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HIGHLIGHTS

e Four 8-in. RO membranes of differing
permeabilities tested in free-piston
batch RO at recovery of 0.8.

o High-permeability membranes gave
25-29 % lower SEC than the low-
permeability membrane.

e Predictions indicate up to 30 % SEC
reduction when permeability further
increased from 5 to 20 L/m?/h/bar.

o Significant differences in osmotic back-
flow also observed, from 2.6 to 5.2 L.
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ABSTRACT

Efforts to improve the performance of RO desalination include new membranes and new system configurations.
Batch RO is an innovative configuration which helps to minimize Specific Energy Consumption (SEC) at high
recovery. However, there is a lack of experimental studies regarding the performance of different membranes in
batch RO. In this study, we tested four 8-in. RO membranes of different permeabilities in a free-piston batch RO
system to assess how membrane properties affect performance. Tests were conducted with brackish feed water
containing 1000-5000 mg/L of NaCl, at recovery of 0.8. Performance in terms of SEC, permeate quality and salt
rejection was quantified. SEC and salt rejection varied considerably from low-permeability to high-permeability
membranes. For the lowest permeability membrane rejection was >95 %, whereas for the higher permeability
membranes it was only 82-96 %. SEC with high-permeability membranes was approximately 25-29 % lower
than with the lowest permeability membrane. Using a verified model, we predict that on increasing the
permeability from 5 to 20 L/m2/h/bar, hydraulic SEC would go down further by 17-28 % using ultra high-
permeability membranes. Though this study shows the potential for SEC reduction, it also underlines the limi-
tations of current commercial membranes and therefore the need for membranes with even higher permeability.

1. Introduction

Membrane reverse osmosis (RO) dominates the desalination industry

Abbreviations: Aq-U, Aquaporin-ultra membrane; BWRO, Brackish water reverse osmosis; CF, Concentration factor; D-HR, Dupont-BW30HR membrane; D-XLE,
Dupont-XLE membrane; ICP, Internal concentration polarization; RO, Reverse osmosis; SEC, Specific energy consumption; SI, Supporting information; TDS, Total
dissolved solids; TFC, Thin film composite; T-TMHA, Toray-TMH20A membrane.
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Nomenclature

Symbols

Cfeed mg/L, feed concentration to the batch RO system
Cperm mg/L, permeate concentration

r -, recovery

Jw L/m?/h, water flux

Ry -, salt rejection

n -, second law efficiency

Tfeed bar, feed osmotic pressure

today, providing nearly 100 million m® of clean water per day globally
[1]. Since its introduction in the 1950s, RO desalination has undergone
substantial advances in materials science, process refinement, system
optimization, techniques for membrane synthesis, and membrane sur-
face modifications [2]. Over the last 3 decades, the specific energy
consumption (SEC) of RO has almost halved [3]. Driven by the large
uptake of RO desalination, research efforts to achieve further advances
are on-going.

1.1. Membrane materials and structures

One important research area aims to develop new membrane mate-
rials and structures with improved properties such as water permeability
and salt selectivity. The polyamide thin-film composite (TFC) is the most
common type of membrane, thanks to its high permeability, high salt
rejection, stability and low cost [4]. Typically, permeability of current
TFC membranes ranges from 1 to 2 L/m?2/h/bar for seawater membranes
and 2-8 L/m?%/h/bar for brackish water RO (BWRO) membranes [5].
Conversely, salt rejection is about 99 % for seawater [2,6] and 95-99 %
for brackish water [7].

Though the structure of TFC membranes can be modified to enable
faster water permeation, such modification also tends to increase the
ease of salt passage [8]. This trade-off between permeability and salt
rejection, along with the issue of membrane fouling, has posed chal-
lenges to the efficient use of RO technology — thus prompting research
into alternative membranes. Examples include inorganic membranes
consisting of ceramics or 2D-carbon-based materials such as carbon
nanotubes and graphene oxides [9]. Inorganic membranes offer ad-
vantages including improved chemical and physical stability, as well as
high tunability and reusability compared to polymeric membranes.
However, their commercialization has been hindered by challenges in
preparation, high manufacturing costs, and their thickness and bulkiness
[4]. Combining the advantages of both polymeric and ceramic mem-
branes, mixed matrix membranes are another option [10]. In this hybrid
organic-inorganic approach, the properties of a polymeric matrix are
enhanced by the addition of inorganic fillers. The fillers can be a porous
and/or nonporous material such as zeolite, activated carbon, carbon
nanotubes, silica, alumina, silver, and/or titanium oxide nanoparticles.
However, the application of mixed-matrix membranes is restricted by
factors like identification of filler material for synthesis, complex
fabrication process, high cost, agglomeration, and phase separation
[11].

A further alternative is biomimetic membranes. Biological water
channels based on aquaporin proteins promise to enable membranes
with exceptional permeability and salt rejection capabilities [12,13].
For instance, Sharma et al. [14] reported membrane permeability in the
range of 3-10 L/m?/h/bar and salt rejection ranging from 90 to 95 % for
aquaporin-based membranes fabricated using E. coli aquaporin Z pro-
teoliposomes immobilized in a polyamide layer formed by interfacial
polymerization. However, current research has yet to provide perfor-
mance data surpassing that of conventional state-of the-art TFC desali-
nation membranes [15].
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Continuous RO applied pressure

Applied pressure

Water recovery

Fig. 1. Comparison of applied pressure vs. water recovery ratio between batch
RO and single-stage continuous RO (adapted from [33]). The areas beneath the
green, blue, and red curves represent energy.

The extent to which membrane properties influence system perfor-
mance varies among studies. For example, in a theoretical study, Cohen-
Tanugi et al. [16] found that increasing permeability from 1.5 to 4.5 L/
m?/h/bar resulted in a large decrease (46 %) in the feed pump pressure
and SEC in conventional single-stage BWRO at recovery of 0.65. How-
ever, beyond this point, further increases in permeability yielded
diminishing returns, with 5 L/m?/h/bar being considered as the upper
limit for meaningful reduction in SEC for BWRO.

