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Abstract

Emerging contaminants such as per- and polyfluoroalkyl substances (PFASs) pose signifi-
cant challenges for conventional wastewater treatment technologies. Non-thermal plasma
(NTP) has gained attention as a promising advanced oxidation process capable of de-
grading persistent pollutants via hydrated electrons and reactive oxygen/nitrogen species
under ambient conditions. This review summarizes recent progress in the application and
scale-up of NTP for water treatment, with a focus on reactor configurations, degradation
mechanisms, and energy efficiency. Key plasma reactor types—including dielectric barrier
discharge, corona discharge, plasma jets, and gliding arc discharge—are evaluated for their
suitability in large-scale applications. Pilot-scale studies addressing pharmaceuticals, dyes,
and PFASs are reviewed to assess scalability, cost, and operational viability. Although
NTP systems consistently achieve >80% contaminant removal, optimizing energy use and
maintaining performance across complex water matrices remain critical challenges. Hybrid
systems integrating NTP with ozonation, ultrafiltration, or cavitation show potential to
improve treatment efficacy and reduce energy demands. Future research priorities include
reactor design optimization, contaminant-specific plasma tuning, and technoeconomic anal-
ysis to support the translation of NTP technologies from lab-scale innovation to field-scale
implementation.

Keywords: scale-up; non-thermal plasma technology; wastewater treatment; emerging
contaminants; per- and polyfluoroalkyl substances (PFASs) degradation

1. Introduction
It is well known that rapid and continuous population growth and industrialization

drive the constant demand for clean water [1,2]. However, these industrial activities also
contribute to the tremendous amount of wastewater released, severely harming human
health and ecology. It is worth noting that the World Health Organization (WHO) esti-
mated that water pollution is responsible for approximately 3.1% of global deaths. Thus,
wastewater treatment has become a global concern, pushing the scientific community to
develop efficient and cost-effective wastewater treatment technologies [3].

Among different water pollutants, the aqueous film-forming foam (AFFF) has been
employed extensively for training purposes in fire and firefighting operations which involve
class B fires, i.e., combustible and flammable liquids at the different installation of the US
Department of Defense (DOD) such as the local fire station, airports, and other locations for
emergency responses across the globe. AFFF has a complex formulation with proprietaries
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that include (non)fluorinated surfactants, solubilizes, stabilizers, and other chemicals [4]. It
is interesting to note that around 3–6% by weight, the total formulation of AFFF comprises
poly- and perfluorinated alkyl substances (PFASs) which is itself a complex group of more
than 14,000 chemicals composed of carbon chains that have at least fully fluorinated either
methylene (-CF2-) or methyl (-CF3-) functional group [5–8]. As mentioned previously, the
elevated concentration levels of PFASs have been detected in the groundwater at almost all
sites and airports of the DOD where AFFF has been utilized [9–12]. It is worth noting that
the some of the PFASs have demonstrated their potential of bioaccumulation in the animals
and humans leading to associated health risks such as developmental and reproductive
impacts, potential immunotoxicity, and carcinogenicity [10,13,14]. This situation led the
European Chemical Agency (ECHA) to recommend restrictions on almost all types of PFAS
productions and their subsequent use [15]. The US environmental protection agency (EPA)
has also taken several actions to protect public health and environmental welfare in April
2024 via the US EPA’s PFAS Strategic Roadmap [16].

To date, several technologies have been developed for the efficient destruction of PFAS
compounds in wastewater, including incineration which is limited by the PFAS remains in
leachate, aur, and ash [17,18] near the incineration facilities, mechanochemical treatment,
electrochemical treatment, sonolysis, photocatalysis, sonochemical degradation, direct
photolysis, advanced reduction, thermo-chemical treatment, microwave hydrothermal, sub-
critical degradation supercritical water oxidation (SCWO), and plasma treatment [19–54].

As the scope of global water pollution continues to broaden, the treatment of emerg-
ing contaminants has become a central focus in the development of advanced water and
wastewater technologies. Traditional treatment systems such as activated sludge, sedi-
mentation, membrane filtration, and granular activated carbon have proven effective at
removing bulk pollutants, suspended solids, and a range of conventional organic and
inorganic substances [1]. However, as detection technologies improve, a growing number
of trace-level contaminants are being identified in effluents from municipal and industrial
facilities. These include pharmaceuticals, personal care products, pesticides, and synthetic
industrial compounds, many of which are only partially removed by conventional sys-
tems [2,3]. This trend has motivated the search for novel treatment approaches that not
only capture, but also chemically degrade persistent and toxic contaminants.

One of the most promising technologies in this space is non-thermal plasma (NTP),
a form of electrical discharge that creates a partially ionized gas containing electrons,
ions, radicals, and UV photons. Unlike thermal plasmas, NTP systems operate under
near-ambient conditions, allowing for scalable integration into water treatment processes
without significant heat production [55]. When discharged in contact with or above water,
plasma produces a variety of reactive oxygen and nitrogen species (RONS) such as hydroxyl
radicals (•OH), hydrogen peroxide (H2O2), ozone (O3), nitric oxide (NO), and solvated
electrons, which can participate in complex degradation reactions [1,3]. This mixture
of oxidative and reductive chemistry allows NTP to target a wide range of chemical
structures, including aromatic rings, halogenated compounds, and low-biodegradability
organics [56,57].

Over the past two decades, numerous studies have demonstrated NTP’s efficacy for
degrading various classes of contaminants. Laboratory-scale reactors have successfully
degraded dyes, antibiotics, endocrine-disrupting compounds, and other recalcitrant pol-
lutants under optimized conditions [1,3]. Systems based on dielectric barrier discharge
(DBD), corona discharge, and gliding arc discharge have each been studied, offering dif-
ferent advantages in terms of energy input, electrode configuration, and interaction with
the liquid phase [55]. Research has also explored combining NTP with other treatment
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methods such as ozonation, photocatalysis, and microbubble injection to enhance mass
transfer and synergistically improve degradation efficiency [58,59].

