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On the relative influence of the hydrodynamics of lab-scale set-ups and
the membrane materials on the rejection of homogeneous metal

catalysts in solvent resistant nanofiltration

Solvent resistant nanofiltration is a promising process for homogeneous metal
catalyst recovery. However, catalyst rejections are determined using various set-
ups with different hydrodynamics, which questions the comparison of the results.
The analysis of the membrane performance is another issue even when
comparing membranes made of the same material. This study compares the
hydrodynamics of three experimental set-ups. Rejections from 57.8 to 80.8%
between cross-flow and dead-end SRNF are observed with a Rh catalyst (MW =
258 g-mol™?) in toluene. A high throughput screening system is used to analyze
the performance of a set of membranes in terms of permeate fluxes and catalyst

rejections.

Keywords: Solvent resistant nanofiltration; hydrodynamics; cross-flow; dead-
end; homogeneous metal catalyst rejection

Introduction

Production of fine chemicals suffers from difficult separation of multicomponent post-
reaction mixtures. In fact, the usual purification steps have many drawbacks because
they can be energy-consuming (distillation), need phase change (distillation,
crystallization) or consume large amounts of solvents (liquid-liquid extraction). Solvent
resistant nanofiltration (SRNF) is a promising separation process (1-4) since it can be
performed at low temperature, in liquid phase only and without any solvent addition.
This makes SRNF an eco-friendly process, favorable to maintain the integrity of fragile
molecules. In that sense, SRNF has a huge potential in the field of homogeneous metal
catalyst recycling because thermal separation processes can be responsible for their
degradation (5). Many papers focus on the recycling of homogeneous and pseudo-

homogeneous catalysts by SRNF (6-14). Different strategies are used to improve their



separation from the final mixture. Variations of membranes (10,11), solvents (15,16)
and operating conditions (mainly transmembrane pressure (16,17) and sometimes
temperature (10)) are studied as the most important process design parameters.

All these experimental results have been obtained with different lab equipment
exhibiting different hydrodynamics (10,16,18,19) and the question of their comparison
and their transposition to larger flat membranes or industrial spiral-wound modules is
open, since fluxes and rejections can vary from one set-up to another (20). Some studies
report on the effect of hydrodynamics on membrane performances in aqueous systems
(21-25) highlighting (i) the positive effect of cross-flow systems to decrease
concentration polarization compared to dead-end filtration (21) and (ii) the influence of
the module scale on the mass transfer for cross-flow (22-24) and dead-end filtration
(25). However, few studies focus on the influence of hydrodynamic conditions and the
scalability of the results in SRNF. Tsibranska and Tylkowsky (26) compared fluxes and
rejections of phenolics and flavoids with Duramem 300 and 500 membranes in ethanol
with a cross-flow set-up (ca. 100% rejection) and a stirred dead-end set-up (70-100%
rejection). Patterson et al. (27) also compared cross-flow and dead-end set-ups with the
Starmem 122 membrane in toluene. The filtrated trialkylamine bases had lower
rejections in cross-flow mode, which was explained by differences in concentration
polarization and fouling between the 2 operating modes, even though for one solute the
rejection was 19% in dead-end mode and more than 80% in cross-flow SRNF. Shi et al.
(28,29) studied the hydrodynamics of industrial SRNF modules with the PuraMem
S600 membrane. Using data from a 1.8”x12” spiral-wound module tested with solutions
of sucrose octaacetate in ethyl acetate, correlations were determined to characterize the
fluid dynamics as well as the mass transfer coefficient. The solution-diffusion model

and the film theory were also used to successfully predict the performances of the



module of larger size. In addition to the influence of the hydrodynamics, it has to be
mentioned that the variance in data is also important since it can affect the ultimate
separation process (30).

This paper deals with the comparison of the performances of 3 lab-scale set-ups.
Two of them are cross-flow systems and the third one allows dead-end nanofiltration.
Their hydrodynamics are first compared using Reynolds numbers and the cross-flow
velocity. Then, the toluene fluxes and the rejections of homogeneous metal catalysts
obtained with these 3 set-ups are compared to determine the influence of the
hydrodynamic conditions. Finally, a dead-end set-up allowing fast membrane screening

is used to discuss the effects of solvent and membrane on the catalyst rejection.