In another theoretical study, Werber et al. [17] assessed the effect of
increasing permeability on energy efficiency in BWRO (at feed con-
centration of 5844 mg/L NaCl and recovery of 0.75). In a single-stage
continuous RO process, a permeability increase from 4 to 10 L/m?/h/
bar yielded a marginal 2.2 % decrease in SEC. In contrast, in a two-stage
RO configuration (where the energy requirement at 4 L/m?/h/bar was
already 22 % lower than in single-stage RO) an increase in permeability
from 4 to 10 L/m?/h/bar led to a more significant 12 % reduction in SEC.

1.2. Configurations for minimal SEC

Traditionally, a single-stage configuration was the norm for RO.
However, in the past twenty years, there has been a shift towards multi-
stage RO to minimize SEC [18]. Wei et al. [19], theoretically assessed
the potential energy savings in a two-stage BWRO system using high-
permeability membranes (3 and 10 L/m?/h/bar) at a feed concentra-
tion of 3000 mg/L NaCl and recovery rate ranging from 0.60 to 0.98.
They found that at lower recoveries, the SEC reduction achieved by
employing a 10 L/m?/h/bar membrane is limited (0.02 kWh/m? at re-
covery of 0.6). At very high recoveries (>0.98), SEC became almost
insensitive to permeability. The highest SEC savings due to increased
permeability were predicted at recovery of 0.91. They explained that
raising the membrane water permeability from 3 to 10 L/m?/h/bar does
not notably enhance energy efficiency, because of growing concentra-
tion polarization. They also concluded that the energy savings derived
from increased membrane water permeability decline as feed concen-
tration rises.

Although SEC tends to bottom out at high permeability, this
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tendency varies with process factors like feed concentration, recovery,
pump efficiency, and system configuration. Nevertheless, according to
Okamoto and Lienhard [3], across all scenarios, any further reduction in
energy becomes marginal once the water permeability surpasses
approximately 3 and 8 L/m?/h/bar in seawater and brackish water RO,
respectively. This is almost the upper value for the BWRO membranes in
the market today, suggesting that improvement in this area is unnec-
essary for conventional continuous RO.

In contrast to continuous RO, batch RO is an innovative configura-
tion developed to achieve high recovery with reduced energy con-
sumption [20-23]. In a batch RO system, concentration at the
membrane varies over time. Meanwhile, applied pressure follows the
osmotic pressure helping to minimize SEC [24-27]. This contrasts with
continuous RO where the constant applied pressure must be maintained
at a maximum value as needed to at least overcome the osmotic pressure
of the brine corresponding to the recovery of the system (see Fig. 1) [28].
Not only does this excess pressure correspond to wasted energy, but it
also results in loss of membrane permeability since several studies have
shown decrease of permeability with pressure [29-32].

Understanding factors, such as membrane permeability, that affect
SEC in batch RO systems is vital for optimizing system performance and
energy efficiency. Further research and investigation in this area will
contribute to the development of better membrane materials and
improved operational strategies for batch RO system designs. To date
only a few studies have addressed these issues.

For example, Warsinger et al. [34] theoretically evaluated the impact
of permeability on SEC in batch RO for seawater (recovery of 0.5 and
concentration of 35,000 mg/L) and brackish water (concentration of
5000 mg/L and recovery of 0.66). They assumed an 80 % pump effi-
ciency, and an average membrane flux of 14.5 L/m?/h. For seawater,
most energy savings (~13 %) resulting from more permeable mem-
branes were predicted to occur up to a permeability of 4 L/m?/h/bar. In
the case of brackish water, energy savings (37 %) remained significant
up to about 7 L/m?/h/bar. Beyond these permeability values, a 10 %
increase in membrane water permeability yielded <2 % energy saving.

Swaminathan et al. [35] similarly studied the impact of increased
permeability on SEC in seawater batch RO as compared to traditional
continuous seawater RO. They predicted a drop in SEC of approximately
10 % (0.2 kWh/m?) when permeability increases from 2 to 10 L/m?/h/
bar. In continuous RO, the decrease in SEC was a more modest 5 % (0.11
kWh/m?®). The study anticipated that batch RO systems may benefit
more than continuous RO from the use of ultra-permeable membranes
such as those based on graphene or aquaporins.

Hosseinipour et al. [27] tested a batch RO system using an Eco Pro-
440 membrane with brackish water at recovery of 0.8 and used the re-
sults to calibrate a model. By increasing the permeability from the
experimental baseline of 4.4 L/m?/h/bar up to 10 L/m?/h/bar, they
predicted a SEC reduction of 17 % (0.352 down from 0.423 kWh/m?).
These predictions assumed a feed concentration of 4000 mg/L and flux
of 17.3 L/m?/h.

In summary, there have been promising predictions concerning the
use of high-permeability membranes to improve performance in batch
RO. Compared to continuous RO, high permeability membranes are
expected to have a more significant impact on SEC in batch RO, and the
relative impact is expected to be even larger at lower feed salinities.
However, still there is a lack of experimental research in this area. This
study sets out to address this gap by testing a batch RO system with a
series of state-of-the-art RO membranes, including a recently introduced
membrane using biomimetic aquaporin technology. Four 8-in. RO
modules with varying permeability were assessed in a single-acting free-
piston batch RO pilot. Salt rejection and SEC were measured to analyse
the trade-off between permeability and selectivity. The validated model
was then employed to assess potential SEC improvements by enhancing
membrane permeability, considering salt rejection within the range of
87-97 %.
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(a) Pressurization

Brine valve
X

Cinlet

Cperm

Recirc. valve 8
Bypass valve Recirc. pump

Cfeed
Supply pump

Piston travel from left to right by pressurization

(b) Purge-and-refill

Brine valve

Chrine

Bypass valve

Cfeed

Supply pump Piston travel from right to left by recirc. pump

Fig. 2. Schematic of the free-piston batch RO, a) pressurization, and b) purge-
and-refill phase. The phases involve switching three on-off valves. In the
pressurization phase, the bypass and brine valves are closed while the recir-
culation valve remains open. Conversely, in the purge-and-refill phase, the
bypass and brine valves are open, and the recirculation valve is closed. For
more details refer to [27]. Solid and dashed lines represent flow and no flow
respectively.

