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Abstract: Chlorination, ozonation and non-thermal plasma water purification technologies were com-
pared in terms of their effectiveness, efficiency, capital and operating costs, energy yield and chemical
demand. Retrofitting plasma technology to chlorination plants offered the lowest capital cost (ZAR
14,000 or USD 253,376 based on the current South African Reserve Bank rate of ZAR/USD of 18.0983)
and the most effective contaminant removal (of the three possible combinations). How- ever, this
combination yielded the highest operating costs (ZAR 586,000 per annum or USD 10.6 million) and the
lowest energy efficiency. It was concluded that retrofitting chlorination plants with plasma technology
is feasible. However, plasma generators should be redesigned to consume less energy or to operate
using renewable energy. Furthermore, research should be performed on contaminants of emerging
concern to establish a deadline after which their concentration must not exceed a specified limit. This
will accelerate the implementation of plasma technology and secure the health of our posterity.

Keywords: endocrine-disrupting chemicals; contaminants of emerging concern; persistent organic
pollutants; disinfection byproducts; energy yield; costing

1. Introduction

Tertiary wastewater treatment involves the removal of organics, inorganics and
pathogens [1]. It produces improved quality effluent that can be used for irrigation and that
is safe to discharge into water bodies. This process is therefore crucial to the advancement
of society, as it provides us with the water we require to live and to thrive.

Some of the mature technologies used on purification plants include chlorination,
ultraviolet radiation and ozonation [2]. These processes offer low treatment times and
highly effective purification, and they may be used individually or together.

Despite being well established, these technologies have drawbacks. These include,
but are not limited to: high energy consumption, high operating and capital costs and
significant chemical demands [2]. Furthermore, these technologies were introduced at
a time when little was known about the behaviour and impact of endocrine-disrupting
chemicals and persistent organic pollutants [3,4].

Since composition analysers have become more sophisticated, more data have been
collected on the concentration and ubiquity of these endocrine-disrupting and persistent
organic compounds in water. While their concentrations may be too low to affect us at
present [5,6], our currently ineffective treatment methods can lead to their accumulation in our
environment. This could have a major impact on the health and safety of future generations.

This dilemma places considerable demand on advanced oxidation processes [7]. Non-
thermal plasma water purifiers exhibit the potential to remove these persistent organic
pollutants. This nascent technology eliminates the aforementioned drawbacks with its
low energy demands (depending on the plasma source), low chemical demands, and, by
application, lower cost. It is also able to compete with the strengths of mature technologies
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in terms of treatment times and the effectiveness of purification [8]. However, it has yet to
reach acceptable maturity to suit large industrial applications.

This review was compiled to determine whether it would be feasible to retrofit existing
wastewater treatment plants with non-thermal plasma technology, to effectively remove
persistent pollutants. It was also compiled to determine which facets of plasma purification
could be improved upon, such that this technology becomes more feasible and thus more
readily implemented on a large scale.

To achieve these aims, an overview of each technology type is presented. Thereafter,
the strengths and weaknesses of each technology are evaluated in terms of effectiveness,
capital cost, operating cost, energy efficiency and chemical demand. The scope of the
review was limited to only include plasma reactors that operate non-thermally.

At present, there are no comparison studies between plasma and mature technolo-
gies that simultaneously consider a broad range of pollutants and criteria (such as those
mentioned above). However, the data do exist in isolation, and ongoing attempts are being
made by researchers to compile this information. The lack of published comparison studies
is likely due to the variability within the plasma field. There are dozens of different plasma
reactor types, with different designs and power requirements. This makes it difficult for
scientists to build on the work done by previous researchers. Furthermore, plasma is being
applied to water, food and textiles, which introduces more variability into the field. Finally,
there are hundreds of wastewater contaminants that can be passed through a plasma
reactor, which implies that the experimental results are often not corroborated by others.

2. Mature Technologies for Water and Wastewater Remediation
2.1. Chlorination
2.1.1. Applications of Chlorination

Chlorination is the most widely used disinfection technique globally for purifying
drinking water [9]. South African tertiary water treatment plants utilise this technology,
adopting chlorine and chloramine as the primary and secondary disinfectants, respec-
tively [10].

2.1.2. Chlorination Process

Chlorine is a highly effective disinfectant, but its volatility leads to the production of
DBPs (disinfection byproducts) when chlorine makes contact with organic matter. Further-
more, chlorine remains active in water for only 8 h after it is added. Chloramine, on the
other hand, is a less effective disinfectant than chlorine. Hence, it is less reactive with organic
matter and forms fewer DBPs. Chloramine remains in water for up to 8 days, which protects
purified water from pathogens that may be introduced during the transportation process.

2.1.3. Mechanism of Chlorination

The reactions of chlorine in water are presented in Equations (1) and (2) [11]. Chlorine
forms hypochlorous acid in the presence of water. This is demonstrated in Equation (1), where:

Cl2 + H2O 
 HOCl + H+ + Cl− (1)

HOCl then partially decomposes, as shown in Equation (2):

HOCl 
 H+ + OCl− (2)

These compounds initially react with inorganics (such as metals) in the water, usually
forming insoluble compounds (such as Fe(OH)3), which can be filtered out. Thereafter,
organic compounds (such as phenol) and pathogens are oxidised, which generally renders
them harmless.
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2.1.4. Advantages and Disadvantages of Chlorination

Chlorination presents several advantages. It is inexpensive with a quick application
procedure [12], with kits such as the SE200 Community Chlorine Maker capable of purifying
200 L of water in under 5 min [13]. Chlorination is also highly effective, with the ability to
remove organics, inorganics and most pathogens [14].

However, as mentioned previously, chlorination can form DBPs [15]. This includes tri-
halomethanes (THMs) and halogenic acetic acids (HAAs). HAAs biologically decompose to
eventually form THMs. The most notable of these THMs is trichloromethane (chloroform),
an anaesthetic capable of damaging the liver and kidneys after chronic exposure. Further-
more, chlorination creates a smell in water, which may be unappealing or objectionable to
some people. Chlorination utilises chlorine gas, a toxic chemical with inherent significant
risk factors. The most crucial disadvantage is that chlorination cannot destroy protozoan
cysts, as they possess a chlorine-resistant outer shell [14]. An example of a protozoan cyst
is Cryptosporidium, a nefarious pathogen responsible for several outbreaks, such as the 2001
outbreak in northwest Saskatchewan, Canada [16].

