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ARTICLE INFO ABSTRACT

Keywords: Lignocellulosic biomass is a valuable renewable resource that has the potential to be refined into multiple
Ultrafiltration-diafiltration fractions of valuable biomaterials. Extracting and purifying lignin without compromising cellulose quality is a
Deep eutectic solvent (DES) challenging goal. Deep Eutectic Solvents (DESs) have been reported as suitable delignification solvents, and for
II;Lgurﬁ:lgrecovery process development for cellulose extraction, lignin removal is essential. This work describes an investigation on
Modeling continuous ultrafiltration (UF)-based diafiltration (DF) for recovering and purifying lignin dissolved in a DES-

pulping stream comprising lactic acid and choline chloride following lignocellulose delignification. Experi-
ments have been carried out in a stirred dead-end setup. The results indicate that lignin with a molecular weight
of 200 g/mol or higher can be rejected by a polyethersulfone UF membrane with a molecular weight cutoff of
5000, reaching rejection values close to 0.85 for the feed solution with lignin concentration ranging from 4.5 to
30 g/L. It was discovered that membrane fouling and flux decline are DES concentration-dependent. A modeling
approach was developed to predict the system size and operating conditions necessary to conduct the diafil-
tration process on a large scale, for which experimental data on lignin fouling at various feed concentrations and
hydrodynamic flow characteristics were used. Based on the modeling results, lignin dissolved in DES-dark liquor
(lignin-loaded DES) may well be separated and purified by a continuous UF-DF system.

[7,8] in the recovery boiler, to recover the solvent from the black liquor.
In the last few decades, many studies have focused on either developing
a suitable extraction method to recover lignin from the black liquor [9],
or developing an alternative energy efficient pulping process, such as
organosolv pulping in which sulfur-free lignin may be recovered as a
byproduct with beneficial application potential [10]. Recovering lignin
allows for complete valorization of the biomass and can be a step toward
sustainable production [3].

For an alternative pulping process for biomass treatment, use of deep
eutectic solvents (DESs) recently received ample attention, as they have
been studied for pretreatment [11-15] and fractionation [16-19] of
lignocellulosic biomass and the dissolution of hemicellulose and lignin.
DESs are mixtures of two or three components that can form extensive
hydrogen bonds with one another, forming a eutectic mixture. The
melting points of DES mixtures decrease significantly more (>50 °C)
than would be expected for ideal mixtures [20]. Utilizing DESs in the
cooking procedure can be considered similar to organosolv, but has
advantages over standard acid-based organosolv cooking, as some of the

1. Introduction

To reduce the carbon footprint of production materials such as
polymers, replacing fossil-based materials with bio-based materials is a
great opportunity that can improve sustainability. Lignocellulosic
biomass is the most abundant and sustainable feedstock available in the
world. Along with cellulose and hemicellulose, lignin is a major
component of lignocellulosic biomass which has a great potential to act
as a future source for biofuel and valuable chemicals [1-3]. Valorizing
lignin as a production material requires effective isolation method(s).
Nowadays, kraft pulping plants are the state-of-the-art in the pulp and
paper industry, and commonly accepted as being integrated and energy-
efficient plants. In the kraft process, cellulose is isolated from lignocel-
lulosic biomass for use in the pulp and paper industry, which is the
primary use of this biomass [4]. The waste stream from this process is
called black liquor, which contains highly sulfurized lignin [5,6]. Only 2
% of the lignin finds application, and the rest is burned as low-value fuel
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Nomenclature

J Permeate flux (m/s)

Ry Filtration resistance due to pore-blocking, concentration
polarization, and the cake-fouling layer (m1)

Rn Clean membrane resistance (m!)

R: Total filtration resistance (m1)

r) Rejection (-)

Co. pES Initial DES concentration in the feed (g/L)

Co Initial lignin concentration in the feed (g/L)

(o Lignin concentration in the permeate (g/L)

C, Lignin concentration in the retentate (g/L)

Xo Initial lignin mass fraction in the feed (kg/kg)

X, Lignin mass fraction in the permeate (kg/kg)

X, Lignin mass fraction in the retentate (kg/kg)

M, Total mass flow rate in the permeate (kg/s)

M, Total mass flow rate in the retentate (kg/s)

Js Lignin mass flux (kg/m?s)

RR Recovery ratio (m®/m?®)

Qin Inlet feed flow rate (L/h)

Q Permeate flow rate (L/h)

AP Transmembrane pressure (Pa)

APjyss The hydraulic pressure drop along the feed channel, in the
feed flow direction (Pa)

f Friction coefficient (-)

l Distance along the feed channel (m)

a Cell surface area (m?)

x Coordinate along membrane channel (m)

t Filtration time (hours)

u Bulk velocity of flow in the feed channel (m/s)

L Length of the membrane module (m)

w Width of the membrane module (m)

h Hydraulic diameter of the feed channel (m; for a
rectangular channel (H«W), h = 2H

H Height of the feed channel (m)

Greek symbols:

9 Kinematic viscosity (m/s)

Hyp Permeate viscosity (Pa.s)

P Permeate density (kg/m®)

p Density of the feed (kg/m®)

Dimensionless parameters:

Re Reynolds number (Re = )

DES constituents, such as halogen anions, can have catalytic behavior
[21,22].

