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At a time when worldwide water shortage is increasing, seawater is being viewed as an
inexhaustible supply of freshwater via the process of seawater desalination. As a resullt,
seawater desalination is becoming more popular, especially in areas where freshwater is
scarce, such as the Middle East and North Africa (MENA), which accounts for half of all
global saltwater desalination activities. To enhance the efficiency of saltwater desalination,
thermal and membrane-based desalination technologies are continually being developed
and hybridized systems established. Brine is an unavoidable product of seawater
desalination and is commonly disposed of in oceans and seas, where it has negative
effects on the surrounding marine environment and its biodiversity due to the resultant
increased salinity and temperature, as well as the presence of chemicals. Furthermore, the
quality and amount of brine are influenced by several parameters, including the input
quality and quantity, the desalination process, and the discharge method. The intensity of
brine’s influence on the marine biota is determined by a number of factors; nevertheless,
marine species differ in their tolerance to brine’s effects. Desalination technology is
improving to maximize water recovery and reduce the volume of brine produced, with
the objective of eventually reaching zero liquid discharge and limiting harmful effects on the
marine environment. Meanwhile, proper systems for analyzing the effects of seawater
desalination facilities on the marine ecology must be implemented. This review study will
look at all of the factors that determine the physicochemical features of desalination brine,
with a focus on its impact on marine chemistry and biodiversity. More crucially, the most
cutting-edge brine management methods will be investigated for long-term desalination
and a healthy marine ecosystem.
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INTRODUCTION

Water security has deteriorated globally as a result of increased
water demand due to population growth, as well as
contamination and climate change depleting water supplies.
(Jones et al., 2019). As a result, most countries are focusing on
implementing existing ways for collecting conventional water
resources, which is a major worry for humanity’s future that
must be addressed (Panagopoulos et al,, 2019). Desalination
techniques are currently regarded as the most effective means
of acquiring freshwater in many parts of the globe, while
saltwater desalination is the sole method of obtaining
freshwater in many nations (Blanco-Marigorta et al., 2017).

Desalination is a multi-stage process that splits saltwater into
two products: the product stream (freshwater) and the by-
product stream (highly concentrated brine) (Mavukkandy
et al,, 2019). The worldwide desalination capacity expanded
from 95.6 M m’ per day in 2016 to 99.8 M m” per day in 2017
(Al-Kaabi and Mackey, 2019), with the MENA region
accounting for 47.5% of global desalination capacity (Kress
et al., 2020). According to Jones et al. (2019) findings, 142 M
m’® of brine is created daily throughout the world, with Saudi
Arabia, the United Arab Emirates (UAE), Kuwait, and Qatar
accounted solely 55%. Desalination provides a limitless and
continual supply of freshwater, but creating enough freshwater
in a sustainable manner is a challenging task (Al-Kaabi and
Mackey, 2019). Although much emphasis has been placed on
improving the technical aspects of desalination processes, which
has resulted in cost savings and increased efficiency, the
accompanying environmental issues have been overlooked, in
particular the consequences of the discharge of desalination by-
products, such as the effects of concentrate effluent on the marine
coastal ecosystem (Gacia et al., 2007).

This review paper will provide a complete examination of the
many elements influencing desalination brine’s physicochemical
characteristics with emphasis on its influence on marine chemistry
and biodiversity. More importantly, the most modern brine
management solutions for sustainable desalination and a healthy
marine environment will also be explored.

DESALINATION PROCESSES: CASE
STUDY OF THE ARABIAN GULF

The Arabian Gulf region is hyper-arid and subtropical; it is a
shallow semi-enclosed sea with an average depth of 35 m and
salinity of 39 psu (Al-Barwani and Purnama, 2019). Low
precipitation, freshwater input from land, and a high
evaporation rate, combined with its topographical features,
have resulted in extreme seawater temperatures and salinity
(Sheppard et al., 2010). Seawater desalination accounts for 61%
of all freshwater produced globally (Kress et al., 2020).
Desalination technologies are currently divided into two
groups: thermal and membrane-based, which are mostly
represented by multi-stage flash (MSF) and reverse osmosis
(RO), respectively. Hybrid desalination process combining

both technologies in the same plant was described by
Loutatidou et al. (2017). When compared to current
desalination technologies, RO is the most cost-effective,
reliable, and energy-efficient at producing freshwater (Shaaban
and Yahya, 2017). Accordingly, MSF technology dominates the
desalination facilities in the Arabian Gulf, accounting for about
86.7%o0f total desalination capacity, owing to its reliability and
simplicity (Al-Kaabi and Mackey, 2019; Anis et al,, 2019). The
dominance of MSF in the Arabian Gulf has shifted in favour of
RO, as only four of the 38 planned desalination plants in 2012
were MSF, while 26 were RO. This is largely resulting from the
technological advancements in RO technologies, which have
enabled RO to operate in the Arabian Gulfs extreme water
conditions, thus lowering the cost of desalination treatment
(Dawoud, 2012; Ahmad and Baddour, 2014).

