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Abstract

Due to the lack of efficient membranes to achieve subtle separations in a single step, membrane
cascades appear as an alternative to improve the separation of solutes, especially in the case of close
rejections. However, there is still a need for their rational design. In this work, a systematic study of all
configurations up to seven stages is proposed through a unigque and versatile simulation architecture.
Different recycling modes in between stages are detailed and developed. The same VRR is imposed at
each stage, ranging from 2 to 10. The case study ‘is the olefin hydroformylation catalytic reaction, for
which the simulations aim at the separation of two components, one modelling all organic products to
extract in the permeate and the other one-modelling the catalytic system to recover in the retentate for
its further re-use in the synthesis reactor. Input data for the simulations (rejections and fluxes) are
obtained from preliminary experimental studies. The separation performances are evaluated through
seven criteria, amongst which the outflows extraction/recovery and the membrane area. The analysis
of the simulation results'allows to determine the optimal configuration that fulfills most of the targeted
criteria or to fine tune these separation criteria according to the potentialities or the limitations of the
membrane cascades. Even though focusing a priori on specific criteria, a careful attention should be
paid to all parameters to ensure realistic proposals of cascades or to revise the objectives for more

realistic ones.
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1. Introduction

Organic solvent nanofiltration (OSN, alternatively named Solvent Resistant Nanofiltration - SRNF - or
Organophilic Nanofiltration - ONF) is a technology of high potential of application in fine chemistry
(e.g. for the recycling of homogeneous metal catalysts) [1-8], pharmaceutical industry [9,10] and
petrochemistry [11,12]. Many lab-scale studies have led to promising results for the extraction of a

target molecule or the recovery of a solvent [13,14]. However, for most of multicomponent media, the



available membranes are not enough selective to allow an effective separation in a single step. The
compounds to retain are not fully recovered and those to extract are not completely transmitted
resulting in a reciprocal contamination of the permeate and the retentate and in a weak overall quality
of the two fractions with respect to their further use [6]. This moderate membrane performance is a
drag to OSN industrial development and one of the reasons why few applications exist up to now
[14,15].

A way to improve the separation of solutes is to use a membrane cascade. Such continuous process
splits a feed stream into fractions either enriched or depleted in different components whose recovery
and purity are controlled by the membrane materials, the operating conditions (hydrodynamics and
concentrations) and the cascade design. Caus et al. [16] detailed the advantages of membrane cascades
using the separation of xylose (150 g.mol™) and maltose (342 g.mol™) in water. First they measured
the rejections with a single-stage set-up and then simulated cascades considering a constant rejection
at each stage. The influence of the module volume recovery, the membrane characteristics and the
number of stages (up to 4) in the cascade were assessed. The proof of concept at lab-scale for OSN
was realized by Lin and Livingston [17] who experimentally performed a three-stage cascade with
counter-current recycle for solvent exchange. Tetraoctylammonium was swapped from a 100%
toluene solution to a 75.3% methanol solution thanks to the cascade. Siew et al. [18] combined
simulation and experiments. They carried out a three-stage membrane cascade to concentrate an active
pharmaceutical ingredient (API) in.a mixture with 90% of ethyl acetate and 10% of methanol. The
rejection was 55% with a single-stage set-up and increased up to 80% with a three-stage cascade. They
reproduced by experiments the results of their simulation and succeeded to control the cascade

showing the feasibility.of this type of process for OSN applications in polar solvents.

Despite these relevant studies about membrane cascades, there is still a lack of methodology for their
rational design that is currently made by a subsequent optimization. Abején et al. [19] simulated OSN
cascades up to 5 stages for the separation of an API from its impurity in methanol and optimized the
process by a cost analysis dealing with pressure and recovery at each stage. Recently, Adi et al. [12]
developed a superstructure membrane cascade for a crude oil refining application. The process
improvement was oriented to increase the permeate purity but the extraction was only 5.5% of the
overall mass of the feed stream. Moreover, numerical optimization made the importance of the cascade
design difficult to appreciate because the influence of the optimization variables (transmembrane
pressure and volume reduction ratio at each stage) was not assessed. Schmidt et al. [20] proposed a
four-step design workflow integrating separation task analysis, solvent/membrane selection,
experimental validation and process modelling. The case study was the recycling of a homogeneous
rhodium catalyst represented by triphenylphosphine. The rejection of the triphenylphosphine was
evaluated for cascades up to 5 stages with the possibility to add solvent at each stage. Rejections were

ranging from 89.2% to +99.9%. Determination of the optimal design was established on the basis of



economic data to reduce the cost per ton of product.

This overview highlights a need of methodology for the rational design of membrane cascades but also
to help end-users in the determination of realistic objectives based on the potentiality of membrane
processes. In this study, systematic simulations of cascades up to seven stages are proposed. Different
configurations and recycling modes are developed and explained. This allows to discuss the optimal
configurations that fulfill targeted separation goals based on specific criteria.

