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a b s t r a c t

This work investigates the recovery of a deep eutectic solvent (DES) used for pulping wood, by removing
remnant hemicellulosic derivatives using reverse osmosis (RO). Xylose and its dehydration product fur-
fural are considered representative hemicellulosic derivatives, and a lactic acid-choline chloride DES was
used. Various diluting solvents were considered for the RO feed, namely pure water and binary water-
organic solvent (ethanol, acetone, and methanol) mixtures. The results in this work show that the xylose
rejection is high in water as well as in the presence of organic solvents such as acetone (with 97% rejec-
tion in aqueous acetone solvent and 95% in pure water using the RO membrane). On the other hand, fur-
fural is rejected poorly by the RO membrane in all media (below 60% in all solvents). Finally, based on
these results, a separation scheme was proposed to attain a complete mass recovery of each component
of this mixture.

� 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The use of deep eutectic solvents (DESs) as the solvent for
wood-pulping in the paper industry has been investigated inten-
sively in the past decade (Francisco et al., 2012; Alvarez-Vasco
et al., 2016; Chen et al., 2019; Smink et al., 2019; da Costa Lopes
et al., 2020; Li et al., 2021). Recent work has considered DESs for
several applications in biorefineries, such as a conversion medium
from saccharides to furans (Li et al., 2021; Liang et al., 2022; Liang
et al., 2022), saccharification wood-based sugars (Morais et al.,
2021; Sharma et al., 2021), and synthesis of bioethanol (Liu et al.,
2021; Peng et al., 2021). The use of this novel class of solvents
for pulping promises up to 28% reduction in energy usage, valoriza-
tion of various wood products, and overall a more eco-friendly
pulping process due to the nature-derived and biodegradable nat-
ure of DESs (Smink et al., 2020; Soares et al., 2021; Pérez et al.,
2021; Xu et al., 2020). To ensure sustainable implementation of
this pulping method, a DES-recovery scheme (as described in
Fig. 1) based on a combination of separation technologies needs
to be developed and optimized (Smink et al., 2020; Smink et al.,
2020). Membrane separations offer a unique set of inter-species
selectivity mechanisms that may be based on size and shape, or
solute–solvent-membrane chemical interactions (Sholl and
Lively, 2016; Lively and Sholl, 2017; Koros and Lively, 2012). Espe-
cially with the advent of organic solvent-based nanofiltration and
reverse osmosis (OSN and OSRO respectively), membrane separa-
tions have been finding increasing use in industrial applications
previously monopolized by traditional distillation methods (Sholl
and Lively, 2016; Lively and Sholl, 2017; Koros and Lively, 2012).
DESs have been widely considered in the synthesis of membrane
materials for reverse osmosis, forward osmosis, gas separation,
pervaporation, and liquid membranes (Taghizadeh et al., 2021;
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Nomenclature

Roman symbols
A solvent permeability [m s�1 Pa�1]
a membrane area through which permeation occurs [m2]
c concentration [mol m�3]
F dummy variable used in Appendix A [-]
Js solute flux [mol m�2 s�1]
Jv solvent flux [m s�1]
P pressure [Pa]
Ps solute permeability coefficient [m s�1]
R rejection [mol m�3/mol m�3]
S separation factor ½mol m�3=mol m�3 �

½mol m�3=mol m�3 �

Greek symbols
g viscosity [Pa s]
p osmotic pressure [Pa]
q density [kg m�3]
r reflection coefficient [-]

Subscripts
f feed
p permeate
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Liu et al., 2021; Cabezas et al., 2021; Mehrabi et al., 2021). The use
of membranes in a process design for DES recovery is discussed in
the literature primarily in the context of lignin removal using
ultrafiltration membranes (Servaes et al., 2017; Ippolitov et al.,
2022; Domínguez-Robles et al., 2018; Gholami et al., 2022), where
80–95% rejection of lignin is achieved, depending on the mem-
brane. To the best of the current authors’ knowledge, separation
of DESs from sugars and furans released from wood during pulping
is absent, and the current work is the first to address this matter. In
the present work, the use of membrane separations as a DES recov-
ery step is investigated, in which the goal is to remove sugar and
sugar-derivatives that are released during wood-pulping by the
DES. The recovery of these sugars and their derivatives were not
the focus of previous work by Smink et al. (2020), who proposed
a method to recover lignin from the liquor after DES-pulping.
Owing to the high viscosity of the post-pulping DES stream (known
as DES black liquor), aqueous as well as organic solvents are con-
sidered for dilution of this incoming stream for room temperature
experiments. Furthermore, organic solvents with a lower heat of
evaporation and boiling point than water are preferable to reduce
energy penalty in evaporating the solvent from the DES stream
after membrane separation.

The present work considers the lactic acid-choline chloride DES,
that has been studied widely for the pulping process (Smink et al.,
2019; Francisco et al., 2012). Lactic acid and choline chloride form
a DES due to extensive hydrogen bonding between these two com-
Fig. 1. Simplified conceptual DES recovery scheme con
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ponents (Abbott et al., 2004; Abbott et al., 2003). Xylose, and its
derivative from a dehydration reaction, furfural (Sert et al.,
2018), are used as representative solutes in the DES black liquor.
Since xylose is the major monosaccharide constituent of the xylan
group of hemiccelluloses, which are in turn the major hemicellu-
losic component of hardwoods studied in the authors’ group
(Saha, 2003; Smink et al., 2020). As explained further in Sec-
tion 2.1.2, the undiluted DES black liquor composition after prior
lignin extraction by liquid–liquid extraction is expected to be lactic
acid and choline chloride at concentrations of approximately
631 g/L and 489 g/L respectively, with xylose and furfural concen-
trations expected to be approximately 24.0 g/L and 15.4 g/L respec-
tively (Smink et al., 2020). Further details on the constituent
chemicals are provided in Table 2. The combination of species pre-
sent in the DES black liquor, several of which interact with each
other (e.g. the DES constituents form hydrogen bonds), as well as
the inclusion of organic solvent dilutants lends a unique challenge
for membrane separations. The literature contains several
instances of RO and NF work with saccharides and their derivatives
in the presence of organic acids or salts (Afonso, 2012; Wang et al.,
2018; Maiti et al., 2012; Qi et al., 2011; Weng et al., 2010; Gautam
and Menkhaus, 2014; Luo and Wan, 2011; Luo and Wan, 2013;
Bargeman et al., 2014), and authors find a distinctive influence of
each on the saccharides’ transport. To the best of the authors’
knowledge, the present work is the first to combine the aforemen-
tioned chemical classes into the membrane feed. In the remainder
sidering only the main constituents of hardwood.
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of this section, insights from previous literature relating to specific
aspects of the complex problem presented in the current work will
be listed.

A significant majority of the studies on saccharides in the pres-
ence of organic acids in RO/NF feed relate to the treatment of enzy-
matic hydrolysate to selectively remove the organic acid and
saccharide derivatives, which act as inhibitors to saccharide fer-
mentation while producing valuable products such as bioethanol
(Afonso, 2012; Wang et al., 2018; Maiti et al., 2012; Qi et al.,
2011; Weng et al., 2010; Gautam and Menkhaus, 2014). These
studies demonstrate that NF is able to selectively permeate the
organic acid, primarily acetic acid in this application, along with
the saccharide derivatives, i.e. furfural and 5-HMF, at low pH. On
the other hand, RO membranes show a relatively high rejection
for all species, rendering them less effective for the selective sepa-
ration required for the enzymatic hydrolysate (Afonso, 2012; Wang
et al., 2018; Maiti et al., 2012; Qi et al., 2011; Weng et al., 2010). In
the present application however, in contrast to enzymatic hydroly-
sate treatment, it is desirable to remove both sugars and their
derivatives while permeating the organic acid (as well as choline
chloride) constituting the DES. Consequently, RO membranes
may be promising for this work, as exemplified by the work of
Gautam and Menkhaus (2014) where the rejection of sugars and
sugar derivatives from a model enzymatic hydrolysate mixture
was studied. A range of different membranes were used to treat
a mixture of sugars and sugar-derivatives with a concentration of
22.4 g/L glucose, 10.9 g/L xylose, 3.3 g/L arabinose, 1.7 g/L 5-
HMF, 1.5 g/L furfural, and 8.4 g/L acetic acid. All RO membranes
showed relatively high rejections, above 88%, for all species, while
the NF membranes showed slightly lower sugar rejection than the
RO membranes (between 80–90% in most cases), and remarkably
lower sugar-derivative rejection (between 30–40% in most cases).
Further illustrating the high rejection of enzymatic hydrolysate
components by RO membranes, the RO99 Alfa Laval membrane
was investigated by Afonso (2012) and Wang et al. (2018). In the
work by Afonso (2012), a condensate of spent sulphite liquor
obtained from the Caima plant containing 6.8 g/L acetic acid and
3.5 g/L furfural in a pH 2.4 aqueous solution was considered, and
the RO99 membrane showed approximately 90% rejection of both
solutes at room temperature and 26 bar trans-membrane pressure,
and a separate characterization test showed 93% rejection of xylose
at 18 bar and a neutral pH. Wang et al. (2018) showed that for all
compositions applied (consisting of between 10–50 g/L xylose,
0.05–0.5 g/L glucose, 0.05–0.5 g/L 5-HMF and 2–10 g/L furfural)
at room temperature and 30 bar with pH at 6.43, the RO mem-
branes (RO99 and RO98pHt by Alfa Laval) showed almost complete
rejection of the sugars, while the sugar derivatives were rejected
by approximately 80% (Wang et al., 2018). A key aspect of the
DES black liquor used in the present work is the significantly
higher lactic acid and choline chloride concentrations compared
to those of the sugar and sugar derivatives, which is likely to influ-
ence the inter-species selectivity due to effects such as increased
charge screening of ionic species at higher concentration and
supression of organic acid dissociation (Nilsson et al., 2008).