A particularly urgent application of plasma technologies involves the treatment of per-
and polyfluoroalkyl substances (PFASs), a large class of synthetic fluorinated compounds
used in consumer and industrial products for their resistance to heat, water, and oils.
PFAS compounds, including perfluorooctanoic acid (PFOA), perfluorooctanesulfonic acid
(PFOS), and newer alternatives such as GenX, are highly persistent in the environment
and resistant to conventional biological and chemical degradation processes [60,61]. While
physical removal methods such as granular activated carbon and reverse osmosis can
isolate PFASs from water, they do not destroy the compounds, resulting in concentrated
waste streams that require additional treatment. Unlike these technologies, NTP has
demonstrated the ability to break the carbon–fluorine bonds in PFAS molecules through
mechanisms involving hydrated electrons and radical species [60,62,63].

Recent studies have shown that NTP systems can achieve significant levels of PFAS
degradation in various water matrices, including groundwater, secondary effluent, and
synthetic wastewater. However, challenges remain, particularly in achieving complete
mineralization, managing byproduct formation, and maintaining energy efficiency across
different PFAS structures and concentrations [61,62,64]. Additionally, matrix effects and
energy utilization remain critical concerns as researchers attempt to scale up bench-scale
demonstrations to pilot- and full-scale systems [62,64]. Research on plasma reactor
design continues to emphasize the need for improved gas–liquid contact, optimization
of residence time, and integration with complementary technologies for long-term
viability [60,63].

This review synthesizes current research on non-thermal plasma systems for the
treatment of both PFASs and non-PFAS contaminants in water and wastewater, with an
emphasis on degradation mechanisms, reactor configurations, and scale-up considerations.
The strengths and limitations of major NTP reactor designs, survey key pilot- and lab-
scale studies are evaluated, and hybrid technologies aimed at improving performance are
examined. Finally, engineering challenges and future research opportunities that must be
addressed are identified for NTP to become a practical, field-deployable solution for water
and wastewater remediation.

2. Application Examples of NTP for Water/Wastewater Treatment
Non-thermal plasma and its applicability to wastewater treatment has been the

subject of lab-scale experimental studies for decades. NTP discharge in both gaseous
and liquid media can generate reactive oxygen species (ROS) such as H, OH, O3, and
H2O2 [59] and reactive nitrogen species (RNS) including NO, NO2

−, and NO3
− [65],

among others. These reactive species can participate in chemical reactions with com-
ponents of cell membranes, intracellular components, genetic material, and others to
degrade or defunctionalize them, leading to the deaths of affected microorganisms. They
can also be used as an “advanced oxidative process” to mineralize and remove chemical
pollutants such as dyes [66].

How these reactive species are administered to polluted wastewater varies, with many
different reactor configurations being possible and no approach being standardized for
wastewater treatment. Figure 1 shows some general examples of such reactor configura-
tions, with additional considerations including the medium of discharge (gas vs. liquid),
the composition of said gas/liquid, the volume/area coverage of water to be treated, ap-
plied voltage, electrode location and composition, batch vs. continuous treatment, and so
on [67]. Each configuration will be discussed separately in detail below.
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Figure 1. Representative non-thermal plasma reactor designs relevant to wastewater treatment:
(A) dielectric barrier discharge (DBD), (B) plasma jet, (C) corona discharge, (D) gliding arc discharge,
and (E) inactivation of COVID virus in waster by non-thermal plasma. Each configuration influences
plasma–liquid interaction dynamics and energy efficiency differently [67].

2.1. DBD

A popular NTP configuration is dielectric barrier discharge (DBD), in which a barrier
made of a dielectric material is placed between electrodes to mitigate the discharge current
and grants greater stability and design customizability than other configurations. One
study investigated the effectiveness of a DBD reactor employing a semi-continuous design
with a cylindrical quartz glass barrier in removing various textile dyes from wastewa-
ter [68]. A collection of 13 dyes including azo dyes, indole dyes, and more were used
to produce model wastewater which was then treated in a semi-continuous DBD reactor
to evaluate degradation. Such pollutants can be relatively stable and difficult to remove
via conventional means, yet the results showed between 90% and 95% removal for all
dyes after 600 s of plasma treatment, exemplifying the technology’s promise as a powerful
wastewater treatment option for difficult pollutants. A comparison of the performance of
some non-thermal plasma reactor configurations for PFOA degradation in water under the
same conditions is provided in Figure 2 [69].

2.2. Jet

Although not quite as commonly employed in wastewater treatment, plasma jets are
another type of discharge which can be used and has been explored in a recent publica-
tion [70]. With the goal of remediating the textile dye methylene blue (MB) in an aqueous
solution, a plasma jet system was developed using pin-to-plate style discharge between a
stainless steel HV rod and a steel mesh ground electrode to discharge into gas just above
the liquid sample. H2O2 was identified as the most critical ROS for pollutant degradation,
and across possible input gases of air, nitrogen, and argon, argon was found to result in the
best performance. With that setup, it was found that over 99% MB degradation at 30 ppm
concentration could be achieved in 40 min of treatment, dropping only a couple percentage
points for concentrations up to 50 ppm.
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Figure 2. Comparison of the non-thermal plasma reactor configurations for the degradation of PFOA
in water [69].

