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Abstract

A comprehensive transport model for Forward Osmosis (FO) is presented, based
on Maxwell-Stefan theory. In FO, the oppositely directed fluxes give rise to
frictional interactions, while the salinity gradient also causes to thermodynamic
non-ideal behaviour of organic feed solutes, in the form of salting out. When
using electrolytic draw solutes, unequal ion permeance of the draw solute creates
an electrostatic potential difference across the membrane, which is an additional
driving force for transport of ionic feed solutes. A sensitivity analysis is pre-
sented, assessing the effect of frictional interactions, partitioning of feed and
draw solutes and salting out on feed solute rejection. It is shown that feed so-
lute rejection is determined primarily by friction with the membrane polymer
and partitioning, and secondary by salting out. Frictional interaction between
feed and draw solutes is not significant for active layer transport, for a wide
range of parameter variation. It can however be significant for transport in
the support layer, once feed solutes have permeated through the active layer.
Electromigration can be as important as diffusively-driven transport, provided
that the length over which the electrostatic potential is established is limited to
about the thickness of the active layer. Finally, additional interactions between
membranes, organic and inorganic solutes are discussed.

Keywords: forward osmosis, trace organic contaminants, transport modelling,
Maxwell-Stefan; sensitivity analysis

1. Introduction

Forward osmosis (FO) is a dense water filtration membrane process in which
water transport is driven by a salinity gradient across the membrane, in contrast
to a pressure gradient used in reverse osmosis (RO) or nanofiltration (NF). This
gives rise to an additional flux of the draw solute towards the feed solution, and
is oppositely directed compared to water and feed solute fluxes. The high salin-
ity of the draw solute and the additional flux cause certain interactions with the
membrane and other fluxes, which are obviously not present in pressure-driven
systems. These interactions include frictional hindrance between feed and draw
solute fluxes, as proposed by Xie et al. [1], ion exchange [2, 3, 4, 5, 6, 7], altered
solute-membrane affinity [8] and salting out. Frictional hindrance between feed
and draw solute fluxes was proposed as the mechanism to explain higher rejec-
tion of organic micropollutants (OMPs) in FO compared to the same membrane
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operated using RO [1]. However, higher OMP rejection in FO was not confirmed
in a subsequent study by Kong et al. [9], and the permeance of FO membranes
to OMPs was also found to be similar with or without the presence of salts
[10]. Ion exchange through FO membranes seems to be mainly driven by cation
exchange [3, 6, 7], and it obviously requires a significant concentration of mobile
ions in both the feed and draw solutions for ion exchange to be significant [7].
It is accelerated at high pH, through the deprotonation of polyamide creating a
higher anionic charge density [6]. Nitrate appears to be an anion of exception-
ally high mobility as well [3, 4].

Most of the studies into these phenomena have however been experimental in
nature, and a rigorous theoretical study on interactions between feed and draw
solutes has so far been lacking. Moreover, to the best of the author’s knowl-
edge, no FO transport models so far have included salting out. Salting out is
the increase in activity of an organic solute in the presence of mineral salts.
Many different mechanisms have been proposed to explain this phenomenon,
including reduced hydration of the organic solutes, electrostriction, the lower
relative permittivity of organic solutes compared to water and more [11]. The
propensity of a solute to salting out has been shown to be strongly correlated to
its hydrophobicity [12]. The relevance of salting out for FO is of course related
to the salinity gradient installed by the draw solute, which alters the chemical
potential gradient across the membrane of organic feed solutes and thereby al-
ters the driving force for organic feed solute transport. Salting out has been
shown to decrease organic solute rejection in nanofiltration [13, 14, 15, 16|, but
in FO, it would contribute to organic feed solute rejection, because the salinity
gradient is oppositely directed compared to the NF cases.

This study aims to investigate interactions between feed and draw solutes from
a theoretical point of view. The appropriate framework to study both fric-
tional interactions, kinetic in nature, as well as the thermodynamic driving
forces for multicomponent membrane transport is the Maxwell-Stefan (M-S)
transport model. This very general transport model originates from a force
balance between thermodynamic driving forces accelerating particles of a given
type on the one hand, and friction with particles of other types [17, 18]. It
follows that frictional interactions are explicitly separated from thermodynamic
driving forces, in contrast to Fickian diffusion. The M-S diffusivities can be con-
sidered as binary inverse friction factors between two system components, and
show only weak concentration dependence, again in contrast to Fickian diffusion
[18]. M-S diffusivities need to be calculated from experimental Fickian diffusiv-
ities, who can be transformed into each other by accounting for thermodynamic
non-ideality factors [18]. The M-S theory has been adapted for highly dissim-
ilar systems such as polymeric membranes transmitting small, mobile species
[19, 20, 21], and M-S diffusivities can be predicted from molecular dynamics
simulations as well [17, 22]. The developed model will be explained in detail in
the subsequent section.

The goal of this study is to quantitatively assess the importance of different
feed solute - draw solute interactions, including friction in the active layer and
support layer, as well as salting out and electromigration. A novel and compre-
hensive FO transport model is presented, which was used to study feed solute
transport. The draw solute was assumed to be NaCl throughout the study,
while the feed solute was assumed to be an organic micropollutant (OMP), and
is applicable to both neutral and charged solutes. The model can be extended
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easily to inorganic electrolytic feed solutes as well. The sensitivity of feed solute
transport through the active layer to frictional coupling, partitioning as well as
salting out was investigated by means of a Sobol sensitivity analysis, in which
six factors were varied over a wide range so as to include "extreme" conditions.
Frictional hindrance during transport in the support layer was assessed as well.
To this end, friction factors between OMPs and the draw solute were calcu-
lated and related to frictional hindrance during transport through the support
layer. It is shown that frictional feed solute - draw solute interactions are not
important, while salting out significantly contributes to feed solute rejection.
Electromigration, the driving force for ion exchange, is shown to be a signifi-
cant driving force for transport of electrolytes, provided most of the electrostatic
potential gradient is localized over the active layer only.

2. Theory

2.1. Active layer transport model

A Maxwell-Stefan transport model for FO was constructed, starting from the
thermodynamically rigorous formulation for solvent-polymer systems by For-
nasiero et al. [19]:

n—1
Ci Gip;(u; — uy)
_ - E N A S P2 1
RTV,UZ 2 7D (1)

Jj=1,5#i

in which ¢;, ¢; and u; are the concentration, volume fraction and velocity of
component i. B;; are the binary Maxwell-Stefan (M-S) diffusion coefficients,
which can be considered as inverse friction factors. In contrast to Fickian dif-
fusion coefficients, the M-S diffusion coefficients are determined by frictional
interactions only, and are not influenced by solution non-ideality. This leads to
a low concentration dependence of M-S diffusion coefficients [18]. Given that
the molar volume of the polymer is ill-defined and starkly different compared to
the solvent and solutes, volume fractions instead of mole fractions are used. All
concentrations are related to volume fractions by means of o, a reference molar
volume, typically being the molar volume of the smallest component present in
the mixture, which is water in this system. In this study, FO is described by
four components: membrane, water, feed solute and draw solute, resulting in
a system of three equations containing six binary diffusion coefficients. Due to
Onsager’s reciprocity relations, P;; = Dj;. The membrane phase has an associ-
ated volume fraction ¢,, and contributes to three diffusion coefficients, but has
no velocity or chemical potential gradient.

