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Peracetic acid (PAA) in combination with transition metals has recently gained increasing attention for organic
micropollutant abatement. In this study, aqueous Co(II), Cu(Il), and Ag(I) were compared for their capacity to
activate PAA. Co(II) outperformed Cu(Il) or Ag(I) and the optimum conditions were 0.05 mM of Co(II), 0.4 mM
of PAA, and pH 3. However, due to a wider applicability in water treatment, pH 7 (i.e., bicarbonate buffer) was
selected for detailed investigations. The abatement of different micropollutant surrogates could be described
with a second-order rate equation (observed second-order rate constants, kops were in the range of 42-132 M1
s~ 1). For the para-substituted phenols, there was a correlation between the observed second-order rate constants
of the corresponding phenolates and the Hammett constants (R = 0.949). In all oxidation experiments, the
reaction rate decreased significantly after 1-2 min, which coincided with the depletion of PAA but also with the
deactivation of the Co(II) catalyst by oxidation to Co(III) and subsequent precipitation. It was demonstrated that
Co(II) immobilized on a geopolymer-foam performed approximately similarly as aqueous Co(II) but without
deactivation due to Co(IIl) precipitation. This provides a potential option for the further development of het-
erogeneous catalytic Co(II)/PAA advanced oxidation processes utilizing geopolymers as a catalyst support

material.

1. Introduction

Oxidation processes have been successfully implemented in water
and wastewater treatment for disinfection and oxidation purposes in the
last > 100 years (von Gunten, 2018). A large selection of chemical ox-
idants such as chlorine, ozone, chlorine dioxide, permanganate and
advanced oxidation processes are routinely applied but all of them have
shortcomings in terms of feasibility, efficiency and the formation of
potentially problematic oxidation/disinfection byproducts (DBPs, such
as aldehydes, epoxides, halogenated compounds, or N-nitrosamines)
(von Gunten, 2018). Peracetic acid (CH3C(O)OOH, PAA) might be a
promising alternative because of its low tendency to form DBPs under
typical water treatment conditions (Henao et al., 2018). PAA is available
as an equilibrium solution with hydrogen peroxide and acetic acid and it
is used as an oxidizing, disinfecting, and sterilizing agent in several in-
dustries. In wastewater treatment, PAA has gained a niche market as a

disinfectant and its application is projected to grow (Bettenhausen,
2020). The disinfection efficiency of PAA is comparable to sodium hy-
pochlorite for some common bacterial indicators (e.g., Escherichia coli,
Pseudomonas sp., Salmonella sp., and Clostridium perfringens) and pro-
tozoa (e.g., Giardia cysts) while a lower efficiency was reported for a
viral indicator (e.g., coliphage viruses) (Briancesco et al., 2005;
Veschetti et al., 2003). The disinfection mechanism of PAA is based on
its oxidative damage of bacterial cell membranes (Wang et al., 2020),
enzymes (Lazarova et al., 1998), and DNA (Buschini et al., 2004; Zhang
et al., 2019). HoO3 plays a synergistic role in the PAA-based disinfection
once PAA has damaged microorganisms partially and inactivated the
catalase enzyme (Flores et al., 2014).

In addition to disinfection, there is a growing interest to utilize PAA
for the oxidation of refractory aqueous micropollutants (Ao et al., 2021).
However, it is known that PAA reacts very selectively with electron-rich
organic moieties (Chen et al., 2022; Dong et al., 2021; Kim and Huang,
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2021). The oxidation occurs via an oxygen atom transfer of PAA to
electron-rich sites of the target compounds (Kim and Huang, 2021). The
second-order rate constants for the reactions between PAA and organic
compounds vary over more than 10 orders of magnitude (10 °-10° M*
s™1) and they decrease in the following order: S-containing compounds
> phenols > N-containing compounds > alkenes > aldehydes (Kim and
Huang, 2021). In comparison to ozone, a widely applied chemical
oxidant, the corresponding second-order rate constants are significantly
lower (von Sonntag and von Gunten, 2012), and thus it has been
demonstrated that when PAA is used directly (i.e., without activation), it
is relatively ineffective for degrading a large range of diverse micro-
pollutants (Hey et al., 2012).

In the last decades, advanced oxidation processes (AOPs) have been
implemented to overcome the shortcomings of conventional chemical
oxidants, and thus AOPs such as O3/H505, UV/H505 and UV/Cl, have
been used to tackle a larger range of micropollutants (Stefan, 2018).
Similarly, the reactivity of PAA towards organic micropollutants can be
enhanced by using it in different AOPs, that is, by combining it with, for
example, ultraviolet (UV) irradiation, ultrasound, activated carbon, or
transition metal catalysts to enhance the formation of radicals (Ao et al.,
2021). One appealing feature of PAA is the relatively low O-O bond
energy of 38 kcal mol ™!, while it is 51 kcal mol ™! for HyO», and thus PAA
is easier to activate (Bach et al., 1996; Bianchini et al., 2002). Addi-
tionally, PAA has a lower unoccupied molecular orbital (LUMO) energy
(i.e., it can more readily accept electrons) in comparison to HyO», -0.25
eV vs. 0.57 eV, respectively (Kim et al., 2019).

