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Abstract: Cooling water blowdown (CWBD) generated from different industries and district cooling
facilities contains high concentrations of various chemicals (e.g., scale and corrosion inhibitors) and
pollutants. These contaminants in CWBD streams deem them unsuitable for discharge into surface
water and some wastewater treatment plants. The pollutants present in CWBD, their sources, and
the corresponding impacts on the ecosystem are discussed. The international and regional (Gulf
states) policies and regulations related to contaminated water discharge standards into water bodies
are examined. This paper presents a comprehensive review of the existing and emerging water
treatment technologies for the treatment of CWBD. The study presents a comparison between the
membrane (membrane distillation (MD), reverse osmosis (RO), nanofiltration (NF), and vibratory
shear enhanced membrane process (VSEP)) and nonmembrane-based (electrocoagulation (EC), bal-
lasted sand flocculation (BSF), and electrodialysis (ED)) technologies on the basis of performance,
cost, and limitations, along with other factors. Results from the literature revealed that EC and VSEP
technologies generate high treatment performance (EC~99.54% reduction in terms of silica ions)
compared to other processes (membrane UF with reduction of 65% of colloidal silica). However, the
high energy demand of these processes (EC~0.18-3.05 kWh/ m3 and VSEP~2.1 kWh/ m3) limit their
large-scale applications unless connected with renewable sources of energy.

Keywords: cooling water blowdown; treatment technologies; contaminants; membrane technologies;
emerging technology

1. Introduction

Scarcity of freshwater is one of the eminent dangers that can be found in many coun-
tries around the world. It can be considered a global problem as a result of the rapid growth
of population; industrialization; and, more importantly, the pollution caused to fresh water
from many sources. The water supply could be increased beyond the natural hydrological
cycle by implementing energy-efficient and sustainable technologies for recycling and
reusing the wastewater instead of releasing it into water bodies, which may cause further
problems and diseases. When all systems that consume water optimize their usage and
apply developed technologies, it will ensure that water will be conserved and secured,
with considerable savings in freshwater consumption being realized. Although water is
consumed by many sectors and processes in different industries, cooling tower systems
require and consume a significant amount of water in industries, power plants, universities,
and government buildings [1]. Cooling towers are units that provide an energy-efficient
and cost-effective operation for devices in need of cooling [2,3]. During the process of
cooling, water is continuously recirculated, while some water evaporates; this leads to an
increase in the concentration of salt and contaminants to high levels. As the number of re-
circulation cycles increases, the solubility of various solids is reduced; consequently, solids
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will form a shale shape on the warm surface of the condenser pipes. The formed scales
in the cooling tower unit cause a reduction in the heat transfer efficiency as they insulate
the metal surface of the tower [4]. With further recirculation of the concentrated water,
permanent damage can occur to the cooling system [1]. Therefore, this highly concentrated
water stream is discharged out of the system as a cooling water blowdown water (CWBD).
The discharge may contain iron oxides, calcium phosphate, calcium carbonate, magnesium
silicate, silica, and many other contaminants and pollutants [4]. CWBD discharge helps
enhance heat transfer efficiency since the concentration of the silica and hardness ions in
the circulated water is kept under the level where scales can be formed [5]. A make-up
stream of fresh water is used to compensate for the amount of water lost in evaporation
and CWBD discharge.

Water shortages and the rising prices of freshwater have encouraged many indus-
tries to reduce their dependence on freshwater and focus on using treated water as an
alternative [4]. For example, in GCC countries, lack of freshwater resources forces these
countries to use the treated sewage effluent (TSE) as CWBD. On the other hand, various
treatment technologies have been used or proposed to treat any type of wastewater and
sustain the available water resources. Different technologies have been used to treat the
CWBD. Reverse osmosis (RO), electrodialysis (ED), nanofiltration (NF), electrocoagulation
(EC), vibratory shear enhanced membrane process (VSEP), ballasted sand flocculation
(BSF), and membrane distillation (MD) were usually proposed as suitable technologies.
Saha et al. [6] evaluated the effect of operational parameters and the type of electrodes on
the removal of organic pollutants from CWBD when electrochemical oxidation is applied
as a pre-treatment technology. In a different paper, Saha et al. [7] studied the treatment
of CWBD by combining constructed wetlands with the electrochemical oxidation process.
The study showed that the integrated system of VFCW-EO had a better ability to remove
organic chemicals, such as TOC, COD, and the corrosion inhibitor benzotriazole, than the
EO and VFCW system:s.

Wagner et al. [8] reviewed the possibility of using electrochemical oxidation for the
removal and conditioning of chemicals out of CWBD, and results showed an excellent
treatment performance represented by removal rates of 85% and 51% for COD and TOC
respectively, with the BDD-anode. Additionally, Li et al. [9] recently conducted a tox-
icity assessment, technical performance, and economic evaluation for the treatment of
CWBD water by implementing adsorption-electrocatalytic oxidation. Results showed that
PANI/TiOy, which is polyaniline-modified TiO;, was a promising adsorbent for phosphorus
and organics removal from CWBD.

The aforementioned literature reviews showed that the conducted studies, reviews,
and published work on the treatment of CWBD water are limited. There is a clear gap in
knowledge related to the performance of different treatment technologies in tackling the
CWBD problem. The impact of water quality parameters and the discharge volume on the
process’s performance and the energy demand required further investigation. Reviewing
various treatment technologies will provide an idea about the possible alternatives to treat
the effluent streams from cooling towers, which will make decision-makers aware of the
potential processes for treating purposes. Additionally, evaluating critical criteria, such as
the technologies’ cost, efficiency, and effluent quality, is highly important in selecting the
most sustainable, green, and economical option. Regulations and standards are another
important evaluation factor as they determine the maximum level of contaminates concen-
tration permitted at the endpoint or the discharging area. Therefore, this work presents a
comprehensive review and comparison between the existing and emerging water treatment
technologies for the treatment of CWBD. Different treatment technologies of CWBD were
reviewed and evaluated on the basis of process scale, maintenance, chemical additive
requirements, energy consumption, quality of permeate and sludge, and more importantly
removal ability of contaminants and cost analysis. The impacts of contaminants presented
in CWBD on the environment and human health, as well as the operations of cooling tower
systems, are presented and discussed. In addition, the regional and international policies
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and regulations related to contaminated water discharge standards into water bodies are
explored and discussed. The paper highlights regulations and standards of wastewater
discharged to sewage treatment plants, the marine environment, and irrigation purposes.

