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Andrés Cañada-Barcala, Diego Rodríguez-Llorente, Laura López, Pablo Navarro, Elisa Hernández,
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ABSTRACT: Furfural comes from lignocellulosic biomass that,
together with its derived products, has many useful applications in
several industries. Furfural is usually obtained via pentose
dehydration using a biphasic reactor to extract furfural in situ
from its reaction medium. However, the conventional solvents
used so far, mainly toluene and methyl isobutyl ketone (MIBK),
are harmful to health and the environment. Therefore, hydro-
phobic natural solvents have been successfully tested in this work
to improve the performance of the process from a sustainable point
of view. First, 30 natural solvents were screened using the
conductor-like screening model for real solvents (COSMO-RS)
method to select solvents with high affinity to furfural. From the
results obtained in the screening, 14 natural and 2 conventional
solvents were selected for experimentation, including thymol, eugenol, toluene, MIBK, and several hydrophobic eutectic solvents
formed by thymol. Then, the liquid−liquid extraction of furfural was carried out both in vials and in a reactor, simulating the usual
temperature and pH conditions for obtaining furfural. Thymol and eugenol showed extraction yields of 95 and 91%, significantly
higher than those of conventional solvents MIBK and toluene, which were 85 and 81%, respectively. Finally, the in situ reaction and
extraction of furfural from xylose were performed using the natural solvents eugenol and thymol and the conventional solvent MIBK.
Under operating conditions, namely, microwave heating to 443.2 K, 10 min of reaction, and a solvent-to-feed ratio of 1.00, xylose
conversion of 96.7%, furfural selectivity of 75.3%, and a furfural production yield of 72.8% from xylose were obtained using eugenol
as the organic solvent, with improved outcomes over MIBK and thymol cases, pointing an adequate approach to improve both the
effectiveness and the sustainability of the process.

KEYWORDS: furfural, COSMO-RS, biphasic reactor, terpenoids, in situ reaction

■ INTRODUCTION

Furfural (2-furaldehyde) is a versatile organic compound,
employed in the synthesis of bio-based chemicals, fuel
precursors, and solvents.1 Some furfural-derived compounds
are furfuryl alcohol, methylfuran, tetrahydrofuran, methylte-
trahydrofuran, tetrahydrofuryl alcohol, and furoic acid.2−5

Furfural and its derivatives have several industrial applica-
tions,1,6 including fungicides and nematicides, transportation
fuels, gasoline additives, lubricants, resins, decolorizing agents,
jet-fuel-blend stocks, drugs, insecticides, bioplastics, and flavor
enhancers for food and drinks.7

Furfural is produced from vegetal biomass, a sustainable
resource that is gaining importance as an alternative industrial
feedstock to limit the dependence on non-renewable feedstock
and energy inputs.7,8 In this context, the US Department of
Energy has considered furfural as one of the topmost 30
chemicals that can be produced from biomass.9,10 Interestingly,
furfural can be produced in lignocellulose biorefineries, which

are focused on the sustainable processing of biomass into a
spectrum of marketable products and bioenergy.11,12

Furfural is commercially produced by acid-catalyzed
hydrolysis−dehydration of the pentosans present in vegetal
biomass. Xylan is the most abundant pentosan, and its
hydrolysis results in the formation of xylose, which can be
dehydrated into furfural at high temperatures.6,11,13 No direct
synthetic method has been found for the production of
furfural.14 The main drawback of the commercial furfural
production processes is the participation of side reactions
leading to the formation of black, resinous products called
humins. These side reactions include furfural condensation and

Received: April 26, 2021
Revised: July 6, 2021
Published: July 19, 2021

Research Articlepubs.acs.org/journal/ascecg

© 2021 American Chemical Society
10266

https://doi.org/10.1021/acssuschemeng.1c02798
ACS Sustainable Chem. Eng. 2021, 9, 10266−10275

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 C

O
M

PL
U

T
E

N
SE

 D
E

 M
A

D
R

ID
 o

n 
D

ec
em

be
r 

21
, 2

02
1 

at
 0

9:
46

:2
8 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andre%CC%81s+Can%CC%83ada-Barcala"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Diego+Rodri%CC%81guez-Llorente"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Laura+Lo%CC%81pez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pablo+Navarro"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elisa+Herna%CC%81ndez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="V.+Ismael+A%CC%81gueda"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="V.+Ismael+A%CC%81gueda"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Silvia+A%CC%81lvarez-Torrellas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juan+C.+Parajo%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sandra+Rivas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marcos+Larriba"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acssuschemeng.1c02798&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c02798?ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c02798?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c02798?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c02798?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c02798?fig=abs1&ref=pdf
https://pubs.acs.org/toc/ascecg/9/30?ref=pdf
https://pubs.acs.org/toc/ascecg/9/30?ref=pdf
https://pubs.acs.org/toc/ascecg/9/30?ref=pdf
https://pubs.acs.org/toc/ascecg/9/30?ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acssuschemeng.1c02798?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/journal/ascecg?ref=pdf
https://pubs.acs.org/journal/ascecg?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/


reactions of furfural with its intermediates (furfural resin-
ification),15 which are responsible for decreased yields and
poor selectivities.
The results reported for furfural production in aqueous

media can be improved by using biphasic systems, where the
furfural generated in the aqueous phase is continuously
transferred to the organic one, limiting the extent of the
aforementioned side reactions.16 Other advantages of biphasic
operation are the thermodynamic shifting of the reaction
toward the products and the purification−concentration effects
resulting from the extraction.12 A number of studies dealing
with furfural production in biphasic systems have been
reported recently.15,17−21

