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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—ug/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 agueous 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
BODy 7-day biochemical oxygen demand
CA Citric acid

CNT Carbon nanotube

CcoD 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 (S20s?) is a strong oxidant (E° = 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 (Na2S:0s) is mostly favored
since this salt has aqueous solubility as high as 730 g per kg of H20 at 25 °C. 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* (E® = 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*" (Egs. 1-2) (Hayon et al., 1972; Liang and Su, 2009):

SO4™ + H20 = S04 + HO® + H* (1)
SO4™ + OH > SO4% + 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 SOs*" 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 19" century, e.g. the Fenton
reagent. In the last decades, these processes have been gradually, but increasingly
substituted by SOs*-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 SOs* 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
(Egs. 3-5) (Zhang et al., 2015):

52082— + Mn+ 9 M(n+1)+ + 504.. + 5042_ (3)
S04* + M™ > M1+ 4 50,7 (4)
$208%+ 2M™ = 2M M1+ 4 250,% (5)

Fe(ll), Fe(lll), Mn(l1), Ce(ll), Co(ll), Ru(lll), V(l1), Ag(ll) and Ni(ll) 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(ll) into Fe(lll) (Eq. 6) occurs, and the excessive
Fe(ll) scavenges SO4" (Egs. 4 and 7), and thereby the efficacy of the pollutant degradation
is reduced (Buxton et al., 1997).

13



$208% + Fe?* > Fe¥ + SO4™ + S04% (6)
S04 + Fe?* > Fe3* + S04> (7)

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

Chelated transition metals, especially Fe(ll), 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(ll) 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 (S20s%), 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(ll) to produce the SO4* is proposed as follows (Egs. 8-10) (Liang et al., 2004a):

$203%+ Fe3* > Fe?* + 0.55406> (8)
XFeZ* + YS203% - complex anion (9)
S208% + complex anion = SO4™ + SO4> + Fe** + 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(ll) into the
solution via the reaction with persulfate (Eq. 11) or via acid corrosion (Eg. 12) that
ensures the generation of SO4* during longer period as described in Eq. 6 (Oh et al., 2009;
Rodriquez et al., 2014).

Fel + S,08% - Fe?* + 25047 (11)
Fe® + 2H* > Fe? + H, (12)

However, this mechanism involves aqueous Fe(ll), 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(ll) (Eq. 14) heterogeneously activating persulfate. Also, it is
assumed that on the surface of ZVI, the recycling of Fe(lll) can regenerate Fe(ll) (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).

14



Fe + 25,08% > Fe?* + 2504° + 2504% (13)
FeZ* + $,08> > Fe3* + S04° + SO4* (14)
Fel + 2Fe3* > 3Fe?* (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 (FesHOs-4H20), goethite (a-FeO(OH)) and hematite (Fe20s)
(Ahmad et al.,, 2010), magnetite (FesO4) (Sabri et al., 2012), pyrite (FeS2)
(Zhang et al., 2017), and very recently, pyrrhotite (FeixS) (Xia et al., 2017), have been
studied for persulfate activation. General activation mechanism for solid Fe(lll)-
containing minerals could be as follows (Egs. 16—17) (Liu et al., 2014):

=Fe3* + S,08% - =Fe?* + 5,05 (16)
=Fe?* + 5,082 = =Fe3* + S04 + S04% (17)

The regeneration of =Fe3* together with the production of S04 should take place quite
fast by persulfate (Eq. 17), after the surface metal is reduced via Eq. 16.

Fe(ll)-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
(Egs. 18-23) (Zhang et al., 2017):

2FeSz + 702 + 2H20 > 2Fe?* + 4504* + H* (18)
4Fe?* + 02 + 4H* > 4Fe® + 2H20 (19)
FeS: + 14Fe® + 8H,0 > 15Fe?* + 25047 + 16H* (20)
FeS; + 8H20 - Fe?* + 2504% + 16H* + 14e (21)
2FeS; + 155,08 + 16H20 > 2Fe3 + 345042 + 32H* (22)
FeSz + 25,082 = Fe?* + 2504 + 2504% + 25 (23)

However, in the case of pyrrhotite, the main radical forming reactions are suggested to
be iniated by the heterogeneous =Fe(ll) on its surface and by homogeneous leached Fe(ll)
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

15



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 (Egs. 24—-25) (Liang et al., 2009):

ACsurface - OOH + 52082_ = 504" + ACsurface - O0* + HSO4” (24)
ACsurface - OH + $208% > 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.

25,05% + 2H20 > SO4™ + 02" + 3504% + 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. H202 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 H20: is decomposed into HO®, which are then activating persulfate to
generate SOs4™ (Eq. 27) (Lominchar et al., 2018). Another suggestion is that the
exothermic reactions of H202 propagate SO4* formation by heat (Tsao and Wilmarth,
1960). In turn, SO4" can increase the formation of HO®, which results in a multiradical
system (Egs. 28—-29) (Lominchar et al., 2018).

HO"® + 5,08 > SO4™ + HSO4™ + 1/20; (27)
SOs" + H20 > SO4%" + HO® + H* (28)
SO4" + OH = S04* + HO* (29)

A similar mechanism is involved when persulfate is indirectly activated by ozone (O3)
(Egs. 3041, 27 and 29) (Yang et al., 2016):

O3+ OH - HOz + 02 (30)
O3+ HO2 - HO2* + O3 (31)
O3 + H20 - HO® + O2 + OH" (32)
SO4* + HO® - HSO4™ + 1/20: (33)
$,08% + H202 > HO2" + 25042 + 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 Os 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).

$,08% + heat > 2504 (35)

The required average energy to break the peroxide bond (0-0) 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):

$205% + hv = 2504™ (36)
S208% + €7ag > SO04™ + S04* (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):

H20 + hv - H® + HO® (38)
$208% + H* > S04* + S04% + 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(ll) to overcome the shortcomings of iron
precipitation. The photo-reduction of ferriciron Fe(lll) 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 (Egs. 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 (Egs. 41-52):

S208* + HO® - S,08" + OH" (40)
S04 + H20 - S04% + H* + HO® (41)
S04* + OH - SO4%" + HO® (42)
S04* + S208% - SO4* + S208"™ (43)
2504° > S208* (44)
SO4" + HO® - HSOs™ (45)
S04 + H202 > S04 + H* + HO," (46)
SO0s" + HO2" > S04* + H* + O2 (47)
S04* + 02" = S04* + 02 (48)
SO4* + H® = S04* + H* (49)
SO4* + €7aq 2 S04+ (50)
$208" = 25047 (51)
HO"® + S04%7/HSO4™ > SO4™ + OH/H20 (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):

H20 +))) > HO® + H° (53)
52087 +))) = 2504" (54)
H20 +2504* = HO® + H* + 2504 (55)
SO4° +S04° > 508> (56)
HO*® + HO® > H,0; (57)
504" + HO® = HSOs (58)
S04 + HSOs™ > HSO4™ + SOs*™ (59)
HO® + HSOs™ - SOs*™ + H20 (60)
2S05* - $,08% + 02 (61)
SO04* + $208% > 5208 + 504> (62)
HO" + 5208 > S;08" + 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(ll) by
anodic corrosion (Eq. 64), which activates persulfate (Eq. 6) and can be regenerated on a
cathode (Eqg. 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 - Fe* (64)
Fe¥* +e > Fe? (65)
2H20 +2e = Ha + 20H" (66)

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

S04% + S04* > $208% + € (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(ll)-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*-AQTs) 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(ll), but is oxidized to Fe(lll) 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 (COs*) and bicarbonate
(HCO3) ions and dissolved organic carbon may scavenge SOs*" 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(ll) 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(ll) or even
the use of reductive properties of sodium thiosulfate to make more Fe(ll) available to
activate persulfate. The combination of chelating agents, especially tartaric acid and
citric acid, and Fe(ll)-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(ll)-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, ClI" and HCOs', 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 CI 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 CI and HCOs (5 mM) had
insignificant effect to the overall treatment.

Simulated groundwater contaminated with benzene was treated with heterogeneous
persulfate oxidation activated by three Fe(lll)- 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 CI
remained negligible.

In river water, the UVC/S20s? treatment ([S20s%]o = 0.5 mM) of different model water
pollutants was promising: low levels of HCO3™ (~ 2 mM) and CI" (~ 1 mM) did not decrease
the process efficacy (Lutze et al., 2015). However, CI" 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-Diaz 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 uM) by Fe(ll)/S20s*
treatment ([S20s%]o = 20 uM, [Fe(ll)]o = 0.1-20 uM) 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*-AQTs, 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(ll), and H202 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 [S20s%Jo = 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/S208* system was successfully studied for the degradation of iodoacids, i.e.
iodinated disinfection by-products, in drinking water: a 1.5 uM solution of iodoacetic
acid, the compound refractory to photodegradation, was degraded in 6 min at the
contaminant/S;0s> 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).

ZV1/S;0s% system in wastewater effluent showed significant simultaneous removal of
bisphenol A and phosphate: 74% of 22 uM 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(l1)/S208* 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(ll)/S20s*
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(ll)-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 CaCOs/L and pH of 8.3. They applied S:0s?>/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 $:0s2/12COD > 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(ll)-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(ll) 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 0O2/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/S20s% 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
[S208%]0=0.8 g/L.

