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A B S T R A C T

After biomass fractionation using deep eutectic solvents (DES), solvent recovery is an essential step. Recovery of
lignin from DES by liquid–liquid extraction (LLX) may provide large energy savings compared to cold water
precipitation. Lignin that is dissolved in DES from biomass fractionation is inhomogeneous, meaning it has
various fractions with different molar weights and possibly variations in functional group densities. Therefore, it
is important to compare recoverability of every lignin fraction by LLX with cold-water precipitation. In this
work, the recovery of lignin from a DES comprised of 30 wt% choline chloride and 70 wt% lactic acid was
studied. Using as much as 30 wt% choline chloride is beneficial to limit leaching of lactic acid. Three cross-
current extractions were performed using 2-MTHF. This method recovered 95% of the lignin fractions around
2000 g/mol and 85% of the lignin fractions around 10,000 g/mol. No inter-aromatic ether bonds were found in
the lignin remaining in the DES raffinate by heteronuclear single quantum coherence spectroscopy (HSQC),
indicating the remaining lignin in the DES has a highly condensed nature. Cold water precipitation could fully
recover the lignin fractions above 4000 g/mol using 3.5 kg water per kg DES. However, only half of the lignin
fraction of 1000 g/mol was recovered. Briefly, LLX is more suitable for the recovery of low molar weight
fractions, while cold water precipitation is more suitable for the heavy molar weight fractions. For industrial
applications, a combination of both approaches is essential for full lignin recovery.

1. Introduction

Deep eutectic solvents (DESs) are composite solvents that exhibit
deep eutectic behavior upon mixing the constituents. One attempt to
define DESs states that the melting points of these mixtures is reduced
considerably more (> 50 °C) than would be the case for ideal mixtures
[12]. Many mixtures that have been reported as being DESs do have a
much lower melting point than the pure components. However, these
melting points are often close to ideal melting points that can be cal-
culated thermodynamically [3]. Furthermore, the melting points de-
termined for these mixtures may differ significantly upon the methods
used. For example, the melting point of the DES comprised of choline
chloride and lactic acid in a 1:10 ratio was determined by Crespo et al.
[3], and by Francisco et al. [4] Crespo et al. [3] found the melting point
to be close to the ideal melting point of 11 °C using a capillary method,
while Franciso et al. [4] found a melting point of −66 °C for the same
mixture by differential scanning calorimetry (DSC). Possibly, the results
obtained by the DSC method used by Francisco et al. [4] deviate

because of supercooling in the DSC [5]. Furthermore, the hygroscopic
nature of DESs may also make characterization difficult since water
strongly influences phase behaviour [6].

Regardless of what a formal definition of DESs should be, these
composite solvents that exhibit their low transition temperatures [7]
due to hydrogen bonding, raised wide attention in academia. Since
these solvents can easily be prepared in numerous ways by combining a
hydrogen bond donor and acceptor [8] and are often biocompatible,
biodegradable [9] and can have a low toxicity [10], DESs have been
used for various applications, such as, CO2 capture [11–13], air pollu-
tant removal [14], extractive distillation [15], metal extractions [16],
desulfurization [17,18] and biomass fractionation [19–22].

Regeneration of DESs is most often performed by precipitation of
either the solute [23,24] or solvent [25,7] in an anti-solvent. Especially
in biomass fractionation this approach is popular, but large amounts of
water are required as anti-solvent for the precipitation of lignin [26]. In
our previous study [27], we proposed LLX using hydrophobic solvents
to recover lignin from DES, since LLX can be energy efficient [28]. It
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was found that 2-MTHF is a suitable extraction solvent to recover lignin
from a DES comprising of lactic acid and choline chloride from single
stage equilibrium extraction studies [27]. This solvent was selected
because it could extract lignin of all molar weights and because it is bio-
based [27]. In precipitation, an anti-solvent is added to the DES, which
decreases the affinity of lignin with the mixture, causing the lignin to
precipitate. This antisolvent must be removed from the DES before re-
use of the DES. In LLX, the DES is contacted with an immiscible solvent.
If the lignin has a higher affinity to the solvent than to the DES, it will
move from the DES to the solvent phase. The solvent can later be re-
moved from the lignin by a simple evaporation step.

Lignin is an inhomogeneous polymer and contains various linkages
and functional groups. Various authors used either LLX [29–31], frac-
tional precipitation [32–34], or partial solubility [32,35–39] to frac-
tionate a lignin in two or more fractions with different properties. This
means that some lignin fractions may be better extracted and/or pre-
cipitated from the DES than others. Therefore, it is vital to determine to
what extent different lignin fractions can be recovered from DESs.
Compared to the prior study, where only single stage extractions of
lignin were described, we here describe a more extensive study on
multistage cross-current LLX to recover lignins from a lactic acid and
choline chloride mixture. We applied the same DES composition (30 wt
% choline chloride and 70 wt% lactic acid) as in the previous study
[27], this composition is beneficial to limit lactic acid leaching. At
lower choline chloride compositions, leaching of lactic acid can become
much more significant. For future industrial perspective, lactic acid
leaching, even when limited by the use of 30 wt% choline chloride,
should be considered. After evaporative regeneration of the 2-MTHF,
the lactic acid is recovered from lignin by a water wash. Furthermore,
we compared the multistage extraction method to cold water pre-
cipitations using various amounts of cold water. The results in this
paper give more in-depth insight in the extractability of the lignin
fractions, and how full lignin removal can be approached.

