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INTRODUCTION 
Continuous water contamination from anthropogenic sources induces a need for 
applicable purification methods. The rapid development of chemical synthesis and the 
demand for diverse chemicals in various fields of production and services causes the 
presence of recalcitrant and sometimes highly toxic substances in surface waters, 
groundwater and even in drinking water. The origin and the character of pollution often 
dictates the choice of feasible treatment processes, which may be physical, biological, 
chemical or a combination of these. 

Conventional water decontamination technologies, such as biological treatment in 
wastewater treatment, and chlorination in drinking water disinfection are often 
unsuitable for the treatment of water with varying properties. For example, very low 
concentrations of organic contaminants (ng/L–µg/L) or, on the contrary, high organic 
loads (g/L) are problematic for traditional wastewater processes. In addition, 
chlorination in drinking water disinfection may produce transformation products of high 
toxicity. A promising solution of the discussed problems consists of radical-based 
advanced oxidation technologies (AOTs) mainly based on oxidative properties of 
hydroxyl and sulfate radicals. These species are effective enough to degrade various 
recalcitrant organic pollutants. 

Activated persulfate processes are among AOTs that reduce organic pollution through 
sulfate radicals. Persulfate is a strong and stable oxidant that needs extra activation to 
generate sulfate radicals. These species are much more active than the precursor, and 
selectively degrading different organic compounds such as pharmaceuticals, dyes, 
agrochemicals, personal care products components etc. The productivity of sulfate 
radicals from persulfate can be influenced by the activation types. The activation of 
persulfate may be implemented in several ways, e.g. metallic ions, heat, radiation, 
oxidant, increased pH, which generally needs careful adjustment to achieve high efficacy 
in water purification. 

This thesis provides an overview of the most important persulfate activation methods 
with the application examples for the degradation of different compounds at wide 
concentration ranges in various aqueous matrices including ultrapure water, 
groundwater and wastewater. The most viable activators, such as ferrous iron and 
chelated ferrous iron, and the ultraviolet (UV) light, were chosen for studies in this 
research with the aim to implement these processes in situ in future.  

This research focuses on the treatment of real waters containing emerging 
contaminants in different aqueous matrices. Among the studied pollutants, for the first 
time, an artificial sweetener acesulfame K, further referred as acesulfame (ACE), is 
degraded by the activated persulfate process. Also, a new combined persulfate system 
with chelating agent is applied for the abatement of pharmaceutical naproxen (NPX). The 
studies about a pyrolysis wastewater and a landfill leachate were performed for the first 
time, since the real aqueous matrices are not very often used in studies leaving several 
uncertainties. 

The knowledge gained from this doctoral research could be a milestone for the full-
scale applications of activated persulfate processes for the purification of wastewater at 
various pollution levels. 
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ABBREVIATIONS 
 

AOP Advanced oxidation process 
AOT Advanced oxidation technology 
BOD7 7-day biochemical oxygen demand 
CA Citric acid 
CNT Carbon nanotube 
COD Chemical oxygen demand 
DBP Disinfection by-product 
DOC Dissolved organic carbon 
DN Dissolved nitrogen 
EDTA Ethylenedinitrilotetraacetic acid 
EDDS Ethylenediaminedisuccinate 
GAC Granulated activated carbon 
EtOH Ethanol 
ACE Acesulfame 
NPX Naproxen 
NPOC Non-purgeable organic carbon 
TOC Total organic carbon 
t-BuOH Tert-Butanol 
UV Ultraviolet 
ZVI Zero-valent iron 
SO4•--AOTs Sulfate radical-based advanced oxidation technologies 
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1 LITERATURE REVIEW 

1.1 Properties of persulfate 
Peroxydisulfate or persulfate anion (S2O82-) is a strong oxidant (E0 = 2.01 V), which can be 
found in the form of three salts: ammonia, potassium and sodium (Tsitonaki et al., 2010; 
Waclawek et al., 2017). The application of sodium persulfate (Na2S2O8) is mostly favored 
since this salt has aqueous solubility as high as 730 g per kg of H2O at 25 oC. The use of 
ammonia persulfate can lead to the secondary contamination caused by residual 
concentrations of ammonia, whereas the use of potassium persulfate may be ineffective 
especially for in situ applications due to its low solubility (Behrman and Dean, 1999). 

Persulfate is stable at room temperature and its direct oxidation reactions are slow 
showing a negligible efficacy for water treatment. Thus, it needs activation, which 
thereupon results in generation of sulfate radicals (SO4•-) selectively degrading organic 
pollutants. 

1.2 Persulfate activation mechanisms 
Without activation, persulfate may react with some organic compounds, although the 
process efficacy is lower than the one of the activated persulfate. This may be explained 
by the higher oxidation potential of SO4•- (E0 = 2.60 V) (Tsitonaki et al., 2010). It is 
important to note that in addition to SO4•-, another type of highly reactive radical species, 
hydroxyl radicals (HO•), are always in the activated persulfate system through the 
reactions between water and SO4•- (Eqs. 1–2) (Hayon et al., 1972; Liang and Su, 2009): 
 

SO4•- + H2O → SO42- + HO• + H+      (1) 
SO4•- + OH- → SO42- + HO•      (2) 

 
The output of the two different radicals in the oxidative system depends on pH: at acidic 
pH, SO4•- are dominant and at alkaline pH, HO• are controlling the oxidation efficacy, 
while at pH 7, both radicals participate equally in oxidation reactions  
(Liang and Su, 2009). 

However, the overall extent of SO4•- generation depends on the type of activation 
used (Figure 1). The following paragraphs give an overview of different persulfate 
activation mechanisms with emphasis on the main advantages and disadvantages. 

It should be added that the HO•-based processes, defined as advanced oxidation 
processes (AOPs), have been known since the end of 19th century, e.g. the Fenton 
reagent. In the last decades, these processes have been gradually, but increasingly 
substituted by SO4•--based processes due to their higher selectivity towards the 
pollutants and wide application pH range (Tsitonaki et al., 2010). In addition, the less 
aggressive character of activated persulfate allows its application to various types of 
(waste)waters without carrying out any extra preventive measures, such as defoaming 
(Matzek and Carter, 2016). Moreover, compared to the HO• precursors, hydrogen 
peroxide and ozone, persulfate as SO4•- precursor has longer life span making it suitable 
for the elimination of recalcitrant organic pollutants. 
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Figure 1. Different persulfate activation methods to generate sulfate radicals 
 
The reaction mechanism for the oxidation of the studied recalcitrant pollutants by SO4•- 
is similar with HO•: hydrogen-atom abstraction, hydroxyl addition or electron transfer 
(Devi et al., 2016). The latter is more intrinsic to SO4•- and suggests that the 
characteristics of the contaminants helps to predict the transformation pathways. 

1.2.1 Transition metal-activated persulfate 
 
Activated persulfate treatment is used for in situ environmental applications and, thus, 
transition metals are the most suitable activation aids. The one-electron transfer from 
metal ion generates SO4•- without a need for special equipment or arrangements  
(Eqs. 3–5) (Zhang et al., 2015): 
 

S2O82- + Mn+ → M(n+1)+ + SO4•- + SO42-     (3) 
SO4•- + Mn+ → M(n+1)+ + SO42-      (4) 
S2O82-+ 2Mn+ → 2M(n+1)+ + 2SO42-      (5) 

 
Fe(II), Fe(III), Mn(II), Ce(II), Co(II), Ru(III), V(III), Ag(II) and Ni(II) are amongst frequently 
studied metal activators (Anipsitakis and Dionysiou, 2004; Zhang et al., 2015;  
Devi et al., 2016; Waclawek et al., 2017). However, the toxic heavy metals presented in 
this list are undesirable to use, if not combined to a solid support material to avoid 
leaching and dissolving into the treated aqueous matrices (the heterogeneous activation 
of persulfate will be further discussed in section 1.2.2). 

The non-toxic nature and good availability makes persulfate activation by iron one of 
the most applied options to produce SO4•-. Such generation type of SO4•- has some 
limitations since the fast conversion of Fe(II) into Fe(III) (Eq. 6) occurs, and the excessive 
Fe(II) scavenges SO4•- (Eqs. 4 and 7), and thereby the efficacy of the pollutant degradation 
is reduced (Buxton et al., 1997). 
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S2O82- + Fe2+ → Fe3+ + SO4•- + SO42-     (6) 
SO4•- + Fe2+ → Fe3+ + SO42-      (7) 

 
The reaction given in Eq. 7 may be controlled by choosing the most suitable Fe(II) dose 
for persulfate activation or adding it in a stepwise mode. 

Chelated transition metals, especially Fe(II), have appeared to be an effective 
alternative to decrease the metal concentrations required for persulfate activation at 
neutral pH (Liang et al., 2004b). Ethylenedinitrilotetraacetic acid (EDTA), 
ethylenediaminedisuccinate (EDDS), sodium polyphosphates, citric acid (CA), oxalic acid, 
tartaric acid, nitrilotriacetate and N-(2-hydroxyethyl) iminodiacetate are among most 
commonly used chelating agents (Liang et al., 2004b; Rastogi et al., 2009;  
Tsitonaki et al., 2010; Han et al., 2015). EDTA forms strong Fe(II) complexes and CA is 
favored for its biodegradability and overall feasibility (Liang et al., 2004b), being 
therefore often preferred chelating agents. It should be taken into consideration that 
some organic chelating agents, e.g. EDDS, might interfere with the pollutant degradation 
as a secondary contaminant (Yan and Lo, 2013). 

The addition of reducing agent, thiosulfate (S2O32-), could facilitate the regeneration 
of a metal activator (Liang et al., 2004a) to endorse the SO4•- production extent. The 
mechanism of persulfate-thiosulfate interaction activated by a complex anion containing 
Fe(II) to produce the SO4•- is proposed as follows (Eqs. 8–10) (Liang et al., 2004a): 
 

S2O32-+ Fe3+ → Fe2+ + 0.5S4O62-      (8) 
XFe2+ + YS2O32- → complex anion     (9) 
S2O82- + complex anion → SO4•- + SO42- + Fe3+ + residue    (10) 

1.2.2 Heterogeneous metal-bearing species-activated persulfate 
 
Heterogeneous activation of persulfate is an alternative to homogeneous transition 
metals to avoid the formation of metal hydroxide sludge. It must be noted that the 
quantity of the latter strongly depends how well are the treatment conditions optimized 
or controlled. 

Zero-valent iron (ZVI, Fe(0)) as a solid iron source gradually releases Fe(II) into the 
solution via the reaction with persulfate (Eq. 11) or via acid corrosion (Eq. 12) that 
ensures the generation of SO4•- during longer period as described in Eq. 6 (Oh et al., 2009; 
Rodriquez et al., 2014). 
 

Fe0 + S2O82- → Fe2+ + 2SO42-       (11) 
Fe0 + 2H+ → Fe2+ + H2        (12) 

 
However, this mechanism involves aqueous Fe(II), which means that the activation type 
is not heterogeneous. Oh et al. (2010) proposed the direct electron transfer from ZVI  
(Eq. 13) or surface-bound Fe(II) (Eq. 14) heterogeneously activating persulfate. Also, it is 
assumed that on the surface of ZVI, the recycling of Fe(III) can regenerate Fe(II) (Eq. 15). 
The generation of SO4•- is controlled by changing the particle size of ZVI: finer (from mm 
to nm) particle provides higher specific surface area, which enhances the generation of 
oxidative species (Li et al., 2014). 
 