Solar light activation of persulfate was studied for the purification of winery
wastewater (Rodriguez-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(ll)-activation in high-strength wastewaters
(pyrolysis wastewater and landfill leachate) with the intention to assess the
changes in wastewater parameters (COD, BOD;, BOD7/COD) after the
treatment;

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

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

— to study the H:0: and H20:/Fe(ll) 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 Il, 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

: Landfill Landfil Secondarily

Pyrolysis Ground- treated
Parameter leachate leachate

wastewater water waste-

L1 L2
water

COD, mg/L 39700+£1700 | 97004381 211531877 | - -
TOC, mg/L - - - 4.3 13.2
DOC, mg/L 9010+25 2740+11 6185+175 - -
BOD7, mg/L 5500+390 24801122 94281381 - -
BOD7/COD 0.14 0.26 0.45 - -
Totalphenols, | 3,15 24+1 87 ; -
mg/L
Fe(Il), 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,

- + + + +
mgCaCOs/L 952080 8500+375 65010 37015
Conductivity, | ;5,34 22.1 15.8 617+1 102241
uS/cm
F, mg/L - - - 0.2 <LoQ*
Cl, mg/L - - - 87 450
NOs, mg/L - - - <LoQ 64
PO4*, mg/L - - - <LoQ 12
S04%, mg/L - - - 41 75

*- —not measured

*<LOQ — below limit of quantification
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Artificially contaminated solutions of analytically pure (298%) ACE and NPX were
prepared by dissolving each studied compound in ultrapure water (Papers i, IV) or in
secondarily treated wastewater and groundwater (Paper Ill) to achieve the pollutant
concentration of 75 uM. 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)
(@]
HiC O/ CH
° ~¢o °
| | _ OH
Molecular structure N k* CH;
@]
o) HsC
Classification Artificial sweetener !\lon-stermdal anti-
inflammatory drug
CAS nr 55589-62-3 22204-53-1
Chemical formula C4HaKNO4S C14H1403
Molecular weight, 201.24 23026
g/mol
Solubility in water, g/L 270 (20 °C) 0.0159 (25 °C)
pKa 2.0 4.45

2.2 Experimental procedure

Papers I, 1l

Fe(ll)-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 1), if not specified otherwise (Paper I). The activator (FeSO4-7H.0) 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 02) (Paper 1) or molar (mol/mol Oy) ratio (Paper Il). In Paper Il, sodium
thiosulfate (S:03%), the reductant of Fe(lll), was added simultaneously with persulfate
(reductant/Fe(Il) 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 I, IV

UVA-activated persulfate (Paper Ill) and Fe(ll)- or H202-activated persulfate (Paper IV)
experiments were conducted in a batch mode and in non-buffered (Paper IV) or buffered
(Paper Ill) 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 Ill) or 180 min (Paper V) of oxidation period. The pH of the
solutions was adjusted to 3.0 (Papers Ill, 1V), 5.0 (Paper IV), 5.8 (Paper Ill), 7.0 (Paper V),
7.4 (Paper lll) or 9.0 (Paper 1V), if not specified otherwise. The activator (ferrous iron
source) (Papers Ill, 1V) or activator/chelating agent (CeHsO7-H20, CA) (Paper IV) was
dissolved in the sample followed by the persulfate addition to initiate oxidation.
In Paper 1V, both oxidants were added simultaneously in the case of combined
H202/5,08% system.

In Paper Ill, 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/cm?. 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 Ill), NazSOs at a [oxidant]o/SO32 mol/mol of 1/10 (Papers Ili, 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(ll) or Fe(Il)/CA and
persulfate at a ACE or NPX/[scavenger]o 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 1V). 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 Ill) 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 pm 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 uL) were
analyzed at the flow rate of 200 uL/min at wavelength of 230 nm. In the case of trials
with groundwater and secondarily treated wastewater, samples were filtered through
0.45-um 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 x 2.0 mm inner diameter, 1.7 um particle size)
NX-C18 (110 A, 5 um) 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 pL/min. Samples (30 pL) 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 x 2.0 mm
inner diameter, 1.7 um 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 puL/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) 1,1
Biochemical oxygen | 7-day biochemical oxygen demand, oxygen L
demand (BOD?>) analyzer (APHA, 2012) !
Total organic carbon

(To0) TOC/TN analyzer I-111
Dissolved OrgaNIC | +6¢/TN analyzer 1l
carbon (DOC) ¥ !
Non-purgeable organic TOC/TN analyzer "

carbon (NPOC)
Dissolved nitrogen (DN) | TOC/TN analyzer 1]

Total solids (TS) APHA, 2012 1,1
Total suspended solids

(TSS) APHA, 2012 1,1
Total fixed solids (TFS) APHA, 2012 1,1
Fe(Il) Spectrophotometric method (Merck, 1994) I,IUI,
Total Fe Spectrophotometric method (Merck, 1994) 1, 1l

Spectrophotometric method (Sof’ina et al., 2003) | I, II, IV
Spectrophotometric method (Liang et al., 2008) 1}

Residual persulfate

Total phenols HACH-Lange cuvette test LCK 345 1,1
Alkalinity Titrimetric method (APHA, 2012) 11, 1
pH Digital pH-meter -1V
Conductivity Digital conductivity meter I-1l
Anions lon chromatograph with chemical suppression 11}
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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(ll) |
Landfill leachate Fe(ll), Fe(ll)/S:03* Il
iics‘zz\‘jvzrttyr treated UVA, UVA/Fe(ll) I
Groundwater UVA, UVA/Fe(ll) I

UVA, UVA/Fe(ll), Fe(ll), H202, H20/Fe(ll),

Ultrapure water Fe(I1)/CA, H,0,/Fe(l1)/CA

I, v

The evaluation of applicability of these systems was done by comparing the changes in
organic load (Papers I-1V), biodegradability (roughly estimated by the value of BOD7/COD
ratio) (Paper I), acute toxicity (Paper I), target compound concentration (Papers Ill, V) as
well as persulfate concentration (Papers I-IV) and pH (Papers I-1V).

3.1 Fe(ll)-activated persulfate treatment

Fe(ll) activation of persulfate was applied for the purification of high-strength pyrolysis
wastewater (Paper 1), landfill leachate of different seasons (Paper Il) 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/S:0s*/Fe(ll) 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/S:0s*/Fe(ll) g 0:/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/S20s%/Fe(ll) ratios
was negligible, as well as the residual iron concentration ranging below 2 mg/L. The trial
with non-activated persulfate at COD/S:0s* g Oz/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(ll) activating properties was also tested, but no changes in the treatment
efficacies were noticed. This suggests that the Fe(ll) activation of persulfate at alkaline
pH at 9.0 took place with high efficacies proving its applicability to wastewater
treatment.

Fe(ll) activation of persulfate is known to have an important disadvantage, the rapid
conversion of Fe(ll) to Fe(lll). To alleviate this unwanted reaction, the gradual addition of
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Fe(ll), S20s%, or Fe(ll) and S;0s* was conducted with COD/S,0s%/Fe(ll) g O2/g/g of
1/0.4/0.08 with the chemical(s) added in three equal portions (Figure 2; Paper |,
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.

100 1
@ COD O DOC ¢ BOD7/COD
80 - - 0.8
R 60 - - 0.6 O
3 S
3 >
a
£ 40 - - 0.4 o
o o
20 - - 0.2
0 A r r r 0

1/0.4/0 1/0.4/0.08 1/0.4/0.08 1/0.8/0.16
(S2082-/Fe(ll)
in 3 steps)

Figure 2. COD, DOC removal and the BOD;/COD ratio as a function of different COD/S,0s%*/Fe(ll)
ratios, 9/9/9

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 |,
Table 3). The results were similar regardless of the chemical doses applied: at
COD/S20s*/Fe(ll) g 02/g/g of 1/0.4/0.16 (ECso = 1.12%) and COD/S20s% /Fe(ll) g 02/g/g of
1/0.8/0.16 (ECso = 1.09%). Compared to the initial ECso 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(ll) 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 I, Table 1). This way it was possible
to evaluate the Fe(ll)-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 S20s*/COD mol/mol Oz with the equivalent
weight ratio of $:0s% to 0 as 12. Thus, to indicate the 508> dose, the weight ratio of $,0s>
/12COD was used in this study. Accordingly, at the S:0s*/12COD weight ratio of 1, the
$208%/COD molar ratio is 1/1. The S20s*/Fe?* mol/mol varied in the range of 50/1 to 1/1.
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Different activator concentrations were studied at S20s%/Fe?* mol/mol of 50/1, 25/1,
10/1,5/1 and 1/1 (S20s%*/COD mol/mol 02 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 S20s%/Fe?* ratio (mol/mol) reduced from 50/1 (13%, 37% and 9%,
respectively) to 1/1 (13%, 34% and 19%, respectively) (Figure 3a).
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Figure 3. COD, DOC and DN removal and S,0s% utilization versus S;0s%/Fe(ll) mol/mol (a) (S:0*
/[Olcop mol/mol O, = 0.25/1) and S,05%/[0]cop mol/mol O2 (b) (5,0s%*/Fe(ll) mol/mol = 10/1)

The total phenols removal was consistently high exceeding 90%. The highest Fe(ll) dose
used also resulted in the highest, 91%, persulfate consumption. S20s%/COD mol/mol 02
of 0.25/1 and S,0s%/Fe?* mol/mol of 5/1 were used for the sample L2 with the similar
treatment efficacy as was achieved with S20s%/Fe?* 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(ll) was also studied with variable persulfate
concentrations. The activator dose was kept constant at S20s%/Fe?* mol/mol of 10/1 with
the $,0s*/COD mol/mol Oz 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 S,0s%/COD mol/mol O, of 0.1/1
to 1/1 resulted in nearly two-fold improvement in COD removal, from 19% to 36%. At
$208%/COD mol/mol Oz 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
$208%/COD mol/mol 02 implying to the constantly increasing Fe(ll) 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(ll)-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
SOs*, 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 SOs*" and higher content of
organics in sample L2 created suitable background to evaluate different oxidation period
durations of Fe(ll)-activated persulfate. The experiments were carried out with 1, 2, 4, 6,
and 24 h oxidation time at 520s2/COD mol/mol 02 of 0.25/1 and S20s%/Fe?* 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 Il, 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(ll) to Fe(lll) in Fe(ll) activation of persulfate can occur not
only in higher pH range, but when there are complex water matrices to be treated. Thus,
the $;03% addition to the S,0s%/Fe?* system in sample L1 was considered, and the results
are presented in Paper ll, Figure 5. The COD, DOC and DN removal efficacies were
evaluated at a S20s%/Fe?*/S;032 molar ratio of 10/1/0.1, 10/1/0.5 and 10/1/1 (fixed
$208%/COD mol/mol O; of 0.5/1). Every increase in reducing agent concentration
improved the Fe(ll)-activated persulfate process efficacy with the maximum
improvement of 15% in COD and 5% in DN removal at $:0s%/Fe?*/S,03% 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(ll)
activation of persulfate (Paper IV). The blank experiments with non-activated persulfate
showed negligible NPX degradation, thus, the subsequent application of Fe(ll) activation
was justified. The Fe(ll) activation of persulfate was conducted with pH adjusted to 3.0.
The NPX/S.0s%*/Fe(ll) molar ratio of 1/10/0.5, 1/10/1 and 1/10/2 (corresponding to a
[S208%]0 750 uM and [Fe(ll)]o 37.5, 75 and 150 uM, respectively) were applied to evaluate
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the changes in NPX concentration and NPOC content. The lowest studied dose of Fe(ll)
indicated more than 99% of NPX degradation in 180 min, whereas at the four-fold higher
Fe(ll) concentration the same result was achieved in 60 min (Figure 4a).