2.2. Ozonation
2.2.1. Applications of Ozonation

Ozonation is a trusted technology in the beverage industry and is utilised by Coca- Cola,
SABMiller, Dasani and other companies for water purification processes [17]. Ozonation is also
used in Olympic pools [18] and in hospitals [19] due to its reliably high oxidising potential.

2.2.2. Ozonation Process

A high-voltage electric discharge is applied to a stream of oxygen or air. The energy
from the discharge splits the oxygen molecule into two oxygen atoms [20]. These unstable
atoms then combine with other oxygen molecules to form ozone gas (O3). Ozone is a
powerful oxidiser that decomposes in water and reacts with metals, organics, inorgan-
ics and pathogens to form insoluble compounds that can be filtered out. An example
of this interaction is displayed in Equation (3), where manganese is oxidised to form a
precipitate [21]:

Mn2+ + O3 + H2O→MnO2 + O2 + 2H+ (3)

2.2.3. Advantages and Disadvantages of Ozonation

Ozonation is an excellent disinfectant and oxidising agent [22] that effectively removes
odours and colours from water [23]. Furthermore, since excess ozone rapidly decomposes
into oxygen, the purified water does not have a residual scent or taste, which justifies its
popularity in the food and beverage industry. Industrial ozonation processes can purify
between 10000 and 60000 L/h of water, which is relatively quick [17]. In these applications,
ozone is generated on-site, so external chemicals are not usually required, unless liquid
oxygen is utilised [21]. This eliminates the risk associated with the transportation, handling
and storage of chemicals.

Ozonation also fulfils its primary role as a disinfectant in tertiary water purification. It
virtually eliminates organics such as phenols [24] and can effectively oxidise inorganics
(such as Mn and Fe) into insoluble particles [25]. It is also highly effective against pathogens,
including E. coli, Giardia and Cryptosporidium (unlike chlorination) and viruses.

However, there are also disadvantages. Ozone produces DBPs when it reacts with
endocrine-disrupting chemicals, even at high doses [26]. However, these are formed in
small amounts and little is known about them. Ozone also produces HAAs and THMs,
but in significantly smaller amounts than chlorination. The third and most problematic
DBP is bromate, because it can be carcinogenic [27]. However, if the water contains a low
bromide concentration, then the concentration of bromate produced may still be within
acceptable levels. Other disadvantages include the nature of ozone: it requires vast amounts
of energy [28] and capital [21], but because it rapidly decomposes in water, the excess ozone
cannot be measured, so operators cannot minimise the amount of ozone used. Furthermore,
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this rapid decomposition makes it unfeasible for long distribution pipelines, which could
introduce contaminants downstream [22]. Finally, ozone must be safely contained within
the operating environment, as the inhalation of ozone can cause severe lung damage [29].

2.3. Ultraviolet Radiation
2.3.1. Applications of UV Radiation

UV radiation is frequently used for water recycling systems in the electronics, phar-
maceuticals and cosmetics industries. These industries do not often introduce organic
contaminants into their water, which makes UV treatment feasible. On the other hand,
European water treatment plants that do make use of UV are only certified to purify water
that is visibly clear, and not wastewater [30].

2.3.2. UV Radiation Process

When UV radiation (frequently of 245 nm wavelength) is applied to contaminated
water, the radiation penetrates microorganisms in the water and alters their DNA (Deoxyri-
bonucleic Acid), rendering them unable to survive and incapable of reproduction. This
puts the pathogen cells out of action, thereby effecting the decontamination requirement.

2.3.3. Advantages and Disadvantages of UV Radiation

While UV radiation poses many advantages, its disadvantages are more prominent in
the context of tertiary wastewater treatment. Firstly, UV radiation does not improve the
odour, taste or clarity of water [31]. It is unable to oxidise inorganic contaminants, such
as iron and manganese [30] and can only oxidise some organic contaminants at very high
concentrations [32]. Endocrine-disrupting chemicals (EDCs) are also not easily oxidised
and require significantly high doses. While the oxidation of organics and EDCs may be
possible, inorganic contaminants (which do not degrade) tend to absorb UV radiation and
prevent the radiation from reaching the aforementioned contaminants. Thus, UV radiation
is not feasible for the wastewater considered in this review. Finally, UV is a point source
disinfectant, much like ozone, meaning that it cannot provide long-lasting disinfection. The
method is therefore unfeasible for water distribution systems.

Despite UV radiation being unsuitable, for this review, its advantages should not go
unappreciated: it is faster than chlorination, cheaper than ozonation [33] and has a power
rating that is comparable to that of a light bulb [34]. It is highly effective at destroying
virtually all pathogens and does not form DBPs when it reacts with water of a good quality
(i.e., low organic content). Finally, UV radiation equipment requires frequent, but relatively
easy and inexpensive maintenance [30].

3. More Recent Technology: Non-Thermal Plasma
3.1. Non-Thermal Plasma Overview

Plasma refers to the fourth state of matter: ionised gases. In this phase, electrons
possess sufficient energy to escape from the atom. This can be achieved by using high
temperatures to energise electrons (thermal plasma) or by using an electric field at lower
temperatures (non-thermal plasma). The generation of non-thermal plasma requires signif-
icantly less energy [35].

3.2. Applications of Plasma Purification

There are several different techniques used to generate plasma. Popular techniques
include gliding (glow) arc plasma (GAP), dielectric barrier discharge (DBD) and pulsed
corona discharge (PCD). In a DBD, the electrical discharge is facilitated by the presence
of two electrodes with one covered by a thin dielectric material and the application of a
high voltage [36]. In the gas phase, the carrier gas will be broken down to generate active
species and highly oxidative/reactive agents after further reactions, which are all useful
in the degradation of contaminants. In the GAP, the plasma discharge is produced at a
high working voltage by two or more diverging metallic electrodes placed in the gas flow
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direction [37]. In a PCD, the discharge is generated when high voltage pulsed power is
applied on sharp-pointed electrode tips (the high voltage electrode) and a working gas
introduced in the electric field of the sharp electrode tips, generating a group of active
species. The chemical characteristics of the oxidative species produced in each of the plasma
discharges are dependent on the gas type (or composition), because sometimes a mixture
of gasses is applied rather than a single gas type.

Due to the variety of plasma technologies, intensive research is being performed
to determine the advantages that each type holds over the other. At present, DBD is
one of the more energy-efficient plasma reactors [38]. Yusuf et al. [39] recounted the
application of plasma technology to degrade different types of pollutants including dyes,
organic compounds such as phenol, pesticides, emerging contaminants and pathogenic
microorganisms. The authors further discussed the synergistic effect from the plasma
with complementally processes such as catalysis, achieved through the increase in the
production of reactive species, resulting in enhanced process performance.

