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ABSTRACT

The growing demand for fresh water is partially satisfied by desalination plants that
increasingly use membrane technologies and among them reverse osmosis to produce
purified water. Operating with water recoveries from 35% to 85% RO plants generate huge
volumes of concentrates containing all the retained compounds that are commonly dis-
charged to water bodies and constitute a potentially serious threat to marine ecosystems;
therefore there is an urgent need for environmentally friendly management options of RO
brines.

This paper gives an overview on the potential treatments to overcome the environ-
mental problems associated to the direct discharge of RO concentrates. The treatment
options have been classified according to the source of RO concentrates and the maturity of
the technologies. For the sake of clarity three different sources of RO concentrates are
differentiated i) desalination plants, ii) tertiary processes in WWTP, and iii) mining
industries.

Starting with traditional treatments such as evaporation and crystallization other
technologies that have emerged in last years to reduce the volume of the concentrate
before disposal and with the objective of achieving zero liquid discharge and recovery of
valuable compounds from these effluents are also reviewed. Most of these emerging
technologies have been developed at laboratory or pilot plant scale (see Table 1). With
regard to RO concentrates from WWTP, the manuscript addresses recent studies that are
mainly focused on reducing the organic pollutant load through the application of inno-
vative advanced oxidation technologies. Finally, works that report the treatment of RO
concentrates from industrial sources are analyzed as well.

© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction Roberts et al. (2010) have reported an outstanding literature

Reverse osmosis is a membrane technology widely applied in
water desalination, production of potable water and more
recentlyin tertiary wastewater treatment. This technology has
the advantages of membrane processes such as modular
construction and small footprint, which allow the combination
with other treatment processes (Chelme-Ayala et al., 2009).

The technology employs semi-permeable membranes that
allow to separate a solution into two streams: permeate, con-
taining the purified water that passes through the membrane,
and concentrate, the portion that contains salts and retained
compounds and therefore needs a suitable and environmen-
tally friendly management option (Mauguin and Corsin, 2005).

The characteristics of the waste stream, named concen-
trate, retentate or brine, depend on the quality of the feed
water, the quality of the produced water (recovery varies from
35% to 85%), the pretreatment method (added chemicals) and
cleaning procedures used (Chelme-Ayala et al., 2009; Greenlee
etal., 2009; Squire et al., 1997; Watson, 1990). Then constituent
concentrations in the retentate are found to be double or
higher than that in feed water (Chelme-Ayala et al., 2009).

Brine disposal in coastal desalination plants has been
solved by direct discharge to seawater. In desalination plants,
generation of brine is about 55% of collected seawater
(Meneses et al., 2010). Recent estimates suggest that up to 25
million m? of desalinated water is produced daily around the
world (Lattemann and Hopner, 2008). Representative exam-
ples of large membrane reverse osmosis seawater desalina-
tion plants with ocean outfalls for concentrate discharge are
the 330,000 m>/day plant in Ashkelon, Israel; the 136,000 m®/
day Tuas Seawater Desalination Plant in Singapore; the
64,000 m3/day Larnaka Desalination Facility in Cyprus, and
the majority of the large desalination plants in Spain, Aus-
tralia and the Middle East (Voutchkov, 2011).

review on the ecological impacts of desalination plants
concluding that there is a widespread belief and recognition
thatbrine discharge poses a potentially serious threat to marine
ecosystems. Laboratory-based experiments, toxicological
investigations and manipulative field experiments clearly
demonstrate the potential for brines and their constituents to
illicit adverse impacts on aquatic organisms when present at
sufficient concentrations. In addition to the destructive saline
properties of the concentrate, in the case of thermal desalina-
tion, the brine is usually hotter than the local recipient water
body, a circumstance that has also been shown to cause further
environmental damage, especially to fragile ecosystems such
as corals. Furthermore, during pre- and post- treatment
processes a variety of chemical agents are added to enhance
flocculation, prevent foaming or to avoid membrane deterio-
ration (Meerganz von Medeazza, 2005). Research on the devel-
opment of effective anti-scalants with no biological effects may
assistin the production ofless toxic brines in the future (Roberts
et al., 2010). But with the traditional option of direct release to
seawater, those components are discharged along with the
brine as well as certain metals (copper, nickel, iron, chromium,
zing, etc.) coming from thermal corrosion processes. Thus, as
a result of brine direct discharge the most pronounced effects
on receiving waters are eutrophication, pH value variations,
and accumulation of heavy metals as well as sterilizing prop-
erties of disinfectants (Meerganz von Medeazza, 2005). Due to
these negative effects, direct disposal to seawater of RO
concentrates is doomed to disappear.

One mechanism that has been applied to reduce adverse
environmental effects of brine relies on its dilution with
power plant cooling waters (Einav and Lokiec, 2003). Brines
can be also diluted with natural seawater or municipal
wastewaters to reduce salinity prior to discharge (Meneses
et al., 2010; Roberts et al., 2010) although the effects of
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disposal of diluted concentrates can also affect to sensitive
species so the solution should be appropriate to local condi-
tions (Meneses et al., 2010). To minimise areas of ecological
impacts and limit the intrusion of brines into seawater intake
areas the optimum infrastructure design and construction has
been studied (Altayaran and Madany, 1992). Dispersion
models are used to choose the discharge point with less
environmental impact (Del Bene et al., 1994) but these struc-
tures appear to have limited success and the environmental
damage is also incurred. Groundwater desalination has been
reported as a more environmentally friendly alternative to
seawater desalination because the discharged brines are less
salty than those produced from seawater desalination (Mufloz
and Fernandez-Alba, 2008).

Traditionally, options for disposal of the concentrates from
inland desalination plants have been deep well injection and
surface water discharge, or concentration of brines in evapo-
ration ponds (Ahmed et al., 2001; Arnal et al., 2005; Chelme-
Ayala et al., 2009; Gabelich et al., 2010; Greenlee et al., 2009;
Malaeb and Ayoub, 2011; Muniz and Skehan, 1990). Similar
options of RO concentrates management have been used in
the case of potable water production from brackish ground-
water (Malaxos and Morin, 1990; Squire, 2000; Van Der
Bruggen et al., 2003). Inland plants have to solve the problem
of concentrate disposal without the possibility of their

discharge to seawater, so the development of other manage-
ment options is an urgent demand.

The cost of brine disposal is another important issue that
must be taken into account. In coastal desalination plants the
cost of brine disposal to the sea ranges from 5 to 33% of the
total cost of desalination (Ahmed et al, 2001) being the
disposal cost higher for inland desalination plants than for
coastal plants where brine is discharged into the sea (Arnal
et al.,, 2005). In both cases, the cost of brine disposal depends
on the brine characteristics, level of treatment before
disposal, disposal method and brine volume (Arnal et al., 2005;
Malaeb and Ayoub, 2011). With regard to inland desalination
plants, depending on the salinity of the concentrate, the cost
associated to brine disposal could be considerably higher than
in coastal plants (Stanford et al., 2010).

Among the wide diversity of RO applications, this review is
mostly focused on the conventional and emerging treatments
for RO concentrates generated in desalination plants.
Furthermore due to the increasing trend of using RO units in
the tertiary treatments of WWTPs the most suitable treatment
alternatives for this application are also addressed. Table 2
displays the average chemical characteristics of representa-
tive RO concentrates from both applications. Conductivity,
total dissolved solids and chloride concentration present
significantly higher values in RO brines from desalination

Table 1 — Evaluation of viability of treatment technologies applied to RO concentrates.

