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ABSTRACT

Crystallization is an important unit operation in process industries, driven by supersaturation, i.e. the
solute concentration difference between solution and equilibrium. Hence, to finely control the product
qualities, controlling mass and/or heat transfer is crucial. Membrane pervaporation, based on a
selective evaporation technique, appears as a process able to limit phase transition and control
polymorphism. In this work, a semi-continuous system is developed for the crystallization of L-glutamic
acid, which has two polymorphic forms. Hydrophilic HybSi® membranes are chosen. The influence of
different operating parameters on process performance in terms of solvent separation, solute
crystallization and control of polymorphism is investigated. Results validate the proof of concept and
highlight the preferential crystallization of a polymorphic form over the other. Hence, the a-form is
usually favoured except when the -form is seeded, or at high temperature. Temperature appears as
the parameter influencing mostly the membrane selectivity and the polymorph generated. However,
concentration polarization and fouling, due to the deposit of L-glutamic acid crystals on the membrane
surface, are reported and decrease the process performance. Both phenomena are caused by a high
local supersaturation close to the membrane surface in addition to a local cooling due to the water
evaporation during pervaporation.

KEYWORDS

Pervaporation, membrane crystallization process, HybSi® membrane, polymorphism control, L-
glutamic acid

1. INTRODUCTION

Crystallization is one of the most important unit operations used to produce, purify or separate solid
products. The pharmaceutical industry is a major area of application for crystallization as about 90%
of pharmaceuticals contain active ingredients in the crystalline form [1,2]. The ordered structure of
crystals facilitates the rejection of impurities, making purification steps energy-efficient and cost-
effective. However, the compounds to be crystallized may adopt a different structural conformation
of the crystal lattice while being molecularly identical. This phenomenon is known as polymorphism.
Two polymorphic forms have different physical, mechanical and thermal properties (melting point,
density, compressibility, shape, solubility, dissolution rate, friability, purity...). These differences can
have a significant influence on the stability and bioavailability of the active ingredient, but also the
processing capability of the product in downstream processes (filtration, drying and processing). Due
to the therapeutic objectives of the manufactured products, the control of the crystallization process
is crucial in the pharmaceutical industry as a separation process of intermediates and as a final step in
the production of active ingredients. Batch crystallization in stirred reactors is the oldest approach and
remains the predominant method today [3]. Despite its robustness, it has some limitations such as
heterogeneities at the micro-mixing scale affecting the repeatability of the production, the
homogeneity of the final product from batch to batch and even the polymorphic phase crystallized [4].
For this purpose, membrane processes have been recently proposed as an alternative to improve
crystallization performance. They are often studied as tools for intensifying conventional processes
because they offer a good selectivity, large surface area per unit of volume, and the ability to control
contact and/or mixing between two phases [5]. Applied to crystallization, membrane processes would
allow the control of nucleation and growth kinetics, fast crystallization rates, good control of
supersaturation levels and polymorphism [6,7]. According to several pioneering studies, membrane
processes appear to be a tool to achieve these goals [8-10]. Di Profio et al. were among the first to
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publish studies on the crystallization of active ingredients by membrane processes. In particular, they
studied the case of polymorphic forms of glycine [11,12], paracetamol [8,11,13] and carbamazepine
[13,14] by developing membrane crystallizers where the porous membrane matrix acts as a selective
barrier for solvent evaporation, modulating the final degree and rate of supersaturation generation.
Among the membrane processes of growing interest, pervaporation is chosen in this study as an
innovative process for crystallization. Pervaporation is generally used for separating a liquid mixture
by selective transfer through a dense membrane, where the constituents permeate and undergo a
change of state by vaporizing [15]. In the pharmaceutical field, it is mainly used for effluent
dehydration, solvent recovery and water removal during reactions [16—20]. As far as crystallization is
concerned, this technique remains relatively unexplored, despite the industrial potential of an
intensified process. Indeed, crystallization using membrane pervaporation would allow a better
control of the mass transfer, through the selective evaporation of the solvent thus providing the
supersaturation necessary to drive crystallization [7]. Several studies are being conducted to develop
new membrane materials applicable to pervaporation for the improvement of separation properties
of organic or hydro-organic mixtures [21,22]. However, only a few studies have reported the use of
pervaporation for the crystallization of organic compounds. The first mentioning the combination of
these two processes dates back more than a century ago when Kober reported the pervaporation
phenomenon through a dense membrane and introduced the percrystallization process [23]. It was
only years later that Boddeker et al. [24] studied the sorption and pervaporation of vanillin from
aqueous solution. In another study by Zhang et al. and later by Li et al. [25,26], high-purity phenol
crystals (99.8%) were recovered from a dilute aqueous solution. These authors developed a two-stage
condenser system to collect the permeate containing phenol crystals using PEBAX membranes [25].
More recently, Zeng et al. [27] developed a two-step operation where pervaporation for water removal
is first conducted using NaA zeolite membrane, followed by a cooling crystallization and filtration to
collect sodium pyruvate and ethanol. However, performance limitations related to the use of
membrane technologies for crystallization have been reported in the literature. One of the major
obstacles is the problem of membrane fouling. This results in a decrease of membrane permeability
due to the deposition of suspended or dissolved components on the membrane surface [28]. Several
studies in the literature reported the influence of operating parameters on fouling. Indeed, Kieffer et
al. have shown that, for their experimental conditions, an increase in the inner diameter of the hollow
fibers was sufficient to reduce fouling, but no long-term experiments have been conducted [29]. Much
research has been carried out on membrane pre-treatment to limit fouling, based on the assumption
that wetting the membrane surface would avoid fouling effects [28,30—-33]. Other researches have
been carried out on the use of cleaning solutions or additives to overcome fouling [34-37], but by
these means, it is more difficult to maintain the initial performance of the process and it may also
require the use of aggressive chemicals. Another phenomenon can lead to a significant decrease in
transmembrane flux : concentration polarization [38-40]. It corresponds to the formation of a
boundary layer of polar molecules on the membrane surface. The impact of concentration polarization
is specific to each separation process. The main factor influencing this phenomenon is the
hydrodynamics of the process. Indeed, increasing the flow velocity or using turbulence promoters
upstream of the membrane are technical means to decrease the thickness of the boundary layer.
This work aims to determine the operating parameters of the pervaporation process controlling the
final properties of the product to be crystallized (crystal size and polymorphic form) and to identify the
limiting parameters of the process. To achieve the objectives of this study, a semi-continuous
experimental setup has been developed. L-glutamic acid is chosen as a model compound as it
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crystallizes under two well-known monotropic polymorphs: the stable B-polymorph (needle-like
shape) and the metastable a-polymorph (prismatic shape). The experimental results of this study have
highlighted the possibility of controlling the polymorphic form but also the limiting points of the
process operation.