However, many such studies have been conducted at laboratory scale involving small
volumes of water and pollutant concentrations in more controlled environments.

The wide-scale implementation of plasma water purifiers has yet to be achieved. In
our pragmatic line of thought and reality, the industrial scale plasma systems developed
employ less complicated plasma degradation processes. The manufacturers are building
small-scale reactors that display the benefits of this nascent technology [8].

3.3. Plasma Purification Process

When a large amount of energy is applied to a gas (usually air), plasma is generated.
The air becomes an ionised gas, consisting of a wide group of active species. When these
species enter water, they result in the formation of even more reactive OH- radicals, which
act as powerful oxidisers for the contaminants in the water [40].

3.4. Advantages and Disadvantages of Plasma Purification

Plasma shows significant potential in pollutant removal. It is capable of quickly
oxidising organics, inorganics and pathogens with reasonable power consumption [8]. Since
plasma only requires an energy source with no additional chemicals, it has the potential
to be far more affordable than some of the mature counterparts such as chlorination. On
a qualitative level, the research suggests that plasma is a suitable competitor to more
established processes.

Plasma is most notable for its ability to remove persistent organic pollutants. Globally,
concerns are rising over these compounds because our current purification systems are not
highly effective at removing them. This creates the ideal opportunity for the mainstream
adoption of plasma. If retrofitted to older plants, it could serve to eliminate these concerns.

Plasma purification is also likely to be more effective than ozone purification. This is
because when plasma is generated, all of the radicals produced enter the water to provide
a wide range of disinfection abilities. In contrast, during ozone production, when air is
energised to create ozone, only the ozone molecules are applied to the water [40].

Furthermore, while plasma produces bromate (a DBP similar to that of ozonation) in
treatment solutions containing bromide [41,42], it is also capable of removing chloroform,
one of the major DBPs linked with chlorination [43].

Unfortunately, one of the major concerns associated with plasma is its high energy
consumption in some cases, although significant progress has been made based on the use
of pulsed and nanoseconds pulsed power supply units. The generation of non-thermal
plasma with an efficient reactor type and power supply sources can substantially reduce
the energy requirements [38].
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4. Tertiary Water and Wastewater Pollutants
4.1. Contaminants of Emerging Concern

Contaminants of emerging concern (CECs) are defined as chemicals or organisms
whose concentrations are not regulated at present [44]. These contaminants could have
adverse effects on humans or the environment. As mentioned previously, they were not
a concern when wastewater treatment plants were initially designed, so they are not
effectively removed by these plants.

Endocrine-disrupting chemicals (EDCs) are a class of CECs that have been reported
in drinking water in South Africa and other parts of the world [6,45]. EDCs can be classi-
fied according to their use, with the main categories being oestrogens, pharmaceuticals,
pesticides, perfluorinated carbons and personal care products [46]. The negative effects of
ingesting these compounds include decreased fertility and abnormal reproductive capac-
ity [47]. While EDC concentrations are not yet high enough to affect humans, the impact
is visible in wildlife. This includes declining populations of some reptile, amphibian and
fish species [48]. Wildlife is affected more because our discharge points are often located in
their water supplies and aquatic habitants, causing them to experience high contaminant
concentrations, prior to the rectifying effect of infinite dilution.

The EDCs in each category may be further classified based on their persistence. While
some EDCs decompose after being discharged, other EDCs act as persistent organic pol-
lutants (POPs). POPs are problematic for water treatment plants, as their halogenated
structure makes them stable and resistant to environmental degradation [49].

Naturally, some EDC categories are more commonly found in water than others.
During a study of the influents of three South African wastewater treatment plants, the
three most common EDC categories were oestrogens, perfluorinated compounds (PFCs)
and pharmaceuticals [46]. Of the three, oestrogens were the most commonly found and
their concentration is rapidly increasing [50]. The primary source of these oestrogens in
surface waters is E1 (oestrone) [51], a POP [46] excreted by both humans and animals.

Pharmaceuticals were the most highly concentrated EDC group from the study (but
not the most commonly found). The most persistent of these pharmaceuticals was car-
bamazepine (CBZ) [52]. This drug is used to treat epilepsy and bipolar disorder. CBZ
is excreted by patients who make use of it, causing the drug to appear in the influent of
wastewater plants [53]. Pharmaceuticals also enter wastewater plants when they are dis-
posed of irresponsibly, such as when they are flushed down toilets or rinsed down basins.
Furthermore, the concentration of CBZ in the plant effluent is sometimes higher than in the
plant influent. This further reinforces the ineffectiveness of wastewater plants at removing
EDCs. The presence of CBZ in water supplies is problematic because the unintentional
consumption of it could lead to impaired red blood cell and platelet production [53].

Perfluorinated compounds (PFCs), also referred to as perfluorinated alkyl substances
(PFASs), were the third most commonly found EDC from the same study. They possess a
strong carbon–fluorine bond that makes them highly stable and therefore persistent [54]. They
are used in stain repellents for carpets and textiles, non-stick coatings for cooking utensils
and in paints and adhesives [55]. One of the most widely studied of these PFCs is PFOS
(perfluorinated octane sulphonate). Communities exposed to high PFC concentrations via
their drinking water exhibited higher cases of kidney and testicular cancers [56]. Furthermore,
children exposed to PFCs may develop hormonal issues and decreased immunity.

4.2. Pathogens in Drinking Water

The three groups of pathogens that may be found in drinking water are: bacteria,
viruses, and protozoa and helminths.

When testing for bacterial contamination, the most basic test used is the test for total
coliform bacteria [57]. Coliform bacteria are found in water, soil and the digestive tracts of
animals [58]. Faecal coliform bacteria are a subset of the total coliform bacteria group. These
are found specifically in the gut and faeces of warm-blooded animals. Within this group
of faecal coliforms, the major species is Escherichia coli. Since E. coli does not reproduce in
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the environment, its presence is indicative of faecal contamination. E. coli is also easy and
inexpensive to detect, making it historically one of the most common indicator organisms
for pathogens [59]. It is also considered to be one of the best tests for the presence of
pathogens [57]. These tests are important because while most strains of E. coli are harmless,
some strains could result in death [60].