RO concentrates source Technology

Technological maturity

Operation drawbacks and
economic considerations

Desalination plants Solar evaporation

(Evaporation ponds)

WAIV Pilot plant scale

wind aided intensified evaporation
Membrane distillation

Forward osmosis

Liquid—liquid extraction

Wastewater treatment Ozonation

Industrial application

Laboratory level

Laboratory level

Laboratory level

Large land areas

Low productivity

Moderate investment and maintenance cost
Industrial feasibility not proved
Moderate investment cost
Difficult operational control
Scaling and fouling

Moderate energy consumption
Use of drawn solution
Moderate energy consumption
Several treatment stages
Extractants consumption

plants

Desalination and
wastewater

treatment plants

Other industrial
sources

Fenton processes
Photocatalysis and photooxidation

Sonolysis
Electrochemical oxidation

Adsorption

Electrodialysis

Crystallization
SAL-PROC

EFC

Laboratory level
Laboratory level
Laboratory level

Laboratory level
Laboratory level

Laboratory level

Pilot plant scale

Laboratory level
Patented process

Pilot plant scale

High chemical dosage

High investment cost

High chemical dosage

Moderate investment cost

High chemical dosage

Moderate energy consumption
High energy consumption

High energy consumption
Moderate investment cost
Regeneration of exhausted resins
(High chemicals consumption)
Maintaining energy efficiency with
high saline concentrates
Precipitation on the membrane
High capital and operation cost
Stricted operational conditions
Applicability to RO concentrates

not completely proved

Complex control of operation
Moderate energy consumption
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Table 2 — Characterization of RO concentrates.

RO concentrates from desalination plants RO concentrates from wastewater treatment plants
Ji  Martinetti Korngold Macedonio Hajbi Ahmed Ersever Zhou Westerh- Van Van Pérez Radjenovic Chaplin Lee Lee Badruz- Kumar
etal., et al., et al., etal., etal, etal, etal, etal, off Hege Hege etal, et al., etal, etal, etal, zaman etal,
2010 2009 2009 2011 2010 2003° 2007a® 2011° etal, etal, etal, 2010® 20112 2010 2009a 2009b° etal., 2007
2009 2002 2004* 2009

Parameters
Turbidity, NTU — = = = = = = = 3.2 = = = 2 = = = = = =
DOC, mg/L = = = = = = = = = 40 = = 23.3 57.2 19.2 = = = =
COD, mg/L - - - - - - - - 60 138 158 184 - - - 64.6 - - -
TOC, mg/L 2 - - - - - - 40 18 - - - - - - 18.4 24.5 25 -
TKN, mg/L = = = = = = = = 10 = = = = = = = = = =
TAN, mg/L - - - - - - - - - - 37.5 34 - - - - - - -
NHj, mg/L = = = = = = = 80 = = = = 121.8 = = = = = =
pH - 7 8 - 4 7.2 6.2 - 6.9 7 8.2 8.3 7.8 7.6 - 7.2 7.5 -
TDS, mg/L 50,200 - - - - 28,000 17,124 3965 1129 5560 - - - - - 1218 1276 2950 2750
Conductivity, — - - - 13,500 33,000 25,984 - 1705 10,000 3990 4340 3250 4110 4450 1972 1990 3600 -

uS/cm
Alkalinity, - 470 142 - - - 345 1006 - 1110 - - 1233 - 289 - - 520 -

mg/L as

CaCO;
Si0,, mg/L = 116 72 103 56 = 15.6 = = = = = = = = = = 120 120
Cations
Na*, mg/L 15500 991 5130 - 2084 5120 4160 - 203 - - - - - 435 2409 2269 580 910
Mg?*, mg/l. 2020 318 386 468 245 770 370 = 7 = = 32— = 122 7.1 11.5 9.7 5
K*, mg/L - - - - 79 - 134 - 62 - - - - - 226 653 384 88 24
Ca’", mg/L 625 1032 819 1020 540 2080 1537 = 65 = = 159 — = 306 1101  63.8 9% 5
Fe?*, mg/L = = = = = = 0.4 = = = = = = 0.3 = = = 0.1 =
Mn?*t, mg/l.  — = = = = = 0.2 = = = = = = 230.5 = = = 54 =
Anions
Cl-, mg/L 28,800 2823 8960 6710 4068 14,170 8369 900 256 - 5929 700 479 14 220.1 267.1 333.2 684 2811
S03~, mg/L 3060 1553 1920 2688 2160 5920 2334 1240 217 - - - 443 240 1584 2184  159.1 468 1437
NO3, mg/L = = = = = = 14.6 = 91 = = = = = 3.1 88.5 60.2 296 269
NO3, mg/L = = = = = = = = 2 = = = = = = 8.3 = = =
PO}, mg/L = 04 2 = 0.04 = = 20 39 = = = = = = 347 213 10 =
HCO3, mg/L 199 576 223 - - - 421 - - - - - - - - - - - -

a Average value.
b Average composition of reverse osmosis concentrates from desalination plants of Bahja, Rima, Nimr and Marmul of Petroleum Development Oman.

0/c

€8c—/9¢c (210¢2) 9% HOUVISIY ALV M
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plants than in RO concentrates from wastewater treatment
plants. Regarding sulfate, its concentration levels in concen-
trates from WWTP’s are similar to the chloride content while in
concentrates from desalination plants, sulphate concentration
is 2—8 times lower than the chloride one. Thus, treatment
technologies mustbe adapted to the source of RO concentrates
in order to eliminate the problem associated to their compo-
sition. For example, concentrates from wastewater treatment
plants present higher organic pollutant load but lower salinity
than desalination plants RO concentrates, therefore advanced
treatments (like advanced oxidation processes (AOPs)) are
required to destroy the most persistent pollutants.

Thus, this paper gives an overview on the technologies
aimed at reducing the environmental impact of the disposal of
RO concentrates according to their origin, the level of devel-
opment of the technologies and the final objective of the
treatment.

2. RO concentrates from desalination plants:
treatment alternatives

Traditional management of RO concentrates from desalination
plants is mainly conditioned by the location of the plant. In
coastal desalination plants, RO concentrates are directly
discharge to seawater, while in inland plants the traditional
option consists on reducing the concentrate volume prior to
disposal (Tang and Ng, 2008). Evaporation techniques have
been widely applied to concentrate brines, since their appli-
cation allow to obtain a solid waste easier to be managed than
the original waste and a decontaminated liquid flow that canbe
directly discharged or even reused (Arnal et al., 2005). Due to
the adverse effects of brine disposal together with its associ-
ated costs, current research is focused on reducing the impact
of RO concentrates by reducing the volume and/or by dimin-
ishing the pollutant load of these concentrates. Besides, the
beneficial use of brine byproducts is also studied and includes
the technical feasibility of isolating salts of the required
morphology and purity (Stanford et al., 2010). Recovering
commercial byproducts from RO concentrates would be the
optimum treatment option, as it solves the environmental
problem of concentrate disposal, as well as the economic
profitability of reverse osmosis is improved at the same time.

2.1. Solar evaporation

Solar evaporation is one of the techniques considered as
a common solution for brine disposal (Chelme-Ayala et al,,
2009; Greenlee et al., 2009), especially for inland desalination
plants in arid and semi-arid areas (Ahmed et al., 2000). The
reverse osmosis concentrate is placed in a shallow lined pond
which allows the water to evaporate naturally by using the
solar energy; after water evaporates the saltis either left in the
ponds or removed for disposal (Katzir et al., 2010). Evaporation
ponds are relatively easy to construct, require little operation
attention compared to mechanical equipment and except for
pumps to convey the wastewater to the pond, no mechanical
equipment is required (Mickley, 2001). Pond size includes two
components: surface area and depth. Pond depths ranging

from 25 to 45 cm are considered optimal for maximizing the
rate of evaporation (Ahmed et al., 2000).

