Journal of Environmental Chemical Engineering 10 (2022) 108320

Contents lists available at ScienceDirect

Journal of Environmental Chemical Engineering

journal homepage: www.elsevier.com/locate/jece

ELSEVIER

Check for

TACN-Mn catalyst use in an advanced oxidation process for efficient e
micropollutant abatement in wastewater: A transformation study of
diclofenac and sulfamethoxazole

Julia Wolters °, Muhammad Usman °, Johanna Mathia °, Dirk Dirichs“, Daniel Bastian *,
Benedikt Aumeier ?, Carsten Bolm ”, Volker Linnemann ®, Thomas Wintgens *

& Institute of Environmental Engineering (ISA), RWTH Aachen University, Mies-van-der-Rohe-Str. 1, 52074 Aachen, Germany
® Institute of Organic Chemistry (IOC), RWTH Aachen University, Landoltweg 1, 52056 Aachen, Germany

ARTICLE INFO ABSTRACT

Editor: Dr. G. Palmisano Advanced oxidation processes (AOP) are key technologies that can degrade micropollutants in wastewater

treatment. In this study, we examined how well the TACN-Mn catalyst can be applied in environmentally

Keywords: relevant conditions (ambient temperature and near-neutral pH) in combination with hydrogen peroxide (H2052).

D?grédatlon Furthermore, we investigated the degradation - including the reaction pathways, kinetics and transformation

;m:t.lcs products (TPs) — of the two relevant micropollutants, diclofenac (DCF) and sulfamethoxazole (SMX), in two
atrix

different water matrices. The rate constants we identified compared well to literature data and showed a strong
pH dependency: The pseudo first-order rate constants for DCF degradation in ultrapure water varied from 4.45 x
103 min! to 1.06 x 10" min! when the pH was increased from 7.5 to 9.0, and for SMX degradation, the rate
constants ranged from 1.62 x 10> min! to 2.33 x 102 min™. In wastewater, the oxidation was still effective, but
at a lower rate and to a lesser extent than that in ultrapure water. TPs and reaction pathways of DCF and SMX
were elucidated by LC-HRMS. TPs formed were very similar to those reported in previous studies about reactions
with OH radicals. These promising results are the prerequisites for further investigations to optimize and eval-
uate the TACN-Mn/H302-AOP.

Trace substances
Transformation products

1. Introduction agent [1]. Since it is usually not reactive enough below 80 °C, catalytic

activation is necessary [1,2]. In this context, metal complexes have been

Since organic micropollutants are not completely removed from
municipal wastewater in conventional treatment plants, the remaining
micropollutants enter the aquatic environment via the receiving water.
They may pose a risk to humans and the environment and, therefore, are
monitored and increasingly regulated by authorities. Expected regula-
tions regarding advanced wastewater treatment to address micro-
pollutants have led to extensive research towards possible treatment
processes, including advanced oxidation processes (AOP). In general,
AOPs are used to generate highly reactive species when an oxidant is
activated in some form. These AOPs include various physical, electro-
chemical and catalytic processes, and some of them involve the use of
energy-intensive UV radiation or chemicals, like hydrogen peroxide
(H2032). H203 is an inexpensive and environmentally friendly oxidizing

* Corresponding author.

investigated as possible catalysts, whereby manganese complexes have
proven to be more environmentally friendly than most other transition
metal species [1]. Manganese-1,4,7-trimethyl-1,4,7-triazacyclononan
(TACN-Mn) is such a metal complex and characterized by the fact that
the manganese can reversibly adapt to different oxidation states without
being separated from the complex. TACN-Mn was originally used as a
bleaching catalyst in detergents [2]. It is known as a versatile catalyst for
the oxidation of a large number of organic functional groups by the
oxidizing agent H5O» [1]. The structure of TACN-Mn is shown in Fig. 1.

A special feature of the process with TACN-Mn and HyOs is that,
unlike most AOPs, high-valent manganese species are the active
oxidizing agent in the system [1,3]. The exact nature of this reactive
species is unknown, but a mononuclear oxo-manganese (V) species is
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suspected to be the active oxidizing agent [1-3]. Depending on the
target substance investigated, different oxidation mechanisms by the
system TACN-Mn/H,0, are suggested in the literature [3,4]. To the best
of our knowledge, no scientific publication could be found in which the
oxidation of drugs by this system was described in detail. Therefore, it is
only possible to make assumptions about the reaction mechanism taking
place there. Since the epoxidation of alkenes is also oxidation, apart
from the actual oxidation, no further reactions occur between the al-
kenes and the TACN-Mn. The epoxidation of cinnamic acid is chosen at
this point as a possible reaction mechanism in the oxidation of phar-
maceuticals and other organic pollutants [1,3]. In past studies, the re-
action mechanism was illustrated by the epoxidation of cinnamic acid
[1,3]. Fig. 2 shows the modified reaction mechanism of the
TACN-Mn/H30; system for our application [1,3].

The dinuclear manganese complex is reductively cleaved in the first
step of the effect mechanism, creating mononuclear manganese (IV)
species. In water, they can exist in the two forms shown. A one-electron
reduction of the Mn (IV) complex by H,O5 then takes place, which re-
sults in an HO; radical and a Mn (III) complex. This complex is then
oxidized by Hy0O, to Mn (V) species, which are the active oxidizing
agents in the process. By reacting with organic pollutants and oxidizing
them, Mn (V) species are reduced to the Mn (III) complex again.
Depending on the oxidized substance, oxidation can take place through
an electron or an oxygen transfer [1,2]. Alternatively, the Mn (V)
complex can be reduced back to the Mn (IV) species by a renewed attack
by H302. As explained above, TACN-Mn has already been used in
various applications (e.g. detergents) and is known for strong perfor-
mance, especially at high temperatures and high pH [5].