2. MATERIALS & METHODS

2.1. Membranes and module

Organic/inorganic hybrid membranes HybSi® are used in this work. The HybSi® membrane is a hybrid
ceramic membrane [41-43] with a so-called "sandwich-like" structure (cf. Figure 1): i.e. a ceramic-
based substrate successively covered by an amorphous silica layer and a thin selective layer of HybSi®
in  which silane precursors, such as BTESE (bis(triethoxysilyllethane) or BTESM
(bis(triethoxysilyl)methane) are incorporated [41,44].

(1) Selective layer

(2) Mesoporous
intermediate layer

(3) 0-Al,04 substrate
Feed flow

1 \nnm]“i 1 Smm

Figure 1. Cross-sectional SEM picture of HybSi® membrane [43]

For the following experiments, three tubular HybSi® membranes, purchased from Orelis Environment
(Alsys Group, France), are used. The membranes are from the same production batch and correspond
to the standard JO5-A-X range with BTESM precursor. They are referred to M1, M2 and M3. The
membranes are monotubular with an internal diameter of 6mm, an external diameter of 10mm, a
length of 25cm and an effective area of 47cm?.

2.2. Experimental setup

The experimental setup developed is shown in Figure 2.
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(8)

{7}

Figure 2. Experimental setup for the crystallization pervaporation unit.
(1) Double jacketed 1L reactor; (2) Temperature probe; (3) EZ video probe; (4) Peristaltic pump; (5)
Membrane module; (6) Pressure gauge; (7) Vacuum traps immersed in liquid nitrogen; (8) Vacuum
pump; (V1-6) 2-way valves.

The feed mixture is put in a 1L double-jacketed reactor. The reactor temperature is controlled by a
thermostatic bath (Ministat 230 Pilot One, Huber, Germany) equipped with a Pt100 temperature
sensor. A 3-blade mixel TT® stainless steel propeller with a fixed speed of 400rpm provides stirring.
The feed solution flows through a 10mm internal diameter polyvinyl chloride (PVC) tubing using a
peristaltic pump (603S, Watson Marlow, UK) to the membrane module. The feed solution, at
atmospheric pressure, flows on the lumen side of the tubular membrane. The retentate, i.e. the
supersaturated solution after the selective evaporation of water, is reintroduced into the reactor. The
permeate side is under vacuum allowing the selective transfer of water under vapour from the feed
solution. The vacuum pressure, between 3 and 8mbar, is regulated by a PID controller and a Pirani
capacitive gauge (0-100mbar, CMR362, Pfeiffer Vacuum, Germany) connected to a control unit (RVC
300, Pfeiffer Vacuum, Germany). The vacuum pump is a vane pump (Adixen Pascal 2005SD, Pfeiffer
Vacuum, Germany) with a nominal flow rate of 5.4m3/h and a total pressure limit closed (open) air
ballast of 2.103mbar (10 mbar). The permeate is then condensed in vacuum traps, immersed in liquid
nitrogen, and regularly recovered during the experiment.

Hence, two vacuum traps are placed in parallel and operated alternately. A set of valves is used to
switch between the two traps (cf. Figure 2). Finally, a safety trap, connected in series and operating
continuously, is installed to protect the vacuum pump and to recover and quantify the permeate that
is not condensed in the first trap.

2.3. Chemical products

For all experiments, the following products are used:
e Ultrapure water (Millipore Synergy® purification system, resistivity = 1.2mQ.cm);
e Anhydrous absolute ethanol (Carlo Erba Reagent S.A.S, chemical purity> 99.9%);
e B-polymorph of L-glu corresponding to the commercial product (Sigma Aldrich Co. Ltd, purity >
99.5%);
e a-metastable form obtained according to the protocol previously described [45].
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Figure 3. SEM micrographs and XRD patterns of the stable 3-form and the metastable a-form of L-
glutamic acid

Figure 3 presents the SEM micrographs and XRD patterns of both polymorphs. It is worth noting that,
as expected, the a-form is prismatic while the B-form is needle-like. The XRD patterns show the
presence of only one polymorph in each case with characteristic peaks at 10.2° 2 theta for the B-form
and at 18.1° 2 theta for the a-form.

2.4. Operating conditions and protocol

A 1L of water/ethanol solution previously prepared by weighing (PM6000, Mettler Toledo, Germany)
is introduced into the reactor. Three initial ethanol mass fractions (Weton,ni) are investigated: 0.122,
0.252 and 0.344. A precise amount of commercial L-glu is weighted and added to the solution. The
amount of L-glu is calculated from the solubility data determined in a previous study [45], for an initial
supersaturation fixed at 1.4 (cf. Table 1).