However, evaporation ponds are scarcely used because
they require large land areas, especially if they are located in
places with low evaporation rates, whereas they pose a high
potential for contamination of groundwater coupled to the
risk of leakage underneath the pond (Katzir et al., 2010).
Evaporation ponds ranging from 13.6 to 34.3 ha are used for
disposal purposes of the concentrate in the desalination
plants located in the central region of Saudi Arabia (Ahmed
et al., 2000). Besides this extensive land use, evaporation
ponds have been criticized because they do not recover the
evaporated water (Mickley, 2001). Additionally, the produc-
tivity of the process is quite low (around 4 L/m?d). This
drawback can be overcome by using wet surfaces (capillaries
or clothes) exposed to wind action to increase the evaporation
surface. Arnal et al. (2005) tested different adsorbent materials
in order to improve the water evaporation rate of brines from
desalination plants. According to the experimental results,
the most suitable adsorbent for natural evaporation was
arectangular cloth made of cellulose (65%) and cotton (35%). It
was also concluded that air velocity improved natural evap-
oration, although the overall efficiency was limited by the
blowing of solids onto the surface of water.

Following this investigation line, a proprietary technique
WALV (Wind Aided Intensified eVaporation) was developed as
alternative to natural evaporation. WAIV is a less land inten-
sive method to reduce brine volumes by the use of the drying
power of the wind without generating small droplets that can
cause salt drift. This configuration employs recirculation of
brines as falling films on vertical hydrophilic surfaces that are
largely mounted parallel to the wind direction (Macedonio
et al.,, 2011). When exposed to the dry winds of semi-arid
regimes, these surfaces are cooled to near the wet bulb
temperature and the difference of temperature between the
warmer wind and the cold-water surface drives heat flux to
the wetted surface. The vapour pressure gradient drives the
evaporation mass transfer from the surface. Previous studies
on normal desalination brines in a pilot unit with 31—43 m?
wetted evaporation surfaces showed that evaporation rates
(L/D-m?) can be improved by 50—90% relative to open ponds
while surface loading reached 15—-30 m?*m? footprint. For
example, the Sabha seawater RO plant located near the Red
Sea port of Eilat sends its rejected brine to salt production
evaporation ponds. A pond area of 700,000 m? is needed in
order to handle about 5000 m* per day of concentrate. It was
estimated (Katzir et al., 2010) that a WAIV installation could
reduce the required land area by an order of magnitude. To
evaluate the performance of several evaporation surfaces,
Gilron et al. (2003) tested a pilot unit using brines from
Mekorot’s Sabha B desalination installation in Eilat. The total
dissolved solids (TDS) content of the brine was around
16,000—18,000 ppm and it was supersaturated with respect to
sparingly soluble calcium salts. Better results were obtained
when using materials with no internal surfaces (netting) that
are less susceptible to plugging than those with internal
surfaces (nonwoven geotextiles). The WAIV technology was
further studied in order to recover salts that can be potentially
useful as raw materials (Katzir et al., 2010). Concentrates ob-
tained in the RO and ED treatment of saline groundwater were
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evaporated. Gypsum precipitation on the evaporation
surfaces and in the feed basin was observed, leading to an
enrichment of magnesium relative to sodium ion in the
resulting concentrate brine. This technology can be an inter-
esting option whenever precipitated salts are recovered.
Although WAIV presents advantages with respect to evapo-
ration ponds in land use, the availability of this technology
has been only demonstrated at laboratory scale.

2.2. Emerging technologies

Conventional treatments, like concentration in evaporation
ponds, have several disadvantages such as extensive land use
and low productivity. Thus, investigation on new options to
improve the management of reverse osmosis concentrates is
a current demand.

In this section we review the potential of several emerging
technologies focused on the treatment of RO concentrates
from desalination plants, classified according to the operation
objective.

Membrane distillation has been studied as alternative for
the processing of highly concentrated aqueous solutions.
Vacuum Membrane Distillation (VMD) is an evaporative
technology that uses a membrane to support the liquid-
—vapour interface (Urtiaga et al., 2001). The main advantages
of membrane distillation over conventional distillation
processes are that the operating temperature is in the range of
60—80 °C and that the membranes provide a high contact area
per unit of equipment volume, allowing very compact instal-
lations and reduced footprint. Mericq et al. (2010) simulated an
increase from 40% to 89% in the water recovery of a 40.000 m>/
day RO plant fed with seawater together with a reduction of
the brine volume by a factor of 5.5 after coupling RO with VMD.
The model used for this simulation was based on experi-
mental results obtained at a bench-scale batch unit. In the
experiments developed with real RO brines organic fouling or
biofouling was not observed, at least at the time scale of a few
hours. However, for high salt concentrations, calcium scaling
occurred although its impact on the permeate flux was very
limited. Scaling effects of CaCO; and CaSO, in membrane
distillation operated at high seawater concentrations have
been deeply studied (Curcio et al., 2010; He et al., 2008), being
the main conclusions that scaling reduces the trans-
membrane permeate flux as membrane promotes heteroge-
neous nucleation mechanisms. Also, the detrimental effect of
the presence of humic acid substances became significant at
higher concentration factors. Nevertheless, calcium scaling
was found to be reversible after appropriate washing and
chemical cleaning. Calcium scaling could also be controlled by
accelerated precipitation softening prior to the direct contact
membrane distillation of the RO concentrate obtained in
a drinking water treatment facility (Qu et al., 2009, 2010).

Membrane distillation coupled with crystallization (MDC)
was investigated in a bench-scale plant operated with brines
discharged from a seawater reverse RO unit (Ji et al., 2010). The
major advantage of the MDC process is its capability to
concentrate the salt up to the supersaturated state, which
allows its crystallization (Gryta, 2002). In MDC, the high
contact area provided by hollow fiber membranes allows to
achieve reliable evaporation fluxes at moderate temperatures

(40—50 °C) with energy consumption of about 15—20 kW h/m?,
while conventional evaporative equipments for NacCl crystal-
lization need to operate at temperatures higher than 70 °C,
with specific energy consumption of about 30 kW h/m?>.
However the main problem of membrane distillation is that
the technology is not yet commercially available at industrial
scale (Singh, 2009).

In a recent study (Ji et al., 2010) seawater was collected
from the Tyrrenian Sea in Amantea (Calabria) and further
processed in an RO lab-scale unit. Lime/soda ash softening
was applied to the RO concentrate to reduce calcium and
magnesium hardness and to limit scaling problems. Experi-
ments were focused on NaCl crystallization, obtaining
a production of 17 kg/m? of NaCl crystals, representing 34% of
the total content of dissolved solids in the brine. In conclusion,
membrane distillation-crystallisation was reported to be
a feasible technique to concentrate RO brines, achieving water
recovery efficiency higher than 90%.

Applying electrodialysis (ED) to brine effluents, their salt
concentration is increased from 0.2 — 2% to 12—20% with an
energy requirement of 1.0-7.0 kW h/m?® in contrast to
approximately 25 kW h/m> needed by thermal evaporation
(Korngold et al., 2005, 2009). In ED operation, there are two
major technical problems to be overcome: firstly to find
solutions for operating at concentrations up to 20% of salts
without significantly diminishing the energy efficiency and
secondly to prevent CaSO, precipitation on the membrane.
This last drawback can be prevented by continuous removal of
gypsum from the brine in a separate precipitator. ED experi-
ments were carried out using the brine obtained from the RO
desalination of brackish water as the feed to an ED pilot plant
combined with a gypsum precipitation step (Korngold et al.,
2005, 2009), as it is depicted in Fig. 1. After 600 h of opera-
tion, the amount of CaSO, that precipitated was approxi-
mately 0.15 eq. CaSO4/h, and scaling on the membrane was
prevented. Besides, significant acceleration of the precipita-
tion can be achieved by seeding the oversaturated solution
with 10—25 g CaSO./L. A very low concentration (0.5—1 ppm) of
antiscalant (Calgon) diminished the seeding effect on gypsum
precipitation and increased the onset of precipitation time.

