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Abstract: Antibiotics are the most frequently detected pharmaceuticals in the environment creating
conditions for the development of resistant genes in bacteria. Degradation and mineralization of gly-
copeptide antibiotic vancomycin (VMN) were examined by UV photolysis, pulsed corona discharge
(PCD), and their combinations with extrinsic oxidants, hydrogen peroxide (HP), peroxydisulfate
(PDS), and peroxymonosulfate (PMS). Both combinations were effective in VMN degradation and
faster at pH 11 than in acidic or neutral media. Combined with the UV photolysis, HP showed a
higher oxidation rate than other oxidants, whereas PMS and PDS proved to be more efficient in
combinations with PCD. In contrast to low-to-moderate mineralization of VMN in the UV/oxidant
combinations, PCD and PCD/oxidant combinations appeared to be more effective, reaching up
to 90% of TOC removal in acidic/neutral solutions. Application of extrinsic oxidants resulted in
an energy efficiency of VMN 90% oxidation improved from 36 to 61 g kW−1 h−1 in HP-assisted
photolysis, and from 195 to 250 g kW−1 h−1 in PCD with additions of HP and PDS, thus showing the
promising character of the combined treatment.

Keywords: advanced oxidation; energy efficiency; non-thermal plasma; persulfate

1. Introduction

In recent years, antibiotics, becoming the most frequently detected pharmaceutical
compounds in the environment [1], have created conditions for the development of resistant
genes in bacteria [2,3]. The resistant bacteria are of increasing concern due to their eco-
toxicological effects [4,5]. Vancomycin (VMN) is an amphoteric glycopeptide antibiotic
used to treat infections caused by Gram-positive organisms [6]. This antibiotic and its
modifications are considered as drugs of last resort, i.e., the world’s last line of defense
against resistant pathogens, making these of extreme importance from the environmental
point of view [7]. Vancomycin was detected in French rivers in concentrations reaching up
to 90 ng L−1 [8], and in the effluents of the wastewater treatment plants (WWTPs) of Milan
and Varese, Italy, as high as 17.4 ± 1.7 ng L−1 and 24.4 ± 31 ng L−1, respectively [9].

Incomplete removal of antibiotics and other drugs from wastewaters at WWTPs re-
quires alternative or supplementary approaches, such as, e.g., advanced oxidation processes
(AOPs) using reactive oxygen species (ROS), including atomic oxygen, hydroxyl, and other
radicals, able to degrade organic contaminants in water [3,10]. For example, the applica-
tion of UV/TiO2 combination showed 89.5% degradation of VMN in 36 min at the initial
concentration of 58 mg L−1, TiO2 dosage of 55 mg L−1, and temperature 40 ◦C [11].

Advanced oxidation methods include, among others, UV-induced oxidation and non-
thermal electric discharge plasma. Photolysis is used for the activation of extrinsic oxidants
such as hydrogen peroxide (HP), peroxydisulfate (PDS), and peroxymonosulfate (PMS) to
produce hydroxyl (HO•) or sulfate radicals (SO•−4 ) [12]. Compared with HO•, SO•−4 possess
equal or even higher redox potential of 2.5–3.1 V and exhibits higher selectivity at longer
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half-life [13]. Numerous studies showed high efficacy in degradation and mineralization of
contaminants of emerging concern by UV/HP, UV/PDS, and UV/PMS processes [3,13–15].

Non-thermal plasma generates hydroxyl radicals in a variety of electric discharge
types [16]. The gas-phase pulsed corona discharge (PCD) is applied to the water dispersed
in the form of droplets, jets, and films in the discharge zone. This discharge surpasses other
plasma types in energy efficiency due to the formation of hydroxyl radicals at the surface
of the treated aqueous solution, i.e., in close vicinity of the target pollutants experiencing
negligible resistance in diffusion into the aqueous phase [17]. Except for hydroxyl radicals,
atomic oxygen, ozone, hydrogen peroxide, and other reactive species participate in PCD
oxidation. Previously, it showed high removal efficiency for pharmaceuticals such as
metformin, tramadol, and dexamethasone [18,19], as well as improved oxidation rates with
persulfate addition [20]. The use of persulfate additives is actively studied for other plasma
types, for example, double barrier discharge, achieving increased degradation rates for
different organic pollutants [21–23].

The current study aimed to evaluate the effect of extrinsic oxidants on the degradation
and mineralization of VMN in combination with UV photolysis and PCD. To the best of the
authors’ knowledge, no similar research has been performed, both in terms of the target
compound and the use of combinations. Operation parameters, pH, and extrinsic oxidant
dose were evaluated for cost efficiency according to the delivered energy and the cost of
extrinsic oxidants.

2. Results and Discussion
2.1. Effect of pH on VMN Oxidation in UV Photolysis and PCD Treatment

In blank VMN hydrolysis experiments at unadjusted pH without applying UV or PCD,
no significant changes (≤5%) in concentration of VMN were observed in 2 h. In turn, the
application of direct UV photolysis and PCD treatment resulted in 90% removal at about
0.53 kWh m−3 and 0.09 kWh m−3 of delivered energy (Figure 1). Thus, the PCD oxidation
of VMN was a few times more energy efficient than in UV photolysis.
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Figure 1. Degradation of VMN at different pH values in UV photolysis and PCD treatment
([VMN]0 = 13.5 µM).