The sustainable fractionation of lignin from the stream after
delignification process requires cost-effective, energy efficient, and
environmentally-friendly separation methods. Cold water precipitation
and liquid-liquid extraction using an organic solvent have been studied
as promising methods for extraction of lignin dissolved in the DES-based
black liquor after delignification [23]. However, the complexity of the
stream is such that a single separation method is not sufficient to
completely fractionate the DES-based black liquor and isolate all frac-
tions including lignin [24]. Recent studies by Smink et al. showed that
lignin dissolved in DES comprised of lactic acid and choline chloride
after DES-delignification can be extracted into 2-methyltetrahydrofuran
(2-MTHF), using liquid-liquid extraction (LLX) [25]. However, to limit
the leaching of lactic acid, the composition of the DES should be chosen
with a relatively large amount of choline chloride [26]. To maximize the
flexibility of DES-based delignification, it is wise to investigate on a
variety of downstream separation techniques that may complement each
other. Therefore, going beyond the water precipitation and LLX-based
approaches, in this work membrane-based separations have been
explored as potential separation technique in the toolbox for lignin
removal [27].

Ultrafiltration (UF) is likely to be applicable to concentrate lignin
from DES-based dark liquors. [28-31]. However the retentate in single
stage membrane operations will always contain DES therefore further
dilution with a diluting solvent is required to lower the DES concen-
tration in the lignin-rich retentate in order to obtain as pure lignin as
possible. Applying UF with a diluting solvent basically resembles a
diafiltration method, is called ultrafiltration-based diafiltration (UF-DF)
[32,33]. The schematic shown in Fig. 1 involves an ideal continuous DF
without any pressure loss, although this method can be implemented in
a batch mode as well [34].

The continuous diafiltration has been implemented for separation
and purification of byproducts from waste stream in food industries such
as in the production of coffee [35] or preparation of milk protein con-
centrates [36]. This process consists of three stages: 1- a pre-
concentration using UF membranes which reduces the volume of the
feed solution and hence increases the concentration of the higher mo-
lecular weight species in the membrane retentate stream; 2- dilution of
the retentate stream from step 1, using a solvent to dilute the lower
molecular weight species as much as possible while simultaneously
permeating this diluted feed through the membrane, thereby removing
the lower molecular weight species from the higher weight species; 3 -
final concentration step by permeating the solvent through the

Pumps |

Solvent |

Q\ L Retentate
&

Permeate

Fig. 1. Principle of continuous ultrafiltration-based diafiltration (UF-DF).
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membrane and thereby increasing the concentration of the larger mol-
ecules [32].

Previous works on UF-DF for lignin isolation have shown great po-
tential for treatment of black liquor after biomass delignification
[37-39]. For example, Servaes et al. focused on lignin recovery from the
kraft process, and demonstrated that UF-DF process can be a promising
technique for purifying and concentrating lignin dissolved in black li-
quor following delignification of wood chips in an alkaline oxidation
process with a purity of 94 % in the high molecular weight fractions
[27]. This is a purity approximately 10 % higher than the purity re-
ported by Tanistra and Bodzek [40]. They concentrated and purified
kraft lignin using both continuous and batch diafiltration. An observa-
tion from the existing literature on UF-DF as discussed above is that none
of these studies discussed the influence of membrane fouling as the
filtration process proceeds. Since membrane fouling is known to be one
of the major challenges in membrane [41,42], this aspect deserves
attention for the prediction of long-term operation of the system, and
will dictate practical considerations such as changing flux permeation
rate with time, and hence the required system size to continue the
process over a reasonably long operating period.

Many mathematical models have been proposed to characterize the
flow decrease and fouling in membrane filtration, either using or
improving Hermia’s equation [43], which describes the fouling mech-
anism in the dead-end filtration process [44], or based on a resistance-
in-series model, which describes the flow reduction as the fouling
resistance increases over time [41,45,46]. Since modeling of fouling in
DF systems with lignin feed is missing in the literature, and it is key to
describe longer term flux behavior, we aim to describe fouling in UF-DF
of lignin from DES in the current work. To help process development to
minimize fouling, the effects of membrane fouling will be predicted
using a numerical simulation-based approach, for the development of
which, experimental results will be used as input to yield the most ac-
curate modeling results possible [47].

