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Abstract: Desalination brine is extremely concentrated saline water; it contains various salts, nutri-
ents, heavy metals, organic contaminants, and microbial contaminants. Conventional disposal of
desalination brine has negative impacts on natural and marine ecosystems that increase the levels of
toxicity and salinity. These issues demand the development of brine management technologies that
can lead to zero liquid discharge. Brine management can be productive by adopting economically
feasible methodologies, which enables the recovery of valuable resources like freshwater, miner-
als, and energy. This review focuses on the recent advances in brine management using various
membrane/thermal-based technologies and their applicability in water, mineral, and energy re-
coveries, considering their pros and cons. This review also exemplifies the hybrid processes for
metal recovery and zero liquid discharge that may be adopted, so far, as an appropriate futuristic
strategy. The data analyzed and outlook presented in this review could definitely contribute to the
development of economically achievable future strategies for sustainable brine management.

Keywords: brine solution; management; hybrid technologies; sustainability

1. Introduction

Water scarcity has evolved into a global challenge with the population explosion and
its demand for industrial and domestic applications. Research has been focused on the
technological and material aspects to meet the growing water demand. With the exhaustion
of freshwater sources and the abundance of seawater or brackish water, research has been
focused on the production of clean water from these resources. Desalination has been
an important advancement that has the potential to meet the water crisis, but with the
advantages of this process there are disadvantages too. The large production of brine,
i.e., the highly concentrated salt stream from the desalination plant, is a major concern as
most of the desalination plants dispose of the brine into the original water source. The
salt accumulation in brine increases the seawater salinity and consequently it increases
the energy needed for desalination for a potable water supply. Brine also contains metals
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and chemicals (Table 1) that cause negative effects on marine ecosystems. The threats
posed by brine discharge lead to socioeconomic and socio-political consequences such
as energy demand, water stress, and negative health impacts. Therefore, the increasing
pollution of the water resources has to be managed strategically to maintain the balance of
the ecosystem.

However, there are socio-political and legal challenges that any management approach
should address for the development and the proliferation of brine management. It is
severely impacted by a variety of often neglected socio-political factors. These are major
factors in the success or failure of many brine management projects around the world, and
they are classified into four categories: strengths, weaknesses, opportunities, and dangers.
There are links between brine management and society’s critical needs for political stability,
better health, economic growth, and water security. For example, proper brine management
can result in the commercialization of valuable resources like water, minerals, and energy,
which will lower the overall cost and offer a business opportunity that definitely will ensure
the economic, social, and environmental stability of countries.

This review focuses on the advancement in brine management and proposes future
strategies to overcome the crisis. Hybrid technologies that can be utilized to develop a
circular solution of waste to energy or value-added products will also be discussed.

There are several review articles in this area that presented discussions on brine man-
agement and treatment-based and technology-based solutions. Bello et al. have recently
given an overview of brine management, desalination technologies, life cycle assessment,
and recovery methods [1], while Al-Absi et al. provided an update on the use of adsorption
processes as a recovery option and discussed the various brine management strategies and
technologies [2]. Mavukkandy et al. reviewed recent research and technological develop-
ment on recovering water, minerals, and energy from desalination brine [3]. Soliman et al.
have presented a comprehensive review of the current technologies of various desalination
processes and the detailed energy consumption and water production costs of these tech-
nologies [4]. However, previous reports lack detailed analysis of future prospects to achieve
sustainable brine management. Hence, the present review focuses on the current brine
disposal strategies, methods of treatment, hybrid methods for metal recovery, and zero
liquid discharge (ZLD). More attention was given to analyzing futuristic developments of a
sustainable hybrid strategy for brine management that could open gateways to remarkable
water recovery and mineral recovery channels while attaining the near-ZLD approach.

Table 1. General characteristics of brine from seawater desalination plants [5–7].

Parameters Details

Physical characteristics Salinity: above 55,000 mg/L of TDS; conductivity: 0.6 W/mK at 25 ◦C; temperature: ambient
seawater; pH: 7–8.

Inorganic salts Example: sodium chloride (NaCl), calcium chloride (CaCl2), and magnesium chloride (MgCl2) are
the major constituents.

Metals caused by corrosion Brine might have high levels of iron, chromium, nickel, and molybdenum if the facility uses
low-quality stainless steel.

Nutrients Ammonia, nitrate, and phosphorus.

Pretreatment chemicals Antiscale additive (ethylenediaminetetraacetic acid: EDTA, sodium hexameta phosphate).
Biofouling control additives such as chlorine (small quantities)—coagulants.

Halogenated organics Trihalomethanes are common byproducts of chlorine addition (low content).

Cleaning chemicals
-Acidic solutions used to adjust the pH of the seawater.
-Detergent such as EDTA, oxidants (sodium perborate) and biocides (formaldehyde) are used to clean
the membrane.
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1.1. Brine Solution and Characteristics

Brine is a by-product or the end product of a desalination process that consists of
various components. A list of typical physical and chemical characteristics of desalina-
tion brine is given in Table 1. Brine has a salinity above 55,000 mg/L of total dissolved
solids (TDS) in the stream [5]. The chemical characteristics of brine discharge depend on
various factors such as the quality of feed water and permeate water, type of desalination
process, pre-treatment method, and cleaning procedures used. Each plant has a diverse
concentration and components of contaminants in it. The presence of heavy metals, or-
ganic contaminants, strong acids/base, antiscalants, coagulants, and biocides add to the
complexity of the brine solution.

1.2. Conventional Methodologies for Disposal of Brine

The conventional strategies involved in the disposal of brine from desalination pro-
cesses can vary depending on the geographical location, quality, and volume of the brine.
Some conventional disposal methods include surface water discharge, deep well injection,
land application, evaporation ponds, and conventional crystallizers. There are several
factors that influence which option of disposal method can be adopted such as quantity and
quality of the brine, geographical location of discharge point, availability and authorization
of dump sites, and operational and transportation costs. All these are critical factors to
be addressed when a desalination plant needs to be installed. It has been reported that
almost 5% to 33% of the total cost will be spent on the disposal processes for the brine. In
addition, revenue that can be made from the brine, such as minerals recovery, waste-to-
value-added products like fertilizers, etc., are alternatives for a more cost-effective model.
The conventional brine disposal strategies have been tabulated in the Table 2.

Table 2. Conventional brine disposal strategies and its environmental impacts.

Disposal Methods Requirements Prior Disposal Cost in US$ 0.00/m3 Environmental Impact

Surface water
discharge

Compatibility with the receiving water
body, i.e., dilution to maintain salinity. 0.05–0.30 Pollution of the marine ecosystem by

altering the salinity and pH.

Sewer discharge
Basic pretreatment is essential like pH
neutralization to maintain the TDS
concentration lower than 3000 mg/L.

0.32–0.66 Potential environmental hazards due to
brine’s high TDS content.

Deep-well
injection

Wells of depth 500–1500 m is a requisite
and should be able to receive brine for
25–30 years. Other parameters are
pond size, lining material and
monitoring of the injection site.

0.54–2.65

Pollution of nearby water aquifers and
ground water contamination.
Unsuitable for countries with high
seismic activity.

Evaporation
ponds

Availability of solar energy, land and
favorable climatic conditions affect the
evaporation rate.

3.28–10.04

Improper lining or damage can cause
percolation into the water aquifer
underneath the pond and deteriorate
the water quality.

Land
application

The concentration of nutrients in the
brine needs to be well within the limits
when used for irrigation purposes.
Other factors include dilution of
concentrated discharge, availability of
irrigation land, salinity tolerance
interval and follow the groundwater
quality regulations. There should not
be any pathogenic organisms in
the stream.

0.74–1.95

High-salinity tolerant plants can only
be irrigated with a TDS higher than
2000 g/L. Ground percolation and
surface water runoff can increase the
aquifer salinity thereby causing a
negative impact on ground
water aquifer.

Conventional
crystallizers

A process used at the last stage of brine
disposal. It can be a combination of RO,
electrodialysis or evaporation process
to obtain zero liquid discharge.

3–27

Recovery and reuse of waste metal is
the objective so that it can reduce
environmental impact and generate
revenue from brine.
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1.3. Environmental Impact of Brine

The improper disposal methods of brine can cause several environmental hazards that
bring negative impacts to the air and water quality. The toxicity imposed by brine disposal
can vary depending on the potential hazardous substances it contains, such as toxic metals
(mercury (Hg), cobalt (Co), copper (Cu), iron (Fe), zinc (Zn), and nickel (Ni)), pesticides,
and acids, which cause irrevocable changes to the environment. The direct disposal of
brine into the ecosystem has also caused severe imbalance to aquatic life by fluctuating
the pH, salinity, temperature, eutrophication, etc. There are several reports wherein the
direct influence of heavy metals has impacted the flora and fauna [6,7]. The methods for
brine disposal vary depending on the geographical location of the desalination plant. The
plants that are located in the coastal line usually dispose of the brine back into the seawater,
thus affecting its salinity and the marine ecosystem as mentioned earlier, whereas the land-
based plants result in the contamination of the groundwater resources and surrounding
environment. There are several reports that have highlighted the environmental impacts of
brine disposal from desalination plants at specific geological locations [5,7].

Generally, the treatment of brine depends on the composition, such as the removal
of all organic matter initially and further removal of salts and other elements. Proper
treatment and conversion of brine to value-added substances for industrial and irrigation
purposes can be a good brine management strategy [8]. As formerly mentioned, brine
has a salinity at least 1.6–2.1 times higher than seawater and at elevated temperature up
to 50 ◦C, which is extremely high compared to the surrounding temperature, thus the
potential of affecting the marine flora and fauna. The most devastating effect it can cause is
the ‘lethal osmotic shock’ to the fishes, plankton, algae, and seagrass, causing irrevocable
damage to their cells, leading to extinction [9–11]. Water bodies with abundant marine
life such as closed or semi-closed shallow places should not be disposal sites as it greatly
affects the marine life because of the change in salinity and lowered dissolved oxygen
levels. The seasonal and cumulative effects of brine discharges from desalination plants
along the Israeli coast was studied using benthic foraminifera, a known sensitive marine
bio-indicator [12]. Another study reported fish survival for three months in raw and
calcium-reduced concentrate discharge from the desalination plant [13]. However, a very
recent short-term study for six years at two mega-size seawater desalination plants on the
Mediterranean coast of Israel has reported that brine discharge has no significant impact
on seawater quality. The study presented that it did not impact the oxygen saturation,
turbidity, pH, nutrients (except for total organic phosphorus (TOP)), chlorophyll-a, and
metal concentrations [5]. An environmental risk assessment is a prerequisite to assess
the environmental impacts associated with desalination plants. It studies and processes
a proper location for installation of a desalination plant with mitigation strategies and
waste disposal methods and their impact on marine and coastal environments [14]. Marine
monitoring and assessment should continue for as long as the plants are operational and
critically reviewed. The regulations should be re-evaluated periodically for frequency,
sampling stations, and parameters measured, and updated when necessary.

2. Conventional Technologies for Brine Treatment

Proper brine management must be designed to fulfill the criteria of a brine recycling
loop. Subjecting desalination brine to chemical/electro chemical coagulation, chemical
oxidation, chemical precipitations, and biological assimilation are the traditional ways of
brine treatment for decontamination/resource recovery before the most modern technology
replaced the conventional techniques.

Among conventional methods, chemical precipitation is mainly used only for inor-
ganic removal, whereas other methods are adopted for organic impurities. For example,
electro-/chemical coagulation and chemical precipitations are closely related techniques
that involve the summoning of smaller impurities into larger debris to help them settle
at the bottom, on top, or on a targeted site. Coagulation manipulates electrostatic charge
neutralization on organic impurities, especially non-settleable solids, upon absorption



Sustainability 2022, 14, 6752 5 of 47

against suitably added chemical agents called coagulants or flocculants (e.g., metal oxides).
The types and dosages of coagulants depend upon the nature, concentration, and com-
position of the brine. Frequently used coagulants are Al3+

, Fe3+-based salts, polymerized
inorganic metal salts, etc. Polymers like polyamine or polydiallyldimethylammonium
chloride containing large numbers of charges may also be found useful as effective coag-
ulants [15,16]. However, state-of-the-art advancements made in this field could achieve
only a maximum of 58% dissolved organic content (DOC), so far, with a high dosage
of coagulant (8.95 mM Fe3+) [16]. This is because most classes of brines consist of high
concentrations of salts containing organic impurities with all ranges of molecular weight
(MW), whereas coagulation is effective only in the case of high-MW organics removal. It
has been observed that over-dosage of these salts (especially Fe-based or old alum-based
salts) in a treatment process may lead to machinery impairment, mandating additional
maintenance. Because of this very reason, coagulation/flocculation is not extensively used
for brine treatment. Another concern of using a metal-based coagulant is its adverse effect
on the ecosystem and human health. Thus, a flawless coagulation technology has a long
route ahead to attain an acceptable competence. Mohamed et al. found that Al3+ and Fe3+

ions impregnated onto activated silica, i.e., hydrolyzed poly aluminum ferric chloride plus
silicate (PAlFeCl + Si), is a good alternative to conventional coagulants offering removal of
89% COD [17]. In an attempt to reduce the environmental impact, synthetic derivatives of
many natural coagulants have also been developed by exploiting a number of biopolymers,
viz., lignin, tannin, starch, etc. [18].

In electrocoagulation, an electrochemical reactor deployed with stainless steel and
aluminum as electrodes is being used. The elevated electrical conductivity of high saline
water is highly suitable to be treated by this method with added the advantage of less
electricity consumption. However, the electrodes must be regularly maintained or replaced
for consistent performance as the dissolution of metals from electrodes cause the coagu-
lation/flocculation of charged impurity metal ions like Ca, Sr, or non-metal like SiO2, to
affect the overall performance [19].

A major affliction that ever retards the working performance of any bulk brine treat-
ment plant is the frequent deposition of scale-forming substances. Thus, the presence of
scale precursor ions, viz. Ca2+, Ba2+, Mg2+, Si, Sr2+, etc., are invariably responsible for
inefficient water recovery since they tend to form deposits on machinery parts because
of their lower solubility limits. An ancient method to resolve this problem is to remove
such ions with the aid of chemical agents such as lime-soda, ash, etc., so-called precip-
itants or softening agents. Lime softening is a widely employed robust technology for
eliminating high scale-forming ions. Several studies have long focused on using Ca2+ to
remove silica with other metals like Ba or Mg as their hydroxides [20,21]. Recently Boo
et al. introduced a thermomorphic hydrophilicity base-induced precipitation strategy for
the removal of scalants driven by basic conditions by thermoresponisive amines. The use
of diisopropylamine managed to remove ~80% hardness of ultra-high-saline brine with
recovery of amines for reuse in warm conditions [22].