2.3. Corona

One of the most widely studied NTP configurations in the context of wastewater
treatment is corona discharge, which typically involves a sort of pin-to-pin or pin-to-plate
electrode pairing and is often favored for its relative simplicity, lower energy consump-
tion, and effectiveness of plasma generation compared to other methods. One study [71]
provided an exploration of the use of pulsed corona discharge plasma (PCDP) for the
inactivation of waterborne viruses. Water samples contaminated with spring viremia of
carp virus (SVCV) were treated in a PCDP reactor under multiple exposure lengths and
voltage intensities before being injected into zebrafish to evaluate for survivability and virus
activity. It was shown that a 4 log10 reduction in viral infectivity could be achieved after
120 s of treatment and that water samples treated for 240 s showed no significant difference
from non-viral control samples in terms of fish survivability, revealing the effectiveness of
this NTP configuration for water treatment.

2.4. Gliding Arc

Dye removal can similarly be accomplished through gliding arc discharge (GAD)
plasma, as shown in the work of Merouani et al. [72]. In their study, a gas-phase reactor
utilized a discharge between diverging electrodes, which were used to generate and amplify
a gliding arc discharge over a target solution consisting of the dyes Alizarin red (ARS)
and Orange G (OG) both separately and in mixtures. It was found that after 120 min of
treatment, over 61% degradation and 81% discoloration of the dyes could be achieved,
establishing the useability of GAD as an option for wastewater treatment if it could be
further optimized.

2.5. Ozonation

Ozonation is an established sanitation process in industry, and while it can be em-
ployed without the use of NTP, the ability of NTP to generate ROS such as ozone makes it
a viable mechanism for driving ozonation. One study [73] took advantage of this feature
to evaluate the effectiveness and efficiency of plasma-induced ozonation in the treatment
of both chemical and microbial contaminants in various water samples. Oxygen gas was
supplied to a chamber in which discharge between a pair of hollow copper electrodes gen-
erated reactive species, which then passed through an outlet into the wastewater chamber.
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It was found that ozone generation could vary greatly across different reactor settings,
with a discharge voltage of 16 kV for a treatment time of 15 s that produced the highest
gaseous concentration of 490 ppm, while 16 kV for 40 min achieved a maximum liquid
concentration of 51.74 ppm. This generated ozone was also shown to be effective against
wastewater pollutants, reducing total dissolved solids in sewage and tap water samples
from 462 mg/L and 355 mg/L to 282 mg/L and 212 mg/L, respectively.

Overall, the DBD reactors offer stable and controllable plasmas, achieving high PFAS
removal rates of up to 97%. However, their energy efficiency is moderate, and discharge
uniformity is constrained. Plasma jets, originating from dielectric barrier discharge (DBD)
systems, facilitate the localized and continuous treatment of intricate matrices; however,
their limited active zones pose challenges for scaling up. Corona discharges are cost-
effective and straightforward; however, they exhibit the lowest PFAS degradation, approxi-
mately 12%, attributed to inadequate plasma–liquid interactions and irregular streamer
formation. Gliding-arc plasmas, in contrast, integrate non-thermal electrons with moderate
heating, resulting in superior PFAS removal rates exceeding 99% and effective energy
transfer. However, this approach incurs higher gas temperatures and potential electrode
degradation. In summary, DBD and gliding-arc systems are identified as the most effective
options for PFAS abatement. However, all NTP technologies continue encountering issues
related to high energy consumption, incomplete mineralization of short-chain PFAS, and a
limited understanding of the underlying mechanisms [69].

3. Scale-Up of NTP for Wastewater Treatment
Historically, scaling up NTP in wastewater treatment applications has largely been a

challenge of achieving adequate treatment effectiveness while maintaining commercially
attractive energy and cost efficiency [74]. Most research on NTP systems takes place at the
bench scale treating smaller volumes than would be expected in real-world wastewater
treatment applications, and prior reviews on this topic typically conclude that more work
is needed to prove the technology’s feasibility in an industrial setting. This section aims
to examine recent examples of scale-up work and analysis in the literature and provide
commentary on its status and potential future directions.

3.1. Scale-Up Microbial and Pharmaceutical Wastewater Treatment
3.1.1. Plasma Jet + Cavitation

Microbial and pharmaceutical contaminants in wastewater are a significant health
hazard, which is one that can be effectively tackled by NTP. Plasma-activated water (PAW)
is an approach in which a plasma discharge is used to produce reactive species in water,
which is then in turn used as a disinfectant. It is a common and powerful strategy for
achieving microbial deactivation and can be applied to wastewater effluent either through
gas–liquid diffusion or directly into the water itself.

One study [58] utilized PAW in conjunction with hydrodynamic cavitation (HC) for
the degradation of antibiotics sulfathiazole and norfloxacin, as well as azo dye methylene
blue (MB). The experimental setup employed a continuous water flow loop, in which
microbubbles produced in a Venturi tube were meant to boost gas-to-liquid mass transfer
of reactive species. It was found that every pollutant could be degraded by over 80% under
a volume of 500 mL and a flow rate of 5 L/min. Scale-up potential was also demonstrated
by applying the treatment to 2 L and 10 L volumes of MB, for which up to 96% of MB was
found to be degraded after 30 min of treatment in the PAW system, though effectiveness
was heavily dependent on dye concentration. It is claimed that this was the first published
use of NTP for dye waste treatment at such a scale, and that the novel, continuous PAW
flow system design used was robust for scaling up to larger volumes.
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While many studies related to PAW microbial deactivation focus on medical settings
and pathogens, it is applicable to microbial deactivation in any setting. One study [75]
provided insight into its use against environmental microbes such as cyanobacteria and
algae. Here, a hydrodynamic cavitation plasma jet (HCPJ) configuration, showcased in
Figure 3, was employed to combine NTP discharge with hydrodynamic cavitation as an
effective and relatively efficient means of producing mass quantities of reactive species.
Results showing a 0.55 m3/h maximum production rate for PAW placed the performance
of the experimental beyond all other PAW production methods found in the prior literature
by at least 15 folds. A single 13 s cycle in a 1:1 batch treatment was sufficient to neuter
all cyanobacterial metabolic activity and achieve complete sterilization after 24 h. More
experimental replication and larger, pilot-scale studies may be needed to validate the
scalability of this approach, but the findings nonetheless represent a significant step forward
in making PAW-based treatments more accessible and cost-effective.

