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ARTICLE INFO ABSTRACT
Keywords: Tramadol, a widely used opioid analgesic, has been detected as an emerging contaminant in both
Tramadol surface waters and wastewaters. Its removal during conventional wastewater treatments is
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Effect of protonation
°OH reaction

Matrix effects

incomplete resulting at concentrations from the ng dm ° range up to the low pg dm ™ ° range in
municipal wastewater treatment plant effluents in many countries. This study provides a detailed
investigation of tramadol degradation under high-energy ionizing radiation conditions, with
emphasis on hydroxyl radical ("OH) reactions and the impact of matrix on removal efficiency. The
PK, of Tramadol (9.41) plays a major role in *OH reactions. Below pK, the predominant pathway
is *OH addition to the aromatic ring, whereas above pK,, the reactions at the amino group have
also high yield via H-abstraction from the C-atoms next to N. For the interpretation of matrix
effect on the removal efficiency of Tramadol, degradation in ultrapure water, tap water, synthetic
wastewater, and treated wastewater matrices were investigated. Oxidation was clearly observed,
while mineralization was more limited, and the biodegradability continuously increased with the
absorbed doses. In the standard Vibrio fischeri bioassays the fluorescence inhibition of both the
parent compound and its degradation products remained below 20% in pure water. The matrix
constituents like organic and inorganic matters, metal ions acted as radical scavengers and
reduced the efficiency of irradiation. From the technological perspective, high-energy ionizing
radiation proved effective to disrupt the molecular structure of Tramadol, thereby decreasing its
environmental impact.

1. Introduction

The prevalence of emerging micropollutants including pharmaceuticals, personal care products, and industrial chemicals may pose
significant environmental challenges due to their presence in various aquatic environments, persistence and limited removal by
conventional wastewater treatment processes. In Europe, the Water Framework Directive (Directive, 2000/60/EC n.d.) and the Urban
Wastewater Treatment Directive (Council Directive 91/271/EEC n.d.) provide legal frameworks for water quality management. Ac-
cording to the directive, by 31 December 2045, all urban waste water treatment plants with a load of more than 150,000 Population
Equivalent (PE) must achieve an adequate (80%) removal efficiency for micropollutants, but the regulation also affects smaller waste
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water treatment plants where the concentration or accumulation of micropollutants in the water body receiving the treated effluent
poses a risk to human health or the environment (e.g. catchment areas of water abstraction points intended for human consumption).
Therefore, new technological units are expected to be installed at wastewater treatment plants across Europe, particularly as tertiary or
polishing treatment steps. Among these, Advanced Oxidation Processes (AOPs), for example ozone treatment, are considered among
the most promising options. Consequently, further research in this field remains highly relevant.

Tramadol ((£) trans—2-[(dimethylamino) methyl]—1-(3-methoxyphenyl)-cyclohexanol, TRA) is a centrally acting analgesic drug
(Sarkany et al., 2019) used for reduction of acute or chronic pain (Subedi et al., 2019) as a racemic mixture of its trans enantiomers:
(1 R, 2R) and (1S, 2S) (Fig. 1.). The N-atom undergoes protonation/deprotonation equilibrium with a pK, of 9.41.

Tramadol is listed among the top 100 pharmaceuticals used in the clinical practice and has become one of the most frequently
prescribed opioid analgesics (Patel et al., 2019). Compared with classical opioids such as morphine, TRA is generally considered to
have a lower incidence of severe opioid-related adverse effects when used at therapeutic doses. However, clinically relevant risks
remain, particularly in cases of overdose or combined exposure with alcohol and other central nervous system depressants. TRA
overdose may increases the risk of seizures, it is also contraindicated in patients with acute alcohol intoxication or severe central
nervous system/respiratory depression (Subedi et al., 2019; Manouchehri et al., 2023).

Following the oral administration, TRA is rapidly absorbed, with an estimated bioavailability of 65 — 70% as a result of extensive
first-pass hepatic metabolism (Patel et al., 2019). Its two main metabolites are O-desmethyltramadol possessing an analgesic effect and
N-desmethyltramadol. Its un-metabolized fraction entering sewage after being ingested and subjected to human metabolism is
approximately 10 — 30% (Ardakani and Rouini, 2007). In the conventional wastewater treatment plants (WWTPs) it is only partially
removed. For example, Riia-Gomez et al. (2012) reported a maximum removal efficiency of 41% for TRA during conventional
treatment. Consistent with this limited removal, the authors detected tramadol in WWTP effluents treating household and hospital
wastewater at a mean concentration of 757 ng dm->, while concentrations in receiving surface waters ranged from below the limit of
quantification (<LOQ) to 381 ng dm=. Similarly, tramadol concentrations of 88-416 ng dm= were reported after activated sludge
treatment. Consistently, TRA has frequently been detected in WWTP effluents and surface waters from the ng dm ™2 level to the low pg
dm~2 in some samples (Antonopoulou et al., 2016a; Antonopoulou, Konstantinou 2016b; Verlicchi et al., 2012). Because of its low
n-octanol/water partition coefficient log K, (3.01) shows a tendency to persist in the aqueous phase rather than to accumulate in
sewage sludge or aquatic organisms (Moustafa et al., 2020). Kostanjevecki et al. (2019) noted that TRA is classified as one of the
extremely recalcitrant micropollutants. In the literature published environmental monitoring data indicate that tramadol may also be
toxicologically relevant: TRA posed a moderate risk to the assessed organisms at three trophic levels (Sadutto et al., 2021). Phar-
maceutical residues and their metabolites may have an unfavourable impact on fish and other aquatic biota (Plhalova et al., 2020;
Subedi et al., 2019).