Apart from chemical softening methods, there exists another pretreatment approach,
known as seeded slurry precipitation, suitable for low-saline brine particularly rich with
calcium sulfate [21,23]. The mechanism herein involves the growth of scalants onto the
seed crystals. In this procedure, a slurry made out of seed crystals is introduced into the
brine. The seed crystals serve as nucleating centers for the deposition of scalants like
silica and calcium sulfate. In a more convenient approach called a pellet reactor, the same
methodology was applied but in a heterogenous manner with an added advantage of
formation of dry sludge [24]. A typical bed fluidized bed reactor contain packed calcium
carbon crystals as seeding platforms for preventing super-saturation of scale-forming
salts [21].

The above discussed conventional methods may not be well-applicable for the treat-
ment of brine with high salinity, containing organic pollutants such as hormones, phar-
maceuticals, personal care products, and soluble microbial products. A special caution
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must be taken for the removal of such organic contaminants present in trace amounts [25].
A most common way of treating recalcitrant organic contaminants is by converting them
into viable smaller fragments. Different combinations of advanced oxidation processes
by means of O3 (ozonization), UV-H2O2/O3 [26], UVA-TiO2 [27], electro oxidation [28],
non-thermal plasma [29,30], photo-Fenton oxidation [31], etc., have been documented
by a number of groups. Almost all these schemes work on the principle of free radical
formation by photolysis. However, it is crucial to pretreat the brine prior to this stage
because the presence of groups like sulfates in the medium most likely deactivate hydroxyl
free radicals for further oxidation. Despite a well-inculcated track record of oxidation
methodologies, very few groups have so far really focused on the scaling-up and assess-
ment of hazardous consequences associated with the generated low-molecular-weight
fragments/byproducts [32].

A relatively less and inefficiently explored, but far older, technique for removal of
sulfate or ammonia is through bioprocessing, wherein useful microbes assimilate them by
converting them into remediable forms, but only a low-saline brine could be treated by
this method since higher-saline brine contains large varieties of heavy metals that can in-
hibit/reduce microbial growth. Most of the studies in this area concentrate on the reduction
of nitrate to N2 and sulfate to sulfides. A typical example is the conversion of nitrate content
into ammonia and then N2 by denitrifying bacteria [33]. Many groups have come up with
woodchip bioreactors, known as a convenient treatment method for nitrate removal [34–38].
However, these techniques require the addition or attachment of electron-donating groups
such as ethanol or acetate in an attempt to enhance the conversion efficiency. Unfortunately,
this procedure causes the increase in DOC, which has to further alleviate serious environ-
mental impacts. Another limitation of this method is its inconsistent performance. This is
caused by the high initial DOC content that is due to bacterial multiplication resulting in
better performance in the first weeks, as revealed by Díaz-García et al. This trend could
be minimized by performing an alternate drying–rewetting cycle while using wood chip
reactors [39].

3. Brine Management and Zero Liquid Discharge

It being said that one side of a coin shows cases of the removal of toxic compo-
nents/elements from brine, the flip side of the coin shows that a large volume of potentially
reusable water is abandoned in the form of liquid waste. The recovery the water content
thus provides a solution to compensate for water scarcity, and also alleviate the major
concern with liquid waste disposal. A cutting-edge technology for brine management and
resource recovery is the ZLD scheme. Since the invention of this concept, traced back to the
1970s in the U. S. (put forward for regulating the salinity of the Colorado River, U.S.), ZLD
has witnessed tremendous advancement, especially in the last decade [40]. It is a strategic
engineering approach for waste management ensuring the complete elimination/recovery
of liquid, as well as minerals, from the feed wastewater, leaving solid waste to be disposed
of. On the other hand, liquid portions of brine and valuable salts are effectively recovered
and reused, enabling them to enter into a circular cycle, entitling effective net zero liquid
discharge to the environment. The foremost drive for this innovation is the quest for the
maximum recovery/reuse of water in dry lands and the easy and convenient disposal
of the solid waste. The major outcome of ZLD, i.e., solid waste, prevents the entering of
liquefied contaminants into the main flow stream, making it easier to treat them. Thus, ZLD
on one hand averts the effluent-drain-water discharge and associated threats of aquatic
environmental pollution; on the other hand, it demands greater overhead because of the in-
volvement of energy-intensive sophisticated technologies. A rough estimation of the global
market of ZLD requires funding of a minimum of $100–200 million per annum [40]. This
made the execution of this technology limited to economic First World countries such as
those in North America and Europe (not 100% execution), while it is prompt to implement
in developing countries such as China and India [40]. In First World countries, factories are
investing in recovering/recycling of water, implementing ZLD even without regulatory



Sustainability 2022, 14, 6752 7 of 47

push to achieve better sustainability. Though ZLD negotiates a better balance between
waste management and the environment, economization of ZLD technology is often hit
by cheaper near-ZLD/close-to-ZLD technology by possible on-site removal/recovery of
liquid/water from the effluents at the production site. There are cases wherein near-ZLD
technologies are largely put forward to compromise the economical constrains associated
with the ZLD technique, often involving incomplete removal of liquid waste/water re-
covery. They simply achieve lower volumes of brine [40]. Thus, recent studies apparently
focus on bridging the gap between economic constraints and the efficacy of the overall
ZLD system. Operations like forward osmosis (FO), electrodialysis (ED), and membrane
distillation (MD) are majorly performed in conjunction with reverse osmosis (RO) for
treating RO brine concentrates to achieve ZLD, since these methods can treat brine of high
salinity (>200,000 mg/L) [40]. An ideal ZLD process is designed for the maximum recovery
of resources. Regardless, purified water is the first and foremost incentive of any brine
treatment process. Forward osmosis, electrodialysis, membrane distillation, and hybrid
processes are the major approaches adopted for freshwater recovery, and they are discussed
in the proceeding sections. This step is followed by mineral recovery techniques in the
subsequent stages. It should be noted that a careful screening of technologies must be
made, rendering the concentration and composition of RO brine.

4. Brine Management: Resource Recovery Technologies
4.1. Freshwater Recovery Technologies
4.1.1. Forward Osmosis

Forward osmosis, as the name implies, is an osmotic pressure-driven membrane
process, unlike RO (which uses hydraulic pressure), it uses the osmotic pressure gradient
across the membrane to separate the feed water and allow it to permeate. In brine treatment,
this method is majorly adopted for water recovery. In principle, as shown in Figure 1, to
attain an osmotic pressure gradient, a high-saline solution called a draw solution will be
used. During the process, water from feed water (low saline) will pass through the semiper-
meable membrane to the draw solution (DS), which is highly saline, to achieve the osmotic
equilibrium. As the process continues, there will a diluted draw solution and concentrated
feed. The freshwater and draw solution can be separated via a regeneration process using
RO/evaporation/mechanical methods. The remaining concentrated DS can be reused
further. The obtained concentrated brine feed can be subjected to crystallizers/evaporators
for minerals recovery.
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In the FO process, the major role was given for a draw solution, since its characteristics
will control the water transport through the membrane and the regeneration of potable
water. Conventionally, NaCl and MgCl2 are used as DS in RO regeneration, till now, and
numerous draw solutions of organic solutes, inorganic solutes, volatile salutes, polyelec-
trolytes, bio-waste materials, and nanoparticles were studied; however, there is a need
to fill some voids to meet the ideal DS. The majorly governed factors for an ideal DS are
availability, cost effectiveness, high flux rates, reduced fouling potential, low reverse solute
diffusion, non-toxicity, and ease of recovery/regeneration [41]. Hence, most of the current
research is focused on developing such an ideal draw solution for FO technology.

One of the main issues associated with DS is the energy utilized for recovery/regeneration;
to alleviate this, studies on developing DS with thermolytic, mechanical, and magnetic re-
sponsiveness or hybrid solutions for those are under exploration. Recently, liquid fertilizers
have also been used as draw solutions. The major goal of liquid fertilizers as DS is there is
no need of regeneration; diluted DS can be directly used in irrigation. This technology is
referred to as fertilizer-drawn forward osmosis. This methodology is found to be very effec-
tive to supply the essential nutrients to crops via irrigation. FO-related studies also paved
the way to efficient FO membranes; the governing factors for the same are nature, surface
characteristics, thickness modulation, wetting behavior, fouling resistance, etc. [42]. The
recent studies on water recovery from brine using FO technology are illustrated in Table 3.

Table 3. Summary of water recovery studies recently reported using FO process.

Source of Brine Draw Solution and FO Membrane Water Recovery and Salinity Level Ref.

High-saline water NH3/CO2 as DS and polyamide FO thin
film composite membrane 64% water recovery with 300 mg/L TDS [43]

Reverse osmosis brine NaCl as DS and flat-sheet cellulose
triacetate membrane 90% water recovery [44]

NaCl-based
synthetic brine

Industrial-grade fertilizer ammonium
sulfate as DS and commercial FO
membrane

12.7% water recovery [45]

RO brine
3 M MgCl2 as DS; cellulose-based
polymers with an embedded
polyester mesh

50% water recovery [46]

Synthetic brine

Fructose as DS; hydrophilic
cotton-derived cellulose-ester plastics
embedded on top of a microfiltration
membrane

56.8% recovery with 5 M Fructose; 61.4%
recovery with 6 M Fructose [47]

Brine from multi-effect
distillation systems

3 mol/L NaCl as DS; cellulose triacetate
membrane and polyamide thin film
composite membranes

Brine volume reduced to 54.9% [48]

Four source of high-saline
wastewater Sodium alginate sulfate as DS - [49]

RO concentrate produced
from coal
chemical industry

DS: NaCl; membrane: active rejection
layer made of cellulose triacetate (CTA)
as well as a polyester support layer

72.1% (4.6g/L TDS), 84.3%, 90.9% and
92.5% (17.4 g/L TDS) water recovery
using 1 M, 2 M, 3 M and 4 M DS

[50]

Anaerobic palm oil
mill effluent

DS: 3 reagent-grade fertilizers
(i.e., (NH4)2SO4, monoammonium
phosphate (MAP) and KCl) and three
commercial grade chemical fertilizers
(i.e., (NH4)2SO4-f, monoammonium
phosphate-f and muriate of potash;
membrane: cellulose triacetate

Highest recovery with MAP, 5.9% for a
4 h operation [51]

Among the several brine treatment methods, being an energy-efficient methodology,
FO has numerous advantages compared to RO, such as cost effectiveness, low energy
consumption, reduced membrane fouling, high water flux, and remarkable rejection rates,
and it can be applied to high-saline brine (<200 g/L). Generally, FO technology utilizes low
energy (energy cost can be low as 0.02 kWh/m3) compared to other approaches such as RO
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(2–2.92 kWh/m3) and mechanical vapor compression (20 kWh/m3) [52–54]; further cost
reduction can be achieved by using a more concentrated draw solution as suggested by
Gulied et al. [55]. Therefore, FO is considered as the most suitable brine resource recovery
method at present [45].

Although FO has several goals, there are several lab-scale implementations; however,
full-scale implementation is still in the growing stage. The world’s first commercial FO
plant based on ZLD was deployed in 2016 in China (the Changxing power plant in Zhejiang
Province). The system transforms 630 m3/day of used industrial wastewater with the
utilization of 90 kWht of energy per m3 of wastewater treatment. The feed wastewater from
flue-gas desulfurization is subjected to pre-concentrating RO followed by a membrane brine
concentrator (MBC) system. The pretreatment results in the concentration of ~60,000 mg/L;
the FO MBC system further concentrates the RO brine to <220,000 mg/L using a NH3/CO2
draw solution. The MBC draw solution subjected to recovery and pass-through RO system
finally produces high-quality product water of <100 mg/L TDS. The implemented MBC
can recover up to 23 m3/h, having 87% recovery. In 2019, another FO plant was industrial-
ized by Forward Water Technologies, Canada. They developed a thermolytic FO DS for
wastewater treatment and achieved the treatment of 15 m3/day.

4.1.2. Electrodialysis Technologies

In electrodialysis, an alternating series of cation and anion selective semipermeable
membranes (ion exchange membranes—IEM) are placed in between cathode and anode;
clean water is produced by the electrochemical separation of ions, i.e., ions in solution
are separated by the influence of electric potential. A schematic diagram illustrating the
principle of electrodialysis process is shown in Figure 2. The brine solution is passed
through into the cells in the ED system; the voltage gradient makes the movement of anions
and cations through the selective membranes to anode and cathode, respectively. The
cation-exchange membranes (CEM) allow the cations to block the anions; similarly, anions
get passed through anion-exchange membranes (AEM) and cations are blocked. This leads
to the complete separation of ions in brine, and ends up in ion enrichment at one side and
freshwater recovery in another side. All cations such as Na+, K+, Mg2+, and Ca2+ and all
anions such as chlorides, sulfates, and nitrates are found to be separated effectively from
brine using ED technology.

Compared to RO, ED has several advantages such as simple operation, high water-
recovery rate, long life for membranes, low fouling (since it not pressure driven as RO),
and no need of pre/post treatments. The performance of transporting ions in ED majorly
depends on the characteristics of the exchange membranes, concentration and nature of
ions in feeds, ion density, etc. The polymers such as polyethylene, polysulphone, and
polystyrene with charged ions are commonly used as IEMs. The positive charges such
as ammonium ions, amines, etc. are used for the preparation of AEM, and sulfonic acid,
phosphonic acid, phosphoryl, and carboxylic acid groups are commonly seen in CEM.
Depending upon the wetting behavior, electrical, and surface characteristics, IEMs can
be homogenous and heterogenous in nature. Novel hybrid membranes such as bipolar
membranes, monovalent selective membranes, etc. are emerged to extend the application
scenario of ED in brine treatments [56,57].

The degradation/depletion of IEMs membranes over time is the major obstacle in
the application of ED. It is found that suspended molecules with 200–700 Da, surface
deposition of metal cations, etc. can induce clogging in IEMs, which reduces the overall
separation efficiency. To reduce fouling and scaling, some modifications are adopted in
ED, known as electrodialysis reversal (EDR) and electrodialysis metathesis. Increased
resistance owing to fouling can be overcome by electrodialysis reversal. In EDR, for a
certain time interval the electric polarity of the electrodes is reversed to have movement
of deposited ions in opposite directions. As a result, clogging can be reduced by the
reduction of polarization boundary-layer thickness, thereby improving the efficiency of
the system. EDR is considered as ED/EDR and can be used for concentrating high salinity
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of approximately >100,000 mg/L, utilizing maximum energy of 15 kWh/m3 of feedwater;
this energy is less compared to conventional methods [16].
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Using ED systems, the water recovery rate is found to be 70–90% depending on the
feed water. ED systems are also be used for treating RO concentrate; because of the high
salinity of feed water, there is high electrical resistance, voltage drop, and also high energy
consumption; hence, most of the studies suggest a hybrid system for a water recovery
process. Recently, Bader et al. reported a case study in Kuwait utilizing a pilot-scale
high-current-density electrodialysis-evaporator hybrid system for brine management; they
reported a 77% water recovery rate [58]. The recent studies on water recovery from brine
using ED are illustrated in Table 4.