15 

Fe0 + 2S2O82- → Fe2+ + 2SO4•- + 2SO42-      (13) 
Fe2+ + S2O82- → Fe3+ + SO4•- + SO42-     (14) 
Fe0 + 2Fe3+ → 3Fe2+       (15) 

 
The rise in pH value promotes formation of iron hydroxide on ZVI, which may accumulate 
in a layer on the surface, and thereby inhibit the reactivity of ZVI (Rodriquez et al., 2014). 

Persulfate treatment is commonly implemented for field applications and therefore, 
the natural soil constituents could be considered as potential activators of persulfate. 
The abundance of iron in soil provides numerous naturally occurring iron-containing 
species, of which ferrihydrite (Fe5HO8·4H2O), goethite (α-FeO(OH)) and hematite (Fe2O3) 
(Ahmad et al., 2010), magnetite (Fe3O4) (Sabri et al., 2012), pyrite (FeS2)  
(Zhang et al., 2017), and very recently, pyrrhotite (Fe1-xS) (Xia et al., 2017), have been 
studied for persulfate activation. General activation mechanism for solid Fe(III)-
containing minerals could be as follows (Eqs. 16–17) (Liu et al., 2014): 
 

≡Fe3+ + S2O82- → ≡Fe2+ + S2O8•-       (16) 
≡Fe2+ + S2O82- → ≡Fe3+ + SO4•- + SO42-     (17) 

 
The regeneration of ≡Fe3+ together with the production of SO4•- should take place quite 
fast by persulfate (Eq. 17), after the surface metal is reduced via Eq. 16.  

Fe(II)-containing pyrite is the most prevalent metal sulfide in soil and can activate 
persulfate under aerobic or anaerobic conditions. The mechanism is mainly based on the 
metal leaching from the mineral surface with the suggested following principal reactions 
(Eqs. 18–23) (Zhang et al., 2017): 
 

2FeS2 + 7O2 + 2H2O → 2Fe2+ + 4SO42- + H+    (18) 
4Fe2+ + O2 + 4H+ → 4Fe3+ + 2H2O     (19) 
FeS2 + 14Fe3+ + 8H2O → 15Fe2+ + 2SO42- + 16H+    (20) 
FeS2 + 8H2O → Fe2+ + 2SO42- + 16H+ + 14e-    (21) 
2FeS2 + 15S2O82- + 16H2O → 2Fe3+ + 34SO42- + 32H+   (22) 
FeS2 + 2S2O82- → Fe2+ + 2SO4•- + 2SO42- + 2S    (23) 

 
However, in the case of pyrrhotite, the main radical forming reactions are suggested to 
be iniated by the heterogeneous ≡Fe(II) on its surface and by homogeneous leached Fe(II) 
in the solution (Xia et al., 2017).  

Other soil (transition metal) minerals, e.g. manganese- and copper-based ones, have 
similarities with iron-bearing species persulfate activating mechanisms, but their 
available environmental concentrations are too low to adequately activate persulfate. 
The availability of these species depends on the pH range and the presence of scavenging 
species on the surface of minerals (Ahmad et al., 2010; Teel et al., 2011). 

1.2.3 Carbon-activated persulfate 
 
Different modifications of carbon have been reported to successfully activate persulfate. 
These could be classified as a type of heterogeneous activators showing a certain 
advantage in being non-metallic species free from metal leaching problems. Carbon 
materials like nanodiamonds, graphene and carbon nanotubes (CNTs) have high 
chemical and thermal stability, ultrahigh pore volume and large specific surface area 
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believed to alleviate the issues related to the use of toxic metal activators  
(Duan et al., 2015). The first studies were implemented with the simplest form – 
activated carbon – a processed carbon with low-volume pores. The activation of 
persulfate by granulated activated carbon (GAC) could most likely proceed on the surface 
of GAC during the radical propagation mechanism (Eqs. 24–25) (Liang et al., 2009): 
 

ACsurface - OOH + S2O82- → SO4•- + ACsurface - OO• + HSO4-   (24) 
ACsurface - OH + S2O82- → SO4•- + ACsurface - O• + HSO4-   (25) 

 
Further process in water treatment relies on the oxidative nature of SO4•- as well as the 
adsorptive properties of GAC (Matzek and Carter, 2016). 

More detailed studies about CNTs, which are becoming more attractive to be used in 
water treatment, are accompanied by controversies whether the persulfate activation 
mechanism by CNTS is radical or non-radical. Duan et al. (2015) speculated that the active 
sites of carbon matrix can function as an electron mediator to propagate the peroxide 
bond weakening followed by the oxidation of adsorbed water or hydroxyl groups to 
generate HO• rather than SO4•-. Sun et al. (2014) proposed that SO4•- were generated by 
electron transfer from CNTs. However, more recent studies from Lee et al. (2015) and 
Guan et al. (2017) about the activating properties of CNTs suggest that the interactions 
between persulfate and active sites of the solid catalyst initiate the formation of non-
radical reactive complexes concurrently with the slow production of sulfate ions that are 
further responsible for the selected pollutants degradation. 

1.2.4 Alkali-activated persulfate 
 
This type of persulfate activation has been applied for in situ groundwater remediation 
by adding sodium or potassium hydroxide to raise the pH value above 11  
(Furman et al., 2010). SO4•- are produced through the hydroperoxide (HO2-) intermediate 
which is formed in the alkali-catalyzed hydrolysis of a persulfate molecule and which 
reacts with another persulfate molecule (Eq. 26). Also, HO• are generated as illustrated 
with Eq. 2. 
 

2S2O82- + 2H2O → SO4•- + O2•- + 3SO42- + 4H+    (26) 
 
If used on site, the pH value after the reaction should be near neutral, thus, it is suggested 
to follow the alkali to persulfate molar ratio 2:1 (Furman et al., 2011). The buffering 
properties of water and soil, or sulfuric acid formed in persulfate reactions may require 
additional alkalinity to keep the elevated pH value (Tsitonaki et al., 2010). This is a 
possible source to negative impact: high alkali concentrations may affect the soil natural 
properties (Tsitonaki et al., 2010; Furman et al., 2011). 

1.2.5 Oxidant-activated persulfate 
 
Persulfate is often used jointly with other oxidants, mostly in field applications  
(Tsitonaki et al., 2010), where the nature of soil and contaminant plays an important role 
in the treatment efficacy. H2O2 activation of persulfate has been applied for soil 
remediation (Tsitonaki et al., 2010) and landfill leachate treatment (Hilles et al., 2016). 
The knowledge about the interaction between two oxidants is still scarce, but it is 
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proposed that H2O2 is decomposed into HO•, which are then activating persulfate to 
generate SO4•- (Eq. 27) (Lominchar et al., 2018). Another suggestion is that the 
exothermic reactions of H2O2 propagate SO4•- formation by heat (Tsao and Wilmarth, 
1960). In turn, SO4•- can increase the formation of HO•, which results in a multiradical 
system (Eqs. 28–29) (Lominchar et al., 2018). 
 

HO• + S2O82- → SO4•- + HSO4− + 1/2O2     (27) 
SO4•- + H2O → SO42− + HO• + H+      (28) 
SO4•- + OH- → SO42− + HO•      (29) 

 
A similar mechanism is involved when persulfate is indirectly activated by ozone (O3) 
(Eqs. 30–41, 27 and 29) (Yang et al., 2016): 
 

O3 + OH- → HO2− + O2       (30) 
O3 + HO2- → HO2• + O3-       (31) 
O3- + H2O → HO• + O2 + OH-      (32) 
SO4•- + HO• → HSO4− + 1/2O2      (33) 
S2O82- + H2O2 → HO2• + 2SO42− + 2H+     (34) 

 
The indirect activation by ozone is common when working at pH values above 8.0  
(Chiang et al., 2006). It is suggested that under acidic condition, a few HO• are generated, 
but more SO4•- could be formed via the asymmetric break of peroxide bond when 
persulfate is activated by acid (Yang et al., 2016). Neutral conditions favor O3 direct 
reactions with the target pollutant with a decrease in the radical species generation. 

1.2.6 Thermally-activated persulfate 
 
According to Kolthoff and Miller (1951), persulfate exposure with sufficient heat energy 
produces two sulfate radicals (Eq. 35), but the reaction is pH-sensitive. At basic pH, 
further formation of HO• will occur (Eq. 2). 
 

S2O82- + heat → 2SO4•-       (35) 
 
The required average energy to break the peroxide bond (O-O) in persulfate is different 
at neutral, basic and acidic pH with 119–129 kJ/mol, 134–139 kJ/mol and  
100–116 kJ/mol, respectively (House, 1962). The most often used temperature range for 
thermal activation of persulfate is 40–70 °C (Ghauch et al., 2012; Zhang et al., 2015), but 
regarding the structural properties of the organic contaminants, temperatures higher 
than 100 °C might be needed to apply (Matzek and Carter, 2016). On the other hand, 
temperature is usually optimized to avoid formation of potential scavengers, chloride 
and bicarbonate ions, that affects pollutant degradation efficacy (Drzewicz et al., 2012), 
and to achieve cost-effectiveness.  

Thermal activation of persulfate can be implemented via conventional or microwave 
heating, of which the latter is believed to activate persulfate more intensively  
(Qi et al., 2015). This prevails even when heat has been used simultaneously with iron 
indicating that heat energy is a more effective activator of persulfate (Oh et al., 2009). 
Yet, none of them is used to treat groundwater in real-scale due to the need for high-
energy output and other related costs. 
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1.2.7 Radiation-activated persulfate 
 
This activation type is similar to heat-activated persulfate, when UV radiation (Eq. 36), 
gamma-radiation (Eq. 37) or pulse radiolysis (Eq. 37) induces the cleavage of peroxide 
bond generating a pair of sulfate radicals (Tsitonaki et al., 2010; Criquet and Karpel Vel 
Leitner, 2011): 
 

S2O82- + hν → 2SO4•-       (36) 
S2O82- + e−aq → SO4•- + SO42-      (37) 

 
UV radiation activation of persulfate is typically implemented at wavelength of 254 nm 
mainly due to the diapason high energy and SO4•- absorptivity and maximum quantum 
yield (Hori et al., 2005; Wang and Wang, 2018). The activation of persulfate by UV-light 
may involve second mechanism according to the reaction given in Eq. 36: an electron can 
be produced from water exposure to UV, and persulfate is then activated by electron 
transfer (Eqs. 38–39): 
 

H2O + hν → H• + HO•       (38) 
S2O82- + H• → SO4•- + SO42- + H+      (39) 

 
Consequentially, persulfate activation with longer wavelength (365 nm) needs extended 
exposure period or additional activator (Matzek and Carter, 2016). 

Quite often, UV-radiation is paired with Fe(II) to overcome the shortcomings of iron 
precipitation. The photo-reduction of ferric iron Fe(III) induces the generation of HO• and 
thereby provides steady concentration of reactive species (Pouran et al., 2015). 