The effect of pH on the oxidation of organic molecules is often associated with their
dissociation or protonation. Due to its molecular structure containing numerous deproto-
nated moieties available for the electrophilic attack [24], the VMN molecule has several
dissociation constants making the increase in pH from 2.9 to 11.7, greatly improving its
oxidation rate. As shown in Figure 1, the effect of pH on VMN oxidation within acidic to
circum-neutral, i.e., the unadjusted conditions interval was negligible for both PCD and
UV photolysis processes. However, in alkaline solutions, both processes showed increased
oxidation efficacy providing >90% VMN degradation at energy doses lower than in acidic
media for 2.5 and 6.0 times in PCD and UV photolysis, respectively. The results of PCD
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oxidation are consistent with the study by Dodd et al. [24] where VMN degradation rates
in ozonation increased at alkaline pH. This may be also explained with decomposition
of ozone-forming hydroxyl radicals at faster rates. The change in pH may also affect the
light absorbance properties of the compound, improving it with increasing pH and thus
explaining the increased efficiency of UV photolysis at pH 11 [25].

Due to the negligible difference in oxidation rates between acidic and circum-neutral
pH, UV/oxidant and PCD/oxidant combinations were studied only in alkaline and neutral
solutions. In addition, unadjusted circum-neutral pH decreases during the treatment of
VMN solutions due to acidic by-products formation. In PCD treatment, nitrates are formed
with nitrogen oxidation [26].

2.2. VMN Oxidation in UV/Oxidant and PCD/Oxidant Combinations

Experiments with oxidants without application of UV irradiation and PCD showed no
effect on VMN. Figure 2, Figures S1 and S2 from Supplementary Materials demonstrate the
kinetics of VMN degradation in the pseudo-first-order reaction for UV and PCD treatment
with and without extrinsic oxidants (R2 > 0.98).
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Figure 2. Degradation of VMN in UV photolysis, PCD treatment, UV/PDS, and PCD/PDS combina-
tions ([VMN]0 = 13.5 µM, [PDS]0 = 67.5 µM, unadjusted pH).

For example, the addition of PDS in the amount of 67.5 µM, i.e., in the VMN/PDS
molar ratio of 1/5 to UV-irradiated VMN solution, showed synergetic growth of k1 value
1.43 times from 4.7 to 6.7 m3 kW−1 h−1. For the PCD treatment, the addition of PDS in the
same amount improved the reaction rate constant 1.57 times from 30.3 to 47.7 m3 kW−1

h−1. The enhanced VMN degradation may be attributed to the activation of PDS to strong
reactive species, HO• and SO•−4 .

Similar VMN degradation enhancement was observed with extrinsic HP and PMS
in combinations with UV and PCD (Figures S1 and S2 from Supplementary Materials),
showing, however, certain quantitative difference: in the UV photolysis, the addition of
67.5 µM of hydrogen peroxide resulted in k1 = 8.8 m3 kW−1 h−1 surpassing the combination
with PDS (6.7 m3 kW−1 h−1) and PMS (5.3 m3 kW−1 h−1). The effect of PMS additions on
the UV photolysis was of minor importance (Figure S2 from Supplementary Materials),
although both oxidants, HP and PMS, exhibited a noticeable yet moderate synergy effect on
PCD oxidation (Figure S1 from Supplementary Materials). The reason for this difference is
most likely related to the different extrinsic oxidants’ activation mechanisms: UV photolysis
activates the oxidants by the fission of the O-O bond providing a mixture of sulfate and
hydroxyl radicals (Equations (1)–(3)) [13,27]:

S2O2−
8

hv→ 2SO•−4 ε = 21.1 M−1cm−1 ϕ = 0.70 mol Einstein−1 (1)

H2O2
hv→ 2HO• ε = 18.0 M−1cm−1 ϕ = 0.50 mol Einstein−1 (2)



Catalysts 2023, 13, 466 4 of 16

HSO−5
hv→ SO•−4 +HO• ε = 14.0 M−1cm−1 ϕ = 0.52 mol Einstein−1 (3)

where ε is the molar extinction coefficient at a wavelength of 254 nm, and ϕ is the quantum
yield for UV photolysis.

Activation of extrinsic oxidants in PCD proceeds via a complex action of electromag-
netic field, UV radiation, and formation of hydroxyl radicals and other reactive species
acting as activators. Contrary to UV photolysis, the activation in PCD occurs at the plasma–
liquid interface with a minor contribution of reactions in the bulk solution [28].

In PCD, UV light is emitted by the C3Πu → B3Πg electronic transition in the N2
molecule and the reported wavelengths for pulsed corona discharge of point-to-plane
configuration are above 300 nm [29]. Considering the effective wavelengths activating
extrinsic oxidants from 200 to 310 nm, the radiation emitted by PCD most probably plays a
negligible role in their activation [13,30].

In water radiolysis experiments, a solvated electron (eaq
−) rapidly activates peroxy-

disulfate anion (Equation (4)) [31]:

S2O2−
8 +e−aq → SO2−

4 +SO•−4 k = 1.1× 1010 M−1 s−1 (4)

The presence of solvated electrons in atmospheric-pressure plasmas was confirmed
by Rumbach et al. [32]. They found an average penetration depth of electrons to water
of 2.5 ± 1.0 nm and noted that the kinetics of electron scavenging is similar, although not
identical, to the solvated electrons formed in water radiolysis. The extrinsic oxidants’
activation mechanism with solvated electrons is presumably the most important one since
the rate of PDS activation by ROS (Equations (5)–(7)) is several orders of magnitude
lower [22]:

S2O2−
8 +HO• → SO•−4 +HSO−4 + 0.5O2 k = 8× 104 M−1 s−1 (5)

S2O2−
8 + H• → SO•−4 +SO2−

4 +H+ k = 2.5× 107 M−1 s−1 (6)