The second group (viruses) contains a multitude of pathogens. Comparing this list of
viruses [61] with a list of the top ten pathogens responsible for outbreaks in public water
systems [62] yielded the following result: the third most commonly reported cause for
outbreaks, and the first virus on the list, was norovirus. This virus is highly contagious and
causes vomiting and diarrhoea [63].

The list mentioned above also revealed that Giardia (from the protozoa and helminths
group) is the pathogen responsible for the most disease outbreaks in public water systems.
This is likely due to the ineffectiveness of chlorination against protozoans.

4.3. Inorganic Contaminants in Drinking Water

Metals are common inorganic contaminants [64], with iron and manganese being some
of the more common contaminants [65]. They are not harmful in low concentrations [66]
and their presence is likely due to the metal pipes in which water is transported, as well
as due to groundwater, which travels through rocks containing iron and manganese [67].
The presence of these metals can lead to iron and manganese bacteria in the water supply.
These bacteria form biofilms that clog sinks and toilets [68]. High metal concentrations will
also create a bitter and metallic taste in drinking water.

5. Comparison between Mature Methods and More Recent Non-Thermal
Plasma Technology
5.1. Materials and Methods
5.1.1. Plasma Applications in Water Purification

A detailed assessment of selected non-thermal plasma applications was carried out
to appreciate the completed studies and outstanding results as presented in Table 1. The
main attributes of this compilation are pollutant type, reactor operating conditions and
degradation performance characterised by contact time and removal efficiency.

5.1.2. Planning-Energy and Costs

A selection of compounds was made using the research described under tertiary water
and wastewater pollutants. Each considered compound fell into one of four groups: organ-
ics, inorganics, pathogens or CECs. The most problematic or most ubiquitous compounds
were selected from each of the aforementioned groups. The selection process for this is
described below.

To represent the organics group, phenol was selected. Phenol is a well-established
model compound in the water purification industry [8,69] and is a good representation of
the organic compounds one is likely to encounter when purifying water. For the CECs, one
persistent contaminant was chosen from each of the three subgroups of EDCs: pharmaceu-
ticals, oestrogens and PFCs. The EDC selected for pharmaceuticals was carbamazepine,
because it was the most persistent in its subgroup. Oestrone was selected for the oestrogens
group because it was the main source of oestrogens in water. Lastly, PFOS was selected
to represent the PFCs group, because it is widely studied, thereby making literature data
more readily available.

For each of the compounds, the efficiency and percentage removal for both chlorination
and ozonation were determined. The efficiency was measured in terms of the CT value,
which is the product of concentration (C) of the oxidant used with the contact time (T) [70].
However, for plasma processes, it is difficult to quantify a plasma concentration. Thus, it
was more suitable to represent its performance in terms of power consumption and the
percentage of contaminant removal. In some studies, only the voltage requirements of a
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plasma reactor are reported. To obtain the corresponding power consumption, a graph was
used that displays the current in a DBD reactor at varying voltages [71].

The literature data used were obtained between 25 ◦C and 30 ◦C, the ideal temperature
for water treatment [72]. Furthermore, in this temperature range, additional heat exchanger
equipment is not required, which keeps the operating costs lower.

Next, the results reported were obtained at a pH between 4 and 10. The range is wide
because data are scarce in this field, and narrowing the pH range severely limits the number
of studies that can be utilised.

For chlorination analysis, since chloramine is used to prevent contamination at later
points in the pipeline, it is a secondary disinfectant. Hence, data surrounding chlorine as a
disinfectant was used, as opposed to chlorine and chloramine as the disinfectants.

For the plasma reactors, PCD and DBD reactors are the most and second most energy-
efficient plasma generators, respectively [38]. Gliding arc reactors lie below PCD and DBD
reactors in terms of energy efficiency. Hence, emphasis was placed on finding results from
PCD reactors first, and then DBD reactors, with gliding arc reactors only being considered
as a last resort.

Finally, the literature indicates that UV radiation is unfeasible for tertiary wastewater
purification. It was therefore not considered when gathering the results.

5.1.3. Calculations

For the operating cost, capital cost and energy yield calculations, phenol was selected
as the model pollutant, for the reasons outlined previously.

Operating Cost Calculations

By calculating the operating costs first, assumptions were made and a basis was
selected, which greatly simplified the subsequent capital cost calculations. For each technol-
ogy type, a hypothetical wastewater treatment plant was designed. This design specified
an arbitrary basis flow rate: 100 m3/day of wastewater influent. A maximum influent
phenol concentration of 53 ppm was reported in literature [73]; this was adopted as the
influent’s phenol concentration.

Beginning with the hypothetical plasma plant, it was assumed that its operating
costs are similar to those of the chlorination plant (apart from the electricity required for
the plasma generator). This was justified because any water treatment plant will have
similar equipment and maintenance demands. These costs are outlined in [21] and include
maintenance, personnel and capital redemption costs (based on a 7% prime rate) [74]. Each
of these costs was determined as a function of the capital investment cost. To determine
the capital cost, the 0.6 rule [75] was used to scale down the capital cost approximation
provided by [76]. The scaled capital cost was then adjusted for inflation [77] and used to
calculate the maintenance, personnel and capital redemption costs.

From the reported experiment, the number of watts required to remove one gram of
phenol every hour was determined. This value was then adjusted to the hypothetical plant
(which removes 221 g of phenol every hour). Assuming the plant operates 24 h a day, for
365 days a year, the kWh demand was then calculated. Using Eskom’s business rate of R
1.46/kWh, the annual electricity cost was determined [78]. This electricity cost was added
to the previous expenses to determine the annual operating cost.

Then, the hypothetical chlorination and ozonation plants were investigated. Once
the hourly chlorine and ozone dose is known, it can be used to determine the capital cost,
which then specifies the operating cost [21]. Using the phenol experiments reported in
Table 2, the mass of chlorine and the mass of ozone required to remove 1 g of phenol per
hour was determined. This value was scaled up to the demands of the hypothetical plants
to determine their capital costs. After adjusting the capital costs for inflation, the annual
operating expense of each plant was determined.
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Capital Cost Calculations

While performing the operating cost calculations outlined above, the capital expense
for each plant was indirectly determined.

Energy Yield Calculations

Each technology type was compared based on its respective energy yield. This is
de- fined as the mass of the pollutant removed per kWh supplied. A higher energy yield
implies a more energy-efficient technology. As stated previously, phenol was selected as
the model pollutant to be degraded.