The influence of salt on reducing saccharide rejection in RO and
NF membranes is well recorded, although the causative mecha-
nism is not conclusively understood. Previous literature discusses
three major hypotheses behind this observation (Luo and Wan,
2011; Luo and Wan, 2013; Bargeman et al., 2014). First, pore size
may increase as a result of membrane swelling due to the presence
of salt; second the solute’s effective size may reduce due to the
preferential hydration of the ions over the sacharides; and finally,
the removal of water lining the polymer channels within the active
layer may occur, thereby reducing steric hindrance experienced by
the neutral solutes. In the current work, the salt choline chloride is
known to form extensive hydrogen bonding networks with lactic
3

acid (allowing them to form a DES (Abbott et al., 2004; Abbott
et al., 2003)), which may alter its effect on the rejection of sugars
and their derivatives compared to the salt-sugar feed solutions
studied in the literature.

The solute rejection and solution volumetric flux rate through
the membrane in the presence of organic solvents requires consid-
eration of effects such as the affinity of the solvent to the mem-
brane, which determines solution flux; change in solute size due
to the difference in its solvation in the organic solvent compared
to water; and change in membrane structure (Tarleton et al.,
2006; Labanda et al., 2013; Van der Bruggen et al., 2002; Dagri
Cyrille et al., 2015). Tarleton et al. (2006) consider a feed consisting
of up to 75% by mass of oxygenates (i.e. methanol, ethanol, 1-
propanol, isopropanol and methyl tert-butyl ether) with xylene,
cyclohexane or n–heptane, using a hydrophobic PAN/PDMS com-
posite nanofiltration membrane. The highest polarity alcohol,
methanol, showed the highest rejection, hence indicating that the
rejectionmechanism is governed by the polarity of the solute, since
methanol is smaller than the other oxygenates and should experi-
ence lower steric hindrance by the membrane. Labanda et al.
(2013) found that the rejection of organic solutes, such as glucose,
was lower in aqueous ethanol compared to that in a purely aqueous
medium (glucose was rejected by 95% in aqueous medium and
below 60% in the aqueous ethanol using the UTC-70UBmembrane).
The possible explanation for the decrease in rejection values could
be the lower hydration value (and hence smaller overall size) of the
solute in aqueous ethanol than in water or increased membrane
swelling in the organic solvent. Another possible mechanism rele-
vant especially to hydrophilic membranes, is that exposure to
organic solvents may cause membrane restructuring due to reori-
entation of hydrophilic groups, as discussed by Van der Bruggen
et al. (2002). This reorganization of the membrane polymer may
result to combination of free volume, resulting in fewer but larger
free volume which may allow greater species permeation.

For the application studied in this work, the desired end goal is
to selectively remove the solutes, namely xylose (Xyl) and furfural
(Furf) from the DES components. As discussed in the literature
review and demonstrated in the results of this work, simultaneous
removal of Xyl and Furf from the DES using membrane separations
is challenging. Consequently, an alternative method, whereby Xyl
is selectively removed from DES, and Furf is permeated with DES
is considered in the later parts of the work. The Furf will later need
to be removed from the DES. A possible method could be liquid–
liquid extraction by a solvent such as 2-methyltetrahydrofuran
(Morais et al., 2020), although this is not a part of the current work.
Another key requirement is to maintain the lactic acid (LA) to cho-
line chloride (ChCl) concentration ratio after the separation as
close to the feed value as possible, in order to recycle the DES in
an almost unchanged composition. Selection of a diluting solvent
which satisfies the key criteria for the studied application, i.e. has
low boiling point; has low heat of vaporization; in which the Xyl
retention and Furf permeation are each enhanced; and in which
the LA-ChCl composition is least affected, is then investigated.
Inter-species interactions that influence the rejection of each spe-
cies by the membrane are also investigated, since this knowledge
will continue to be an important consideration as the recovery pro-
cess is optimized.
2. Experimental details

2.1. Materials

2.1.1. Membranes investigated
Flat sheet samples of two Alfa Laval membranes, namely the

RO99 reverse osmosis membrane and the Alfa Laval NF membrane
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were investigated. Both membranes are polyamide thinfilm com-
posite membranes with polyester supports (Alfa Laval; Morita
et al., 2015). Manufacturer specifications for rejection performance
of these membranes is given in Table 1. These membranes were
selected for this preliminary work due to their easy availability
and relatively low cost compared to membranes synthesized for
organic solvent-specific applications. Results obtained using these
membranes provide insight into the components’ interaction with
the membrane and with each other; later studies can expand upon
our findings by using organic solvent-resistant membranes. Prior
to use, the membrane samples were soaked in MilliQ water over-
night to wash out preservatives. Furthermore, prior to contact with
the feed solution, the membranes were flushed with MilliQ water
for 30 min at 20 barg in order to remove any remaining preserva-
tives and check the pure water permeation. The value of the latter
provides a preliminary indication of the permeability and hence
the expected comparative rejection by different membrane
samples.
2.1.2. Chemicals used
The solvents used in the current work were prepared using

MilliQ water from Elix�Millipore, technical grade ethanol and ace-
tone from Boomlab in The Netherlands, and technical grade metha-
nol from Sigma Aldrich. The deep eutectic solvent (DES) was
prepared using P90% by weight lactic acid in aqueous solution
from VWR Chemicals, and P98% by weight pure choline chloride
from Sigma Aldrich. The model hemicellulosic derivatives consid-
ered were D-(+)-Xylose and furfural from Sigma Aldrich, both
available at P99% by weight purity. The model DES black liquor
is expected to contain 7 M (630.6 g/L) lactic acid and 3.5 M
(488.7 g/L) choline chloride based on the expected DES component
concentrations subsequent to the preceding steps in the DES-
pulping process (namely wood pulping and liquid–liquid extrac-
tion of lignin using 2-MTHF) (Smink et al., 2020). A xylose concen-
tration of 0.16 M (24.0 g/L) was used, considering this compound
as a proxy for the total xylan composition in the wood, which con-
stitutes approximately 20% of the weight of wood (representative
xylan weight percentage for Eucalyptus globulus (Rencoret et al.,
2011) and Birch (Ek et al., 2009)). Furthermore, a 1:10 wood to
DES ratio by weight was considered for the pulping process
(Smink et al., 2020). For ease of comparison with results using
xylose, 0.16 M (15.4 g/L) furfural is also considered, although lower
concentrations of this compound are expected in reality due to
incomplete conversion of xylose to furfural, and partial furfural
conversion to humins (Smink et al., 2020; Morais et al., 2020).
For various sets of experiments, model black liquor dilutions of
5�, 10�, 20�, 35�, and 50� were considered, and the correspond-
ing concentrations of each DES black liquor component can be
obtained by dividing the undiluted DES black liquor concentration
by the factor of dilution. For experiments where the effect of the
dilution factor was investigated, a single membrane sample was
considered and the experiments were conducted from the highest
Table 1
Manufacturer specifications for investigated membranes (Alfa Laval).