2. Experimental equipment and procedure

This study used a free-piston batch RO system housing a single 8-in.
spiral wound membrane (Fig. 2). The system has a maximum rated
pressure of 25 bar. Detailed information about the equipment and
experimental procedure has been documented in an earlier study [27]
and is not repeated here. The earlier study established that, for feed
concentrations <5000 mg/L, the optimal ratio of recirculation to feed
flow is approximately 2 to minimize the SEC. To avoid repetition, we
used the same ratio here and did not re-evaluate the effect of varying it.
This helped to rationalize the number of experiments and provide
comparable results.

Four different 8-in spiral-wound RO membranes were tested.
Henceforth, these membranes are referred according to the abbrevia-
tions in Table 1, which also shows important manufacturers’ data. All
four membranes are intended for brackish water treatment with
maximum pressure of 41 bar (except the T-TMHA membrane which is
rated at only 25 bar). Three of these membranes are regarded as high-
permeability membranes (Aq-U, D-XLE and T-TMHA) and one as low-
permeability and high-rejection (D-HR).

Feed solutions were prepared by dissolving approximately 1.5 to 7.5
kg of reagent grade NaCl (Fisher Scientific, ACS grade, 99.5 % purity) in
tap water with total dissolved solids (TDS) < 100 mg/L in a 1500 L
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Table 1

Specifications of the 8-in. spiral wound membranes used in this study according to the manufacturers’ datasheets. All membranes had area of 41 m? and feed spacer

thickness of 0.71 mm (0.028 in.). All reported test conditions were at 25 °C, pH = 7-8 and water recovery of 0.15.
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Membrane manufacturer Abbreviation  Salt rejection  Product flow rate Maximum operating Membrane test conditions
d % 3/d. b
and type ° (m®/day) pressure (bar) Feed concentration, Cgeeed Pressure, Py Flux, Jy, (L/
(mg/L) (bar) m*/h)

Aquaporin-Ultra Aq-U 99.0 51 41.4 500 6.9 52.1

Dupont-XLE D-XLE 99.0 53 41.4 2000 8.6 53.9

Dupont-BW30HR D-HR 99.7 48 41.4 2000 15.5 48.8

Toray-TMH20A T-TMHA 99.3 45.7 25.1 500 6.9 46.4

previously [27].
Table 2 . . . The main measurement equipment used in this study (shown in
Membrane water permeabilities measured experimentally and calculated using . . . ..
J Fig. §8), including pressure sensors, conductivity sensors, power supply,

manufacturers’ datasheets. The permeability was calculated using A = P j’ﬂf and scales, have errors of <1 % of their respective ranges (0.25 %, 1.0 %,

(where P¢and J,, are taken from Table 1 and 7y is calculated using the van ‘t Hoff
expression).

Permeability, A (L/mz/h/bar)

Membrane

Experimental Calculated
T-TMHA 5.7 7.1
Aq-U 5.4 8.0
D-XLE 4.6 7.7
D-HR 2.7 3.5

polyethylene feed tank, representing brackish water with TDS ranging
from 1000 to 5000 mg/L. To remove free chlorine, 4.5 mg of sodium
metabisulfite was added to the feed tank. The feed water temperature
was kept constant at 25 £ 0.5 °C throughout. A 5-pm 10-in cartridge pre-
filter was used to remove small particles and protect the RO membrane.

The system was operated at the design recovery of 0.80 + 0.01.
Experiments were conducted at fluxes ranging from approximately
11-23 L/m?/h, resulting in an output of 10-17 m3/day. This translated
to a complete cycle duration ranging from 330 to 580 s (including a 75-s
purge-and-refill phase), with shorter durations correlating with higher
water fluxes. Hence, the overall duration for each run (four cycles)
varied from 22 to 44 min. During the experiments, all relevant param-
eters (shown in Table S1) including conductivities, pressure, flow rates,
power consumption of the pumps, and weights of the tanks were
monitored and recorded using a data logger and LabVIEW® software.
These data were used to calculate results, including SEC, salt rejection,
and permeate quality — following the calculation methods described

0.1 %, and 0.3 %, respectively). When considering the cumulative er-
rors, the calculation error for parameters such as salt rejection, hydraulic
and electrical SEC, and flux falls within the range of 1-3 % in all cases.

3. Result and discussions
3.1. Membrane water permeability

We measured the permeability for each membrane under similar
conditions. To eliminate osmotic pressure, RO permeate with a con-
ductivity of approximately 0.1 mS/cm was collected and then used as
feed. The pressure and flow rate during the tests were stable, with
minimal fluctuations of no more than +0.1 bar or + 0.1 L/min respec-
tively. These tests were done in the continuous RO mode operation with
the brine valve fully closed (i.e., as a dead-end flow system).

To determine flux, we measured the mass of the produced permeate
over a period of 600 s, using a precision scale with an accuracy of +0.1
kg. The test was repeated over a range of flow and pressure, and the
permeability was determined from the slope of the straight-line fit of
flux vs. pressure (see SI section 2 for detailed results). For the high-
permeability membranes, measured permeability ranged from 4.6 to
5.7 L/m?/h/bar, while the high-rejection membrane (D-HR) exhibited a
permeability of only 2.7 L/m?/h/bar (Table 2).

Table 2 shows that the experimental values for permeability are
lower than those inferred from the manufacturers’ datasheets. None-
theless, such differences are also reported elsewhere in the literature.
For example, Khunnonkwao et al. [36] mentioned permeability of about
5 L/m?/h/bar for the D-XLE membrane, while another study reported

3.5

Aq-U D-XLE D-HR T-TMHA

=3000 mg/L, J,=17.8 L/m*h

Permeate conductivity (mS/cm)

0 1 I I

0 50 100 150

200 250 300 350

Process time (s)

Fig. 3. Permeate conductivity vs. time over the pressurization phase in batch RO at ¢geeq = 3000 mg/L and J,, = 17.8 L/m?/h for different RO membranes.
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Fig. 4. Average permeate concentration over a cycle in batch RO vs. feed
concentration for different RO membranes at A) J,, = 22.2 L/mz/h, B) Jy =
17.8 L/m?/h, and C) J,, = 13.4 L/m?/h.

permeability for this membrane of 3.6 to 6.8 L/m?/h/bar, depending on
the experimental conditions such as pressure [37]. These differences
could be due to quality variations in membranes and variations in
operating conditions and testing arrangement. In the case of the Aq-U
membrane, we note that this is a newly available membrane so its
specifications may not yet have been firmly established.