The use of TACN-Mn as a catalyst for HO, as an AOP in wastewater
treatment, especially in the area of municipal wastewater treatment, has
not yet been covered in detail. In 2009, Unilever applied for a patent for
a wastewater treatment process using HyOp and a TACN-Mn-based
catalyst. The background of the application is the treatment of indus-
trial wastewater. This includes wastewater streams with paint contam-
ination, high biochemical oxygen demand (BODs) or chemical oxygen
demand (COD), chlorinated phenolic ingredients, pharmaceutical in-
gredients, quinones, azo-containing molecules, alkenes, alcohols, and
sulfur-containing compounds [6]. Regarding the patent, the catalyst has
only been used in combination with electrochemical activation, which
was not done here. Moreover, our study is the first one investigating the
performance of TACN-Mn/H50; in a municipal wastewater matrix and
the degradation of particularly relevant substances in this field. In
municipal wastewater treatment, the use of an AOP based on TACN-Mn
and H,0; can be compared with other AOPs that also use chemical
catalysts. The Fenton process and Fenton-like processes can be used for
comparison, e.g. in terms of operational parameters to be set.

This study aims to investigate if TACN-Mn in combination with HoO»
can be used for advanced wastewater treatment as a possible extended
application. Experiments were carried out to check if the AOP catalyst
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works at environmentally relevant conditions (ambient temperature and
near-neutral pH) and degrades micropollutants present in effluents of
municipal wastewater treatment plants. During AOP, highly reactive
species cause a fast reaction with organic substances. This reaction may
lead to biodegradable substances and mineralization, but also to the
formation of transformation products (TPs) which may be more or less
persistent and more or less toxic than the parent compound. In this
study, the reaction pathways and kinetics of two widespread model
micropollutants — diclofenac (DCF) and sulfamethoxazole (SMX) — will
be elucidated and possible reaction mechanisms suggested.

2. Material and methods
2.1. Chemicals and reagents

TACN-Mn {Dragon PF6 - [bis(N,N’,N"-trimethyl-1,4,7-tri-
azacyclononane)-trioxodimanga-nese (IV) di(hexafluorophosphate)
monohydrate] was provided by Catexel in powder form and was dis-
solved in ultrapure water before the experiment. HoO; (30%) was pur-
chased from Merck (Darmstadt, Germany). Sodium hydroxide and
sulphuric acid from Bernd Kraft GmbH (Germany) were used for pH
adjustment. Standards for DCF and SMX were obtained in the highest
available purity from Sigma Aldrich (Darmstadt, Germany). Stock so-
lutions were prepared in methanol. All solvents (water, methanol,
acetonitrile) were of the highest purity and were purchased from VWR
(Darmstadt, Germany). Formic acid was used as a modifier and obtained
from Fisher Scientific (Dreieich, Germany). Methylene blue from Riedel-
de Haén (Seelze, Germany) was used as a model substance for additional
orienting experiments.

2.2. Sample preparation for identification of transformation products

To stop the further formation of TPs after samples were taken, those
containing DCF were mixed with a 1.5 mol amount of sodium sulphite to
scavenge free OH radicals. Samples containing SMX were mixed with
catalase (Micrococcus lysodeikticus, 111700 U/mL, Sigma-Aldrich)
respectively. Background concentrations of DCF and SMX in the
wastewater sample (100 mL) were measured after being enriched by
Oasis HLB (60 mg, 3cc) and eluted by 3 mL MeOH.

2.3. Analysis by LC-HRMS

TPs were analyzed with an Orbitrap ID-X (Thermo Scientific, USA)
equipped with a Vanquish UHPLC system consisting of a binary pump
and split sampler HT and a heated ESI ion source. Separation was per-
formed on a Hypersil Gold aQ (150 mm, 2.0 mm, 5 pm) from Thermo
Fisher (USA) and kept at 40 °C. The mobile phase consists of Eluent A
(0.1% formic acid in water) and Eluent B (0.1% formic acid in MeOH).
The injection volume was 10 pL at a flow rate of 0.3 mL/min. Gradient

(PFg)z + *H0

~

Fig. 1. Structure of TACN-Mn [1].
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Fig. 2. Effect mechanism of the system TACN-Mn/H,0,
modified from GILBERT et al. [3] and LINDSAY SMITH et al. [1].

elution was performed from 98% A to 2% A over 27 min. Data-
dependent acquisition was performed in ESI+ and ESI- modes with
both collision-induced dissociation (CID) at 30% fixed collision energies
and high-collisional dissociation (HCD) using assisted collision stepped
collision energies of 40%, 50%, and 60%. The mass resolution of the
orbitrap analyzer was 120,000.

Data analysis and instrumental control were done by Tracefinder 5.0,
XCalibur, and Compound Discoverer 3.2. Retention time (RT) alignment
and background subtraction were done by Compound Discoverer 3.2.
Filling water was used as blank for background subtraction, which is
performed by the software when features are also identified in the
blanks. Suspected TPs from different AOP experiments were summa-
rized in a list, and the exact masses were added as a mass list in Com-
pound Discoverer 3.2. Identification of unknown or suspect TPs was
verified again by a visual comparison of the experimental spectrum
against the recommended library spectrum and the calculated total
score of Compound Discoverer 3.2 software. These features were further
sorted out using at least three associated fragment ions with a mass
accuracy below 5 ppm.

