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In this study, the degradation of tramadol (TRA) was studied for the first time in deionized water (D-I) and final
wastewater effluent (FWWE) using a dielectric barrier discharge reactor operated in a continuous flow mode.
Initially, the reactor was optimized for voltage and initial concentration conditions. After 60 min treatment, the
degradation efficiency of TRA was 93 % in D-I and only 27 % in FWWE. Also, the pseudo-first-order rate constant
in DI (0.056 min~!) was an order of magnitude higher than the FWWE (0.0056 min!). To understand the
reasons for this disparity, experiments were conducted to investigate the impact of conductivity, pH, and certain
natural radical scavengers present in the wastewater. The results revealed that the rate of degradation and ki-
netics of TRA in the presence of HCO3 was comparable to those observed in FWWE due to the scavenging of the
®0H radicals. Meanwhile, Fenton reaction with TRA was confirmed with the synthetic solution based on the
increased production of H0,. Toxicity tests showed that the treated TRA solution did not inhibit the growth of

Escherichia coli as opposed to the untreated solution.

1. Introduction

The occurrence of residual pharmaceuticals in the water cycle has
been linked to their increased production, consumption, and decrease in
their prices over the last two decades [1]. Although they are detected in
very low concentrations (ngL’1 and ng’l), these emerging contami-
nants have become a concern to both the scientific community and the
public due to their persistence in the environment and toxicity reports
[2]. One of the pharmaceutical compounds of interest is Tramadol
(TRA), an opioid that is widely used for treating moderate to severe
pains. Its global consumption surged from 290 tons in 2006 to 424 tons
in 2012 [3], with Germany alone prescribing 24 tons in 2012 [4].
Meanwhile, only about 70 % of TRA dosage is metabolized by the human
system, leaving the remaining 30 % to be excreted as waste [5]. Given its
high hydrophilicity and low biodegradability, TRA has been classified as
one of the extremely recalcitrant water micropollutants [6]. This char-
acteristic renders its elimination through conventional wastewater
treatment setups very challenging. Furthermore, documented reports
have surfaced detailing the adverse impacts of TRA on aquatic life,
including Zebra fish [7], Crayfish [8], Tilapia [9], Common carp [10],
among others. These findings underscore the urgency for the
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development of technologies that can effectively deal with the micro-
pollutant in water sources.

Various methods have been proposed to address the challenge of
recalcitrant micropollutants like pharmaceuticals in water, with
advanced oxidation processes (AOPs) gaining more attention in recent
times [11-13]. These innovative methods encompass the generation of
highly potent reactive species such as ozone (Eq: 2.07 V) and hydroxyl
radicals (Eq: 2.8 V), that can potentially oxidize toxic pharmaceutical
compounds into harmless by-products [14]. Hydroxyl radicals (*OH) are
particularly desirable because they are not only strong oxidizers but also
non-selective towards various types of micropollutants. A variety of
AOPs, such as ozonation [15], ozone-assisted process with Fe [16], ul-
traviolet irradiation with chlorine and HyO; [17], photocatalysis
[18-20], Fenton-like process [21] have demonstrated successful TRA
degradation with notable removal efficiencies. Among emerging AOPs,
non-thermal plasma technology (NTP) has garnered significant interest
due to its simplicity, versatility, high energy efficiency, environmental
suitability, and minimal reliance on additional chemical reagents. NTP
treatment capitalizes on the synergy of reactive species — (H*, *OH, O,
10,), molecules (H20s, O3 etc.), ultraviolet light, and shock waves [22].
Within NTP configurations, the Dielectric barrier discharge (DBD)
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stands out for its operation at low/atmospheric pressure conditions and
near-ambient temperatures. This configuration offers distinct advan-
tages such as low energy consumption, thereby contributing to a cost-
effective treatment solution. Alternate NTP configurations for water
treatment have been reported by Cui et al. [23], and their efficiencies
have been extensively discussed by Malik [24].