The plasma’s energy yield was first calculated using the phenol experiment reported
in Table 3. The same table was utilised to calculate the electricity costs

For chlorination, a more complex approach was used. Using data from the phenol
experiment reported in Table 2, the chlorine dose and effluent flowrate were calculated.
This information was then used to determine the annual electricity cost of a plant operating
under these conditions [21]. Next, using Eskom’s business tariffs from 2009, the annual
kWh consumption of the plant was found [79]. The energy yield was calculated thereafter.
Finally, the ozonation experiment reported under the phenol results in Table 2 was used.
The hourly ozone dosage required to remove 1 g of phenol was recorded, and it was noted
that an ozone generator using air as feed gas consumes 13 kWh per kg ozone produced [80].
Using this information, the ozonation’s energy yield was calculated.
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Table 1. Plasma contaminant degradation technologies for typical pollutants.

Non-Thermal Plasma
Reactor/Discharge Type

Pollutant Description
Operation Conditions

Degradation Performance
Ref.

Type Category/Class

Plasma catalysis/dielectric
barrier discharge (DBD) Phenol Organic

Applied voltage: 16 kV
Frequency: 50 Hz

Discharge current: 0.56 mA
Gas flow rate: 3.2 mL/s

Contact time: 50 s
Removal efficiency: 99% [81]

Gas–liquid DBD reactor Carbamazepine Organic: EDC

Applied power: 0.7 W
Air flow rate: 1 L/min

Initial concentration (Co): 20 mg/L
Liquid flow rate: 6 mL/min

Contact time: 3 min
Removal efficiency: 100%
Energy density: 25 kJ/L

[82]

DBD Oestrone Organic: EDC

Applied voltage: 80 kV
Frequency: 50 Hz

Initial concentration (Co): 2 mg/L

Contact time: 15 min
Removal efficiency: >80%

Energy yield: 777–737 × 10−6

g/kWh

[71]

DBD PFOS Organic: EDC

Applied voltage: 130 kV
Frequency: 17 Hz

Applied Power: 322 W
Peak Current: 40A

Initial concentration (Co): 1 ppb

Contact time: 60 min
Removal efficiency: >85% [83]

DBD E. coli Pathogen

Applied voltage: 4.16 kV
Frequency: 27.6 Hz

Discharge current: 13.01 A
Initial concentration (Co): 1 × 108 cfu mL−1

Contact time: 60 min
Removal efficiency: >99%

Energy (duty): 0.24 J/s
[84]

Cold atmospheric plasma jet Cryptosporidium Pathogen Applied power: 549 W
Frequency: 47 kHz

Contact time: 3 min
Removal efficiency: 2.03 log

inactivation
[85]

Radio-frequency (RF)
atmospheric pressure plasma

jet (APPJ)

Norovirus (feline calicivirus
(FCV)) Pathogen

Applied power: 2.5 W
Frequency: 13.36 MHz

Ar gas flow rate: 1.5 standard litres per min
(SLM)

Contact time: 15 s
Removal efficiency: 6.0 log

inactivation
[86]
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Table 1. Cont.

Non-Thermal Plasma
Reactor/Discharge Type

Pollutant Description
Operation Conditions

Degradation Performance
Ref.

Type Category/Class

DBD photocatalyst Chloroform Disinfection byproduct

Applied high voltage (AC): 20 kV
Frequency: 52–30,000 Hz

Chloroform vapours (in air) flow rate: 0.3
L/min

Initial concentration (Co): 85 ppm

Contact time: 2 s
Removal efficiency: 70% [43]

Corona discharge 1 Bromate Disinfection byproduct

Peak voltage: 20 kV
Current: 13.8 A

Peak power: 203 kW
Frequency: 30 Hz

Initial concentration (Co): 30 µM

Contact time: 60 min
Removal/reduction efficiency:

95%
Energy: 0.16 J

[87]

Micro discharge plasma jet
(MDPJ)/DBD E. coli Pathogen

Applied voltage: 1.01–1.66 kV
Frequency (Transformer): 60 Hz

Air/Nitrogen gas flow rates: 2–4 L/min
Initial concentration (No): 2.4 × 107

CFU/mL

Contact time: 40 min
Removal efficiency: 99.9% [88]

Non-thermal plasma
(NTP)/spark discharge

plasma

Enterococcus faecalis (E.
faecalis) and E. coli Pathogens

Applied voltage: 10 kV
Frequency: 30 Hz

Initial concentration (No): 1 × 108 CFU/mL

Contact time: 12 min (E. faecalis)
and 15 min (E. coli)

Removal efficiency: 8-log CFU
reduction (E. faecalis and E. coli)

[89]

1 Reduction reported, assisted by the consumers of oxidative species.
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Table 2. CT (concentration × contact time) values and percentage removal of a variety of contam-
inants, with respect to chlorination and ozonation water purification technology. Data obtained
between 25 and 35 ◦C, and between a pH of 4 and 10.

Type Contaminant
Chlorination Technology Ozonation Technology

CT (mg/L ×min) Conc * × Time # % Removal CT (mg/L ×min) Conc * × Time # % Removal

Organic Phenol 5570 [90] 5570 × 1 99 1200 [91] 80 × 15 >99
Organic: EDC Carbamazepine 1065 [92] 17.75 × 60 40 2.2 [93] 0.44 × 5 >99.9
Organic: EDC Oestrone IDA 1 IDA 1 IDA 1 0.06 [94] 4.4 × 0.014 99.8
Organic: EDC PFOS 1440 [95] 4 × 360 83 840 [96] 3.5 × 240 43

Inorganic Manganese 1.161 [97,98] 2.322 × 0.5 99 0.792 [99] 1.584 × 0.5 99
Inorganic Iron 0.496 [97,98] 0.992 × 0.5 99 0.344 [99] 0.688 × 0.5 99

Pathogen E. coli 0.25 [100] 0.25 × 1 99.99 0.05 [101] IDA 1 99.99
Pathogen Cryptosporidium 7200 [102] 80 × 90 99 6.2 [103] IDA 1 >99
Pathogen Norovirus 2 [104] IDA 1 99.9 1.3 [105] IDA 1 99.99

Disinfection
byproduct Chloroform + 2 + 2

Disinfection
byproduct Bromate + 2 + 2

1 Insufficient data available. 2 This compound is formed by the technology, as opposed to being removed by it.
* Concentration in mg/L. # Contact time in minutes.

Table 3. Reactor type, PT (power× time) values and percentage removal of a variety of contaminants,
when non-thermal plasma water purification technology is used.

