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Featured Application: This article presents a discussion on the gains from enhancing salt rejec-
tion from a broad perspective, which includes the specific energy consumption and some insights
into a technical direction to improve salt rejection of TFC-RO membranes.

Abstract: Since the specific energy consumption (SEC) required for reverse osmosis (RO) desalination
has been steeply reduced over the past few decades, there is an increasing demand for high-selectivity
membranes. However, it is still hard to find research papers empirically dealing with increasing the
salt rejection of RO membranes and addressing the SEC change possibly occurring while increasing
salt rejection. Herein, we examined the feasibility of the process and material approaches to increase
the salt rejection of RO membranes from the perspective of the SEC and weighed up a better approach
to increase salt rejection between the two approaches. A process approach was confirmed to have
some inherent limitations in terms of the trade-off between water permeability and salt rejection.
Furthermore, a process approach is inappropriate to alter the intrinsic salt permeability of RO
membranes, such that it should be far from a fundamental improvement in the selectivity of RO
membranes. Thus, we could conclude that a material approach is necessary to make a fundamental
improvement in the selectivity of RO membranes. This paper also provides discussion on the specific
demands for RO membranes featuring superior mechanical properties and excellent water/salt
permselectivity to minimize membrane compaction while maximizing the selectivity.

Keywords: desalination; reverse osmosis; thin-film composite membrane; salt rejection; selectivity;
specific energy consumption

1. Introduction

The world has sought a sustainable and environmentally friendly society to over-
come the crisis caused by climate change threatening food and water security as well as
biodiversity [1–4]. For instance, many countries have been struggling to reduce carbon
emissions to about 50% of 1990 levels by 2030 and reach carbon neutrality by 2050, since
the European Green Deal was announced [5,6]. To achieve carbon neutrality, it is necessary
for humankind to reduce the amount of carbon burned for energy generation in all areas.
It is also the case for the industries related to water supply and water infrastructure. Many
people have also made continuous efforts to reduce the carbon footprint in membrane-
based water and wastewater treatment in various ways. For example, researchers have
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tried to improve the energy efficiency required for wastewater treatment using membrane
bioreactors via the development of antifouling membranes or cleaning methods [7–9]
while producing green energy such as biomethane generated from an anaerobic digestion
process [10–12].

An attempt to enhance the energy efficiency in membrane desalination also has a long
history. For example, the specific energy consumption (SEC) of a reverse osmosis (RO)
process has continuously decreased (from 12 kWh m−3 in the 1970s to about 2 kWh m−3

in 2006) over the three decades thanks to the advances in membrane materials as well as
module and process designs [13–17]. Consequently, new light was shed on the thought of
having to improve the selectivity rather than permeability [18], leading to calls for greater
focus on enhancing salt rejection of the membrane to guarantee higher retention of inade-
quate solutes (e.g., boron [19,20]), thereby improving treated water quality while reducing
the costs imposed by pre- and post-treatment processes [21,22]. As if to reflect the new
trend, research work to meet the demand for improved salt rejection has recently been pub-
lished [2] in contrast with the existing mainstream to overcome the permeability-selectivity
trade-off by enhancing water permeability while maintaining salt rejection [23–25]. How-
ever, it is still hard to find research papers empirically dealing with increasing the salt
rejection of RO membranes. In particular, it is rare to find research papers in the literature
addressing the SEC change caused by the trade-off between water permeability and salt
rejection possibly occurring while increasing the selectivity of RO membranes.

If improving salt rejection causes the SEC to jump, we will no longer be able to claim
that it would take precedence over enhancing water permeability. Note that improving
water permeability also brings merits such as a small footprint, saving the membrane area,
and cutting down on the cost of chemical cleaning agents and membrane replacement [26].
Accordingly, one should remember that the gains from increasing salt rejection could
surpass the benefits resulting from higher water permeability on the condition that it
would not be too costly to ameliorate salt rejection (i.e., without a jump in the SEC). With
that in mind, this paper examined whether the SEC of an RO process can be significantly
influenced by an increase in salt rejection at the expense of a decrease in water permeability.
Furthermore, a qualitative assessment of the SEC was carried out to weigh up a better
approach to increase salt rejection between material and process perspectives.

