
Environmental
Science
Water Research & Technology

CRITICAL REVIEW

Cite this: Environ. Sci.: Water Res.

Technol., 2018, 4, 894

Received 5th March 2018,
Accepted 17th May 2018

DOI: 10.1039/c8ew00137e

rsc.li/es-water

Emerging investigators series: prospects and
challenges for high-pressure reverse osmosis in
minimizing concentrated waste streams†
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Reverse osmosis (RO) is the most common process for extracting pure water from saline water. RO is

more popular than thermal processes such as multi-effect distillation and multi-stage flash due to its lower

energy consumption and cost. RO is currently limited to treating streams with total dissolved solids (TDS)

values of less than 50000 ppm. Zero liquid discharge (ZLD) processes involving pretreatment, RO, and

thermal steps can concentrate and dispose of high-salinity waste brines with greater thermodynamic effi-

ciency than purely thermal processes; however, ZLD processes are not yet widely practiced. Waste streams

requiring ZLD typically have TDS values as high as 300000 ppm and include seawater RO (SWRO) brines,

flowback and produced water from unconventional shale gas development, formation water from CO2 se-

questration, and flue-gas desulfurization (FGD) wastewater. The TDS levels of these streams can exceed

those of seawater by nearly an order of magnitude, and even concentrating a stream with TDS levels simi-

lar to those of seawater requires a high-pressure RO process to achieve high water recovery. In this review,

we consider a high-pressure RO (HPRO) process with applied pressures of 2400–5000 psi (compared to

800–1000 psi for SWRO) to reduce the volume of high-salinity brine wastes. We discuss the challenges

amplified by the elevated pressure requirements and feed salinities, such as ion precipitation and scaling,

biofouling, and RO module mechanical stability. We also propose solutions to address these limitations of

HPRO.

1. Introduction – opportunities for HPRO

The management of high-salinity brines with total dissolved
solids up to 350 000 ppm is a substantial challenge for indus-

tries across the Global Industrials Classification Standard
(GICS) taxonomy, including the energy, chemicals,
healthcare, consumer products, and water utilities industries.
Brines from the energy industry include oil and gas produced
water,1 crude oil desalter wastewater,2 the spent caustic from
refinery plants,3 gasification or formatted wastewater from
coal and consumable fuel suppliers,4 and wastewater from
FGD processes.5 Chemical/healthcare industry brines include
waste from the processing and synthesis of chemicals, muni-
tions,6 drugs,7 and some hospital wastewater.8 Consumer
product industry wastes include dairy and olive mill wastewa-
ter,9 filature,10 drying or tannery wastewater,11 and pulp and
paper wastewater.12 Water utility brines include retentates
from RO,13,14 nanofiltration,15 and membrane bioreactor pro-
cesses,16 along with landfill leachates.17,18 Several review
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Water impact

High-salinity brines from energy and water production (such as RO retentate, FGD wastewater, fracking flowback water, and formation waters from CO2

storage aquifers) are unsuitable for surface water discharge. Limited disposal options have led researchers to study the concentration and dewatering of
these brines despite the high cost and energy requirements for ZLD. High-pressure RO (HPRO) could allow more energy-efficient wastewater con-
centration compared to existing thermal processes. Herein, we review the challenges and possible solutions for HPRO process design, along with options
for disposing of or obtaining valuable salts and chemicals from the remaining concentrates.
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articles have discussed high-salinity waste management with a
focus on common treatment techniques,19 value-added min-
eral recovery processes,20 cost-effective strategies,21 and emerg-
ing contamination issues.22 Here, we discuss the feasibility of
HPRO for minimizing high-salinity waste streams from four
representative sources that generate waste in large volumes.

These streams are SWRO brine,23 FGD wastewater,5 forma-
tion water, and hydraulic fracturing flowback and produced
water24 that are produced on a scale of millions of m3 per
day (Table 1). SWRO brines are currently discharged to the
ocean, possibly disrupting the salinity and temperature of
the marine environment and polluting the water with RO
pretreatment chemicals.25 The salinity of seawater varies geo-
graphically; salinity is relatively constant in the open ocean
and higher in some regions such as the Red Sea.26 Similar
brines are created at inland locations via the desalination of
brackish groundwater, and these brines cannot be conve-
niently discharged to the ocean; thus, a disposal process
would be even more important in these situations than for
SWRO.25,27 The concentrate fraction for SWRO is generally
about 50%–70% of the feed due to the pressure and fouling
limits of a conventional SWRO process.28–30 The TDS in
flowback and produced water from oil and shale gas develop-
ment varies greatly with the geology of the source formation,
as shown in Table 1. While the direct reuse of oil and shale
gas wastewater for subsequent extraction is a common prac-
tice in certain regions, it will be declining as the industry
matures and less water will be needed for developing new
wells.31 Another waste management method, deep well injec-
tion, raises concerns about leakage and increased seismic ac-
tivities.31 A waste brine called formation water similar to shale

gas produced waters could be produced in even greater quan-
tities if the sequestration of supercritical carbon dioxide in sa-
line aquifers is implemented as a way to reduce global
warming.32 The FGD process used in coal-fired power plants
utilizes limestone wet scrubbing to control SOx emissions,
generating a CaSO4-rich wastewater5 whose composition varies
depending on the composition of the coal and limestone. FGD
wastewater is treated by chemical precipitation, filtration, and
solids dewatering before release, resulting in incomplete heavy
metal (Se) removal.5 Because of these environmental risks as-
sociated with waste brine disposal, alternative disposal
methods have become a growing field of research.