Figure 3. Experimental setup consisting of the HCPJ unit, vacuum unit, ozonizer, and electri-
cal/optical diagnostics [75].

Boosted PAW generation appears to be one of the more promising approaches for
scale-up, due to the diversity of pollutants it can destroy, as well as not requiring overly
complex or specific equipment to operate. It has proven highly effective at the lab scale for
microbial inactivation and in some chemical pollutant removal applications. However, as
with most NTP-based solutions, more work is needed to prove a combination of scalability
and cost-effectiveness compared to existing market solutions. High energy consumption
and generation time for PAW remain the biggest hurdles, so efforts should be focused on
streamlining existing processes to generate more PAW at reduced energy and time.

3.1.2. Corona Discharge—Advancements and Comparisons

As one of the most common NTP configurations seen in the literature, corona discharge
is valued for its relative energy efficiency and high generation of reactive species. Among
recent works, one study used a pilot-scale pulsed corona discharge (PCD) in combination
with membrane ultrafiltration (UF) to degrade pharmaceuticals in hospital sewage and
in the water of a healthcare center after biological treatment [76]. The configuration is
shown in Figure 4, in which the reactor was part of a water circulation system that included
a tank with a capacity of 50 L, with water circulating through at a rate of 15 L/min for
experiments. A total of twenty-nine pharmaceuticals were identified in wastewater of
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the Etelä-Karjala Central Hospital, and all but a few—caffeine, hydrochlorothiazide, and
metronidazole—were found to be readily oxidized by the NTP treatment. In the Rinnekoti
Foundation’s biologically treated effluent, sufficient oxidation of all seventeen observed
pharmaceuticals was achieved to render all of them below quantification. Since ultrafiltra-
tion was noted as having a minimal impact on pollutant reduction, NTP contributed to the
removal of most pollutants. The compact circulation design enabled effective contaminant
contact and demonstrated >87% pharmaceutical removal, highlighting the viability of PCD
for scaled operations. A lack of market equivalents prevented an accurate capital cost
assessment, but the NTP process was noted as being a more thorough treatment approach
than alternatives such as absorption, which may require additional treatment steps.

Water

Perforated Plate

Electric Discharge 
Reactor

Sample Feed Port

Input 
Ports

Pump

O
xy

ge
n

N
itr

og
en

Gas 
Cylinders

Voltage Pulse 
Generator

Storage Tank
Voltage and 

Current 
Monitoring

System of 
Electrodes

Figure 4. Experimental PCD configuration for treatment of 50 L batches (not to scale) [76,77].

Despite the above conclusions, however, ultrafiltration may still be a viable means of
enhancing the commercial viability of NTP. Another pilot-scale approach combining NTP
with UF was conducted in Bad Reichenhall, Germany to treat activated sludge effluent
(Figure 5) [78]. Selected treatment products included diclofenac (DCF), carbamazepine
(CBM), and sulfamethoxazole (SMX), all known pharmaceuticals. Design and process
optimization culminated in a setup capable of achieving a >90% reduction in the pollutants,
with retention times of 20–40 min. Ultrafiltration could not outperform NTP on its own, but
when they were used together, its energy- and cost-efficiency could allow greater volumes
of wastewater to be effectively treated.

WWTP 
Effluent

Air

Permeate/Backwash 
Pump

(1) (4)(3)(2)

(5)

Figure 5. Scheme of the pilot plant used in Bad Reichenhall, Germany, (1) WWTP effluent, (2) fil-tration
tank, (3) permeate tank (backwash), and (4) downstream NTP tank and (5) final treated effluent [78].
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3.1.3. Corona Reactor Design Advancements

Another study [79] also evaluated corona discharge reactors for the remediation of
select pharmaceutically active compounds (PhAcs), but with greater emphasis on variations
in reactor design and discharge setup as well as a more thorough cost analysis. Sequential
flow plasma reactor (SFR), continuous-flow top-discharge plasma reactor (TDPR), and
continuous-flow side-discharge plasma reactor (SDPR) configurations were compared in
terms of diclofenac (DCF) and verapamil hydrochloride (VPL) degradation. The SPDR was
found to have the best overall performance, achieving 99% removal of DCF and VPL at
hydraulic retention times (HRTs) of 9 and 12 min, respectively. The continuous processes
showed mass transfer coefficients higher than what was seen in many other studies, as
well as superior cost-effectiveness with the SDPR that had an operating cost of 0.25 $/m3.
These findings bring corona NTP a step closer towards more widespread use in tertiary
wastewater treatment.

Put together, there are many directions in which corona-based wastewater treatment
could be developed. Several pilot studies have already proved effective in real-world
applications, with optimized reactor designs, synergetic combinations with other processes,
and larger treatment volumes, which all bring the technology closer to adoption at an
industrial scale. Examined more broadly, corona discharge can be desirable due to typically
higher reactive species generation than other discharge types but can be held back by the
limited controllability and limits on power applications allowable for the corona discharge
itself. These can prove especially challenging to tackle when attempting to scale up the
technology, where versatility and cost-effectiveness are of primary concern.

3.1.4. DBD—Advancements and Life-Cycle Analyses (LCAs)

Dielectric barrier discharge (DBD) stands as one of the most used reactor configura-
tions in NTP research. DBD reactors employ a dielectric barrier between electrodes to help
control current and maintain uniformity within a plasma discharge, making treatments
more controllable while retaining most of the advantages of NTP processes. At the same
time, however, adding a dielectric element may reduce the allowable volume in the reactor
chamber and add additional considerations in terms of materials and cost, as well as affect
the reactor’s energy efficiency. All of these must be justified by the reactor’s performance
compared to non-DBD configurations.

