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2-MTHF as solvent. Material and energy balances were made and the energy usage of the
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process was optimized with additional experiments. The amount of DES was reduced to
the minimal amount required to fill the porous biomass (5 kg per kg wood), which only
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reduced the delignification from 94% to 87% and increased the yield from 57 to 59%. Direct
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recycling of lignin-in-DES mixtures without lignin removal by liquid–liquid extraction to the

Deep eutectic solvent

delignification stage may save energy, but increased repolymerization increases the lignin’s

Conceptual process design

molar weight, which decreases its value and makes recovery by liquid–liquid extraction more

Liquid–liquid extraction

difficult. After optimization, the total heat duty of the proposed process is 7.9 GJ/t pulp, which
is 28% lower than the kraft process. The main benefit of DES based delignification processes
is the possible valorization of byproducts, such as lignin and furans from hemicellulose.
© 2020 The Author(s). Published by Elsevier B.V. on behalf of Institution of Chemical
Engineers. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1.

Introduction

Deep eutectic solvents (DES, plural: DESs) are composite solvents that
exhibit deep eutectic behavior upon mixing the constituents. Various
authors proposed a definition for a DES (Zhang et al., 2012; Paiva et al.,

extractive distillation (Pan et al., 2019), metal extractions (Söldner et al.,
2019), desulfurization (Lima et al., 2018, 2019) and biomass fractionation (Jablonský et al., 2019; Mišan et al., 2019; Smink et al., 2019).
Lignocellulosic biomass is a renewable raw material source and can
be converted into cellulose fibers and, among other byproducts, lignin

2014; Smith et al., 2014; Martins et al., 2019; Schuur et al., 2019) but
no final definition or consensus has been achieved yet. Regardless of

by delignification technologies. The obtained cellulose pulp can be used

what a formal definition of DESs should be, these composite solvents
that exhibit their low transition temperatures (Francisco et al., 2013b)

to bio-ethanol or other platform chemicals (Naik et al., 2010; Rosatella

due to hydrogen bonding, attracted wide attention in academia. Since
these solvents can easily be prepared in numerous ways by combin-

advocated potential for the chemical industry and current research is

for paper production, production of other materials, or can be converted
et al., 2011; Dusselier et al., 2013). Lignin is an aromatic biopolymer with

ing a hydrogen bond donor and acceptor (Gomez et al., 2018) and are
often biocompatible, biodegradable (Lu et al., 2012) and can have a low

focusing on lignin valorization (Rinaldi et al., 2016; Westwood et al.,
2016). Other byproducts, such as hemicellulose and extractables can
be converted into furans and turpentine respectively (Hou et al., 2018b;

toxicity (Macário et al., 2018), DESs have been used for various applications. Examples include CO2 capture (López-Salas et al., 2014; García

Li et al., 2018).
Most conventional cellulose fiber producing installations make use

et al., 2015; Mirza et al., 2015), air pollutant removal (Moura et al., 2017),

of the kraft process, in which lignocellulose is delignified using sodium
hydroxide and sodium sulfide to form cellulose fibers suitable for paper-

∗

making. The lignin is depolymerized by a nucleophilic substitution
reaction with the sulfide, meaning the lignin that is finally obtained
is highly sulfurized. As a consequence, to be able to recycle the sodium
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lignin as byproduct, but the scale and applications are limited. Kraft
lignin is mainly used for low-value applications, such as heat recovery (Chen, 2015). Also other processes, such as organosolv, can be used
for cellulose production, but these processes require high amounts of
organic solvents, which are often volatile and flammable (Van Osch
et al., 2017). Other solvents, such as ionic liquids (Sun et al., 2009) may
also be considered for biomass delignification, but their higher costs
may limit industrial applicability.
Although kraft plants are highly integrated and energy effective
plants (Rudie and Hart, 2014), they still have an average heat usage
around 11 GJ/t (Suhr et al., 2015). This heat is provided from the combustion of the extracted lignin and other parts of the tree that are
unsuitable of papermaking, such as the bark. Most modern kraft mills
have an energy surplus, which is most often used to provide power to
the grid.
DESs have been reported for the delignification of various types of
lignocellulose. An overview of these studies is shown in Table 1. Lignin
that is produced using DESs often shows very little signs of condensation (Alvarez-Vasco et al., 2016) and typically has a low molar weight
(Alvarez-Vasco et al., 2016; Lyu et al., 2018). Many studies have been performed on biomass delignification using DES and many DES, biomass
types and processing conditions have been studied. However, to the
best of our knowledge, no analysis of the overall process energy effectiveness has been made, and the conceptual design as made in this
study, has not been made for biomass delignification using DES yet.
Especially DESs comprised of lactic acid and choline chloride were
very often used for biomass delignification (Jablonský et al., 2015;
Alvarez-Vasco et al., 2016; Chang et al., 2016; Kumar et al., 2016; Zhang
et al., 2016; Li et al., 2017, 2019a, 2019b; Hou et al., 2018a; Lyu et al., 2018;
Mamilla et al., 2019; Muley et al., 2019; Shen et al., 2019; Smink et al.,
2019; Tian et al., 2019). Although the optimal lactic acid to choline chloride ratios for delignification are between 10:1 and 50:1, (Smink et al.,

yield (%) =

2.

Methods and materials

2.1.

Materials

Air-dry E. globulus chips were donated by The Navigator Company from their mill in Portugal and free from impurities,
such as stones, soil or metal. The commercially sized chips
(typically 25–35 × 10–25 × 2.5–6 mm, L × W × T) were milled to
produce wood meal using a hammer mill and sieved (mesh
−25/+70) and contained 5.6 wt% moisture, as determined
according to the NREL method (Sluiter et al., 2008a). The wood
contained 21.6% lignin, 50.6% glucose, 14.0% xylose, and 1.1%
galactose (oven dry basis), as determined by acid hydrolysis
using the standard NREL method (Sluiter et al., 2012). Lactic
acid (>85%), choline chloride (>98%) and sulfuric acid (95–98%)
were purchased from Sigma-Aldrich. 2-MTHF (Emplura) was
purchased from VWR.

2.2.

Experimental procedures

2.2.1.

Biomass delignification experiments

1 to 2 g eucalyptus meal (oven dry basis) was added together
with 10 g DES to a Teflon-lined autoclave. This autoclave was
inserted into a direct contact heater, which heated the autoclave to 130 ◦ C in a couple of minutes. After 1 h, the autoclave
was taken out of the heater and gently cooled down to room
temperature. The contents were washed using ethanol and
filtered over a Whatman glass fiber filter before drying of the
residue to a constant weight at 105 ◦ C in a convection oven.
All experiments were performed in duplo. The yield was calculated according to Eq. (1).
Dry solid residue (g)



Eucalyptus meal added to autoclave (g) ∗ 1 − Moisture content in eucalpytus

 g  ∗ 100

(1)

g

The acid insoluble lignin in the solid residue was determined by acid hydrolysis according to the NREL method
(Sluiter et al., 2012). The degree of delignification was calculated according to Eq. (2)
2019) a DES comprised of 30 wt% choline chloride and 70 wt% lactic
acid was used in this study since it is possible to regenerate lignin from
this DES by liquid–liquid extraction, which has potential for significant energy savings (Smink et al., 2020a). This equals a 1:3.6 M ratio of
choline chloride to lactic acid.
Although the technical concept of biomass delignification using
DESs is well proven, the lack of a process evaluation based on a conceptual design hinders making estimations on the economic feasibility
of the concept. Even though many details are still unknown, making a
conceptual design with all the necessary estimations is a first step that
we present here to identify whether the concept of DES-based pulping has potential to become industrially viable or not. Based on this
study, the reader shall be able to value the potential of the technology, and in addition be able to indicate which additional data is still
required to make a fully detailed process design. In this work, a conceptual design was made according to the method described by Douglas
(Douglas, 1988), which is easy to use and relevant for industrial applications (Harmsen, 2004). Using this approach, a complex process design is
divided into multiple, much simpler problems. Following the Douglas
method, the input–output structure of the process was defined first,
after which the separations were defined. Later, the mass and energy
balances were made using rigorous calculations. Therefore, it is relatively easy to screen alternatives and thereby optimize the design. In
this work, the process was optimized for energy usage. Energy usage
is a very important parameter, not just from an environmental point
of view and for the operational costs of the process, but energy losses
typically dictate the investment costs for a process as well (Lange, 2001).