2.4. Analysis by IC

Oxyhalides chlorite, chlorate and bromate were investigated as po-
tential inorganic transformation products. Chlorite and chlorate were
determined by an ion chromatographic (IC) system (Metrohm Ltd.,
Switzerland) with chemical suppression and a Metrohm 732 conduc-
tivity detector. Bromate was determined using post-column reaction
(PCR - Tri-iodide method) according to DIN EN ISO 11206. The
analytical column used for the anion separation was a universal anion
column Metrosep A Supp 16 (4.0 mm x 150 mm; Altech, USA), and the
injection volume was 20 pL (1000 pL for bromate analysis). Eluent was a
3.6 mM NayCOgs-solution with a flow rate of 0.8 mL/min. MRM-
suppressor was regenerated by 100 mM H3SO4.

2.5. Data analysis

For kinetic analysis, the pseudo first-order model was employed:
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with k being the pseudo first-order rate constant in min™, ¢ being the
measured concentration of the target substance varying with time and ¢y
being the initial concentration. Time was calculated t * =t - tj,g, where
tlag is the activation time of the catalytic system, which means the
catalyst needs time to create this reactive manganese species [1].

2.6. Experimental setup

Experiments were conducted in ultrapure water, and additional ex-
periments were conducted in a wastewater matrix: effluent of the sec-
ondary clarification stage of the municipal wastewater treatment plant
Aachen-Soers, which was filtered through regenerated cellulose
(SPARTAN, 0.2 ym, 30 mm) from Whatman (USA). The average values
for COD, TOC, DOC, TN}, and Py, for the year 2019, when the water
was sampled for the experiments, were 18, 6.9, 6.2,5.7 and 0.1 mg L™ L
respectively. The pH of our water sample was 8.5 + 0.3. These values
are similar to secondary effluent characteristics reported in literature
[71, with the pH rather being in the upper range. The initial concen-
tration of the target micropollutant DCF or respectively SMX was
10 mg L1, This concentration was chosen although it was higher than
what is typically present in the environment for TPs to be detected. The
ratio between micropollutant and HyO2 was in the same order of
magnitude as in similar studies [8]. The fluid volume for each

pH meter

Thermometer

Beaker

| Magnetic
stirrer

2

Fig. 3. Experimental setup.
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experiment was 30 mL and contained 10 mg L'! TACN-Mn. The solution
was constantly stirred in a beaker (see Fig. 3) and pH was kept constant
at 8.5 + 0.5 by adding sodium hydroxide or sulphuric acid. The tem-
perature was kept constant at 20 + 0.5 °C. After the initial sample was
taken, 0.1 mL 30%-H,0; solution was added and another sample was
taken. Subsequent samples were taken every 15 min.

As a first approach to improve the TACN-Mn/H;0, system, we
examined the combination of TACN-Mn/H5045 with UV. To evaluate the
enhanced degradation performance, methylene blue was used as a target
substance. As for the experimental procedure, TACN-Mn, and Hy0,
dosage were the same as in the main experiments for DCF and SMX
degradation. The temperature was 20 °C and pH was 7. The setup was
irradiated with a UV LED lamp (Fluke, 10 W, 395 nm) from above (not
shown).

2.7. Experimental plan

Table 1 gives an overview of the key experiments to demonstrate the
efficiency of TACN-Mn/H20;. Reference experiments (only TACN-Mn or
only Hy05) are included.

This experimental series is based on a preliminary screening (full
factorial plan) using 7.4 mg L' methylene blue to investigate the effect
of several parameters in the relevant range: temperature (10 and 20 °C),
pH (6 and 9), concentrations of TACN-Mn (10 and 80 mg LD and H50,
(1.1 and 10.6 mg LY. For more information and results see the SI. Since
the effect of pH was identified as crucial, additional experiments
investigating the effect of pH in the relevant range were conducted.

3. Results and discussion
3.1. Basic reactivity of the TACN-Mn/H20; system

The basic reactivity of DCF and SMX in the TACN-Mn/H20; system
was investigated with control experiments (only TACN-Mn, only H>05)
and in two different water matrices, i.e. ultrapure water and wastewater
(Table 1). The results of all eight key experiments are shown in (Fig. 4;
Tables 2 and 3).

Degradation experiments were carried out three times, and error bars
mark the minimum or maximum normalized concentration. These error
bars are only significant during the fast degradation phase where small
differences in time make a larger difference in concentration, whereas
the differences are negligible at the beginning or end of the experiment.
Due to the slower degradation of SMX, the duration of experiments with
SMX was prolonged and an additional sample was taken after 240 min.

Table 1
Key experiments for micropollutant degradation.