The oxidation mechanism of PAA depends on the selection of the
activation method. For instance, the primary radicals from UV/PAA are
hydroxyl (*OH) and acetyloxyl (CH3C(0)O®) radicals that form upon the
homolytic O-O bond cleavage (Caretti and Lubello, 2003; Lubello et al.,
2002). These primary radicals react further with PAA, acetic acid, or
H»03 and the radicals with the highest steady-state concentrations when
using typical commercial PAA compositions are *OOCH3C(0)O,
*0O0CH3, and CH3C(0)O0* (Zhang and Huang, 2020). Of several tran-
sition metals, Co(II) has received a great deal of interest recently to
activate PAA: it reacts with PAA (k = 1.70 x 10'-6.67 x 10°M s 'in
the pH range 3.0-8.2) resulting in the formation of CH3C(0)O® and
CH3C(0)O0* (Kim et al., 2020; Wang et al., 2020). Of these, ace-
tylperoxyl (i.e., CH3C(O)OO®) is the main radical contributing to
micropollutant oxidation (Kim et al., 2020; Wang et al., 2020). For the
reaction of Fe(II) with PAA (k = 1.10 x 10°-1.56 x 10* M~ s7! in the
pH range 3.0-8.1), the main radicals are CH3C(O)O®, *OH, and addi-
tionally oxo-iron complexes (e.g., Fe'VO%*") are formed (Kim et al.,
2019). The reduction of Fe(III) by PAA is slow (k = 2.72 Mt s’l), and
thus the use of 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonate)
(ABTS) has been proposed to aid in the reduction of Fe(III) via the for-
mation of reactive ABTS®" (in that case, k = 1.3 x 102 M! s’l) (Lin
et al., 2021). However, using Fe(II)/Fe(III) is limited to low pH (< 3.5)
since Fe(III) hydrolyzes and forms precipitates at higher pH (Stumm and
Morgan, 1996).

The above-mentioned metals have been studied in various immobi-
lized forms (i.e., as heterogeneous catalysts), including Fe(II)-containing
zeolite (Wang et al., 2020), Co304 (Wu et al., 2020), and CoFe304 (Dong
et al., 2022; Wang et al., 2021). In this context, novel catalyst supports
for PAA activation could be geopolymer foams, which resemble con-
ventional ceramics but are synthesized at mild conditions (20-100°C
temperature and ambient pressure) without sintering. Several industrial
alkaline, silicate or aluminosilicate side-streams can be used as their raw
materials and the material properties (e.g., specific surface area,
porosity, and ion-exchange capacity) are promising for catalyst appli-
cations (Novais et al., 2020). So far, they have been used in several
studies as a support media in photocatalysis but rarely in other types of
oxidative treatments for water or wastewater (Zhang et al., 2020).

The objectives of this study were to (i) compare aqueous Ag(I), Cu
(ID), and Co(II) for their capability to activate PAA for the oxidation of
micropollutant surrogate compounds under realistic conditions with
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stable pH in buffer solutions, (ii) optimize the conditions for oxidation (i.
e, catalyst concentration, pH, and PAA concentration) by using phenol
as a target compound, (iii) perform kinetic experiments using the opti-
mized conditions for differently substituted phenols, aniline, primary,
secondary and tertiary amines, and an olefin covering typical oxidizable
organic moieties in micropollutants and evaluate whether quantitative
structure-activity relationships could be established, (iv) obtain infor-
mation about the stability of the Co(II) catalyst under the studied con-
ditions (e.g., by a multiple PAA dosage experiment), and (v) assess the
suitability of a foamed geopolymer as a novel metal-catalyst support for
PAA-based oxidative water treatment. Ag(I) and Cu(Il) were selected for
this study as they have been investigated sparsely in earlier studies
related to PAA-based AOPs, while Co(II)/PAA is rather well character-
ized, and thus it served as a reference AOP system.

2. Materials and methods
2.1. Chemical reagents

Industrial-grade PAA (tradename Proxitane 12:20, Solvay, Finland;
composition: 12% PAA, 20% H302, 20% acetic acid, and 0.5-1% H3SO4
as w/w) was used in all experiments. The model compounds (Table S1,
Supporting Information (SI)) were selected as surrogates for micro-
pollutants based on the presence of electron-rich moieties, which can be
oxidized by chemical oxidants (Lee and von Gunten, 2010). Phenolic
compounds were selected to investigate the effect of
electron-withdrawing (fluoro, chloro, cyano, and nitro) and
electron-donating (methyl) groups in para position and additionally a
trisubstituted phenol (2,4,6-trichlorophenol) was investigated. Primary,
secondary and tertiary amines (i.e., benzylamine, N-methylbenzyl-
amine, or N,N-dimethylbenzylamine, respectively) and aniline were
selected as representatives of reactive nitrogen-containing moieties.
Cinnamic acid was selected as an olefinic compound, which can also be
attacked by electrophiles. Other reagents employed in this study are
described in Text S1 (SI). All stock solutions and dilutions were prepared
in ultrapure water (Milli-Q Ultrapure Water System, Millipore).

2.2. Analysis of peracetic acid and hydrogen peroxide concentrations

PAA and H,0; were quantified with a two-stage spectrophotometric
method (modified from Dominguez-Henao et al. (2018) and Bader et al.
(1988)) for which the details are provided in Text S2 (SI). In short, the
analyte solution was combined with phosphate buffer, potassium iodide,
and N,N-diethyl-p-phenylenediamine (DPD) solutions. PAA oxidized
iodide to iodine (Awad et al., 2003; Shah et al., 2015), which then
oxidized DPD. The oxidation product of DPD was quantified by
measuring the absorbance at 551 nm, which quantifies the PAA con-
centration. In the second stage, a peroxidase solution was added to
catalyze iodide oxidation by HpOy (Bader et al., 1988). Again, the
absorbance was measured at 551 nm, which quantifies the total con-
centration of peroxides. The HoO5 was then determined by subtraction
of the PAA concentration from the total peroxide concentration. The first
and second absorbances were always read after 30 and 60 s, respec-
tively, after adding the reagents.