S2O2−
8 +O•−2 → SO•−4 +SO2−

4 +H+ k = 2.4× 103 M−1 s−1 (7)

The reaction described in Equation (6) is less probable for hydrogen radicals being
scavenged at the gas–liquid interface by abundant oxygen. Sulfate radicals formed this or
that way, however, are more selective than hydroxyl radicals and may not be utilized in
reactions with organic compounds. Instead, sulfate radicals react with water molecules
forming hydroxyl radicals in reactions strongly dependent on pH (Equations (8)–(9)) [33,34]:

SO•−4 +H2O → HSO−4 +HO• k ≤ 2× 103 M−1 s−1(pH 5.5–7.0) (8)

SO•−4 +HO− → SO2−
4 +HO• k = 6.5× 107 M−1 s−1(pH > 11) (9)

The recombination of sulfate radicals and their reactions with other radicals are faster
(Equations (10)–(12)) making these more probable [35,36], hindering the actions of sulfate
and hydroxyl radicals:

SO•−4 +SO•−4 → S2O2−
8 k = 3.1× 108 M−1 s−1 (10)

SO•−4 +S2O2−
8 → SO2−

4 +S2O•−8 k = 6.1× 105 M−1 s−1 (11)

SO•−4 +HO• → HSO−5 k = 1× 1010 M−1 s−1 (12)

The activation of peroxymonosulfate anions introduced with PMS or formed from
PDS in PCD presents another concern. The anion HSO−5 has an asymmetrical structure
with the O-O bond having the dissociation energy of 377 kJ mol−1 vs. 92 kJ mol−1 of
peroxydisulfate anion [37], making the HSO−5 activation via direct cleavage of O-O less
probable than that of S2O2−

8 (Equation (13)):

HSO−5 +e−aq → HO• + SO2−
4 / SO•−4 +HO− k = 8.4× 108 M−1 s−1 (13)
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Nevertheless, Shang et al. [37] showed performance of PMS surpassing that of PDS
in accelerating oxidation of sulfamethoxazole by dielectric barrier discharge (DBD). They
supposed faster oxidation was contributed by the activation of PMS with dissolved ozone
(Equations (14)–(16)) [38]:

−O3SOO−+O3(aq) → −O3SO−5 → SO•−5 +O•−3 k = 2.2× 104 M−1 s−1 (14)

2SO•−5 → 2SO•−4 +O2 (15)

SO•−5 +O3 → SO•−4 +2O2 (16)

Due to a relatively slow rate (Equation (14)), the reaction with dissolved ozone formed
in PCD [28] likely takes place in the bulk solution.

Concerning hydrogen peroxide, Tikker et al. [20] showed that PCD results in H2O2
formation in concentrations of up to 0.11 mM in acidic solutions in 1 h of treatment at the
pulsed power of 32 W. The H2O2 formation is associated with the hydroxyl radicals’ recom-
bination (Equation (17)), which is produced from water molecules (Equation (18)) [37]:

HO• + HO• → H2O2 k = 5.5× 109 M−1 s−1 (17)

H2O + e− → HO• + H• + e− (18)

Sulfate and hydroxyl radicals may also react with HP producing hydroperoxyl radicals
(HO•2) able to activate persulfate anion (Equations (19)–(21)) [33]:

SO•−4 +H2O2 → SO2−
4 +HO•2 +H+ k = 1.2× 107 M−1 s−1 (19)

HO• + H2O2 → HO•2 +H2O k = 2.7× 107 M−1 s−1 (20)

S2O2−
8 +HO•2 → SO•−4 +SO2−

4 +O2+H+ k = 2.2× 104 M−1 s−1 (21)

Notably, moderate amounts of ferrous cations form in the stainless steel PCD reactor
reaching Fe2+ concentrations of up to 0.2 mg L−1 within 2 h of treatment. It makes the
Fenton reaction (Equation (22)) play a part, presumably minor, in the oxidation mechanism
of the target compound in the PCD process.

Fe2++H2O2 → Fe3++HO−+HO• k = 53 M−1 s−1 (22)

Activation of PDS and PMS with ferrous ions is actively studied (Equations (23)–(25)) [39]:

Fe2++S2O2−
8 → Fe3++SO2−

4 +SO•−4 k = 30 M−1 s−1 (23)

Fe2++HSO−5 → Fe3++HO−+SO•−4 k = 3× 104 M−1 s−1 (24)

Fe2++HSO−5 → Fe3++HO• + SO2−
4 (25)

Shang et al. [22] reported somewhat accelerated p-nitrophenol (2.5 mM) oxidation in
the combination of DBD/PDS with the addition of 3.6 µM of Fe2+. A tenfold increase in Fe2+

dose modestly accelerated oxidation rate, which may be explained by rapid scavenging of
sulfate radicals with excessive ferrous ions (Equations (26)) [22]:

SO•−4 +Fe2+ → Fe3++SO2−
4 k = 4.6× 109 M−1 s−1 (26)

Besides Fenton-like reactions, leaching iron may also catalyze ozone decomposition,
producing hydroxyl radicals (Equations (27)–(30)) [40]:

Fe2++O3 → Fe3++O•−3 k = 1.7× 105 M−1 s−1 (27)

O•−3 +H+ → HO• + O2 k = 5–9× 1010 M−1 s−1 (28)
Fe2++O3 → FeO2++O2 k = 8.2× 105 M−1 s−1 (29)

FeO2++H2O → Fe3++HO• + HO− k = 1.3× 10−2 M−1 s−1 (30)