Forward osmosis (FO) is presented as an innovative tech-
nique to reduce brine volume, having as main advantage
lower energy requirement than RO. FO utilises a highly
concentrated solution generally referred to as the draw

Diluate Concentrate

I

Caso,

| precipitator

Fig. 1 — Simplified scheme of ED pilot plant combined with
a gypsum precipitation step (Korngold et al., 2005).
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i Post- treatment
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P A
— Basic ZLD scheme
--- Type Ascheme
- Type B scheme
---- Type C scheme

Fig. 2 — General scheme of Zero Liquid Discharge systems.

solution to generate an osmotic pressure differential across
the membrane, thus resulting in the transport of water from
the less concentrate feed stream to the highly concentrated
draw solution. A wide range of draw solutions can be used:
sulphur dioxide, aluminium sulfate, fructose, ammonium
bicarbonate, etc (Neilly et al., 2009). Tang and Ng (2008) tested
three types of membranes using a concentrate feed of
1 M—2 M NaCl, model brine concentrations, and a draw solu-
tion of fructose 5 M—6 M, which was kept constant by adding
a suitable amount of fructose periodically. It was found that
fructose is not an ideal draw solute as it is not efficient in
establishing a high effective driving force. However, using as
draw solution NaCl (50 g/L) with less saline concentrates
(~0.25 M of chloride), recovery rates larger than 90% were
achieved (Martinetti et al., 2009). In both cases, this technique

has as inconvenient the need of a draw solute to create an
effective driving force that allows water flux, and besides the
economic feasibility of the technology has not been demon-
strated (Singh, 2009).

2.2.1. Systems aiming to achieving Zero Liquid Discharge
One of the most innovative investigation line focused on
reducing the concentrate volume to the highest point is called
Zero Liquid Discharge (ZLD), which is aimed to achieve the
maximum water recovery, through several stages of treat-
ment in order to avoid liquid effluent disposal.

Studies related to this objective have been -classified
according to the treatment scheme as Basic ZLD systems,
Type A, Type B and Type C scheme (see Fig. 2). Table 3
summarizes these schemes alongside the global recoveries
achieved with the application of these treatment combinations.

The basic combination is a RO tandem (Primary
RO + Secondary RO). Al-Wazzan et al. (2003) increased the
product water recovery using brine staging, and besides
a reduction of 37% in specific power consumption in a pilot
scale unit was achieved. This brine staging unit was in oper-
ation during almost 5 months, being their availability of 97%.
The use of tandem RO was also studied by several authors
(Ning and Troyer, 2009; Ning et al., 2010; Singh, 2009), who
asserted that there is a need of intermediate treatment in
tandem processes to increase the recovery and avoid precip-
itation. These systems achieve high recoveries, although the
zero discharge goal is not accomplished.

Fouling and precipitation of scaling compounds are two of
the main limiting factors for the RO recovery, as mentioned
above. Antifouling and anti-scalants compounds are usually
added to feedwaters in order to avoid the diminishing of

Table 3 — Treatment processes aimed at Zero Liquid Discharge.

Treatment stages Overall recovery References
Basic Primary RO Secondary RO 88-99% Al-Wazzan
ZLD scheme et al., 2003; Ning
and Troyer, 2009;
Ning et al., 2010;
Singh, 2009
Type A Primary RO Ion exchange Secondary RO Acevedo et al., 2010
ZLD scheme Resins for
silica removal
Primary RO Precipitation Secondary RO 87-97% Gabelich et al., 2007,
treatment 2011; Ning et al., 2006;
(alkaline-induced) Rahardianto et al., 2010
Type B RO WAIV Membrane crystallizer 77—89% Macedonio et al., 2011
ZLD scheme Primary RO Secondary RO Precipitation treatment Ning and Tarquin, 2010
(calcium sulfate,
magnesium,
iron and silica)
RO ED/EDR 92% Turek et al., 2009
Primary RO Secondary RO EDR + UF WAIV >98% Oren et al., 2010
Type C Primary RO Lime-soda Secondary RO Evaporation 80—90% Mohammadesmaeili
ZLD scheme treatment et al., 2010a, b
Primary RO Intermediate Secondary RO Brine ~100% Bond and
treatment concentrator Veerapaneni, 2008
(several options) + Pond
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Fig. 3 — Bipolar membrane electrodialysis scheme for
obtaining mixed acid and basis.

membrane performance. However, the addition of these
compounds can have negative effects in the post-treatment of
RO concentrates. Greenlee et al. (2011, 2010a, 2010b) studied
the effects of anti-scalants in the precipitation of scaling salts,
like calcium carbonate, as intermediate stage in a tandem RO
system. It was demonstrated that anti-scalants decreased the
precipitate particle size and change the shape of the particles.
Following the objective of increasing the global recovery of RO
operation, several authors (Acevedo et al., 2010; Gabelich et al.,
2007, 2011; Ning et al., 2006; Rahardianto et al., 2010) proposed
RO tandem processes combined with an intermediate unit in
order to eliminate the most problematic substances such as
foulants and scalants (Type A scheme in Fig. 2). Acevedo et al.
(2010) evaluated the possibility for silica concentration
reduction by using ion exchange columns with strong basic
anionic resins, and reported that the removal of silica strongly

O; gas

RO brine

depends on the pH being available at pH over 8.5, when it also
takes place calcium and magnesium precipitation. Therefore,
Acevedo proposed as another phase of the research a train of
cationic and anionic resins to first remove hardness and allow
to increase the pH without precipitation. Studies about salts
and silica removal were also developed by Gabelich et al.
(2007, 2011) who proposed intermediate chemical demineral-
ization (ICD) that consisted on a solid contact reactor (SCR)
followed by a filtration stage. Ning et al. (2006) used a lime-
softening unit to reduce the limiting foulants of silica and
barium sulphate. With the same objective of eliminating anti-
scalants and fouling compounds, Rahardianto et al. (2010)
proposed a two step chemically-enhanced seeded precipita-
tion (CESP) for accelerated desupersaturation. They reported
that the resulting lab and pilot plant data would serve as
possible scale-up information although control and operation
strategy had to be developed to maintain consistently high
demineralization efficiency at industrial level.

Other schemes have been investigated with the aim of
recovering both salts and water (Neilly et al., 2009). These
systems are characterized for having one or more final steps
of post-treatment of the concentrate obtained from the
second RO stage (Type B scheme in Fig. 2) (Macedonio et al.,
2011; Ning and Tarquin, 2010; Oren et al., 2010; Turek et al.,
2009; Zhang et al., 2010). Combining WAIV technology with
a membrane crystallizer (MCr), Macedonio et al., 2011 ach-
ieved recovery factors as high as 88.9% and capital cost of
WAIV was reduced in a 64% in comparison to conventional
ponds. Ning and Tarquin (2010) studied the fractional crys-
tallization of salts before thermal evaporation of water. In
turn, Turek et al. (2009) studied the combination of RO with
electrodialysis reversal (EDR) achieving 91.6% of water
recovery, although the synthetic water used had no compa-
rable composition with real RO concentrates. Oren et al. (2010)
proposed a system based on further concentration of the
BWRO brine with EDR and WAIV. Scaling of ED unit was pre-
vented by acidification, operating the electrodialysis in
a reversal mode, and a side loop crystallizer which prevented
build-up of scaling components. The super-concentrate from
the EDR unit was further concentrate in a wind powered WAIV
unit that brought final TDS to more of 30%, and showed

Product water

BAC |

column

Concentrate

Fig. 4 — Experimental set-up for treatment of RO brine using ozone + BAC column + CDI (Lee et al., 20093, b).
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Fig. 5 — Salt recovery scheme used by Mohammadesmaeili et al. (2010a, b).

promise as a method to recover mineral byproducts. Cost
effectiveness of these process alternatives need to be assessed
in order to determine their availability and profitability.