Materials and methods

Solvents and metal catalysts

Toluene of analytical grade (>99.3% purity) was provided by Sigma-Aldrich and
dimethyl carbonate (DMC, >99% purity) was purchased from Alfa Aesar. The Grubbs-
Hoveyda Il (Fig. 1-a) and Rh(acac)(CO) (Fig. 1-b) catalysts were provided by Sigma-
Aldrich. The properties of the solvents and the metal catalysts are summarized in Table
1.

[Figure 1]

[Table 1]

UV-Vis spectra in toluene and in DMC were recorded in the 280-800 nm range with a
Jasco V-630 spectrophotometer equipped with a quartz tube of 1 cm path length. The
background was recorded with pure solvent. The concentration of pure Grubbs-
Hoveyda Il was estimated from its maximum absorbance at A,,,x = 377 nm and the one

of Rh(acac)(CO)2 at A, = 334 nm using the Beer-Lambert relationship. The accuracy



of the analyzes was 5%.

Membranes

Various membranes based on polydimethylsiloxane (PDMS) and polyimide (PI) were
tested. Their main characteristics are summarized in Table 2. Membranes were cut as
flat sheet coupons prior to SRNF. For all membranes, one coupon was used for toluene
experiments and another one for DMC experiments. The membranes were first
compacted in the respective solvent at room temperature under 40 bar pressure until a
constant flux was reached. The first milliliters that passed through each membrane
sample were discarded because of the possible presence of preservatives. The
membrane conditioning can have an impact on its performance (32). For better
comparison, the same conditioning was applied to all membranes, even though the
Solsep NF070706 was not supposed to be used up to 40 bar (see Table 2). It has to be
noticed that no damage was observed on the Solsep NF070706 surface after use and
several papers already reported on its use under 35-40 bar pressure (33,34).

[Table 2]

Filtration conditions and experimental set-ups

For all SRNF experiments, the Grubbs-Hoveyda Il initial concentration was 0.5 mM
and that of Rh(acac)(CO)2 was 0.05 mM, which corresponds to what can be encountered
in catalytic reactions. All nanofiltration experiments were operated at room temperature

and at TMP=30 bar, unless otherwise specified, with a volume reduction ratio (VRR) up



to 2. For all experimental set-ups, sealing was obtained with Viton® O-rings. Wetted

rings were FEP-coated to prevent any damage due to the organic solvents.

Cross-flow SRNF with the MET set-up

Flat sheet membranes (17 cm?) were inserted in circular cells on a commercial stainless
steel filtration unit (MET-Evonik, UK) (Fig. 2). Two cells were connected in series to
make the retentate of the first cell to feed the second one. The cross-flow mode was
obtained thanks to a recirculation pump (part of the MET set-up) allowing a flowrate of
1.24 L-min. Since this feed flowrate was high compared to the permeate flux, an
equivalent feed was considered for both membranes. The height of the feed channel was
5 mm. The pressure was obtained thanks to nitrogen pressure applied on the feed tank.

[Figure 2]

Cross-flow SRNF with the SEPA cell

A SEPA cell for flat sheet membranes (139 cm?) was used (Fig. 3). The pressure was
imposed thanks to a HPLC pump (AZURA P 4.1S, Knauer, Germany) allowing a feed
flowrate up to 50 mL-min™. The cross-flow mode was obtained thanks to a recirculation
pump allowing a flowrate of 1.24 L-mint. A spacer (Fig. 4) was inserted in the
retentate compartment in order to promote turbulence (65 mil - thickness of 1.65 mm,
Sterlitech, US) as in a spiral module. Without spacer, the height of the feed channel was
2 mm.

[Figure 3]

[Figure 4]

Dead-end SRNF with the HT-system

Dead-end filtrations were carried out in 2 different high-throughput (HT) filtration



modules (HTML, Belgium) (37,38) called HT-system, allowing for simultaneous
filtrations with 6 or 16 membrane samples under the same operating conditions (Fig. 5).
The 16 positions set-up was used for all experiments in toluene and for some
measurements in DMC, while the 6 positions set-up was used for all other DMC
experiments (solvent flux and SRNF of solutes). Membrane samples were supported by
a porous stainless steel disc. The active area of each membrane sample was 4.52 cm? for
the 6 positions set-up and 1.54 cm? for the 16 positions set-up. The pressure was
obtained thanks to nitrogen pressure applied on the feed tank. Feeds were stirred
magnetically at 320 rpm (length of the stirrer: 8 cm). Inventors of the system have
already checked that all positions were equivalent dealing with fluxes and rejections of
rose Bengal in 2-propanol (37), but the system was not characterized yet with respect to
hydrodynamics.