In this study, lignin extractions from a DES comprised of lactic acid
and choline chloride using 2-MTHF were studied in a cross-current
sequence, and results for lignin-in-DES solutions obtained via different
procedures were compared. In our studies we always used Eucalyptus
globulus as source for the lignin, but the preparation of the lignin
containing DES was varied. Lignin was extracted directly from the
prepared lignin-in-DES mixture, and lignin that was previously ob-
tained by precipitation was redissolved in the DES and then recovered
again. the lignin concentrations in the extracts were determined by gel
permeation chromatography (GPC). Later, the lignin fractions were
isolated from all extract and raffinate streams and characterized by
Fourier-transform infrared spectroscopy (FT-IR) and HSQC to compare
the general structure and bonds in the lignin fractions. Also, the re-
coverability of different lignin fractions by cold water precipitation was
studied as function of the water to DES phase ratio using GPC.

2. Methods and materials

2.1. Chemicals

Lactic acid (> 90%) and 2-MTHF (Emplura) were ordered from
VWR. Choline chloride (> 98%) and butylated hydroxytoluene (BHT)
(> 99%) were ordered from Sigma-Aldrich. Crystalline lactic acid was
kindly provided by Corbion. DMSO‑d6 (D, 99.9%) was ordered from
Cambridge Isotope Laboratories. Air-dry Eucalyptus globulus chips were
kindly provided by The Navigator Company. The commercial size chips
(typically 25–35 × 10–25 × 2.5–6 mm, L × W × T) were used as
received and contained 21.6% lignin, 50.6% glucose, 14.0% xylose, and
1.1% galactose, as determined by acid hydrolysis using the standard
NREL method [40].

2.2. Experimental methods

2.2.1. Preparation of lignin-in-DES mixtures
210 g Choline chloride, 490 g lactic acid (> 90%) and 300 g water

were added to a round bottom flask fitted with a condenser. The mix-
ture was heated under continuous stirring to form a homogeneous li-
quid, which started to boil at 112 °C. Water was released from the
mixture until the temperature reached 120 °C and 50 g wood chips
(oven dry basis, 10.9 wt% water) were added through a free neck (ø
29 mm). The mixture was kept at 120 °C for 8 h under continuous
stirring. The mixture was filtered while hot over a 53 μm steel mesh and
contained 17.4 wt% water, as determined by Karl-Fischer titration (see
Section 2.3.4).

2.2.2. Cross-current extraction experiments
20 g of the prepared lignin-in-DES mixture (see Section 2.2.1) and

20 g 2-MTHF were added to a 50 mL double-walled stirred cell, which
was kept at 50 °C using a Julabo F25 water bath. The cell was stirred
over night to reach equilibrium. After extraction, the phases were set-
tled and the top phase was removed and renewed by a solution of 30 wt
% crystalline lactic acid in 2-MTHF to avoid excess leaching of lactic
acid. The lignin concentrations in the extract phases were determined
by GPC. The lignin concentrations in the raffinate phases were calcu-
lated by mass balance since they were not fully soluble in the GPC
eluent. The distribution coefficients were calculated as the ratios be-
tween the concentrations in the extract phases, over the concentrations
in the raffinate phases, and the recoveries were calculated by mass
balance.

Also three stage extractions with lignin that was obtained by cold
water precipitation according to the method described in our previous
paper [27] were performed. 15 g Crystalline lactic acid, 8 g choline
chloride and 15 g 2-MTHF were added to the stirred cell described in
the previous section. The mixture forms 18 g of extract and 18 g of DES
raffinate (comprised of 30:70 w:w choline chloride to lactic acid), as
determined from the equilibrium [27]. 6 g water was added to the DES
to adjust the initial water content in the DES to 25 wt%, being bene-
ficial for the distribution of lignin [27]. 300 mg lignin was added to the
stirred cell and the mixture was stirred over-night to reach equilibrium.
Three extractions were performed using the same method as described
in the previous paragraph. The lignin concentrations in the extract and
raffinate phases were determined by GPC. The distribution coefficients
were calculated as the ratios between the concentrations in the extract
phases, over the concentrations in the raffinate phases, and the re-
coveries were calculated by mass balance according to:
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In which C is the lignin concentration, m the mass of the phase and
n the extraction stage.

2.2.3. Isolation of lignin fractions
To obtain sufficient lignin from each fraction for characterization,

an additional set of extractions were performed on larger scale using a
modified procedure. For the isolation of the lignin from the first raffi-
nate and extract phase, 100 g lignin-in-DES mixture and 100 g 2-MTHF
were added to a separatory funnel. The mixture was shaken vigorously
for several minutes and the phases were settled and separated at room
temperature. A minor amount of precipitate was found on the interface
between the extract and raffinate phase. For further characterization of
this fraction, please see the Electronic Supplementary Information
(ESI). 2-MTHF was removed from the extract phase by rotavap at 50 °C
and 200 mbar until no further 2-MTHF evaporated from the mixture.
Both phases were added to 300 mL water under stirring to precipitate
the lignin. The lignin fractions from the extract and raffinate phases and

D. Smink, et al. Separation and Purification Technology 252 (2020) 117395

2



the precipitate found between the two fractions were separated by
centrifuge, washed twice with 20 mL water and dried overnight under
vacuum.

For the isolation of the second and third raffinate and extract
phases, 330 g lignin-in-DES mixture and 330 g 2-MTHF were added to a
separatory funnel. The mixture was shaken vigorously for several
minutes and the phases were settled and separated at room tempera-
ture. After the extraction, 190 g DES raffinate and 450 g 2-MTHF ex-
tract were recovered and a minor amount was lost during separation.
All raffinate was added to 190 g of 30 wt% crystalline lactic acid in 2-
MTHF. The mixture was shaken vigorously for several minutes and the
phases were settled and separated. 190 g DES raffinate and 165 g 2-
MTHF extract were obtained. 100 g of this raffinate was added to an-
other 100 g of the 30 wt% crystalline lactic acid in 2-MTHF mixture.
The mixture was shaken vigorously for several minutes and the phases
were settled and separated. 100 g DES raffinate and 90 g 2-MTHF ex-
tract was obtained. 2-MTHF was removed from both raffinates by ro-
tavap at 50 °C and 200 mbar until no further 2-MTHF evaporated from
the mixture. All raffinates and extracts were precipitated in excess (1:3
w:w) water. The lignin fractions from the extracts and raffinates were
separated by centrifuge, washed twice with 20 mL water and dried
overnight under vacuum. Insufficient lignin was recovered from the 3rd

2-MTHF extract for analysis.