The type of solvent employed in the biphasic operation is an
important variable affecting the production and recovery of
furfural. For this purpose, literature reports the utilization of
ketones [e.g., methyl isobutyl ketone (MIBK)],17−20 alcohols
(e.g., 1-butanol and 2-butanol),22 aromatics (e.g., toluene),21

lactones (e.g., γ-valerolactone),23 ethers (e.g., tetrahydrofuran
and methyltetrahydrofuran), deep eutectic solvents
(DES),24−26 and ionic liquids3,26,27 In this field, the integration
of new tools such as the COSMO-RS (conductor-like
screening model for real solvents) method to predict the
behavior of solvents in biphasic media (including their ability
to extract furans) was recently reviewed by Esteban et al.12

Regarding the liquid−liquid extraction of furfural from
reaction media, terpenes, terpenoids, and natural eutectic
solvents stand out as promising separation agents in terms of
efficiency and sustainability, based on their environmentally
friendly character, natural origin, high availability and
versatility, and negligible toxicity to mammals.8,28,29

Terpenes and terpenoids are one of the widest groups of
natural compounds. They are mainly obtained from plants and
also from insects, marine fungi, and micro-organisms such as
algae and protozoa.30 For example, thymol is obtained from
thyme and eugenol from cinnamon. Terpenes are used in
cosmetic, flavor, or fragrance industries, as well as in medical
and pharmaceutical applications, due to their anti-inflamma-
tory, anti-oxidant, and anti-microbial activities.31−33 The use of
terpenes and terpenoids as solvents is increasing due to their
biodegradability, versatility, and competitive cost in compar-
ison with petroleum-derived solvents.34 The current applica-
tions of terpenes and terpenoids include the extraction of lipids
from microalgae,34,35 manufacturing of sustainable polymers,36

and extraction of volatile fatty acids,37 phenols,38 and
alcohols.39 Menthol, carvacrol, and thymol, among others,
have been tested by Dietz et al.40 for furfural extraction from
reaction media. In this study, the generation and in situ
extraction of furfural from xylose in reaction media containing
thymol were reported to proceed with comparatively low
furfural degradation.
In the past few years, increasing attention has been devoted

to the utilization of eutectic solvents obtained from natural
compounds (natural deep eutectic solvents, NADES). Eutectic
solvents are a mixture of two or more compounds that present
a depression in the melting point resulting from the hydrogen
bonding interactions between a hydrogen bond donor and an
acceptor.41 In particular, NADES present advantages in
comparison with conventional solvents and ionic liquids,
including increased biodegradability, lower toxicity, lower
environmental impact, and easy preparation.42−46 Recently,
hydrophobic eutectic solvents have been formulated with
terpenes and terpenoids together with acids such as caprylic

acid (C8OOH), capric acid (C10OOH), and lauric acid
(C12OOH).

28,37,47,48

This work deals with the evaluation of natural solvents as
components of biphasic media for the in situ production and
separation of furfural. First of all, simulation with the COSMO-
RS method was carried out to identify the ones with a higher
potential.49,50 The 16 most promising solvents identified from
the COSMO-RS assessment were experimentally tested for
furfural extraction. The best natural solvents, thymol and
eugenol, were used in additional experiments performed in a
reactor under the conditions used for furfural production, and
their thermal stability was studied by FTIR (Fourier-transform
infrared) spectroscopy. Similar experiments were performed
with MIBK for comparative purposes. In order to confirm the
technical feasibility of the proposed process, reaction media
containing selected natural solvents were employed for the
simultaneous production and extraction of furfural from xylose,
operating in batch or microwave reactors.

■ EXPERIMENTAL SECTION
Selection of Natural Solvents by Molecular Simulation with

COSMO-RS. Solvents Tested in the Screening. Several solvents
were selected to assess their suitability as agents for furfural separation
and screened using COSMOtherm software. The activity coefficients
of furfural at infinite dilution and 323.15 K were calculated for 5
terpenes (α-pinene, limonene, β-pinene, camphene, and myrcene), 14
terpenoids (fenchol, citronellol, myrtenol, menthol, verbenol,
eucalyptol, geraniol, isopulegol, linalool, citral, citronellal, thujone,
eugenol, and thymol), 11 hydrophobic eutectic solvents [(menthol +
camphor), (menthol + borneol), (C12OOH + menthol), (C10OOH +
menthol), (C8OOH + menthol), (thymol + camphor), (thymol +
borneol), (thymol + menthol), (C12OOH + thymol), (C10OOH +
thymol), and (C8OOH + thymol)], and 3 conventional solvents (1-
butanol, toluene, and MIBK) that are considered as benchmarks.