Delignification (%) = 100 − Yield (%) ∗

Lignin in residue (%)
Lignin in wood (%)

(2)

The error in the delignification was determined from one
experiment that was repeated 5 times. The 95% confidence
interval was determined using the t-test statistic method. For
duplo experiments, the error in delignification was 1.2%.

2.2.2.

Lignin extraction experiments

3 mL lignin in DES mixture (see section 2.2.3. for the preparation procedure), 3 mL 2-MTHF and 0.5–3 mL water were added
to a glass vial with a screw cap. The vials were placed in a
Julabo SW22 shaking bath at 50 ◦ C and shaken overnight at
200 rpm. The phases were settled under gentle shaking at
20 rpm until they were fully separated. The lignin contents in
both phases analyzed by GPC.

2.2.3.

Preparation of lignin in DES mixture

700 g lactic acid and 300 g choline chloride were added to a
round bottomed flask (2 L) with a condenser. The mixture
was heated to 130 ◦ C and 200 g (oven dry basis) commercially
sized chips were added to the flask. The mixture was stirred
gently for 3 or 8 h and the mixtures were filtered while hot
over a 53 m steel mesh. The lignin content in the mixtures
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Table 1 – Overview of previous works on biomass delignification using DES, sorted by biomass type.
Wood type

Spruce

Author

Year

DES

Delignification (%) and/or
remarks

Wahlström et al. (2016)

ChCl + boric acid and
glycerol, betaine + glycerol

Schäfer et al. (2018)

ChCl + 3-phenyl propionic
acid
ChCl + acetic acid, lactic
acid, levulinic acid and
glycerol.
ChCl + lactic acid

The pretreatment efficiency
of DES for enzymatic
hydrolysis is limited.
21%, Particle size has a large
influence on delignification
58%, delignification using
ChCl + glycerol ineffective.

Softwoods

Alvarez-Vasco et al. (2016)
Pine
Li et al. (2019a, 2019b)

Muley et al. (2019)

Beech

Jablonský et al. (2019)

Mamilla et al. (2019)
Hardwoods
Alvarez-Vasco et al. (2016)
Poplar
Tian et al. (2017)

Tian et al. (2019)

Willow

Chang et al. (2016)
Liang et al. (2019)

ChCl and ethylene glycol

Shen et al. (2019)

ChCl + lactic acid

Smink et al. (2019)

ChCl + lactic acid

Li et al. (2017)

ChCl + lactic acid, glycerol
and urea
Lactic acid + betaine

Song et al. (2019)

Miscanthus

Guo et al. (2019a)
Jablonský et al. (2015)

Wheat
straw
Wahlström et al. (2016)
Agricultural
byproducts and
grasses

ChCl + glycerol + acid
catalyst
ChCl + Urea, malonic acid,
lactic acid, malic acid, lactic
acid and oxalic acid
ChCl + boric acid and
glycerol, betaine + glycerol

Zhao et al. (2018)

ChCl + monoethanolamine

Jablonský et al. (2019)

Lactic acid + alanine,
glycine and betaine,
ChCl + ethylene glycol and
glycolic acid
ChCl + lactic acid and
betaine
6 lactic acid and 13 ChCl
based DESs
ChCl + oxalic acid

Kumar et al. (2016)
Rice straw

ChCl + acetic acid, lactic
acid, levulinic acid and
glycerol.
Lactic acid + betaine

ChCl + formic acid, acetic
acid and lactic acid
Lactic acid + ChCl and
glycine
ChCl + lactic acid

Li et al. (2019a, 2019b)

Eucalyptus

ChCl + lactic acid and oxalic
acid
Lactic acid + alanine,
glycine and betaine,
ChCl + ethylene glycol and
glycolic acid
ChCl + lactic acid, oxalic
acid, KOH and urea

Hou et al. (2018a)
Hou et al. (2018b)

67%, treatment using
microwave reduced
delignification
90%, microwave heating
reduced processing time
15%, ChCl and glycolic acid
most effective

Oxalic acid and KOH could
dissolve more wood
polymers
78%, delignification using
ChCl + glycerol ineffective.
69%, DES had a higher
selectivity and required a
lower temperature than
soda/AQ or organosolv
pulping
77%, Produced pulps were
comparable to kraft pulps
90% with ChCl DES, but
only 58% with glycine DES
90%, 1:9 ratio optimal.
Achieved at 90 ◦ C and 12 h
90%, DES recovered using
membranes
93%, obtained lignin had
low weight and a well
preserved structure
92%, chloride is the active
ingredient in choline
chloride
92%, using ChCl + lactic acid
at 120 ◦ C and 12 h
53%, more selective than
hydrotropes, but required
higher temperatures.
90%, Suitable pretreatment
for enzymatic digestion
58% by ChCl + oxalic acid,
but ChCl + lactic acid had
the highest selectivity
The pretreatment efficiency
of DES for enzymatic
hydrolysis is limited.
71%, suitable pretreatment
for enzymatic hydrolysis
24%, lactic acid and alanine
was most effective

60%, addition of water
enhanced delignification
51%, with ChCl + lactic acid
70%, suitable pretreatment
for enzymatic hydrolysis
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– Table 1 (Continued)
Wood type

Author

Year

DES

Delignification (%) and/or
remarks

Lim et al. (2019)

K2 CO3 + glycerol

Procentese et al. (2015)

ChCl + glycerol, imidazole
and urea

Zhang et al. (2016)

ChCl + 7 acids and 2
polyalcohols

Guo et al. (2019b)

Lactic acid
+ Benzyltrimethylammonium

Alkaline DES suitable for
rice straw pulping
88%, DES treatment
enhanced enzymatic
digestibility.
98.5%, delignification
enhances with acid
strength
63%, suitable pretreatment
for enzymatic digestion

Corncob

Chloride and
benzyltriethylammonium
chloride
Corn stover

Xu et al. (2018)

9 ChCl based DESs

Song et al. (2019)

Lactic acid + betaine

was determined by acid hydrolysis, for which 20 mL of the
lignin-in-DES mixture was added to a Teflon-lined autoclave,
together with 60 mL water. 3 mL 72% Sulfuric acid was added
to the mixture using a pipette and the autoclave was inserted
into a direct contact heater at 120 ◦ C and kept there for one
hour. The mixture was cooled down to room temperature and
filtered over a Whatman glass fiber filter. The residue was dried
in a convection oven at 105 ◦ C and the acid insoluble lignin
content was determined gravimetrically.

2.3.

Analysis methods

2.3.1.