2. Chemical reaction of interest

The approach detailed in this paper is of major interest when dealing with the post-treatment of
organometallic catalyzed reaction media. In general, the final mixtures are characterized by a low
concentration of any component from the catalytic system and a high concentration of the product
with a product/catalyst ratio up to 100,000. The case study of this work is the homogeneous catalyzed
hydroformylation of 10-undecenitrile to produce the linear aldehyde A in toluene (Fig. 1). The
catalytic system is composed of a metal precursor and 20 equivalents of the Biphephos ligand B. In
presence of a syngas (H,/CQO), an active catalyst C is obtained in-situ (1 metal center coordinated by 1
ligand B, 1 H atom and 1 molecule of carbon monoxide). This chemical reaction is of particular
industrial interest since the linear aldehyde synthesized is a key intermediate for the preparation of
Nylon-12. Even though several side-products are formed, for sake of simplification all simulations
consider the post-treatment of a reaction with full conversion of the substrate and 100% selectivity for
A (see section 4.1.1).

substrate tol H, /(5:200 °C) product = A CHO
oluene OHC )\(\
O N \/\(\/);\CN + /);\CN
metal precursor
+
competitive
reaction /\(\/)/\CN
7
%—J
WiN side-products
(0<x<7)

('Bu = tert-butyle)

Figure 1: Hydroformylation catalytic reaction

The OSN objective is to extract the aldehyde A in the permeate and to recover the active catalyst C



and the extra free ligand B in the retentate so that they can be sent back to the reactor. General
information about the components to separate is reported in Table 1.

Table 1: Hydroformylation final toluene mixture assuming full conversion and 100% selectivity for aldehyde A
Aldehyde A free Biphephos B active Catalyst C

Molecular mass (g.mol™) 195 787 920
Ratio over metal precursor 20,000 19 1
Concentration at industrial scale (mol.L™) 1 9.5-10™ 5.10°

It is worth noting that Rhodium is one of the most expensive noble metal and-due to the ligand/metal
ratio, ligand B accounts for approximately the same cost as the metal itself." Thus, the efficient

recycling of the whole catalytic system is an economic challenge [20,21].

3. Theoretical approach of the design and modelling of membrane cascades

3.1. Design of membrane cascades
Membrane cascades are multistage processes where the mixture to filtrate passes through several

membrane units. Different configurations can be a priori envisaged.

3.1.1. Basic configuration

In basic configuration, the membranes are connected “in series” (Fig. 2). Starting from a single-stage
process (called stage 0), one can add stages on the retentate side of stage 0 (labelled positively), add
stages on the permeate side of stage 0 (labelled negatively), or both. Three sections are distinguished:
(i) the feed stage (stage Q) ; (ii) the retentate retreatment section (also called multistage [19,22] or
stripping [18,23] section in reference to distillation) ; (iii) the permeate retreatment section (also called
multipass [19,22] or enriching [18,23] section in reference to distillation). With such designs, the final
retentate (respectively permeate) stream is the sum of the retentate (respectively permeate) outflow of
the final stage of the corresponding retreatment section and all retentate (respectively permeate)
outflows of the opposite section. Because of this mixing strategy, multicomponent mixtures coming
from intermediate streams can pollute the final outflows which limits the separation efficiency [18]
whereas without mixing high volumes are not recovered hence reducing the process interest. This type
of design is already applied for reverse osmosis desalination processes [24] and will be further referred
to as “no recycling”. Pumps (not shown) are incorporated between stages to ensure the crossflow
velocity and compensate the pressure drop. Recycling from one stage to another can be added to

improve the separation performance of the cascades.

3.1.2. Recycling -1 configuration or counter-current recycle
The most common type of recycling is the return of the “loss” fraction from one stage back to the feed

of the previous one (namely the permeates in the retentate retreatment section and the retentates in the



permeate retreatment section) (Fig. 3a). This design will be further referred to as recycling “-1” and is
also called counter-current recycle cascade [16,22,25].

retentate +n

stage +n retentate +1
retentate
retreatment

permeate +n section

retentate 0

stage +1

permeate +1
stage 0
(feed) » |2 |

retentate -1
stage -1

permeate 0
retentate -m permeate
retreatment

stage -m permeate -1 [ section

permeate -m

Figure 2: Basic configuration of membrane cascades (“no recycling”)

For such membrane cascades with recycling between two consecutive stages, a comparison is possible
with usual distillation processes where a plateau refers to a stage [26]. As in the case without
recycling, the same three sections are defined in the cascade. Pumps are necessary for all recirculations
and mixers (not shown) can be added to gather several streams. This configuration has only two

outflows: one final retentate and one final permeate.
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Figure 3: Membrane cascades with recycling (dashed lines) in both retreatment sections (a: recycling “-1” ;
b: recycling “+”)

3.1.3. Other recycling configurations

The recycling between stages can be different from recycling “-1”. To discuss the interest of other
types of recycling, based on the aforementioned cascade, two other designs are proposed. For the first
one, all recycled streams are directed towards stage 0. This design will be referred to as recycling

“—0”. This configuration requires a high membrane filtering area on stage O and is supposed to
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increase the residence time of the solutes to separate in the membrane cascade aiming at an apparent
and artificial increase of the number of stages.

For the second configuration, the recycled outflow from a stage is directed towards its counterpart in
the opposite retreatment section (Fig. 3b) which imposes the same number of stages in both sections.
This design will be referred to as recycling “+”. Considering that any retentate is enriched in one
solute compared to another one (and conversely for the permeate), the retentate retreatment section
leads to a global enrichment in this solute (and conversely for the other solute in the permeate). Thus,
the aim of this configuration is to drive any fraction enriched in one solute towards the corresponding

enrichment section.