Membrane Salt rejection performance Operating condition
limits

RO99 P98% NaCl (2000 ppm feed
concentration, 16 bar, 25�C)

pH: 3–10

Temperature: 5-50 �C
Pressure: � 55 bar

Alfa Laval
NF

P99% MgSO4 (2000 ppm feed
concentration, 5 bar, 25�C)

pH: 3–10

Temperature: 5-50 �C
Pressure: � 55 bar

4

dilution to the lowest dilution (i.e. lowest concentration to the
highest concentration).
2.2. Experimental apparatus

Fig. 2 shows the stirred-cell dead-end setup used for all exper-
imental results in the present work. Individual parts are described
as follows: (A) stainless steel cylindrical vessel with a capacity of 1
liter; (B) is the protrusion into the cell for entry of the thermocou-
ple into the cell, and its location on the lid of the cell is slightly off-
set from that of the stirrer. This protrusion acts as a baffle, and
hence assists the stirrer to achieve better mixing. The lid of the
cylindrical cell also contains an inlet to the nitrogen gas that is
used to pressurize the feed solution, and is obtained through a pipe
(part I) from a nitrogen gas cylinder that is not shown in the dia-
gram; part (C) is the mechanical stirrer on the lid of the cylindrical
vessel, which extends till 1 cm above the bottom of the cell (where
the membrane is located); and (D) is the solution to be filtered,
contained within the stirred cell. Part (E) is a porous steel mesh
to support the membrane from below, and has an average pore size
of 40 micron. Part (F) is the membrane, which is held up by the
steel support mesh (part E) and an O-ring between the membrane
and the top half of the holder (the O-ring is not shown in this dia-
gram). The O-ring prevents leakage from the edges of the mem-
brane. Part (G) is a closed-top glass container to collect solution
flush volume (as described in Section 2.3). The lid of this container
has two holes: one hole located centrally to exactly fit the outlet
pipe from the cell and hence prevent escape of vapor from the per-
meate; and a smaller hole to one side of the aforementioned hole,
with diameter close to that of a typical syringe needle, which helps
equalize pressure inside the glass container to the outside pres-
sure. The container receives the permeating solution through a
small pipe protruding from the base of the stirred-cell; (H) is the
Kern DS 8K0.05 weighing scale with a resolution of 0.05 g. Finally,
part (J) is the electrical wiring to the mechanical stirrer, (K) is the
nitrogen gas outlet valve, and (L) is the stainless steel stand that
holds up the stirred cell.
Fig. 2. Schematic diagram of the stirred-cell, dead-end experimental apparatus
used for the present work.
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2.3. Experimental protocol

During experiments, the feed-containing cell described in Sec-
tion 2.2 was filled to its capacity with the feed solution. The circu-
lar membrane area exposed to the feed solution had a diameter of
75 mm. In all experiments, the mechanical stirrer rotated at
506 rpm, and the protrusion containing the thermocouple acts as
a baffle and further enhances mixing, as mentioned in Section 2.2.
In order to reach a pseudo-equilibrium state with respect to swel-
ling by the solvent and solute adsorption, a rule to either flush
100 mL of feed through the membrane, or for a duration of 6 h
was followed. In the more dilute feed solutions used, a flush of
100 mL was possible within 50 min with an applied pressure of
20 barg, while for the more concentrated feed solutions using the
same applied pressure, 2 mL of permeate was collected in approx-
imately 2 h (these details correspond to 50� diluted and 5�
diluted xylose in DES solutions in water respectively, as described
further in Section 2.1.2). Furthermore, the maximum pressure
attainable by the cell is 20 barg, which was also used during the
flushing step. All experiments were conducted at the lab tempera-
ture of 20�C. Following the flushing procedure, 2 mL of permeate
was collected and the retentate was assumed representative of
the feed corresponding to this permeate sample. In several exper-
iments at the beginning of this work, two 2 mL permeate samples
were taken consecutively to ensure that successive permeate sam-
ples had the same composition, and the solute adsorption and
membrane swelling had reached a pseudo-equilibrium state, after
which the described experimental procedure was finalized. The
permeation flux was measured during the sample collection by
recording the change of mass collected on the weighing balance,
by the equation Jsolution ¼ 1

aqp

dM
dt , where a is the active area of the

membrane through which permeation occurs, qp is the density of
the permeating solution, and M is the mass accumulating in the
permeate collection vial. The density of the permeating solution
was evaluated by taking the weight of a known volume of solution.
Since a small fraction of the initial feed solution was permeated,
including both the flushing and 2 mL sample collection steps, the
concentration in the cell did not vary significantly during these
steps. A constant flux was observed following an initial decrease
in the permeation rate at the start of the flushing. More impor-
tantly, the flux did not change during the collection of the 2 mL
permeate samples, and the rejection vs. flux while collecting these
2 mL samples was plotted. Each experimental data point was
repeated in triplicate using different membrane samples, but the
same feed solutions.

2.4. Chemical analysis

Chemical analysis of the permeate and feed samples was per-
formed using the Agilent Hiplex H+ HPLC column, with a 5 mmolar
sulfuric acid solution as mobile phase operated at 0.6 mL/min at
40�C, and anRIDdetector. All sampleswerefilteredby a 0.2lmfilter
from Agilent prior to injection into the system. The elution times of
all compounds were distinct from one another at 7, 14, 10.8, and
46 min respectively for choline chloride, lactic acid, xylose, and fur-
fural respectively. Linear calibrationcurveswereobtained (shown in
the supplementary material, Section S.3.) for concentrations corre-
sponding to 4�, 10�, 50�, 100�, and 200� dilutions of the original
black liquor concentrations of each compound (for example 0.04,
0.016, 0.0032, 0.0016, 0.0008 M for xylose).

2.5. Mathematical formulation for data analysis

For each component of the model DES black liquor, the rejection
is defined as shown in Eq. 1. It should be kept in mind that, as
5

described in Section 2.3, the retentate concentration following
the feed flush step is considered representative of the feed concen-
tration cf (owing to a small permeate volume extracted).

R ¼ 1� cp
cf

ð1Þ

To complement the insight on selectivity provided by the rejection,
a comparison of the relative-richness of xylose (Xyl) or furfural
(Furf) with respect to DES components is investigated for each test
solution. For example, in the permeate, this relative-richness is
mathematically determined by the ratio of the permeate concentra-
tion of Xyl or Furf by that of the DES component. If the solutes Xyl
and Furf are represented by the general index ’i’, and the DES com-
ponents by ’DES’, the relative richness of i over DES components in
the permeate is defined as ( cp;i

cp;DES
). Furthermore, this ratio should be

compared to the corresponding feed concentration ratio, ( cf ;i
cf ;DES

), and

if ( cp;i
cp;DES

) is lower than ( cf ;i
cf ;DES

), the indication is that the solute i is selec-

tively rejected by the membrane while the DES components are rel-
atively easily permeated through the membrane. The relative
richness of Xyl of Furf compared to the DES components in the per-
meate vs. that in the feed is evaluated by the separation factor, as
described by Eq. 2.

S ¼ cp;i=cp;DES
� �
cf ;i=cf ;DES
� � ð2Þ

In this work, the feed concentration ratio of Xyl or Furf (solutes
denoted by i) by each DES component in the feed is fixed at

cf ;i
cf ;ChCl

¼ 0:046; cf ;i
cf ;LA

¼ 0:023
� �

, as explained in Section 2.1.2. Similarly,

the two DES component concentrations in the feed are related as
cf ;LA
cf ;ChCl

¼ 2
� �

.

3. Results and discussion

In the following discussion, experimental results showing the
RO99 membrane’s selectivity to solutes xylose (Xyl) and furfural
(Furf) compared to the DES components are shown. The commonly
studied metric for pressure-driven membrane processes, namely
rejection, has been used to analyze the results. Since the transport
through reverse osmosis membranes is typically described by the
solution diffusion theory which results to a typical rejection vs.
flux curve, as also obtained in the current work, rejection is plotted
against the solution flux . Further insight on inter-species selectiv-
ity is obtained from a comparison of the change in relative richness
of the solutes by that of the DES components in the feed vs. in the
permeate, as quantified by the separation factor.

3.1. Xylose and furfural vs. DES selectivity in pure aqueous diluting
medium

3.1.1. Xylose vs. DES selectivity in aqueous medium
In this section, the rejection of xylose (Xyl) and the DES compo-

nents, lactic acid (LA) and choline chloride (ChCl), in aqueous med-
ium, using the RO99 membrane are discussed. The extent of
dilution of the model black DES liquor (composition shown in
Table 2) by water is varied to 5�, 10�, 20� and 50�. As an exam-
ple, 10� dilution implies that the concentration of Xyl, LA and ChCl
are one-tenth of those in the model black liquor i.e. 0.016 M, 0.7 M
and 0.35 M respectively. The pressure in all experiments was fixed
at 20 barg, and the solution volumetric flux rate through the mem-
brane at this fixed pressure was the highest at the lowest concen-
tration, namely in the 50� diluted black liquor solution. In addition
to the rejections, the membrane’s selectivity to one component
with respect to another is analyzed with reference to the separa-



Table 2
DES black liquor composition.