2. Overview of CWBD Pollutants and Impacts

As a part of the cooling processes in cooling towers, a portion of the concentrated water
is discharged out of the system as CWBD to control the concentration level of different
ions and compounds in the cooling tower. In this section, pollutants found in CWBD are
reviewed, with a focus on the ones of concern and their impacts.

2.1. CWBD Contaminants

Studying the available pollutants in CWBD will help in reusing it or selecting an
end of pipe solution to reduce these pollutants before discharging the effluent into water
bodies. The type and the quantity of contaminants available in that effluent vary from
one system to another and depend on many factors. For instance, the source of the inlet
and make-up water to the cooling tower has a great impact on the presence of various
contaminants over others. The types of chemicals used for treatment purposes, as inhibitors
or even as an anti-corrosion inside the towers, can significantly affect the composition of
chemicals found in water. Stratton et al. [10] investigated the water quality parameters of
the blowdown and make-up water from 11 cooling towers. The results showed that the
chemical composition of the water varied greatly between the cooling towers for many
reasons, such as the make-up water chemistry and the chemicals used for treatment.

Table 1 presents the most common contaminants in CWBD stream from different
recent references. Ahmed et al. [11] showed an excellent representation of the CWBD
characteristics regarding the available contaminates and their corresponding concentrations
for different streams and references. Common contaminants are found in all or at least most
effluents, including calcium ions, magnesium ions, and chloride (see Table 1). Sulphate,
phosphate, iron and sodium ions, and TDS, among others, can be also found in the CWBD.
It is noticeable that the presence of some contaminants differs between the effluent streams.
One primary reason could be that the studies did not conduct complete characterization
analysis for all available contaminants in CWBD, and that can be due to the scope of the
focus of their studies. For example, the target of Abdel-shafy and his colleagues in their
paper [4] was to treat CWBD from calcium, magnesium, and silica ions using magnesium
electrodes in electrocoagulation (EC) technology; hence, their analysis focus was only on
these ions. Hong and other authors in a thesis project [1] focused on reducing the total
dissolved solids (TDS) level in CWBD to be equivalent to tap water. Differences in levels of
contaminants are because of the amount and type of chemicals used in the cooling tower
as well as the cyclic concentration. Moreover, increasing the evaporation rate in cooling
towers will increase the concentration of ions [12,13]. The differences in rates of evaporation
depending on the design and the efficiency of the tower. The quality of air passed in the
cooling tower also impacts the characterization of CWBD water because air with a high
amount of dust will increase the total amount of suspended solids and turbidity of the
CWBD stream compared to filtered air [11].

2.2. Contaminants of Concerns in CWBD and Their Impacts

The effluent from the cooling tower contains a wide range and various types of
contaminants that can significantly affect the environment and human life. Total dissolved
solids (TDS) at high concentrations are considered as one of the major contaminants.
Dickerson and Vinyard [14] reported that the elevated concentrations of TDS caused the
extinctions of two nonindigenous species of fish in Walker Lake, Nevada. In a standard
desalination plant, 50,000 to 70,000 ppm are considered as a common range for the effluent
TDS in CWBD [1,15]. In addition, elevated levels of TDS in water streams can cause scaling
and corrosion to the pipelines [1], consequently affecting transport efficiency and increasing
maintenance costs.
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Weber-Scannell et al. [16] discussed the effects of TDS on aquatic organisms. Discharg-
ing CWBD water with a high amount of phosphate (PO43"~) into water bodies increases the
growth of algae, leading to oxygen depletion in the water [17], and eventually mortality of
aquatic creatures such as fish, flora, and fauna [18].

Groundwater is a freshwater resource that can be highly impacted by contaminants
found in CWBD. Ions of sodium (Na*), magnesium (Mg2+), sulfate (5O427), potassium
(K*), chloride (C17), calcium (Ca?*), and bicarbonate (HCO3 ™) are the main inorganic ions
present in natural waters. However, increasing their concentrations can cause health as well
as environmental issues. For example, physical inconveniences such as diarrhea and skin
irritation can be caused when the groundwater is highly concentrated with sulphate [19].
Increasing the level of magnesium and calcium as a result of injecting wastewater streams
such as CWBD can cause water hardness. For some developing countries, groundwater
is their main or only source of drinking water, and such contaminants threaten their
water security. Such hardness ions do not only affect groundwater, but they can cause
scaling and other mechanical problems to the cooling towers when recycled without
treatment [20]. Other contaminants such as arsenic in groundwater with elevated levels
can cause cancer [21], loss of limbs, or even lead to death in critical cases [19,22]. The
drinking of fluoride-concentrated groundwater can have an adverse impact on the growth
of children and at extreme concentrations, it can lead to death because of its toxicity [19].
Trace of heavy metals such as zinc, chromium, lead, nickel, silver, aluminum, copper,
cadmium, and cobalt also exist naturally in groundwater, and their concentrations can
be increased with human activities [23,24], consequently affecting the ecosystem as well
as making groundwater unfit for human consumption. Zinc is considered a poisoning
metal that causes skin irritations, anemia, and other infections [18,25]. The presence of
lead in animal and human bodies impacts the synthesis process of hemoglobin that can
lead to anemia and more severe problems [18]. Cadmium is toxic for organisms that live
in the aquatic environment and can cause problems to the kidney and liver. In contrast,
chromium can cause cancer for humans as well as skin irritation [18].

Table 1. Common contaminants available in CWBD water.