[Figure 5]

Hydrodynamics

In order to compare the performances of the different set-ups, they were first
characterized by their hydrodynamics. The Reynolds number Re is an easy and
commonly used way to compare hydrodynamic conditions. It is also often used in
correlation to determine the mass transfer coefficient (39). For sake of simplicity, a
uniform flow distribution has been assumed above the permeating area of the

membranes, even if this assumption does not always correspond with reality (40,41).

Cross-flow SRNF

For a cross-flow nanofiltration, the Reynolds number was calculated according to
equation (1). It has to be underlined that for a flow channel (MET set-up, SEPA cell),

turbulent conditions start at Reqg > 2,000.



Recp = —— 1)

with p the solution density (kg-m=), dy the hydraulic diameter of the liquid flow (m), u
the free liquid velocity (m-s™) and 1 the solution viscosity (Pa-s). Since the solutions
were diluted, toluene density and viscosity data were used. dy and u had to be
determined according to some assumptions.

The hydraulic diameter was calculated with equation (2) (39,42).

2xLxH
du = Tq 2)

with L the length of the channel (m) and H the height of the channel (m).

The feed flowrate Q (m3-s™t) was imposed by a pump and the liquid velocity u (m-s?) in

the membrane cell was calculated as follows:

Zilte

(3)

Rectangular cell. Fig. 6 is a layout of the rectangular SEPA cell. The Reynolds number
for the SEPA cell was calculated considering a free liquid channel without spacer. It
was assumed that the feed passed through the whole length L at the membrane cell

entrance. For such a configuration, the flow section S was calculated with equation (4).

S=LxH 4)

[Figure 6]

Circular cell. For the circular cells of the MET set-up, Reynolds calculations were

done considering that the liquid moved as a whirlwind, as illustrated in Fig. 7.

[Figure 7]



The length of the flow section was assumed to be the diameter of the pipe where the

liquid came from (d=2 mm). The flow section S was calculated with equation 5.

S=dxH (5)

Dead-end SRNF

For a dead-end circular cell, the Reynolds number was calculated thanks to equation 6
(43). For a stirred cell (such as the HT-system), a turbulent flow starts at Repg > 2-10°

(44).

_ p"Dstirrerz"W
Repg = - n (6)

With Dgrrer the diameter of the stirrer (m) and w the angular speed (rad-s™).

SRNF experiments

The same procedure was applied for each experiment whatever the experimental set-up.
All nanofiltrations were performed at room temperature (27 + 4 °C). The first step was
to measure the pure solvent flux J, (L-m-h) at the desired transmembrane pressure

(TMP) using equation 7.

Jo = Axt (7)

with V;, the volume of permeate (L) recovered during t time (h) and A the membrane
filtering area (m2).
The membrane permeance Lp, (L-m-h™-bar™) was also determined thanks to

Darcy’s law:

]0 = LPO X TMP (8)



Then the solution to filtrate was prepared at the initial concentration (0.05 mM for
Rh(acac)(CO)2 and 0.5 mM for Grubbs-Hoveyda I1) and the set-up was filled (200 mL
of solution for the MET set-up and the HT-system and 260 mL for the SEPA cell). The
filtration was performed up to a volume reduction ratio (VRR) equal to 2 (i.e. half of the

initial feed volume passed through the membrane, equation 9).

VRR — Vinitial feed (9)

Vfinal feed

With Vipitial feeq the initial volume of the mixture in the feed tank (L) and Vipai feeq the
final volume of the mixture in the feed tank (L).

Permeate samples were taken during the filtration in order to measure the
permeate flux (Jsgnr) and the solute concentration. The final retentate was also

analyzed in order to calculate the rejection at VRR=2 using equation (10).

Rejectionygr=z (%) = (1 - S—E) x 100 (10)

with Cp the concentration of the last permeate sample (mol-L™) and Cy the final
retentate concentration (mol-L™?).

The remaining solution was then taken off and the set-up was thoroughly rinsed
with solvent. Lastly, the pure solvent flux after rinsing (Jg) was measured in order to be
compared with the initial solvent flux. For each experiment, the flux measurements (J,,

Jsrnr, Jr) Were repeated twice and the accuracy was 2%.