The third type of ZLD scheme is based on combining type A
and type B ZLD scheme. Mohammadesmaeili et al. (20103, b)
proposed a system with and intermediate stage of lime soft-
ening and several stages of evaporation—crystallization after
the secondary RO (see Fig. 5). Results of this research are
explained in more detail in Section 3.2. This type of scheme
was also studied by Bond and Veerapaneni (2008); they
affirmed that treatment costs and energy requirements of ZLD
can be reduced by adding the intermediate steps of concen-
trate treatment and secondary RO. They evaluated different

Hydrogen
vent

options of intermediate treatment: chemical precipitation
with sodium hydroxide (NaOH) or lime [Ca(OH),], fluidized bed
crystallization (FBC), adsorption on activated alumina (AA),
chemical precipitation with alum [Al;(SO,4)-14H,0] and ion
exchange. FBC has been demonstrated to produce a much
smaller volume of solids than that produced by conventional
softening. Besides, the evaluation of treatment costs
comparing the system without intermediate treatment
(benchmark process) with the system with FBC and micro-
filtration (ZLD process) shows that treatment cost would be
reduced by 50-70%, and energy consumption would be
reduced by 60—75%. An important number of brine concen-
trators are in operation in United States. Operating

Softened RO Salt

Hypochlorite
Storage Tank

concentrate solution

Power
supply

Fig. 6 — Electrochlorination system proposed by Badruzzaman et al., 2009.
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experiences of plants using brine concentrators to concen-
trate reject streams have shown that this is a viable applica-
tion and the system is highly reliable (Mickley, 2006).

Treatment schemes based on ZLD objective are pointed to
be a promising option for the treatment of RO concentrates.
Initial estimation about treatment costs indicates that these
systems would be feasible, but it would be necessary leap
from pilot plant to industrial level to safely evaluate the
applicability of these systems.

2.2.2. Emerging technologies for salts recovery

Recovering commercial products is the final challenge to
improve the management of RO concentrates whatever their
water source is. If valuable substances are recovered from RO
concentrates a double objective will be achieved: the reduc-
tion of the environmental impact of RO concentrates disposal
added to the improvement of the economy of the global
treatment process.

Through combination of evaporation and crystallization
technologies, valuable salts can be recovered. Hajbi et al. (2010)
analysed the solubility diagrams of the hexary system Na*, K,
Mg>*, Ca®*/Cl~, SOF//H,0 to define crystallization paths that
they used for the experimental design. Their results assessed
the potential of recovering salts like NaCl, KCI, CaSO,4-2H,0,
MgSO,4-7H,0, ... through the isothermal and isobaric evapo-
ration of the rejected brine. Several studies on the viability of
producing salts from RO concentrates of desalination plants
managed by Petroleum Development Oman (PDO) were
developed by Ahmed et al. (2003). The viability study was
focused on the application of the patented SAL-PROC process
consisting on the sequential extraction of dissolved elements
from inorganic saline waters in the form of valuable chemical
products in crystalline, slurry and liquid forms. The potential
products that can be recovered would be gypsum—magnesium
hydroxide (mixture), magnesium hydroxide, sodium chloride,
calcium carbonate, sodium sulfate and calcium chloride. In
light of the estimations, processing the 405 x 10° L/year of the
rejected brine generated in the four PDO desalination plants
would make possible to produce commercial salts worth US
$895,000 in the most optimistic scenario. Although the
economic profit is not so high, it is indisputable that the
recovery of potential commercial salts is a great option to
improve the cost-effectiveness of desalination processes.
Regarding the market of inorganic salts, a quantitative
assessment of the global market of recovered salts is not
available yet because technologies are in an early development
stage, but it has been reported that market could hold the
produced salts. According to Ahmad and Williams in the
United States 45 million tons of salts are produced annually
and about 70% of these salts are used by chemical industries
(Ahmad and Williams, 2011.). On the other hand Van Houwe-
lingen stated that in the Netherlands the market of recovered
salts would not be a problem since all solids generated in
fluidized bed crystallization (FBC) processes for the treatment
of reverse osmosis concentrates are put to beneficial use by
other industries, such as steel production (Bond and
Veerapaneni, 2008).

Production of mixed acids and mixed bases using Electro-
dialysis with Bipolar Membranes EDBM (see Fig. 3) is another
viable option. Mavrov et al., 1999 obtained suitable acids and

bases mixtures for the regeneration of ion exchangers by
processing RO concentrates from desalination of surface
water. EDBM has been also applied to RO concentrates from
wastewater treatment plants, so this technology will be
widely explained in the Section 3.2.

Jegatheesan et al. (2009) evaluated the recovery of valuable
metals from concentrates by means of liquid—liquid extrac-
tion. The recovery ratio for rubidium using BAMBP [4-tert-
butyl-2-(a-methylbenzyl) phenol] or 4-sec-butyl-2-(a-methyl-
benzyl) phenol] as extractants was higher than 80% (Jeppesen
et al., 2009). Liquid—liquid extraction has been also applied by
Le Dirach et al. (2005) to recover materials from the concen-
trated brine of the RO plant in Skhira (Tunisia). The treatment
process is divided in several extraction stages: phosphates
extraction using a blend of iron and aluminium sulphates,
liquid—liquid extraction to recover cesium, liquid—liquid
extraction to recover indium and gallium, rubidium extraction,
evaporation of the remaining brine to recover carnallite crys-
tals KMgCls-6H,0 and as final step, extraction of germanium
and magnesium. Still, these separation protocols have been
studied at viability scale and require final demonstration.

3. RO concentrates from wastewater
treatment plants: treatment alternatives

In recent years, reverse osmosis has been also applied to
further treat the secondary effluents of wastewater treatment
plants. These RO concentrates present less salinity than RO
concentrates from desalination plants although larger
amounts of organic matter, including persistent micro-
pollutants, are contained. Solley et al. (2010) reported that the
contaminants in these streams could be 6—7 times more
concentrated than in the feed water. Therefore specific
treatments, such as advanced oxidation processes (AOPs),
have been researched in order to reduce the pollutant load.
Most of the reported studies are focused on the reduction
of a global parameter that resembles the organic contamina-
tion such as the chemical oxygen demand (COD) and the Total
Organic Carbon (TOC), although the removal of other pollut-
ants has been also explored. For example, Ersever et al. (2007a,
b) studied the removal of nitrogen compounds from RO brines
through biological nitrification—denitrification and sulfate
reduction via a fluidized bioactive absorber reactor (FBAR)
process and using granular activated carbon (GAC). Experi-
ments were conducted at different hydraulic retention times
and nitrate concentrations, showing that the FBAR process
could be an efficient technology for nitrogen removal of RO
concentrates, although nitrogen was considered a minor
pollutant, recent characterisation of RO concentrates from
WWTPs shows concentrations of ammonia up to 120 mg/L
(see Table 2), turning the interest to the referred technologies.
Traditional treatments such as coagulation and activated
carbon adsorption were tested for DOC (dissolved organic
carbon) removal in RO concentrates (Dialynas et al., 2008).
Experimental results showed that ferric chloride is a better
coagulant than aluminium sulfate (Aly(SO4);-18H,0),
achieving 52% removal of DOC. Ferric coagulation tests
effectively removed colour (79%) while DOC and COD mostly
due to low molecular weight compounds were removed up to
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34% and 49% respectively (Bagastyo et al., 2011b). However,
other authors (Zhou et al., 2011) reported lower efficiencies of
coagulation, attributed to the different characteristics of the
wastewater investigated.