Exp. TACN-

No. Matrix Micropollutant H,0, Mn Analysis*
Ultrapure

1 water DCF X - DCF, TPs
Ultrapure

2 water DCF - X DCF, TPs
Ultrapure

3 water DCF X X DCF, TPs
Treated DCF, TPs,

4 wastewater DCF X X anions
Ultrapure

5 water SMX X - SMX, TPs
Ultrapure

6 water SMX - X SMX, TPs
Ultrapure

7 water SMX X X SMX, TPs
Treated SMX, TPs,

8 wastewater SMX X X anions

*anions: bromate, chlorite, chlorate
*DCF, SMX degradation and anions (quantitative), TPs (normalized by peak
area)

Journal of Environmental Chemical Engineering 10 (2022) 108320

There was no degradation of DCF and SMX with only TACN-Mn or only
Hy0,, but with a combination of them. DCF was degraded almost
completely in both matrices as the two very similar curves in Fig. 4 A
show. In contrast, the degradation of SMX differed significantly
depending on the matrix, and overall, there was less degradation of SMX
than of DCF, as seen in Fig. 4 A and C. Competition between degradation
of micropollutants and water matrix was larger for SMX than for DCF.
From the logarithmic scale displayed in Fig. 4 B and D, the pseudo first-
order rate constants can be directly derived (cf. Eq. 1 in Chapter 2.5,
using the values of the degradation phase shown in Fig. 4). The corre-
sponding pseudo first-order rate constants are tabulated in Tables 2 and
3, which are discussed in Chapter 3.3.

The concentration of chloride in the ultrapure water tests was
6 mg L'! and in the wastewater tests approx. 200 mg L™ Lon average.
Bromide could only be detected in very small amounts of 0.1 mg L! in
the ultrapure water tests and 0.2 mg L! in the wastewater experiments.
In general, OH radicals, which are the active species in our system, can
form further active species with chloride present in water. Depending on
the system studied, both an enhancement and a reduction of the
degradation rate by inorganic anions was observed [9]. The authors
showed that chloride forms CIOH radicals with OH radicals [9]. These
radicals are very unstable and decompose back into the chloride ion and
the OH radical. The formation rate and decomposition rate are in the
same order of magnitude, which means that no great influence can be
assumed from these radicals. In the acidic pH range, the formation of Cl
radicals was observed, which have a lower reduction potential than OH
radicals and could thus adversely affect the degradation rate. The in-
fluence of chloride ions on the stability of Hy02 could also not be
observed in previous studies. The influence of relevant anions (chloride,
bromide) in our experiments is estimated to be rather low due to the low
measured concentrations and the adjusted alkaline pH. Since anions as
well as alkaline conditions cannot be the only reasons for the lower
degradation rate of SMX in wastewater, the significantly higher organic
load (TOC) of 5.7 mg L couldbea possible reason. Since OH radicals in
the TACN-Mn/H,0 system represent a possible degradation pathway
[6,10], they could be involved in nonspecific reactions with organic
matter in wastewater. Previous studies with ozone [11] and photo-
catalysis with TiOy [12], both mainly using OH radicals as reactive
species, also found the negative influence of organic matter on the
degradation rate of SMX. In both studies, a decrease in the degradation
rate constant k of SMX was observed from initial values in pure water
(ozone: 2.9 x102  s1;  photocatalysis:  5.44 x101  min’};
TACN-Mn/H,05: 1.86 x10°2 min™) to lower values after the addition of
organic matrix components (ozone: 0.9 x10% st (5 mg L! Humic sub-
stances); photocatalysis: 1.41 x 10" min? (5 mg L' Suwannee River
NOM) (5 mg L1); TACN-Mn/H504: 5.84 x 10 min™ (5.7 mg L' TOC)).
We suppose that the reactive species (OH radicals) are scavenged by the
organic matter which competes with SMX for the OH radicals. Thus, the
resulting available OH radical concentration is lowered which decreases
the degradation rate constant. The presence of organic matter also
reduced the degradation rate constant of DCF by 42% (TACN-Mn/H505:
1.20 10! min? without wastewater matrix; 6.96 x102 min with
wastewater matrix). In previous studies, different observations of the
influence of organic matter on the degradation rate constant of DCF
could be made. The use of ionizing radiation based on OH radicals also
demonstrated a reduction of up to 71% in the degradation rate of DCF at
high organic matter levels 30-80 mg L [13]. Apparently, DCF de-
composes more easily than SMX, which is why the reaction time was
extended. If organic matter in the wastewater reduces the concentration
of the active species, this is no longer sufficient to degrade SMX, but it is
still sufficient to degrade DCF.

3.2. Increased reaction kinetics and accelerated catalyst activation at
elevated pH

Results of additional experiments investigating the effect of pH in the



J. Wolters et al.

0.8 1 -\ only H,0, in ultrapure water
only TACN-Mn in ultrapure water
S 0.6 - TACN-Mn/H,0, in wastewater
) —ll- TACN-Mn/H,0, in ultrapure water|

C) SMX

0 : T T |
0 60 120 180

Time [min]

240

Journal of Environmental Chemical Engineering 10 (2022) 108320

In(c/cy)
&

B) DCF

In(c/cy)
&

6] D) SMX
0O 20 40 60 80 100

Time [min]

Fig. 4. Degradation of DCF (A, B) and SMX (C, D) in two different water matrices (ultrapure water and treated municipal effluent). pH = 8.5 and T = 20 °C. Initial
concentration of DCF and SMX: 10 mg L. 10 mg L' TACN-Mn and H,0, dosage as indicated. Experiments 1-4 from Table 1 are shown in A and B and experiments

5-8 in C and D.

relevant range are shown in Fig. 5.

Fig. 5A shows that degradation rates are strongly dependent on the
pH in the investigated range for DCF: the higher the pH, the higher is the
degradation. For SMX the pH dependence is less distinct. Due to the
selected pH range of 7.5-9, both DCF (pK, = 4.2) and SMX (pK; = 1.97
and pKy = 6.16) can be assumed to be present in their ionic species [14,
15].