Several factors affect the effectiveness of an AOP in eliminating
micropollutants, including the mode of operation (batch, continuous,
etc), solution conductivity, and the presence of natural radical scaven-
gers, among others. Typically, studies on TRA removal have been con-
ducted in batch mode where the generated reactive species have
adequate mass transfer in the solution and contact with the pollutant.
While this mode yields rapid and energy-efficient degradation, its
drawback lies in limited throughput, curtailing potential applicability
beyond the laboratory-scale [25]. Also, the conductivity of the solution
can influence the rate of reactive species generated in certain AOPs.
While a Surface Dielectric Barrier Discharge (SDBD) reactor remains
unaffected by water conductivity because the discharge has no direct
contact with the liquid [26], initiating a discharge in a Volume Dielectric
Barrier Discharge (VDBD) system necessitates low conductivity in the
order of a few puS/cm [27]. Elevated solution conductivity in VDBD
systems reduces the length of the discharges, thereby decreasing the
intensity of the reactive species generated and ultimately impacting
pollutant degradation. For instance, Karoui et al. [28] observed varying
degradation efficiencies for ciprofloxacin across various water matrices:
ultra-pure water (15.12 pS/cm), tap water (492.2 uS/cm), and phar-
maceutical water (2454 puS/cm) in a VDBD treatment. The degradation
efficiencies observed were 100 %, 76 %, and 60 %, respectively. Also,
natural ions in raw aqueous solutions are acknowledged as potential
scavenger for the reactive species. These dynamics elucidate the ratio-
nale behind majority of DBD studies concentrating on solutions char-
acterized by low conductivity and high purity. However, there are
unanswered questions on how the degradation of micropollutants are
prohibited in real wastewater effluent.

Therefore, this study not only examined the performance of a flow-
through VDBD-type reactor in the degradation of TRA but also probes
the divergences in pollutant removal between synthetic water and final
wastewater effluent. To date, micropollutant investigations in this spe-
cific context remain scarce, prompting the development of multiple as-
sumptions in this study. The first hypothesis was based on the influence
of solution property, particularly the conductivity of the wastewater
effluent, given its potential to affect the length of the discharges as
mentioned earlier. The second hypothesis considered the influence of
cross-interference reactions between natural ions (Cl1-, HCO3) and the
ROS generated by the reactor. The influence of naturally occurring ions
in the wastewater effluent was used in elucidating their impact on the
reactive species available for contaminant degradation. Finally, a simple
toxicity investigation was performed with Escherichia coli.

2. Experimental method
2.1. Materials

Tramadol hydrochloride (C16H25NO2.HCI, purity >99 %) was pur-
chased from Sigma-Aldrich Co. (Johannesburg, South Africa). The mo-
lecular structure of this compound is shown in Fig. S1. Sodium
hydroxide (NaOH), sulphuric acid (H2SO4), potassium chloride (KCl),
and sodium chloride (NaCl) were purchased from Glassworld (Johan-
nesburg, South Africa). Other chemicals like Sodium hydrogen carbon-
ate (NaHCO3), and Iron (II) sulphate heptahydrate (FeSO4.7H20) were
supplied by Merck Chemicals (PTY) Ltd. (Germiston, South Africa). All
the chemicals were used without further purification because of their
high purity. The synthetic TRA solutions were prepared in deionized
water which had a resistivity of about 18.2 MQ/cm. Final wastewater
effluent was collected from a local municipality in Pretoria West, South
Africa, at the effluent discharge point.
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2.2. Experimental procedure

5 mg/L TRA solution was prepared in a litre of deionized water, final
wastewater effluent, and in solutions containing NaOH (2 M), H2SO4 (2
M), NaCl (2 mg/L), NaHCO3 (236 mg/L), KCI (0.3 M), FeS04.7H50 (2
mg/L). These solutions were subjected to plasma treatment individually.
The experimental setup, shown in Fig. 1(a), featured a DBD plasma
reactor composed of borosilicate glass with wall thickness and outer
diameters of 0.23 cm and 4 cm, respectively. The length of the glass tube
is 30 cm, and it incorporated a stainless-steel rod of 1.27 cm in diameter
and 29 cm in length, serving as the high-voltage (HV) electrode. A
conductive copper tape, 1 mm width, and 0.1 mm thickness constituted
the ground electrode, encircling the glass both radially and laterally as
shown in Fig. 1(b). Air was introduced naturally into the reactor as the
working gas without an aerodynamic device. The plasma discharge was
initiated and maintained by an alternating current (AC) power source
(built by Jeenel Technologies Pty, Boksburg, South Africa) operated
between 6 and 8 kV input voltage and a constant frequency of 20 kHz.
According to Fig. 1(a), the high voltage line was connected to the HV
multi-pin inner stainless-steel electrode, positioned centrally within the
reactor. The HV electrode was hollow, facilitating the passage of water
from the storage into the reactor, while the discharges are generated at
the multi-pin edges. The contaminated water was sprayed out evenly at
the upper section of the reactor through a micro jet spray positioned in a
spacer at the top of the HV electrode. The spacer also helps to hold the
electrode centrally within the reactor. As the water descended, it con-
tacts the purple-coloured discharges at the multi-pin edges, subse-
quently flowing back into the storage. This cyclic process persisted for
the designated treatment duration, with the water being pumped back
into the reactor using a peristaltic pump operated at 400 mL/min flow
rate. To ensure uniform solution mixing in the storage container, a
magnetic stirrer was employed. Additionally, the pH of the solution was
adjusted with aqueous NaOH and H3SO4 solutions.