In the following, whatever the recycling mode, a systematic study is performed for all configurations
up to seven stages. This limitation is probably too sophisticated/costly to be realistic for OSN
applications except for products with very high value but allows to discuss a general approach

enclosing the main possible applications.

3.2. Modelling of membrane cascades

3.2.1. Assumptions

Some assumptions are done to model the cascades: (i) continuous and steady-state process ; (ii) the
feed of the membrane cascade is known (volumetric flowrate and concentrations or molar flowrates) ;
(iii) a mixed outflow has homogeneous concentrations even if mixers are not indicated in the cascade ;
(iv) a constant transmembrane pressure (TMP) is applied at any stage ; (v) the temperature is constant

over the whole process.

3.2.2. OSN parameters
The notations used-in the following equations are illustrated in Figure 4 and the definitions are

presented in the Nomenclature part.

Feed Ca. Retentate
_> ’ " _’
QI:,CF,T'I}: CR(t) CR(t ) CR(t ) QR'CR:hR
Ce(t) Cp(t) Co(t")
Permeate
QP' CP' "zp

Figure 4: Outline of a membrane stage

Two process parameters have to be defined for the simulations. The first one is the rejection that is an
experimental value and usually used as such over the whole cascade [6,25,27,28]. For our simulations,

the rejection value needs to be estimated at each stage (see section 4.1.1). The rejection of a solute X



at stage i is given by Eq. 1.

_ (1 _Cri®
Ri(X) (%) = (1 = (X)) x 100 )
With E(X) (respectively E(X)) the permeate (respectively the retentate) average concentration of
solute X at stage i. Note that the rejections are expressed as percentages, but values between 0 and 1
are used for the calculations.

The second parameter is the volume reduction ratio (VRR) that can be imposed either for each stage or

for the whole cascade. In this study, for sake of simplification, the same VRR; is‘appliedto all stages:

VRR; = VRR = & @)
QR,i

With Qr; the feed volumetric flowrate and Qp ; the retentate volumetric flowrate at stage i.

Instead of VRR, the volume recovery (noted REC) is sometimes used [16,19,22]. This abbreviation
may be ambiguous since REC can also represent the recovery of a solute (in mol%). Here we
introduce the volume permeation ratio (VPR) that.is defined by Eq. 3.

VPRi=VPR=%=1—$ 3)
F,i

With Qp ; the permeate volumetric flowrate at stage i.

3.2.3. Mass balances for a single-stage process

For a single-stage process. (noted stage 0), unknown permeate and retentate variables (the volumetric
flowrates and either the concentrations or the molar flowrates) have to be determined from the initial
feed data. The two volumetric outflows are obtained using Eq. 2 and 3. For each solute, two additional
equations are necessary. The first one is the solute mass balance that can be expressed using the molar

flowrates:
N oX) = 1g 0 (X) + 1p o (X) (4)

With 7z o(X) the number of moles of solute X entering stage O per unit time and n o (X) (respectively
np o (X)) the number of moles of solute X in the retentate (respectively the permeate) leaving that stage

per unit time.

The second equation is obtained by considering the evolution of the retentate concentration along the
membrane module being divided into small elements (see appendix A). This equation is derived from

the mathematical development of the abatment [29]:

fig.0(X) = 11p o(X) X VRRRoX-1l .



3.2.4. Mass balances for a membrane cascade with recycling
Figure 5 represents three-stage membrane cascades with recycling and with 1 stage in each retreatment
section. These configurations are chosen as examples of the modelling procedures for multistage

processes.

a) Qr+1, MR +1 b) Qr+1, MR +1

Qr,0, TR0 _ Qr,0,MR,0 QF-Q
stage +1 > stage +1 o
1 F 41
_____ S T | —
) . r §
,n 1 N
Qr 3 Q0 Qp,+1,Mp +1 Qr a Qp,+1,Mp +1
stage0 — - stage 0 —> |
Ng 1 Ngyo A ng 1 :
o0 i Qr-1,M2-+ M =1y Qr-1,Mp-1
;QF,—l
stage -1 X > stage -1 : —>
Qp,0 TP | Qpo,Mpo  MF-1 |
Qp,-1,Mp,—1 Qp,-1,Mp,-1

Figure 5: Unknown variables for three-stage membrane cascades with recycling (a: “-1” b: “£”)

Each stage of the cascade can be modelled by the same 4 equations (Eq. 2-5) as for a single-stage
process, giving a set of 12 equations. For recyeling “-1”, 14 unknown variables have to be determined
for 1 solute. The last 2 equations necessary for the simulations are obtained by considering the mixing

step leading to the actual feed of stage 0 [19,22]:
Qro = Qr + Q-1+ Qp+1 (6)
Npo =Np +Ng—1 +Np +1 (7

The same development can be drawn for recycling “—07, but for recycling “+”, 16 unknown variables
have to be determined for 1 solute. In addition to the set of 12 equations, the last 4 equations

correspond to the new feed streams for stages +1 and -1:

Qr+1 = Qro t+ Qr-1 8)
Mg+ = Ngo + Mg—1 )
And

Qr-1 = Qpo +Qp+1 (10)
Np—1=MNpo + Np 41 (11)



4. Experimental

The experimental part concerns both nanofiltration results on which simulations are based and detailed

information on the calculations.