Recently Advanced Oxidation Processes (AOPs), based on reactions of aggressive free radical reactions (Stephan, 2018) are
extensively investigated in order to remove the recalcitrant compounds from the streams of purified wastewater. In most of AOPs
hydroxyl radicals (*OH) play the key role in initiating the degradation of pollutants. Such AOPs in which TRA degradation was
investigated were ozonation (Kharel et al., 2022; Zimmermann et al., 2012), photocatalytic treatment (Antonopoulou et al., 2016a,
Antonopoulou, Konstantinou 2016b; Cobo-Golpe et al., 2022; Kazemi et al., 2023; Moustafa et al., 2020), Fenton and Fenton-like
treatments (Benkayba et al., 2023; Haciane et al., 2023; Monteil et al., 2020), electrochemical oxidation (Eversloh et al., 2015),
and high energy y— or electron beam irradiations (Ghazouani et al., 2022; Jang et al., 2024). These studies have mainly focused on
removal efficiency, mineralization, toxicity evolution, and transformation-product identification. Reported degradation pathways
include hydroxylation, demethylation, N-oxidation and, depending on the treatment system, the formation of further oxidized
intermediates.

From these techniques, high-energy ionizing irradiation is an important advanced treatment approach in water purification. In
radiation-induced water treatment, two main irradiation modalities are commonly distinguished: gamma irradiation and electron
beam treatment. Although both methods rely on the same fundamental radiation chemistry of water, they differ in dose rate, pene-
tration depth, operation mode, and technological implementation. The electron beam water treatment is an emerging technology,
which, besides ozonation, is used in large scale industrial applications. Nowadays, the industry applies facilities that can treat 10,000 —
30,000 m> wastewater daily IAEA, 2007, 2020). The technology does not need additives, the reactions does not depend on the
turbidity, the water to be treated continuously flows under the electron accelerator window (reaction time is 1 — 2 s) and compared to
gamma irradiations, when the accelerator is switched off, there is no radiation hazard. Once the purification system is established the
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Fig. 1. Structural formula of Tramadol.
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price of treatment is much smaller than with other technologies (~ 0.2 USD m*3) (IAEA, 2007, 2020; Rozsa et al., 2019).

In addition to its demonstrated effectiveness in the removal of various environmental pollutants, high-energy ionizing radiation
(electron beam, y-rays) offers a highly suitable and well-controlled experimental approach for mechanistic investigations. In dilute
aqueous solution the energy of ionizing particles is overwhelmingly absorbed by water and the chemical changes in the solute mol-
ecules occur through the emergence of reactive intermediates of water radiolysis. These reactive species are: hydroxyl radical (*OH,
0.28), hydrated electron (eaq, 0.28) and hydrogen atom (H°®, 0.06) (Buxton, 2004, 2008). The numbers in brackets refer to the radiation
chemical yields (G-values), in pmol J ~! units. Under practical conditions, when water is air-saturated, the dissolved O3 eliminates ezq
and H* transforming them into less reactive superoxide radical anion/perhydroxyl radical pair (O3 /HO3) (pK, 4.8, Bielski et al.,
1985). In N,O saturated solutions e;q converts to *OH (Janata and Schuler, 1982). Whereupon, in air and N»O saturated solutions,
practically only *OH takes part in solute degradation. For the study of e,q reactions selectively, the usual practice is to add a few % of
tert-butanol for removal of *OH, and to saturate the solution with N5 to eliminate dissolved Os.

In one of the previous works using radiolytic reactions, the authors, Ghazouani et al. (2022), focused on evaluating a combined
gamma irradiation—nanofiltration treatment for TRA removal in synthetic wastewater matrix. In the other work, Jang et al. (2024)
investigated TRA degradation in pure water and in several wastewater effluents, identifying degradation products and assessing the
toxicity of the resulting transformation products. They reported that hydroxylation and ring cleavage are characteristic reactions for
decomposition of TRA through gamma-irradiation. However, these earlier studies mainly provide product-based and
performance-based information and do not directly resolve the elementary radical steps governing the earliest stages of TRA degra-
dation. The transient kinetics techniques like pulse radiolysis fill up the gap between the reaction inducing radicals and the final
(stable) products by identifying the short lived reactive (mostly radical) intermediates. In this way a much clearer picture can be
obtained about the reaction paths and reaction rates.

This work combines two complementary methodological approaches: (i) study of free radical reactions by using pulse radiolysis,
and (ii) characterization of removal efficiency in y-irradiated solutions by applying such usual water analytical indicators as Chemical
Oxygen Demand (COD), Total Organic Carbon (TOC) content, Biochemical Oxygen Demand (BOD) and toxicity (Vibrio Fischeri). This
combined strategy allows us to clarify the primary radical-induced degradation steps of TRA and to relate these early-stage processes to
the final radiolytic outcomes observed in pure water (PW), tap water (TW), synthetic wastewater (SWW), and purified wastewater
(PWW) matrices.