2.2.4. Cold water precipitation
The lignin-in-DES mixture (see Section 2.2.1) and water were both

mixed at room temperature in various ratios to form a total of 1 g in a
1.5 mL Eppendorf centrifuge tube. The mixtures were shaken thor-
oughly and left over night at room temperature. The solids were se-
parated by centrifugation at 14,000 rpm for 10 min. The lignin content
in the supernatant was determined by GPC.

2.3. Analytical methods

2.3.1. GPC
An Agilent 1200 series was used with a refractive index detector and

a UV detector operating at 254 nm using 3 GPC PLgel 3 μm MIXED-E
columns in series. The column was operated at 40 °C and a 95:5 (v:v)
tetrahydrofuran and water mixture was the solvent at a flowrate of
1 mL/min. Molecular weight distributions were calibrated using poly-
styrene solutions having molecular weights ranging from 162 to
27,810 g/mol.

2.3.2. HSQC
Lignin samples were dissolved in DMSO‑d6 and analyzed using a

Bruker Ascend 400 MHz spectrometer. Data was acquired using the
hsqcetgp pulse program provided by Bruker. Matrices of 512 data
points for the 1H-dimension and 256 data points for the 13C-dimension
were collected applying a relexation delay of 1.5 s and spectral widths
from −1 ppm to 11 ppm and from 210 to 0 ppm in the 1H and 13C
dimensions, respectively. The 2D HSQC spectra were processed using
MestReNova software.

2.3.3. FT-IR
FT-IR analyses were performed on solid lignin fractions isolated

from the raffinates and extracts. The analysis was carried out at room
temperature using a Bruker Tensor 27 spectrometer equipped with an
attenuated total reflection system and a deuterated triglycine sulphate
detector. Absorbance was measured in the range 650 to 4000 cm−1

with a spectral resolution of 4 cm−1, and 16 scans were performed. No
baseline corrections were applied.

2.3.4. Karl-Fischer titration
The water content of lignin in DES mixture was determined by Karl-

Fischer titration using a Metrohm 787 KF Titrino. Hydranal composite 5
(5 mg water/mL) was titrated from a 20 mL burette in a 3:1 (v:v)
mixture of methanol and dichloromethane. The sample was measured
in duplo with a relative error < 1%.

3. Results and discussion

3.1. Cross-current extractions using actual pulping DES

Cross-current extractions were performed to investigate the ex-
tractability of lignin from the prepared lignin-in-DES mixture. Three
stage extractions were performed using 2-MTHF. The lignin con-
centrations in the solvent phases were determined by GPC and the
concentrations in the DES phases were calculated by mass balance.
From these concentrations the distribution coefficients of lignin among
the 2-MTHF and DES were calculated, as well as the total recovery of
lignin from the DES (see Section 2.2.2). The results are shown in Fig. 1.
From this figure, it can be seen that the total lignin recovery after 3
extraction stages was approximately 95% for the fractions around
2,000 g/mol, and decreased to around 85% for the fraction around
10,000 g/mol. The distribution coefficient in the first stage was around
2.5 for all lignin fractions, dropped below 1 in the last stage. Therefore,
further extraction stages seemed ineffective. Because the lignin re-
maining in the DES could not be extracted by 2-MTHF, we conjecture
that the remaining lignin has a different chemical nature compared to
the lignin that was extracted by 2-MTHF. Therefore, lignin from each
fraction was isolated using a modified procedure for FT-IR and HSQC
analysis to elaborate on their structures (see Section 3.3).

3.2. Cross-current extraction using precipitated lignin

In the previous section, lignin was extracted directly from the pre-
pared lignin in DES mixture. However, this mixture does not only
contain lignin, but also (hemi)cellulose breakdown products, such as
glucose, xylose, furfural, HMF or humins. These substances may influ-
ence the lignin distribution, and therefore, the extraction experiments
from Section 3.1 were repeated using lignin that was previously ob-
tained by cold water precipitation, to see whether extraction of a model
lignin produced by the same pulping procedure is representable for the
actual system. However, some lignin fractions may remain soluble
during cold water precipitation (see Section 3.4), and are therefore not
present in the precipitated lignin used in the previous section. This

Fig. 1. Results of the cross-current extractions of
lignin from the lignin-in-DES solution by 2-MTHF in 3
stages (Stage 1 is dashed, 2 dotted and 3 solid lines). A
1:1 DES to solvent ratio was used and extractions were
performed at 50 °C. The initial DES contained 17.6%
water. The left figure shows the distribution coeffi-
cients and the right figure shows the total lignin re-
covery, as calculated by mass balance.
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means that the distribution of these fractions cannot be measured in
this experiment. The results from this experiment are shown in Fig. 2.
From this figure it can be seen that the distribution coefficient in the 1st
stage is between 4 and 10, which is in accordance with the earlier
determined equilibrium [27]. In the 3rd stage, the distribution coeffi-
cient dropped to a value lower than 1 for all lignin fractions. This was
also seen in the direct extractions from the lignin-in-DES mixture. The
lignin recovery after 3 stages of the fractions between 1000 and
10,000 g/mol was around 95%, while the recovered dropped to 85% for
the lignin fractions around 20,000 g/mol.

