
Journal of Molecular Liquids 308 (2020) 113101

Contents lists available at ScienceDirect

Journal of Molecular Liquids

j ourna l homepage: www.e lsev ie r .com/ locate /mol l iq
Extractive detoxification of feedstocks for the production of biofuels
using new hydrophobic deep eutectic solvents – Experimental and
theoretical studies
Patrycja Makoś ⁎, Edyta Słupek, Jacek Gębicki
Gdansk University of Technology, Faculty of Chemistry, Department of Process Engineering and Chemical Technology, 80 – 233 Gdansk, G. Narutowicza St. 11/12, Poland
⁎ Corresponding author.
E-mail address: patrycja.makos@pg.edu.pl (P. Makoś).

https://doi.org/10.1016/j.molliq.2020.113101
0167-7322/© 2020 The Authors. Published by Elsevier B.V
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 30 January 2020
Received in revised form 27 March 2020
Accepted 5 April 2020
Available online 06 April 2020
The paper presents a synthesis of novel hydrophobic deep eutectic solvents (DESs) composed of natural compo-
nents, whichwere used for removal of furfural (FF) and 5-hydroxymethylfurfural (HMF) from lignocellulosic hy-
drolysates. The main physicochemical properties of DESs were determined, followed by explanation of the DES
formation mechanism, using 1H NMR, 13C NMR and FT-IR analysis and density functional theory (DFT). The
most important extraction parameters were optimized. Reusability, regeneration of DES, multistage extraction,
influence of FF andHMF concentration, aswell as possibility of sugars losswere also investigated. The experimen-
tal studies revealed high extraction efficiency resulting in 79.2% and 87.9% removal of FF and HMF respectively
from model hydrolysates and in the range of 74.2–76.1% and 87.8–82.3% from real samples in one-step extrac-
tion. The yield of bio‑hydrogen production via dark fermentation after the DES extraction was comparable to
the results obtained using enzymatic hydrolysis. The theoretical studies on the extraction mechanism revealed
that hydrogen bonds and van derWaals interactions were themain driving force for detoxification of lignocellu-
losic biomass.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

For many years lignocellulosic biomass i.e. wood and agricultural
residues have been promoted as an attractive resource for the produc-
tion of biofuels including bioethanol, bio-butanol, bio-methane, and
bio‑hydrogen [1–4]. The processes of biomass fermentation into
biofuels usually require hydrolyzing the carbohydrates into fermentable
sugars at first. Currently, acid hydrolysis is one of themajormethods for
pretreatment of lignocellulosic biomass [5]. However, this method gen-
erates fermentation inhibitors such as furfural (FF) and 5-
hydroxymethylfurfural (HMF). FF is formed as a dehydration product
of pentoses, while HMF is formed from hexoses. They inhibit cell
growth, decrease gaseous and liquid biofuels productivity, induce DNA
damage and inhibit several enzymes in glycolysis, which contribute to
reduced product yield. The amount of fermentation inhibitors depends
on the severity of the reaction [6,7]. Theoretically, optimization of the
hydrolysis process may result in lower production of toxic compounds.
However, lower inhibitors concentration leads to lower sugar yields [8].
To minimize inhibitory effects and increase biofuels yields in the
. This is an open access article under
subsequent fermentation step, detoxification of hydrolysates should
be introduced.

Up till now, many chemical, physical and biological methods for de-
toxification of biomass hydrolysate were used, includingmembrane ex-
traction [9], membrane filtration [10], solvent extraction, adsorption
[11], ion-exchange [12], and enzyme adaption of fermenting microor-
ganism [13]. However, most of them are complicated, expensive, re-
quire long time operations, create by-products, and could contribute
to sugars loss [10]. Among these technologies, liquid-liquid extraction
(LLE) is one of the most attractive processes due to its simplicity, eco-
nomical character, safety, possibility of almost complete removal of fer-
mentation inhibitors from hydrolysates and the ability of easy recovery
of FF and HMF from the extraction solvent, what is in line with the bio-
refinery concept [5]. The type of extraction solvent has a decisive impact
on the efficiency of the extraction process. Extraction solvents should be
characterized by high affinity towards FF and HMF, low solubility and
high stability in aqueous phase, low viscosity, low prices, non-toxicity
and should not dissolve sugars. Several common extraction solvents
were used i.e. ethyl acetate, isobutyl acetate [14], octanol, isopropyl ac-
etate, toluene [15], o-xylene, m-xylene, and ethylbenzene [16]. Despite
the high efficiency of extraction using popular solvents, their recovery
in many cases is problematic and requires expensive and an energy in-
tensive solvents recovery unit. In addition, many of the commonly used
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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solvents are toxic. Therefore, a lot of research is dedicated to the search
for alternative extracting agents.

