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Abstract

Organic Solvent Nanofiltration (OSN) is widely recognized as an interesting substitute to the thermal-based
separation processes traditionally used in many industries. However, its industrial implementation has been
hampered by the relatively poor understanding of the complex phenomena that drive its performance.
Consequently, various model formulations have been proposed in the past with various degrees of success.
Unfortunately, it seems that mechanistic methodologies tend to suffer from the mentioned lack of fundamental
understanding, while data-driven approaches are typically bound to have very large data requirements and their
predictions are often difficult to interpret and hard to extrapolate. Accordingly, this work presents a hybrid
modelling methodology focused on OSN with ceramic membranes and aimed at the engineering practice. In this
approach, a mechanistic component is married with a data-driven algorithm with the objective of obtaining
accurate predictions that remain interpretable and bounded by the physics of the system. Two model architectures
(parallel and serial) were formulated and subsequently tested with an experimental dataset. Both options were
found to offer improved predictions of total flux and solute rejection in comparison with the widely used solution-
diffusion framework. The models were found to produce accurate out-of-sample predictions and it was possible
to obtain a picture of the influence of the effects driving model predictions. Additionally, adequate estimations of
systems in which affinity interactions are dominant were obtained. This positions the hybrid methodology

presented here as a promising alternative for the prediction of the performance of OSN.

Keywords: OSN, machine learning, hybrid modelling.
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1. Introduction

The critical importance of separation processes for the chemical and pharmaceutical industries is a given, since
these processes account for up to 15% of the world’s energy consumption [1] and represent as much as 70% of
said industries’ capital and operating expenses [2]. As such, there is a strong economic and environmental
argument in favour of challenging the current status quo. Organic Solvent Nanofiltration (OSN) is one emergent
technology with the potential of accomplishing this feat in a wide range of applications. Since it is non-thermal,
OSN promises energy-efficient separations with high selectivity, while remaining appropriate for temperature-

sensitive compounds [1,3-5].

Unfortunately, OSN remains a relatively niche operation even though it has achieved large-scale technical
feasibility in the past two decades [5,6]. There are multiple reasons for this but, among them, the comparatively
poor fundamental understanding of the process is prominent. Unlike in aqueous solvent nanofiltration, OSN
features an extended set of solvent/solute/membrane interactions, which limits its predictability [2,5,7-10]. As a
result, expensive and time-consuming membrane screening experiments are required prior to every OSN industrial

deployment [3,6].

One second issue limiting the reach of OSN is the fact that the typically used polymeric membranes have some
significant disadvantages. In the first place, they swell when in contact with organic solvents, which can impact
severely their performance in time. This swelling behaviour is also highly dependent on the solvent used,
hampering even more both modelling and experimental exercises [11-14]. Secondly, aggressive solvents are
frequently capable of degenerating this type of membrane which is, naturally, a highly undesirable property [14—
17]. In contrast, ceramic membranes do not suffer from these problems and their performance can be fine-tuned
via functionalization [18-21]. Consequently, the spotlight has been moving in the direction of said membrane

class.

One challenge, however, remains the same: the performance of ceramic membranes is also dependent on various
entangled phenomena, which greatly encumbers any process design and optimisation. This has led to an expanding
corpus of literature devoted to unravelling the physicochemical mechanisms behind experimental observations
[3,7,18,19,21,22]. Based on this, multiple mechanistic model structures have been proposed over the years with
the eventual objective of obtaining a reliable way of predicting the behaviour of these systems [2,3,6,7,11,23-25].
This classical approach has the advantage of requiring relatively small amounts of data and, since it is anchored

in first principles and/or phenomenological knowledge, predictions can be interpreted in a straightforward fashion
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and extrapolation is often possible. Conversely, one distinct disadvantage of these models is their large knowledge
requirements which, as suggested before, cannot yet be fully satisfied in the case of OSN. This frequently leads

to unsatisfactory results or extensive calibration demands [7,9,26].

Alternatively, purely data-driven approaches have been touted as a way of circumventing the mentioned gaps in
fundamental knowledge, while providing predictive capabilities [5,9,27-31]. Unfortunately, data-driven models
produce predictions which are difficult to link to physical phenomena, which limits interpretability. Moreover, the
quality and quantity of the available data are of paramount importance, while extrapolation outside the original

training space tends to be a risky proposition [26,27]

In view of the above, a middle ground can be envisioned: hybrid modelling. This method seeks to combine the
mechanistic and data-driven paradigms in order to minimize their weaknesses and synergize their strengths. The
technique has proven to be beneficial in the modelling of other membrane-based technologies and beyond [26,32—
35]. In the field of OSN, Santos et al. [9] showed that a parallel hybrid structure can be useful to improve the
predictability of solvent fluxes in polymeric membranes, but their approach retained the usual extensive
calibration requirements associated with conventional mechanistic models and a relatively small range of solvents

(in the absence of solutes) were considered.

Accordingly, we aim here to go one step further, while exploring less studied ceramic membranes. In this work,
parallel and serial hybrid modelling structures were implemented with the aim of predicting both fluxes and
rejections for different membrane/solvent/solute permutations. The focus is on the potential engineering
application of the methodology rather than on the detailed study of the driving mechanisms. Both native and
modified membranes were studied, and a wide range of industrially relevant solvents and solutes was considered.
In order to capture affinity interactions, the thermodynamic non-idealities of the solvent/solute mixtures were
included in the models, and several appropriate physicochemical properties of the systems at hand were used to
inform their data-driven side. To the best of our knowledge, this approach has not been previously demonstrated
for ceramic OSN applications and as such it can offer a promising path towards the robust prediction of these
systems. This, in turn, should significantly improve the feasibility of model-based membrane selection, reducing

experimental screening and leading to a more widespread industrial implementation of this technology.