In our study, SMX showed a significantly lower degradation rate
compared to DCF, like in previous studies [16]. In previous studies, this
difference was attributed to the formation of reactive transformation
products that react with ozone. Since ozone and the TACN-Mn system
are both based on OH radicals as reactive species, this explanation could
also apply to the TACN-Mn system. A flattening in the degradation curve
of SMX can be seen in our experiments as well as in previous studies [16,
17]. It could be shown in previous studies that SMX in both its neutral
and its anionic form (pH: 3-8) exhibited the same reactivity and
degradation rate towards OH radicals [16,17]. The result of both pre-
vious observations given above is a possible explanation for the similar
or slightly poorer degradation rate of SMX regardless of pH in the higher
alkaline range (pH: 8-9). DCF in its anionic form exhibits higher reac-
tivity with OH radicals. The higher activity is partly due to the stronger
hydrogen bonding between the oxygen atom of the carboxy group and
the amine hydrogen [18]. In contrast, the neutral form of DCF has a
higher activation barrier and is, thus, slightly thermodynamically and
kinetically disadvantaged. Beside the high influence on the present
species of SMX and DCF, pH also has an effect on the TACN-Mn/H505
system. Previous studies with dye bleaching [19] have shown that the
bleaching and oxidation effect of the catalytic system we used increases
up to a pH of 11 (with a maximum at 11) and then decreases, which is
why optimization of the conditions for use in real wastewater was

carried out. One reason for the drop from a pH of 11 is the decompo-
sition of the catalyst to manganese dioxides and also the degradation of
the 1,4,7-trimethyl-1,4,7-triazacyclononane (Me3TACN) ligands [19].
Due to the delay in the reaction time (lag time) caused by the formation
of different manganese species in our experiments, it can be assumed
that even at the pH range of 7.5-9 used by us, both mono- and dinuclear
manganese species are present, which are both able to form active
species. In addition to the pH dependence of the TACN-Mn/H30; sys-
tem, it was shown that the formation of OH radicals is preferred in
alkaline conditions since the amount of the main precursor hydroxyl
anion (OH") present is higher under alkaline conditions [20].

3.3. Discussion of reaction kinetics and comparison with Fe-based
catalysts

As mentioned before, the TACN-Mn/H20; system possesses charac-
teristic kinetics: It has a certain activation time (cf. Chapter 2.5). This
activation time varied widely for both DCF and SMX depending on the
PH (cf. Chapter 3.2). The pseudo first-order rate constants of this study
were calculated according to Eq. 1 in Chapter 2.5 and are presented in
Table 2 for DCF (1.06 x10™ to 4.45 x107 min!) and in Table 3 for SMX
(2.33 x1072 to 1.62 x10° min™!). These calculated rates quantify and
confirm our previous qualitative observations (cf. Chapter 3.2), that
SMX showed a significantly lower degradation rate compared to DCF.
The effect of the pH value is also quantified. When the pH is decreased
from 9 to 7.5, the rate constant for DCF decreases from 1.06 x 107! to
4.45 x 10° min and for SMX from 1.72 x 102 to 1.62 x 102 min!. A
clear slowdown is evidenced by the above-mentioned figures. When
wastewater is used, the rate constant decreases to 6.96 x 1072 min™ for
DCF and 5.84 x 10" min™ for SMX. This again indicates that due to the
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Table 2
Kinetic rate constants from literature for the degradation of DCF.
System w Water matrix Experimental conditions Reference
[gL™] [min™]
pH=7.5,T=20°C 4.45 x 10
pH=8; T=20°C 3.15 x 102
pH =8.5; T = 20 °C 1.20 x 107!
Ultrapure water PH=9;T=20°C 1.06 x 107!
TACN-Mn/H,0, 1.00 x 102 Treated municipal effluent pH =8.5; T=20°C 6.96 x 1072 this study
Fe(II)-activated
peracetic acid 2.96 x 10* Ultrapure water pH=6-7;T=25°C 1.10 x 10* [27]
UV/selenium
nanoparticles/H,0, 4.00 x 102 Ultrapure water pH=75 7.38 x 10 [22]
Potassium 3.51 x 10
permanganate 5.00 x 10 Ultrapure water; wastewater effluent; surface water pH=7;T=20°C t0 9.62 x 10°° [28]
Hydroxyl radical and 5.45 x 1072 9.84 x 107
hydrated electron 2.69 x 107 Phosphate buffer pH=7;T=25°C to 5.24 x 10° [23]
Pyrite Fenton 5.03 x 10 Ultrapure water pH=4T=25°C 9.84 [24]
5.00 x 107 1x 102
UV/TiO, to 2.00 x 1072 Deionized water; groundwater; treated municipal effluent pH=6;T=23°C to 3 x 1072 [21]
Ozone 8.00 x 107 Ultrapure water pPH=7;T=20°C 1.06 x 10° [29]
UV/H50, and ozone 8.88 x 1072 Ultrapure water pH=5-6;T=25°C 3.17 x 10? [30]
Table 3
Kinetic rate constants from literature for the degradation of SMX.
System 7SMX cone. Water matrix Experimental conditions k Reference
[g L] [min™]
pH =7.5; T =20 °C 1.62 x 107
pH=8; T=20°C 2.33 x 102
pH=8.5T=20°C 1.86 x 102
Ultrapure water pPH=9;T=20°C 1.72 x 102
TACN-Mn/H;0, 1.00 x 1072 Treated municipal effluent pH =8.5;T=20°C 5.84 x 10 this study
UV/ peroxymonosulfate 1.00 x 10 Pure water pPH=3.7;T=25°C 3.60 x 10! [31]
4.00 x 102
mZVI/H30, 6.33 x 103 Pure water pH=3;T=20°C to 1.40 [32]
Ultrasound/ozone 1.00 x 107! Pure water pH=7 7.13 x 107! [33]
4.8 x 102
CoFe/AgFe/ persulfate 1x10? Deionized water pH=5.67 t0 9.9 x 102 [34]
Potassium permanganate 5.00 x 1073 Pure water pH=7;T=20°C 7.13 x 1072 [35]
Microwave/ persulfate 1.26 x 102 Deionized water pH=4.7;T=60°C 2.59 x 102 [36]
Solar photo-Fenton 5.00 x 102 Distilled water; seawater pH=2.5-2.8;T=25°C 1.00 x 10 [371
Ozonation 1.26 x 10" Buffer solution pH=5T=20°C 2.88 x 107! [38]