Recently, a new class of “green solvents”, named deep eutectic sol-
vents (DESs), attracts interest due to their physicochemical properties
similar to ionic liquids and lower toxicity, cheaper synthesis and higher
biodegradability. DESs are themixtures composed of two or more com-
pounds that are capable of forming eutectic liquids, due to the formation
of specific interactions between hydrogen bond donor (HBD) and hy-
drogen bond acceptor (HBA). Until now, DESs have been successfully
used for desulfurization of fuels [17], removal of lignin from biomass
[18], sample preparation [19–21], water treatment [22], capture of car-
bon dioxide [23], biogas purification [24,25], and as electrolyte medium
for solar cells [26], etc. However, most of DESs are hydrophilic, which
precludes their use as extracting agents for aqueous samples. To date,
only a few hydrophobic DESs which selectively dissolve FF and HMF
have been developed [15,27].

The paper describes the synthesis of new, never published before
hydrophobic DESs composed of ±Camphor (HBA) and 1-decanol,
decanoic acid and 3,4-xylenol (HBDs) in 1:2 molar ratio. The character-
ization of DES was done by 1H NMR, 13C NMR and FT-IR analysis as well
as measuring their main physico-chemical properties. In the second
part of the studies, DESs were used for removal of FF and HMF from hy-
drolysates. The extraction process was optimized in terms of parame-
ters selection i.e. kind of DES, time of extraction, temperature, pH, and
DES:hydrolysate volume ratio (VDES:VHYD). The reusability and regener-
ation of DES, multistage extraction, influence of FF and HMF concentra-
tion in hydrolysates, as well as possibility of sugars loss were also
investigated. For the explanation of the mechanisms of FF and HMF re-
moval, density functional theory (DFT) and FT-IR analysis were applied.
Finally, in order to confirm the usefulness of the developedmethod, pu-
rified hydrolysates were subjected to dark fermentation for the produc-
tion of bio‑hydrogen.

2. Experimental

2.1. Materials

The following reagents were used in this study: ±camphor (C),
decanoic acid (DecAc), 1-decanol (DOL), 3,4-xylenol (Xyl), 5-
Hydroxymethylfurfural, furfural, cellobiose, glucose, xylose, galactose,
mannose, arabinose (purity ≥98%), NaOH (purity ≥95%), HCl (purity
≥95%). They were purchased from the Sigma-Aldrich (USA). Com-
pressed gases such as nitrogen (purity N 5,5), air (purity N 5.0) were
generated by a DK50 compressor with a membrane dryer (Ekkom,
Poland) and hydrogen (purity N 5.5) was generated by a 9400 Hydro-
gen Generator (Packard, USA).

2.2. Apparatus

Please refer to Supplementary materials – Section S.1.

2.3. Procedures

2.3.1. Preparation of DESs, model and real samples of hydrolysates
Hydrophobic DESs were synthesized bymixing±camphor as (HBA)

and 1-decanol, decanoic acid or 3,4-xylenol (HBD) in the 1:2 molar
ratio. The mixtures were heated at 70 °C for 30 min using hot plate stir-
rer until clear solutions were obtained.

Model hydrolysate was prepared by dissolving cellobiose (5.18 g/L),
glucose (10.14 g/L), xylose (5 g/L), galactose (4.76 g/L), mannose
(4.85 g/L), arabinose (5.07 g/L), FF (5.2 g/L) and HMF (5.1 g/L) in water.

Freshly chopped (mesh = 0.75 mm) energetic willow (Salix
viminalis L), with the following composition: cellulose 46.5 ± 0.1%,
hemicellulose 15.6 ± 0.08%, lignin 29.4 ± 0.05, ash 0.6 ± 0.01%, mois-
ture 7.0 ± 0.05%, was used for the preparation of real sample of the
first hydrolysate (EW NaOH). The hydrolysate was obtained by the
alkaline pre-treatment of the energetic willow, which was carried out
using 6% NaOH solution. The reaction flasks were incubated in a shaker
at 60 °C for 6 h [28]. The second hydrolysate (EW MEA) was prepared
via the alkaline pre-treatment, with 21% monoethanolamine, of the en-
ergetic poplar Populisindustria (mesh = 0.75 mm), with the following
composition: cellulose 39.5 ± 0.1%, hemicellulose 22.2 ± 0.08%, lignin
26.3 ± 0.09%, ash 0.03 ± 0.001%, moisture 3.5 ± 0.05%. During the
pre-treatment process, the reaction flasks were incubated in a shaker
at 90 °C for 14 h [29].