2. Experimental methods
2.1. Materials

TRA was obtained from Reanal (Budapest, Hungary). The analytical grade (>98%) reagents used, for the COD, TOC and BOD
measurements, were obtained from Molar Chemicals Ltd. (Halasztelek, Hungary). N2O was provided by Messer (Budapest, Hungary).
Buffer solutions were prepared using Ko;HPO4 and KHoPO4 purchased from Merck (Darmstadt, Germany). The redox indicators like
potassium ferricyanide (KsFe(CN)g), methyl viologen dichloride hydrate (MV2+), 2,2’-azino-bis(3-ethylbenzothiazoline—6-sulfonic
acid) diammonium salt (ABTS) and hydroquinone (H3Q) were provided by Sigma-Aldrich (St. Louis, MO).

2.2. Matrices

In order to systematically investigate matrix effects on TRA degradation, experiments were carried out in pure water (PW), tap
water (TW), synthetic wastewater (SWW) and purified wastewater (PWW) matrices. PW with conductivity of 0.055 uS cm ! was
produced by an Adrona B30 system (Adrona SIA, Riga, Latvia). TW collected directly from the local municipal drinking water supply
had relatively high Inorganic Carbon (IC) content. SWW had in 1 dm®7 mg (NH4)2S04, 7 mg KoHPO4, 7 mg humic acid, 0.7 mg MgSO4
and 81 mg NaHCOg3 (Reanal, Budapest, Hungary). PWW was provided by the South-Pest Wastewater Treatment Plant (SP WWTP,

Budapest Sewage Works Pte Ltd., Budapest, Hungary). Their main physicochemical characteristics are summarized in Table S1.
2.3. Irradiation

Most experiments were carried out in 0.1 mmol dm ™3 TRA solution at room temperature.

In final products experiments we used the panoramic %°Co-y irradiation facility of the Institute of Isotopes Co Ltd. (Budapest,
Hungary). The dose rate of 2kGy h™! (1 Gy = 1 J kg~ !) was measured by ethanol-chlorobenzene dosimetry (ISO/ASTM 51538 2007).
Separate sample vessels were prepared for each absorbed dose and removed from the irradiation chamber after reaching the target
dose. The experiments were carried out at absorbed doses of 0, 0.4, 0.8, 1, 2.5 and 5 kGy in aerated solutions applying gentle air
bubbling during irradiation in order to ensure an adequate level of dissolved oxygen.

In pulse radiolysis experiments the reactions were initiated by 800 ns pulses of 4 MeV energy electrons, the absorbed dose/pulse
values in 1 cm optical cells were ~20 Gy/pulse (Foldiak et al., 1988). The dose/pulse values were measured by the standard KSCN
dosimetry with an €489 nm of 7850 mol~! dm® cm ™! for the formed (SCN)3~ (Buxton and Stuart, 1995). In our experiments, *OH re-
actions were investigated in N>O-saturated (0.025 mol dm?) solutions, where hydrated electrons were converted into additional *OH
radicals, making this system a particularly clean and well-defined source of *OH (Wojnarovits and Takacs, 2013). The solution was
continuously bubbled during the measurements and for 30 min prior to the experiment to ensure complete saturation of the 0.5 dm™ >
solution. For the experiments performed at different pH values, the pH was adjusted to the desired value using NaOH and perchloric
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acid.

Redox indicators were applied in the pulse radiolysis experiments to obtain complementary mechanistic information on the
transient species formed during TRA degradation. These compounds help to distinguish between oxidizing and reducing intermediates
and thereby support the interpretation of the observed transient absorption spectra. To facilitate readability, the specific reactions of
ferricyanide, MV?*, ABTS and H»Q are described in detail in the Results and Discussion section, where they are directly related to the
experimental observations. In these experiments first we prepared the TRA containing solutions, which eventually contained also the
additives, and then poured the solutions into the bubbler. The bubbler was connected with the optical cell and the solution flowed
through the optical cell during the whole experiment.

2.4. Analytical techniques

The details of our experimental methods were described in previous publications (Kovacs et al., 2020, 2022, 2023); here we briefly
repeat some of the procedures used. The organic matter content of the irradiated samples was characterized using standard water
analysis parameters: COD (mg O2 needed to oxidize organics in 1 dm3), BOD (mg O5 needed for biochemical oxidation in 1 dm3), TOC
(mg C in 1 dm®) content and acute toxicity bioassay.

In COD measurements we followed the description of the ISO, (6060) (1989). The digestion of the organic impurities in the aqueous
sample was carried out in sulfuric acid using dichromate for the oxidation and containing silver sulfate (Ag>SO4) as catalyst and
mercury sulfate (HgSO4) to eliminate the possible disturbing effect of the chloride ion (CI"). Following 2 h refluxing at 150 °C the
dichromate consumption was determined by titration with ferrous ammonium sulfate (Fe(NH4)2(SO4)2 x 6 H20) solution in the
presence of ferroin indicator (1-10-(ortho) phenanthroline monohydrate).