Reverse Osmosis

The RO process works by applying hydraulic pressure to the
chamber with the highest salt concentration, forcing water
molecules to pass through a semipermeable membrane into the
chamber with the lowest salt concentration (Lazarides and
Katsanidis, 2003). Subsequently, the salt is prevented from
passing through the membrane, and concentrated brine is
formed in the feed chamber (Panagopoulos et al., 2019).
The capacity of RO for feed water containing total dissolved
solids (TDS) of up to 70,000 mg/L, RO may desalinate with a
maximum water recovery level of 50%. Hence, one of the
two major drawbacks of RO is its ineffectiveness at operating
as an independent technology for brine treatment (Matin
et al., 2019).

Multi-Stage Flash

The MSF desalination plant heats the feed saltwater to its
evaporation point using condensing vapor from the flash units
as well as an external source of heat, the brine heater, which
raises the feed temperature to a maximum of 120°C. Some of the
feed evaporates and condenses in the feed pre-heat exchangers
when the high-temperature feed brine travels through a sequence
of reduced vapor pressure and temperature flash components.
Consequently, freshwater is created from condensed water
vapor, and highly concentrated brine is discharged from the
final flash unit stage (Heidary et al., 2018).

MSF has the capacity to generate high-quality freshwater
while also requiring little pre—treatment. Another advantage of
MSEF is that the technology is commercially accessible, allowing it
to be enhanced to create freshwater from high-TDS brine. The
treatment efficiency of high-TDS brine is limited by the
corrosion of the normal stainless-steel types used because of
high chlorine environment. Another issue is the high specific
energy consumption, which can range from 12.5-24 kWh/m?,
making it an energy-intensive technology (Cali et al., 2008).

Hybrid Technologies

A hybrid desalination plant combines two or more desalination
methods, such as RO and thermal-based technologies such as
MSF or Multiple Effect Distillation (MED). These hybrid

Frontiers in Marine Science | www.frontiersin.org

April 2022 | Volume 9 | Article 845113


https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Omerspahic et al.

Desalination Brine Impacts and Management

desalination plants are particularly common in the Middle East
Region (Missimer and Maliva, 2018). When compared to
individual desalination plants, hybridization allows the
combined desalination plants to operate in a more sustainable
and cost-effective manner (Cali et al., 2008; Heidary et al., 2018).
The hybrid systems combine the benefits of both plants, such as
combining the low specific energy consumption of RO with the
ability of MSF to produce high-quality freshwater, allowing the
use of energy and water as needed, which brings large savings on
maintenance costs (El-Sayed et al., 2000; Marcovecchio et al.,
2005; Marcovecchio et al., 2005; Al-hotmani et al., 2019).

In addition to the above, because hybrid desalination systems
share the same feed intake and brine discharge systems, combining
effluents from both thermal and membrane-based desalination
plants lowers the temperature of MSF or MED brines and dilutes
the higher-salinity brine of RO (Missimer and Maliva, 2018).
Hybrid desalination systems save energy, reduce carbon dioxide
emissions, and comply with environmental laws and regulations
(Al-hotmani et al., 2019).

When compared to other thermal-based desalination
technologies, a combination of multi—effect distillation thermal
vapor compression (MED TVC) and RO has the potential to be
implemented in the future, because performance of the MED
TVC technique has better efficiency due to fewer scaling
problems and lower fouling, in addition to functional
economic features and reduced requirement for scheduled
maintenance (Al-hotmani et al., 2019). Although RO is
regarded as a sustainable desalination technology, it has some
drawbacks, such as membrane degradation and fouling issues.

Combining the freshwater produced by the two desalination
technologies will result in an efficient seawater desalination
process, because of the high-water recovery and lower energy
consumption at a higher production flow rate, as well as the
environmental benefit of lowering the salinity and flow rate of
the brine produced (Al-hotmani et al., 2019).

The largest MED and RO hybrid complex was built as a
second stage in the UAE, as part of the Fujairah project. The
MED and RO hybrid desalination system is capable of generating
591,000 m>/day of freshwater; however, the first phase of this
project combining the MSF and RO hybrid desalination systems
was capable of generating 591,000 m*/day (Esmaeilion, 2020).

CHARACTERISTICS OF DESALINATION
BRINE

Physical Characteristics

The quality and amount of the brine are governed by the quality
of the feed water, pre-treatment process, desalination process,
water recovery rate, and disposal technique (Panagopoulos et al.,
2019) (Table 1). Brine effluents released from MSF and RO
seawater desalination facilities have physical properties (such as
salinity and temperature); cleaning, bio-fouling, scale, and foam
control chemicals; coagulants added to remove suspended solids;
and pollutants resulting from corrosion, such as heavy metals
(Lin et al., 2013). Although RO relies on hydraulic pressure and
does not change the temperature of the seawater used, it does

TABLE 1 | Physicochemical composition of the desalination brine.