ZLD processes have been proposed as a way to better dis-
pose of such brines, and to produce valuable salts and
chemicals from the remaining solids that help offset the dis-
posal costs.20,25,27,33–36 However, ZLD can come with
unintended consequences: a review of the expenses and envi-
ronmental impacts of FGD wastewater disposal by a ZLD pro-
cess involving chemical treatment, membrane vapor com-
pression (MVC), and thermal crystallization showed that ZLD
would cause more environmental damage than the current
disposal process.37 This environmental damage comprises
the air pollution and climate change that result from using
the current mix of power plants to meet the high energy de-
mands of MVC and crystallization.37 Consequently, reducing
the energy usage in brine concentration would make ZLD
much more environmentally friendly.28,35 A part of the ther-
mal ZLD processes with substantial room for improving en-
ergy efficiency is the MVC step; the thermodynamic efficiency
of this step is only 5%–10%,38,39 with the lost thermal energy
coming from the temperature difference between the feed

Table 1 Properties of high-pressure RO feed waters. These ideal values are calculated assuming a lack of fouling and concentration polarization, and
that all divalent cations (which cause scaling29) are removed during pretreatment. In addition, the osmotic pressure is calculated using a simple empirical
model for NaCl–water solutions45

SWRO brine23

(50% recovery) Flowback water24 Formation water32 FGD wastewater5

TDS [mg L−1] ∼72 000–82 000 ∼30 000–130 000 ∼5000–300 000 ∼5000–50 000
Volume produced
[millions of m3 per day]

60 worldwide 9 in the U.S. Potential for 130–150
worldwide

2.2 (worldwide)
0.14 (U.S.)

Δπ total [psi] ∼1900–2200 ∼750–3100 ∼50–5600 ∼90–1000
Δπ from monovalent
salts [psi]

∼1700–2000 ∼640–2800 ∼50–4900 ∼35–700

Major ions
[symbol, mg L−1]

Cl− (40 000),
Na+ (22 000),
Mg2+ (2600),
K+ (800)

Na+ (13 000), Cl− (12 000),
Ca2+ (3600), HCO3

− (1200),
Sr2+ (1100), CO3

2− (800),
Br− (300), K+ (300),
CO2 (300), Ba

2+ (200),
Mg2+ (200), SO4

2− (200)

Cl−, Na+ (∼10 000 each),
Ca2+, Br−, HCO3

−,
SO4

2−, NO3
−, Mg2+,

K+ (100–1000 each)

Cl− (1000–28000),
SO4

2− (1500–8000),
Mg2+ (1100–5000),
Na+ (700–5000),
Ca2+ (750–4000),
SiO2 (70)

Max recoverya (2500 psi) 16% to 26% 0% to 67% 0% to 97% 65% to 98%
Min ΔGseparation at 2500 psi
[kW h m−3 permeate]

3.9 to 4.3 2.3 to 4.8 0.4 to 4.8 0.3 to 2.4

Max recoverya (5000 psi) 49% to 55% 35% to 80% 2% to 98% 79% to 99%
Min ΔGseparation at 5000 psi
[kW h m−3 permeate]

5.4 to 5.9 3.0 to 7.0 0.4 to 9.4 0.4 to 3.1

a The minimum retentate fraction corresponds to an ideal separation process in which multivalent ions are removed during
pretreatment; water permeation proceeds to equilibrium; and concentration polarization, feed-side pressure drop, and membrane fouling
are absent.
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and heating fluid.40 RO and forward osmosis (FO) are two
more energy-efficient desalination processes that might be
used to replace MVC. In RO, the feed solution is hydraulically
pressurized and then separated into freshwater and concen-
trated brine using a water-permeable and salt-rejecting mem-
brane.29,30 In contrast, in FO, a concentrated draw solution
and a water-permeable, salt-rejecting membrane are used to
remove water from the feed, and the draw solution is re-
concentrated (regenerated) using RO or a thermal process.41

Of these two methods, RO is more efficient because the draw
solute regeneration step in FO requires a greater change in
osmotic pressure and thus a greater minimum energy input
than the alternative RO process.31,41,42 In absolute (thermody-
namic) terms, SWRO processes can achieve at least 50% en-
ergy efficiency at the optimum operating condition of 50% re-
covery and continue to increase in energy efficiency; they
already approach the thermodynamic limit due to improve-
ments in membrane technology.30 However, RO membranes
and processes have not been designed for high-salinity condi-
tions, with challenges including poor mechanical stability at
high pressure and RO membrane fouling, which is less re-
versible than FO membrane fouling due to compaction under
pressure; thus, MVC and FO are currently used to separate
these brines.37,41

Concentrated waste brines have a higher osmotic pressure
than seawater and thus require a higher applied pressure for
desalination. However, the energy efficiencies of HPRO and
SWRO processes should be similar if RO modules capable of
withstanding these pressures are designed. Fig. 1A shows the
osmotic pressure as a function of feed concentration and pre-
sents the typical concentration ranges of the four concen-
trated waste streams discussed in this review. Typical SWRO
operates at 800–1000 psi,29 whereas pressures up to 5000 psi
are considered for HPRO, assuming that the pressure does
not exceed the burst pressure of the membrane. The mini-
mum energy needed to remove pure water from a salt solution
(independent of the process used) can be calculated by inte-
grating the osmotic pressure with respect to the volume of
water removed using eqn (S8);†43 the results are summa-
rized in Fig. 1B. This minimum energy is known as the
thermodynamic limit.30 SWRO has a thermodynamic limit
of 1–1.5 kW h m−3, whereas an HPRO process requires a min-
imum of 3–9 kW h m−3 for a 100–200 g L−1 feed. The thermo-
dynamic efficiency is the quotient of this minimum energy
and the energy actually used for the separation.30,40 In addi-
tion to the minimum energy, a realistic RO process requires
an applied pressure higher than the osmotic pressure to sep-
arate pure water from brine on a finite time scale (the differ-
ence between the applied and osmotic pressures is called the
overpressure).30 The applied pressure in a real RO module is
also less than or equal to the inlet pressure (rather than con-
tinuously increasing with increasing feed-side osmotic pres-
sure, as it would in a reversible process).44 Thus, the energy
efficiency of a single-stage (or multi-stage) RO process would
be less than 100%, even without the energy cost associated
with the pressure drop within the module or pre/post-treat-

ment. Fig. 1C shows that for an idealized single-stage RO pro-
cess with these assumptions, the energy efficiency is between
60% and 80% for a range of concentrations and water recov-
eries pertinent to SWRO and HPRO. Table 1 summarizes the
optimum separation performance (energy use and recovery)
of an ideal HPRO process (2500–5000 psi) to reduce the vol-
ume of four common brines generated during energy and wa-
ter production. The calculations used to produce these data
are discussed in more detail in the Supporting Information.
These brines can be significantly concentrated by HPRO at