The gamma-irradiation and persulfate combination in water produces simultaneously 
reducing (hydrated electrons, e−aq) and oxidizing (SO4•-) species. It is proposed that the 
target pollutant degradation is first initiated by water radiolysis products (e−aq, HO•, H•), 
which subsequently activate persulfate (Eqs. 37, 39–40), even though gamma rays alone 
possess sufficient activation energy (Criquet and Karpel Vel Leitner, 2011; Wang and 
Wang, 2018). Criquet and Karpel Vel Leitner (2011) have compiled principle side-
reactions in water radiolysis with persulfate addition (Eqs. 41–52): 
 

S2O82- + HO• → S2O8•- + OH-      (40) 
SO4•- + H2O → SO42− + H+ + HO•      (41) 
SO4•- + OH- → SO42− + HO•      (42) 
SO4•- + S2O82- → SO42− + S2O8•-      (43) 
2SO4•- → S2O82-       (44) 
SO4•- + HO• → HSO5−       (45) 
SO4•- + H2O2 → SO42− + H+ + HO2•     (46) 
SO4•- + HO2• → SO42− + H+ + O2      (47) 
SO4•- + O2•- → SO42− + O2      (48) 
SO4•- + H• → SO42− + H+       (49) 
SO4•- + e−aq → SO42-       (50) 
S2O8•- → 2SO42−       (51) 
HO• + SO42−/HSO4− → SO4•- + OH-/H2O     (52) 
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The fundamental study of Alkhuraiji and Ajlouni (2017) led to the conclusion that the 
increased persulfate concentration reduces the irradiation dose necessary to generate 
SO4•-. The pH value in the gamma-irradiated persulfate systems is proved to decrease 
owing to the acidity of persulfate and the formation of H+ during water radiolysis as well 
the acidic by-products (Alkhuraiji et al., 2017). 

The sonication of persulfate in water produces SO4•- and HO• among other reactive 
species through the reactions given in Eqs. 53–63 (Darsinou et al., 2015;  
Wang and Zhou, 2016): 
 

H2O + ))) → HO• + H•       (53) 
S2O82- + ))) → 2SO4•-       (54) 
H2O + 2SO4•- → HO• + H+ + 2SO42-     (55) 
SO4•- + SO4•- → S2O82-       (56) 
HO• + HO• → H2O2       (57) 
SO4•- + HO• → HSO5-       (58) 
SO4•- + HSO5- → HSO4- + SO5•-      (59) 
HO• + HSO5- → SO5•- + H2O      (60) 
2SO5•- → S2O82- + O2       (61) 
SO4•- + S2O82- → S2O8•- + SO42-      (62) 
HO• + S2O82- → S2O8•- + OH-      (63) 

 
The sonochemical reaction should typically involve two main stages: radical generation 
from persulfate and water, following the degradation of organic pollutants by the formed 
reactive species, which performance is primarily controlled by the initial pH value of the 
aqueous solution (Darsinou et al., 2015) 

Sonication implementation in water rapidly rises local temperature and pressure 
smoothly developing into a heat-activated process (Hoffmann et al., 1996). Thus, in some 
studies, persulfate sonication is referred as a type of heat activation. 

1.2.8 Electrochemically-activated persulfate 
 
Persulfate activation by iron electrode-involving system in aqueous environment consists 
of simple chain reactions. First, the process is initiated with the production of Fe(II) by 
anodic corrosion (Eq. 64), which activates persulfate (Eq. 6) and can be regenerated on a 
cathode (Eq. 65) (Yuan et al., 2014). The latter is suggested to be an opportunity to solve 
the issues related with total iron accumulation in the activated persulfate system. In 
addition, water electrolysis occurs on the cathode forming OH- (Eq. 66) that may 
contribute to the pH value normalization. 
 

Fe - 2e- → Fe2+        (64) 
Fe3+ + e- → Fe2+       (65) 
2H2O + 2e- → H2 + 2OH-      (66) 

 
It has been proposed that not only Fe(II), but also persulfate could be regenerated on the 
cathode from the sulfate ions formed after persulfate consumption (Eq. 67)  
(Matzek and Carter, 2016). 
 

SO42- + SO42- → S2O82- + e-      (67) 
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This type of activation allows effective control over the persulfate oxidation system 
through the current settings of iron electrode. 

Persulfate can be activated by several methods, out of what the Fe(II)-based types 
could be preferred over the others mainly due to the environmental safety 
considerations. When aiming for the higher efficacies, the radiation-based activation is 
used. The most suitable activator should be selected towards the expected outcome of 
the persulfate process: whether the parameters of the treated water are in 
correspondence with given legislation, or there is a pre-treated wastewater going to the 
subsequent treatment phase. The applications of selected activators are presented in the 
following paragraph. 
 

1.3 Activated persulfate treatment for natural water and high-strength 
wastewater 
 
Persulfate was used in field applications for soil and groundwater remediation already in 
the beginning of 2000’s. These studies focused mainly on similar type of chlorinated 
compounds and some main type of activators (Tsitonaki et al., 2010). However, 
regardless the development of the environmental technology, the variety and altering 
nature of the organic pollutants in the environmental compartments yet remains 
challenging in finding optimum treatment conditions to achieve the highest efficacy. 
Also, the composition of water matrix and the type of contaminant play a considerable 
role in overall efficiency of the process. Thus, fundamental lab-scale studies with real 
water matrices are still topical to improve activated persulfate processes 
implementation for the treatment of waters and wastewaters. In addition, the literature 
about the research conducted with real wastewaters and with practicable sulfate radical-
based advanced oxidation technologies (SO4•--AOTs) is still rather scarce. 

1.3.1 Groundwater and other natural waters 
 
Various organic substances, such as agrochemicals, pharmaceuticals, compounds of 
personal care products are among the most frequently detected groundwater pollutants 
along with nitrates, phosphates, heavy metals and radionuclides. However, the several 
possibilities to activate persulfate promote the application of this process for the 
degradation of diverse classes of pollutants. 

Theoretically, groundwater remediation by activated persulfate treatment may be 
initiated by the presence of natural iron leached from soil. Iron in aquifer is in dissolved 
form, Fe(II), but is oxidized to Fe(III) when in contact with oxygen in air, or due the action 
of iron bacteria. The growth of the latter is greatly contributed by the dissolved iron in 
water (Ityel, 2011). When iron is insoluble form, the target contaminant elimination 
would be most likely hindered. Therefore, additional iron is used. Also, various 
groundwater constituents, mainly chloride (Cl-), carbonate (CO32-) and bicarbonate 
(HCO3-) ions and dissolved organic carbon may scavenge SO4•- producing less reactive 
radical species that suppresses the direct reactions with organic contaminants. The level 
of these components could be much higher in contaminated groundwater, subjected to 
the strength of pollution. 
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Liang et al. (2004a) artificially polluted soil samples with 0.45 mM of trichloroethylene, a 
potential groundwater contaminant, and conducted experiments in soil slurry. Their 
results indicated that the persulfate/Fe(II) system was efficiency increased with the 
oxidant/activator molar ratio until its certain value, but further increase did not provide 
any enhancement. Based on that, they suggested a stepwise addition of Fe(II) or even 
the use of reductive properties of sodium thiosulfate to make more Fe(II) available to 
activate persulfate. The combination of chelating agents, especially tartaric acid and 
citric acid, and Fe(II)-activated persulfate for the degradation on 0.5 mM of aniline also 
indicated improved efficacy (Han et al., 2015). The application of CA-chelated  
Fe(II)-activated persulfate system was performed in a soil tank model for the degradation 
of chlorobenzene: 36 h treatment resulted in 82.4% destruction of the studied 
contaminant (Wang et al., 2016). 

Chen et al. (2016) applied heat-activated persulfate for the degradation of diclofenac 
at its initial concentration of 0.047 mM in polluted groundwater. Temperature of  
50–70 °C or acidic pH improved the target compound degradation, but the presence of 
common groundwater ions, Cl- and HCO3-, hindered the process efficacy at higher 
concentrations to a different extent. They also supported the findings of other studies 
(Liang et., 2006; Bennedsen, et al., 2012) that Cl- may have a positive influence on process 
efficacy. Similar findings were reported in the treatment of herbicide atrazine: 0.05 mM 
of the target pollutant was degraded in 120 min with 1 mM of persulfate under 60 °C  
(Ji et al., 2015). Further increase in the persulfate concentration or temperature 
improved the process efficacy, and low concentrations of Cl- and HCO3- (5 mM) had 
insignificant effect to the overall treatment. 

Simulated groundwater contaminated with benzene was treated with heterogeneous 
persulfate oxidation activated by three Fe(III)- and Mn(IV)-containing natural minerals: 
ferrihydrite, goethite and pyrolusite (Li et al., 2017). The findings of this study confirmed 
that high carbonate alkalinity obstructs the contaminant removal, but the effect of Cl- 
remained negligible. 

In river water, the UVC/S2O82- treatment ([S2O82-]0 = 0.5 mM) of different model water 
pollutants was promising: low levels of HCO3- (~ 2 mM) and Cl- (~ 1 mM) did not decrease 
the process efficacy (Lutze et al., 2015). However, Cl- is suggested to be the main 
scavenger of SO4•-, forming at pH > 5 chloride radicals reacting with water producing HO•, 
and thus, sustaining the process efficacy. This study also proved that SO4•- react with 
fulvic acids representing the dissolved organic carbon less actively compared to HO• 

(Méndez-Díaz et al., 2010) and hence, the selectivity of SO4•--AOTs will greatly contribute 
for its application for natural waters. 

The effective removal of diuron (0.1 mM) and arsenic (6.6 µM) by Fe(II)/S2O82- 
treatment ([S2O82-]0 = 20 µM, [Fe(II)]0 = 0.1–20 µM) was studied by Zhou et al. (2013) 
showing the possibility of in situ remediation of groundwater. 

1.3.2 Drinking water 
 
Drinking water or potable water usually is chemically treated providing quality suitable 
for human consumption. In majority of water treatment facilities, chlorination is the 
most widely used disinfection process with a risk of generating toxic disinfection by-
products (DBPs), particularly when the concentrations of organic pollutants are 
significant. The DBPs formation is excluded with the usage of SO4•--AOTs, inducing the 
development of these processes for drinking water purification. 
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Tap water was used to study the mechanism of simultaneous heat energy, UVC 
irradiation, Fe(II), and H2O2 activation of persulfate for the degradation of 0.06 mM of 
carbamazepine, an antiepileptic drug (Monteagudo et al., 2015). The combination of 
SO4•- and HO• resulted in 99% total organic carbon (TOC) removal in 90 min contact time. 
Moreover, the TOC removal did not exceed 75% at 28.6 mM of Cl- (1000 mg/L) in the 
studied solution. 

Sonication-activated persulfate system was practicable to degrade tetracycline, a 
broad-spectrum antibiotic, in a tap water with a concentration of 0.052–0.156 mM 
(Nasseri et al., 2017). The results indicated 96.5% of target compound degradation with 
61.2% of TOC removal after 120 min treatment time at [S2O82-]0 = 4 mM, pH 10 and 
ultrasound frequency 35 kHz. The presence of humic acid reduced the treatment efficacy, 
which, however, may be compensated by the higher concentration of persulfate. 

UVC/S2O82- system was successfully studied for the degradation of iodoacids, i.e. 
iodinated disinfection by-products, in drinking water: a 1.5 µM solution of iodoacetic 
acid, the compound refractory to photodegradation, was degraded in 6 min at the 
contaminant/S2O82- molar ratio of 1/40. TOC was removed for 90% in 30 min  
(Xiao et al., 2016). 

1.3.3 Secondarily treated wastewater  
 
Conventional wastewater treatment processes often have limited capability to eliminate 
organic (micro)pollutants with high chemical stability and recalcitrant to biodegradation 
(Barbosa et al., 2016). The concentration of several ions, mainly chloride, (bi)carbonate, 
phosphate, nitrate and sulphate, and organic load, may be still rather high. This causes 
directly the pollution spreading to surface water and eventually even groundwater  
(Tijani et al., 2013). Therefore, the secondarily treated wastewater needs further 
purification; the research on SO4•--AOTs has proved that its application brought several 
advantages.  