Unless otherwise specified, the input voltage from the AC power
supply was set at 8 kV, while the actual discharge current and voltage
measurements were monitored with a digital oscilloscope (Rigol
DS1074 Zplus, 70 MHz GSa/s). The dissipated power for the reactor was
calculated via Eq. (1) [26]. Optical emissions spectra were captured with
a spectrometer (manufactured by StellarNet Inc) to investigate the
reactive species generated in the DBD reactor.

P (W)= %/OT V() x 1(1)dr )

where P is the average dissipated power, while V(t) and I (t) are the
waveforms of voltage and current at time t, respectively.

2.3. Analytical measurements

The pH and conductivity of the solution were measured with a
HANNA Multiparameter HI98194 meter. The concentration of hydrogen
peroxide and ozone were obtained by spectrophotometry using a Lovi-
bond® Spectrodirect water testing instrument (Tintometer® Group,
Germany) after the contaminated solution was exposed to plasma
treatment. To achieve this, each of the reagents assigned to the different
molecules were added to the samples withdrawn from the storage in a
designated vial without dilution. The removal of TRA was monitored by
measuring TRA concentration as a function of time during plasma
treatment. To achieve this, 1 mL aliquot of the treated solution was
withdrawn from the storage at 5 min intervals and analyzed on a High-
Performance Liquid Chromatography (HPLC). The HPLC used is an
Alliance Waters 2695 with a UV-Vis Waters detector equipped with
Waters C18 5 p column which has 4.6 by 250 mm dimensions. The
mobile phase used consisted of 50 % acetonitrile and 50 % water (with 1
% acetic acid) at a flow rate of 1 mL/min. The injection volume was set
at 10 pL while the UV detector was operated at 272 nm. TRA
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Fig. 1. Experimental arrangement for the tramadol degradation process (a) schematic illustration of the setup (b) DBD plasma reactor showing purple streamer

discharges at the edges of the multi-pin electrode.

degradation efficiency in the solution was estimated using Eq. (2):

(TRA, — TRA,)

100
TRA,

n(%) = (2

Meanwhile, TRA degradation kinetics was confirmed as pseudo first-
order according to Eq. (3):

In (TRAU) =kt
TRA,

3

TRA, and TRA, (ing) represent the initial tramadol concentration and
concentration at a predetermined time, t(min), respectively. 5 represents
tramadol degradation efficiency and the rate constant is defined as k
(min~1). All inorganic ions present in the water matrices were quantified
using a 940 professional Ion Chromatography (IC) variable chroma-
tography (Metrohm, Switzerland), with a Metrosep C6-250/4.0 sepa-
ration column and C6 eluent 8 mM oxalic acid (Metrohm, Switzerland).
Also, the energy yield, Y (g/kWh), is defined as the amount of TRA
decomposed per unit of energy consumed. This was calculated with Eq.
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(4) [26]:

TRA, x V x L
Pxt . Q)

Y (g/kWh) =
where V is the volume of the treated water (L), n the degradation effi-
ciency (%), P is the average power dissipated in the DBD reactor (W) and
t represents the treatment time (h). Y, describes the energy yield at a
specific degradation efficiency, # (%).

To investigate the toxicity of the solution, an American Type
Collection strain of Gram-negative Escherichia coli (ATCC 10536™) was
purchased from Sigma Aldrich (Johannesburg, South Africa), and grown
on Luria Bertani (LB) medium under incubation conditions for batch-
batch reproducibility. The antibacterial activity of plasma-treated and
untreated solutions containing TRA was tested by diffusion bioassay to
determine zones of inhibition. Prior to the toxicity investigation, the
bacterium was inoculated in nutrient broth at 37 °C for 24 h after which
it was overlaid on the surface of nutrient agar plates. The tests were
conducted in triplicate for untreated, plasma-treated TRA solutions
respectively, and a control. After incubation, the presence of inhibition
zones was used to confirm antibacterial activity.