2.2.1. Effect of Extrinsic Oxidant Dose on VMN Oxidation in UV/Oxidant Combinations

Figure 3 presents the effect of extrinsic oxidant dose, expressed as VMN/oxidant
molar ratio, and pH on the reaction rate constant k1 and TOC removal in VMN oxidation
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by unassisted UV photolysis and the UV/oxidant combinations. In the UV photolysis,
the k1 values in circum-neutral and acidic solutions were similarly low, while having
TOC elimination slightly increased with decreasing pH. At alkaline pH, the k1 and TOC
degradation achieved the highest values of 29.8 m3 kW−1 h−1 and 24.1%, respectively.
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The performance of the combined treatment in unadjusted pH conditions was mod-
erately enhanced with the increasing extrinsic oxidant concentrations. For instance, the
PDS addition in the molar VMN/oxidant ratios of 1/1 (13.5 µM), 1/5 (67.5 µM), and
1/10 (135.0 µM) resulted in the k1 value increased by 12.2%, 41.3%, and 89.2%, respec-
tively, compared with the unassisted UV photolysis. A similar trend was observed with
the UV/HP combination, while the addition of PMS showed low performance achiev-
ing only 37.8% in the best k1 improvement at the 1/10 VMN/PMS molar ratio. These
results are consistent with the different molar extinction coefficients presumably resulting
in different amounts of produced radicals (Equations (1)–(3)): slower activation of PMS at
the fast degradation of VMN by unassisted UV photolysis resulted in a smaller effect of
PMS addition.

The VMN mineralization was also improved with extrinsic oxidants (Figure 3). The
UV/oxidant combinations showed an increase in TOC removal from 1.7% in unassisted UV
photolysis in circum-neutral solutions to 18.1%, 24.2%, and 7.9%, respectively, in UV/PDS,
UV/HP, and UV/PMS combinations at the oxidant concentrations of 135.0 µM. These
observations suggest hydroxyl radicals produced from H2O2 are utilized in the oxidation
of degradation by-products more effectively for their unselective reactions.

At pH 11, the VMN degradation rate constant k1 in the unassisted UV photolysis, and
UV/PDS and UV/PMS combinations at the VMN/oxidant molar ratio of 1/5 comprised
29.8 m3 kW−1 h−1, 21.1 m3 kW−1 h−1, and 19.5 m3 kW−1 h−1, respectively (Figure 3). The
reason for lower oxidation rates in UV/PDS and UV/PMS combinations may be the absorp-
tion of the photons by persulfate or peroxymonosulfate anions preventing deprotonated
VMN direct photolytic degradation, which is faster than that proceeding via formation
of sulfate radicals. The use of the UV/HP combination resulted in k1 being increased to
34.3 m3 kW−1 h−1, which was probably due to the faster degradation of hydrogen peroxide
and production of hydroxyl radicals, thus overpowering their lower oxidation potential in
alkaline media [41]. The TOC removal also rose from 24.1% to 33.9% in UV-irradiated alka-
line VMN solution with HP addition, which is similar to the improvement at unadjusted
circum-neutral pH. The UV/PDS combination showed better performance in TOC removal
than UV/PMS, 42.6% vs. 33.0%, due to faster synergism of both VMN photolysis (Figure 1)
and PDS decomposition (Equation (5)) in alkaline conditions. The synergy is supported
by the persulfate anion activation with hydroperoxide anion-producing sulfate radicals
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contributing to the mineralization of VMN oxidation products (Equations (31) and (32)) [13].
Further transformation of sulfate radicals to hydroxyl radicals through Equation (9) may
also somewhat change the balance between ionic and molecular forms of VMN and its
oxidation by-products affecting further oxidation.

S2O2−
8 +H2O → 2SO2−

4 +HO−2 +H+ (31)

S2O2−
8 +HO−2 → SO2−

4 +SO•−4 +O•−2 +H+ (32)

The activation of PMS in alkaline solutions can also take place, producing hydroxyl
radicals, singlet ozone, and superoxide radicals. For example, the degradation of Acid
Orange 7 was observed for the alkali/PMS combination but not for the alkali/PDS [42].
One of the important steps of PMS activation at alkaline pH is the formation of hydrogen
peroxide and its hydrolysis to hydroperoxide anion, which further produces other ROS
(Equations (33)–(35)) [42]:

HSO−5 +H2O → H2O2+HSO−4 (33)

H2O2 → HO−2 +H+ (34)

H2O2+HO− → HO−2 +H2O (35)

For example, hydrogen peroxide formed in the reaction described by Equation (33) may
also be degraded by UV radiation forming hydroxyl radicals (Equation (2)), thus oxidizing
VMN and its degradation products. This hypothesis may be evidenced by mineralization
with UV/HP proceeding with efficiency similar to the one of PMS in alkaline solutions
(Figure 3).

2.2.2. Effect of Extrinsic Oxidant Dose on VMN Oxidation in PCD/Oxidant Combinations

In acidic media, the unassisted PCD treatment showed a somewhat decreased VMN
degradation reaction rate constant compared with the unadjusted circum-neutral pH, al-
though the TOC removal increased from 76.9% to 85.7% with decreasing pH (Figure 4).
The higher oxidational potential of hydroxyl radicals in acidic media [41] most probably
contributed to more effective oxidation, whereas selective reactions of more stable molecu-
lar ozone may be attributed to the lower oxidation rate of VMN in acidic solutions. These
contrary phenomena resulted in a decreased VMN oxidation rate, although the reaction
products, such as oxalate, are easier oxidized in acidic medium providing deeper mineral-
ization [20]. At alkaline pH, similarly to unassisted UV photolysis, the value of k1 increased
to 75.8 m3 kW−1 h−1, while TOC removal decreased by almost half to 48.8%. Similar results
were obtained by Tikker et al. [20] for oxalate mineralization in unassisted PCD treatment,
and the decreased TOC removal was explained by (i) the decreased hydroxyl radical oxida-
tion potential [41], (ii) scavenging of hydroxyl radicals by carbonates and/or bicarbonates,
and (iii) possible scavenging of hydroxyl radicals by ozone. Carbonates/bicarbonates are
accumulated in alkaline solutions due to absorption from the air (Equations (36) and (37))
and mineralization of by-products.