Parameter Unit [4] [11,26] (J. Lowenberg, 2015) [7] [1] ****
pH 8.2 7.9 6.8 +0.2
Calcium (Ca®*) mg/L 392 ** 1204 ** 338+7.6 125.9
Magnesium (Mg2+) mg/L 280 ** 259 ** 58 +£2.4 12.5
Silica (SiO») mg/L 27 *** 0.9
Chloride (C17) mg/L 162 500 458 + 10 205.32
Zinc (Zn%t) mg/L 1.2
Phosphate (PO4%") mg/L 6.61* 5.9
Iron (Fe?*) mg/L 0.1 0.6343
Sulphate (SO4%7) mg/L 711 1043 + 52 469.05
Aluminium (AI3*) mg/L 0.0596
Barium (Ba2*) mg/L 0.145 0.1142
Potassium (K*) mg/L 75+13 8.1
Sodium (Na*) mg/L 334 +29 262.8
Copper (Cu) mg/L 0.224
Strontium (Sr?*) mg/L 1.500 1.0853
Bromide (Br™) mg/L 43.35
Fluorine (F) mg/L 8.1
Total suspended solids (TSS) ~ mg/L 12
Total dissolved solids (TDS) mg/L 1297 1329
Total organic carbon (TOC) mg/L 41+13
Chemical (()é(g)]gDe)n demand mg/L 107 + 6.4
Nitrate (NO3~) mg/L 86.7 574+1.8
Turbidity NTU 7.93 7.3
Effluent of a urea From a cooling tower‘ (Clj) From (CT) of Dow From CSULB
CWBD water source fertilizer plant next to the Dow premises in Benelux BV (Terneuzen, cooling towers
Terneuzen (The Netherlands) The Netherlands)

* Total phosphate as POy. ** As CaCOs. *** Silicates as SiO;. **** Unit changed from ug/L to mg/L.
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Different types of anti-corrosion chemicals such as chromates, nitrites, molybdates,
and tungstates [27], as well as biocides such as glutaraldehyde and isothiazolin [28] are
added to cooling towers to inhibit the growth of algae, fungi, and bacteria available in the
cooling water. Such chemicals and compounds are highly toxic for all living things and the
environment when dumped into water bodies [1].

Using wastewater and CWBD as an example for irrigation applications is commonly
applied in many countries to reduce the water scarcity problem [29]. However, the effect of
available contaminates in such streams should be considered since they can contaminate
soil and crops with lasting impacts on the whole biological chain [30]. Ingestion of such food
can result in accumulated levels of contaminants that lead to many of the above-mentioned
diseases [29,31].

Aside from the direct usage of wastewater, some facilities discharge it to sewers to
be treated in sewage treatment plants. The design of the treatment system differs on the
basis of the type of sewage. The availability of grit chambers, screens, sedimentation tanks,
and other units will greatly affect the treatment ability of the sewage treatment plants
in terms of many aspects [32]. The efficiency, maintenance costs, and the penetration of
contaminants with the effluent water could be some of the impacts of industrial wastewater
on the sewage treatment plants that can adversely affect the environment. The sewage
treatment systems are designed on the basis of technologies that can handle certain types
and concentrations of contaminants, and variations can lead to the production of water
with low quality or cause a damage to the system. According to the study performed by
Pophali et al., influent with high TDS can interfere with the oxygen transfer essential for
biological metabolism, hence affecting the efficiency of the activated sludge process.

Considering the environmental, health, and operational, undesirable impacts of CWBD
contaminants on different water systems, there is a need to consider water treatment tech-
nologies as means of managing CWBD. The following sections of the paper present reviews
of existing technologies and evaluate them on the basis of their technical, environmental,
and economic performance.

3. Overview on CWBD Water Treatment Technologies

The technologies that will be reviewed in this section are extensively implemented
for the treatment of wastewater and CWBD as a type of wastewater. There are many
pre-treatment processes used for CWBD water that can screen solids and remove other
contaminants to reduce the load on the major treatment technologies, which are used to
remove dissolved contaminants, suspended solids, etc. However, the focus here will be on
the treatment processes, which were found to be applicable and suitable for CWBD treat-
ment according to conducted studies and the literature; the technologies are presented in
Figure 1. Non-membrane-based technologies include EC and BSF, while membrane-based
technologies are MD, ED, RO, NF, and an emerging technology called VSEP membrane
process. All these technologies are reviewed in this section, then evaluated on the basis of
their ability for removal of contaminants, cost, and other factors in Section 5.
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Figure 1. A summary of CWBD treatment technologies.

3.1. Membrane-Based Technologies

Membrane-based technologies are used to separate contaminants out of various
streams such as wastewater. These processes do not require the addition of chemicals,
have relatively low energy, and can be used and operated easily [33]. The principle of
membrane processes is mainly based on the semi-permeable membranes that act as a filter
that allow water to flow through and catch other contaminants. Substances can penetrate
through the membrane under certain conditions, such as high pressure and the presence of
electric potential [33]. Although the working principle is common between the membrane
technologies, several differences make these technologies unique; major differences are
highlighted in the following sections for each process.

3.1.1. Electrodialysis Process (ED)

The electrodialysis process for treating cooling water blowdown is an electrochemi-
cal [1] and membrane-based process. Ions in this process are transported and separated
selectively by electrical field across several ion-exchange membranes [34]. At the end of the
process, the concentration of ions increases in the concentrate compartment and decreases
in the dilute compartment [1]. Further information about ED in the food, nutraceutical,
beverage industries, as well as other industrial and municipal wastewater industries and
designs, are covered within References [34-36]. The authors of [1] reported the usage of
the ED process for the treatment and removal of TDS and other contaminants from CWBD
efficiently. Major outcomes showed the ability of ED in a two-chambered cell to reduce
TDS by 91.3%, 84.6%, 83.7%, and 93.4%, for trials 1, 2, 3, and 4, respectively. Additionally,
ED had the ability to reduce the sulfate content in CWBD by 96% for each sample; reduce
chloride for all samples by 91.9%; and an average removal of sodium and calcium 93.8%
and 95.7%, respectively.