4.1. OSN experimental data

4.1.1. Rejections

Some experimental data are requested prior to the simulations. Hydroformylation reaction. mixtures
are obtained starting from an initial substrate concentration of 1 mol.L™ and with respect to the
molecular ratios reported in Table 1. Nanofiltration of the solutions are performed on a Evonik-MET
CrossFlow system at a transmembrane pressure (TMP) of 10 bar, up to VRR 2-and using a PDMS
membrane (17 cm? area). The aldehyde A rejection (determined by GC analysis) and the ligand B
rejection (determined by UV-Vis analysis) are 30% and 88% respectively. Note that the un-reacted
substrate and all side-products have lower rejections than the target aldehyde A which favors their
extraction (data not shown). The same way, the rejection of the active catalyst C is slightly higher than
the rejection of ligand B which favors its recovery. Thus, considering only A (with a feed
concentration of 1 mol.L™) for all organic products and B for simulating the whole catalytic system is

the most difficult separation to perform.

Due to the high concentration of aldehyde A in the feed stream, the influence of this concentration on
its rejection has been considered. A constant rejection of 30% is confirmed for concentrations below
1 mol.L™; but for higher concentrations, the experiments reveal a rejection decrease with the increase

of the concentration, leading to the following equation to be applied to the cascade:
Ri(A) (%) = —3.4869 X Cg;(A)? + 3.6482 X Cg;(A) + 29.738 (12)
With E(A) the retentate average concentration of aldehyde A at stage i that is calculated by:

Cpi(A)

Coi® =1

(13)
With E(A) the permeate average concentration of aldehyde A at stage i calculated thanks to np;(A)

and Qp ;.

Since the rejection and both the permeate and the retentate average concentrations of aldehyde A are
interdependent in Eq. 12 and 13, an iterative progress has to be performed for the simulations until
convergence of the results: at start, the rejection is fixed at 30%, which allows to determine 7np ;(A)
(thanks to Eqg. 4 and 5) leading to both average concentrations as mentioned above. The retentate
average concentration is then applied in Eqg. 12 to determine a new rejection value that is further used
to recalculate 7p;(A) leading to new values for both average concentrations and so on until

convergence of the rejection used and the one estimated.
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The concentration of aldehyde A being 3 orders of magnitude that of ligand B, its influence on the
rejection of ligand B has also been assessed leading to Eq. 14.

Ri(B) (%) = 0.0025 X Cg;(A)? — 2.0126 X Cg;(A) + 90.01 (14)

4.1.2. Permeate fluxes

In order to calculate the membrane filtering area needed at each stage, the permeance has been
experimentally measured at TMP of 10 bar. Assuming that aldehyde A imposes the permeate flux due
to its higher concentration than ligand B, several solutions ranging from 0 mol.L™* (pure solvent) to 4.6

mol.L™ (pure liquid solute A) have been filtrated leading to the following equations:

Lp; = 0.178 X Cg;(A)% — 0.996 X Cg; + 2.934 if Cg;(A)' <25 mol.L™
Lp; = —0.1 X Cg;(A) + 1.8 if Cg;(A)> 2.5 mol.L™ (15)

4.2. Scope of the simulations and calculation details

4.2.1. Scope

The overall amount of aldehyde A to treat is- 10,000 tons per year (Qr = 6,400 L.h™) which
corresponds to a medium scale industrial production. More than 75 different configurations of
membrane cascades have been simulated varying the number of stages in each retreatment section and
the presence of recycling. VRR 2, 4, 6, 8 and 10 are used for the simulations. The same VRR is
imposed at each stage of the cascade to facilitate the understanding of the influence of the cascade
design on the separation performances. The use of a different VRR per stage can be performed to

optimize the process but.is outside the scope of this study.

4.2.2. Calculations

All simulations are realized using a Microsoft Excel file. A unique architecture has been developed
that gathers the “no recycling” mode and both recycling “-1” and “—0” modes as illustrated in Figure
6. This architecture allows to simulate cascades up to 11 stages and to systematically evaluate all
configurations up to 7 stages with at least one stage in both retreatment section, the feed stage being at
any position. A different layout is established for recycling “+” due to its specificity. The aim of the
calculations is to express a feed stage according to the feed of the previous one and its process
parameters (i.e. the rejection and the VRR). In this work, any stage outflow is entirely redirected. Note
that the possibility to split redirected outflows in several streams has also been considered when
preparing the architecture (not shown). For example, the permeate of stage +5 can be partly directed
towards the final permeate stream of the cascade and partly recycled, with the possibility to partly

direct the recycled stream towards any of the stages from +4 to 0.
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Figure 6: Outline of the unique simulation architecture combining “no recycling” (full lines), recycling “-1” (black

dotted lines) and recycling “—0” (grey dotted lines)

The calculations developed in the Microsoft Excel file are examplified hereafter for one solute with

recycling “-1”. Except for the final stages, each feed stage in the retentate (respectively the permeate)

retreatment section is the sum' of two streams: the retentate (respectively the permeate) outflow of the

previous stage and the permeate (respectively the retentate) outflow of the following stage. This direct

addition can be applied to the volumetric flowrates (as usually developed for cascade simulations with

recycling) but also to the molar flowrates, which ensures a useful simplification of the calculations

compared to-the use of the concentrations. For a better understanding of the strategy, the example

starts from the final stage +5. According to Eq. 5:

. . ) R _1
Np 415 =NR 44 = N 44 X VRRR+s=1)

Eg. 16 can also be expressed as:

OR,+4
1_ﬂR,+5

Np45 = Np,44 X

With g ; = VRR®i=Y for any stage i and S, , . = 0 (vide infra).