CO2+HO− → HCO−3 (36)

HCO−3 +HO− → CO2−
3 +H2O (37)
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rate constant k1 and TOC removal ([VMN]0 = 13.5 µM, unadjusted pH*, treatment time for TOC
removal 2 h).

Table 1 shows the TIC concentration after 2 h of treatment in acidic/circum-neutral
and alkaline conditions. In alkaline media, the total inorganic carbon changed during the
treatment from around TIC0 = 7 ± 1.4 to 14 ± 0.7 mg C L−1 corresponding to 35 ± 7.0 and
70± 3.5 mg L−1 of bicarbonate/carbonate, while at the starting circum-neutral pH, the final
concentration of bicarbonates did not exceed 4 mg L−1 since the pH was reduced during
the treatment. The second-order reaction rate constants of radical scavenging reactions
with bicarbonates/carbonates are high enough to reduce the number of available hydroxyl
radicals and, also, interrupt the formation of ozonide ion radicals from superoxide radicals
responsible for the generation of hydroxyl radicals (Equations (38)–(41)) [34]:

HCO−3 +HO• → CO•−3 +H2O k = 8.5× 106 M−1 s−1 (38)

CO2−
3 +HO• → CO•−3 +HO− k = 3.9× 108 M−1 s−1 (39)

CO•−3 +O•−2 → CO2−
3 +O2 k = 4.0× 108 M−1 s−1 (40)

O3+O•−2 → O•−3 +O2 k = 1.5× 109 M−1 s−1 (41)

Table 1. Concentration of TIC in VMN solutions in 2 h of treatment dependent on pH values
([VMN]0 = 13.5 µM, [oxidant]0 = 67.5 µM).

Combination TIC, mg C L−1

pH 3/Unadjusted pH pH 11

UV 0.5 3.6

UV/PDS 0.8 5.8

UV/HP 1.3 4.3

UV/PMS 0.7 4.7

PCD 0.6 14.3

PCD/PDS 0.6 12.9

PCD/HP 0.6 14.6

PCD/PMS 0.5 13.5

At alkaline pH, ozone may react with hydroxyl radicals forming less reactive hydroper-
oxyl radicals (Equation (42)) [34]:

O3+HO• → HO•2+O2 k = 1.0× 108 M−1 s−1 (42)
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The dose of added oxidants directly affects the oxidation performance in tested combi-
nations, with excessive concentrations exhibiting a self-scavenging effect, whereas a lack of
oxidant shows a negligible effect. Previously, the optimum target compound-to-oxidant
molar ratio in DBD treatment of benzotriazole and sulfamethoxazole solutions was found
to fit into a 1/30–1/40 interval [23,43]. For oxalate, however, oxidation in PCD showed the
optimal molar ratio with PDS of 1/0.5, improving the energy efficiency of mineralization
for 1.7 times.

In this study, the performance of PCD/oxidant combinations in circum-neutral solu-
tions moderately improved with increased concentrations of extrinsic oxidants following
the descending order PCD/PDS > PCD/PMS > PCD/HP (Figure 4), suggesting more
effective production of radicals in the PCD/PDS combination. The moderate character of
oxidation enhancement is seen from, for example, a less than twofold increase in VMN
degradation rate when PDS was added in the amount of tenfold the VMN content: the k1
value at its maximum of 59.3 m3 kW−1 h−1 was achieved at the PDS dose of 135.0 µM at the
VMN/PDS molar ratio of 1/10 compared with 30.3 m3 kW−1 h−1 for unassisted PCD treat-
ment. The required time to degrade VMN decreased 2-fold from 4 to 2 min indicating that
contact with electrical discharges (Equation (4)) is the main mechanism of PDS activation be-
cause long-living oxidants, i.e., ozone, were at low concentrations [26]. The disproportional
but direct connection between the extrinsic oxidant dose and the reaction rate indicates that
sulfate radicals formed by PCD activation from PDS contribute to VMN oxidation. Further
oxidation of the VMN degradation products with sulfate radicals also showed an effect
compared with unassisted PCD; thus, TOC removal at the lowest PDS dose of 13.5 µM com-
prised 92.5%, whereas unassisted PCD removed TOC for 76.9% in circum-neutral solutions
(Figure 4). The increased PDS dose showed a negative trend in VMN mineralization with
decreasing the TOC removal to 82.1% at the maximum VMN/PDS ratio of 1/10, indicating
a scavenging effect of sulfate radicals (Equations (10) and (11)) and/or hydrogen peroxide
(Equation (19)).