The UF-DF process studied in this work was applied in a solvent-
diluted stream that in a full process is obtained from washing out
remaining lignin from the obtained fibers by delignification. Thus, the
lignin dissolved in the DES comprised of lactic acid and choline chloride
obtained after delignification was diluted with a 70:30 (v:v) acetone—
water mixture, suitable for this due to the high solubility of lignin in this
mixture [48]. Using experimental results on lignin fouling at various
feed concentrations and hydrodynamic flow conditions, a modeling
approach was developed to predict the system size, and make recom-
mendations on operating conditions in order to implement the UF-DF
process over a reasonable long period of time.

2. Experimental technique and equipment
2.1. Chemicals used

The solvent used in this study was prepared using MilliQ water and
technical grade acetone from Boomlab in The Netherlands. To prepare
the DES, 90 wt% lactic acid in aqueous solution from VWR Chemicals
and choline chloride (98 wt%) from Sigma Aldrich were combined in a
weight ratio of 10:1 (dry lactic acid to choline chloride). Alkali low
sulfonate-content kraft lignin from Sigma Aldrich which is similar with
extracted lignin from DES-pulping in weight average molecular weight
(Mw), number of average molecular weight (Mn) and polydispersity
index (PDI) (Supplementary information S1) was combined with DES
and a mixture of acetone-water (70:30 vol ratio) to produce lignin feed
solutions ranging from 4.5 to 30 g/L, considering the lignin solubility in
acetone-water (70:30 v:v) is around 30 g/L [48].

2.2. Membrane used

Experiments were done using an ultrafiltration flat sheet membrane
(GROOPP) from Alfa Laval with molecular weight cutoff (MWCO) of
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5000 Da [49]. The membrane is polyethersulphone polymer based with
polypropylene (PP) support material. Preservatives were removed from
the membrane samples by soaking them overnight in MilliQ water. To
remove any residual preservatives, the membranes were flushed for 30
min at 10 barg with MilliQ water.

2.3. Experimental setup

A pressurized and mechanically stirred dead-end filtration setup
with capacity of 1 L was used, as displayed in supplementary informa-
tion S2. The filtration cell has a diameter of 75 mm and an effective
membrane area of 44.2 cm?. The mechanical stirrer facilitates agitation
of the feed solution over the membrane surface, simulating crossflow
flow conditions to bring it closer to industrial practice. A pressure gauge
was used to monitor the pressure in the filtration cell, and a pressure
regulator was used to control it. Nitrogen gas was used for pressuriza-
tion. A Kern DS8K0.05 weighing scale with an accuracy of 0.05 g and a
capacity of 3 kg that is attached to a computer to read data is used to
record the weight of permeate over time.

2.4. Chemical analysis

Chemical analysis of retentate, permeate, and feed samples was
performed using an Agilent 1260 Infinity Gel Permeation Chromatog-
raphy (GPC). The GPC machine was equipped with a UV detector
running at 254 nm, a refractive index detector, and 3 GPC PLgel 3 m
MIXED-E column series. The column was operated at 40 °C and a 95:5
(v:v) tetrahydrofuran and water mixture as mobile phase. The mobile
phase flowrate was kept at 1 ml/min. Molecular weight distributions
were calibrated using polystyrene solutions having molecular weights
ranging from 162 to 27,810 g/mol.

2.5. Viscosity and density measurement methods

An Ubbelohde viscometer was used to measure viscosities at room
temperature of 22 °C (£+2 °C). The viscometer has an extended uncer-
tainty of 0.17 % and was calibrated by Paragon Scientific ltd. The vis-
cosity data is based on the primary standard of pure water at 20° C (ITS-
90), having a 0.17 % uncertainty and adopted by NIST, ASTM, ISO, and
IP. All measurements were done in duplo, with an uncertainty of +3 x
103 mPas.

To determine the densities of samples with different lignin and DES
concentration, weight of known volume of solutions were measured
using a 10 ml volumetric flask and Mettler AT200 balance.