2. Materials and Methods

Polyamide thin-film composite membranes were prepared with lab-made support
membranes via interfacial polymerization as described previously [26,27]. In detail, a
10 wt% polysulfone (PSf) polymer solution was prepared with the solvent mixture con-
sisting of N-methyl-2-pyrrolidinone (NMP) and N, N-dimethylformamide (DMF) at a
ratio of 1:7 to fabricate highly porous microstructured support (HPµS) membranes via
non-solvent-induced phase separation (NIPS). The HPµS membrane was adopted as a
support membrane due to its desired traits such as large surface pores and surface porosity
leading to a short effective diffusion path length over an active layer [26], negligible sub-
layer resistance, which does not affect the overall water flux [28], and excellent mechanical
properties enough to withstand high pressure even for seawater reverse osmosis (SWRO)
desalination [29]. HPµS membranes possess extremely high porosity and comparable
mechanical strength at the same time, such that they are suitable to prepare highly per-
meable TFC-RO membranes without compromising salt rejection. This point allowed us
to determine how the SEC varies at high water permeability ranges while increasing salt
rejection by adjusting an operating parameter.

A polyamide selective layer was prepared via interfacial polymerization on the top
side of the HPµS support membrane using 2 wt% m-phenylenediamine (MPD) aqueous
solutions without and with 1 wt% dimethyl sulfoxide (DMSO) and a trimesoyl chloride
(TMC) solution (0.1 w/v%; solvent: n-hexane). The TFC membranes prepared without and
with 1 wt% DMSO were marked as TFC-D0 and TFC-D1, respectively. 1 wt% DMSO can
form a highly permeable polyamide active layer (5.14 L m−2 h−1 bar−1; in brackish water
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reverse osmosis (BWRO)) with comparable salt rejection (98.3%; in BWRO) by inducing a
smooth, thin, and slightly loose polyamide layer via the dipole-dipole interaction between
DMSO and carbonyl oxygens of TMC [27].

Cross-sectional SEM images were taken to observe the morphologies of support mem-
branes and measure a mean active layer thickness using FESEM (Field-emission scanning
electron microscopy, JSM-7600F, JEOL, Japan). The average values of the active layer thick-
ness were estimated using the thicknesses measured at five arbitrary positions, as described
previously [30–33]. The active layer roughness was evaluated with an atomic force micro-
scope (AFM; NX10, Park Systems, Suwon, Korea). A Fourier transform infrared (FTIR)
spectrometer (IR Prestige-21, Shimadzu, Japan) equipped with attenuated total reflection
(ATR) was used to observe the change in the peak intensity at 950 cm−1, as described
previously [27,34], in order to determine whether 1 wt% DMSO slightly decreased the
crosslinking degree. The peak with a larger intensity at 950 cm−1 indicates more unreacted
acyl chloride groups on a polyamide active layer, implying a lower crosslinking degree.

The membrane filtration test was carried out without a spacer to obtain the water
flux (L m−2 h−1 bar−1; LMH) and salt rejection (R = Cp/Cf; %) under increasing applied
pressure from 25 to 55 bar in a bid to explore the possibility of increasing salt rejection
by adjusting operating pressures. In addition, this allows us to compare the benefits
between a process approach and a material approach from the perspective of the SEC. Cf
and Cp refer to the salt concentrations of the feed and permeate solutions, respectively.
When Cf was used to calculate the R, the concentration polarization phenomenon, which is
variable depending on the use of a spacer and spacers’ geometry [35], was excluded from
consideration. A TFC membrane larger than 42 cm2 was used to assess the water flux and
salt rejection using a 2000 ppm NaCl solution at 25 ◦C.

A temperature influence on the SEC was excluded from consideration although the
temperature could affect the SEC by decreasing the fluid viscosity or increasing the osmotic
pressure of the feed solution [36], since the filtration test was performed at a constant
temperature. Apart from concentration polarization and temperature influence, the other
operating parameters affecting the RO water production cost (e.g., pretreatment and
management costs, control schemes, and process configuration [18]) were also excluded
from consideration under the assumption that there would be no difference between the
tests of the control and experimental samples with regard to those operating parameters.