The main difference between the total recovery of lignin extracted
directly from the lignin-in-DES mixture and the lignin that was pre-
viously obtained by precipitation can be found in the region between
3000 and 10,000 g/mol. For the first lignin, the recovery drops from
95% to 85% between these molar weights, while for the second lignin
(previously precipitated) the recovery remains constant around 95%
and only drops to 85% at a molar weight around 20,000 g/mol.
However, for both lignins the full recovery for the lowest molar weight
fraction is around 95% and the recovery of the highest molar weight
fraction around 85%, indicating that the lignin model is reasonably
representative for the actual lignin-in-DES mixture.

3.3. Analysis of DES fractions

In the previous sections it was shown that the lignin extractability
from DES decreased one order of magnitude in the 3rd extraction stage,
compared to the 1st stage. We conjectured that this was caused by a
difference in chemical nature between the lignin extracted by 2-MTHF
and the lignin remaining in the DES. Therefore, we performed larger
scale extractions using a modified procedure to be able to isolate en-
ough lignin from each raffinate and extract fraction, in order to study
the chemical natures by FT-IR and HSQC. In this procedure, lignin was
extracted from the lignin-in-DES mixture using multiple extractions
with 2-MTHF using a separatory funnel at room temperature. The lig-
nins were isolated from each fraction using cold water precipitation.

In theory, FT-IR provides information on all chemical bonds present
in a lignin structure [35] and HSQC gives information on the general
structure and ether bonds present in lignin [35,41]. These factors may
influence lignin solubility and by performing these analysis on both
lignin fractions, it may become clear why some lignin fractions are
better extracted than others. The FT-IR spectra (see Fig. 3) of the lignins
in the DES raffinates and 2-MTHF extracts show only minor differences.
There are only minor differences between the spectra of the lignin from
the 1st and 2nd DES raffinates, while the spectrum of the lignin in the
3rd raffinate is similar to the 2nd raffinate. Also the spectrum of the
lignin in the 1st 2-MTHF extract is similar to the three spectra of the
lignins in the three DES raffinates. Some extra peaks appear in the 2nd

2-MTHF extract at 859, 888, 1157, 1133, 1310 and 1358 cm−1.
However, all of these peaks can be attributed to the presence of a
contamination of BHT in the lignin. The FT-IR spectrum of BHT is
shown in the supplementary data. BHT is an additive that is present as
stabilizer in 2-MTHF, which was left in the lignin sample after the re-
moval of 2-MTHF. Since the lignin concentration in the 1st extract is

much higher than in the 2nd extract, and the BHT concentration in 2-
MTHF is constant, the BHT contamination in lignin from the 2nd extract
is much higher than from the 1st extract. Not enough lignin could be
isolated from the 3rd extract phase for analysis.

The HSQC spectra of the lignins in the DES raffinates and 2-MTHF
extracts are shown in FigS. 4 and 5. The spectra of the oxygenated side
chain region show the presence of ether bonds between the aromatic
units. The β-O-4 bonds (δC/δH = 72.1/4.9) and β-β bonds (δC/
δH = 85.8/4.7) can be clearly identified in the spectra of the two 2-
MTHF extracts and the first DES raffinate. However, they do not show
in the 2nd and 3rd DES raffinate. The β-5 bonds could not be identified
in any lignin fraction. Furthermore, the spectra show the methoxy
groups in the lignin (δC/δH = 56.3/3.7) and impurities of lactic acid
(δC/δH = 69.0/5.0 and 66.6/4.2) and choline chloride (δC/δH = 53.6/
3.2). The spectra of the aromatic region show the presence of guaiacyl
(δC/δH = 115.7/6.8) and synapyl (δC/δH = 103.9/6.7) units in all
lignin fractions. Furthermore, the spectra of the two 2-MTHF extracts
clearly show the contamination of BHT (δC/δH = 125.5/6.9). Reference
spectra of all impurities are shown in the ESI.

There are two main differences between the lignin that was ex-
tracted by 2-MTHF, compared to the lignin that remained in the DES
raffinate. First of all, the lignin that remained in the raffinate has a
higher molar weight than the lignin that was extracted by 2-MTHF.
Second, the lignins that were extracted by 2-MTHF contained inter-
aromatic ether bonds, such as β-O-4 and β-β bonds, whereas these
bonds were not found in the lignin that remained in the DES raffinate.
These observations suggest that the lignin that remains in the DES
raffinate has a highly condensed nature, compared to the lignin that
was extracted by 2-MTHF.

3.4. Recovery by cold water precipitation

The current laboratory benchmark to recover lignin from DES is
precipitation of lignin by addition of the DES to water or aqueous
mixtures [26]. We also studied the recovery of lignin by cold water

Fig. 2. Results from the cross-current extractions of
lignin by 2-MTHF from a DES comprised of lactic
acid and choline chloride in 3 stages (Stage 1 is
dashed, 2 dotted and 3 solid lines). Extractions were
performed at 50 °C using a 1:1 DES to solvent ratio.
The initial DES contained 25% water. The left figure
shows the distribution coefficients and the right
figure shows the total lignin recovery, as calculated
by mass balance.

Fig. 3. FT-IR spectra of the lignins isolated from the DES raffinates (dotted) and
2-MTHF extracts (solid).
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precipitation to make a direct comparison between both techniques.
Water and the lignin-in-DES mixture were mixed in various ratios. The
precipitated lignin was separated by centrifuge and the concentration of
lignin remaining in the supernatant was determined by GPC. The re-
covery was calculated from the lignin concentration in the supernatant
and the lignin concentration in the original DES. The results of these
experiments are shown in Fig. 6.

From Fig. 6 it becomes apparent that only minor amounts of water
are required to precipitate a fraction of the lignin, 0.22 g water per g
DES was enough to precipitate roughly half of the lignin fraction
around 20,000 g/mol. However, the lower molar weight fraction re-
mained partly soluble in the water-DES mixture. Even when 3.5 g water

per g DES, about half the lignin fraction around 1000 g/mol was re-
covered from the DES. We reckon that higher water to DES ratios are
not viable for industrial application since the added water must be re-
moved from the DES by evaporation, which is highly energy intensive.
Therefore, these ratios were not studied in this work.