- ——o— . .
08 —+—1/10/0 '
- —+—1/10/05 S 09
= ——1/10/1 S os
% 06 £
o —o—1f10/2 S o7
5
S 04 E
— 05 + t t t t i
1] &0 90 120 150 180
0.2 Time, min
o 4 } } s " ¥ & } } -
0 20 40 60 80 100 120 140 160 180
Time, min
1 —+—1/10/1/0 X
—o-1/10/1f01 T
0.8 J10/1/1 § 0.9
o —a—1/10/1/0.5 Z os
> —
& 06 —0—1/10/1/1 g "
= 0.6
= —e—1/10/1/2 =
v 0.4 05 1 t t t t t |
Z 0 30 60 90 120 150 180
Time, min
0.2
o ; } + } } }
o 20 40 60 80 100 120 140 160 180

Time, min

Figure 4. Naproxen degradation and NPOC reduction by the S,0g2/Fe(ll) process (NPX/S,0s*
/Fe(ll) mol/mol/mol) at different Fe(ll) (a) and CA (b) initial concentrations (pH 3)

The increase in Fe(ll) 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/S:0s%/Fe(ll) molar ratio of
1/10/2. This low removal is most likely caused by the accumulation of NPX
transformation products competing for SOs4™, 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(ll) conversion to Fe(lll)
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(ll) 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(ll)-activated system. The target compound degradation was evaluated after
applying the following CA doses with fixed activator and oxidant dose:
NPX/S20s%/Fe(ll)/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 uM). 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(Il)/CA mol/mol of 1/0.5 and 1/1, then
compared to the treatment without chelating agent, with almost complete degradation
of NPXin 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(lll). 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(ll)/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 H202/5:0s%/Fe(ll) system is intended to directly influence the availability of Fe(ll)
for both oxidants. The same Fe(ll)/CA ratios, mol/mol, were applied as in Fe(ll) 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(ll), 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(ll)/CA mol/mol at
1/2 revealed notably lower NPX degradation and mineralization in conjunction with the
increased residual concentration of H.0, or S$;0s%, that could refer to the full
complexation of Fe(ll) with subsequent lack of its availability for oxidants. Another
limitation may be the various predominant form of CA-Fe(ll) complexes that are sensitive
to the matrix pH. The dual-oxidant chelated iron system showed improved NPX
degradation similarly to the S20s%/Fe(ll)/CA system at pH 5.0, but remained similar at
further pH rise up to 7.0 and 9.0 (Paper IV, Figure 6¢). This could be explained by the pH-
sensitivity of different predominant iron chelate forms. Also, at near neutral pH values,
the availability of Fe(ll) may be reduced due to the HO® domination over SOs* that
provokes the formation of mixed chelated iron complexes.

The study about the principal radicals both in the chelated and non-chelated Fe(ll)
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(ll). Nevertheless, the
overall findings suggested that HO® were the main oxidative species in the Fe(ll)-
activated persulfate systems applied for NPX degradation.
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This finding allowed to speculate the probable transformation pathway of NPX in the
S20s%/Fe(l1)/CA and H202/520s%/Fe(Il)/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).
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Figure 5. Possible degradation pathways for the degradation of NPX by the S,0s%/Fe(ll)/CA and
H»0,/S,05%/Fe(ll)/CA systems

3.2 UVA/Fe(ll)-activated persulfate treatment

UVA and UVA/Fe(ll) activation of persulfate were applied for the degradation of ACE in
ultrapure water, groundwater and secondarily treated wastewater (Paper Ill). Ultrapure
water was used to find the most viable S:0s%/Fe(ll) molar ratios for the following trials
in natural matrices. pH at the trials was adjusted to 3.0 to assure the solubility of Fe(ll).
According to calculations based on the assumption that ACE would be completely
oxidized, the stoichiometric value of ACE/S20s%, mol/mol, was 10.5. First, persulfate
(ACE/S20s* 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(ll) activation of
persulfate.

The effect of Fe(ll) addition was evaluated by using S20s%/Fe(Il) mol/mol of 10/0.2,
10/0.5, 10/1 and 10/2 corresponding to Fe(ll) initial concentration of 15, 37.5, 75 and
150 uM. Persulfate concentration of 750 uM was derived from ACE/S20s% 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/S,0s%/Fe(ll) molar ratio from 1/10/0.2
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to 1/10/1 (Figure 6a). Further increased Fe(ll) dose of ACE/S;0s*/Fe(ll) molar ratio of
1/10/2 indicated no changes in ACE removal time. This phenomenon was predictable as
excess Fe(ll) is known to scavenge SOs* 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/S208%/Fe(ll) molar ratio of 1/10/1 (Figure 6a).
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Figure 6. Acesulfame degradation and TOC reduction by the S,0s%/Fe(ll) process (ACE/S,0g%/Fe(ll)
mol/mol/mol) at different Fe(ll) (a) and S;0s% (b) initial concentrations (pH 3.0) ([ACE]o = 75 uM)

At a ACE/Fe(ll) mol/mol 1/1, the effect of persulfate concentration with the following
ACE/S;0s%/Fe(ll) 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/S;0s%/Fe(ll) molar ratio of 1/10/1 and remained stable at ACE/S20s%/Fe(ll) molar
ratio of 1/20/1 (Figure 6b). The consumption of persulfate decreased with the increased
dose of $,0s% or Fe(ll), and was nearly 60% at ACE/S,0s%/Fe(ll) molar ratio of 1/10/1.
Most likely, the increase in persulfate dose already exceeded the optimal Fe(ll) activating
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capability under the respective treatment conditions, and the disproportionate amount
of oxidant probably scavenged SOa4". Thus, the ACE/S;0s%*/Fe(ll) 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/S20s%/Fe(ll) 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 Ill, Figure 4b). While pH 3 favors the Fe(ll) not Fe(lll)
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(ll) 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/S20s%/Fe?* system (Paper
Ill, 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(ll)-activated persulfate system both HO® and SOs* were involved in the
degradation of ACE, but the HO® proved to be principal.

The UVA/Fe(ll) activation of persulfate in groundwater and secondarily treated
wastewater was studied by applying ACE/S:0s*/Fe(ll) molar ratio of 1/10/1 at pH
adjusted to 3.0 and unadjusted pH values of the chosen matrices (Paper Ill, 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(ll)-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/S,0s%/Fe(ll)
system

3.3 H,0:-activated persulfate treatment

H202 and H202/Fe(ll) activations of persulfate were applied for the degradation of NPX in
ultrapure water (Paper V). 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/H202/5,0s* 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 H202 showed 97.9% of residual oxidant-activator (Paper IV, Table 1).
Residual persulfate could not be detected due to interference with H20 in the samples.
These findings clearly show that under these reaction conditions, H,O> activation of
persulfate has low potential. Thus, the system was combined with Fe(ll) with the
intention to initiate the concurrent reactions of the oxidants with the activator. The
application of NPX/H202/S:0s%/Fe(ll) molar ratio of 1/10/10/1 (pH 3.0) resulted in NPX
degradation within 120 min; further two-fold increase in Fe(ll) 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/H202/S:0s%/Fe(ll) molar ratio of
1/10/10/1 or 1/10/10/2, respectively.

The effect of initial pH to NPX degradation in NPX/H202/520s%/Fe(ll) 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(ll) 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 H,02/5.0s%/Fe(ll) 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 1V, 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(ll) 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(ll) activation of persulfate — for the degradation of
acesulfame.

Fe(ll)-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(ll)-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(ll)/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—pg/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(ll)-activated
persulfate was investigated for the first time. Similarly, the acesulfame and naproxen
degradation by the UVA/Fe(ll) 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.

48



LUHIKOKKUVOTE

Aktiveeritud persulfaadi protsesside kasutamine vee ja
raskesti saastatud reovee puhastamiseks

Inimtegevuse tagajarjel tekkinud vee saastumine omab keskkonnale pikaajalist m&ju ja
seega on tohusate veetootlusmeetodite leidmine vaga olulise tdhtsusega. Sobilike
puhastusprotsesside valik soltub vesikeskkonnas leiduvate saasteainete vaga erinevast
paritolust ning vee saastatuse astmest. See tagab kdrgeima vdimaliku
puhastusefektiivsuse. Paljud pisivad orgaanilised saasteained esinevad vees aga
mikrokontsentratsioonides, mida tavaliste (reo)veepuhastusprotsesside kaigus ei ole
vOimalik eemaldada. Sellisel juhul vdib rakendada t6husaid stivaokstidatsiooniprotsesse,
mis pShinevad hidroksiiil- voi sulfaatradikaalide tugeval oksiideerimisvdimel.

Tugeva ja stabiilse oksiideerija, persulfaadi, aktiveerimisel tekkinud sulfaatradikaalid
on vdimelised lagundama erinevaid orgaanilisi saasteaineid nagu naiteks ravimid,
varvained, pollumajanduses kasutatavate kemikaalide komponendid, isiklike
hiigieenivahendite koostisosad. Persulfaati saab aktiveerida mitmel Vviisil (naiteks
metallide, soojuse, kiirituse, peroksiidi véi aluse toimel), kuid t6husa veepuhastuse jaoks
vajab see hoolikat reguleerimist. Erinevaid persulfaadi aktiveerimisvdimalusi on
pohjalikumalt uuritud juba Gle kimne aasta, kuid sellegipoolest on nende rakendamisega
erinevate saasteainete lagundamiseks seotud mitmeid vastamata kisimusi. Muuhulgas
on uuringutes vaga viahe kasutatud reaalsete vett/reovett radkimata aktiveeritud
persulfaadi protsesside rakendamisest (reo)veepuhastusjaamades.