The TOC was measured using a Shimadzu TOC-L CSH/CSN analyser based on catalytic high-temperature combustion and non-
dispersive infrared detection of the formed CO,. Hydrochloric acid and phosphoric acid were used for sample acidification prior to
analysis. Acidification converts dissolved inorganic carbon species, such as carbonate and bicarbonate ions, into carbonic acid, which
decomposes to CO, and removed from the sample by purging.
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Fig. 2. Absorption spectra of the transient radical intermediates formed in the *OH + TRA reaction at pH 7 (A) and 10.5 (B) at 7, 94, 445, and 1165
ps after the electron pulse in N,O saturated 0.1 mmol dm 2 TRA solutions. Both figures show a spectrum taken in the presence of 0.1 mmol dm~3
K3Fe(CN)e. This additive is used to identify the hydroxycyclohexadienyl radical intermediates. (C) shows the UV-Vis absorption spectra of TRA
solutions irradiated to different absorbed doses.
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According to the standard 5-day incubation method, BOD was evaluated in the presence of a mixed microorganism (MN 715 fil-
trated inoculum from activated sludge basin, SP WWTP) population degrading the organic pollutants, the pressure change in closed
bottle was used to determine the amount of Oy consumption. The measurements were carried out in an OxiTOP® Control BOD
Respirator System in compliance with the DIN EN 1899-1 (1999) Standard (DIN EN ISO, 1899-1 n.d., Wu et al., 2022). 20 cm?® of
settled activated sludge supernatant, collected from the aeration basin of the South-Pest Municipal Wastewater Treatment Plant
operated by Budapest Sewage Works, Hungary, was added to 1 dm?® of dilution water. The pH of the dilution water was adjusted to 7.2
+ 0.2 using NaOH or HCI. Allylthiourea was added as a nitrification inhibitor to ensure that oxygen consumption originated pre-
dominantly from the biodegradation of organic carbon rather than from nitrification.

For assessment of the toxic effects of TRA and its transformation products in different water matrices we carried out Microtox
toxicity® bioassays. This test is based on monitoring changes in the light emission of the Vibrio fischeri bacteria caused by chemicals in
accordance with the DIN EN ISO (1134)8-2:(1999) (1999) Standard applying 30 min incubation at 15 + 2 °C.

In the radiolysis of aerated solutions, formation of the hydrogen peroxide (H20O2) may interfere the biochemical tests due to its toxic
properties (Bezsenyi et al., 2021; Illés et al., 2017; Kovacs et al., 2017; Sagi et al., 2018; Zona and Solar, 2003). The residual H,O was
eliminated using manganese dioxide (MnOs, 5 g dm~3, Sigma-Aldrich, USA) before BOD, and catalase enzyme (1 mgcm > in
50 mmol dm ™3 phosphate buffer, Sigma-Aldrich) before Microtox® tests.

3. Results and Discussion
3.1. Free radical reactions detected by time resolved kinetic technique

3.1.1. Reactions of the hydroxyl radical

In reactions of the primary species formed, such as the strongly oxidizing and electrophilic *OH, the chemical structure of the target
molecule may govern the preferred sites of attack and the ensuing reaction pathways. In *OH reactions three probable reactive places
may be distinguished in the degradation of a molecule that has aromatic and amino functions and also saturated parts like TRA: (i) *OH
addition to the aromatic ring via forming hydroxycyclohexadienyl radicals; (ii) the reactions involving the amino function via two
pathways: (a) by H-atom abstraction from the C-atoms next to N developing a-aminoalkyl radicals (R'R2NC*HR?®) and (b) direct attack
on the N-atom yielding aminium and aminyl radicals (R'R®*N**R® and RleN'); and (iii) H-abstraction from the C-atoms in the
cyclohexane ring or from the -O-CHs moiety. The aromatic ring is expected to be susceptible to *OH addition because of its relatively
high electron density, which may lead to hydroxylated intermediates and, in subsequent steps, further oxidation or ring opening. In
parallel, reactions involving the amino/aliphatic part of the molecule may proceed through H-abstraction and/or oxidation pathways,
contributing to demethylation and N-oxidation products.

Organic radicals are often identified from the transient absorption spectra obtained in pulse radiolysis. TRA practically has no UV
absorbance above 290 nm (Kucuki and Kadioglu, 2007; Zidane et al., 2019), which would disturb taking the transient spectra above
this wavelength (Fig. 2 (C)). The transient spectra obtained from *OH reactions were recorded from 290 to 500 nm wavelength at pH 7
and 10.5 in N5O saturated pure water (PW) solutions. At both pH’s the transient spectra show an absorption band with a Apax of
330 nm. At pH 7 (Fig. 2 (A)) this band is more intense than the corresponding band detected at pH 10.5 (Fig. 2 (B)). The time profiles of
the transient absorbances hardly differ at the two pH values: at pH 10.5 the signal decreases more rapidly, indicating different decay
behavior of the transient intermediates. Assuming as a first approximation that the 330 nm absorbance is dominated by one inter-
mediate, and the total yield of *OH in N,O saturated solution is 0.57 pmol J7! (Janata and Schuler, 1982), the epay values can be
estimated to be 3600 and 2100 mol ! dm® ecm ™}, respectively, at pH 7 and 10.5. The spectral characteristics of TRA at pH 7 are similar
to those reported in anisole radiolysis, in both molecules a methoxy group is attached on the aromatic ring. For the anisole transient
product (suggested to be hydroxycyclohexadienyl radical) Holcman, Sehested (1976) published Apax = 320nm and epay
= 3400 mol~! dm® em™!, while O'Neill et al. (1975) found Amax = 320 nm and epayx = 4050 mol™! dm® em™.