Results and discussion

Hydrodynamics of the 3 lab-scale set-ups

The fluid velocities and the Reynolds numbers were calculated for all set-ups (Table 3).

For the MET set-up, according to Fig. 7, the flow was supposed to behave as a



whirlwind and so a turbulent regime was operated. Cortés-Juan et al. (45) used
Computational Fluid Dynamics to highlight that the flow was partly tangential to the
cell wall for a circular cell even if the feed arrived straight inside the cell. Dzhonova-
Atanasova et al. (46) also considered a tangential orientation of the feed pipe resulting
in a swirling flow in the cell for a lab-scale set-up (from MET society) with the same
geometry as the MET set-up but with an active membrane area of 54 cmz2. They
performed Computational Fluid Dynamics simulations considering a pure water
solution and found that the speed of the solution was in the range 0.3-0.9 m-s* for a
feed flowrate of 1.2 L-min. In these conditions, the Reynolds number was estimated to
8,500. All these data are in accordance with our results.

The SEPA cell seemed to work in laminar conditions (Reynolds < 2,000) but the
calculation was performed considering a free liquid channel. It must be underlined that
this apparent laminar regime was probably not encountered in the cell because a
retentate spacer was added to promote turbulence (40,47). The fluid velocity in the
SEPA cell was estimated to 0.13 m-s™. It’s noteworthy that in industrial membrane
spiral-wound modules, the fluid velocity in a free liquid channel can be estimated by
simple assumptions (48) and usually ranges from 0.1 to 0.6 m-s™ (49) and sometimes
reaches 2 m-s* (50).

The HT-system was developed to work in turbulent conditions, which is
highlighted by a high Reynolds number (> 300,000), but it is commonly accepted that
dead-end filtrations can increase concentration polarization. Moreover, the calculated
Reynolds number is an average value and the local variations along the stirred cell were
not taken into account. Actually, the mass transfer decreased continuously with the
distance from the sidewall, to reach zero at the center of the set-up (21,25).

[Table 3]



Comparison of the performances in toluene for the 3 set-ups

The previous flow characterization has outlined that different hydrodynamics were
encountered with 3 different lab set-ups, thus the influence of hydrodynamics on SRNF
results has to be determined. The reported results were calculated using data obtained at
final VRR=2, but it has been checked that both flux and rejection were constant

throughout the experiments (Appendix 1).

Pure toluene fluxes

First, the toluene fluxes of the Sulzer Pervap 4060 (PDMS) and the Starmem 122
(polyimide) membranes were measured with all set-ups, each time using a new
membrane coupon (Fig. 8). For the SEPA cell, the experiments were performed only
with Sulzer Pervap 4060.

For the 3 set-ups, similar toluene fluxes were obtained with Sulzer Pervap 4060
in the 10-30 bar range. For the MET set-up and the SEPA cell, fluxes were so close that
they needed to be differently colored to be distinguished in Fig. 8. The same trend was
also observed with Starmem 122 in the MET set-up and the HT-system. One can guess
that the same flux would have been found with the SEPA cell. These results were
expected since the solvent flux is known to be independent of the hydrodynamics when
the permeate flux is small compared to the feed flow. It can be noticed that the PDMS
membrane fluxes were systematically five-fold those measured with the polyimide
membrane.

[Figure 8]

Fluxes of model solutions

Fluxes during SRNF at TMP=30 bar of the Grubbs-Hoveyda Il and Rh(acac)(CO)>

catalysts in toluene (Jsgrng) Were compared to the pure solvent flux (J,) at the same



pressure, for both membranes. Table 4 gives the Jsrng/], ratios.

For SRNF of Grubbs-Hoveyda Il in the HT-system with Starmem 122, the flux
with the catalyst was 10% lower than the pure solvent flux (the membrane recovered its
initial flux after rinsing) which revealed that concentration polarization occurred in spite
of turbulent conditions. Rabiller-Baudry et al. (18) obtained a more pronounced effect
at the same concentration during dead-end SRNF experiments using an apparatus
operating under laminar conditions. Actually, they observed that only 35% of the initial
flux was maintained, this flux reduction being fully reversible. By changing either the
set-up (MET set-up with Starmem 122) or the membrane (HT-system with Sulzer
Pervap 4060), the Jsgnr/]o ratio was close to 1. An additional experiment was realized
with the MET cell and the SEPA cell mounted in series (analogous to the replacement
of membrane 2 by the SEPA cell in Fig. 2) so that both cells were studied exactly under
the same operational conditions. Similar Jsgrng/], ratios were obtained, thus the
influence of the hydrodynamics was limited with these diluted solutions.