3.1.2. Membrane or Thermal Membrane Distillation (MD or TMD)

Membrane distillation is another membrane-based separation and physical technology
used for the treatment of solutions that contain mainly water, such as CWBD, as studied
by [37,38]. In MD, there is a direct contact between the aqueous solution and the microp-
orous membrane, which is hydrophobic, at least from one side of that membrane [39]. MD
is a thermally driven membrane [37], wherein the temperature difference between the two
sides of the membrane induces a partial pressure gradient that leads to mass transfer of



Sustainability 2022, 14, 376

7 of 21

molecules through the pores of the membrane [37-39]. More well represented and reviewed
details about this process can be found in the following papers: [37-45]. Generally, MD
can treat many wastewater streams such as CWBD and water effluent from the process.
For CWBD treatment, MD can utilize the waste heat from cooling towers in the process to
create the temperature and pressure gradient as the driving force for the separation [37,38].

3.1.3. Reverse Osmosis (RO)

Reverse osmosis (RO) is one of the commonly used membrane-based technologies to
treat wastewater stream effluent from different industrial processes as well as other sectors.
This technology can be implemented to treat CWBD and usually requires a pre-treatment
process to limit and reduce the membrane fouling as reviewed and studied in the litera-
ture [11,26,46—49]. Scaling phenomena occur when the dissolved salts become concentrated
due to the extraction of clean water, which can lead to fouling of RO membrane. Examples
of scaling constituents present in CWBD are calcium and magnesium hardness, fluoride, bi-
carbonates, barium, sulfates, strontium, silicate, and phosphates. As previously mentioned,
pretreatment is one of the scaling control strategies in the RO process. In addition, con-
ventional techniques such as the addition of scale inhibitors (e.g., polyacrylamide (PAM),
polyacrylic acid (PAA), and polymaleic anhydride), or by adjusting the operational param-
eters such as time. Recently, novel techniques have been developed to control the scaling in
RO process such as nanofiltration and feed flow reversal. RO is a membrane desalination
process driven by pressure, where a semipermeable membrane is used to allow only water
to penetrate, leaving behind the dissolved ions and salt. Several pre-treatment processes
have been reviewed by Ahmed et al. [11]; they include constructed wetlands, coagulation
settling and filtration, microfiltration, powdered activated carbon (PAC) adsorption, and
ultrafiltration (UF). The result out of the review showed that physio-chemical processes
are practical for CWBD pre-treatment. Among the prefiltration processes, ultrafiltration
is the most popular option; however, MF can be a better alternative to UF. Léwenberg
et al. [26] conducted experiments and investigated the suitability of using PAC adsorption,
coagulation, and UF as pre-treatment processes before RO for the treatment CWBD. The
main output of this study showed that coupling PAC with UF is the best combination
as a pre-treatment process to enhance the performance of the RO process. In another
study, Hossein et al. [47] investigated the suitability of coagulation-filtration and UF as
pre-treatment processes before nanofiltration (NF) and RO to treat CWBD. Results showed
that both pre-treatment processes are efficient; however, UF may face fouling, and hence it
requires a pre-treatment to overcome this issue.

3.1.4. Nanofiltration (NF)

Nanofiltration is a membrane-based technology used for the treatment of waters, such
as desalination of brackish water and seawater. Moreover, it can treat wastewater streams
from different applications such as textile, industrial, and pharmaceutical [50]. With a pore
size between 1 to 10 nm, small ions and organic substrates can be selectively removed
by NF with low consumption of energy [50-52]. Olariu et al. [20] mentioned that the
pore size of NF membrane could be between 1 to 10 nm, which is capable of removing
large organics, as well as monovalent and divalent ions. Further details about the process,
the working mechanism of NF technology, and other information are well presented in
the following papers: [50-53]. NF can be implemented in industries where CWBD water
requires treatment. Olariu et al. [20] used the NF process as a treatment process of CWBD
water in a pilot plant with other pre-treatment steps. Results showed that around 97% of
salts were rejected. In addition, Hossien et al. [47] experimented as a part of their study
on the effect of using RO or NF as a post-treatment process. The results showed that both
were applicable and produced high-quality water for reuse.
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3.1.5. Vibratory Sheared Enhanced Membrane Process (VSEP)

VSEP is one of the emerging membrane-based separation technologies used for the
treatment of wastewater streams discharged from different applications. VSEP is similar to
conventional membrane technologies; however, the membrane is mechanically vibrated for
better removal efficiency of contaminants as well as reducing fouling problems associated
with membrane processes due to the high sheared stress applied on the surface of the
membrane [54,55]. VSEP can be used in various applications, such as for the treatment of
brine as discussed by Balasubramanian et al. [56] and the treatment of landfill leachates as
experimented by Zouboulis et al. [57]. The use of VSEP is for the treatment of CWBD water
streams for water recovery and reuse, as well as for reducing the volume of CWBD streams.

3.2. Non-Membrane Based-Technologies
3.2.1. Electrocoagulation Process (EC)

Electrocoagulation is a non-membrane-based and electrochemical separation process
used to remove different pollutants by applying chemical and physical mechanisms [58-60].
The supplied electricity to the system can destabilize emulsified, dissolved, or suspended
pollutants and contaminants in an aqueous medium [58]. This process can be used in many
industrial applications to treat the effluents out of the processes, such as manufacturing [61]
and petrochemical industries [62]. It is used to remove contaminants such as hardness
ions [63], nickel [64], iron [65], chromium [66], fluoride [67], and phosphate [68]. More
descriptions of the mechanisms used in the process and the reaction are available in the
following references: [58,69-72]. Recently, El-khateeb et al. [4] studied the possibility of
using magnesium rod-electrodes in the EC process to treat the effluent stream blowdown
from cooling towers. Results showed that the system was able to remove hardness ions
and silica with efficiencies of 51.80 and 93.70%, respectively. Other studies have shown
supporting evidence that the use of the EC process to treat CWBD is effective [4,5,73].