Fig. 1 (A) Osmotic pressure and salt concentration range of the four
different types of feed brines discussed in this review. (B) Theoretical
minimum energy for desalination as a function of percent recovery for
three different feed salinities. Each curve ends at a recovery
corresponding to a retentate saturated with NaCl; at higher recoveries,
detrimental salt precipitation would occur. (C) The maximum energy
efficiency of a single-stage RO process as a function of recovery is
similar among feeds with different concentrations. Energy efficiency is
calculated as the ratio of the thermodynamic minimum to the single-
stage minimum energy. The maximum recovery for a feed concentra-
tion of 200 g L−1 is 44% because the retentate is a saturated NaCl solu-
tion at this recovery.
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5000 psi, and some of the less concentrated brines (with
lower osmotic pressure) can also be concentrated with an ap-
plied pressure of 2500 psi. For each concentrated waste
brine, the thermodynamic limit is calculated for these two
applied pressures. Thus, HPRO could theoretically achieve an
energy efficiency of approximately 60%–80% compared to
5%–10% for a MVC process, providing a more energy-
efficient alternative for high-salinity brine disposal.

Despite operating closer to the minimum energy require-
ments than a thermal process, RO is mechanically limited by
the range of applied pressures. Conventional SWRO is limited
to pressures of approximately 1200 psi due to the strength
limits of membrane materials and spiral-wound modules.44

The treatment of high-salinity waste brines would benefit from
a higher applied pressure (we consider 2500–5000 psi, al-
though we calculate that a pressure as high as 7300 psi could
be used to bring these brines to the saturation point43,46). Fol-
lowing concentration by HPRO, the remaining water would be
removed by a thermal process such as MVC or a crystallizer
(Fig. 2). RO processes with applied pressures as high as 3000
psi have been conducted since the 1980s to concentrate land-
fill leachates using disc-tube RO modules made from
stainless-steel and high-performance plastics.28,47–49 Such
modules can produce similar permeate flow rates and require
costs similar to those of spiral-wound modules, presenting an

attractive option for brine concentration. This review discusses
the pretreatment requirements for such a process, the concen-
tration polarization and fouling challenges that would reduce
module performance, and how we might design efficient RO
modules for high-pressure operation.

2. Challenges for high-pressure RO
2.1. Concentration polarization

Concentration polarization (CP) is a familiar phenomenon in
a RO process; the selective permeation of water through the
membrane leaves a layer of highly concentrated salt solution
near the membrane surface. The thickness and salt concen-
tration profile of this layer depend on the balance between
convection towards the membrane and back-diffusion of
salt.50 Numerous models have been proposed to quantify CP.
The film theory model is simple and analytically solvable and
predicts experimental results as well as more rigorous numer-
ical methods,51,52 thus it is a preferred by many process engi-
neers.52 We use it to better understand how CP might differ
at higher recoveries and salt concentrations. This model can
be derived by solving the salt mass balance in the high-salt
boundary layer near the membrane surface to obtain the ra-
tio of bulk and surface salt concentrations Cm/Cb. This ratio
is also known as the CP modulus β and is given by:

Fig. 2 Process-flow diagram for a ZLD process using (A) thermal methods, (B) FO, and (C) HPRO. Note that in cases B and C, a thermal process is
still required to remove the remaining water from the feed following the membrane process. Thermal processes (less efficient) are shown in
orange, while membrane processes (more efficient) are shown in green. By removing some water from the feed with a membrane process, we can
increase the overall ZLD efficiency.
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β = e Jw/k, (1)

where Jw is the permeate water flux [m/s] and k is the mass
transfer coefficient describing salt diffusion [m/s]. The mass
transfer coefficient can be calculated as the ratio of the
boundary layer thickness δ [m] to the salt diffusion coeffi-
cient D [m2 s−1]52 and is related to the Reynolds and Schmidt
numbers Re and Sc via the following empirical correlation:51

(2)

where dH is the hydraulic diameter and h is the feed channel
height [m]. The relationship dH = 2 h is true for a spiral-
wound module because the channel cross section is a narrow
slit (width w ≫ h), leading to a hydraulic diameter of:

(3)

Using the definition of recovery in terms of the permeate
and feed flow rates along with the module geometry, we can
re-write the permeate flux in terms of recovery and geometric
parameters:

(4)

and

β = e Jw/k = ervh/Lk, (5)

where r is the water recovery in the permeate, v is the feed ve-
locity, L is the length of the membrane, and QP and Qf are the
permeate and feed flow rates, respectively. For a fixed module
design, v, Jw, and r are adjustable parameters. For a constant
value of Jw, increasing v will increase the Reynolds number
and thus increase the mass transfer coefficient and decrease

CP. This requires operating at a lower recovery ratio, using a
longer train of membrane modules (higher L), or recycling
some of the retentate; the latter two solutions are common in
SWRO. In addition, the use of feed spacers to promote mixing
will reduce CP at constant v and Jw.

44 For a typical RO design,
CP will increase only moderately (β < 2) at the high recoveries
used in a ZLD process, as shown in Fig. 3.