Acid hydrolysis

The acid insoluble lignin content of the sample was determined by hydrolysis of the sample according to standardized
NREL procedure (Sluiter et al., 2012). 0.3 g Sample was added
to a Teflon-lined autoclave, together with 3 mL sulfuric acid
(72%) and the mixture was kept at 30 ◦ C for 1 h while stirring
every 10 min. After this, 84 mL water was added and the tube
was kept at 120 ◦ C for another hour. The solids were filtered
and dried overnight at 105 ◦ C. The acid insoluble lignin content
was calculated according to Eq. (3).

=

Residue (g)



sample (g) ∗ 1 − Water content

2.3.2.

 g  ∗ 100

2.3.4.

Karl–Fischer titration

The water content of lignin in DES mixture was determined
by Karl–Fischer titration using a Metrohm 787 K F 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 <2%.

2.3.5.

Determination of ash content

The ash content in the eucalyptus was determined according
to the standard NREL procedure (Sluiter et al., 2008b). 1.5–2 g
biomass was pre-dried in a convection oven at 105 ◦ C and
added to a porcelain crucible which was pre-dried at 575 ◦ C.
This crucible was inserted into an oven at 575 ◦ C to oxidize all
organic material. The analysis was performed in duplo. The
ash content was determined gravimetrically by Eq. (4).

(3)

2.4.

Residue after oxidation (g)
∗ 100
Dry biomass (g)

(4)

Calculation methods

g

GPC

An Agilent 1200 series was used for the gel permeation chromatography (GPC) with a refractive index detector and a UV
detector operating at 254 nm using 3 GPC PLgel 3 m 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 polystyrene solutions having molecular weights
ranging from 162 to 27,810 g/mol.

2.3.3.

An Agilent 1200 system was equipped with a Hi-Plex-H column operated at 60 ◦ C and a refractive index detector at 55 ◦ C.
5 mM sulfuric acid in water was used as mobile phase with a
flowrate of 0.6 mL/min.

Ash content (%) =

Acid insoluble lignin (%)

60%, DES suitable for
biofuel production
79%, more selective than
hydrotropes, but required
higher temperatures.

HPLC

The lactic acid content in the hydrolysis liquids was determined by high performance liquid chromatography (HPLC).

All calculations in this work are rigorous calculations, based
on literature data, and sometimes based on experimental
results reported in this paper. In order to make calculations on the mass balances and energy balances of unit
operations, information is needed on phase behavior. Where
liquid–liquid equilibria of DES and 2-MTHF and lignin are
involved, this information is taken from earlier publications
(Smink et al., 2020a,b). The liquid–liquid equilibrium and vapor
liquid equilibrium data for 2-MTHF and water was taken
from Glass et al. (2016) and Stephenson (1992). Furthermore,
it is assumed that the DES is completely non-volatile, as
shown by Francisco et al. (2013a), and for the enthalpies of
evaporation of water from black liquors also literature data
was used. For kraft black liquor, the information was taken
from Ferreira et al.(2011) (Hvap,BL = 54.1 kJ/mol), while for the
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Table 2 – Assumptions made for the mass balance of the conceptual process with their justifications.
Symbol

Description

Value

Unit

Justification

DB

DES to biomass ratio

10

kg/kg

lB

Lignin fraction in biomass

0.216

kg lignin/kg biomass

MP,out
SF

Total cellulose production
Solvent to feed ratio

1000
0.5

kg/h
kg/kg

Common ratio used in literature
(Alvarez-Vasco et al., 2016)
Measured by acid hydrolysis, see
(Smink et al., 2019)
For conveniencea
Estimated from (Smink et al.,
2020a)

WFL
WFP

Washing factor lignin
Washing factor pulp

2
3

kg/kg DES
kg/kg

XDES,MTHF

Solubility of DES in 2-MTHF

0.3

kg/kg

xMTHF,DESrecycle

Solubility of 2-MTHF in DES

0.1

kg/kg

xW,B
xW,DESrecycle

0.5
0.5

kg/kg
kg/kg

XW,P

Water fraction in biomass
Water fraction in DES after
liquid-liquid extraction
Water fraction in pulp

0.67

kg/kg

yL

Lignin removal from biomass

0.94

yp

Solid yield after delignification

0.57

kg lignin in
biomass/kg lignin
removed
kg/kg biomass

a
b

Estimated from water washing
datab
Estimated from (Smink et al.,
2020a)
Estimated from (Smink et al.,
2020a)
(Bown and Lasserre, 2015)
Estimated from (Smink et al.,
2020b)
Typically achievable by pressing
(Ek et al., 2009b)
Measured in this work

Measured in this work

Normalized to 1 t/h for convenience. All numbers can be scaled linearly to any desired production capacity.
Only data about water washings are available, which state that 2.5 m3 water (Ek et al., 2009b) per t of pulp is required. Based on the density of
DES, being higher than water, 3 kg DES per kg pulp was assumed to be the minimum for DES washing of pulp.

DES black liquor, Hvap,DES was calculated using the Clausius
Clapeyron theory with VLE data obtained by Francisco et al.
(2013a), Hvap,DES = 44.3 kJ/mol. Other necessary information
was measured in the case that no reasonable estimate could
be given. All relevant equilibrium values for the mass balance
are reported in Table 2 (vide infra).

3.

Results and discussion

3.1.
Conceptual process design and initial energy
requirement estimation
3.1.1.

Input–output structure

First, the type of lignocellulosic biomass must be selected.
In principle, every type of lignocellulosic biomass (hardwood,
softwood, grasses, agricultural wastes) can be selected for the
process. We selected E. globulus for further studies because this
species is the most cultivated species in fastgrowing plantations (Dillen et al., 2016) and because eucalyptus was also used
in our previous studies (Smink et al., 2019, 2020a). However,
the methodology applies to majority of the lignocellulosic
biomass sources.
Next, the morphology of the feed must be selected.
Although the DES impregnation rate increases if the particles
are smaller and therefore, the cooking will be faster and more
homogeneous, cutting wood inherently cuts and thereby damages the cellulose fibers in the wood and therefore reduces
the quality of the produced cellulose fibers. Thus, smaller chip
sizes increase the pulping rate, but compromises the quality
of the produced cellulose fiber. In the paper industry, where
fiber quality is very important, chips are generally 20–30 mm
long. For other applications, such as cellulose fermentation
to bio-ethanol, the fiber quality is irrelevant. In these cases,
the used chip sizes will be much smaller. The chip size is very
important for the design of the digester, but not for further

processing of the pulp and DES recovery. Therefore, this is no
factor in the rigorous calculations.
Feed impurities are important for any (chemical) process.
In the case of lignocellulosic biomass, three major impurities
are present: water, extractables and ash. Presence of water in
the feed is not expected to pose any problems in the process,
since the amounts of water present in the wood are negligible compared the amounts that are required for pulp washing.
Addition of some water to DES will decrease the viscosity and
is beneficial in the recovery process. However, little is known
yet on the influence of water on the pulping process. Also,
high water contents may result in significant evaporation at
the pulping temperature, which may require the use of pressurized equipment or venting during pulping. Extractables are
low molar weight compounds, such as fatty acids, sterols,
terpenoids and waxes that can be extracted from biomass
using neutral solvents. Considering the hydrophobic nature
of these compounds, they will end up in the 2-MTHF during
the lignin extraction. Extractables may be removed by steaming biomass prior to further processing. Ash present in the
feed dissolves in the DES and will accumulate in the DES recycle loop. Therefore, it could be desirable to remove ash prior
to DES processing, for instance by acid leaching (Oudenhoven
et al., 2016). In case salts do end up in the DES recycle they
will accumulate and have to be removed, for instance using
a bleed stream in the recycle. Purging of this bleed stream
will be very expensive, so the salts will have to be removed by
techniques such as electrodialysis or precipitation in another
solvent, such as ethanol. The ash content in the eucalyptus used for this study was only 0.38 wt %. In case 1% ash
is allowed in the DES recycle stream, 0.38 kg DES has to be
blead from the recycle per kg eucalyptus in the feed (0.38 kg
DES * 1% salt = 3.8 g salt, which is equal to the amount in 1 kg
eucalyptus). However, the ash content can be much higher
in other biomass sources. For example, straw can have an
ash content of 6–8% (Oudenhoven et al., 2015). For the rigor-
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Fig. 1 – The input-output structure of the conceptual
process.