different structural properties of the molecules, a smaller amount of
active species suffices for the degradation of DCF than for SMX.

We compared our results to various experiments reported in litera-
ture, investigating the same substances in similar experimental designs.
As Table 2 for DCF and in Table 3 for SMX show, our results compare
well to the results of other AOP studies. For example, in one study the
same initial concentration of DCF was used and very similar pseudo first-
order rate constants (1 x107 to 3 x102 min™") were found although a
different catalytic system with UV activation was used [21]. Not only a
catalyst and UV irradiation, but also HoO5 was used in another study,
leading to a slightly higher rate constant (7.38 x102 min?) at the pH of
7.5 than in our study (4.45 %1072 min!) [22]. Some studies reached
significantly higher rate constants (9.84 x10” to 5.24 x10% min™),
using different technologies like pulse radiolysis and Y irradiation [23].
Consistent with our findings, degradation rate constants for SMX are
lower than for DCF in all investigated studies (cf. Table 2 and Table 3).

For the comparison between TACN-Mn/H20, and other systems,
studies of Fe-based catalysts are of special interest [24] because they are
considered the benchmark process for HyO» catalysis. Hence such
studies are numerous and constantly being developed to increase cata-
lytic activity and, thus, increase reaction kinetics [25]. For example,
Fe-based nanoparticles were integrated in a carbon matrix and the
enhanced performance was attributed to the high surface area and
possible synergistic effects of the components [26]. In contrast to
TACN-Mn, conventional Fe-based catalysts usually work best at an
acidic pH of about 3, which is far outside the pH range of municipal

wastewater. To overcome this major drawback, chelating agents are
used and thus the working pH range enlarges up to neutral pH. The use
of chelating agents, however, increases TOC and operating cost and,
therefore, should be kept to a minimum. TACN-Mn, on the other hand
works in the neutral to alkaline pH range of municipal wastewater
without any additional chemicals.

3.4. Identification of transformation products and transformation
pathways

For most of the TPs formed by DCF and SMX, no commercially
obtainable standards are available for identification. To allow compar-
ison between the TPs, the peak area ratio of M-H and M+H was taken
and normalized to 1 for the highest peak area intensity of all samples. In
many cases, multiple isomers could be observed, and here no individual
isomers were identified. An example of this is the mono hydroxylated TP
311, for which several isomers were seen in the chromatogram of the LC
measurement. In general, the isomer with the highest area intensity was
used for illustration. Possible TPs were described according to their
nominal mass. An overview of possible degradation products of DCF and
SMX obtained by LC-HRMS can be found in Table 1 and Table 2 in the SI.
The main degradation pathways and the corresponding TPs were addi-
tionally framed. Since analysis by IC revealed no evidence of bromate,
chlorite, or chlorate formation, discussion of inorganic TPs was not
included in this study.

Through LC-HRMS analysis, nine major TPs were identified and are
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shown in Fig. 6. The literature research showed that the degradation of
DCF often occurs through OH radicals, mainly through the hydroxyl-
ation of the aromatic rings, the cleavage of the -COOH group, or Cl
atoms of DCF as well as the amino group [22,39-44]. From DCF, TP 311
was identified with an accurate mass of 311.0109 and an elemental
composition of Cj4H;;CIbNOs. In addition, peaks at 12.22 and
10.75 min were found for the extracted ion chromatogram (EIC). TP 311
(three isomers) is a well-known TP of OH radical-based reactions and is
formed by hydroxylation on the aromatic rings of DCF. In past studies,
three isomers with an exact mass of 311.0114 (TP 311) could be iden-
tified [23]. A formation of constitutional isomers could, therefore, be the
cause for the different peaks for the same EIC. In the case of TPs 311-a
and -b, this is phenylacetic acid ring, in TP 311-c that of 2,6-dichloroani-
line [45]. Even though OH radicals act as non-specific electrophilic
oxidants, it is nevertheless assumed that position 5 in the para position
to the NH substituent is preferentially attacked at the more electron-rich
aromatic ring. The di-hydroxylated DCF (TP 327) was also identified
with an exact mass of 324.9909 and elemental composition
C14HoCloNOy. It has been suggested that the additional hydroxyl group
is attached to the non-hydroxylated ring [23,46]. Another peak with an
exact mass of 308.9959 and elemental composition of C;4HgCloNO3
indicated a similar molecular structure as TP 311. Further oxidation of
TP 311-a of the mono-hydroxylated DCF leads to a quinone-imine in-
termediate. The hydroxylated quinone-imine product TP 324 was also
identified with an exact mass of 327.0065 and an elemental composition
of C14H;1CI;NO4. In past studies, these species were also detected and
considered as evidence for degradation by OH radicals [43,47,48]. TP
161 could be identified as 2,6-dichloroaniline with a retention time of
7.5 min and an exact mass of 160.9799 and the elemental composition
CeHsCloN [27,39,45]. A similar degradation pathway is the formation of
TP 151 (5-hydroxy-phenylacetic acid), which also forms when the CN
bond is cleaved by OH radicals, where the amino group, however,