Computational Details. The affinity of furfural for these solvents
was predicted using COSMOtherm software (version C3.0, release
12.01).49 Lower values of the activity coefficients of furfural at infinite
dilution (γ∞) indicated higher furfural solubilities and so higher
extraction yields. The COSMO continuum solvation model at the
BVP86/TZVP/DGA151 ca l cu l a t ion theory leve l and
BP_TZVP_C30_120152 in the parameters setting were used for the
chemical calculations. This prediction was previously suitable for
selecting the best terpenes and hydrophobic eutectic solvents for the
liquid−liquid extraction of phenols and volatile fatty acids.37,38 The
polarized charge density (σ) profiles of the solvents selected for the
liquid−liquid extraction of furfural were also obtained to assess the
interactions between furfural and the conventional and natural
solvents tested.

The molecular conformation of the solvents employed in this study
was optimized using the BP86/TZVP computational level with
Turbomole 4.2 software, to obtain a COSMO file suitable for the
COSMOtherm analysis. As reported in previous studies,37,38 the
calculations for the eutectic solvents were performed considering each
one as two different compounds mixed at the eutectic composition.

The COSMO-RS method has also been used to predict the
interactions between furfural and solvents. For this purpose, the
excess enthalpies of equimolar mixtures of furfural with the two best
terpenoids in furfural extraction (eugenol and thymol) and with the
two conventional organic solvents (MIBK and toluene) have been
estimated. The contributions of hydrogen bonding, van der Waals,
and misfit forces on the excess enthalpies have been determined.

Chemicals. COSMOtherm screening enabled the selection of 16
solvents, which were employed for furfural extraction. Tables S1 and
S2 of the Supporting Information list information on the structures,
purities, and suppliers of the chemicals employed in experiments. The
aqueous solutions were made with ultrapure water from Purelab flex
Elga Veolia water purification system.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.1c02798
ACS Sustainable Chem. Eng. 2021, 9, 10266−10275

10267

https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.1c02798/suppl_file/sc1c02798_si_001.pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.1c02798?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Eight selected eutectic solvents were prepared at the eutectic point
compositions as follows: 0.66 molar of caprylic acid in (C8OOH +
thymol),47 0.70 molar of menthol in (menthol + borneol),47,53 0.44
molar of lauric acid in (C12OOH + thymol), and equimolar
proportions in (menthol + camphor), (thymol + menthol), (thymol
+ camphor), (C10OOH + thymol), and (thymol + borneol).47,48,53

The eutectic solvents were prepared at 323.2 K in a Selecta Tectron
Bio thermostat under stirring until a colorless liquid was obtained.
Liquid−Liquid Extraction of Furfural from an Aqueous

Solution. Synthetic aqueous solutions containing 10 g furfural/L
were employed in experiments, since this is the usual concentration of
furfural in reaction media.19 The natural solvents were assayed as
agents for furfural extraction operating at a solvent-to-feed (S/F) ratio
in a volume of 0.33, 0.50, 1.00, or 2.00. The mixture of the furfural
solution and the solvent, with a total volume of 5 mL, were placed in 8
mL vials and stirred at 800 rpm in a dry bath IKA C-MAG HS for 12
h at 323.2 ± 0.5 K and atmospheric pressure and then kept without
stirring for 12 h at the same temperature and pressure to allow the
separation of phases. The aqueous and organic phases were analyzed
in a Varian CP-3800 gas chromatograph coupled with a flame
ionization detector and an Agilent CP-WAX column (30 m × 0.530
mm). Analyses were performed using He as a carrier gas (flow, 2 mL/
min) keeping the oven at 443.2 K. The water content of the solvent
phase was measured using a Mettler Toledo DL 32 Karl Fischer
coulometer.
Liquid−Liquid Extraction of Furfural in a Batch Reactor

under Reaction Conditions. The best natural solvents identified
from the previous experiments, thymol and eugenol, were used for
furfural extraction in experiments using a 100 mL Berghof reactor at
controlled temperature and stirring. The assays were performed under
operational conditions typically employed for furfural production
(443.2 ± 0.5 K, autogenous pressure) in the absence or presence of
0.1 M sulfuric acid.19 In these experiments, 15 mL of aqueous furfural
and 15 mL of solvent were kept in the reactor for 2 h under stirring
(800 rpm).
The chemical and thermal stability of the solvents was assessed by

attenuated total reflection with Fourier transform infrared (ATR−
FTIR) spectroscopy, proton nuclear magnetic resonance (1H NMR),
and thermogravimetric analysis (TGA). The spectra of thymol and
eugenol were recorded using a Nicolet iS50 spectrometer with a
SpectraTech ATR performer. The data were recorded for samples of
thymol and eugenol withdrawn before and after heating, in the
wavenumber range 500−4000 cm−1. To check the thermal stability of
the solvents, in addition to FTIR analysis, 1H NMR was used. For this
purpose, 20 μL of each extract was dissolved in 0.5 mL of deuterated
acetone and analyzed by 1H NMR using a Bruker Varian Unity 500.
In addition to studying the chemical stability of the solvents by FTIR
and 1H NMR, the thermal stability of the solvents has been analyzed
by TGA. For this purpose, the TGA-LABSYS evo DTA/DSC
equipment has been used for dynamic analysis with a heating rate of
10 K/min from 303.2 to 1073.2 K, under a He atmosphere with a flow
rate of 30 mL/min.
In Situ Reaction and Extraction of Furfural from Biphasic

