific non-covalent interactions between HBA and HBD result
in mixtures with melting points (MP) much lower than the
MP of the individual components. DES have physical and
chemical properties similar to those of ionic liquids (ILs); but
their synthesis is much simpler and less expensive. Using sub-
strates of natural origin renders absorbents based on DES less
toxic and more biodegradable than commercial absorbents.
Despite the favorable properties of DES, only a several stud-
ies on FF and HMF extraction can be found in the litera-
ture Darwish et al., 2023; Kucharska et al., 2021; Lee et al.,
2019; Makoś et al., 2020; Makoś-Chełstowska et al., 2022a;
McGaughy and Reza, 2020). In the mentioned papers, DES
including Camphor:3,4-xylenol (1:2), Camphor:Dodecanol
(1:2), Camphor:Decanoic acid (1:2), Carvone:Menthol (1:1),
Camphor:Guaiacol (1:1), Camphor:Thymol (1:1), Cam-
phor:Octanoic acid (1:1), Choline chloride:Guaiacol (1:3)
were tested. The obtained results were satisfactory, but the
procedure was complex. In all studies, the procedure con-
sisted of three steps: DES synthesis, furfural extraction, and
recovery of FF and HMF from DES. The complexity of the
process significantly increases the cost and execution time.

The literature data lacks studies involving simultaneous in-
situ extraction and formation of deep eutectic solvents. The
challenge of the new extraction approach is primarily the se-
lection of an appropriate extractant that will ensure high ex-
traction efficiency with the simultaneous formation of DES.
Therefore, the paper presents research using a new approach
to the extracting fermentation inhibitors by adding one sub-
stance (HBD) to an aqueous solution capable of forming
hydrogen bonds with fermentation inhibitors. After combin-
ing, the substances form DES, which can be easily separated
from the aqueous solution. The first stage of this study in-
volved the identification and determination of fermentation
inhibitors in various hydrolysates. Next, various substances
capable of forming DES were tested under the model condi-
tions. The substances that created the second phase after the
extraction process were subjected to further analysis. An op-
timization procedure was performed using the Central Com-
posite Design (CCD) model to ensure the highest extraction
efficiency for fermentation inhibitors. In addition, structural
studies using the FT-IR method, as well as studies of the
basic physicochemical properties, including density, viscosity,
and surface tension, were carried out for the formed DES.
Therefore, the presented approach may be considered as a
significant contribution to the field.

2. MATERIALS AND METHODS

2.1. Materials

Thymol (≥ 98:5%), menthol (99.0%), eugenol (98.0%),
carvone (99.0%), eucalyptol (99.0%), furfural (99.0%),
5-hydroxymethylfurfural (98.0%), 4-hydroxybenzoic acid
(99.0%), vanillin (99.0%), acetonitrile (≥ 99:9%), methanol
(≥ 99:9%), and propionic acid (99.5%) were purchased from
Sigma Aldrich (St. Louis, MO, USA) and CHEMAT (Gdańsk,
Poland). Sodium hydroxide (p.a) and hydrogen chloride (p.a)
were purchased from Avantor Performance Materials Poland
(Gliwice, Poland).

Potato pulp peelings were applied as raw materials for hydrol-
ysis. Potato pulp contains saccharidic polymers and therefore
is a nutrient medium for microorganisms (during composting)
or a source of starch and lignocellulose, due to the presence
of terrestrial plant parts. The handling of potato wastes is
important not only because of the recovery of carbon and ni-
trogen sources, but also due to the environmental and water
protection.

2.2. Methods

2.2.1. Hydrolysis of potato pulp peelings

Potato pulp peelings were pretreated using alkaline hydrol-
ysis. Conditions of the process were defined in the range of
three parameters, i.e. hydrolysis time 30–70 h; amount of
biomass subjected to hydrolysis 1–3 g; concentration of hy-
drolysing agent NaOH 0.5–1.5%. For the process conditions
for which the greatest changes in the polymer structure were
identified, optimization of the extraction of obtained sub-
stances of secondary polysaccharide transformations was car-
ried out (please refer to Table 1).

2.2.2. Determination and identification of fermentation
inhibitors

Analysis for identification and determination of inhibitors was
performed using Beckman System Gold(R) high-performance
liquid chromatography (HPLC) (Beckman Coulter Inc.,
Fullerton, CA, USA) coupled with a single-beam system Gold
166 UV-VIS detector (Beckman Coulter Inc., Fullerton, CA,
USA), a differential refractometric detector (Knauer Smart-
line RID 2300, Berlin, Germany), and a Kinetex 2.6 µm col-
umn, 100 × 4:6 mm, Polar C18 100 Å (Phenomenex, Tor-
rance, CA, USA), which was thermostated at 35 ◦C. The
LpChromr software (Lipopharm, Zblewo, Poland) was used
to record and process the results.