Nasseri et al. (2017) also applied sonication-activated persulfate system for 
secondarily treated wastewater purification: 70% of 0.104 mM tetracycline initial 
concentration was degraded in 120 min. The organic matter and the elevated presence 
of carbonate and chloride significantly decreased the purification efficacy by scavenging 
reactive species. Thus, further modifications of this type of activated persulfate process 
may appear feasible. 

Natural mineral pyrrhotite (1 g/L) was used as a persulfate (0.5 mM) activator to 
control the microbial water contamination by Escherichia coli K-12 bacteria: low 
performance of the treatment was reported owing to the nitrogen-containing organic 
matter in wastewater effluent that actively reacts with SO4•- (Xia et al., 2017). 

ZVI/S2O82- system in wastewater effluent showed significant simultaneous removal of 
bisphenol A and phosphate: 74% of 22 µM bisphenol A and 91% of 5 mg/L phosphate 
were removed by applying 1 mM of persulfate and 0.5 g/L of ZVI at pH 7.5  
(Zhao et al., 2016). 

The simulated conditions of treated wastewater effluent were set up to study the 
aqueous matrix effect to the degradation of oxytetracycline by simulated solar 
light/Fe(II)/S2O82- system (Bi et al., 2016). The results indicated 86% of the target 
contaminant (0.04 mM) removal after applying 60 min of illumination with Fe(II)/S2O82- 
mass ratio of 1/4. They proved that it is essential to find the inhibiting concentration of 
various anions to adjust the activated persulfate system conditions. 
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1.3.4 Landfill leachate 
 
The content of diverse classes of pollutants makes landfill leachate an emerging 
environmental concern. The properties of leachate are derived from the types of wastes 
and vary during the waste deposition period and seasons. The major constituents are 
dissolved organic matter, ammonium nitrogen, heavy metals, xenobiotic organic 
compounds and numerous emerging micropollutants. Thus, the purification of landfill 
leachate should most likely consist of separate or combined steps, including chemical 
and biological treatment. The author failed to find literature on the Fe(II)-activated 
persulfate process applied to the treatment of landfill leachate. 

Deng and Ezyske (2011) carried out thermal activation of persulfate at 27, 40 and  
50 °C in a landfill leachate with chemical oxygen demand (COD) of 1.2 g/L, ammonium 
nitrogen of 2 g/L, alkalinity of 4.9 g CaCO3/L and pH of 8.3. They applied S2O82-/12COD 
mass ratio of 0.25–2.0 at various pH values. The results of their study indicated high 
simultaneous removal efficacies of COD and ammonia nitrogen at S2O82-/12COD > 0.5 
under at least 40 °C. Also, acidic pH from 3.0 to 4.0 assures the invariable treatment 
efficacy of thermal-activated persulfate. 

Microwave-activation of persulfate at 85 °C was studied for the purification of heavy-
metal containing (ng/L) landfill leachate by Chou et al. (2015). Their findings proved 
suitability of this process for the landfill leachate pre-treatment followed by biological 
treatment: COD and TOC were removed for more than 70 and 90%, respectively, in  
120 min of oxidation time; the most suitable pH values appeared to be 5.0 and 7.0; 
however, the process efficacy remained high also at pH 3.0 and 9.0. 

Fe(II)-loaded GAC heterogeneous activation of persulfate was performed in a mature 
municipal landfill leachate (Li et al., 2016). They reached to a maximum of 88% COD 
removal from the initial 9 g O2/L by 125 mg/L of Fe(II) and 0.5 M of persulfate at pH 3.0 
in 30 min oxidation time. The authors also calcinated the catalyst in N2 atmosphere at 
550 °C; the regenerated catalyst was used up to three times with 50% of the initial COD 
removal efficacy. 

Ozone-activation of persulfate was studied for the purification of semi-aerobic 
stabilized landfill leachate collected from aeration pond (Abu Amr et al., 2013). The 
leachate was characterized with high COD (2.5 g O2/L) and low biodegradability 
(BOD7/COD = 0.038) as well as high ammonia content (0.8 g NH3-N/L). The application of 
different activator doses (30-80 g/m3) and persulfate concentrations (COD/S2O82- mass 
ratios of 1/1–1/7) showed promising results for the removal of COD (70%) and 
ammonium (80%) at pH 6.5 or 10.0 within 210 min. 

1.3.5 Industrial wastewaters 
 
Similarly to landfill leachate, the variety of industries and their specialization greatly 
dictates the composition of process effluents. For example, the food industry effluents 
could contain elevated levels of organics, whereas the process waters from metallurgy 
are rich in heavy metal concentrations.  

Wastewater containing dinitrotoluenes from military ammunition plant was treated 
with electro-activated persulfate process (Chen et al., 2014). Strongly acidic pH (0.5) and 
persulfate anion concentration of 1.7 wt% almost completely degraded (initial  
TOC = 300 mg/L) the target pollutants after 8-h oxidation. This proves the applicability of 
SO4•--AOTs for the highly-strength wastewater. 
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Moussavi et al. (2016) applied UVC activation of persulfate for the purification of 
chromium electroplating wastewater with a goal to degrade cyanide. They reported a 
complete degradation of 50 mg/L of cyanide to less toxic by-products in 50 min at  
[S2O82-]0 = 0.8 g/L. 

Solar light activation of persulfate was studied for the purification of winery 
wastewater (Rodríguez-Chueca et al., 2017). This type of wastewater is typically 
relatively acidic and contains elevated amounts of dissolved organic matter with 
composition varying between seasons. Up to 60% of COD removal from initial 5 g O2/L 
and 40% removal of TOC from initial 1.7 g/L at pH 4.5 and 7.0 was achieved. 

Based on these examples, the general trend is that the higher is the pollution level, 
the more energy-demanding persulfate activation methods are used. This approach 
could be justified since the heat or radiation activation provide high energy output 
sometimes for only a period of a few minutes. When the contamination is high at the 
organic content measured in g/L, this short activation may not be sufficient to degrade 
the target pollutants, and the treatment time is prolonged. Thus, the importance of 
adjusting the treatment parameters according to the nature of the target pollutants 
should not be neglected. The available literature also proved that the application of 
activated persulfate treatment for high-strength wastewaters was sufficiently studied. 

1.4 Aim of the study 
Even though different persulfate activation possibilities have been extensively studied 
for over a decade, there are still uncertainties related to the application in aqueous 
matrices containing diverse types of contaminants. In natural or processed waters, the 
synergistic effects of water matrix, persulfate and its activators, and the organic pollutant 
are of particular interest.  

The aim of the current doctoral thesis was to assess the most viable persulfate 
activation options in water and in wastewater with different pollution levels and, 
thereby, to extend the justification for full-scale applications of SO4•--AOTs. Newly 
observed classes of emerging micropollutants (artificial sweetener and non-steroidal 
anti-inflammatory drug) were chosen in this research with the intention to prove 
activated persulfate treatment efficacy degrading various organic contaminants at 
various initial concentrations. The addition of chelating agents was studied with further 
intention to conduct the activated persulfate treatment in situ. 

The following principal objectives raised from aim were set as follows: 
− to observe the practicability of Fe(II)-activation in high-strength wastewaters 

(pyrolysis wastewater and landfill leachate) with the intention to assess the 
changes in wastewater parameters (COD, BOD7, BOD7/COD) after the 
treatment; 

− to evaluate the efficacy of the Fe(II)/chelating agent or Fe(II)/reducing agent 
activation in ultrapure water or landfill leachate; 

− to investigate the UVA/Fe(II) activation in ultrapure water, groundwater and 
secondarily treated wastewater for the degradation and mineralization of 
artificial sweetener ACE; 

− to study the H2O2 and H2O2/Fe(II) activation in ultrapure water for the 
degradation and mineralization of non-steroidal anti-inflammatory drug NPX; 

− to evaluate the effect of persulfate concentration and different activators’ 
importance, pH and treatment time to the SO4•--AOTs efficacy. 
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2 MATERIALS AND METHODS 

2.1 Chemicals and materials 
All reagents were of analytical grade and used as received without further purification. 
Stock solutions were prepared in ultrapure water (Millipore Simplicity® UV System, 
Merck, Germany). Sodium hydroxide, sulfuric acid or phosphate buffering aqueous 
solutions were used to adjust pH. 

Pyrolysis wastewater sample was obtained from an oil shale thermal treatment plant 
in Ida-Viru County, Estonia. The main specific properties of the sample are listed in Paper 
I, Table 1. Landfill leachate was collected from a municipal non-hazardous waste landfill 
in Harju County, Estonia; the main specific properties are listed in Paper II, Table 1. 
Secondarily treated wastewater sample was collected from a local municipal wastewater 
treatment plant in Tallinn city, and groundwater sample was collected from a 19-m deep 
borehole in Harju County. All untreated samples were stored at 4 °C. The chemical 
composition and main parameters of the water matrices are presented in Table 1. 

 

Table 1. The chemical composition and main parameters of water matrices 

Parameter Pyrolysis 
wastewater 

Landfill 
leachate 
L1 

Landfill 
leachate 
L2 

Ground-
water 

Secondarily 
treated 
waste-
water 

COD, mg/L 39700±1700 9700±381 21153±877 - - 
TOC, mg/L - - - 4.3 13.2 
DOC, mg/L 9010±25 2740±11 6185±175 - - 
BOD7, mg/L 5500±390 2480±122 9428±381 - - 
BOD7/COD 0.14 0.26 0.45 - - 
Total phenols, 
mg/L 730±15 24±1 87 - - 

Fe(II), mg/L - - - 0.03 0 
Total Fe, mg/L 2.86±0.11 - - 0.1 0 
pH 8.88 7.84 7.03 7.75 7.20 
Alkalinity, 
mgCaCO3/L - 9520±80 8500±375 650±0 370±15 

Conductivity, 
µS/cm 10430 22.1 15.8 617±1 1022±1 

F-, mg/L - - - 0.2 <LOQ* 

Cl-, mg/L - - - 87 450 

NO3-, mg/L - - - <LOQ 64 

PO43-, mg/L - - - <LOQ 12 

SO42-, mg/L - - - 41 75 
*- – not measured 
*<LOQ – below limit of quantification 
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Artificially contaminated solutions of analytically pure (≥98%) ACE and NPX were 
prepared by dissolving each studied compound in ultrapure water (Papers III, IV) or in 
secondarily treated wastewater and groundwater (Paper III) to achieve the pollutant 
concentration of 75 µM. The structure and main properties of the studied 
micropollutants are given in Table 2.  
 