Reaction Media Containing Xylose. Xylose, a hemicellulose
hydrolysis product, was employed as a model substrate for furfural
production. The reaction media were made of an aqueous xylose
solution (139.40 mmol/L), sulfuric acid (the catalyst facilitating
xylose dehydration into furfural, employed at a concentration of 0.1 M
with respect to the aqueous phase), and a natural solvent (eugenol or
thymol). Similar experiments were performed with MIBK, considered
as a reference solvent. The total volume of phases was 30 mL, and the
solvent-to-feed ratio was 1.00 in volume. The experiments were done
in duplicate. The compositions were measured by HPLC (high-
performance liquid chromatography) and GC (gas chromatography),
as described below.
Operation in a Reactor with Conventional Heating. Samples

of the acidic aqueous phase (15 mL) and the considered solvent (15
mL) were mixed in a 0.1 L stainless-steel reactor from Parr and stirred
at 400 rpm. The reactor was heated up to 443.2 K (t = 0 min), and
this temperature was kept for the preset reaction times (15, 30, 45, 60,

or 90 min). The time needed to reach the target temperature from
333.2 K was 9 min and 50 s. At the end of the reaction, the reactor
was cooled, and the organic and aqueous phases were separated in a
separatory funnel. The aqueous phases were diluted and filtered
through 0.45 μm membranes and analyzed by HPLC using a 1200
series Agilent chromatograph fitted with a refractive index detector
and a diode array detector. The column used for analysis was a 300 ×
7.8 mm Aminex HPX-87H, eluted with 3 mN H2SO4 at 0.6 mL/min
and 323 K. Xylose and furfural were determined from data obtained
with the refractive index detector and the diode array detector (280
nm), respectively. The organic phases were also analyzed by GC as
explained above.

Operation in a Reactor with Microwave Heating. Samples of
the acidic aqueous phase (15 mL) and solvent (15 mL) were mixed in
0.1 L stirred Teflon vessels and heated in a MARS6 CEM
Corporation microwave accelerated reaction system. The media
were heated from 333.2 to 443.5 K in 3 min and 30 s (power, 430 W).
Once the reactor reached 443.2 K (t = 0), the temperature was kept
constant for the desired reaction times (5, 10, 15, 20, 30, or 45 min).
Then, the vessels were cooled, and the phases were separated in a
separatory funnel. The aqueous and organic phases were analyzed by
HPLC and GC, respectively, using the previously described methods.
From the results obtained by HPLC and GC, xylose conversion (Xxyl),
furfural selectivity (Sfurf), furfural production yield (Yfurf), and furfural
extraction yield (Yldext) were calculated using the following equations

=
−
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C C

C
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x x

x
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where Cx,0 is the initial xylose concentration in the aqueous phase, Cx
is the xylose concentration in the aqueous phase at the considered
time, CF

org is the furfural concentration in the organic phase, and CF
aq is

the furfural concentration in the aqueous phase.
Simulation of Furfural Separation from Eugenol and MIBK

by Distillation. Conventional distillation was simulated in an Aspen
Plus v11 commercial simulator to compare eugenol (NISTV110.N-
IST-TRC databank) and MIBK (APV110.PURE32 databank)
solvents in the isolation of the product, furfural. A COSMO-SAC
thermodynamic model developed by Lin and Sandler (2002)54 was
selected, and COSMOtherm v. 19.0.4 was used to calculate the
desired properties of eugenol, namely, the sigma profile and the
COSMO volume. After analyzing the boiling points of the solvents
and furfural, both strategies are envisioned. Furfural is distilled from
eugenol due to its higher volatility, whereas MIBK is distilled from
furfural due to its lower boiling point. A Radfrac model was employed
to simulate both distillations cases, described with 20 equilibrium
stages and adjusting the reflux ratio to satisfy 99.9% mole purity of
furfural, in the residue or distillate for the cases of MIBK and eugenol,
respectively. The emulated mixture used as a benchmark, containing
0.02 and 0.98 molar fractions of furfural and solvent, respectively, was
fed to the column at stage 10 at 443.2 K and 1 atm with a mole flow
rate of 100 kmol/s. These conditions are selected to ease the
comparison between both solvents, creating a fair scenario for the
separation evaluation. Atmospheric pressure was set to make the
comparison easier in terms of energy consumption, avoiding the use
of vacuum.