An eluent with the composition water: methanol: acetonitrile:
propionic acid (87:4:8:1 v/v) was used for HPLC analyses.
Before each analysis, the model and real hydrolysate samples
were filtered through a 0.45 µm hydrophilic syringe filter. The
volume of the test sample was 50 µL.
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2.2.3. In-situ DES preparation and extraction

Selected chemical compounds including thymol, menthol,
eugenol, carvone, and eucalyptol were added to the vial with
20 mL of real or model hydrolysates. The model hydrolysate
was prepared by dissolving 1 mL furfural in 200 mL water.
After the addition of 20, 200, or 2000 mg of HBD to the
hydrolysates, the mixture was magnetically stirred at 80 ◦C
for 30 min.

Next, the mixture was centrifuged for 5 min at 5000 rpm.
Subsequently, two phases were formed. The upper phase
(DES) was transferred to a 2-mL vial and the bottom phase
(hydrolysate) was filtered through a 0.45 µm syringe filter
and analysed with UV-Vis detector at 284 nm. The extrac-
tion efficiency (% EE) was calculated using Equation (1).

EE [%] =
CIN − CFIN

CIN
(1)

where: CIN – initial concentration of FF in hydrolysates, g/L;
CFIN – concentration of FF in hydrolysates after extraction
process, g/L.

2.2.4. DES characterization

Rheological and structural property tests were performed for
the obtained DES in the temperature range 20–60 ◦C at at-
mospheric pressure. To study the viscosity of the DES, a vis-
cosity meter (BROOKFIELD LVDV-II + viscometer (AME-
TEK Brookfield, Middleboro, MA, USA) was used. A DMA
4500 M density meter (Anton Paar, Graz, Austria) was used
to determine density of DES. In addition, to determine the
melting points (MP) of the new DESs, a cryostat (HUBER,
Germany) was used. The DESs were cool to –30 ◦CC and
then the temperature was increased at a rate of 1 ◦C/min.
The temperature at which a complete transition from solid
to liquid was observed was considered the melting point.

The structural properties of DES were analysed using Ten-
sor 27 FT-IR spectrometer (Bruker, Billerica, MA, USA)
with an ATR adapter and OPUS software (Bruker, Biller-
ica, MA, USA). The following FT-IR parameters were used:

spectral range, 4000–550 cm−1; resolution 4 cm−1; number
of sample scans 256; number of background scans 256; slit
width: 0.5 cm. The nuclear magnetic resonance spectroscopy
(NMR) measurements were done at 20 ◦CC by using Bruker
Avance III HD 400 MHz (Bruker, USA). Samples for NMR
analysis were prepared in 5 mm tubes by inserting 0.3 mL of
DES and 0.4 mL of methanol-d1.

3. RESULTS AND DISCUSSION

3.1. Determination and identification of inhibitors
fermentation

During the pretreatment of lignocellulosic biomass, a wide
spectrum of additional organic compounds is created. Sug-
ars, i.e., pentoses and hexoses undergoes secondary trans-
formations and a group of diversified organic derivatives ap-
pears in the liquid phase. The formed organic compounds
can alter the metabolic pathway of bacteria used in dark fer-
mentation or inhibit biofuel production completely. In this
study, five hydrolysates obtained after alkaline hydrolysis un-
der various conditions were tested. Four fermentation in-
hibitors were identified in the samples, including FF, HMF,
4-hydroxybenzoic acid (4HBA), and vanillin (Van). FF is a
dehydration product of pentoses, while HMF is formed from
hexoses. The other identified fermentation inhibitors resulted
from lignin decomposition.

The results are presented in Table 1. FF was present in the
highest concentrations in all samples tested; therefore, FF
was used for further analysis under model conditions.

3.2. In-situ DES preparation and extraction

In the first step of the study, various types of HBD were
added to hydrolysate samples. The obtained results indicate
that only four types of DES can be formed: Eugenol:FF,
Carvone:FF, Menthol:FF, and Thymol:FF. The highest fur-
fural extraction efficiency was obtained using thymol. Thy-
mol has an active –OH group that can form strong hydrogen

Table 1. The content of inhibitors formed during alkaline hydrolysis.

Inhibitors [mg/mL]
No.