3.2.2. Ballasted Sand Flocculation Process (BSF)

BSEF is one of the physical-chemical non-membrane-based processes used for the
treatment of water and wastewater streams effluent from various sectors. It is capable
of removing many contaminants, such as total suspended solids TSS, and a wide range
of heavy metals, as well as reducing COD and BOD indicators [74]. BSF can be used
for the treatment of urban run-off water [75], stormwater run-off [76], CWBD [77], and
others. Three main processes followed in BSF technology include injection of micro-sand,
coagulant, and polymer to the system, followed by a maturation process, and finally settling
the mixture and separation [74]. Further details and experimental work about BSF can be
found in the following references: [74-76,78,79].

4. Evaluation of CWBD Water Treatment Technologies

Implementing one of the previously reviewed technologies for the treatment of CWBD
water is highly applicable. However, considering the most suitable, green, sustainable,
and highest performance technology is the main objective targeted by industries. Before
implementation, screening and evaluating suitable technologies is necessary and requires a
clear definition of the performance criteria. In this section, key criteria are used to compare
and assess the treatment systems for CWBD; Table 2 shows a summary of the findings.
The criteria considered are the scale of the process; maintenance requirements; chemical
additive requirements for the system; energy consumption; permeate (effluent) quality;
sludge characteristics; and, most importantly, the ability to remove CWBD contaminants
and cost. All of these criteria are discussed and evaluated in this section.

Most of the seven technologies presented earlier were implemented in different scales,
including laboratory, pilot, and commercial or industrial. However, ED and RO processes
are considered one of the most established and well-known processes and are widely
used [80-83]. NE, VSEP, BSF, and EC can be considered as emerging technologies, and this
is due to limitations in their performance and cost, as is highlighted below.
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Required maintenance for a system is often a factor that the industry considers. This
criterion is impacted by the material used in the system, the number of moving parts, avail-
ability of membranes and associated fouling problems, and many others. EC technology
requires maintenance mainly related to the periodic replacements of the electrodes used in
the system [58]. It is considered a low maintenance system as compared to membrane-based
technologies such as RO, ED, and NF. As some require high operating pressure and have
issues with fouling. ED process has a longer membrane lifetime, and therefore maintenance
will be lower than RO process [84]. Applying a pre-treatment process ahead to these
technologies can reduce the fouling problems, consequently reducing the maintenance
requirements. MD and VSEP processes require low maintenance; the latter is designed with
a vibrating membrane to minimize fouling. The needed maintenance by VSEP is mainly
associated with the few moving parts in the system [85].

The use of chemical additives in the process is an inherent part of some water treatment
systems such as ED, RO, MD, and NF. Moreover, often, chemical treatment is required for
the regeneration and cleaning of membrane-based processes. In the studied water treatment
systems, BSF technology requires a high quantity of chemical dosages. The optimum values
are 5-150 mg/L of alum, 40-190 mg/L of FeCls (ferric chloride), 0.3-1 mg/L of polymer,
and 3-12 mg/L of sand.

Energy requirements and consumption is critical aspect that affects the operational
cost of the process directly impacts on the environment in terms of emission. Electricity is
the main source of power used in these processes; however, in MD, most of the consumed
power in the process is in terms of heat, with a small amount of electricity for running
pumps [37]. Both NF(0.3-1 kWh/m?3) [86] and ED processes (depending on the level of
TDS) require less energy compared to the RO process (1.5-6 kWhe/m?) [87,88], mainly
due to lower pressure requirement [89,90]. However, increased energy requirements are
observed for ED for influent streams with higher salt content [91]. VSEP requires higher
energy than RO process mainly due to the need for intense shear requirements on the
membrane; under the same conditions, at TDS of 500 mg/L, motor/pump efficiency of 85%,
and feed water recovery of 75%, the energy required by RO is 0.7 kWh/m?>. In contrast,
VSEP requires 2.1 kWh/m3. In the BSF process, hydro-cyclone is used for the separation
and recirculation of micro-sand back to the process, which requires high-pressure input,
and consequently higher energy consumption [92]. Finally, for EC, the operation of the
process depends mainly on a continuous source of electricity. However, many studies
were conducted to reduce the consumption of power by using more effective electrodes
or changing their configurations for lower energy, as indicated in Table 2. The alternative
available for EC is to consider using of a renewable energy source such as a solar system to
reduce environmental impacts from energy consumption [93].

The quality and characterization of the permeate stream (treated) and the sludge or
concentrated stream (rejected with contaminants) are key factors in selecting a suitable
wastewater treatment technology. EC process produces high-quality effluent with low
content of TDS and has neither color nor odor. EC system removes hardness and silica
ions with different types of electrodes such as Zn, Fe, and Al electrodes with a removal
efficiency of 38.63% and 95.62%, 36.99% and 98.93%, and 55.36% and 99.54% for the total
hardness and silica ions, respectively. Although the water quality effluent from RO process
is high, ED process has a higher recovery rate in comparison. For MD process, low recovery
or flux of water is produced as compared to RO process, but the salt concentration in
permeate is approximately zero. NF process has stable flowrate and clean permeate as in
Table 2; in fact, many industries are using the technology and some are replacing their RO
process [50]. BSF is comparable to conventional processes, e.g., RO and ED, and in some
cases outperforms others in terms of permeate quality [74]. VSEP is the only technology
that produces a permeate stream free of solids in comparison to the studied alternatives.
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Table 2. Evaluation of the treatment technologies according to the selected criteria.