© o0 N oo o b~ w

10
11
12
13

14

15

16
17
18
19

2. Hybrid model development.

The general structure of the proposed models is portrayed in figure 1. The starting point is the data collected in a
series of permeation experiments for different conditions and systems. Figure 1.a shows a simplified diagram of
the setup used to obtain said data, while section 3 offers details regarding the experimental part of this work. As
mentioned before, two hybrid model structures were proposed: parallel (figure 1.b) and serial (figure 1.c). In the
former, a calibrated mechanistic component (solution-diffusion model, see section 2.1.) predicts the observables
of interest (flux and/or rejection), while the data-driven component (XGBoost model, see section 2.2.) predicts
the expected difference between reality and the values estimated by the mechanistic model (i.e., the residual error).
Merging these two data streams results in the final prediction. In contrast, the data-driven component of the serial
implementation is used to predict the values of the parameters of the mechanistic model, which is subsequently
used to compute the expected fluxes or rejections. A more detailed assessment of these proposed architectures is

made in section 4.

a b
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Figure 1. Structure of the implemented hybrid models. Permeation experiments (a) were performed under different conditions
for different membrane/solvent/solute combinations. These conditions, as well as the properties of the studied systems were used
to inform a parallel (b) and serial (c) hybrid model aimed at prediction fluxes and rejections.

2.1. Mechanistic component.

In a previous work, Claessens et al. [22] used the Maxwell-Stefan theory to analyse the transport in the same
systems that concern this work. It was found that a transport model based on this theory can successfully capture
the complexities typically observed in OSN experiments. Furthermore, it was observed that several factors, such

as the thermodynamic non-ideality of the solvent/solute mixture and the partitioning coefficients play a large role
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in the determination of the resulting fluxes and rejections. This model is, however, challenging to apply in practice
due to its reliance on the Hagen-Poiseuille’s law and its intricate parametric structure, which severely limits

calibration and identifiability.

Considering this, we chose the solution-diffusion model as the mechanistic description of the transport in the
ceramic membranes studied here. This model emerges from the Maxwell-Stefan equations if cross-coupling
effects are disregarded and diffusion coefficients are assumed to be constant [36]. In addition, this formulation
does not consider swelling phenomena and provides steady-state estimations, which is adequate in the case of
ceramic membranes. In the solution-diffusion model, transport is assumed to occur due to the diffusion of solvent
and solutes through a homogenous active layer after an initial dissolution event (hence its name). This model has
been found to describe OSN better than rival alternatives such as the pore flow model, which typically assumes
viscous flow through well-defined pores [2,9,10,25,37]. Indeed, strong deviations from viscous flow have been
observed in tight ceramic membranes [3,19], which suggests that the dominant mechanisms may be closer to the

one described by the solution-diffusion model.

Equations 1-3 therefore constitute the selected mechanistic component. Considering their potentially substantial
effect [22,25,38—40], the non-ideal thermodynamic interactions between solvent and solutes were captured by
considering the activity coefficients on both sides of the membrane. The Dortmund-modified version of the
UNIFAC group contribution method [41,42] was used to estimate these coefficients in all cases. All other
dynamics and interactions are lumped in the permeability coefficients which are often treated as fitted parameters.
In contrast, this work aims to complement the physics-based solution diffusion-model with a data-driven approach

in order to better capture the phenomena that are not explicitly considered in said model.

Yir  Jip V1P
=P —_ , _ P 1
Jup ! [xl'F YirJip +J2p exp( RT)] €y

Y2 J2p VoD
] =P [x _—— X L ] (2)

o o Yortip +2p p( RT)
rej =1 —]—2 3)

J2F

In the above expressions the subscript / refers to the solvent, while 2 points to the solute (note that a generalization
towards more components is possible). In turn, the subscripts F and P refer to quantities on the feed and permeate

sides, respectively. The solute rejection is denoted by rej. Moreover, J is the component flux, x is its mole fraction,
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and v is its molar volume. The transmembrane pressure (including the osmotic pressure) is denoted by p, the
operating temperature is 7, and R signifies the universal gas constant. Finally, y and P correspond to the activity
coefficients and permeabilities, respectively. When applicable, the flux of the solute on the feed side (J, ) was

deduced from its known concentration on said side.

Since equations 1 and 2 are coupled, the component fluxes were calculated numerically with the hybrid Powell
method [43]. Additionally and when required, the model parameters were obtained after minimizing the sum of
square errors with the Trust Region Reflective algorithm formulated by Branch et al. (1999). Due to the limited
number of parameters and the assumed uncoupled diffusion, no significant identifiability problems were

encountered.
2.2. Data-driven component.

The XGBoost (which stands for eXtreme Gradient Boosting) algorithm [45] was selected as the data-driven
component of the hybrid models proposed here. This and similar tree-based techniques have been observed to
outperform even state-of-the-art deep-learning algorithms when the available data set is tabular [45—48]. XGBoost
is an ensemble learning algorithm that works by iteratively adding decision trees’ (figure 2.a) to the model, with
each tree trained to correct the errors made by the previous trees (figure 2.b). Mathematically, the model can be
described by equation 4 [45]. This expression describes the estimation (J;) of a real response variable (y;) with a

function ¢, which depends on a m number of features/descriptors (x) selected to predict y in the dataset at hand.

Vi=d(x) = ka(xi), fr €EF 4
=1

The tree ensemble model described by equation 4 uses K independent decision trees (denoted by f). In turn, the
space of regression trees, F, is given by equation 5. There, ¢ corresponds to the structure of each tree, while 7T is

the number of leaves. In turn, the leaf weights are denoted by w.

The algorithm is based on the gradient boosting framework and, as such, it implements the gradient descent
algorithm to minimize the loss function by iteratively updating the model parameters to find the direction of

steepest descent [49]. Figure 2b illustrates schematically the functioning of the algorithm.

! See, for example, the work of Quinlan [49] for additional information.
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In order to prevent overfitting and improve generalization performance, XGBoost uses the regularized loss

function given by equation 6 [45].
L) = Y 100 y) + Y 0 ©)
i K
Where:

1
2(f) =VT+§/1||W||2 (7

In the equations above, / refers to a selected loss function that gives the differences between predictions and reality
(squared loss, in this case). Moreover, the function Q is a regularization term that penalizes complex trees and
therefore forces the algorithm to prefer simpler yet predictive structures. This prevents overfitting but introduces

the necessity to tune two additional hyperparameters, namely y and A.