Table 1. Mass of L-glutamic acid added to the reactor according to the temperature and the

composition
at 25°C at 40°C
WEetoH,ini (-) Solubility Mass added to Solubility (g/kg of Mass added to
(g/kg of solution) the reactor (g) solution) the reactor (g)
0.122 4.989 6.818 8.451 11.600
0.252 2.815 3.707 5.408 7.148
0.344 1.920 2.469 3.794 4.892

First, L-glu crystals are dissolved at a temperature of 20°C above the working temperature for about
1h. The video probe immersed in the reactor monitors the dissolution of the crystals. The solution is
then cooled to the working temperature. At the same time, the peristaltic pump is switched on at a
fixed flow rate (Qy = 135L/h, i.e. Re > 7000) to wet the membrane at the desired temperature for at
least 45min before starting pervaporation. This is the time required to reach equilibrium between the
membrane and the feed solution [46]. When the reactor temperature is stable, two samples of the

6
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solution are taken, one is analysed using NMR to determine the initial ethanol mass fraction, and the
other is introduced into an oven at 85°C for 24h to determine the initial L-glu concentration of the
solution.

Then, the vacuum pump is switched on when the above conditions are set. Valves V1 and V3 are
opened and the experiment begins. Valves V2, V4, V5 and V6 remain closed (cf. Figure 2). Trap changes
are made every hour. The frequency of trap changes is optimised to avoid the risk of clogging.
Vacuum pressure and temperature are monitored every minute for the first 5min and then every
15min. At each trap change, a sample of the retentate is taken and analysed. The recovered trap is
warmed to room temperature to recover the frozen permeate. Once in a liquid state, the trap is
returned to atmospheric pressure through the V2 valve before being removed from the setup. The
permeate is then introduced into a glass vial and hermetically sealed. Vials are weighed before and
after on an analytical balance (+ 0.001g, PM200, Mettler Toledo, Germany).

About 2mL of retentate is taken every 2h for analysis. A video is recorded before each trap change to
follow the appearance and growth of crystals in the reactor.

The experiments are carried out for 8h in order to follow the evolution and growth of the crystal and
any phase transitions.

At the end of the experiment, the L-glu suspension is removed. A heated ultrapure water solution is
added to the reactor and flows through the system. The membrane, the reactor and all the system
including the peristaltic pump and the tubes are cleaned with the heated water to dissolve and remove
L-glu residues. Lastly, the membrane, the reactor and all the system are washed with clean water
several times and dried at ambient temperature. To check the membrane regeneration, pervaporation
is carried out with a water/ethanol solution.

Several parameters are measured during the experiments. The total flux of permeate is determined
according to:

mp

Jtot = St Eq.1

Where ], is the total flux of permeate (kg/(m?2.h)), m, is the mass of permeate recovered in the trap
(g) for a period of time t (h) and S is the effective membrane area (m?).

The permeate samples are then analysed by NMR to determine the mass fraction of ethanol and the
partial fluxes from the following equation:

Ji = Jtot -Wip Eq.2

With J; the partial flux of compound i (water or ethanol) (kg/(m2.h)) and wip the mass fraction of
compound i (water or ethanol) in the permeate (-).

The separation factor, which quantitatively describes the quality of the separation, is defined by:

p

Wwater/ p
w:
— EtOH
Bwater/EtOH = W Eq.3
water/
WEtOH
P P . . .
Where Wy, ,ier and Wg, oy are the mass fractions respectively of water and ethanol in the permeate (-

) and wi o, and w]f:tOH in the feed solution (-).
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The supersaturation factor, which describes the deviation of the L-glu concentration, noted C (in g.L}),
from its solubility, noted C* (in g.L') is estimated by:

B=—= Eq.4

2.5. Characterization methods

2.5.1. In situ observation with the EZ video probe

A video probe (EZProbe® 12005) is immersed in the stirred suspension and allows real-time
monitoring: before the experiment, to check the complete dissolution of crystals and during the
experiment to observe the apparition of crystals, growth and agglomeration. The video probe has a
field size of 720um x 540um and allows acquiring 25 frames per second [47].

2.5.2. Optical microscopy (OM)

After drying at room temperature for at least 24h, the crystals are observed under optical microscopy
(OM) to identify the polymorphic phases obtained and to evaluate, at the same magnification, crystals’
size. The optical microscope used is a Leica DM2000 LED, with different objectives with magnification
of 5x, 10x, 20x, 40x and 100x. The microscope is equipped with a digital camera connected to a
computer, which allows high-resolution image acquisition using the Leica Application Suite (LAS)
software.

2.5.3. X-ray diffraction (XRD)

XRD analyses are carried out to determine the predominant polymorph formed. The device used is a
Bruker D8 Advance diffractometer operating at room temperature with Ka radiation of wavelength
1.54060A, a tube voltage of 40kV and a current of 40mA. Diffraction patterns are recorded using a step
scan method at 2 Theta values between 5° and 50° with a step size of 0.02°. Before analysis, the crystals
are deposited on flat-bottomed neutral supports. The diagrams obtained are then processed using the
DIFFRAC.EVA software and the results obtained are compared with the database to identify the
polymorphic phases.

2.5.4. NMR analysis

The quantification of ethanol in the permeate is determined by NMR. This method of analysis has the
advantage of not being limited by the composition. The analyses are performed with a BRUKER
400MHz NMR spectrometer at room temperature (298 K) with a BBFO probe for 5mm NMR tubes.
Ethanol shows two characteristic signals: a triplet signal at 1.19ppm, corresponding to the protons of
the methyl group, CHs-, and a multiplet signal at 3.66ppm for the protons of the methylene group, -
CH»-. Sodium 3-trimethylsilyl-3,3,2,2-tetradeuteriopropionate (STP) is chosen as the internal standard
because it is soluble in water and available at high purity. It has a simple 1H NMR spectrum consisting
of a single singlet of 9 protons that never overlaps with an ethanol signal [48]. The spectra are all
referenced to the TSP singlet peak at 0.0ppm. Samples are prepared as follows: 10mg of STP (98 atom
%D, Sigma-Aldrich, USA) is dissolved in 400uL of D20 (99.9 atom %D, Sigma-Aldrich, Canada) to which
300pL of the sample to be analysed is then added. The NMR spectra obtained are processed using
BRUKER's TopSpin 4.1.0 software. To obtain reliable results, phasing and baseline correction over the
entire spectral range are performed manually.
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3. RESULTS