Contrary to the PCD/PDS process, the PCD/PMS combination demonstrated improve-
ment with growing PMS dose in both the pseudo-first-order VMN degradation reaction
constant k1 and mineralization of VMN oxidation products, reaching 56.4 m3 kW−1 h−1

and 96.4%, respectively. The difference in activation pathways of PDS and PMS, as well
as in the types of active species, provides better performance of PMS in combination with
PCD. Furthermore, the activation of PMS with ozone (Equations (14)–(16)) and ferrous ions
(Equations (24) and (25)) may also play an important role in changing the tendency in the
oxidation rate and mineralization dependent on the extrinsic oxidant dosing. The activation
of PMS with aqueous electrons is two orders of magnitude slower than that of PDS due
to the higher O-O bond dissociation energy (Equations (4) and (13)), which makes the
number of radical species smaller, thus helping to avoid scavenging associated with sulfate
radical recombination seen for PDS (Equations (10) and (11)). Somewhat similar results
were reported by Shang et al. [37] for the degradation of sulfamethoxazole in DBD/oxidant
combinations: the increase in the reaction rate constant with PMS additions was higher
than that with PDS compared with unassisted DBD.

The use of PCD/HP combination resulted in the lowest effect on the k1 value amongst
the studied extrinsic oxidants resulting in 46.1 m3 kW−1 h−1 at the highest dose of HP
(Figure 4). Since there is an accumulation of HP in PCD, its activation is slow, meaning that
PCD is a weak hydrogen peroxide activator. This is consistent with the rather low VMN
mineralization degree fluctuating from 71.8% to 76.5%. A large dose of HP did not improve
oxidation, which was most likely the consequence of radical self-scavenging reactions.

In alkaline solutions, the PCD/oxidant combinations demonstrated accelerated VMN
decomposition and decelerated mineralization compared with circum-neutral and acidic
media (Figure 4). The accumulation of TIC (Table 1), supposedly as carbonates at pH 11,
and associated oxidant-scavenging reactions were the reason for the lower VMN mineral-
ization. The PMS and HP additions showed neutral effect in mineralization compared with
unassisted PCD. In the PCD/PDS combination, however, the TOC removal increased from
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47.9% in unassisted PCD to 60.9%, which may be determined by the TIC content decrease
from 14.3 to 12.9 mg C L−1 in the PCD and PCD/PDS combination, respectively, and the
increase in the number of reactive species possibly overpowering the scavenging effect
of carbonates.

2.3. Identification of VMN Transformation Products

In addition to the efficiency of degradation and mineralization of the target compound,
transformation products (TPs) were identified during the oxidation of VMN by the studied
UV- and PCD-based systems using LC-MS analysis.

The results obtained showed that in the case of UV-based systems, the predominant
transformation product was TP1 with m/z 716, most likely formed during the dehydroxyla-
tion of the VMN molecule (proposed elemental composition C66H73Cl2N9O23), which was
also previously identified by Furia et al. [44] in the oxidation of VMN with a Fenton-based
system. In addition, the formation of TP2 with m/z 733 (C66H75Cl2N9O25) and TP4 with
m/z 741 (C66H75Cl2N9O26) was observed, which suggests the hydroxylation of the VMN
molecule. For PCD-based oxidation, traces of TP1, TP2, and TP3 were also found, but TP4
with m/z 758 turned out to be specific and more abundant, which most likely indicates the
formation of a polyhydroxylated VMN molecule (C66H77Cl2N9O28).

2.4. Comparison of Operating Costs

To evaluate energy efficiencies of the treatment systems under the scope, energy yields
at 90% conversion of VMN (E90, g kW−1 h−1) were calculated as the ratio of the oxidized
VMN quantity to the energies consumed by the UV irradiation and PCD treatment together
with the cost of extrinsic oxidants [20]. The cost of oxidants was considered as EUR 1.0
kg−1, EUR 1.5 kg−1, and EUR 2.5 kg−1 for HP, PDS, and PMS, respectively, including
transportation and taxation based on average wholesale prices on the market in 2022. The
cost of oxidants was converted to the equivalent energy expense considering the average
European non-household electric energy price of EUR 0.125 kW−1 h−1 [45] dependently on
the dose, and added to the total energy expenditure. The calculation results are shown in
Table 2.

Table 2. Energy efficiencies of VMN oxidation in UV/oxidant and PCD/oxidant combinations
([VMN]0 = 13.5 µM, unadjusted pH).

E90, g kW−1 h−1

UV PCD

pH 3 36 146
Unadjusted pH 36 195

pH 11 228 540

Molar ratio UV/PDS UV/HP UV/PMS PCD/PDS PCD/HP PCD/PMS

1/1 37 44 34 250 256 126
1/5 34 52 23 187 196 39

1/10 28 61 18 143 136 21
1/5, pH 11 58 173 40 243 248 40

In the unassisted processes at unadjusted circum-neutral pH, the PCD treatment
showed more than five times higher energy efficiency than UV photolysis. At pH 11,
PCD and UV processes achieved their highest energy efficiencies of 228 g kW−1 h−1 and
540 g kW−1 h−1, respectively.

The addition of extrinsic oxidants without substantial improvement in the oxidation
rate negatively affects the energy efficiency while also making the combined treatment
less convenient in terms of chemicals delivery, storing, and handling. However, some
combinations with PDS and HP demonstrated considerably increased E90 values dependent
on the applied oxidant dose; thus, at the lowest PDS and HP doses, combinations with PCD
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showed cost efficiencies exceeding the unassisted process for about 1.3 times, decreasing
with further extrinsic oxidant additions (Table 2).