Eelpool toodust ldhtuvalt oli kdesoleva doktorito6 peamiseks eesmargiks hinnata
kdige tohusamate persulfaadi aktiveerimisvGimaluste rakendamist erineva saastatusega
vees ja reovees ning seeldbi tdiustada olemasolevaid teadmisi sulfaatradikaalidel
pOhinevatest slivaokstidatsiooniprotsessidest. T00s kasutati vdga erinevate nditajatega
vett/reovett, mis v8imaldas hasti uurida aktiveeritud persulfaadi protsesside laialdast
téhusust. Antud uurimisto0s kasutati uute esilekerkivate mikrosaasteainete hulka
kuuluvaid tGhendeid (kunstlik magusaine atsesulfaam, mittesteroidne pdletikuvastane
ravim naprokseen) eesmargiga toestada kasutatud protsesside rakendatavust erinevate
omaduste ja kontsentratsioonidega orgaaniliste Ghendite lagundamiseks. T66s valiti
uuritavad persulfaadi aktivaatorid pShimottel, mis véimaldaks tulevikus nende in situ
(kohapeal) kasutamist. Kasutatud slisteemide efektiivsust hinnati keemilise ja
bioloogilise hapnikutarve, Uldorgaanilise slsiniku ja hinnangulise biolagundatavuse
vadrtuste ning saasteainete algkontsentratsiooni (atsesulfaam, naprokseen) muutuste
pohjal.

Antud doktorit66s uuriti esmakordselt kahevalentse rauaga aktiveeritud persulfaadi
rakendamist piroliisivee ja prugila nérgvee to6tlemiseks. Samuti polnud varem uuritud
ultraviolett A/kahevalentse raua vOi kelateeritud kombineeritud
(peroksiid/persulfaat/kahevalentne raud) slisteemi rakendamist
atsesulfaami/naprokseeni lagundamiseks. Saadud tulemused laiendavad aktiveeritud
persulfaadi protsesside rakendusala erinevate saastunud vete puhastamiseks. Lisaks
saab antud tehnoloogiaid nimetada jatkusuutlikeks, sest ultraviolett A kiirgus sisaldub
teatud maaral ka péikesevalguses ning rauda (tavaliselt kolmevalentsena) leidub
ulatuslikult ka looduslikes mineraalides.

Koik uuritud aktiveeritud persulfaadi sisteemid naitasid paljulubavat t6husust valitud
erineva saastatusega vete puhastamisel. Plrollilisivee ja prigila ndrgveega teostatud
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eksperimendid naitasid, et selliste reovete puhul sobib aktiveeritud persulfaadi to6tlus
hasti kasutamiseks eelpuhastusastmena.

Atsesulfaami ja naprokseeni kasutati antud t60s (esilekerkivate) mikrosaasteainetena
ning eksperimentide pdhjal saadud tulemused néitasid, et antud Ghendeid on véimalik
lagundada, kui mitte taielikult eemaldada (mineraliseerida). Uuritud ainete jaoks pakuti
radikaaliplilidjate kasutamise abil vdlja ka véimalikud lagunemise skeemid.

Saadud tulemuste pdhjal saab viita, et vee saastatuse aste ja vee nditajad on
aktiveeritud persulfaadi protsesside sobivaimate rakendamistingimuste valikul darmiselt
olulise tahtsusega. Sellest hoolimata on vdimalik uuritud persulfaadi sisteemide
edaspidine kasutamine vee/reovee td6tlemiseks (reo)veepuhastusjaamades.
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Ferrous ion-activated persulphate and hydrogen peroxide were studied for the treatment of real high-strength industrial efflu-
ent. The Fenton process demonstrated greater organic load removal, biodegradability improvement and toxicity reduction as
well as lower treatment cost than the activated persulphate system. However, the use of an activated persulphate process was
more favourable due to the exothermic effect intrinsic to the Fenton reaction, which resulted in a rapid increase in the temper-
ature of the high-strength wastewater along with excessive foam formation. Overall, for the HyO,/Fe** and SQO? JFe2t
processes, the application of a chemical oxygen demand (COD)/oxidant/Fe?+ weight ratio of 1/0.4/0.075 resulted in a COD
removal of 58 and 50%, a 7-day biochemical oxygen demand/COD ratio increase from 0.14 to 0.3 and 0.23, and an increase
in the ECsg (Daphnia magna) by 6.5-fold and 2.9-fold, respectively. The stepwise addition of the oxidant and activator
was favourable for the Fenton process and resulted in negligible improvement in the wastewater treatment efficacy in the

activated persulphate system.

Keywords: acute toxicity; Fenton process; ferrous ion-activated persulphate; sulphate radical; wastewater treatment

1. Introduction

The application of advanced oxidation technologies
(AOTs) is a viable solution for the destruction of virtually
all persistent organic pollutants that exist in highly loaded
industrial wastewater.[ 1-6] The strength of AOTs relies on
the generation of highly reactive hydroxyl radicals (HO®)
that are believed to react fast and non-selectively with a
majority of the organic contaminants. The oxidation of
organic pollutants by persulphate (SZO§_) has been studied
as an alternative to conventional HO®-based AOTs.[7—11]
The sodium persulphate is characterized by high solubil-
ity at ambient temperature, and the sulphate ions, which
are the major product of persulphate reduction, are rel-
atively harmless and considered to be environmentally
friendly.[12] The decomposition of persulphate via heat,
ultrasound or UV light activation, transition metal activa-
tion, alkaline activation (pH > 10) or peroxide activation
proceeds with the generation of more powerful sulphate-
free radicals (SO ™).[7,12] In contrast to hydroxyl radicals,
sulphate radicals are more selective for the oxidation of
unsaturated bonds and aromatic constituents.[13]

Oil shale is an immature source rock that contains
relatively large amounts of organic matter with an elemen-
tal composition that primarily includes carbon, hydrogen,
oxygen and small amounts of sulphur and nitrogen. During

the thermal processing of oil shale using a hot recycled
solids technology, this material is heated to 500-550°C
to yield shale oil by pyrolysis. The by-products of this
process are gas, process water and solid residue. The phe-
nolic wastewater, which is formed from the condensation
of vapour, was used in this study as a real high-strength
wastewater sample to assess the potential of HO®- and
SO; -based AOTSs to treat complex and heavily contam-
inated oil-in-water emulsions.

In this study, the efficacies of the Fenton process and
the SgOé_ /Fe** system for the advanced chemical treat-
ment of high-strength wastewater were investigated and
compared. The objective was to reduce the organic content,
increase the biodegradability and reduce the toxicity to
make the subsequent biological treatment more practical.
The Fenton process is one of the most attractive wastewa-
ter treatment methods among the conventional AOTs due
to its high efficacy for organic contaminant removal and
harmless reagents (Equations (1) and (2)) used to gener-
ate HO®.[2,14,15] However, the Fenton treatment imposes
a few restrictions during its application for highly loaded
wastewater purification, including the use of elevated tem-
peratures due to the exothermic nature of the Fenton reac-
tion (Equation (1)) and the production of excessive foam
through CO, and O, evolution, the latter being due to the
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thermal decomposition of H,O,.[14]

Fe*t + H,0, — Fe*" + HO® + HO™ k=761 /mols[16],
1)
Fe* + H,0, — Fe** + HOJ + H* k=0.01L/mols[16].
(2)

The application of treatment methods based on simi-
larly powerful but less aggressive szofg /SO;™ may help
to overcome the above-mentioned problems. The reac-
tion of 8205_ with Fe?* to generate sulphate-free radicals
(Equation (3)) is similar to the Fenton reaction (Equation
(1)) and is probably the most favourable for environ-
mental protection application compared to other activation
techniques.[12]

Fe** 48,0} — Fe’™ 4805~ + 803~ k
= 20L/mols[17]. ?3)

The results obtained within this study expand the
knowledge of ferrous ion-activated persulphate and hydro-
gen peroxide applicability to treat real high-strength
industrial wastewaters along with complex and heavily
contaminated oil-in-water emulsions. The efficacy of dif-
ferent treatment schemes is assessed by taking into account
both the treatment performance and cost-effectiveness.
There are no previously published studies evaluating and
comparing the potential of ferrous ion-activated persul-
phate and hydrogen peroxide for phenolic high-strength
industrial wastewater treatment. In general, the available
literature concerning such types of wastewater treatment is
very limited.

2. Experimental protocols
2.1. Chemicals and materials

Hydrogen peroxide (PERDROGEN™, >30%), sodium
persulphate (Na,S,0s, >99%) and ferrous sulphate hep-
tahydrate (FeSO4-7H,0, >99%) were purchased from
Sigma-Aldrich. All the other chemicals were of reagent
grade and used without further purification. Ultrapure
water (Millipore Simplicity® UV System) was used to
prepare the stock solutions.

The studied effluent was a phenolic wastewater formed
during condensation of vapour from an oil shale ther-
mal process, and was obtained from an oil shale ther-
mal treatment plant (the wastewater is rich in phenols,
such as phenol, p-cresol, dimethylphenols, resorcinol, 5-
methylresorcinol and 2,5-dimethylresorcinol). The main
properties of the wastewater sample after removal of the
shale oil layer are listed in Table 1.

2.2. Experimental procedure

All of the Fenton and persulphate oxidation trials were
performed in batch mode and in non-buffered solutions

Table 1. Main wastewater parameters.