2.3. Analysis of micropollutant concentrations

Micropollutant concentrations were measured by liquid chroma-
tography equipped with mass spectrometer (LC-MS) using an Acquity
UPLC system (Waters) connected to a Q Exactive Plus mass spectrometer
(ThermoFisher). 5 pL samples were injected into an Atlantis Premier
BEH C18 AX 1.7 ym 2.1 x 100 mm column (Waters) and eluted with a
gradient consisting of 10 mM ammonium acetate at pH 9 and acetoni-
trile. The flow rate was 0.5 uL min ! with 5% of acetonitrile for 2 min; at
2.1 min, acetonitrile was increased to 40% and kept for 2 min; then
raised to 90% in 0.5 min; and returned to the initial conditions at 5 min.
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Mass spectra were recorded in negative polarity using the parallel re-
action monitoring mode with normalized collision energy of 10 V to
isolate ions at m/z 93 with a 2 Da window, resolution of 17500,
maximum injection time of 500 ms and automatic gain control setat 1 x
10°.

Raw data were processed with the Xcalibur Software (Thermo
Fisher) and its Quan Browser option to quantify ions at 93.0330 (10 ppm
window). Quadratic calibration curves for each surrogate micro-
pollutant were established with standards including calibration blanks
(Text S2, SI).

2.4. Preparation of geopolymer foam containing Co(ID)

The geopolymer foam was prepared according to Luukkonen et al.
(2020), where the physical, chemical, and morphological characteriza-
tion of the foam is reported in detail. In short, alkali-activator solution
containing 87 weight-% of a sodium silicate solution (Merck, Germany,
SiOy ~ 27 weight-%, NasO ~ 8 weight-%) and 13 weight-% of NaOH
pellets (VWR Chemicals, Sweden) was prepared 24 h before use. Then,
metakaolin (MetaMax, BASF, Germany) and the alkali activator were
mixed in a weight ratio of 1.00 : 1.36 for 5 min using an overhead stirrer
(speed 2000 rpm). H,02 (VWR Chemicals, France, 30% w/w) and Triton
X-100 surfactant (Sigma-Aldrich, France) were added as 1.75 and 0.12
weight-% of the mixture, respectively, and mixing (2000 rpm) was
continued for 2 min. The mixture was poured into a plastic column (with
a height of 99mm and a diameter of 44mm), allowed to consolidate at
60°C for 4 h, and kept in a plastic bag at room temperate after that. On
the following day, a capillary impregnation method was applied to
introduce Co(II): the pore volume of the foam was filled with a 0.1 M
cobalt acetate pentahydrate solution and allowed to stand for 24 h.
During this time, Nat in the geopolymer was exchanged with Co(II)
(Niu et al., 2022). The foam was flushed with 1 L of ultrapure water by
pumping it through the foam with a peristaltic pump (flowrate 1 Lh™1).
The foam was stored at room temperature in a plastic bag before use.

2.5. Oxidation of micropollutants

The oxidation experiments were conducted in brown 25 mL glass
flasks containing 15 mL of solution except for kinetic experiments,
which were performed in a beaker protected from light containing 1000
mL of solution. Surrogate micropollutants, catalysts, and PAA solutions
were added to the flasks or beakers, and they were mixed with a
reciprocating shaker or magnetic stirrer, respectively, until the targeted
reaction time was reached. To stop the experiment, 9% (w/w) aqueous
solution of sodium thiosulfate pentahydrate (Merck, Germany) was
added to quench PAA (the molar ratio of thiosulfate to PAA was ~4) and
Dowex Marathon MSC hydrogen-form cation exchange resin (cation
exchange capacity 1.6 meq/mL by wetted bed volume, Sigma Aldrich,
USA) was added to remove the metals. The amount of added resin was
approximately 1.6 g mmol ! of metals.

The oxidation experiments were initiated by determining the effects
of the aqueous catalyst (Cu(Il), Co(II), or Ag(I)) concentration in the
range of 0.005-1 mM and pH in the range of 3-7. The pH conditions
were controlled by using ultrapure water acidified with HNO3 (65% w/
w, Merck, EMSURE®, Germany) (pH = 3), 10 mM malic acid buffer (pH
= 5), or bicarbonate buffer (pH = 7). The complexation of the metal
catalyst by the buffers was estimated by speciation calculation (Text S3,
SI). The surrogate micropollutant employed at this stage was phenol
with an initial concentration of 10 pM. The PAA concentration was 0.4
mM with a reaction time of 3 h.

In a second series of oxidation experiments, the PAA concentration
was varied in the range of 0.2-1 mM while the other parameters were
kept constant: catalyst (either Cu(II) or Co(II)) concentration at 0.05
mM, pH at 7, phenol concentration at 10 pM, and reaction time at 3 h.

Once the optimized pH, catalyst, and PAA concentrations were
determined, oxidation kinetics were determined for the selected
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surrogate micropollutants (phenol, 4-methylphenol, 4-nitrophenol, 4-
fluorophenol, 4-cyanophenol, 4-chlorophenol, 2,4,6-trichlorophenol,
N,N-dimethylbenzylamine, N-methylbenzylamine, benzylamine, ani-
line, and cinnamic acid) with reaction times between 15 s and 6 h. Also,
it was studied how two individual doses of PAA (0.4 mM each) affect the
surrogate micropollutant abatement if a second dose is added after 1 or
10 min.