Table 4. Summarized reports of ED systems utilized for water recovery from various sources of brine.

Source of Brine and Salinity Level IEMs and Conditions of ED Technologies Water Recovery Rate Ref.

RO concentrate discharged from
RO plant

Series of ion exchange membranes such as
FAS-PET-130, FKS-PET-130, Neosepta-CMX,
Neosepta-AMX, LabAM-NR, LabCM-NR
were used

67.78% [56]

RO brine concentrate RO-ED integrated system 95% [59]

Brackish water RO concentrate Lab-scale EDR system with three cell pairs of
AEM and CEM 85% [60]

Synthetic brine Electrodialyzer with 25 cell pairs of
monovalent selective AEM and CEM 70% [58]

Brackish Water RO brine Bipolar membrane electrodialysis (BMED) Acid (0.7 mol/L) and base
(0.6 mol/L) recovery [61]

Seawater reverse osmosis brine Monovalent selective electrodialysis (S-ED) 55% [62]
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4.1.3. Membrane Distillation

In MD, thermal-driven separation resulted in the production of potable water from
feed, utilizing a hydrophobic microporous membrane. The hydrophobicity of the mem-
brane prevents the movement of water molecules, while the porosity allows permeation
of vapors. MD was introduced in 1963 by Bodell; the vapor pressure gradient across the
membrane triggered by the temperature difference is the principle behind this separation
technique. Compared to conventional distillation, the freshwater production using MD is
economically viable, even though there is membrane fouling [2,8,63]. In the MD process,
the vapor pressure difference across the membrane is sustained using hot feed water and
cold permeate solution. Vapor pressure and temperature differences induce mass transfer
via evaporation of the feed water; vapors are diffused through the pores of membrane,
which condenses into freshwater at the permeate side. MD have a 50–99% rejection rate
and high-quality freshwater recovery with lower cost because of the moderate temperature
and pressure conditions [64].

There are different configurations that have emerged for MD; a schematic representa-
tion is presented in Figure 3 [6] to enforce lower vapor pressure at the permeate side. These
includes direct-contact membrane distillation (Figure 3a), in which the cold permeate has di-
rect contact with the membrane, and the air-gap membrane distillation (Figure 3b) has an air
gap interleaved in between the membrane and permeate side to reduce the conduction loss.
A sweeping gas membrane distillation (Figure 3c), a cold sweep gas on permeated side, and
finally a vacuum membrane distillation (Figure 3d) vacuum is applied on permeate side.
MD use low temperature conditions (40–90 ◦C), which enable the utilization of low-grade
heat stream or energy sources such as sun power or geothermal power. Hydrophobic poly-
mers are employed for membrane fabrication, such as polysulfone/polyether sulfone [65],
polypropylene [66], polyethylene [67,68], polytetrafluoroethylene [69–71], poly (vinylidene
fluoride) [72–74], etc. Apart from polymers, ceramic-based and hydrophobic-material-
coated, omniphobic, Janus, and sandwiched porous membranes have also emerged for use
in MD [75].
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The efficacy of MD for treating brine solution is already established; it can treat high
brine with TDS up to 350,000 mg/L. MD use low temperature conditions (30–90 ◦C), which
thus enables the utilization of a low-grade heat stream or energy sources such as sun
power or geothermal power [2]. In 2009, Martinetti et al. [44] reported excellent water
recovery from RO brine using vacuum membrane distillation. The authors used two RO
brine samples (7500 mg/L and 17,500 mg/L TDS) as feed and two 0.22 µm pore-size
flat membranes made of PTFE and PP. The feed was subjected 40–60 ◦C heating and 2 L
deionized water was cooled to 20 ◦C as permeate. Vacuum membrane distillation recovered
62% and 80% freshwater from brine with 7500 mg/L and 17,500 mg/L TDS, respectively.
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In another report, 82% water was recovered from artificial RO brine using multistage air
gap MD using PP hollow fiber membranes [76]. Recently, Amanda et al. recovered 95%
freshwater from synthetic-lithium-rich brine employing multi-stage distillation-membrane
crystallization via a fractionation process [77]. The major drawback of MD is the scaling of
membranes; for example, calcium-based or silica-based compounds or organic molecules
from brine can be precipitated on hydrophobic membrane, which leads to deterioration
and reduction in membrane flux. These can be overcome by hydraulic membrane washing
with water or by developing fouling-resistant membranes.

4.1.4. Hybrid Processes

A hybrid desalination system is the integration of two or more desalination techniques
to enhance performance, provide better environmental solutions, and reduce operational
costs compared to standalone systems. Using a hybrid approach, it is feasible to achieve
effective brine management. One option to reduce energy usage and satisfy water-demand
targets is to combine the strengths of two or more treatment processes. Much effort was put
into establishing cost-effective methods for integrating the benefits of individual processes
to enhance the water recovery rate of finished products. This section discusses the main
hybrid technologies to optimize the overall desalination efficiency while minimizing the
reject brine.

Most experts believe that RO is the most energy-efficient desalination technology
currently available compared to other industrially implemented methods such as multistage
flash (MSF) and multiple effect distillation (MED). However, membrane scalability and
a maximum feed-water salinity of 75 g/L restrict the utilization of RO for high water
recovery [6]. Silica and other inorganic ions (Ca2+, Mg2+, CO3

2−, SO42−, Ba2+, Sr2+, etc.)
that are sparingly soluble in RO feed water continue to accumulate as water recovery
increases. Scale-forming salts such as calcium sulphate or carbonate, barium sulphate, and
strontium sulfate are present in RO concentrate and could deposit on the surface of the RO
membrane when their solubility is exceeded [78]. These salts reduce the permeate flow
and ultimately shorten the useful life of membranes [79]. Antiscalants are less efficient
in preventing the precipitation of sparingly soluble salts when the feed water is intensely
concentrated [80]. In addition, a high TDS level in RO concentrate may further restrict the
utilization of reverse osmosis (RO) technology for the treatment of brine because of the
high osmotic pressure requirements for RO. Thus, prior to RO brine treatment, the brine is
subjected to a variety of pretreatment methods. Chemical softening by ED, ion exchange
(IEX), seeded precipitation (SP), and chemical precipitation (CP) are examples of these
methods. Improved treatment efficiency may be achieved with combined technologies with
RO. Tables 5 and 6 present a summary of selected reviewed studies on brine management
for the past 10 years using combined techniques with RO from low- and high-salinity water
feeds, respectively targeted at increasing water recovery and minimizing brine volume.
These hybrid technologies will be further discussed in the subsequent sections.

Table 5. Summary of some hybrid techniques with RO for brine treatment with low salinity (brine
from low-salinity water: TDS in water 500–30,000 mg/L).

Combined
Techniques with
RO/Feed Water

Operation Conditions Advantages Challenges Research Highlights Ref.

(CP)/Colorado
River Water

CP/RO/Filtration
-Solid contact reactor facilitate
efficient separation of the
precipitates
Chemicals used for scale
precipitation:
Sodium hydroxide and sodium
bicarbonate

High water recovery

Costs
Large footprint
Biofouling of
membranes

70%: rate of removed scale ions
95%: water recovery [81]
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Table 5. Cont.

Combined
Techniques with
RO/Feed Water

Operation Conditions Advantages Challenges Research Highlights Ref.

CP/Brackish
groundwater

CP/adsorption/enmeshment/RO
Chemical added: Lime (Ca(OH)2)
and soda ash/NaOH

High removal
rate of scale forming
ions
High water recovery

Cost study
optimization of the
hybrid process via
pilot scale study

Removed species: Mg2+, Ca2+,
Sr2+, Ba2+, and SiO2
97%: water recovery

[82]

SP
Seed slurry: Calcium carbonate/
Magnesium hydroxide
-Column: Open channel

Less chemical
Pretreatment
High removal
rate of scale forming
ions
High water recovery

Cost study

Hardness removal (90%)
Water recovery (95%)
Membrane: open-channel spiral
wound modules could be an
alternative to tubular RO
system

[83]

IEX/water from
oil field

-Hybrid filtration/cation
exchange/RO system/

Effective toxicity
control
Effective scale control

Post-treatment of
the treated water to
control boron
removal.
Cost analysis
Ion exchange
regeneration

Pilot-scale results:
-TDS reduction (96%)
-conductivity reduction (98%)
-Reduction in different water
quality parameters (80–100%)

[84]

IEX/low salinity
river water
desalination

-A hybrid anion exchanger with
doped ferric oxide nanoparticles
and a shallow shell weak acid
cation exchanger
-Use CO2 as sole regenerant for
two column ion exchange

Effective scale control
multifunctional
pretreatment: TDS
and scale forming
ions are both reduced

Organic fouling of
the membrane.
Design and
optimization of the
hybrid ion
exchange/RO Cost
optimization

-More than 80% removal of
calcium, sulfate, and phosphate,
-water recovery (98%)
-TDS reduction (50%)

[85]

Table 6. Summary of some hybrid techniques with RO for brine treatment with high salinity (brine
from high-salinity water: TDS in water 30,000–50,000 mg/L).

Combined
Techniques with
RO/Feed Water

Operation Conditions Advantages Challenges Research Highlights Ref.

ED/high salinity
brine

Counter-flow ED units hybridized
with RO

Production of Highly
concentrated brine (It
could be utilized for
salt production)

Modelling and
optimization of the
process to avoid
membrane
resistances (both
ohmic and free
energy losses)

High water recoveries are
limited when applied to
treatment brine with TDS
120,000 ppm

[86]

EDR/saline basal
aquifer water

Pilot scale:
pretreatment steps, included
sedimentation, microfiltration and
ultrafiltration, have been used
before EDR/RO

Dual function of
EDR: high efficiency
in scaling mitigation
& production of
highly concentrated
brine (125,000 mg/L).
No chemical addition

Electrical energy
consumption
should be reduced

77% water recoveries [87]

ED/sea water Nanofiltration (NF)/RO/ED
Production of highly
concentrated brine,
close to saturation

Pilot-scale study
Water recovery (69%)
Energy consumption
(6.9 kWh/m3)

[88]

4.1.4.1. Combined Techniques with Reverse Osmosis (RO)-Brine from Low-Salinity Water

(a) Chemical Precipitation-RO:

Chemical precipitation is a possible method to be used in conjunction with the RO
process to remove specified sparingly soluble salts to maximize water recovery and reduce
the risk of membrane scaling/fouling. In this approach, mineral-scale ions are removed as
solid precipitates from the brine of a primary RO step, allowing subsequent product-water
recovery in a secondary RO (SRO) phase of the pretreated brine. Steps such as adding
chemicals, pH adjustment, and solids separation are included in the chemical precipitation
process [3]. Many authors have evaluated different chemicals for the precipitation process.
For example, sodium hydroxide (NaOH), lime (Ca(OH)2), soda ash (Na2CO3), and sodium
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bicarbonate (NaHCO3) were used to enhance precipitation of some substances such as
calcium and silica, helping to reduce the hardness of the second RO feed water [81,89,90].
Generally, the choice to add chemicals is determined by the nature of the concentrate to be
treated, as well as chemical prices.

Rioyo et al. [82] evaluated a high-pH process for removal of scale-forming precursors
including magnesium, calcium, strontium, barium, and SiO2 from primary RO concentrate
of brackish groundwater by precipitation and adsorption/enmeshment. The proposed
design for RO brine minimization is shown in Figure 4. The authors found that lime
and soda ash softening treatments outperformed the sodium hydroxide treatment. The
integration of an intermediate ‘high-pH precipitation treatment’ with lime and soda ash,
pH re-adjustment, and antiscalant addition between consecutive RO stages might allow
the overall water recovery to be increased from 80 to 97%. The simulation achievement, on
the other hand, should be followed by a pilot-scale cost study and further optimization of
the hybrid process. Similarly, the experimental results found by Lu et al. [91] showed that
the lime–soda ash softening removed more than 98.5% of Ca2+/Ba2+ and more than 80% of
Mg2+/Sr2+/Si from RO concentrate (produced from a coal chemical industry).

Sustainability 2022, 14, x FOR PEER REVIEW 15 of 50 

 

of the hybrid process. Similarly, the experimental results found by Lu et al. [91] showed 
that the lime–soda ash softening removed more than 98.5% of Ca2+/Ba2+ and more than 
80% of Mg2+/Sr2+/Si from RO concentrate (produced from a coal chemical industry). 

 
Figure 4. Proposed plant design for RO by Rioyo et al., 2018. Reprinted with permission [82]. 

For brackish water (low-salinity) desalination, a high-recovery desalination system 
(95–98%), combining membrane RO desalting with accelerated precipitation softening 
(APS), was explored. Sodium hydroxide and calcite seeding were employed to alkalinize 
the PRO concentrate, followed by a microfiltration and acid dosing to lower the pH and 
avoid calcite scaling in the RO desalting process [79]. Gabelich et al. [81] examined the 
efficacy of combining an intermediate chemical demineralization (ICD) stage with a solid 
contact reactor (SCR) to improve water recovery during the RO desalination procedure at 
a desalination plant located near the Colorado River. Chemical precipitation was aided by 
the addition of NaOH to the SCR influent, while calcium removal was aided by the addi-
tion of NaHCO3. To enhance flocculation, ferric sulfate (Fe2(SO4)3) was also added. Finally, 
prior to SRO, a filtration (microfiltration or dual-media filtration) step was performed. The 
results revealed that calcium removal was closely linked with the removal of both barium 
and strontium. 

In a pilot-scale demonstration [89], an overall water recovery of 97% was achieved by 
operating the primary RO at around 85% recovery, followed by the lime softening of the con-
centrate to reduce silica concentration, and then a second RO for a further high water recovery 
(from desert wells). However, in another studies, the same authors have found that the lime 
chemical precipitation is insufficient for the treatment of the primary RO concentrate from 
brackish water. A fouling of the SRO could occur because of colloidal particles generated by 
the precipitative treatment. The authors suggested that silica polymerization control by acidi-
fied cation of the primary RO concentrate as an additional treatment is an alternative to the 
lime-softening approach. Scaling has been completely controlled using a combination of an-
tiscalants and pH control. As a result, a super-concentrate depleted of bicarbonates could be 
produced, due to silica control, at the highest possible pump pressures by using a seawater 
RO system in the second stage [90]. Nonetheless, more research is required for the evaluation 
and optimization of energy consumption. 

As the chemical precipitation has the benefit of being easily coupled with the RO 
process and having the high removal rates of scale-forming ions, the integration of pre-
cipitation softening by chemical addition with an SRO for the treatment of brine has been 
evaluated in different desalination processes with high water recoveries. While chemical 

Figure 4. Proposed plant design for RO by Rioyo et al., 2018. Reprinted with permission [82].