Parameter Unit Value
COD mg/L 39700 £+ 1700
DOC mg/L 9010 £ 25
BODy mg/L 5500 &+ 390
Biodegradability, BOD7/COD — 0.14
Total phenols mg/L 730 £ 15
Total Fe mg/L  2.86 £ 0.11
pH — 8.88 + 0.04
Conductivity mS/cm  10.43 £ 0.09
TS (105°C) mg/L 448 + 42
TFS (600°C) mg/L 335+ 16
Acute toxicity to D. magna, % 0.34 £ 0.03
ECso
Inhibition of oxygen % 1.7
consumption, ICsq
Inhibition of nitrification, ICsq % 0.35

at ambient room temperature (21 £+ 1°C). Wastewater
samples (0.5 L) were treated in a 1 L cylindrical glass
reactor with a constant agitation speed (400 rpm) for 24
h. First, the activator (FeSO4-7H,0) was added, and after
its complete dissolution, oxidation was initiated by imme-
diately adding H,O, or Szoé’. The effect of a stepwise
addition of the activator, oxidant (H,O, or SZO§_) and
activator/oxidant after 0, 30 and 60 min of oxidation was
also investigated. The pH of the wastewater samples was
not adjusted in the subsequent treatment, unless otherwise
specified. The oxidation was terminated by addition of
NaOH (10 M) to adjust the pH of the treated samples to
~ 8.5. This process was followed by a settling period of 24
h. Lastly, the supernatant was collected for further analysis.
The wastewater oxidation experiments with non-activated
hydrogen peroxide and persulphate were conducted in
identical reactors under the same treatment conditions for
the respective activated oxidation trials. All of the exper-
iments were performed in duplicate, and the results of
the analysis are presented as the mean with a standard
deviation.

2.3.  Analytical methods

The chemical oxygen demand (COD) was determined
using a closed reflux colorimetric method.[18] The cor-
rection for the hydrogen peroxide interference of the COD
test was performed using the correlation equation reported
by Kang et al.[19] The total solids (TS), total fixed solids
(TFS) and the 7-day biochemical oxygen demand (BOD-)
were determined according to APHA (American Public
Health Association).[18] The activated sludge used as a
seed source in the BOD; test was obtained from a munic-
ipal wastewater treatment plant (WWTP) in Tallinn, Esto-
nia, and was not acclimated before BOD; measurements.
The electrical conductivity was measured using a digital
EC meter (HANNA Instruments HI9032), and the pH was
measured using a digital pH meter (Schott CG-840). The
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total iron concentrations in the initial and treated samples
were measured using a phenanthroline method.[18] The
residual hydrogen peroxide concentration in the treated
samples was measured using a spectrophotometric method
with Ti** [20] by a Heiios-B UV/VIS spectrophotome-
ter (Thermo Electron Corporation). The residual persul-
phate concentration in the treated samples was measured
spectrophotometrically at 446 nm with o-dianisidine.[21]
The total phenols were measured spectrophotometrically
with aminoantipyrine according to ISO 6439.[22] The dis-
solved organic carbon (DOC) was measured in filtered
(Puradisc Aqua, 0.45 um, cellulose acetate membrane)
wastewater samples using a Total organic carbon ana-
lyzer multi N/C” 3100 (Analytik Jena). The acute toxicities
to Daphnia magna (Cladocera, Crustacea) of the initial
and treated samples were measured with DAPHTOXKIT
F™ MAGNA (MicroBioTest Inc.) in a 24-h toxicity test
according to ISO 6341.[23] The measurements on inhi-
bition of oxygen consumption by activated sludge and
nitrification efficiency were performed according to ISO
8192 [24] and ISO 9509,[25] respectively. The activated
sludge used in inhibition tests originated from a municipal
WWTP in Tartu, Estonia.

3. Results and discussion
3.1. Advanced chemical treatment

During the iron-activated hydrogen peroxide or persul-
phate treatment of the wastewater samples, both the
oxidation and coagulation of the ferric-hydroxy com-
plexes contributed to the removal of organic contaminants.
The main limitation in the application of these processes

100 -
mCOD <¢BOD7/COD

80 -

COD removal, %

is the formation of a large amount of ferric sludge in
the coagulation stage, which requires further processing.
Therefore, the optimization of both processes is required
to attain better utilization of the oxidant and activator to
reduce sludge production. In this study, all the measure-
ments of the observed parameters were performed after 24
h of oxidation followed by 24 h of sedimentation.

The optimization of the oxidant to contaminant ratio is
an essential step for improving the Fenton-based oxidation
treatment efficacy. The results of the wastewater treat-
ment with different COD/H,0O, weight ratios are shown
in Figure 1 and Table 2. In these trials, the weight ratio
of H,O,/Fe’* was maintained at 5:1, which is optimal
for highly loaded wastewater treatment.[2] An increase
in the H,O,/COD ratio led to an improvement in the
organic load removal (COD, DOC) and biodegradabil-
ity (the BOD7/COD ratio was used as a rough indica-
tor) of the treated wastewater samples. Irrespective of
the applied hydrogen peroxide concentration, the miner-
alization was lower than the COD removal. Therefore, at
a COD/H,0,/Fe** w/w/w of 1/0.4/0.08 ([H,0,]p = 16
g/L, [Fe’*]y = 3.2 g/L), the reduction in DOC was two
times less effective (28%) than the COD removal (58%).
For higher H,O,/COD ratios, the mineralization extent
was more substantial but with a similar difference in
COD and DOC removal. Therefore, the treatment at a
COD/H,0,/Fe** wiw/w of 1/1.2/0.24 ([Hy0,]y = 48 g/L,
[Fe>* o = 9.6 g/L) resulted in 51% and 22% residual DOC
and COD, respectively. No traces of residual hydrogen
peroxide were detected in the treated wastewater sam-
ples, indicating the complete utilization of H,O, under
the treatment conditions. The residual iron concentrations
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Figure 1. COD removal and the BOD7/COD ratio as a function of the COD/HzOz/FeZJr weight ratio in the Fenton treatment

(ICOD]y = 40 g/L).
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Table 2. COD, BOD7 and DOC removal after treatment at different COD/oxidant/Fe?* weight ratios.

COD/oxidant/Fe?*, COD BOD7 DOC
W/W/wW COD, g/L removal, % BOD7, g/L removal, % DOC, g/L removal, %
initial 40 - 5.5 - 9 —
H,0,

1/0.4/0.08 16.8 58 4.95 10 6.5 28
1/0.4/0.08* 13.1 67 42 24 6 33
1/0.6/0.12 11.2 72 3.8 31 5.85 35
1/0.8/0.16 10.4 74 3.6 345 52 42
$,02”

1/0.4/0 21.2 47 3.8 31 8 11
1/0.4/0.08 20 50 4.6 16.5 6.85 24
1/0.4/0.08° 19.2 52 44 20 6.5 28
1/0.8/0.16 16 60 2.4 56 5.5 39
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a0xidant/Fe* addition in three steps.

were lower than 1.5mg/L in all the Fenton treatment
trials. The non-activated hydrogen peroxide oxidation at
a COD/H,0, w/w of 1/0.4 ([H20,]o = 16 g/L) resulted in
no organic load reduction and more than 85% of unused
H, 0, in the wastewater sample after 24 h of treatment.

In general, an initial pH between 2 and 4 favours the
Fenton reaction (Equation (1)). However, at the beginning
of the oxidation without pH adjustment, a fast decrease in
the pH of the reaction mixture was observed in all the trials,
except for the treatment at a COD/H,0,/Fe** w/w/w of
1/0.2/0.04 ([H,0,]o = 8 g/L, [Fe’*]y = 1.6 g/L), which
resulted in a pH of 7.55 after 24 h of oxidation. This
decrease was primarily due to the acidity of the added Fe?*
salt and the formation of acidic by-products. Therefore,
the pH values were lower than 2.7 in the oxidation sys-
tems when the H,O,/COD w/w was higher than 0.4/1 (24
h of oxidation at a COD/H,0,/Fe*t w/w/w of 1/0.4/0.08
resulted in a pH of 4.22). Insufficient treatment efficacy
at lower H,O, concentrations may be due to the need for
pH adjustment prior to the Fenton reaction initialization.
The adjustment of the pH to ~3 prior to the addition of
the reagents in the Fenton treatment at a COD/H,0,/Fe**
w/w/w of 1/0.4/0.08 resulted in COD and DOC removal
enhancement up to 11% and 5%, respectively.

The effect of the H,O,/Fe™ weight ratio was studied to
determine the potential for reducing the final ferric sludge
amount (Figure 1). Both a two-fold increase and decrease
in the Fe’*-activator amount resulted in less than a 5%
change in the COD reduction and negligible changes in the
mineralization extent but lowered the BOD;/COD ratio,
which indicated that a HyO,/Fe** weight ratio of 5:1 was
reasonable.

The main challenge in the application of the H,O,/Fe**
process is the temperature increase and foam formation
immediately after initialization of the Fenton oxidation. A
temperature increase of 10°C and foam formation of as
much as 25% of the initial sample volume were observed
during wastewater treatment at a COD/H,0,/Fe*t wiw/w
of 1/0.4/0.08. Such a moderate increase in temperature

actually favours the Fenton treatment efficacy. However,
a further increase in the H,O, concentration resulted in
a severe temperature increase and more aggressive foam
formation. Therefore, a temperature increase of more than
50°C and foam formation as large as 300% of the ini-
tial sample volume were observed during oxidation at
a COD/H,0,/Fe*t w/w/w of 1/1.2/0.24. Therefore, for
full-scale phenolic wastewater treatment using the Fen-
ton process, the addition of a defoaming agent as well
as temperature monitoring may be required to control the
foam production and exothermic reaction. To overcome
this problem, persulphate was studied as an alternative
oxidant to treat the phenolic wastewater.