a much higher density and viscosity (Francisco et al., 2013c).
The increased density of the DES increases the buoyant forces
exerted on a wood chip and the increased viscosity increases
the drag force on a wood chip. This will decrease the flow
rate of chips through a continuous digester filled with DES
and thus greatly complicates the design of such a digester.
As a consequence, much data must be gathered to make a
detailed design. More than half of all European pulp mills
had a capacity exceeding 200 kt per year in 2018 (CEPI, 2018).
Although some older mills still operate semi-batch wise, this
is highly unusual at this scale. Therefore, pulping must be executed continuously, just as other operations, such as solvent
recovery and pulp washing.

3.1.3.
ous calculations only the presence of water in the feed was
included.
The outlet streams of this process must at least consist of
a stream for the produced cellulose and lignin. Besides these
products, some of the hemicelluloses will also break down
during DES processing. During treatment with acid DESs,
hemicellulose breaks down to sugar fractions, which further
react to furans. Li et al. (2018) and Hou et al. (2018b) studied
the fractionation of rice straw using acid based DESs. Both
authors (Hou et al., 2018b; Li et al., 2018) could only recover
less than half of the hemicellulose removed as either sugar or
furanic compound, with the remainder referred to as ‘Loss’.
We expect these losses to be furanics and sugars that reacted
further to form polymeric byproducts called ‘humin’. Separation of sugars from DES is complicated. Both compounds
are completely non-volatile, excluding separation by distillation. Furthermore, both compounds are highly polar, making
affinity based separation very challenging. The only options
appear to be a delicate membrane-based process based on
the small difference in size of the molecules and ions in the
system, another option is to let the sugars react further to
furans. These furans may be separated by liquid–liquid extraction using organic solvents, such as 2-MTHF (Rosatella et al.,
2011; Dutta et al., 2012; Mikheenko et al., 2019). Small sugars
produced in the cooking will for a major part already be converted into furans, and in the proposed process it seems likely
that produced furans will also be extracted by 2-MTHF and
thus leave the process together with the lignin. Little is known
about the humins, but with its furanic structure, it seems
possible that these by-products are also extracted by 2-MTHF
and thus leave the process together with the lignin. Alternatively, humins may precipitate during the process on the
reaction equipment, as in the commercial production of furfural from hemicellulose rich agricultural wastes (Hoydonckx
et al., 2007). In the used lignin-in-DES mixtures, only 3% of
the initial amount of xylose present in the biomass was found
back by HPLC. For the rigorous calculations, we assumed that
all hemicellulose that is removed from the biomass structure
leaves to process as ‘hemicellulose byproduct’ (HBP) together
with the lignin. This means that the input–output structure
looks as described in Fig. 1.

3.1.2.

Batch versus continuous

In kraft pulping, continuous digesters have become standard. Although some batch digesters are still in operation,
batch pulping has become out of date. In a typical continuous
digester, wood chips are fed at the top of the reactor vessel and
slowly sink through cooking liquor with various compositions.
Compared to the current aqueous pulping liquors, DESs have
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The separation system

After the pulping reactor, a mixture of cellulose pulp, DES,
lignin and hemicellulose by-products must be separated. In
this mixture, the lignin and hemicellulose by-products are
dissolved in the DES. It is convenient to separate the solid
pulp from the liquid DES first, for instance by pressing. During pressing, part of the liquid remains as stagnant liquid in
the fibers in the porous pulp beds. Therefore, the liquid in
the pulp must be displaced by another liquid. Washing with
water is very convenient since water is inexpensive, non-toxic
and non-flammable. However, if water is used to displace the
DES in the cellulose fibers, the water will mix with the DES,
causing lignin to precipitate on the fibers, which is very undesirable. Therefore, the DES in the cellulose fibers must first be
displaced by clean DES, before it can be displaced by water.
After the separation between the DES and pulp, the liquid
mixture containing DES, water, lignin and hemicellulose byproducts must be separated. In our previous paper we made
a brief comparison between the regeneration of lignin from
DES using cold water precipitation (Smink et al., 2020b) and
concluded that the low molar weight lignin fractions could
not be recovered by cold water precipitation. Furthermore,
liquid–liquid extraction using 2-MTHF has the potential to
save 95% energy compared to cold water precipitation (Smink
et al., 2020b). Therefore, lignin is recovered from the DES using
liquid–liquid extraction. Water is removed later from the mixture, since it aids liquid–liquid extraction of lignin from the
DES. We assume that the hemicellulose-byproducts are also
extracted by 2-MTHF (see Section 3.1.1.). The 2-MTHF can be
recovered by evaporation and the lignin and hemicellulose byproducts remain in the evaporation residue, together with any
DES that may have leached to the 2-MTHF during extraction.
This DES can be washed from the products using water and
the washing water is recycled back to the extraction stage.
At last, the DES must be separated from the water and
any 2-MTHF that leached to the DES phase during extraction. Water and 2-MTHF may be separated from the DES by
evaporation. After condensation, the water and 2-MTHF can
be separated in a settler vessel because of the immiscibility
between water and 2-MTHF. The LLE between 2-MTHF and
water was reported by Glass et al. (2016) and Stephenson
(1992). At 70 ◦ C, the solubility of 2-MTHF in water is 5 wt%
and the solubility of water in 2-MTHF is 6 wt%. Remarkably,
the solubility of 2-MTHF in water decreases with increasing
temperatures. Altogether, the flowsheet as shown in Fig. 2 is
obtained.
Mass balance
In the conceptual process, biomass is fractionated into
pulp, lignin and hemi-cellulose by-products. Any other
byproducts or losses are not taken into account in this process
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Fig. 2 – Structure of the conceptual process. In the top figure, the process is shown by function and in the bottom figure, the
process is shown by operations. After pulping, the pulp in used DES suspension (3) is pressed and washed to form a clean
pulp suspension (6). All Used DES and water from the washing and pressing stages are combined in stream (7), which is
mixed with water from the lignin wash (13) and the lignin and hemicellulose byproduct present in this mix (8) are extracted
using 2-MTHF (9 and 10). The clean DES recycle (16) is dried and the clean DES (18) is used again for pulping (2) and washing
(4).
design. Therefore, the amount of biomass entering the process
(stream 1, Fig. 2) (MB,in ) is equal to the amounts of pulp (stream
6, Fig. 2) (Mp,out ), lignin (ML,out ) and hemicellulose byproducts
(MHBP,out ) produced (stream 15, Fig. 2), as shown in Eq. (5).

Prior to optimizing the flow sheet, this ratio is set to 10 since
this is a common ratio in literature (Alvarez-Vasco et al., 2016).