3.5. Comparison between LLX and cold water precipitation

The recovery of lignin from a DES comprised of lactic acid and
choline chloride was studied for two methods, LLX using 2-MTHF and
precipitation using cold water. Large differences were found between
the two methods. For LLX around 95% of the lignin fraction around

Fig. 4. 1H–13C HSQC spectra of the lignin isolated from the DES raffinates and 2-MTHF extracts in the aliphatic oxygenated side chain region (δC/δH = 47–93/
2.7–5.8 ppm). On top of the figures, the structures of the three main inter-aromatic ether bonds are shown: β-O-4 (left, red), β-5 (middle, purple) and β-β (right,
green). The peaks identified to these bonds in the spectra are labeled by color (β-5 bonds were not found in the spectra). Top left: lignin from the 1st 2-MTHF extract,
Top right: lignin from the 2nd 2-MTHF extract, Bottom left: lignin from the 1st DES raffinate, Bottom right: lignin from the 2nd DES raffinate.
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2000 g/mol could be removed, while for lignin fractions exceeding
10,000 g/mol, only 85% could be removed. Cold water precipitation
could fully remove all lignin fractions above 4000 g/mol, while only
50% of the lignin around 1000 g/mol could be removed. In summary,
recovery of the low molar weight lignin fractions is preferred by LLX,
while recovery of the high molar weight fraction is preferred by cold
water precipitation. Industrially, LLX is preferred over cold water pre-
cipitation since further removal of water from DES is highly energy
intensive. However, a high (> 95%) lignin recovery is required for
industrial applicability. In this study, the application of LLX was limited
to DES with a water content equal or smaller than 25 wt%. In a previous
study, we showed that the lignin distribution is highly dependent on the
water concentration [27], and especially the distribution of the high
molar weight fractions is affected by the water content. Therefore, we
suggest LLX as the preferred method, with the addition of water to a
total amount of 25 to 50 wt% based on the DES. In principle, the high
molar weight lignin fractions can be precipitated by water addition
prior or after LLX, but since the addition of water aids LLX, it is pre-
ferred to add water before LLX. Water can also be added during LLX to

Fig. 5. 1H–13C HSQC spectra of the lignin isolated from the DES raffinates and 2-MTHF extracts in the aromatic region (δC/δH = 98–132/5.8–8.2 ppm). On top of the
figures, the structures of the two main aromatic units are shown: syringyl (left, orange) and guaiacyl (right, blue). The peaks identified to these units in the spectra are
labeled by color. Top left: lignin from the 1st 2-MTHF extract, Top right: lignin from the 2nd 2-MTHF extract, Bottom left: lignin from the 1st DES raffinate, Bottom
right: lignin from the 2nd DES raffinate.

Fig. 6. Recovery of lignin by cold water precipitation using various DES to
water mass ratios, 1:3.5 (solid), 1:1.7 (dot), 1:0.85 (dash), 1:0.42 (dash-dot),
1:0.22 (dash-dot-dot).
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aid the extraction of the high molar weight fractions [27]. The ad-
vantage of this method is that the number of unit operations is reduced,
but precipitation before LLX produces a light and a heavy molar weight
lignin fraction, which may bring more value to the produced lignins.

4. Conclusion

Cross-current extractions of lignin from a DES comprised of choline
chloride and lactic acid were performed. It was found that 95% of the
molar weight fraction around 2000 g/mol and 85% of the fractions
above 10,000 g/mol could be recovered in 3 stages. Additional ex-
traction stages were not performed, since the distribution coefficients
dropped one order of magnitude from stage 1 to 3. Similar results were
obtained when the lignin was directly extracted from the pulping DES,
compared to the extraction of precipitated lignin that was re-dissolved
in the DES. The lignin in DES was fractionated using a one stage ex-
traction by 2-MTHF. Both fractions were analyzed by FT-IR and HSQC.
It was found that the lignin that remained in the DES raffinate after two
extractions did not contain any β-β or β-O-4 bonds. Together with the
high molar weight of the lignin remaining in the DES, this suggests that
the lignin remaining in the DES is highly condensed. Recovery of lignin
by cold water precipitation could fully recovery the lignin fractions
heavier than 4000 g/mol, but only half of the lignin fraction around
1000 g/mol could be removed by the addition of 3.5 g water per g DES.
For industrial applications, a combination of both approaches will be
desirable due to their complementary nature of lignin recovery.

CRediT authorship contribution statement

Dion Smink: Investigation, Writing - original draft. Sascha R.A.
Kersten: Supervision, Writing - review & editing. Boelo Schuur:
Supervision, Writing - review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgment

The authors would like to thank the members of the ISPT “Deep
Eutectic Solvents in the pulp and paper industry” consortium for their
financial and in kind contribution. This cluster consists of the following
organisations: CTP, CTS Twente, ISPT, Mayr-Melnhof Karton, Mid
Sweden University, Mondi, Sappi, Stora Enso, University of Aveiro,
University of Twente, Valmet Technologies Oy, VTT Technical Research
Centre of Finland Ltd, WEPA and Zellstoff Pöls. This project received
funding from TKI E&I with the supplementary grant 'TKI-Toeslag' for
Topconsortia for Knowledge and Innovation (TKI's) of the Ministry of
Economic Affairs and Climate Policy.

The Navigator Company is kindly acknowledged for providing eu-
calyptus wood chips. Corbion is kindly acknowledged for providing
crystalline lactic acid.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.seppur.2020.117395.

References

[1] B. Schuur, T. Brouwer, D. Smink, L.M.J. Sprakel, Green solvents for sustainable
separation processes, Curr. Opin. Green Sustain. Chem. 18 (2019) 57–65, https://
doi.org/10.1016/j.cogsc.2018.12.009.