In FO, only concentration differences are considered as driving forces for mass
transport. Chemical potential gradients of water and the draw solute are related
to their concentration gradients as follows:

din(y)

din(a)  RTBdc
B dz din(c) @)

= RT
Vi=FR dz c dz

with =1+

The factor 8 accounts for solution non-ideality; for an ideal solute the chemi-
cal potential is directly proportional to a concentration gradient because both
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the activity coefficient v = 1 and g = 1. Integration of g yields the osmotic
coefficient ®(c) according to [23]:

(b(c):%/olﬂdc:l—i—%/o cdlny (3)

The osmotic coefficient is conventionally indicated by the lowercase ¢, but this
is already in use to denote volume fractions. During integration, linear con-
centration gradients and linear volume fraction gradients are assumed. This is
justified by the combination of relatively low fluxes encountered during FO and
the small thickness of the active layer [24]. This assumption is explored in more
detail in Supplementary Information.

The model derivation will be illustrated by means of the feed solute transport
equation. In Eq. 2, the feed solute influence on the activity of water and draw
solute will be ignored, as we assume a strongly diluted feed solution. For the
feed solute itself, the chemical potential gradient is considered to be independent
of feed solute concentration due to strong dilution (ys(cy) = 1) but is influenced
by the draw solute due to salting out. Salting out is the increase of a solute’s
activity due to the presence of inorganic ions in solution. The sensitivity of a
feed solute towards salting out is captured by the Setschenow constant K* for
a given feed solute - inorganic salt pair, which is defined as [11]:

1
*10910(%) = K* (4)
cd

with ¢4 and 7 being the inorganic salt concentration and feed solute activity
coefficient respectively. For NaCl, values of K of -0.068 to 0.354 L/mole have
been found for a wide range of organic compounds [12]. Generally, K is higher
for more apolar solutes and can be negative for highly polar solutes as well
[11, 12]. Eq. 4 can be converted to:

dinyyy g
=K
- K (5)

in which the change of logarithm base is taken into account in the modified
Setschenow constant K. In a multicomponent solution, the chemical potential
gradient is differentiated to the local solution composition [20]:

n—1

Olnay de;
Vg = Y s ®
i=1 v

Due to the assumption of strong dilution, d[l;;af = 0, leaving:

Vi = RT (dlncf N dinyy dcd>

dz deq dz
Substitution of Eq. 5:

wf:c——ZH%TKS—Z (8)

Substitution of Eqs. 2 or 8 in Eq. 1 allows for integration between active layer
interface concentrations of water, draw and feed solutes. Concentrations of all
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species within the membrane are related to their concentrations at the interfaces
by means of a partitioning coefficient K, in which continuity of the chemical
potential is assumed [25]. For feed solutes, this yields:

n—1
KAcy+ Kplep)KShea= Y <¢i><¢2>éy; —u;)l )
i=1,iAf @

where (¢;) denotes the average volume fraction of component ¢ in the membrane.
Again, due to low fluxes, linear volume fraction gradients are assumed, and (¢;)
is the arithmetic average of ¢;. Because (¢f) = (cy)0K, this equation can be
further rearranged to:

—1 -1
n—1 n—1 n—2
(¢i) Acy | KP (¢i) (¢i)u
Z D, I{cy) T ) T W Z D. Z D,
i=vizf f i=vizf i=Lizfm

Filling in Eq. 10 for the three mobile components, we can define a; as:
Drm

<¢w>deBfm + <¢d>Bwafm + <¢m>Bwafd

such that Eq. 10 yields:

Bwafdaf <ACf

! {cs)

We can see that the driving force for velocity of the feed solute (concentration

gradient over membrane thickness) is independent of feed solute partitioning

into the membrane. The same is true for the other mobile species as well.

This follows from the assumption of continuity of chemical potential across the

membrane interfaces, which implies that the concentration gradients outside or

inside the membrane interfaces are equivalent. Fluxes, however, are proportional

to partitioning. Generally, solute or solvent velocities within the membrane are
related to fluxes by:

(11)

Oéf:

+ KfAcd> = g — B paog (buhtinn — Pugosldaua (12)

Superscripts M, F' and P indicate membrane, feed and permeate compartments

respectively, with the permeate and draw compartments being the same. The
volumetric flux of water is given by:

Jp = uw<¢w> ~ uw(l - <¢m>) (14)
For feed solutes, rejection is calculated as follows: with c? = %, substituting
Eq. 13 in rejection yields:
K
Ry=1-=L4 (15)

Integration of Eq. 1 for water and draw solutes is similar, using Eq. 2 instead
of 8 for the chemical potential gradient. The resulting full system of equations
for FO with water, feed solute and draw solute transport is given by:

PuwiPwdow
f<cw>ld A(Cw(I)(Cw)) 1 _deaw <¢f> _B’wfaw <¢d>
DuwsDracy S
= (Dcy + (e)BE Aca) | = | =D raay(dw) 1 —Dujap(da)
DuaDrac — _
N () Draca{pw) —Duwaci(dy) (1 |
16

Uy
uy
ug



2.2. Support layer transport model

In the support layer, we assume sufficiently large pores so that multicompo-
nent transport does not involve the membrane as a solution phase. Rather, the
membrane is inert and merely defines the effective length over which transport
phenomena take place, given by the structural parameter S (assumed S = 400
pm in the model). It follows that the solution is no longer highly dissimilar in
terms of molar mass of its constituents, and a more conventional formulation of
the Maxwell-Stefan model is used based on mole fractions (z;) [18].

x; S A
— LV = E == 3 17
RT . . T . CtDij ( )
Jj=1,g#i

with ¢; being the total molar concentration. Due to internal concentration
polarization, the draw solute concentration decays exponentially towards the
active layer. This implies that the composition of the draw solute, and thus
all z;, depends on the transmembrane coordinate z. Because xs is very small,
and ) x; = 1, it is assumed that z,, = 1 — 24, and x; is constant. For ideal
solutions (8 = 1), the analytical solution of the draw solute concentration as a
function of transmembrane coordinate from z =0 to z = z is:

Juw +J, J
IF(z) =exp <_czt (Tdd + ﬁ))

_ Ja(Dfa + Dyaxy)
xg=IF(z)"! [
d (2) D ta(Juw + Ja) + Puwals

(18)

(IF(z) = 1)+ za

The derivation of Eq. 18 is given in Supplementary Information. When ignoring
coupling with feed solutes (Pyq = 1,J;y = x5y = 0), Eq. 18 closely resembles
common ICP equations such as those derived by Tiraferri et al. [26].
For feed solute transport in the support layer, Eq. 17 is rearranged so that Jy
is a function of its different driving forces:
ceP gDy, LS D) T Dy,

Jp=— frfdPwf Vg + ffd Ju + fPwf Jy

RT(l‘wad—l—dewf) TwDpa +xqDyy TwDpag+ gDy

(19)

This way, the contributions of the driving forces to J¢ can be studied easily.