Shrinkage [50] and feature subsampling are two additional strategies used by the implemented algorithm to avoid
overfitting and improve generalization performance. The former reduces the weight of each new tree, decreasing

the influence of individual trees and allowing new ones to better improve the overall model’s predictive capability.

a b
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Figure 2. Schematic representation of the main concepts behind the chosen XGBoost algorithm. a) A decision tree
consisting of various decision nodes (black) and leaf nodes (grey). At each decision node a condition based on a
descriptor is tested till a final estimation is reached in a leaf node. b) The final model is an ensemble of decision
trees. These structures are added iteratively in order to correct for the errors of previous trees. The gradient decent
algorithm is used to minimize a loss function. ¢) The final model structure is obtained with the shown workflow.
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The latter technique forces the model to choose different descriptors for each tree (or node within a tree), which
allows the algorithm to better use the information carried by all features instead of overly relying on a limited
number of important variables. Furthermore, trees are constructed in such a way that data sparsity can be properly
considered, which further enhances generalizability. Additional details can be found in the work of Chen and

Guestrin [45] and references within.

The workflow used during the development of the data-driven components of both hybrid models is schematically
shown ion figure 2c. As illustrated in the figure, the experimental data is pre-processed to obtain train and test sets
as well as the descriptors (see section 2.2.1.) selected to produce the desired predictions. Subsequently, the model
is calibrated with cross-validation [51,52]. During this procedure, the internal structure of the model is determined
and optimised, overfitting is reduced, and the model’s hyperparameters (e.g., y and 1) are determined. Finally, the

test data is used to obtain an evaluation of the model’s performance.

2.2.1. Model features.

A set of physicochemical properties was chosen to act as the descriptors used by the data-driven component of
the models. Two criteria were taken into account when selecting these parameters. In the first place, it was sought
that the selected features contain meaningful information regarding the affinity interactions among the
components of the studied systems. Secondly, the selection was limited to variables that are either available in the
literature or can be calculated with relative ease. This was done with the aim of maximizing the applicability of
the proposed model. Table 1 summarizes the descriptors used in this work. As can be seen there, properties
describing membranes, solvents, and solutes were identified. Note that some of the selected variables are more
informationally rich than others and that correlations among some of them exist. While the XGBoost algorithm is
capable of coping with this situation, additional feature selection was performed during model training. Further

discussion is offered in section 4.

The characterization of the properties of the membranes was achieved primarily with their surface free energies
(derived from contact angles) and Hansen solubility parameters. The latter are often used to quantify
solute/solvent/membrane interaction effects, and they have been demonstrated to contain useful information in
ceramic OSN systems [3]. In this work, the modified group contribution method developed by Andecochea Saiz
et al. [53] was implemented to estimate the Hansen parameters of both native and functionalized membranes. The

surface free energy of the membrane also conveys information regarding the interactions present on the
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membrane’s surface and it is a useful measure of its hydrophobicity. Measured values reported in the literature

were used in this case [15,54-58].

Additionally, the nominal pore sizes of the membranes were used to allow the model to discern the point in which
viscous flow may start playing a larger role. Since it is known that the real pore size in modified membranes ought
to be smaller due to the presence of grafted functional groups, a binary variable codifying whether
functionalization was performed or not was included in the model. This allowed the algorithm to place different

weights on the pore size information depending on the type of system to be predicted.

Table 1. Summary of features used by data-driven models.

Category Feature Symbol
Membrane | Functionalization [-] fu
Hansen solubility parameters Odmt Op sy Onss Opnt
(dispersive, polar, H-bonds, total) [MPa'?]
Nominal pore size [nm] 'm
Surface free energy [mN/m] Ym
Solvent Density [kg/m’] pi
Dielectric constant [-] €
Dipole moment [D] i
Geometric radii Fal F'pl
(average, perpendicular] [nm]
Hansen solubility parameters 041, Op,1, On1, On1
(dispersive, polar, H-bonds, total) [MPa'?]
Molar mass [g/mol] M,
Molar volume [cm*/mol] vy
Polarity [-] pi
Shape indices EI, GI,, PI,
(ellipsoid, geometric, petitjean) [-]
Surface tension [mN/m] ot
Viscosity [mPa s] 1
Solute Dipole moment [D] W
Geometric radii Ta2 Tp2
(average, perpendicular] [nm]
Hansen solubility parameters 042, Op,2, On2, 02
(dispersive, polar, H-bonds, total) [MPa'?]
Molar mass [g/mol] M
Molar volume [cm?/mol] V)
Feed molar concentration [mM] c
Shape indices EIL, GI,, PI,
(ellipsoid, geometric, petitjean) [-]

Concerning solvent characterization, several properties were considered. In the first place, density and viscosity
were added as general descriptors of the substance bulk characteristics. The latter being also important if viscous
flow is significantly present. In the second place, we sought to capture the solvent solubility with its dielectric
constant, dipole moment, surface tension and Hansen solubility parameters. These variables have appeared in the
past in various phenomenological models applied to similar cases [5,7,11-13,23,59]. Thirdly, the normalized scale
presented by Reichardt and Welton [60] was used as a relatively direct measure of the solvent’s polarity. These

descriptors were collected from the existing literature [60—63]. One additional factor that is known to play a role
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in the performance of organic solvent nanofiltration is the size of the solvent molecules [3,64—-66]. This

information was incorporated via the molar mass and volume.

Size does not tell the complete story though. It has been observed that the shape of the molecule can play a critical
role [10,66-70]. Consequently, the classic geometric and Petitjean shape indices [71] were considered here.
Furthermore and following on more recent advances in topological molecular characterization, the ratio between
the largest and smallest axes of the minimum volume ellipsoid capable of enclosing a given molecule was used
as well. This descriptor was found by Santos et al.[66] to be a well-rounded measure of molecular shape for
membrane applications. However, unlike in the cited reference, the smallest enclosing ellipsoid was found here

after solving the optimisation problem described by equation 8.

; -1
min log[det(A™1)]

(8)
s.t. (x—CO)TA(x - 0C)

In the above expression, the constraint corresponds to the matrix form equation describing a three-dimensional
ellipsoid in an arbitrary cartesian coordinate system, whose volume is to be minimized while encompassing a
group of points corresponding to the positions of the atoms composing the solvent molecule. The length of the

axes was found after performing the singular value decomposition of the matrix A4.