MB,in = MP,out + ML,out + MHBP,out

After pulping, the pulp is first washed using DES to remove
lignin from the pulp. To the best of our knowledge, no data is
available on pulp washing using DES yet. Therefore, data used
on water washing is used to give an estimate on the amount
of DES required for washing, but more work is required to
prove whether this assumption is justified. It is common to
use around 3 kg water per kg pulp in industry (Ek et al., 2009a).
This washing factor (WF) is multiplied by the amount of pulp
produced to calculate the amount of DES required for washing
(MDES,wash ), as shown in Eq. (9).

(5)

The amount of pulp produced is the sum of the amount of
biomass entering the process, multiplied by the pulp yield (yP ),
as shown in Eq. (6). This yield was determined experimentally
at 57%.
MP,out = MB,in ∗ yP

(6)

The amount of lignin produced is equal to the amount
of lignin removed from the biomass. This is the amount of
biomass entering the process, multiplied by the lignin fraction in the biomass (xL,B ) and the degree of delignification (yL ),
as shown in Eq. (7). These fractions were determined experimentally at respectively 21.6% and 94.1%.
ML,out = MB,in ∗ xL,B ∗ yL

(7)

For convenience, the pulp production is set to 1000 kg/h and
therewith, the system of 3 equations can be used to solve the
3 unknowns (MB,in , ML,out and MHBP,out ).
The amount of DES used for pulping in the digester (stream
2, Fig. 2) (MDES,pulping ) is equal to the amount of biomass, multiplied by the DES to biomass ratio (DB), as shown in Eq. (8).

MDES,pulping = MB,in ∗ DB

(8)

MDES,wash = MP,out ∗ WFP

(9)

Water is required to aid liquid–liquid extraction of lignin
from the DES. Therefore, the water fraction in the DES recycle stream (stream 16, Fig. 2) (xW,DESrecycle ) is defined as the
amount of water in the recycle (stream 16, Fig. 2) (MW,DESrecycle )
over the sum of the amounts of water and DES (from pulping
and washing), as shown in Eq. (10). A water mass fraction of
0.5 is assumed, since this is sufficient for full lignin recovery
using liquid–liquid extraction (Smink et al., 2020b).
xW,DESrecycle =

MW,DESrecycle
MDES,Pulping + MDES,washing + MW,DESrecycle

(10)

The amount of solvent required for the extraction stage
(stream 9 + 10, Fig. 2) (MMTHF,extraction ) is equal to the total mass

Chemical Engineering Research and Design 1 6 4 ( 2 0 2 0 ) 86–101

of the DES and water in the recycle (stream 16, Fig. 2), multiplied by the solvent to feed ratio (SF), as shown in Eq. (11).
A ratio of 0.5 was used, since this is sufficient for full lignin
recovery (Smink et al., 2020b).

xW,DESrecycle =

MW,DESrecycle
MDES,Pulping + MDES,washing + MW,DESrecycle





= MDES,pulping + MDES,washing + MW,DESrecycle ∗ SF

fraction in pulp was set at 0.67, since this amount can typically
be achieved by pressing of the pulp (Ek et al., 2009b).

xW,P =

MW,P
MP,out + MW,P

After evaporation of 2-MTHF from the lignin and hemicellulose byproduct, any DES that remains with the lignin and
hemicellulose byproduct (stream 12, Fig. 2) must be removed
from the lignin by washing with water. The amount of water
required for lignin and hemicellulose byproduct washing
(stream 14, Fig. 2) (MW,Lwash ) is determined by the amount of
DES that must be washed from the lignin and hemicellulose
byproduct, multiplied by a washin factor (WFL ), as shown in
Eq. (16). The washing factor is estimated at 2, it is assumed
that 2 kg water is required to wash 1 kg DES from the lignin
and hemicellulose byproduct.

(12)
MW,Lwash = MDES,MTHF ∗ WFL

Besides leaching of solvent to the DES recycle, some DES
will also leach to the solvent (from stream 8 to stream 11).
It must be noted that DESs are not pseudo-pure compounds,
and especially during liquid–liquid extraction, their composition changes since every DES constituent has a different
leaching characteristics. In this case, lactic acid has a much
higher solubility in 2-MTHF than choline chloride (Smink et al.,
2020a) and thus, relatively more lactic acid than choline chloride will leach to the 2-MTHF phase (from stream 8 to stream
11, Fig. 2). However, after extraction any leached DES will end
up in stream 12 of the process, where it is washed of the
lignin and hemicellulose byproduct and furthermore recycled
directly back to the extraction stage via streams 13 and 8 (see
Fig. 2). Therefore, it is not expected that the composition of
the leached DES will have any influence on the energy usage
of the process and is therefore not taken into consideration.
This amount (MDES,MTHFleach ) is determined from the solubility factor of DES in 2-MTHF (xDES,MTHF ), as shown in Eq. (13).
This factor was estimated at 0.3 from equilibrium data (Smink
et al., 2020a).
MDES, MTHFleach = MMTHF,extraction ∗ xDES,MTHF

(13)

At last, the water balance is made. Some water is naturally present in this wood. Since it was decided not to pre-dry
the wood, this amount has to be taken into account as well.
The fraction of water naturally present in biomass (xW,B ) is 0.5
(Bown and Lasserre, 2015). This is defined as de amount of
water in the biomass (MW,B ), divided by the amounts of water
and biomass entering the process, as shown in Eq. (14).
xW,B =

MW,B
MB,in + MW,B

(15)

(11)

Since the extraction solvent and DES are partially miscible,
some of the extraction solvent leaches to the DES recycle (from
stream 9 to stream 16, Fig. 2). This amount (MMTHF,leached ) is
determined by the solubility factor (xMTHF,leached ) of 2-MTHF in
DES, as shown in Eq. (12). This factor was estimated at 0.1 from
equilibrium data (Smink et al., 2020a).
MMTHF,extraction
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(14)

Since pulp is a porous material, some water will always
remain in the pulp after washing (stream 6, Fig. 2). If the process is integrated with for instance a papermaking plant, this
amount does not need to be removed since cellulose pulp must
be fed to a papermaking machine in an aqueous suspension.
Alternatively, the water can be removed if the pulp is sold on
the market. The water fraction in the pulp (xW,P ) is defined by
the amount of water in the pulp (MW,P ), divided by the amount
of pulp and water in the pulp, as shown in Eq. (15). The water

(16)

In addition, the amount of water required for the washing
of pulp must be determined. Industrially, 3 kg water is used
to wash 1 kg pulp. After the pulp washing step, the DES and
water mixture is sent to a liquid–liquid extraction operation
to remove lignin. In this step, water is also required for an
efficient lignin extraction. It is expected that the amount of
water present in this mixture is not sufficient for an effective
lignin extraction. Therefore, extra water must be added to this
mixture. It is possible to do this at the extraction stage, but it is
also possible to use more water during the washing step. This
amount will then (via stream 7 and 8, Fig. 2) also end up in the
extraction stage. Since using extra water in the washing stage
will ease the washing operation, this is preferred over the first
option. Therefore, the amount of water used for pulp washing
(MW,Pwash , stream 5) is calculated from a mass balance on the
water required in the DES recycle for efficient lignin extraction
(MW,DESrecycle , stream 16). The amounts of water that already
ended up in this stream from the water naturally present in
the biomass (MW,B , stream 1) and the amount that is added
from the lignin wash (MW,Lwash , stream 14) are reduced from
this amount and the amount of water that water that leaves
the process in the cellulose pulp (MW,P , stream 6) must be made
up for. The final equation is shown in Eq. (17).
MW,Pwash = MW,DESrecycle − MW,B − MW,Lwash + MW,P