C) SMX

0+—

180 240 300

120
Time [min]

0 60
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remains on the ring of 1,4-dichloroanniline. TP 151 (5-amino-phenyl-
acetic acid) was also observed as an alternative degradation pathway
[30,46]. In this degradation mechanism, the amino group remains on
the phenylacetic acid substituent. Another degradation mechanism oc-
curs via the breakdown of the carboxy group of DCF. The decarboxyl-
ation of DCF leads to TP 251, which was identified as 2,
6-dichloro-N-(o-tolyl)aniline with an exact mass of 251.0266 and
elemental composition Cy3H;1CloN. One peak at 12.78 and an exact
mass of 265.0061 and the elemental composition C;3HgCl3NO could be
identified as 2-(2,6-dichlorophenylamino)benzaldehyde. Another peak
TP 267 at 13.44 min and an exact mass 267.0211 and elemental
composition C13H;1CIoNO revealed the formation of {2-[(2,6-dichlor-
ophenyl)amino]phenyl}methanol. Both TPs are formed by decarboxyl-
ation (TP 251) and subsequent hydroxylation to TP 267 and further
oxidation of the alcohol group to aldehyde TP 265. Similar degradation
pathways could also be observed in processes with UV/peracetic acid
[49], boron-doped diamond electrodes [41], photocatalysis [39], and
photo-Fenton systems [43]. Starting from TP 265, TP 281 could also be
identified with an exact mass of 281.0010 and represents the mono
hydroxylated TP 265.

Fig. 7 shows the time-dependent degradation profiles of DCF in
TACN-Mn/H50; at pH 8.5 in ultrapure water and effluent wastewater.
The plot of the area ratio (Fig. 7) at the beginning (t = 0 min) and at the
respective sampling intervals shows that the majority of the TPs reach
their maximum at the end of the reaction period between 60 and
120 min with a time delay for the formation of the catalytic system of
about 50 min. TP 251, on the other hand, decreases again after 60 min
reaction time, which could happen because the methyl group is oxidized
to the corresponding alcohol or aldehyde group. TP 151b (5-amino-
phenylacetic acid) also decreases after 60 min. A comparison of the
relative degradation in ultrapure water and wastewater shows that the
TPs in wastewater exhibit a lag time similar to the degradation of the
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Fig. 5. Degradation of DCF (A and B) and SMX (C and D) in ultrapure water at different pH values: pH 7.5, 8, 8.5 and 9. T = 20 °C, 10 mg L' TACN-Mn and H,0,

dosage as indicated. Initial concentration of DCF and SMX: 10 mg L1
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Fig. 7. Time-dependent profiles of major degradation products of DCF (A/A,) in TACN-Mn/H>0; process at pH 8.5 in wastewater and ultrapure water.

parent substance. The delay could be due to matrix effects, such as
secondary reactions of the active species. It was proposed that the
further degradation of the resulting transformation products from the
cleavage of the C-N bond leads to mineralization in which inorganic
degradation products HCl and CO; are formed [50]. Since only trans-
formation products were investigated by LC-HRMS (cut-off <40 m/2),
no conclusions can be drawn about the formation of low molecular
weight compounds such as CO».

Through LC-HRMS analysis, seven major TPs of SMX were identified
and are shown in Table 2 in the SI. The literature research showed that
the degradation of SMX occurs through OH radicals, mainly through the
hydroxylation of the aromatic rings, the cleavage or oxidation of the
amino group (-NHy), and the cleavage of the S-N bond. TP269 with the
exact mass of 269.0470 shows the addition of an oxygen atom. In other
AOP processes, based on OH radicals, an attack on the aromatic ring of
the aniline structure is assumed [33,35,51,52]. An analysis of the frag-
ment spectrum cannot show a difference in oxygen atom binding to
either the amino group or the aromatic ring of the aniline. It is assumed
that an electrophilic addition preferentially takes place at the aromatic

ring in the ortho-position [32]. It could be shown that the anionic spe-
cies of SMX are preferentially attacked at the amide nitrogen, while one
of the aromatic rings is preferred for the neutral species of SMX [53]. It is
suggested that OH radicals attack the neutral species non-selectively,
while for the anionic species the oxazole ring could be preferentially
attacked by the deprotonated amide nitrogen due to the higher electron
density [52,54]. It has been shown that for this reason higher pH values
promote the degradation performance of SMX during ozonation and
oxidation with KMnOg4 [54]. Differentiation of the TP at different pH
values was not carried out in our study, since the TACN-Mn as a bleach
catalyst reacts preferentially only in the alkaline environment. Based on
the experiments and the set pH values of 7-9, both the neutral and the
anionic variants of SMX are present. TP 238 with the exact mass
238.0412 and TP 254 result from the cleavage of the amino group
(oxidative deamination) and hydroxylation of the aromatic ring. These
TPs were also postulated by [55,56]. The attack of an OH radical on the
sulfonamide bond leads to cleavage of the SMX and results in TP 98. The
counterpart would be 4-aminobenzo sulfonic acid. This TP could not be
observed in this study. Instead, TP 139 could be detected as
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Fig. 8. SMX degradation pathways in TACN-Mn/H;0; process.