For brackish water (low-salinity) desalination, a high-recovery desalination system
(95–98%), combining membrane RO desalting with accelerated precipitation softening
(APS), was explored. Sodium hydroxide and calcite seeding were employed to alkalinize
the PRO concentrate, followed by a microfiltration and acid dosing to lower the pH and
avoid calcite scaling in the RO desalting process [79]. Gabelich et al. [81] examined the
efficacy of combining an intermediate chemical demineralization (ICD) stage with a solid
contact reactor (SCR) to improve water recovery during the RO desalination procedure at a
desalination plant located near the Colorado River. Chemical precipitation was aided by
the addition of NaOH to the SCR influent, while calcium removal was aided by the addition
of NaHCO3. To enhance flocculation, ferric sulfate (Fe2(SO4)3) was also added. Finally,
prior to SRO, a filtration (microfiltration or dual-media filtration) step was performed. The
results revealed that calcium removal was closely linked with the removal of both barium
and strontium.

In a pilot-scale demonstration [89], an overall water recovery of 97% was achieved
by operating the primary RO at around 85% recovery, followed by the lime softening
of the concentrate to reduce silica concentration, and then a second RO for a further
high water recovery (from desert wells). However, in another studies, the same authors
have found that the lime chemical precipitation is insufficient for the treatment of the
primary RO concentrate from brackish water. A fouling of the SRO could occur because
of colloidal particles generated by the precipitative treatment. The authors suggested
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that silica polymerization control by acidified cation of the primary RO concentrate as an
additional treatment is an alternative to the lime-softening approach. Scaling has been
completely controlled using a combination of antiscalants and pH control. As a result,
a super-concentrate depleted of bicarbonates could be produced, due to silica control,
at the highest possible pump pressures by using a seawater RO system in the second
stage [90]. Nonetheless, more research is required for the evaluation and optimization of
energy consumption.

As the chemical precipitation has the benefit of being easily coupled with the RO
process and having the high removal rates of scale-forming ions, the integration of pre-
cipitation softening by chemical addition with an SRO for the treatment of brine has been
evaluated in different desalination processes with high water recoveries. While chemical
precipitation softening is generally promising for achieving high recovery, there are sev-
eral difficulties in controlling pH and chemical addition that can be affected by temporal
changes of the feed, high chemical demand, and sludge production [6,78].

(b) Seeded Precipitation-RO:

To improve softening before RO treatment, seeded precipitation can be used as an
alternative approach. Generally, lime (Ca(OH)2) or caustic soda (NaOH) are used to
adjust the pH of the solution, and then crystal seeds such as gypsum, dolomite marble
powder, barium sulphate, or calcite are added. Brine composition and seed type are critical
factors in determining the effectiveness of hardness removal. Throughout the last two
decades, a significant effort has been invested in developing seeding techniques to increase
water recovery [83,92,93]. Membrane-scale formation is prevented because scale ions
prefer to grow on seed crystals. A tubular membrane configuration is the most used for
seeded precipitation because of the need for seed slurry circulation within the membrane
modules [6].

In a feasibility study of chemically enhanced seeded precipitation (CESP) of primary
RO (PRO) concentrate of brackish water with high salinity [92], the treated PRO concentrate
was filtered to remove solids and then further desalted in an SRO stage to improve the
overall water recovery (Figure 5). Desupersaturation with calcium sulphate salt was
achieved by seeded gypsum precipitation in the absence of residual antiscalants from the
PRO concentrate. It was demonstrated that the partial lime treatment stage of CESP is
necessary for eliminating the residual antiscalants. This hybrid system can reach overall
water recovery of about 93%. However, antiscalant makeup in the SRO and the recycling of
the concentrate to the CESP process would be required.
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In another study, scaling saturation during the second stage of the RO process has
been prevented by employing seeded slurry precipitation through a patented process
called SPARRO [94]. In this process, a seed crystal slurry (gypsum crystals) was added to
precipitate calcium sulphate and silicon dioxide on seed crystals. Slurry-based seed crystals
in SPARRO acted as nucleation sites for the precipitates, and were further attracted to the
slurry. A cyclone separator was used to separate the seed crystals from the treated brine fed
to the second RO process and, as a result, more than 90% of freshwater has been recovered
from low-salinity mine water. Nevertheless, the damage of the membrane by seed crystals
and tubular membrane channel blockage may limit the use of this process, mainly for the
treatment of the concentrate from high-salinity feed [78].

Although the reviewed approaches are appealing to control scaling from brine, their
industrial application is quite limited because of their high operational costs. This arises
because of the necessity of proper maintenance of the tubular membrane for high precipi-
tate recovery, leaving no footprints on it. Therefore, a novel technique using ‘open-channel’
spiral wound membrane modules has been developed and patented to simplify pretreat-
ment and increase recovery while reducing flow resistance [83]. This membrane with
new features obtained by upgrading the conventional spiral wound modules to improve
membrane channel geometry and avoid formation of ‘dead areas’ showed hydrodynamical
properties similar to that of a tubular membrane. The developed technique could provide
an efficient solution to reduce calcium carbonate from RO concentrate by seed crystal-
lization and reach 95% or more overall water recovery. It should be noted that a caustic
solution was required for seed-crystal production.

To enhance the calcium carbonate supersaturation ratio, air stripping can be used
for treating the concentrate to increase the pH value without using chemicals. Recently,
seeded aeration softening in real brackish water desalination concentrates was explored [93].
CaCO3 precipitation was shown to be chemical-free because of the successful in demineral-
ization of concentrate by aeration, making water recovery easier. The percentage of calcium
removed was around 73% (92% calcite, i.e., 1.05 g-CaCO3 L−1 h−1) and this could further
reduce the operational costs. The kinetic parameters found in this study can be used to
design a continuous seeded aeration softening system allowing the recovery of CaCO3.
However, carbon dioxide (CO2) gas emission into the atmosphere is the major drawback of
this method (Equation (1)) as CO2 is a major contributor to global warming. Bubbling the
emission gas in the softened concentrate to induce commercial algae cultivation may solve
this problem. In the future works, this suggestion should be taken into consideration in
designing a hybrid process combining seeded aeration softening of the RO brine and SRO.

Ca2++2HCO−3 → CaCO3 + CO2(g) + H2O (1)

Another recent study found that combining seeded precipitation through calcite seed-
ing with precipitative step by CaO addition and MgSO4 dosing for silica removal improved
the RO recovery from 89.2% up to 96.3% for zero liquid discharge in oil refineries [95].
It is worth noting that the BaSO4 DE supersaturation step upstream from the primary
RO operation has also been applied. The authors explained this improvement at the
membranes by the added process steps to remove scaling. The life-cycle analysis and the
eco-efficiency evaluation have shown that the combined treatment proposed could enhance
all eco-efficiency measures. However, challenges and future prospects of this integrated
system are required for the idea to be practiced on a large scale because the technical and
process requirements were not considered in these analyses.

(c) Ion Exchange-RO:

Ion exchange resin is an insoluble material made up of a complicated cross-linked
polymer matrix that contains groups that can be exchanged with ions in an electrolyte solu-
tion [96]. These hybrid IX-RO processes have the potential for decreasing membrane scaling
and fouling to give high water recovery and lower the amount of concentrate generated.
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The properties of the selected resin have an impact on ion-exchange efficiency. Weak
base anion (WBA), weak acid cation (WAC), strong base anion (SBA), and strong acid cation
(SAC) are generally the four most common forms of commercial resins [6]. Cation exchange
resins are used to remove polyvalent metals including calcium, magnesium, and copper,
whereas anion exchange resins are used to remove silica and SO4

−2 from water. In addition,
natural organic matter and organic micropollutants may be reduced by ion exchange resin
through both ion exchange and adsorption. Uncharged groups can be adsorbed onto the
resin surface via Van der Waal’s force or hydrophobic interaction, while charged groups
can be transferred onto the IX functional groups via electrostatic force [97].

By lowering both TDS and scale-forming ions, ion exchange might possibly accomplish
multifunctional pretreatment [85]. Generally, resins can withstand hardness and TDS levels
of 500–2000 and 5000–30,000 mg/L, respectively [6]. Combining anion and cation exchange
in RO pretreatment has been proven to increase the flux in subsequent RO operations [98].
Murray-Gulde et al. [84] employed a hybrid filtration/cation exchange/RO system for
treatment and reuse of waters that have interacted with an oil field (Figure 6). The hybrid
pilot-scale RO unit reduced the TDS and conductivity by 96% and 98%, respectively. Hence,
the treated water was suitable for discharge to surface water or for irrigation. Nevertheless,
a minimal additional treatment may be needed to control boron removal.
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A hybrid system specifically developed for treating waters containing high levels of
dissolved silica is the patented high-efficiency reverse osmosis (HERO) process [99]. This
process consists first of lime softening of the feed for hardness reduction. In the second
step, divalent ions are essentially removed by weak acid cation exchange (from the primary
RO concentrate), enabling the SRO to be operated at high pH to reduce scaling restraints.
The third step is degasification to remove the dissolved CO2 (decarbonation) to prevent
the formation of carbonate scale on the RO membrane. It is worth mentioning that the pH
of the pretreated concentrate (after the second and third step) should be raised by adding
sodium hydroxide to convert silica into anionic form, resulting in preventing RO membrane
from silica scaling, as well as biological and organic fouling. As a result of this multistage
treatment, more than 90% water recovery could be obtained for different brackish waters
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and the hybrid process was able to operate with silica levels in the concentrate stream as
high as 1500 mg/L without membrane fouling. Although the HERO system is beneficial for
brine management, RO waste is still a limiting factor because the process produces high-pH
concentrate streams containing a high level of dissolved silica, which necessitates further
treatment. It has been found that conventional brine treatment technologies had difficulties
with HERO brine [100]. In addition, CO2 (greenhouse gas) emission from the feed water
to the atmosphere during the degasification step should be quantified and considered to
avoid unintended environmental impacts.

A hybrid IEX-RO process, using a feed with TDS 941 mg/L, has been designed and
simulated by Venkatesan et al. [101] (Figure 7). Retentate from PRO is first softened by ion
exchange (IEX) and then delivered to SRO. A tertiary RO (TRO) could be an option in this
process (after pH adjustment and heating). When it comes to calcium, magnesium, and
barium ions that contribute to scale formation, the authors found that IEX was effective in
removing them, while pH modification and heating helped to increase the silica scaling
issue. The use of brine from the last RO for IEX regeneration eliminates the need for
chemical regeneration to make the process self-sustaining, which lowers the IEX operating
cost and brine disposal cost. In future, more precise economic calculations are required to
establish whether heating is beneficial in a certain situation since the economic analysis is
dependent on energy expenses.
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In the same context, Vanoppen et al. [102] have shown that pretreatment with cationic
ion exchange resin would alleviate membrane scaling and increase RO recovery. Addition-
ally, they have demonstrated that RO concentrate could be recycled for regeneration of the
ion exchange resin. The results showed that without the use of chemicals, RO recovery
could be improved. However, this was only possible when the input stream included
high monovalent/multivalent cation-ratios. In fact, the effectiveness of multivalent cation
removal is mostly determined by the ratio of monovalent to multivalent cations present in
the input stream, which has an impact on ion-exchange efficiency and might be regarded
as a disadvantage of the proposed hybrid ion-exchange/RO process.

The development and modification of the resin structure has gained importance in
recent years to reduce resin brine production. The patented Shallow Shell™ Technology
(SST®) was an alternative cation ion exchange to the ordinary ion-exchange resin used in
water softening. According to the findings, the SST® regeneration necessitates 15% less
salt and 50% less water for rinse and dilution because the traditional ion-exchange sites
that are more difficult to reach and regenerate are no longer present in this new resin
structure [97]. Based on these results, a hybrid ion-exchange desalination process (HIX-
Desal) has been recently proposed, as multifunctional RO pretreatment of impaired water
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sources containing 150–1250 mg/L TDS, to facilitate RO recovery enhancement and the
upcycling of industrial carbon emissions [85]. The HIX-Desal process can simultaneously
desalt the feed water and remove multiple scale-forming ions such as calcium, sulfate,
and phosphate. The originality in this process is the use of carbon dioxide as the sole
regenerant for a two-column train containing a hybrid anion exchanger with doped ferric
oxide nanoparticles and a shallow-shell weak acid cation exchanger. The HIX-Desal process
was able to reduce the risk of RO membrane scaling: TDS reduction of more than 50%
and removal of more than 80% of calcium, concurrently with sulphate and phosphate, has
been recorded. It should be noted that the focus of this study was to reduce scale-forming
ions from RO concentrate. The referenced study did not evaluate the hybrid process HIX-
Desal/RO to further enhance the feed-water recovery after ion-exchange treatment. Thus,
further design optimization of the combined process (ion exchange/RO), with a focus on
the potential of using HIX-Desal to prevent organic fouling, as well as cost optimization,
is required.

Brine treatment via a combination of ion-exchange resin and RO is a promising
approach for the prevention of RO membrane scaling and, hence, the minimizing of brine
volume and recovering water as well. An overall water recovery of greater than 90%
could be achieved in certain situations. However, progress is required in the study of the
hybrid system for treatment of brine from high salinity. Indeed, pretreatment of highly
concentrated brine by ion exchange has not been properly investigated because of the
high operation cost related to either an increase in the amount of required resin or the
cost of resin regeneration. Further research is also needed to optimize such an integrated
process by considering the resin regeneration challenges. Reducing or eliminating the resin
waste and decreasing the resin regeneration cost are important factors that influence the
effectiveness of the process. The possible regeneration of resin by RO concentrate offers an
advantage compared to chemical regeneration methods as it is a chemical-free regeneration
method. As a result, waste is reduced and a major regeneration cost is eliminated. Despite
the potential of RO brine reuse for resin waste management, more studies are needed to
optimize the concentration range of brine without the additional supplement of purchased
salt and to avoid resin waste [103]. The advantages and disadvantages of the reviewed
pretreatment processes in combination with the RO process for brine management, as well
as the estimated cost of the pretreatment technologies, are listed in Table 7.

Table 7. Advantages and disadvantages and cost evaluation of the pretreatment process combined
with RO for brine treatment with low salinity [104].