Type Contaminant
Non-Thermal Plasma Technology

Plasma Type PT (W ×Min) Power *× Time # % Removal

Organic Phenol DBD 1 2430 [81] 9 × 0.83 98
Organic: EDC Carbamazepine DBD 1 36 [82] 12 × 3 99.99
Organic: EDC Oestrone DBD 1 60,000 [71] 4000 × 15 83.6
Organic: EDC PFOS DBD 1 19,320 [83] 322 × 60 93.5

Inorganic Manganese IDA 2

Inorganic Iron IDA 2

Pathogen E. coli DBD 1 1080 [84] 54 × 20 99.9
Pathogen Cryptosporidium AC 3 Gliding Arc 1647 [85] 549 × 3 >99
Pathogen Norovirus DBD1 24 [106] 12 × 2 99.99

Disinfection by-product Chloroform DBD1 18 [43,71] 600 × 0.03 80
Disinfection by-product Bromate + 4

1 Dielectric barrier discharge reactor. 2 Insufficient data available. 3 Alternating current. 4 This compound is
formed by plasma technology, as opposed to being removed by it. * Power in Watts. # Time in Minutes.

6. Results
6.1. Typical Operating Conditions for Non-Thermal Plasma-Based Contaminant Degradation

A summary of the typical operation characteristics of non-thermal plasma generation
systems for typical contaminants including EDCs (CECs) is presented in Table 1. Such
conditions describe typical ranges of experimental variables and the results corresponding
to such investigations. This serves, among other purposes, as a basis for further scientific
investigation and general comparison of new findings with previously completed studies.

The information also gives ideas for the study and development of pilot/industrial
systems.

6.2. Efficiency Tables

The effectiveness of contaminant removal, as stated earlier, was described using the
concentration-(contact) time product (CT) and the reported (removal) percentage as shown
in Table 2. The analysis of model pollutant, phenol gives CT values 5570 mg/L·min
(chlorination) and 1200 mg/L·min (ozonation). The reported corresponding removal
efficiencies are 99%(chlorination) and >99% (ozonation). The equivalent representative
quantity under plasma technology for the same model contaminant (phenol) is the PT
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(power × time) value of 2430 W·min (as in Table 3) with associated removal efficiency of
98%. The breakdown of other contaminants by the three technologies may be compared in
a similar way. This analysis of phenol removal and comparison among technologies gives
basic knowledge for further investigations and scaling up to pilot schemes with respect to
the plasma technology.

6.3. Operating Cost

The inflation-adjusted capital cost of the hypothetical plasma plant was ZAR 1.72 mil-
lion. Hence, the combined maintenance, personnel and capital redemption cost was ZAR
240,000 per annum. The phenol experiment in Table 3 used a 9 W plasma generator to
remove 0.183 g of phenol, from 0.09 L of effluent, in one hour. Scaling this to the hypotheti-
cal plant amounted to an annual electricity cost of ZAR 139,000. Therefore, the combined
operating cost was ZAR 379,000 per annum.

The chlorination experiment for phenol removal in Table 2 required 5 kg of chlorine to
remove 140 g of phenol, from 908 L of effluent, in one hour. This implied an hourly chlorine
dose of 8 kg for the hypothetical chlorine plant. Hence, the inflation-adjusted capital cost
was ZAR 1.2 million, while the annual operating cost was ZAR 207,000.

The ozonation experiment in Table 2 involving phenol removal required 1600 mg of
ozone to remove 6638 mg of phenol, from 20 L of effluent, in one hour. Thus, the theoretical
ozonation plant required 53.2 g of ozone per hour. This amounted to an inflation-adjusted
capital cost of ZAR 8.57 million, with an annual operating cost of ZAR 14,000.

Figure 1 provides a summary of the operating costs presented above.

Figure 1. Operating cost for phenol removal using three different water treatment technologies. An
effluent flowrate of 100 m3 of treated water per day was used, with a phenol concentration of 53 ppm.

6.4. Capital Cost

The capital costs calculated in the section above are presented in Figure 2.

Figure 2. Capital cost for phenol removal using three different water treatment technologies. An
effluent flowrate of 100 m3 of treated water per day was used, with a phenol concentration of 53 ppm.
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6.5. Energy Yield

The phenol removal experiment (Table 3) utilised a 9 W plasma generator to remove
0.183 g of phenol in an hour: the energy yield was 20.3 g of phenol removed per kWh.

The chlorination experiment for phenol removal (Table 2) reported using 5 kg of
chlorine to remove 140 g of phenol per hour. The capital cost for such a plant would be
ZAR 550,000, with an annual electricity cost of ZAR 18,000. In 2009, this would have
purchased 39,000 kWh for the year. Assuming 24 h, 365 days of operation, the plant would
have used 4.5 kWh every hour. This implied an energy yield of 31.2 g of phenol removed
per kWh.

The ozonation experiment for phenol removal (Table 2) removed 207 mg of phenol
using 400 mg of ozone, which required 0.0052 kWh to produce. The energy yield was
therefore 39.9 g of phenol removed per kWh.

The energy yields are presented graphically in Figure 3.

Figure 3. Energy efficiency associated with three different water treatment technologies when re-
moving phenol as a contaminant.

6.6. Degradation Efficiency

The contaminant breakdown performance is described based on Table 4, from which
it is observed that, for the selected model pollutant (phenol), the plasma technology,
depending on the DBD reactor setup and optimization conditions, can achieve up to 98%
contaminant degradation efficiency (as illustrated in Figure 4). Such plasma performance on
phenol closely compares with well-established chlorination and ozonation technologies at
99% and >99%, respectively. The other illustrative comparisons for the listed contaminants
are also accordingly shown in Table 4.

Figure 4. Contaminant removal efficiency by the different water treatment technologies considering
phenol as a model pollutant.
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Table 4. Comparison of power–time products of non-thermal plasma technology with concentration–
time products of chlorination and ozonation technologies for the different contaminants.

