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This study presents a comparative analysis of direct and indirect dielectric barrier discharge (DBD) approachesfor the upscaled production of plasma-activatedwater (PAW). A cylindrical DBD reactor, consisting of nine high-voltage and nine ground electrodes operated with compressed air, was designed to investigate the generationof plasma and production of reactive oxygen and nitrogen species (RONS). The production of reactive specieswas evaluated through twodistinctmethods: indirect treatment, involving the dissolution of plasma-generatedgas into water, and direct treatment, where the water flows through the active discharge region. Performancewas assessed through the measurement of long-lived RONS (primarily hydrogen peroxide and nitrites), withresults further analyzed through the determination of energy yields (g/kWh) and pH. The results indicate thatthe direct treatment approach achieves significantly higher chemical production efficiency, identifying it as themore effective strategy for the upscaled production of PAW. The relative advantages and disadvantages of bothdirect and indirect approaches are discussed in the context of system optimization and industrial scalability.
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I. Introduction

Plasma activated water (PAW) has emerged asan innovative technology with the potential tocontribute significantly to sustainable development[1]. PAW is formed by treating water with an ionizedgas, which activates water molecules to generatehighly reactive species that can be used in a widerange of applications including medicine, watertreatment, agriculture, wastewater treatment, andfood processing [2, 3, 4, 5, 6]. One of the keyadvantages of PAW is that it is an environmentally-friendly alternative to conventional chemicaltreatments and processes. One such exampleis the Haber-Bosch process, which is used toproduce synthetic fertilizers. This process involveshigh-energy consumption and results in significantgreenhouse gas emissions and has a devastatingimpact on the environment [7, 8]. In contrast,PAW can be generated using green technology andposes less of a burden on the environment. It hasimmense potential to replace traditional methodsof chemical treatments and promote the healthand well-being of human beings.
The reason behind the significant interest inPAW in several applications is ascribed to the

production of numerous reactive oxygen and ni-trogen species (RONS) such as hydrogen peroxide(H2O2), nitrites (NO−
2 ), nitrates (NO−

3 ), nitric acid(HNO3), etc. These species are formed through theinteraction of plasma components (such as elec-trons, ions, and UVs) with ambient gas and watermolecules [2, 9, 10]. Furthermore, the chemistry ofPAW including the pH can be specifically tailoredby altering the feed gases and inclusion of reactivemetals inside the liquid solution [11]. This makesPAW more attractive for use in several biomedicaland agricultural applications.
The use of atmospheric pressure plasma sourcesfor the production of PAW has been extensivelyinvestigated. However, the vast majority of thesestudies have been performed on very small liquidvolumes (typically a few hundred microliters to afew milliliters) to explore the effects of operatingparameters such as applied voltage, frequency andgas flow [2, 9, 12, 13]. While these laboratory-scaleexperiments have provided valuable mechanisticinsights, they are inherently difficult to translate toindustrial-scale throughputs required for practicalapplications in agriculture, wastewater treatmentand food safety.
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Although microbubble-enhanced cold plasmaactivation has been proposed as one promisingroute to improve gas-liquid mass transfer inflowing-water [14, 15, 16], this approach relies oncomplex Venturi injectors that can suffer frombubble coalescence, pressure drop, and long-termclogging, and still lacks systematic energy-yieldbenchmarking at larger scales. Critically, thereremains a notable absence of comparativestudies that directly evaluate direct (plasma inimmediate contact with liquid) versus indirect(plasma-activated gas dissolved into liquid) treat-ment modes within the same upscaled reactorgeometry. Such a head-to-head comparison isessential because direct interaction is expectedto generate higher concentrations of reactiveoxygen and nitrogen species (RONS) as a resultof enhanced short-lived radical formation at thegas-liquid interface, while indirect treatment offerssimpler operation but lower overall efficiency.Without this direct comparison, it is unclear whichapproach provides the optimal balance of RONSyield, energy efficiency, and operational simplicityfor cost-effective, large-volume PAW productionusing inexpensive compressed air and portablepower supplies.
In this article, we address this research gap bypresenting a systematic comparison of directand indirect dielectric barrier discharge (DBD)approaches for upscaled PAW production us-ing a custom cylindrical reactor with eighteenstainless-steel electrodes.