Oman Emirates Qatar
Desalination RO RO RO
Calcium (mg/L) 417 - 1020 220 -1 180 1350
Magnesium (mg/L) 260 - 1980 311 - 2660 7600
Sodium (mg/L) 1670 - 15,300 311 -17,700 NR
Potassium (mg/L) 43.1 - 668 34.1 - 950 NR
Strontium (mg/L) 11.4-28.2 4.56 -21.10 NR
pH 3.07 -7.94 6.38 - 7.87 NR
Carbonate (mg/L) NR NR NR
Bicarbonate (mg/L) 37 -859 100 - 656 3900
Chloride (mg/L) 1964 - 77,335 2,933 -34,839 29,000
Sulphate (mg/L) 1143 - 6139 756 -4602 3900
Nitrate as NO3 (mg/L) 5.2-46.7 3-47.2 NR
Fluoride (mg/L) - <0.1-2.3 NR
E.C (mS/cm) 9870 - 10,850 - 81,100 NR
S.AR (me/l) 156.51 -64.65 6.8 -67.25 NR
S.E.R (me/L) 61.77 -75.012 31.1-74.29 NR
Langelier Index (me/L) -0.38 - -0.28-1.2 NR
Ryzner Index (me/L) 4.38-9.27 4.47 - 7.69 NR
TDS (ma) 8,747 - 48,510 3700 - 61,587 NR
Total ions (mg/L) 8,765 - 48,618 33,765 - 61,645 NR
Total alkalinity (mg/L) 30 - 704 82 - 538 NR
Total hardness (mg/L), 2,211 -9,951 1,730-12,872 NR
Iron (mg/L) <0.05 - <0.05 -0.33 NR
Manganese (mg/L) <0.05 -0.07 <0.05-0.07 NR
Copper (mg/L) <0.05 <0.05 - <0.5 NR
Zinc (mg/L) <0.05 <0.05 - <0.5 NR
Chromium (ma) <0.02 <0.05 NR
reference (Ahmed et al., 2001) (Ahmed et al., 2001) (Bello et al., 2021)
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have highly complex pre-treatment steps that include
antiscalants and coagulants that may change the pH of the
water, resulting in brine that is the same temperature as
ambient water but with a much higher salinity (Missimer and
Maliva, 2018; Frank et al., 2019; Matin et al., 2019).

MSF desalination, on the other hand, relies on evaporating
and condensing the input saltwater, resulting in brine effluent
with higher temperature and salinity levels, although the salinity
is generally significantly lower than with RO (Hashim and Hajjaj,
2005; Bandi et al., 2016).

Chemical and Heavy Metal Characteristics
Desalination brine effluents include significant levels of Cl- and
Na+, as well as other ions such as Ca®*, Mg®", and SO}~
(Panagopoulos et al.,, 2019). Several studies have been
published on the presence of heavy metals such as copper (Cu)
in desalination brine effluents and seawater. MSF, on the other
hand, relies on the use of stainless steel with strong "
resistance and non-metal equipment. Brine discharges from RO
often include metals at trace quantities, such as iron (Fe), nickel
(Ni), chromium (Cr), and molybdenum (Mo). Copper
contamination is more frequent in MSF effluents and is
derived from Cu-based alloys used as components in the
distillation process (Lin et al., 2013).

Furthermore, chemicals such as biocides, surface—active agents,
anti-scale additives, and solid residues from filter backflushing may
be present in the effluent discharge on a continuous or periodic
basis, posing a risk to the environment (Frank et al., 2019). Brine
effluents from RO desalination plants not only have a high salt
content but typically also contain compounds from the desalination
process, such as phosphonate-based antiscalants and ferric (or
alum) sulphate-based coagulants (Frank et al., 2019).

FACTORS INFLUENCING THE
PHYSIOCHEMICAL COMPOSITION OF
BRINE

Intake Water Quality

The quality and amount of the brine are governed by the quality
of the desalinated input water, pre-treatment, the desalination
process, and the water recovery rate (Hashim and Hajjaj, 2005)
(Figure 1). The amount of brine produced is determined by the
capacity of the desalination plant and the water recovery rate,
which refers to the percentage of freshwater produced from the
total volume of feed water used. As a result, feed water with
higher salinity levels will produce more concentrated brine if the
water recovery rate remains constant, and thus, better feed water
quality will lead to a higher recovery rate (Jones et al., 2019). The
brine generated will become more concentrated and lesser as the
water recovery rate increases.

The design and operation of seawater RO desalination pre-
treatment is highly dependent on the quality of feed water, which
has an impact on the quality of brine discharged, as lower-quality
feed water with high biological activity necessitates more pre-
treatment, which necessitates the use of more chemicals such as
anti-fouling agents, chlorine, and acids, which are critical for
treatment of the feed water and pipelines, and which ultimately
ends up being discharged at a lower quality (Hashim and Hajjaj,
2005; Dupavillon and Gillanders, 2009; Missimer and Maliva,
2018). Membrane biofouling is a major issue for seawater RO
desalination plants, as it leads to higher maintenance and
operation costs. Because pre-treatment of the feed water is
required for an efficient desalination process, using high
—quality feed water at the intake stage will reduce the
complexity and need for pre-treatment processes.

