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A framework to analyze sulfate versus chloride
selectivity in nanofiltrationt

Yagnaseni Roy and John H. Lienhard vO®*

The preferential removal of sodium sulfate over sodium chloride (fractionation) by nanofiltration (NF) is
studied. A fractionation metric, M, is defined, and a simple set of equations are derived to describe its varia-
tion due to operating parameters, such as temperature and pressure. The use of these equations to explain
known behavior of NF systems and suggest improvements in system or membrane design is demonstrated.
Furthermore, the derived framework is applicable to all membranes used in pressure-driven technologies,
without detailed characterization of specific membrane properties, such as structural parameters (pore ra-
dius, active layer thickness, tortuosity, porosity) or charge-based parameters. Given that the principal appli-
cations of NF involve the selective removal of multivalent ions over monovalent ions, the introduced metric
provides a direct measure of its efficacy in such applications, and is shown to be more accurate in some
cases than comparing salt rejection ratios, as usually done. Finally, the concept of ‘breakthrough’, com-
monly observed as the point at which rejection ratio begins to decrease with increase in pressure, is math-
ematically described, and its implication on selectivity discussed.

Nanofiltration is used in water treatment to separate multivalent ions from monovalent ions, particularly to soften water and to prevent scaling. The
interplay of size-based and charge-based exclusion mechanisms in NF makes interspecies selectivity very complicated to model. This work introduces an
intuitively-appealing framework for inter-ion selectivity, relevant to seawater and industrial-effluent treatment, using sulfate vs. chloride selectivity as an

example.

1. Introduction

Nanofiltration (NF) is a pressure-driven membrane-based sep-
aration technology, similar to reverse osmosis (RO). The niche
of this technology is for applications requiring high removal
efficiency for only multivalent ions. The separation of sodium
sulfate from sodium chloride upon nanofiltration treatment
of an incoming mixture, is a well-studied application. For con-
venience, the separation of sodium sulfate from sodium chlo-
ride will be referred to as ‘fractionation’ in this work.

The temperature of industrial effluents that undergo this
treatment depends on the source, although NF-treatment is
limited by membrane material limits. Ref. 1 and 2 study
nanofiltration for fractionation with feed temperature
ranges 32-59 °C and 30-40 °C respectively, but do not dis-
cuss the change of fractionation efficacy due to temperature
change. Other sources, such as ref. 3, discuss the decrease in
rejection of all ions due to increase in feed temperature dur-
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ing NF-based fractionation. Indeed, in academic literature,
the change of rejection ratio due to various operating condi-
tions is reported as the primary metric for membrane-based
separation. Studies of other NF applications, such as seawa-
ter desalination, that depend on the preferential selectivity to
multivalent ions also report rejection ratio. However, compar-
ing rejection ratio change due to variation in operating condi-
tions does not provide a direct response to the question: is
the nanofiltration membrane more selective to sulfate or
chloride ions at a different pressure, temperature or pH?

For example, as detailed in section 4.1, when temperature
increases, many sources report negligible decrease in rejec-
tion ratio of divalent species (e.g. SO,>", Ca>"), while the rejec-
tion of monovalent species (e.g. Na*, Cl", K') decreases by a
much larger percentage.”® This trend, at first glance, indi-
cates that the membrane's selectivity to divalent species re-
mains high at larger temperatures and that of monovalents
decreases notably. While the small decrease in rejection ratio
of the divalent species does indicate that the permeate con-
centration, Cp,, remains small compared to the feed concen-
tration, Cy, the C;, value may have increased by several multi-
ples. In fact, if the user is interested in the selectivity of
divalent vs. monovalent species as measured by the multiple
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by which their respective C;, values increase, the message is
quite different: the divalents’ C}, increases by several more
multiples than that of the monovalents. Consequently, the
membrane's selectivity to divalents is lowered more signifi-
cantly due to increase in temperature compared to the
monovalents.

In the present work, a performance metric that answers
the previous question is defined and its variations with tem-
perature and pressure are analyzed. An analytical framework
to explain the observed variations is developed. This analyti-
cal framework interprets the change in selectivity as the re-
sult of a ‘competition’ between the fluxes of sodium chloride
and sodium sulfate. Values of the permeate concentrations of
these two salts and of water flux obtained from experiment
can be ‘plugged in’ to the framework. Consequently, experi-
mental results from any membrane can be analyzed in this
manner. Applicability to all membrane types used in
pressure-driven technologies is the key advantage of the pro-
posed method of analysis. Furthermore, the analysis informs
the membrane operator on how to improve selectivity in their
system, and the analysis identifies focus areas for improving
membranes for the given application.

Five feed compositions (A-E) representing a range of
NaCl-Na,SO, concentration ratios will be considered and the
changes in their selectivity metric with temperature, pressure
and membrane charge variation will be studied. Fig. 1 de-
scribes the molar compositions of solutions A-D, while solu-
tion E has the same ratio of salt concentrations as A, but at
ten times the total salinity. For compositions A to D, the total
equivalents of anions are fixed. For example, in A and D, the
anion equivalents are 30 + 2 x 15 = 60 and 12 + 2 X 24 = 60 re-
spectively. Composition E contains ten times the anion equiv-
alents in A-D: 300 + 2 x 150 = 600. In contrast to the other
compositions, D has a greater percentage by moles of sodium
sulfate than sodium chloride.