II. Experimental Setup and
Methodology

The schematic and the cross-sectional view ofthe reactor used for generating PAW is shownin Fig. 1a and 1b respectively. The cylindricalDBD reactor consists of eighteen stainless-steelwire electrodes (outer diameter, OD = 0.9 mm),each inserted inside individual quartz tubes (innerdiameter, ID = 1 mm and OD = 2 mm). All thesetubes are arranged inside a larger quartz tube(ID= 10 mm, OD = 12 mm) to generate plasma withina length of 15 cm. Nine quartz tubes containingstainless-steel wires are inserted from the top sideof the quartz tube and the remaining nine quartztubes are inserted from the bottom side followingthe schematic in Fig. 1b. About a 3 cm length ofthe stainless-steel wire remained outside of thesmaller quartz tube in order to connect them tothe high voltage (HV) and ground electrodes. Thestainless-steel electrodes enclosed within quartztubes remained physically isolated from both the

plasma-treated water and the gas–liquid interface.As quartz is chemically inert and acts as a dielectricbarrier, direct contact between the electrodes andthe acidic plasma-activated water is prevented,minimizing the possibility of metal ion contamina-tion in the activated water. A 3D-printed ceramiccap was inserted on the top and bottom end of thelarger quartz tube and sealed with Torr-seal epoxyto hold the smaller quartz tubes in place and toseal the wires inside their individual small quartztubes to prevent direct contact between the waterand the metal wire electrodes. The ceramic capsalso had provisions for inserting two silicone tubes(OD = 6mm) for inputting the air or water insidethe reactor through one end, and outputting theplasma activated air or water through the otherend. Generation of plasmawas done by applying si-nusoidal voltage using a commerical power supply(PVM-500, Information Unlimited, USA) between

(a)

(b)

Figure 1: Schematic of: (a) the DBD reactor used to gen-
erate PAW; and (b) the arrangement of eighteen
electrodes within the DBD reactor.
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(a) (b) (c) (d)

Figure 2: Methods of generating PAW through: (a) indirect (plasma-activated gas dissolved into liquid), and (c) direct
(plasma in immediate contact with liquid) methods. Photographs of the discharge during operation for: (b) indi-
rect, and (d) direct modes are also shown.

the HV and the ground electrodes. The liquid usedwas distilled water (conductivity:≈ 3 µS.cm−1).
The formation of RONS in PAW was investi-gated using two methods. In the first method (Fig.2a), compressed air at a flow rate of 20 standardliters per minute (SLPM) was passed into thereactor through the two inlet tubes. The appliedvoltage was fixed at ≈ 10 kV at ≈ 33 kHz. Underthese conditions, a uniform glow discharge wasformed between the HV and the ground electrodesto generate RONS from the air (Fig. 2b). The outlettubes on the bottom side of the reactor weresubmerged inside a conical tube that containedfixed volume (25 mL) of water. In this configuration,RONS formed in the discharge region were carriedby the gas flow and dissolved inside water, thusactivating it indirectly. The indirect activation ofwater within a fixed volume was conducted for 5,10, 20 and 30 minutes, and the characteristics ofPAWwere analyzed. In the secondmethod (Fig. 2c),one inlet tube carried compressed air (flow rate:50 SLPM), and the other inlet carried water into thereactor. The flow of water inside the reactor wascontinuous (flow rate: ≈ 25 mL/min). As water wasalso flowing inside the reactor, the higher flow rateof air created water bubbles inside the reactor, thusfacilitating the formation of plasma. However, theplasma formed with the air and water flow from the

inlet tubes Fig. 2d was very different from the onewith only air flow as seen in Fig. 2b. Capturing theplasma inside individual bubbles was challengingbecause the discharge points continuously shift asthe bubbles move and evolve. The discharge formsbright filaments or glow regions within the bubbles,which are transient and dynamically distributedduring operation. In this configuration, waterwas directly activated within the reactor, and theactivated water was collected from the outlet tubesat the bottom of the reactor. The direct activationof water with continuous flow was also conductedfor 5, 10, 20 and 30 minutes, and characteristics ofPAW were analyzed.
Different gas flow rates were used for the in-direct and direct treatment configurations due tooperational constraints related to plasma stabilityand species collection. In the indirect treatmentmode, a flow rate of 20 SLPM was used to allowsufficient residence time and efficient dissolution ofplasma-generated reactive species into water dur-ing the collection process. In the direct treatmentmode, where water flows through the reactor, ahigher gas flow rate of 50 SLPM was required tosustain a stable gas-phase discharge and preventplasma quenching by the liquid medium. Theseflow rates represent the operational conditionsnecessary for stable discharge and reliable data
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collection within the current reactor geometry. Toensure a meaningful comparison between the twotreatment modes, the measured concentrations ofreactive species were normalized as described inthe Results section.
Electrical signals of the discharge were acquiredby connecting a Tektronix voltage probe (Model no.P6015) to the HV tungsten electrode and a Pearsoncurrent probe (Model no. 2100) to the groundelectrode. The signals from the voltage and currentprobes were recorded in an oscilloscope (TektronixMDO3024). Optical emission spectroscopy of thedischarge was conducted using a 0.5-m PrincetonInstruments’ SP2500 spectrometer coupled to aPI-MAX 4 1024×256 pixel intensified charged cou-pled device (ICCD) camera. The spectrometer wascalibrated in wavelength and intensity using themanufacturer provided calibration lamps (Intellical,Princeton Instruments).