Intake Water Quality

* Good feed water quality will lead to
a higher recovery rate

* Low feed water quaity require more
treatments which in turn will lead to
lower recovery rate

Discharge Approach

« Surface discharge results in
buildup of highly concentrated
saltwater in that area

* Submerged brine discharge
allows for better dilution of brine

Chemical

Composition

Climate and Seasonal Variation

+ Climate: Extreme water temperatures
and salinity levels

*  The likelihood of biofouling and
membrane scaling increases as the

' temperature rises
* High temperature results in lower

water quality and less concentrated
brine

Desalination Techniques

RO
MSF
+  Hybrid

FIGURE 1 | Factors influencing the physicochemical composition of brine.
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Surface intake is the most popular method used by seawater
RO desalination plants, and typically delivers lower-quality feed
water that requires more pre-treatment and is highly affected by
seasonal changes, as harmful algal blooms can result in closure of
the desalination plant, whereas a sub-surface intake system
avoids these problems by using geological media as a natural
filter (Dehwah and Missimer, 2016)

Climatic and Seasonal Variation

Due to low precipitation and high evaporation rates, the Arabian
Gulf is known for being a shallow sea with extreme water
temperatures and salinity levels (Sheppard et al., 2010).
Furthermore, the seasonal variation in the Arabian Gulf’s
water temperature is high, with temperatures reaching 36°C in
the summer and less than 15°C in the winter (Hashim and Hajjaj,
2005; Zhao et al,, 2017). The likelihood of biofouling and
membrane scaling increases as the temperature of the input
water to the saltwater RO desalination plant rises (Al-Bahri et al.,
2001; Shaaban and Yahya, 2017).

More chemicals will be needed to pre-treat the feed water in
order to reduce biofouling and allow for a more efficient and
consistent desalination process. Consequently, the chemicals
used in the pre-treatment process will end up in the
discharged brine, which will not be treated for these impurities.
Because the performance of saltwater reverse osmosis (SWRO) is
dependent on permeate flux, salt rejection, and specific power
consumption, the optimum temperature and salinity of feed
water differs depending on the membrane used in seawater RO
desalination plants. Salt rejection decreases as feed water
temperature and salinity rise, resulting in lower-quality
freshwater and less concentrated brine (Shaaban and
Yahya, 2017).

Desalination Techniques

The temperature of brine produced by membrane-based
technologies is very similar to that of ambient seawater,
whereas brine produced by thermal-based technologies can be
1.37-1.82 times higher (Missimer and Maliva, 2018;
Panagopoulos et al., 2019). Furthermore, brine produced by
normal seawater RO can contain up to 50% of total dissolved
solids, which includes different chemical residues from the pre-
treatment and cleaning processes (Ahmad and Baddour, 2014).
NaOCl, FeCl;, AlICl;, H,SO,4, HCI, and NaHSO; are commonly
used in the pre-treatment phase to treat water to limit algae
growth, minimize corrosion, avoid scaling, chlorinate the water,
and adjust the pH (Mavukkandy et al., 2019). The water recovery
rate is determined by the desalination process and the salinity of
the feed water. Because SWRO has a water recovery rate ranging
from 40% to 55%, the brine generated will have greater salinity
and lower volume as the water recovery rate increases.

Discharge Approach

Surface water discharge, deep well injection, sewage discharge,
evaporation ponds, and land applications are some of the ways in
which brine from desalination facilities is disposed of inland and
into the sea (Mavukkandy et al., 2019). The quality, content, and

quantity of brine, as well as the geographical location at the point
of discharge, the validity of the choice, and the availability of an
acquisition site, all influence the optimal brine disposal strategy
(Mansour et al., 2017; Mavukkandy et al., 2019). More than 90%
of seawater desalination facilities use the surface water approach
to discharge brine into open water bodies (Panagopoulos et al.,
2019). This method is commonest owing to the short distance
between the desalination plant and the sea. Accordingly, the
inland disposal option has become undesirable (Ahmad and
Baddour, 2014).

Surface discharge and sub-surface discharge are the two types of
brine discharge to open water bodies. The first type discharges brine
via an outfall structure very near to the coast, resulting in a build-up
of highly concentrated saltwater in that area (Ahmad and Baddour,
2014). In contrast, submerged brine discharge, which is used by the
majority of large desalination plants, allows brine to be discharged
deeper and further into the mixing zone of the receiving water body
via pipes with diffusers or vertical risers embedded at the
discharging end. This method allows for better dilution of brine
with ambient seawater to reduce salinity, thus minimizing the
impact on the marine environment (Ahmad and Baddour, 2014;
Mansour et al., 2017; Missimer and Maliva, 2018).

The vertical riser can be used in deep-sea brine discharge. It is
positioned vertically and equipped with a nozzle that increases
the momentum of the discharged brine, resulting in dilution of
the brine with seawater. The brine is discharged vertically with
great momentum, causing it to ascend to a certain height then
descend due to its negative buoyancy, eventually dispersing
around the discharge point on the sea floor (Ahmad and
Baddour, 2014; Missimer and Maliva, 2018). Diffusers are
commonly used in sub-surface brine discharges, which can
include rosette or multi-port diffusers, which are essentially
multiple nozzles on the end of the discharge pipe that promote
mixing of brine with ambient saltwater in the water column to
prevent brine accumulation on the sea bottom (Missimer and
Maliva, 2018).