For identification of the reactive intermediates, we used four redox indicators: Fe(CN)Z~, MV2", ABTS and H,Q. The absorbance
characteristics together with the results obtained are given in Table S2 (Das et al., 2003; Schuler et al., 1981; Veltwisch and Asmus,
1982; Watanabe and Honda, 1982; Wolfenden and Willson, 1982; Mancini et al., 2026). Egs. (1) — (4) illustrate the reactions of redox
indicators.

HOCGH: + [Fe(CN),]>* — C¢HsOH+ [Fe(CN) " + H* )
R'R®NC*HR®* + MV?** - MV*"+ R!'R?*N' =CHR® (2)
R'R®°N**R®4+ABTS — ABTS'"+ R'R®NR® 3)
R'R°N'+ HQ - Q + R'R°NH )

[Fe(CNg)]>~ ions transform hydroxycyclohexadienyl radicals to stable phenol type products as we show in Eq. (1) on the example of
the radical produced in *OH addition to benzene (HOCgHg) (Anderson, 1979; Madhavan and Schuler, 1980; Steenken and Neta, 1982).
In the presence of [Fe(CN)6]3’ a great decrease was observed in the intensity of the An,x = 330 nm band (Fig. 2 (A) and (B)); at the
same time bleaching (negative absorption) appeared at 420 nm, at the maximum of [Fe(CNﬁ)]s’ absorbance showing the reactions of
intermediates with Fe(CN)z~. The strong effect of the [Fe(CNG)]?’_ on the Aphax = 330 nm absorbance reveals the presence of
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hydroxycyclohexadienyl radicals. Using the decrease of the 330 nm absorbance and the negative absorbance at 420 nm, we calculated
radical yields of 0.48 and 0.28 pumol J~!, respectively, at pH 7 and 10.5. It should be mentioned that the bleaching may not be
completely due to hydroxycyclohexadienyl radical reactions, since other radicals, if they form, e.g., benzyl and alkyl, in rather slow
reactions may also react with [Fe(CNG)]B_ (Merga et al., 1996; Stefanic et al., 2001).

*OH addition to the ring may take place at any carbon atom. However, based on the analysis of ring hydroxylated products ortho
and para additions are suggested to be preferred (Eversloh et al., 2015; Antonopoulou et al., 2016a). *OH addition at the ipso position to
the methoxy group is expected to yield demethylated product, as it is suggested in the case of anisole (Li and Jenks, 2000).

As intermediates with radical sites at the N-atom have absorbances below 290 nm, they are invisible in our transient spectra taken
in the 290 — 500 nm wavelength range. However, using the indicators shown in Table S2, their formation can be proved, the yields can
be calculated. As mentioned above, *OH may react with the H-atoms on neighbouring C-atoms to the amino group (Eq. (2)). The
a-aminoalkyl radicals (R'R>NCHR?®) that form in such reactions have reducing character. These radicals reacting with MV>* convert
to MV** which exhibits maxima at 395 and 600 nm with emay of 42,000 and 13,300 mol~! dm® cm ™ (Das et al., 2003; Watanabe and
Honda, 1982), respectively. As Fig. 3 shows at pH 7 there are relatively weak absorption bands at 395 and 600 nm suggesting low
a-aminoalkyl radical yield. However, at pH 10.5 strong bands appear at 395 and 600 nm. Fig. 3 Inset depicts the pH dependence of
absorbance at 395 nm, measured in the presence MV2". The values strictly follow the trend of proportion/deprotonated at the amino
group, showing much higher rate of H-abstraction from neighbouring C-atoms next to the amino group in the deprotonated molecule.

In the reaction of *OH with N-atom aminium (R'R*N**R®) and aminyl (R'R®N*®) radicals may form. The yields of these radicals were
determined using their reaction with ABTS and H»Q (Egs. (3) and (4)). In these reactions the forming radicals are ABTS®*" with Amayx of
415 nm and &gy of 36,000 mol ™' dm® em ™! (Wolfenden and Willson, 1982), and Q°~ with Amax = 430 nm and emax = 7200 mol~! dm?®
em™! (Veltwisch and Asmus, 1982), respectively. Using the measured absorbances (Figs. 4 and 5) the combined yield of ami-
nium + aminyl radical was calculated to be 0.08 and 0.07 at pH 7 and 10.5. We mention that aminium radical formation was also
proposed in the Ferrate (VI) oxidation reactions of TRA (Zimmermann et al., 2012).