The chemistry of PAW after direct and indirectplasma treatment was analyzed by measuring theconcentration of long-lived RONS (H2O2 and NO−
2 )and pH. For H2O2 measurements, a calibrationcurve with known concentrations of H2O2 wasconstructed (see Fig. A1 in the appendix) by usinga colorimetric assay based on o-phenylenediamine(OPD, CAS number: 95-54-5, Sigma Aldrich Cor-poration) and horseradish peroxidase (HRP, CASnumber: 9003-99-0, Sigma Aldrich Corporation).HRP catalyses the oxidation of OPD in the presence

(a)

(b)

Figure 3: (a) Electrical and (b) Optical emission character-
istics of the discharge recorded during indirect
treatment of water with the cylindrical DBD.

of H2O2 to form 2,3-diaminophenazine which hasan absorbance maximum at 450 nm (measuredusing SpectraMax iD5, Molecular Devices). The lineof best fit obtained from the calibration curve wasthen used to calculate the concentration of H2O2 inPAW[12, 13].
Measurement of NO−

2 in PAW also involvedconstructing a calibration curve with knownconcentrations of nitrite with the help of a com-mercially available kit [12]. We used a Griessreagent kit (Supplier: Sigma Aldrich, EC number:215-981-2) that gives an absorbance maximum of540 nm (measured using SpectraMax iD5, Molec-ular Devices) upon reaction with the nitrites. Thecalibration curve constructed with known concen-trations of NaNO2 is shown in Fig. A2 (appendix).The line of best fit obtained from the calibrationcurve was then used to calculate the concentrationof NO−
2 in PAW formed through indirect and directplasma treatments.

Measurement of pH involved immersing a pHindicator paper (catalogue number: 110962, MerckMillipore) in PAW (Volume = 100 µl) and referencingthe change in color, as seen with the naked eye, tothe corresponding pH value on the chart providedin the kit.

III. Results and Discussion

Fig. 3 shows the electrical andoptical emission char-acteristics of the discharge. Operation of the cylin-drical DBD is done using a sinusoidal power supplywith an applied voltage of ≈ 10 kV (p-p), rms cur-rent ≈35mA, frequency ≈ 33 kHz. The current(I)and voltage (V) waveforms of the discharge for thecylindrical DBD operating with air flow is shown inFig. 3a. The IV-waveforms over one time period (T)were used to calculate the dissipated power (P) as:
P =

1

T

∫ t=T

t=0

I(t)V (t)dt (1)
The dissipated power calculated using Eqn. (1) was18.26 W and 22.63 W for the indirect and directtreatment methods, respectively.
Optical emission spectrum of the dischargerecorded using a 0.5-m Princeton Instruments’SP2500 spectrometer coupled to a PI-MAX 41024×256 pixel intensified charged coupled device(ICCD) camera is shown in Fig. 3b. The spectrawere recorded during indirect preparation of PAW(Fig. 2a). Several bands of nitrogen second positivesystem (N2 SPS) formed through the dissociationof molecular nitrogen at 296 nm, 315 nm, 337 nm,
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354 nm, 375 nm, 380 nm, 394 nm, etc. are clearlyobserved [17, 18, 19, 20]. Emissions from nitrogenfirst negative system (N2 FNS) are also observedaround 391 nm. In addition to excited nitrogenspecies, there is also weak emission from hydroxylradical (•OH) at 308 nm [21, 22]. Excited nitrogenand •OH are primary species which are responsiblefor the formation of long-lived RONS in PAW. Themeasurement of hydrogen peroxide (H2O2) andnitrites (NO−
2 ) will be described in the next para-graphs. While OES was not recorded during directplasma treatment due to temporal and spatialinstability caused by dynamic bubble formation,the discharge characteristics in this mode areexpected to differ from those observed in thegas-phase configuration. In the direct treatmentmode, plasma is generated within gas bubblessurrounded by liquid water, where interactionswith a moisture-saturated environment and thegas–liquid interface may enhance the formationof hydroxyl radicals and other hydrogen-relatedreactive species compared to the indirect mode[23].