3. Results and discussion

3.1. Electrical and optical characteristics of the dielectric barrier
discharge reactor

The electrical properties of a plasma system directly influence its
degradation efficiency. Therefore, voltage and current the variations
during plasma discharge were captured with the digital oscilloscope and
used in the calculation of the dissipated power. Fig. S2 provides the
characteristic current-voltage waveforms of the gas-liquid DBD plasma
discharges with air. As shown, the peak value of discharge voltage and
current were approximately 8.0 kV and 44.8 mA. In this study, the
average dissipated power was estimated as 77 W.

To understand the reaction mechanism facilitated by the reactive
species present, emission spectroscopy was conducted on the plasma
generated as presented in Fig. 2 in a range of 270-450 nm and 600-850
nm. Each specie was identified by comparing the peak positions with the
atomic line database obtained in literature references [14, 29, 30]. As
expected in atmospheric air non-equilibrium discharges, the spectra
were dominated by the excited N, molecules, then N3, OH, and O. These
were generated primarily by energetic electron collisions with Ng, O,
and H,0 molecules [30]. The N3 spectrum (c3n, - B3Hg) was followed
by the Ny spectrum (B3Hg - A", indicating the formation of Ny
(A3ZI ) states. According to Lu et al. [31], Ny (BT and C3IT) and N3
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(xzzg) states are products of the electron impact excitation of the
molecular ground state Ny ! g). Meanwhile, OH radicals found at
297 and 309 nm [29] could be formed by the dissociation of water
molecules caused by an electronic impact, as described in Eq. (5).
Whereas O radicals at 777 nm might have been formed by energetic
collisions of electrons with O, molecules, as described in Eq. (6) [32].

H20+e’—>H+0H+6‘7 )

Oy +e =20+e 6)

The analysis of the optical emission spectra revealed the generation
of nitrogen, hydroxyl radicals, and atomic oxygen in the DBD reactor.
These active species were found to be transferred into the liquid phase,
where they further facilitated the production of secondary oxidative
species, including HoO», O3, NO3, and NO5 within the aqueous solution.

3.2. Influence of operating conditions on the removal TRA

Initially, the impact of applied voltage and initial concentration on
TRA degradation efficiency was assessed. The parameters yielding the
highest TRA conversion were subsequently considered as the optimal
conditions.

3.2.1. Effect of input voltage

The input voltage is one of the significant parameters showing a
great influence on the degradation of micropollutants with DBD reactors
[33]. An increase in the input voltage is expected to increase the con-
centration of the reactive species formed in the reactor which will
simultaneously increase the rate of degradation of the pollutant. From
the results in Fig. 3(a), as the voltage increased from 6 to 8 kV, the rate of
conversion of TRA also increased from 71 % to 93 % respectively during
the plasma treatment. Similarly, the reaction kinetics more than doubled
from 0.022 to 0.056 min~! respectively, as shown in Fig. S3. This con-
firms that there is a positive relationship between the applied voltage
and the rate of the reaction for TRA degradation with the DBD reactor.
Comparable observations surfaced during the plasma-induced removal
of pharmaceuticals like cephalosporins [34], Ibuprofen [35] among
others.

During the initial 20-min period, the degradation of TRA at 8 kV and
7 kV voltage inputs proceeded rapidly reaching 81 % and 73 % con-
versions respectively. Conversely, the rate of conversion was lower 6 kV.
However, after 20 min, TRA degradation at 6 kV showed a consistent
linear trend, while at 7 kV and 8 kV, the degradation proceeded at a
notably slow rate. This divergence could potentially stem from a decline
in available reactive species over extended durations. Another plausible
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Fig. 2. Optical emission spectrum of the plasma generated in the dielectric barrier discharge reactor at 20 kHz and 8 kV.
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Fig. 3. Effect of voltage on 5 mg/L TRA degradation.

explanation is the heightened competition between TRA and its inter-
mediate products for the reactive species at 7 kV and 8 kV. Thus, the
impact of applied voltage after 20 min on the removal of the actual
contaminant was limited. Furthermore, the energy yield for TRA
increased with the applied voltage as shown in Fig. 3(b). For example, at
50 % TRA degradation, the energy yield (Y'sg) computed at 6 kV, 7 kV,
and 8 kV was approximately 0.07 g/kWh, 0.2 g/kWh, and 0.23 g/kWh,
respectively. For each voltage, the energy yield decreased with an in-
crease in the rate of TRA degradation. This is because, under a constant
input voltage, the degradation rate of the target pollutant increases up to
a point in which further energy input no longer contributes to pollutant
removal.