The iron-activated persulphate treatment of the
wastewater resulted in lower organic load removal and
biodegradability improvement than the Fenton process
(Figures 1 and 2; Table 2). However, the complete exclu-
sion of foam formation and only negligible increase in tem-
perature (2—4°C) during oxidation makes the SZO§’ /Fe**
process a viable solution for the treatment of highly con-
taminated phenolic wastewater. To optimize the Fe’*-
activated persulphate oxidation, the effect of different oxi-
dant and activator concentrations (Figure 2 and Table 2)
as well as pH adjustment to acidic values were studied.
The COD removal and mineralization remained nearly
identical in the trials with a COD/SZO§_ w/w of 1/0.4
([SZO§’]0 = 16g/L) irrespective of the Szoé’/Fez'*' w/w
applied. A two-fold increase in the SZO§’ concentration
up to a COD/S,0% w/w of 1/0.8 ([S,027 1o = 32¢/L)
resulted in an additional 10% COD removal. Unexpect-
edly, the results of the non-activated persulphate treatment
at a COD/S,0%~ weight ratio of 1/0.4 resulted in con-
siderable COD removal (47%). However, the mineraliza-
tion was higher for the activated persulphate treatment
at 11%, 24% and 39% with a COD/SzOé’/FeZ"' W/W/W
of 1/0.4/0, 1/0.4/0.08 ([SzO§7]0 =16g/L, [Fe*T], = 3.2
g/L) and 1/0.8/0.16 ([Szoé_]o =32g/L, [Fe*']y = 6.4
¢/L), respectively. The BOD; removal was enhanced
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Figure 2. COD removal and the BOD7/COD ratio as a function of the COD/ SgOé_ /Fe?t weight ratio in the persulphate treatment

([COD]y = 40 g/L).

by application of a higher persulphate concentration,
resulting in a lower BOD;/COD ratio after treatment at
a COD/SZO§_/Feer w/w/w of 1/0.8/0.16. Only traces
of Szoé_ and more than 25% of unreacted SZO§_ were
detected in the treated wastewater after application of the
activated and non-activated persulphate, respectively. The
residual iron concentrations were lower than 2 mg/L in all
the activated persulphate trials. Similar to the Fenton treat-
ment experiments, at the beginning of the activated/non-
activated persulphate oxidation without pH adjustment,
a fast decrease in the pH of the reaction mixture was
observed and resulted in the final pH values lower than
2.4 in all the trials. The adjustment of the pH to ~3 was
assumed to improve the treatment efficacy due to ensured
presence of the ferrous form of iron at the beginning
of oxidation. However, the results exhibited negligible
improvement in the COD, DOC and BOD; removal.

The lower treatment efficacy of the iron-activated per-
sulphate compared to the Fenton process may be due to
a lack of direct reduction of Fe** to Fe>* by the oxidant,
as given in Equation (2) for the Fenton systems. In addi-
tion, the sulphate radical also reacts with Fe’* and rapidly
converts it to Fe** via the process shown in Equation (4).

SO~ + Fe?™ — Fe¥™ 4802~ k=4.6 x 10° L/mol s[26].
()

Therefore, the oxidation of Fe>* to Fe** occurs not only
during the generation of SO;~ but also in the conversion
of SO}~ to SO3~. The newly generated SO}~ immediately
reacts through a competitive reaction (Equations (3) and
(4)) with the contaminant and excess Fe** resulting in a
lower treatment efficiency. To control the reaction shown
in Equation (4), the stepwise addition of SZO§’, Fe?" and
SzOé_ /Fe** was studied (Figure 3 and Table 2). All the
steps contained equal portions of the reagents that result in

the total amount of chemicals used. The results indicated a
negligible additional COD removal as well as up to 4-6%
of additional mineralization in all the systems. The BOD;
removal in the stepwise addition systems was higher and
resulted in lower biodegradability of the treated samples
compared to the trial with all the reagents added at the same
time.

The stepwise addition may also improve the Fen-
ton treatment by controlling the HO® scavenging effect
essential to systems with excess Fe>* (Equation (5)) or
H,0, (Equation (6)).[15] Similar to the activated persul-
phate system, the optimization of the oxidation process
was performed by stepwise addition of H,O,, Fe** and
H,0,/Fe’* Figure (3).

Fe’* + HO® — Fe®* + HO™ k =43 x 10°[16], (5)
H,0; + HO® — H,0 + HO; k =2.7 x 10" [16]. (6)

The wastewater treatment with H,O, and H,0,/Fe**
added in three steps with a COD/H,0,/Fe** wiw/w of
1/0.4/0.08 resulted in an additional 9% and 5% COD
and DOC removal, respectively, along with an improve-
ment in biodegradability of 10%. In addition, a consider-
able decrease in the increase in temperature (more than
40%) and foam formation (up to 50%) was observed dur-
ing wastewater oxidation with the stepwise addition of
reagents. The Fe** addition, which was divided into three
steps, proved ineffective for improving the wastewater
treatment efficacy, which is primarily due to the lower pH
reduction at the very beginning of oxidation and scaveng-
ing of the HO® by the excess H,O,.

3.2.  Acute toxicity and inhibition effect

The direct application of a conventional activated sludge
treatment to the studied wastewater was limited due to
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Figure 3. COD removal and the BOD7/COD ratio as a function of the method of reagent addition at a COD/oxidant/Fe> weight ratio
of 1/0.4/0.08 ([oxidant]y = 16 g/L, [Fe* ]y = 3.2 /L) in the Fenton and activated persulphate treatments.

the high level of pollution and toxicity, as indicated in
Table 1. To assess the options available for subsequent bio-
logical treatment of the chemically pre-treated wastewater,
the acute toxicity to D. magna along with the inhibition of
oxygen consumption by activated sludge and nitrification
efficacy were evaluated.

The results of the acute toxicity to D. magna, which
are shown in Table 3, indicated the relationship between
the toxicity reductions in the Fenton pre-treated wastewa-
ter samples and the concentration of the applied reagents.
Therefore, the extent of detoxification improved with
an increase in H,O,/COD and decrease in H,O,/Fe*™
w/w ratio. Irrespective of the COD/SzOé’ JET wiwlw
applied, the toxicity reduction was similar in the treated
samples and typically lower than in the Fenton pre-treated
samples. The most feasible and reasonable treatment of the
phenolic wastewater occurred with the Fenton treatment
at a COD/H,0,/Fe** wiw/w of 1/0.4/0.08 (the stepwise
Fenton reagent addition), which resulted in more than
67% COD removal, a BOD,/COD ratio of 0.32, a mod-
erate temperature increase and foam formation, and a more
than 12-fold decrease in acute toxicity. The evaluation
of inhibition of oxygen consumption by activated sludge
and nitrification efficiency of this chemically pre-treated
sample indicated 5-fold and 24-fold increase in ICs,
respectively.

Although the acute toxicity and inhibition effect was
significantly reduced after the advanced chemical treat-
ment, the treated wastewater remained rather toxic. There-
fore, the application of a properly optimized Fe?*-activated
hydrogen peroxide or persulphate can be recommended
for practical use as an oxidation step prior to biological
treatment of the effluent mixed with domestic/municipal
wastewater by a conventional activated sludge system.

Table 3. Acute toxicity to D. magna (ECsq, %).

COD/oxidant/Fe2™, w/w/w

[CODJy = 40 g/L Hy0, $,03"

initial 0.34 + 0.03
1/0.2/0.04 0.58 + 0.05 —
1/0.4/0 — 0.51 + 0.04
1/0.4/0.04 1.02 £ 0.1 1.32 £ 0.09
1/0.4/0.08 221 +£02 0.97 £+ 0.07
1/0.4/0.08, oxidant/ 424 £03 1.14 £ 0.1

Fe?* in 3 steps
1/0.4/0.16 4.86 + 0.48 1.12 £ 0.11
1/0.6/0.12 3.41 £0.33 -
1/0.8/0.16 4.83 £ 0.43 1.09 £ 0.09
1/1.2/0.24 5.93 + 0.48 —

3.3.  Evaluation of operational costs

To evaluate the economic feasibility of the H,0,/Fe*t
and szo§* /Fe** systems for high-strength wastewater
treatment, the operational costs were calculated. The cost
estimation and methodology were based on the calcula-
tions performed by Dulov et al.[15] The data obtained
from the laboratory trials allowed for approximate calcu-
lations of the operating costs comprising only chemicals
(Hzoz, Nazszog, FCSO4~7H20 and NaOH) used for the
Fenton and ferrous ion-activated persulphate treatment. All
of the calculations were performed in units per m> of
treated wastewater. The costs of H,O, (50%), Na,S,0g,
FeSO4-7H,0 and NaOH were estimated as 1, 2.2, 0.35 and
0.4 €/kg, respectively. Energy consumption in the studied
advanced oxidation processes was not taken into consid-
eration, as it would be small and highly dependent on the
exact equipment used. Treatment cost estimates in €/m?
can be seen in Table 4.



358 E. Kattel et al.

Table 4. Operational costs of wastewater treatment at different COD/oxidant/Fe?t weight ratios.

COD/oxidant/Fe?*, Hy0, (50%), Na;yS,0g, FeSO4-7H, 0, NaOH?, COD Treatment
w/w/w [COD]y = 40 g/L kg/m? kg/m? kg/m? kg/m? removal, % cost, €/m?
H0,

1/0.2/0.04 16 - 7.94 1.4 43 19.34
1/0.4/0.08 32 - 15.89 2.5 58/67° 38.56
1/0.6/0.12 48 - 23.83 6.5 72 58.94
1/0.8/0.16 64 - 31.77 8.1 74 78.36
1/1.2/0.24 96 - 47.66 122 78 117.56
$02”

1/0.4/0 - 19.83 - 7.5 47 46.63
1/0.4/0.08 - 19.83 15.89 5.1 50/52° 51.23
1/0.8/0.16 - 39.67 31.77 11.3 60 102.91

2For pH adjustment to ~ 8.5.
bOxidant/Fe?t addition in three steps.