(17)

The amount of water used from pulp washing must always
be higher or equal to the minimum amount of water required
for pulp washing. This amount is 3 kg water per kg pulp and
called the wash factor (WFP ), shown in Eq. (18). In case the
amount of water calculated by Eq. (17) is lower than the lower
boundary stated in Eq. (18), the amount of water required
for washing will be determined according to Eq. (18) and the
water fraction in the DES recycle (calculated from Eq. (10)) will
increase.
MW,Pwash ≥ MP,out ∗ WFP

(18)

Using Eqs. (5)–(18) and the mentioned assumptions, which
are summarized in Table 2, the mass balance of the process
can be calculated, which is shown in Table 3.
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Table 3 – Mass balance of the conceptual process.
Materials in process streams (kg/h)

Process stream
1

Wood
DES
Water
2-MTHF
Pulp
Lignin
HBP

2

3

4

17,544

17,544
1754

3000

3.2.

6

7

8

5065

2000

20,544
8819

25,979
19,689

9

10

18,116

3623

1754
1754

1000
356
398

1000

Materials in process streams (kg/h)

Wood
DES
Water
2-MTHF
Pulp
Lignin
HBP

5

356
398

356
398

16

17

18

20,544
15,689
3623

15,689
3623

Process stream
11

12

13

14

5435

5435

5435
10,870

10,870

15

18,116
356
398

356
398

Energy balance

During pulping, the mixture of DES and wood is kept at 130 ◦ C.
After pulping, the pulp is first washed using clean DES from
the evaporation plant. The clean DES is not heated, nor cooled
before the washing stage. After the clean DES wash, the pulp
is washed using fresh water. The use of hot water is beneficial
because it increases diffusion rates and decreases the viscosity of the liquid mixtures. Francisco et al. (2013a). determined
the viscosity of a similar DES, comprised of lactic acid and
choline chloride in a 2:1 M ratio at 13 temperatures for 11 mixtures of this DES with water. It is assumed that water enters
the washing plant at 80 ◦ C. At this temperature, the viscosity of
the comparable DES used by Francisco et al. (2013a) is 25 mPas
and is reduced to approximately 1 mPas in a 50 wt% DES in
water solution (∼0.14 mol/mol). Furthermore, no pressurized
equipment is required at this temperature and it can easily be
achieved using waste heat of the process. Either water from
the evaporation plant may be used directly in the washing
stage, or the heat in this stream may be used to pre-heat
water for the washing stage. It is assumed that the suspension of cellulose fibers in water exits the washing plant at the
inlet temperature of the washing water (80 ◦ C) and that the
rest of the liquids from the washing plant are mixed. Before
liquid–liquid extraction, this stream (stream 7, Fig. 2) is cooled
down to 75 ◦ C. This is slightly lower than the boiling point
of pure 2-MTHF (which is 80 ◦ C), and based on the VLE data
reported by Glass et al. (2016), we estimate that no pressurized
equipment is required for liquid–liquid extraction.
After liquid–liquid extraction, water is removed from the
DES recycle (stream 16, Fig. 2.) by multi-effect flash evaporation. It is assumed that these multi-effect flash evaporators
have the same characteristics as the multi-effect flash evaporators currently used in the kraft process. Furthermore, it is
assumed that the DES is completely non-volatile, as shown
by Francisco et al. (2013a). Typically, these evaporators use a
7 effect evaporation train and have a steam efficiency of 5.95
(Valmet, 2015) (1 ton of steam is used to evaporate 5.95 ton of
water). However, the heat required to evaporate water from
kraft black liquor (Hvap,BL ) is different than the heat required
to evaporate water from the DES (Hvap,DES ). Hvap,BL was
determined by Ferreira et al. (2011) and is 54.1 kJ/mol. Hvap,DES

19

20

194
3038

20,350
1071

20,544

356
398

was calculated using the Clausius Clapeyron theory with VLE
data obtained by Francisco et al. (2013a) and equals 44.3 kJ/mol.
If it is assumed that the heat content of steam is 2.2 GJ/t [75],
the heat duty of the water evaporation step can be calculated
using Eq. (19).
Qwater evaporation = 2.2 ∗

MW,DESrecycle
steam efficency

∗

Hvap,DES
Hvap,BL

(19)

In multi effect flash evaporation, the first stage or stages
are heated using direct steam. The steam that evaporates from
this liquid is used to heat the next stage, and so forth. The DES
enters at the last effect and is thus heated further with each
consecutive stage. It is assumed that the total heat increase
is equal to the heat increase in a kraft evaporator, which is
typically 40 ◦ C [76]. This means that the dry DES exits the
evaporation train at 75 + 40 = 115 ◦ C.
After liquid–liquid extraction, the 2-MTHF is also recovered
using multi-effect flash evaporation. It is assumed that the
setup of the multi stage flash evaporation is similar to the
setup of the water evaporation. However, the heat of evaporation of 2-MTHF is only 0.40 MJ/kg, which is much lower
than the heat of evaporation of water, which is 2.2 MJ/kg. This
means that in the first stage, 1 kg steam is required to evaporate 2.2/0.4 = 5.5 kg 2-MTHF and thus the heat duty is reduced
by this factor. The 2-MTHF vapor from the first stage is than
used to heat the next stage, and so forth. It is assumed that
the same evaporation efficiency is achieved as for the evaporation of water from DES, thus the heat duty is reduced by
the same efficiency factor of 5.95. The total heat to evaporate
the 2-MTHF after liquid–liquid extraction can be calculated
according to Eq. (20).
QMTHF evaporation = 2.2 ∗

MMTHF,extraction
0.40
∗
2.2
Evaporation efficiency

(20)

After the evaporation train, the DES is clean and ready to be
used again in the pulping step. The DES and wood chips are
added to a digester. For the energy calculations we assume
that the wood chips enter the digester at room temperature.
Both the DES and the chips (with water in them) must be
heated to 130 ◦ C in the digester. This heat can be calculated
using the heat capacities of wood, water and DES, according
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Table 4 – Energy usage in the conceptual process before
and after optimization.
Operation

Heat before
optimization (GJ/t)

Digester
1.7
Water evaporation 6.2
2-MTHF evaporation 1.4
3.0
Pulp drying
12.3
Total

Heat after
optimization (GJ/t)
1.3
2.7
0.7
3.0
7.7

to Eq. (21).



QDigester = (CP, wood ∗ MB,in + CP,water ∗ MW,B ) ∗ Tdigester − Troom



+ CP,DES ∗ MDES,pulping ∗ Tdigester − Tevaporation, end





(21)

Fig. 3 – Delignification of eucalyptus as function of the DB
ratio. The three experimental delignifications of eucalyptus
were obtained by treating the wood 1 h at 130 ◦ C. The
region in which the DB ratio is too low to fill the porous
biomass bed with DES is indicated in red blocks and the
region below the fiber liberation point is indicated with
orange stripes. (For interpretation of the references to
colour in this figure legend, the reader is referred to the
web version of this article).