2.3.2. Dark fermentation
Please refer to Supplementary materials – Section S.1.

2.3.3. Extraction process
The extraction of FF and HMF was performed by mixing 15 mL of C:

DOL (1:2 molar ratio) with 10 mL of hydrolysates in a 50–mL beaker.
The pH of hydrolysates was adjusted to 7. The mixture was stirred for
50min at 700 rpmat 40 °C. The concentration of FF andHMFwas deter-
mined using headspace analysis coupled to gas chromatography with
flame ionization detector (HS-GC-FID). In the studies, headspace analy-
sis was used to avoid direct injecting of “dirty” aqueous hydrolysates
into theGC system. The hydrolysates containmanynon-volatile compo-
nents (i.e. sugars, inorganic salts, polyphenols) that can cause contami-
nation of a GC injector and a column thus shortening the stationary
phase lifespan. The use of the HS technique allows the introduction of
gas phase containing only volatile components into the injector. Theo-
retically, it is possible to perform similar DES phase analysis. However,
some DES components, i.e. decanoic acid, are characterized by partial
volatility and boiling point similar to HMF. Therefore, injecting the
DES phase enriched with HMF and FF after incubation would cause
co-elution of the chromatographic peaks, whichwould preclude correct
studies. On the other hand, direct injecting of DES containing only partly
volatile components would also contaminate the GC system. Therefore,
in these studies only the headspace of aqueous hydrolysates was ana-
lyzed by GC-FID.

After the extraction process, 2 mL of water hydrolysates were trans-
ferred to the 20-mL vials and incubated for 40min at 80 °C. After the in-
cubation, 0.5 mL of the gas phase was analyzed with GC-FID.

The extraction efficiency (EE) was determined using the Eq. (1):

EE %½ � ¼ CIN−CFin

CIN
� 100% ð1Þ

where: CIN – initial concentration of FF and HMF in hydrolysates [g/L],
CFin – final concentration of FF and HMF in hydrolysates [mg/L].

The partition coefficients (K) were determined using the Eq. (2):

K ¼ CDES

Chyd
ð2Þ

where: CDES – concentration of FF andHMF in theDES phase, Chyd – con-
centration of FF and HMF in the hydrolysates after extraction.

2.3.4. Chromatographic analysis
Please refer to Supplementary materials–Section S.2.1.

2.3.5. Spectroscopic analysis and physicochemical properties of DES
Please refer to Supplementary materials–Section S.2.2.

2.3.6. Theoretical studies
Please refer to Supplementary materials–Section S.2.3.

http://mostwiedzy.pl


Fig. 1. A) Viscosities for DESs as a function of temperature, B) Densities for DESs as a
function of temperature.
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3. Results and discussion

3.1. Physicochemical properties of DESs

In order to use DESs as extraction solvents, theymust be liquid at the
extraction temperature. Most of the individual components used for the
DESs synthesis are solids at room temperature and their melting points
are 179.8, 31.5 and 45 °C for C, DecAc and Xyl, respectively. Only DOL is
liquid at ambient temperature (MP= 6.4 °C). Melting point of the syn-
thesized DESs are 1, 19 and −45 °C for C:DOL, C:DecAc, and C:Xyl,
respectively.

Most of DESs exhibit relatively high viscosities (N100mPas) at room
temperature [19]. However, dynamic viscosity of DESs should be as low
as possible to ensure fast extraction kinetics. The values of viscosity at
room temperature (25 °C) are 12.1, 10.7 and 18.9 mPas for C:DOL, C:
DecAc and C:Xyl respectively. The viscosity of DESs decreasewith an in-
crease of temperature in all cases, which indicate normal liquid behav-
ior. The deviations in dynamic viscosity are a function of the
intermolecular interaction of the size and shape of the molecules. In-
crease in temperature diminishes the intermolecular interactions be-
tween components because of the increase in the thermal energy,
which leads to less negative values of dynamic viscosity [30].

Usually, DESs have densities in the range of 1.0–1.35 g/cm3 at 25 °C
and atmospheric pressure or higher if they contain metallic salts in the
structure, such as ZnCl2 [19]. The densities of DESs composed of C and
DecAC and DOL in 1:2 molar ratio are lower than water (0.85 and
0.87 g/cm3). Only C:Xyl density is higher thanwater (1.09 g/cm3). To ac-
celerate the separations of DESs and aqueous phase after the extraction
process, the difference of the density between theDES andwater should
be as large as possible. The largest density difference relative to water is
revealed by C:DecAc. The C:DOL shows a slightly lower viscosity differ-
ence at room temperature. For all studied DESs, densities values were
found to decrease linearly with the increase in temperature resulting
from thermal expansion of the liquid. This is due to the fact that with in-
creasing temperature the strength of the hydrogen bond weakens and
thereby decreases the molecular distance [31]. The effects of tempera-
ture on dynamic viscosity and density of the studied DESs are shown
in Fig. 1.

In order to ensure high EE of FF and HMF from aqueous samples, the
water solubility in DESs should be as low as possible. The water solubil-
ity were 74.5 mg/L, 57.9 mg/L, and 3208.2 mg/L in C:DecAc, and C:DOL,
C:Xyl, respectively. The C:DOL and C:DecAc were characterized by sim-
ilar hydrophobicity, while mostwater dissolved in C:Xyl, which can sig-
nificantly reduce the efficiency of FF and HMF extraction.

3.2. Structures and mechanism of DESs formation

In order to experimentally elucidate the structures of the new DESs
formed, 1H NMR and 13C NMR spectra were taken (Figs. S1–S3). All
peaks in 1H NMR and 13C NMR spectra can be assigned to the HBA and
HBD compounds. No additional peaks are observed on the spectra, as in-
dicated the occurrence of side reactions are observed.