The results indicate that the Fenton treatment proved
to be more efficient in terms of both treatment efficacy
and cost than the ferrous ion-activated persulphate pro-
cess. Accordingly, the application of a COD/oxidant/Fe’*
w/w/w of 1/0.4/0.08 with the stepwise reagents addition
resulted in a COD removal of 67% and treatment cost of
38.6 €/m?> for the Fenton treatment compared to respective
52% and 51.2 €/m> for the activated persulphate pro-
cess. Moreover, the operating costs of the Fenton treatment
could be substantially reduced by reuse of iron-containing
sludge as a coagulant for influent pre-treatment prior to
the Fenton process, resulting in up to 50% reduction in the
required coagulant [27] or as an effective activator for the
Fenton-based process.[28]

4. Conclusions

The result of this study indicated the feasibility of both acti-
vated oxidants to reduce the organic load and acute toxicity
as well as to improve the biodegradability of the heavily
contaminated industrial wastewater. In general, the Fenton
process demonstrated a higher treatment efficacy and lower
treatment cost than the Fe?* -activated persulphate system.
Thus, the application of H,0,/Fe** and S,03 /Fe?* pro-
cesses at a COD/oxidant/Fe?* w/w/w of 1/0.4/0.08 resulted
in a COD removal of 58% and 50%, DOC removal of 29%
and 24%, and treatment cost of 38.6 and 51.2 €/m?, respec-
tively. Conversely, the Fenton process was characterized
by a temperature increase and excessive foam formation.
As a result, the persulphate proved to be a feasible alter-
native oxidant due to the reasonable treatment conditions
and sustainable treatment of the wastewater. The presence
of ferrous ions for the activation of persulphate improved
the mineralization of the organic contaminant and toxicity
reduction but resulted in similar to non-activated persul-
phate efficacy in COD removal and biodegradability. The
stepwise addition of the reagents was favourable for the
Fenton treatment of highly loaded wastewater. In general,
the application of advanced chemical pre-treatment proved

to be an effective option that improved the overall wastew-
ater quality and increased the possibility of subsequent
biological treatment of the effluent, preferably diluted by
less polluted domestic/municipal wastewater. The results
of this study are unique and may provide important insights
for further implementation in treatment of heavily con-
taminated industrial wastewaters and complex oil-in-water
emulsions.
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ABSTRACT

The innovative Szoé’/FePr treatment technology based on sulphate radicals induced oxidation
was applied for the treatment of landfill leachate. The performance of chemical oxygen demand
(COD) and dissolved organic carbon (DOC) removal in the Fe?*-activated persulphate system was
moderate; however, the results of dissolved nitrogen (DN) and total phenols removal showed
significant efficacy (<39% and >87%, respectively). szo§* addition to the Szog’/Fe2+ system
enhanced the treatment efficacy and resulted in supplementary 15% of COD and 5% of DN
removal. Hydroxyl radical-based H,0./Fe?* treatment of the landfill leachate was performed as
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well; the results indicated higher removal efficacy of COD and DOC compared to the Szoté’/Fe2+
system. However, practical application of the H,0,/Fe** system is considerably influenced by
temperature rise and excessive foam formation. Generally, the ferrous ion-activated persulphate
treatment could be a promising technology for ex situ as well as in situ landfill leachate

treatment applications.

1. Introduction

Municipal waste landfill leachate is a serious environ-
mental concern as it contains diverse classes of pollu-
tants, and the leachate from different solid wastes has
different deposition period and moisture content.[1] In
general, it is composed of dissolved organic matter, inor-
ganic macrocomponents (mainly ammoniacal nitrogen
in high concentrations), heavy metals, xenobiotic
organic compounds and emerging micropollutants
such as phenolic substances.[1] Thus, due to the hazar-
dous nature of the leachate, there is a requirement for
its appropriate collection and subsequent purification
to prevent potential unwanted exposure to soil and
groundwater. The treatment and post-treatment
methods for landfill leachate can be classified into bio-
logical, chemical and physical. These methods can be
applied individually or in combinations depending on
the pollution strength.[2-5] The biological treatment of
leachate in anaerobic or aerobic sludge reactors has
proved to be a favourable method due to its simple
and low cost of application. However, a high content of
organic matter recalcitrant to biological degradation
can hinder the effective application of this technique
to mature landfill leachate.[2] Thus, a method or a
sequence of methods for landfill leachate treatment
despite stabilisation time or organic load strength has

a discernible advantage. For example, a combination of
biological and physical or chemical processes, such as
coagulation-flocculation, adsorption, flotation and
chemical treatment (oxidation), has shown adequate
results in the removal of refractory organics.[6-8]
Chemical treatment methods, which include pro-
cesses such as ozonation, electrochemical oxidation
and different hydroxyl radical-based advanced oxidation
technologies (HO®-AOTs), have been widely studied.[9—
111 Among HO°®-AQTs, the Fenton process has been
proved to be effective for organic load removal and
micropollutants decomposition in wastewater and land-
fill leachate.[12-16] The efficacy of this process results
from the highly reactive hydroxyl radicals (HO®; E°=
2.70 V[17]) formed from a combination of hydrogen per-
oxide and ferrous iron salts under strong acidic con-
ditions.[17] The final rate of refractory organic matter
reduction depends on the pH of the wastewater or land-
fill leachate, strength of contamination, activator and
oxidant doses, and oxidation duration.[18] Conversely,
similar to other HO®-AOTs, the Fenton treatment
removes organic load effectively, but it is ineffective for
the removal of ammoniacal nitrogen,[13,19,20] which is
also one of the main municipal waste landfill leachate
pollutants. Moravia et al. [21] suggested that the
Fenton process in combination with the membrane
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separation systems could increase the efficacy of landfill
leachate treatment. Improvement in all the main par-
ameters of the leachate was observed, except the
content of ammonia.[21] Therefore, it is necessary to
develop a new method for landfill leachate treatment
that is practicable not only in the decomposition of
organic compounds, but also in nitrogen removal.
Recent applications of the activated persulphate treat-
ment have shown promising results in both organic
load and ammoniacal nitrogen removal from landfill lea-
chate.[22,23] In addition, sulphate ions formed from the
decomposition of persulphate have a harmless effect on
the environment, and the elimination of biological treat-
ment inhibitor, ammonia, predisposes subsequent bio-
degradation as post-treatment.

Persulphate is a novel oxidant used mainly for in situ
groundwater and soil treatment.[24,25] The activation of
persulphate (szoz;, E°=2.01V[26)) by pH increase, heat,
UV light, ultrasound, ozone, peroxide or transition metals
(Equation 1) generates more powerful sulphate radicals
(SO;~; E° =260 V[26]).[26-29] In practical applications,
mainly ferrous iron is used as persulphate activator in
terms of its activating properties of SZO§‘, environmental-
friendly nature and cost-effectiveness. The main advantage
of the Szoﬁ’/Fe2+ system (Equation 2) compared to
the H,0,/Fe?* system (Equations 3 and 4) is the relative
stability of the formed SO; ™. The oxidation of target con-
taminants, especially aromatic constituents or compounds
with an unsaturated bond, is more selective.[24,30] In
addition, the transition metal activation of persulphate
generates and scavenges sulphate radicals since the
excess of the activator reacts with the formed SO; ~.[17,24]

S,03™ + activator — SO;™ + (SO~ or SO27) (1)

$,02” + Fe*™ — Fe** 4505~ + 5027,

)
k=20L/mol s)

Fe’t + H,0, — Fe3™ + HO® + OH~,
k = 76 L/(mol s)

3

Fe’* 4 H,0;, — Fe* 4 HO; + HT,

4
k = 0.01L/mol s)

The presence of SO, in the solution can initiate HO®
generation by its interconversion according to Equation
(5) [24,31]:

SO;™ + H,0 — HO® + S0~ + HT,

(5)
k = 2.0 x 10*L/mol s)

Therefore, the occurrence of both SO;~ and HO® in the
Szoé‘/Fe2+ system indicates its potential to increase
the contaminant degradation rate and the possibility to

destruct various organic and inorganic compounds.[31]
Several studies have demonstrated the ability of
SO, 7-AOTs to degrade a broad array of organic pollu-
tants [16, 23] and micropollutants.[32] Romero et al.
[27] successfully proved that activated persulphate
appears to be an effective oxidising agent for the degra-
dation of diuron, an herbicide found in surface water and
effluents from wastewater treatment plants. Further-
more, Fe**-activated persulphate was applied to
remove antibiotics as emerging micropollutants from
water and groundwater.[32]

The main objective of this study was to evaluate the
efficacy of the S,03~/Fe?* system in the simultaneous
removal of organic load, nitrogen and phenolic sub-
stances from landfill leachate and compare it with
the performance of the H,0,/Fe*" treatment. Nitrogen
removal was observed as the elimination of dissolved
nitrogen (DN), which comprised ammoniacal nitrogen,
nitrate and nitrite. In general, the application of Fe*'—
activated persulphate and hydrogen peroxide has
been studied for the degradation of different classes
of organic contaminants in various aqueous matrixes.
However, data on the use of the former processes
for treating real wastewater samples have not
been fully evaluated. Moreover, as ferrous ion-activated
persulphate has been successfully used in in situ
soil and groundwater remediation,[22,25,32] the
results of this study could provide fundamental
support for landfill leachate in situ treatment, given
the risk of leachate leakage to soil. To the authors’
best knowledge, this is the first study on the appli-
cation of ferrous iron-activated persulphate in landfill
leachate treatment.

2. Experimental protocols
2.1 Leachate characteristics and chemicals

Two leachate samples were obtained from a municipal
non-hazardous waste landfill (Rebala village, Joeldhtme
Parish, Harjumaa, Estonia), which has been operated
over 10 years. The produced leachate rate varies in
seasons and is 500-2500 m*® per month. The samples
were collected manually in June and November 2014
and placed in 5L containers. The samples were trans-
ported to the laboratory, and the initial parameters
were measured. Then, the samples were stored at 4°C.
The leachate samples were collected and stored accord-
ing to the Standard Methods for the Examination of
Water and Wastewater.[33] The main properties of the
leachate samples used in this work are presented in
Table 1. Irrespective of the different seasons when the



Table 1. Chemical composition and main properties of leachate
samples.