For SRNF of Rh(acac)(CO)., the Jsgnr/Jo ratio was close to 1 for all
experiments, meaning that there was no flux decrease. So no concentration polarization
can be evidenced through the flux data. This result was expected because the
concentration of this catalyst was very small and its effect on the flux was negligible.
Nevertheless, an approach combining the film theory and the solution-diffusion model
developed by Murthy and Gupta (51) can be used to evaluate the solute concentration at
the membrane. If the membrane concentration over the bulk concentration ratio
(Cr/Cpuk) is higher than 1 then concentration polarization occurs. Experimental data
obtained with the MET set-up at a TMP of 10 and 30 bar during SRNF of
Rh(acac)(CO). were used for the calculations (Table 5). No concentration polarization

was detected with Sulzer Pervap 4060, although concentration polarization was



evidenced with Starmem 122, even if this was not observed with flux measurements. In
the tested 10-30 bar pressure range, the higher the transmembrane pressure, the more
significant was the concentration polarization in agreement with the results of Imbrogno
and Schafer (21) in water systems. The results obtained with both catalysts emphasize
that not only hydrodynamics but also subtle interactions between the solute and the
membrane play a major role in SRNF performances.

[Table 4]

[Table 5]

Rejections of solutes

The rejections of the Grubbs-Hoveyda 1l and the Rh(acac)(CO); catalysts at TMP=30
bar were then compared with the 3 set-ups, using both membranes (Table 4). As a
general trend, the rejections obtained with Starmem 122 were higher than those
obtained with Sulzer Pervap 4060. This can be put in parallel to the much lower fluxes
of the former membrane.

The rejection of the Grubbs-Hoveyda Il catalyst with Starmem 122 was the
same with the MET set-up and the HT-system (99.6%). Both cross-flow set-ups also
revealed similar catalyst rejections with Sulzer Pervap 4060 (ca. 95% at TMP=10 bar).
For that experiment, the slightly lower rejection can be partly attributed to the lower
pressure applied during SRNF. For a strongly retained solute, it seemed that the cross-
flow or dead-end hydrodynamics had no impact on the rejection.

The rejection of Rh(acac)(CO)2 varied from 35% to 81%, depending on the set-
up or the membrane used. Similar to what was observed with the Grubbs-Hoveyda Il
catalyst, both cross-flow set-ups exhibited comparable rejections. However, the

rejection was at least 20 percent higher with the HT-system (dead-end mode) whatever



the membrane. This can be correlated to the optimized hydrodynamics developed for
the HT-system as pointed out by its high Reynolds number.

These preliminary results highlight that the membrane material mainly drives
the SRNF performances and that hydrodynamics has a small impact on solvent flux and
rejection for very highly retained solutes (for concentrations in the millimolar range)
whereas hydrodynamics plays a major role for solutes with intermediate rejections.
Hence, in the following, a membrane screening was performed with the HT-system,
allowing to study the membranes performances exactly under the same operational

conditions and hydrodynamics.

Membrane screening in toluene and DMC with the HT-system

A set of PDMS and polyimide membranes were tested. Their characteristics are
summarized in Table 2. The filtrated solutions were prepared with the catalyst as a
single solute. It has to be noticed that real reaction mixtures would be more complex,
since mainly composed of some remaining substrate, the target product and several by-
products, in addition to the catalyst residue. The substrate/product concentrations are
usually high (up to 1 mol-L? (52)) which may induce a rejection variation due to either
interactions between the catalyst and the organic products or modification of the

solution viscosity.

Solvent fluxes

Pure solvent fluxes at TMP=30 bar were first measured (Fig. 9). Toluene fluxes were
measured with the 16 positions HT-system. Fluxes in DMC were measured with the 6
and 16 positions HT-system and proved to be equivalent with both set-ups. The DMC
viscosity and density were close to those of toluene (Table 1) meaning that the flow

remained turbulent in DMC (Repg=395,283 > 200,000).