For determination of the interaction between HBA and HBD in DESs,
the proton chemical shifts (δδ) were described. The results of the differ-
ences between the chemical shift of the H proton of the OH group with
respect to pure DOL andHproton of theOH groupwith respect to C:DOL
indicate that the chemical shift value of the H proton of the OH group in
C:DOL (δδH-DOL= 1.84 ppm) as compared to the chemical shift of the
H proton of the OH group in DOL (δδ H-C:DOL = 1.79 ppm) is reduced
by 0.05 ppm (Fig. S1). This indicates the formation of a hydrogen bond
between the -OH group in DOL and the C molecule. Similar results
were also obtained in C:DecAc and C:Xyl, for which the positive H pro-
ton shifts of the -OHand -COOHgroupwere 0.30 ppmand 0.21 ppm, re-
spectively (Figs. S2, S3).

The interactions between HBA and HBDs resulting in formation of
DES, were also investigated by FT-IR analysis (Figs. S4–S6). On all DESs
spectra, the bands which can be attributed to the -OH group stretching
vibration (3800–3100 cm−1) and the C_O group stretching vibration
(1600–1700 cm−1) are observed. In the spectra of C:DOL and C:Xyl, a
shift of the -O-H group band for a pure HBDs towards higher wavenum-
ber values is observed. This indicates the formation of hydrogen bonds
between HBA and HBDs. Similar behavior was also observed in the pre-
vious studies [20]. In the spectrum of C:DecAc, the peaks of -OH group,
and the C_O group are shifted towards lower wavenumber values, this
may be due to the gradual distribution of the –COOH group, which is
caused by the formation of hydrogen bond in DES. Furthermore, the for-
mation of all DESs can be confirmed by additional peaks present on the
DESs spectra in the range of 500–1500 cm−1.

Peak shifts on the FT-IR spectra are not unambiguous and they only
provide information on thepresence of stronghydrogen bonds between
HBA and HBD. Therefore, theoretical studies based on quantum me-
chanics calculations were carried out for better understanding of the
mechanism of DES formation. The most stable gas phase configurations
of DESs were separately optimized at the B3LYP/6-311++G** level of
theory (Fig. 2). All structures indicate the existence of non-bonded in-
teractions between C and HBDs, which can be identified as strong hy-
drogen bonds because of the short distances between atoms (below
2.5 Å). The distances between the oxygen atom in the HBA and the hy-
droxyl groups in HBDs =O⋯HO are 1.91 Å, 2.17 Å and 1.96 Å, 1.88 Å in
C:DOL and C:Xyl respectively. In C:DecAc the distances of =O⋯HOOC
are 1.82 Å and 1.96 Å.

Electrostatic potential (ESP) analysis was used to qualitatively un-
derstand the configurations of new DESs. ESP isosurface plots provide
a visualization of the total charge distribution and relative polarity of
the studied DES structures. The ESP of DESs are mapped onto their

http://mostwiedzy.pl


Fig. 2. Optimized structures of A) C:DOL, B) C:Xyl, C) C:DecAc.
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electron densities in Fig. 3. The results demonstrate that the electroneg-
ative area is located around the O atom in C,whereas the electropositive
area is around the rest part of C molecule. In DOL, Xyl and DecAC, the
large electronegative areas are also located around the O atoms,
whereas other positive areas are close to hydrogen atoms. Theoretically,
during the formation of DES, the electronegative area of C should be
close to the electropositive area of HBD (DOL, DecAc or Xyl). The stable
DES configurations, which are presented in Fig. 3, confirm this
prediction.

Reduced density gradient (RDG) was used as a tool for visualization
of weak non-covalent interactions, by plotting the RDG versus the elec-
tron densitymultiplied by sign of the secondHessian eigenvalue [32]. In
Fig. 4 the blue regions indicate strong attractive effects - hydrogen bond.
The red regions denote strong repulsive interactions, for instance, ring,
closure or steric effect, while green regions represent weaker interac-
tion i.e. van der Waals interaction. Fig. 4 indicates that two hydrogen
bonds were formed between HBA and HBDs in all tested DESs, which
corresponds to large, negative sign of (λ2)ρ value (from −0.04 to
−0.02 au) in 2D diagram (Fig. S5). In addition, Figs. 4 and S7 demon-
strate that the van der Waals interactions occur in all DESs between
HBA andHBDs, with values of 0.01 au b sign(λ2)ρ b 0.01 au. InDES com-
posed of C and Xyl, strong repulsive bonds occur (sign(λ2)ρ_0.02 au)
due to the presence of an aromatic ring in the HBD structure. The coex-
istence of these types of interactions between HBA and HBD
corresponds to the formation of stable DES structures, and to the de-
crease inmelting points in DESs in comparison to the pure components.