Criteria

Electrocoagulation
(EO)

Electrodialysis (ED)

Membrane Distillation
(MD)

Ballasted Sand
Flocculation (BSF)

Reverse Osmosis (RO)

Nanofiltration (NF)

Vibratory Sheared
Enhanced Membrane
Process (VSEP)

Process scale

Maintenance

Chemicals additives
to the process

All levels [70]

Low [100]

None [94]

0.18-3.05 kWh/m? with

magnesium electrodes

for CWBD treatment [4];
Requires electricity [5];

Utility and energy
requirements

Al electrode and
monopolar-parallel

connection, the energy

The quality of
permeate
(effluent water)

consumption is less
compared to
bipolar-series [73]

Low content of TDS,
odorless, and colorless

effluent [73]

Large-scale [80]

Maintenance and the
cost of maintenance
associated only with the
membrane [1].
Low maintenance [101]

None [34,106]

From 1.1 to 2.9 kWh/m?
for the treatment of
almond industry
wastewater; Requires a
source of electricity;
Less energy intensive
compared to RO and
thermal processes [1]; A
lot of electricity is
consumed in case of
high level of salt in the
influent stream [91];
Higher water recovery
rate than effluent from
RO process [110];
Requires post-treatment
to remove the
remaining sludge [73]

Pilot scale, large scale are
implemented mostly in
desalination process [42]

Low [102]

None [42]

Required energy is mainly

in form of heat, and with a

small amount of electricity
for pumps [37];

The process requires high
energy [39,110]

Low water recovery [110];
Low permeate flux
compared to RO process
[43];

Low (salt concentration near
zero) [38]

Pilot and large-scale
[74]

High maintenance
Required for example
for the hydro-cyclone

[103,104]

Require high amount of
chemicals, e.g., Alum
and FeCl3 compared to
traditional processes
[74]

High energy for
hydro-cyclone [92]

Comparable quality to
conventional treatment
technologies [74]

Large-scale [48]

High maintenance
requirement due to
fouling [26];

Low maintenance if
pre-treatment process is
used [105]

None [107];
Requires chemicals for
membrane cleaning to

prevent fouling [108]

Relative: energy
demand increases as a
result of the fouling
issue [26]

High quality [112]

Implemented in large
scale for coking
wastewater treatment
[97];

Pilot scale
implementation for
rubber wastewater

Low maintenance if
pre-treatment process is
used [105]

None [109]

Less energy compared
to RO processs [90]

Produce clean,
high-quality water, and
the permeate has a
stable flowrate [51,113]

Large-scale VSEP as a
recovery system for
CWBD water in several
facilities such as gas
production, coal
gas-fired power plant,
and biomass plants
[98,99]

Low maintenance
because system has few
moving parts [85]

None [85]

With same conditions,
the energy consumption
of VSEP process is three

times higher than RO

process [111]

High quality [34,114];
Solid-free permeate [85]
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Table 2. Cont.

. ‘i1l Vibratory Sheared
Criteria Electrocoagulation Electrodialysis (ED) Membrane Distillation Ballaste.d Sand Reverse Osmosis (RO) Nanofiltration (NF) Enhancec;y Membrane
(EQ) (MD) Flocculation (BSF)
Process (VSEP)
Low discharge sludge
Non-volatile compounds, [109];
Low sludge discharge, macromolecules, and Flocs easily eliminated Retentate
stable, and non-toxic inorganic ions are all highly b sett}llin [74]; concentrations lower Concentrated waste
The sludge quality [71,94]; High sludge discharge rejected from the water Slud ye laver ?s dist’inc ¢ A concentrated stream than RO for low value stream with 30 to 35%
(rejection) Sludge contains mainly [73] stream to the sludge with clea f andysu ernatant, with high salinity [118] salts in the influent total solids (higher than
metallic (99-100%) and the ! [78]p stream [109]; the feed) [95,96]
oxides/hydroxides [73] separation theoretically can Rejection efficacy
reach 100% [115-117] altered when fouling

occurs [50]




Sustainability 2022, 14, 376

12 of 21

In terms of sludge or the concentrated stream produced from these technologies,
EC has non-toxic and low amounts of sludge with no brine formation compared to the
membrane, ion-exchange, and conventional technologies [94]. On the other hand, ED
produces a high amount of sludge and RO has a highly saline concentrated stream. The
discharged volume and the retentate concentrations of NF process are lower as compared
to RO process. For BSF process, the generated flocs can be easily eliminated. VSEP
concentrated stream contains a high amount of salts (30-35%) compared to the process
influent [95,96]. Finally, the MD process rejects various types of contaminants with a very
high percentage close to 100% to form a concentrated stream of non-volatile compounds,
macromolecules, and inorganic ions.

Contaminant removal effectiveness of the technology is a top criterion in selecting the
CWBD treatment system. The literature has presented the removal and treatment capability
of EC, ED, and MD processes for several contaminates in CWBD stream. It is important
to clarify that the conducted experiments by EC and ED processes analyzed the removal
or reducing levels of targeted contaminants such as magnesium, calcium, and silica for
EC and reducing the level of TDS for ED. Hence, the results presented in Table 3 reflect
the published data on the ability of the technology to remove contaminants and do not
reflect the technology’s ability to remove all the other contaminants in Table 1. As shown in
Table 3, all three methods (ED, EC, MD) can remove major common contaminants in CWBD
streams such as calcium, magnesium, chloride, and sulphate. TDS, which is considered
one of the crucial contaminants of concern, can be removed by both EC and ED processes.
According to the literature, only EC is reported to remove silica, zinc, and phosphate, and
only MD is reported to remove copper and manganese. Additionally, ED can remove
bromides and fluorine ions from CWBD water. Moreover, sodium and potassium can be
removed using ED and MD, but Fe can be removed only by EC and MD. The removal
efficiency differs for each technology, and it depends on the concentration of the feed and
the operating conditions as reported by the authors of that literature.

Table 3. The contaminants that can be removed by CWBD treatment technologies.