2. Governing equations
2.1. Analytical framework

The desired outcome of fractionation is to minimize Na,SO,
concentration and maximize NaCl concentration in the per-
meate stream. Consequently, in this work, the primary metric
for fractionation performance is defined by eqn (1):

NaZSO4 NaZSO4 NaZSO4 NacCl
%) %) % G
Na! N. Na! ZSO n
10/
(66. (80 (50 N66.7%)
AE B C D

Fig. 1 Percentage of moles of NaCl and Na,SO, in each feed
composition. Specifically, the compositions of the test solutions are A:
30 mol m~ NaCl + 15 mol m™> Na,SO,, B: 40 mol m™® NaCl + 10 mol
m™ Na,SO,4, C: 20 mol m™ NaCl + 20 mol m™ Na,SOy,, D: 12 mol m™
NaCl + 24 mol m~ Na,SO,4 and E: 300 mol m™ NaCl + 150 mol m™
Na,SO, respectively.

586 | Environ. Sci.: Water Res. Technol., 2019, 5, 585-598

View Article Online

Environmental Science: Water Research & Technology

M = (Cp Nact/Cp Na,s0,) (1)

In the above equation, Cj, is the permeate concentration.
A parameter similar to M has been used to measure nano-
filtration (NF) selectivity in previous literature, such as in ref.
7 while investigating selectivity between two pharmaceutical
chemicals and ref. 8 in studying selectivity between Na" and
Mg”* ions by polyelectrolyte multilayer NF membranes. In
pressure driven processes such as NF and RO, the salt (ie.
NaCl or Na,SO,) flux and water flux directions are the same,
and the following equation holds:* ™"

Cp,s = ]s/.]w (2)

In eqn (2), Js and J,, are the salt flux and water flux respec-
tively, and this equation can be applied separately to each of
the salts considered, NaCl and Na,SO,. Eqn (2) holds in case
of negative rejection (refer Fig. 6¢), since in pressure-driven
processes the transport in the support layer is convection-
dominated and back-diffusion is eliminated due to a flat con-
centration profile in this region.

Using quotient rule of differentiation on eqn (2),

dc . dJ. dJ
ps s _ Y w (3)
Cp,s ‘]s Jw

For each salt, the quantity on the right-hand side of eqn
(3) can be thought of as a ‘competition’ between the relative
increase in salt flux, J;, and the relative increase in water flux,
Jw. If the changes are larger than a differential amount, the
quantities dCp s, dJs and dJ,, can be replaced by AC,, 5, AJs and
AJw respectively, as done in section 4. Furthermore, as done
in section 4, the ‘relative changes’ AC,/AC,, AJs/AJs and
AJw/AJw can be interpreted as percentage changes.

The derivative of M with respect to a quantity X (tempera-
ture, membrane charge or pressure in this paper) is:

C de,NaCl _ de‘NaZSO‘, C
%_i(c c )_ PNaxSOs 4y X p.NaCl
dX dX p.NaCl’ ~'p,Na,SO, Cp’NaZSQ‘Z
(4)
Dividing eqn (4) through by M,
%‘ = de,NaCl _ de,NaZSO4 (Sa)
M dx Cp,NaCI X Cp,NaZSO4 ax

Eqn (5a) gives the relative (percentage) change in M due to
dX. The equation states that when M increases (dM/M > 0),
the relative change in Cpnaci (dCpnaci/Cpnact) due to dX is
larger than that of Cp,xas0, (i.e. dCpnact/Cpnaci > dCpna,so,/
CpNaso,)- Conversely, when M decreases, the percentage
change in Cj, naci is smaller than that of C na so,-

Now using eqn (3) in eqn (5a), and cancelling the dJ,/J
terms for the two salts,

This journal is © The Royal Society of Chemistry 2019
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dJ,

Na,SO,

J,

dx Na,SO4 |4y

= %‘ — d‘]NaCl (Sb)
My J,

NaCl

In summary, an increase in M implies that the percentage
change in Cp naci and Jnaci due to dX are higher than the cor-
responding values for Na,SO,. All inequality signs can be re-
versed to account for a decrease in M.

Finally, the mass balance on the concentration polariza-
tion boundary layer will be used to explain ‘breakthrough’ in
section 4.5.2. As derived in the ESI;j section S.2 for salts
containing two ionic species, the electrical potential-gradient
component can be replaced by an expression in terms of ion
mass transfer coefficients and diffusivities. Hence, for each
salt, the equation effectively reduces to the form shown in
eqn (6a). The first term on the right is the convective flux for
each salt towards the feed-membrane interface, and the sec-
ond term is the diffusion flux away from this interface.