[2] L.J.B.M. Kollau, M. Vis, A. Van Den Bruinhorst, A.C.C. Esteves, R. Tuinier,

Quantification of the liquid window of deep eutectic solvents, Chem. Commun. 54
(2018) 13351–13354, https://doi.org/10.1039/c8cc05815f.

[3] E.A. Crespo, L.P. Silva, M.A.R. Martins, M. Bülow, O. Ferreira, G. Sadowski, C. Held,
S.P. Pinho, J.A.P. Coutinho, The Role of Polyfunctionality in the Formation of
[Ch]Cl-Carboxylic Acid-Based Deep Eutectic Solvents, Ind. Eng. Chem. Res. 57
(2018) 11195–11209, https://doi.org/10.1021/acs.iecr.8b01249.

[4] M. Francisco, A. van den Bruinhorst, M.C. Kroon, New natural and renewable low
transition temperature mixtures (LTTMs): screening as solvents for lignocellulosic
biomass processing, Green Chem. 14 (2012) 2153–2157, https://doi.org/10.1039/
C2GC35660K.

[5] S. Gibout, E. Franquet, D. Haillot, J.-P. Bedecarrats, J.-P. Dumas, Challenges of the
Usual Graphical Methods Used to Characterize Phase Change Materials by
Differential Scanning Calorimetry, Appl. Sci. 8 (2018) 66, https://doi.org/10.3390/
app8010066.

[6] X. Meng, K. Ballerat-Busserolles, P. Husson, J.-M. Andanson, Impact of water on the
melting temperature of urea + choline chloride deep eutectic solvent, New J.
Chem. 40 (2016) 4492–4499, https://doi.org/10.1039/C5NJ02677F.

[7] M. Francisco, A. Van Den Bruinhorst, M.C. Kroon, Low-transition-temperature
mixtures (LTTMs): A new generation of designer solvents, Angew. Chemie - Int. Ed.
52 (2013) 3074–3085, https://doi.org/10.1002/anie.201207548.

[8] F.J.V. Gomez, M. Espino, M.A. Fernández, M.F. Silva, A Greener Approach to
Prepare Natural Deep Eutectic Solvents, ChemistrySelect 3 (2018) 6122–6125,
https://doi.org/10.1002/slct.201800713.

[9] Q. Lu, W. Liu, L. Yang, Y. Zu, B. Zu, M. Zhu, Y. Zhang, X. Zhang, R. Zhang, Z. Sun,
J. Huang, X. Zhang, W. Li, Investigation of the effects of different organosolv
pulping methods on antioxidant capacity and extraction efficiency of lignin, Food
Chem. 131 (2012) 313–317, https://doi.org/10.1016/j.foodchem.2011.07.116.

[10] I.P.E. Macário, F. Jesus, J.L. Pereira, S.P.M. Ventura, A.M.M. Gonçalves,
J.A.P. Coutinho, F.J.M. Gonçalves, Unraveling the ecotoxicity of deep eutectic
solvents using the mixture toxicity theory, Chemosphere 212 (2018) 890–897,
https://doi.org/10.1016/j.chemosphere.2018.08.153.

[11] G. García, S. Aparicio, R. Ullah, M. Atilhan, Deep eutectic solvents: Physicochemical
properties and gas separation applications, Energy Fuels 29 (2015) 2616–2644,
https://doi.org/10.1021/ef5028873.

[12] N.R. Mirza, N.J. Nicholas, Y. Wu, K.A. Mumford, S.E. Kentish, G.W. Stevens,
Experiments and Thermodynamic Modeling of the Solubility of Carbon Dioxide in
Three Different Deep Eutectic Solvents (DESs), J. Chem. Eng. Data. 60 (2015)
3246–3252, https://doi.org/10.1021/acs.jced.5b00492.

[13] N. López-Salas, E.O. Jardim, A. Silvestre-Albero, M.C. Gutiérrez, M.L. Ferrer,
F. Rodríguez-Reinoso, J. Silvestre-Albero, F. Del Monte, Use of eutectic mixtures for
preparation of monolithic carbons with CO2-adsorption and gas-separation cap-
abilities, Langmuir 30 (2014) 12220–12228, https://doi.org/10.1021/la5034146.

[14] L. Moura, T. Moufawad, M. Ferreira, H. Bricout, S. Tilloy, E. Monflier, M.F. Costa
Gomes, D. Landy, S. Fourmentin, Deep eutectic solvents as green absorbents of
volatile organic pollutants, Environ. Chem. Lett. 15 (2017) 747–753, https://doi.
org/10.1007/s10311-017-0654-y.

[15] Q. Pan, X. Shang, J. Li, S. Ma, L. Li, L. Sun, Energy-efficient separation process and
control scheme for extractive distillation of ethanol-water using deep eutectic sol-
vent, Sep. Purif. Technol. 219 (2019) 113–126, https://doi.org/10.1016/j.seppur.
2019.03.022.

[16] A. Söldner, J. Zach, B. König, Deep eutectic solvents as extraction media for metal
salts and oxides exemplarily shown for phosphates from incinerated sewage sludge
ash, Green Chem. 21 (2019) 321–328, https://doi.org/10.1039/c8gc02702a.

[17] F. Lima, J. Gouvenaux, L.C. Branco, A.J.D. Silvestre, I.M. Marrucho, Towards a
sulfur clean fuel: Deep extraction of thiophene and dibenzothiophene using poly-
ethylene glycol-based deep eutectic solvents, Fuel 234 (2018) 414–421, https://doi.
org/10.1016/j.fuel.2018.07.043.

[18] F. Lima, M. Dave, A.J.D. Silvestre, L.C. Branco, I.M. Marrucho, Concurrent
Desulfurization and Denitrogenation of Fuels Using Deep Eutectic Solvents, ACS
Sustain. Chem. Eng. 7 (2019) 11341–11349, https://doi.org/10.1021/
acssuschemeng.9b00877.