CWBD Treatment Technologies
EC [4] ED [1] MD [37]

Contaminants

Total dissolved Solids
(TDS)
Calcium (Ca
Magnesium (Mg
Silica (SiO;)
Chloride (CI7)
Zinc (Zn2*)
Phosphate (PO437)
Iron (Fe%t)
Sulphate (SO4%~)
Aluminium (AI3*)
Barium (BaZt)
Potassium (K*)
Sodium (Na*)
Copper (Cu)
Strontium (Sr2+)
Bromide (Br™)
Fluorine (F)
Manganese (Mn2*) vV
Nitrate (NO37)

2+)
2+)

L L <
<< U N N
RO << <<

<<

The applicability for the treatment of CWBD streams using BSF, RO, NF, and VSEP
technologies has been reported in the literature, even though there is a lack of published
experimental data related to the specific contaminants that can be removed by these
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systems [11,26,47,99]. Reference [77] discussed the fact that the BSF process can be used for
the CWBD effluent treatment, and Ahmed et al. [11] studied the potential for CWBD water
recovery by reverse osmosis, discussing the fouling parameters as well as implemented
various pre-treatment processes ahead of RO. Léwenberg et al. [26] conducted experimental
work to evaluate various pre-treatment processes before applying RO as the final treatment
step for CWBD. For NF and RO, Hossein et al. [47] also studied reusing CWBD after
recovering it by NF or RO processes and investigated various pre-treatment steps to control
fouling problems. As an emerging technology, VSEP technology website [99] reported that
this process could reduce the volume of CWBD stream for either disposal or recycling it
back to the cooling towers on the basis of pilot plant data.

In general, the reviewed technologies can remove a wide range of contaminants from
many water and wastewater streams. For example, RO can remove almost all contaminants
of concern such as TDS, ammonia (as N), iron, lead, nitrate (as N), sulphate, chloride,
phosphate, calcium, magnesium, and others [119,120]. BSF can remove TP, TSS, iron, lead,
zing, etc. [74]. NF process can remove iron, manganese, calcium, magnesium, fluoride,
sulphate, and more [121]. For VSEP technology, TDS, chloride, sulfate, calcium, magnesium,
fluoride, nitrate, and others can be removed [111].

Conducting a cost analysis is another criterion to evaluate the technologies since
the economic aspect should be justified and viable. Table 4 summarizes the operational
and capital costs of the treatment technologies on the basis of color-coding. EC and
MD technologies have low capital and operating costs, and consequently, lower total
costs. The operating cost of EC process is mainly attributed to the fact that the power
consumption in the form of electricity is high since it is one of the major requirements
for the system to run and remove contaminants. For MD technology, it contains various
designs and configurations for that the cost differs. For example, Air Gap membrane
distillation (AGMD) is considered an effective method compared to others as it has how
operational and maintenance costs. For the capital cost, MD generally has a lower capital
cost than reverse osmosis, and such lower costs make the total cost low. Moving to RO
and VSEP technologies requires high capital and operating costs, hence relatively high
overall total cost. The high operational cost of RO process can be attributed to the fouling
problems that shorten the membrane’s lifetime and requires replacing it; moreover, the RO
process operates at high pressure, which consumes high energy, leading to a higher cost
of operation. For the emerging technology VSEP, the high operational cost is because of
the high energy requirements to generate shear and vibrating the membrane. Subramani
etal. [111] reported out of the conducted study that the consumption of energy by VSEP
process is three times (2.1 kWh/m?) higher than RO process (0.7 kWh/m?), reaching more
than 10 years, all of which contribute to lowering the operational cost [84]. However, ED
has a high capital cost, which makes the total cost at a moderate level. The BSF process has
a higher operational cost than conventional or traditional processes, and this can be said to
be mainly due to the high dosages of chemicals needed for the process [74]. On the other
hand, for the capital cost, BSF requires smaller sedimentation units because it has high
settling rates; additionally, the BSF requires less land size, and hence lower capital cost,
leading to a moderate total cost. For NF, which is another membrane-based technology, the
process operates at low pressure and requires less energy consumption; hence, it has low
operational costs. However, for the capital cost, the implementation of NF technology at
large scales causes the capital cost to be high, which limits NF applications for treatment
purposes in industries and makes the total cost relatively moderate. In the end, the total
cost depends on many factors such as the size of the plant, the concentration of the influent
stream, and the maintenance and energy requirements. Reducing the total cost can be done
by enhancing the treatment technology by using efficient material with low cost and by
utilizing renewable sources of energy instead of a direct source of power.
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Table 4. Cost analysis of CWBD treatment technologies.

EC ED MD BSF RO NF VSEP
Operational cost
Capital cost
Total cost
References [5,122,123] [122,124] [44,125] [74,126] [48,122] [127,128] [129]
Color coding Meaning
N Lo
Moderate

I s

5. Regulations of Wastewater Effluent from Industries

CWBD is considered a wastewater stream discharged from cooling towers into the
marine environment or sewage treatment plants, or reused in applications such as irrigation.
Each of these discharge points has certain regulations and permissible limits for the water
contaminants; the constraints are there to avoid negative and long-term consequences
on the environment and society. Table 5 shows standards regulated by the United States
Environmental Protection Agency (EPA) and some GCC agencies. Each agency’s standards
vary depending on the endpoint or application, and there is a noticeable difference in
limits between agencies for the application. For example, the concentration of the pollutant
by EPA for irrigation purposes differ only slightly from the one regulated by Qatar for
boron, cadmium, cobalt, manganese, and zinc. However, the concentrations of aluminum,
fluoride, iron, and lead are considerably different when both standards are compared. One
major reason behind these differences is attributed to the type of soil; in Qatar, as in many
other GCC countries such as the UAE, the soil is sandy, and this plays a role in trace metal
adsorption and translocation in the soil-plant environment. The accumulation of heavy
metals such as Zn, Cd, Cu, Cr, Fe, and Pb in the soil will be minimal because of the high
infiltration of the sandy soil, deep percolation losses, and high evaporation rate [130].