The performance of the DBD plasma used in this work was compared
with other AOPs in Table 2. As mentioned earlier, most of the studies
were conducted in batch modes with small solution volumes. A
commercialized pulsed corona discharge reactor used in the degradation
of TRA achieved 91 % degradation efficiency of the contaminant in 2 h
[36]. Photocatalysis experiments conducted in 25 mL TRA solution gave
81.1 % and 90.63 % degradation efficiencies in 80 min and 120 min with
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bismuth ferrite and cobalt doped-bismuth ferrite catalysts, respectively.

3.2.2. Effect of initial concentration

Using the optimum voltage of 8 kV, the effect of initial concentration
on the degradation of TRA was examined. The results provided in Fig. 4
(a) showed that the degradation efficiency of the pollutant decreased
from 93 % to 11 % with an increase in the initial concentration from 5
mg/L to 20 mg/L. Similarly, the reaction kinetics reduced from 0.056 to
0.002 min~!, respectively, as shown in Fig. S3. This result can be
explained by the increase in the molecules of TRA caused by an increase
in its initial concentration. As TRA molecules increase, not only does the
consumption of the reactive species intensifies, but cross-reactions be-
tween the intermediate products and the reactive species also escalates.
This limits further degradation of the pollutant itself. It is noteworthy
that the concentration of TRA considered in this study surpasses what is
typically encountered in the environment [38]. This suggests that at a
much lower initial concentration of TRA than what was reported in this
study, the degradation efficiency with our DBD system will be higher.
Fig. 4(b) shows that at lower degradation efficiencies, the energy yield
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Fig. 4. Effect of concentration on TRA degradation at 8 kV. (a) Degradation efficiency and kinetics. (b) Energy yield.
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decreased as the initial concentration increased. A similar observation
was reported for the removal of sulfadiazine antibiotics in water [39].

3.3. Contribution of active species: generation of O3, H202, NO3 and
NO3 during the DBD discharge

The production of secondary oxidative species like ozone, hydrogen
peroxide, nitrate and nitrite were examined in this study. Among these,
the reactive oxygen species (O3 and H,05) have received significant
attention due to their pivotal role in oxidizing micropollutants. The
production of Os is based on Eq. (7), as derived from Egs. (5) and (6),
while Hy05 is produced according to Egs. (8)-(9), respectively.

OH + OH—H,0, (8
H+ HO,—H,0, 9)

During the initial 20 min treatment period, the concentration of both
O3 and Hy05 increased simultaneously under the air-plasma treatment,
with HyO2 having more presence in the solution and reaching as high as
2.2 mg/L. However, over extended durations, a sharp decline in the
concentration of HyO3 was observed plummeting to as low as 0.24 mg/L
after 1 h. The decline in the concentration of HyOy provides another
important explanation for the degradation rate of TRA after 20 min as
seen in Fig. 5(a). This is because Hy0; is a direct product of the com-
bination of short-lived OH radicals. Therefore, a decrease in its con-
centration means that less *OH is generated within the plasma. The
generation of Og, on the other hand, quadrupled within the first 20 min
of TRA removal and subsequently diminished. This result also verifies
that Og played an important role in the elimination of TRA. Fig. 5(b)
shows that the concentration of NO3 in the solution increased from 10
mg/L in the first 22 min to 76 mg/L after an hour, while NO3 increased
from 4.8 mg/L in the first 30 min then decreased to 4.05 mg/L after an
hour. An increase in the concentrations of the reactive nitrogen species
in the solution will potentially increase acidity, especially in the absence
of a pH buffer.

3.4. Comparison of the degradation of TRA in deionized water and final
wastewater effluent

Based on the optimum initial concentration and voltage obtained,
the degradation of TRA in deionized water and final wastewater effluent
matrices was compared as shown in Fig. 6(a). After an hour of plasma
treatment, the degradation efficiency of TRA was only 27 % in the
wastewater compared to 93 % observed in deionized water. Also, the
rate constant for TRA degradation in FWWE was 0.0056 min~! which is
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an order of magnitude lower than that of the D-I matrix. The maximum
energy yield was also markedly different, with the D-I yielding 0.28 g/
kWh and the effluent matrix showing only 0.02 g/kWh, as illustrated in
Fig. 6(b).