2.6. Experimental procedure

All experiments were carried out at room temperature of 22 °C
(£2 °C). For each experiment a new membrane sample was used which
had been cleaned of preservatives by the method stated in Section 2.2.
For all experiments, prior to contact with the feed solution, the mem-
branes were flushed for 30 min with the solvent used to make lignin feed
solutions i.e., acetone-water (70:30 v:v) at 10 barg to evaluate the clean
membrane resistance, taking into account that membrane swelling will
reach pseudo-equilibrium state in less than 30 min. All experiments
were run at a pressure of 10 barg for a time duration sufficient to filter at
least 100 ml of feed solution. Each experiment is repeated three times
with different membrane samples but the same feed solutions. To check
the durability of membrane against solvent (acetone-water) a piece of
membrane was immersed in acetone-water (70:30 v:v) for 1 month and
then permeation flux of the lignin solution was measured. Results have
been reported in the supplementary information S3.

The permeate flux was measured over time using the weighing scale
and density of solution as described in Eq. (1):
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ldM _1av

- 1
Ap,dt A dt M

where A is active membrane area in m?, M and V are permeated mass
(kg) and permeated volume (m?®), respectively. The term pp is the density
of permeated solution in (kg/m?3), and t is the filtration time in seconds.

2.7. Mathematical formulation for data analysis

The flux through the membrane can be calculated using Darcy’s law:

AP
Ry

(2

where AP is transmembrane pressure (Pa) and the viscosity of permeate
is denoted as p(Pas).

In Darcy’s equation (Eq. (2)), R is total resistance (m™!), i.e. the total
resistance to permeation due to the intrinsic membrane resistance, pore-
blocking, fouling cake layer formation, and concentration polarization
(CP) [50,51]. The value of R, will be calculated using flux data and the
viscosity of the permeate for each trial:

R=2L_R, & @)
Uy

where Ry, is the clean membrane resistance and can be calculated using

the solvent flux and viscosity, Ry is the resistance to filtration caused by

pore blockage, cake formation, and concentration polarization, collec-

tively referred to as filtration resistance.

The lignin rejection is defined using Eq. (4):

C,

C. 4

r=1

Cp and C; are the lignin concentrations of solution (g/L), in the permeate
and retentate sides respectively.

3. Results and discussion

To develop a design approach for a membrane system to recover
lignin from DES by UF-DF, an experimental study to investigate the in-
fluence of diafiltration operating conditions on lignin rejection, flux
decline, and fouling resistance during filtration, has been conducted.
Results from this set of investigations are discussed here and used as
inputs to the model.

3.1. Experimental results

3.1.1. Effects of stirrer velocity and feed lignin concentration on lignin
rejection and filtration resistance

The effect of the lignin concentration on the lignin rejection and
filtration resistance of the feed solution was studied to gain under-
standing on how fluctuating concentrations of lignin during a contin-
uous diafiltration process as shown in Fig. 2, impact on the performance.
Therefore, experimental investigation of the conducted. As the feed flow
rate varies across the diafiltration system, mass transfer characteristics
in the modules will be altered accordingly. To investigate the effect of
altering feed flow rate on lignin rejection and cake layer resistance due
to lignin fouling, the speed of the mechanical stirrer was adjusted to a
high stirrer velocity (1258 rpm), low stirrer velocity (518 rpm), and to
the no stirring condition. At the end of the filtration process, the filtra-
tion resistance and lignin rejection were calculated using Egs. (3) and
(4). As indicated in section 2.6, pure solvent flux (acetone-water (70:30
v:v)) at the given pressure was employed in Eq. (3), to calculate the clean
membrane resistance (R; = R;,). The calculated R;, for all trials was 8.5
x 103 (£5%) m~! (the accuracy being the relative standard deviation of
thirty clean acetone-water flux measurements).

Separation and Purification Technology 302 (2022) 122097

The ratio of peak areas of GPC chromatograms of the retentate and
permeate samples, were used to compute the ratio of lignin concentra-
tions of solution in permeate and retentate side presuming lignin will be
exhibited by molecular weight of 200 g/mol and higher [16,24]. In the
supplementary information S4, GPC chromatograms of the retentate and
permeate from experiments with 15 g/L feed lignin solution are pro-
vided. As shown in Figure S4 (a), there is no rejection for molecules with
an apparent molar weight below 200 g/mol which includes the DES
components, i.e. lactic acid (90.08 g/mol) and choline chloride (139.62
g/mol).

Fig. 3 (a) and (b) show that having a well-mixed feed solution during
filtration significantly reduces filtration resistance, as the filtration re-
sistances of the stirred experiments were significantly lower than the
resistance in the experiment without stirring. There was no significant
difference in filtration resistance between the 1258 and 518 rpm stirring
rates. The higher the lignin concentration, the higher the filtration
resistance and, as a result, the higher the lignin rejection due to a thicker
fouling layer on the membrane’s surface that prevents lignin from
passing through.