Table 2. The properties of ACE and NPX (Zorita et al., 2009; Lange et al., 2012) 

Properties Acesulfame (ACE) Naproxen (NPX) 

Molecular structure 

  

Classification  Artificial sweetener Non-steroidal anti-
inflammatory drug 

CAS nr 55589-62-3 22204-53-1 

Chemical formula C4H4KNO4S C14H14O3 
Molecular weight, 
g/mol 201.24 230.26 

Solubility in water, g/L 270 (20 °C) 0.0159 (25 °C) 
pKa 2.0 4.45 

 

2.2 Experimental procedure 
Papers I, II 
 
Fe(II)-activated persulfate experiments were carried out in a batch mode and in non-
buffered solutions at ambient room temperature. Wastewater samples (0.5 L) were 
treated in a 1-L cylindrical glass reactor with a permanent agitation speed (400 rpm) for 
a maximum of 24 h oxidation period. The pH of the wastewater samples was adjusted to 
3.0 (Paper II), if not specified otherwise (Paper I). The activator (FeSO4·7H2O) was 
dissolved in the sample followed by the persulfate addition to initiate oxidation. In Paper 
I, stepwise addition of activator, oxidant and activator/oxidant after 0.0, 30.0 and  
60.0 min reaction were studied. The oxidant dose was determined as the persulfate/COD 
weight (g/g O2) (Paper I) or molar (mol/mol O2) ratio (Paper II). In Paper II, sodium 
thiosulfate (S2O32-), the reductant of Fe(III), was added simultaneously with persulfate 
(reductant/Fe(II) mol/mol of 0.1/1 to 1/1). The oxidation was terminated by the addition 
of NaOH (10 M) to adjust pH value to 8.5; the settling period of ferric hydroxy complexes 
was 19–24 h. Finally, the supernatant was collected for further analysis. The experiments 
with non-activated persulfate oxidation were performed in identical reactor under 
respective activated persulfate treatment conditions. All experiments were duplicated, 
and the data of the initial parameters of wastewater samples were verified with at least 
three replicates. The results of the analyses are presented as the mean with a standard 
deviation of at least three parallel replicates. 
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Papers III, IV 
 
UVA-activated persulfate (Paper III) and Fe(II)- or H2O2-activated persulfate (Paper IV) 
experiments were conducted in a batch mode and in non-buffered (Paper IV) or buffered 
(Paper III) solutions at ambient room temperature. ACE solutions (0.8 L) or NPX solutions 
(0.4 L) were treated in a cylindrical glass reactor with a permanent agitation speed of  
400 rpm for 120 min (Paper III) or 180 min (Paper IV) of oxidation period. The pH of the 
solutions was adjusted to 3.0 (Papers III, IV), 5.0 (Paper IV), 5.8 (Paper III), 7.0 (Paper IV), 
7.4 (Paper III) or 9.0 (Paper IV), if not specified otherwise. The activator (ferrous iron 
source) (Papers III, IV) or activator/chelating agent (C6H8O7·H2O, CA) (Paper IV) was 
dissolved in the sample followed by the persulfate addition to initiate oxidation.  
In Paper IV, both oxidants were added simultaneously in the case of combined 
H2O2/S2O82- system. 

In Paper III, a low-pressure mercury lamp (11 W OSRAM Dulux S BLUE) located in a 
quartz tube inside the reactor, was immediately inserted into the solution after the 
addition of oxidant. The lamp was previously warmed up outside the reactor at least  
5 min before the trial to provide constant output. The average irradiance entering the 
solution in the reactor measured by Ocean Optics USB2000+ spectrometer equipped 
with SpectraSuite software was 2.2 mW/cm2. The temperature in the reactor was kept 
constant by using a water cooling jacket.  

Sample aliquots were withdrawn at pre-determined time intervals. The oxidation was 
terminated by the addition of ethanol (EtOH) (sample/EtOH volume ratio of 10/1)  
(Paper III), Na2SO3 at a [oxidant]0/SO32- mol/mol of 1/10 (Papers III, IV) or by the addition 
of NaOH 1-M solution to adjust pH to 9.0 (Paper IV). To identify the radicals formed in 
the activated persulfate systems, radical scavengers EtOH and tert-Butanol (t-BuOH), 
were spiked into the reaction solutions prior to the addition of Fe(II) or Fe(II)/CA and 
persulfate at a ACE or NPX/[scavenger]0 mol/mol of 1/500. The experiments on NPX 
oxidation with non-activated persulfate were conducted in identical reactors and 
treatment conditions for the respective activated oxidation trials (Paper IV). All 
experiments were duplicated; the results of the analysis are presented as the mean with 
a standard deviation of at least three parallel replicates less than 5%. 

2.3 Analytical methods 
An overview of the principal analytical methods used in the study is collected in Table 3. 
The methods listed were used to analyze the different water parameters before or after 
the application of respective activated persulfate treatment. 

The quantification of ACE concentration (Paper III) during the applied activated 
persulfate treatment was carried out by using high-performance liquid chromatograph 
(HPLC, YL-Instrument 9300, China). The HPLC was equipped with a Waters Bridge C18 
(150 x 3.0 mm inner diameter, 3.5 µm particle size) column and UV/Vis detector. The 
analysis was performed using isocratic method with a mobile phase mixture of  
10% acetonitrile and 90% of 0.1% acetic acid aqueous solution. Samples (20 µL) were 
analyzed at the flow rate of 200 µL/min at wavelength of 230 nm. In the case of trials 
with groundwater and secondarily treated wastewater, samples were filtered through  
0.45-µm Whatman® Puradisc AQUA cellulose acetate syringe filters. The concentration 
of ACE was determined by using the standard multipoint calibration. 

The quantification of NPX concentration (Paper IV) was carried out by a HPLC 
combined with diode array detector (HPLC-PDA, Prominence SPD-M20A, Shimadzu) 
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equipped with a Phenomenex Gemini (150 × 2.0 mm inner diameter, 1.7 µm particle size) 
NX-C18 (110 Å, 5 µm) column. The analysis was performed using isocratic method with a 
mobile phase mixture of 40% acetonitrile and 60% of 0.1% formic acid aqueous solution. 
The flow rate was kept at 200 µL/min. Samples (30 µL) were scanned at 190-800 nm and 
analyzed at wavelength of 232 nm. The concentration of NPX was determined by using 
the standard multipoint calibration. The by-products formed during activated persulfate 
treatment of NPX were identified by the HPLC combined with mass spectrometer  
(HPLC-MS, Shimadzu LC-MS 2020). Phenomenex Gemini-NX 5u C18 (110A 150 × 2.0 mm 
inner diameter, 1.7 μm particle size) column was used with isocratic mobile phase 
mixture, 0.3% formic acid aqueous solution (60%) and acetonitrile (40%), and total flow 
rate of 200 µL/min. Mass spectra was acquired in full-scan mode, scanning in the range 
50–500 m/z. The instrument was operated in positive ESI mode and the results obtained 
with MS detector were handled using Shimadzu LabSolutions software. 

 

Table 3. Analytical methods applied for the analysis of water matrices 

Parameter/Analysis Analytical instrument/Method Paper 
Chemical oxygen 
demand (COD) Closed reflux colorimetric method (APHA, 2012) I, II 

Biochemical oxygen 
demand (BOD7) 

7-day biochemical oxygen demand, oxygen 
analyzer (APHA, 2012) I, II 

Total organic carbon 
(TOC) TOC/TN analyzer I-III 

Dissolved organic 
carbon (DOC) TOC/TN analyzer I, II 

Non-purgeable organic 
carbon (NPOC) TOC/TN analyzer IV 

Dissolved nitrogen (DN) TOC/TN analyzer II 
Total solids (TS) APHA, 2012 I, II 
Total suspended solids 
(TSS) APHA, 2012 I, II 

Total fixed solids (TFS) APHA, 2012 I, II 

Fe(II) Spectrophotometric method (Merck, 1994) I, III, 
IV 

Total Fe Spectrophotometric method (Merck, 1994) I, III 

Residual persulfate 
Spectrophotometric method (Sof’ina et al., 2003) I, II, IV 
Spectrophotometric method (Liang et al., 2008) III 

Total phenols HACH-Lange cuvette test LCK 345 I, II 
Alkalinity Titrimetric method (APHA, 2012) II, III 
pH Digital pH-meter I-IV 
Conductivity Digital conductivity meter I-III 
Anions  Ion chromatograph with chemical suppression III 
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3 RESULTS AND DISCUSSION 
Activated persulfate treatment was carried out in different water matrices with different 
type of activation (Table 4). 
 

Table 4. Types of persulfate activation and water matrices used in the current study 

Matrix Type of persulfate activation Paper 
Pyrolysis wastewater Fe(II) I 
Landfill leachate Fe(II), Fe(II)/S2O32- II 
Secondarily treated 
wastewater UVA, UVA/Fe(II) III 

Groundwater UVA, UVA/Fe(II) III 

Ultrapure water UVA, UVA/Fe(II), Fe(II), H2O2, H2O2/Fe(II), 
Fe(II)/CA, H2O2/Fe(II)/CA III, IV 

 
The evaluation of applicability of these systems was done by comparing the changes in 
organic load (Papers I–IV), biodegradability (roughly estimated by the value of BOD7/COD 
ratio) (Paper I), acute toxicity (Paper I), target compound concentration (Papers III, IV) as 
well as persulfate concentration (Papers I–IV) and pH (Papers I–IV). 

3.1 Fe(II)-activated persulfate treatment 
Fe(II) activation of persulfate was applied for the purification of high-strength pyrolysis 
wastewater (Paper I), landfill leachate of different seasons (Paper II) and for the 
degradation of NPX in ultrapure water (Paper IV). 

Pyrolysis wastewater used in this study could be characterized as highly polluted 
industrial effluent with relatively high COD and total phenols contents, and low 
biodegradability (Table 1; Paper I, Table 1). Thus, COD/S2O82-/Fe(II) g O2/g/g of 
1/0.4/0.04, 1/0.4/0.08, 1/0.4/0.16 and 1/0.8/0.16 were applied with 47%, 50%, 52% and 
60% of COD removal after 24 h treatment period, respectively (Paper I, Figure 2 and  
Table 2). The maximum mineralization extent (39%) was achieved with the highest 
chemical doses used (COD/S2O82-/Fe(II) g O2/g/g of 1/0.8/0.16). The latter was 
unfavorable for biodegradability with slightly decreased BOD7/COD ratio (0.15) than 
compared to untreated wastewater (0.19) (Paper I, Figure 2). Nevertheless, the residual 
concentration of persulfate after the treatment at all the studied COD/S2O82-/Fe(II) ratios 
was negligible, as well as the residual iron concentration ranging below 2 mg/L. The trial 
with non-activated persulfate at COD/S2O82- g O2/g of 1/0.4 showed moderate COD 
removal (47%), but significantly lower mineralization (11%) of organic load, which 
confirms the necessity to activate persulfate (Figure 2). 

The pH of wastewater was not adjusted prior to oxidation, but after 24 h of treatment 
time the pH values were below 2.4 in all the trials. The more suitable initial pH value of 
3.0 for Fe(II) activating properties was also tested, but no changes in the treatment 
efficacies were noticed. This suggests that the Fe(II) activation of persulfate at alkaline 
pH at 9.0 took place with high efficacies proving its applicability to wastewater 
treatment. 

Fe(II) activation of persulfate is known to have an important disadvantage, the rapid 
conversion of Fe(II) to Fe(III). To alleviate this unwanted reaction, the gradual addition of 
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Fe(II), S2O82-, or Fe(II) and S2O82- was conducted with COD/S2O82-/Fe(II) g O2/g/g of 
1/0.4/0.08 with the chemical(s) added in three equal portions (Figure 2; Paper I,  
Figure 3). As a result of stepwise chemicals addition, a 4–6% of improved dissolved 
organic carbon (DOC) removal was noticed. The COD removal improved for 1–2% with 
slightly lowered or stationary biodegradability. 
 

 
Figure 2. COD, DOC removal and the BOD7/COD ratio as a function of different COD/S2O82-/Fe(II) 
ratios, g/g/g 

 
Based on the respective results, somewhat promising increase in treatment efficacies led 
to a suggestion that the sequential addition of activator and oxidant chemicals could 
result in improved final parameters. In general, relatively modest improvement could be 
explained by insufficient chemical doses of stepwise addition, and this possibly indicates 
that the overall elevated concentrations of chemicals could be used in gradual addition. 