Pretreatment Method Advantages Disadvantages Estimated Cost
Capital Cost Operating Cost

Chemical precipitation

High efficiency in
scaling mitigation
Retrofit easily into
an existing
desalination plant

Sensitivity to temporal changes of brine
characteristics
High chemical demand
Sludge production
Process performance can be affected by the
residual antiscalant in brine
High operating cost
Difficulties in managing organic compounds
Difficulties in controlling pH

0.275 USD/m3 0.554 USD/m3

Seeded precipitation

Less chemical intensive
Seeded precipitation
could enhance the
precipitation kinetics
and the efficiency
of separation

Sludge production
High cost to recover precipitated salts
Large foot print due to the tubular RO
membrane
The residual antiscalant could inhibit
crystal growth

10.8 USD/m3

(SPARRO)
0.06 USD/m3

(SPARRO)

Ion exchange

Effective scale control
with high ion selectivity
Organic compounds
from brine could be
reduced
No sludge production

Removal depends on type of ion
exchange resin
Waste for resin regeneration
Resin saturation
High operating cost: cost of
resin regeneration & increase in the amount
of required resin

- 0.08–0.21 USD/m3
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4.1.4.2. Combined Techniques with Reverse Osmosis (RO) Brine from High-Salinity Water

(a) Electrodialysis technologies (ED)/RO:

As mentioned above, RO is one of the most energy-efficient techniques but it requires
a significant pretreatment, especially for brine volume minimization while improving
the water recovery. The pretreatment technologies, prior to SRO brine treatment, dis-
cussed above are generally restricted to feed from low-salinity sources including brine
from brackish water, waste waters, and moderately saline inland water [21]. However,
electrodialysis technologies, i.e., ED or electrodialysis reversal (EDR), seem to be suitable
for high efficiency when used as a pretreatment for brine from both low- and high-salinity
sources. In fact, combining ED and RO allows high-salinity feeds to be treated and the
use of RO eliminates ED operation with low conductivity inputs [86,105]. In addition, the
hybridization of seawater RO (SWRO) with ED technologies, such as EDR, leads in a signif-
icant reduction in energy usage as EDR is suitable for energy generation with moderately
concentrated solutions. Research was initially focused on the designing and simulating of
this integrated membrane system and then extended to large-scale systems to reduce the
energy consumption for the treatment of hypersaline feed [106].

Hybrid EDR/RO systems have been studied and modeled by McGovern et al. [86,105]
for brackish water desalination, as well as for high-salinity brine treatment. The study of
the hybrid system for brine treatment from brackish water has been conducted through two
hybrid configurations: the first is a simple hybrid configuration, in which the RO brine is
delivered into the ED unit and the permeates from the two units are mixed, and the second
is a recirculated hybrid configuration, in which the RO brine is delivered into the ED unit
and ED product is recirculated back to the RO unit. The comparative study showed that
the simple hybridization was the most cost effective. These authors demonstrated that the
simple hybrid ED/RO system is recommended when the cost of water from a standalone
RO system working at 50% recovery is roughly 60–70% of the cost of water from a single ED
system. Such a hybrid system can offer, on one hand, the benefits of significant reduction in
the total membrane area as high rates of salt removal are attainable at high salinities because
of current densities. On the other hand, relaxing the ED out-put requirement as the final
product is a blend of RO and ED permeates. For the study of water desalination at high
salinity, the same research team proposed a new combined system comprised of counter-
flow ED units hybridized with RO as shown in Figure 8 [86]. The objective of this setup is
to use ED for its ability to attain high osmotic pressures and RO for its ability to reach low
salinities when ohmic resistances are high in ED. The highly concentrated brine from the
concentrate stream could be further utilized for salt production [106]. However, when such
a hybrid system is operated to treat brine with high salinity (brine at 120,000 ppm), the
authors suggested that further research is needed in the modelling and optimization of the
process. Indeed, the performance at high recoveries in the ED system was limited because
of the difference in concentration between streams, therefore increasing water transport via
osmosis, decreasing energy efficiency, and increasing the levelized cost of water (LCW).
The current density that corresponds to the lowest water cost (to minimize LCW) was
significantly greater than the density required for maximum efficiency.

The theoretical base for establishing an EDR/RO hybrid system has been studied
by modeling several configurations of the hybrid processes in terms of energy consump-
tion [107]. The efficiencies of two basic modes (EDR (pretreatment)/RO and RO/EDR (in
the second configuration, EDR is a post-treatment unit for RO process)) and two complex
modes (EDR/RO/EDR and EDR/RO, in this last configuration a portion of RO brine is
recycled and used in the EDR unit) were found to assess their specific energy consumption
and the concentration of the discharged brine. Based on the modeling results, it has been
shown that the four configurations of the EDR/RO hybrid processes could significantly
reduce the specific energy and give greater control over the brine concentration compared
to a standalone seawater RO process. The authors [105] suggested that the total energy con-
sumption could be reduced more by using mechanical energy-recovery devices. However,
such hybrid processes should be tested experimentally for industrial application purposes.
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The limitations of EDR systems could be solved by improving electrodes and membranes,
and feed-solution optimization [106]. From this viewpoint, biologically treated secondary
effluents (which have higher concentrations than river water) might be used in the EDR
process as a low-salinity solution for increasing the efficiency [107].
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Recent research toward achieving a full-scale system for industrial application has
been carried out by operating a salt-splitting ED/RO pilot process using coal plant wastew-
ater (Figure 9) [108]. The novelty in this hybrid system is the use of a salt-splitting ED unit
to eliminate scaling restrictions by changing divalent-scaling low solubility ion pairs into
non-scaling high solubility ion pairs. As a result, non-scaling Na2SO4 and CaCl2 aqueous
solutions are produced and transported into individual brine partitions. The comparative
study with a soda-ash-softened RO system showed that the overall water recovery reached
90% and the brine volume was reduced by two-thirds using the innovative hybrid mem-
brane system (ED/RO), eliminating the need for expensive soda ash softening. The low
volume and concentrated brines could be treated with a low temperature crystallizer for
additional freshwater and solids production. Because there is 67% less brine, the required
evaporator system could be reduced by 67% compared to the conventional RO evapora-
tor system, and thereby reduce the cost of the process. Besides its efficiency in scaling
control and in producing low volumes of concentrated brines, another advantage of the
salt-splitting ED is that it can be hybridized with any RO unit. Although this hybrid system
seems promising, progress is required in studying the recovery of the valuable products, as
well as in using different types of feeds.

Loganathan et al. [87] demonstrated a pilot EDR/RO system combined with a low-
temperature crystallizer for near-ZLD discharge to treat saline basal aquifer water. In this
hybrid system, EDR has a dual function of softening water prior to feeding the RO unit and
concentrating the RO brine reject. High efficiency in scaling mitigation has been achieved
by EDR. As a result, the EDR/RO hybrid system achieved about 77% recovery without
chemical addition and concentrated the brine up to two times more than that of RO alone;
the EDR brine concentration could reach 125,000 mg/L and could be further concentrated
by the evaporator-crystallizer to approach ZLD. In addition, TDS concentrations in the RO
unit input was around 20,000 mg/L, allowing a reduction of the RO pressure in a large-
scale plant. Nevertheless, the overall energy of an EDR-RO plant, 17 kWh/m3 influent,
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was relatively high and should be reduced in future. In another study, to increase water
recovery and decrease energy consumption, four different configurations for seawater
desalination plants have been designed and compared: single-stage SWRO, SWRO-ED,
NF-SWRO, and NF-SWRO-ED [88]. The results of the comparative study showed that
the NF-SWRO-ED hybrid system (Figure 10) should be considered as the best choice with
a water recovery of 69% and energy consumption of 6.9 kWh/m3. In addition, a highly
concentrated brine, close to saturation, was produced and could be used in evaporated
salt production or in the chloralkali industry. These findings should be confirmed and
optimized at pilot-scale level. It has been recently published [109] that a pilot plant is
now being tested for the proposed process in the “Debiensko” plant located in Poland
(Nanos project, 2010). However, no results have been published so far. To decrease the
desalination cost of the proposed hybrid process, as well as the methane emission from
coal mines, captured methane using membrane technologies could be used as a source of
energy [109]. To the best of our knowledge, this low-cost energy source has not been tested
in the NF-SWRO-ED hybrid system.
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In an innovative hybrid process, MD has been implemented between RO and reverse
electrodialysis (RE) [110], as shown in Figure 11, for simultaneous extraction of freshwater
and electrical energy production. It has been demonstrated that with more fresh water
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extracted from MD, the RO brine could be concentrated to a level of 5.4 M, resulting
in a volume reduction factor of 83.6%. The RE efficiency, when fed with MD brine (in
high concentration compartment—HCC) and seawater (low concentration compartment—
LCC) has been improved through an enhancement in the overall water recovery and
the power density. In another study [111], the energy performance has been examined to
evaluate the economic feasibility of the integrated system. Based on the lab-scale results, the
calculations presented by the authors demonstrated that the specific energy consumption in
an RO-MD-RE system decreased by 16% and 6%, respectively, compared to the standalone
RO system as the electrochemical and thermal potential of hot membrane distillation
hypersaline brine could be recovered and converted into energy via reverse electrodialysis.
In perspective, individual process optimization with a pilot-scale study might be a big
step toward the implementation of the ZLD approach. A brief details of advantages,
disadvantages, and energy consumption of the electrodialysis technologies combined with
RO for brine treatment with high salinity is presented in Table 8.
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Table 8. Advantages, disadvantages, and energy consumption of the electrodialysis technologies
combined with RO for brine treatment with high salinity.

Process Advantages Disadvantages Energy Consumption

ED technologies/
RO [88]

Higher salinity feeds could
be treated than with RO
alone and the use of RO
eliminates ED operation with
low conductivity streams
Effective scale control
It can be applied for both low
and high salinity sources

High energy
consumption

6.9 kWh/m3

brine with TDS = 60 g/dm3

EDR/RO [87,107] Energy generation: Energy
saving could be achieved

High Energy
consumption for
the treatment of
hypersaline feed

0.8 kWh/m3

(vs. 1.8 kW h/m3 for a
standalone RO)

Non optimized
Energy consumption:
17 kWhe/m3 influent
(Pilotscale: 50 m3/day
Water recover: 77%
Final Brine
concentration: up to
125,000 mg/L



Sustainability 2022, 14, 6752 24 of 47

4.2. Mineral’s Recovery Technologies

A major route by which we can make the brine treatment economical is by the recov-
ery of profitable minerals. FO, membrane-based technologies, or other advanced brine
treatment techniques include sophisticated amenities, which on the other hand can only be
balanced by the profit envisaged by mining brine for commercially relevant products. Min-
eral recovery ideas have gained momentum based on this very fundamental aspect [112].
From the economic point of view, metal recovery from seawater desalination or geother-
mal brine leaves less environment footprint when compared to traditional mining and
purification processes. However, its extraction is a matter of controversy. Only limited
mineral recovery technologies are so far commercialized and implemented in industrial
scale for real-time applications. Despite finding it to be highly dependable with potential
for yielding high throughput, even the most modern technologies are far from the ideal
necessities of global market. However, before heading to the recovery, it is important to
know the global demand. For example, rubidium (Rb) is known for being a high-priced
element but stands for its low requirements, whereas Li has high market demand and
therefore is more viable for extraction. Other economically viable metals are magnesium
(Mg), cesium (Cs), uranium (U), etc. [112–114]. Moreover, while opting a suitable recovery
technology, other factors such as fast reaction kinetics, ability to withstand quite high
temperature (60–200 ◦C), and pressure 15–25 bar must also be considered. This is because
most brine-management plants are working on high flow rates and temperatures. Sim-
ilar to water-recovery technologies, electrodialysis and membrane distillation have also
been adopted for metal recovery from brine solution (see Table 9). The other commonly
used methodologies for mineral recovery are adsorption, crystallization, precipitation,
and hybrid processes. The proceeding sections discuss major effective practices reported
recently for the recovery of industrially relevant metals/minerals from the high-concentrate
brine. Table 9 summarizes the recent studies on metal/minerals recovery from various
concentrated brines.

Table 9. Summary of metals/minerals recovered using several technologies based on recent reports.

Minerals/Compo-
nents Recovered Brine Source Mineral Recovery Method Ref.

Lithium (Li) Bolivian salt-lake brine
Adsorption by column packed with iron-doped lithium

manganese oxides, Li1.33FexMn1.67−xO4
(x = 0.15, 0.30, and 0.40)

[115]

Li - Adsorption using dihydrate lithium acetate (C2H3LiO2·2H2O) [116]

Li Salt-lake brine
Electrochemical adsorption or capacitive deionization using

oxygen vacancy-rich CoP/Co3O4-graphene aerogel
(GA/CoP/Co3O4) as bifunctional anode and cathode

[117]

Li Salt-lake brine Adsorption by column packed with layered
lithium-aluminum hydroxides [118]

Li Salt-lake brine Adsorption by Mn-based cylindrical
granular adsorbent EP/HMO (Epoxyresin/H4Mn5O12) [119]

Li Seawater brine Adsorption by lithium-ion sieves (LIS) embedded in a
cross-linked hydroxyethyl cellulose (HEC) [120]

Li East Taigener
Salt-lake brine

granulated lithium adsorbents made of puckered layer double
hydroxide NH4Al3(SO4)2(OH)6

[121]

Li Seawater brine Adsorption by spinel-type manganese oxide (Li1.33Mn1.67O4)
ion sieve [122]

Li Salt-lake brine Adsorption on porous titanium-based Lithium-ion sieves
(LIS) nanofibers [117]

Li Salt brine eluate solar evaporation crystallization [123]
Li Salt-lake brine Constant-current electrodialysis (ED) [124]

Li Salt-lake brine Selective-electrodialysis (S-ED) for recovering Li from Mg2+/Li+

ratio brines
[125]
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Table 9. Cont.

Minerals/Compo-
nents Recovered Brine Source Mineral Recovery Method Ref.