A treatment system consisting of a DBD reactor followed by an ozonation chamber was
used in the degradation of emerging micropollutants (µPs) with an eye towards industry-
scale applicability (Figure 6) [80]. µPs include pesticides, herbicides, pharmaceuticals, and
other such pollutants that may be troublesome for traditional activated sludge treatments
to handle. µP degradation efficiency falls in the range of 84–98% across seven chosen µPs,
and energy consumption ranges from 2.4 to 5.3 kW/m3. The use of a varied wastewater
sample and a continuous process are targeted at addressing industry needs to avoid the
limitations of simplistic synthetic wastewater and a batch process.

Despite often being criticized for high energy consumption compared to alternatives,
NTP treatment processes can offer unique advantages that are not always quantified or
appreciated. In one work [81], a life-cycle analysis (LCA) was performed on NTP in a DBD
configuration compared against quaternary wastewater treatment methods including sand
filtration (SF), nanofiltration (NF), ultrafiltration (UF), ozonation (OZ), reverse osmosis
(RO), and UV disinfection for the removal of pharmaceutical compounds (PhCs) in water.
Pilot-scale units for all processes were operated at Portuguese wastewater treatment plant
(WWTP) in accordance with the regulations of ISO 14040 [82] and ISO 14044 [83], the results
were upscaled for a comparative cradle-to-gate LCA. Among the various treatments and
combinations attempted, NTP joined the majority by achieving >80% pharmaceutical re-



Energies 2025, 18, 5692 10 of 21

moval, as well as the lowest operating costs despite having the highest energy consumption
at 0.24 € m−3 compared to UF + RO at 0.31 € m−3, UF + NF at 0.33 € m−3, and FA + OZ at
0.41 € m−3. This is attributed to the lack of reagents and relatively low equipment mainte-
nance costs of NTP systems compared to others, which also allow it to score as one of the
most environmentally friendly options in the LCA. Thus, while high energy consumption
remains a challenge in NTP scale-up and commercialization, the other benefits in which it
can save costs and promote environmental responsibility compared to alternatives may
still make it a competitive market solution.

Water 
Inlet

Gas 
Outlet

Ozonation 
Chamber

Plasma 
Chamber

Plasma 
Zone Oscilloscope

Gas Flow 
ControllerGas 

Inlet
Water 
Outlet

High Voltage 
Probe

Current 
Probe

High Voltage 
Source

Figure 6. Schematics of the DBD + ozonation setup with plasma chamber (right) and ozonation
chamber (left) [80].

3.2. Scale-Up NTP for Industrial Wastewater Treatment
3.2.1. Corona Discharge Advancements and Comparisons

In addition to pharmaceuticals, much experimental work on NTP-based wastewater
treatment makes use of dyes as a representative for industrial wastewater effluent. For
example, dye byproducts can frequently be found in the textile industry and are known to
have adverse health effects for both humans and the environment [84]. At the same time,
existing wastewater treatment methods such as photolysis and biodegradation are proving
insufficient and/or inefficient for dealing with such pollutants [85]. Compared to medical
and/or pharmaceutical wastewater effluents, pollutants of industrial processes tend to
be non-living chemical waste products that must be oxidized and/or separated from the
waste discharge in some manner.

Another study [86] explored the use of a corona dielectric barrier discharge (cDBD)
reactor for the remediation of methylene blue (MB) with a special focus on making the
process energy-efficient and environmentally friendly. After optimizations, a 98% removal
rate for MB was achieved within 10 min, while calculated energy and capital costs were
several orders of magnitude lower. Although the microreactor’s 10 mL volume was small
in scale, the practical analysis revealed that the plasma treatment was both highly efficient
and highly cost-effective compared to other existing AOPs such as ozonation, UV light,
photocatalysis, and ultrasonification, among others. Having these advantages, while also
being chemical-free and without long-lasting by-products, makes NTP a front runner in
next-generation wastewater treatment.
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3.2.2. DBD and DBD-like Discharge—Energy Efficiency and Cost Analysis

From the standpoint of industrial pollutants, much experimental work has focused
on the treatment of textile dyes, which contribute heavily to chemical contamination in
water bodies of all types. Industrial dye decolorization has been examined recently using
DBD reactor setups [87], aiming to provide optimizations that will make the reactor more
energy-efficient while retaining its effectiveness for remediating aquatic environments.
Methylene blue is again the dye target, whereas for the reactor, having a larger dielectric
and outer electrode represents a significant departure from conventional DBD designs to
allow for greater gas flow that provides enhanced cooling of the electrodes. The reactor
designed was shown to cut the chromaticity of industrial dye wastewater by 80% after
30 min, with an energy cost nearly half that of standard DBD and even more so beyond
photocatalysis and UV light. Although demonstrably high energy efficiency should be
verified in a larger industrial-scale model, the level of efficiency achieved compared to
other processes was impressive.

3.2.3. Optimization of Reactive Species Generation

A seemingly less common but still valuable research approach to enhancing NTP
scale-up viability is through analysis and control of the reactive species themselves to
obtain optimal conditions to produce certain types of species for a given application. This
is often overlooked in studies aiming to evaluate novel reactor designs and/or system
configurations, and it remains an area of potential optimizations in terms of NTP treat-
ment effectiveness and costs associated with reactive species generation. The quantity of
species needed can be mitigated if certain species can be established to be more effective in
given settings.