3.2. Permeate conductivity variation over the pressurization phase

Fig. 3 compares permeate conductivity over a pressurization phase.
There is an initial delay of about 10-20 s before permeate production
commences. During this period, the applied pressure rapidly increases to
reach the feed solution’s osmotic pressure, before driving water through
the membrane. Simultaneously, the permeate spacer and permeate tube,
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which were previously emptied during the purge phase due to osmotic
backflow, are re-filled with water. Next there is a sharp peak in permeate
conductivity, like that reported in previous studies [24-27]. This peak
indicates that the stagnant salt (that had been drawn into the membrane
support layer during the purge phase) is now leaving the system, causing
a temporary increase in permeate conductivity. After the peak, the
permeate conductivity drops to a minimum, and then it starts to increase
steadily as the process continues. This second rise is attributed to the
increasing concentration of salt in the recirculation loop of the batch RO
system, some of which diffuses across the membrane.

The Aq-U membrane showed the largest initial peak whereas the D-
HR showed the smallest. Following the initial peak, the permeate con-
ductivity with the D-HR increased from 0.07 to 0.19 mS/cm during a test
at Creeq = 3000 mg/L and J,, = 17.8 L/m?/h. In contrast, D-XLE, T-
TMHA, and Aq-U gave greater increases in permeate conductivity from
0.22 to 0.56, 0.32 to 0.91, and 0.4 to 1.43 mS/cm respectively.

The World Health Organization (WHO) generally considers water
with a TDS level of less than approximately 600 mg/L to have good
palatability [38]. Thus, we compared against this limit. Fig. 4 shows the
average permeate concentration over a cycle at different feed concen-
trations ranging from 1000 to 4000 mg/L, at three different fluxes. The
permeate water produced by all membranes at feed concentrations up to
Cfeed = 4000 mg/L met acceptable water quality standards for drinking
applications.

Permeate TDS increased with both flux and feed concentration (see
Fig. 4). The high-rejection D-HR membrane stood out by consistently
producing water with TDS levels below 100 mg/L. This suggests that this
membrane offers significant flexibility, allowing for operation at higher
feed concentrations and lower fluxes without having to worry about
exceeding the TDS limit for drinking applications. Additionally, the D-
XLE produced permeate with TDS < 300 mg/L under the same condi-
tions. Both the T-TMHA and Aq-U membranes demonstrated good per-
formance at low feed concentrations (cfeeq < 2000 mg/L). Nonetheless,
as the feed concentration increased, the difference in permeate TDS
between these two membranes and the D-HR and D-XLE membranes
became more noticeable, increasing the risk of failing to meet drinking
quality standards. This suggests that the selection of the right membrane
should be based on the feed concentration and the final permeate quality
required in each application.

The best permeate quality was observed at the highest flux and the
lowest feed concentration (Jy = 22.2 L/m%/h and cfeeq = 1000 mg/L),
resulting in TDS < 60 mg/L for all membranes. The worst permeate
quality was seen at the highest feed concentration and the lowest flux.
Flux had a big effect on the permeate quality; for example, at cfeeq =
4000 mg/L and J,, = 13.4 L/m?/h the average permeate TDS levels were
104, 298, 487, and 655 mg/L for D-HR, D-XLE, T-TMHA, and Aq-U
respectively. On increasing flux to Jy, = 22.2 L/m?%/h these values
reduced by approximately 25 %.

Moreover, the initial conductivity peak (as shown in Fig. 3) has a
negative impact on the permeate quality. This peak tends to become
more prominent at higher fluxes and feed concentrations. If it did not
occur, the permeate TDS levels for the D-XLE, T-TMHA, and Aq-U
membranes would have been lower. For instance, at cfeeq = 4000 mg/
L and J,, = 22.2 L/m?/h, the permeate TDS would have decreased from
215, 366, and 500 mg/L to about 173, 297, and 437 mg/L, respectively.
These estimated decreases are based on comparing against a hypothet-
ical situation where the initial permeate concentration is assumed to be
at the minimum concentration observed, which is a plausible assump-
tion in the absence of osmotic backflow.

Considering the trade-off between permeate quality and energy ef-
ficiency when varying the flux, for the high-permeability membranes, it
is recommended to operate the system at higher fluxes whenever
possible, even though it may lead to higher energy consumption. By
doing so, the improved water quality and permeate output achieved at
higher fluxes justifies the increase in energy usage and offers a practical
approach to obtain desirable permeate quality for drinking water
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different fluxes.

applications.

3.3. Salt rejection

The above permeate concentrations cperm Were used to calculate the
salt rejection R; of the system using the equation:

_ Cfeed - Cperm

R, (€9)

Ceed
The D-HR membrane showed the highest rejection, ranging from 97 to
99 % according to flux and feed concentration. In the case of D-XLE,
rejection ranged from 91.5 to 96 %. With T-TMHA and Aq-U, the range
widened considerably varying from 86 to 94.5 % and from 81.5 to 94 %

Table 3
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respectively. As an example, at cfeeq = 2000 mg/L and J,, = 17.8 L/mz/h,
rejections were 98.3, 94.8, 92.6, and 90.2 % respectively.
Figures showing the rejection for each membrane at different feed
concentrations and fluxes can be found in the SI.

Rejection increased with flux but decreased with feed concentration.
However, the sensitivity with the D-HR and D-XLE membranes was less
than with the T-TMHA and Aq-U membranes (see Fig. 5). For instance, at
Jw = 17.8 L/m?/h, on increasing feed concentration from 1000 to 3000
mg/L, rejection of D-HR dropped by only 0.6 % while that of the Aq-U
fell by 5.6 %. Additionally, at cfeeq = 3000 mg/L, on decreasing flux
from 22.2 to 11.4 L/m?/h, rejection decreased by 1.0 and 5.4 % for D-HR
and Aq-U respectively. Therefore, it may be better to operate the Aq-U
and T-TMHA membranes at higher fluxes to reach higher rejection
values (albeit at higher energy cost).