The UV/PDS combination at the VMN/PDS molar ratio of 1/1 showed the VMN
degradation result similar to the unassisted UV photolysis, although noticeably improv-
ing TOC removal (Figure 3). Interestingly, in the UV/HP combination, the trend in the
treatment energy efficiency dependent on the HP dose is positive, showing the efficiency
increased from 44 g kW−1 h−1 to 61 g kW−1 h−1 (Table 2). Showing the k1 values similar
to the ones in the UV/PDS process, the UV/HP combination was more effective due to the
hydrogen peroxide cost being 1.5 times smaller than PDS.

Finally, being the most expensive and heaviest extrinsic oxidant (MW = 304 g mol–1),
PMS yields to other oxidants in energy efficiency compared with direct photolysis and
unassisted PCD (Table 2).

3. Materials and Methods
3.1. Chemicals

Vancomycin hydrochloride (C66H75Cl2N9O24·xHCl,≥99%), sodium persulfate (Na2S2O8,
≥99%), potassium peroxymonosulfate (Oxone®, KHSO5·0.5KHSO4·0.5K2SO4), hydrogen
peroxide (H2O2, PERDROGEN™, ≥30%), potassium iodide (KI, ≥ 99%), sodium bicar-
bonate (NaHCO3, 99%), and sodium sulfite (Na2SO3, ≥99%) were obtained from Sigma-
Aldrich, St. Louis, MO, USA and used without further treatment. Methanol (CH3OH,
≥99%), acetonitrile (CH3CN, LiChrosolv®), and formic acid (CH2O2, 99%) used as eluents
were obtained from Merck KGaA, Darmstadt, Germany.

3.2. Pulsed Corona Discharge Equipment

The PCD experiments were conducted in a device made by Flowrox Oy (Finland) with
characteristics given in Table 3. The device consists of a PCD stainless steel reactor with
the storage tank, pulse generator, and circulation pump with the frequency regulator used
to control the pump rotation rate (Figure S3 from Supplementary Materials). The plasma
reactor contains an electrode system consisting of high voltage wire electrodes positioned
horizontally between two grounded vertical parallel plates. The generator applies high
voltage pulses to the electrode system at the pulse repetition frequencies in pulses per
second (pps) controlled incrementally as shown in Table 3. The output–input ratio of the
pulse generator comprises 65%. Treated solution is dispersed through the perforated plate
positioned above the wire electrodes at a certain spray density determined as the flow rate
divided by the planar cross-sectional area of the plasma zone, m s−1. After passing the
plasma zone, treated solution falls to a storage tank, from where it is circulated back to the
top of the reactor.

3.3. Photochemical Equipment

Photochemical experiments were performed in batch mode in a 1 L cylindrical glass
reactor. A low-pressure mercury germicidal lamp (11 W, TUV PL-S, Philips, Netherlands)
placed in a quartz sleeve inside the reactor was used as a UVC source. The input–output
power of the lamp is approximately 32%. The incident photon flux at 254 nm of the lamp
used in VMN oxidation comprised 2.55 × 10−7 Einstein s−1 measured by ferrioxalate
actinometry. The lamp was turned on for 10 min before the trial to provide a constant
radiation output. A water-cooling jacket was used to maintain constant temperature in
the reactor.

3.4. Experimental Procedures

Experiments were carried out at an ambient room temperature of 21 ± 1 ◦C at the
VMN initial concentration of 20 mg L−1 or 13.5 µM. The unadjusted water pH values were
5.8 ± 0.2 and 6.8 ± 0.2 for UV and PCD experiments, respectively. For acidic (pH 3) and
alkaline (pH 11) conditions, pH was regulated by adding H2SO4 or NaOH in 0.1 to 5.0 M
solutions. The effect of PDS, PMS, and HP additions in both photochemical and PCD
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experiments were studied at concentrations of 13.5 µM, 67.5 µM, and 135.0 µM, providing
the oxidant-to-target compound molar ratio equal to 1, 5, and 10. In experiments with
the oxidant additions, the oxidation reaction in samples taken for HPLC-PDA analysis
was quenched by adding methanol at the sample-to-CH3OH volume ratio of 10. For the
TOC analysis, sodium sulfite was used at the Na2SO3-to-oxidant molar ratio of 10. In the
UV/oxidant trials, the VMN solution in the amount of 0.8 L was prepared in bi-distilled
water and treated for 2 h with permanent stirring by means of a magnetic stirrer. After
the dissolution of the added oxidant, the preheated UVC lamp inserted into the reactor
initiated the oxidation.

Table 3. Technical parameters of PCD device.

Parameter Value

Reactor parameters

Reactor full volume, L 80
Perforated plate size, mm ×mm 565 × 97

Number of perforations 24
Diameter of perforations, mm 3

Water flow rate, L min−1 2–18
Spray density, m s−1 0.002–0.0177

Plasma zone volume, m3 0.011
Contact surface area at flow rate of 1 m3 h−1, m−1 130 *

Electrode configuration

High voltage wire length, m 12
Wire diameter, mm 0.6

Distance between electrodes and grounded plate, mm 17
Distance between high-voltage electrodes, mm 30

Generator characteristics

Pulse repetition frequency, pps 25, 50, 100, 200, 500, and 800
Output power, W 8–112
Peak voltage, kV 22
Peak current, A 290

Current pulse duration, ns 70
Pulse energy, J 0.14–0.16

* The gas–liquid contact surface was measured using a classical method of sulfite oxidation by air oxygen in the
presence of cobalt sulfate catalyst [46].