For stage +4 and according to Eq. 4 and 5:

Np+4 = NR 43 T Np s = Np 43 X Og 43 T N 45 X Ap 45

11

(16)

(17)

(18)



With ap; = 1 — VRR(RI=D = 1 — g ; for any stage i.

By transposition of Eqg. 17 in Eq. 18, the feed of stage +4 can be expressed from the feed of stage +3:

. _ OR,+3
Np 44 = Np 43 X — (19)
1 ﬂR,+4

: _ OR+4Xap 45
With By ,, = =52 ="

Thus, for any stage i in the retentate retreatment section, the feed molar flowrate can be expressed

from the feed molar flowrate of the previous stage according to the following equation:

. . ORi—-1
Npi =Npj-1 X — (20)
1-f;

With B, ; = %:’:1 and 3, ,, = 0 for the final stage +n.

The same development can be done for any stage j (algebraic value) in the permeate retreatment

section, which gives:

. . Qp j+1
Npj = Npjy1 X T/, (21)

With 3, = % and 3, _.. =0 for the final stage -m.

For stage 0:
Npo =Np +Ng—1 +Ap41 =Np +Np 1 X Qg1 + N 41 X Ap 41 (22)

Which leads to:

ng

nF'O = m (23)

4.2.3. Criteria to quantify the membrane cascade performances

Seven criteria are used to compare the performances of the various simulated membrane cascades.

» The extraction of aldehyde A in the final permeate stream:
Extractionof A (%) = (Zp_éf\;) x 100 (24)
F

* The aldehyde A purity in the final permeate stream:

. ip (A
Purity of A (%) = (#ﬁ@) x 100 (25)

12



* The recovery of ligand B in the final retentate stream:

Recovery of B (%) = (Zigi) x 100 (26)

« The ligand B enrichment ratio in the final retentate stream is defined by Eq. 27. This is another way
to deal with purity but the enrichment is more adapted here because ligand B is much less
concentrated than aldehyde A and its purity is very low:

Enrichment of B = Zig;;&igg:ﬁg; (27)
» The overall membrane filtering area = sum of the membrane area at each stage:

Amp (M?) =3 LP'iPT'iMP (28)
With Lp ; being calculated according to Eq. 15.

* The global VRR of the cascade:

Global VRR = g—: (29)

With @ the feed flowrate of the cascade and Qy the final retentate flowrate of the cascade (Fig. 6).
» The energy consumption (all streams are considered, except the final retentate and permeate):

TMP XQF,i

Qosy (kW) = ¥;

(30)

pump

With Myump the pump efficiency equal to 0.7 from literature data [10].

5. Results and discussion

5.1. First approach of the cascades: Influence of the recycling mode and the VRR
Some preliminary simulations are realized in order to highlight the impact of the recycling mode and

the VRR on the cascades performance and justify their specific selection for further detailed studies.

5.1.1. Influence of the recycling mode

The four different modes (“no recycling” and recycling “-1”, “—=0” and “+”) have been compared at
VRR 2 at each stage. Due to the specificity of recycling “+”, all configurations are composed of the
same number of stages in both retreatment sections. Consequently cascades with odd numbers of
stages from 3 to 11 are performed, although a number of stages higher than 7 should not be relevant
for products with low added value. For the configuration with 3 stages, no data is reported for the

recycling “—0” since this is an equivalent recycling to the more general “-1”.
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Figure 7: Impact of the recycling mode and the number of stages on the performances of the cascades (VRR 2 ; black:
extraction of A ; grey: recovery of B ; solid bars and full line: “no recycling” ; obliques and dashed line: recycling “-1”
; horizontals and dash/dotted line: recycling “—0” ; crosses and dotted line: recycling “+)

The performances of the configurations are evaluated in terms of extraction of A in the permeate,

recovery of B in the retentate and the overall membrane area needed to achieve the separation (Fig. 7).

For the design without recycling, the extraction.of A slightly increases from 39% with 3 stages to 57%
with 11 stages. In parallel, the recovery of B drops from 92% to 65%. This too poor recovery makes

the “no recycling” configuration inadequate for industrial purposes.

All configurations with recycling reach at least 98% recovery of B whatever the number of stages,
highlighting the interest to add a recycling for solutes with relatively high rejections. The results are
more contrasted for the extraction of A and always quite low:

» The recycling “—0” gives the same extraction of A than the recycling “-1” that regularly decreases
from 28% with 3 stages to 6% with 11 stages. Nevertheless, it must be noted that even though
similar extractions are reported for both configurations, the membrane area is much higher for the
former recycling that needs an oversizing of the first stage.

» The configurations with recycling “+” present an original behavior since the extraction of A is
almost constant (ca. 30%) whatever the number of stages and always higher than those obtained
with the 2 other recycled configurations. In addition the membrane area is the lowest amongst all
the recycling modes. However, this trend is not confirmed for VRR > 2. In fact, as soon as VRR 3,
the extraction of A and the recovery of B are lower with recycling “+” compared to the 2 other

recycling modes (not shown). Recycling “+” will not be further studied.