Regarding the properties of pyrolysis wastewater, the acute toxicity with Daphnia 
magna 24 h tests was assessed after the activated persulfate treatment (Paper I,  
Table 3). The results were similar regardless of the chemical doses applied: at  
COD/S2O82-/Fe(II) g O2/g/g of 1/0.4/0.16 (EC50 = 1.12%) and COD/S2O82-/Fe(II) g O2/g/g of 
1/0.8/0.16 (EC50 = 1.09%). Compared to the initial EC50 value (0.34%), the acute toxicity 
was reduced during the applied process. This, along with the other parameters studied 
in this research, endorses the Fe(II) activation of persulfate to high-strength wastewater 
as a pre-treatment step.  

Landfill leachate samples in this study were collected from a municipal landfill in 
summer (L1) and in late autumn (L2) (Table 1; Paper II, Table 1). This way it was possible 
to evaluate the Fe(II)-activated persulfate treatment efficacy in respect to the leachate 
of the same origin, although at slightly different strength of wastewater. Majority of the 
experiments were conducted with L1 to set the main process conditions that could be 
later transmitted to L2 treatment. 

The oxidant dose was determined as the S2O82-/COD mol/mol O2 with the equivalent 
weight ratio of S2O82- to O2 as 12. Thus, to indicate the S2O82- dose, the weight ratio of S2O82-

/12COD was used in this study. Accordingly, at the S2O82-/12COD weight ratio of 1, the 
S2O82-/COD molar ratio is 1/1. The S2O82-/Fe2+ mol/mol varied in the range of 50/1 to 1/1. 
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Different activator concentrations were studied at S2O82-/Fe2+ mol/mol of 50/1, 25/1, 
10/1, 5/1 and 1/1 (S2O82-/COD mol/mol O2 was fixed at 0.25/1). The results showed nearly 
3-fold decrease in COD, DOC and DN values when increasing the activator’s 
concentration with S2O82-/Fe2+ ratio (mol/mol) reduced from 50/1 (13%, 37% and 9%, 
respectively) to 1/1 (13%, 34% and 19%, respectively) (Figure 3a). 
 

 
Figure 3. COD, DOC and DN removal and S2O82- utilization versus S2O82-/Fe(II) mol/mol (a) (S2O82-

/[O]COD mol/mol O2 = 0.25/1) and S2O82-/[O]COD mol/mol O2 (b) (S2O82-/Fe(II) mol/mol = 10/1) 

 
The total phenols removal was consistently high exceeding 90%. The highest Fe(II) dose 
used also resulted in the highest, 91%, persulfate consumption. S2O82-/COD mol/mol O2 
of 0.25/1 and S2O82-/Fe2+ mol/mol of 5/1 were used for the sample L2 with the similar 
treatment efficacy as was achieved with S2O82-/Fe2+ mol/mol of 1/1 for the sample L1: 
30% of COD and 24% of DOC removal along with 95% of total phenols removal, and 29% 
of DN removal. 
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The activation potential of Fe(II) was also studied with variable persulfate 
concentrations. The activator dose was kept constant at S2O82-/Fe2+ mol/mol of 10/1 with 
the S2O82-/COD mol/mol O2 of 0.1/1, 0.25/1, 0.5/1 and 1/1. The results showed an 
improvement in COD, DOC and DN removal with every increase in oxidant dose with the 
maximum efficacy of nearly 40% in respect to all wastewater parameters (Figure 3b). In 
general, a 10-fold oxidant concentration increase from S2O82-/COD mol/mol O2 of 0.1/1 
to 1/1 resulted in nearly two-fold improvement in COD removal, from 19% to 36%. At 
S2O82-/COD mol/mol O2 of 1/1, the DOC removal was also 36%. The phenolic contents 
were also reduced for more than 87% with all persulfate doses. Unfortunately, the 
residual oxidant concentration was increasing from 45% to77% with the increase of 
S2O82-/COD mol/mol O2 implying to the constantly increasing Fe(II) concentration that 
could have possibly been decreased or kept constant for high-yield oxidant use. 

Relatively promising efficacy of the DN removal by the Fe(II)-activated persulfate 
treatment likely favors the application of a biological post-treatment to achieve 
additional removal in COD, if necessary. The DN removal by this system is initiated by the 
ammonia and ammonium (reductive ammonium nitrogen) that donate electrons to  
SO4•-, and thereby, the nitrogen is oxidized to a higher valence state, like N2  
(Deng and Ezyske, 2011). 

The known stability of persulfate, selective reactivity of SO4•- and higher content of 
organics in sample L2 created suitable background to evaluate different oxidation period 
durations of Fe(II)-activated persulfate. The experiments were carried out with 1, 2, 4, 6, 
and 24 h oxidation time at S2O82-/COD mol/mol O2 of 0.25/1 and S2O82-/Fe2+ mol/mol of 
5/1. It was proved that the process could be conducted in less than 24 h, since the 
maximum removal of COD (30%) and DOC (24%) was already reached in 6 h of oxidation 
(Paper II, Figure 4). Moreover, the DN removal was similar (~30%) after all the oxidation 
periods studied, and more than 90% of total phenols was removed already in 1 h of 
oxidation. 

The rapid conversion of Fe(II) to Fe(III) in Fe(II) activation of persulfate can occur not 
only in higher pH range, but when there are complex water matrices to be treated. Thus, 
the S2O32- addition to the S2O82-/Fe2+ system in sample L1 was considered, and the results 
are presented in Paper II, Figure 5. The COD, DOC and DN removal efficacies were 
evaluated at a S2O82-/Fe2+/S2O32 molar ratio of 10/1/0.1, 10/1/0.5 and 10/1/1 (fixed  
S2O82-/COD mol/mol O2 of 0.5/1). Every increase in reducing agent concentration 
improved the Fe(II)-activated persulfate process efficacy with the maximum 
improvement of 15% in COD and 5% in DN removal at S2O82-/Fe2+/S2O32- molar ratio of 
10/1/1. The DOC removal was not improved indicating the presence of recalcitrant 
organics that are not subjected to mineralization. 

It should be noted that after the oxidation step of landfill leachate treatment the pH 
of the samples were around 2 at all the applied oxidant/activator ratios. This pH region 
can only induce the decomposition of persulfate without the generation of radical 
species (Tsitonaki et al., 2010). However, this needs further study related to the water 
matrix and contaminant-specific properties. 

Artificially NPX-contaminated ultrapure water was used to evaluate the Fe(II) 
activation of persulfate (Paper IV). The blank experiments with non-activated persulfate 
showed negligible NPX degradation, thus, the subsequent application of Fe(II) activation 
was justified. The Fe(II) activation of persulfate was conducted with pH adjusted to 3.0. 
The NPX/S2O82-/Fe(II) molar ratio of 1/10/0.5, 1/10/1 and 1/10/2 (corresponding to a 
[S2O82-]0 750 µM and [Fe(II)]0 37.5, 75 and 150 µM, respectively) were applied to evaluate 
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the changes in NPX concentration and NPOC content. The lowest studied dose of Fe(II) 
indicated more than 99% of NPX degradation in 180 min, whereas at the four-fold higher 
Fe(II) concentration the same result was achieved in 60 min (Figure 4a). 
 

 
 

 
Figure 4. Naproxen degradation and NPOC reduction by the S2O82-/Fe(II) process (NPX/S2O82-

/Fe(II) mol/mol/mol) at different Fe(II) (a) and CA (b) initial concentrations (pH 3) 

 
The increase in Fe(II) dose simultaneously increased the oxidant consumption from 
15.2% up to 33.1%. NPX mineralization was considerably lower than the compound 
degradation: the highest NPOC removal was 11% at NPX/S2O82-/Fe(II) molar ratio of 
1/10/2. This low removal is most likely caused by the accumulation of NPX 
transformation products competing for SO4•-, as a result deteriorating the process 
efficacy. The observations of the NPX oxidation profile suggest the fast degradation 
phase (around 50%) during the first minute followed by the steady degradation during 
the rest of 180 min of total treatment period. This is presumably induced by the fast 
generation of radical species from activated persulfate; Fe(II) conversion to Fe(III) 
proceeded with slow reduction reactions with organic radicals. 
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The evaluation of increased initial pH values of 5.0, 7.0 and 9.0 showed NPX treatment 
efficacies similar to the ones at strongly acidic pH (Paper IV, Figure 3b). 

The availability of Fe(II) at elevated pH to activate persulfate may be limited due to 
the chemical properties of ferrous ion forming poorly soluble hydroxides at high pH. 
Hence, the environmental-friendly chelating agent, CA, was used to evaluate its influence 
on the Fe(II)-activated system. The target compound degradation was evaluated after 
applying the following CA doses with fixed activator and oxidant dose:  
NPX/S2O82-/Fe(II)/CA molar ratio of 1/10/1/0.1, 1/10/1/0.5, 1/10/1/1 and 1/10/1/2 
(corresponding to CA concentrations of 7.5, 37.5, 75 and 150 µM). The NPOC content in 
these systems must be accounted as NPOC of NPX and NPOC of CA. The results indicated 
that the persulfate activation was enhanced at Fe(II)/CA mol/mol of 1/0.5 and 1/1, then 
compared to the treatment without chelating agent, with almost complete degradation 
of NPX in 60 and 45 min of treatment, respectively (Figure 4b). Moreover, more than 50% 
of oxidant consumption in chelated iron activation was achieved (Paper IV, Table 2). The 
effect of CA addition was also assessed with the initial pH increased to 5.0, 7.0 and 9.0. 
At elevated pH values, the role of CA becomes more significant when it is responsible to 
prevent the precipitation of iron as Fe(III). At pH 5.0, the application of different CA 
concentrations showed an enhanced target compound degradation and oxidant 
consumption (Paper IV, Table 2 and Figure 5b). Further increase of pH values to 7.0 and 
9.0 at a Fe(II)/CA mol/mol of 1/1 indicated NPX degradation and mineralization similar 
to the one shown at pH 5.0 (Paper IV, Figure 6b). 

The oxidant activation of persulfate is discussed in section 3.3, but the addition of CA 
to the H2O2/S2O82-/Fe(II) system is intended to directly influence the availability of Fe(II) 
for both oxidants. The same Fe(II)/CA ratios, mol/mol, were applied as in Fe(II) activation 
of persulfate: 1/0.1, 1/0.5, 1/1 and 1/2 (Paper IV, Figure 4c). Some improvement was 
noticed in the NPX degradation as a result of CA-chelation, but the simultaneous 
presence of two oxidants that may have competitive reactions with Fe(II), decrease the 
overall system efficacy. The concentration of activator or oxidant(s) alone did not exhibit 
inhibiting properties to target compound elimination. The use of Fe(II)/CA mol/mol at 
1/2 revealed notably lower NPX degradation and mineralization in conjunction with the 
increased residual concentration of H2O2 or S2O82-, that could refer to the full 
complexation of Fe(II) with subsequent lack of its availability for oxidants. Another 
limitation may be the various predominant form of CA-Fe(II) complexes that are sensitive 
to the matrix pH. The dual-oxidant chelated iron system showed improved NPX 
degradation similarly to the S2O82-/Fe(II)/CA system at pH 5.0, but remained similar at 
further pH rise up to 7.0 and 9.0 (Paper IV, Figure 6c). This could be explained by the pH-
sensitivity of different predominant iron chelate forms. Also, at near neutral pH values, 
the availability of Fe(II) may be reduced due to the HO• domination over SO4•- that 
provokes the formation of mixed chelated iron complexes. 