The estimated enclosing ellipsoids were subsequently used to calculate the effective molecular radii, which unlike
the frequently used Stokes radius does not assume sphericity but rather incorporates shape information as well.
Since no reliable information regarding preferential orientation is available, radii were calculated after assuming
the average of possible orientations or a perpendicular orientation of the major axis with respect to the membrane
surface. The calculation method described by Santos et al. [66] was followed in all cases. These parameters as
well as the previously described shape indices were estimated from optimised molecular geometries, which were

obtained with density functional theory computations performed in the ORCA quantum chemistry package [72].

As seen in table 1 a similar group of descriptors were chosen for the solutes. The rationale behind their selection
is analogous to the one discussed for solvents in the previous paragraphs. However, strictly bulk properties were
not considered as it would be inappropriate given that solute molecules are indeed solvated and thus far from a
bulk-like state. Moreover, the molar concentrations in the feed were included to correct for the potential error
introduced by the differences in actual concentration induced by the utilization of solutes with disparate molecular

weights.

10
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Finally, a series of derived features were included to induce the data-driven algorithm to explicitly evaluate some
relationships that have been found useful in the modelling of OSN. These are the differences between: the surface
energy of the membrane and the surface tension of the solvent; the total Hansen solubility parameters of the
solvent and the membrane: the total Hansen solubility parameters of the solute and the membrane; and the total
Hansen solubility parameters of the solute and the membrane. These total Hansen parameters were computed as

follows:

1
8, = (82 4682+ 62)2 9

The radius of the interaction sphere (ra) described by Hansen [62] to quantify the affinity between substances was
considered as well. This variable was calculated for the corresponding interaction between solvent and membrane,
solute and membrane, and solvent and solute. The computation was done using equation 10, in which X and Y

correspond to the possible interacting components.

N| =

2
raxy = [4(5d,x - 5d,y)2 + (5p,x - 5p,y) + (5h,x - 5h,y)2] (10)
3. Materials and Methods.

We used a combination of literature permeation values and original, in-house measurements for model
development. Permeation experiments were performed in a lab-scale crossflow setup with tubular ceramic
membranes (area: 65.03 cm?), under different transmembrane pressures (in a range of 2 — 20 bar), and at a room
temperature of approximately 20 °C. Crossflow velocities of approximately 2 m/s were used to avoid
concentration polarization effects. Both pure solvent and binary solvent/solute mixtures were studied. Fluxes were
deduced from permeate mass measurements and the geometric specifications of the membranes. When a solute
was included, its concentration was kept as 0.1 g/L in the feed size. Rejections were obtained after measuring the
concentrations in the permeate side via UV/Vis spectroscopy. Steady state values were used in all cases. In order
to expand the experimental space available to train and test the models, additional data was obtained from the
literature (see table 2 and supplementary information). While the experimental methods used in the chosen
publications are similar to the ones being described here, the reader is referred to the original references for

additional details [3,7,15,19,73,74].

11
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Table 2. Summary of the membranes used in this work.

Number of membranes 37

Active layer material SiOz
TiO..
710y

Pore size [nm] 0.9
1.0
1.4
2.5
3.0
5.0

Functionalization Native

Methyl groups
Pentyl groups
Octyl groups
Dodecyl groups
Phenyl groups
Silanated
Reference This work

[3]

[7]

[15]

[19]

[73]

[74]

Commercially available TiO, ceramic membranes provided by Inopor GmbH (Germany) were used in their native
(unmodified) state or they were functionalized prior to experimentation. Data for different top layer materials was
obtained from the literature in order to expose the developed model to the possible variations in surface chemistry
given by different ceramic materials. Functionalization was performed in order to include different levels of
hydrophobicity in the active separation layer, and to mimic the fact that modifications are to be expected in an
industrial setting with the aim of augmenting the affinity for any given target separation. When applicable, the
membranes’ surface chemistries were altered by grafting functional groups to their titania surfaces using Grignard
chemistry [75] or by alternative methods as described in the relevant reference (see table 2). In most cases, the
reported pore size of the selected membranes is firmly within the nanofiltration range [2], but larger pore sizes
(up to 5 nm) were considered to expand the applicability of the proposed methods to the fuzzy limit between nano

and ultrafiltration.

Industrially relevant solvents were chosen with the objective of obtaining a broad range of physicochemical
properties. All solvents used were of analytical grade. In a similar manner, solutes were selected in such a way
that their property space was wide, although experimental limitations precluded the inclusion of a larger sample.
Table 3 show a selection of the properties of the solvents and solutes studied here. These were obtained from the

literature or estimated with the methods described in the previous section.

12
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Table 3. Solvent and solute properties

Compound Formula Molar Geometric Total Hansen Viscosity Polarity ¢
mass radius solubility [mPa s]¢
[g/mol] [nm]* parameter
[MPa'?®

Solvents 1-Propanol C;HsO 60.10 0.226 24.6 1.72 61.7
2-Propanol C3HsO 60.10 0.199 23.6 2.00 54.6
Acetone C3HeO 58.08 0.191 19.9 0.33 355
Acetonitrile C:HsN 41.05 0.171 244 0.38 46.0
Cyclohexane CéHi2 84.16 0.228 16.8 0.98 0.60
Dichloromethane CHCl> 84.93 0.154 20.2 0.44 30.9
Dimethyl formamide CsH/NO 73.09 0.217 24.9 0.82 40.4
Dimethyl Sulfoxide C2HsOS 78.13 0.203 26.7 2.00 44.4
Ethanol C:HsO 46.07 0.191 26.5 1.08 65.4
Ethyl acetate C4Hs02 88.11 0.268 18.2 0.46 23.0
Heptane C-His 100.21 0.405 15.3 0.41 1.20
Hexane CeHia 88.18 0.331 14.9 0.31 0.90
Methanol CH;0H 32.04 0.142 29.6 0.60 76.2
Methyl cyclohexane C7Hig 98.19 0.284 16.0 0.68 2.50
Methyl ethyl ketone C4HsO 72.11 0.245 19.1 0.41 32.7
Methyl isobutyl ketone CeH120 100.16 0.294 17.0 0.61 27.0
N-Methyl-2-Pyrrolidone CsHoNO 99.13 0.251 23.0 1.80 36.0
Tetrahydrofuran C4HsO 72.11 0.218 19.5 0.55 21.0
Toluene C7Hs 92.14 0.289 18.2 0.59 9.90
Water HO0 18.02 0.098 47.8 0.89 100