2.8. Relation between Fickian and Mazwell-Stefan diffusion coefficients

Membrane permeability and diffusion tests yield diffusivities according to
Fick’s law, as a proportionality coefficient between measured concentration dif-
ferences and measured fluxes. To be able to use a M-S model, the Fickian
diffusivities have to be converted, which is outlined in this section. From Eq.
2, it follows that Fickian and Maxwell-Stefan diffusivities can be transformed
in one another by accounting for thermodynamic factors [18, 21]. In the case
of solute diffusion tests, Py, can be calculated from measured Fickian diffu-
sion coefficients (D, the solute diffusivity within the membrane). Generally, a
steady-state solute flux through a membrane obeys [25]:

DK,

Js = BAc = i

Ac (20)
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with Dy and K, being the hindered diffusion coefficient and solute partitioning
coeflicient. Starting from Eq. 1, developing an equation for solute diffusion

yields:
Cs v (¢s¢w + ¢s¢m> U,

_ = 21
RT 2D | 0D (21)

In this equation, both water and membrane are considered stationary phases.
For water, the absence of flux is justified by the relatively low solute concen-
tration difference and film thickness typical for diffusion measurements. Vg is
transformed as shown by Eq. 2, and with ¢s7/¢s = 1 and csus = Js, Eq. 21 is
rearranged to:

de [ ¢u Om
Integration yields:
B’LUSBST)’LKS A(CSQ(CS))
Js = . 23
<¢w>Dsm + <¢m>Dws l ( )

The osmotic coefficients in Eq. 23 can be substituted by a single factor defined
as:

_ s 0(ef) — el ®(c)

2, = EX (24
so that substitution of Js by Eq. 20 yields:
PpsPsm®Ps
Ds — ws sm S 25
@) Dom + (m) Dy (25)
Isolation of B,,:
m D’UJS
Dom ) D (26)

B Bws(bs - <¢w>Ds ®

In the denominator of Eq. 26, the second term is usually very small compared
to the first one, as Dy << Dy and (¢y,) < 1 while &, = 1 for dilute solutions.
By omitting this second term, Eq. 26 simplifies to:

Ol p, (21)

Bsm =
D

When diffusion tests are performed using very dilute solutions, the osmotic co-
efficients are approximately equal to 1, and (¢,,) is also close to 1 for dense
membranes, so P, and Dy are approximately equal.

Similarly, the water diffusion coefficient within a membrane obtained from
pressure-driven clean water flux tests can be related to P,,. In the classical
solution-diffusion model, the volumetric flux is related to membrane properties
and the applied pressure difference as follows [25]:

_ K,D,v

— DwZwI AP 2
Jo=—p7 (28)

In both the Maxwell-Stefan and classical solution-diffusion model, the chemical
potential gradient is transformed into a water concentration gradient, with the
concentration gradient caused by the pressure difference at both interfaces. This
is because there is no pressure gradient within the active layer [25, 24]; the
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pressure reduces discontinuously to the permeate pressure at the active layer -
permeate interface. The resulting Maxwell-Stefan formulation is:

Ky (1 — exp (—ﬁ)) = %W (29)

which is simplified by Taylor expansion and with K¢, = (¢,,) and Eq. 14 to:

(w) Duwm?

o = o IRT

AP (30)
Recognizing that for flux tests using pure water or dilute solutions K,, = ¢,
we see that:

2.4. Interactions between charged solutes

When using a mineral salt as a draw solute and with the feed solution con-
taining charged solutes as well, there will be electrostatic interactions between
ions on both sides of the membrane. The M-S diffusivity of the neutral species
formed by an ionic feed solute and its draw solute counterion(s), does not depend
on the ion-ion interaction, but is only determined by ion-water interactions of
both cations and anions [18]. If one of the draw solute ions has a higher mem-
brane permeability than its counterion, a transmembrane potential difference
will develop according to the Nernst equation. The consequence of this poten-
tial is that charge neutrality is restored to the steady-state draw solute flux,
due to acceleration and deceleration of the counter- and coions resp. The elec-
trostatic potential gradient also influences the flux of charged feed solutes. It is
assumed here that due to the much higher draw solute concentration compared
to feed solutes that the draw solute flux determines the filtration potential. For
charged solutes, the full transport equation then becomes [18, 19]:

Ci

" RT

n—1
(Vit zFVe) = Y W (32)

j=1,5#i gl

The total transmembrane potential difference can be measured easily, but does
not yield information on the local gradient. To the best of the author’s knowl-
edge, the electrostatic potential difference as a function of transmembrane co-
ordinate has not yet been established for FO, and this is outside of the scope
of this study. Generally, a filtration potential arises due to unequal ion perme-
ability through the active layer and due to streaming current generated in the
support layer [27]. Streaming current is the phenomenon where charged pore
walls cause a charge separation of the ions in the pore liquid moving through
the pores. This results in a deviation from net zero current of the fluxes of
ionic species. However, due to the elevated salinity of FO draw solutions, elec-
trical double layers are suppressed, and streaming current should be negligible
[28]. For instance, for a 1-1 electrolyte such as NaCl, the Debye length at 0.1M
concentration is less than 1 nm. Therefore, the filtration potential in FO will
be due to unequal ion permeability of the active layer. Although the potential
difference is caused by the active layer, the length over which the gradient is
present is much larger, due to the influence of the resulting electromotive force



on draw solute ions in the vicinity of the active layer, thereby decreasing the
gradient.

Measurements of the filtration potential during FO on CTA membranes by Bian
et al. [29] using different draw solutes and membrane orientations, indicate that
the filtration potential is limited to tens of mV, not exceeding 70 mV for multi-
valent draw solutes at high concentration differences. This fairly low filtration
potential is likely the result of the low surface charge of CTA FO membranes,
leading to similar permeance for cations and anions. TFC membranes hold more
permanent surface charges, which should result in a higher filtration potential
as well. Assuming that the potential difference is located across the active layer,
the forces exerted by the concentration and potential gradients are in the same
order of magnitude, showing the practical importance of electromigration in
FO. This corresponds well with experimental reports of ion exchange in FO
2, 3,4, 5,6, 7].

Electromigration can be easily incorporated into the model detailed above by
means of the additional driving force term of Eq. 32, but this requires that V¥
is known. The frictional terms of Egs. 1 and 32 are identical, only the driving
force is increased or decreased (depending on valence). Electromigration was
evaluated by varying V¥ and calculating uy for uncharged, cationic and an-
ionic solutes. VW was converted into non-dimensional form as Vipg = V\II%,
in order to allow for easy comparison with Vuy.