Membrane compaction was conducted for 30 min at 25 bar prior to collecting the
permeate solutions used to evaluate the water flux and salt rejection. After membrane com-
paction, the permeate solutions were collected for 10 min at different operating pressures.
The water permeability coefficient (A) and salt permeability coefficient (B) were obtained
from the following relationship:

A =
Jv

TMP − ∆π
(1)

B =
(1 − R) · A · (TMP − ∆ π)

R
(2)

where Jv is the volumetric water flux, TMP is the pressure difference across the membrane,
and ∆π is the osmotic pressure difference across the membrane.

3. Results and Discussion

The HPµS membrane and TFC membrane were characterized in terms of support
morphologies and active layer characteristics, respectively. When it comes to the active
layer characteristics, the active layer thickness, roughness, and crosslinking degree were
investigated to double-check whether 1 wt% DMSO worked properly to improve the water
permeability without compromising salt rejection, as described previously [27]. According
to our observations (Figure 1a–c), 1 wt% DMSO led to a thinner and smoother active layer
with slightly more unreacted acyl chlorides (evidenced by the slightly larger intensity at
950 cm−1). The thinner active layer with a slightly lower crosslinking degree at a moderate



Appl. Sci. 2021, 11, 7619 4 of 9

level was expected to increase water permeability without compromising salt rejection.
The as-prepared HPµS membrane was confirmed to have narrow and regular columnar
macrovoids (Figure 1d), as reported previously [26]. The phenomenon is attributable to the
fact that the solvent mixture (NMP: DMF = 1:7) induces rapid desolvation by enhancing
the thermodynamic instability of a PSf polymer solution. The HPµS membrane was
expected to endure high pressure ranging from 25 to 55 bar owing to the unique structural
characteristics.
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Figure 1. (a) Cross-sectional SEM images (Scale bar: 500 nm) and (b) AFM images of TFC-D0 (top) and TFC-D1 (bottom)
membranes with the average thickness and roughness values of the active layers, respectively. (c) FTIR spectra of TFC-D0
and TFC-D1 membranes observed at 950 cm−1. (d) Cross-sectional SEM image of the HPµS membrane (Scale bar: 50 µm).

Figure 2a,b show the as-prepared TFC-D1 membrane’s water flux, salt rejection, A, and
B values measured at different operating pressures, respectively. The water flux and salt
rejection of the TFC-D1 membrane were 5.54 LMH/bar and 98.9% at 25 bar, which looks
reasonable as compared to the previous result [27]. However, as the operating pressure
increased from 25 to 55 bar, the A value was reduced from 5.54 to 3.31 LMH/bar while
salt rejection increased from 98.9% to 99.3%. This phenomenon is likely to arise from
membrane compaction as the pressure difference across the membrane increases. It seems
understandable that membrane compaction was accompanied by a decreased A value and
higher salt rejection, but two points caught our eye. First, a process approach to increase
salt rejection (for example, by applying a higher pressure) will not allow us to overcome the
trade-off between water permeability and salt rejection since the trade-off is intrinsically
linked with the properties of the polyamide layer, according to empirical evidence [13,37].
Consequently, the process approach of increasing operating pressure will entail a higher
energy consumption (i.e., SEC will increase). Second, unlike variable A value and salt
rejection which change with applied pressure, B value was nearly constant throughout the
entire operating pressure range. This phenomenon is ascribed to the fact that ion transport
is mainly governed by the concentration gradient, which would be almost constant at
the same recovery rate regardless of applied pressure. This result suggests that a process
approach could not make a fundamental change in the improvement of the selectivity of
RO membranes, although it could result in a bit higher salt rejection apparently at the
expense of a lower A value.
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Our observation implies that a material approach is required to achieve a fundamental
improvement in the selectivity of RO membranes. For instance, the high-selectivity RO
membrane was recently developed using porous nanomaterials called cucurbit[6]uril
(CB[6]; it features 0.39 nm pores with a partially negative charge) and demonstrated that it
could significantly reduce salt permeability to half of its original value (1.29 to 0.66 LMH)
without significant flux decline (4.30 to 4.01 LMH/bar) owing to selective water transport
over monovalent ions [2]. This result indicates that a CB[6] thin-film nanocomposite
(TFN) membrane could achieve high salt rejection almost without paying the price for
the increased SEC, unlike a process approach. To qualitatively weigh up the SEC change
stemming from the process and material approaches to improve salt rejection, we roughly
estimated the ideal SEC (SECi) obtainable under ideal operating conditions (i.e., no leakage
of energy recovery devices (ERD), perfect pressure transfer efficiency of ERD, and perfect
overall pump efficiency) without consideration of the salt concentration based on the
following relationship [38]:

SECi =

(
1 − Rw

Rw

)
∆P +

(
Pf − Po

)
(3)

where Rw is the desalinated water recovery, ∆P is the pressure difference across the mem-
brane module, Pf is the feed pressure, and Po is the permeate pressure. The unit of SECi can
be converted from Pa to kWh/m3 with a conversion factor (3.6 × 106 Pa ≈ 1.0 kWh/m3).
If Rw is constant while ∆P and Po are negligible for simplifications, the SECi has a nearly
linear correlation with Pf. In this regard, a process approach such as increasing applied
pressure should accept an additional concomitant SECi. In contrast, a material approach
does not increase the SECi, since it does not require a change of applied pressure.

Furthermore, the correlation between water permeability and SEC also supports that
a material approach is more beneficial than a process approach. Specifically, the SEC
soars as water permeability drops (Figure 3) according to the correlation between water
permeability and SEC obtainable from the data for BWRO in the previous study [39].
Given that a process approach entailed a significant loss of water permeability (5.54 to
3.31 LMH/bar; about a 40% reduction), it is not a surprise that a process approach may be
accompanied by a substantial increase in the SEC. On the other hand, the SEC change by
a material approach is likely to be negligible, as evidenced by the CB[6] TFN membrane
exhibiting only a marginal reduction in water permeability (4.30 to 4.01 LMH/bar; about a
7% reduction). Although a quantitative assessment could not be made with regard to the
SEC due to the lack of information required to model at different pressures with variable
salt rejection, those qualitative comparisons showed which approach we need to pursue to
improve the selectivity of RO membranes without a substantial increase in the SEC (i.e., a
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material approach is necessary to make a fundamental improvement in the selectivity of
RO membranes).
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Lastly, it is worth exploring which materials have the potential to increase the se-
lectivity of the commonly used RO membranes (i.e., polyamide RO membranes) in the
field and what conditions need to be satisfied to make high-performance RO membranes
with high selectivity. As for the specific way to a valid material approach, fabricating
thin-film nanocomposite (TFN) RO membranes using porous nanomaterials could be the
most appropriate as of now in that the approach can make the existing manufacturing lines
to produce conventional RO membranes readily available, facilitating the commercializa-
tion of newly developed membranes. When it comes to the potential nanomaterials, it
would be desirable to possess pores with low tortuosity and adequate size falling between
hydrated ions (Na+: 7.2 Å; Cl−: 6.6 Å) and water molecules (about 2.75 Å) to effectively
inhibit the salt passage while allowing water passage, thereby increasing the selectivity
without significant loss of water permeability. If one tries preparing highly selective RO
membranes using porous nanomaterials with larger pores than hydrated ions, the interior
surface functionalization of the nanomaterials will need to be carried out as demonstrated
in the previous simulation [40]. A few porous nanomaterials are listed in Table 1 as po-
tential candidates that could be used to prepare highly selective RO membranes without
compromising water permeability.