■ RESULTS AND DISCUSSION
Solvent Screening Using COSMO-RS. For the sake of

selecting the most suitable natural solvent for furfural
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extraction in its reaction medium, a screening of a wide range
of natural solvents using COSMO-RS was performed. With
this approach, the activity coefficients at infinite dilution of
furfural in natural and conventional solvents were estimated at
323.2 K using COSMOtherm software. The numeric values of
the activity coefficients of furfural at infinite dilution using
terpenes, terpenoids, and eutectic and conventional solvents
are depicted in Figure 1.
A low value of the activity coefficient at infinite dilution of

furfural implies strong interactions with the solvent. Therefore,
the solvents that have shown lower values of the activity
coefficient at infinite dilution are expected to achieve high
furfural extraction yields. The results obtained suggest that the
terpenoids and eutectic solvents that are oxygenated alkenes
and aromatics are the solvents with the best extraction
performance to extract furfural. Thus, thymol, eugenol, and the
eutectic solvents formed by thymol are the compounds that
showed the lowest activity coefficient of furfural at infinite
dilution. Also, the results suggest that eugenol, thymol, and the
eutectic solvents with thymol would present a better
performance than the conventional solvents MIBK, toluene,
and 1-butanol.
To explain the observed trends, σ-profiles of furfural and the

selected solvents were obtained using COSMOtherm software
and are presented in Figures S1−S3 of the Supporting
Information. The polarized charge density (σ) values from
−0.005 to 0.005 e/A2 correspond to the non-polar segments,
while the charge density values under −0.005 e/A2 and above
0.005 e/A2 correspond to the electrophilic (hydrogen bond
donor) and nucleophilic (hydrogen bond acceptor) groups,
respectively. Furfural shows a strong hydrogen bond donor
segment due to the aldehyde group. Thus, the solvents that

present hydrogen bond acceptor segments will present low
furfural activity coefficients. Therefore, thymol and eugenol
present strong acceptor hydrogen bond segments due to the
alcohol group. Also, furfural and the solvents mentioned are
aromatic compounds, presenting a cloud of π electrons that
increase the interactions and, therefore, would facilitate the
solubility of furfural in the solvent with thymol and eugenol.
To predict solute−solvent interactions, the contributions of

hydrogen bonding, van der Waals, and misfit forces on the
excess enthalpies of an equimolar mixture of furfural and
thymol or eugenol have been estimated by the COSMO-RS
method. According to the results obtained in these
calculations, in the case of eugenol, 91.0% of the interaction
forces between furfural and the solvent will be due to the
formation of hydrogen bonds with misfit forces contributing
6.8% to the excess enthalpy. Likewise, according to COSMO-
RS calculations, the interaction with hydrogen bonds will be
the main one in the dissolution of furfural by thymol, with a
contribution of 82.0%, while the contribution of misfit forces
to the excess enthalpy was 17.6%. Therefore, the dissolution of
furfural in both terpenoids involves strong hydrogen bonds
between the solute and the solvent, the occurrence of misfit
forces being secondary, and van der Waals forces being
practically negligible.
Contrarily, the solvents that are non-oxygenated alkanes or

non-aromatic solvents, such as limonene, menthol, or citral,
show higher activity coefficients due to the absence of acceptor
hydrogen bond groups or π electrons to solubilize the furfural.
In addition, the eutectic solvents formed by fatty acid and
thymol suggest an increase in the extraction yield of furfural
with a shorter alkyl chain, due to the increment of the non-
polarity with the alkyl chain length.

Figure 1. Activity coefficients at infinite dilution of furfural in terpenes, terpenoids, eutectic solvents, and conventional solvents (toluene, 1-butanol,
and MIBK) calculated at 323.2 K using the COSMO-RS method.
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To validate the COSMO-RS predictions, the solvents with
purple bars in Figure 1 were selected for further experimenta-
tion to cover a wide range of activity coefficients at infinite
dilution. The solvents considered were one terpene (limo-
nene), five terpenoids (menthol, geraniol, citral, eugenol, and
thymol), eight eutectic solvents [(menthol + borneol),
(menthol + camphor), (C12OOH + thymol), (thymol +
menthol), (thymol + camphor), (C8OOH + thymol),
(C10OOH + thymol), and (thymol + borneol)], and the
conventional solvents with the lowest activity coefficients of
furfural at infinite dilution, MIBK and toluene.
Extraction of Furfural Using Terpenoids and Eutectic

Solvents. As indicated previously, the extraction of furfural
from aqueous solutions was carried out in vials at 323.2 K. The
yield of extraction (Yld) was calculated for each solvent using
the following equation

=
−

×
C C

C
Yld (%) 100FF,o

aq aq

F,o
aq

(5)

where CF,o
aq is the initial concentration of furfural in the feed

solution and CF
aq refers to the concentration of furfural in the

aqueous phase after the extraction. The extraction yields are
presented in Figure 2 as a function of the solvent-to-feed
volume ratio (S/F).
Thymol exhibited the best extraction performance, followed

by eugenol and the eutectic solvent (thymol + borneol). The
furfural extraction yields achieved with thymol or eugenol were
significantly higher than those obtained with MIBK, the best
conventional solvent tested. This difference was more
remarkable operating at S/F = 0.33, conditions under which
thymol and eugenol reached extraction yields of 88 and 75%,
respectively, in comparison with 62% for MIBK. The eutectic
solvents showed high extraction yields, except in the case of
(menthol + borneol), which showed a poor performance. This
finding was in agreement with the low extraction yield found
for menthol, which just surpassed the performance of
limonene. In general, the COSMO-RS predictions were in
agreement with the experimental data. Thymol and eugenol
showed the highest potential for furfural extraction, improving