3. Materials and methods

3.1. Active layer transport model

Initial values for ¢, ¢, Pwm and Dy, were based on studies by Freger [30],
Geise et al. [31, 32] and Zhang et al. [33] and are listed in Table 1. The mem-
brane characteristics are typical of somewhat looser desalination membranes:
the modelled membrane had a polymer volume fraction of 0.9 and a thickness
of 40 nm. The permselectivity of water over draw solute varied over a range
of 100 - 10° due to varying K, in the sensitivity analysis. The permselectivity
of this membrane stems mostly from diffusional hindrance rather than low salt
partitioning, as is the case for real membranes as well [31]. In all calculations,
a membrane orientation of FO mode, active layer facing feed solution, was as-
sumed. Eq. 16 is solved by guessing velocities, from which fluxes and interface
concentrations are calculated. The interface concentrations are then used to re-
calculate velocities, and initial guesses are adjusted by a Nelder-Mead algorithm
until convergence. A flow chart of the model solver is included in Supplemen-
tary Information. The draw solute was assumed to be NaCl. The binary water
- NaCl M-S diffusion coeflicient equals the Fickian NaCl diffusion coefficient at
infinite dilution [18], being 1.55-107° m? /s. Draw solution non-ideality was not
taken into account (® = 1), as this is not the focus of this study and non-ideality
is limited for NaCl in any case [34].
Volume fractions were calculated by assuming that each mobile species parti-
tions into the membrane independently of other mobile species relative to their
partitioning coefficient. The remaining volume is then assigned to the mem-
brane phase. The thickness of the membrane is normalized afterwards, so that
in all simulations the amount of polymer is the same, i.e. the product l[{¢,,)
is a constant. Given that both feed and draw solutes are present only in rela-
tively dilute solutions, the volume fractions are dominated by (¢,,) and ().



Table 1: Membrane and solution characteristics used in this study. The A and B coefficients
are the water and NaCl permeability coefficients according to the classical solution-diffusion
theory, calculated using Eqgs. 20, 27, 28 and 31.

Parameter | Value units
Dim 1-107 13 | m?/s
Ky (= d¢y) | 0.1 -

Duwm 1-10710 | m?/s
O 0.9 -

l 40 nm

S 400 pm

cl 1 mole/L
A 2:10'2 | m/(Pa-s)
B 4.10°8 m/s

A water partitioning coefficient of 0.1 was used, which is a realistic value for
both polyamide and cellulose ester-based membranes. The feed solution was
assumed to be pure water containing an organic micropollutant at a concentra-
tion of 1 pM. Upon obtaining w.,,, uy and ug4, fluxes and feed solute rejection
were calculated according to Egs. 13 and 15.

3.2. Support layer transport model

Using Eq. 19, the different contributions to J; are quantified. A feed solute
concentration of 1 pM at the active layer - support layer interface is assumed
(cfc), equal to the active layer model. A volume flux of about 20 LMH and
RSF of 5.4-10°° mole/(m?s) are used, as predicted by the active layer model for
a 1M NaCl draw solution, with J, converted to the molar water flux J,. Jf
is the sum of three components: two coupled contributions to water and the
draw solute and one contribution of the feed solute’s own chemical potential
gradient. The contributions of J, and J; can be easily calculated, but the
system is not determined: both J; and Vs are unknown and depend on each
other. Interactions between the water, feed solute and draw solute fluxes in
the support layer are then evaluated according to two scenarios: one in which
the feed solute concentration gradient within the support layer is forced to
zero, and one in which a fixed feed solute flux is enforced. The first scenario
corresponds to the feed solute being transported through flux coupling only,
while the second scenario corresponds to a fixed rate of feed solute permeating
through the active layer. In both scenarios, Dz, is varied from 1075 to 10" m? /s,
D¢ =5-1071"m? /s, and the response variables are the feed solute flux and feed
solute concentration gradient within the support layer respectively. To formally
link the feed solute flux through the active layer and support layer, an iterative
process would be employed, where the feed solute interface concentration is
estimated so that Jy through both layers is equal. This approach is however less
informative than the scenarios outlined above, as the flux interactions within
the support are partially obscured by the influence of transport through the
active layer.

3.8. Sensitivity analysis

Sensitivity analysis was carried out using a full-factorial design followed by
Sobol sensitivity index calculation. 6 factors were varied, being Ky, Kq, D sp,,

10
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Table 2: Range of variation of variables used during full factorial sensitivity analysis.

Parameter | Range of variation | Fixed value in plots | units
K4 (NaCl) | 0.001- 1 0.016 -
Ky 0.01 - 10 0.16 -
Dim 1-1074-1.10" | 6.3.10713 m? /s
Diq 1-107%¥-1.1071° | 2.5.107 1L m?/s
Dy 1-1071-1.107° | 4.0-1071° m? /s
KS -0.075- 0.3 0.075 -

Dy, Pra and K. The response variable was feed solute rejection in all cases.
In order to carefully study feed solute - draw solute interactions, the range
of variation for the draw solute-related factors was especially broad. K  for
instance is varied from 0.001 to 1, with the values on the upper end of the
interval being unrealistically high: K, was fixed at 0.1, so at the upper end of
the K interval, the membrane would preferentially take up draw solute rather
than water. Clearly, such a membrane would make for a poor FO membrane.
Each factor was varied over six levels, yielding a 6-dimensional solution space.
Only six levels were examined due to the high computational cost of the full-
factorial design. A full factorial design was implemented rather than Monte
Carlo sampling, because the full factorial design allows for easier interpretation
of the obtained feed solute rejection.

Because all factors except K° were varied over multiple orders of magnitude,
factors were varied according to a geometric series, so that:

n

Jrt1 Cea fy= fy (D) 2 gy e

fn

With f1, r, e and ¢ being the lowest value of factor f, the range of variation,
the number of elements of factor f and the constant ratio of two subsequent
elements of f respectively. K° was varied from -0.075 to 0.3, which roughly
corresponds to the range of variation found by Ni et al. [12]| for many organic
compounds in the presence of NaCl.