It is also worth mentioning that although the film theory
model for the CP modulus has no explicit dependence on
pressure or salt concentration, high salt concentrations will
influence CP through changes in salt activity and diffusivity.
At sufficiently high salt concentrations, the chemical poten-
tial of the salt in solution increases quadratically rather than
linearly with salt concentration; thus, salt back-diffusion,
which is proportional to the activity gradient, will be higher
than predicted by film theory.29,53,54 As a result, CP will be
lower than predicted by film theory when the salt concentra-
tion is greater than or equal to approximately 120–180 g
L−1.53,54 Our assumption of constant salt diffusivity is also
not precisely correct but is a common design approximation.
NaCl diffusivity remains approximately constant (1.47 to 1.60
× 10−9 m2 s−1, with a slight increase as NaCl concentration in-
creases from approximately 29 to 230 g L−1).46 These small
changes in diffusivity modify the CP modulus by 0.1 or less
under the conditions studied, and the increased diffusivity
slightly reduces CP (Fig. 3). However, if the salt concentration
exceeds about 320 g L−1, the diffusivity declines rapidly and
will eventually reach zero at the spinodal limit of 360 g L−1,46

leading to a significant increase in CP.
Finally, the film thickness δ will increase in the feed flow

direction rather than remaining constant (as is commonly as-
sumed), causing a decrease in the CP mass transfer coeffi-
cient k; however, the equation describing this increase will
depend on the flow profile.52 Thus, CP will be the most se-
vere in the last module of the RO train, and care should be
taken to prevent concentrations exceeding 320 g L−1 NaCl in
any part of the process. We also note that at the higher recov-
eries used for HPRO (r > 50%), the CP modulus will be

Fig. 3 CP modulus increases with cross-flow velocity and recovery (r), provided that the NaCl concentration remains below about 320 g L−1: (A) D =
1.35 m2 s−1 and (B) D = 1.6 m2 s−1. The following values were used in the film theory model: ρ = 1000 kg m−3, μ = 0.001 kg m−1 s−1, h = 0.00025 m, and
L = 10 m. These results are approximately independent of salt concentration, assuming that salt activity is linearly proportional to salt concentration
(thus, the CP modulus may be lower than predicted at salt concentrations ≥ 120–180 g L−1).

Environmental Science: Water Research & TechnologyCritical review
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noticeably higher than for SWRO: 1.07–1.14 at 50% recovery
(commonly used for SWRO), 1.1–1.2 at 70% recovery, and
1.15–1.3 at 99% recovery.

2.2. Scaling

Scaling due to salt precipitation is a frequently occurring is-
sue in conventional RO and will be enhanced in high-
pressure systems with highly concentrated retentates and a di-
verse mix of salts in the feed. To prevent scaling, about 99%
of divalent cations must be removed during pretreatment.27

Quicklime (CaO) and soda ash (Na2CO3) are the compounds
used to remove carbonate and non-carbonate hardness, re-
spectively.51,55 CaO precipitates CO2, HCO3

−, Mg2+, and Ca2+

as carbonates and hydroxides at pH 9.3–10.5 (shown in eqn
(S9)–(S12)†).51 Soda ash (Na2CO3) removes the remaining diva-
lent cations (eqn (S13)†).51 Next, we compare the CaCO3-
equivalent concentrations of Ca2+, Mg2+, and HCO3

− (calcu-
lated using eqn (S14)†) to determine the amount of calcium
and magnesium hardness that will precipitate via reactions
involving bicarbonate salts. The calcium precipitates preferen-
tially followed by magnesium and other cations if sufficient
bicarbonate is present. We then calculate the quicklime re-
quired to precipitate the carbonate hardness (CO2 + bicarbon-
ate salt reactions) and the soda ash required to precipitate the
non-carbonate hardness (the remaining salts) using eqn
(S15)† and (S16),† respectively. The chemical reactions associ-
ated with this process are described further in the ESI.†

Barium, magnesium, and calcium can also be removed by
a fluidized weak cation exchange process,27 although soften-
ing by chemical addition is more common for Ca2+, Sr2+, and
Mg2+. BaCO3 and BaĲOH)2 are both relatively water soluble;
thus, Ba2+ cannot be removed with soda ash or quicklime.
Fortunately, BaSO4 has a relatively low solubility limit (2–3
mg L−1),56 so ∼200 mg L−1 Ba2+ and ∼200 mg L−1 SO4

2− in
flowback water should precipitate. If the flowback water from
a well is rich in Ba2+ but not SO4

2−, Na2SO4 can be used as a
precipitant.56 For feeds with high silica content, additional
pretreatment will be needed to prevent irreversible silica de-

position on the membrane, which occurs at ∼120 mg L−1.29

Methods for silica removal include electrocoagulation with
aluminum anodes (removes ∼80% of the silica57) and
coprecipitation with lime and soda ash (68% removal58).
These processes are necessary to prevent the formation of im-
permeable silica layers.

Based on current quicklime and soda ash prices, we calcu-
late the costs for chemically softening HPRO feeds (shown in
Table 2). These costs (between $0.84 and $4.22 per m3) are
substantial compared to that of SWRO desalination ($0.58 per
m3 for a modern plant59), although they are comparable to
costs for small-scale (250–1000 m3 per day) SWRO installations
($1.25–$4 per m3).60 Pretreatment chemical costs are also only
a fraction of the roughly $25 per m3 cost for the disposal of oil
and gas produced water by well injection (which includes
transportation, capital costs, and O&M).61 Thus, depending on
the other separation costs, high-pressure RO may be an eco-
nomical method for treating fracking flowback water and for-
mation water, or, at a minimum, a more environmentally
friendly method that could provide irrigation-quality water.61

2.3. Biofouling

Biofouling will likely be a substantial challenge for high-
pressure RO. Biofilms form on both membranes and
spacers,62,63 and the cells and extracellular polymeric sub-
stances (EPS) form cakes that enhance CP and reduce flux.62

Pressures of 220 000–2 200 000 psi are needed to kill most
bacteria via protein denaturation and/or lipid membrane
phase changes upon compression, with the required pres-
sure varying between bacterial species.64 The pressure re-
quired to kill bacteria also increases with the salt concentra-
tion of the solution that the bacteria grow in.64 However,
lower pressures than this can kill or slow the growth of
some bacterial species. ZoBell et al. found that most terres-
trial bacteria grow more slowly at 4500 psi and are not viable
at 9000 psi.65 In comparison, marine bacteria are more vari-
able, and some can grow as quickly at 9000 psi as at atmo-
spheric pressure.65 In addition, while biofilm formation is

Table 2 Pretreatment requirements for HPRO feeds. Typical feed compositions and softening chemical costs of $65 per ton for quicklime and $210
per ton for soda ash were used in these calculations

SWRO brine
(50% recovery) Fracking flowback water Formation water FGD water

Ions removed
[name, mg L−1]