the results obtained with MIBK. Of the eutectic solvents
tested, (thymol + borneol) and (thymol + C10OOH) showed
the best yields of extraction, increasing the yields obtained with
MIBK at each S/F. Nevertheless, these yields of extraction are
lower than those obtained with thymol and eugenol. On the
other hand, limonene and menthol were identified as the
terpene and terpenoid with the lowest extraction yields,
respectively.
Interestingly, the extraction yields of the best solvents did

not increase significantly with the S/F ratio: for example, the
extraction yields of thymol and eugenol at S/F = 1.00 were
comparable or higher than the ones obtained at S/F = 2.00
using any other solvent. On the other hand, limonene,
menthol, and toluene exhibited poor behavior, but their
extraction yields increased substantially when the S/F ratio
increased (particularly, when the S/F ratio shifted from 0.50 to
1.00). Considering the high yields achieved with eugenol and
thymol at an S/F ratio of 1.00, this S/F ratio has been selected
as the optimum ratio to minimize the solvent and equipment
costs, ensuring high furfural extraction yields. Because of this,
the rest of the experiments were performed at S/F = 1.00.
Also, the fraction of solvent dissolved in the aqueous phase

and the amount of water dissolved in the organic phase has
been quantified for the two best terpenoids, eugenol and
thymol, and the two conventional organic solvents, MIBK and
toluene. In Table S3 of the Supporting Information, the mutual
solubilities of water and the four solvents obtained for an S/F
ratio of 1.00 at 323.2 K are shown.
As can be seen, the solvent fraction in the aqueous phase is

an order of magnitude lower for the two terpenoids (eugenol
and thymol) than the value obtained for the commercial
reference solvent, MIBK. Therefore, the solvent losses in the
aqueous phase using both terpenes would be lower than those
produced using MIBK. In the case of water solubility in the
organic phase, the terpenes have also shown slightly lower
values than those obtained for MIBK. On the contrary, toluene
due to its less polar character has shown the lowest values of
solubility of the solvent in the aqueous phase and of water in
the organic phase. However, as previously described in Figure
2, the less polar character of toluene also implies significantly

Figure 2. Furfural extraction yields obtained with the conventional solvents (toluene and MIBK), eutectic solvents (menthol + borneol, menthol +
camphor, C12OOH + thymol, thymol + menthol, thymol + camphor, C8OOH + thymol, C10OOH + thymol, and thymol + borneol), a terpene
(limonene), and terpenoids (thymol, menthol, eugenol, geraniol, and citral) as a function of S/F volume ratio at 323.2 K.
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lower furfural extraction yields than those obtained for the two
best terpenoids and MIBK.
To assess the agreement between the COSMO-RS

predictions and the experimental data, Figure 3 shows the
correlation between the experimental extraction yields and the
furfural extraction activity coefficients at infinite furfural
dilution estimated with COSMO-RS.

In general, the COSMO-RS predictions were in good
agreement with the experimental data, with less accurate
predictions for the results obtained at the lower the S/F ratio
assayed. The solvents that showed low values of activity
coefficient of furfural at infinite dilution in the predictions with
COSMO-RS also achieved high experimental values of
extraction yields of furfural. These results confirm that the
COSMO-RS method is a suitable tool to predict the suitability
of the considered solvents as agents for furfural production in
biphasic reactors.
Extraction of Furfural under Reaction Conditions.

Experiments of furfural extraction with thymol and eugenol,
which are the best natural solvents tested, were performed to
assess their behavior in a biphasic reactor at 443.2 ± 0.5 K. For
comparison, similar experiments were carried out using the
conventional solvents MIBK and toluene. Table 1 lists the
extraction yields obtained operating at S/F = 1.00.

The data confirmed that the yields achieved under reaction
conditions were close to the ones obtained in 8 mL vials,
indicating that the screening of solvents operating in vials at
323.2 K was a strategy suitable for predicting their performance
under reaction conditions (443.2 K in the presence of 0.1 M
H2SO4). The extraction yields obtained at 443.2 K were

slightly favored by the increase of the furfural solubility with
temperature25 and were scarcely affected by the presence of 0.1
M sulfuric acid in reaction media, suggesting that the in situ
extraction of furfural with the considered solvents is a suitable
method for improving the results.
As mentioned in the Experimental Section, the chemical

stability of thymol and eugenol after extraction at 323.2 and
443.2 K was analyzed by FTIR. The infrared spectra of both
solvents are depicted in Figures S4 and S5. As the figure shows,
the results suggest that the bands in both spectra do not
display meaningful changes with the solvents used at 443.2 K.
Nonetheless, the O−H band from 3600 to 3300 cm−1 due to
the presence of water is slightly lower with both solvents used
at 443.2 K than at 323.2 K, due to the increase of the
temperature and the decrease in water solubility.
To complete the study of the stability of terpenoids under