Js :Jow,s - Ks(Cm,s - Cf,s) (63)
Using eqn (2) to replace J;,
JWCP,S :Jow,s - I(S(Cm,s - Cf,s) (Gb)

2.2. Nanofiltration modeling

The aim of this work is to explain changes in NF selectivity
observed in practical systems, caused due to changes in feed
conditions and operating parameters. The commercial mem-
brane projection software for NF/RO system design created
by Dow (named ROSA) is used as a reference for practically
observed trends. The analytical framework developed in sec-
tion 2.1 explains those known trends of fractionation perfor-
mance due to temperature and pressure variation. The trends
are mentioned in section 3 based on results from ROSA and
are reproduced (and explained) in section 4 using the widely-
used NF model described in our previous work.”"?

The results presented in section 4 are obtained consider-
ing the Donnan and steric exclusion mechanisms.} Another
exclusion mechanism, namely the dielectric exclusion is
known to influence ion transport in NF, and is discussed
briefly in section 4.2. The model provides values of salt
fluxes, water fluxes and salt concentrations that are necessary
for the explanations in section 4.

1 For all results shown in the current work, except for the section on the effect
of membrane charge variation on M (section 4.2), the membrane charge is fixed
at a value of ~1000 mol m™. This value of membrane charge is within a reason-
able range for NF modeling considering the Donnan exclusion and steric exclu-
sion mechanisms.”® The membrane charge is known to increase in magnitude

1524 and with feed salinity increase.”® However, the

with temperature increase
non-inclusion of these effects does not prevent qualitative agreement of trends
on M, dM/M, C,, s and dC,,¢/C,, s from the modeling with respect to those from
the membrane projection software (ROSA) used in designing practical NF/RO

systems.

This journal is © The Royal Society of Chemistry 2019
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Since the aim of this work is to demonstrate a membrane-
independent analytical procedure, details of membrane pa-
rameters will not be described here. Phenomena related to
temperature-dependence have been accounted for while gen-
erating results shown here: ion diffusivity and water viscosity
changes are accounted for as shown in our previous work."§
Typical trends of membrane structural variations are also in-
cluded,*'*'* and numerical values of membrane pore radius
and active layer thickness used are reproduced in the ESL}
section S.1 (further details in ref. 15).

3. Known trends on selectivity: effect
of various operating conditions on M
as per ROSA

In this section, the metric M for various feed conditions is
obtained from the commercial software ROSA (created by
Dow), which is a popular tool for nanofiltration (NF) and re-
verse osmosis (RO) system design. ROSA has been used as a
predictive tool for ion removal in research papers and pat-
ents focusing on treatment of various feed waters, including
seawater, brackish water, produced water and brine.'*™*°
Sources comparing experimental results with ROSA predic-
tions find satisfactory agreement, deeming it a useful
system-design tool.>° > Section 4 will show that these trends
are also predicted by the NF model used in the present
work, and can be explained using the approach developed
in section 2.1.

Fig. 2 shows the ratio of M values for the feed composition
labeled on the horizontal axis, by that of composition A at
reference conditions (22 °C and 10 bar applied pressure). If
the M value for the feed composition (c) on the horizontal
axis is larger than that for composition A in its reference con-
dition, the bar plot will rise over the dotted red line
(denoting Mc/Myjz5 oc, 10 bar = 1). For both the NF90 nano-
filtration membrane and the SW30 reverse osmosis mem-
brane, common trends of an increase or decrease of M from
the reference state are: M decreases at the higher tempera-
ture (the first bar is below the dotted red line corresponding
to Mc/Mpy22 oc, 10 bar = 1); (Mc/Maj22 oc, 10 bar) fOr compositions
B, C and D are in decreasing order of magnitude, with the ra-
tio for B greater than 1; the M value for E is smaller than A
under the same operating conditions (its bar is below the
dotted red line); and the M value at the higher pressure of 20
bar for composition A (at fixed temperature of 22 °C) is lower
than the value at 10 bar, causing the last bar to be below the
red line. These trends are explained using an analytical ap-
proach in section 4.

§ The temperature dependence of the diffusivity of each ion is captured by the
Stokes-Einstein equation, while the viscosity of each solution is approximated
as that of water at the relevant temperature. The difference in viscosity of solu-
tions A to D with that of water at each temperature is up to 1%. For solution E,
the deviation is relatively large (~10%), but differences in AJy/Js, ACp,/Cp s and
M discussed in section 4, differ by no more than 1%, 5% and 2% respectively.
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Fig. 2 Increase or decrease of M compared to the reference state of composition A (22 °C and 10 bar applied pressure) for various feed

compositions, from ROSA. Fig. 2a shows results for the NF90 nanofiltration membrane, while 2b shows results for the SW30 reverse osmosis
membrane. Various feed compositions (details in section 1) at different temperatures and pressures are indicated on the horizontal axis, and are
represented by the dummy variable, ‘c’. The dotted red line denotes (MC/MA|22 oc, 10 bar = 1), so that if the M value for any composition is larger
than Mp22 oc 10 bar, its bar will lie above the line. For both the nanofiltration (NF90) and reverse osmosis membrane (SW30), (Mc/Ma22 oc, 10 bar)
values for compositions B, C and D are in decreasing order of magnitude, with that for B greater than 1 (explained in section 4.3). The M value for
a higher salinity feed (E) is smaller than A under the same operating conditions (explained in section 4.4). Furthermore, for both membranes, M
decreases at the higher temperature and the bar lies below the red line (explained in section 4.1). At the higher pressure of 20 bar for composition

A (at fixed temperature of 22 °C) the M value is lower than that at 10 bar (explained in section 4.5).