Sobol sensitivity indices were calculated for single variables and interaction
between two variables. The Sobol method relies on quantifying the contribution
of variables or interaction between variables to the variance of the response
variable [35, 36, 37]. A function f(z) with n independent variables defined in
I™ is assumed to be composed of summands of increasing dimensionality:

(33)

f(x):f0+2fi(xi)+ Z fij(xi,zd) + oo+ fron(@1, T2, o xn)  (34)
=1

i=1,i<j

With the condition of every integral of a summand over any of its independent
variables equalling zero, Eq. 34 can be written for interactions of two variables
as:

[ @) TT dow = fo+ fiw) + fy(5) + ig(os,y)

ki, j

(35)
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Squaring and integrating leads to the following definitions of variances:

D= [ fia- g =Var(s(w)
s—1 (36)
Dilmis = / izsdxndxls = Var(E(f(x)|m“ZS)) - Z‘Dibuis—l

Finally Sobol sensitivity indices were calculated as:

Si == (37)

4. Results and Discussion

4.1. Obtained flures and sensitivity

Water and draw solute fluxes as a function of draw solute concentration are
shown in Figure 1. Note that the draw solute concentration difference here is
across the active layer only, so there is no ICP, which is why the fluxes are
approximately linearly proportional to draw solute concentration. Also shown
is feed solute rejection calculated using the fixed values for the different feed
solute M-S diffusion coefficients and partitioning given in Table 2.

During active layer transport, the dominant influence on feed solute rejection
was found for Py, and Ky, being the inverse feed solute - membrane friction
coeflicient and feed solute partitioning respectively, which predicted rejection to
vary from slightly negative values to unity for the range of variation of these
factors. A 3D slice of the solution is shown in Figure 2; see Table 2 for the
fixed values of the other factors. In dense membranes, (¢,,) is the dominant
volume fraction and can be in excess of 95% [30]. It follows that frictional
hindrance between the feed solutes and other components will be dominated by
Dp. It was also found that the influence of Dy, and K takes precedence
over other variables influencing rejection. This implies that if D¢, and/or Ky
would cause rejection to be high, rejection would indeed be high regardless of
other factors. Only when Dy, and Ky allow for low rejection, can the other
factors affect rejection. This can be explained as follows. With Jy = csKruy,
and uy mainly determined by D¢,,, J; can be constrained by both partitioning
and feed solute velocity. Either one of these two variables can be very small,
resulting in negligible J¢, regardless of influences on the other variable.

Aside from feed solute partitioning and feed solute - membrane friction,
salting out also had a significant influence on rejection, albeit smaller than the
former factors. Salting out of feed solutes causes the driving force for transport
to decrease by increasing the activity coefficient of feed solute molecules which
have passed into the draw solution, thereby increasing feed solute rejection.
Conversely, salting in could lower rejection, but salting in is much less common
than salting out. This is shown in Figure 3, where in the case of low solute-
membrane friction on the lower left side of the graph negative rejection was
obtained (-6%) with salting in, while in the case of strong salting out, rejection
was still significant at 53%. On the other hand, if solute-membrane friction
is high (upper right side), rejection only varied between 98 and 99%, showing
again the dominance of Dz, over other factors.

The remaining factors, Hrq, Py and Ky, turned out to be insignificant
over their range of variation. This means that frictional coupling between feed
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Figure 1: Volume and draw solute fluxes (J, and Jg) and feed solute rejection (Ry) as a
function of draw solute concentration. Note that only active layer transport is included so that
there is no ICP, which is why the fluxes are linearly proportional to draw solute concentration.
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Figure 2: Rejection as a function of Dy, and K, the variables determining feed solute
rejection. Rejection varies from 16% to 100% in this graph.
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Figure 3: Rejection as a function of D f,, and K*¥. Slight negative rejection (-6%) was obtained
when feed solutes were subject to salting in and when solute-membrane friction was low.

solutes, water and draw solute does not significantly influence feed solute trans-
port across the active layer. Rejection as a function of D4 and Ky is shown in
Figure 4, where rejection only varied from 34.5 to 38.0%. It should be stressed
that in Figure 4, rejection showed the highest sensitivity towards K,y when Ky
was unrealistically high. At K; = 0.1 to 1, the membrane would take up draw
solute in favour of water (with K,, = 0.1), resulting in a low permselectivity of
1000 to 100.

The figures presented above are slices from the 6-dimensional solution space,
so they cannot convey the total impact of a factor on rejection. To overcome this
limitation, variance analysis using the Sobol method was used. A first indication
of significance of a factor is gained by reducing the dimensionality by fixing one
factor and calculating the variance of the remaining solution space. The result
of this is shown in Figure 5, with the blue dashed line being the variance of the
entire solution space. It is immediately apparent that any change in variance is
due to three factors, P ¢,,, K¢ and K 9 while the remaining three factors, P, 75
Dq and Ky do not alter the variance of their solution subspaces. The Sobol
sensitivity indices confirm the above analysis: S; were 0.46 and 0.48 for D g,
and Ky respectively, 0.09 for K S and <0.001 for the other factors, shown in
Figure 6. Sobol sensitivity indices for interaction between two variables showed
that D¢, and Ky do not interact. All S;; containing either Hy¢,,, Ky or both
were almost equal. The lack of interaction can be explained by Py, and Ky
being coefficients of distinctly different physical processes.

14
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Figure 4: Rejection as a function of Dyq and Ky. Note that the overall influence of draw
solute properties on feed solute rejection is low, and for realistic values of K4 (<0.1), the
influence is much lower still.
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Figure 5: Variance of feed solute rejection in solution subspaces when one factor was fixed.
Variance of the entire solution space is given as the dashed blue line.
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Figure 6: Sobol sensitivity indices for the six factors, clearly showing that rejection is de-
termined mainly by D¢, and Ky, in about equal measure. K% is of secondary importance,
while the other factors, D yq, Dy and Kg, have no significant influence on rejection.

4.2. Flux coupling during active layer transport

The Sobol sensitivity analysis showed quantitatively that frictional coupling
between different mobile species is insignificant, and accounted for only about
0.1% of the variance in rejection. For dense membranes, the insignificance of
flux coupling is not surprising. It is in fact one of the assumptions made in the
classical solution-diffusion model [25]. The low sensitivity of feed solute rejection
towards coupling was also shown for salt rejection by seawater RO [24]: even in
the case of strong frictional coupling versus no coupling, the difference in salt
rejection is limited to less than 1%. This lack of flux coupling due to solute -
membrane friction can be shown in this model too. If we assume for all mobile
species that frictional drag predominantly comes from solute - membrane drag,
it follows that D, < D;; and (¢n,) > (¢;). Then, returning to Eq. 11, we can
simplify the denominator accordingly to:

D
<¢m>Bwafd

Disregarding salting out for clarity, the feed solute transport equation of Eq. 16
then simplifies to:

Dpm Aoy Dymldw)  Drm{da)
Hom) (1) " Duplom) " Dralom) @

Eq. 39 still contains flux coupling terms, but again for Dy, < D;; and (¢.,) >
(¢;), the coefficients of u,, and u4 vanish, leaving only a diffusive contribution
to uy, in agreement with the classical solution-diffusion model. Subsequently,
cjlf can be eliminated using Eq. 13 and with Eq. 15, rejection can expressed

as a function of water flux and the feed solute permeability coefficient (= B =
DimKy .,
<¢'m>l )

(38)

Oéf%

(39)