Solutes 9,10-Diphenylanthracene CaeHis 330.42 0.600 20.13 - -
BINAP CasH3oP» 622.67 0.723 19.65 - -
Bromothymol Blue C27H2sBr0sS 624.38 0.579 21.25 - -
Ces4H3s (cas. 175606-05-0) CesHss 804.90 0.853 22.43 - -
Erythrosine-b CaHsl4Os 835.89 0.525 26.7 - -
Fluorescein C20H1205 332.30 0.536 24.38 - -
Fully methyl-capped PEG CH3(OC2H4)9C4Hs02 495.56 0.635 17.99 - -
Partially methyl-capped PEG CH3(OC>H4)120H 560.63 0.612 18.37 - -
Polyethylene glycol 200 H(OC>H4)sOH 194.20 0.492 24.94 - -
Polyethylene glycol 600 H(OC2H4):130H 590.70 0.725 18.81 - -
Polyethylene glycol 1500 H(OC2H4):40H 1515.8 0.957 18.01 - -
Polystyrene 580 (CsHs)e 614.80 0.805 20.12 - -
Polystyrene 1370 (CsHs)13 1353.95 1.334 20.62 - -
Polystyrene 1530 (CsHs)ia 1431.80 1.485 20.62 - -
Tridodecylamine CssH7sN 522.00 1.050 15.97 - -
Trioctylamine CoyHsiIN 353.70 0.769 15.92 - -

# Estimated from molecular geometries (see section 2.2.1.).

Y Calculated from the Hansen parameters reported by Barton and Hansen [61,62].

¢ Values at 25 C reported by Smallwood [63].

9 Normalized scale (water is 100) based on long-wavelength UV/VIS charge-transfer absorption measurements [60].

4. Results and Discussion.

4.1. Model assessment.

As mentioned before, two model architectures were explored (Figure 1). In the first, serial configuration, the
Machine Learning (ML) component was trained to predict the solvent and solute permeabilities needed by the
solution-diffusion model. Alternatively, in the parallel configuration a separate data-driven model was
implemented to estimate the residual errors between the values obtained from a calibration of the mechanistic
component and the empirically observed permeabilities. Although it is possible in principle to formulate a single
XGBoost model for both solvent and solute transport, here we chose to implement separate models. While this
implies the generation of potentially redundant structures and increases the required computational effort, it allows

for a simpler training process, and it eases the interpretation of the obtained predictions.

The compiled experimental information was divided into train and tests sets. The former comprised 80% of the
data and was used to calibrate the XGBoost models as well as to tune their hyperparameters (see figure 2c). These

two tasks were performed in tandem with 5-fold cross-validation, which allows for a more efficient usage of the
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available data when compared to the classical train-validation-test split, while maintaining bias at acceptable
levels [51,52]. Hyperparameters were searched by initially sampling a large candidate space and subsequently
performing a thorough grid search in a more limited subset of promising permutations. The remaining test set

comprising 20% of the data was only used at the end of the process to evaluate the predictive quality of the models.

Figure 3 shows the observed performance of the two assessed model architectures. To facilitate comparisons, the
estimated total permeabilities (instead of the residual errors) are being plotted for the parallel model. Note that
these permeabilities are the parameters of the solution diffusion model (the proportionality factor P present in
equations 1 and 2) instead of the commonly used homonym quantity expressing a given flux per unit pressure. As
seen in the figure, a satisfactory agreement between observations and predictions was obtained in all cases. More
importantly, it can be argued that the out-of-sample predictive power of both models, as exemplified by the

obtained error scores in the test set, is adequate (see the figure and table 4). Perhaps more interestingly, it was
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Figure 3. Predicted vs observed permeabilities for the two proposed hybrid model architectures. The top
panels (a, b) show solvent permeabilities. The bottom panels (c, d) show solute permeabilities. The left and
right panels illustrate the performance of the serial and parallel models, respectively. Cross symbols
correspond to the train set, while square symbols denote the test set. The units of the RMSE are mol/m?s.
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observed that the parallel model (Figure 3b, d) offers an overall improvement in predictive quality when compared
to its serial counterpart (Figure 3a, c). This can be attributed to the fact that in the parallel approach, the calibrated
mechanistic model is able to collaborate with the data-driven component, which allows for a more comprehensive
assimilation of the relevant affinity interactions driving both solvent and solute transport. Conversely, in the serial
model the ML algorithm is tasked with learning all the lumped phenomena being described by the solution-
diffusion model’s permeabilities, which somewhat reduces its predictive ability if regularization is applied to

prevent overfitting.

Table 4 presents a summary of the observed error (Root Mean Squared Error, RMSE; Mean Average Error, MAE;
and coefficient of determination, R?) of both models. Furthermore, the standard deviation of the RMSE scores
obtained during cross validation and the size of the 95% confidence intervals of the test RMSE are presented as a
proxy for the uncertainty of model performance. These intervals were estimated with the bootstrap method [76]
by resampling the train-test split a large number of times and subsequently calculating the 2.5% and 97.5%
percentiles of the distributions obtained for the test set errors. As suggested above, both models showed a good
capability of predicting both solvent and solute transport, with the parallel approximation being generally better.
It was observed that the solute transport models presented a reduced level of competency when the expected
permeability was abnormally large (these points are not being displayed in figure 3 to improve its clarity but were
included in all relevant computations). This corresponds to extreme cases in which the solute affinity for the
membrane is comparable or higher to that of the solvent, which leads to very low or even negative rejections.
Since the available data set contains a limited number of these situations and the uncertainty of the calculated
activity coefficients is likely higher, the models lost some quantitative predictive power on this edge of the

experimental space.

Table 4. Summary of model errors

Model Component Set RMSE SD /95%CI - RMSE MAE R?
[mol/m’s] [mol/m’s]* [mol/m’s] [-]
Solvents Train 11.808 0.533 3.664 0.964
Serial Tcs:t 12.697 3.958 6.208 0.944
Solutes Train 0.237 0.013 0.100 0.935
Test 0.281 0.081 0.109 0.926
Solvents Train 4.845 0.194 2.119 0.994
Parallel Tcs:t 6.024 1.137 1.964 0.995
Solutes Train 0.148 0.008 0.048 0.972
Test 0.175 0.067 0.081 0.951

2The standard deviation of the cross-validation scores is reported for the train set.
The size of the 95% confidence intervals is reported for the test set.