3.3. Extraction conditions optimization

3.3.1. DES type
The type of solvent has a major effect on the FF and HMF removal

from hydrolysates. In the studies, three DESs (C:DOL, C:Xyl, and C:
DecAc) were tested, using the following pre-selected extraction condi-
tions i.e. time of extraction 40 min, pH 7, extraction temperature 20 °C
and 1:1 VDES:VHYD ratio. Fig. 5 demonstrates that C:Xyl had very low
EE of FF and HMF as compared to the other solvents. This is probably
due to the relatively high viscosity and high water solubility in C:Xyl.
The highest EE for FF and HMF was obtained using C:DOL and slightly
lower using C:DecAc. Thus, C:DOL was selected for further consider-
ation. The obtained results indicate the relationship between hydropho-
bicity of DESs and EE. It can be observed that EE decreases alongwith an
increase in hydrophobicity of DESs.

3.3.2. Response surface methodology
The most important parameters affecting EE were used to plan a

subsequent higher order 22 design by means of central composite de-
sign (CCD). CCD consist of edge points (+1 and−1), which correspond
to the upper and lower limits of the investigated factor, star points (−α

http://mostwiedzy.pl


Fig. 3. Electrostatic potential mapped on electron total density with an isovalue 0.001 for A) C:DOL, B) C:Xyl, C) C:DecAc. Blue color-positive charges, red color–negative charges.
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and+α), and zero levels. The value ofα depends on the number of fac-
tors (k) and it is equal to 2k/4. According to the studies, four factors in-
cluding VDES:VHYD, pH, extraction time and temperature were found to
be significant for optimization. Table 1 demonstrates extended values
for all the parameters in five levels and the designmatrix and responses
for the percentage of EE of FF and HMF from hydrolysates are given in
Table S1.

To find the most important effects and interactions, analysis of vari-
ance (ANOVA) was calculated (Tables S2, S3). In ANOVA, the statistical
F- and p-values were adopted as the criteria at a 95% confidence level.
The p-value b0.05 indicates the statistically significant and influential
factor on the statistic model. In the studies, the p-value of the models
was found to be statistically significant due to the p-value b0.0001,
and F-values equal to 55.2 and 83.9 for FF and HMF respectively. The
p-values of lack of fit (p-valueN0.088) relative to the pure error were
considered insignificant.

The response equations obtained for the experimental results of FF
and HMF can be expressed as follow:

YFF ¼ −431:0þ 12:186 X1 þ 23:67 X2 þ 6:277 X3
þ 106:9 X4−0:0995 X1 � X1−1:518 X2 � X2−0:06715 X3
� X3−38:41 X4 � X4−0:0968 X1 � X3 ð3Þ

YHMF ¼ −505:8þ 17:12 X1 þ 28:88 X2 þ 6:51 X3
þ 75:5 X4−0:1654 X1 � X1−1:887 X2 � X2−0:0903 X3
� X3−36:37 X4 � X4−0:0811 X1 � X3 ð4Þ

where YFF and YHMF are the EE of FF and HMF; X1, X2, X3, X4 are the in-
dependent variables. Themodels of FF and HMF presented a high deter-
mination coefficient (R2 = 98.9 and 98.34% for FF and HMF,
respectively), along with the values of predicted-R2 (Rpred

2 = 93.42
and 90.46%) and adjusted determination coefficient (Radj2 = 97.72 and
96.56%). The obtained results indicate a good correlation between the
experimental data, good fitting of the model and possibility of predic-
tion of responses for new data.

The parameters i.e. time (X1), pH (X2), temperature (X3), and VDES:
VHYD (X4) had significant linear effect on EE of FF and HMF. In addition,
interactive effect of time and temperature (X1 ∗ X3)was also significant
(Tables S2, S3).

Time is one of the important parameters in any industrial process.
Based on the observations, it can be concluded that the EE of FF and
HMF increases along with the increase in extraction time, (Figs. 6, 7).
This is probably due to the increased solubility of FF and HMF in C:
DOL during mixing, which facilitates the mass transfer of FF and HMF
from the hydrolysates to C:DOL phase. In addition, it can be observed
that the extraction equilibriumwas reached after 40min and further ex-
tension of time did not improve the extraction yield.

The pH of hydrolysates is also a key parameter, which could affect
EE. The results indicate that in the neutral pH 7 the structures of FF
and HMF are suitable for extracting by C:DOL (Figs. 6, 7). Similar results
were also obtained in the other studies [20,33]. Under basic conditions,
compounds may have been ionized, especially HMF due to the -OH
group in the structure, which caused reduced extraction efficiency. On
the other hand, strong acidic conditions also resulted in a reduction in
the efficiency of FF and HMF extraction. The ionized form of the com-
pounds is more suitable when ionic DES is used as the extraction sol-
vent, because then the extraction mechanism relies on ion exchange.
Other intermolecular interactions have a dominant influence on the ex-
traction process using non-ionic DES [34].