4. Results and discussion

In this section, the variation of M due to change in temper-
ature, pressure, feed composition and membrane charge
will be studied using the NF modeling mentioned in sec-
tion 2.2. Trends obtained from this modeling match those
obtained from ROSA, as described in section 3. However,
this modeling approach provides values of salt and water
flux necessary for explanations in subsequent sections. Fur-
thermore, the membrane charge and mass transfer coeffi-
cient can be independently varied, thereby allowing the
study of these effects individually on M. A small patch of
membrane is modeled (so that there is no variation of flow
conditions along the membrane surface), instead of a full-
scale NF unit. Trends obtained from ROSA are qualitatively
reproduced using this model and results on salt flux (Js)
and water flux (J,) obtained can be used to explain these
trends. Other than section 4.5, applied pressure is kept con-
stant at 10 bar.

4.1. Why fractionation worsens at higher temperature

As shown earlier, the fractionation performance metric, M =
(Cp,Nact/CpNa,s0,) decreases with an increase in temperature.
From section 2.1, the decrease in M occurs when the relative/
percentage change in permeate concentration of sodium
chloride is less than that of sodium sulfate. Rewriting eqn
(5a) and (5b) for the change in temperature, the conditions
can be expressed as:

588 | Environ. Sci.: Water Res. Technol., 2019, 5, 585-598

AC AC

P-NaySO,; 050°c P-NaClyy 59 (73)
Cp,NaZSOA‘ZZQ(. Cp,NaCI‘ZZaC
AJ .
NSOy 0500 NaClys o50°c (7b)
J, NaySOy5nc J, NaClyec

The above conditions are satisfied because the denomina-
tors in the ratios for Na,SO, are significantly smaller than
those for NaCl, which causes the overall ratios to be larger
for sodium sulfate. The significantly smaller permeate con-
centration and salt flux for Na,SO, is due to the larger trans-
port hindrance experienced by the SO,>” ion compared to the
Cl” ion. Given that the NF and RO membranes are typically
negatively charged, the restricting factor in sodium sulfate
flux is the membrane's repulsion of the sulfate ion. Conse-
quently, the sodium sulfate flux (and hence permeate concen-
tration) are small enough to result in a large value of the ra-
tios on the left-hand side in eqn (7a) and (b). Solute flux and
permeate concentrations for both salts increase with temper-
ature, so the numerators of both sides of eqn (7a) and (b) are
positive. Fig. 3a and b show the relative (percentage) change
in permeate concentration and salt flux for sodium chloride
and sodium sulfate going from 22 to 50 °C (used in eqn (7a)
and (7b) respectively) at constant applied pressure of 10 bar.

As indicated in section 1, the rejection ratio (defined as
(1 = Cps/Css) for NF)*™° can mislead the membrane operator

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 The selectivity metric, M, decreases at the higher temperature. Fig. 3a and b show the relative (percentage) increase in permeate concentration and salt
AC, .
flux £ and s respectively (used in terms in eqn (7a) and (7b)) and depict the larger relative increase in sodium sulfate permeate
P 1221050°C s 122t050°C

concentration and solute flux, compared to those of sodium chloride. The larger magnitudes of relative change for sodium sulfate result in the decrease in M at
the higher temperatures, as shown in Fig. 3c. Fig. 3d shows the rejection ratio (1 - C,+/Cs,) for the two salts at both temperatures. The analytical
framework from section 2.1 can be applied to any two temperatures. Results in Fig. 3 are for feed composition A but similar trends hold for the others.

to conclude that selective removal of sodium sulfate is higher
at the higher temperature. Referring to Fig. 3d, the decrease
in rejection ratio for Na,SO, is much smaller (less than 1%
from 22 to 50 °C) than that of NaCl (around 20%) from 22 to
50 °C. The small drop in rejection ratio for Na,SO, seems to
indicate that its permeate concentration barely changed with
temperature. However, the permeate concentration of Na,SO,
(i.e. CpNa,s0,) increased by several factors more than that of
Nacl, as shown in Fig. 3a.

The analytical framework developed in section 2.1 and
demonstrated between 22 °C and 50 °C by eqn (7), can also be
used for any other pair of temperature values. Fig. 3c shows M
values at four temperatures, illustrating the decrease in M

This journal is © The Royal Society of Chemistry 2019

with temperature. Results shown in Fig. 3 are for feed compo-
sition A, but the same trends apply to all other compositions.