Contaminant Description
Non-Thermal Plasma Technology Chlorination Technology Ozonation Technology

Plasma Type PT (W ×
min)

%
Removal

CT (mg/L ×
min)

%
Removal

CT (mg/L ×
min)

%
Removal

Organic Phenol DBD 1 2430 [81] 98 5570 [90] 99 1200 [91] >99
Organic: EDC Carbamazepine DBD 1 36 [82] 99.99 1065 [92] 40 2.2 [93] >99.9
Organic: EDC Oestrone DBD 1 60,000 [71] 83.6 IDA 1 IDA 1 0.06 [94] 99.8
Organic: EDC PFOS DBD 1 19,320 [83] 93.5 1440 [95] 83 840 [96] 43

Inorganic Manganese IDA 2 1.161 [97,98] 99 0.792 [99] 99
Inorganic Iron IDA 2 0.496 [97,98] 99 0.344 [99] 99

Pathogen E. coli DBD 1 1080 [84] 99.9 0.25 [100] 99.99 0.05 [101] 99.99

Pathogen Cryptosporidium AC 3 Gliding
Arc

1647 [85] >99 7200 [102] 99 6.2 [103] >99

Pathogen Norovirus DBD 1 24 [106] 99.99 2 [104] 99.9 1.3 [105] 99.99

Disinfection
byproduct Chloroform DBD 1 18 [43,71] 80 + 2 + 2

Disinfection
byproduct Bromate + 4 + 2 + 2

1 Dielectric barrier discharge reactor. 2 Insufficient data available. 3 Alternating current. 4 This compound is
formed by plasma technology, as opposed to being removed by it.

The operating parameters of the plasma reactor influence the performance outputs
to a considerable extent, as demonstrated by Wang et al. [107] during the study of the
degradation of phenolic compounds by DBD plasma. For their study case, the plasma
discharge voltage, initial contaminant concentration, treatment liquid flow rate, solution
matrix parameters (conductivity and pH) and structure of the organic pollutants were
observed to influence the removal efficiency of the DBD plasma system. Murugesan
et al. [37] complements the mentioned parameters with frequency (an electrical variable)
and mode of contaminant exposure to the plasma. Thus, with well-optimised plasma
treatment conditions and choice of suitable reactor structure, the plasma treatment can
achieve close to 100% removal of pollutants. For example, Yang et al. [108], during their
study of the degradation of bisphenol A using non-thermal DBD plasma, reported 100%
elimination of contaminants in the treatment liquid within 25 min using an investigated
optimum plasma discharge voltage of 16.8 kV.

7. Discussion

Prior to the adoption of the aforementioned experimental method, each of the tech-
nologies was compared using their weakest points (i.e., the highest CT and PT values from
Tables 2 and 3, respectively, and combined presentation in Table 4). However, this yielded
unrealistic costs and power requirements for each technology. This was the first indication
that no singular technology is capable of removing all of the contaminants that may be
present in wastewater.

7.1. Efficiency Table Analysis

Chlorination performed excellently in the inorganic contaminants category, as was
expected from the literature. However, it was highly inefficient at removing organic
contaminants. While phenol degraded in a minute, the chlorine concentration was high.
These high doses could lead to a residual chlorine concentration beyond the maximum
allowable limit of 4 mg/L if the contaminant concentration is insufficient. This would then
require a dechlorination step on the plant, which increases the plant’s capital and operating
expenses. The two EDCs for which information was available was also poorly removed,
with PFOS taking 6 h to degrade to only 83 %, and only 40 % of carbamazepine degrading in
an hour. This unexpectedly poor performance from such a popular disinfectant highlights
the need for advanced oxidation processes.



Appl. Sci. 2023, 13, 6243 16 of 23

E. coli and norovirus were sufficiently degraded, which agreed with the literature.
Cryptosporidium degradation was also as expected: reasonably high (99%), but at the
expense of a high chlorine concentration and residence time. The chloroform and bromate
degradation were not quantified because chlorination is more likely to produce these DBPs
than to remove them.

Next, ozonation was considered. It displayed a low CT value (0.06) for oestrone, which
is generally difficult to remove. It also offered far better performance for carbamazepine
removal than chlorine. This agreed with the literature, since ozone is known for its high
oxidising abilities. However, chlorine exhibited more efficient phenol degradation (CT of
430 as opposed to 1200) and more effective PFOS removal (83 % versus 43 %), although
chlorine did have a greater contact time.

Ozone redeemed its superiority when analysing the organics: it had a CT value for
iron and manganese that was approximately 30% lower than that of chlorine’s. Ozone was
also significantly superior to chlorine at pathogen degradation. Reductions of 99.99% were
achieved for both E. coli and norovirus, with the CT values being respectively one-fifth
and approximately half of the corresponding chlorination CT values. Ozone’s oxidative
prowess was furthered by its rapid degradation of Cryptosporidium, which is considered a
resistant pathogen. Finally, DBP removal was not quantified, since ozonation is also more
likely to produce these compounds than to remove them.

Next, non-thermal plasma was analysed. It displayed good oxidative abilities with a
98% removal of phenol in 50 s. While this may seem on par with chlorination (which also
required one minute), the plasma only required electricity, whereas the fast chlorination
process required large amounts of chlorine and a dechlorination stage. Relative to ozonation,
plasma was faster at phenol degradation.

Plasma’s potential was highlighted by the removal of carbamazepine (a persistent
organic pollutant (POP)) because it was faster and achieved greater degradation than both
ozone and chlorine. A similar trend applies to the removal of PFOS. Next, plasma’s removal
of oestrone was sufficient (83%), but not as effective or fast as ozone.

For metal oxidation, the literature data were insufficient due to the relative immaturity
of plasma technology. Plasma’s pathogen degradation proves that it is equally as effective
as ozone and chlorine. It degraded Cryptosporidium significantly faster than chlorine, but
is probably not as quick as ozone. Another interesting observation is that there is balance
between chlorine and plasma: chlorine is more effective and faster at E. coli removal, but
plasma is more effective at norovirus removal.

Lastly, plasma only removes the DBPs of chlorination, and not for ozonation. Further-
more, it removes this DBP (chloroform) to a large extent (80 %).

Considering the above, it is clear that if the objective is to provide a community
with water that is free of endocrine-disrupting chemicals (EDCs), no single technology is
sufficient. Combining ozone with plasma will be effective, since both are powerful oxidants.
However, plasma would be unable to remove the DBPs of ozonation and will likely increase
the bromate concentration. The most feasible option would be to combine chlorination
with plasma. Both are powerful oxidants, with plasma offering good EDC removal where
chlorine fails, and with chlorine offering good inorganic oxidation where data for plasma
are unknown. Furthermore, chlorination offers more effective and faster E. coli reduction,
while plasma offers more effective norovirus and Cryptosporidium reduction. To further
reinforce this pairing, plasma is able to remove the DBPs associated with chlorination.
However, other factors are yet to be considered, including costs, chemical demand and
energy efficiency.