However, this does not necessarily mean that porous nanomaterials with the pore size
corresponding to the above ranges always meet the requirement to make highly selective
RO membranes due to some performance influence factors. First, porous nanomaterials
need to be individually incorporated in an active layer during interfacial polymerization to
ensure their intrinsic properties, in terms of selective water transport, are clearly exhibited
in an active layer during filtration. If porous nanomaterials were incorporated in an
active layer in the form of aggregates (e.g., zeolite) or used after being embedded in much
larger materials (e.g., aquaporin Z), it could be hard to demonstrate their intrinsic material
effects regarding selective water transport due to the interstitial space between individual
nanoparticles or the gap between the vesicle and the polymer matrix of an active layer.
It is also essential that interfacial polymerization should not be significantly affected by
nano-additives because there is concern that polyamide chains’ changes (e.g., variable
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crosslinking degree), possibly caused by the additives, may cancel out the addition effect of
the porous nanomaterials. Lastly, the pore size of an active layer needs to be controlled as
low as those of the used porous nanomaterials. If the polymer matrix in an active layer has
even larger pores than the nano-additives, diffusion species will pass mainly through the
pores of the loose polymer matrix instead of the pores of the nano-additives. This too will
preclude us from observing the intrinsic characteristics regarding selective water transport
of porous nanomaterials.

Table 1. Potential porous nanomaterials to prepare highly selective RO membranes.

Material Pore
Size Other Features Incorporation Type

Control
Membrane’s

Salt
Rejection

Effect of
Porous Nano-

materials
Ref.

CB[6] 3.9 Å

• Negligible entry resistance for
water molecules

• Hydrophilic and partially negative
charged carbonyl-fringed portals

• Rigid

• Individually
incorporated in
an active layer

97.8% Improved
selectivity [2]

Peptide-
appended

pil-
lar[5]arene

~5 Å

• Synthetic nanochannel
• Macrocyclic structure resembling a

carbon nanotube
• Peptide-appended arms governing

the channel length

• Incorporated in
an active layer
after embedded
in liposomes
(100–150 nm)

98.2% Improved
permeability [34]

Aquaporin
Z

2.8 Å
[41]

• Wild type
• Water permeability of 0.06 cm s−1

in case of the proteoliposomes
with AqpZ wild type prepared
based on the protein to lipid molar
ratio of 1:200

• Incorporated in
an active layer
after embedded
in liposomes
(100–150 nm)

96% Improved
permeability [42]

Zeolite 4 Å
• Inorganic porous nanomaterials
• NaA-type
• Small, super-hydrophilic, and

negatively charged pores

• Incorporated in
an active layer
in the form of
aggregates
(50–150 nm)

93.4% Improved
permeability [43]

4. Conclusions

In this study, we explored which technical path would be more desirable to make
a fundamental improvement in the selectivity of RO membranes without compromising
the competitiveness from the perspective of energy consumption. We prepared a highly
permeable TFC membrane with an HPµS membrane via interfacial polymerization using
1 wt% DMSO. Subsequently, we obtained its water permeability and salt rejection by
adjusting an applied pressure from 25 to 55 bar as a process approach to estimate the
SEC change occurring while varying a process parameter and qualitatively compare the
degree of the SEC increase with that of the previous study via a material approach. The
qualitative comparison revealed there could be quite a significant difference in the degree
of the SEC increase between process and material approaches based on the difference in
flux decline occurring during each approach. This difference is assumed to arise from a
couple of inherent limitations of a process approach. First, a process approach could not
overcome the trade-off between water permeability and salt rejection, inevitably making
the SEC skyrocket while increasing salt rejection. Second, a process approach cannot alter
the intrinsic selectivity of RO membranes, such that it is impossible to make a fundamental
change in the permselectivity regardless of bringing benefits in energy consumption. In
this regard, a material approach must be provided to enhance the salt rejection of RO
membranes. There are two demands from the perspective of a material approach. The first
demand is for superior mechanical properties endurable to membrane compaction, which
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causes severe flux decline and thereby increases energy burdens during a high-pressure
desalination process. The second demand is for excellent water/salt permselectivity
capable of significantly improving salt rejection of RO membranes with no substantial
flux decline. Apart from the two demands on highly selective RO membranes, it is also
necessary to have regard to the fouling effect, deteriorating the RO membrane performance
by increasing solute permeability coefficient and/or decreasing the water permeability
coefficient [18,20].
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