PAA and Hy05 decay were measured in selected experiments ac-
cording to the spectrophotometric method described above. In addition,
pH and dissolved oxygen concentrations were monitored using a Hach
HQ4100 meter equipped with IntelliCal PHC10101 and LDO101 probes,
respectively.

The experiments involving the Co(II)-modified geopolymer foam and
a reference foam without Co(II) were conducted by pumping bicar-
bonate buffer solution (pH = 7) containing the surrogate micropollutant
(10 pM) and PAA (0.4 mM) through the foam with a peristaltic pump
(flowrate 1 Lh™?) and taking samples at 15 min intervals up to 1 h and at
1 hintervals up to 7 h. The empty bed contact time in the system was ~9
min. The leaching of Co(II) was monitored by analyzing the samples
from the column effluent with inductively coupled plasma mass spec-
trometry (XSeries II, Thermo Fisher Scientific) following a standard
method (SFS-EN ISO 17294-2, 2016). The concentrations of PAA and
H,0, were observed as described above.

3. Results and discussion
3.1. Optimization of oxidation conditions

A first set of experiments (Fig. 1) was conducted to find the optimum
catalyst among Ag(I), Co(Il), or Cu(Il), catalyst concentration (range
from 0.005 to 1 mM), and pH (3, 5, or 7). Also, the fraction of non-
complexed metal was calculated (Text S3, SI).

The use of Ag(I)/PAA has been shown to yield a synergy for disin-
fection (De Velasquez et al., 2008; Luna-Pabello et al., 2009) but no
previous publications are available about micropollutant oxidation. As
shown in Fig. 1A, the optimum pH and Ag(I) dose were 7 and 0.01 mM,
respectively, but only a maximum of ~20% abatement of phenol was
achieved. Although the mechanism is not resolved in detail, it has been
proposed that the synergy of Ag(I)/PAA in disinfection could be due to a
PAA-induced enhancement of the exposure of bacteria for Ag(I)
(Lalueza et al., 2012; Luna-Pabello et al., 2009). The action of PAA alone
(in Fig. 1, the symbols with 0 mM of added catalysts) resulted in only
~1% abatement of phenol. Consequently, the observed abatement of
phenol could be due to an Ag(I)/H30, reaction. In a previous study,
~40% abatement of 2,4-dichlorophenol (Cy = 0.5 mM) was reported
with a HyO5 concentration of 4 mM (in the present study it was 1.49
mM), an Ag(I) concentration of 1 mM at pH 7 with a contact time of 90
min (Zhou, 2017).

The combination of Cu(II)/PAA can result a synergy for disinfection
(Luna-Pabello et al., 2009) and potentially also be used for the oxidation
of micropollutants as indicated by a few earlier publications (Luukko-
nen et al., 2015; Wang et al., 2021). For Cu(Il), the optimum phenol
abatement was at pH 7 with a catalyst concentration of 0.05 mM
(Fig. 1B). In a recent study, a Cu(II)/PAA system (0.015 mM of Cu(Il)
and 0.06 mM of PAA) was used for triclosan oxidation and the presence
of HCO3 /CO%’ (optimum at 5 mM, pH of 9.3) enhanced the abatement
rate due to the formed Cu(Il)-carbonato complexes (Wang et al., 2021).
Based on these findings, the observed higher abatement of phenol at pH
7 (i.e., in the buffer containing 3 mM of HCO3) in comparison to pH 3 or
5 could also be explained by the formation of Cu(Il)-carbonato com-
plexes (57% of Cu(II) is complexed under these conditions (Text S3, SI)).
At pH 5 and 7, Cu(OH)" is present as a hydrolysis product. It has been
shown by Wang et al. (2021) that Cu(I)/PAA, in absence of HCO3 / CO%’
is a poor oxidant at pH 8.3. At this pH, the concentration of Cu(OH)™ is
higher than in the present study (pH = 3-7). Consequently, it appears
that Cu(OH) " does not enhance the oxidation by the Cu(II)/PAA system.
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Fig. 1. Effect of pH and catalysts doses ((A) AgNO3, (B) Cu(NO3)2-3H,0, and (C) Co(CH3COO),-4H;0) on the abatement of phenol (Co = 10 pM) in presence of PAA

([PAA]o = 0.4 mM). Reaction time was 3 h.

At pH 3, where the concentration of Cu(OH)" is very low and in absence
of malate or CO%’/HCOg (i.e., Cu(ll) is present mainly as a free cu?t
ion), the abatement efficiency increased as the Cu(Il) dose increased.
Thus, Cu®* appears to be a more effective catalyst than Cu(OH)™.

In the case of Co(Il), ~99% abatement of phenol was observed at pH
3 and a Co(II) concentration of 0.05 mM. The lower performance at pH 5
and 7 is likely due to the Co(II) complexation by malate or CO3 /HCOs3 as
only about 26 and 65% of Co(Il) is non-complexed, respectively, under
the applied experimental conditions. Additionally, Co(II) forms Co
(OH)" in the pH range of the experiments (Schweitzer and Pesterfield,
2010). Furthermore, the higher abatement observed at pH 3 is likely
related to a different reaction mechanism in comparison to higher pH
(see Section 3.4). Liu et al. (2021) reported that the active oxidizer in the
Co(II)/PAA system at low pH is likely Co(IV). The higher abatement rate
at pH 7 in comparison to pH 5 could also be due to the presence of
peracetate anion (CH3C(O)OO™, ~6% of total PAA concentration at pH
7, pKa of PAA is 8.2) with a faster reaction with Co(II) (Coyle et al.,
2014). In contrast to Cu(ll), the formation of complexes with
HCO3/C0%~ (and malate) appears to be unfavorable for the catalytic
activity of Co(Il). This was also documented by Wang et al. (2020) who
showed that sulfamethoxazole abatement decreased from 90% to 70%
and further 60% as HCO3 concentration was increased from 0 to 0.2 mM
and 0.5 mM, respectively (in the present study, the HCO3 concentration
was 0.3 mM). Kim et al. (2020) reported that the optimum pH for the