Xylose (Xyl) Furfural (Furf) Lactic acid (LA) Choline chloride (ChCl)

Molecular structure

Molecular formula C5H10O5 C5H4O2 C3H6O3 C5H14ClNO
Molecular weight [g mol�1] 150.13 96.08 90.08 139.62
Concentration in undiluted model DES black liquor [mol L�1] (g L�1) 0.16 (24.0) 0.16 (15.4) 7.0 (630.6) 3.5 (488.7)
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tion factor (Ref. Eq. 2). For example, if the concentration ratio of Xyl
by LA is smaller in the permeate compared to that in the feed, the
xylose is relatively scarce in comparison to LA in the permeate
(compared to the feed), which results to a separation factor lower
than one. The relative scarceness of Xyl in the permeate further
indicates that it was selectively removed by the membrane, com-
pared to LA.

Fig. 3a shows that the rejection of all three involved species
increased with increase in solution flux (which increased with
increase in dilution at the fixed pressure, as mentioned above).
At all dilution factors, the rejection of Xyl was the highest among
the three components. The high rejection of Xyl compared to the
other two components is also reflected in the separation factor
plots in Fig. 3b, where the values of the separation factors of
Xyl/ChCl and Xyl/LA are noticeably lower than one, especially at
the higher dilutions (higher solution fluxes). It should be noted
that due to the limit of 20 barg pressure in the experimental
setup used for the current work, it was not possible to increase
the solution flux at 5� dilution. Although the separation factor
value approached one as the dilution factor was reduced, it
remained below one at 5� dilution. Furthermore, Fig. 3b indicates
that increase in solution flux (at higher dilutions) improved the
selective removal of Xyl over DES components (i.e. lower perme-
ate concentration ratio of Xyl/DES component, hence lower sepa-
ration factors). It follows that at 5� dilution, increase in applied
pressure will likely improve Xyl vs. DES selectivity due to a
higher flux.

Fig. 3b also shows that the permeate concentration ratio of LA/
ChCl approached the feed concentration ratio at the lower dilutions
(separation factor approached one), where the solution fluxes were
lower. The desired goal of the separation is to lower the Xyl by DES
component permeate concentration ratio as far below the feed
Fig. 3. Selectivity of the RO99 membrane to xylose vs. DES components using water solv
solution flux and (b) shows the separation factor (refer to Eq. 2) of Xyl vs. the DES compon
in the permeate to that in the feed, at the different dilution factors. Similarly, figure (b)
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value as possible, while the LA by ChCl permeate concentration
ratio should be close to that in the feed. The latter requirement is
based on the problem description for the current work as described
at the end of the introduction, which states that it is a priority to
keep the DES composition after the membrane separation as close
to that in the feed as possible, in order to recycle the DES with an
almost unchanged composition. Consequently, a solution flux cor-
responding to that between 10� and 20� dilutions offered the
most advantageous separation behavior among the used dilution
factors. At 10� dilution, the Xyl/LA concentration ratio reduced
to 60% in the permeate compared to the feed (separation factor
of 0.6), and the Xyl/ChCl reduced to 72% (separation factor 0.72).
At 20� dilution, the corresponding (separation factors were 0.48
and 0.31 respectively). An almost complete splitting of the incom-
ing stream into a DES-rich stream and a Xyl-rich stream can be
done if the final retentate stream is re-diluted and fed into another
membrane separation stage using a concept similar to diafiltration
(Madsen, 2001), and is explained further in Section 3.5. Such a
stream splitting is made more feasible if the Xyl is rejected to a
much higher extent than the DES components, as considered in
Section 3.5, which considers hypothetical rejection values of Xyl
and the DES components, although such an advantageous differ-
ence between the Xyl and DES rejection was not obtained in the
aqueous medium. In order to evaluate the separation performance
with water as the diluting medium, the Furf vs. DES selectivity also
needs to be checked, which is discussed in the next section.
3.1.2. Furfural vs. DES selectivity in aqueous medium
An analysis similar to that shown for Xyl vs. DES selectivity in

the previous section will be made for Furf vs. DES in the current
section. The same operating conditions i.e. 20 barg applied pres-
sure and solution dilutions 5�, 10�, 20� and 50�were used. Since
ent, at 20 barg applied pressure. Figure (a) shows the rejection of all components vs.
ents, which compares the relative richness of Xyl compared to each DES component
also shows the separation factor between the two DES components.
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the same concentration of Furf and Xyl were considered in the
model black DES liquor (Ref. Table 2), the concentration of Furf
in all solutions were the same as those of Xyl in the previous sec-
tion. The same DES composition was also considered, hence the LA
and ChCl concentrations in the present section are the same as
those in the previous section.

Opposite to the trend seen for Xyl, Furf had the lowest rejection
among the three components. The lower rejection of Furf com-
pared to Xyl by RO membranes, including the RO99 membrane,
has been reported in other work (Gautam and Menkhaus, 2014;
Wang et al., 2018). More notably, Fig. 4b shows that the permeate
concentration ratio of Furf was higher at higher solution fluxes
(higher dilutions), which is the opposite trend to that observed
for Xyl in the previous section. It was mentioned in the previous
section that a solution flux close to that at 10� dilution provides
the best-case Xyl vs. DES selectivity and LA/ChCl permeate concen-
tration ratio. The 10� dilution case shown in Fig. 4 has a flux value
similar to that for the Xyl case in Fig. 3. At this flux value, the per-
meate concentration ratio of Furf vs. DES components was practi-
cally equal to that in the feed (separation factor close to one),
indicating no inter-component selectivity by the membrane. It
should be noted that the solution flux was slightly lower at the
two higher dilutions in the Furf case compared to the Xyl case,
which was most likely due to differences in the membrane samples
used for the two sets of experiments. This reasoning is supported
by the fact that the osmotic pressure due to Xyl/Furf is expected
to be relatively low at the higher dilutions. Furthermore, at the
5� and 10� dilutions, where the effect of osmotic pressure is
expected to be relatively significant, the fluxes were similar for
both sets. To summarize, at a flux corresponding to that at 10�
dilution (similar value for the Xyl and Furf cases), there was notice-
able selective Xyl vs. DES selectivity, no selective Furf vs. DES selec-
tivity, and LA/ChCl permeate concentration ratio similar to that in
the feed. For the given membrane, the difference in Xyl and Furf
selectivity behavior may be in part due to inter-component inter-
actions with the DES constituents, and this aspect is investigated
in the next section.
3.1.3. Interactions of xylose and furfural with DES components
The results shown in the previous sections indicate that Xyl can

be selectively removed over the DES components, while Furf selec-
tively permeates through themembrane compared to the DES com-
ponents, increasingly at higher solution flux. In addition to their
Fig. 4. Selectivity of the RO99 membrane to furfural (Furf) over the DES components in w
model DES black liquor vs. solution flux and Fig. (b) compares the relative richness of Fur
the separation factor, similar to the Xyl case in the previous section, at the different d
components when present in the Furf-DES mixture in water medium.
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individual interactions with themembranematerial, the aforemen-
tioned observation may be partly due to inter-component interac-
tions, between Xyl or Furf with the DES components. The
possibility of Xyl forming hydrogen bonds with the DES compo-
nents is particularly likely due to the -OH bonds in this molecule
as shown in Table 2 (recall that DESs are formed by hydrogen bond-
ing between the constituents (Abbott et al., 2004; Abbott et al.,
2003)). To investigate the presence of such inter-species bonds,
experiments with Xyl by itself in water, Xyl with LA, Xyl with ChCl
and Xyl with both DES components were conducted. The applied
pressure was adjusted to obtain similar solution flux values in all
cases except for Xyl in water, where the flux was varied in order
to fit a modeling line for the corresponding rejections. For the mod-
eling line, the Spiegler-Kedem model was applied for illustrative
purposes and this article does not aim for detailed scientific discus-
sion on the model, since the focus is on the rejection vs. solution
flux profiles, which in this work are of the typical trend found in
RO and NF (Roy and Lienhard, 2019; Bowen and Welfoot, 2002).
The Spiegler-Kedem model is applicable for both RO and NF, and
hence chosen for this work. More details on the model are provided
in Appendix A. Using the modeling line, a complete profile of rejec-
tion vs. flux could be displayed, and gives more insight than possi-
ble using the few data points obtained from the experiments.
Similar experiments were conducted with Furf. The major differ-
ence between the datasets for Xyl (Ref. Fig. 5a) and and Furf (Ref.
Fig. 5b) is that the former was obtained using the Alfa Laval NF
membrane (details in Table 1), while the latter was obtained using
the RO99 membrane. The reason for the difference in membranes
used is that the rejection of Furf with the NF membrane is almost
zero for the conditions investigated, while the rejection of Xyl is rel-
atively high with the RO membrane. Therefore, the selected mem-
branes for the respective datasets were expected to maximize the
resolution of any differences in rejection due to inter-component
interactions. Finally, for both datasets, solute concentrations corre-
sponding to 10� dilution were considered, and the applied pres-
sures required to attain similar fluxes for all compositions
compared are indicated in the figures.