reaction conditions, thymol and eugenol were analyzed before
and after the extraction process by 1H NMR. The spectra
obtained are shown in Figures S6 and S7 of the Supporting
Information. As can be seen, the signals observed before and
after the extraction process are coincident, with only a slight
increase in the signal corresponding to water (2.8−3.1 ppm)
due to the dissolution of a small amount of aqueous phase in
the terpenoid together with the extracted furfural. Therefore,
no changes in the chemical structure of the solvents were
observed in either FTIR or 1H NMR analyses. The use of
terpenoids has an advantage over the use of eutectic solvents in
a biphasic reactor. In the case of eutectic solvents, one of the
components could be partially dissolved in water, changing the
solvent composition, while in the case of terpenoids the
composition of the solvent remains constant since it is a pure
compound and no changes were observed in the signals
corresponding to the terpenoids, eugenol and thymol.
The thermal stability of the solvents before and after furfural

extraction was studied by TGA. The dynamic TGA curves
obtained in the analysis of the fresh solvents and after use in
the reactor are shown in Figures S8 and S9 of the Supporting
Information. As can be seen, the only difference shown in the
thermal stabilities is a slight weight loss at temperatures
between 303.2 and 423.2 K in the case of the solvents used,
due to the extraction of furfural and water in the organic phase.
The decrease due to solvent evaporation (above 473.2 K) is
practically coincident in the fresh solvents and in those used in
the extraction, thus confirming that solvent stability is not
affected in the furfural extraction process under reaction
conditions.
In conclusion, both solvents are chemically and thermally

stable to carry out the extraction of furfural in a biphasic
reactor at 443.2 K, guaranteeing higher yields of extraction
than the conventional solvents.

In Situ Production and Extraction of Furfural by
Acidic Treatments of Xylose Solution in Biphasic
Systems. Furfural was produced in biphasic media containing
an acidic aqueous xylose solution and thymol or eugenol as the
organic phase, operating at S/F = 1.00 and 443.2 K. For
comparative purposes, similar experiments were performed
using MIBK. Tables S4 and S5 of the Supporting Information
show the composition of the aqueous and organic phases
resulting from treatments performed in reactors with conven-
tional or microwave heating, respectively.
Conversion of xylose for both conventional (CH) and

microwave heating (MW) is shown in Figure 4. A comparison
between both biphasic systems using thymol or eugenol as the

Figure 3. Correlation between the experimental extraction yields and
the activity coefficients at infinite furfural dilution obtained using
COSMO-RS.

Table 1. Furfural Extraction Yields Obtained in Experiments
Performed in Vials (at 323.2 K) and in the Reactor at the
Furfural Production Temperature (443.2 K) in the Absence
or Presence of a Catalyst Acid (0.1 M H2SO4)

solvent
vial at 323.2 K

Yld (%)
reactor at

443.2 K Yld (%)
reactor at 443.2 K + acid

medium Yld (%)

eugenol 91.4 92.6 92.4
thymol 95.0 95.9 95.0
toluene 81.2 80.0 79.0
MIBK 85.1 86.8 87.0

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.1c02798
ACS Sustainable Chem. Eng. 2021, 9, 10266−10275

10271

https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.1c02798/suppl_file/sc1c02798_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.1c02798/suppl_file/sc1c02798_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.1c02798/suppl_file/sc1c02798_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.1c02798/suppl_file/sc1c02798_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.1c02798/suppl_file/sc1c02798_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.1c02798/suppl_file/sc1c02798_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c02798?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c02798?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c02798?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c02798?fig=fig3&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.1c02798?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


organic solvent showed similar conversions of xylose, thus
demonstrating that this compound is not significantly affected
by the presence of the organic phase. This behavior on the
sugar reaction in aqueous media is in accordance with the
reported literature.40 Xylose consumption in the aqueous
phase occurs even in the heating stage and continues in the
isothermal phase (443.2 K) as the reaction time increases. In
the experiments performed by conventional heating, xylose
reached conversions of nearly 90% between 45 and 60 min for
both eugenol and thymol, respectively, while only 5 min are
needed to reach that conversion by microwave heating. Thus,
as expected, xylose conversion to furfural using microwave
heating is significantly faster than using conventional heating.
Figure 5 shows the data determined for the furfural reaction

yield, furfural selectivity, and xylose conversion in experiments
performed in the microwave reactor. As shown in Figure 5a,
the furfural reaction yield reached a maximum (72.8%) after 10
min in media containing eugenol, in comparison with 65.8 and
51.8% when MIBK and thymol were employed as solvents,
respectively. In assays with eugenol or thymol, prolonged
reaction times resulted in decreased yields, which remained
constant under the same conditions with MIBK as the solvent.
This different behavior is ascribed to a possible coextraction of

the acid by the natural solvents, as discussed later. Remarkably,
high furfural reaction yields were achieved in media containing
eugenol at reaction times of about 10 min.
Regarding Figure 5b, xylose conversions and selectivity

toward furfural using the three solvents selected for this step
are shown together. As can be seen, the selectivity decreases
more significantly after 10 min of experimentation, especially
in the case of eugenol. One possible explanation could be the
coextraction of the acid from the aqueous to the organic phase.
This behavior is in accordance with Dietz et al.,40 who
reported a possible co-extraction of the acid catalyst in biphasic
experiments related to furfural degradation when thymol was
used as the extracting solvent. Furthermore, this furfural
degradation was even higher when isophorone or cyclopentyl
methyl ether was used.40