Little is known about the heats of reaction in DES delignification. To the best of our knowledge, only one study was
performed on the heats of kraft delignification (Courchene
et al., 2005). However, these results cannot be used to make
an estimation for DES delignification since the delignification chemistry is completely different. Courchene et al. (2005)
found that the heat released during kraft pulping indicating an exothermic process, is due to the neutralization of
acidic carbohydrate breakdown products with NaOH, a reaction that does not occur in DES delignification. The question
whether biomass conversion processes are endothermic or
exothermic also plays in other fields, such as pyrolysis. In the
pyrolysis process, many endothermic and exothermic reaction
zones were observed. Overall, it is believed that pyrolysis of
wood is slightly endothermic with a heat of reaction around
0.6 MJ/kg (Sinha et al., 2000), although it must also be noted
that lignin breakdown reactions are more exothermic than
cellulose breakdown reaction (Roberts, 1971) (which remain
mostly inert during pulping). Furthermore, the fraction of the
polymers that reacts in the pulping is much smaller than in
pyrolysis. Taken together, it appears justified to neglect the
heat that is produced or required during DES pulping, but further research is necessary to find out whether this assumption
is realistic.
At last, the pulp may be dried. For many cellulose applications, such as papermaking or enzymatic hydrolysis for the
production of other chemicals, the cellulose is used in an
aqueous slurry. When this plant is integrated with the pulping plant, drying of the pulp is unnecessary. In this study the
heat of drying is taken into account, since we study a nonintegrated pulp mill. It is assumed that the heat required for
pulp drying is the same as in a commercial pulp mill, which
is 3 GJ/t (Suhr et al., 2015). In short, heat is required for the
digester and to evaporate water and 2-MTHF and cooling of the
DES is required before liquid–liquid extraction. An overview
of the required heat for the process is shown in Table 4. Furthermore, the produced pulp may be dried. Unfortunately, the
heats for multi-effect flash evaporation and pulping must be
provided at high temperatures (>120 ◦ C) and thus, there are
little opportunities for heat integration.

The most obvious parameter to change in the process is the
DB ratio. Using less DES will reduce the duty in the digester
and require less water and 2-MTHF for extraction. However,
a decreased DB ratio will increase the lignin concentration
in the DES, which may decrease the delignification rate. Furthermore, there is a minimum DB ratio because biomass itself
is a porous structure and biomass in a digester has a packing density. This typically results in a packing density around
230 kg/m3 for hardwoods (Ek et al., 2009b). Assuming the density of wood is 1500 kg/m3 (Ek et al., 2009b) and the density
of the DES applied in this study is 1140 kg/m3 (Francisco et al.,
2013c), at least 4.2 kg DES is required to fill the empty spaces in
the wood packing. For convenience, the DB ratio was reduced
from 10:1 to 5:1 kg/kg. It was found that delignification degree
decreased from 94.1% to 87.0% and the yield increased from
57% to 59%. Although the delignification degree decreased, it
is still well above the fiber liberation point, which is at 80%
delignification (Brännvall, 2017). This is schematically shown
in Fig. 3 (Brännvall, 2017). The total energy use in the process
decreased to 8.6 GJ/t pulp.

3.3.

3.3.2.

Process improvement

The amount of heat required for a non-integrated DES based
pulping process was estimated at 12.3 GJ/t using rigorous
calculations. To put this number into perspective; a typical

kraft process uses 11.0 GJ/t in heat. In order to make a DES
based pulping process competitive to the kraft, the energy
usage should be lower than in the kraft process. Considering that many decades of optimization have taken place in
the development of the kraft process, also optimization of
the DES-based process should be done, and starting from
the values taken from laboratory observations, a first set of
improvements is considered based on a combination of experiments and calculations.

3.3.1.

DES to biomass ratio

Water addition

Reducing the amount of water used in the liquid–liquid
extraction of lignin from the DES will decrease the energy
requirement in the water evaporator. The water content in the
DES must be between 25 and 50 wt% for full lignin recovery
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Fig. 4 – Single stage lignin recovery from DES using 2-MTHF
for various amounts of water in the DES raffinate at
equilibrium. The water contents in the raffinate that are
obtained in the proposed process by mixing the minimum
amounts of water (see Eq. (18)) are indicated by dashed
lines for two DB ratios. These are the minimum amounts of
water that can be reached from a process point of view.
(Smink et al., 2020a). The lignin recoveries in one extraction
stage were determined for 6 water contents in the raffinates
between 20 and 55 wt%. It was found that the single stage
recovery did not improve much when the water content in
the raffinate increased more than 40 %.
Water has two functions in the process, it is required for
full extraction of the lignin from the DES, and it is required
for the washing of the cellulose fibers and lignin. The water
that is required for washing the cellulose and lignin is recycled to the extraction stage. When the minimum amounts of
washing water are mixed with the DES, the water contents in
the raffinate are between 38% and 43% for a BD of 1:10 and 1:5
respectively. These values are shown in Fig. 4 as the dashed
and dash-dot lines. It can be seen from the figure that the single stage recovery does not increase much further when more
water is added than the water that is already present from
the recycling of the water washings. Therefore, the amount
of water required for the process is limited by the amount
required for the washing stages, rather than the lignin recovery. At a DB ratio of 5:1 and 43% water in the raffinate, the total
energy usage of the process drops to 7.7 GJ/t cellulose pulp.

3.3.3.

Recycling of washing DES

The DES that is currently used for washing is sent directly to
the liquid–liquid extraction stage, where lignin and hemicellulose byproduct are removed from it. The lignin contents in
the eluent streams are however lower than the lignin contents
in the DES that exits the digester. Thus, the lignin that exits
the washing stream may be considered as not fully saturated.
Therefore, it may be considered to send the eluent from DES
washing with a low lignin content back directly to the pulping stage. If this DES is recycled back directly to the digester,
the total energy usage can be further reduced from 7.7 to
6.8 GJ/t. However, when more lignin is present in the digester,
this may cause lignin and hemicellulose polymerization reactions, which may inhibit the delignification rate and increase
the lignin molar weight. To investigate on the severeness of
the repolymerization, delignification experiments were carried out with previously prepared lignin-in-DES mixtures.
From Fig. 5 it can be seen that the delignification decreases
with the initial lignin content. However, the delignification

Fig. 5 – Delignification of eucalyptus as function of the
initial lignin content of the DES. Eucalyptus was treated 1 h
at 130 ◦ C.
stays above 80%, even when the initial lignin content exceeded
2.5 wt%. The lignin molar weight distribution in these liquids was also investigated by GPC. First, the lignin molar
weight distributions in the previously prepared lignin-in-DES
mixture, and in the DES that was obtained after the delignification experiment using clean DES were determined. When
the lignin-in-DES mixture is used for a consecutive delignification experiment, the lignin that is added to the DES
during the delignification experiment is added to the lignin
that was already present in the mixture. If we assume that
the lignin that was initially present in the lignin-in-DES mixture is inert during the delignification experiment, it would be
expected that the lignin obtained by the delignification experiment using the lignin-in-DES mixture is the sum of the lignin
in the initial lignin-in-DES mixture and the lignin obtained
using the clean DES. We can then expect the molar weight of
the lignin obtained from the delignification experiment using
the lignin-in-DES mixture to be the weighted average of the
lignin in the lignin-in-DES mixture and the lignin obtained
by delignification using a clean DES. This expected molar
weight distribution was compared to the distribution that was
actually obtained in the delignification experiment using a
lignin-in-DES mixture, as shown in Fig. 6. In this figure, it
can clearly be seen that the obtained molar weight is much
higher than the expected molar weight and thus, additional
condensation reactions must have taken place with the lignin
that was initially present in the mixture. This will not only
make it harder to valorize the obtained lignin, but it will also
make lignin recovery by liquid–liquid extraction much harder.
Therefore, recycling of washing DES without lignin recovery is
not considered for the conceptual design.