Mg2+ (1300) Ca2+ (3600), HCO3
− (1200),

Sr2+ (1100), CO2 (300),
Mg2+ (200), Ba2+ (200),
SO4

2− (200)

Ca2+, HCO3
−, Mg2+ (assume a high

concentration of 1000 each)
Ca2+ (3000), Mg2+ (2400)
(using average concentrations)

Carbonate hardness
[mg L−1 as CaCO3]

0 ∼1970 from Ca2+ and HCO3
−,

∼1820 from CO2

∼1640 from Ca2+ and HCO3
− 0

Non-carbonate hardness
[mg L−1 as CaCO3]

∼3250 ∼820 from Mg2+, ∼7030
from remaining Ca2+

∼4090 from Mg2+, ∼860
from remaining Ca2+

∼17 000

CaO required [mg L−1] ∼1820 ∼3280 ∼3210 5510
Na2CO3 required
[mg L−1]

∼3450 ∼8320 ∼5250 ∼18 000

Treatment cost
[$ per m3]

∼0.84 ∼2.24 ∼1.31 ∼4.22
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known to depend on hydrophobic and electrostatic interac-
tions with the membrane surface, the adsorption of macro-
molecules to membrane surfaces, membrane surface rough-
ness, hydrodynamics, pH, nutrients, divalent cation
concentrations, and bacterial flagellar mobility,62 there is no
previous discussion of the effect of pressure on biofilm
growth on membrane surfaces. Two types of bacteria known
to form biofilms in RO modules are E. coli and Mycobacte-

rium strain BT2–4.62 E. coli in suspension grows as quickly
at 4500 psi as at atmospheric pressure and more slowly at
higher pressures up to 7500 psi. Although Mycobacterium
strain BT2–4 has not been studied at high pressure, two My-
cobacterium species (phlei and smegmatis) are known to
grow at a reduced rates at 4500–6000 psi.65 To the best of
our knowledge, the highest pressure at which biofilm forma-
tion has been studied is 1300 psi (such a biofilm is shown
in Fig. 4).66 These dense biofilms were as effective at clog-
ging porous substrates as those grown under ambient condi-
tions. Thus, biofilm formation will likely persist at the pres-
sures of HPRO (2500–5000 psi).

Once formed, biofilms are extremely resilient and cannot
be removed through chemical cleaning (including with super-
critical CO2

66), lack of nutrients,66 or quorum quenching
agents such as vanillin.67 Thus, research focuses on
preventing biofilm formation. Incorporating colloidal silver
particles with antimicrobial effects into the membrane or
spacers has been shown to delay biofouling.68 The re-design
of feed spacers to eliminate biofilm nucleation sites such as
crossed support beams63 also reduces biofilm formation; bio-
film nucleation at such sites is shown in Fig. 5. The feed
spacer is necessary in current module designs to create local
vorticity and reduce CP.44 However, one patent describes a
method for adding ridges and baffles to a spiral-wound mem-
brane to create local vorticity without a feed spacer.69 Finally,
quorum quenching agents have been shown to suppress bio-
film formation. These agents include furanones (effective
and widely studied but toxic), vanillin (nontoxic and reduced
biofilm coverage by 97% after 1 week), salicylic acid, urosolic
acid, cinnamaldehyde, garlic extract, and cranberry extract.67

Periodic cleaning, including sterilization with formaldehyde,
peroxide, or peracetic acid solution, and bacteria removal
using alkalis and surfactants can increase the membrane life-
time but also degrade the membrane over time.29 Thus,
proper biofilm prevention is essential.

Fig. 4 (A) A clean sandstone substrate and (B) the surface after one
month of biofilm growth at 1300 psi. Reproduced with permission
from Mitchell et al.66

Fig. 5 The intersections of the feed spacer supports in spiral-wound RO modules serve as nucleation sites for biofilm formation. Thus, improved
feed spacers (or modules that can function without them) are one method for reducing biofilm growth. Reproduced with permission from
Vrouwenvelder et al.63
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2.4. Mechanical stability at high pressure

One final challenge for high-pressure RO is the mechanical
stability of RO modules at high pressure. Current spiral-
wound and hollow-fiber modules are limited to about 1200
psi (ref. 44) due to the materials used in their construction.
However, designing high-pressure modules is certainly possi-
ble; the disc-tube modules commonly used for concentrating
landfill leachates prior to drying via thermal processes oper-
ate around 1800–3000 psi.28,47,70 Such a module is shown
schematically in Fig. 6; in this design, the feed flows around
a series of membrane-coated hydraulic discs, and the perme-
ate enters these discs before flowing to a central connecting
tube. One example of a disc-tube module design is the Pall
Corporation's DTGE-HHP, which operates at a pressure of
2350 psi and a feed flow rate of 29 m3 per day with permeate
fraction 0.9–0.95. The DTGE-HHP module has a 0.2 m inter-
nal diameter and 1.4 m length,49 making it similar in size
and throughput to spiral-wound RO modules (typically 34–38
m3 per day29). The materials used include a fiber-reinforced
plastic pressure tube, a polyoxymethylene water-tight flange,
a stainless-steel pressure flange, and an acrylonitrile butadi-
ene styrene spacing disc.49 The benefits of disc-tube modules
include easy cleaning and turbulent flow,49 both important to
operation under high-fouling conditions. However, they are
also more expensive than spiral-wound modules (the DTGE-
HHP module costs about $1400–$1600, and Pall's other disc-
tube modules cost about the same compared to a typical cost
of about $700 for a GE Water spiral-wound module). The
pressure limits for a broad variety of disc-tube RO modules
are given in Table 3, which shows that pressures of almost
3000 psi have been achieved on the pilot scale.