The most common method of brine disposal in the Arabian gulf
is disposal back into the sea. Most of the desalination plants are
located closer to the sea itself, making it easier to dispose the waste
effluent back directly through pipes leading to the sea. Ahmed et al.
(2001) investigated brine disposal methods in Oman and UAE. It
was found that various disposals were used including sea disposal,
small bores and evaporation ponds, located within 200 m of the
plant itself. Furthermore, all plants investigated in UAE disposed the
brine back into the sea either directly or by disposing into creeks
which were linked closely to the sea.

The salinity of brine is reduced by diluting it with regular
seawater, municipal wastewater, and cooling water from a
neighboring power station prior to disposal (Ahmad and
Baddour, 2014; Mansour et al., 2017; Missimer and Maliva,
2018). However, because the temperature and salinity of water
discharged from cooling and desalination plants are both higher
than that of the receiving seawater, the cooling power plant
discharge can float on the surface, although because the
desalination discharge is more salinic and heavier, it drags the
cooling power plant water with it as it descends. Hence, the entire
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water column is involved in the salinity and heat dissipation
process, which speeds up the dilution of discharged water
(Missimer and Maliva, 2018).

IMPACT OF DESALINATION BRINE ON
MARINE HEALTH

In general, anthropogenic activities pollute the coastal marine
environment, altering the environment’s physiochemical
properties and resulting in changes in marine communities.
Physiochemical conditions can be altered by the presence of
pollutants, hypoxia, organic enrichment, decreased
hydrodynamic conditions, and, more recently, brine discharge
(de-la-Ossa-Carretero et al., 2016). Salinity elevation in receiving
soil and water bodies and the territorial consequences of brine
with high total dissolved solids on benthic marine life close to the
discharge site are the most important environmental challenges
associated with brine disposal (Miri and Chouikhi, 2005;
Panagopoulos et al., 2019).

It is important to note that the production of brine as a by-
product of seawater desalination is almost unavoidable, and it is
typically released into the marine environment (Meerganz von
Medeazza, 2005). The harmfulness of brine to the marine
environment can occur as a result of abnormally high salinity,
or the occurrence of pollutants that do not naturally exist in the
receiving water body. Apart from the high salinity of the brine,
other substances that may be present include dangerous pre-
treatment chemicals, anti-fouling agents, heavy metals, organics,
chlorine, and acids, all of which are important for treatment of
the feed water and pipelines.

In addition to the above, before being dumped into the water,
these elements are seldom treated to remove their toxicity. Heavy
metals and toxic compounds can be harmful to marine creatures,
but salinity is the most significant physiochemical influence they
face (Dupavillon and Gillanders, 2009). The heavy metals and
other harmful chemicals degrades the water quality and local
hydrography of the receiving water body, interfering with
physiological processes of the biotope such as enzymatic
activity, nutrition, photosynthesis, respiration, and
reproduction, as well as unnoticed behavioral changes within
the ecological community, such as increased stress levels in
organisms and increased susceptibility to diseases due to
changes in gas solubility and the occurrence of toxic ions
(Kenigsberg et al., 2020 and Frank et al., 2017)

Two of the main factors that determine the vulnerability of
marine organisms to salinity changes are their ability to regulate
osmotic pressure and their mobility. Osmotic regulators, such as
most marine fish, can regulate the content of salt within their cells
when salinity changes, unlike osmotic conformers; and mobile
marine organisms can abandon areas when the osmotic pressure
changes. Sessile organisms such as corals and plants, on the other
hand, lack this ability and are more susceptible to increased salinity
(Dupavillon and Gillanders, 2009; Missimer and Maliva, 2018).

Even though natural marine ingredients are found in
desalination brine, disposing of brine without dilution will
cause the brine to descend to the sea floor due to its higher

density compared to ambient seawater, forming a stratified
system whose effects can reach hundreds of meters, thus
harming benthic organisms (Dupavillon and Gillanders, 2009).
Furthermore, if the effluent brine is not properly mixed before
release, the quantity of dissolved oxygen in the water may change
(Dupavillon and Gillanders, 2009). Moreover, because the
toxicity of chemicals and metals increases as the temperature
rises, the discharge of brine with a temperature 30-40°C higher
than incoming seawater can have a variety of consequences on
marine life (Panagopoulos et al., 2019) (Table 2).

Potential Impacts of the Brine’s Salinity on

Fauna (Vertebrate and Invertebrate)

Mobile marine species can adapt to changes in their
environment, such as changes in salinity or disruptions in their
habitat, by migrating to more suitable sites (Missimer and
Maliva, 2018). Many species evade salinities higher than 50 psu
according to an experiment conducted by Remaili et al. (2018).
Tolerance to high salinity is species-specific, with polychaete and
crab species having the highest tolerability (surviving a salinity of
60 psu for an extended period), gastropods and bivalves species
showing moderate tolerance, and shrimp, copepod, and
amphipod species being the least tolerant Figure 2.

Two fish species and a clam species were used in one of the
preliminary experiments to measure the effects of discharged
desalination brine on marine organisms. The results showed that
there were no effects for salinities under 45 parts per thousand
(ppt), but as the salinity increased to 50 ppt, sea bream juveniles
were affected within 30 minutes (body coloration darkened) and
the first death occurred within 24 hours, whereas juveniles
exposed to 70 ppt died after one hour (Iso et al, 1994). When
the salinity reached 60 ppt, the hatching of flounder eggs slowed
down, and no eggs hatched after the salinity reached 100 ppt.