For the Xyl case (Fig. 5a), the data point indicating Xyl rejection
in the presence of only LA at 5 bar applied pressure was noticeably
higher than the rejection values for Xyl in the presence of only
ChCl, and Xyl with both DES components (both cases at 20 bar
applied pressure), indicating that the presence of LA has the effect
of increasing Xyl rejection compared to when ChCl or both ChCl
ater solvent, at 20 barg applied pressure. Figure (a) shows the rejection of Furf in the
f compared to each DES component in the permeate to that in the feed by means of
ilution factors. This figure also shows the separation factor between the two DES



Fig. 5. Investigation of inter-component interactions for both Xyl and Furf with the DES components. Figure (a) shows the rejection of Xyl in pure water (blue data points,
modeled by the blue line using the Spiegler-Kedem model to estimate the rejections at fluxes where no experimental data was measured, as described in Appendix A) and
with various combinations of the DES components. The Alfa Laval NF membrane was used for these experiments. Figure (b) shows the Furf rejections in pure water (blue data
points, modeled by the blue line using the Spiegler-Kedem model) and with various combinations of the DES components. The RO99 membrane was used for this dataset.
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and LA are present with the Xyl at approximately the same solu-
tion flux rate. As mentioned previously, there is a strong possibility
of hydrogen-bonding between Xyl and one or both DES compo-
nents, which may explain the increased rejection of Xyl in the pres-
ence of LA. Additionally, the aforementioned observation may
indicate a larger effective size of Xyl in the presence of LA due to
the formation of a hydrogen-bonding complex. It is unclear why
a similar effect is not seen in the presence of ChCl. Fig. 5b shows
that the rejection of Furf by the RO membrane was increased in
the presence of the DES components, since the respective data
points indicating the rejection of Furf in the presence of only LA,
only ChCl, and both LA and ChCl, lie above the blue line indicating
Furf rejection when it is the only solute in water. Presumably, the
oxygen atom in the aldehyde group in the Furf molecule forms
hydrogen bonds with the DES components, and the net effect is
to increase the effective size of Furf enough to elevate its rejection
compared to that in pure water. However, as discussed in Sec-
tion 3.1.2, the Furf tends to permeate selectively more than the
DES components as the flux increases, hence any increase in the
effective size of Furf is not large enough to significantly restrict
its permeation, unlike in the case of Xyl. The blue line from model-
ing (using the Spiegler-Kedem model, Ref. Appendix A) that shows
rejection of Furf in water is extended to higher fluxes than possible
in the setup used in order to show comparable flux ranges between
the Xyl and Furf cases.
3.2. Xylose and furfural vs. DES selectivity in aqueous ethanol diluting
medium

3.2.1. Xylose vs. DES selectivity in aqueous ethanol medium
The present section discusses the rejections and permeate con-

centrations for Xyl and the DES components when the diluting sol-
vent is 30% by volume ethanol in water. Other than the diluting
solvent, all other operating conditions are the same as those men-
tioned in Section 3.1.1. For the fixed applied pressure of 20 barg,
the solution flux rate at the highest dilution of 50� was signifi-
cantly lower with the aqueous ethanol dilutant compared to that
in water. This lower solution flux was due to not only a higher
solution viscosity for aqueous ethanol (Ref. (Tsui and Cheryan,
2004) which shows aqueous ethanol has a higher viscosity than
both pure ethanol and pure water), but a lower overall solution
permeability (more specifically, viscosity-modified permeability).
The viscosity-modified permeability can be understood from this
discussion: Jsolution ¼ AsolutionðDPapplied � DpÞ. For the higher dilutions,
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Asolution � Asolvent , and Asolvent depends on the solvent’s diffusivity
within the membrane polymer network (Baker, 2012). Further-
more, this solvent diffusivity can be assumed to vary inversely
with its viscosity within the membrane polymer, considering the
Stokes–Einstein equation to hold for the solvent molecules that
transport through the polymer medium. Consequently, for
Dp� DPapplied;A

0
solvent � Jsolventgsolvent

DPapplied
, where A0

solvent is the modified

solution permeability (¼ Asolventgsolvent). Specifically, at the 50�
dilution, the viscosity of the feed solution based in 30% ethanol
in water is 2:42� 10�3 Pa-s, whereas the feed based in pure water
is 1:11� 10�3 Pa-s. The viscosity-modified permeability in the
ethanol-based feed is 49% the value in pure water. A further discus-
sion on the membrane’s viscosity-modified permeability for water
vs. ethanol and other solvents considered in this work is provided
in the electronic supplementary material.

With respect to solute removal, a notable difference between
the case considering the pure aqueous solvent (Section 3.1.1) and
the current section is the relatively low rejection of LA in aqueous
ethanol compared to that in water. As shown in Fig. 6a, LA had the
lowest rejection among the three components. Furthermore, the
permeate concentration ratio of LA/ChCl increased with an
increase in flux (i.e. at higher dilution), as shown in Fig. 6b, which
is opposite to the trend seen in the aqueous medium. Although the
permeate concentrations of all three components reduced with
increase in flux, the value for LA reduced to a lower extent than
ChCl, thereby causing an increase in the LA/ChCl separation factor
at the higher fluxes. Another observation that is in contrast with
the results in aqueous medium, is that the separation factor of
Xyl/ChCl remained almost constant with increase in solution flux,
except at the highest flux, which may indicate a steep transition
going from 35� toward 50� dilution. The indication from this
trend is that, over most of the flux range in these experiments,
the permeate concentration of both Xyl and ChCl reduced by
approximately the same extent as solution flux was increased. In
contrast, the Xyl permeate concentration reduced more signifi-
cantly than that of ChCl with flux increase in water medium. In
summary, both the LA and Xyl selectivity by the membrane are
lower in the aqueous ethanol medium compared to that in a purely
aqueous medium. From a practical perspective, the lowest fluxes,
corresponding to the lowest dilutions provide the most advanta-
geous selectivity characteristics with respect to the inter-species
selectivity indicated by the separation factors. However, for indus-
trial implementation, the low fluxes involved will likely prove



Fig. 6. Selectivity of the RO99 membrane to xylose over the DES components in a 30% by volume ethanol in water solvent, at 20 barg applied pressure. Figure (a) shows the
rejections of each component of the model DES black liquor against solution flux. Figure (b) compares the relative richness of Xyl compared to each DES component in the
permeate to that in the feed by means of the separation factor, at the different dilution factors. This figure also shows the corresponding separation factor between the two
DES components at the various dilution factors.
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restrictive. It should also be noted that at these low fluxes, the
overall rejections of all components were relatively low even if
the separation factors show relatively favorable values. Although
not shown in Fig. 6, the rejection of ethanol was calculated using
HPLC results at all dilutions. The value of ethanol rejection for all
dilutions was close to zero, and although some increase in its value
was seen at higher dilutions (higher fluxes), this variation can be
neglected for practical purposes within the limits of the errorbars.
3.2.2. Furfural vs. DES selectivity in aqueous ethanol medium
The present section discusses the Furf vs. DES component selec-

tivity in the same 30% by volume ethanol in water solvent used in
the previous section. The membrane used and the operating condi-
tions were the same as that used in all of the previous sections.
Similar to the observations in the previous section with Xyl, the
solution flux values with the aqueous ethanol solvent were signif-
icantly lower than in pure water solvent, owing to the lower per-
meability of the former solvent in the RO99 membrane, and the
DES component rejections (Fig. 7a) remain similar to those shown
in the previous section. Furthermore, it is notable that the aqueous
ethanol solvent caused lower LA rejection compared to ChCl, while
in the aqueous medium, the two DES components had similar
rejections.
Fig. 7. Selectivity of the RO99 membrane to furfural over the DES components in a 30% b
rejections of each component of the model DES black liquor against solution flux. Figure
permeate to that in the feed by means of the separation factor, at the different dilution fac
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Fig. 7a further shows that the component with the lowest rejec-
tion is Furf, which is a similar trend to that in pure aqueous med-
ium. As the dilution factor was increased, with a corresponding
increase in flux, the Furf/DES component separation factor
increased, which is also similar to that in water. However, owing
to the higher LA permeability in aqueous ethanol medium, its per-
meate concentration reduced comparatively less with increase in
solution flux, and the Furf/LA separation factor increased less than
the Furf/ChCl separation factor (Ref. Fig. 7b). Although the Furf/LA
was lower than the Furf/ChCl separation factor in the aqueous
medium as well, the discrepancy between the two was more sig-
nificant in the aqueous ethanol medium. Finally, the LA/ChCl sep-
aration factors at each dilution, as shown in Fig. 7b, were similar
in value to those in the previous section with Xyl, within limits
of error. As mentioned in the previous subsection, the rejection
of ethanol can be considered approximately zero with a small
increase with increase in solution flux (dilution).