5.1.2. Influence of the VRR
Since our objective is to simulate the post-treatment of an industrial production thanks to OSN, VRR 2
appears insufficient and is not presented in the following. Figure 8 shows the simulated extraction of

A and recovery of B thanks to several simple cascades with recycling “-1” and either a retentate
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retreatment section or a permeate retreatment section. Each dot represents the combined results for 1
cascade design at a given VRR. The further from stage 0, the more stages are added in the considered
retreatment section. For example, the dot labelled (+10) corresponds to a two-stage cascade
composed of 1 stage in the retentate retreatment section and the feed stage, whereas the dot labelled (0
-1) corresponds to a two-stage cascade composed of the feed stage and 1 stage in the permeate
retreatment section, and so on.
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Figure 8: Performances of membrane cascades with recycling “-1” either in the retentate or in the permeate
retreatment section (VRR at each stage: full line= 4 ; dashed line= 6 ; dash/dotted line= 8 ; dotted line= 10)

Increasing the number of stages inthe retentate retreatment section allows to increase the extraction of
A in the permeate but systematically decreases the recovery of B the in the retentate. An opposite
trend is observed for the permeate retreatment section. In addition, whatever the number of stages and
the retreatment section, the higher the VRR at each stage, the higher is the aldehyde A extraction but
the lower is the ligand B recovery. This figure clearly shows that dealing with only one retreatment
section (either permeate or retentate) do not allow to reach the “ideal separation” (100% of aldehyde A
extraction and 100% of ligand B recovery) and so both retreatment sections have to be considered

simultaneously in more sophisticated cascades.

5.2. Systematic simulation of sophisticated cascades with recycling “-1”

The goal is to determine the optimal membrane cascade design thanks to simulations that highlight the
influence of the cascade configuration and the operating conditions (especially the VRR at each stage)
on the separation performances. To be consistent with the previous part, recycling “-1” is selected as a

representative configuration.

Figure 9 displays the results of the simulations performed at VRR 4. Starting from the single-stage
process (0), the dashed lines represent simulations of the “no recycling” cascade and the full lines
represent the same design with recycling “-1” highlighting that the “ideal separation” cannot be

reached by incorporating stages in only one retreatment section. The addition of a stage in the retentate
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retreatment section from the configuration (0 -1) or a stage in the permeate retreatment section from
the configuration (+1 0) results in the same configuration corresponding to the dot (+1 -1). Thus, these
3 configurations are linked by dotted lines. As stated before, while increasing the number of stages in
the retentate retreatment section, the extraction of A in the permeate increases but the recovery of B in
the retentate decreases and conversely for the addition of stages in the permeate retreatment section.
Increasing the number of stages in both sections tends towards the “ideal separation” objective.
However, it has to be noted that the more additional stages, the shorter is the performance increase
between 2 linked configurations, whatever the retreatment section. All these curves make an original
mapping (as illustrated by the insert of Fig. 9) that can be used to determine which configuration

(number of stages, feed stage position, recycling mode) and which VRR should be applied to reach a

targeted separation goal.
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Figure 9: Performances of sophisticated cascades (VRR 4 at each stage) — dashed line: “no recycling” ; full line:
recycling “-1” either in the retentate or in the permeate retreatment section ; dotted line: recycling “-1” in both
retreatment sections. Insert: Mapping with VRR 4 (dotted line), VRR 6 (dashed line) and VRR 8 (dash/dotted line)

Optimization of a cascade is not only dealing with an efficient separation and high percentages of
solutes in both outflow streams. The membrane filtering area is an important parameter to consider
due to the membrane turnover (governed by the lifetime in the OSN conditions) and the energy needed
for pumping. Figure 10 combines the results of figure 9 (mind the axes) with the overall membrane
area of the different configurations. It is interesting to note that an efficient separation and a good
solute recovery are not necessarily associated to the highest membrane areas. Similar performances are
reached either by a five-stage cascade (+3 -1) or by a seven-stage cascade (+3 -3) but the membrane
area is doubled for the latter. The membrane area is also related to the position of the feed stage in the
cascade, since addition of stages in the retentate retreatment section will deal with reduced volumes
due to VRR although addition of stages in the permeate retreatment section will deal with substantial

volumes. For a global overview of all configurations, the same analysis has to be realized for all
recycling modes and each VRR tested.
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5.3. Case studies depending on the objectives of the OSN treatment

For the industrial application targeted in this study, the efficient recycling of the whole catalytic
system is crucial because of the cost of both rhodium and the free ligand B used in excess to run
properly the reaction. The first objective is set-at 99% recovery of B. A substantial extraction of the
synthesized aldehyde A has to be envisaged. Two proposals are tested for the extraction of A from

high requirement (95% extraction) to moderate requirement (80% extraction).