A study of the toxicity of artificial seawater and desalination
brine on embryos and larvae of a euryhaline species, the Japanese
medaka, found no difference between the toxicity of the salt
water levels. However, as salinity increased to more than 35 ppt,
the swim bladder inflation of the larvae decreased, impairing the
fish and forcing them to consume more oxygen than larvae with
inflated swim bladders (Kupsco et al., 2017). Furthermore, when
exposed to salinities greater than 35 ppt, the number of days
required for the eggs to hatch rose significantly, reducing larval
survival and competitiveness in the wild (Kupsco et al., 2017).

Another study used prepared brine to test the hypersalinity
toxicity thresholds for seven marine organisms, including
vertebrates and invertebrates, as well as reject brine from the
Monterey Bay Aquarium’s (MBA) RO desalination plant, to test
three marine species. The results showed that salinity tolerance
was species-specific (Voorhees et al., 2013). The euryhaline
topsmelt was the most salinity-tolerant species, followed by
mysid shrimp and the giant kelp, with mean half maximal
effective concentrations (ECsy) on the survival of topsmelt and
mysid shrimp of 61.9 ppt and 47.8 ppt, respectively, whereas the
highest salinity effects occurred in the marine larval development
tests, with ECs, for red abalone, purple urchin, and sand dollar of
36.8 ppt, 38.1 ppt and 39.6 ppt, respectively, while the mussel’s
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TABLE 2 | Impact of the Desalination Brine on the Marine Health.

Sensitivity
Fauna Temperature  Salinity Ph Pollutants Impact Country  Reference
Corals, Plankton and ~ 27.5°C NA 58+ NA Reduction and absence of various fish Egypt (Mabrook,
fish 0.25 species. Corals and planktonic species 1994)
were completely absent from effected site.
Phytoplankton 10°C higher ~40 NA  Iron, Polyphosphonate Cell number decreased with increased Israel (Drami
than ambient antiscanlant, HCI, NaOH, temperature and salinity et al., 2011)
Sodium bisulfite, CaCOg, nitrate
and silicic acid
Benthic fauna 25.23°C NA 59 NA Lower abundance of benthic communities  Algeria (Belatoui
in impact stations compared to control. etal, 2017)
Benthic heterotrophic = NA 5-20% NA  NA 60% reduction in bacterial abundance Israel (Frank
bacteria higher etal, 2017)
than
control
Bacterial and NA NA NA  Iron hydroxide, polyphosphonate  Physiological and compositional changes Israel (Belkin
eukaryotic with a decrease in diversity et al., 2017)
microorganisms
Acropora tenuis, 26.4° 10% 82 02mg L~ Polyphosphonate Reduction in symbiotic heterotrophic Israel (Petersen
Stylophora pistillata, higher bacteria and bleaching et al., 2018)
and Pocillopora than
verrucosa control
(44-45)
Coral reef 31.633°C 42.358 +  7.081 Higher Magnesium in reject 65% dead Marsa (Nasr et al.,
+0.058 0.006 + water Humira, 2019)
0.001 Egypt
Coral reef 33.36°C 43.210 £ 7.887 Higher phosphate, silicon bleaching Shalateen,  (Nasr et al.,
+0.165 0.139 + dioxide, iron and magnesium Egypt 2019)
0.085
Foraminifera 18.8- 26.8°C  40.9-44.9 NA NA Abundance and diversity decreased in brine Israel (Kenigsberg
(5-6°C higher discharge zone, specifically for organic- et al., 2020)
than control) cemented agglutinated benthic foraminifera
Patella rustica 16.06°C 40.65 8.24  Chemical cleaning acids Biotransformation and antioxidant defense  Algeria (Benaissa
enzyme activity increased. Molecular et al., 2020)

damage due to genotoxicity in limpets.
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FIGURE 2 | Potential impacts of the brine’s salinity on fauna (vertebrate and invertebrate).
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larval development ECsq was 43.3 ppt. The ECs; of sand dollar
and purple urchin fertilization was 40.3 ppt and 44.2 ppt,
respectively. It is worth noting that there were no variations in
mussel larval growth of EC5, = 43.3 ppt between prepared brine
and brine effluent from the MBA RO desalination facility,
showing that salinity was the only factor determining toxicity
(Voorhees et al., 2013).

Desalination brine can have double the salinity of seawater,
reaching up to 70 ppt. As the salinity increased, the hatching rate,
growth, and larval development of the cuttlefish noticeably
decreased when compared to ambient seawater, salinities above
40 ppt decreased the embryo’s survival and also caused osmotic
stress on the egg (Dupavillon and Gillanders, 2009).

Increased salinity also reduces gas diffusion in the eggs, resulting
in smaller eggs and decreased hatching survival. Pathogenic
infections also rise with increased salinity (Dupavillon and
Gillanders, 2009). Another effect of desalination brine is the
concentration of metals and trace elements, which can cause
mortality as metals prevent embryos from hatching. Elevated
levels of magnesium reduce the activity of newly hatched eggs,
inhibiting their movement and defensive mechanisms; and because
brine is negatively buoyant and cuttlefish spend a part of their life
cycle as benthic organisms, especially as benthic eggs, they are
extremely vulnerable to bacterial infections (Dupavillon and
Gillanders, 2009).