4.2. Negatively charged membranes are advantageous for
fractionation

Nanofiltration membranes develop a charge in solution, de-
termined by feed solution pH and ion adsorption propensity
from the feed solution.”*** As shown in Fig. 4a, the fraction-
ation metric, M, is higher when the membrane is negatively
charged. The improved selectivity between NaCl and Na,SO,
with negatively charged membranes is due to the stronger
response of the bivalent SO, ion to the increased Donnan
exclusion, relative to that for the monovalent Cl™ ion.

Environ. Sci.: Water Res. Technol,, 2019, 5, 585-598 | 589
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Fig. 4 Negatively charged membranes have better selectivity to sodium sulfate than neutrally charged or positively charged membranes, as
shown by the M values in Fig. 4a. As shown in Fig. 4b, the fluxes for both salts reduce going from a neutral to a charged membrane, and the
decrease is more significant for Na,SO,4, especially with the negatively charged membrane. This enhanced selectivity by the negative membrane is
due to the stronger Donnan exclusion of sulfate ions, resulting in a more significant relative decrease in its solute flux compared to sodium
chloride, as shown in Fig. 4c, and mathematically represented in eqn (8). Results in Fig. 4 are for feed composition A at 22 °C and 10 bar applied
pressure due to varying membrane charge, but similar trends hold for the other feed compositions.

Fig. 4b and c show that the fluxes of both salts decrease going

from a neutral membrane charge (Cx = 0 mol m™) to a nega-

tive charge value (Cx = —|Cx| mol m™). However, the relative

decrease in salt flux is larger in magnitude for sodium sulfate.
Rewriting eqn (5b) to reflect these changes,

J, -J, ) (J -J )
( N“ZSOA\CX:_\CX\ NaZSOA‘CXZO < NaCl\cx:-\cX\ NaC]‘CXZQ (8)

Na;SOycy 2o NaCl‘ Cx=0

590 | Environ. Sci.: Water Res. Technol.,, 2019, 5, 585-598

Hence, the selective removal of sodium sulfate compared
to sodium chloride, measured by the M value, increases mov-
ing to more negatively charged membranes. The above expla-
nation is similar for the positive membrane charge, where
sulfate ions still experience stronger exclusion due to their
larger size. Accordingly, the increase in M from Cx = 0 to
+|Cx| mol m™ is less significant compared to that from Cx =
0 to —|Cx| mol m™. Results for composition A due to varia-
tion of membrane charge, with operating conditions fixed at
22 °C and 10 bar applied pressure are shown in Fig. 4, al-
though the same trends hold for other feed compositions.

This journal is © The Royal Society of Chemistry 2019
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In the above discussion, only the effect of membrane
charge variation has been considered. In NF modeling, an-
other effect known as the dielectric exclusion mechanism is
considered. If the Born exclusion mechanism is considered,
as done in ref. 9, 11, 12 and 25), the sulfate ion will experi-
ence greater dielectric exclusion than the chloride ion due to
its larger charge. Consequently, enhanced dielectric exclusion
(due to a reduction in pore dielectric constant value) results
to increased M value.

4.3. Observations on M at different compositions

In this section, the M values of four feed compositions, A, B,
C and D shown previously in Fig. 1 will be compared under
the same operating conditions. All feed compositions consid-
ered in this section contain the same overall charge equiva-
lents of anionic species, as explained in section 1.

As shown in Fig. 5a, M decreases in the order of the ratio
of feed concentrations of NaCl by Na,SO,; (Ctnac/Cena,s0,)s
ie. Mg > M, > M > Mp. For all cases, however, M =
(CpNac/CpNa,s0,) is larger than 1 (including composition D where
the feed molar concentration of Na,SO, is higher than NaCl),
since in a negatively charged membrane (common for NF and
RO, as explained in the previous section), the Donnan exclusion
will affect the SO,>” ions in sodium sulfate more strongly.

Since the same temperature-dependent parameters are

. dJ; . .
used to model all compositions, TS is the same for composi-

s

tions A, B, C and D for both Na,SO, and NaCl respectively.
Consequently, % (the relative change in M) is the same

value for compositions A, B, C and D, as per eqn (5b). As a con-
sequence of the relative/percentage change in M being equal
for all compositions, the following expression holds (Fig. 5b):
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To summarize, for feed compositions that differ only in the
ratio of chloride to sulfate charge equivalents in the feed, (total
anionic charge equivalents in the feed is the same for composi-
tions A, B, C and D, cf. section 1), the ‘quality’ of the permeate
stream in terms of relative proportion of NaCl compared to
Na,S0,, quantified by metric M, directly reflects the ‘quality’ of
the feed stream: going from one composition to another, the
metric M changes by the same multiple as the ratio (Cfnaci/
CtNas0,)- The quality of all feed streams improves after perme-
ating the NF membrane. In fact, all compositions, including D,
in which the feed stream has a higher concentration of Na,SO,
than NaCl (Cg¢naci/Cenaso,) < 1, has a permeate with (M =
Cpnaci/CpNa,s0, > 1). For all compositions, selective removal of
sulfate is less effective at higher temperatures and decreases by
the same extent. The applied pressure for results at both tem-
peratures for all compositions is 10 bar.