Overall, the aqueous ethanol solvent poses no clear advantage
compared to the pure aqueous medium for the desired selectivity,
since selective removal of both Xyl and Furf vs. the DES compo-
nents was not possible. Both in the aqueous medium and the aque-
ous ethanol medium, the lowest two dilutions of 5� and 10�
dilution factor showed noticeable Xyl/DES component selectivity
y volume ethanol in water solvent, at 20 barg applied pressure. Figure (a) shows the
(b) compares the concentration ratio of Furf by that of each DES component in the
tors. This figure also shows the separation factor between the two DES components.
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(slightly better in pure water i.e. lower separation factor), no Furf/
DES component selectivity, and no DES splitting (i.e. separation
factor approaching one). However, in both media, the increase in
flux, which in practice can be achieved by either increasing pres-
sure or dilution factor, caused two undesirable separation charac-
teristics: 1. increased Furf/DES component separation factors,
indicating increased Furf permeation compared to the DES compo-
nents; 2. increased deviation of the LA/ChCl separation factor from
a value of one (indicating splitting of the two components). Conse-
quently, another solvent that may address both of the above
points, and that also has a lower boiling point than water is
required. Accordingly, the next section looks into the Xyl and Furf
rejections in a few different organic solvents with an aim to possi-
bly identify a more advantageous solvent.
3.3. Effect of various solvents on xylose and furfural rejections

As indicated in the previous sections, selective removal of both
Xyl and Furf from DES was not possible in pure aqueous or aqueous
ethanol media, primarily due to the relatively low rejection of Furf.
In this section, Xyl and Furf rejections by the RO99membrane were
investigated in other organic solvents to explore the possibility of
high removal efficiency of both Xyl and Furf. In addition to aqueous
ethanol that was used in a preceding section, methanol and acetone
were chosenbasedonanassessment of their affinity for Xyl andFurf,
as well as their low boiling points and ready, relatively inexpensive
availability in the laboratory. Similar to water, methanol was
expected to form hydrogen-bonding networks with Xyl, thereby
allowing the latter’s high rejection by a mechanism similar to that
in water (Ref. Section 3.1.1). On the other hand, acetone and Furf
have similar hydrogen-bonding Hansen solubility parameters, and
hence showed a possibility of forming a hydrogen-bonding network
similar to that of Xyl in water, thereby showing promise in increas-
ing the rejection of Furf. The results in Fig. 8 are for feed solutions
composed of Xyl and Furf at concentrations corresponding to 10�
dilution (i.e. 0.016 M for both species), and the solvent comprising
70% by volume of each organic solvent with 30% water. The rejec-
tions ofXyl andFurf inpurewater solvent at the sameconcentration,
with varying solution flux are shown, and provide a reference for the
data points obtained from the organic solvents. Each of the data
points in the investigated organic solvents was obtained using 20
barg applied pressure, and this pressure value was also used to
obtain the highest flux data point in the water medium.
Fig. 8. Rejections of Xyl and Furf (both at 0.016 M concentration) by the RO99 membrane
shown by the blue line (obtained from fitting with the Spiegler-Kedem model, as descri
methanol respectively (each with 30% water) were considered. Figure (a) shows the rejec
rejections.

10
As shown in Fig. 8, the solution fluxes in all organic solvent
media at 20 barg were lower than in water, and the aqueous
ethanol solvent gave the lowest solution flux, while those for ace-
tone and methanol were comparable. The order of solution fluxes
observed for the feed solutions follow the order of their calcu-
lated permeability (as described in section 3.2.1 as well as in
the electronic supplementary material). The viscosity of the aque-
ous ethanol solution is the highest among the considered feed
solutions, however, that of aqueous methanol is approximately
40% higher than in aqueous acetone and therefore solution vis-
cosity does not by itself explain the order of solution fluxes
observed. Instead, as described in the supplementary material,
the intrinsic permeability of the membrane depends on the sol-
vent used and takes a higher value for solvents with a higher
polar Hansen solubility parameter, thereby indicating that the
membrane has dominant polar interactions. Similar to the discus-
sion on ethanol rejection in Section 3.2, the rejections of all
organic solvents was close to zero. It is notable that none of the
organic solvents allowed an improvement in the Furf rejection
compared to that in water (at similar solution flux values), and
in fact lowered the value considerably. On the other hand, Xyl
rejection was slightly higher in all organic solvent media, com-
pared to that in water at similar fluxes. Based on these results,
a possible separation scheme is to selectively remove Xyl using
one of the investigated organic solvents, while Furf will largely
permeate, and may be removed by a subsequent separation step,
such as liquid–liquid extraction (Morais et al., 2020). Such a step-
wise separation of Xyl and Furf from the DES would allow isola-
tion of Xyl and Furf from one another, aiding their individual val-
orization. The aqueous ethanol solvent is discounted from further
analysis due to its lower permeability and hence flux through the
membrane. Between methanol and acetone, acetone is given pref-
erence since it is known that acetone dissolves lignin, another
wood-based chemical which needs to be removed immediately
after the wood-pulping step, very well. The solubility of lignin
is especially high at a composition of 70% acetone by volume in
water (Domínguez-Robles et al., 2018; Gholami et al., 2022). Con-
sequently, this property of acetone would allow it to also be used
in a step prior to reverse osmosis, to wash the lignin off the pulp.
Hereafter, only acetone will be investigated as a diluting solvent
for DES recovery, and the selectivity of the RO99 membrane to
Xyl and Furf in this medium, in the presence of DES will be inves-
tigated in the next section.
, using various solvents. Other than the pure aqueous medium, for which results are
bed in Appendix A), three mixed solvents: 70% by volume of ethanol, acetone, and
tion of Xyl in the aforementioned solvents. Figure (b) shows the corresponding Furf
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3.4. Xylose and furfural vs. DES selectivity in aqueous acetone diluting
medium

In the present section, the selectivity of the RO99 membrane to
Xyl and Furf versus the DES components will be explored using
70% by volume acetone in water as the diluting medium. This sol-
vent composition is chosen based on the arguments presented in
the previous section: the acetone-based solvent had a relatively
high permeation flux among the investigated aqueous organic sol-
vents (second highest after methanol), and has the added advan-
tage of high lignin solubility. The analysis is similar to those in
Sections 3.1 and 3.2, although Xyl and Furf were both present in
the feed solutions considered in the current section, and two rep-
resentative dilution factors were considered, namely 5� and 20�.
Similar to Sections 3.1 and 3.2, the applied pressure was fixed at
20 barg.

The solution flux values at both dilution factors were at similar
orders of magnitude as those in aqueous and aqueous ethanol
media. The most striking observation in Fig. 9 is the large negative
rejection value of Furf. The negative rejection indicates that in the
permeated volume, the concentration of Furf is higher than in the
feed. Furthermore, this larger concentration in the permeate
results from a high Furf permeation flux, such that the solvent flux
was not high enough to dilute the Furf to a concentration similar to
the feed, or lower. The chemical potential gradient of furfural
depends on both the applied pressure as well as chemical activity,
and at the lower fluxes, the activity gradient component is domi-
nant over the pressure component of chemical potential gradient.
Negative rejections have been observed in other instances of liter-
ature involving reverse osmosis and nanofiltration of complex mix-
tures, and the authors have given a similar explanation of this
phenomenon (Bódalo-Santoyo et al., 2003; Li et al., 2022; Li
et al., 2018). The extent of negative rejection was reduced as the
solution flux increased, although a further increase in flux may
result in a small positive Furf rejection, similar to that shown in
the previous section. Owing to the negative rejection of Furf along
with the relatively high Xyl rejection, it is evident that the selective
removal of Xyl and permeation of Furf in aqueous acetone medium,
as indicated in the previous section (without DES components in
the feed), is also possible in the presence of DES. Similar to that
in aqueous ethanol (Ref. Section 3.2), the LA rejection was notice-
ably lower than that of ChCl, and the extent of their difference is
higher in the aqueous acetone solvent.