5.3.1. Case study 1: 99% recovery of B and 95% extraction of A

By reaching that separation with a membrane cascade, OSN can be proposed as a unique purification
step to replace the energy-consuming distillation process. No cascade design with less than 6 stages is
able to perform such separation (Fig. 11a). Six different configurations of six-stage cascades fulfills
the separation criteria, two of them with recycling “—0”. The results are reported in table 2. The
extraction of A ranges from 95.9% to 99.0% with an excellent purity observed for all configurations
due to the huge concentration difference of A compared to B. The recovery of B is almost unchanged,
but its enrichment depends on the VRR at each stage with more than a two-fold increase by changing
the VRR from 6 to 8 for configuration (+2 -3), whatever the recycling mode. The position of the feed
stage 0 in the configuration is of importance for the overall membrane area and (associated to the
configuration) for the global VRR of the cascade. The more stages in the permeate retreatment section,
the more is the membrane area in accordance with larger volumes to treat. In that way, configuration
(+1 -4) has the larger membrane area (with recycling “-1”) and needs the highest VRR at each stage. It
is interesting to note that similar results are obtained with configurations (+1 -4) and (+3 -2) except
for the membrane area, meaning that the position of the feed stage 0 may have an impact on the global
cost of the cascade without altering its performance. As already stated (see section 5.1.1), recycling
“—0” always leads to comparable extraction of A and recovery of B but to a larger membrane area

compared to recycling “-1”.
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Figure 11: Outline of the configurations allowing 99% recovery of B and: a) 95% extraction of A ;b) 80% extraction
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The last two columns of Table 2 deal with the same configuration, but constant rejections for A and B
were used for the latter. In that case, a slightly lower extraction of A parallel to a lower enrichment of
B are observed. This is consistent with the fact that for the case where the rejections vary, the
simulation imposes lower rejections for A and B when the concentration of A increases. It seems that
variation of the rejections has only a poor impact on the simulation results. However, no consideration
of this variation would have led to the exclusion of one possible configuration since the extraction of
A appears below 95%. Moreover, it has to be pointed out that the final retentate concentration of A is
3.4 mol.L™ when the rejections are not fixed and 9.3 mol.L™ when constant rejections are used, which

is physically impossible since the pure aldehyde A has a maximal concentration of 4.6 mol.L™.

Table 2: Results of the simulations with 95% extraction of A and 99% recovery of B for six-stage cascade designs

Configuration (+144) (+2-3) (+3-2) (+3-2)
VRR at each stage 10 6 8 4 4
Recycling mode -1 -1 -0 -1 -0 -1 -1
Extraction of A (%) 95.9 97.3 96.7 99.0 98.8 95.9 88.9
Purity of A (%) >99.9 >99.9 >99.9 >99.9 >99.9 >09.9 >99.9
Recovery of B (%) 99.5 99.5 99.5 99.0 99.1 99.2 99.4
Enrichment of B (-) 23.8 35.2 29.5 88.9 78.9 23.7 8.9
Membrane area (m?) 1927 1758 2067 1641 1859 1590 1606
Global VRR 81 125 105 343 301 84 84
Qosn (kW) 15.6 15.0 17.2 135 14.9 14.8 14.8

" Simulations with constant rejections (30% for A and 88% for B)

This clearly emphasizes that the criteria used to quantify the cascade performances have to be
carefully selected and all parameters have to be checked. Amongst all results reported in Table 2,
configuration (+3 -2) fulfills at minima the separation criteria with the lowest membrane area and
configuration (+2-3) with VRR 8 at each stage and recycling “-1” presents the best separation
performances (highest recoveries and purities for A and B) associated to one of the lowest membrane
area. However, for this latter configuration, the global VRR (>340) may not be realistic at industrial
scale since it corresponds to a volumetric flowrate reduction from 6,400 L.h! for the feed stream to

less than 19 L.h™ for the final retentate, likely difficult to reach due to the hold-up volume of an

18



industrial equipment.

5.3.2. Case study 2: 99% recovery of B and 80% extraction of A compatible with a limited
global VRR

For that case, the cascade should be considered as the first post-treatment step with 2 objectives.
Firstly, since OSN is performed at room temperature, the catalytic system integrity is preserved which
may allow its recycling. Secondly, due to the splitting of the feed stream into 2 fractions, the volume
being further treated by distillation is reduced, which can have a significant impact on the energy
saving and the cost of the global purification step. Considering the remark dealing with the reachable
global VRR, the minimal separation goal was set at 80% extraction of A and 99% recovery of B. This
reduction of the extraction goal of A allows to reduce the number of stages of the cascade. Seven new
configurations of five-stage cascades fulfill the separation criteria, the majority of them being with

recycling “—0” (Fig. 11b). Table 3 details the simulation results for these new configurations.

Table 3: Results of the simulations with 99% recovery of B and 80% extraction of A for five-stage cascade designs

Configuration (+1-3) (+2-2)

VRR at each stage 6 8 10 4
Recycling mode -1 -0 -1 -0 -0 -1 -0
Extraction of A (%) 88.2 83.0 93.6 914 94.9 88.5 88.5
Purity of A (%) >99.9 >99.9 >99.9 >99.9 >99.9 >99.9 >99.9
Recovery of B (%) 99.6 99.7 90.1 99.4 90.1 99.2 99.2
Enrichment of B (-) 8.4 5.8 15.2 11.5 19.0 8.6 8.6
Membrane area (m?) 1639 1897 1577 1779 1700 1489 1617
Global VRR 25 18 49 39 67 28 28
Qosn (KW) 14.3 16.3 13.1 14.5 13.5 14.2 15.3

The same trends as previously observed can be drawn. The objective of reduction of the permeate
volume makes the global VRR criterion of importance. In that sense, the recycling “—0” appears as
promising since similar extractions/recoveries and purities are reached compared to recycling “-1”
with a lower global VRR. A better selection of the optimal configuration can be based on the
membrane area or the energy consumption criteria and by considering the added value of the product.
Configuration (+1 -3) with VRR 8 at each stage and recycling “—0” associates a good

extraction/recovery with a moderate global VRR and a limited membrane area.