4.4. Fractionation of higher TDS solutions — reduced M and
negative CI” rejection

In this section, performance metrics for feed compositions A
and E (low and high total salinity) will be compared. Compo-
sitions A and E have the same ratio of NaCl to Na,SO, feed
concentrations, but the total salinity of E is ten times that of
A (section 1). As reported in previous literature, the rejection
ratio of any salt is lower at a higher concentration, attributed
to the lower Donnan exclusion by the membrane.>*>” When
the feed concentration of a salt is increased, the number
of ions available to cross the membrane per unit time, ie.
ion flux, is increased. To allow the increased passage of

Fig. 5 As shown in Fig. 5a, the ratio of NaCl by Na,SO,4 concentration in the feed (decreasing as B, A, C, D) is reflected in the order of decreasing
M values. Furthermore, the metric M changes by the same multiple as the ratio (Ctnaci/Crna,s0,)- Fig. 5b shows that M for all feed compositions
decreases by the same factor at the higher temperature. The operating pressure is 10 bar for all results shown.
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membrane co-ions (ions with the same charge as the mem-
brane), the Donnan potential (and hence Donnan exclusion)
decreases in magnitude.

Since sulfate ions have higher negative charge than chlo-
ride ions, the decrease in Donnan exclusion allows the in-
crease in Jnaso, to be several times larger than that of Jyac
(the bivalent SO,>” ions respond more significantly to the re-
duction in passage restriction of negative ions than the
monovalent Cl” ions). The relative increase in salt flux (eqn
(5b)) is higher for sodium sulfate than sodium chloride: go-
ing from composition A to E, the feed concentration of both
salts increases by 10 times, and the salt flux increased by 12
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times and 305 times for NaCl and Na,SO, respectively. Conse-
quently, the metric M reduces at the higher concentration.

A further consequence of the significant increase in so-
dium sulfate flux is that Afna,so,|22 to 50 *cl/Na,s0,]22 *c IS lower
for the higher concentration mixture (the denominator is sig-
nificantly larger than lower concentration case). Hence, the
magnitude of relative decrease in M, (dM/M), is lower for the
higher salinity case i.e. composition E.

The above discussion is mathematically expressed by re-
writing eqn (5b) as eqn (10a) (also shown in Fig. 6b). The
term AJNacij22 to 50 °cl/Nacij22 °c also reduces in magnitude for
composition E compared to A, but the reduction is less
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Fig. 6 As shown in Fig. 6a, the M value for feed solution E (the higher salinity composition), is lower than that of A (which contains the same ratio
of NaCl to Na,SO, concentration, but overall salinity 10 times lower than E). The reduced selectivity at the higher salinity is due to decreased
Donnan exclusion, which affects sulfate ions more significantly. Fig. 6b shows the magnitude of relative change in M due to temperature increase
for both solutions, as defined by eqn (10b). The rejection ratio of both salts decreases at higher feed salinity, and can result in negative rejection

for sodium-chloride (Fig. 6¢).
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Fig. 7 Effect of pressure on selectivity at fixed temperature. M values are smaller for the higher salinity composition, E, compared to the lower
salinity composition, A (Fig. 7a). The relative change with pressure increase is lower for composition E, compared to A (Fig. 7b).

significant than the corresponding term for Na,SO,. It should
be noted that both sides of the inequality in eqn (10a) are
negative in magnitude (as discussed in section 4.1, M de-
creases for each solution at higher temperatures), therefore
the inequality operator switches direction when the absolute
value of percentage change in M is discussed in eqn (10b).

d‘]NaCl _ dJN32SOA > d‘]NaCl _ d]N“2504 (103)
Jeu I T T
NaC NaxSO4 g 22 10 50°C NaC NaxSO4 {422 10 50°C
dm dm
I m (10b)
E.22 t0 50°C A221050°C

Several studies have reported negative rejection ratio in a
ternary mixture of ions.”®**° As mentioned earlier, the rejec-
tion ratio decreases when the total salinity increases. Hence,
the possibility of negative rejection is enhanced at higher sa-
linity. In a negatively charged membrane (the case for most
polyamide NF membranes), the rejection ratio of NaCl is
smaller than that of Na,SO,. As shown in Fig. 6¢, the reduc-
tion of rejection ratio at the higher salinity is large enough so
that the value for NaCl becomes negative (compare Fig. 3d
for the lower salinity case).