Brine discharges have resulted in the depletion of fish
populations as well as the death of corals and plankton in the
Red Sea, while the Ras Hunjurah lagoon in the UAE suffered
increased mortality of its mangroves and marine angiosperm, as
well as increased pollution caused by inflated copper and nickel
levels as a result of brine discharges (Del-Pilar-Ruso et al., 2007).

Table 2 shows a summary of all studies conducted in the ME
region outlining effects of brine disposal on the various fauna.

Flora (Sea Grass)

Desalination brine discharges have severely impacted Posidonia
oceanica seagrass for a prolonged period (Gacia et al., 2007; Ahmad
and Baddour, 2014). Seagrass plays a crucial role in the marine
ecosystem; meadows of Posidonia oceanica can shelter associated
algae, invertebrates and vertebrates in areas of high biodiversity, and
contribute to improving water quality, preventing coastal erosion,
and regulating biochemical fluxes along the coast (Gacia et al,
2007). Thalassia testudium was unaffected by a salinity increase of
up to 4 ppt from an RO desalination discharge, and both
Cymodocea nodosa seagrass and Caulerpa prolifera green algae
were unaffected by a discharge plume as long as the salinity
remained below 37.5 ppt, which is within their natural salinity
range (Gacia et al., 2007); whereas a 1-2 ppt increase above ambient
salinity of 37-38 ppt caused significant effects on P. oceanica
(Sanchez-Lizaso et al., 2008). P. oceanica is sensitive to increased
salinity due to brine discharge and was substantially impacted. The
plant’s tissues suffered an increase in nitrogen content and reduced
glutamine synthetase activity and its health was impaired,
particularly in the area next to the discharge where the salinity is
higher, the deleterious impacts on the plant’s health being because
of a higher occurrence of necrosis, a reduction in total non-
structural carbohydrate content, and reduced leaf growth (Gacia
et al., 2007; Sanchez-Lizaso et al., 2008). The structure and vitality of
P. onceanica were severely affected at a salinity of 39.1 ppt and 38.4
ppt, respectively, and the plant’s mortality considerably increased
above 40 ppt, as 50% of P. onceanica died upon the exposure to 45
ppt salinity within 15 days (Sanchez-Lizaso et al., 2008) (Figure 3).

organics, chlorine, and ac
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id

3
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FIGURE 3 | Potential impacts of the brine’s salinity on flora.
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Increased salinity of water can have detrimental consequences
for seagrass, including increased morbidity and mortality,
decreased root development, highly negative water potentials,
an increase in osmoregulators such as amino acids and sucrose,
and a drop in potassium and calcium ion concentrations
(Cambridge et al., 2017). Increased concentrations of nutrients
such as nitrates are another effect of desalination brine discharge,
leading to an increase in epiphyte abundance (Gacia et al., 2007).

Microbiome (Bacteria, Archaea, Fungus,
Microalgae)

Desalination brine disposal raises the salinity of seawater and
introduces associated chemicals into the receiving water body,
resulting in the deterioration of marine health and water quality
due to changes in environmental physio-chemical characteristics,
which alter the ecosystem’s diversity and productivity. Changes in
biodiversity, as well as the succession of various species, can further
degrade water quality by stimulating the production of detritus
(Belkin et al., 2015; Hosseini et al., 2021). Because of its capacity to
regulate functional performance, growth rates, and changes in the
structure of the bacterial community, salinity is considered to play
the most important role in defining the worldwide distribution
patterns of bacteria and other microorganisms (Belkin et al., 2015).

A study to determine the toxicity of desalination brine on different
marine organisms, including four phytoplankton species (Chlorella
vulgaris, Isochrysis galbana, Skeletonema coastatum, and Tetraselmis
suecica), found that salinity tolerance varies by species, with the half
maximal effect concentration (ECs) of population growth inhibition
(PQGI) after 72 hours of exposure to C. vulgaris, I. galbana (Yoon and
Park, 2011). Another study looked at the impact of desalination brine
on the marine microbial community by increasing salinity to up to
5% and 15% of ambient water (41 and 45 ppt, respectively) while
taking seasonal changes into account. The experiment was repeated
for the spring and summer seasons, using a homogeneous water
column in the spring and a thermally stratified water column with
a slightly gradual temperature increase in the summer, according to
the study report (Belkin et al., 2015). Photosynthesis was
suppressed because salt stress deactivates both the Photosystem I
(PSI) and Photosystem II (PSII) reaction centers of photosynthesis,
as well as preventing new protein synthesis, particularly the D1
protein synthesis in PSII. Furthermore, cyanobacteria’s adaptation
to salt stress can take 12 to 24 hours, during which time the cells
initiate osmolyte synthesis (Belkin et al., 2015).