The effect of temperature on FF and HMF extraction from the hydro-
lysates was studied in range of 20–60 °C. The results indicate that EE in-
creases slightly when increasing the temperature from 20 to 40 °C
(Figs. 6, 7). Furthermore, an increase in temperature from40 to 60 °C re-
sults in a decrease in extraction efficiency yield. This indicates that too
low temperature is insufficient to ensure high extraction efficiency of
FF and HMF. This is probably due to a significant decrease in the dy-
namic viscosity of DES from 14.9 mPas (20 °C) to 8.2 mPas (40 °C),
which facilitated mass transfer from the hydrolysates to DES. On the
other hand, too high temperature is alsonot favorable because the inter-
actions between C:DOL and FF, HMF are based on an exothermic reac-
tion, which could be described by Van't Hoff law. This law states that
for an exothermic reaction heat is released, making the net enthalpy
change negative, which has a direct impact of the partition coefficient
value between C:DOL and FF, HMF [35]. In addition, sugars can degrade
under the influence of higher temperature. Caramelization and

http://mostwiedzy.pl


Fig. 4. RDG isosurfaces (s = 0.5 a.u.) of A) C:DOL, B) C:Xyl, C) C:DecAc.
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subsequent pyrolysis of sugars may occur [36]. Consequently, this will
reduce the efficiency of biogas production. Furthermore, the lower tem-
perature is more favorable because of a lower energy consumption.

For most extraction processes, higher dosage of extraction solvent
provides better EE. The results indicate that the maximum EE was ob-
tained for VDES:VHyd 1.5:1 (Figs. 6, 7). As the DES phase volume in-
creased, the number of –OH active groups increased, which has a
decisive impact on the extraction process efficiency. Further increase
Fig. 5. The effect of type of DES on EE.
in the DES volume did not cause an increase in EE, which is advanta-
geous from an economic point of view.

3.4. Mechanism of extraction

The studies on extraction mechanism were performed employing
FT-IR analysis. In the spectrum of C:DOL, after the extraction process,
the band corresponding to the -OH group increases its intensity and
shifts towards lower wavenumber values (from 3867.00 cm−1 to
3845.66 cm−1 for HMF, and from 3867.00 cm−1 to 3844.95 cm−1 for
FF) (Fig. 8). This indicates the formation of hydrogen bonds between
C:DOL and FF and HMF, which determines the effective removal of fer-
mentation inhibitors from the hydrolysates. In addition, all characteris-
tic bands that can be assigned to HMF (3438.12–3111.16 cm−1,
1252.44–1029.09 cm−1, 733.99 cm−1), and FF
(3433.84–3118.78 cm−1, 1263.16–1022.05 cm−1, and 744.39 cm−1)
are visible in the DES spectrum after the extraction process. Similar re-
sults were also obtained for C:DecAc and C:Xyl (Fig. S8).

For better insight into the mechanism of FF and HMF extraction, the
quantum mechanical analysis was also used. The results indicate that
non-bonded interaction exists between all DESs and the fermentation
inhibitors (Figs. 9 and S9). In the optimized configurations of C:DOL-
FF, C:Xyl-FF and C:DecAc-FF, the distances between the oxygen atom
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Table 1
Experimental ranges and levels of two variables in CCD.

Variables Coded name Ranges and levels (star points =
(2k)1/4 = 2)1

−α −1 0 +1 +α

Time of extraction [min] X1 10 20 30 40 50
pH X2 1 4 7 10 13
Temperature [°C] X3 20 30 40 50 60
VDES:VHYD X4 0.5:1 1:1 1.5:1 2:1 2.5:1
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in the FF and hydroxyl group =O⋯HO or carboxylic group =O⋯HOOC
of one of the HBDmolecules are 2.01 Å, 2.30 Å, and 1.76 Å, respectively.
This confirms the formation of a hydrogen bond between FF and one of
the HBDmolecules. Based on the distances, it can be concluded that be-
tween the oxygen atom in FF and -OH or -COOH group of the second
HBDmolecule there areweak electrostatic bonds. The optimized config-
uration of C:DOL-HMF indicates that two hydrogen bonds coexist be-
tween –OH group of FF and –OH groups of two DOL molecules (1.70 Å
and 1.80 Å). In turn, in C:Xyl-HMF and C:DecAc-HMF complex, the hy-
drogen bonds are formed between –OH group of HMF and the oxygen
atom in C molecule (1.90 Å and 1.82 Å) and between –OH group of
HMF and –OH or -COOH group of one of the HBD molecules (1.82 and
1.78 Å). Additionally, based on the extension of the bonds length, it
can be observed that when the FF and HMF molecules are attached to
DESs, one of the hydrogen bonds between HBA and HBD in the DES
structures becomes weaker.