As a general trend, the DMC flux was higher than the toluene flux (which was
not measured for the Solsep NFO30306F and both Duramem membranes, since they had
an extremely low permeance), except for Sulzer Pervap 4060, Solsep NF070706 and
Starmem 240 exhibiting a much higher toluene flux. The membrane material was not
the only factor influencing the permeance since the 2 PDMS membranes Solsep
NF070706 and NF030306 had respectively the highest and the lowest toluene fluxes
and the 2 Pl membranes Starmem 122 and 240 had respectively the highest and the
lowest DMC fluxes. The MWCO is commonly considered as being the main difference
between the last 2 PI membranes, but other manufacturing differences (active layer
thickness, additives,...) are necessary to tackle their reversed behavior from toluene to
DMC.

[Figure 9]

Solvent fluxes were also measured during SRNF experiments. In toluene, the

Jsrne/]o ratio was close to 1 for all membranes during the filtration of all catalysts (Data
not shown). This was also true in DMC, except for SRNF of Grubbs-Hoveyda Il with
the Starmem 240 membrane (Jsrng/]o=0.56). Keraani et al. (53) were the first ones to
perform SRNF of Grubbs-Hoveyda Il in DMC. They used a Starmem 228 membrane in

a dead-end set-up and observed a Jsgng/Joratio of 0.82 at a TMP of 25 bar.

Catalyst rejections

The Grubbs-Hoveyda 11 catalyst rejections were first determined (Fig. 10). For toluene
solutions, the rejection reached 99.6% with Starmem 122 and 90.0% with Sulzer Pervap
4060 but was lower than 65% with all other membranes. The highest rejection was
obtained with Starmem 122 which also had the lowest flux, whereas Sulzer Pervap 4060

exhibited one of the highest rejection as well as the highest flux. Thus, a clear



relationship between toluene flux and catalyst rejection cannot be drawn, as could be
expected from membrane permeations where affinity of the solvent or the solute for the
membrane also plays a role (31,54,55).

Three membranes were tested for the Grubbs-Hoveyda 11 rejection in DMC. The
maximum rejection was 94.8% with Starmem 240, comparable to the maximum
rejection observed with toluene. This should be of importance for productivity reasons
since the rejection of the reaction product is an issue quite frequently omitted: the high
MWCO of Starmem 240 compared to Starmem 122 should favor the reaction product
permeance. For the 2 PDMS Solsep membranes, the rejections were quite different:
53.6% with NFO30306 and almost 2.3% with NF070706, thus the highest rejection was
obtained with the membrane exhibiting the highest MWCO.

[Figure 10]

In toluene, Rh(acac)(CO)2 always had a lower rejection than the Grubbs-Hoveyda |1
catalyst (Fig. 10). This result was expected because of their molecular weight
difference. Its rejection was higher than 80% only with Starmem 122.

In the case of DMC solutions, the Rh(acac)(CO): rejection was 86% with Solsep
NF030306. The 2 other tested membranes had a rejection lower than 30%. It seemed
that, in DMC, the PDMS-based membranes from Solsep had a low affinity for
Rh(acac)(CO)2 (high rejection) whereas they had a quite good affinity for the Grubbs-
Hoveyda Il catalyst (low rejection). An opposite trend was observed with the Starmem
240 membrane made of Polyimide.

The results obtained with Solsep NF070706 and Starmem 240 can be used for a
global comparison since these 2 membranes were tested with both solvents and both
catalysts. Although made of different materials, they exhibited a much higher toluene

flux than DMC flux and comparable catalysts rejections that followed the same trend,



except for the Grubbs-Hoveyda 11 rejection in DMC. This final point outlines that even
though a clear tendency can be observed when comparing the membrane performance,

the extrapolation of results is still delicate.

Conclusion

The hydrodynamics of 3 lab-scale set-ups were characterized thanks to simple but
realistic assumptions and different flow conditions were revealed. SRNF of two
organometallic catalysts was performed with the 3 set-ups, to study to what extent
hydrodynamics can affect the filtration results. Rejections varied from 57.8 to 80.8%
between cross-flow and dead-end apparatuses for Rh(acac)(CO): (rejection), while
rejections always remained high for Grubbs-Hoveyda Il, whatever the set-up. These
results highlight that for solutes of intermediate rejections, the hydrodynamics may play
a more important role on the rejection than for highly retained solutes.