The study about the principal radicals both in the chelated and non-chelated Fe(II) 
activation systems was conducted. The proportion of SO4•- and HO• was investigated at 
pH 3.0 and 7.0 by introducing excess volumes of alcohol scavengers: EtOH that scavenges 
both radicals, and t-BuOH that is more selective towards the scavenging of HO•. The 
results of these experiments are presented in Paper IV, Table 3 indicating the higher 
scavenging effect of these alcohols to the chelated systems. This proves that more 
radicals are generated arising from the enhanced availability of Fe(II). Nevertheless, the 
overall findings suggested that HO• were the main oxidative species in the Fe(II)-
activated persulfate systems applied for NPX degradation. 
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This finding allowed to speculate the probable transformation pathway of NPX in the 
S2O82-/Fe(II)/CA and H2O2/S2O82-/Fe(II)/CA systems. The attack of HO•/SO4•- to aromatic 
molecule causes hydroxylation (TP1a and TP1b) followed by the decarboxylation (TP2–
TP4) or demethoxylation (TP5) (Figure 5). 
 

 
Figure 5. Possible degradation pathways for the degradation of NPX by the S2O82-/Fe(II)/CA and 
H2O2/S2O82-/Fe(II)/CA systems 

3.2 UVA/Fe(II)-activated persulfate treatment 
UVA and UVA/Fe(II) activation of persulfate were applied for the degradation of ACE in 
ultrapure water, groundwater and secondarily treated wastewater (Paper III). Ultrapure 
water was used to find the most viable S2O82-/Fe(II) molar ratios for the following trials 
in natural matrices. pH at the trials was adjusted to 3.0 to assure the solubility of Fe(II). 
According to calculations based on the assumption that ACE would be completely 
oxidized, the stoichiometric value of ACE/S2O82-, mol/mol, was 10.5. First, persulfate 
(ACE/S2O82- mol/mol of 1/10) was activated solely with UVA irradiation. This trial resulted 
in 60.7% of ACE degradation and negligible mineralization in 2 h of treatment time. Based 
on this modest efficacy, further treatment was carried out with UVA/Fe(II) activation of 
persulfate. 

The effect of Fe(II) addition was evaluated by using S2O82-/Fe(II) mol/mol of 10/0.2, 
10/0.5, 10/1 and 10/2 corresponding to Fe(II) initial concentration of 15, 37.5, 75 and 
150 µM. Persulfate concentration of 750 µM was derived from ACE/S2O82- mol/mol of 
1/10, and was kept constant. It was observed that the degradation time of ACE reduced 
noticeably from 90 to 15 min when increasing ACE/S2O82-/Fe(II) molar ratio from 1/10/0.2 
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to 1/10/1 (Figure 6a). Further increased Fe(II) dose of ACE/S2O82-/Fe(II) molar ratio of 
1/10/2 indicated no changes in ACE removal time. This phenomenon was predictable as 
excess Fe(II) is known to scavenge SO4•- proceeding to the generation of less reactive 
species that are not so effective to degrade the target organic pollutant (Matzek and 
Carter, 2016). The data about mineralization is in correlation with the observations of 
target compound degradation reaching to lowest residual TOC value of 19.7% at 
ACE/S2O82-/Fe(II) molar ratio of 1/10/1 (Figure 6a). 
 

 

 
Figure 6. Acesulfame degradation and TOC reduction by the S2O82-/Fe(II) process (ACE/S2O82-/Fe(II) 
mol/mol/mol) at different Fe(II) (a) and S2O82- (b) initial concentrations (pH 3.0) ([ACE]0 = 75 µM) 
 
At a ACE/Fe(II) mol/mol 1/1, the effect of persulfate concentration with the following 
ACE/S2O82-/Fe(II) molar ratio was studied: 1/2/1, 1/5/1, 1/10/1 and 1/20/1. Similar 
pattern was again observed: ACE degradation shortened from 45 to 30 min by applying 
ACE/S2O82-/Fe(II) molar ratio of 1/10/1 and remained stable at ACE/S2O82-/Fe(II) molar 
ratio of 1/20/1 (Figure 6b). The consumption of persulfate decreased with the increased 
dose of S2O82- or Fe(II), and was nearly 60% at ACE/S2O82-/Fe(II) molar ratio of 1/10/1. 
Most likely, the increase in persulfate dose already exceeded the optimal Fe(II) activating 
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capability under the respective treatment conditions, and the disproportionate amount 
of oxidant probably scavenged SO4•-. Thus, the ACE/S2O82-/Fe(II) molar ratio of 1/10/1 
was considered to be used in further experiments with groundwater and secondarily 
treated wastewater. 

Besides pH 3.0, ACE/S2O82-/Fe(II) molar ratio of 1/10/1 was applied in ultrapure water 
at pH 5.8 (initial pH of ACE solution) and at 5.8 and 7.4 (the average pH value of natural 
or processed water samples) in buffered solutions. Expectedly, ACE degradation was 
inhibited in buffered solution (Paper III, Figure 4b). While pH 3 favors the Fe(II) not Fe(III) 
activation of persulfate, then the non-buffered pH 5.8 contributes to the same 
conditions: the fast pH drop due to the acidity of Fe(II) and persulfate to below 4 in the 
first minute creates basically similar terms. However, at higher pH values, the 
coexistence of SO4•- and HO• is proposed to improve the activated persulfate treatment 
efficacy. The proportion of these reactive species was investigated at pH 3.0 and 5.8 by 
introducing excess volumes of radical scavengers into the UVA/S2O82-/Fe2+ system (Paper 
III, Table 2). The addition of t-BuOH decreased the treatment efficacy at pH 3 by about 
60% and the addition of EtOH by more than 80%. At pH 5.8, the corresponding results 
were more than 30% (t-BuOH) and 45% (EtOH). These results suggest that in the 
UVA/Fe(II)-activated persulfate system both HO• and SO4•- were involved in the 
degradation of ACE, but the HO• proved to be principal. 

The UVA/Fe(II) activation of persulfate in groundwater and secondarily treated 
wastewater was studied by applying ACE/S2O82-/Fe(II) molar ratio of 1/10/1 at pH 
adjusted to 3.0 and unadjusted pH values of the chosen matrices (Paper III, Table 3). The 
measured parameters of these water matrices (Table 1) allowed speculating that the 
treatment will have some decrease in the efficacy. ACE degradation in groundwater 
occurred faster (60 min) at pH 3.0 compared to the initial pH 7.75, where only about 5% 
of ACE was degraded in 120 min treatment time. Also, a complete degradation of ACE 
was achieved in the secondarily treated wastewater at pH 3.0 within 120 min. A modest 
(less than 5%) target compound degradation was noticed at initial pH 7.20 in 120 min 
treatment. Regarding the ACE degradation efficacy at unadjusted initial pH, a negligible 
oxidant consumption was observed in both matrices. At pH 3.0, somewhat lower residual 
persulfate concentration (~50%) was found in secondarily treated wastewater trials. This 
may be observed due to the higher organic matter and chloride ions content scavenging 
more of SO4•-. The TOC values decreased for around 30% in both water matrices at pH 
3.0, remaining unchanged, however, at initial pH values. Besides ACE mineralization, the 
reduced TOC content is derived from the oxidation of organic matter in water matrix. 
These findings suggest that in such type of water matrices, the molar ratio of 
persulfate/activator may be increased towards the enhanced consumption of persulfate 
and activator, or the prolongation of oxidation period need be considered. 

During the experimental data processing, the order of ACE degradation kinetics was 
also estimated. It was suggested that the compound degradation was following not 
clearly defined reaction order, and, if any should be proposed, the reaction proceeds 
between the pseudo-first and -second orders: the degradation of ACE was observed 
taking place via distinct stages of different rate. 

The dominance of HO• in the UVA/Fe(II)-activated persulfate system helps to propose 
the potential transformation pathways of ACE. The symbiosis of irradiation and transition 
metal probably attack the C=C bond (TP1) proceeding with HO•/SO4•- oxidation ring 
opening ending up with the formation of tartronic (TP3b), formic (TP3c) and acetic (TP3d) 
acids (Figure 7) (Punturat and Huang, 2017). 
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Figure 7. Possible degradation pathways for the degradation of ACE by the UVA/S2O82-/Fe(II) 
system 

3.3 H2O2-activated persulfate treatment 
H2O2 and H2O2/Fe(II) activations of persulfate were applied for the degradation of NPX in 
ultrapure water (Paper IV). The experiments were mainly carried out at pH 3.0, but the 
effect of pH values of 5.0, 7.0 and 9.0 was also studied.  

The peroxide-activated persulfate process was conducted at a NPX/H2O2/S2O82- molar 
ratio of 1/10/10 (pH 3.0), which indicated less than 4% NPX degradation and a negligible 
NPOC reduction in 180 min of treatment (Paper IV, Figure 2c). However, two-stage NPX 
degradation was noticed: the fast decrease of NPX in the first minute followed by a 
gradual target compound oxidation during the remained treatment period. The 
measurements of H2O2 showed 97.9% of residual oxidant-activator (Paper IV, Table 1). 
Residual persulfate could not be detected due to interference with H2O2 in the samples. 
These findings clearly show that under these reaction conditions, H2O2 activation of 
persulfate has low potential. Thus, the system was combined with Fe(II) with the 
intention to initiate the concurrent reactions of the oxidants with the activator. The 
application of NPX/H2O2/S2O82-/Fe(II) molar ratio of 1/10/10/1 (pH 3.0) resulted in NPX 
degradation within 120 min; further two-fold increase in Fe(II) concentration shortened 
the degradation time to 30 min (Paper IV, Figure 2c). The removal of NPOC after 180-min 
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treatment resulted comprised 21% or 39% at NPX/H2O2/S2O82-/Fe(II) molar ratio of 
1/10/10/1 or 1/10/10/2, respectively. 

The effect of initial pH to NPX degradation in NPX/H2O2/S2O82-/Fe(II) system was also 
evaluated. The target compound degradation and mineralization decreased notably 
when pH value was raised to 5.0, 7.0 and 9.0 (Paper IV, Figure 3c). The most probable 
cause is Fe(II) sensitivity to pH above 3, making the activator to co-precipitate with ferric 
oxyhydroxides. A viable solution to avoid this disadvantage, especially when 
implementing in natural or processed water matrices, is to use iron-chelating agents. This 
promising approach was discussed in paragraph 3.1. 

The study about principal reactive species in the H2O2/S2O82-/Fe(II) process at pH 3.0 
and 7.0 suggested that similarly to ACE degradation (paragraph 3.2), HO• and SO4•- were 
involved in the degradation of NPX, but the HO• proved to be principal oxidative species 
(Paper IV, Table 3). This was estimated based on the reduced efficacies of NPX removals 
compared to the mixtures containing no radical scavengers: at pH 3.0, the NPX 
degradation efficacy was reduced for 65% with t-BuOH, whereas EtOH reduced the 
oxidation efficacy for as much as 80%. The corresponding numbers at pH 7.0 comprised 
for more than 50% with t-BuOH and nearly 70% with EtOH. 
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CONCLUSIONS 
Different persulfate activation types were studied for the treatment of real water and 
wastewater samples. The novelty of the studies consists of the activation of persulfate 
by Fe(II) implemented for the first time in pyrolysis wastewater and landfill leachate. 
Also, the combined activated persulfate system was used for the first time to treat 
naproxen, as well as the UVA/Fe(II) activation of persulfate – for the degradation of 
acesulfame. 