[19] D. Smink, A. Juan, B. Schuur, S.R.A. Kersten, Understanding the Role of Choline
Chloride in Deep Eutectic Solvents Used for Biomass Delignification, Ind. Eng.
Chem. Res. 58 (2019) 16348–16357, https://doi.org/10.1021/acs.iecr.9b03588.

[20] D.J.G.P. Van Osch, L.J.B.M. Kollau, A. Van Den Bruinhorst, S. Asikainen,
M.A.A. Rocha, M.C. Kroon, Ionic liquids and deep eutectic solvents for lig-
nocellulosic biomass fractionation, Phys. Chem. Chem. Phys. 19 (2017) 2636–2665,
https://doi.org/10.1039/c6cp07499e.

[21] A. Mišan, J. Nađpal, A. Stupar, M. Pojić, A. Mandić, R. Verpoorte, Y.H. Choi, The
perspectives of natural deep eutectic solvents in agri-food sector, Crit. Rev. Food
Sci. Nutr. (2019), https://doi.org/10.1080/10408398.2019.1650717.

[22] M. Jablonsky, A. Haz, V. Majova, Assessing the opportunities for applying deep
eutectic solvents for fractionation of beech wood and wheat straw, Cellulose 26
(2019) 7675–7684, https://doi.org/10.1007/s10570-019-02629-0.

[23] A.K. Das, M. Sharma, D. Mondal, K. Prasad, Deep eutectic solvents as efficient
solvent system for the extraction of κ-carrageenan from Kappaphycus alvarezii,
Carbohydr. Polym. 136 (2016) 930–935, https://doi.org/10.1016/j.carbpol.2015.
09.114.

[24] E.S. Morais, P.V. Mendonça, J.F.J. Coelho, M.G. Freire, C.S.R. Freire,
J.A.P. Coutinho, A.J.D. Silvestre, Deep Eutectic Solvent Aqueous Solutions as
Efficient Media for the Solubilization of Hardwood Xylans, ChemSusChem 11
(2018) 753–762, https://doi.org/10.1002/cssc.201702007.

[25] Z. Maugeri, P. de Maria, Novel choline-chloride-based deep-eutectic-solvents with
renewable hydrogen bond donors: levulinic acid and sugar-based polyols, RSC Adv.
2 (2012) 421–425, https://doi.org/10.1039/C1RA00630D.

[26] C. Alvarez-Vasco, R. Ma, M. Quintero, M. Guo, S. Geleynse, K.K. Ramasamy,

D. Smink, et al. Separation and Purification Technology 252 (2020) 117395

7

https://doi.org/10.1016/j.seppur.2020.117395
https://doi.org/10.1016/j.seppur.2020.117395
https://doi.org/10.1016/j.cogsc.2018.12.009
https://doi.org/10.1016/j.cogsc.2018.12.009
https://doi.org/10.1039/c8cc05815f
https://doi.org/10.1021/acs.iecr.8b01249
https://doi.org/10.1039/C2GC35660K
https://doi.org/10.1039/C2GC35660K
https://doi.org/10.3390/app8010066
https://doi.org/10.3390/app8010066
https://doi.org/10.1039/C5NJ02677F
https://doi.org/10.1002/anie.201207548
https://doi.org/10.1002/slct.201800713
https://doi.org/10.1016/j.foodchem.2011.07.116
https://doi.org/10.1016/j.chemosphere.2018.08.153
https://doi.org/10.1021/ef5028873
https://doi.org/10.1021/acs.jced.5b00492
https://doi.org/10.1021/la5034146
https://doi.org/10.1007/s10311-017-0654-y
https://doi.org/10.1007/s10311-017-0654-y
https://doi.org/10.1016/j.seppur.2019.03.022
https://doi.org/10.1016/j.seppur.2019.03.022
https://doi.org/10.1039/c8gc02702a
https://doi.org/10.1016/j.fuel.2018.07.043
https://doi.org/10.1016/j.fuel.2018.07.043
https://doi.org/10.1021/acssuschemeng.9b00877
https://doi.org/10.1021/acssuschemeng.9b00877
https://doi.org/10.1021/acs.iecr.9b03588
https://doi.org/10.1039/c6cp07499e
https://doi.org/10.1080/10408398.2019.1650717
https://doi.org/10.1007/s10570-019-02629-0
https://doi.org/10.1016/j.carbpol.2015.09.114
https://doi.org/10.1016/j.carbpol.2015.09.114
https://doi.org/10.1002/cssc.201702007
https://doi.org/10.1039/C1RA00630D


M. Wolcott, X. Zhang, Unique low-molecular-weight lignin with high purity ex-
tracted from wood by deep eutectic solvents (DES): a source of lignin for valor-
ization, Green Chem. 18 (2016) 5133–5141, https://doi.org/10.1039/c6gc01007e.

[27] D. Smink, S.R.A. Kersten, B. Schuur, Recovery of lignin from deep eutectic solvents
by liquid-liquid extraction, Sep. Purif. Technol. 235 (2019) 116127, , https://doi.
org/10.1016/j.seppur.2019.116127.

[28] M. Blahušiak, A. Kiss, K. Babić, S.R.A. Kersten, G. Bargeman, B. Schuur, Insights
into the selection and design of fluid separation processes, Sep. Purif. Technol. 194
(2017) 301–318, https://doi.org/10.1016/j.seppur.2017.10.026.

[29] K. Lundquist, R. Simonson, K. Tingsvik, On the composition of dioxane-water ex-
tracts of milled spruce wood: characterization of hydrophilic constituents, Nord.
Pulp Pap. Res. J. 5 (1990) 107–113, https://doi.org/10.3183/npprj-1990-05-03-
p107-113.