The HT-system working in dead-end mode and allowing simultaneous SRNF
with several membranes was used for fast membrane screening. Promising
combinations (solvent, catalyst and membrane) were found (e.g. Starmem 122 gave
almost full rejection of Grubbs-Hoveyda Il in toluene), but no systematic trend could be
withdrawn highlighting that “trial and error” experiments might still be necessary to
select an optimal combination. In addition to the time consuming “trial and error”

approach, the design of experiments (DoE) analysis could reveal further trends.
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Table 1. Solvents and solutes properties

Component Molecular weight  Density Viscosity g Solubility
(g-mol™) at 25°C parameter
(mPa-s) (J-cm3)03
Toluene 92 0.867  0.55 238  18.2(31)
Dimethyl carbonate 90 1.069 0.58 3.08 20.2 (31)
Grubbs-Hoveyda Il 627 - - -
Rh(acac)(CO)> 258 - - -
Table 2. SRNF membranes characteristics®
Provider Reference Active layer MWCO Tax TMP,,.x Solubility
material (g-molt)  (°C) (bar) parameter
(J_Cm-3)0.5
Sulzer Pervap 4060 PDMS - - - 15.5 (35)
Solsep NF030306 PDMS 500 150 40 15.5 (35)
Solsep NF030306F PDMS 500 150 40 15.5 (35)
Solsep NF070706 PDMS 250 100 20 15.5 (35)
MET-Evonik  Duramem 300 Pl 300 50 60 23.1 (36)
MET-Evonik Duramem 200 Pl 200 50 60 23.1 (36)
MET-Evonik  Starmem 122 Pl 220 60 60 27.0 (36)
MET-Evonik  Starmem 240 Pl 400 60 60 27.0 (36)

@ Manufacturer data - PDMS : polydimethylsiloxane ; PI : polyimide



Table 3. Hydrodynamic characteristics of the 3 lab-scale set-ups
MET set-up SEPA cell HT-system

Mode of SRNF Cross-flow  Cross-flow  Dead-end
dy (MM) / Dgtjrrer (cm) 3 4 8

u (m-s)/w (rpm) 2.07 0.13 320
Reynolds number (-) 9308 803 338,076

Table 4. SRNF performances in toluene at TMP=30 bar and VRR=2

Membrane Set-up Duration Grubbs-Hoveyda Il Rh(acac)(CO)2
(min) Initial concentration=0.5 Initial concentration=0.05
mM mM
Jsrne/Jo Rejection Jsrne/Jo Rejection
(%) (%)

Starmem  MET set-up 100 1.05 99.6+7.0 1.01 57.8+4.1
122 HT-system 120 0.90 99.6+7.0 1.12 80.8+5.7
Sulzer MET set-up 30 0.89@ 95.4+6.7@  1.05 40.0+2.8
Pervap SEPA cell 30 0.93@ 94.9+6.7®  1.02 35.1+2.5
4060 HT-system 50 1.00 90.0+6.4 1.00 60.9+4.3

@ MET and SEPA cells in series, TMP=10 bar

Table 5. Membrane over bulk concentration ratio (C,,/Cpyx) Of Rh(acac)(CO)2 during
SRNF in toluene with the MET set-up (initial concentration=0.05 mM)
TMP=10 bar TMP=30 bar
Starmem 122 1.49 3.42
Sulzer Pervap 4060 1.01 1.03




Figure 1. Structure of the catalysts: a) Grubbs-Hoveyda Il ; b) Rh(acac)(CO)2

A

Retentate

Feed tank under
N, pressure

—0—

—

v

Permeate

Permeate
membrane 1

membrane 2

Figure 2. Outline of the MET-Evonik filtration unit
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Figure 4. Picture of the spacer used in the SEPA cell (left) and its geometric
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Figure 7. Picture of a membrane coupon after its use with the MET set-up
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Figure 8. Toluene flux of Sulzer Pervap 4060 (full points) and Starmem 122 (empty
points) — o : MET set-up ; ¢ : SEPA cell ; o : HT-system (16 positions)
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Figure 9. Pure solvent flux at TMP=30 bar with the HT-system - Toluene : dashed
column - DMC : full column
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Figure 10. Grubbs-Hoveyda Il (black) and Rh(acac)(CO)2 (grey) rejections with the
HT-system in toluene (dashed column) and DMC (full column) at TMP=30 bar and
VRR=2
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