Fe(II)-activated persulfate treatment appeared feasible for reduced organic load and 
acute toxicity, as well as improved biodegradability of the heavily contaminated 
industrial wastewater and landfill leachate. In the case of the latter, addition of 
thiosulfate, an iron reducing agent, showed significant improvement in COD and DN 
removal referring to its potential applications in municipal wastewater treatment. 

UVA/Fe(II)-activated persulfate system was promising in degradation of 
micropollutant acesulfame in groundwater and secondarily treated wastewater at pre-
acidified pH. The use of UVA part of the sunlight in persulfate activation contributes to 
the sustainable water treatment technology along with the iron constituent of natural 
minerals. 

The Fe(II)/CA-activated persulfate and combined peroxide/persulfate oxidation are 
effective in degradation of micropollutant naproxen in aqueous solution at a wide range 
of pH suggesting the practicability of their in situ application. 

Based on the principal radical species proposed in the acesulfame and naproxen 
degradation, HO• and SO4•- were involved in the target compound degradation with the 
HO• prevalence, the transformation pathways of the parent compounds were proposed. 

The results of this study provide valuable information for further in situ full-scale 
applications of activated persulfate processes for the purification of water or high-
strength wastewater at various pollution levels with the most effective concentrations 
of reagents used. 
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ABSTRACT 

Application of Activated Persulfate Processes for the 
Treatment of Water and High-Strength Wastewater  
Suitable treatment methods for purification of water should be chosen based on the 
character and strength of pollution, taking into account the aqueous matrix. Such 
approach provides the highest efficacy of the applied processes. However, traditional 
water and wastewater treatment technologies are often not designed to remove organic 
pollutants of low (ng/L–µg/L) or high (g/L) concentrations. These pollutants may be 
removed by the promising radical-based advanced oxidation technologies based on the 
strong oxidative properties of hydroxyl and/or sulfate radicals. 

Sulfate radicals generated in the activated persulfate processes selectively oxidize 
various organic pollutants, e.g. pharmaceuticals, dyes, agrochemicals, and personal care 
product components. The activation of persulfate may be implemented in several ways, 
e.g. reaction with metals, application of heat, radiation, peroxide, or alkali, which 
generally needs careful adjustment to achieve high efficacy in water purification. Even 
though different persulfate activation possibilities have been extensively studied for over 
a decade, there are still many uncertainties related to the application in aqueous 
matrices containing diverse types of contaminants. It should be emphasized that real 
aqueous matrices are not very often used in lab-scale experiments, not to mention full-
scale application of activated persulfate. 

Accordingly, the aim of this research was to assess the most feasible persulfate 
activation options in water and wastewater treatment containing different pollutants at 
various pollution levels, and thereby extend the background for full-scale applications of 
SO4•--AOTs. The aqueous matrices of wide variation were used to study the potential of 
activated persulfate processes. New classes of emerging micropollutants, artificial 
sweetener acesulfame and non-steroidal anti-inflammatory drug naproxen were chosen 
for studies with the intention to prove activated persulfate treatment efficacy degrading 
organic contaminants at different initial concentrations. The most viable activators,  
i.e. ferrous iron/chelated ferrous iron and UV light were used aiming to implement these 
in situ. The efficacy of the applied oxidative systems was evaluated by the changes in 
chemical and biological oxygen demand, total organic carbon and BOD7/COD ratio, as 
well as the changes in initial pollutant concentration.  

In this thesis, pyrolysis wastewater and landfill leachate treatment by Fe(II)-activated 
persulfate was investigated for the first time. Similarly, the acesulfame and naproxen 
degradation by the UVA/Fe(II) or chelated combined persulfate system was not 
previously studied. The results of these experiments extend the knowledge of the 
activated persulfate systems approximating their full-scale application in various 
aqueous matrices. In addition, the use of UVA fraction of the sunlight may contribute to 
the sustainable water treatment technology along with application of iron, a typical 
constituent of natural minerals. 

All the studied activated persulfate systems indicated promising efficacies in 
purification of the selected water matrices with different contamination degree. In the 
case of pyrolysis wastewater and landfill leachate, the persulfate oxidative system could 
be implemented as an effective pre-treatment step. 

Acesulfame and naproxen were approached as emerging micropollutants, and the 
experimental data indicated that these substances could be degraded, although not 
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mineralized at the chosen conditions. Identification of radicals responsible for the target 
compounds oxidation in the activated persulfate systems allowed proposing possible 
transformation pathways for these micropollutants.  

Based on the obtained results, the pollution level and characteristics of water are the 
conditions of high importance when choosing the effective activated persulfate 
treatment. The findings allow future applications of the studied persulfate systems for 
the full-scale purification of contaminated waters at a full-scale.
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LÜHIKOKKUVÕTE 

Aktiveeritud persulfaadi protsesside kasutamine vee ja 
raskesti saastatud reovee puhastamiseks 
Inimtegevuse tagajärjel tekkinud vee saastumine omab keskkonnale pikaajalist mõju ja 
seega on tõhusate veetöötlusmeetodite leidmine väga olulise tähtsusega. Sobilike 
puhastusprotsesside valik sõltub vesikeskkonnas leiduvate saasteainete väga erinevast 
päritolust ning vee saastatuse astmest. See tagab kõrgeima võimaliku 
puhastusefektiivsuse. Paljud püsivad orgaanilised saasteained esinevad vees aga 
mikrokontsentratsioonides, mida tavaliste (reo)veepuhastusprotsesside käigus ei ole 
võimalik eemaldada. Sellisel juhul võib rakendada tõhusaid süvaoksüdatsiooniprotsesse, 
mis põhinevad hüdroksüül- või sulfaatradikaalide tugeval oksüdeerimisvõimel. 

Tugeva ja stabiilse oksüdeerija, persulfaadi, aktiveerimisel tekkinud sulfaatradikaalid 
on võimelised lagundama erinevaid orgaanilisi saasteaineid nagu näiteks ravimid, 
värvained, põllumajanduses kasutatavate kemikaalide komponendid, isiklike 
hügieenivahendite koostisosad. Persulfaati saab aktiveerida mitmel viisil (näiteks 
metallide, soojuse, kiirituse, peroksiidi või aluse toimel), kuid tõhusa veepuhastuse jaoks 
vajab see hoolikat reguleerimist. Erinevaid persulfaadi aktiveerimisvõimalusi on 
põhjalikumalt uuritud juba üle kümne aasta, kuid sellegipoolest on nende rakendamisega 
erinevate saasteainete lagundamiseks seotud mitmeid vastamata küsimusi. Muuhulgas 
on uuringutes väga vähe kasutatud reaalsete vett/reovett rääkimata aktiveeritud 
persulfaadi protsesside rakendamisest (reo)veepuhastusjaamades. 

Eelpool toodust lähtuvalt oli käesoleva doktoritöö peamiseks eesmärgiks hinnata 
kõige tõhusamate persulfaadi aktiveerimisvõimaluste rakendamist erineva saastatusega 
vees ja reovees ning seeläbi täiustada olemasolevaid teadmisi sulfaatradikaalidel 
põhinevatest süvaoksüdatsiooniprotsessidest. Töös kasutati väga erinevate näitajatega 
vett/reovett, mis võimaldas hästi uurida aktiveeritud persulfaadi protsesside laialdast 
tõhusust. Antud uurimistöös kasutati uute esilekerkivate mikrosaasteainete hulka 
kuuluvaid ühendeid (kunstlik magusaine atsesulfaam, mittesteroidne põletikuvastane 
ravim naprokseen) eesmärgiga tõestada kasutatud protsesside rakendatavust erinevate 
omaduste ja kontsentratsioonidega orgaaniliste ühendite lagundamiseks. Töös valiti 
uuritavad persulfaadi aktivaatorid põhimõttel, mis võimaldaks tulevikus nende in situ 
(kohapeal) kasutamist. Kasutatud süsteemide efektiivsust hinnati keemilise ja 
bioloogilise hapnikutarve, üldorgaanilise süsiniku ja hinnangulise biolagundatavuse 
väärtuste ning saasteainete algkontsentratsiooni (atsesulfaam, naprokseen) muutuste 
põhjal. 

Antud doktoritöös uuriti esmakordselt kahevalentse rauaga aktiveeritud persulfaadi 
rakendamist pürolüüsivee ja prügila nõrgvee töötlemiseks. Samuti polnud varem uuritud 
ultraviolett A/kahevalentse raua või kelateeritud kombineeritud 
(peroksiid/persulfaat/kahevalentne raud) süsteemi rakendamist 
atsesulfaami/naprokseeni lagundamiseks. Saadud tulemused laiendavad aktiveeritud 
persulfaadi protsesside rakendusala erinevate saastunud vete puhastamiseks. Lisaks 
saab antud tehnoloogiaid nimetada jätkusuutlikeks, sest ultraviolett A kiirgus sisaldub 
teatud määral ka päikesevalguses ning rauda (tavaliselt kolmevalentsena) leidub 
ulatuslikult ka looduslikes mineraalides. 

Kõik uuritud aktiveeritud persulfaadi süsteemid näitasid paljulubavat tõhusust valitud 
erineva saastatusega vete puhastamisel. Pürolüüsivee ja prügila nõrgveega teostatud 
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eksperimendid näitasid, et selliste reovete puhul sobib aktiveeritud persulfaadi töötlus 
hästi kasutamiseks eelpuhastusastmena. 

Atsesulfaami ja naprokseeni kasutati antud töös (esilekerkivate) mikrosaasteainetena 
ning eksperimentide põhjal saadud tulemused näitasid, et antud ühendeid on võimalik 
lagundada, kui mitte täielikult eemaldada (mineraliseerida). Uuritud ainete jaoks pakuti 
radikaalipüüdjate kasutamise abil välja ka võimalikud lagunemise skeemid.  

Saadud tulemuste põhjal saab väita, et vee saastatuse aste ja vee näitajad on 
aktiveeritud persulfaadi protsesside sobivaimate rakendamistingimuste valikul äärmiselt 
olulise tähtsusega. Sellest hoolimata on võimalik uuritud persulfaadi süsteemide 
edaspidine kasutamine vee/reovee töötlemiseks (reo)veepuhastusjaamades. 
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PAPER I 

Kattel, E., Dulova, N., Viisimaa, M., Tenno, T., Trapido, M. Treatment of high-strength 
wastewater by Fe2+-activated persulfate and hydrogen peroxide. − Environmental 
Technology, 2016, 37 (3), 352−359. 

Reproduced with the permission of Taylor & Francis. 
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PAPER II 
 

Kattel, E., Dulova, N. Ferrous ion-activated persulphate process for landfill leachate 
treatment: removal of organic load, phenolic micropollutants and nitrogen. − 
Environmental Technology, 2017, 38 (10), 1223−1231. 

 

Reproduced with the permission of Taylor & Francis. 
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PAPER III 
 

Kattel, E., Trapido, M., Dulova, N. Oxidative degradation of emerging micropollutant 
acesulfame in aqueous matrices by UVA-induced H2O2/Fe2+ and S2O82−/Fe2+ processes. − 
Chemosphere, 2017, 171, 528−536. 

 

Reproduced with the permission of Elsevier. 
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PAPER IV 
 

Dulova, N., Kattel, E., Trapido, M. Degradation of naproxen by ferrous ion-activated 
hydrogen peroxide, persulfate and combined hydrogen peroxide/persulfate processes: 
the effect of citric acid addition. − Chemical Engineering Journal, 2017, 318, 254−263. 

 

Reproduced with the permission of Elsevier. 
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