B J2 +12BJ, + 4B?
Rf:1.5+7_\/v+ i (40)
Ju 2J,
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Eq. 40 tends to 0 and 1 for J, tending to 0 and 400, as expected. If salting
out is included, the derivation remains unchanged, apart from adding a salting
out term to the solute transport driving force (K2 Ac,). For ease of notation,
setting K2 Acy = o, the following equation of solute rejection as a function of
volume flux was obtained:

B oB /J2+(12+20)BJ, + B2(4 — 0% — 40)

— 15+ = —
Ry 5+JU 27, 27,

(41)

This equation describes feed solute rejection as a function of volume flux and
salting out, with the feed solute flux uncoupled from all other fluxes. An exam-
ple of the effect of salting out on feed solute rejection is shown in Supplementary
Information, in which the rejection of a fairly high permeance solute varies by
about 10% depending when K9 is varied between 0 and 0.3. In Figure 7, re-
jection is shown for both feed solute-membrane friction being dominant and for
the simplification of uncoupled fluxes (Eq. 40), being the blue and dotted lines
respectively. Both graphs completely overlap, showing that in this case the feed
solute flux is de facto uncoupled from other fluxes.

The assumptions leading to the above simplification are of course only valid
if feed solute - membrane friction dominate over other frictional drag sources.
For small organic compounds, not much larger than a water molecule, this as-
sumption can be invalid. In that case, Dym ~ Dyp and Dy, would be not
much smaller than D, ¢. This case is illustrated as the dot-dashed line in Figure
7, showing rejection as a function of J, for all ;; = 1-107'% m?/s. Rejection
in this case is very low, and hardly increases with increasing water flux. In a
previous study, [8], we have shown evidence for significant frictional coupling
between water and small mono-alcohols in FO membranes. The extent of flux
coupling with water was high for primary alcohols, but quickly diminished as
the steric hindrance of the alkyl chain increased due to branching, with flux
coupling being almost absent for tertiary alcohols such as tert.butanol. Apply-
ing these findings to typical OMPs, such as pharmaceuticals or pesticides, it is
unlikely that flux coupling between water and OMPs has a measurable impact
on rejection. Many OMPs are significantly larger than the alcohols mentioned
above, and thus feed solute-membrane friction will dominate over flux coupling.
However, should a more permeable membrane be used in combination with a
large MW draw solute, coupling with water flow will occur with larger feed so-
lutes too.

Should there be flux coupling, then due to the molar flux of water being many
orders of magnitude larger than the draw solute flux, any significant frictional
flux coupling will involve the water flux, ruling out significant frictional feed
solute - draw solute interactions. This is illustrated by the solid black line,
where all M-S diffusivities were considered small (high friction) and equal, re-
sulting in about 6% lowered rejection. This is in line with the conclusions of
the Sobol analysis of the previous section as well. Even when P ¢4 would be the
dominant friction factor, the effect on rejection is here predicted to be minimal.
Maintaining high feed solute-membrane friction but applying a feed solute-draw
solute friction which is two orders of magnitude stronger (i.e. , D, = 1-10713,
Dsq = 1:10' m?/s), the dashed curve is obtained, which results in at most
2% increased rejection. Note that this case assumes unrealistically high feed
solute-draw solute friction, as will be shown in Section 4.4. It should also be
mentioned that different friction factors can correlate. For instance, by lowering
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Figure 7: Rejection calculated for different cases of D;;. From top to bottom: Df,, = main
hindrance from feed solute - membrane friction, D;; eq. = all friction coefficients high and
equal, D¢q = main hindrance from feed solute - draw solute friction, LF' = low friction; all
friction coefficients low and equal, NC' = no coupling, rejection calculated according to Eq.
40. Note, D t,, and NC overlap.

Dy in our model, flux coupling with water can become significant, however, in
reality, compounds exhibiting low diffusivity tend to be large compounds and
would thus exhibit a very low B ¢, as well.

4.8. Transport in the support layer

Flux coupling is pronounced during transport in the support layer, in con-
trast to transport through the active layer. Feed solute flux hindrance within
the support layer can contribute to feed solute rejection: should strong hin-
drance take place between the draw solute and feed solutes, then the feed solute
concentration would remain relatively high at the active layer - support layer in-
terface, which in turn diminishes the feed solute concentration difference across
the active layer, causing an overall decrease of J¢ and increased rejection. In
contrast to active layer transport, there is no b, dwarfing all other frictional
interactions, because the support layer is porous. In the absence of D;,,, it is
quite likely that feed solute - draw solute friction is in fact the largest friction
factor, given that both solutes are larger than water. Additionally, the support
layer is about three orders of magnitude thicker than the active layer and con-
tains a higher draw solute concentration, allowing for more frictional feed solute
- draw solute interaction.

As mentioned in Section 3.2, frictional interactions between water, draw solute
and feed solute fluxes are studied by either fixing the feed solute concentration
gradient to zero (scenario 1) or flux within the support layer (scenario 2) and by
varying D ¢4 from 107 to 10 m?/s. The response variables are the feed solute
flux and concentration gradient respectively. The results of the first scenario
are shown in Figure 8, where Vs = 0 and the normalized contributions of J,,
and Jq to Jy are shown as a function of P4, as well as the resulting normal-
ized Jy. Note that the contribution of Jy is negative; it is shown as absolute
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Figure 8: Normalized contributions of J, and Jg to Jy as a function of D ¢4 and the normalized
Jy needed to maintain equal feed solute concentration throughout the support layer after
permeating through the active layer. All fluxes are normalized to J; when fully coupled with
water only, i.e. J; = Jvclfj.

value in Figure 8. It can be seen that for Dyy < 1072 m?/s, J; is in fact
slightly negative, meaning that the draw solute flux would entrain permeated
feed solute towards the active layer. In this case, the draw solute in the support
layer would strongly hinder feed solute permeation. For D4 > 10710 m? /s, the
influence of feed solute - draw solute friction on Jy becomes negligible, which
also implies that feed solute rejection is then only determined by resistance in
the active layer. The calculations of the second scenario are shown in Figure
9, where a fixed Jy was enforced and the resulting Vc was calculated. Similar
to the first scenario, hindrance due to the draw solute flux is significant for low
B tq values, but becomes negligible when P ;4 approaches P, ;. As a reference:
the concentration gradient of a fully rejected feed solute across the active layer,
present at a concentration of 1 pM, is in the order of 10* moles/m?, so only
at very small D ;q values can hindrance induced by the draw solute match the
hindrance imposed by the active layer.
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Figure 9: Concentration gradient of permeated feed solute within the support as a function of
D rq when a feed solute flux is enforced. Here, the presence of a concentration gradient implies
that draw solute friction contributes to overall resistance against feed solute transport, and
vanishes for high Dfg.