The overall indication from this section is that the separation
scheme to selectively remove Xyl while allowing Furf to permeate
with DES may succeed. However, further experiments to vary the
water to acetone ratio in the solvent must be conducted to find
Fig. 9. Rejections of all components of the model DES black liquor diluted by 70% by
volume acetone (with 30% water) solvent, at 5� and 20� dilution.
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the optimal feed composition to obtain 1. low Furf rejection, 2. high
Xyl rejection, 3. low rejection of the DES components, with both
components having similar rejections, and 4. all of the aforemen-
tioned separation characteristics at a feasible solution flux rate.
Furthermore, these desired characteristics may be better achieved
by another membrane.
3.5. System design for DES, xylose and furfural recovery

Fig. 10 shows a hypothetical multi-stage reverse osmosis (RO)
system to obtain a combined permeate stream containing majority
of the incoming DES mass, and the outgoing retentate stream with
majority of the xylose (Xyl) mass. In the later part of the current
section, optimization of the scheme to further improve the mass
recovery of the DES and both solutes i.e. Xyl and Furf, will be dis-
cussed. The DES components together are considered as a single
species, which is an idealization based on the desired goal to pre-
vent separation of these components. Based on results for 20�
dilution in Section 3.4 using the 70% aqueous acetone solvent,
the rejection of both DES components is considered as 57% as
recorded for lactic acid, and that for Xyl is 90%. The purpose of
multi-staging is essentially to repeat almost the same separation
to isolate the incoming Xyl from the DES to the greatest extent pos-
sible. Fresh dilutant is added after each separation stage to return
the DES concentration entering the next stage to that in the initial
stream (entering the first stage). This dilution, and the return of the
DES concentration back to the initial value before each RO stage
serves two purposes: 1. prevents any change in the membrane’s
selectivity to the DES components, since they are each charged
species that may experience concentration-dependent exclusion
mechanisms, such as Donnan exclusion; 2. reduction of the osmo-
tic pressure of the retentate, which is primarily contributed by the
DES, since the concentration of Xyl is relatively low. Based on these
expected outcomes of diluting the feed at the beginning of each
stage such that the DES concentration is returned to the original
feed concentration, one can reasonably assume that the rejection
of all components will remain practically unchanged from one
stage to the next in the hypothetical scheme shown in Fig. 10.
The dilution step is similar to that used in diafiltration (Madsen,
2001; Ramos-Andrés et al., 2019), a process scheme usually per-
formed with ultrafiltration membranes, where the added solvent
effectively replaces the fluid that permeates the membrane. Hence,
the component retained by the membrane is ‘washed’ by the
freshly added solvent, thereby purifying it selectively in the reten-
tate stream.

The calculations shown in the table in Fig. 10 were obtained
using the usual definitions of the rejection (Rej) and the recovery
ratio (RR), such that Cpermeate ¼ ð1� RejÞCf ; _Vpermeate ¼ RR� _Vf , and
a mass balance around each stage gives the retentate concentration
and volume. The recovery ratio is fixed at 50% since this is a typical
value for reverse osmosis membranes for water purification
(Altaee et al., 2014) and hence can be used as a reasonable estimate
for this work. As shown in the first half of the table, the total DES
mass recovered in the combined permeate stream is
ð0:215þ 0:169þ 0:132Þ _Mf ;DES ¼ 0:516 _Mf ;DES, i.e., 51.6% of the DES
mass flow rate entering the multi-stage system. The remaining
48.4% exits through the retentate in the last stage. Conversely,
85.7% the Xyl is recovered in the retentate of the last stage, while
the remaining 14.3% is present in the combined permeate stream,
with the majority of the DES. A further improvement in the sepa-
ration of Xyl from DES can be achieved by increasing the number
of stages, or increasing the RR in each stage (as shown in
Fig. 11). The addition of dilutant streams D1 and D2 causes the
net volume of solvent to be evaporated at the end of the separation
to be larger, which may pose a major energy penalty for the sepa-



Fig. 10. Possible DES-Xyl recovery scheme using reverse osmosis, where RR = recovery ratio, Rej = rejection, f = feed, D = dilutant stream, Ret = retentate stream.

Fig. 11. Predicted mass recoveries of DES, Xyl, and Furf at different numbers of stages (N) and two values of recovery ratio. Calculations to obtain the predictions were
demonstrated in Fig. 10. While parts a and c use rejections of all components corresponding to Section 3.4 at 20� dilution, parts b and d change the DES rejection to
hypothetical values, which if attainable by a membrane, would allow �100% mass recovery of all compone.nts at 3 stages.
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ration, depending on the boiling point and heat of evaporation of
the solvent. Furthermore, the multiple stages required for this sep-
aration will impose on the total capital expenditure of the paper-
making process scheme. However, both of the aforementioned
compromising factors may need to be accepted, since the separa-
tion of Xyl from the lactic acid-choline chloride (LA-ChCl) DES is
unlikely to be fruitful by separation techniques other than mem-
brane separation as shown in the current section. For example, dis-
tillation is not a possibility, given the low vapor pressure of DESs
(Choi and Verpoorte, 2019), while affinity-based separations such
as liquid–liquid separations will not succeed due to the likelihood
of strong hydrogen-bonding between Xyl and the DES constituents
(see Section 3.1.3). Furthermore, multi-stage membrane separa-
tions are commonly implemented in industry to achieve challeng-
ing separations (Ramos-Andrés et al., 2019; Kloppmann et al.,
2008).

Results in Fig. 11 further elucidate on the effect of recovery ratio
and rejection on the system design. Fig. 11a extends the results
shown in Fig. 10 for number of stages, N, lower and greater than
3. Due to the relatively high DES rejection, 100% DES recovery as
a result of accumulation in the permeate streams only happens
at �15 stages. On the other hand, the negative furfural rejection
(-27%) observed for the 20� case in Section 3.4 allows its recovery
by accumulation in the permeate streams (by a principle similar to
that for DES described in Fig. 10)) to reach �100% at 3 or 4 stages.
The Xyl recovery decreases as the number of stages is increased
since a fraction of Xyl is lost to the permeate in each stage. Keeping
the recovery ratio at 50%, if the DES rejection is reduced to �20%,
(rejections of Xyl and Furf same as that in Fig. 11a), at N = 3, the
mass recovery of all 3 compounds is close to 100%. A more suitable
membrane could allow this favorable separation to be achieved. In
Fig. 11c, the same rejections as in Fig. 11a are used, but the recov-
ery ratio is increased to 62.5%, which results to improved mass
recovery of all compounds at a lower number of stages compared
to the 50% recovery ratio case. Furthermore, as shown in
Fig. 11d, at the higher recovery ratio of 62.5%, the DES rejection
can be higher (more positive) than that in Fig. 11b to obtain
�100% mass recovery (Fig. 11d uses a DES rejection of �15%
whereas b used �20%) within 3 stages.
4. Conclusions and future outlook

This work showed that the commercial Alfa Laval RO99 reverse
osmosis membrane showed relatively high xylose (Xyl) rejection
compared to the DES components, lactic acid (LA) and choline chlo-
ride (ChCl), which was especially pronounced in pure aqueous
medium. The results in aqueous medium indicate that the pres-
ence of LA may enhance the Xyl rejection (Ref. Section 3.1.3),
which may be due to the formation of a hydrogen bond-based
complex between the two species. In contrast to Xyl, its dehydra-
tion derivative, furfural (Furf) had low rejection by the RO99 mem-
brane in all investigated media. Based on the above mentioned
points, a possible separation scheme to recover the deep eutectic
solvent (DES) after removing saccharides such as Xyl, and their
derivatives such as Furf, could be to use reverse osmosis (RO) to
remove the saccharides while permeating the derivatives, and sub-
sequently removing permeated derivatives by another technology
such as liquid–liquid extraction. Further, based on system-level
modeling it was shown that a multi-step RO scheme could almost
completely split the incoming Xyl from the DES (as described in
3.5), but the feasibility of such a scheme is improved with greater
difference between the Xyl and DES rejections. Aqueous acetone
was identified as a promising solvent for this scheme.

As future outlook based on this work, another membrane that is
able to satisfy the separation requirements and also allow higher
13
flux rates of organic solvents should be the subject of further
research for the current objective. Optimization of the water–ace-
tone ratio in the solvent is necessary to improve the separation
between the hemicellulosic derivatives and DES components.
Longer-duration experiments using a crossflow setup for the cur-
rent membrane as well as membranes made specifically for
organic solvents will be further indicative of the practicality of
membrane separations for the current application. The partial suc-
cess shown in the current work could serve as motivation to mem-
brane fabrication experts to tailor-make a membrane for this
application.
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Appendix A. Spiegler-Kedem model

The Spiegler-Kedem model is widely used for pressure-driven
membrane processes such as reverse osmosis and nanofiltration,
and was derived from irreversible thermodynamics (Al-Zoubi
et al., 2007; Chaudhari and Murthy, 2010). In Sections 3.1.3 and
3.3, data for solute rejection in pure aqueous medium was fitted
to this model to provide an estimate of the rejections at intermedi-
ate solution flux values, where experimental data was not
obtained. Experimental solute rejection data in other feed compo-
sitions could therefore be compared at their respective solution
fluxes with the rejection value in pure aqueous medium. Mathe-
matically, the model is simple, and uses two fitting parameters:
the solute reflection ratio r (unitless), which indicates the extent
of convective coupling between the solute and solvent and has a
value between 0 to 1 such that 1 indicates no convective coupling;
and the solute permeability coefficient Ps (units m/s) which is the
proportionality constant for the diffusive solute transport term
with the concentration gradient across the membrane. The equa-
tions below describe the Spiegler-Kedem model, and the symbols
Jv ; Js;R and c represent the solvent flux, solute flux, solute rejection,
and solute concentration respectively. The ‘minimize’ function in
the SciPy Python library was used for the model fitting, where
the difference in model function value and experimental data is
minimized. Specifically, the Eqs. A.2 and A.3 are used for fitting,
such that the solvent flux is the input variable, and Ps and r are
the parameters fitted.