To reach a balance between xylose conversion, furfural
reaction yield, and furfural selectivity, 10 min would be the
optimal reaction time. The xylose conversion of 96.7%,
selectivity toward furfural of 75.3%, and furfural reaction
yield of 72.8% could be reached using eugenol. At this time,
similar xylose conversions could be obtained using MIBK and
thymol, but the values of furfural yield and selectivity would be
substantially lower. Therefore, in the production of furfural
from xylose in a biphasic reactor, the best performance was
shown by eugenol with respect to the two solvents previously
reported in the literature, MIBK and thymol.18,40

Furfural extraction yields calculated for each reaction time of
experiments performed by CH and MW experiments (Tables
S4 and S5) demonstrated that the extraction yield of furfural
using thymol is between 95 and 97%, while in the case of
eugenol this percentage is slightly lower, between 93 and 94%.
These percentages obtained in the in situ reaction agree and
even increase those obtained in the extraction experiments at
the temperature of the reaction as listed in Table 1. With
respect to MIBK used as the reference, furfural extraction was
slightly lower, around 90%. In accordance with this last value,
the reported furfural recovery in assays performed with MIBK
at an S/F of 1.00 was between 89.5 and 91.0%.18 In addition,
the extraction yields of furfural obtained remained constant
throughout the reaction. Therefore, considering the furfural
selectivity and the furfural extraction and reaction yields,
eugenol would sustainably improve the conventional solvents
yields to extract furfural from its reaction medium from xylose.

Figure 4. Conversion of xylose in biphasic media containing thymol
or eugenol, operating in a reactor with CH or MW.

Figure 5. (a) Furfural reaction yield (Yfurf). (b) Furfural selectivity (Sfurf) and conversion of xylose (Xxyl) using thymol, eugenol, and MIBK
(experiments performed in the microwave reactor).
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Simulation of Furfural Separation from Eugenol and
MIBK by Distillation. As described in the Experimental
Section, to study the technical feasibility of the proposed
process for obtaining furfural using eugenol, a simulation of the
separation process of furfural from eugenol and MIBK by
distillation was carried out in Aspen Plus. The simulations were
aimed at obtaining a furfural stream with a purity of 99.9% on a
molar basis. Table 2 collects the energy consumption of both

systems, in the separation of 100 kmol/s of binary mixtures
(furfural + eugenol) and (furfural + MIBK) with 2% of furfural
on a molar basis.
In the case of eugenol, since its boiling point (527.2 K) is

higher than that of furfural (435.2 K), furfural will be obtained
in the distillate and the purified solvent will be obtained in the
residue stream. On the contrary, using the reference solvent,
MIBK, which has a boiling point of 389.2 K, it is necessary to
evaporate all the solvent to obtain it in the distillate. Therefore,
the election of eugenol as the high-boiling-point solvent
reduces the cooling and heating energy expenses to a large
extent. Energy savings are 98.4% in cooling and 48.7% in
heating because in the case of eugenol only 2% of the feed
stream corresponding to furfural has to be obtained in the
distillate. In addition to this, the regenerated eugenol leaves the
distillation column above reaction temperature, imposing a
clear advantage to minimize the heating expenses related to the
reaction step. Thus, the use of eugenol as the solvent in a two-
phase reactor to obtain furfural could lead to an increase in the
yields of furfural obtained with respect to the results using
MIBK and also to a reduction in the costs associated with the
subsequent process of separation of the solvent and the solute
by distillation.

■ CONCLUSIONS

In this work, terpenes, terpenoids, and hydrophobic eutectic
solvents have been assessed as agents for furfural recovery from
aqueous solutions. A COSMO-RS prediction allowed the
identification of the most favorable solvents for this purpose.
Experimental extraction yields were correlated with the activity
coefficients at infinite dilution predicted by the COSMO-RS
method to get an insight into the performance of novel
solvents with enhanced distribution ratios. This assessment
allowed the identification of thymol, eugenol, and eutectic
solvents containing thymol as promising candidates for furfural
production, with comparative advantages over MIBK, consid-
ered as a reference solvent.
The solvents providing the highest extraction yields, thymol

and eugenol, were evaluated for furfural extraction under
reaction conditions typical for furfural. After confirming that
temperature and acid hardly affected the extraction yield,
additional experiments were performed to assess the in situ
reaction and extraction of furfural from xylose. The best results
were obtained operating with eugenol, which led to remarkable
results in terms of furfural selectivity (75.3%), furfural reaction
yield (72.8%), and extraction yield (90.6%), improving the

performance of MIBK. In addition, the separation of furfural
from eugenol by distillation has been simulated, obtaining
much lower energy costs than those required to separate
furfural from the reference solvent, MIBK. The results achieved
in this study confirm the potential of eugenol as a sustainable
and efficient solvent for furfural production in biphasic
reactors.
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