AOP involving Co(II)/PAA was 5.0-7.1 but their system was not buff-
ered, and thus the pH decreased < 2.2 units upon the addition of PAA.
However, since pH 3 is not techno-economically feasible for most
municipal water treatment scenarios, pH 7 was chosen in the subsequent
experiments. At that pH, a Co(II) dose of 0.05 mM was the optimum
while higher doses up to 1 mM resulted in a less efficient abatement of
phenol. Similar behavior has been reported for the Co(II)/PAA process
earlier and it is likely due to the scavenging of the radicals at high
concentrations of Co(II) (Kim et al., 2020).

Co(II) and Cu(Il) concentrations of 0.05 mM at pH 7 were selected for
the optimization of the PAA dose using phenol as the target compound
(Fig. 2). Co(II) resulted in consistently higher relative abatement of
phenol although the difference to Cu(II) decreased with increasing PAA
doses. PAA doses > ~0.6 mM resulted in no further improvement in the
abatement. This finding is in line with a study of Wang et al. (2020), who
reported that PAA doses > 0.4 mM did not lead to improved abatement
of sulfamethoxazole, likely due to the scavenging of radicals at high PAA
concentrations. Based on this finding, a PAA dose of 0.4 mM was
selected for the kinetic experiments.

Solutions containing Co(II) or Cu(Il) were also compared by
measuring PAA and H,0, decomposition and the evolution of dissolved
oxygen as a function of time during oxidation of phenol (Fig. 3). For Co
(II), the PAA concentration decreased from 0.39 to 0.04 mM within 1
min and then remained almost constant up to 3 h. The Hy0,
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concentration decreased only by ~12% (from 1.24 to 1.09 mM) during
the 3 h experiment. The dissolved oxygen concentration increased
within ~2 min to a maximum value, followed by a decrease probably
due to exchange with the atmosphere (the experiment was conducted in
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concentration (~0.3 mM Oy) is roughly in agreement with the theo-
retical maximum dissolved oxygen release from PAA and HyO2 upon
their degradation (i.e., 1/2 mol of O, per mol of PAA or H305). Dissolved
oxygen evolution was likely related to a partial loss of PAA via self-
decomposition catalyzed by Co(II). Since the concentration of PAA
was 40 x compared to the concentration of micropollutant surrogate
compounds (i.e., 0.4 mM and 10 pM, respectively), even only a small
fraction of PAA reacting to radicals would be sufficient for the observed
abatement of the target compounds.

For Cu(Il), only ~25% of PAA and no H,0, decomposed over 3 h
and, during the first 1 h, no increase in dissolved oxygen was observed.
The decomposition of HyO by Cu(Il) is affected by the molar ratio of
H30, and Cu(ll), their concentrations, and presence of complexing
agents for Cu(II) as shown by Pecci et al. (1997). They demonstrated that
when the conditions were similar as in Fig. 3D (pH = 7, [Cu(II)] = 0.05
mM, and [H202] = 1.2 mM), the oxygen evolution was very low, which
is in agreement with our study. According to their results, the HyO4
concentration in the present study should have been in higher excess to
result in a significant oxygen evolution. Overall, these observations
confirm that Co(II) is a much more potent catalyst than Cu(Il) in acti-
vating PAA.

3.2. Oxidation kinetics

The kinetics of abatement of differently substituted phenols (Fig. 4A-
G), an olefin (Fig. 4H), and aniline, primary, secondary, and tertiary
amines (Fig. 4I-L) for the optimized oxidation conditions all followed a
similar pattern: An initial fast decrease of concentration (duration of

(B) Co(ll)

Dissolved oxygen

ADO [mg L]
(o))

0 \ \ \ \ \
0 10 20 30 40 50 60

Time [min]

(D) Cu(ll)

ADO [mg L]
N

Dissolved oxygen

-1 ‘ ‘ ‘ ‘ ‘
0 10 20 30 40 50 60

Time [min]

Fig. 3. Evolution of PAA, H,0,, and O, in Me(II)/PAA systems during oxidation of phenol: (A) Concentrations of PAA and H,0, and (B) change in dissolved oxygen
concentration (ADO) as a function of time in the presence of Co(II). (C) Concentration of PAA and H,0, and (D) ADO as a function of time in the presence of Cu(Il).
Experimental conditions: Co (phenol) = 10 pM, [Co(ID)]o or [Cu(Il)]p = 0.05 mM, [PAA]p = 0.4 mM, pH = 7 ([HCO3] = 3 mM).
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Fig. 4. Degradation of surrogate compounds with various functional groups (A-G: phenols; H: olefin; I: aniline; J-L: primary, secondary and tertiary amines) as a
function of time under optimized conditions ([Co(II)]o = 0.05 mM, [PAA] = 0.4 mM, pH = 7 ([HCO3] = 3 mM)). The insets show the fitting of the data to the a
second-order rate equation (Eq. (1)) (-In(C/Cop) vs. PAA exposure in M s): the measured reaction rates decrease significantly after 1-2 min (corresponding to PAA
exposures of approx. 0.010-0.015 M s).