Adsorption on activated carbon (AC) was studied at
different carbon doses. The highest removal observed was
91% for the dose of 5 g/L, so results of DOC removal with GAC
adsorption are more promising than in coagulation tests.
Similar results have been reported by Zhou et al. (2011), and as
in previous works, the organics remaining in the RO concen-
trate were hardly adsorbed at higher AC dosage, indicating the
existence of non-adsorbable organic matter fraction.

3.1.  Advanced oxidation processes (AOPs) applied to RO
concentrates from WWTPs

Table 4 summarizes the research on the application of AOPs to
RO concentrates. The studies include the well known ozona-
tion and Fenton technologies, the latest developments in
photocatalysis and photooxidation, together with new appli-
cations of sonolysis and electrooxidation.

3.1.1. Ozonation

Feasibility tests of advanced oxidation processes for the
removal of organics from the RO concentrate obtained in
a water reclamation plant located in Singapore were per-
formed by Zhou et al. (2011). Simple ozone treatment could
only remove a small fraction (22%) of DOC with marginal
improvements at higher energy input. Nevertheless, Os;
treatment provided better performances that UV irradiation
or hydrogen peroxide addition. Meanwhile, it was observed
that the combination of ozonation with photocatalysis (UVA/
TiO,) enhanced DOC removal up to 52%, while the highest
overall efficiency was obtained by the combined UVA/TiO,/O3
with coagulation pretreatment. Moreover, it was found that
the latter combination increased the biodegradability index
(BDI = BODs/COD) of the raw RO concentrate by 7—20 times.
The 0s/H,0, treatment applied by Westerhoff et al. (2009)
achieved a 75% removal of DOC contained in RO concentrate
from the Scottsdale Water Campus facility, although very high

ozone (1000 mg/L O3) and hydrogen peroxide (0.7 mol H,0,/
mol Os;) dosages were required.

Ozone pretreatment for a biological activated carbon unit
increased the biodegradability of the RO brine obtained from
a domestic wastewater treatment facility (Lee et al., 2009a).
Laboratory scale batch experiments showed that ozonation
alone achieved a maximum TOC removal rate of 24%, while
Biological Activated Carbon (BAC) alone provided a limited 23%
of TOC removal. However, the synergistic effect of combining
ozone and BAC showed a good potential in reducing fouling
problems for a subsequent capacitive deionization (CDI) stage
(Lee et al,, 2009a, b) (see Fig. 4), a method for removing salts
contained in aqueous solutions by electroadsortion (Oren,
2008). A capacitive deionization cell unit consists of two elec-
trodes made of activated carbon and separated by the circu-
latingion containing solution. Electrons are not transmuted by
red-ox reactions but by electrostatic adsorption (Strathmann,
2010). On the basis of the results it was claimed that CDI
might be an attractive option for desalting water due to its
lower energy demand compared to RO.

RO concentrates from wastewater treatment plants
contain, among many other pharmaceuticals, beta blockers,
that are classified as potentially toxic to aquatic organisms.
Because of beta blockers molecules have moieties (amine
groups, activated aromatic rings), which are reactive towards
ozone, it was tested whether ozonation can be applied for
their mitigation. Moderate ozone doses (5—10 mg/L) were
found to be sufficient to remove beta blockers efficiently
(Benner et al., 2008).

3.1.2. Fenton process

Fenton process for the treatment of RO concentrates has not
been widely studied Westerhoff et al. (2009) developed Fenton
(Fe**/H,0,) and Fenton-like (Fe**/H,0,) experiments in a jar-
test apparatus. The Fenton process (pH~3.3; 10 mM Fe?"
and 10 mM H,0,) removed up to 50% of DOC; residual iron was
precipitated by raising the pH back to 7.5-8.0. Higher DOC
removals might have been achieved using higher chemical
dosages. No more studies regarding application of Fenton
process to RO concentrates have been found in literature.

Table 4 — Advanced oxidation processes (AOPs) applied to RO concentrates.

AOP applied

Objective

Reference

Photocatalysis TiO, + hu—e~ +h"
h* + H,0—~HO +H*
Photooxidation H,0, + hu—2HO
Sonolysis H,0+)))—H +HO'
2HO —H,0,
Electrooxidation  H,0 + Anode—Anode[HO | 4, + H' + e~
Ozonation 03 — [nitistore HO'
Fenton8 Fe?t + H,0, > Fe*" + OH™ + HO'

DOC removal

DOC removal with coagulation pretreatment (FeCls)
DOC removal 95%

DOC removal

DOC removal

DOC removal (low)

DOC removal

COD and TAN removal

COD and TAN removal

COD, ammonium and emerging pollutants
N-nitrosodimethylamine destruction

DOC and pharmaceuticals and pesticides oxidation
DOC removal

Beta blockers molecules removal

Improving biodegradability of RO brine

DOC removal

Dialynas et al., 2008
Zhou et al., 2011
Westerhoff et al., 2009
Bagastyo et al., 2011a, b
Westerhoff et al., 2009
Dialynas et al., 2008
Zhou et al., 2011

Van Hege et al., 2002
Van Hege et al., 2004
Pérez et al., 2010
Chaplin et al., 2010
Radjenovic et al., 2011
Westerhoff et al., 2009
Benner et al., 2008

Lee et al., 2009a, b
Westerhoff et al., 2009
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3.1.3. Photocatalysis and photooxidation

From the various advanced oxidation processes, heteroge-
neous photocatalysis with TiO, as catalyst brings the advan-
tage of the possible use of solar radiation. Several recent
works deal with the application of UV/TiO, to the removal of
organic load from RO concentrates. For a RO concentrate with
an initial DOC concentration of 10.2 mg/L, dark adsorption and
UVA light experiments were performed (Dialynas et al., 2008)
using two different catalyst doses (0.5 and 1 g/L TiO,). In dark
adsorption tests, 30% DOC removal was achieved within
50—60 min at both catalyst concentrations. When UVA light is
used during 1 h, the DOC oxidation yield was between 49 and
41% at the high and low catalyst level respectively. The
combination of photocatalytic oxidation with coagulation as
pretreatment, has been also studied (Zhou et al., 2011). For
araw RO concentrate obtained from a water reclamation plant
in Singapore the removal of DOC and COD became rather slow
after 1 h of reaction time when using both UVC/TiO, and UVA/
TiO, treatment processes. This behaviour was assigned to the
nature of the remaining organics that were very recalcitrant to
both treatment processes. However, the coagulation
pretreatment using ferric chloride (FeCls), provided the
conditions for the gradual removal of DOC and COD by pho-
tocatalysis. After a reaction time of 6 h, 95% and 72% of DOC
could be removed by UVC/TiO, and UVA/TiO,. Similarly,
Westerhoff et al. (2009) achieved 95% DOC removal at a UV
dose of 10.4 kW h/m?, being the removal rate nearly inde-
pendent of the titanium dioxide dose that was varied between
1 and 5 g/L. When the system UV/H,0, was used, 40% DOC
removal with a UV dose of 11.8 kW h/m® and H,0, dose of
10 mM was achieved. Photooxidation (UV/H,0,), has been also
tested in RO concentrates from a water treatment plant by
Bagastyo et al. (2011a). Complete decolourisation and 50—55%
of COD removal was achieved.

3.1.4. Sonolysis

Organic contaminants can also be degraded by the ultrasonic
technique (US) in the presence of a catalyst, acids and non-
oxidant gases. The chemical effects of ultrasounds are due
to the high temperatures and pressures produced during
violent collapse of cavitation bubbles. In water, implosion and
fragmentation of the bubble is the centre of energy
phenomena: temperature, pressure and electric discharges
give rise to H,0 sonolysis with production of radical species
(OH-, H*, HOO) and direct destruction of solutes (Hoffmann
et al., 1996; Farooq et al., 2008).