The rejection in the batch RO system is negatively affected by the
initial peak in permeate concentration, as explained in Section 3.2
above. Moreover, comparing against the rejection values stated by the
manufacturers’ datasheets (Table 1) we see that, in our experiments, the
flux is lower (11 to 23 L/m?/h as opposed to 45 to 55 L/m?/h), and the
recovery is much higher (0.8 as opposed to 0.15). The feed concentra-
tion is also different. All these factors contribute to the lower rejection in
the current study.

3.4. Osmotic backflow

When a batch RO system depressurizes at the beginning of the purge-
and-refill phase, a small volume of permeate water fails to exit because
of the osmotic backflow due to the concentration gradient [24-27]. A
check valve on the permeate line helped to reduce osmotic backflow but
did not eliminate it entirely.

The batch volume in this study is 69.0 L. Subtracting the batch

Permeate and osmotic backflow volume in every batch cycle for different membranes at different feed concentrations, r = 0.8 and J,, = 17.8 L/m?/h.

Membrane type

Aq-U D-XLE D-HR T-TMHA
Feed concentration Permeate Osmotic Permeate Osmotic Permeate Osmotic Permeate Osmotic
(mg/L) volume (L) backflow volume volume (L) backflow volume volume (L) backflow volume volume (L) backflow volume
@ @ @ @
1000 66.4 2.6 65.7 3.3 65.3 3.7 65.7 3.3
2000 65.7 3.3 64.9 4.1 64.3 4.7 65.2 3.8
3000 65.6 3.4 64.6 4.4 64 5 65 4
4000 65.6 3.4 64.3 4.7 63.8 5.2 65 4
5000 65.6 3.4 64.3 4.7 - - 64.8 4.2
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Fig. 7. Comparison of osmotic backflow per m? of membrane area as a function
of peak conductivity for different membranes at A) cgeeq = 2000 mg/L, B) Cfeed
= 3000 mg/L, and C) Cgeeq = 4000 mg/L, r = 0.8 and J,, = 17.8 L/m?/h.

volume by the produced permeate volume yields the osmotic backflow,
which is shown in Table 3. Osmotic backflow increased with feed con-
centration and varied significantly among the four membranes. The Aq-
U membrane exhibited the lowest osmotic backflow volume of 2.6-3.4
L; whereas the D-HR exhibited the highest osmotic backflow volume of
3.7-5.2 L. Fig. 6 presents the results normalised to membrane area, and
shows the same trend.

Comparing with the results of Section 3.3, it is interesting that
membranes giving lower rejection also give lower backflow. The likely
explanation is as follows. Lower rejection membranes allow more salt to
pass through to the permeate. At the beginning of the purge cycle, when
backflow occurs, the salt in the permeate is drawn back into the mem-
brane support layer where it builds up as an internal concentration
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polarization (ICP) layer. Momentarily, the membrane is behaving as a
forward osmosis (not reverse osmosis) membrane. It is known that the
flux in forward osmosis is detrimentally affected by ICP which (unlike
external concentration polarization) is not removed by convection [39].
In the case of batch RO, ICP is beneficial to reduce the backflow albeit
with the penalty of lower overall salt rejection. ICP reduces the con-
centration gradient between the feed and permeate sides which drives
osmotic backflow.

This explanation is supported by Fig. 7 which correlates the initial
peak in concentration at the beginning of the permeate production
against osmotic backflow. It is seen that a higher peak (associated with
lower salt rejection) correlates consistently with decreased backflow.
The peak reflects salt accumulation and ICP on the permeate side. The
explanation is also supported by the fact that the initial peak in Fig. 3 is
higher than the final peak — suggesting a multiplication of the permeate
concentration by ICP during backflow prior to permeate production
recommencing.

An alternative explanation could be related to the construction of the
membrane element. Although the feed spacer thickness for all the
membranes was the same (0.71 mm), no details were available about the
permeate carrier which could hold more or less permeate according to
its thickness or porosity. Nonetheless, it is unlikely that the correlation
with rejection would occur just by coincidence, so the first explanation
above seems much more probable.

3.5. Pressure changes over the pressurization phase

Fig. 8 shows how supply pump hydraulic pressure and conductivity
at the RO membrane inlet vary over a batch pressurization phase at cfeeq
= 3000 mg/L and J,, = 17.8 L/m?/h. Both variables, shown in Fig. 8(A)
and (B), exhibit a similar increasing trend over the duration of the phase
as the supply pump pressure increases with inlet concentration and the
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associated osmotic pressure.

The T-TMHA and Aq-U membranes demonstrated almost identical
pressure trends, with average values of 9.6 and 9.7 bar, respectively. The
D-XLE membrane had a slightly higher average pressure of 10.1 bar,
while the high-rejection D-HR had considerably higher pressure, aver-
aging at 13.2 bar (Fig. 8(A)). This higher pressure was caused by the
lower permeability of the D-HR membrane (see Table 2).

Inlet conductivity among the four membranes was almost the same,
though just slightly higher in the case of D-HR. This small difference can
be explained by the higher rejection of the D-HR membrane, which
resulted in more salt remaining in the recirculating loop during
pressurization.
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3.6. Comparison of peak and average applied pressure with brine osmotic
pressure

Fig. 9 compares the brine osmotic pressure, average applied pressure
and peak pressure of different RO membranes at different feed con-
centrations and J,, = 17.8 L/m>h. Brine osmotic pressure was calculated
by multiplying the concentration factor (Eq. 2, derived from mass bal-
ance) by the osmotic pressure of NaCl solution calculated using the van ‘t
Hoff expression (e.g., 0.79 bar for 1000 mg/L NaCl solution at 25 °C).