T. Luukkonen and U. von Gunten

Table 1

Water Research 223 (2022) 118984

Co(II)/PAA system: Estimated apparent second-order rate constants from an initial reaction time of 1-2 min and % abatement for micropollutant surrogate compounds
at pH = 7, [Clo, surrogate = 10 uM, [PAA]q = 0.4 mM, and [Co(I)]o = 0.05 mM. The second-order rate constants represent only rough estimates, and thus they are

rounded to whole numbers.

Surrogate micropollutant pKa Phenolate [%] Abatement at 60 min [%)] Kops [M~1s71] Kphenolate M 1s™ 265, m, p
Phenols
4-methylphenol 10.3 0.05 60 42 8 x 10* -0.17
Phenol 10.0 0.10 58 79 8 x 10* 0
4-fluorophenol 9.9 0.13 72 70 5 x 10* 0.06
4-chlorophenol 9.4 0.39 95 103 3 x10* 0.19
4-cyanophenol 8.0 3.28 52 38 1x10° 0.66
4-nitrophenol 7.2 38.69 70 132 3 x 102 1.27
2,4,6-trichlorophenol 6.2 86.32 84 119 1 x 10? 0.57
Amines
N,N-dimethylbenzylamine - - 62 33 -
N-methylbenzylamine - - 63 32 -
Benzylamine - - 49 42 -
Aniline - - 98 361 -
Olefin
Cinnamic acid 4.4 - 47 26 -
Phenolate [%] = 100 x 10 PX?/(10 P** + 10 PM); kppenolate = Kobs / Phenolate [%]; pK, values from Hoigné and Bader (1994) and Haynes (2017).
approximately 1-2 min), followed by a slower decrease. The initial fast
decrease of the concentrations of the micropollutant surrogate com- 6.00
pounds coincided with the observed depletion of PAA (Fig. 3A). The =
kinetics of micropollutant abatement could be described with a second- 5.00 1 4MeP &--..., o Q4FP ACP
order rate equation taking the PAA concentration decrease into account | Tng
(Eq. 1, in which c is the concentration of micropollutant surrogate ~ 4004 Tl
compound at time t (s), cg is the initial concentration of micropollutant -
surrogate compound, keps is the second-order rate constant (M~ s™1), £ 3.00 | 4CNPoO e ANP
> % .......... p
- - - g
and / [PAA|dt is the PAA exposure (M s), i.e., the integral of the curve 2 500 A 2.4 6-TCP °
0
shown in Fig. 3A. Plots of Eq. 1 are shown in insets of Fig. 4. 1.00 A
t
c
—In <;) :k,)bs/[PAA}dz m 0.00 . . .
0 o 0.5 0 05 1 15

It should be noted that the second-order rate constants reported here
are estimates just for comparative purposes (due to the limited data for
the PAA evolution), and thus do not reflect absolute second-order rate
constants. The observed second-order rate constants for the initial 1-2
min reaction time are provided in Table 1.

For phenolic compounds, the second-order rate constants for the
oxidation of phenolates can be expected to be much higher than for
neutral phenols (Hoigné and Bader, 1994, 1983; Lee and von Gunten,
2012). Consequently, the rate constants for the oxidation of phenols
were considered insignificant for the overall rate expression at
near-neutral pH conditions (Jans et al., 2021). The second-order rate
constants for the phenolates were plotted against the Hammett co-
efficients, reflecting electron-withdrawing or donating substituents
(Fig. 5) (Hansch et al., 1991). A good correlation could be established for
the para-substituted phenols (R? = 0.949, Fig. 5) but the 2,4,6-trichlor-
ophenol deviated from the trend, indicating likely a different mecha-
nism, because all ortho- and para-positions are substituted.

Cinnamic acid, representing an olefinic surrogate micropollutants,
yielded by far the lowest second-order rate constant (Fig. 4H, Table 1).
The second-order rate constant of benzylamine (primary amine) was
slightly higher than for N-methylbenzylamine or N,N-dimethyl benzyl-
amine (secondary and tertiary amines), which were approximately
similar. In contrast, aniline was abated very effectively and with the

Hammett constant [~07, , ]

Fig. 5. Correlation between the observed second-order rate constants for the
abatement of phenolates (Table 1) and the sum of the Hammett constants (Zo,,
m, p ): Yy =-1.875x + 4.726, R? = 0.949. The kinetics of the abatement of para-
substitutued phenols (4-methylphenol (4MeP), phenol (P), 4-fluorophenol
(4FP), 4-chlorophenol (4CP), 4-cyanophenol (4CNP), and 4-nitrophenol
(4NP)) and 2,4,6-trichlorophenol (2,4,6-TCP) were determined in the Co(I)/
PAA system for the optimized conditions ([PAA]o = 0.4 mM, [Co(I)]o = 0.05
mM, [phenols]lp = 10 uM, pH = 7 ([HCO3] = 3 mM)). Note: 2,4,6-TCP is
excluded from the linear regression fitting.

highest second-order rate constant of the evaluated compounds. This is
due to the activation of the benzene ring and is in line with the easy
oxidizability of aniline by other oxidants (Lee and von Gunten, 2010).

3.3. Test on deactivation of the catalyst

Based on the experimental findings so far, the reaction rates
decreased after approximately 1-2 min reaction time, depending on the
target compound. This timeframe coincides with the observed depletion
of PAA (Fig. 3A), and thus an experiment involving a second addition of
PAA (0.4 mM) was conducted with phenol as the target compound
(Fig. 6). The second dose of PAA was added after 1 or 10 min reaction
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Fig. 6. Abatement of phenol as a function of time with a second addition of
PAA at 1 min (dashed purple curve) or 10 min (solid green curve). Experimental
conditions: [PAA]g = 0.4 mM, [Co(II)]o = 0.05 mM, [phenol]y = 10 uM, pH =7
([HCO3] = 3 mM).

time, which resulted in a major or minor additional abatement of phenol
compared to the initial reaction, respectively (Fig. 6).