For the indirect method, the emission fromN2 SPS between 370 - 380 nm was also used toestimate the rotational and vibrational temper-ature of the DBD discharge using MASSIVEOES[24, 25, 26]. At atmospheric pressure, because ofthe high collision frequency, the gas temperatureof the plasmas is close to rotational temperature.The rotational and vibrational temperature of thedischarge were found to be ≈433 K and 3422 Krespectively (Fig. A3, appendix). We did not recordthe OES of the discharge during direct plasmatreatment of the flowing water (Fig. 2b), as theregions of plasma formation changed frequentlywith time due to bubble formation. But, due to thecontinuous flow of the water, the temperature of

Figure 4: Concentrations of H2O2 measured at plasma
exposure time of 5, 10, 20 and 30 minutes with
the direct and indirectmethods. The calibration
curve used for this measurement is in the ap-
pendix (Fig. A1)

the external quartz tube was at room temperatureand was monitored with a thermocouple. Thetemperature of the PAW collected through directplasma treatment also remained at room tempera-ture.
Fig. 4 shows the results for H2O2 concentrationsin PAW. In the indirect method, the concentrationof H2O2 increased with the treatment time up to30 minutes. After 5 minutes, the concentrationof H2O2 is ≈62 µM . This increased to ≈220 µMwhen the plasma exposure time was increased to30 minutes. On the other hand, the concentrationof H2O2 formed through direct method kept ondecreasing. At 5 minutes, ≈305 µM of H2O2 wasformed in PAW. This decreased by almost half(≈160 µM ) when the plasma exposure time wasincreased to 30 minutes.
The measurements of NO−

2 concentrations forthe indirect and direct methods inside PAW areshown in Fig. 5. Although, there are severalnitrogen derivatives such as nitrates, nitric acid,peroxynitrous acid, etc. formed inside PAW, wemeasured NO−
2 to get an overall indication ofreactive nitrogen species formed inside PAW. AtpH values close to neutral, NO−

2 is known to bea dominant detectable species before full dispro-portionation into NO−
3 [27]. The concentrationsof NO−

2 measured for indirectly and directly treatwater are shown in Fig. 5. The trend in the NO−
2concentrations are similar to those of H2O2 con-centrations for both methods. For indirect method,the concentration of NO−

2 increased from≈19 µMto ≈130 µM when the plasma exposure time wasincreased from 5 minutes to 30 minutes respec-tively. For the direct method, these concentrationsdecreased from ≈51 µM to ≈8 µM when theplasma treatment time increased from 5 minutes

Figure 5: Concentrations of NO−
2 measured at plasma

exposure time of 5, 10, 20 and 30 minutes with
the direct and indirectmethods. The calibration
curve used for this measurement is in the ap-
pendix (Fig. A2)
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to 30 minutes respectively.
The decrease in the concentrations of H2O2and NO−

2 for water activated through directmethod at different treatment times in Fig. 4, 5are very interesting. It should be noted that thevolume of the plasma activated water comingfrom the outlet tubes at different treatment timesincreased with time as the water was constantlypumped inside the reactor by the motor throughthe inlet tubes. After 5 minutes, ≈ 113 mL wascollected in the container. This increased to ≈ 700mL after 30 minutes of plasma treatment. Duringwater flow, the formation of plasma inside thereactor only takes place inside the air bubbles. Theplasma in this case is not formed at all points (asalso depicted from the photograph in Fig. 2d). Theformation of plasma at only few positions insidethe reactor suggests that all water passing insidethe reactor is not activated by the DBD plasma. Wespeculate that the volume of water not activatedby plasma increased with time and this led to thedecrease in the concentrations of H2O2 and NO−
2 .On the other hand, for the indirect treatment - thevolume of water in the container was 25 mL andthis became more concentrated when the outlettubes were continuously submerged inside thewater. This lead to the higher concentration ofboth H2O2 and NO−

2 in the plasma activated water.
To further understand the efficacy of RONSproduction inside PAW by the indirect and directmethods, we normalized the concentrations ofH2O2 and NO−

2 obtained through indirect methodwith the total volume of water that was collectedthrough direct method. The normalized concen-tration (N) for indirect plasma treatment werecalculated to account for the concentration of H2O2and NO−
2 that could have been formed in a totalvolume of collected water using direct treatmentV1 using known parameters (concentration (C1)and volume (V1)) for the indirect plasma treatment.This was calculated using eqn. (2) as:

N [µm] = C1[µm]× V1[mL]

V2[mL]
(2)

This normalization assumes that the total massof RONS generated by the plasma under similardischarge conditions is conserved and that theobserved concentration difference arises primar-ily from dilution in different liquid volumes. Inpractice, gas-liquid mass transfer and dissolu-tion efficiency may also influence the measuredconcentrations, and therefore the normalizedvalues should be interpreted as an approximatecomparison between the two treatment modes.The results of normalization are shown in Fig. 6a,

(a)

(b)

Figure 6: Normalized and observed concentrations of (a)
H2O2 and (b) NO−

2 from indirectly and directly
treated water at different plasma treatment
times. The normalized values represent the
concentration of H2O2 and NO−

2 that could
have been formed when the volume of the
treated water with the indirect DBD was the
same as the volumeof activatedwater collected
through direct plasma treatment.

6b, and also summarized in the table (see table 1,2 in the Appendix). Although the concentrationsof both H2O2 and NO−
2 decreased with plasmaexposure time during the direct plasma treatment,these were much higher than the normalized con-centrations that could be obtained using indirectmethod in the same volume of target liquid. Thissuggests that direct treatment of water with thecylindrical DBD could be a better choice for makingPAW.

We also evaluated the efficiency of direct andindirect methods by calculating the energy yield ofH2O2 and NO−
2 . This energy yield represents theamount of chemical species generated per unitelectrical energy supplied to the plasma reactor.The energy yield (EY ) was calculated as:

EY [g/kWh] =
C[mol/L].V [L].M [g/mol]

P [kW ].t[h]
(3)

where C is the measured molar concentration in
mol/L, V is the volume of treated water in L, Mis the molar mass of the species in g/mol, P is
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Figure 7: Estimation of energy yield for (a) H2O2 and (b)
NO−

2 from indirect and direct treatment ap-
proaches at different plasma treatment times.

the dissipated plasma power in kW , and t is thetreatment time in h. The results for 5-30 minutes ofplasma treatment are presented in Fig. 7. Overall,the energy efficiency was heavily influenced bythe treatment approach. The direct treatmentapproach [despite decrease in EY from 0.62g/kWh(t=5 minutes) to 0.34g/kWh (t=30 minutes)]yielded H2O2 concentrations approximately 16-20times higher than those achieved via the indirectapproach (Fig. 7a), identifying the direct approachas a superior strategy for the energy-efficientproduction of hydrogen peroxide. This enhancedefficiency is likely due to the immediate contactbetween the plasma and the water molecules. Onthe other hand, a distinct time-dependent decay inEY was observed for NO−
2 production though directtreatment approach was more efficient than theindirect one (Fig. 7b). Specifically, the EY for NO−

2under direct treatment was ca. 10 times higherthan the indirect method at t=5 minutes; however,this factor decreased to 7.60, 3.26 and 1.34 at 10,20 and 30 minutes, respectively. The diminishingEY over time suggests that as the concentration ofreactive species increase with time, secondary lossmechanisms could become more dominant.
The reason for higher concentrations of bothH2O2 and NO−

2 in the directly activated water withthe cylindrical DBD are due to the differences in

the mode of activation. Formation of H2O2 andNO−
2 inside the DBD reactor mainly takes placethrough the dissociation of H2O, O2 or N2 below[28, 2, 29, 19, 30, 12] :

(1) e− + O2 → O(3P) + O(1D) + e−, O(1D)+H2O →2•OH(2) e− + N2 → N2(A
3
∑+

u ) + e−, N2(A
3
∑+

u ) + H2O
→ •OH+N2+•H(3) UV + H2O → H2O∗; UV + H2O∗ → H+ + OH−;OH− → •OH+ e−(4) e− + N2 → N + N + e−(5) e−+O2 → O + O + e−(6) N+O2 → NO + O;(7) N + •OH→ NO + •H;(8) N+O→ NO
The •OH and NO so formed in (1)-(8) recombine toform H2O2 and NO−

2 as follows [31, 32]:
(9) •OH + •OH→ H2O2(10) 4NO + 2O2 + 2H2O→ NO−

2 + 4H+

During direct plasma treatment, most of the reac-tions [(1)-(10)] take place within the DBD reactorwhere high energy electrons and excited speciesinteract directly with the ambient gas species (H2O,N2, O2). As a result, H2O2 andNO−
2 could be formedinstantaneously within the discharge region. Onthe other hand, during indirect plasma treatment,it is mainly the plasma activated gas that interactswith the target liquid to result in the production ofH2O2 and NO−

2 . Since the lifetime of short-livedreactive species (such as •OH, O, N, etc.) is short[32, 28], only the long-lived species formed in thedischarge region are carried/dissolved onto thetarget water resulting in the lower concentration ofboth H2O2 and NO−
2 .