Hydrolysis
time [h]

Amount of
biomass [g]

Concentration of
NaOH [%] HMF FF 4HBA Vanillin

1 70 3 1.0 0.029 0.034 < LOD 0.004

2 70 2 1.5 0.012 0.718 0.007 < LOD

3 45 1 1.5 0.018 0.049 0.003 < LOD

4 45 3 1.5 0.041 0.098 0.004 < LOD

5 45 2 1.0 0.029 0.109 < LOD 0.003

*LOD= 0.003mg/mL (HMF); 0.002 mg/mL (FF, vanillin); 0.001 mg/mL (4HBA).
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bonds with aldehyde and furan groups in the FF structure.
The other HBD showed excessive water solubility and lack
of affinity for FF. The addition of different amounts of FF
(20 mg, 200 mg, and 2000 mg) to the model hydrolysates
was tested. The results showed that as the concentration of
FF increased, the extraction efficiency and formation of DES
increased (Fig. 1). This was due to an increase in the number
of active sites that were duplicated to form non-covalent in-
teractions (i.e., hydrogen bonds or electrostatic interactions)
with FF. Therefore, a DES consisting of 2000 mg of FF was
used for further studies.

Figure 1. Extraction efficiency of furfural from model
hydrolysates using various HBD.

To ensure the highest efficiency of FF removal with simul-
taneous DES formation, process optimization was performed
using the CCD model based on previous studies Makoś and
Boczkaj, 2019; Makoś et al., 2020; Makoś-Chełstowska et al.,
2022b). The experimental ranges and levels of parameters are
listed in Table 2.

Table 2. Extraction efficiency of furfural from model
hydrolysates using various HBD.

Ranges and levels
Variables

Coded
name −¸ –1 0 +1 ¸

Time [min] A 10 20 30 40 50

pH [–] B 1 4 7 10 13

Temperature [◦C] C 20 30 40 50 60

mHBD : mHYD [–] D 1:2 1:1 1.5:1 2:1 2.5:1

Analysis of variance (ANOVA) was performed to select the
most significant parameters and their interactions affecting
FF extraction. Statistical p-values and F -values were adopted
as criteria at a 95% confidence level. A p-value > 0:05 was
adopted as a statistically insignificant factor in the CCD
model. The obtained results indicate that the prepared model
was statistically significant, owing to the p-value < 0:0001
and F -value of 18.43. The p-value of the lack of error was

equal to 0.303 relative to the pure error, which means that
it was statistically insignificant. The response Equation 2 ob-
tained for the model can be expressed as follows:

YFF = 74:66 + 0:213 · A+ 4:657 · B − 0:073 · C
+ 42:24 ·D + 0:00387 · A2 − 0:2356 · B2

+ 0:00460 · C2 + 6:11 ·D2 − 0:0371 · A · B
− 0:00661 · A · C − 0:3207 · A ·D
− 0:0073 · B · C − 1:039 · B ·D (2)

where: YFF – the FF extraction efficiency (%); A, B, C, D –
the independent variables.

The obtained model showed a high determination coefficient
R2 of 95.18%, high values of predicted determination coeffi-
cient R2

(pred) of 62.24%, and an adjusted determination coef-
ficient R2

(adj) of 90.02%. The results indicated a satisfactory
correlation between the experimental results, good model fit,
and the ability to predict responses to new data. The follow-
ing parameters and the interactive effect of parameters were
found to be significant D, B2, D2, A · B, A · D, B · D, and
C ·D, due to a p-value lower than 0.05.

The first parameter studied was extraction time. The re-
sults showed that the efficiency of FF removal from the hy-
drolysates increased with increasing extraction time. A longer
extraction time increased the mixing time of the solution. It
is probable that an extraction time that is too short con-
tributes to insufficient mixing (Makoś and Boczkaj, 2019).
Consequently, it is not possible to properly arrange the FF
and thymol molecules for the active sites to form hydrogen
bonds. The maximum extraction efficiency was achieved af-
ter 50 min.

Another parameter studied was the pH of the hydrolysates.
The pH was tested in the range 1–13. The results showed
that a neutral pH of 7 provided the highest FF extraction
efficiency. The reduced efficiency of FF removal in acidic and
alkaline environments results from the fact that FF oxidizes
(Dickakain, 1994). Similar results were also obtained in other
works (Madani-Tonekaboni et al., 2015; Makoś et al. 2018;
2020).