Li Lake brines
Sandwiched liquid-membrane electrodialysis used by combining

liquid-membrane
extraction and electrodialysis

[126]

Lithium hydroxide
(LiOH)

Lithium-rich
salt-lake brine

mass transfer based on three-chamber bipolar membrane
electrodialysis based [127]

Li Salt-lake brine GO-composite-based pervaporation membrane and crystallizer [128]

Magnesium (Mg) Brackish water
mimicked RO brine

Electrochemical nitrate removal with simultaneous
magnesium recovery [129]

Rubidium (Rb)
SWRO brine integrated submerged MD-adsorption by granular KCuFC [130,131]

Salt-lake brine Adsorption by biomass-derived adsorbents (BCA@STS,
CBCA@STS) modified with sodium titanium silicate (STS) [132]

Cesium (Cs) Salt-lake brine Adsorption by titanosilicate modified BCA and CBCA
(carbonized biomass carbonaceous aerogel) [132]

Calcium (Ca) RO brine, seawater
and stored urine Eutectic freeze crystallization (EFC) [133]

Boron (B) Salt-lake brine
Electrochemical adsorption or capacitive deionization using

oxygen vacancy-rich CoP/Co3O4-graphene aerogel
(GA/CoP/Co3O4) as bifunctional anode and cathode

[117]

Neodymium (Nd),
Gadolinium (Gd),

Holmium (Ho)

Acid mine drainage or
geothermal fluid Adsorption using ligand-functionalized silica particles [134]

Sodium chloride
(NaCl) Seawater brine

quartz glass fibrous filter membrane enabled solar crystallizer
coupled with a salt crystallization

inhibitor
[135]

Magnesium
sulphate (MgSO4) Seawater brine Precipitation using Slaked dolomite [136]

Magnesium
hydroxide
Mg(OH)2

RO brine Precipitation using NaOH [137]

Lithium phosphate
(Li3PO4) Salt-lake brine Precipitation using facet engineered Li3PO4 seed [138]

MgSO4 Seawater brine Precipitation using paper sludge ash, sulfuric acid, and ethanol [139]

4.2.1. Adsorption

Adsorption is a broadly recognized strategy with great flexibility for customization on
account of efficient removal or recovery of metals/minerals from brine. In this practice,
a solid material called adsorbent is introduced into the feed brine to sorb the targeted
mineral/metal ion selectively. It is anticipated that almost complete recovery could be
achieved by adsorption [2]. It is worthwhile to consider certain prerequisites for an ad-
sorbent to meet the demands of energy economics of a resource recovery system. They
are the fast adsorption–desorption rate, high physicochemical durability, selectivity, less
sensitivity toward the variations in pH, temperature and concentration of the medium, etc.
Typically, adsorbents are in the form of fine powder or microcrystals [140]. Nonetheless,
their difficulty to extract from the treatment site and poor cyclic reusability limits their relia-
bility. Thus, the challenge is to develop a promising adsorbent in a self-sustained form. For
instance, packing them in fixed-bed columns can certainly restrain the easy and trouble-free
filtration of feed [118,130]. A multitude of alternate routes has also been adopted for the
hassle-free recovery and the most important of them are granulation, foaming, membrane
formation, integration into perforated fibers, etc. In many of these strategies, adsorbents
are integrated with polymer/binding agents. Apparently, affinity and effective surface and
structural integrity of the adsorbent must be preserved throughout the brine treatment
process without compromising the adsorptivity/desorptivity. The major adsorbent types
are discussed below:
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(i) Granules: The most straightforward method is to make the adsorbent powders
into granules by combining with polymeric adhesive/binding/crosslinking agents
such as (polyvinyl alcohol) (PVA) [141], poly(vinyl chloride) (PVC)/poly methyl
methacrylate (PMMA) [142], epoxy resin-dicyanamide [119] alginates [121], etc. Both
cylindrical [119] and spherical granular adsorbents were reported [142]. Naidu et al.,
attempted to fabricate granular KCuFC adsorbent for rubedium (Rb) by encapsulating
in the polyacrylonitrile (PAN) [131].

(ii) Foam: Adsorbents can be made as in the form of ion-permeable network structures
with interconnected pores and therefore can attain an augmented surface area avail-
able for adsorption. A widely adopted strategy is to make the pore walls activated
toward specific ions (e.g., Li) [116]. Such porous structures with ion selectivity are
often termed as ion sieves. Quite a large number of works have concentrated on
providing meso- and macro-porosity by incorporating onto a perforated/network
structure [117,120]. Maintaining adequate structural and mechanical integrity with-
out losing their performance over continuous adsorption–desorption cycles are the
bottleneck for the commercialization of foam adsorbents.

(iii) Membranes: In the resource recovery section, we have already discussed principles
of a membrane-enabled water treatment process, which relies on the size-exclusion
principle. Having said that, the adsorption by membranes is working on selective
adsorption in conjunction with a size-exclusion mechanism. It has the major advan-
tage of simultaneous recovery of both pure water and the targeted mineral. The
membranes made of suitable components could either be used to embed adsorbent
or be functionalized appropriately to make it selective toward a particular ion. Thus,
a membrane is conveniently modified to captivate the targeted ion. There are ion
imprinted membranes (IIM) and ion sieve membranes (ISM) through which the recov-
ery of valuable minerals could be achieved in a selective manner. The key difference
between these adsorbents lies in their adsorbing mechanism. IIM is formed by a
functionalizing membrane surface with supramolecular cationic receptors such as
calyxarenes or crown ethers [143]. An ISM, on the other hand, could be made better at
selection by virtue of intercalation of ions between the interstices. However, precau-
tions must be taken for not blocking the pores by depositing other precipitating agents
present in the medium. The membrane further required regeneration by desorbing
the ions by chemical treatment [143].

(iv) Nanofibers: Being a relatively novel method compared to the above discussed strate-
gies, only limited numbers of reports have come in this area [119,144]. Here perforated
nanofibrous structures are fabricated by incorporating the powder adsorbent into
suitable polymeric binding agents. For such a system, electrospinning is a highly
viable tool to achieve fibrous morphology. For instance Lai et al. fabricated a highly
porous HMn2O4 nanofiber, exploiting electrospinning and subsequent calcination by
using polyvinylpyrrolidone (PVP) as a binding agent [119].

4.2.2. Crystallization

A crystallizer is considered as the bottleneck in ZLD technology. Because progres-
sive removal of fluid content always leaves high-concentrated brine to be treated at later
stages of brine treatment, most of the studies in brine management are devoted to brine
concentration with lower to medium saturation level. Thus, medium-saturated brine could
be managed well owing to the advancements made with FO, MD, and electrodialysis
techniques. However, relatively less progress has so far been made for the treatment of
saturated or near-saturated brine because of the high tendency for scale formation and
fouling [135]. In this respect, crystallization is the paramount technique that could be used
to retrieve less soluble metal salts from a saturated or near-saturated brine. Besides, this is
considered as the modest method for extracting certain minerals from a challenging com-
plex medium like seawater RO brine. A fundamental of crystallization involves controlling
the saturation level of a solute in such a way that the ionic product (IP) of the targeted
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ionic salt exceeds the solubility product (SP) in the medium, prompting crystallization.
This is typically achieved by: (1) removing solvents from the brine, (2) controlling tempera-
ture, and (3) the converting into salt of the ion with lower-solubility products [63]. These
methods are discussed after this section.

Thermal evaporation and the subsequent concentration of brine is the most conven-
tional type among crystallization strategies. Here, solvent has been removed from the
brine by thermal management, helping the solution to attain super saturation. Negative-
temperature-induced crystallization is apt for certain compounds, whereas some others
crystallize at higher temperature. Yet, a few others show no significant changes at all over
varying temperatures. This is because temperature is a crucial parameter that determines
the solubility of a compound. Figure 12 shows the effect of temperature variation with
the extent of solubility [63]. No matter, high-energy input is a fundamental requirement
for the bulk heating of brine, making it difficult for industrial-scale water management.
Recently, Zhang et al. [135] have come up with a quartz glass fibrous filter membrane-
enabled solar-driven crystallizer for the trouble-free separation/recovery of NaCl from
the concentrated brine. In their strategically designed 3D model (Figure 13), the thermal
evaporation interface has been separated by a high-conducting aluminum sheet. A high
evaporation rate (2.42 kg m−2 h−1) was attained for a brine concentration of 21.6 wt%
SWRO brine when coupled with a salt crystallization inhibitor, nitrilotriacetic acid (NTA).
Unlike the existing solar-evaporation-based technologies, this technique particularly en-
ables enhanced evaporation performance in addition with the crystal-out of salts with
self-exfoliating/self-separating benefit. However, the authors self-proclaimed that highly
complex brine (e.g., sea brine), wherein many scale-forming precursors are present, can
adversely affect the evaporation performance of the as-introduced model. Therefore, its
application is largely limited to recovery from pure brine.
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Freeze crystallization is an alternate method with relatively less energy requirement.
This is because the latent heat of freezing (HLF) is significantly less (for instance, seven
times less) compared to the latent heat of evaporation (HLV). In a multicomponent system
such as SWRO brine, the least soluble salts will get crystallized out with ice (at their eutectic
temperature) when a sufficiently lower temperature is attained. This technique is termed
as EFC [145]. Randal et al. have reported a useful method to evaluate the thermodynamic
feasibility and possible profitability of various brine sources for the crystallization of salts
at their EFC condition [133].

4.2.3. Precipitation

Precipitation/softening is a basic requirement of a brine treatment system. As it
selectively separates the targeted ion by virtue of a precipitating agent, this technique
also has implications in mineral/metal ion recovery. Many variants of precipitation have
so far been employed to retrieve useful ions from brine as their profitable salt. While
crystallization helps the separation of a compound from its saturated solution, precipitation
involves a forced crystallization/precipitation step, where a highly soluble compound of an
ion is converted into a different compound of the same ion with less solubility. Nevertheless,
it must be noted that the ions here are recovered as a different but profitable salt and not as
an original compound. Important salts that are economically profitable such as gypsum
(CaSO4. H2O), CaCO3, Mg(OH)2, Na2SO4, CaCl2, and NaCl can be recovered from saline
water through selective extraction using precipitation using the SAL-PROC™ process, a
proprietary integrated commercial brine treatment system involving sequential recovery of
metals/minerals as their valuable products [146].

Being valuable, salt ions Ca and Mg ions could be recovered from RO brine by precipi-
tation using suitable precipitants. A most widely employed method is to use dolomite, lime,
or dolomite–lime for precipitating Mg [136,147]. Many other precipitating agents being
used so far are listed in Table 9. For example, Dong et al. have presented an initial set of
data for the recovery of Mg as Mg(OH)2 from brine, employing NaOH as a precipitant [137].
However, lower grade salts result because of the presence of NaCl as impurities (the grade
is governed by the nature of brine [139]), but it is still considered for applications such as
fertilizers, pH controlling, etc. Besides, scale-forming ions (such as SO4

2− and HCO3
−) can

affect the precipitation, which calls for removal of scale-forming ions by some means, nor-
mally by ED [148]. Be it said that there are only limited reports available for the extraction
of Li as carbonate by precipitation from carbonate-rich brine. This is due to the higher pH
of brine, which is unfavorable for precipitation. Precipitation of lithium as phosphate is
an alternative for such brine but it demands higher thermal energy (T > 60 ◦C) to initiate
nucleation (by virtue of a high nucleation energy barrier). Liu et al. have introduced novel,
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highly active facet-engineered Li3PO4 crystals as seeds for the energy-efficient recovery of
Li from carbonate-rich brine by precipitation at ≤30 ◦C [138].

4.2.4. Miscellaneous

The recovery of a targeted metal/mineral has to face great hurdles because of the
unfavorable concentration ratio and presence of competing ions in some complex brines.
Thus, to get a cleaner and efficient recovery of resources, alternative options are often sug-
gested. Many technologies have been brought to market by the combination of two or more
methods discussed above and are in their early stages of commercialization. For instance, a
recently emerged scheme is capacitive deionization (CDI), wherein electro adsorption of
charged ions is impelled on the surface of customized porous electrodes (most commonly
carbon-based aerogels) [149]. Jin et al. put forward a novel green CDI strategy for the
simultaneous recovery of boron (B) and lithium (Li). They customized a highly hydrophilic
graphene aerogel with bifunctional oxygen vacancy-rich CoP/Co3O4 with augmented
selectivity and adsorption–desorption kinetics. The so-reported design claims the adapt-
ability for high-Mg/Li-ratio salt-lake brines (Figure 14) [117]. However, it should be noted
that the high concentration of TDS in the brine causes the scaling of electrodes. Therefore,
fouling control methods are the major challenges in CDI processes [149]. The integration
of pretreatment techniques would alleviate inorganic scaling and organic fouling of the
electrodes in CDI.

4.2.5. Hybrid Processes

As mentioned in the preceding sections, desalination brine has the potential to be a
rich resource for the production of commercial products such as metals, mineral salts, and
valuable chemicals. Although the economic impact of desalination could be mitigated by
recovering materials using the standalone techniques, the high capital cost is still a limiting
issue and prevents the extracted product to be commercialized. The hybrid technologies
would be required to achieve optimal transformation of the brine into valuable material and
reduce the overall desalination cost. The most effective hybrid techniques are those that
integrate diverse processes to recover water while producing commercial products. Some of
those integrated with RO, already discussed in the freshwater recovery sub-section, could
be used in a near or zero liquid discharge approach to reduce the environmental impact
by recovering as much material as feasible. This part focuses on the above-mentioned
integrated hybrid technologies used for materials recovery, as well as water desalination, to
achieve a zero-liquid discharge. The sustainability approach of some integrated processes
is discussed as well.

4.2.5.1. Combined Techniques with RO for Resource Recovery Using ZLD Approach

The integration of pressure-driven membrane technology, RO, with the pretreatment
methods (chemical precipitation, seeded precipitation, and ion exchange) and/or electro-
dialysis technologies seems promising for water and valuable products recovery while
achieving ZLD. Table 10 presents how the integrated RO process could be used to desalinate
brine and collect products.
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Table 10. Hybrid techniques used for valuable product recovery using the ZLD approach.

Recovering
Component

Hybrid Method
Other Details Brine Source Advantages Challenges Ref.

Calcium
carbonate
(CaCO3)/calcium
oxide (CaO)

CP/RO
Precipitant: Lime and soda ash
CaCO3 and CaO recovery from
the precipitated sludge through
CO2 gas injection to selectively
dissolve magnesium

Simulated RO
brine from Brackish
ground water

Economic return from
mineral precipitation

Cost study
Study of CO2 emission to
the atmosphere

[82]

CaCO3

Chemical precipitation/FO/RO
Lime and soda ash softening

Real RO brine from
a coal
chemical industry

Production of High purity
product (92.2% purity):
−5.6 kg/m3 ROC

FO membrane scaling and
cleaning strategies
Study of the integrated
FO/RO system

[91]

Seeded aeration softening/RO Real brine from
brackish water

Production of, chemical
free, 1.05 g-CaCO3 L−1 h−1.
High purity product: 92%

Reduction of CO2 emission [93]

-Divalent salt
calcium sulphate
(CaSO4)
-Super
concentrate for
sodium and
potassium salts

CP/RO
Acidification + degasification
antiscalant before SRO

Real (RO) brine/
Brackish water

Divalent salts could be used
for soil and dust control
Production of super
concentrate depleted of
bicarbonates and with less
scaling for thermal
evaporation

Cost evaluation
Additional treatment of the
super concentrate is may
needed
Study of the integrated
system CP/RO with
thermal treatment

[90]

Production
of highly
concentrated
brine

ED/RO

Simulated highly
saline brines from
both brackish and
sea waters

High salinities, beyond the
range of RO alone, could be
reached
(Brine from brackish water)

Limitations to treat brine
with TDS 120,000 ppm
(Brine from sea water)

[86]

Sodium sulfate
and CaCl2

Salt-splitting ED/RO pilot unit
combined with crystallizer

Coal
plant wastewater

Production of low volumes
of concentrated brines
Smaller evaporator system
ED is easily combined with
any RO unit

Separation of products
Cost study [108]

Highly
concentrated
brine close to the
saturation limit
of the water
chemistry
(TDS of
239,000 mg/L)

EDR/RO system combined
with a low-temperature
crystallizer

Real Brine from
saline basal
aquifer water

Production of highly
concentrated brine up to
two times more than that of
RO alone

Lowering the Energy
consumption
Solid separation

[87]
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Table 10. Cont.