The filtration resistances for both stirrer velocities being significantly
lower when compared to the no stirring condition, is explained by the
reduced CP layer that prevents lignin molecules from reaching and
accumulating on the membrane’s surface [42]. When there is no agita-
tion during filtering, however, lignin rejections are smaller. Because the
molecules’ back-diffusion to the bulk is not enhanced by the agitation,
they can more readily reach the surface of the membrane and transport
through.

3.1.2. Effects of stirrer velocity and feed lignin concentration on flux
decline

To study the effect of stirrer velocity on flux decline behavior, the
flux decline over time was plotted for trials with a constant lignin con-
centration of 15 g/L and DES concentration of 229 g/L and varied stirrer
speeds of 1258 rpm, 518 rpm, and no stirring. As shown in Fig. 4 (a),
non-stirred filtration results in a rapid reduction in flux to a much lower
flux than with stirred filtration, while the fluxes in both stirred experi-
ments show similar behavior, exhibiting a very gradual decline after the
initial strong reduction in flux. It should be noted that for both non-
stirred and stirred filtration, the filtration flux using the lignin feed
was significantly lower than the flux of pure solvent in the experiments
done for calculation of R,,. The reduced flux is due to the pore blocking
or/and establishment of cake filtration and of a CP layer [52].

Fig. 4 (b) shows the permeation flux over time for a set of experi-
ments with varying lignin concentrations with a stirrer speed of 1258
rpm. The flux does not alter when the feed lignin concentration is
increased from 4.5 to 30 g/L, and at each lignin concentration, the flux
decreases rapidly at first owing to membrane pore blocking and devel-
opment of the CP layer [52,53], after which a slow gradual decline in
flux due to the establishment of cake filtration is observed which is very
similar for all lignin concentrations. The maximum relative uncertainty
in all measurements was within the range of £8-10 % (L/m? h).

3.1.3. Effects of initial DES concentration on flux decline and filtration
resistance

Since the DES concentration decreases along the system in the
continuous UF-DF process, as solvent is added, the impact of DES con-
centration on flux pattern and filtration resistance should be experi-
mentally evaluated. The lower the DES concentration in the feed
solution, the lower the viscosity and density (values shown in supple-
mentary information S5).!

To study the effect of DES concentration on flux reduction and

! Results in Supplementary information S5 show that the viscosity and den-
sity of all feed concentrations are the same as the viscosity and density of the
permeate solution, and that they are not dependent on lignin concentration.
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Fig. 2. Concept of separation of lignin from DES using ultrafiltration-based diafiltration process (UF-DF).
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Fig. 3. Effects of stirrer velocity and initial lignin concentration on lignin rejection and filtration resistance: (a) filtration resistance for filtration trials under different
stirrer velocities (1258 rpm, 516 rpm, and no stirring i.e. 0 rpm) versus the lignin concentration in the feed at 10 barg, (b) lignin rejection for filtration trials under

different stirrer velocities versus the lignin concentration in the feed at 10 barg.

filtration resistance, the lignin content was held constant at 15 g/L while
the DES concentration was varied from 229 g/L to 46 g/L. These DES
concentrations correspond to the initial DES concentration entering the
UF-DF process, and DES concentration considering adding solvent with
dilution factor of 5 in single-stage diafiltration. For both feed solutions,
the stirrer velocity was set at 1258 rpm. Fig. 5 (a) depicts the reduction
of flux for feeds with 46 g/L DES and 229 g/L DES. As can be observed, at
the average flux increases as the amount of DES in the feed is reduced
due to lower viscosity and density of the permeate solution. Moreover,
feed with higher DES concentration shows a sharper initial flux decline
caused by higher initial pore blocking or greater CP layer. Considering
that there is no rejection for smaller components including DES in either
filtration condition, it is possible that increased DES concentration
(higher lactic acid) causes de-swelling of the membrane polymer,
resulting in smaller pores in the membrane and consequently more pore
blocking and a sharper flux decline.

Fig. 5 (b) shows changing in filtration resistance over time for both
feed with 229 g/L DES and 46 g/L DES concentration. A linear regres-
sion of filtration resistance over time can be applied in both circum-
stances following a dramatic increase in filtration resistance due to

initial pore blocking or/and development of CP layer. This indicates that
the fouling layer is gradually accumulating following the initial signif-
icant flux drop. The rate of increase in filtration resistance caused by
fouling development, is generally constant over time and strongly
dependent on DES concentration. These correlations may be utilized to
predict the development of fouling layers in numerical simulations for
large-scale UF-DF.

3.2. Model development

In this section a modeling approach to design an industrial scale UF-
DF system is developed. Numerical modeling was utilized to simulate
the establishment of a fouling layer following the initial sharp decrease
in flux in an industrial scale of UF-DF system in order to determine the
required membrane area for such a system.