3.1. Membranes ageing

Before starting crystallization experiments, pervaporation with water/ethanol solution is performed
to measure the separation factor and the total permeate flux of the original membranes. The
separation factor and the permeate flux (cf. Table 2) are determined at 25°C, with a permeate pressure
of 3mbar and an initial ethanol mass fraction of 0.122 in the solution. Both parameters are almost
constant during the experiments of 5h (data not shown). The values indicated in Table 2 are thus
average values measured on 5h. The separation factor and the total flux for the three membranes M1,
M2 and M3 are similar, in the range of 3.6 - 4.3 and 2,300 - 2,500g/(m?2.h), respectively.

Table 2. References and characteristics of the membranes used

Membrane Separation factor Total flux
Membrane )
reference Buwater/eton (-) (g/(m?.h))
M1 J05-A-10 3.69 2,480
M2 JO5-A-09 3.61 2,447
M3 JO5-A-07 4.34 2,293
~ & :
T 2000 & 2
E % ¥ § ¥
é 1500 *
HE 1000 .
- 3 M1
&M
U F P S _ T-E— 2 =} / &

Figure 4. Permeate flux variation with time for “new” membranes, Weion,ini = 0.252, T = 25°C and
Ppermeate = 3mbar

The performance of M1, M2 and M3 membranes are investigated with the “new” membranes, i.e. for
their first use with L-glu. Experiments are carried out under the same operating conditions:
WEetoH,ini = 0.252, T = 25°C and Ppermeate = 3mbar. Results are reported in Figure 4 and show that the
permeate fluxes have the same evolution during the first 4h of experiment. The initial flux is close to
2,200g/(m2.h) for the three membranes and decreases after 2h, reaching 2,039g/(m?.h) for M1,
2,075g/(m2.h) for M2 and 2,006g/(m?.h) for M3. The permeate flux then remains relatively stable for
M1 and M3 after 8h. However, a significant decrease is observed for M2 after 4h of experiment, from
1,923g/(m2.h) to 960g/(m2.h). The flux decrease can be explained by different phenomena, in
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particular concentration polarization and/or membrane fouling. These phenomena appear more or
less rapidly for the same experimental conditions. The small variation of the flux, as the one observed
with M1 and M3, is only obtained during the first use of the membranes.
Table 3 highlights that the same polymorphic form is obtained for the three membranes: the a-form.
Thus, the decrease in flux over time (observed for M2) does not influence the crystallization of one
polymorph over another.
Table 3. Polymorphic forms obtained after 8h with “new” membranes
Membrane M1 M2
+
% LS
” " §
OM Pict : ' v
icture » é
: * :
(enlargement x 5) o *g" 3;.'9 Qe g’% .
? © Mw%{u
‘ Vﬁ ol 'F?".qa
~r b A
£ ee
Polymorphic form . . )
. Mainly a Mainly a Mainly a
obtained
*OM pictures have the same scale: 500um
2500
&
2000 o i . & > = 5
=
£ 1500
B
= .
o 1000
3
=
7] +* *
g . * * + *
& 1st use
# 7th use
0
0 1 2 3 4 Wt 6 7 8

Time (h)

Figure 5. Permeate fluxes as a function of time for several uses of M1 membrane, Weton,ini = 0.252,
T=25°C and Ppermeate = 3mbar

However, the membrane performance decreases after several uses (cf. Figure 5), despite regular
regeneration of the membrane. Figure 5 shows the fluxes evolution obtained after several uses for the
M1 membrane, i.e. the 1%t use and the 7" use. The initial flux decreases from 2,181g/(m2.h) to
1,100g/(m2.h) between the 1 and the 7" use. The fluxes stabilize at around 2,000g/(m2.h) and
600g/(m?2.h) after 8h, during the 1 and the 7™ use, respectively. The fluxes are thus divided by 3
between the 1% and the 7*" use.

10
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These results suggest membrane fouling, concentration polarization and/or surface modification of
the HybSi® membranes [43,49] (by adsorption of L-glu molecules at the membrane surface and/or
degradation of the selective surface by L-glu crystals). These phenomena are discussed in a following
section.

70
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Figure 6. Separation factors as a function of time for the M1 membrane after the 1° use and 7% use,
WEtOH,ini = 0.252, T=25°C Gnd Ppermegte = 3mb0r

Simultaneously with the decrease in total flux over time, a decrease in ethanol flux is observed
increasing thus the water/ethanol separation factor (cf. Figure 6). After 7 uses, the membrane still
maintains a high selectivity towards the water. This result is consistently observed in all subsequent
experiments. Thus, although the permeate flux decreases with time, the membrane performance in
terms of water/ethanol separation increases.

Table 4. Polymorphic forms mainly obtained after 1°* and 7t" use, M1 membrane, Weionini = 0.252,
T:25°C Clnd Ppermeate: mear

Number of use 1%t use
Mean flux (g/(m?.h)) 2,011

OM Picture
(enlargement x 10)"

Mainly o (P crystals observed

Polymorphic form

. Mainly a by the video probe but
obtained

unquantified in XRD)

*OM pictures have the same scale: 200um

11
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Table 4 shows that the same polymorphic form is obtained, despite the decrease of the mean flux
during the experiment, as confirmed by the pictures taken at the end of the 1t and the 7" experiment.
Hence, the polymorphic form seems to depend more on the operating conditions (initial composition
of the liquid phase, temperature) than on the permeate flux. However, 3 crystals are also observed
with OM after the 7™ use but the amount is too small to be detected by XRD, i.e. lower than 1%wt.