7.2. Operating Cost Analysis

The hypothetical plasma plant had the highest operating cost (ZAR 379,000 per an-
num). This was nearly double the cost of chlorination (ZAR 207,000) and many times greater
than ozonation. This is because plasma operates solely on electricity, while chlorination
requires chemicals, which can be obtained for relatively lower costs.
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However, if the plasma generator could be powered using renewable energy, then the
electricity costs and, hence, overall costs would be lower. However, the facilities required
to utilise renewable energy would contribute to the plasma plant’s overall cost.

Finally, the ozonation plant’s operating costs appear negligible relative to plasma and
chlorination. This is because despite ozone taking considerable power to produce (i.e., high
electricity costs), it has a high oxidising potential, making small doses of it highly effective.

7.3. Capital Cost Analysis

The ozonation plant was the most capital-intensive (ZAR 8.57 million). This explains
its low operating cost from earlier.

The chlorination plant offered the lowest capital cost (ZAR 1.2 million). However,
chlorination is the world’s oldest water purification technology and has many years of
optimisation and cost-cutting research behind it.

The plasma plant was slightly costlier (ZAR 1.72 million) despite being a relatively
new technology. As with all technology, it is expected that the equipment associated with
plasma generation will decrease with time, making it even more affordable than chlorination.
This effect on affordability will be further enhanced by the ongoing plasma research being
conducted globally. Additionally, since operating costs were calculated as a function of
capital costs, a lower capital cost implies a more economically feasible plasma plant.

Considering the results, the combination of plasma and ozonation is the most capital-
intensive option. On the other hand, the combination of plasma and chlorination is less than
half the cost of a single ozonation plant, making it the cheaper option.

7.4. Energy Yield Analysis

Plasma exhibited the lowest energy yield (20.3 g/kWh), while ozonation was nearly
twice as energy efficient (39.9 g/kWh).

The combination of chlorination and ozonation was the most energy-efficient option. On
the other hand, combining plasma and chlorination was the least energy-efficient option.

However, these conclusions were drawn based on data from pilot-scale plasma gener-
ators. Companies such as Flowrox OyTM now trading as Roxia OyTM are in the process of
producing industrial-size plasma reactors with far greater energy yields: around 88 g/kWh,
or more than double that of ozone.

7.5. Chemical Demand Analysis

Since both ozonation and chlorination require the use of hazardous chemicals, retrofitting
plasma to either plant type is equally feasible. Furthermore, plasma does not require any
dangerous chemicals, making it easy to retrofit plasma to either of its mature counterparts.

7.6. Degradation Efficiency

In terms of contaminant removal efficiency, using phenol as a model pollutant, chlori-
nation and ozonation were superior. However, plasma (on phenol) scored closely at 98%
compared to 99% (for chlorination) and >99% (for ozonation). If the plasma operation
conditions are well optimised, coupled with a good reactor design, the performance can
be considerably enhanced to achieve and possibly supersede chlorination and ozonation
treatment efficiencies. Thus, if industrial-scale plasma applications are piloted following
such assessed possibility of retrofitting chlorination plants with plasma, then an enhanced
level of performance of (waste)water treatment plants can be achieved. The problem of
such discussed recalcitrant pollutants would no longer be a treatment problem.

8. Conclusions

While vast amounts of data are available surrounding chlorination and ozonation, the
data surrounding plasma water and wastewater purification are greatly limited. Not all
wastewater contaminants have been passed through a plasma reactor (such as manganese
and iron), and the experiments that have been completed were performed by different
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researchers with different reactor designs. This implies different effectiveness values,
efficiency values, energy yields, operating costs and capital costs. It is therefore difficult to
formulate a comprehensive review of non-thermal plasma’s capabilities.

From the available data, it was concluded that it is feasible to retrofit existing chlo-
rination wastewater treatment plants with non-thermal plasma technology to ensure the
removal of contaminants of emerging concern (CECs). This is favourable for South Africa,
where chlorination plants are popular. However, it was not feasible to retrofit an ozonation
plant with plasma technology, as both produce similar disinfection by-products. This could
cancel out the advantages of pairing the technologies in the first place. The coupling of
chlorination and non-thermal plasma treatment provided the most effective contaminant
removal (of the three possible combinations), and their combined capital cost was less than
half the capital cost of a single ozonation plant, making it highly feasible. Unfortunately,
the aforementioned combination had the highest operating costs and lowest energy ef-
ficiency. This reduces the attractiveness of plasma, along with its chances of large-scale
implementation.

We therefore state, from an application point of view, that chlorination plants can be
furnished with plasma technology to achieve a combined (synergistic) treatment effect, with
plasma units completing the treatment by removing the recalcitrant CECs. The combined
process strategy is premised on the promise that it is possible to retrofit existing plants with
sustainable plasma technology.

Three recommendations can be made regarding the plasma reactor’s feasibility: firstly,
the energy yield of non-thermal plasma reactors should be improved. This can be achieved
through increased research and improved designs. Secondly, the operating cost of plasma
reactors should be lowered, and this can be realised by redesigning them to utilise renew-
able energy sources. Thirdly, lowering the cost of plasma reactors (perhaps by utilising
economies of scale) can reduce both capital and operating costs, making plasma a more
attractive investment. In addition, the decontamination efficiency of the plasma can be im-
proved through further studies, leading to suitable reactor design and operating conditions
optimization to suit practical applications.

A final recommendation involves performing more research on contaminants of emerg-
ing concern. In the first case, the research should investigate how quickly CECs accumulate
in the environment. This will provide an indication of the urgency with which plasma
retrofitting should be approached. Secondly, the research should include determining the
concentrations at which CECs become toxic to humans. This will provide us with both a
timeframe and a maximum concentration limit and will ensure that the health of future
generations is secured.

The discussion and information presented in this manuscript clarify that with the
envisioned success of plasma technology at the industrial level, a plasma treatment unit
should be incorporated following chlorination to deal with the recalcitrant pollutants such
as EDCs and chlorination DBPs. Plasma, based on scientific evidence, can degrade a wide
range of pollutants including CECs and microbes, organic compounds [39,71,81–83,109],
inorganic residues causing water hardness [110], disinfection byproducts [43,71] and others.
No standalone technology can truly meet all wastewater treatment requirements (even at
the tertiary level), but combinations/synergies will assure commendable desired results,
with chlorination–plasma among the feasible options.
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