A further evaluation of the models can be made after inspecting figure 4. There, the predictions of total flux (panels

a-c) and rejection (panels d-f) can be compared with their corresponding experimental values for all the available

data points. The performance of the standalone solution-diffusion model as well as that of the two hybrid models
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are being displayed. As could be expected, the alluded mechanistic model seems to be capable of explaining a
large part of the variance present in the data set, which lends support to the previously made assertion of diffusive
transport being the main mechanism driving transport in the studied membranes. However, a significant
improvement in the predictions was accomplished when permeabilities were estimated in the serial model, and it
was again improved with the collaborative estimations made by the parallel paradigm. This strongly suggests that
additional mechanisms (e.g., cross coupling, viscous flow, etc.) do play a role in the observed permeation in the

analysed membranes, as has been theorized in previous studies [2,7].

Although the general performance of the analysed models is good, a somewhat reduced performance for
intermediate values of rejection was observed. This suggests an increased complexity of the competing affinity
interactions in comparison to those present in both extremes of the rejection spectrum, where size exclusion or
more clear-cut differences in affinity tend to dominate. In any case, the predictions of the proposed models seem
to be of comparable or even higher quality than those of, for example, the purely data-driven algorithms presented
by Hu et al. (2021) for polymeric membranes (note, however, that the presence of swelling in polymeric
membranes can make modelling more difficult). This suggests that the hybrid methodology presented in this work
represents a valuable middle-ground in which satisfactory predictive power can be obtained without the large data
requirements of a purely machine learning based solution. These reduced data requirements are associated with
the fact that the model is physically grounded by the presence of its mechanistic component. The explicit
calculation of solvent-solute interactions via the UNIFAC method is also believed to reduce the amount of
information that must be sought in the experimental results. It must be noted, however, that making more data
points available for training can be valuable for increasing the reliability of the models, particularly when rejection
predictions are the main interest. Moreover, a certain amount of residual variability is expected to always remain
for the reason that history effects may be present and variations between membrane batches (in, for example, their
pore size distributions) produce differences in the final solvent and solute transport [3]. Additionally, some
polymeric solutes consist of a distribution of differently sized chains centred in a reported average. Moreover, the
influence of the structure of the functional groups added to the active layer during functionalization was not
considered directly, which negates a source of valuable information. These effects could not be considered since

experimental data with enough resolution is not currently available.

Although out of the scope of this work, the proposed models are expected to be applicable to tight polymeric
membranes and, after appropriate training, their performance should be satisfactory. This is related with the fact

that similar mechanisms are present in the aforementioned polymeric systems. However, an additional
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consideration must be given to the presence of swelling. This phenomenon often impacts the behaviour of polymer
membranes, but it was not considered here since it is not present in ceramic OSN. Accordingly, additional

mechanistic components and/or further features are likely necessary to fully account for said phenomenon.

After considering these possible pitfalls, both hybrid methodologies offer a promising path towards a fully
predictive model of OSN. Moreover, it can be argued that each methodology could be leveraged at different stages
of a hypothetical experimental screening or industrial deployment of OSN. Indeed, after training, the serial
architecture should be able to offer good qualitative (and reasonable quantitative) predictions of the expected
performance of a given system without the need for additional experiments. In turn, the parallel model could be
used to obtain more reliable quantitative predictions after a relatively simple experimental calibration of the
underling solution-diffusion model for a more limited number of candidate or interesting systems. These superior

estimations could then be used to fine-tune systems of interest or to further inform a screening process.

Solution-diffusion Serial Parallel
a b C
)
£ 0] 0] 0| 9
s 10 s & . 10 . & H 10 «
S & * » . >4 * *
- ®,
3 L O 4 % 8 )
= ® ® * & *e ° ¢
T10-1] & . @ -1 ¥ =1 *%e
810771 ®ocele ° 1070 o oPe R 1074 . *
o
2 o
® ®
-Sé ' Q. 0’ M -
o d ° *
* * RMSE: 0.129 * RMSE: 0.119 ® * RMSE: 0.053
R?:0.936 ’00 * R?:0.946 d R?:0.989
1077 ; ; 1077 s - 10724 . :
1072 107! 10° 1072 1071 10° 1072 101 10°
Real flux [mol/m?s] Real flux [mol/m?2s] Real flux [mol/m?s]
100 100 100
d e f
% 3 L
~ 80 0%, 4 80 97 4 801 @ |
X ® 5 »& d > . 3’
= v.o D T ° ~d
5 60 AP < S 60- A 60 |
prar} o Po 20 ’ o
g o0 o 2 % L4
v 40 * o ,;’rf' ° 40 - . ° 40 % o @
g ® < °0® ° o : % pi ! @
£ 201 3& 201 ‘ 201 Y
5 ]
¢ ob * 0 . 01
(a1 * e \J
RMSE: 11.374 \d ® RMSE: 10.482 * RMSE: 6.481
—201 R?:0.882 —20+1 R?:0.902 —20 R?: 0.961
—20 0 20 40 60 80 100 -20 O 20 40 60 80 100 -20 O 20 40 60 80 100
Real rejection [%] Real rejection [%] Real rejection [%]

Figure 4. Comparison of flux (top, a-c) and rejection (bottom, d-f) predictions. The left panels correspond to the solution-
diffusion model, the centre panels to the serial model, and the left panels to the parallel architecture. The units of the RMSE
of the flux predictions are mol/m?s. The RMSE of rejection predictions is expressed in percentage units. Both train and test
sets are being displayed in all cases. Grey circles denote data points measured by the authors, while black squares indicate
measurements obtained from the literature (see table 2).
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4.2. Feature selection and importance.

In order to assess the relevance of the chosen features for the predictions being made by the proposed models, the
intrinsic feature selection capability of the XGBoost algorithm in conjunction with its subsampling subroutines
were utilized. In addition, the Recursive Feature Elimination (RFE) algorithm was used to explore which
parameters were more valuable to reach the predictions generated by the hybrid models. For the sake of
conciseness and considering that these relative contributions of the serial model should shed light on all the affinity
interactions present in the studied systems (as opposed to only those not captured by the calibrated permeabilities
of the solution-diffusion model), we restrict ourselves to the analysis of the behaviour of that model. Figure 5

therefore shows the normalized average contributions of the ten most important features used by the serial model.