4.4. Feed solute - draw solute interactions

In the previous sections, the importance of coupling between feed solutes and
the draw solute sometimes hinged on the value of D ;4. Unfortunately, there is
very little data available on the friction between salts and organic compounds,
but there are indications that this friction factor not significantly greater than
other solution friction factors. Using simultaneous Taylor dispersion of two
compounds, Leaist [38] studied the Fickian diffusion of sucrose and KCl, finding
that KCI enhanced the diffusion of sucrose. Of course, the increased diffusivity
of sucrose can also be due to salting out, as Fickian diffusion coefficients account
for both frictional interactions and solution non-ideality. It does show however,
that if there is increased frictional hindrance, it must be smaller than the effect
of salting out. Given that sucrose is a strongly hydrophilic solute, salting out is
expected to be minimal [12], indicating that KCl-sucrose friction will be small
as well. Another indication, albeit indirect, is by diffusion tests carried out by
Sauchelli et al. [10], using two TFC FO membranes and organic micropollutants.
The diffusion tests were carried out both in deionized water and salt solutions.
Some electrostatic interactions between charged OMPs and salts were seen,
but the permeance of the uncharged OMPs through the FO membranes was
unaltered. These results again indicate that frictional interactions between feed
and draw solutes are not important.

We have measured the self-diffusion of atenolol (MW 266.33 g/mole) as a tracer
in NaCl-D,O (deuterium oxide) solutions between 0 and 4M NaCl using pulsed
field gradient NMR, according to the method described by Ma et al. [39]. It was
found that the self-diffusion decreased slightly from 0.46 to 0.36 - 107 m?/s as a
function of salinity, shown as the black data series in Figure 10. Self-diffusion is
proportional to the inverse of solution viscosity according to the Stokes-Einstein
relation, and is not influenced by solution non-ideality, because of the absence
of a salinity gradient within the homogeneous solution. After accounting for
the increased viscosity of concentrated NaCl solutions [40], the self-diffusion is
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converted into the blue data series in Figure 10, now in units of N. It can be
seen that this viscosity-corrected self-diffusion coefficient is nearly independent
of the NaCl concentration; it varies only by 3% and increases slightly with
increasing NaCl concentration rather than decreasing. The increased diffusivity
could stem from the viscosity of NaCl - D, O solutions deviating from NaCl - H,O
solutions, or from reduced hydration of the organic solute [11]. The measured
Fickian diffusion coefficient can be related to M-S diffusivities as follows. By
considering that the system is at equilibrium, it follows that all forces exerted
on water, NaCl and atenolol must cancel out: > F; = 0 [17, 22]. A small
perturbation to atenolol will cause a small velocity difference relative to the
surrounding water and NaCl. The latter two components are present at much
higher concentrations, and thus they can be considered stationary due to no net
force being exerted. This yields:

RT:I?w’LLf RTSCde

o Tq
V. — — RTu; [ =2 4 24 42
o Dy " BDyq Y (Bwf " Dfd) (42)

Multiplying both sides by c;z; and expressing the driving force as a concentra-
tion gradient according to Eq. 2 yields:

-1
L Zq

Jp=—=—+ > Ve 43

f < Dus | Dya f (43)

Note that feed solute non-ideality does not appear in Eq. 43 due to the ab-

sence of an activity coeflicient gradient. Equating the self-diffusion to the M-S
diffusivities, one arrives at [41, 42]:

DyiDuws

D= 44
:Ewad—‘rirdBwf ( )

This yields Dyq = 8.840.9-10"' m?/s. Returning now to Figures 8 and 9, it
can be seen that frictional hindrance at this value for P g4 is quite low. From
these calculations and the literature mentioned earlier, it can be concluded that
frictional hindrance within the support is minimal for OMPs and small draw
solutes. The data set presented here is very limited in size, a more systematic
study is warranted. It is conceivable that feed solute - draw solute combinations
are possible where frictional hindrance is significant.

The importance of electromigration for charged feed solutes was assessed by
means of Eq. 32, in which the driving force for feed solute transport is the elec-
trochemical potential gradient, rather than only the chemical potential gradient.
Given that the electrostatic potential as a function of transmembrane coordi-
nate is unknown, an estimate for the upper limit of the potential difference
across the active layer was made. For a membrane showing perfect permselec-
tivity between anions and cations for a 1-1 salt, and at a concentration ratio
of 100 between feed and draw, the total potential difference would be equal to
the Donnan potential of 118 mV. This concentration ratio is attainable in FO,
but FO membranes are not close to being perfectly permselective, decreasing
the effective potential difference. Therefore, the upper limit was set to 40 mV,
in range with the values reported by Bian et al. [29]. Feed solute velocity for
neutral, anionic and cationic solutes is reported in Figure 11 as a function of the
non-dimensional electrostatic potential gradient (Vg = V\IJ%). The concen-

tration gradient in non-dimensional form is %, which can be at most two for
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Figure 10: Self diffusivity of atenolol as a function of NaCl concentration in D,O (black) and
after correction for solution viscosity (blue).

complete rejection. At 1y = 1, the electrostatic potential across the active layer
is 26 mV. At this potential, velocity of co-ions and counterions is 46% and 164%
of the velocity of neutral solutes respectively, showing that electromigration is
a significant driving force in FO.

In the current model, certain feed solute - draw solute interactions are not
yet included. Draw solutes can alter feed solute - membrane affinity, thereby
altering feed solute partitioning into the membrane (K). In a previous publica-
tion, we reported on a dramatic change in feed solute rejection when comparing
FO and RO operation of the same membrane and same feed solutes [8]. This
resulted in negative rejection of the feed solutes during FO, despite salting out
of the feed solutes. Such interactions are unfortunately hard to predict and are
specific to certain feed solute, draw solute and polymer combinations. K¢ was
shown to be of primary importance for feed solute rejection in this study, but it
was considered independently of draw solute type and concentration. Another
interaction which is not included is the effect of the draw solute on feed solute
- membrane friction (D ¢,,). These interactions include active layer swelling or
shrinking, dehydration of organic solutes and modification of the de facto pore
size distribution due to ions blocking smaller pores. The influence of salinity
on organic feed solute rejection has been studied in detail in nanofiltration,
where it was found that saline feeds cause decreased organic solute rejection
[13, 14, 15, 16]. Although active layer swelling is often proposed to explain re-
duced organic solute rejection, it has been contradicted by direct measurement
of active layer swelling and the decreased rejection has been shown to occur also
in ceramic membranes [14], which can be reasonably assumed to be rigid. Freger
[30] showed that polyamide layers swell considerably less in brines compared to
DI water, and that permeability of a membrane correlates strongly with the
degree of swelling. In a previous study, we also reported that the water per-
meability of CTA FO membranes declines with increasing draw solute osmotic
pressure, although this was not seen in TFC FO membranes [40]. It is also
well-known that the diffusivity of solutes strongly depends on their size relative

22



20 1 —— counterion
— — Neutral
L 15 —— Coio
IS
5 1.0
c
5 0.5
0.0 —
I I I I
0 0.5 1 15
Owg [-]