Results of DOC removal obtained with sonolysis show that
this process is less efficient than other AOPs. Testing a RO
concentrate with an initial DOC of 10.1 mg/L, only a 29% of the
DOC was oxidized in 1 h at 67.5 W. If the energy level is
duplicated (135 W) during 1 h of treatment, DOC removal is
only increased to 34% (Dialynas et al., 2008). Due to the low
DOC removal, the possibility of using sonolysis combined with
other AOPs has been studied (Zhou et al., 2011). Using a RO
concentrate from a wastewater treatment plant with an initial
DOC of 18 mg/L, at 1 h of reaction time, the sequence of DOC
removal efficiencies achieved was US < US/H,0, < US/
O3 < US/H,0,/03 achieving ~31% DOC removal as the highest
removal with the last combination.

3.1.5. Electrochemical oxidation

Electrochemical oxidation is a very efficient alternative for the
treatment of wastewater containing non-biodegradable
organics and ammonium compounds. With regard to RO
brine, electrochemical treatment seems a promising tech-
nology, as the high salinity of the RO concentrate ensures an
excellent electric conductivity that could reduce the energy
consumption. Moreover, the high chloride content could
facilitate indirect bulk oxidation through the electrogenerated
strong oxidants such as hypochlorite and oxidation of total
ammonia nitrogen (TAN) and organics can be accomplished
simultaneously (Van Hege et al., 2002; Pérez et al., 2010).

Reverse osmosis concentrates from a pilot installation
processing a mixed domestic and textile wastewater effluent
were tested to determine the characteristics and efficiency of
several anode materials (Van Hege et al, 2002, 2004).
Comparing RuO, and Boron Doped Diamond (BDD) anodes,
results showed that current efficiency for BDD anode (35.2%) is
more favourable than the efficiency obtained for a RuO, anode
(14.5%). The higher efficiency of BDD anodes can be attributed
to the superior chlorine production rate of this material
because of the high selectivity towards the chlorine evolution
reaction. Longer treatment times showed the capacity of BDD
anodes to provide total removal of ammonium and DOC
contained in the RO concentrate generated in a reverse
osmosis facility aimed at the industrial reuse of the reclaimed
water (Pérez et al., 2010).

Thanks to the good results obtained in COD and ammonia
removal, electrochemical oxidation of RO retentates with BDD
anodes was also studied for the removal of emerging micro-
pollutants (Pérez et al., 2010) Membrane concentrates contain
an increasing amount of salts, organics and biological
constituents. Among those organic compounds appear the so-
called “emerging pollutants” which include pharmaceuticals,
personal care products and other metabolites. These
compounds appear in RO concentrates because they are
highly rejected by the reverse osmosis membranes, and their
removal must be investigated because of the environmental
risk associated to their emission to the receiving natural water
bodies. RO concentrates from a UF/RO pilot plant that treats
the secondary effluent of a WWTP were oxidised electro-
chemically using BDD anodes (Pérez et al, 2010). Ten
emerging pollutants that were found as most prevalent in the
secondary effluent of a WWTP were investigated achieving
removal percentages higher than 92% after 2 h of electro-
oxidation. Ibuprofen appears like the most resistant
compound to electrochemical treatment, thus needing longer
times for complete removal. The influence of the applied
current density and the initial concentration of the micro-
pollutants, obtained after different recovery ratios of the RO
operation, allowed to conclude that the controlling step of the
process kinetics is the mass transfer from the liquid bulk to
the surface of the BDD anode due to the low concentration of
the target compounds. Moreover, the formation of organo-
chloride compounds was kept at low levels. However, testing
RuO,/IrO,-coated Ti electrodes for elimination of pharma-
ceuticals and pesticides, Radjenovic et al. (2011) concluded
that this type of electrodes should not be used, because
chlorine mediated indirect oxidation was the main
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mechanism and the organic compounds were transformed
into their halogenated derivatives, which are persistent and
require extreme treatment conditions. Advantages of BDD
anodes were also probed for the elimination of N-nitro-
sodimethylamine, a highly toxic disinfectant compound
present in chlorinated wastewater effluents, and further
concentrated in RO retentates (Chaplin et al., 2010). Research
focused on the electrooxidation of this compound using BDD
electrodes showed its advantage over other AOPs, as oxidation
was carried out in the presence of high HCO3; concentrations.
This is an advantage over other advanced oxidation processes
due to the fact that scavenging effect of HCO3 over hydroxyl
radical is not a big drawback in electrooxidation.

3.2 Recovery of nutrients and salts from RO
concentrates from WWTP’s

Evaporation and crystallization steps have been evaluated by
Mohammadesmaeili et al. (2010a, b) to recover salts from RO
concentrates. To maximize the salts recovery the authors
proposed a combined system based on a RO tandem with an
intermediate stage of lime softening, and several stages of
evaporation-crystallization after the secondary RO system
(see Fig. 5). Thanks to the lime-soda treatment, magnesium
hydroxide with a purity of 51-58% was obtained. This
precipitate also contained 19.5—23.3% of CaCOs; and 1.3-7.8%
of CaS0O, as impurities. Besides, calcite (CaCO3) with a purity of
95% and calcium sulfate with a purity of 92% were obtained as
byproducts (Mohammadesmaeili et al., 2010a). After this
softening treatment, the brine was treated in a second reverse
osmosis unit. Then, an evaporation and crystallization step
was carried out and a mixture of Na,SO, (86—88%) and NaCl
(5—14%) was obtained. The final step of the treatment train is
an evaporation to dryness of the left effluent and as a result,
a mixture of Na*, SO3~, CI” and K* (35—40%, 17—33%, 25—41%,
1-5% respectively was obtained) (Mohammadesmaeili et al.,
2010b). The combination of reverse osmosis with evapora-
tion and crystallization has been applied at the Doswell
Combined Cycle Power Plant in Hanover County (Virginia)
(Seigworth et al., 1995) with the goal of achieving zero liquid
discharge. However, in this case the filter cake from the press
must be disposed off. Thus, salts recovery by combining
evaporation and crystallization is highlighted as a feasible
option, although further work is still needed to evaluate the
economic aspects of salt production.

Zhang et al. (2009) analysed the viability of recovering
valuable compounds from RO concentrates by applying ED.
They used ion exchange membranes for the separation of
nutrient ions and organic compounds from salts contained in
the RO concentrates coming from the treatment of wastewa-
ters of a food company. RO concentrates contained 120 mg/L
of phosphate and 120 mg/L of organic compounds measured
as TOC. The experimental tests were carried out with
synthetic solutions resembling the composition of this RO
concentrate (0.45 g/L NaCl, 0.54 g/L MgSO,, 0.026 g/L NaNO;,
0.69 NaHCO3;, 0.062 g/L Na,HPO, and 0—120 g/L TOC). ED tests
were carried out to evaluate the performance of two
membranes: a non-selective ED membrane (SA) and an ED
membrane selective for monovalent anions (MVA). Experi-
mental results reflected that using the MVA membrane,

monovalent anions can be separated from multivalent ions,
that later are retained in the diluate compartment. The
separation factor was improved by increasing the pH or
reducing the applied current. With regard to the organic
compounds it was concluded that larger ions are retained
more efficiently than the smaller ones, which points to a size-
exclusion mechanism, while zwitterions are retained almost
completely in the diluate side. In the same study it was
affirmed that in a test carried out with real RO concentrates,
more than 85% of the organic fraction remained in the feed
while salt concentrations (C1~ and SO3) decreased, suggest-
ing that the separation of salts from organics by electrodial-
ysis is feasible. Later studies (Zhang et al., 2010) endorsed that
high overall recovery using ED is achieved and a moderate
selectivity was observed between SO37/Cl~ and HCO3/Cl~ and
amoderate to high selectivity was found between Ca®'/Na* by
using the non-selective anion and cation exchange
membranes.