When the reaction in the Co(II)/PAA system was continued for
several hours, a finely dispersed precipitate formed. The precipitate was
analyzed with X-ray photoelectron spectroscopy (XPS), which indicated
the formation of CoO(OH) (Text S4, SI). Thus, it appears that in the
studied Co(II)/PAA system, an irreversible formation of Co(III) pre-
cipitates takes place. A similar process could also occur in real waters
since the bicarbonate concentration is typically approximately similar as
in the present system. It should be noted that the Co(IIl) species
precipitating after several hours were likely present as colloids already
after 10 min but it took more time for them to coagulate and form visible
precipitates. A rapid formation of Co(III) colloids/precipitates is prob-
ably the main reason why a second addition of PAA only yields an
additional abatement of phenol after 1 min reaction time (Fig. 6). For
longer reaction times, Co(IIl) is completely deactivated in polynuclear
complexes.

3.4. Mechanistic considerations

The reaction mechanism occurring in the Co(II)/PAA system has
been scrutinized in several previous studies (Kim et al., 2020; Liu et al.,
2021; Wang et al., 2020). Therefore, no mechanistic study was per-
formed here, instead we apply information from previous studies to
rationalize the results. The dominant radicals contributing for micro-
pollutant abatement have been assessed by radical scavenger experi-
ments and supported by electron spin resonance measurements (Kim
et al., 2020; Liu et al., 2021; Wang et al., 2020). The addition of
tert-butanol (a commonly used scavenger for *OH (Gao et al., 2021)) to
the Co(II)/PAA system did not significantly affect the target compound
abatement, and thus it was concluded that *OH plays a minor role (Kim
etal., 2020; Liu et al., 2021; Wang et al., 2020). 2,4-hexadiene was used
to scavenge ‘OH (k ~ 1 x 10'° M~! s71), CH3C(0)0", and CH5C(0)0O0"*
(for which second-order rate constants were not available but were
assumed to be sufficiently high) from the Co(II)/PAA system and its
addition inhibited the abatement of the target compounds very effec-
tively (Kim et al., 2020). However, the role of CH3C(0O)O® was deemed
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Fig. 7. Schematic representation of the potential main reactions occurring in
the Co(II)/PAA system: Under the experimental conditions in this study, the
cycling of Co(II)/Co(IIl) is inhibited due to the precipitation of CoO(OH), thus
preventing the formation CH3C(0O)OO® (dashed red lines). The main radicals
contributing to the micropollutant abatement are hypothesized to be CH3COO*®
and CH300° (highlighted in green) (Kim et al., 2020; Wang et al., 2020).

minor due to a decay into CH3 and CO, (k = 2.3 x 10° s71), and
therefore the main species contributing for target compound abatement
would be CH3C(0)OO0*® (Kim et al., 2020). Other possible radicals such as
the superoxide radical, HO3/03~ (pK, = 4.8), can form from the
unimolecular decay of CH3C(0)OO*® (k = 1.82 s™1) (Kamath et al., 2018)
or from the reaction of HyO5 with CH3C(O)OO°®, but due to its lower
reactivity with organic compounds, it was concluded to play a minor
role (Kim et al., 2020). In fact, superoxide is often a reductant for
electron-poor compounds (Guo et al., 2021). The decay of CH3COO*®
forms *CHs, which can react with O, to form CH300° (k=4.1 x 10° M ™!
5*1) (Kim et al., 2020; Marchaj et al., 1991). However, the oxidation
capability of CH300°® has been shown to be relatively modest (Neta
et al., 1990; Wang et al., 2020).

An efficient cycling between of Co(II) and Co(III) where PAA acts
both as electron acceptor and donor (for which the second-order rate
constants are 0.17-6.67 x 10> M ' s~ and 0.04-4.57 x 10> M ! s’l,
respectively, at pH 3-5.9) has been hypothesized to be crucial for the Co
(II)/PAA process (Kim et al., 2020; Wang et al., 2020). However, based
on the evidence shown above (especially in Fig. 6), it appears that the Co
(ID-Co(IlI) cycling is interrupted in the present study due to the for-
mation of insoluble Co(IIl) precipitates, which causes a limited forma-
tion of CH3C(0)OO0°®, the species deemed the main radical contributing
for micropollutant abatement in previous studies. Thus, the mechanism
of target compound abatement in the present study could occur via the
actions of CH3COO® and CH300°. A scheme of the potential reactions is
presented in Fig. 7.

H50, played a minor role in the studied system since the oxidation of
Co(II) to Co(IlI) (Ehy = —1.84 V) is thermodynamically favorable by
PAA (Ehg = 1.96 V) but not by HyO3 (Ehg = 1.78 V) (Eberhardt et al.,
1993; Luukkonen and Pehkonen, 2017). The observed decrease of HyO4
concentration (Fig. 3A) was likely due to HyO4 reactions with radicals
(Kim et al., 2020) and by a catalytic effect of the formed Co(III) species.
A minor role of Hy05 in the Co(II)/PAA system was also confirmed by
Wang et al. (2020).