NO−
2 or HNO2 formed in PAW can also com-bine with H2O2 to form NO−

3 or ONOOH as [12]:
(11) NO−

2 + H2O2 + H+ → NO−
3 + H2O + H+

(12) HNO2 + H2O2 → ONOOH + H2O
Although, the concentration of NO−

3 was notexplicitly measured in this work, the simultaneousdecrease in EY of both H2O2 and NO−
2 (Fig. 7) sug-gests that reactions (11)-(12) could be responsiblefor the secondary loss.

The final set experiments were designed toinvestigate the effect of plasma treated solutions(indirect and direct) on pH. pH is an importantparameter that affects the growth of plants [33].The level of pH plants require for growth may bedifferent but most of the plants prefer to grow
Vol. 7, Issue 1 306 ©G-Labs 2026
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Figure 8: pHof PAWprepared through indirect and direct
treatment of water.

around neutral pH. The pH of PAW normally goesto acidic level upon exposure to plasma treatment.For example, the pH of 5 minutes PAW preparedwith plasma jet is between 2-3 [12]. In this work, apH indicator paper was primarily used to providea visual confirmation of the pH change in plasma-activated water. Although this method providesonly semi-quantitative estimation, it effectivelyillustrates the relative pH difference betweenuntreated and plasma-treated samples. Despiteactivating for up to 30 minutes, the pH of PAWprepared at different treatment times with bothindirect and direct methods remained close toneutral (Fig. 8) and this could favor the growth ofseveral plants.

IV. Conclusions

In conclusion, a comparison on the characteristicsof PAW prepared through indirect and direct activa-tion of water by a cylindrical atmospheric pressureDBD reactor operated with compressed air is pre-sented in this work. The DBD operated with onlyair flow runs at higher gas temperature leading toheating of the DBD reactor. On the other hand,the flow of liquid inside the DBD reactor results inthe lower heating of the reactor but formation ofplasma is not uniform. Results obtained from thechemical analysis of PAW suggest that concentra-tion of H2O2, NO−
2 (and other RONS that could bepresent inside PAW) are higher from directly acti-vated PAWwhich were verified through the normal-ization experiments and calculation of energy effi-ciencies. The pH of the PAW prepared using bothmethods remained close to neutral. The approachpresented in this study could be scaled towards pro-duction of PAW in large quantities for applicationsin agriculture and medicine.
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VII. Data Availability State-
ment

All data that support the findings of this study areincluded within the article and its appendix.

VIII. Appendix

Figure A1: Calibration curve constructed with known
concentrations of H2O2 for estimating the
concentration of H2O2 in PAW.

Figure A2: Calibration curve constructed with known
concentrations of NaNO2 for estimating the
concentration of NO−

2 in PAW.

Figure A3: Measurement of rotational and vibrational
temperature of the DBD discharge (for indi-
rectly preparing PAW) using MASSIVEOES.

T [min] C1 [µM] V1 [mL) V2 [mL] N [µM]
5 62.22 25 113.33 13.72
10 139.12 25 246.67 14.10
20 169.87 25 450.00 9.44
30 220.53 25 696.67 7.91

Table 1: Normalized concentrations of H2O2 for the indi-rect treatment by considering the volume of liq-
uid collected with direct plasma treatment. The
normalized values represent the concentration
of H2O2 and NO−

2 that could have been formed
when the volume of the treated water with the
indirect DBD was the same as the volume of
activated water collected through direct plasma
treatment.
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T [min] C1 [µM] V1 [mL) V2 [mL] N [µM]
5 18.94 25 113.33 4.18
10 34.90 25 246.67 3.54
20 74.10 25 450.00 4.12
30 130.24 25 696.67 4.67

Table 2: Normalized concentrations of NO−
2 for the indi-

rect treatment by considering the volume of liq-
uid collected with direct plasma treatment. The
normalized values represent the concentration
of H2O2 and NO−

2 that could have been formed
when the volume of the treated water with the
indirect DBD was the same as the volume of
activated water collected through direct plasma
treatment.
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