Discharging the treated wastewater into marine environments as compared to irriga-
tion has more stringent levels for some contaminants such as fluoride, TDS, and sulphate in
addition to the pollutant indicators such as COD. This can be because of the negative direct
impacts of these contaminants on living creatures such as fishes, flora, and fauna [18]. For
other contaminants such as nickel, zinc, chromium, cobalt, and manganese, the standards
for irrigation are more stringent than for the marine environment. This can be attributed
to the fact the levels are already small, and the concentrations of these pollutants will be
further diluted in the marine compared to irrigation. Comparing the standards of both the
UAE and Qatar, one can notice that for some contaminants such as boron, cobalt, nickel,
and zinc, Qatar permits slightly higher concentrations than the UAE and lower concen-
trations for other contaminants such as aluminum, fluoride, and iron. For Oman, almost
all regulated contaminant levels are the same as the UAE, except for cyanide, phosphate,
zinc, and cadmium. In general, GCC countries have comparable limits on contaminants
concentrations. Using diffusers with single or multi ports, and the depth of these diffusers
determines the level of dilution for the discharged pollutants [131]. It is also known that
discharging using diffusers, in general, dilutes the contaminants more and faster compared
to single-point discharges [131]. The noted similarities of regulations between GCC coun-
tries for discharging to marine life can be mainly attributed to the fact that countries have
limited freshwater resources, and protecting the marine environment is of higher priority.
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Table 5. Standards and regulations of treated wastewater streams for discharging or reusing.

Standards of Water and Wastewater
for Irrigation

Standards of Discharging into Marine

Standards of Discharging Liquid Waste to
Public Foul Sewage Networks

Qatar

EPA Qatar . Qatar . . UAE . Oman Discharged Liquid Qatar

Parameter Irrigation ppm Irrigation ppm Discharges into Discharges to Discharges to Waste for Treatment Industrial Effluent
8 PP 8 PP Water Environment Marine at Point of Marine . Discharged to
[132] [133] or Marine ppm [133]  Discharge ppm [134] ppm [135] by Public Sewage Sewers ppm [133]
Work ppm [133]

Aluminjium 5.0 15 3 20 30 -
Arsenic 0.10 0.1 - 0.05 0.05 5 5
Beryllium 0.10 - - 0.05 5 -
Boron 0.75 1.5 1.5 1 - -
Cadmium 0.01 0.05 0.05 0.05 0.50 2 10
Chromium 0.1 0.01 0.2 0.2 5 2
Cobalt 0.05 0.2 2 0.2 - -
Copper 0.2 0.2 0.5 0.5 0.50 5 4
Fluoride 1 15 1 10 -
Iron 5 1 1 2 2.0 25
Lead 5 0.1 0.1 0.1 0.10 5 5
Lithium 25 - - - - -
Manganese 0.2 0.05 0.2 0.2 - -
Molybdenum 0.01 - - - - -
Nickel 0.2 0.2 0.5 0.1 0.10 5 -
Selenium 0.02 - 0.02 0.02 0.02 - -
Vanadium 0.1 - - - - -
Zinc 2 0.5 2 0.5 0.10 10 4
TDS - 2000 1500 - 4000 -
Sulphate - 400 0.1 - 1000 1000
Phosphate as P (PO, ~3%) - 30 2 2 0.10 - -
Ammonia as N - - 3 2 - -
Chlorine residual - 0.1 0.05 - -
Cyanide (total) - - 0.1 0.05 0.10 1 1
Nitrates - - - 30 - -
COD - 150 100 100 3000 3000
BOD5 - 10 50 30 30 1000 -
Total organic carbon (TOC) - - - 75 1000 -
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Discharging the effluent wastewater from industries into sewage treatment plants
is one of the management practices performed by many countries as it can treat various
wastewater streams. However, caution should be taken regarding the concentration of the
contaminants influent to sewage systems because some are designed for certain types of
pollutants and at a specific limited range of concentration, as it may cause various harmful
consequences as previously mentioned in Section 2. In Table 5, it is noted that the standard
concentrations of contaminants influent to sewage treatment plants or sewer systems have
higher tolerance compared to irrigation and marine discharging, especially in terms of TDS
as well as the pollutant indicators such as BOD and COD. This is expected as treatment
plants are designed to handle high concentration of contaminants that cannot be discharged
to natural environments.

Generally, treatment and management of CWBD is necessary, and the suitable options
in terms of treatment depend on desired effluent quality. This quality is dictated by the
endpoint of discharge or treated water application as regulated by standards of the country,
as has been presented and discussed in this work.

6. Conclusions

CWBD is a very concentrated wastewater stream with various types of contaminants that
can affect the entire ecosystem if it is not handled and treated properly. Various processes can
be implemented to treat CWBD stream. Some of these technologies are already established,
such as RO, ED, MD, and BSF, while others are emerging, such as EC, VSEP, and NF. In
terms of choosing the best technology, being green and environmentally friendly are amongst
the key considerations, besides the cost and the treatment performance. On the basis of the
performed evaluation, membrane-based technologies result in high-quality treated water,
but some of them, such as NF and RO, are prone to fouling problems, resulting in higher
maintenance requirements. Additionally, EC and VSEP also produce high-quality permeate;
however, they are energy-intensive processes. BSF is the only process that requires a large
quantity of chemicals as a part of the system. For the most cost-effective technologies, EC
and MD should be considered; ED and NF can also be considered if a pre-treatment step is
available. EC has a high treatment performance (~=99.54% in terms of silica ions) compared to
UF membrane method (reduction of 65% of colloidal silica). For the treatment of contaminants,
ED, MD, and EC processes treat a wide range of contaminants in CWBD. However, for a
fair comparison, further studies should be conducted on the ability of RO, BSE, VSEP, and
NF to treat CWBD contaminants to obtain a more reasonable conclusion. Regarding energy
consumption, both EC~0.18-3.05 kWh/m? and VSEP~2.1 kWh/m? technologies have high
energy demand, and this limits their implementation for large-scale applications unless
renewable energy sources are used. When it comes to the recovery and reusing of treated
wastewater or even discharging it to the marine environment, standards and regulations
must be obeyed. Overall, the treatment of CWBD water should be further studied and
considered since research related to this topic is limited. Treatment and reuse of CWBD can
help overcome the water scarcity problem and achieve a more sustainable environment.
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Abbreviations

CWBD  Cooling water blowdown

RO Reverse osmosis

ED Electrodialysis

MD Membrane distillation
EC Electrocoagulation
NF Nanofiltration

COD Chemical oxygen demand

BOD Biological oxygen demand

TDS Total dissolved solids

TSS Total suspended solids

BSF Ballasted sand flocculation

VSEP  Vibratory shear enhanced membrane process
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