3.5. Immobilized catalyst on geopolymer foam

Since the addition of aqueous Co(II) to water treatment systems is not
easily possible, immobilized Co(II) could be used to activate PAA. In the
present study, a novel support material, a geopolymer foam, was
applied. By utilizing such a heterogeneous Co(II)-catalyst, a release of Co
(II) to the water phase/environment can be avoided with a convenient
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Fig. 8. Heterogeneous Co(II)/PAA experiments. (A) Setup of the experiments involving a Co(II)-loaded geopolymer foam. (B) Relative residual phenol concentrations
after geopolymer foam filtration with and without Co(II). (C) Leaching of Co(II) from the Co(II)-modified filter as a function of the filtered volume. (D) Evolution of
pH during the experiment. Experimental conditions: Flowrate 1.0 L/h, empty bed volume 0.15 L, empty bed contact time ~9 min, [PAA], = 0.4 mM, C, (phenol) =
10 uM, and pH = 7 (bicarbonate buffer, [HCO3] = 3 mM). Loading of geopolymer was ~2 mg Co/g geopolymer.

recovery and recycling of the catalyst after use. When Co(II) is immo-
bilized on a support material, it could be also less prone for complexa-
tion, and thus exhibits higher catalytic activity. Furthermore, a
heterogeneous catalyst could help to mitigate problems related to the
catalyst deactivation as described above.

Fig. 8A shows the setup used for the continuous heterogenous Co(Il)/
PAA experiments. The relative abatement of phenol in this system
(Fig. 8B) was initially ~50% and then stabilized to a level of ~40%. The
geopolymer foam without Co(Il) did not abate phenol, confirming that
the abatement was due to the interaction of the immobilized Co(II) and
PAA. PAA and H50, concentrations were also depleted during the
interaction with Co(Il)-containing foam comparable to the homoge-
neous system (i.e., the PAA concentration decreased consistently from
the initial 0.4 mM to 0.04 mM after the column). The leaching of Co(II)
decreased sharply after 1 h (Fig. 8C) to a level of < 0.2 uM - a clearly
lower concentration than the observed optimum of aqueous Co(II) (0.05
mM). Since the phenol abatement was approximately constant after 1 h,
these results imply that there was no catalyst deactivation during the
experiments. The Co(II)-containing foam stayed active for the treatment
of ~7 L of model solution, which corresponds ~47 empty bed volumes.
The pH remained within 6.5-6.9 (the initial pH was 6.9 (Fig. 8D).

4. Conclusions

Co(II) proved to be the most efficient metal ion for the activation of
peracetic acid (PAA) compared to Cu(II) and Ag(1)). pH 3 (non-buffered
acidified water) was the optimum for micropollutant abatement with
the Co(II)/PAA system, while pH 5 and 7 (malic acid and bicarbonate
buffers, respectively), resulted in a lower efficiency, likely due to the
complexation of Co(II), which was demonstrated by speciation calcu-
lations. The optimum PAA (0.4 mM) and Co(II) (0.05 mM) concentra-
tions reflected the maximum concentrations to avoid significant
scavenging of the generated radicals by excessive PAA and Co(II). The
optimum PAA and Co(II) doses were higher in comparison to Wang
et al. (2020) ([PAA] = 0.1 mM, [Co(ID] < 0.001 mM) or Kim et al.
(2020) ([PAA] = 0.4 mM, [Co(II)] < 0.02 mM), which is likely necessary
due to the use of a bicarbonate buffer in the present study. However, all
of the studies concluded that it is possible to perform oxidation in a
practically feasible pH range of 5-7 and the required reaction time is <
10 min.

The kinetics of the abatement of several para-substituted phenols was
investigated. It could be demonstrated that a similar oxidation mecha-
nism may occur, because the determined second-order rate constants for
phenolates were correlated with the Hammett constants of the



T. Luukkonen and U. von Gunten

substituents. Another feature for all studied surrogate micropollutant
compounds was that the reaction rate decreased sharply after reaction
times of 1-2 min. This coincided with the depletion of PAA. A subse-
quent second dose of PAA only led to a significant further abatement of
the target compounds when it was added quickly after the first dose (< 1
min after the initial PAA dose). This indicates that the catalyst was
deactivated (i.e., the cycling of Co(II)-Co(III) was inhibited), which was
confirmed by the formation of a precipitate identified as Co(III)O(OH).
The precipitation of Co(IIl) has also a significant impact on the reaction
mechanism because the major radical species contributing to the
micropollutant abatement according to previous studies, CH3C(O)OO°®,
forms from the reaction of Co(Ill) with PAA (Kim et al., 2020; Wang
et al., 2020). This could explain the somewhat poor performance of the
studied Co(II)/PAA system in comparison to the earlier studies (Kim
et al., 2020; Wang et al., 2020). The presence of a bicarbonate buffer
could have contributed to the deactivation of the catalyst as previous
studies (typically conducted in non-buffered systems) have not reported
similar phenomenon. Since many real waters and wastewaters contain
similar or higher concentrations of HCOj3, this deactivation would be
expected also in real water treatment scenarios with the Co(II)/PAA
system.

Preliminary experiments were carried out with a Co(II)-coated geo-
polymer foam as a heterogeneous catalyst for PAA activation. The use of
geopolymer foam for such an application is a novel potential solution to
overcome the problems of the homogenous system. The obtained
abatement of phenol was close to aqueous Co(II). The leaching of Co(II)
for the duration of the experiments (7 h) was very low (total 0.37% of
the added Co(II)). There was also evidence that no catalyst deactivation
occurred since the relative phenol abatement stayed approximately
constant at 40% for 7 h using a flow rate of 1 L h™!. Therefore, a solid-
supported Co(II)/PAA system might be a novel option for practical water
treatment under realistic conditions.
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