[30] K. Lundquist, B. Ohlsson, R. Simonson, Isolation of lignin by means of liquid-liquid
extraction, Sven. Papperstidning. 80 (1977) 143–144.

[31] S. Gao, J. Zhao, X. Wang, Y. Guo, Y. Han, J. Zhou, Lignin Structure and Solvent
Effects on the Selective Removal of Condensed Units and Enrichment of S-Type
Lignin, Polymers (Basel) 10 (2018) 967, https://doi.org/10.3390/polym10090967.

[32] V. Rohde, S. Böringer, B. Tübke, C. Adam, N. Dahmen, D. Schmiedl, Fractionation of
three different lignins by thermal separation techniques—A comparative study,
GCB Bioenergy 11 (2019) 206–217, https://doi.org/10.1111/gcbb.12546.

[33] F.H. Yorston, The fractional precipitation of alkali lignin, Pulp Pap. Mag. Canada.
29 (1930) 264.

[34] A.E. Markham, Q.P. Peniston, J.L. McCarthy, Lignin. III. Fractional precipitation of
barium lignosulfonates from water by ethanol, J. Am. Chem. Soc. 71 (1949)

3599–3601, https://doi.org/10.1021/ja01179a006.
[35] C.S. Lancefield, S. Constant, P. de Peinder, P.C.A. Bruijnincx, Linkage Abundance

and Molecular Weight Characteristics of Technical Lignins by Attenuated Total
Reflection-FTIR Spectroscopy Combined with Multivariate Analysis, ChemSusChem
12 (2019) 1139–1146, https://doi.org/10.1002/cssc.201802809.

[36] P.S. Marathe, R.J.M. Westerhof, S.R.A. Kersten, Fast pyrolysis of lignins with dif-
ferent molecular weight: Experiments and modelling, Appl. Energy. 236 (2019)
1125–1137, https://doi.org/10.1016/j.apenergy.2018.12.058.

[37] R.W. Thring, S.L. Griffin, The heterogeneity of two Canadian kraft lignins, Can. J.
Chem. 73 (1995) 629–634, https://doi.org/10.1139/v95-081.

[38] R.W. Thring, E. Chornet, J. Bouchard, P.F. Vidal, R.P. Overend, Evidence for the
heterogeneity of glycol lignin, Ind. Eng. Chem. Res. 30 (1991) 232–240, https://
doi.org/10.1021/ie00049a036.

[39] S.Y. Park, J.-Y. Kim, H.J. Youn, J.W. Choi, Fractionation of lignin macromolecules
by sequential organic solvents systems and their characterization for further valu-
able applications, Int. J. Biol. Macromol. 106 (2018) 793–802, https://doi.org/10.
1016/j.ijbiomac.2017.08.069.

[40] A. Sluiter, B. Hames, R. Ruiz, C. Scarlata, J. Sluiter, D. Templeton, D. Crocker,
Determination of Structural Carbohydrates and Lignin in Biomass, NREL/TP-510-
42618, Golden, CO, 2012.

[41] S. Constant, H.L.J. Wienk, A.E. Frissen, P. de Peinder, R. Boelens, D.S. van Es,
R.J.H. Grisel, B.M. Weckhuysen, W.J.J. Huijgen, R.J.A. Gosselink, P.C.A. Bruijnincx,
New insights into the structure and composition of technical lignins: a comparative
characterisation study, Green Chem. 18 (2016) 2563–2910, https://doi.org/10.
1039/C5GC03043A.

D. Smink, et al. Separation and Purification Technology 252 (2020) 117395

8

https://doi.org/10.1039/c6gc01007e
https://doi.org/10.1016/j.seppur.2019.116127
https://doi.org/10.1016/j.seppur.2019.116127
https://doi.org/10.1016/j.seppur.2017.10.026
https://doi.org/10.3183/npprj-1990-05-03-p107-113
https://doi.org/10.3183/npprj-1990-05-03-p107-113
http://refhub.elsevier.com/S1383-5866(20)31869-4/h0150
http://refhub.elsevier.com/S1383-5866(20)31869-4/h0150
https://doi.org/10.3390/polym10090967
https://doi.org/10.1111/gcbb.12546
http://refhub.elsevier.com/S1383-5866(20)31869-4/h0165
http://refhub.elsevier.com/S1383-5866(20)31869-4/h0165
https://doi.org/10.1021/ja01179a006
https://doi.org/10.1002/cssc.201802809
https://doi.org/10.1016/j.apenergy.2018.12.058
https://doi.org/10.1139/v95-081
https://doi.org/10.1021/ie00049a036
https://doi.org/10.1021/ie00049a036
https://doi.org/10.1016/j.ijbiomac.2017.08.069
https://doi.org/10.1016/j.ijbiomac.2017.08.069
http://refhub.elsevier.com/S1383-5866(20)31869-4/h0200
http://refhub.elsevier.com/S1383-5866(20)31869-4/h0200
http://refhub.elsevier.com/S1383-5866(20)31869-4/h0200
https://doi.org/10.1039/C5GC03043A
https://doi.org/10.1039/C5GC03043A

	Comparing multistage liquid–liquid extraction with cold water precipitation for improvement of lignin recovery from deep eutectic solvents
	Introduction
	Methods and materials
	Chemicals
	Experimental methods
	Preparation of lignin-in-DES mixtures
	Cross-current extraction experiments
	Isolation of lignin fractions
	Cold water precipitation

	Analytical methods
	GPC
	HSQC
	FT-IR
	Karl-Fischer titration


	Results and discussion
	Cross-current extractions using actual pulping DES
	Cross-current extraction using precipitated lignin
	Analysis of DES fractions
	Recovery by cold water precipitation
	Comparison between LLX and cold water precipitation

	Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgment
	mk:H1_25
	Supplementary material
	References