The pH and conductivity variations within the solution matrices
during treatment are illustrated in Fig. 6(c). During the initial 5 min of
treatment, the pH of the synthetic TRA solution decreases rapidly then
continued at a steady value of about 0.11 in the next 55 min. This
observation can be attributed to the increased formation of nitrogen ions
(NO3 and NO3) within the solution as described in Fig. 5(b). The
presence of NO3 and NO3 ions in the solution enables the formation of
HNO3 and HNO, compounds, subsequently resulting in increased acid-
ity. Also, an increased formation of ions can be directly correlated with
the linear increase in the conductivity of the solution as illustrated in
Fig. 6(c). This further imposes limitations on the continued degradation
of TRA. The presence of nitrogen ions and increased solution acidity may
be attributed to the use of atmospheric air plasma system, as opposed to
pure synthetic oxygen gas for plasma generation [34]. On the other
hand, the pH of the wastewater solution remained fairly constant, while
the conductivity only increased slightly. This is largely due to the
buffering properties of the carbonate ion present in the wastewater
effluent.

To examine the other factors responsible for the disparity in the
degradation of TRA in the water matrices, some hypotheses were made.
Firstly, considering that the wastewater effluent had a conductivity of
more than two orders higher than deionized water (2 pS/cm) in
magnitude, we hypothesized that conductivity might potentially influ-
ence the degradation of TRA in the wastewater. To verify this, KCl was
added to the deionized TRA solution to increase its conductivity to that
of wastewater (548 pS/cm). From the result provided in Table S1, the
degradation rate constant at this result (0.0036 min_l) defers from that
of the final wastewater effluent (0.0056 min ). These results suggest
that conductivity was not the sole determinant of the disparity. To
further investigate other possible limiting factors, control experiments
were conducted for TRA in deionized water to examine (i) the effect of
chloride ions, as chlorine is always used at the disinfection stage before
final effluent discharge, (ii) the effect of carbonate ions, as sodium bi-
carbonate salts are added during treatment procedures to control pH.
(iii) An in-depth investigation of the effect of pH variations was also
conducted. Furthermore, a possible effect of the Fenton reaction, linked
to the presence of Fe?* ion was explored, despite their absence in the
wastewater based on Table 1.

3.4.1. Effect of chloride ions

Following the investigation into conductivity, the subsequent aspect
explored was the potential influence of chloride ions. Chloride ions are
primarily introduced intoe wastewater via hypochlorite chemicals, often
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Fig. 5. Reactive species formed during TRA degradation (5 mg/L initial concentration and 8 kV). (a) O3 and H,0, concentration. (b) NO3 and NO; concentration.
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solution matrices as a function of time (initial TRA concentration: 5 mg/L; voltage: 8 kV).



S.0. Babalola et al.

Table 1
Ion chromatography analysis of the final wastewater effluent obtained from
Daspoort Municipality, South Africa.

Parameter Unit Measured value
Active hydrogen ions (pH) 7.53
Conductivity uS/cm 548
Total suspended solid (TSS) mg/L 10.4
Chemical oxygen demand mg/L 10
Ortho-phosphate mg/L 0.06
Chloride mg/L 56.26
Sulphate mg/L 95.52
Nitrite mg/L 1.42
Nitrate mg/L 12.40
Iron mg/L 0
Bicarbonate mg/L 236
Lithium mg/L 0.03
Sodium mg/L 58.24
Manganese mg/L 0.52
Magnesium mg/L 24.74
Bromide mg/L 5.42
Calcium mg/L 44.43

used at the final effluent treatment phase for microbial disinfection.
According to Table 1, the concentration of chloride ions measured in the
wastewater was 56.26 mg/L. Therefore, to investigate the effect of
chloride ions, 92.9 mg of sodium chloride was added into a deionized
TRA solution and subjected to an hour of plasma treatment. The results,
as depicted in Fig. 7, revealed that the degradation of TRA in wastewater
and TRA in D-I with sodium chloride exhibited similar trend during the
initial 25 min. Subsequently, the degradation of TRA in D-I with sodium
chloride continued linearly up to 52 % efficiency. Table S1 showed that
the final rate constant for the TRA with chloride ions was almost double
that of the final wastewater effluent. Therefore, while the addition of
chloride ions initially impacted TRA degradation similar to the trend
observed in the wastewater, it does not completely elucidate the ob-
servations for TRA in the effluent reaction medium. This is because
chlorine gas (Eq: 1.36 V) also has the potential to oxidize TRA in the
solution. Another study has reported that the addition of chlorine to a
UV system improved the removal efficiency of TRA in just 10 min
compared to UV/H205 [17]. The interaction between chloride ions and
*OH is explained in Egs. (10)-(13) [40]. However, the presence of NaCl
as a chloride source was reported to harm the degradation efficiency of
dye [41], due to the abstraction of *OH radicals.
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Cl+ OH—CI+ OH 12)
Cl+ Cl>Cl, 13)