Recovering
Component

Hybrid Method
Other Details Brine Source Advantages Challenges Ref.

Saturated brine:
>180 g dm−3

as Cl−:
NF-RO-ED Simulated Coal

mine water

Production of a raw
material for evaporated salt
production

Membrane development to
reduce the cost [109]

Na2SO4

Fractional submerged
MD-Crystallization
(Other hybrid technique)

Simulated sea
water RO brine

The concentration/
temperature gradient
enhances water and
salt recoveries

Quantitative analysis of
ammonia in MD permeate
Study with real sea
water brine

[150]

Recovery of salt from desalination brine can been achieved by using combined RO
systems, as shown in Table 10. The salts could be employed for various application [151].
Magnesium and calcium salts such as CaCO3 are the major products that could be recovered
by integrating the chemical and seeded precipitation techniques with the RO system. The
use of lime and soda ash seems to be promising for the valorization of the calcium and
magnesium by-product from RO brine through chemical precipitation [82,91]. Other
chemicals such as sodium phosphate and sodium carbonate could be used as chemical
precipitants to extract salts from RO concentrate [21]. In another study, sodium carbonate
and sodium hydroxide were used as precipitant to collect calcium and magnesium salt.
However, the authors demonstrated that the recovery of calcium and magnesium salt were
masked by antiscalants and ions that are present in the RO concentrate. Consequently, they
used ED to decrease the quantity of antiscalants. The recovered salts could be employed for
pH control and the recovery of phosphate fertilizers from wastewater treatment [152]. The
combined process ED/RO could be integrated with crystallizer to increase water and extract
a variety of salts from RO brines [151]. In this combined system, ED technologies were
employed as a pretreatment step for concentrating brine followed by RO and crystallization.
A recent modeling study has been conducted by Mitko et al. [109] to predict the highest
chloride concentration that may be attained in an industrial-scale electrodialyzer. It was
shown that the ED could produce saturated brine, greater than 180 g dm−3 as Cl−, from
coal mine water as long as an NF-RO system was used to pre-concentrate it. In fact,
the use of cation- and anion-exchange membranes positioned between electrodes allows
and facilitates the separation of salts from brine. The effect of operational conditions on
performance efficiency, such as membrane properties, current density, and initial brine
concentration, was examined [21]. It has been demonstrated that the treatment of RO
brine with ED or EDR in combination with pressure-driven membrane processes and
other technologies might be sufficient to achieve ZLD. Although the costs of studying
these hybrid membrane-based systems for producing salts are relatively high [87,151],
innovative designs have been established with the goal of lowering capital costs. For
example, in pilot studies combining RO/ED for the treatment of brackish water to reach
ZLD approach, Oren et al. [153] demonstrated that the innovative hybrid system achieved
the dual function of expanding the salinity limit of RO while lowering energy consumption.
Prior to a side-loop crystallizer and wind-aided enhanced evaporation, EDR had the
benefit of concentrating the RO brine to a salinity of 100,000–200,000 mg/L. Several studies
combining other technologies have also been conducted to increase the performance. For
example, Choi et al. [150] demonstrated that 223.73 g Na2SO4 crystals were successfully
extracted from simulated SWRO brine while achieving high water recovery using fractional
submerged MD-crystallization. This hybrid system could reduce energy consumption and
avoid crystallization on the membrane surfaces membrane. Such hybrid processes will be
further discussed in future work.

4.2.5.2. Hybrid Process for Simultaneous Water-Mineral Recovery and Carbon Capture

A hybrid process treating two or more pollutants in a single reaction could be an effi-
cient solution to improve the efficiency of the desalination process by using cost-effective
and environmentally friendly strategies and ensure the sustainability of brine management
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approaches. Several recent studies have focused on simultaneously treating desalination
brine and carbon dioxide (CO2), which is a major contributor to global warming and
climate change and can be released from different industrial sectors such as the power
generation that is required for desalination operations. Combining the utilization of the
concentrated brine and CO2 offers the benefit of tackling two environmental problems and
shifting to a green production of useful products such as sodium bicarbonate (NaHCO3),
sodium carbonate (Na2CO3), nesquehonite (MgCO3·3H2O), and lansfordite (MgCO3·5H2O)
while obtaining a treated brine that might be suitable for irrigation or human consump-
tion [154,155]. Different studies have demonstrated the feasibility of recovering salts and
minerals from concentrated brine as a way of CO2 capture and utilization.

In general, there are two methods for using CO2 with brine whether direct precipitation
of earth alkaline cations (Ca2+ and Mg2+) by CO2 gas to form CaCO3 and MgCO3 or
indirect precipitation of Na+ to form sodium bicarbonate [156]. The modified Solvay
processes, using the second method, have the potential to manage these two wastes in a
combined process while recovering useful resources. Therefore, it might be an effective
solution and a business opportunity to improve the desalination process and make it more
environmentally friendly and sustainable. Generally, the Solvay process is employed to
produce sodium carbonate (soda ash) through the reaction between CO2 and saturated
sodium chloride solution (the brine), in the presence of ammonia (NH3), to form soluble
ammonium chloride and a precipitate of sodium bicarbonate (NaHCO3), which could be
converted to soda ash by calcination [155]. Soda ash is a common raw chemical that can be
used in different industrial sectors [156]. Mustafa et al. have recently reviewed the effect
of different parameters on the overall combined process efficiency, including both carbon
capture and metal removal efficiencies, as well as product yield [157].

Several studies reported that the optimum reaction temperature of CO2 with ammo-
niated brine was between 20 and 25 ◦C for both CO2 capture and sodium bicarbonate
formation. In fact, increasing the temperature causes the evaporation of the highly volatile
ammonia, decreases the solubility of CO2 in the liquid phase, and increases the solubility
of products. Therefore, a low temperature is needed to improve CO2 capture efficiency and
recovered product yield [157]. The type of solvent is also one of the important parameters
that might have a significant impact on the combined process efficiency. NH3 is typically
used as a solvent in the process. Although the ammonia is not involved in the overall
reaction of the modified Solvay process, it has a significant effect on the intermediate
reactions. Its role is to maintain a basic pH in the solution and increase sodium bicarbonate
precipitation. El Naas et al. [155] found that the optimum reaction temperature was about
20 ◦C and the optimum NH3/NaCl ratio was 2 for synthetic brine solutions and 3 for
actual brine to achieve 40% of sodium removal and more than 90% of CO2 removal from a
CO2–CH4 gas mixture. Generally, in the conventional Solvay process, the resulting soluble
ammonium chloride can be reacted with calcium oxide (CaO) obtained from limestone
burning to recover and recycle the ammonia. Nevertheless, the utilization of lime as a
source of CaO causes an increase in CO2 emission. Therefore, different alkaline solid waste
with high CaO content have been suggested as a lime alternative [156]. In this context,
Pinto et al. [158] demonstrated that a partial replacement of lime by steel slag milk in the
ammonia recovery step is possible. The use of steel slag, a low-cost and abundant waste
material, as a source of CaO seems promising as it can decrease the CO2 emissions and
reduce the costs of products because of the low cost of solid waste and the reduction in
energy consumption. The authors found that 40% of the total ammonia could be recov-
ered thanks to the high CaO content (40.1% CaO) in the steel slag. However, it is worth
remembering that the high volatility of ammonia and its health hazard effects are among
the major drawbacks of ammonia. The utilization of solvents alternative to ammonia could
open gateways to overcome the drawbacks of the conventional Solvay process. Therefore,
different alternative solvents have been studied [154,155]. Other amines, such as methyl
aminoethanol and 2–amino, and 2-methyl propanol, were used as alternatives to ammonia
and good results were achieved. However, the main drawback of using amines is the



Sustainability 2022, 14, 6752 33 of 47

formation of hazardous byproducts in the brine during the carbonation step. Therefore,
researchers have opted recently for other alternative solvents. For example, El Naas et al.,
2017, proposed a modified Solvay process where ammonia is replaced by calcium hy-
droxide [155]. The experimental results illustrated that the modified Solvay process using
calcium hydroxide is superior in terms of CO2 capture efficiency, sodium removal, and
energy consumption. In addition, the calcium-based Solvay process was less costly than the
conventional process because of the lower costs of calcium hydroxide relative to the cost of
ammonia and the elimination of the energy-intensive ammonia regeneration. However,
further research is required in this study as there is a lack of information about the purity of
sodium bicarbonate, as well as the calcium chloride salt. Additionally, coupling mitigation
techniques with the modified Solvay process is needed to eliminate fouling of equipment
caused by CaCO3 scale [157]. Dind et al. have suggested the use of mixed-metal oxides
derived from the calcination of Mg-Al-layered double hydroxide (LDH) and demonstrated
the efficacity of the modified process to produce a pure sodium bicarbonate better than
other modified Solvay processes [154]. The mixed-metal oxide showed high potential to
remove chloride from brine during the first step before being separated from the mixture in
the second step. The removal of chloride results in raising the OH ions in the brine derived
from the used mixed-metal oxide. Consequently, the resulting brine with high alkalinity
could be then employed for production of sodium bicarbonate and CO2 absorption. The
novelty in this modified process is its ability to remove both sodium and chloride ions from
brine and the production of a valuable high-purity product. However, the efficiencies of
sodium removal and CO2 capture were relatively low. Moreover, the use of mixed-metal
oxides in the combined reaction needs to be explored further.

The types and concentrations of salts are also important factors that affect the type of
recovered product and the yield of reaction [157]. It has been demonstrated that the solu-
bility of NaHCO3 decreases with increasing the concentration of NaCl in the solution [155].
Reaction time, CO2 concentration, and catalysts, as well, can considerably improve the CO2
capture and metal removal and thereby can reduce the cost of the reactor.

This subsection discussed briefly the most up-to-date modified Solvay process to
produce soda ash and baking soda in the context of brine management and CO2 utilization.
The combined process using multi-stage treatment could offer a great opportunity for
shifting to a green production of soda ash mainly by using not only exhausted CO2 and
brine but also alkaline solid wastes such as steel slag and fly ash [159]. Thus, three
environmental problems could be tackled at the same time, while reducing the capital cost.
However, there are challenges that require further research and technological development
initiatives for the idea to be industrially implemented, such as improving the reactor design,
purification of products, and techno-economic analysis of the process.

4.3. Energy Recovery Technologies

In recent times, along with the recovery of minerals and water, energy is also re-
covered during brine management by utilizing the salinity gradient power (SGP), which
is obtained from the release of Gibbs’ free energy during the mixing of solutions with
different concentrations. As the salinity gradient power is an unexploited area of renewable
energy resources, countless research studies going on nowadays are based on harvesting
salinity gradient power. SGP plays a significant role for balancing the carbon footprints
and the greenhouse emissions by the desalination plants [16]. Several techniques are
utilizing the salinity gradient power and, among those, three important techniques are
pressure-retarded osmosis (PRO), reverse electrodialysis (RED), and capacitive mixing
(CapMix). The following segments discuss these three various SGP techniques for the
recovery of energy.

4.3.1. Pressure Retarded Osmosis

Pressure-retarded osmosis is an excellent technology that can be explained by means
of the utilization of Gibbs free energy of mixing freshwater with brine to generate power. It
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is hydraulic power generation using the osmotic pressure difference between high-osmotic-
pressure solution such as seawater and low-osmotic-pressure solution such as freshwater.
It utilizes semipermeable membranes (that only allow water molecules to pass through)
for the effective recovery of energy by harvesting Gibbs free energy of mixing by allowing
water to transport from a low-concentration solution (feed solution (freshwater)) to a high-
concentration solution (draw solution (seawater)). While the high concentration solution
(draw solution) is diluted by the arrival of the low-concentration solution, the Gibbs free
energy will be converted to hydraulic pressure, which is used as the propelling force for
the pressure exchanger to develop the mechanical energy to operate the turbine for the
production of electrical energy.

Pressure-retarded osmosis is focused on a method that could regenerate energy from
the salinity difference between the concentrated brine and pure water and, at the same
time, as an efficient system to replace the SWRO system, thereby solving the environmental
problem caused by the harmful SWRO brine released back into the sea. In 2010, Statkraft
AS, a Norwegian energy company, had put forward the idea of the first prototype plant.
They used semipermeable membranes in a flat sheet spiral-wound configuration, where
seawater was used as the draw solution and river water used as the feed solution [160].
Keiichiro, et al. analyzed the toughest challenges, such as concentration polarizations and
membrane fouling, which were the main challenges faced by prototype plants. Using
hollow-fiber modules, they have generated salinity power by a pressure-retarded osmosis
system between pure water and concentrated brine [161]. Concentration polarization
effects can be reduced by the modifications in the number of open ports in the modules
by increasing them from three to four. The prototype plant reported the maximum output
power density of 7.7 W/m2. Figure 15 shows the schematic view of the prototype plant. In
addition, membrane fouling was analyzed and found to be reduced by treatments with low-
pressure RO membrane and coagulation–sedimentation method with ozonation and, also,
good results were achieved through these methods. To examine the potential of the system,
Waqas et al. developed a mathematical model of a pressure-retarded osmosis system as
an energy recovery process for the desalination plants [162]. Disposed brine of an MSF
desalination plant was used as the draw solution and seawater was used as the feed solution.
The power generated at a hydraulic pressure of 1010 kPa was 30.8 kW, which was found
to be less than the power required by pumps of an MSF desalination plant. The plant’s
performance also depends upon the properties provided by the membranes. Membrane
properties such as the water permeability coefficient and the mass transfer coefficient have
significant roles. Several attempts were made by many research groups for improving
power density from the system. Kim, Yu Chang, and Menachem Elimelech together
proposed the scenario of osmotic pressure generation by pressure-retarded osmosis using a
variety of salinity gradient resources. Brine solution from an RO desalination plant was used
as the high-salinity draw solution and the low-salinity feed solution used was the municipal
wastewater effluent. A water flux of 13.9 Lm−2 h−1 and power density of 4.7 W/m2 at a
hydraulic pressure difference of 12.5 bar was obtained when a 2 M draw/0.5 M feed at
30 ◦C was used. The team demonstrated a hybrid process of FO desalination, as well as
pressure-retarded osmosis osmotic power generation, and conveyed the potential viability
of the osmotic power generation using seawater as the feed solution [163]. Straub et al.
investigated the power density that can be obtained in pressure-retarded osmosis from
highly concentrated solutions where greater energy of mixing can be harnessed from such
high concentration solutions [164]. Thin film composite (TFC) membranes with woven
mesh supported by tricot fabric feed spacers were designed specifically to improvise
the operating pressure of the system to 48 bar for greater than 10 h. The power density
was reached up to 60 W/m2, thereby exploring the high-power density potential of the
concentrated draw solution by providing a proper membrane, spacer, flow channel, etc. for
the pressure-retarded osmosis operation at increased hydraulic pressure. A high-pressure
system has a greater significance in harnessing the renewable energy stored in salinity
gradients and thereby can be considered as a commercially feasible method. In 2014,
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another approach was introduced by Andrea et al. in the pilot-scale production of a
combination system of RO-pressure-retarded osmosis, which is a next-generation system
for low-energy desalination [165]. A pilot-scale system was designed accordingly, where RO
energy reduction was evaluated using pressure-retarded osmosis. This combination system
utilizes energy from a volume of water transferred from atmospheric pressure to elevated
pressure across the semipermeable membrane to pre-pressurize RO subsystems and it
is claimed to be the first system to utilize energy like this. The average power densities,
which were closer to the values required for economically feasible systems, was obtained
(1.1 to 2.3 W/m2). Integrated projects always gained proper attention and, among those,
SWRO and pressure-retarded osmosis integrated systems focused on not only less energy
consumption, but also engrossed on the low-cost, high-power density, low fouling, etc.
Nevertheless, being an efficient process, SWRO is still having issues of consuming large
amounts of energy to pressurize and pump water. Environmental problems are severe
because of the disposal of concentrated brine from the SWRO plant and thereby develop a
negative impact on society [166–168].