Production of mixed acids and mixed basis using Electro-
dialysis with Bipolar Membranes (EDBM) (see Fig. 3) is also
a viable option. For conversion of RO concentrates from
wastewater treatment plants into mixed acid and mixed base
streams, Badruzzaman et al. (2009) evaluated the use of
bipolar membrane electrodialysis (EDBM). Moreover, they
proposed electrochlorination (see Fig. 6) for onsite chlorine
generation. RO concentrates contain a significant amount of
divalent metals, so a Na* based cation exchange resin was
used to remove them in order to avoid potential precipitation
and scaling on the membrane surface. Acid and base
production tests were conducted in a batch configuration. The
salt concentration in the feed in terms of conductivity went
down from 9 mS cm ™" to less than 2 mS cm ™" while the acid
and base concentrations of the products was around 0.2 N.

Regarding the separation of nutrients from RO concen-
trates, adsorption using polymeric resins has been investi-
gated to recover phosphate. The technology seems feasible
although phosphate concentrations are not very high, Kumar
et al. (2007) analysed the separation of phosphates using
polymeric ligand exchange (PLEs) resins and their recovery as
struvite. RO concentrates were collected from two pilot inte-
grated membrane systems at the wastewater treatment plant
in Rio Rancho (New Mexico) and the North City water recla-
mation plant in San Diego. The RO concentrate with a low
chloride concentration (0.684 g/L Cl7) and containing 10 mg/L
of phosphate was passed through a packed column loaded
with a PLE resin. The regeneration of the exhausted column
was conducted using NaCl. In the regenerant solution, P was
recovered at a concentration of 78 mg/L. To achieve struvite
precipitation, tests were conducted with deionized water
spiked with 20 mg P/L to determine the best molar ratio
(P:Mg>*:NH{::1:1.5:1) and then with the recovered solution.
Phosphate can be potentially recovered as struvite, although
nitrate and sulfate also precipitate.

4, RO concentrates from industrial water
sources: treatment alternatives

Hypersaline brine production is one of the most important
environmental issues in mining industry. RO concentrates


http://dx.doi.org/10.1016/j.watres.2011.10.046
http://dx.doi.org/10.1016/j.watres.2011.10.046

280 WATER RESEARCH 46 (2012) 267—283

have a conductivity similar to RO concentrates from desali-
nation plants (22,000 uS cm™?) and regarding anion composi-
tion, sulfate concentration is much higher than chloride
(16,000 mg/L. SO37; 955 mg/L Cl7) (Randall et al, 2011).
According to this composition, crystallization techniques
based on eutectic freeze diagrams were investigated.

Eutectic freeze crystallization (EFC) is based on achieving
the eutectic temperature as means to separate aqueous
solutions into pure water and solid salts. Because the heat of
fusion of ice (6.01 kJ/mol) is six times less than the heat of
evaporation of water (40.65 kj/mol), the energy required to
separate the water as ice is significantly lower than that
required to separate it by evaporation. In addition, the
simultaneous production of pure ice and pure salt(s) is a major
advantage.

The economic advantage of EFC has been analyzed by
Nathoo et al. (2009). The authors compared EFC in a tandem
crystallizer (see Fig. 7) with an Evaporative Crystallization (EC)
system to obtain NaCl-2H,0 and Na,SO,4-10H,0. Tests were
carried out using reverse osmosis retentates from typical
mine water brines containing high levels of sodium, sulfate
and chlorine. The temperature in each crystallizer was
selected according to the concentrates composition in order to
obtain the maximum salt recovery. Taking into account the
electricity cost and the salts production, a comparison
between EFC and EC concluded that cost saving of using EFC is
in the range of 80—85% for the brines under study. In addition,
the revenue generated by the sale of the pure salts produced
by EFC and the cost of disposal of the mixed salt waste
produced by EC were not included in the cost evaluation
developed in that study.

The EFC technique has been also evaluated for the treat-
ment of multicomponent hypersaline brine form the eMa-
lahleni (South Africa) Water Reclamation Plant (EWRP), built
to address the damage done to the environment and water
systems through Acid Mine Drainage. It was concluded that
the EFC process could increase the production of the water
reclamation plant by 120 m>/d while a production of 476 kg/
d CaS04-2H,0 and 471 kg/d Na,SO,4-10H,0 would also be ob-
tained (Randall et al., 2011).

The recovery of pure salts is difficult because they usually
have several hydrate forms. Sodium sulfate exists in three
hydrate forms: anhydrous Na,SO, (thenardite), Na,SO,4-7H,0
and Na,S0,-10H,0 (mirabilite). Reddy et al. (2010) study the
recovery and purity of sodium sulfate using synthetic

Ice

RO
concentrate

= Crystallizer 1 | = (Crystallizer 2

I—» NaCI-2H,0

Na,SO,10H,0

Fig. 7 — Simplified EFC process flow sheet (Nathoo et al.,
2009).

solutions with a composition simulating brine from the
mining industry. Pure water crystals were obtained (<20 ppm
impurities) from a synthetic retentate stream. The presence of
higher concentrations of NaCl lowers the solubility of Na,SO4
by the common ion effect. A recovery of >90% pure Na,SO,
crystals was obtained from a concentrated NaCl stream prior
to any sodium chloride crystals being produced.

5. Conclusions

Since direct disposal of RO concentrates from desalination
plants is recognised as a practice with adverse impacts on
marine ecosystems, the search for environmentally friendly
management options is a technological challenge. Thus, in
this review, treatment technologies of water reverse osmosis
concentrates have been addressed, classified according to the
source of RO concentrates and the level of development of
each management technology. As the composition of the
concentrate is closely related to its source, and the selection of
the most suitable treatment is based on the concentrate
composition, three different sources of RO concentrates have
been reviewed i) desalination plants, ii) tertiary processes in
WWTP and, iii) mining industries.

With regard to RO concentrates from desalination plants
traditional technologies, such as solar evaporation easy to
operate but with a large requirement of land area, give way to
more efficient emerging technologies that allow for consid-
erable brine volume reductions such as electrodialysis,
forward osmosis, membrane distillation or even its coupling
with crystallisation, MDC, that facilitates easy recovery of
high purity NaCl crystals. Recovery of salts, nutrients and
valuable compounds from RO concentrates is a promising
investigation line and thus related works have been collected.
However, although thermal brine concentration technologies
are well established, they are energy intensive and not cost
effective for large-scale applications. In case of freezing
processes the initial investment and complexity of operation
limit their use.

With regard to the treatment of RO concentrates from
WWTPs studies are mainly focused on the reduction of
pollutant load and removal of micro-pollutants that could
accumulate and cause a high environmental impact. Good
results have been obtained applying advanced oxidation
technologies and among them electrochemical oxidation with
BDD anodes for the removal of micro-pollutants and persis-
tent compounds. Advanced oxidation processes are probably
the most promising technologies to degrade and detoxify
endocrine disrupting compounds, but the high cost of these
technologies may limit their application.

Alternatives aiming at zero liquid discharge, through the
combination of individual technologies, are highlighted as the
most promising management option in this investigated field.
Although studies addressed to this objective are mostly
related to RO concentrates from desalination plants, ZLD
systems can be applied to any RO concentrate, regardless its
origin source. The final objective of ZLD systems must be the
recovery of valuable compounds from RO concentrates.
Joining both objectives: ZLD and valuable compounds
recovery, the problem of RO concentrates management would
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be solved. However, the main drawback of ZLD systems is the
feasibility of application to industrial level due to their
investing and operating costs. Although first economic esti-
mations are encouraging, the profitability of these systems
has been demonstrated only at lab and pilot plant scale.
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