3.2.1. Membrane channel

A flat-sheet membrane configuration as displayed in Fig. 6, was
considered for modeling [54,55]. The model was numerically solved
using MATLAB (version R2020b) and the algorithm is shown in
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Fig. 4. Effects of stirrer velocity and initial lignin concentration on flux decline: (a) flux decline for filtration trials under different stirrer velocities at 10 barg with
same DES concentration = 229 g/L, (b) flux decline for filtration trials with different lignin concentration in feed (DES concentration = 229 g/L, stirrer velocity 1258

rpm, 10 barg).
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Fig. 5. Effects of initial DES concentration on flux decline and filtration resistance: (a) Flux decline of feeds with different DES concentration (lignin concentration =
15 g/L, stirrer velocity: 1258 rpm), (b) change in fouling resistance over time for feed with different DES concentration.

supplementary information S6. The membrane channel was split into at
least 400 cells for all of the simulations in this study.

Table 1 shows the values of the simulation’s parameters. The amount
of additional solvent required in each diafiltration stage is four times the
volume of feed solution entering that stage, which can later be recovered
through other separation techniques, such as evaporation or membrane
separation. The clean membrane resistance (Rp,) and lignin rejection (r)
has been considered 8.5 x 10> m™ and 0.85, respectively, based on the
experimental results presented in section 3.1.1.

3.2.2. Model formulation
Based on the experimental results, described in section 3.1.3, Fig. 5
(b), Ry can be expressed as function of filtration time via Eq. (5):

R, —R, =Ry = At +B (5)

where A and B are adjustable parameters and were fixed based on the
changes in the DES concentration, from pre-concentration to the dia-
filtration steps, at any location in the x-direction and in the fixed time.
As long as the fouling layer has not achieved its steady-state thickness,
this equation can be applied [28].

Using Eq. (5) and Darcy’s law (Eq. (2)), the permeation flux m>/m?.
s) can be calculated at given time (t) and location x(i):

_ AP _ AP
”pRli .“p(RfJFRm)i

i

©
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Table 1

Parameters for modeling a full-scale continuous UF-DF process.
Channel height, H (m) 3x10°3
Membrane width, W (m) 1
Applied pressure, AP, (Pa) 10°
Initial lignin concentration, Co,iignin (§/L) 4.5
Initial DES concentration, Co, pgs (g/L) 229
Initial feed flow rate, Q, (L/h) 100
Lignin rejection () 0.85
Number of cells along the membrane channel 400
Clean membrane resistance, R, (m™!) 8.5 x

1013

Number of diafiltration stages 3
Ratio of volume of added solvent to volume of initial feed for each 4

diafiltration step

Equation (7) is used to calculate the transmembrane pressure along
the membrane system:

AP = AP — APy, ™

The correlation of friction coefficient in the feed channel from [56],
has been used to calculate the hydraulic pressure drop over the length of
the membrane at given location x(i), along the feed flow direction (Eq.
(8):

6.23
f=—= ®

Re*3

APy :g %/’uz (9)

The pressure-drop along the feed channel, in the feed flow direction
is calculated by Eq. (9) [57]. In this equation, u is the bulk velocity of
flow at that location, h is the hydraulic diameter of the feed channel (m),
lis the length along the membrane channel in the feed flow direction at
given location x(i) (m) and p is the density of feed flow. The permeate
flow rate is less than the feed flow rate. Consequently, the permeate
Reynolds number is low, and the hydraulic pressure loss is negligible. As
a result, for the permeate side atmospheric pressure is assumed [58,59].

The lignin mass fraction in permeate side is expressed using lignin
mass fraction in retentate side and rejection value:

X, )

O O R o .0 10)
C, p.Xr X,

X, =X,(1-7) an

X, and X, are the mass fractions of lignin in the retentate side and
permeate side. p, and p, are the densities of solution in permeate and
retentate side, respectively. The experimental results show that the
density of lignin in fixed amount of DES and acetone-water is inde-

pendent of lignin concentration (Supplementary information S5).
Therefore, p, and p, can be considered equal. For all calculations, the
lignin rejection was set to 0.85. Fixing the rejection eases the calcula-
tions at any position in the x-direction, and from Fig. 3, it follows that
although there is a small dependency of the lignin rejection on the lignin
concentration for the range of 4.5 g/L < 30Cjgni» < g/L, with the average
of 0.85.