3.4.2. Effect of bicarbonate ions

The concentration of bicarbonate ions in the wastewater was 236
mg/L as provided in Table 1. To examine the influence of this potential
radical scavenger on TRA degradation, 325 mg of NaHCOs, equivalent
to the concentration of the ion in the wastewater, was added to TRA
deionized water solution. The solution was then subjected to an hour
plasma treatment. The results obtained are provided in both Fig. 7 and
Table S1. In comparison with the wastewater dataset, these results
revealed identical values for both degradation efficiency (27 %) and rate
constant (0.0056 min_!). This implies that the presence of bicarbonate
ions in the FWWE primarily accounts for its diminished degradation
efficiency. However, this observation may be different for other organic
compounds and different water matrices. For instance, a study reported
that the presence of bicarbonate ions in tap water improved the degra-
dation efficiency of phenol compared to a deionized (Milli-Q) water
matrix [42]. In this case, the carbonate radical (COs*) generated
appeared to be a good oxidizing agent for phenol. Meanwhile, CO3* is
known to have a longer half-life than *OH [43]. The oxidation of some
selected organic compounds has also been found to be facilitated by the
presence of CO3* [44]. In this present study, bicarbonate ions scavenged
the hydroxyl radicals generated by the DBD plasma reactor which was
the primary specie responsible for TRA degradation. CO3* was generated
according to Eq. (14) [45].

HCOj3 + OH—CO; + H,0 a4

Also, despite the nitric compounds present in the solution, the pH
recorded in Table S1 remained constant for the bicarbonate reaction
solution. As explained earlier, the presence of bicarbonate ions in the
solution helps to stabilize and maintain the pH level.

3.4.3. Effect of pH

The impact of pH on TRA degradation was examined by adding
H2S04 and NaOH to the deionized water matrix to adjust the pH levels.
The experiments were carried out at pH levels of 3, 7, and 11, respec-
tively, and compared with TRA deionized water solution. According to
the results provided in Fig. S4, an increase in pH reduces the rate of the
reaction and consequently the efficiency of tramadol removal with the

NaCl—Na* + CI (10) DBD reactor. Also, the reaction is unfavourable at extremely low pH
values like 2. Meanwhile, a study on the removal of sulfadiazine with
Cl+ OH—HOCI an DBD reported that the degradation efficiency of the contaminant
Table 2
Degradation of TRA in water with selected AOPs.
Methods Operating conditions Mode Degradation Treatment Rate constant References
efficiency time
Pulsed corona discharge 33.4 uM TRA prepared in 10 L and pH 6 Continuous 91 % 120 min 3.10 m® kw! [36]
flow h!
Photocatalysis 10 mg/L TRA with 100 mg/L TiO, catalyst Batch 95 % 20 min 0.153 min? [18]
Electro-Fenton 26.3 mg/L TRA in 250 mL solution at 500 mA  Batch 100 % 10 min 5.59 x 10° [21]
M ls?
Photocatalysis Bismuth ferrite in 25 mL TRA solution Batch 81.1 % 120 min 0.0145 min~! [20]
cobalt-doped bismuth ferrite in 25 mL TRA 90.63 % 80 min 0.0329 min !
solution
Fe03 phosphotungstic acid in 25 mL TRA 91.32 % 80 min 0.0312 min~!
solution
UV/Chlorine 5 pg/L TRA in 25 mL solution buffered topH7  Batch 100 % 10 min 0.3785 min ! [17]
UV/H30, 5 pg/L TRA in 25 mL solution buffered to pH 7 100 % 15 min 0.2005 min !
Gamma irradiation combined with 20 mg/L TRA in ultrapure water with 5 kGy Batch 100 % 12 min - [37]
nanofiltration
Electrochemical oxidation 100 pM TRA in 100 mL under 30 mA 100 % 90 min - [4]
electrolysis
DBD plasma treatment 5 mg/L TRA in 1 L solution operated in Continuous 93 % 60 min 0.056 min! This work
continuous flow mode flow
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Fig. 7. Degradation of tramadol in different reaction solutions (initial TRA concentration: 5 mg/L; voltage: 8 kV).

increased with the pH of the treated solution [39], as well as another
study on phenol [42]. The reason for this can be explained by the fact
that under basic pH conditions, ozone is further decomposed into more
powerful oxidants like hydroxyl radicals and superoxide ions [46].
However, this is not the case for this study as ozone is not the key driver
for the removal of TRA.