3.2. Temperature influence

In pervaporation, the permeate flux strongly depends on the temperature. Thus, two temperatures,
25°C and 40°C, are investigated for Weton,ini = 0.122 and Ppermeate = 8mbar. The results obtained are
reported in Figure 7.

o
4500 *at 25°C
4000 hd < at 40°C

= o

& 3500

= 3000 o

X

=1

= 2500 5

4]

& o

8 2000 . -

= .

& 1500 - o

.
1000 . 2
&
500 =
0
0 1 2 3 4 5 6 7 8

Figure 7. Total permeate flux as a function of time, Weton,ini = 0.122 and Ppermeate = 8mbar

The increase in temperature has a beneficial effect. Indeed, it leads to an increase of the initial
permeate flux, from 2,347g/(m2.h) to 4,703g/(m?.h). This result is consistent with what is observed for
pervaporation alone where the permeate flux increases with rising temperature [43,46,50].

However, the decrease in permeate flux is more pronounced at 40°C than at 25°C. Furthermore, after
7h, the permeate fluxes reach similar values, around 900g/(m2.h). This result suggests that a higher
permeate flux (as obtained at 40°C) leads to a higher concentration polarization and/or fouling of the
membrane. This phenomenon will be discussed in a following section.
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Table 5. Polymorphic forms obtained at 25°C and 40°C, Weton,ini = 0.122 and Ppermeate = 8mbar

Temperature 25°C 40°C
Membrane (number of use) M2 (3™ use) M2 (5% use)

Mean Flux (g/(m?2.h))

OM Picture
(enlargement x 5)°

Polymorphic form obtained Mainly a
*OM pictures have the same scale: 500um

The temperature increase induces a significant rise of the mean flux (over 8h of experiment), from
1,675g/(m2.h) at 25°C to 2,606g/(m?2.h) at 40°C (cf. Table 5).Moreover, results highlight that at 25°C,
the a-form is the main polymorphic form detected. While, the B-form is the main polymorphic form
at 40°C. These observations made in situ by the video probe are also confirmed by OM pictures and by
XRD analysis. Hence, the temperature allows producing selectively one of the polymorphic form for
Weton,ini= 0.122.

158 #at 25°C
156 &at 40°C
— &
o154 ©
a TS
= 152 3
£ 150
= &
5 148 Y +
@ 146 <& s +
144 *
@ *
142 %
140 %
0 1 2 3 4 5 6 7 8
Time (h)

Figure 8. Supersaturation as function of time at the operating temperature of 25°C and 40°C,
WEtOH,ini = 0.122 Gnd Ppermegte = 8mb0r

Figure 8 reports the evolution of the supersaturation in the reactor during the experiment. Results
show that the increase of the supersaturation with time is higher at 40°C than at 25°C, which is
consistent with flux results reported in Figure 7. At this step, it seems that either the temperature or
the supersaturation variation during the experiment is able to control polymorphism.

3.3. Influence of the initial ethanol mass fraction

Three mass fractions of ethanol in the initial water/ethanol mixture are studied to evaluate the
influence of this parameter on the permeate flux and crystal production: 0.122, 0.252 and 0.344. In
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the first part, the reactor temperature is set at 25°C and the pressure on the permeate side at 3mbar.
In the second part, the study is carried out at 40°C and the pressure is set at 8mbar.

3.3.1. Experiments performed at 25°C
At 25°C, all the experiments are performed with the M2 membrane in the following sequence: (1)
WEetoH,ini = 0.252, (2) Weton,ini = 0.344 and (3) Weton,ini = 0.122. The results are presented in Figure 9.

3000 ¢ wEtOH,ini=0.122
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Figure 9. Permeate flux as function of time for various initial ethanol mass fractions at T=25°C and
Ppermeate = 3mbar

Whatever the initial ethanol mass fraction, the permeate flux decreases continuously during the
experiment. After 1h, the flux decreases from 2,395g/(m?.h) to 2,056g/(m?.h) for Weton,ni= 0.122; from
2,241g/(m2.h) to 2,079g/(m?%.h) for Wewon,ini = 0.252 and from 2,070g/(m?2.h) to 1,798g/(m2.h) for
Weton,ini = 0.344. This flux decrease could be due to polarization concentration of ethanol and L-glu, but
also to the apparition of the first crystals in the reactor (confirmed by the in situ video), less than 2h
after the beginning of the experiment, those probably also be responsible in membrane fouling.

The permeate flux for Weton,ini = 0.252 is slightly higher than the other fluxes whereas the expected
result is a decrease of the permeate flux with the increase of the ethanol mass fraction. This is probably
because the membrane has been used first for Weton,ini = 0.344 and Weton,ini= 0.122.

Despite these results, the in situ observation, confirmed by OM and by XRD, highlights that the main
polymorphic form obtained is the o-form.
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Figure 10. Supersaturation as a function of time for various initial ethanol mass fractions at T=25°C
Gnd Ppermeate = 3mbar

Results reported in Figure 10 highlight that the supersaturation do not change a lot during the
experiments whatever the composition of the feed solution. The supersaturation variation during the
experiments are similar to the one reported on Figure 8 at 25°C being consistent with the observation
of the preferential crystallization of the a-form.