4-nitrophenol, which indicates that sulfate is cleaved off during bond
breakage, followed by hydroxylation in the para position of the oxidized
amino group. The oxidation of the amino group of the aniline ring to the
nitro group leads to the formation of TP 283 with an exact mass of
283.0263 and could be identified as nitro-SMX. Another degradation
pathway is the attack of an OH radical on the electron-rich double bond
of the isoxazole ring, leading to TP 287 with the exact mass of 286.0497
[57]. Another transformation is TP 253, which is an isomer of SMX and
could be detected by photocatalytic methods. Compared to SMX, it
elutes 2 min earlier and has the same exact mass of 253.0521. TP 253 is
an isomer of SMX, which is mainly formed by photo-isomerization [56,
58].

Fig. 9 shows the time-dependent degradation profiles of SMX in
TACN-Mn/H50; at pH 8.5 in ultrapure water and effluent wastewater.
In comparison to DCF, a longer lag time can be seen before the degra-
dation of SMX begins. In contrast to the TPs of SMX, no further
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degradation of the TPs is evident here. The majority of the TPs are
formed with A/Ag > 50 after 100 min

The majority of DCF is degraded or converted to more highly
oxidized TPs, which could have higher toxicity than the parent sub-
stance. Thus, they can also serve as precursors for toxic disinfection by-
products such as halobenzoquinones [59]. Chlorination of paracetamol
showed that quinone-imine intermediates cause liver necrosis and are,
thus, more toxic than the parent compound [60]. In addition, they
decompose in aqueous conditions to the toxic 1,4-benzoquinone, which,
due to its structural similarity, could also contribute to renal toxicity
[61]. Photo-TPs of DCF could show a six-fold increase of phytotoxicity in
algal reproduction compared to the parent compounds [62]. It has been
shown that the synergistic effects of the nitrogenous TPs can contribute
to the overall toxicity [63]. Most of the SMX is degraded or transformed
to higher oxidized TPs, which might have higher toxicity than the parent
substance. In studies where the parent compound and TPs of SMX were
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Fig. 9. Time-dependent profiles of major degradation products of SMX in TACN-Mn/H,0, process at pH 8.5 in wastewater and ultrapure water.
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Fig. 10. Combination of TACN-Mn/H20, with UV (10 W, 395 nm) for meth-
ylene blue degradation. T = 20 °C, pH = 7 and ¢y = 7.4 mg L%,

estimated by ECOSAR, aquatic toxicity was shown to decrease after the
degradation of SMX and the formation of TPs [64]. The mixture toxicity
of DCF and SMX with their TPs is largely unexplored and unknown, and
would need further research.

3.5. Enhancement of TACN-Mn/H20,-system and prospects for technical
application

As Fig. 10 shows, UV light accelerated activation and kinetics of the
TACN-Mn/H>0; system so that degradation increased from 27 % to 92
%. The effects of the three components individually (TACN-Mn or Hy0,
or UV) were all negligible (not shown) as well as the effect of UV on the
single components TACN-Mn or Hz05 (shown in Fig. 10). This first
approach to improve the performance of the catalytic system is prom-
ising and needs to be investigated further to gain a good understanding
of possible synergy effects.

For a successful implementation of the TACN-Mn/H205-system on
wastewater treatment plants, several additional challenges have to be
addressed in future research: Separation of TACN-Mn from the treated
wastewater stream and subsequent recirculation have to be investigated.
A membrane filtration step is most likely required to ensure sufficient
retention. According to the molecular size of TACN-Mn (129 + 55 g mol”
1), tight nanofiltration membranes with a molecular weight cut-off in the
lower range could be considered. Resulting from the prior advanced
wastewater treatment, foulants may be already reduced to a large
extent. However, it must be ensured that the membrane is not affected
negatively by HyO». Furthermore, possibilities to immobilize TACN-Mn
should be examined because this immobilization would facilitate the
separation step. One possibility to inactivate TACN-Mn after the
oxidation process would be to use polymer-bound TACN derivatives,
which could be removed by membrane filtration since they have higher
molecular weight [65]. In past studies it could already be shown that the
polymerized TACN derivatives exhibit similar catalytic activity as their
monomeric systems [66].

Furthermore, when the ligands are modified to increase the catalytic
activity, the catalyst can be improved, which could e.g. shorten the lag
time for the formation of the active species [5].

4. Conclusions
TACN-Mn was demonstrated to be an effective catalyst for AOPs in

ultrapure water and wastewater treatment plant effluent. The key
influencing factor of the catalytic reaction was shown to be its pH
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dependency. The ideal pH in the investigated range is above 8, but
micropollutant abatement was also observed at lower pH values. In
wastewater, the oxidation is still effective, but at a lower rate and to a
lesser extent as compared to ultrapure water. TPs and reaction path-
ways/mechanisms for DCF and SMX were elucidated by LC-HRMS. Such
transformations, which only change the structures of DCF to a minor
degree, can also pose environmental risks in wastewater. For future
investigations the two following aspects have to be pursued: Firstly, the
TPs need to be characterized more closely to evaluate their toxicity. For
exact accounting of TPs, experiments with radiolabelled micropollutants
could be conducted. Secondly, the TACN-Mn/H30,-AOP system must be
optimized further from the process engineering point of view, and the
potential of TACN-Mn immobilization needs to be used for effective
separation.
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