Solvent transport
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Figure 5. Summary of feature importance for solvent (a) and solute
(b) transport. Only the ten most important descriptors for each model
are being shown.
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As could be expected, a one-to-one match between the main drivers of solvent (Figure 5a) and solute (Figure 5b)
transport was not observed, which is consistent with previous results showing that different mechanisms affect
the permeation of solvent and solutes [22]. More specifically, the model was found to make extensive use of the
difference in surface tension between membrane and solvent. Interestingly, this term appears prominently in the
model developed by Machado et al. [23], who included it to account for the energy change associated with the
solvent transfer into the membrane surface. Similarly, the difference between Hansen solubility parameters also
seems to play an important role. This descriptor has been found to be a well-rounded measure of the degree of the
total interaction between membrane and solvent and consequently it has made repeated appearances in previous
attempts to characterize solvent permeation in OSN [5,6,19,66]. Other parameters such as the dielectric constant
and the hydrogen-bond and polar components of the solubility parameters were also predicted to be relevant for
the prediction of the overall solvent permeabilities. This indicates that solvent polarity has a high apparent score
for the predictive model, which seems consistent with the known physical relevance of this variable [12,70].
Moreover, the size and shape of the solvent molecules as well as the nominal membrane pore size were also
extensively used by the model, which is again consistent with previous observations that ascribe a critical role to
the degree of hindrance experimented by the molecules during transport through the membrane [10,66,77].
Finally, it must be noted that the solvent viscosity was not universally used by the algorithm to produce
permeability predictions (hence its absence from the top panel of figure 5), but its importance tended to increase
with the pore size. This suggests an increasing influence of viscous transport, which fits the current understanding

that OSN is affected by both diffusive and viscous transport [6,7,77].

The picture becomes more complex when solutes are present. As evidenced by figure 5b, it is not only the affinity
between solute and membrane or solute and solvent, but also the relative interactions between these three
components (as approximated by the ratio of radii of the interaction spheres in the Hansen space) that determine
how the model predicts solute transport through a membrane. This situation was qualitatively explored by
Hosseinabadi et al. [ 18] based on observed fluxes, but the models proposed in this work are able to make effective
use of a quantification of this phenomenon to obtain predictions. In addition, the surface tension, Hansen
parameters and size related parameters appear again in the feature importance graph, which once again hints that
overall permeation is strongly driven by solubility and degree of hindrance. Intriguingly, the viscosity of the
solvent was also consistently leveraged by the models to estimate solute permeations. This may be an indication
that a degree of solvent-solute coupled transport is present in most cases, as discussed by Schmidt and Lutze [6]

and expected from the Maxwell-Stefan theory [22].
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As shown above, the proposed models were found to offer satisfactory predictions by using the chosen descriptors.
Their observed importance, furthermore, do not appear inconsistent with the known physical phenomena present
in the explored systems. However, other features may contain useful information that could potentially improve
model performance. Consequently, an expanded feature set may be worth exploring in a future work after an

adequate assessment of the potentially higher data requirements.

4.3. Case studies.

In order to provide the reader with a more concrete evaluation of the capabilities of the developed models, in this
section we present two case studies. In the first (section 4.3.1.), the extrapolation capabilities of both hybrid
models are briefly explored, while the second (section 4.3.2.) is devoted to studying the potential prediction
improvements with respect to the solution-diffusion model for systems where affinity interactions are of

importance.

4.3.1. Nanofiltration of raffinose and linoleic acid.

As suggested before, one promising attribute of the hybrid methodology used in this work is its higher expected
capacity of extrapolating outside the feature space used for training. To explore this, the models were challenged
with the prediction of the nanofiltration of raffinose and linoleic acid under the experimental conditions reported
by Tsuru at al. [78,79]. The former compound is a trisaccharide with a polarity significantly higher (8, = 46.51
MPa'?) than that of the solutes used during training. In turn, the latter is a fatty acid containing a polar carboxyl
group and an apolar aliphatic chain. Both solutes then belong to compound groups not used during model training
and, as could be expected, their chemical structure differs as well. In the case of the raffinose experiments, water
was used as the solvent and a 1nm TiO, membrane was used. For linoleic acid, the solvent was n-hexane, and

titania membranes with different pore sizes were utilized. Additional details are available elsewhere [78,79].

Figure 6a shows a comparison between the observed values of flux (left axis) and rejection (right axis) for different
pressures. It was observed that both models were capable of producing good predictions of the former, with the
parallel architecture offering a higher accuracy, which is in line with its observed performance with the test set
(see section 4.1). In contrast, rejection predictions had a similar degree of accuracy for both models, which
suggests that the proposed combination of the solution diffusion model with ML components can adequately
capture the affinity interactions that lead to relatively small rejections with size-exclusion effects are not

overwhelming.
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Figure 6. Fluxes and rejections for the nanofiltration of raffinose and linoleic acid. a) Nanofiltration of raffinose in water under
different pressures [80]. b) Nanofiltration of linoleic acid in hexane for different pore sizes [79]. Black denotes fluxes (left
axes), and grey corresponds to rejections (right axes). Square symbols illustrate flux measurements, while crosses are the
corresponding rejections. Solid and dashed lines are the predictions made by the serial and parallel models, respectively.

The picture is less flattening when one looks at the predictions made for systems containing linoleic acid in hexane
(figure 6b). While flux estimations were somewhat close to the experimental observations, both models
overestimated its values, which was likely caused by the relative scarcity of information available to the models:
the only changing variable being the pore size. Rejection predictions were less accurate, but it is noteworthy that
both models predicted negative rejections for all the studied sizes, which indicates that the models succeeded in
estimating the very high affinity of the solute for the membrane (this is likely caused by the interaction between
carboxyl groups and the active layer [78]). Nevertheless, more work is required. Training the models with more
data points for systems exhibiting this kind of behaviour and including additional features will probably improve

predictions. Alternatively, a better methodology for estimating activity coefficients could be explored.