3.3.2. Experiments performed at 40°C

Results obtained at 40°C are reported on Figure 11. They show that, after 1h of experiment, the highest
flux is reached for wewonini = 0.122, close to 4,703g/(m?.h) corresponding to twice the permeate flux for
Weton,ini = 0.252 (2,690g/(m?.h)) and almost thrice for Wetwon,ini = 0.344 (1,420g/(m?2.h)).
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Figure 11. Permeate flux as function of time for various initial ethanol mass fractions at T=40°C and
Ppermeate =8mbar

As reported previously, a significant decrease of the permeate flux is observed after 1 or 2h of
experiment, especially for Weton,ini = 0.252 and Weton,ini = 0.344. The permeate fluxes then stabilize
around 1,250g/(m?.h) and 500g/(m?.h), respectively. This may be the consequence of the formation of
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384  a concentration polarization layer at the membrane surface. This phenomenon is well described for
385 ultrafiltration and reverse osmosis processes [51]. Moreover, membrane fouling due to the
386 accumulation of L-glu crystals and/or adsorption of L-glu molecules at the membrane surface can occur
387 and induce a decrease in the permeate flux during the experiment [52]. Concentration polarization
388 and/or fouling may be concomitant with the appearance of the first crystals, after the first hour of
389 pervaporation, contributing more to this decrease.

390 Table 6. Polymorphic forms obtained at 40°C, Ppermeate = 8mbar

WELOH, initial 0.122 0.252 0.344
Membrane (number
( M2 (5% use) M2 (9% use) M2 (10t use)
of use)
Mean flux (g/(m?2.h)) 1,431 636

OM Picture
(enlargement x 5)°

. . Mixture o + .
Polymorphic form Mainly B ) . Mainly B
i . a: prismatic form ] .
obtained Fines needles ) Fines needles + sticks
B: fines needles

391 *OM pictures have the same scale: 500um

392 On the other hand, a more important decrease of the permeate flux is observed for Weton,ini= 0.122. In
393  this case, the initial permeate flux is higher and the concentration polarization and/or fouling are
394 slower. Nevertheless, after 8h of experiment, the permeate fluxes have similar values, whatever the
395  initial ethanol mass fraction. Table 6 reports the mean fluxes during the experiments and the
396 polymorphic forms obtained. The B-form is the main polymorphic form for weon,ni = 0.122 and
397  Wewon,ini= 0.344 (cf. Table 6). Crystals look like fine needles with a rather heterogeneous size. However,
398  for Wewon,ini = 0.252, the a-form is mainly observed with a prismatic shape. These results are also
399  confirmed by XRD.

400  The evolution of the supersaturation during experiments at 40°C are reported in Figure 12 and show
401  that the supersaturation increases faster if the ethanol mass fraction in the feed solution is low. These
402 results are consistent with the flux results reported on Figure 11 and with the formation of the
403 concentration polarization layer at the membrane surface.

404 Figure 12 also confirms that whatever the supersaturation variation, the temperature seems to be the
405 key parameter to control polymorphism.
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Figure 12. Supersaturation as a function of time for various initial ethanol mass fractions at T=40°C and
Ppermeate = 8mbar

3.4. Influence of seeding

The addition of crystal seeds of the metastable a-form is studied. The a-form is preferred in the
industry [10] and its addition as a seed should allow preferential production of this polymorphic form.
The seed is added at supersaturation (B = 1.4), 1h after the beginning of the experiment. The quantity
introduced corresponds to 5% of the expected theoretical final mass (cf. Table 1).

Seeding is expected to avoid heterogeneous nucleation by favouring the deposition of solute by growth
on the seed crystals rather than the production of new nuclei. Consequently, seeding allows an
increase in the size of the crystals and improves the polymorphism control [53,54].

In this part, the following operating parameters are fixed: T=25°C and Ppermeate=3mbar. All experiments
with seeding are performed with the M1 membrane while experiments without seeding are performed
with the M2 membrane.

In addition, a test with B-seed is carried out at T=25°C for Weion,ini = 0.122. This is to confirm that the
control of the polymorphic phase can be achieved by seeding.
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0 1 2 3 4 6 8
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Figure 13. Evolution of permeate fluxes (A) and supersaturation (B) with « or [fseeds and without
seeding for Weton,ini = 0.122, at 25°C and Ppermeate = 3mbar
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Figure 13 (A) shows that permeate fluxes of the experiments performed with a seeds and without
seeding are close, whereas a higher and almost constant flux is achieved with the experiment seeded
with B polymorph. Figure 13 (B) reports the evolution of the supersaturation during the experiment
and confirms flux results: the supersaturation variation during the experiment (from 1 to 8h) is of the
same order of magnitude without or with o seeding and is lower than with 3 seeds. Both experiments
with seeding are performed with the M1 membrane: first the experiment with  seeds then with a
seeds. The seed crystals are added to the solution 1h after the beginning of pervaporation. A difference
is noticeable when comparing the experiments without and with B seeding since a higher and more
stable flux is obtained for the experiment with B seeds. This may be due to the deposition of the L-glu
by growth on the seed crystals rather than the production of new nuclei thus limiting the adsorption
of L-glu on the membrane surface and hence its fouling. However, the addition of a seeds shows the
lowest permeate flux. This difference could be due to the ageing of the membrane as reported
previously.
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Figure 14. Evolution of permeate fluxes as a function of time with a seeds (0) and without seeding
(A)fOf' (A) WELtOH,ini = 0.122, (B) WEtOH,ini = 0.252, (C) WEtoOH,ini = 0.344, at 25°C and Ppermeate =3mbar

The addition of [ seeds provides mainly crystals of B-form with a rather heterogeneous size
distribution, with fine needles and rod shapes (cf. Table 7). Seeding with crystals of a-form allows
keeping the a-form preferentially obtained without seeding at the same operating conditions while
increasing the size of the crystals (comparison of observations made under OM). These results are
confirmed by XRD.
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447 Table 7. Comparison of polymorphic forms obtained with or without seeding for Wewon,ini = 0.122, at
448  25°C and Ppermeate = 8mbar

No seeding a seeds B seeds
Membrane (number of
use)

M2 (3™ use) M1 (5% use) M1 (4% use)

OM Picture
(enlargement x 5)°

Polymorphic form ) ) )
. Mainly a Mainly a Mainly B
obtained

449 *OM pictures have the same scale: 500um

450  The experiments are then carried out with o seeds or without seeding for several initial ethanol mass
451  fractions. The results are presented in Figure 14 and show that the permeate flux decreases after the
452 addition of the seed. However, this decrease is more important for Weton,ini= 0.252 and Weton,ini = 0.344.
453 For Weton,ini = 0.122, the permeate fluxes with or without seeding are very close whereas a decrease is
454  expected, as reported for the two other ethanol mass fractions. This phenomenon could be due to the
455 membrane M2 aging for Weton,ini = 0.252 and Weion,ini = 0.344, i.e. with or without seeding; while two
456 membranes (M1 and M2) are used which could explain the flux difference observed with the two other
457  ethanol mass fractions.