[1—r(1-Ry)]

1—r

CF = (2)
Batch RO allows operation at lower average applied pressure than
conventional RO. Thus, average applied pressure in batch RO can be less
than the brine osmotic pressure (or exceed it by only a small margin). In
contrast, in conventional RO the applied pressure must exceed the brine
pressure substantially, to maintain a net driving pressure.

For the three high-permeability membranes (Aq-U, D-XLE and T-
TMHA), at low feed concentration (cfeeq < 2000 mg/L), the average
applied pressure equalled or exceeded the brine osmotic pressure. This
shows some deviation from the design intention — suggesting that batch
RO is not so efficient in this case at recovery of 0.8. It indicates that the
applied pressure requirement was dominated by membrane hydrody-
namic resistance. In contrast, at feed concentration cgeeq > 2000 mg/L,
average applied pressure was lower than the brine osmotic pressure,
suggesting a potential efficiency advantage over conventional RO.
Nevertheless, additional factors such as osmotic backflow and recircu-
lation pump energy usage need to be considered for a complete
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comparison.

For the low-permeability D-HR membrane, the average applied
pressure was always higher than the brine osmotic pressure, but the gap
became smaller on increasing the feed concentration. However, because
of the system pressure limitation of 25 bar, we were unable to test at
Cfeed > 4000 mg/L which may have resulted in applied pressure drop-
ping below the brine osmotic pressure.

Extending the comparison to include different fluxes (at cfeeq = 3000
mg/L, see Fig. 9B) showed that, at decreased flux, the average applied
pressure almost equalled the brine osmotic pressure with the D-HR
membrane because of lower hydrodynamic resistance. All membranes
showed a similar trend. Thus, on decreasing flux from 22.2 to 13.4 L/
m?/h, the difference of average applied pressure minus brine osmotic
pressure decreased from —0.1, 0.0, +3.7, and — 0.5 bar, to —2.1, —2.1,
+0.2, —2.3 bar for Aq-U, D-XLE, D-HR and T-TMHA membranes
respectively.

Another important consideration is peak pressure. Higher pressures
require more robust and expensive pressure vessels, pipework, valves,
instrumentation, and other accessories. As expected, peak pressure
increased with flux and feed concentration (see Fig. 9). Aq-U and T-
TMHA membranes had almost similar peak pressure at various experi-
mental conditions. The D-XLE membrane had slightly higher peak
pressure, while that of D-HR membrane was much higher. For instance,
at Cfeed = 3000 mg/L and Jy, = 22.2 L/m?/h, peak pressure was about
17.7 bar when using Aq-U and T-TMHA membranes; while it increased
by 5.6 % to 18.7 bar with the D-XLE membrane. The D-HR membrane
gave the highest peak pressure at 21.8 bar (17 % above D-XLE and 23 %
above Ag-U and T-TMHA).

3.7. Specific Energy Consumption (SEC)

Hydraulic SEC was measured based on the integration of differential
pressure vs. discharged volume for each pump, and then totalled over
the two pumps (i.e., supply and recirculation pumps) and two phases of
operation (i.e., pressurization and purge-and-refill) as carried out pre-
viously [27]. Fig. 10 presents hydraulic SEC of different RO membranes
at various feed concentrations and fluxes. As expected, along with the
applied pressure, hydraulic SEC increased with flux and feed concen-
tration. Hydraulic SEC was in the range 0.15-0.47 kWh/m® among the
high-permeability membranes with only slight differences. For the high-
rejection D-HR membrane, it increased to 0.21-0.48 kWh/m? at Cfeeq <
4000 mg/L (and fluxes <15.5 L/rnz/h) and would likely have been
higher if cfeeqg = 5000 mg/L and fluxes >15.5 L/m?/h at cfeeq = 4000 mg/
L had been possible.

The Aq-U and T-TMHA membranes had the lowest hydraulic SEC,
whereas that of the D-XLE membrane was slightly higher due to the
lower permeability and higher rejection. The D-HR membrane had the
highest hydraulic SEC. For example, at flux of J,, = 17.8 L/m?/h and
Cfeed = 2000 mg/L, hydraulic SEC of D-HR was 0.362 kWh,/m? while that
of D-XLE was 25 % less at 0.271 kWh/m®. That of Ag-U and T-TMHA
membranes was almost the same at 0.256 kWh/m? (29% lower than D-
HR and 6 % lower than D-XLE). On increasing the feed concentration,
the gap among the membranes slightly widened, such that the hydraulic
SEC of the T-TMHA membrane became noticeably higher than that of
the Aq-U because of its greater rejection.

On almost doubling the flux, system output increased by 70 % from
around 10 to 17 m®/day. However, hydraulic SEC did not rise propor-
tionately with only 35-40 % increase at cfeeq = 3000 mg/L. Therefore,
this trade-off between output and energy saving should be considered
during the design and operation. Additionally, as mentioned in Section
3.2, at higher fluxes, better permeate quality is achieved.

Fig. 11 shows the electrical and hydraulic SEC breakdown of
different RO membranes by pump and phase of operation. Most energy
is used by the supply pump in the pressurization phase, providing
enough pressure to overcome the osmotic pressure of feed solution and
other losses in the system including major losses due to salt retention,
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concentration polarization, longitudinal concentration gradient and
hydrodynamic resistance in the membrane pores.

Only 9-17 % of the total energy was consumed by the recirculation
pump, with a higher percentage contribution at lower feed concentra-
tions and fluxes when the required applied pressure is smaller. The total
electrical SEC of the recirculation pump in all cases was around
0.06-0.065 kWh/m®. The electrical SEC of the supply pump in the
purge-and-refill phase was constant at around 0.03 kWh/m® while it
varied a lot in the pressurization phase with feed concentration and flux
because of variations in osmotic pressure and membrane pore resis-
tance, respectively. As recirculation pump energy consumption is a loss
in batch RO, reducing this loss is desirable for improved system per-
formance. The loss became less significant at higher fluxes and feed
concentrations.