The effect of temperature in the range of 20–60 ◦C is
ambiguous and has a negligible effect on FF extraction
efficiency and DES formation. On the one hand, a higher
temperature favours DES formation because the synthesis
procedures require elevated temperatures. In contrast, in situ
DES extraction and formation can occur in two stages. Pre-
sumably, in the first step, the FF active groups (–CHO and
=O) combine with the –OH hydroxyl group of FF through
non-covalent bonds. This was followed in the second step
by a conventional extraction process driven by the solubility
of the remaining FF in DES (Th:FF). In the second stage,
a theoretical increase in temperature can lower the viscosity
of the DES and consequently facilitate the mass transfer
process. However, the extraction process is exothermic, as
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described by van’t Hoff’s law. According to this law, heat
is released during the exothermic reaction, making the net
enthalpy change negative, which directly affects the value of
the partition coefficient between the DES and FF (Almash-
jary et al., 2018; Lozano and Martínez, 2006; Mokhtar et
al., 2014). In addition, a detoxification temperature that is
too high affects sugars in the hydrolysate. At temperatures
that are too high, caramelization and subsequent pyrolysis
of sugars can occur (Makoś et al., 2020). Therefore, 40 ◦C
was found to be optimal.

The last parameter optimized was the mass ratio of thymol
to hydrolysate. In the studied range, mHBD : mHYD should

be 1:2. A smaller amount of thymol, despite the increase
in the number of active –OH groups, is not favorable. Ex-
cessive HBD can cause competition between FF-H2O and
FF-Thy hydrogen bonds and consequently limit the ability to
form DES.

The effect of the individual parameters on the efficiency of
FF extraction with simultaneous DES formation is shown in
Figure 2.

Finally, a temperature of 40 ◦C, pH 7, mHBD : mHYD = 2 : 1,
and time of 50 min were selected as the optimal conditions.

a) b)

c) d)

e) f)

Figure 2. Response surface plots for furfural surface area dependence on a) time and pH; b) time and temperature; c) time and
mDES : mHYD; d) pH and temperature; e) pH and mDES : mHYD; f) temperature and mDES : mHYD.
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3.3. Application method for real samples

The optimized method was used to extract furfural and other
fermentation inhibitors from the real samples. The results
showed a high extraction efficiency of furfural, ranging from
92.1 to 94.6%. The slight differences are due to the presence
of other inhibitors in the hydrolysates, which can block the
active site of thymol (–OH), to which the carbonyl and alde-
hyde groups in the furfural structure are attached. The ex-

Figure 3. Extraction efficiency of FF and sum of HMF, Van, and
4HBA from real hydrolysate samples.

Figure 4. Physicochemical a) viscosity, b) density, c) surface tension and structural, d) FT-IR properties of the obtained DES
based on FF:Th.

traction efficiencies of the other inhibitors were also high,
but their concentrations were significantly lower than those
of furfural. The extraction efficiency of other inhibitors de-
creased with increasing FF content in the hydrolysate. This
indicates that DES formation is competitive with Th:FF com-
pared to Th:Van, Th:HMF, and Th:4HBA.

3.4. DES characterization

The extraction procedure was performed under optimal con-
ditions, and the physicochemical and structural properties
of the obtained DES were characterized. All properties were
determined in the temperature range of 298–328 K (Fig. 4a–
4c). The analysis of physicochemical and structural proper-
ties was carried out on the DES obtained from real sample
No. 2 because it had the highest furfural content and the pos-
sibility of obtaining the largest amount of sample for further
studies.

The tested FF:Th showed a relatively low viscosity (7 mPa·s
at 298 K), which decreases with increasing temperature
(3.51 mPa·s at 328 K). The observed trend is consistent with
the Arrhenius and Vogel–Fulcher–Tammann models, which
show that an increase in temperature causes an increase in
the average molecular velocity and a decrease in intermolec-
ular forces in liquids, resulting in a decrease in the viscosity
of the liquid (Haghbakhsh et al., 2018; Makoś-Chełstowska
et al., 2021). A very similar dependence was noticeable for the
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surface tension, which values decrease linearly with increas-
ing temperature, from 34.00 to 31.6 nMm−1 at 298 and
328 K, respectively. This phenomenon is also due to an
increase in the movement of the molecules. The increased
movement of the molecules causes an increase in the aver-
age kinetic energy and reduces cohesive forces. Consequently,
the surface tension decreases (Abbott et al., 2006; Mjalli et
al., 2014). The density values for FF: Th were practically un-
changed when the temperature was increased. They were in
the range of 1.03–1.01 g/cm3. The density values were close
to those of water. This is of little advantage for the subse-
quent use of FF:Th in the extraction of other inhibitors from
aqueous solutions. However, the low and constant value of
the density is advantageous in terms of the use of FF:Th for
other separation processes, such as absorption processes for
upgrading biofuels that can be obtained with further biomass
processing (Rajivgandhi and Singaravelu, 2014). The physic-
ochemical properties of the DES were compared with those of
DES obtained from pure substances. Only a slight decrease
in viscosity and density and an increase in surface tension
were observed. This is due to the partial solubility of water
and other fermentation inhibitors in the DES.