458 The main results for each ethanol mass fraction with or without seeding are shown in Tables 7, 8 and
459 9,

460 Table 8. Comparison of polymorphic forms obtained with « seeds or without seeding for
461 WEtOHlm 0252 at 25 Cand Ppermeate—gmbar

No seeding Seeding
Membrane (number of use) M2 (1%t use) M2 (6% use)
*’; ]
OM Picture (enlargement x
G Y
5)°
M‘“‘F{..
= 3%
8° aus
Polymorphic form obtained Mainly a

462 *OM pictures have the same scale: 500um

463

464

19



465
466

467

468
469
470
471

472

473
474
475

476

477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493

Table 9. Comparison of polymorphic forms obtained with a seeds or without seeding for Weton,ini  0.344,
Gt 25°C Gnd Ppermegte = 8mb(1r

No seeding Seeding

Membrane (number of use) M2 (2" use) M2 (7% use)

®

Q

Polymorphic form obtained / Mainly a

. . Not enough of
OM Picture (enlargement x 5)
crystals

*OM pictures have the same scale: 500um

As shown in Table 7 to Table 9, the metastable form is mainly obtained at 25°C whatever the ethanol
mass fraction, with or without seeding. A significant increase in crystal size is observed after seeding.
On the other hand, in the experiments achieved with seeding, traces of 3-form are detected by the in
situ video probe and some crystals are observed under OM. These results are also confirmed by XRD.

4. DISCUSSION

The permeate flux variations over time and after several uses, the adsorption of L-glu on the
membrane surface and the influence of the operating parameters on the polymorphic forms obtained
are successively discussed below.

4.1. Change of the permeate flux

During the first use of the HybSi” membrane for crystallization using pervaporation, the permeate flux
remains constant over 8h, with only a slight decrease of the flux with time, except in the case of the
M2 membrane (cf. Figure 4). Indeed, important decrease of the permeate flux with time is observed
after the first use. Similar decrease in permeate flux is reported in the literature for the organic solvent
dehydration by pervaporation [43,46]. Nevertheless, the decrease reported is not as important and it
is difficult to compare it to our results, where pervaporation is associated to crystallization.

During pervaporation of water/ethanol solutions, the permeate flux is almost constant during 5h,
whatever the ethanol mass fraction studied. This observation means that ethanol is not the main
responsible for the decrease observed in our pervaporation/crystallization experiments. Hence, L-glu
seems to have a direct influence on the observed permeate flux decrease.

Therefore, the adsorption of L-glu and the formation of crystals at the membrane surface could be
responsible for the progressive decrease of water permeation through the membrane (cf. Figure 15).

Thus, it is assumed that a series of events, as described below, contributes to this phenomenon:

i.  The preferential diffusion of water through the hydrophilic membrane contributes to create a
concentration polarization layer of ethanol and dissolved L-glu at the membrane surface. The
formation of this boundary layer could explain the stable permeate flux after 1 or 2h, according
to the experimental conditions.
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ii. The tangential flow does not provide sufficient shear stress to "sweep" the accumulated

molecules and/or crystals along the membrane surface, even under turbulent conditions.

iii. In parallel, the crystals’ formation near a

nd at the membrane surface, which is the place where

the supersaturation is the most important, contributes to decrease the permeate flux with

time by adding a surface fouling phenomenon. In addition, the evaporation of water through

the membrane produces a local cooling |
the membrane.

eading to faster crystallization at the surface and near

When these phenomena are not reversible, the membrane regeneration is not sufficient to restore

the initial flux and the membrane performance decreases with the number of uses.
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4.2. Adsorption of L-glutamic acid at the HybSi® membrane surface

As reported in the seeding part, a decrease in the permeate flux is observed with time during the
experiments but also with repeated uses of the HybSi° membrane. The adsorption of L-glu at the
membrane surface could be an explanation for the fouling phenomenon.

L-glu is available under several chemical forms according to the pH of the solution: a cationic form at
pH < 2.19, an anionic form at pH > 4.25, and a zwitterionic form between 2.19 and 4.25 [55].

In addition, BTESM is a precursor belonging to the organoalkoxysilane family. According to the position
of the organic groups (CH, and CHs) in the organosilica networks, BTSEM has two configurations: (1)
the bridging position type (-Si-CH,-Si-), (2) the terminal position (-Si-CHs) [56]. Both types are reported
in Figure 16. Organic groups are much considered as spacers between silica atoms of the structure of
the organosilica networks. If the organic groups are in a terminal position, they don’t act like spacers
and can easily fill the pores created by the silica structure as shown in Figure 16 [42,57].
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Figure 16. Possible configuration of BTESM: bridging and terminal position and their derived networks
[56]

There are free -OH groups on the surface of the membrane, responsible for its hydrophilic nature.
These groups are also able to interact with L-glu molecules by making hydrogen bonds with the -COOH
groups. This phenomenon has been previously described for the dehydration of ethyl acrylate from
acrylic acid using a PVA membrane [49]. The stability study of these membranes has been performed
by comparing results obtained on a new membrane and an artificially aged membrane. The analysis,
achieved by IR spectroscopy, showed changes after one month of continuous pervaporation. The —-OH
groups decreased while a significant increase in the C=0 groups have been detected. The authors
assumed that it could be due to a chemical reaction between the —OH group of the membrane and
acrylic acid [49].
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Hence, adsorption of L-glu molecules on the membrane surface can lead to a significant decrease in
the permeate flux during the experiment. Moreover, the dissolved L-glu molecules can promote
heterogeneous nucleation at the membrane surface, as the solution is locally highly supersaturated.
These nuclei could also extend on the membrane surface and thus contribute to a further decrease in
the flux. Hence, a decrease of the membrane performance, due to degradation of the selective fine
layer of HybSi®, is expected after a certain number of use (after around 12 uses for the M2 membrane,
fluxes and separation factors have been divided by 2 (data not shown)).