However, most RO modules are spiral wound, and high-
pressure modules of this type might be designed given im-
proved materials and a proper understanding of the failure
mechanisms at high pressures. Fig. 7 shows such a module
schematically; water enters the feed flow channel (which con-
tains a spacer) and then permeates across the membranes and
into the space within each membrane leaf. From there, the
permeate flows towards a central collection tube from which it
exits the module. To the best of our knowledge, the failure

mechanisms of spiral-wound modules are not discussed in de-
tail in publically available literature. However, collapse of the
permeate collection tube and failure of the membrane leaves
at the collection tube junction are two common failure mecha-
nisms known in industry (David Moore, personal communica-
tion). Two other failure mechanisms discussed in the litera-
ture are telescoping (mitigated using an anti-telescoping end-
cap44) and module rupture due to pressure gradients during
startup (eliminated by adding vents to the anti-telescoping de-
vice to allow water to fill the module quickly and uniformly74).
Better understanding these failure mechanisms and
implementing design improvements to counteract them would
be a good direction for future research.

Regardless of module design, one problem that will be crit-
ical to mitigate at high pressure is membrane compaction.
When a pressure difference is applied across a membrane,
voids within the membrane shrink or collapse, and this com-
paction reduces membrane permeability.76–78 The extent of
compaction reaches a steady state after initially increasing
with time,79 and the extent of compaction is greater for a
higher applied pressure difference.78,80 To mitigate this prob-
lem, a number of groups have created composite membranes
that incorporate mechanically strong nanoparticles,79,81,82

which minimize the measured decrease in membrane thick-
ness and the loss of water flux, particularly if they are incorpo-
rated into the membrane's thin selective surface layer, which
plays a key role in determining water permeability and the

Fig. 6 Schematic of a disc-tube RO module, courtesy of Pall Corporation. Copyright Pall Corporation 2018.49

Table 3 Specifications for a variety of commercially available disc-tube
RO modules along with one custom module used in a pilot-scale study
of higher-pressure operation

Manufacturer Module name
Maximum operating
pressure [psi]

ROTREAT71 RCDT module 2.0
M-high pressure

2350

Pall Corporation49 DTGE-HHP 2350
Rising Sun Membrane
Technology72

Super high pressure
SG-DTRO-2

1760

Rochem Separation
Systems73

DTM 1760

Pilot-scale custom
design70

2940

Environmental Science: Water Research & Technology Critical review

Pu
bl

is
he

d 
on

 1
9 

M
ay

 2
01

8.
 D

ow
nl

oa
de

d 
by

 Y
un

na
n 

U
ni

ve
rs

ity
 o

n 
7/

24
/2

02
5 

8:
21

:2
7 

PM
. 

View Article Online

https://doi.org/10.1039/c8ew00137e


902 | Environ. Sci.: Water Res. Technol., 2018, 4, 894–908 This journal is © The Royal Society of Chemistry 2018

effects of compaction.80,81 Another method for reducing
membrane compaction would be to use a mechanically stron-
ger membrane material. The limited literature available sug-
gests that the burst pressure of a polyamide tube is about
2500–4600 psi at room temperature;83 although the burst
pressures for specific aromatic polyamide composite mem-
branes are not reported. The modulus for the selective surface
layer of current polyamide RO membranes is about 1 GPa.84

Thus, materials for HPRO membrane surface layers should
have a modulus no less than 1 GPa.

3. Enabling technologies for high-
pressure RO
3.1. Module design improvements

Most current RO facilities use a standard module configura-
tion with 0.2 m width and a 1 m length. Although this config-
uration has been extensively studied and is well supported,
researchers continue to optimize spiral-wound RO module
designs. To maximize the water recovery in the permeate, it
is important to minimize the feed-side pressure drop per unit
length (and thus maintain the driving force for water perme-
ation across the membrane).29,44 Otherwise, the water flux in
the later part of the module will be reduced, reducing the
overall module efficiency. This is a particularly important
concern for brine disposal applications, in which the goal is
to remove as much water as possible from a feed with high
osmotic pressure. Feed spacer design is an important consid-
eration in minimizing feed-side pressure drop as pressure
drop per unit length increases with increasing feed spacer
support density.44 A dense feed-spacer network creates more
available nucleation sites for biofouling.63 On the other hand,
the benefit of a dense feed-spacer network is that the spacers
prevent feed-channel compaction during module manufactur-
ing and reduce CP (which is also a more serious problem at
high recoveries) by creating local vorticity.44 Membranes with
built-in baffles on their surfaces to create local vorticity with-
out a feed spacer may provide a way to avoid this trade-off.69

Another method for reducing feed-side pressure drop is to re-
duce the length of the RO train by using wider modules with

greater membrane area and permeate production.44,85 Based
on these considerations, a consortium of manufacturers have
produces modules with diameters of 0.4 m as a second stan-
dard size. These modules have been installed in 24 RO facili-
ties worldwide, and their benefits include reduced floor space
and piping required compared to 0.2 m modules, thereby re-
ducing capital costs.44,59

A number of additional changes have been suggested for
improving spiral-wound module design. In a spiral-wound
module, the permeate is collected in membrane leaves and
flows towards a central permeate tube, from which it exits
the module (Fig. 5). The permeate-side pressure drop per unit
length in the spiral-wound leaves depends on leaf width w,
permeate spacer friction coefficient k, and local flow rate q:44

(6)

where x is the permeate flow direction (towards the central
permeate tube). The permeate flow within the leaf increases
and pressure decreases moving towards the central permeate
tube. Thus, more water passes through the membrane closer
to the permeate tube. This uneven use of the membrane area
leads to premature fouling of the over-used area, while the
membrane far from the collection tube is underused.44 This
problem of uneven transmembrane flux is mitigated by reduc-
ing leaf length: shorter leaves minimize the flux difference
along the length of the leaflet and thus improve membrane ef-
ficiency, as shown in Fig. 8. Consequently, we recommend
using a larger number of leaves (rather than an equal number
of longer leaves) when module diameter increases.44

Another concern for high-pressure applications is the need
for thicker pressure vessels to accommodate higher operating
pressures and wider RO modules. The specific module im-
provements required for high-pressure operation at 2500–
5000 psi have not been previously discussed, and the addi-
tional capital cost cannot be quantified at present. However,
this additional capital cost could be counteracted by a wider-
diameter module design that reduces piping and the number
of RO trains. The Sorek plant (completed near Tel Aviv in

Fig. 7 Schematic of a spiral-wound RO module (modified with permission from Buecker75). A single permeate carrier and the membranes separat-
ing it from the feed solution constitute one membrane leaf.
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2013) was the first large-scale conventional SWRO facility to
use 0.4 m-wide modules. The use of these modules in combi-
nation with high-efficiency pumps and energy recovery de-
vices results in a lower water production cost than at any pre-
vious SWRO facility.59

3.2. Pretreatment and salt recovery methods

After concentration by RO, additional treatments may be
used to further minimize or eliminate brine discharge, as
summarized below.