The second order rate constants of *OH reaction with TRA can be measured by a direct kinetic analysis and an indirect competition
method using a reference reactant. For the direct determination we used the absorbance build-up at 330 nm pH 7. The concentration
dependence of the pseudo-first-order build-up rate constants supplied the second order rate constant (Fig. 6 (A)). The slope of con-
centration dependence (the second-order rate constant) was 6.84 (+0.03) x 10° mol ! dm® s~

At pH 10.5, due to the smaller absorbance we determined the rate constant by using competition kinetics with SCN™ ions (Fig. 6
(B)), with this technique we repeated also the pH 7 measurement. SCN~ ions react with *OH with a rate constant of 1.06 x 10'% mol !
dm?®s~! (Buxton and Stuart, 1995). SCN*® formed in Eq. (6) transforms to (SCN)3™ in Eq. (7). These anions exhibit wide absorption band
with maximum at 480 nm. In Eq. (8) Afgcn)2 is the maximum absorbance value measured without TRA, and A{scn)z is the maximum
absorbance detected in the presence of TRA. These absorbances were measured at several TRA concentrations, and k,oy was calculated
from the plot according to Eq. (8).
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Fig. 3. Transient absorption spectra in the presence of MV?" redox indicator at pH 7 (A) and 10.5 (B) in NyO-saturated solutions; TRA and MV*"
concentrations were 0.4 and 0.1 mmol dm ™, respectively. Inset: pH dependence of the MV** absorbance measured at 395 nm. The solid line was
calculated using AAbsorbances of 0.017 and 0.14 at low and high pH, respectively, and the equilibrium constant of protonation at the N-atom.
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The rate constants at pH 7.0 and 10.5, corresponding to the protonated and non-protonated form of TRA, were found to be 6.24
(+£0.62) x 10° mol~! dm®s~! and 8.11(+0.81) x 10° mol~! dm® s~L. Our values are in good agreement with literature data, namely
6.3 (£0.2) x 10° mol™ dm®s! reported by Zimmermann et al. (2012) at pH 8 and 5.59 (£0.03) x 10° mol™! dm?®s™ reported by
Monteil et al. (2020) at pH 3. Taken all together, we may get a comprehensive picture about the change of the rate constants at a broad
pH range (3 — 10.5). Based on the rate constants, it can be inferred that deprotonation of the amino group increases the *OH reactivity
towards TRA. These finding is consistent with previous AOP studies on tramadol, in which the oxidation pathway and reaction kinetics
were shown to be strongly influenced by the molecular structure and protonation state of the amine moiety (Zimmermann et al., 2012).
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Fig. 6. (A) Concentration dependence of the pseudo-first-order rate constants of absorbance build-up in N,O saturated solution at pH 7. (B)
Determination of the rate constant of *OH + TRA reaction at pH 7 and 10.5 by the competitive method.

Similar pH-dependent trends have been reported by Simic et al. (1971) for a series of aliphatic amines, where rate constants up to
~3 x 10® mol™ dm®s™! were found for protonated species and up to ~1 x 10'° mol™* dm?®s™ for the non-protonated ones. In
agreement with these results, Karroum et al. (2024) based on UV/persulfate experiments established that the non-protonated TRA
decomposes faster than the protonated one.

The differences in the transient absorption spectra taken at low and high pH (Fig. 2) indicate that the relative contribution of
competing pathways changes with pH. In particular, the lower absorbance at 330 nm at high pH may reflect a redistribution of
transient radical intermediates rather than a decrease in the overall reactivity of the system. This interpretation is consistent with an
increased contribution of reactions involving the amino functionality at high pH, in addition to *OH addition to the aromatic ring. The
analogy with the results of Simi¢ et al. (1971) and the spectra obtained in the presence of MV>" clearly indicate that this additional
reaction produces a-aminoalkyl radical. In protonated form there is no lone pair available for the reactant, which can, e.g., stabilize the
a-aminoalkyl radical formed by H-atom elimination from a neighbouring C-atom, next to N (Simic et al., 1971; Szabo et al., 2017). The
yield of these radicals at low pH is low, 0.02 pmol J7}, the yield increases as the fraction of the non-protonated form at the N-centre
increases (Fig. 3). Well above the pK, it is 0.2 pmol J~1. The yield of the nitrogen centred aminium + amininyl radicals at low pH and
high pH is 0.08 and 0.07 pmol J~!. The estimated summarized yields of cyclohexadienyl, a-aminoalkyl, aminium and aminyl radicals,
0.577 and 0.55 pmol J~}, practically agree with the *OH yield of 0.57 pmol J !, suggesting low yields for the alkyl radical productions
at the cyclohexane ring or at the methoxy group. Albeit H-elimination from the methoxy group, based on the example of anisole, may
also contribute to demethylated product formation (Li and Jenks, 2000).

As we showed there are important differences in the distribution of organic radical intermediates formed in *OH reactions at low pH
and high pH. These differences are expected to lead to different degradation rates and products.

3.1.2. Reaction of the hydrated electron

The experiments were carried out in Ny bubbled solution for deoxygenation and contained 5 vol% tert-butanol to remove *OH from
the system (Eq. (9)). The transient spectrum (not shown) obtained in hydrated electron reaction, actually shows the absorption
spectrum of e,q (Buxton, 2004, 2008). The rate constant of reaction was measured following the decay of e;q absorbance at 600 nm
(not shown); it was found to be 3.15 (40.26) x 10° mol ! dm3s L.