The results of ESP analysis of the fermentation inhibitors demon-
strate that the large electronegative areas are located around the O
atom in FF and HMF, whereas other positive areas are close to hydrogen
atoms (Fig. 10).When FFmolecule interactswith C:DOL, the electroneg-
ative region located around O is attracted to the electropositive region
located around the H atom in –OHgroup, forming hydrogen bond inter-
action. Whereas, the electropositive region of HMF located around the
hydrogen atom in the -OHgroup attaches to the electronegative area lo-
cated around oxygen in the DOL. In addition, the electronegative HMF
region located around the oxygen atom in the -OH group attaches to
the electropositive area located around oxygen in the -OH group of
the secondDOLmolecule, which leads to the formation of twohydrogen
bonds between HBD and HMF (Fig. 10). Similar results were also ob-
served for other DES (Fig. S10).
Fig. 6. Response surface plots for FF surface area dependence on: A) extraction time and pH, B)
and extraction temperature, E) pH and VDES:VHYD ratio, F) extraction temperature and VDES:VH
The results of RDG analysis indicate that hydrogen bonds as well as
van der Waals interactions occur in the C:DOL-FF, C:DOL-HMF, C:Xyl-
FF, C:Xyl-HMF, C:DecAc-FF, and C:DecAc-HMF complexes (Figs. 11 and
S11, S12). Two hydrogen bonds can be identified in the DES-FF com-
plexes, one between HBA and HBD and the other between FF and
HBD, as well as van der Waals interactions between FF, HBA and HBD.
Whereas, in the DES-HMF complexes three hydrogen bonds as well as
numerous van der Waals interactions can be identified between HMF,
HBA and HBDs.

The interaction energy between DES and FF/HMF is generally nega-
tive. More negative values indicate stronger interactions inside a com-
plex. The interaction energies between DES and the fermentation
inhibitors are present in Table 2. The interaction energy followed a sim-
ilar trend to that of the experimental EE of FF and HMF (C:DOLbC:
DecAcbC:Xyl).

3.5. Reusability and regeneration of DES

Capability of reusing and recycling of an extraction solvent is one of
its major benefits. Therefore, the reusability of C:DOL was examined.
The results indicate that C:DOL becomes saturated and reduces its abil-
ity of FF andHMF extraction after 5 cycles. The extraction efficiency after
5 cycles decreased from 79.2 and 87.9% (K= 3.92 and 7.26) to 50.6 and
51.4% (K = 1.02 and 1.06) for FF and HMF, respectively (Fig. S13).

The regeneration and recycling of C:DOL were performed using ad-
sorption process with activated carbon. The saturated C:DOL was
shaken with activated carbon for 30 min at 25 °C, then centrifuged for
5 min at 7000 rpm and filtered through a 0.45 μm cellulose filter. After
regeneration, C:DOL was recycled. The results indicate that slightly
lower EE were obtained using recycled C:DOL (72.4% and 81.2% for FF
and HMF respectively) than when using fresh C:DOL (79.2% and
87.9%). This is due to the fact that not all FF and HMF have been
adsorbed on activated carbon. However, the efficiency of one-stage ex-
traction using recycled DES is still high. As shown in Fig. S14, C:DOL can
be recycled 12 times without noticeable decrease in EE.

3.6. Multistage extraction

The multistage extraction process can be used to achieve high EE. In
the studies, EE at one step of extraction was 79.2 and 87.9% (K = 3.92
and 7.26) for FF and HMF, respectively. After each subsequent
extraction time and extraction temperature, C) extraction time and VDES:VHYD ratio, D) pH
YD ratio.
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Fig. 7.Response surface plots forHMF surface area dependence on: A) extraction time and pH, B) extraction time and extraction temperature, C) extraction time andVDES:VHYD ratio, D) pH
and extraction temperature, E) pH and VDES:VHYD ratio, F) extraction temperature and VDES:VHYD ratio.
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extraction, the effectiveness of removing inhibitors increased. After four
steps, the removal of FF and HMF reaches up to 99.99% (Fig. S15).
Fig. 8. FT-IR spectra of A) C:DOL, FF, and C:DOL-FF, B) C:DOL, HMF, and C:DOL-HMF.
3.7. Initial concentration of FF and HMF

The FF and HMF concentrations in the hydrolysates strongly depend
on the type of raw material composition and conditions employed for
hydrolysis. Typically, the concentrations range from 0.007 to 0.86 g/L
and from 0.001 to 5.0 g/L, respectively for FF and HMF [12,37]. There-
fore, in the studies the concentrations of FF and HMF in range from
0.01 to 5.0 g/L were examined. The results indicate that the initial con-
centration of FF and HMF slightly influences the EE of the studied DES.
The EE slightly increased as the concentration of FF and HMF increased
as follows: 0.01 g/L b 0.5 g/L b 1.0 g/L b 5.0 g/L (Fig. S16). This is an im-
portant result since it means that C:DOL is versatile for a wide range of
FF and HMF concentrations, making it attractive in future industrial
applications.

3.8. Solubility of sugars in DES

Most suited DESs should possess a high solubility for FF and HMF
and a low solubility for sugars. Therefore, the influence of sugars re-
moval from themodel hydrolysatewas also investigated. The results in-
dicate that the sugars are not removed from the hydrolysates. This
means that the extraction is highly selective for FF and HMF over sugars
(Table S4). Similar results were also obtained for other type of DES in
the previous studies [15].