4.3.2. Rejection of fluorescein and diphenylanthracene in a native 1 nm TiO2 membrane.

One interesting feature of OSN is its potential ability of providing affinity-based separations. Consequently here
we analyse the modelled permeation of fluorescein and 9,10-diphenylanthracene (DPA) in dimethyl formamide
through a native ceramic membrane. Both solutes have very similar molar masses (332.3 g/mol for fluorescein
and 330.4 g/mol for DPA), which translates in similar molecular sizes. On the other hand, DPA is an apolar solute
and fluorescein is polar. Membrane-solute interactions could thus be expected to play a role in the rejection
mechanism. Indeed, as seen in figure 7a, fluorescein was observed to be substantially more rejected than DPA.
This type of situation, where said interactions are important, has traditionally encumbered modelling efforts. This
is evidenced by the relatively poor performance of the solution-diffusion model (see the dashed lines in the top
panel of the figure), which seems to not always be completely capable of reproducing observed OSN data. In

contrast, it was found that the hybrid methodology discussed here can offer a substantial improvement when
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predicting (the data points were part of the test set) solute permeation in these complex systems (see the solid lines

in figure 7a).

Although more work is required, this can open the door to meaningful comparative predictions of OSN systems.
For instance, the membrane selectivity (defined as the ratio between the permeabilities of solute and solvent) can
be obtained directly from the model. This allows for a fast estimation of the expected level of preferential
permeation (considering all relevant effects) offered by any given membrane, which can be very valuable during
a preliminary screening. In the case at hand, the selectivity of the DPA and fluorescein systems were calculated as
0.051 and 0.037, respectively. Although it is likely that the actual values differ, these numbers tell an interesting
story when put together: the affinity of the analysed TiO, membrane is higher for DPA, leading to smaller
rejections. This, again, has the potential of offering useful insights to practitioners and it is even possible to
envisage the implementation of optimisation schemes aimed at maximizing, for example, the permeation of one

species over another.

Figure 7b shows in turn the decision paths followed by the model to arrive to the estimated values of solute
permeabilities, which were subsequently used to calculate the predicted rejection profiles. The panel can be
interpreted as follows: starting from a base level, different features (in the y axis) are assigned positive or negative
effects that, when added, allow the model to reach its final estimation. The magnitudes and directions of the paths
thus indicate the overall influence of a given parameter. Even though it is not necessarily possible to ascribe a
physical meaning to these relative movements, it is nonetheless noteworthy that the model appears to be able to
make effective use of the information that is actually relevant. As showed by the plot, the model initially
maintained similar estimates for both solutes given that certain important factors such as their molecular radii and
the properties of the membrane were close or identical. However, the differences in the parameters linked to
affinity specifically (i.e., the radii of the interaction spheres and the Hansen solubilities) and the slight variations
in molecule shape prompted the model to generate a divergence, which eventually led to markedly different

permeabilities.
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5. Conclusions

In this work a novel hybrid modelling methodology was explored as a way of obtaining predictions of the
performance of ceramic organic solvent nanofiltration. This strategy combined a physics-based modelling
component in the form of the solution-diffusion model and a data-driven module (XGBoost). In addition, two
architectures were explored: 1) a serial, in which the data-driven algorithm is used to predict the parameters of the
mechanistic model; and 2) a parallel in which both components produce complimentary predictions. An ample
number of experimental points were used to calibrate and evaluate the models. They were observed to be capable

of producing satisfactory estimates of the expected fluxes and solute rejections.

The proposed models performed better than the well-known solution-diffusion model, which suggests that they
are able to extract relevant information regarding unmodelled dynamics from the experimental data used during
training. However, the usage of said mechanistic model at the heart of the studied methodology allows for a
reduction in the overall data requirements and produced predictions consistent with the known physical reality.
As a result, it can be argued that a hybrid modelling approach is a good middle ground between exclusively
phenomenological models and purely machine learning approaches. This is expected to be of benefit for industrial
practitioners and it has the potential of clearing the way to a more widespread implementation of OSN.
Nevertheless, it must be noted that the optimal choice of model (mechanistic, hybrid or data-driven) is likely
dependent on the application, and the associated data availability; specialist knowledge present; and the needs for

extrapolation and/or interpretation.

The proposed serial architecture is particularly well suited to discern the affinity interactions driving observed
behaviours. Consequently, the importance of the physical descriptors used to characterize the studied systems was
evaluated. As expected, different phenomena appear to drive solvent and solute transport, but it was generally
found that a combination of surface characteristics, molecular properties and polarity effects play a large role in
the obtained model predictions. More specifically, the surface tensions of membrane and solvent, the Hansen
solubility parameters, the shape of the involved molecules, and the relative affinities between solute and

membrane and solvent and membrane showed consistently a high importance.

Additional work can lead to further improvements in the proposed methodology. For example, an extension
towards multicomponent mixtures can be envisioned, which should increase even more the industrial relevance
of the tool. This, for instance, could be achieved by formulating single models that do not distinguish between

solute and solvent. Additionally, different mechanistic components could be integrated to extend its applicability
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to looser membranes. Moreover, the model can be continuously updated as additional experimental data is made

available, which can improve its capacity to tackle complex interactions.

The developed models have the potential to provide valuable tools for the design of membrane separation
operations. Moreover, after training with a larger data set, flux and rejection predictions with a good accuracy
could be obtained from the proposed serial architecture without the need of additional experiments. This should
prove valuable when a large number of candidate systems must be assessed. Alternatively, a higher degree of
accuracy can be obtained if the discussed parallel configuration is implemented. This comes with the price of the
relatively limited number of experiments needed to calibrate the mechanistic part of the model. Both approaches,
however, are expected to bring closer the coveted appearance of a fully predictive generic description of organic

solvent nanofiltration.
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7. Nomenclature

J Molar flux [mol/m?s]

P Solution-diffusion model permeability [mol/m?s]
P Transmembrane pressure [Pa]
R Gas constant [J/mol K]

rej Rejection [-]

T Temperature [K]

v Molar volume [m3/mol]

x Mole fraction [-]

y Activity coefficient [-]

R Real numbers [-]

Subscripts
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Solvent

Solute

Feed side

Membrane

Permeate side
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