External reuse. Saline brines with various compositions
can be used to irrigate salt-tolerant crops and trees, as water
for aquaculture (fish, algae, seaweed, and brine shrimp farm-
ing), or stored in solar ponds whose thermal energy can be
used to produce heat and electricity; however, composition
limits and concerns about the accumulation of heavy metals
from brines limit these options.33 A comprehensive list of ap-
plications can be found in the Options for Productive Use of
Salinity (OPUS) database.86

Solar evaporation. Evaporation using shallow (25–45 cm
depth) ponds is a conventional method for eliminating
SWRO brines due to the ease of construction and operation.
However, the land areas required can be substantial, (i.e.,
13.6–34.3 ha for desalination plants in central Saudi Arabia),
limiting this method to areas with high solar flux, low hu-
midity, and low property prices.25 Capillaries or wet surfaces
can be used to improve evaporation rates, such as in the
Wind-Aided Intensified eVaporation (WAIV) process, in which
brine is recirculated as a thin falling film to maximize water–
air contact and thus maximize evaporation.25 Lab-scale tests
suggest that this process can reduce the required land area
by an order of magnitude.25

Thermal processes. A multi-stage flash or other thermal
process can be used, although such methods require a great

deal of energy and expense.28,34 For example, when a thermal
process was used to remove the remaining 10% of water from
landfill leachates after RO treatment, the thermal process
accounted for 35%–38% of the overall costs.28

Zero-liquid discharge (ZLD) salt recovery processes. ZLD
processes use a series of concentration and precipitation
steps to recover pure water and valuable salts from saline
brines, realizing zero liquid waste disposal.25 For example,
the SAL-PROC method uses the following series of steps: con-
centration by RO or solar evaporation, crystallization using a
cooling vessel or crystallizer pond, and precipitation using a
reaction vessel with added lime or soda ash.33,34 This process
produces separate gypsum, calcium carbonate, magnesium
hydroxide, sodium chloride, and sodium sulfate prod-
ucts.33,34 The ROSP process uses evaporative crystallization to
produce NaCl and evaporative cooling to produce Na2SO4.

34

Revenue from salt products could cover about 2/3 of the sepa-
ration cost for brackish water purification, although the eco-
nomics would change for HPRO due to changes in feed com-
position and applied pressure. We note that NaCl is
commercially produced from seawater, and MgĲOH)2 has
been produced in the past.20 This highlights the potential
economic benefits of recovering byproducts from brine to
compensate for some of the cost of desalination.

Bipolar membrane electrodialysis (BMED). BMED provides
an alternative method for recovering useful chemicals from
RO brines – acids and bases rather than salts. An electrical
potential gradient drives the preferential diffusion of anions
and cations through selective membranes and into compart-
ments where they combine with hydrogen and hydroxide
ions, respectively. These H+ and OH− ions are generated from
the disassociation of water at bipolar membranes. The acids
and bases (primarily NaOH and HCl) can be recovered at con-
centrations up to 0.2 M.36

Chlor-alkali process. Similarly to BMED, this process uses
an electrochemical cell to oxidize chloride ions to chlorine
gas and convert sodium ions and water to sodium hydrox-
ide.20,87 Hydrogen gas, which is produced at the cathode, can
either be collected as a commodity, used on site, or directly
released to the atmosphere.87 A membrane cell process out-
competes other configurations such as the diaphragm cell
process and the mercury cell process because it produces
high-purity NaOH and avoids the environmental problems
stemming from heavy metal use.87

Electrochlorination (EC). EC is a redox process that uses an
electrolytic cell to convert NaCl and water to sodium hypochlo-
rite and hydrogen. Although this process and BMED have only
been tested at the laboratory scale, a preliminary economic
analysis showed that BMED has lower capital and operating
costs ($0.79 per m3) than evaporation ponds or ZLD ($2.04
and $1.30 per m3, respectively). Although EC had higher costs
than the other three processes ($2.35 per m3) in this analysis,
the sale of hypochlorite could result in a net profit of $0.85
per m3, whereas the other processes would operate at a loss.36

Because this economic analysis was conducted for a brack-
ish water feed, we have redone the calculation of potential

Fig. 8 Membrane efficiency decreases monotonically with leaf length
due to uneven flux along the length of the leaf. A membrane
permeability of 12.3 L m−2 s−1 MPa−1 and a friction coefficient of 35
MPa s m−3 were used in this calculation. These values were typical of
RO module performance at the time of publication. Modified with
permission from Johnson and Busch.44
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revenues for recovered salts and chemicals for SWRO brine,
formation water, produced water, and FGD water. Table 4
shows the amount of salts and other chemicals that could be
recovered from each feed along with their sale values at the
current prices of $42 per ton for NaCl, $60 per ton for Cl2,
$100 per ton for Na2SO4, $350 per ton for NaOH, $400 per
ton for NaOCl, $200 per wet ton (35% acid) for HCl, $300 per
ton for H2SO4, $1500 per ton for HBr, $350 per ton for HNO3,
and about $1000 per ton for KOH. This analysis indicates
that the most potential revenue comes from BMED. Given
that this process has lower capital and operating costs than
the others when brackish water is used as a feed,36 BMED is
likely the best option for chemical recovery from the concen-
trates studied. However, a further pilot-scale study of the cap-
ital and operating costs for acid, base, and salt recovery along
with an analysis of the price–demand curve for the salts and
chemicals produced are required to confirm this conclusion.