3.9. Real hydrolysates – extraction efficiency and bio‑hydrogen production

The extraction was also carried out for real hydrolysates. For the
samples of EW NaOH and EWMEA hydrolysates, the efficiency of one-
step extraction was 76.13 and 82.26% (K = 3.19 and 4.64) and 74.21
and 81.79% (K = 2.88 and 4.49) for FF and HMF, respectively. In addi-
tion, the lack of change in sugar concentration demonstrates great util-
ity of the developed DES for the detoxification of hydrolysates. Slightly
lower EE of FF and HMF were probably caused by the content of other
fermentation inhibitors, i.e. phenols and organic acids, in the hydroly-
sates. Due to the presence of the -OHor -COOHgroup in their structures,
these compounds can also be attached to DES with a hydrogen bond or
van der Waals interactions. The results of FF, HMF, and sugars concen-
trations in the real samples of hydrolysates are present in Table 3. The
comparison of the developed LLE procedure based on C:DOL as extrac-
tion solvent with other literature method showed that the proposed
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Fig. 10. Electrostatic potential mapped on electron total density with an isovalue 0.001 for A) FF, B) HMF, C) C:DOL-FF, D) C:DOL–HMF. Blue color represents positive charges, red color–
negative charges.

Fig. 9. Optimized configurations of A) C:DOL-FF, B) C:DOL-HMF.
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Fig. 11. RDG isosurfaces (s = 0.5 a.u.) of A) C:DOL-FF, B) C:DOL-HMF.

Table 2
Interaction energies between DES and fermentation inhibitors.

Complex Interaction energy [kcal/mol]

C:DOL-FF −12.51
C:DOL-HMF −15.86
C:DecAc-FF −11.60
C:DecAc-HMF −12.56
C:Xyl-FF −1.18
C:Xyl-HMF −4.54
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procedure had comparable EE in a single stage extraction (Table S5).
However, the low price and green nature of C:DOLmakes it a promising
new solvent for removal of FF and HMF from hydrolysates.

In order to confirm the usefulness of the developedmethod, the pu-
rified hydrolysates were subjected to dark fermentation. The hydrogen
production efficiency of 365 and 389 mL H2/L total gas were obtained
for EW NaOH and EW MEA, respectively. The results are comparable
to those obtained using enzymatic hydrolysis in the previous studies
[28,29]. However, as compared to the DES extraction, enzymatic hydro-
lysis is much more expensive, its duration can reach up to 1.5 days and
Table 3
Concentrations of FF, HMF, and sugars in real hydrolysates.

Compound EW NaOH

Concentration before extraction
[g/L]

Concentration after e
[g/L]

FF 0.401 ± 0.018 0.0960 ± 0.0086
HMF 0.199 ± 0.012 0.0341 ± 0.0019
Cellobiose 0.402 ± 0.024 0.402 ± 0.022
Glucose 14.70 ± 0.89 14.65 ± 0.21
Xylose 0.716 ± 0.048 0.716 ± 0.052
Galactose 0.782 ± 0.055 0.782 ± 0.061
Mannose and arabinose 0.851 ± 0.068 0.841 ± 0.065
requires large space and watchful control condition of microorganism
growth.
4. Conclusions

A new hydrophobic DESs composed of non-toxic compounds were
investigated for extractive detoxification of hydrolysates. The effect of
some experimental variables on EE was studied, and it was concluded
that the optimum extraction conditions were: extraction solvent C:
DOL (1:2 molar ratio), extraction time 40 min, pH 7, temperature 40
°C, and VDES:VHyd ratio 1.5:1. The EE of FF and HMF from the model hy-
drolysateswas 79.2 and 87.9%, respectively after a single stage of extrac-
tion, which was further increased up to 99.99% after the fourth stage of
extraction. After the extraction process, C:DOL was successfully regen-
erated and reused without loss of activity. The high EE of fermentation
inhibitors from the real samples (higher than 74% and 82% for FF and
HMF, respectively) without sugars loss, with low price, non-toxic na-
ture, simple synthesis, and comparable bio‑hydrogen yield to standard
enzymatic hydrolysis procedure show tremendous application poten-
tial of C:DOL for detoxification of hydrolysates.
EW MEA

xtraction Concentration before extraction
[g/L]

Concentration after extraction
[g/L]

0.0101 ± 0.0014 2.6 · 10−3 ± 3.1 · 10−4

0.0212 ± 0.0023 3.8 · 10−3 ± 3.8 · 10−4

1.37 ± 0.11 1.37 ± 0.10
20.6 ± 0.34 20.5 ± 0.38
0.97 ± 0.066 0.97 ± 0.067
0.78 ± 0.018 0.77 ± 0.029
1.36 ± 0.12 1.35 ± 0.11
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The experimental and theoretical studies indicate that coexistence
of hydrogen bonds and van der Waals interaction between HBA and
HBD contributes to formation of stable DES structures and to the de-
crease in the melting points of DES as compared to the pure compo-
nents. Furthermore, the same interactions are the main driving forces
for the removal of FF and HMF from hydrolysates.
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