The formation of hydrogen bonds between HBA and HBD
decreases the melting point of the DES compared to the
pure components. The studies showed that the newly formed
DES based on FF:Th has a melting point below –30 ◦CC, a
temperature similar to the MP of pure FF, but much lower
than that of pure Th.

To confirm the structure of DES, the FT-IR spectra of FF:
Th obtained from pure components (green line) and those
formed as a result of extraction (blue line) were compared
(Fig. 4c). The FT-IR spectra showed only changes in the
width and intensity of the bands, without identifying new
bands that could indicate the additional formation of by-
products. In the FTIR spectra, an increase in the width and
intensity derived from the –OH group (3429 cm−1) and the
increased intensities at 1668 cm−1 and 756 cm−1 derived
from are related to the C–H vibrations in and outside the
ring plane in the thymol structure. The changes most likely
resulted from water saturation of the structure of the ob-
tained FF:Th (Cańada-Barcala et al., 2021). However, fur-
ther research is required to confirm this assumption of DES
structure saturation.

(a)

(b)

Figure 5. NMR (a) HNMR and b) CNMR) structural properties of the obtained DES based on FF:Th.
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The formation of a new DES was a consequence of the for-
mation of hydrogen bonds between HBA and HBD. NMR
studies are often used to confirm the structures of new DESs.
Figure 5 shows the 1H NMR (a) and 13C NMR (b) results,
which show that all the identified hydrogen and carbon atoms
correspond only to HBA and HBD. The absence of addi-
tional peaks confirmed that the DES was obtained without
additional side reactions. In addition, Figure 5 compares the
structure of the DES formed from pure components (black
line) and obtained as a result of extraction (red line). No sig-
nificant differences were observed between the NMR spectra.

4. CONCLUSIONS

This study presents a pioneering and innovative new ap-
proach for the detoxification of hydrolysates with the simulta-
neous formation of DES. In the first step, HBD was selected,
which formed strong hydrogen bonds with fermentation in-
hibitors. Four substances from the group of monoterpenes,
which are naturally derived substances with low toxicity, were
tested. Based on preselection, thymol was selected because
of the presence of an active –OH group, which can combine
with the inhibitor found at the highest concentration (FF). To
increase the efficiency of hydrolysate detoxification, an opti-
mization process was performed using the CCD model for the
most relevant parameters affecting FF extraction and DES
formation. A temperature of 40 ◦C, pH of 7, mHBD : mHYD

ratio of 2:1, and time of 50 min were selected as the optimal
conditions. Under such conditions, high efficiency of fermen-
tation inhibitor removal was achieved in a one-step process.
This high FF removal efficiency enabled higher biohydrogen
production.

In addition, the study showed that DES obtained from sam-
ples of real hydrolysates differed only slightly from DES ob-
tained from pure substances. Only a slight decrease in vis-
cosity and density was observed, as well as an increase in
surface tension, owing to the partial solubility of water and
other inhibitors in DES. The obtained results of FF extrac-
tion confirm that the proposed new method is effective and
practical, and the obtained DES can be used as extraction
solvents or absorbents for other processes, such as biogas
purification, which is in line with the principles of green en-
gineering and sustainable development. On the other hand,
DES, due to the presence of specific interactions between
the HBD and HBA structures, can be easily separated into
pure FF and thymol by reducing the temperature. This makes
it possible to obtain relatively pure FF, which can be used
as a raw material in the production of other chemicals or
fertilizers, inks, or plastics. After separation, thymol can be
recycled back into the process and reused to detoxify the
hydrolysates. The presented approach should be considered
as both contribution to the field and a step towards circular
economy.
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SYMBOLS

1H NMR proton nuclear magnetic resonance
13C NMR carbon-13 nuclear magnetic resonance
CCD Central Composite Design
DES Deep Eutectic Solvents
EE Extraction efficiency, %
FF Furfural
FT-IR Fourier transform infrared
HBA Hydrogen Bond Acceptor
HBD Hydrogen Bond Donor
HMF 5-hydroxymethylfurfural
LLE liquid-liquid extraction
MP melting point
Th thymol
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