Js ¼ PsDc þ ð1� rÞcJv ðA:1Þ

R ¼ r ð1� FÞ
ð1� rFÞ ðA:2Þ

where the dummy variable F is defined by:
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F ¼ exp �ð1� rÞ
Ps

JvÞ
� �

ðA:3Þ
Appendix B. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.ces.2022.118367.
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Sert, M., Arslanoğlu, A., Ballice, L., 2018. Conversion of sunflower stalk based
cellulose to the valuable products using choline chloride based deep eutectic
solvents. Renewable Energy 118, 993–1000.

Servaes, K., Varhimo, A., Dubreuil, M., Bulut, M., Vandezande, P., Siika-aho, M.,
Sirviö, J., Kruus, K., Porto-Carrero, W., Bongers, B., 2017. Purification and
concentration of lignin from the spent liquor of the alkaline oxidation of woody

https://doi.org/10.1016/j.ces.2022.118367
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0005
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0005
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0010
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0010
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0010
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0015
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0015
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0015
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0020
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0020
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0020
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0025
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0025
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0025
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0025
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0030
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0030
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0030
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0035
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0040
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0040
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0040
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0045
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0045
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0045
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0050
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0050
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0050
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0055
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0055
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0055
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0055
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0060
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0060
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0060
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0065
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0065
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0065
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0070
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0070
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0070
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0075
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0075
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0075
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0075
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0075
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0080
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0080
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0080
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0080
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0080
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0085
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0085
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0085
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0090
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0090
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0095
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0095
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0095
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0100
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0100
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0100
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0105
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0105
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0105
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0110
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0110
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0110
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0115
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0115
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0115
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0120
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0120
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0125
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0125
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0135
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0135
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0135
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0135
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0140
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0140
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0140
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0140
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0145
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0145
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0145
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0150
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0150
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0150
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0155
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0155
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0155
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0155
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0160
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0160
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0160
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0165
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0165
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0165
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0170
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0170
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0175
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0175
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0175
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0180
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0180
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0185
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0185
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0190
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0190
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0190
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0195
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0195
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0195
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0200
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0200
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0200
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0205
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0205
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0205
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0210
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0210
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0210
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0210
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0220
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0220
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0225
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0225
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0225
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0230
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0230
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0230
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0235
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0235
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0240
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0240
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0240
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0240
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0245
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0245
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0245
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0255
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0255
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0260
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0260
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0260
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0265
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0265
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0265


Y. Roy, R.W. Top, W.M. de Vos et al. Chemical Engineering Science 267 (2023) 118367
biomass through membrane separation technology. Ind. Crops Prod. 106, 86–
96.

Sharma, V., Nargotra, P., Sharma, S., Bajaj, B.K., 2021. Efficacy and functional
mechanisms of a novel combinatorial pretreatment approach based on deep
eutectic solvent and ultrasonic waves for bioconversion of sugarcane bagasse.
Renewable Energy 163, 1910–1922.

Sholl, D.S., Lively, R.P., 2016. Seven chemical separations to change the world.
Nature 532 (7600), 435–437.

Smink, D., Juan, A., Schuur, B., Kersten, S.R., 2019. Understanding the role of choline
chloride in deep eutectic solvents used for biomass delignification. Industrial &
Engineering Chemistry Research 58 (36), 16348–16357.

Smink, D., Kersten, S.R., Schuur, B., 2020. Process development for biomass
delignification using deep eutectic solvents. conceptual design supported by
experiments. Chem. Eng. Res. Des. 164, 86–101.

Smink, D., Kersten, S.R., Schuur, B., 2020. Recovery of lignin from deep eutectic
solvents by liquid-liquid extraction. Sep. Purif. Technol. 235, 116127.

Smink, D., Kersten, S.R., Schuur, B., 2020. Comparing multistage liquid–liquid
extraction with cold water precipitation for improvement of lignin recovery
from deep eutectic solvents. Sep. Purif. Technol. 252, 117395.

Soares, B., da Costa Lopes, A.M., Silvestre, A.J., Pinto, P.C.R., Freire, C.S., Coutinho, J.A.,
2021. Wood delignification with aqueous solutions of deep eutectic solvents.
Ind. Crops Prod. 160, 113128.
15
Taghizadeh, M., Taghizadeh, A., Vatanpour, V., Ganjali, M.R., Saeb, M.R., 2021. Deep
eutectic solvents in membrane science and technology: Fundamental,
preparation, application, and future perspective. Sep. Purif. Technol. 258,
118015.

Tarleton, E., Robinson, J., Millington, C., Nijmeijer, A., Taylor, M., 2006. The influence
of polarity on flux and rejection behaviour in solvent resistant nanofiltration—
experimental observations. J. Membr. Sci. 278 (1–2), 318–327.

Tsui, E.M., Cheryan, M., 2004. Characteristics of nanofiltration membranes in
aqueous ethanol. J. Membr. Sci. 237 (1–2), 61–69.

Van der Bruggen, B., Geens, J., Vandecasteele, C., 2002. Influence of organic solvents
on the performance of polymeric nanofiltration membranes. Sep. Sci. Technol.
37 (4), 783–797.

Wang, T., Meng, Y., Qin, Y., Feng, W., Wang, C., 2018. Removal of furfural and HMF
from monosaccharides by nanofiltration and reverse osmosis membranes. J.
Energy Inst. 91 (3), 473–480.

Weng, Y.-H., Wei, H.-J., Tsai, T.-Y., Lin, T.-H., Wei, T.-Y., Guo, G.-L., Huang, C.-P.,
2010. Separation of furans and carboxylic acids from sugars in dilute acid
rice straw hydrolyzates by nanofiltration. Bioresour. Technol. 101 (13), 4889–
4894.

Xu, H., Peng, J., Kong, Y., Liu, Y., Su, Z., Li, B., Song, X., Liu, S., Tian, W., 2020. Key
process parameters for deep eutectic solvents pretreatment of lignocellulosic
biomass materials: A review. Bioresour. Technol. 310, 123416.

http://refhub.elsevier.com/S0009-2509(22)00952-6/h0265
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0265
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0270
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0270
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0270
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0270
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0275
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0275
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0280
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0280
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0280
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0285
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0285
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0285
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0290
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0290
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0295
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0295
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0295
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0300
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0300
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0300
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0305
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0305
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0305
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0305
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0310
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0310
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0310
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0315
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0315
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0320
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0320
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0320
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0325
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0325
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0325
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0330
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0330
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0330
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0330
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0335
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0335
http://refhub.elsevier.com/S0009-2509(22)00952-6/h0335

	Organic solvent reverse osmosis (OSRO) for the recovery of hemicellulosic derivatives after wood-pulping with a deep eutectic solvent
	1 Introduction
	2 Experimental details
	2.1 Materials
	2.1.1 Membranes investigated
	2.1.2 Chemicals used

	2.2 Experimental apparatus
	2.3 Experimental protocol
	2.4 Chemical analysis
	2.5 Mathematical formulation for data analysis

	3 Results and discussion
	3.1 Xylose and furfural vs. DES selectivity in pure aqueous diluting medium
	3.1.1 Xylose vs. DES selectivity in aqueous medium
	3.1.2 Furfural vs. DES selectivity in aqueous medium
	3.1.3 Interactions of xylose and furfural with DES components

	3.2 Xylose and furfural vs. DES selectivity in aqueous ethanol diluting medium
	3.2.1 Xylose vs. DES selectivity in aqueous ethanol medium
	3.2.2 Furfural vs. DES selectivity in aqueous ethanol medium

	3.3 Effect of various solvents on xylose and furfural rejections
	3.4 Xylose and furfural vs. DES selectivity in aqueous acetone diluting medium
	3.5 System design for DES, xylose and furfural recovery

	4 Conclusions and future outlook
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Spiegler-Kedem model
	Appendix B Supplementary material
	References