Furthermore, within the first two hours of increasing salinity, the
indirect proxy of algal biomass, chlorophyll a (Chl a) and
photosynthetic pigment was reduced. The reduction in Chl a
levels was probably due to the immediate death of salinity-
sensitive species of phytoplankton, whereas the heterotrophic
organisms’ response resulted in increased bacterial productivity, as
a result of higher use of organic carbon by bacteria to endure the
changing osmotic stress of cells (Belkin et al., 2015). Over the course
of the studies, there were two distinct reactions of the microbial
community: The spring—driven experiment had a small change in
community composition with strong metabolic activity in response
to increased salinity, whereas the summer-driven experiment had a
structural shift (Belkin et al., 2015). A field study was conducted in

three seasons (spring, summer, and winter) to determine the effects
of desalination brine diluted with power plant cooling water on a
microbial community. Increased salinity and temperature of the
impacted receiving water body resulted in a 60% reduction in
average Chl a concentration during spring and winter, and a 32%
reduction in average Chl a concentration during summer, as well as
a reduction in total cell numbers compared to ambient waters, with
impacted areas having 3.8, 2, and 6 times lower cell numbers during
spring, summer, and winter, respectively (Drami et al., 2011).

When compared to the control values of 4.41 1.4, 4.79 0.85,
and 5.53 0.37 mg cm™ h™' during spring, summer, and winter,
respectively, the average primary production rates in the affected
region were 0.60 0.56, 1.84 0.67, and 1.43 0.31 mg cmh ™" during
spring, summer, and winter, respectively. Similarly, during
spring and winter, the average rates of bacterial production
were significantly lower at the impacted area; 0.03 0.03 mg cm-
3 h™! for both seasons, compared to control values of 0.19 0.10
mg cm-3 h™! in spring and 0.46 0.05 mg cm-3 h™ in winter, while
summer values showed an increase in bacterial production rate
from 0.58 0.25 mg cm-3 h™! in the control area to 1.64 0.73 mg
cm™ h™ in the affected region (Drami et al., 2011).

BRINE MANAGEMENT STRATEGIES

Brine Management and Zero Liquid
Discharge Technology

Disposal of desalination brine and reduction of its associated
environmental effects are two of the focal issues of new technologies
(Mansour et al., 2017) (Figure 4). As a result, appropriate and efficient
actions must be taken to ensure the safe disposal of desalination brine
and its related toxic substances that occur in the brine from
desalination processes (Loutatidou et al.,, 2017). In modern-day
brine management, two basic techniques are used: The first is
volume reduction, which aims to retrieve additional amounts of
water equal to or beyond the saturation concentration, and the
second is zero liquid discharge or crystallization approaches, which
aims to retrieve water and various salts from the highly concentrated
brine (Mavukkandy et al., 2019).

Zero liquid discharge is defined as a synthesis of desalination
technologies that aims to generate high-quality water without
producing any liquid waste at all. These processes achieve a water
recovery rate of 95-99%, and the water produced is very pure
and can be used for a variety of purposes including drinking and
irrigation. In addition to the production of water, the solutes are
compressed into their solid state, which can be processed further
to produce a useful substance (Muhammad and Lee, 2019).

There is no universal zero liquid discharge system to be adopted
by all desalination plants because zero liquid discharge systems
differ in their design, arrangement, and operation, making each
system unique. However, a standard zero liquid discharge system
consists of three main stages, the first of which is pre-concentration,
in which membrane-based technologies recover water and reduce
brine volume. Various methods can extract resources from brine,
including those that work alone or as part of a hybrid compound of
processes (Mavukkandy et al., 2019).
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Membrane-Based Technologies

As previously stated, RO is one of the most commonly used
desalination technologies, capable of treating feed water with
TDS of up to 70,000 mg/L. However, an enhanced HPRO
technology exists that is capable of treating the brine from a
typical RO desalination plant with TDS of up to 130,000 mg/L
with 50% water recovery, though it does face challenges (Jenkins
et al, 2012; Anis et al,, 2019; Mavukkandy et al., 2019).

Forward osmosis differs from RO in that it is driven by
osmotic pressure gradients, in which an extremely highly
concentrated solution, also known as “draw solution”, is used
against the feed water to generate osmotic pressure, forcing the
water molecules of the less concentrated feed water to pass
through the membrane, eventually removing the freshly
produced water from the highly concentrated feed water
(Maliva and Missimer, 2013; Mansour et al., 2017).

Membrane distillation (MD) is a membrane-based technology,
the concept of which relies on a micro-porous hydrophobic
membrane that allows water vapour to pass through while
restricting the liquid water. This process is powered by vapour
pressure, which is generated by a temperature difference across the
membrane (Mavukkandy et al, 2019). The other side of the
membrane condenses the water vapour to produce freshwater as
a cold distillate (Panagopoulos et al., 2019).

CONCLUSIONS

The physicochemical qualities of desalination brine are influenced
by a number of factors, including the quality of the input water,

desalination processes, and discharge methods. These features
determine how it affects the chemistry and health of the ocean.
The tolerance of marine species to the impacts of salt varies. Several
brine management solutions have been developed lately, with
increasing water recovery to eventually achieve zero-liquid
discharge being the most promising strategy for reducing the
harmful impact on marine health.
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