OH' + (CH;),COH— H,0 + HOC(CH;),CH;, ©

Owing to the low rate constant of the e;q + TRA reaction, together with the high rate constant of e,q reaction with dissolved oxygen
(1.9 x 10" mol! dm® s~ 1) and the high O concentration under the practical conditions (0.25 mmol dm’3), €aq reactions do not
contribute significantly to degradation of TRA.

3.2. Degradation of TRA: Dose-Response of water quality indicators

Water quality indicators like COD, TOC, BODs and toxicity give an extensive understanding about oxidation and mineralization
processes and removal efficiency. An index combining from COD and TOC, Average Oxidation State (AOS) is also often used to
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characterize the progress of oxidation: AOS =4 x ((TOC — COD)/TOC) (COD and TOC are expressed in mmol dm—3 0O, and C,
respectively) (Giannakis et al., 2015). AOS, according to the definition, changes between —4 for CH4 and + 4 for CO,. Based on the
BODs/COD ratio, the starting molecule and its transformation products may be assessed regarding their biodegradability: it provides
insight into the kinetics of biodegradation. Toxicity measurements using the marine bacterium Vibrio fischeri as test organism give
information about the harmful effects of organic matters.

3.2.1. Pure water (PW)

To obtain a clear picture of the fundamental reaction pathways without the interfering matrix components, as a first step, the
degradation was investigated in PW. In aqueous solutions TRA has the characteristic aromatic UV absorption band with peaks at 271
and 276 nm (Fig. 2 (C)) (Kucuki and Kadioglu, 2007). The spectra taken on the non-irradiated and irradiated samples indicate that at c.
a. 1 kGy dose the intact molecules practically entirely disappear from the solution and mainly the degradation products are present.
Ghazouani et al. (2022) reported ~80% of degradation efficiency of pristine TRA molecules at 1 kGy absorbed dose in synthetic
wastewater.

Upon y-irradiation both COD and TOC decrease, and these changes are observed even at the lowest doses used. While the COD
decrease clearly indicates oxidation, the smaller TOC decrease shows that mineralization is also initiated but remains limited (Fig. 7
(A) and (B)). Limited mineralization was also found y-radiolysis in the experiments of Ghazouani et al. (2022).

The slope values of initial decreases were ACOD/Dose = 15.5 mg O, dm > kGy ! and ATOC/Dose = 1.4 mg C dm > kGy'. These
values are much higher than those measured e.g., for sulphonamide antibiotics: ACOD/Dose = 6.1 mg Oz dm ™~ kGy ! and ATOC/
Dose = 0.60 mg C dm ™2 kGy ™! (Wojnarovits et al., 2024). The high values indicate fast TRA degradation in *OH initiated reactions.
The percentage decrease in COD is higher than in TOC: the transformation of the target molecule into partly oxidized products may
occur in several steps, mineralization into CO5 and Hy0 requires more oxidants and multiple successive reactions.
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Fig. 7. Dose dependence of the COD (A) and TOC (B) values in different aqueous matrices of 0.1 mmol dm—2 TRA; AOS values determined at
different doses (arrows above AOS line) and AOS values calculated for a few small organic molecules (arrows below the line) (C).
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AOS value for TRA solution was measured to be —0.78 (theoretical value —1.12). AOS increased with the absorbed dose to the
positive range above 0.8 kGy, i.e., increased to the range where strongly oxidized fragments, mostly acids, dominate the product
spectrum. In Fig. 7 (C) we show calculated AOS values for a large number of small organic molecules. In the electro-Fenton experi-
ments of Monteil et al. (2020), where also *OH was the main initiating radical, oxalic-, glycolic- and fumaric acids were identified as
highly oxidized fragments. The AOS values of these compounds are 3, 1 and 1, respectively. In our experiments, formation of organic
acid fragments is also supported by the strong decrease of pH: the initial pH 6.03 decreased to 4.28 at 1 kGy and to 3.76 at 5 kGy
absorbed dose (Fig. 8, Inset).

Together with the decrease of COD the BOD5/COD ratio increases. According to commonly applied criteria this ratio allows the
treated samples to classify with respect to their biodegradability as non-biodegradable, slowly biodegradable, biodegradable and
easily biodegradable groups (Abbas et al., 2022; Metcalf and Eddy, 2003). 0.1 mmol dm™> TRA solution with BODs/COD of 0.16 is
non-biodegradable (Fig. 9). After irradiation at 1 kGy the ratio is above 0.4, fulfilling the minimum requirement for biodegradation.
Increasing the absorbed dose there is a further increase in the ratio and the remaining, partly oxidized organic content becomes easily
biodegradable at 2.5 kGy dose.

In addition to biodegradability, an equally important aspect of biological evaluation is the ecotoxicity of both the parent compound
and its transformation products. In these measurements TRA at 0.1 mmol dm > concentration in PW was found to be non-toxic
indicated by the absence of fluorescence inhibition (Fig. 8). Similar results are published in the literature (Antonopoulou et al.,
2020; Nikitin et al., 2022; Patel et al., 2019; Subedi et al., 2019). The fluorescence inhibition increased in the initial period of
treatment, at 0.8 kGy absorbed dose it went up to 17%, and with the increase of dose vanished, at 5 kGy dose no fluorescence inhi-
bition was detected. The increase indicates that some of the first formed products are slightly toxic. This dose dependence reveals the
importance of selection the optimal dose.