10

3.8. Second law efficiency

Second law efficiency expresses the water output of a desalination
system as fraction of the maximum output thermodynamically possible
for a fixed energy input, while working at given operating conditions
such as feed concentration, water recovery, salt rejection and tempera-
ture. As such, it enables a fair comparison among systems, regardless of
the technology used and allowing for variations in operating conditions.
The following equation was used to calculate second law efficiency:

1-r[1=Ry] 1—r{1-R,]
R e R D)

SEC SEC 3)

n=

where electrical SEC is used in the denominator (SEC and n should be
expressed in similar units [e.g. MPa] for consistency). This equation
applies to a desalination system treating brackish water as used in this
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Fig. 12. Comparison of the second law efficiency of different RO membranes as
a function of A) feed concentration at J,, = 17.8 L/m?/h, and B) flux at cfeeq =
3000 mg/L.

study [40].

Fig. 12 compares second law efficiency among the different mem-
branes as a function of flux and feed concentration. At cfeeq = 3000 mg/
L, second-law efficiencies with the Aq-U, T-TMHA and D-XLE mem-
branes were approximately the same (21.9-22.3 %) whereas that with
the D-HR membrane was slightly lower (18.4 %). Thus, the energy ef-
ficiency with the D-HR membrane lagged that of the others even with its
higher rejection taken into account.

Second law efficiency increased with feed concentration and
decreased with flux. Over the whole range of concentrations and fluxes
used in this study, the lowest second law efficiency of 7 % occurred with
D-HR at the lowest feed concentration and highest flux (cfeeq = 1000
mg/L and J,, = 22.2 L/m?/h); the highest was about 31 % at the highest
feed concentration and lowest flux (cfeeq = 5000 mg/L and Jyy = 11.4 L/
m?/h) for the high permeability membranes.

As reported in [26], second law efficiency of some of the existing
brackish RO plants [41-44] are in the range of 1.5 to 4.5 % when they
supplied with feed concentrations of 900-2500 mg/L and operate at
high recoveries (ranging from 0.6 to 0.8). Compared to these plants,
under nearly similar conditions, batch RO showed higher second law
efficiency, ranging between 8 and 22 % with high-permeability mem-
branes and 7-19 % with the low-permeability membrane.

4. Reduction in SEC through future membrane improvements
RO membranes have undergone a steady enhancement in perme-

ability over the past few decades while maintaining their selectivity
[4,45]. This trend is anticipated to continue with further advances in
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Fig. 13. Hydraulic SEC predictions as a function of membrane water perme-
ability at r = 0.8, cfeea = 3000 mg/L and A) J,, = 17.8 L/m?/h, and B) J,, = 22.2
L/m%/h. The dashed lines indicate the adjusted values in model through
experimental validation found in this study for D-HR, D-XLE, and Aq-U
respectively from left to right.

membrane materials and manufacturing techniques. In this section, a
verified model [25,27] is used to project reductions in SEC that would
result from future ultra-high permeability membranes. Details of the
modelling assumptions and verification can be found in the SI and the
model spreadsheet is provided as a supplementary file.

Projections are made of SEC with increasing permeability for
different cases of rejection and osmotic backflow. Recovery is kept at
0.8, with feed concentrations of 3000 and 5000 mg/L and fluxes of 17.8
and 22.2 L/m?%/h. For a high-rejection membrane with R; = 0.975 and
osmotic backflow of 5.0 L (i.e., similar to the D-HR membrane) pre-
dictions at J,, = 17.8 L/m?/h show that increasing permeability from 2.7
to 10 and 20 L/m?/h/bar would reduce SEC by 34 % and 40 %
respectively, giving SECs of 0.302 and 0.273 kWh/m® compared to
0.456 kWh/m® at 2.7 L/m?/h/bar. This SEC reduction will be even
greater at higher fluxes. For instance, at slightly higher flux (J,y = 22.2
L/mz/h), SEC would be 37 % and 44 % less at 10 and 20 L/m>/h/bar
respectively, compared to that at permeability of 2.7 L/m?/h/bar (see
Fig. 13). This improvement corresponds to an increase in the second law
efficiency from 22.3 % to 35.1 % and 38.7 % respectively (assuming 80
% efficiency for both pumps).

For a high-permeability low-rejection membrane with Ry = 0.87 and
osmotic backflow of 3.4 L (i.e., similar to the Aq-U membrane) pre-
dictions at J,, = 17.8 L/m?/h indicate that doubling the water perme-
ability from 5 to 10 L/m?/h/bar, results in approximately 17 % SEC
reduction. At 20 L/m?/h/bar, SEC is predicted to drop further by 25 %.
At higher flux (Jy, = 22.2 L/m?/h) these reductions further improve to
19 % and 28 % respectively (see Fig. 13), corresponding to second law
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Fig. 14. Hydraulic SEC predictions as a function of membrane water perme-
ability at r = 0.8, Cfeeqa = 5000 mg/L and J,, = 22.2 L/m?/h. The dashed lines
indicate the adjusted values in model through experimental validation found in
this study for D-HR, D-XLE, and Aq-U respectively from left to right.

efficiencies of 37.7 and 42 %.

Predictions also show that energy savings resulting from enhanced
membrane water permeability decrease as the feed concentration in-
creases. For instance, on permeability increase from 2.7 to 10 L/m?/h/
bar in the case of the low-permeability high-rejection membrane (R; =
0.975), SEC falls by 29 % at cgeeq = 5000 mg/L (see Fig. 14), compared to
37 % at 3000 mg/L. In the case of the high-permeability low-rejection
membrane (Rs = 0.87), increasing permeability from 5 to 10 L/m?/h/
bar results in 14 % SEC reduction at cfeeq = 5000 and 19 % reduction at
Cfeed = 3000 mg/L.

Predictions in this study show that, in contrast to previous studies
regarding continuous RO, increasing permeability still has an important
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role in SEC reduction in batch RO. When using single-stage ROs, 5 and 8
L/m?/h/bar was predicted as the upper limit of useful permeability for
the SEC reduction in BWRO by Cohen-Tanugi et al. [16] and Okamoto
and Lienhard [3] respectively. However, we predict about 16 % SEC
reduction at 20 L/m?/h/bar compared to 8 L/m?/h/bar.