This is the perspective taken by a recent publication on the subject [88], which utilized
different electrode configurations and reactor conditions to favor certain reactive species
for the degradation of MB dye. The reactor itself was an innovative fountain DBD (FDBD)
design, and four distinct configurations were evaluated against one another for reactive
species production and economic/energy efficiency, differing in composition of the central
tube (copper, Cu or alumina ceramic, Ce) and whether a water-cooling system was used. It
was found that Ce setups produced a greater quantity of reactive oxygen species (ROS),
especially H2O2. Cu setups produced less H2O2, and water cooling in both cases resulted in
more NO2− production while lacking H2O2. Consequently, the Ce setup proved to be most
effective and efficient in terms of MB degradation, whereas the water-cooled setups were
both less efficient and more prone to generating toxic byproducts, culminating in a nearly
30% difference in cost between the most- and least-efficient configurations. A cost analysis
also revealed that a hypothetical scaled-up version of the FDBD reactor system would be
cheaper than most AOP alternatives in both setup and operating costs, which is highly
promising. These findings exemplify the continued advancement of newer and better NTP
reactor designs for wastewater treatment, while also highlighting the importance of tuning
based on desired reactive species.

3.3. Scale-Up and Pilot Studies of NTP for PFAS Treatment

While laboratory-scale investigations have established the potential of non-thermal
plasma to degrade PFAS, translating these findings into field-ready technologies requires
addressing several engineering and operational challenges. A growing body of research has
begun to explore the behavior of NTP systems under pilot-scale and near-field conditions
to offer insight into the limitations and opportunities for broader adoption.

One of the most prominent field demonstrations was conducted by Nau-Hix et al. [89],
who deployed a trailer-mounted DBD plasma reactor system at Wright-Patterson Air Force
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Base. The system operated at flow rates up to 8.4 L/min and achieved over 90% removal
of long-chain PFAS, including PFOA and PFOS, in a single pass. The authors noted that
the removal of short-chain PFAS remained limited; however, the introduction of a cationic
surfactant could yield modest improvements. Importantly, this study demonstrated that
plasma-based systems could be mobilized and operated under field conditions while
maintaining performance consistency—a key step forward in demonstrating scalability.

In a complementary effort, Singh et al. [90] examined a mobile, skid-mounted plasma
reactor using pulsed corona discharge technology for the treatment of investigation-derived
waste (IDW) collected from 13 Department of Defense sites. Their 4 L batch reactor
achieved rapid degradation of long-chain PFAAs and demonstrated robustness under
variable influent compositions. Energy efficiencies ranged from 9.2 to 31 kWh/m3, with an
average of 16 ± 5.8 kWh/m3 and estimated treatment costs were approximately $7.30 per
1000 gallons. These findings directly support the feasibility of plasma systems as cost-
competitive, field-deployable technologies and contribute empirical energy data for scale-
up benchmarking.

Recent pilot studies have also focused on optimizing plasma reactor designs for PFAS
degradation under realistic flow conditions. Figures 7 and 8 illustrate two distinct ap-
proaches: a bubble-driven plasma reactor and a falling-film plasma reactor, respectively.
Alam et al. [91] investigated PFOS degradation in a 25 L pilot-scale bubble-driven NTP re-
actor. Incorporating fine bubble diffusers significantly increased the interfacial contact area
between plasma species and aqueous PFOS (Figure 7). The fine bubble system produced a
degradation rate constant of 0.16 ± 0.01 min−1, approximately 290% higher than that of
medium bubble diffusers. A plug flow model was also developed and validated to predict
degradation kinetics. This work provides critical insight into how reactor geometry and
hydrodynamic parameters influence degradation performance and offers tools for guiding
the scale-up of diffusion-limited plasma systems.

Figure 7. Schematic diagram of the 25 L plasma treatment reactor with four manual (A) from surface
and (B–D) from column wall liquid sample drawn points [91].
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Figure 8. (a) Schematic diagram of the experimental setup and (b) a DBD plasma reactor at a pilot
plant scale with 5 L water tank [92].

A separate effort by Tamang et al. [92] utilized a 5 L falling film DBD reactor to treat
both synthetic and real PFAS-contaminated groundwater sourced from fire-training areas
(Figure 8). Their work focused on assessing the effects of carrier gas composition and
applied voltage on degradation performance. They reported energy efficiency values
between 0.31 and 15.31 mg/kWh and observed that plasma generated using air could
achieve up to 63.75% PFOA removal. These results highlight the substantial influence
of operating conditions on both treatment efficacy and energy consumption, reinforcing
the importance of plasma tuning and optimization in scale-up designs. Thus, while the
bubble-driven system achieved superior interfacial mass transfer rates, the falling-film
configuration offered improved energy efficiency depending on operating voltage and
carrier gas.

Collectively, these studies demonstrate growing momentum toward scalable, field-
capable plasma technologies for PFAS treatment. Each example underscores different
aspects of the scale-up challenge from energy efficiency and cost modeling to reactor design
and matrix sensitivity and highlights the importance of integrated design approaches
moving forward. Continued efforts in model development, material selection, and pilot-
scale testing will be essential for establishing non-thermal plasma as a viable and sustainable
solution for PFAS remediation at scale.

Among emerging configurations, bubble-enhanced systems stand out for scalability
because gas–liquid interfacial area and mass transfer can be engineered at pilot scale;
microbubbles improve energy yield and degradation kinetics, with bubble size shown to
control PFAS removal performance and thus offer a rational scale-up handle [58,89–91].
DBD-based plasma-activated-water (PAW) generators—including fountain-style variants
of DBD contactors—offer tunability of oxidant speciation (RONS) for matrix-adaptable
treatment and can be produced in large volumes for distributed use. Still, they typically
require post-contact handling/storage and careful control of species stability [75,88]. Pulsed-
corona and underwater discharge reactors demonstrate compelling pilot-scale throughput
for complex effluents (hospital wastewater, and dyes) with manageable energy intensities
and pathway clarity via radical/molecular oxidants. Yet, they face challenges around
absolute energy demand and optimization across variable water chemistries [76,79,80,87].
Hybrid configurations that pair membranes with plasma, lower specific energy by pre-
concentrating targets, and mitigating scavengers, are promising for plant-level integration.
However, fouling/pretreatment logistics add complexity [78]. Cross-cutting assessments
indicate that while non-thermal plasma can deliver rapid removal even for recalcitrant-like



Energies 2025, 18, 5692 14 of 21

PFAS at pilot/field scales, comparative life-cycle burdens hinge on electricity mix and reac-
tor efficiency—underscoring the need to report standard metrics (mg·kWh−1, kWh·m−3)
and to benchmark designs under identical matrices and flow regimes to substantiate claims
of scalability and sustainability [58,76,79,81,89,90].