M, and M, refer to total mass flow rate in retentate and permeate side
(kg/s). As a result, in a given time step during the modeling along the
membrane cell at location x(i):

M. =M —apj™! 12
M, =M +ap)™! (13)
x XM g s
X =X(1-7) (15)

where a is cell surface area and is measured by dividing the channel
membrane area by the considered number of cells and J; is the lignin
mass flux in each cell as follows:

Ji=pI'x] (16)

The recovery ratio for each membrane system is defined as the ratio
of total permeate flow rate (Q,) leaving the module at given time,
divided by feed flow rate (Q;) entering the module. Since the densities
of permeate and feed solutions have been considered equal, recovery
ratio at given time step is expressed by total mass of permeate divided by
initial mass of feed as follow:
0 Mi(i=N)

P

C Qw  Mi(i=0)

The prediction model for a full-scale continuous UF-DF filtration
system is formed by Eqgs. (5)-(17).

RR

a7

3.2.3. Modeling results

The lignin concentration profile at the beginning of fouling forma-
tion, after rapid flux decline (t = 0) along the membrane system is
depicted in Fig. 7 (a). As can be noticed, considering a width of 1 m for
all membrane systems, a pre-concentration step with a membrane area
of 13 m? followed by three steps of diafiltration with areas of less than 2
m?, is required to concentrate the lignin stream to 30 g/L which has been
considered as maximum solubility of lignin in acetone-water (70:30 v:
v). It should be underlined that in this condition, pore blocking resis-
tance, CP layer resistance, and clean membrane resistance predominate,
as the fouling layer has not yet developed. As a result, the appropriate



M. Gholami et al.

The fouling formation started:

40

N w w
&) o 8]
T

Lignin concentration [g/L]
N
o

RR for each DF step=0.85 i

RR=0.90\

15 1
10 1
/ mmm Pre-Concentration
5L mms Diafiltration 1
mmmm Diafiltration 2
= Diafiltration 3
0 . . . . - .
0 4 6 8 10 14
Length of membrane module [m]
(a)
05 60 minutes after the fouling formation started:
= Pre-Concentration
= Djafiltration 1 RR=0.86—>
iy s Djafiltration 2
S 20 [| memm Diafiltration 3 1
c = = m® Post-Concentration
L
=
©
© ]
s
c
[}]
o
c
o
o |
£
c
2
_I 4
RR=0.17 RR=0.22
RR<1
O III-Illll'llllll‘llllll‘ll ! !
0 2 4 6 8 10 12 14

Length of membrane module [m]

©

Separation and Purification Technology 302 (2022) 122097

0 30 minutes after the fouling formation started:

= Pre-Concentration
= Diafiltration 1
mm Djafiltration 2
= Diafiltration 3
=== m Post-Concentration

‘/RR=OA98

w
o

RR=0.89~—_y

-
o

Lignin concentration [g/L]
N
o

0 2 4 6 8 10 12 14
Length of membrane module [m]

(b)

229 g/L
g
22100 ¢ E
c
)
=}
©
S
=
c
[
2
S 10°¢
o
(7]
w
(]
18g/L 18g/L
1
JPRAY 9@ .
S W N (B
(\’\‘ XD XD (o &
o oc® 0.\,&:\\\’\ .\,b\\\’\ 0.\,(;\\\’\ @
@ QO\’

Fig. 7. Lignin concentration along the membrane channel for: (a): t = 0 (the initiation of fouling formation after the sharp flux decline), (b): t = 30 min (30 min after
the fouling formation initiated), and (c): t = 60 min (60 min after the fouling formation initiated.) in modeled UF-DF system. RR is the recovery ratio in each step
calculated using Eq (17), (d): DES concentration in the retentate side of each step of modeled UF-DF system.

recovery ratio is attained.

The lignin concentration profile 30 min after the gradual flux decline
zone initiated, for the same system size, is shown in Fig. 7 (b). Despite
the fact that the fouling layer grows throughout this time period, the
recovery ratio in pre-concentration and first diafiltration remains more
than 0.7, allowing the lignin concentration to be increased to approxi-
mately 15 g/L and the DES concentration to be decreased to 46 g/L,
which is approximately 5 times less than the initial DES concentration.
However, the increasing volume of feed entering the diafiltration steps
due to the addition of solvent, and the growth of the fouling layer re-
duces the recovery ratio for the second and third diafiltration steps. As a
result, the volume of lignin solution entering the post-concentration step
grows after one hour as well, therefore the membrane area for post-
concentration module is insufficient to achieve maximum lignin con-
centration after one hour (Fig. 7 (c)). Consequently, backwashing is
necessary to remove the fouling layer and keep the membrane system
working for an extended period of time.

The DES content in this modeled membrane system will be lowered
from 229 g/L to 1.8 g/L by injecting acetone-water as the solvent in
three steps of diafiltration, as indicated in Fig. 7 (d). It should be high-
lighted that since there is no rejection of DES components by this UF

membrane, the concentration of DES remains constant over the length of
each step of this UF-DF system.