Several studies have addressed the question of why the overall toxic effect may be observed higher during the transformation of
TRA (Antonopoulou et al., 2020; Patel et al., 2019). This temporary increase is often attributed to the formation and co-occurrence of
transformation products. The major degradation products (N-desmethyltramadol (N-DES-TRA) and tramadol N-oxide (N-OX-TRA)
were reported to cause higher bioluminescence inhibition than TRA.

3.2.2. Matrix effect on the removal efficiency, degradation in tap water (TW), synthetic wastewater (SWW) and purified wastewater (PWW)
matrices

The dissolved constituents in TW, SWW and PWW matrices strongly influence the degradation by controlling the availability of
reactive species. The matrix effect is often quantified in terms of the radical scavenging capacity (Eq. (10)):

k/scav = Zkl [l} (1 0)

where the i species (e.g., HCO3 / C0%, ClI-, NO3 etc.) compete with *OH. Because the investigated matrices differed in their COD, TOC
and IC levels, the overall scavenging capacity varied accordingly, leading to matrix-dependent differences in removal efficiency.
The experiments carried out applying the usual water analytical techniques (COD, TOC, BODs and BOD5/COD ratio) clearly
indicate the efficiency of ionizing radiation treatment in TRA degradation. The COD values in the absence of TRA were 2.8, 8.1 and
68 mg O, dm~3 for TW, SWW and PWW, respectively, reflecting markedly different background organic matter contents. In the

80
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Fig. 8. Dose dependence of fluorescence inhibition in solutions containing 0.1 mmol dm > TRA, irradiated in the 0 — 5 kGy dose range. Inset: the pH
values of solutions measured after irradiation with different doses in different matrices.
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Fig. 9. Effect of absorbed dose on the BODs/COD ratio in various matrices of 0.1 mmol dm 3 TRA. In the figure we show the degradability limits
taken from the works of Abbas et al. (2022) and Metcalf and Eddy (2003).

irradiated TW and SWW solutions both COD and TOC decreased with the absorbed dose (Fig. 7). However, this decrease was smaller
than in pure water matrix. In TW, SWW and PWW matrices the pH was around 8 and practically did not change during the irradiation.
Presumably, the dissolved material present in samples exerted some buffering effect. In the dielectric barrier discharge experiments of
Babalola et al. (2023) also no pH change was found. They attributed this observation to the buffering properties of carbonate ions,
present in wastewater. The original PWW matrix had high organic content, in TRA solution hardly any decrease was observed in the
COD and TOC until the highest dose (Figs. 7, 5 kGy). The biodegradability, revealed by the BOD5/COD ratios, increased with dose, at
5 kGy the organic content in all solutions, except in PWW, became biodegradable. With further increase of dose the biodegradability
was also achieved in PWW (not shown). In TW and SWW the dose dependence of the fluorescence inhibition was similar to that
observed in PW matrix, although the initial increase upon irradiation was higher. In PWW considerable fluorescence inhibition, 20%,
was measured even in the non-irradiated solution. The percentage inhibition increased continuously during the irradiation. A decrease
is expected at doses higher than 5 kGy as further oxidation/mineralization proceeds.

The predominant inorganic and organic matters in the investigated matrices include CO%’, HCO3, CO%’, NO3, Cl~, Fe?>" and humic
acid. These impurities, by acting as radical scavengers, strongly retard the degradation of the target compound. Based on the bimo-
lecular rate constants, the strongest inhibitory effect can be attributed to nitrite and chloride ions (Fig. 10, Barr et al., 2024; Goldstone
et al., 2002; Jaysons et al., 1973; Leresche et al., 2021; Wojnarovits et al., 2020). In PWW, the background dissolved organic matter,
reflected by elevated TOC and COD levels, is expected to dominate *OH consumption and thus to markedly suppress the removal rates
within the same absorbed dose window.

4. Conclusion

In this study, the pathways and kinetics of TRA reaction with the primary reactive species formed in water radiolysis were
elucidated by pulse radiolysis and complemented by y-irradiation experiments in various aqueous matrices. Pulse radiolysis revealed
that *OH-initiated degradation of TRA proceeds mainly via aromatic addition and, at higher pH, increasingly through o-aminoalkyl
radical formation, due to deprotonation of the amino group. y-Irradiation in ultrapure water resulted in rapid parent-compound loss
reflected by the decreasing COD and TOC, increasing biodegradability and a transient toxicity increase followed by detoxification at
higher doses. In TW, SWW and especially PWW, the efficiency was lower due to matrix-specific radical scavenging; nitrite, chloride
and dissolved organic matter are suggested to be the main inhibitors. Therefore, the mechanistic and kinetic information obtained in
this work is relevant not only for understanding tramadol degradation pathways, but also for the practical development of radiation-
based and other *OH-driven AOPs, where matrix composition, scavenging effects, and dose requirements must be taken into account.
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