Figure 11: Normalized feed solute velocity as a function of non-dimensional electrostatic
potential gradient for counterions, coions and neutral solutes.

to membrane pore sizes. For instance, Drazevié et al. [43] directly measured
hindered diffusivity of several organic solutes in the active layer of a SWC4+
RO membrane, finding that solute diffusivity decreased by almost two orders
of magnitude when the Stokes radius increased from 0.20 to 0.27 nm. With
respect to dehydration, it should be mentioned that FO operates based on low-
ering water activity to a level below that of the feed solution, which may already
be at reduced activity. RO and NF on the other hand, operate based on in-
creasing the water activity beyond that of the permeate, being (relatively) pure
water. Active layer dehydration could then be expected to be of greater impor-
tance in FO than in pressure-driven systems. However, there is some proof that
membrane compaction due to hydrostatic pressure also leads to decreased mem-
brane permeability and increased feed solute rejection. Kong et al. [9] studied
the permeance of 24 pharmaceutical compounds in CTA FO membranes, oper-
ated as FO, RO and diffusion only, and modelled the results according to the
solution-diffusion model. They found that generally permeances obtained using
RO were lower (i.e. higher OMP rejection) compared to FO and diffusion, which
they attributed to active layer compression due to hydrostatic pressure in RO.
Similarly, Tiraferri et al. [26] found that NaCl permeance by FO membranes
decreased significantly when operated as RO, and was tentatively attributed to
compaction as well. Using cross-sectional SEM micrographs of different nano-
composite membranes, Pendergast et al. [44] were able to confirm compaction
of the support layer, which they relate to increased rejection by means of an
increased path length through the active layer from the feed side to shrunken
support-free zones on the permeate side. Given that there is no hydrostatic
pressure applied in FO, support compaction would be absent. Apparently, both
pressure- and osmotically-driven operation have specific mechanisms by which
membrane permeability declines.

The lowered organic solute rejection in saline NF feeds can be satisfactory ex-
plained by salting out. Dehydration of the organic solutes decreases their effec-
tive size, which is one of the mechanisms of salting out and also reduces their
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Figure 12: Schematic illustration of the influence of salting out on the driving force for feed
solute rejection in pressure-driven systems (left side) and FO. In the pressure-driven case, the
feed solute concentration and salinity gradients share the same direction and are thus additive,
while in the case of FO, they are oppositely directed and thus counteract each other.

effective size. Alternatively, if the solute needs to shed its hydration shell in
order to be able to pass through the active layer, the activation energy for par-
titioning into the membrane is lowered if the hydration shell is already weakened
by salting out [45]. The NF tests on saline feeds containing organics are different
from the FO case at hand: the direction of the salinity gradient is switched rel-
ative to the direction of feed solute flux through the membrane. In the NF case,
salting out then decreases feed solute rejection but in the FO case, rejection is
increased by salting out. This is illustrated schematically in Figure 12. Xie et al.
[1] systematically studied FO and RO operation of the same membrane with a
feed solution containing hydrophobic OMPs. They found a correlation between
reverse draw solute flux and OMP rejection, and interestingly, also found that
during FO, adsorption of OMPs onto the membrane was decreased. The in-
creased rejection during FO operation was then ascribed to frictional hindrance
between OMPs and the draw solute. Given the results of the sensitivity analysis
presented here, a more likely explanation of these findings would be a change in
feed solute partitioning and salting out.

5. Conclusions

This study presents a comprehensive FO transport model based on Maxwell-
Stefan theory for feed solute transport. It includes frictional interactions with
all components of the system, feed solute non-ideality due to salting out and
electromigration. Feed solute transport through the active layer was found to be
de facto uncoupled from other fluxes, and was determined by friction with the
membrane polymer and partitioning into the membrane. Of significant but sec-
ondary importance was salting out, as this decreases the effective driving force
for feed solute transport. The draw solute was found to not have noticeable
frictional interactions with feed solute transport, even at unrealistically high
feed solute - draw solute friction or excessively high draw solute partitioning.
Should the solute - membrane friction be less (more permeable membrane), flux
coupling with water is more likely to occur, as the water flux is orders of mag-
nitude larger than the draw solute flux, and draw solute partitioning into the
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active layer is generally low. Feed solute partitioning can also be influenced by
draw solute and draw solution concentration, but was considered independently
in this model. When comparing FO, RO and diffusive operation of the same
membrane, differences in feed solute partitioning should be taken into account
in order to provide a fair comparison of feed solute permeance in the different
processes.

Electromigration is shown to be an important driving force for transport of
charged solutes, with the necessary electrostatic potential difference being gen-
erated by draw solute diffusion itself. This is true under the condition that most
of the electrostatic potential gradient is located across the active layer only. In
that case, the resulting driving force can match the driving force generated by
the solute’s concentration gradient. This is likely the case, given that ion ex-
change has been observed experimentally.

During transport through the support layer, there is significant flux coupling, as
solute - membrane friction is no longer dominant and path length has increased
by about three orders of magnitude compared to the active layer. It is shown
that frictional coupling between OMP feed solutes and NaCl has a small effect
on OMP transport. Theoretically, significant feed solute - draw solute coupling
is possible in the support layer, although this likely requires larger draw solutes
resulting in higher friction factors.
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7. List of symbols

A - Membrane water permeability according to the classical solution-diffusion
model
B - Membrane solute permeability according to the classical solution-diffusion
model
cf.d,w - Molar concentration of feed solute, draw solute or water resp.
cf’M’I’P - Molar concentration of component 7 in the feed, active layer, interface
between active layer and support layer and permeate/draw solution resp.
¢; - Total molar concentration of solution
B;; - Maxwell-Stefan binary diffusivity of components ¢ and j
D; - Sobol variances of factor i
D,, D,, - Diffusivity of solute and water resp. according to Fick
J; - Molar flux of component 4
Jy - Volume flux
K; - Distribution coefficient of component 4
K% - Setschenow constant
[ - Thickness of the active layer
P - Pressure
R - Rejection of feed solute
R - Gas constant
Si, Sij - Sobol sensitivity indices of component ¢ and i, j interacting resp.
S - Membrane structural parameter
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T - Absolute temperature

u; - Velocity of component ¢

v - Molar volume

x; - Molar fraction of component 4
z; - Charge of solute i

z - Transmembrane coordinate

Greek letters

«; - Coupling coefficient of component 4
[ - Differential osmotic coefficient

1 - Chemical potential

¢ - Volume fraction

® - Osmotic coefficient

U - Electrostatic potential

14 - Dimensionless electrostatic potential
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and inorganic electrolytic draw solutes in
forward osmosis"
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A comprehensive FO transport model based on Maxwell-Stefan theory is
presented

Active layer feed solute transport is determined by membrane interactions
only

Support layer feed solute transport is coupled to both water and draw
solute fluxes

Electromigration is an important driving force for ionic feed solute trans-
port

Salting out can increase organic feed solute rejection in FO
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