4.3. Influence of operating parameter on the polymorphic form obtained

Table 10 summarize the polymorphic forms obtained according to the operating conditions for two
ethanol mass fractions.

Table 10. Summary of the polymorphic forms obtained for weton,ini = 0.122

Operating parameter Polymorphic form
Mainly a
Permeate pressure (mbar) -
Mainly a
25 Mainly a
Temperature (°C) -
40 Mainly B
- Mainly a
Seeding at 25°C a Mainly a
B Mainly B
. - Mainly B
Seeding at 40°C - -
a Mixture of a and B but mainly B

Table 10 highlights that temperature has a significant influence on the selection of the polymorphic
form for the ethanol mass fraction of 0.122. Indeed, the a-form is the main polymorphic form
produced at 25°C while it is the B-form at 40°C. However, the increase of the permeate pressure does
not influence the polymorphic form for wetom,ni = 0.122 (cf. Table 10).

In contrast, a mixture of both polymorphs, mainly with the a-form is observed at 40°C for
Wetonini = 0.252, (cf. Table 11). At the beginning of the experiment, the a-form is observed and then a
phase transition occurs. At high temperatures, the thermodynamically stable B-form tends to
crystallize preferentially.

Table 11. Summary of the polymorphic forms obtained for Weton,ini = 0.252, at Ppermeate = 3mbar

Operating parameters Polymorphic form obtained

. - Mainly a
Seeding at 25°C

a Mainly a

. - Mixture of o and B but mainly a
Seeding at 40°C

a Mixture of a and B but mainly a

These observations are consistent with those reported in the literature [58,59]. Indeed, one of the key
parameters to control the crystallization of a polymorphic form on another seems to be the
temperature. According to the work of Tahri et al., at low temperature (~ 5°C) and low supersaturation,
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the nucleation and growth of polymorph o are faster and a preferential crystallization of this
polymorph is observed [60]. In this work, metastable crystals are spontaneously obtained at 25°C for
Weton,ini = 0.122 and Weton,ini = 0.252, and at 40°C for Weton,ini= 0.252. The addition of antisolvent in the
initial solution moves the nucleation area of the a-form forward. This behaviour follows the Ostwald
rules of stages which suggests that a chemical system does not tend the most stable state, but rather
tends towards the closest metastable state [61].

Tahri et al. suggested a kinetic explanation of the Oswald rules of stages, based on an original ripening
mechanism occurring between polymorphs clusters [60]. According to the authors, in the first step of
the crystallization, at the nanometric scale, both polymorphs nucleate. Nevertheless, because of the
rapid growth of the metastable phase clusters consuming the supersaturation, the slow-growing
clusters of the stable polymorph become undersaturated and dissolve (cf. Figure 17). Therefore, if the
difference in growth kinetics between the polymorphs is high while their equilibrium concentrations
are close, the Gibbs-Thomson effect may allow the preferential crystallization of the metastable
polymorph at the expense of the stable polymorph, leading to the macroscopic observation of Ostwald
rules of stages [60].

Particle size L

N

4o Time t

Figure 17. Competition between both polymorphs of L-glutamic acid, leading to the production of the
metastable o polymorph [60]

At high temperatures (= 40°C) and low supersaturation, the nucleation rate of the a-form is low while
the growth rate of the B-form is more important. In the competition between the two polymorphs,
B nuclei sizes manage then to remain over the critical size all along the nucleation process which
justifies the prevalence of the B-form [62].

Of all the different parameters involved in the crystallization process of polymorphs, the suggested
ripening mechanism seems to have an important role. Considering this mechanism between
polymorphs could be useful for the control of the polymorphic phase obtained in industrial processes
or for their screening.

5. CONCLUSION

This study describes the pervaporation process applied to the crystallization of L-glu. The purpose is to
determine the experimental parameters allowing the control of the crystals’ final properties (size and
polymorphic form) and to identify the limiting parameters of the process. It is found that temperature
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is @ major parameter that controls the membrane’s selectivity as well as the polymorphic phases
produced. Moreover, a significant decrease in permeate flux as a function of time is obtained for
experimental conditions where the initial flux is high. Stabilization of the flux after 1h or 2h of
pervaporation is observed, for lower initial flux values. The permeate flux also decreases with the
repeated use of the same membrane, the regeneration does not allow to find the initial value of the
flux. The achievement of a stabilized flux after 1h or 2h of pervaporation/crystallization can be
explained by the formation of a boundary layer on the surface of the membrane. The decrease in
permeate flux is the consequence of several phenomena: the concentration polarization of ethanol
and L-glu acid molecules and membrane fouling as result of the adsorption of dissolved L-glu acid
molecules and L-glu crystallization on the membrane surface (where supersaturation is locally very
high). Fouling contributes after several uses, to reduce the performance of the membrane and
therefore the process.

Results obtained show the feasibility of the pervaporation process applied to the crystallization of L-
glu. Itis found that the polymorph formed does not directly depend on the permeate flux but more on
the operating conditions and particularly on the temperature and the mass fraction of ethanol in the
initial water/ethanol mixture.
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