Conclusion

In this paper, original equations for the simulation of cascades are developed. This allows to settle a
flexible simulation architecture that gathers up to eleven stages and different recycling modes.
Recycled streams are considered between consecutive stages, sent back to the feed stage or directed

towards the opposite retreatment section. More than 75 different cascade configurations have been
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systematically studied, each one being developed with several VRR ranging from 2 to 10. Graphical
representations of the separation performances permit to select the best configuration based on specific
criteria. A case study is aiming at the “catalytic system/reaction products” separation in a toluene
mixture issued from the homogeneous catalyzed hydroformylation reaction. An ambitious separation
goal (99% recovery of the catalytic system and 95% extraction of the products) reveals the
(physical/cost) limitations of both the cascade designs and the simulation results. Indeed, only
focusing on separation criteria can lead to excessive VRR and unreachable concentrations in the final
streams. Optimization of the cascade simulations can be done by considering a variable VRR from one

stage to another or by introducing other innovative recycling modes.
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Nomenclature

Anp Membrane filtering area (m?)

CrX) Feed concentration of solute X for the cascade (mol.L™)
Cri(X) Feed concentration of solute X at stage i (mol.L™)

Cpi(X) Permeate concentration of solute X at stage i (mol.L™)

Cp,(X) Permeate average concentration of solute X at stage i (mol.L™)
Cri(X) Retentate concentration of solute X at stage i (mol.L™)

Cr.(X) Retentate average concentration of solute X at stage i (mol.L™)
Lp; Membrane permeance at stage i (L.m2h™.bar?)

ng(X) number of moles of solute X in the feed of the cascade (mol.h™)
g ; (X) number of moles of solute X in the feed of stage i (mol.h™)

np; (X) number of moles of solute X in the permeate of stage i (mol.h™)
ng; (X) number of moles of solute X in the retentate of stage i (mol.h™)
Qr Feed flowrate of the cascade (L.h™)

Qr. Feed flowrate at stage i (L.h™)

Qosn Pumping energy (kW)

Qp Permeate flowrate at stage i (L.h™)

Qr; Retentate flowrate at stage i (L.h™)
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R;(X) Rejection of solute X at stage i (%)

TMP Transmembrane pressure (bar)

VPR; Volume permeation ratio of stage i (-)
VRR; Volume reduction ratio of stage i (-)
Npump Pump efficiency (-)

Appendix A

In a steady-state flow and for one solute, 2 mass balance equations can be written:

Solvent mass balance:

Qr = Qp + Qg (A1)
Solute mass balance:

Qr X Cp = Qp X Cp + Qr X (g (A2)

Considering the 2 above equations and using the VPR (Eq. 3), one gets:

__ Cp—VPRXCp
1-VPR

Cr (A3)

A nanofiltration module can be divided into an infinite number of small elements (Fig. A.1). In a small

element starting from the module feed until a volume permeation ratio equal to vpr, Eg. A.3 becomes:

! = CEZvPTXCp (A.4)
R

1-vpr
With Cr < Cy < Cg.
The permeate concentration can also be calculated incorporating the rejection R (Eg. 1):

12 1 1A 1 4
CP:EXprXdUpT:EXI(l_R)XCRdepr (A-5)

Eqg. Adand A.5 give:

1
1-vpr

Ch X [Cp — (1 = R) X C, x dvpr] (A.6)

After derivation of Eg. A.6 according to vpr, one gets:

d[cgpx(1-vpr)] _ dcr
dvpr _-dvpr

—(1-R) xC} (A7)

The derivation can also be expressed by Eq. A.8.

d[cgpx(1-vpr)] _ dc , o d@-vpr) _ dcg ,
BT (1 —wvpr) x dopr + Cf % “aopr (1 —vpr) x pr—— Cg (A.8)
InEq. A7, ;vC:r = 0, hence combining Eqg. A.7 and A.8 leads to:

21



dCg _ RXCg

dvpr 1-vpr

volume
permeation ratio: 0 vpr

VPR

Feed
Qr, Cr, 1

———

!

G

AR AR AR
J

|

Permeate
Qp,Cp, 1y

Retentate
Qr, Cr, Tg

Figure A.1: Nanofiltration module divided into small elements

(A.9)

Eq. A.9 has to be integrated from the feed concentration to the retentate concentration and from 0 to

VPR.
fCR dcg fVPR Rxd(1-vpr)
Cr ch 0 1-vpr

After integration, one gets:

In(Cg) —In(Cr) = =R X [In(1 = VPR) — In(1)]
Eg. A.11 can be rewritten to get Eq..A.12.

Cr = Cp X (1 —VPR)™R

Replacing VPR by VRR leads to:

CR = CF X VRRR

The concentration can be transposed to the molar flowrate.

fig = 1ip X X VRRR
QF

Combining Eq. A.14 and Eqg. 2 leads to the final equation.

ng = g X VRRE-D
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Highlights

Flexible architecture and original equations used for the simulation of cascades.
75 cascade configurations systematically studied and developed with VRR from 2 to 10.
Graphical representation to select the best configuration based on specific criteria.

A careful attention should be paid to all parameters to ensure realistic proposals.
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