4.5. Response of M to pressure variation

4.5.1. Change in selectivity. The framework developed
above can be used to explain the pressure-dependence of the
metric M. As shown in Fig. 7a, M decreased at the higher ap-
plied pressure of 20 bar, compared to values at 10 bar, for
both compositions A and E. The decrease in M at a higher
pressure was also shown using the commercial software,

This journal is © The Royal Society of Chemistry 2019

ROSA, in section 3. The lower M at higher pressure is
explained similarly to the effect of increased temperature on
both compositions (section 4.1): relative increase in Jyaso,
due to pressure increase is larger than that for jy.c due to
the smaller denominator in the expression for AJy/Js (for
Na,S0,). Hence, for both solutions, at any given temperature,
eqn (11a) holds:

NaS0410 10 20 bar NaClyg .20 bar

(11a)

NaySO410 b NaClyg

It should be noted that while the decrease in M, and the
explanation in eqn (11a), is true for most of the pressure
range; at lower pressures,f M increases briefly before begin-
ning its decreasing trend. This brief increase is visible for the
no CP case in Fig. 8c, and will be explained for both cases:
‘with CP” and ‘no CP’ in Appendix A. The current discussion
considers the values of M following the initial rise.

Furthermore, the decrease is less significant for the higher
salinity composition E (Fig. 7b), and the explanation is simi-
lar to that for temperature increase (section 4.4). As explained
in section 4.4, Donnan exclusion is reduced for a higher sa-
linity mixture under given operating conditions, and the pas-
sage restriction for especially the bivalent sulfate ions is
greatly alleviated. Hence, the denominator in the expression
for relative change in Na,SO, flux (A]Nazsom . ha,/]NazSOMw o)
is larger at higher salinity (causing the ratio to be smaller).
Consequently, going from solution A to E, the relative change
in sodium sulfate flux decreases significantly, while that for
NacCl decreases to a much lesser extent:

9 As shown in Appendix A, the increase in M for solution A continues until ap-

proximately 10 bar in the ‘no CP’ case, and as the extent of CP increases, the
maximum M value shifts to lower applied pressures.
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Fig. 8 When concentration polarization exists in a system, the rejection ratio (left y-axis in Fig. 8a and b) decreases beyond a certain pressure (a
phenomenon termed ‘breakthrough’). At this pressure, the convective transport towards the membrane starts to grow faster than the diffusive salt
flux back to the feed (the ratio on the left-hand side of eqn (12d) becomes >1). The breakthrough point for both salts (when concentration polari-
zation (CP) exists in the system) is shown at the point where rejection ratio starts dropping and the left-hand side of eqn (12d) (dashed lines) rises
above 1. The rejection ratio and ratio given by the left-hand side of eqn (12d) for NaCl and Na,SO,4 respectively are given by Fig. 8a and b. When
CP is absent from the system, the left-hand side of eqn (12d) is <1, and is too small to be visible on the figure. As shown in Fig. 8c, when CP is ab-
sent, the value of M stays at a high value compared to the case with CP. Results shown in the figure above are for solution A, and similar trends

with pressure variation hold for the other test solutions.

CL]NaCl _ dJNazSOA > NaCl __ dJNastA (11b)
J, J, J J,
NaCl NasSO4 [ 10 10 20 bar NaCl NasSO4 |4 10 to 20 bar
dm
M M (11¢)
E,10 to 20 bar A,10 to 20 bar

4.5.2. The concept of ‘breakthrough’. When concentration
polarization (CP) exists in the system, rejection ratio will de-
crease beyond a particular pressure.’”*! The point at which
this reduction occurs is referred to as ‘breakthrough’ in this
work. A mathematical description for why this occurs and the

594 | Environ. Sci.: Water Res. Technol., 2019, 5, 585-598

implications for the change of M with pressure change are
discussed in this section.

Eqn (6b) can be written in words to show the terms that
contribute to salt build-up (JwCm,s) or reduce salt build-up
(-Ks(Cm,s = Cgs)) in the CP boundary layer. These two compo-
nents can be referred to as ‘salt flux towards membrane’
(TM) and ‘salt flux towards feed’ (TF) respectively:

JwCp,s = towards membrane (TM) + towards feed (TF) (12a)

=C, = (TM)
' J

w

4+~

(f) (12b)

This journal is © The Royal Society of Chemistry 2019
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Eqn (12b) can be written for a pressure P and for a pres-
sure slightly lower than P (= P — 8P). Subtraction of the latter
from the former (value at P minus value at P — 3P) gives the
change in permeate concentration, C, s, for a pressure in-
crease of oP:

pss?

coalt)
S |(P-5P) to P Jw

a0

(12¢)
(P-5P) to P ‘]W

(P-8P)to P

Breakthrough occurs for each salt when the condition
given by eqn (12d) is satisfied, i.e. when the TM component
grows faster than the TF component (depicted in
Fig. 8a and b). Breakthrough can only occur when there is CP
in the system. When CP is absent from the system, the left-
hand side of eqn (12d) is <1. Fig. 8a and b show that when
CP is not present, the rejection ratio continues to increase
with pressure (and will at some point reach a plateau). For
the pressure range plotted, the continuing increase of rejec-
tion ratio indicates a decrease in permeate concentration
with pressure increase (in the presence of CP, the permeate
concentration of each salt will begin increasing again after its
breakthrough point, as shown in Appendix A).