The stock solutions for PCD experiments were prepared in a 1 L volumetric flask
using bi-distilled water, followed by dilution to a total volume of 5 L by distilled water
in the reactor tank. Pre-selected amounts of the extrinsic oxidant were dissolved in a
100 mL volumetric flask and mixed with the treated solution in the tank before the start
of treatment. All PCD experiments were performed at a circulated water flow rate of
1 m3 h−1 corresponding to the gas–liquid contact surface area of 130 m−1 and the pulse
repetition frequency of 50 pps with the pulsed power input of 8 W. The plasma treatment
time comprised 2 h with a total energy dose of 2.4 kWh m−3 delivered to the treated
sample. For proper sampling, the treated solutions were circulated in the reactor for four
minutes after the pulse generator was turned off for equalizing the concentrations in the
reactor’s volume.

3.5. Analytical Methods

The concentration of VMN was determined using high-performance liquid chro-
matography combined with a diode array detector (HPLC-PDA, Shimadzu SPD-M20A,
Shimadzu, Kyoto, Japan) equipped with a Phenomenex Gemini (150 × 2.0 mm, 1.7 mm)
NX-C18 (110 Å, 5 µm) column. The analysis was performed using an isocratic method with
a mobile phase composed of 9% vol. of acetonitrile containing 0.3% of formic acid and
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91% vol. of 0.3% formic acid aqueous solution. The flow rate was kept at 0.25 mL min−1.
Samples injected in 75 µL volume were analyzed at a wavelength of 220 nm.

Samples from selected experiments were analyzed by high-performance liquid chro-
matography coupled with a mass spectrometer (HPLC-MS, Shimadzu LC-MS 2020, Shi-
madzu, Japan). Mass spectra were acquired in the full scan mode (scanning in the range of
100–1500 m/z). The instrument was operated in positive ESI mode and the results obtained
with the MS detector were processed using Shimadzu Lab Solutions software.

Total carbon (TC) and total inorganic carbon (TIC) were measured using a TOC
analyzer multi N/C® 3100 (Analytik Jena, Jena, Germany) in 20 mL samples with an
injection volume of 500 µL for each replicate. Solution pH was measured using a digital
pH/Ion meter (Mettler Toledo S220, Mettler Toledo, Greifensee, Switzerland).

Utilization of persulfates was quantified iodometrically measuring residual concen-
trations in the treated samples by adding an excess KI and using a spectrophotometer
(Genesys 10S, Thermo Scientific, Waltham, MA, USA) at λ = 352 nm [47]. The residual H2O2
concentration was measured spectrophotometrically at λ = 410 nm with titanyl sulfate by a
H2O2-Ti4+ complex formation [48].

Due to different volumes of treated water and power input, photolytic and PCD
oxidation processes cannot be compared by observing the decrease in VMN concentration
over time, but only by the delivered energy doses calculated for the water volumes and the
delivered power in the time of treatment.

To evaluate the effect of extrinsic oxidant addition on the VNM degradation effi-
ciency, a pseudo-first-order reaction rate constant k1 was calculated (Equation (43)) using
slopes of the straight lines by plotting ln (Ct/C0) as a function of delivered energy dose D
(Equation (44)) through linear regression:

d[C]

dD
= −k1·[C] (43)

D =
P·t
V

(44)

where k1—pseudo-first-order reaction rate constant, m3 kW−1 h−1; C—concentration of
target compound; D—delivered energy dose, kWh m−3, P—power delivered in PCD or UV
treatment, kW; and V—volume of treated solution, m3.

The energy efficiency E90, g kW−1 h−1, was calculated for 90% VMN degradation
using Equation (45):

E90 =
∆C·V

W
(45)

where ∆C—a decrease in target compound concentration, g m−3; V—volume of treated
solution, m3; and W—energy consumption derived from the generator power output and
the time of treatment, kWh.

4. Conclusions

The UV photolysis, PCD, UV/oxidant, and PCD/oxidant processes were found to be
effective in decomposing the aqueous pharmaceutical vancomycin. All studied extrinsic
oxidants demonstrated certain synergism with PCD and UV, accelerating oxidation. For
all combinations, with a minor exception for UV/PMS showing negligible improvement,
an increase in the dose of extrinsic oxidant resulted in a noticeable increase in the pseudo-
first-order rate constant. In the UV/oxidant combination, TOC removal increased mostly
linearly with the applied oxidant dose, although in the PCD/oxidant combination, the effect
of the oxidant dose on TOC removal showed variable deviations, with only the PCD/PMS
combination showing a positive trend at the highest removals. The TOC removal in the
PCD/oxidant combinations remarkably exceeds the one in the UV/oxidant treatment.

The direct UV photolysis and unassisted PCD demonstrated relatively high energy
efficiency of 36 g kW−1 h−1 and 195 g kW−1 h−1, respectively. For all combinations, a
positive effect on the energy efficiency was observed only at the lowest oxidants doses,
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except for the UV/HP combination which almost doubled the energy efficiency at the
VMN/oxidant molar ratio of 1/10 compared with unassisted UV photolysis. In conclu-
sion, the application of UV/HP at higher oxidant doses and PCD/HP and PCD/PDS
combinations at moderate oxidant doses provide advantageous VMN degradation and
mineralization. On the other hand, the unassisted PCD treatment provides sufficiently high
energy efficiency as a chemical-free method.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/xxx/s1. Figure S1. Degradation of VMN in UV photolysis, PCD treatment,
UV/HP and PCD/HP combinations ([VMN]0 = 13.5 µM, [HP]0 = 67.5 µM, unadjusted pH); Figure S2.
Degradation of VMN in UV photolysis, PCD treatment, UV/PMS and PCD/PMS combinations
([VMN]0 = 13.5 µM, [PMS]0 = 67.5 µM, unadjusted pH); Figure S3. Scheme of pulsed corona
discharge device.
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