In plasma treatment, the liquid-phase byproducts primarily comprised shorter-chain
perfluoroalkyl acids (PFCAs) and sulfonates, which were produced through stepwise
defluorination and decarboxylation of parent compounds like PFOA and PFOS. The sub-
stances identified were PFHpA, PFHxA, PFPeA, and PFBA, in addition to PFHxS and PFBS,
resulting from the transformation of PFOS. Oxygenated intermediates and fluorinated
organo-sulfonates were identified as transient products. The liquid phase included short-
chain organic acids, specifically trifluoroacetic, acetic, and formic acid, alongside fluoride
ions and CO2, suggesting near-complete mineralization in the later stages (Figure 9). The
detected gaseous byproducts were mainly cyclic perfluoro-alkanes, which were formed
via intramolecular radical cyclisation reactions initiated by plasma-generated electrons
and hydroxyl radicals. Their total concentration was two orders of magnitude lower than
that of the aqueous byproducts, and they underwent further degradation with continued
plasma exposure. Plasma treatment effectively reduces PFAS levels; however, monitoring
short-chain PFAS and gaseous fluorocarbon byproducts is essential to mitigate secondary
pollution risks [26].

 

Figure 9. Proposed degradation pathways for the PFOA and PFOS degradation via plasma
technology [26].

4. Perspectives on Scaling Up NTP for Wastewater Treatment
The results summarized in Table 1 demonstrate that recent work has made meaningful

progress toward establishing non-thermal plasma (NTP) as a feasible candidate for scale-up
in wastewater treatment. Broadly speaking, studies can be categorized by their efforts to
optimize pollutant degradation performance, reduce energy and capital costs, and extend
treatment to more complex water matrices. Several pilot-scale studies have reached vol-
umes ranging from tens to hundreds of liters, with several of them achieving >80% removal
of pharmaceutical and industrial pollutants in real wastewater conditions [63,81,87]. In one
particularly large study, a glow discharge–ultrafiltration system achieved >90% removal in
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treating 410 L of activated sludge effluent [78]. However, these scaled-up treatments still
fall short of the removal efficiencies often reported in small-volume, lab-scale studies using
synthetic wastewater, where >99% degradation can be achieved [79].

Table 1. Summary of results and perspectives on scale-up of wastewater treatment with NTP.

Plasma
Configuration

Target
Pollutant(s) Volume/Flow Degradation

Efficiency

Energy
Efficiency

(kWh·m−3)
Scalability Cost

Key
Performance

Indicators
Ref.

Plasma Jet +
Cavitation

Sulfathiazole,
Norfloxacin,

MB
2–20 L >80–96% NA Scalable

(≤20 L) NA

High removal
at multi-L
scale; fast
kinetics

[58]

Hydrodynamic
Cavitation
Plasma Jet

(HCPJ)

Algae,
Cyanobacteria 2 L >90% NA Continuous

flow possible NA
Rapid PAW
generation;

ORP > 800 mV
[75]

Pulsed Corona
Discharge + UF

29 Pharmaceu-
ticals 50 L >87–100% 0.5–1.0 Pilot (WWTP

hospital)
Low (≈1

kWh·m−3)

Complete
removal at
pilot scale

[76]

Glow
Discharge

DCF, CBM,
SMX (mix) 410 L >90% NA

Large
volume
demon-
strated

NA Uniform bulk
treatment [78]

SFR, TDPR,
SDPR (Corona) DCF, VPL 1–3 L >99% NA

Modular
multi-reactor

ready
≈0.25 $/m3 Fast reaction;

low cost [79]

DBD +
Ozonation

ATZ, ALA,
DIU, PRD, EE2,

BPA, OIT
0.6 L 84–98% 2.4–5.3 Retrofit to

WWTP Medium High oxidation
selectivity [80]

DBD
(Semi-pilot)

WWTP
Effluent (CBZ,
CIT, VFX, DCF,

CLAR)

50 L >80% NA Semi-pilot
ready

Low–
Medium

Low CO2
footprint;

eco-efficient
[81]

Corona DBD
(cDBD)

Methylene
Blue 10 mL 98% 5.79 (E per

order)
Lab-scale
prototype Low Compact and

efficient [86]

DBD
(Underwater)

Industrial Dye
Wastewater 60 L 80% NA Pilot (60 L) NA

Rapid COD
drop; energy

efficient
[87]

Fountain DBD
(FDBD)

Methylene
Blue ≈2 L/m >90% NA Scalable

mobile unit
30% less cost
vs. baseline

Stable
long-term run [88]

Trailer-
mounted DBD

PFAS (long +
short chain) 8.4 L/m >90% ≈15–20 Field-tested

(DoD site) NA Continuous
PFAS removal [89]

Skid-mounted
PCD

Long-chain
PFAAs 4 L Rapid deflu-

orination 9.2–31 Portable
field unit

≈$7.3 per
1000 gal

Effective at
multiple DoD

sites
[90]

Argon-
bubbled NTP

reactor
PFOS 25 L k = 0.16 min−1

(~3× std.)
NA

Model-
guided

scale-up
NA

High
interfacial

activity
[91]

Falling-film
DBD PFOS, PFOA 5 L 63.8%(PFOA);

45%(PFOS)
0.31–15.31

(mg kWh−1)
Continuous
film design NA

Improved
interface
contact

[92]

The new PFAS-focused pilot studies further enrich this discussion by addressing a
class of contaminants that are uniquely persistent and structurally resistant to conventional
treatment. The work of Nau-Hix et al. [89] is especially noteworthy as a true field demon-
stration of a trailer-mounted DBD system, which achieved >90% removal of long-chain
PFAS at flow rates up to 8.4 L/min. The exploration of surfactant-enhanced treatment also
illustrated how interfacial chemistry might be leveraged to address short-chain PFAS, a
key challenge in real-world deployments. Singh et al. [90] contributed essential operational
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metrics from a pulsed corona discharge system, including cost benchmarks and energy
efficiencies ranging from 9.2 to 31 kWh/m3, providing a much-needed frame of reference
for technoeconomic evaluations.