3.3. Recovery of trace metals

Recovering trace metals from seawater has been proposed
due to the vast amounts of these species present in seawater
compared to those on land88 and as a way to defray the costs
of brine disposal.20 High-salinity brine is likely to contain
more concentrated metals compared to seawater, allowing a
more efficient recovery. Lithium, which is a minor compo-
nent in most brines, can be recovered by processes including
adsorption, bioaccumulation, ion-exchange, and membrane
processes.20 Lithium recovery from seawater is not cost effec-
tive compared to extraction from salt beds and ores, and it
can also be more environmentally destructive than mining.20

However, these salt beds and ores are available in only a few

countries, and full-scale SWRO facilities to extract lithium are
under construction in Japan and Korea.20 Uranium is present
in seawater at even lower concentrations (about 3 ppb). A
half-wave rectified alternating-current electrochemical
method has been proposed to extract uranium more effi-
ciently than existing physicochemical adsorption methods.88

This method uses and an amidoxime-functionalized electrode
surface to adsorb UO2

+ (along with other cations) and selec-
tively reduce it to UO2 before releasing the non-reduced cat-
ions.88 Uranium concentrations up to 1.9 g g−1 can be depos-
ited on the electrode over a period of 10–20 hours, although
the adsorbed concentration increases with the solution con-
centration;88 thus, RO brines are a better uranium source for
this process than seawater. This method could potentially be
applied to the recovery of other trace metals, although differ-
ent chelating agents and a modified electrical cycle would be
needed.

4. Future work and implications

HPRO (2500–5000 psi) would allow for the concentration of
high-salinity waste streams including SWRO brines, forma-
tion waters associated with carbon sequestration, fracking
flowback water, and FGD wastewater. The feeds generated
from these applications contain a variety of minerals, with
typical osmotic pressure ranging widely from ∼100 to ∼3000
psi. HPRO provides a potentially more energy-efficient
method of brine concentration compared to thermal pro-
cesses; however, a number of challenges remain to be
addressed. The divalent cations in these brines are potential
scalants that can be removed by the lime and soda ash soft-
ening processes commonly used for municipal water

Table 4 Revenues from salt or chemical recovery after concentration using the SAL-PROC, BMED, chlor-alkali, and EC methods. These costs do not in-
clude the capital and operating expenses for the recovery, revenues from CaCO3 and MgĲOH)2 precipitated during pretreatment, or the effect of salt
production from RO on worldwide salt and chemical prices

SWRO brine
(50% recovery)

Fracking flowback
water Formation water FGD water

Major ions after pretreatment
[symbol, mg L−1]

Cl− (20 000),
Na+ (11 000),
K+ (400)

Na+ (13 000),
Cl− (12 000),
Br− (300), K+ (300)

Cl−, Na+ (∼10 000 each),
Br−, SO4

2−, NO3
−,

K+ (100–1000 each)

Cl− (1000–28000),
SO4

2− (1500–8000),
Na+ (700–5000)

Salts produced by SAL-PROC
[symbol, mg L−1]

NaCl (28 000) NaCl (19 700) NaCl (16 800) Na2SO4 (2100–11 800) +
NaCl (900–8100)

Acids and bases produced
by BMED [symbol, mg L−1]

HCl (20 500),
NaOH (19 200),
KOH (560)

NaOH (22 800),
HCl (12 200),
HBr (300), KOH (450)

NaOH (17 200), HCl (10 400),
HBr (100–1000), H2SO4 (100–1000),
HNO3 (100–1000), KOH (120–1200)

HCl (1100–28800), H2SO4

(1500–8100), NaOH (1200–8800)

Chemicals produced
by the chlor-alkali process
[symbol, mg L−1]

NaOH (19 200),
Cl2 (20 000)

NaOH (22 800), Cl2
(12 000)

NaOH (17 200), Cl2 (10 000) NaOH (1200–8800),
Cl2 (1000–28000)

Amount of hypochlorite
from EC [mg L−1]

35 500 25 200 21 500 2200 to 16 300

Revenue from SAL-PROC
[$ per m3 feed]

1.2 0.83 0.71 0.25–1.52

Revenue from BMED
[$ per m3 feed]

19.0 15.9 12.9–15.9 1.5–22.0

Revenue from the chlor-alkali
process [$ per m3 feed]

7.9 8.7 7.2 0.48–4.76

Revenue from EC
[$ per m3 feed]

14.2 10.1 8.6 0.88–6.52
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treatment. Biofouling will likely present another important
challenge to separation as multiple bacteria species known to
cause biofouling grow at the pressures of interest. This prob-
lem can be mitigated by strategies including the incorpora-
tion of biocidal silver particles into the membrane and feed
spacer, advanced feed-spacer design, and membrane
cleaning, although no method is known to eliminate biofoul-
ing. CP will require a higher applied pressure, especially at
high recoveries, although a slight increase in NaCl diffusivity
at increased concentrations will reduce this problem to a cer-
tain degree (at salt concentration <320 g L−1).

Disc-tube modules are commonly operated at 1800–3000
psi, while spiral-wound modules have a pressure limit of
about 1200 psi. The currently available literature provides lit-
tle information on the failure mechanisms of spiral-wound
modules. The materials and designs of disc-tube modules
can serve as a good reference for the improvement of spiral-
wound designs. The efficiency of spiral-wound modules can
also be improved by increasing the module diameter and
number of membrane leaves along with by minimizing the
feed-side pressure drop. The high applied pressure still re-
quires the module to have a thick pressure vessel, although
the cost of this vessel could be offset because larger RO mod-
ules require less piping and fewer RO trains. Finally, because
RO cannot reduce the retentate fraction to zero, regardless of
the applied pressure, a brine-disposal method is necessary.
Possible processes for ZLD include salt recovery, the chlor-
alkali process, solar evaporation, BMED, and EC, all of which
eliminate the liquid waste and recover salts or other
chemicals as valuable byproducts. The BMED process ap-
pears to provide the highest revenue because it converts the
salts present into acids and bases with higher value. Overall,
HPRO holds promise as a method for disposing of brines
from several energy- and water-related processes; improve-
ments in the design of high-pressure modules would be a
good first step as it would allow a more detailed investigation
of module mechanical requirements and RO facility opera-
tional and capital costs.
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