3.4.4. Effect of iron ions

While Fe?* was not detected in the wastewater effluent at specific
sampling time, prior researches [47-50] have reported that the degra-
dation efficiency of micropollutants contaminants with a plasma reactor
can be improved by the addition of Fe?* as a metal ion catalyst. This is
because Fe?" reacts with Hy05 in the reactor to produce hydroxyl rad-
icals as described in Eqgs. (15)-(17) [51]. Therefore, this study examined
the possible effect of Fe2" in the DBD tramadol treatment. To do this,
FeSO4.7H,0 was added into the deionized solution of tramadol to
potentially increase the oxidizing potential of generated HyO, by its
conversion into *OH from the Fenton reaction. Fig. 7 and Table S1
illustrate the effect of the addition of Fe2* on the degradation of TRA.
The experiment was performed at a concentration of 0.3 mg/L Fe?*
which represents the legal limit for wastewater discharge [52]. With the
addition of iron, the degradation of tramadol was enhanced significantly
such that in just 15 min, 84 % of the pollutant had been removed
compared to 73 % recorded for the solution without iron. Also, after 60
min the rate constant of the Fe-enhanced solution was 0.061 min
compared to 0.056 min ! for the synthetic solution. Unlike, the solution
without iron, with Fe?" the concentration of H305 was 1.18 mg/L in 20
min. This suggested that HyO, was used up quickly during the process to
facilitate the production of more *OH. Based on these results, it may be
inferred that the presence of Fe?™ in TRA solution could potentially
influence its degradation efficiency with DBD plasma. Also, considering
that the concentration of iron in wastewater could vary per time and
season, it is recommended that future studies try to consider the possible
effect of Fe?" variation.

Fe** + H,0,—~Fe(OH)** + OH (15)
H,0, + Fe(OH)*"—>Fe*" + HO, + H,0 (16)
Fe(OH)** »Fe** + OH a7

3.5. Toxicity investigation

An investigation on the effect of plasma exposure on the toxicity of
pre-treated and treated TRA solutions was conducted, as shown in Fig. 8.
The assessment of TRA solution toxicity was based on the inhibition of
E. coli growth, serving as an indicator of the solution's potential harm. It
was observed that the untreated TRA solution showed clear inhibition
zones on the agar plates, while the plasma-treated solution had no in-
hibition zones after 60 min. This indicated that the plasma-treated TRA
solution was non-toxic. As a baseline for comparative analysis, a third
plate containing solely deionized water was included as a control within
the experiment. The observed zones, in this case, were similar to those of
the plasma-treated plate in Fig. 8(b).

4. Conclusion

An investigation of tramadol degradation in deionized and final
wastewater effluent matrices was carried out in this study with a newly
developed water-falling dielectric barrier discharge reactor. Initially,
the rector was optimized for applied voltage and initial concentration of
the pollutant. An increase in voltage directly led to an increase in the
concentration of the reactive species, which in turn improved the
degradation of tramadol. Meanwhile, an increase in the concentration of
the pollutant was a setback to the conversion process as the available
molecules quickly scavenged the reactive species and inhibited further
degradation. The optimum degradation of tramadol occurred at a
combination of 8 kV and 5 mg/L. At these conditions, degradation ef-
ficiency and rate constant in deionized water were 93 % and 0.056
min~}, respectively. Contrarily, in the final wastewater matrix, tramadol
degradation reached only 27 % with 0.0056 min~! rate constant. To
elucidate this discrepancy, the authors investigated the effect of the
significant radical scavengers present in the effluent solution through
control experiments carried out in deionized water. Among all ions
examined, CO3~ in deionized water exhibited the closest resemblance
with the final wastewater effluent with a similar rate constant (0.0056
min ). This is because the HCO3 ion scavenged *OH radicals that could
have oxidized the organic pollutant to generate CO3* in the solution.
Fenton reaction was also observed for the degradation of tramadol with
a slightly higher degradation and kinetics than the TRA synthetic solu-
tion. Also, an increase in pH reduced the efficiency of the degradation. A
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(a) (b)

Fig. 8. Bioassay to study the antibacterial activity of TRA samples against Gram-negative E. coli strain. (a) Untreated tramadol solution with three zones of inhibition;

(b) plasma-treated tramadol solution showing no inhibition zones; (c) is the control.

toxicity test was used to confirm that the plasma-treated solution did not
affect a Gram-negative E. coli. Considering that the addition of inorganic
compounds that act as radical scavengers change the properties of water
and treatment performances, the effect of their concentration should be
investigated in future studies.
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