A recurring theme across both legacy and PFAS-specific studies is the effectiveness
of combined treatment approaches. NTP coupled with ultrafiltration, ozonation, or cav-
itation often yields higher removal rates than NTP alone. These combinations tend to
mitigate NTP’s limitations such as short residence times, limited diffusion depth, and
reactive species decay by enhancing contact time, facilitating mass transfer, or precon-
ditioning the wastewater. For example, the 410 L glow discharge study [78] showed
significantly improved energy efficiency when paired with ultrafiltration. Similarly, ear-
lier studies [58,76,80] demonstrated that hybrid processes could achieve faster pollutant
removal across multiple pollutant classes.

The studies by Alam et al. [91] and Tamang et al. [92] deepened the conversation
around reactor design and gas–liquid interface dynamics, both of which are critical for
scale-up success. The use of a 25 L reactor by the former to compare fine and medium
bubble diffusion showed that enhanced mass transfer increased PFOS degradation rates by
290%, supported by plug flow modeling. The falling film reactor studied by the latter, on
the other hand, tied plasma input gas composition and voltage directly to energy efficiency,
with PFOA removal reaching 63.75% in real groundwater. These insights reinforce the idea
that reactor architecture and hydrodynamic control are not merely supportive variables
but are central to optimizing performance in scaled systems.

Despite these promising developments, several persistent challenges remain. Chief
among them is the inconsistency in how energy consumption and degradation performance
are reported. Metrics like energy per order (EE/O) or mg/kWh are increasingly used,
but not universally, making comparisons across studies difficult. Furthermore, while
some studies incorporate cost analysis, these are often internal estimates or limited to
electricity use. Broader lifecycle cost assessments, like those found in [81], remain rare but
are necessary to fully evaluate NTP viability in real-world utilities.

Another area ripe for development is contaminant-specific optimization. Some studies,
like those by Kooshki et al. [88], explored the tuning of reactor inputs to favor the generation
of specific reactive species, which could significantly improve performance against target
compounds. In the context of PFAS, this could mean selectively producing hydrated
electrons or perfluoroalkyl radical intermediates under controlled plasma environments.

Taken together, the existing body of work suggests that NTP scale-up is no longer
just a matter of treating larger volumes—it is about integrating chemical, physical, and
operational insights to tailor systems for specific contaminants and applications. The recent
emergence of PFAS-focused pilot studies offers some of the strongest arguments yet for
NTP’s role in next-generation water treatment, provided that future work continues to ad-
dress the open questions of long-term stability, byproduct toxicity, and cost-competitiveness
at scale.

For advanced oxidation processes, the standard measure is electrical energy per
order (EE/O, kWh·m−3·order−1). Reported NTP EE/O ranges from approximately
1 to 6 kWh.m−3 for certain antibiotics and PFAS treatments in water by using optimized
bubble/DBD reactors [91,93], whereas other NTP studies indicate values in the tens to hun-
dreds for challenging targets or non-optimized matrices (e.g., PFOS/PFOA: approximately
23 to 213 kWh.m−3) [94]. Energy yields are also documented as g.kWh−1, varying from
around 0.14 to over 6 g.kWh−1, depending on the contaminant and reactor [95], with recent
bubble–plasma research reporting 4.68 g.kWh−1 at approximately 6.75 kJ/L input [96].
In contrast, optimally designed ozonation/UV-AOP systems often attain EE/O values
of around 1–5 kWh.m−3 for various micropollutants, with ozonation energy demands
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corresponding to about 22–33 kWh/g-O3 produced (air-fed) [97,98]; UV-ARP metrics are
similarly aligned for the targeted chemicals [99]. Recent evaluations indicate that NTP
may achieve EE/O < 1 kWh.m−3 under certain setups and aims, although it is significantly
influenced by reactor and matrix variables, highlighting the need for energy optimization at
scale (gas–liquid mass transfer, residence–time distribution, and pulsed power) [63,93,100].
Ultimately, comparative life-cycle assessment indicates that NTP may be advantageous
compared to many traditional quaternary alternatives when accounting for grid composi-
tion and integration; nevertheless, site-specific techno-economic analysis is crucial [81].

In conclusion, the reviewed studies indicate a transition from laboratory proof-of-
concept systems to modular, field-deployable plasma configurations incorporating hydro-
dynamic, cavitation, and hybrid contact designs for enhanced scalability. The threshold
of field viability for non-thermal plasma (NTP) reactors is identified within an energy
efficiency range of 5–20 kWh.m−3 for advanced oxidation targets, including PFAS and
pharmaceuticals. This conclusion is supported by recent pilot and field trials utilizing
trailer- and skid-mounted DBD or PCD reactors. Research on microbubble-assisted and
falling-film reactors indicates that interfacial control and flow geometry are critical factors
for achieving energy-efficient scale-up, facilitating removal rates exceeding 90% in volumes
greater than 25 L. The synthesis reveals that scaling NTP involves more than mere size; it
requires a balance between plasma–liquid interfacial design, modular reactor integration,
and measurable energy benchmarks delineating the transition from laboratory feasibility
to industrial readiness.
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