Fig. 8 (a) depicts flux along the membrane system consisting of one
pre-concentration step and three diafiltration steps with the above-
mentioned size at the start of fouling formation (t = 0) where the
clean membrane resistance, membrane pore blocking and CP layer are
dominant. Due to the high DES content of the feed, flux is considerably
lower in the pre-concentration step compared to diafiltration steps.
Adding solvent during the diafiltration steps reduces the DES content of
the feed stream, decreasing the filtration resistance and resulting in a
higher flux. It is important to note that permeate flux decreases slightly
in each phase of the membrane system along the membrane due to
changes in lignin concentration and pressure drop; however, because the
difference in flux from pre-concentration to diafiltrations and post-
concentration is so large, it is not visible in this plot.

Fig. 8 (b), depicts the profile of permeate flux in various time steps
over the length of the membrane module for the pre-concentration
stage. As can be seen, the flux will decrease over time as the fouling
layer grows on the membrane’s surface, hence increasing flux resistance.
However, as demonstrated by experimental results (Section 3.1.2 and
3.1.3), the permeate flux steadily decreases following a significant
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Fig. 8. (a) Permeate flux over the length of the membrane module at t = 0 (the fouling formation initiated) for the UF-DF system, (b) permeate flux over the length of
the membrane module with increasing operational time for the pre-concentration step.

decrease at the beginning of filtration. This is likewise true for all dia-
filtration steps and post-concentration.

Based on modeling results, using a continuous UF-DF system with an
initial flow rate of 100 L/h feed solution containing 4.5 g/L lignin and
229 g/L DES and continuously adding solvent in three steps, the final
retentate would be highly lignin concentrated with low DES content.
With this composition, isolating the lignin from this stream can be done
by evaporation of (a part of) the acetone from this retentate stream.
Reducing the acetone content and increasing the lignin content will
cause lignin to precipitate. Only marginal amounts of water will likely
need to be evaporated, as lignin solubility in water is very low, and upon
removal of the acetone, precipitation will be induced. By thus avoiding
the evaporation of large amounts of water, one can lower the overall cost
and energy needs of the operation. Future studies should focus on a
detailed estimation of the required energy for recovering lignin from the
retentate stream. Recovery of DES from the permeate stream should be
further studied. It is worth noting that the employed Alfa laval UF
membrane is designed for the treatment of water-based streams, and
utilizing a solvent-resistant membrane for the current application may
improve the permeation flux while improving the lignin rejection, and
therefore minimize the required size of the membrane system.

4. Conclusions

A continuous UF-DF process was investigated to recover and purify
lignin dissolved in a DES made of lactic acid and choline chloride after
delignification of lignocellulose biomass. A numerical modeling
approach was developed based on experimental data on lignin fouling at
various feed concentrations and hydrodynamic flow parameters in order
to properly assess the required system size and operating conditions to
conduct the diafiltration process. The following are the key findings of
this study:

1- The commercial Alfa laval polyethersulphone polymer-based mem-
brane with MWCO 5000 Da (GR90PP) was investigated for lignin
rejection in an aqueous acetone solvent using a stirred-cell dead-end
setup, and this membrane showed high rejection for all feed con-
centrations of lignin (average of 0.85 for all operation conditions
(Fig. 3 (b))

2- The flux is higher for stirred filtration than for filtration with no
stirring; consequently, filtration resistance is lower for stirred
filtration than that with no-stirring due to the thinner concentration

polarization layer and, more notably, because stirring prevents lignin
particles from reaching and accumulating on the membrane’s surface
which would lead to fouling.

The filtering resistance changes when the DES-content of the feed
solution changes. The more the DES concentration of the feed, the
greater the pore blockage caused by lignin. This is because the higher
DES concentrations most likely cause de-swelling of the membrane
polymer, resulting in smaller holes in the membrane and, as a result,
increased pore blockage and a steeper flux drop.

The modeling findings demonstrated that a continuous UF-DF system
can separate and purify lignin dissolved in DES-dark liquor from the
remaining solutes by utilizing acetone-water as a solvent. Because of
the higher filtration resistance and accordingly lower flux for the
feed with high DES content, the needed size of such a system at the
pre-concentration stage is found to be considerable. However, the
size of the system for the diafiltration stages and post-concentration
is predicted to be smaller, thereby allowing the total system size to be
reasonable.

Calculation of the required energy to recover lignin from the reten-
tate stream, and that to recycle the solvent from the permeate stream
should be made. The rejection of the lignin under the industrially-
favorable crossflow conditions can be more accurately determined
using a lab-scale crossflow setup in later work.
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