3.4.

Solvent losses

Lactic acid can form esters with hydroxyl groups in other
molecules, just like any other carboxylic acid. This means that
lactic acid may also form esters with hydroxy groups in lignin
and cellulose. For example, Kajimoto et al. (2008) produced cellulose fibers from Sugi pine using lactic acid and found that the
produced fibers contained 6–9% lactic acid, which was polymerized to the cellulose fibers. The lactic acid fraction in the
lignin and cellulose produced by DES was determined by acid
hydrolysis. It was found that the cellulose contained 3.6 wt %
lactic acid, while the lignin contained 6.4 wt% lactic acid. By
mass balance this means a loss of 36 kg lactic acid in the pulp
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Fig. 6 – Obtained and expected molar weight distributions
for a delignification experiment using a lignin-in-DES
mixture. The obtained graph is the GPC spectrum from the
trial with 2.6 wt % initial lignin. The expected molar weight
graph is the weighted average of the GPC spectrum of the
lignin-in-DES mixture and the GPC spectrum obtained from
the delignification experiment using clean DES.
and 20 kg in the lignin per t cellulose produced, adding up to a
total loss of 56 kg lactic acid per t cellulose pulp. Possibly, lactic
acid can be removed from cellulose fibers by ozone bleaching
(Neumann and Balser, 1993).
More research is required to determine the losses by solvent degradation during DES processes. Rodriguez et al. (2019)
researched degradation by esterification between the lactic
acid and choline chloride. However, these esterification reactions are equilibrium reactions. This means that the formed
degradation product (the ester between lactic acid and choline
chloride) reacts back to the initial DES, and especially by operating the pulping stage wet, the presence of water dramatically
reduces the esterification of lactic acid. Haz et al. (2016) determined that a DES comprised of lactic acid and choline chloride
was stable up to 197 ◦ C, meaning the used DES is thermally
stable at the operating conditions used in this work.

4.

Outlook

The energy use in this process is mainly due to the evaporation
of water used for washing the cellulose fibers. This means that
there is relatively little room for an improvement in energy
use by the optimization of pulping and regeneration conditions. Nevertheless, the heat duty of the proposed DES process
is 28% lower than the kraft process. Washing with other solvents, such as ethanol instead of water may further decrease
the energy usage of the process since the heat of evaporation of ethanol is much lower than water. Another possible
reduction of the heat duty can be obtained by reducing the
evaporation of water, by (at least partially) dewater the DES
using a membrane. Further research on this subject is necessary to accurately estimate the technical feasibility of such
process and to estimate the possible savings in energy use.
Pulping with DESs offers potential advantages over the current kraft process from the viewpoint of the 12 principles of
green chemistry (Anastas and Eghbali, 2010). First, the potential to produce valuable byproducts from the feedstock is much
higher, meaning more products can be made from the same
feedstock, which increases the atom economy. Reason for the
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higher potential on valuable byproducts is that no nucleophlic
substitution using bisulfide has to be used to delignifiy the
biomass (Da Costa Lopes et al., 2020). This means that the process is less destructive to the lignin, which may be obtained
with higher value. Second, the energy efficiency of the process is potentially improved significantly as follows from our
energy analysis. Third, because no pressurized equipment is
required to operate the process, the cooking is safer. However,
there are also some drawbacks related to the use of 2-MTHF,
which is used in the recovery. Although 2-MTHF a bio-based
solvent, it is very volatile and flammable. Although its use
seems justified by the significant energy savings, it is desirable to find non-flammable alternatives to 2-MTHF. All in all,
we consider the benefits of the proposed process, in terms of
the 12 principles of green chemistry, to be much bigger than
the drawbacks compared to the kraft process.
It seems that all operations can be performed using readily
available technology. Furthermore, no pressurized equipment
is required since the proposed DES is non-volatile. This means
that the process may have a very low capital expenditure. Furthermore, the energy usage of the proposed process is very
low, which is not only favourable for the operational costs, but
since the investment costs of chemical processes are typically
dictated by energy losses (Lange, 2001), this is also favourable
for the investment costs of the proposed process. However, the
biggest opportunity for DES based products is the valorization
of by-products. Next to the produced cellulose, lignins may be
produced al well. Furthermore, the process may be adjusted
to produce valuable furanic products from the hemi-cellulose,
such as (hydroxymethyl)furfural (Hu et al., 2008; Zhang et al.,
2014). These chemical may be used as feedstock for chemical
industry as a replacement of fossil resources, as schematically
shown in Fig. 7. All in all, the propped DES based delignification
process shows a great economic potential.
In the proposed process, DES losses are significant due
to polymerization of lactic acid to lignin and cellulose. This
means that the process either has high solvent losses, or
expensive post-treatments to recover DES. Furthermore, some
2-MTHF leaches to the DES during liquid–liquid extraction.
This is evaporated from the DES together with the water
and can be separated using a simple settler since 2-MTHF is
immiscible with water. However, 2-MTHF and water do have
a mutual solubility (Glass et al., 2016). A solubility calculation using the data from Glass et al. (2016) results in a loss of
456 kg 2-MTHF per t cellulose. This amount must also be recovered from the water, for instance by extraction using either
a high boiling solvent, such as dodecane, or solvent impregnated resins. In this case, the 2-MTHF can be recovered from
the extractant by flash evaporation, meaning heat of evaporation of 2-MTHF must be added to the total heat duty. This
amount is 0.456 * 0.4 = 0.18 GJ/t cellulose. Alternatively, membrane separations may be considered for this separation, but
more work is required to find out whether a membrane separation is technically feasible. Membrane separations do not
require additional heat, but will require some additional electric power (Kujawski, 2000). The kraft process is currently
favored over other biomass fractionation processes since the
cellulose fibers produced by this process have good properties
for papermaking. It has not yet been proven that DES based
delignification processes can produce a similar fiber quality to
the kraft process, which may limit possible industrial application. Considering the many possible DES constituents and
ratios, which will all affect the fiber quality, we think that it
must be possible to find a DES that can produce cellulose fibers
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Fig. 7 – Conceptual comparison of the feedstocks and products in the current industrial situation and the desired DES
process. Picture was adapted from the ProviDES final report (Deep Eutectic Solvents in the paper industry, Institute for
Sustainable Process Technology, 2018).
with the right properties for papermaking, but more research
is required to proof this.

5.

Conclusions

A conceptual process design was made for the delignification
of lignocellulosic biomass using a deep eutectic solvent comprised of lactic acid and choline chloride. Mass and energy
balances were made using rigourous calulations. Optimizing
the amounts of water and DES used in the process reduced
the estimated heat duty from 12.3 to 7.9 GJ/t cellulose, which
is 28% lower than the kraft process. The amount of DES in
the process could be reduced to the amount that is physically required to fill the porous biomass bed. The amount of
water required for sufficient lignin recovery by liquid–liquid
extraction is already achieved when the water used for washing of the cellulose and lignin are recycled to the liquid–liquid
extraction stage. Recycling of lignin-in-DES mixtures directly
back to the delignification stage may save a minor amount of
energy, but will increase the molar weight of the lignin, which
decreases its potential for valorization and makes recovery
by liquid–liquid extraction more difficult. Valorization of byproducts, such as lignin and furanics from hemi-cellulose is
key in DES based delignification processes.
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