Integrating the pressure-retarded osmosis with SWRO provides advantages such
as less fouling because of the pretreatment of seawater brine conducted in the SWRO
system. A maximum power density of 13.3 W/m2 was obtained with a hydraulic pressure
difference of 27 bar for the system put forward by the Megaton Water Project from Japan
where SWRO brine was used as the draw solution and freshwater as the feed solution [161].
However, the process needs detailed optimization, since most of the process designs are
missing in reported literature. Wan, Chun Feng, and Tai-Shung Chung proposed detailed
configurations of two integrated processes of novel SWRO–pressure-retarded osmosis
explained in terms of the positions and functions of each pressure exchanger (PX) and high-
pressure pump (HP). The system was optimized by the determination of the dilution factor
and corresponding operating pressure. While operating SWRO at 25% and 50% recovery,
with the brines diluted to the seawater level, the specific energy consumption to produce
1 m3 of desalinated water can reduced from 1.08 to 1.14 KWh, respectively [169]. A python-
based model called Propmod was introduced by Benjamin et al. that utilized both internal
and user-defined inputs to simulate how a full-scale system works economically [170]. It
could efficiently save 9% of the energy consumed per m3 of permeate. It was designed in
such a way as to simulate any saltwater-based pressure-retarded osmosis process and was
tested with salinities ranging from DI to RO concentrations.
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4.3.2. Electrodialysis Reversal (EDR)

Another SGP technology having an exceptional possibility for commercialization is
electrodialysis reversal (EDR). EDR also grabs the Gibbs energy from the mixing of two
solutions such as PRO; instead, ion-exchange membranes are used to capture this renewable
energy. It consists of two kinds of membranes, the anion exchange membranes (AEM) and
(CEM) cation exchange membranes, which are stacked together in an alternate fashion,
while the flow of cations and anions may create an ionic flux that can be converted at the
electrodes to generate power. Two important factors for electricity generation using EDR
are power density and energy efficiency. Power density means the power per membrane
area (W/m2) and energy efficiency may be termed as the fraction of the potentially available
energy from the salinity difference that is converted into electrical energy (%). Most of
the research is based on the enhancement of power densities and is mainly focused on the
use of seawater and river water as feeds because of the availability of large volumes of
these water types. Vermaas et al. for the first time presented an overview of experimentally
determined power density and energy efficiency values over a wide spectrum of feed-water
concentrations that can be used in EDR [172]. The research was focused on varying the
concentration of feed solution concerning power density, energy efficiency, permselectivity
of the membrane, and electrical resistance. It was understandable that the permselectivity
was dependent on the concentration of the feed solution and it is selective for a low-
concentration solution more than the higher. The highest energy efficiencies were obtained
for feed water with low salt concentrations, especially with low salinity gradients. Power
density increases gradually with higher salinity gradients. The highest power density
obtained at the uttermost concentrations such as 0.01 M and 5 M NaCl are approximately
peaking at 3.8 W/m2 and the power density was found to increase to 6.7 W/m2 while
increasing the temperature up to 60 ◦C at 5 M brine solution concentration. However, this
effect of temperature was not found in the case of permselectivity and energy efficiency.
Kwon et al. [173] proposed the modified model where river water and seawater were
considered as the diluted solutions and the power generation was improved using the
brines that came out of two different membrane-based desalination processes, i.e., RO
and FO. According to the intermembrane distance and the inlet flow rate, they have
characterized the maximum power density and net power density of RED. They also
looked over the combined effects of integrating RED with the desalination processes. A
reduction was found in specific energy consumption (SEC) on account of the chemical
energy recovery using RED. Power density was increased 1.5-fold for RO (1.48 W/m2)
and 2-fold for FO (1.86 W/m2). The computed energy costs showed that the energy
consumption could be lowered to approximately 7.8% from the normal value of RO and
13.5% for FO. Coming to the pilot-plant RED studies, the first pilot plant on RED belongs to
southern Italy, which represents the final accomplishment of the REAPower Project. It was
consisting of 125 cell pairs of IEMs and both artificial and natural feed solutions were tested.
An overall power density up to 40 W where each cell pair contributes 1.6 W/m2 was reached
using natural solutions as the feed. While using artificial NaCl solutions, an increase of
60% was observed, the power output reaching up to 65 W, which means 2.7 W/m2 of cell
pair. Tedesco et al. [174] expanded a process simulator for the RED plant using high-saline
solutions. The scale-up was planned accordingly with an expectation of 1 kW power
output. A simplified schematic of the plant is given in Figure 16. Concerning the real-time
application of the RED process using natural seawater and river water, the performance
may depend upon the temperature of the climate as well. Mehdizadeh et al. [175] analyzed
the temperature of feed solutions using two types of pilot-scale RED stacks consisting of
200 cell pairs having a total effective membrane area of 40 m2 with different intermediate
distances. Increasing temperature showed linear relationships to the factors such as pump
energy, gross power output, membrane resistance, open circuit voltage (OCV), which was
evaluated in the study. Hulme et al. [176] aimed to investigate the scalability of RED for
energy generation from high concentration salinity gradients by three process scales: a
standard laboratory-scale stack (10 × 10 cm), a 10 × 20 cm stack, and a commercially
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available (10 × 40 cm) stack. For rectangular stacks, fixing the velocity doubles residence
time when the length scale was increased two-fold to sustain the same residence time;
crossflow velocity must be doubled when length scale is increased two-fold.

4.3.3. Capacitive Mixing (CapMix)

Capacitive mixing (CapMix) is an additional interesting SGP technology, where energy
generation is possible from brine through the mixing of solutions having different saline
concentrations. The cell contains two electrodes that are plunged into an ionic solution,
thereby forming a supercapacitor. The CapMix energy extraction process is said to be
the reverse of the brackish water desalination technique termed capacitive deionization
(CDI) [177]. Based on the ability to accept and release ions into electrodes, CapMix can have
three different methodologies: (1) capacitive double-layer expansion (CDLE), (2) capacitive
Donnan potential (CDP), and (3) mixing entropy battery (MEB). The fixed porous carbon
electrodes are always intermittent in their nature for the power production and, hence, the
ion capturing/releasing will be limited for such a CapMix system. However, this limitation
is somehow solved by the flow electrodes used in a CapMix system [178]. The system is
called flow electrode capacitive mixing (F-CapMix). Flow electrodes are used in the system,
which consists of a suspension of capacitive particles in the electrolyte that triggers the
process of the energy production using CapMix [179]. High surface-area materials such as
activated carbon are used for flow electrodes and they are utilized as high-concentration
slurries in the electrolyte solution. About CDLE, the selectivity of ions is accomplished by
charging the electrodes by using an external input power. CDP corresponds considerably to
the CDLE methodology; instead, for the selective transport of ions, it uses a permselective
membrane. Like in EDR technology, CDP also used the AEMs, CEMs, and a spacer.
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Jiho, et al. [180] put forward a hybrid CapMix for harvesting energy. They achieved a
superior energy harvesting performance with better power output by the hybrid system and
to capture/release ions they used sodium manganese oxide (NMO) and porous activated
carbon (AC) with an anion-exchange membrane (AEM). They analyzed the practicability
in multi-ion solutions also. It was concluded that the hybrid system could be a practically
viable one and can be an alternative for the recovery of the energy.

5. Conclusions and Future Recommendation for Brine Management

Disposal of brine or brine management is very crucial. As mentioned earlier, its
discharge can cause severe impacts to the environment and ecosystem since it contains
microbial disinfection byproducts such as scavengers and biocides, and coagulants like
ferric chloride, alum, and heavy metals (Fe, Cu, Cr, Ni, Mo, etc.). Conventional discharge
methods such as discharge into surface water, seawater, deep well injection, land appli-
cation, and evaporation ponds can inversely affect marine ecosystems and soil quality
owing to the presence of the above-mentioned constituents that can induce eutrophication,
salinity variations, pH fluctuations, temperature changes, etc. The development of zero
liquid discharge technologies have produced great responses considering the ability for
resource recovery. A detailed techno-economic report of various ZLD processes adopted so
far are presented in Table 11.

Table 11. Techno-economic analysis of commonly adopted ZLD processes.

Method Brine TDS
Level (g/L) Recovery Rates Energy Cost Industrial Scale

Piloting Ref.

FO 200 Up to 98% 0.8–13 kWh/m3 0.63 USD/m3 15 kLD [41]
ED 150 More than 90% 20–40 kWh/m3 4–8 USD/m3 - [181]
MD 350 90% 39–67 kWh/m3 1.17 USD/m3 - [8]

CP/RO More than 90% - 0.6 USD/m3 4546 kLD [94]
PRO-IEX-SRO-

Heat-TRO 941 96.4% - 0.739 USD/m3 96 Mgpd
(363,399.6 kLD) [101]

SP/RO
RO brine from

low-salinity
mine water

More than 90% - 10.8 USD/m3 - [104]

ED/RO 60 69% 6.9 kWh/m3 - - [88]
RO/ED/

crystallizer 6–120 - 191 kWhe/tonne-
salt

111
$/tonne-salt.

100,000 tonnes/year
salt [182]

The state of the art of these technologies also discovered that hybrid processes could
be more beneficial, considering individual technology, as clearly seen from Table 11, be-
cause of their cost and energy effectiveness. It is reported that hybrid process can sig-
nificantly reduce the energy consumption and cost of individual ZLD processes by up
to 50–70% [5,24,40,46,95,183–185]. Hence, the major concern of treating RO concentrate
with individual ZLD processes could be addressed by coupling either with ED, FO, or
MD processes. ED technologies could achieve the softening of primary brines before the
secondary stage of the RO in either simple or complex designs. It is worth mentioning
that MD could also be integrated with ED technologies and RO to handle brine streams
with higher salinity and develop a reliable technological approach toward an efficient
implementation of ZLD. Integrating EDR with RO provides not only the benefits listed
above but EDR also offers the advantage of decreasing the capital cost of the produced
water as the high salinity of the brine could improve the power generation from salinity
gradients. Despite the significant progress of the hybrid ED/RO system achieved, addi-
tional studies are still required for further reduction of the energy cost of the combined
system. At present, the research should focus on improving the design for high-salinity
water treatment, optimization of the performance of the hybrid system in a full-scale level,
and using technologies to recover energy and reach the self-sufficient desalination systems.
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Metal recovery technologies are truly beneficial for their ability to recover minerals of
high economic value such as Li, Ru, and Cs. However, at present, very limited recovery
technologies are implemented commercially from the industrial point of view. Adsorption,
crystallization, and precipitation can be considered as an effective method in recovering
the minerals in a cost-effective way. Still, there is always competition between several
ions in the system reducing the separation efficacy, purity considerations, and secondary
byproducts. As mentioned, membrane-based systems such as electrodialysis and mem-
brane distillation always suffered from obstacles such as energy requirement, fouling, and
scaling. A combination of membrane-based technologies with low-cost thermal technolo-
gies, i.e., hybrid processes, using chemicals as waste for softening and resource recovering,
involving the salinity gradient power as a source of energy and integration of renewable
energy systems, are needed to benefit from the strengths of the combined technologies and
evaluate the feasibility of this hybrid approach in the desalination industry. PRO, EDR,
and CapMix are highly relevant methods in view of energy harvesting from brine; few
plant implementations have been demonstrated so far. However, these still require more
development to improve the economic effectiveness and sturdiness. Hence, there is need to
focus more on the development of hybrid processes to develop productive methodologies
for large-scale industrial implementations with technical and economical points.

A hybrid process treating two or more pollutants in a single reaction could be an
efficient solution to improve the efficiency of the desalination process by using cost-effective
and environmentally friendly strategies and ensure sustainability of brine management
approaches. In this context, a framework of an effective hybrid management could be
formulated and developed to meet the near-ZLD approach in many countries in the world,
particularly the gulf countries that are suffering from water scarcity as shown in Figure 17.
The economic, environmental, and social performances are taken into consideration in the
developed framework. Consideration of waste reduction in the hybrid process design is an
indispensable key to the attainment of a sustainable development strategy. The focus of
future research should be on the development of a combined hybrid process using multiple-
stage brine treatment that involves a minimum of two or more pollutants while producing
more commercial products and a better quality of treated water than previous works. The
pretreatment of the brine with high levels of scale ions and organics could be performed by
seeded and chemical precipitation. For example, magnesium and calcium and other scale
ions could be precipitated with alkaline solutions such as lime and soda ash to recover
additional commercial products. A careful consideration of the purity of the sealable
products in this step would contribute toward cost saving by generating revenue. The cost
of purchasing chemicals for brine pretreatment could be saved through the use of chemicals
as waste, as mentioned above. For further purification of brine from heavy metals, and
organic and inorganic pollutants, ultrafiltration could be applied to concentrate the softened
brine. Next, the modified Solvay process could be integrated in the hybrid process to ensure
the sustainability approach. Therefore, the highly concentrated pretreated brine along with
carbon dioxide as a waste would be the raw materials to produce additional saleable solid
carbonate such as soda ash. The amount and the quality of the produced solid carbonates,
with a reduction of the treatment cost as well as waste, should be taken into consideration to
address the aforementioned gaps that have been previously encountered during the study
of the modified Solvay process. The integration of ultrafiltration with chemical softening, as
well as the reduction of sodium, via the modified Solvay process would alleviate membrane
scaling and additional RO brine treatment and/or electrodialysis, with lower cost, will be
possible in a post-treatment step to obtain water suitable for human consumption and meet
the near-ZLD approach.
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