Moreover, Werber et al. [17] reported only a 2.2 % energy saving on
increasing permeability from 4 to 10 L/m?/h/bar in single-stage BWRO
while the energy saving was about 12 % (0.05 kWh/m?>) in a two-stage
RO system. In contrast, our predictions suggest a more substantial
reduction in SEC (up to 20 %, equivalent to 0.11 kWh/m?®) in the batch
RO system under almost similar conditions.

Comparing to previous studies of batch RO, Warsinger et al. [34]
reported a 40 % reduction in energy consumption when increasing
membrane permeability from 1 to 10 L/mz/h/bar, with a 37 % saving
observed before reaching 7 L/m2/h/bar. Our predictions indicate a
slightly higher 59 % reduction in SEC on going from 1 to 10 L/m?/h/bar.
Both studies agree, however, that the SEC reduction in the permeability
range of 7 to 10 L/m?/h/bar is <10 %.

Table 4 summarises and compares the most relevant studies on SEC
reduction resulting from use of higher permeability membranes. We
note that caution is needed in comparing the studies because of the
variations in operating conditions and assumptions used among the
studies.

5. Conclusion

We experimentally investigated the performance of a free-piston
batch RO system using four different 8-in. RO membranes of differing
water permeability, thus evaluating the effect of permeability on salt
rejection, permeate quality, SEC, and efficiency. Permeability of the
membranes was measured and found to be in the range of 2.7-5.7 L/m?/
h/bar.

The system was tested at recovery of 0.8 with brackish water feed

Table 4
Simulation conditions from various references assessing the relationship between membrane permeability and SEC in brackish water RO desalination.
Author Configuration  Feed Recovery  Flux Rejection Pump ERD Key findings Reference
concentration L/ (%) efficiency efficiency
(mg/L) m?/h) (%) (%)
Cohen- Continuous 2000 0.65 13.2 99.8 75 97 47 % decrease in feed pump pressure [16]
Tanugi RO when permeability increases from 1.5
etal. to 4.5 L/m?/h/bar. 5 L/m>/h/bar was
considered as a meaningful limit for
SEC reduction.
Shrivastava Continuous 804 0.85 N.D. N.D. 85 95 30 % decrease in SEC when [46]
et al. RO permeability increases from 2.5 to 5 L/
m?/h/bar.
Werber et al. Continuous 5844 0.75 15 N.D.* 100 100 2.2 % SEC reduction in single-stage [17]
RO while 12 % SEC reduction in two-stage
when permeability increases from 4 to
10 L/m?/h/bar. They stated that the
reason for minor SEC reduction is that
the hydraulic overpressure is small.
Wei et al. Continuous 3000 0.6-0.98 15 100 100 100 SEC saving of 0.02 kWh/m? at low [19]
RO recovery of 0.6 when permeability
increases from 1 to 10 L/m?/h/bar. At
very high recoveries of 0.98, SEC
became almost insensitive to
permeability.
Karabelas Continuous 2000 0.7 N.D. N.D. 85 95 51.2 % of SEC is related to membrane [47]1
et al. RO filtration resistance and can be reduced
by improved membrane permeability.
Warsinger Batch RO 5000 0.66 14.5 N.D.** 80 N.D. About 40 % SEC reduction when [34]
et al. increasing permeability from 1 to 10 L/
m?/h/bar.
Current Batch RO 3000 & 5000 0.8 17.8 0.87 and 100 N.A. 59-67 % SEC reduction when -
study & 0.93 and increasing permeability from 1 to 10 L/
22.2 0.975 m?/h/bar.

B
B-value was used.
" All scenarios were assumed to have the same permeate quality.
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containing 1000-5000 mg/L of NaCl, at fluxes of about 11-23 L/m?/h.
Whereas salt rejection with the low-permeability membrane varied little
from 97 to 99 %, that with the three high-permeability membranes
varied more widely from 82 to 96 %, with the lowest rejections seen at
lowest fluxes and greatest feed concentrations. All membranes achieved
an acceptable permeate quality for drinking and irrigation applications.
However, for high-permeability membranes, operation at higher fluxes
(> 14 L/m?/h) is necessary at high feed concentrations (> 5000 mg/L)
to ensure water quality standards are met - albeit at the expense of
slightly higher energy consumption.

We observed significant variations in osmotic backflow volume
among the membranes and according to the feed salinity. The lower
backflow (of 2.6 L) occurred with the lowest rejection membrane at low
feed salinity of 1000 mg/L, whereas the highest (of 5.2 L) occurred with
the highest rejection membrane at feed salinity of 4000 mg/L.

When comparing the hydraulic SEC among the four membranes, that
obtained using the high-permeability membranes was considerably
lower than with the low-permeability membrane (D-HR). For example,
at feed concentration of 2000 mg/L and flux of 17.8 L/m?/h, hydraulic
SEC using the high-permeability membranes was 25-29 % lower than
obtained using the D-HR membrane.

Second law efficiency of up to 31 % was achieved, comparing
favourably to existing brackish water RO plants. This could increase to
42 % with improvements in membrane permeability. At higher feed
concentrations, the average applied pressure was lower than the brine
osmotic pressure exiting the system - thus indicating improved energy
performance against single-stage continuous RO.

Unlike several earlier studies of continuous RO [3,16,17,19], this
study predicts that increasing permeability to values of 10 or 20 L/m?2/
h/bar will continue to have benefits in reducing SEC in batch RO. On
increasing permeability from the baseline value of 2.7 L/m?/h/bar to 10
and 20 L/m?/h/bar, we predict SEC reductions of 37 and 44 % respec-
tively for a high-rejection membrane (Rs = 0.975). For a low-rejection
membrane (Rs = 0.87), with baseline permeability of 5.4 L/m?/h/bar,
we predict corresponding reductions of 17 and 28 % (at 10 and 20 L/m?/
h/bar respectively) at feed concentration of 3000 mg/L and flux of 22.2
L/m2/h. The energy savings would be even greater at higher fluxes and
lower feed concentrations. This highlights the on-going importance of
research into new materials and techniques of membrane fabrication to
increase water permeability. There is also a need for economic studies to
assess the costs and benefits of developing and implementing future
high-permeability membranes in batch RO.
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