(12d)

As shown in Fig. 8c, in the presence of CP (dark green
line), a steady decrease in the selectivity metric with increase
in pressure is observed. When CP is absent (light green line),
the M value remains comparatively high over the pressure
range. Furthermore, the no CP case shows an increase in M
at a certain low pressure, followed by a continuing decrease
with increasing pressure. The initial increase in M at low
pressures is also seen in the ‘with CP’ case, as explained fur-
ther in Appendix A. The key distinction between the cases
with and without CP is the increasing M over the pressure
range as the extent of CP reduces (i.e. K increases in magni-
tude). These findings indicate that in an industrial system, if
the decrease in M due to pressure increase is to be mini-
mized, increasing flow rate (or other steps to increase mass
transfer coefficient K;) should be undertaken.

5. Conclusions

The present framework to analyze membrane selectivity
applied to explain the effect of temperature, pressure, feed
composition and membrane charge provides the following
insights:

1. The ability of a membrane to selectively remove multi-
valent ions over monovalent ions decreases at higher
temperature.

This journal is © The Royal Society of Chemistry 2019
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2. Membranes that acquire negative charge in solution are
best for sulfate-chloride fractionation. Consequently, for
higher temperature applications, operating conditions and
membrane characteristics that favor a negative acquired
charge are desirable. For example, higher operating feed pH,
membranes that exhibit enhanced anion adsorption capacity
or functional group dissociation to enhance negative mem-
brane charge, are preferred at higher temperature.

3. The desired membrane properties at higher tempera-
ture also depends on the feed composition. For example,
fractionation efficiency for solutions with higher TDS will not
decrease as drastically at higher temperature, hence the re-
quirement of increasing negative membrane charge will not
be as significant, compared to applications involving lower
TDS feed.

4. Selectivity decreases at higher operating pressure, espe-
cially if concentration polarization (CP) is present in the sys-
tem. Consequently, steps to increase the mass transfer coeffi-
cient in the system are desirable, such as increased feed flow
rate and improved feed spacers. Furthermore, controlling the
‘build-up’ of the CP layer, by reducing permeate flux, will
also improve selectivity.

Appendix A: variation in C, Naci and
Cp.Na,s0, With pressure, with and
without CP

In this section, a more detailed analysis of the trends of vari-
ation in M with pressure, shown in Fig. 8c, will be provided.
In Fig. 8c, the light green and dark green lines represent
values of M in the ‘no CP’ and ‘with CP’ cases respectively.
Referring to Fig. 9, in the case with no CP (Fig. 9a), C,, s for
both salts reduce over the pressure range. Furthermore, in
section A of Fig. 9a, the rate of decrease of Cj na,s0, is faster
than that of C}, yaci, while after the dotted red line (in section
B), the line for Cj, xas0, is ‘flatter’ than that of Cp, naci, and so
its rate of decrease with pressure increase is lower.

In the case with CP (Fig. 9b), the line representing
CpNa,s0, Starts rising after reaching its breakthrough point
(the junction between sections C and D). Following the
breakthrough point (through section D), the rate of increase
in Cpna,so, s faster than that of Cj,naci- Consequently, in
section D, M decreases. The initial increase in M observed
in the light green line in Fig. 8c also occurs when CP is
present, since before breakthrough point, the C,, for boths
salts decrease, like in the ‘no CP’ case. In fact, the evolution
in concentration profiles in sections B and C in Fig. 9 is
similar in nature. This initial increase in M is clearer in
Fig. 9c. Fig. 9c shows M when a larger K; value (for both
salts) than the case shown in Fig. 8 and 9b is used, such
that the extent of CP is lower. The increase in K (and lower-
ing in extent of CP) causes the breakthrough point for
Na,SO, to shift to a higher pressure. As mentioned in
section 4.5.2, the key observation is the increase in M as
CP reduces.
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Fig. 9 a Shows the permeate concentrations of NaCl and Na,SO, (values on the left y-axis and right y-axis respectively) for modeling with no
concentration polarization (CP). b Shows the permeate concentrations over the same pressure range, but with modeling with CP. Values of rejec-
tion ratio and M for the same cases were shown in Fig. 8 in the main text. c Shows the M values in Fig. 8c along with those at an intermediate value
of mass transfer coefficient (extent of CP intermediate to those in Fig. 8c).

Nomenclature TDS Total dissolved solids (mol m™>)

TF  Salt flux towards feed (eqn (12a)) (mol m™ s™%)

TM  Salt flux towards membrane (eqn (12a)) (mol m™> s™")
X  Operating condition dummy variable (pressure or temperature)
z Ion valence

C  Concentration (mol m™)
Cx Membrane charge (mol m™>)
CP  Concentration polarization

D,,  Diffusivity in bulk solution (m?* s™)
Jo salt flux (mol m™2 5°1) Greek symbols
—1
Jw  Water flux (m s™) { Potential gradient at feed-membrane interface (V m™")
k Mass transfer coefficient for each ion (ESI{ S.2) (m s™")
K Effective salt mass transfer coefficient (eqn (6a)) (m s™) Su bSCfiptS
M  Fractionation metric
P Pressure (Pa) f Feed
T  Temperature (°C) i Ion
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