Leachate 1 (L1, June Leachate 2 (L2,

Parameter Unit 2014) November 2014)
coD mg/L 9700 + 381 21,153+ 877
BOD;, mg/L 2480+ 122 9428 + 381
BOD,/COD 0.26 045
DOC mg/L 2740+ 11 6185+ 175
DN mg/L 1760+ 18 1920+ 10
TPh mg/L 24+1 87
Conductivity uS/cm 221 15.8

pH - 7.84 7.03

TS (105°C) mg/L 13,973 +4 n/a’

TFS (600°C) mg/L 9437 £ 16 17,031 +32
TSS (105°C) mg/L 3370+ 160 9593 +38
Alkalinity mgCaCOs/L 9520 + 80 8500 + 375

@ n/a - not analysed.

samples were taken, the leachate samples contained
high concentrations of organics and DN.

Hydrogen peroxide (PERDROGEN™, >30%), sodium
persulphate (Na,S,;0g, >99%), ferrous sulphate heptahy-
drate (FeSO4-7H,0, >99%) and sodium thiosulphate pen-
tahydrate (Na,S,03-5H,0, >99.5%) were purchased from
Sigma—Aldrich Co. (U.S.A). All the other chemicals were of
analytical grade and used without further purification.
Stock solutions were prepared in ultrapure water (Milli-
pore Simplicity” UV System, Merck, Germany). Sulphuric
acid and sodium hydroxide aqueous solutions were
used to adjust the pH.

2.2 Chemical treatment

Fe®*-activated persulphate and hydrogen peroxide
treatments were conducted in a batch mode and non-
buffered solutions. Leachate samples of 0.5L were
treated in a 1 L cylindrical glass reactor with permanent
magnetic stirring (400 rpm) for 1, 2, 4, 6 or 24 h (oxi-
dation period). The pH of the wastewater samples was
adjusted to 3 with H,SO4 (98 wt%) in the subsequent
treatment, if not specified otherwise. The activator
(FeSO,47H,0) was added, and after its complete dissol-
ution, the reaction was initiated by adding Na,S,0g or
H,0,. The oxidant dose was determined as the
S$,02™ /chemical oxygen demand (COD) or H,0,/COD
molar ratio (m/m). The equivalent weight ratio of
Szoé‘ and H,0, to O, is 12 and 2.125, respectively.
Thus, to indicate the 5205‘ and H,0, dose, the weight
ratio of 5,02~ /12COD and H,0,/2.125COD, respectively,
was used in this study. Accordingly, at the S,03~/12COD
and H,0,/2.125COD weight ratios of 1, the 5205‘/COD
and H,0,/COD molar ratios are 1/1. The H,0,/Fe** m/
m of 10/1 was considered optimal [34]; the
52033‘/Fe2+ m/m varied in the range of 1/1-50/1. In
the case of the S,03 /Fe?t/S,02~ systems, the reduc-
tant (5,027 /Fe** m/m of 0.1/1-1/1) was added
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simultaneously with Na,S,0g. Next, the coagulation
step of ferric hydroxy complexes for 19-24 h was
initiated by the addition of NaOH (10 M) to adjust the
pH to 8.5. Finally, the unfiltered supernatant was col-
lected for further analysis. The wastewater oxidation
experiments with non-activated persulphate and hydro-
gen peroxide were conducted in identical reactors under
respective activated oxidant treatment conditions.

All the experiments were duplicated, and data of
the initial parameters of the leachate samples were ver-
ified with at least three replicates. The results of the ana-
lyses are presented as the mean with a standard
deviation of at least three parallel replicates. The exper-
iments were performed at an ambient room temperature
(21£1°Q).

2.3 Analytical methods

COD was determined with a closed reflux colorimetric
method.[33] Correction for hydrogen peroxide interfer-
ence on the COD test was performed by the correlation
equation, as described previously in Dulov et al. [35]. A
seven-day biochemical oxygen demand (BOD-), total
suspended solids (TSS), total solids (TS), total fixed
solids (TFS) and alkalinity were determined according
to American Public Health Association.[33] pH was
measured using a digital pH/lon meter (Mettler Toledo
$220, Switzerland), and electrical conductivity was
measured using a digital EC meter (HQ 430d flexi,
HACH Company, U.S.A). The residual persulphate con-
centration in the treated samples was measured spectro-
photometrically at A = 446 nm with o-dianisidine by an o-
dianisidine—peroxydisulphate ~ complex  formation
(GENESYS 10S UV/Vis, Thermo Scientific, U.S.A).[36] The
initial hydrogen peroxide concentration in the stock sol-
utions was measured spectrophotometrically at A=
254 nm. The residual hydrogen peroxide concentration
in the treated samples was measured spectrophotome-
trically at A =410 nm with titanium sulphate by a hydro-
gen peroxide-Ti** complex formation.[37] The total iron
concentration in the solution was measured at A=
492 nm with a spectrophotometer (GENESYS 10S UV/
Vis, Thermo Scientific, U.S.A) by using the o-phenanthro-
line method.[33] The concentration of total phenols (TPh,
sum of mono- and diphenols) was measured by the 4-
aminoantipyrine method using the HACH-Lange
cuvette test LCK 345. Dissolved organic carbon (DOC)
and DN were measured in filtered (Puradisc Aqua,
0.45 um, CA, Whatman®, GE Healthcare, UK) leachate
samples by the TOC analyser Multi N/C” 3100 (Analytik
Jena, Germany). Measurements of all studied parameters
were performed immediately after the supernatant
decantation.
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3. Results and discussion
3.1 Effect of the activator concentration

The role of ferrous iron as an initiator and its amount in
the SzOf;‘/Fe2+ system is important because it can act as
a scavenger of SO}~ and advance Fe** and SO2~ for-
mation (Equation 6) [27]:

SO;~ + Fe?™ — SO~ + Fe’™,

6
k=4.6 x 10°L/(mol s) ©

Fe** does not activate persulphate decomposition,
[38] and thus, the oxidation of target compounds is
inhibited. Conversely, since FeZ* activation occurs fast,
other oxidative species might be present in the
S,02 /Fe?* system to generate SO;~. Wu et al. [38] indi-
cated the simultaneous existence of the reactive oxygen
species, SO;~ and HO®, in the 5,03 /Fe?* system at
acidic/near to acidic pH values; the latter could
promote continuous Fe>* reduction. In addition,
organic radicals (Equation (7)) can reduce ferric ions:

R® + Fe3™ — Fe?* + products )

Five different [Fe2+]o, thatis, 3, 6, 15,30 and 150 mM with
[5,0571o = 150mM (5,03~ /CODm/m of 0.25/1), were
applied, corresponding to 50/1, 25/1, 10/1, 5/1 and 1/
1 m/m of SZO§‘/Fe2+, respectively, to investigate the
effect of activator initial concentration on landfill lea-
chate treatment. Oxidant dose was selected towards effi-
cient organic load reduction and maximum utilisation of
persulphate in the treatment with a 24-h oxidation
period; the perspective of cost-effectiveness was also
taken into consideration. To find an optimal ferrous
iron concentration, experiments were conducted on L1;
L2 was treated with no additional activator dose vari-
ation. However, the control experiments with an
optimal amount of activation reagent were carried out
to analyse the COD impact as an organic substance con-
centration effect. The results demonstrated that the COD
and DOC removal increased in conjunction with the
increasing activator dose, from 13% ([Fe*"1y=3 mM) to
37% ([Fe®*lo=150 mM) and 13% ([Fe*']o=3 mM) to
34% ([Fe**]o=150 mM), respectively (Figure 1). A
further increase in activator dose was not studied due
to the ultimately increasing amount of residual ferric
waste along with the cost of the treatment process.
The residual concentration of persulphate remained
at around 47-58% of [S;027], added in the
Szof;/Fe2+ system with [Fe2+]0 from 3 to 30 mM. The
residual oxidant content was 9% from initial only at the
highest activator dose used ([Fe**lo=150 mM). The
reduction in TPh concentration after the treatment at
all studied conditions was >90%. The BOD; removal
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Figure 1. COD, DOC and DN removal and Szog’ utilisation versus
Fe®* concentration by the Fe**-activated persulphate treatment
of sample L1 ([S,03~]p = 150 mM; 24-h oxidation period).

was around 30% at all activator doses used. At the
lowest ferrous iron concentration of 3 mM, the reduction
in DN was 9%; conversely, a further increase in the acti-
vator dose up to 150 mM resulted in 19% of DN removal.
The results of sample L2 treatment at a
5,027 /CODm/m of 0.25/1 ([S;027], = 330mM) and
5,02~ /Fe** m/m of 5/1 ([Fe**], =66 mM) with a 24-h
oxidation period showed similar COD (30%) and DOC
(24%) reduction as with sample L1. In addition, the
removal of TPh and DN was 95% and 29%, respectively.
Conversely, the amount of persulphate utilised was lower
and comprised 32% from the initial concentration as
compared to 53% observed in the case of sample L1.
The latter observation could be explained by the differ-
ences in the chemical composition of the studied
samples (Table 1), which most likely lead to variations
in the readily available ferrous activator concentration
during the ferrous ion-activated persulphate oxidation.
Nevertheless, similar results obtained with L1 and L2
treatments indicate that the Fe**-activated persulphate
process is suitable for a high-organic load and phenolic
micropollutants removal in landfill leachate.

3.2 Effect of the oxidant concentration

The mechanism of the ferrous ion-activated persulphate
process is similar to that of the Fenton process; however,
different reactions are involved in the processes accord-
ing to Equations (2) and (4). The Fe3* that is formed in
Equation (2) is more stable in the Szotg‘/FezJr system
as compared to the H,0./Fe** system, where Fe3* is
readily reduced to Fe*: as a result, the subsequent acti-
vation of S,03 is inhibited.[39] Furthermore, the pH of
the activated oxidative systems has an important effect
on the target compounds’ degradation. Kusic et al. [40]
reported that the SZOf{/Fe2+ system has an advantage
over the H,0,/Fe** system due to a wider range of
initial pH. However, the pH of the system is influenced
by the formation of H* in the S,03~/Fe?* system



according to Equation (5), resulting in a rapid decrease in
the pH of the reaction mixture. Additionally, Romero
et al. [27] found that diuron degradation by the Fe**-acti-
vated persulphate process was more efficient at acidic
pH values (pH < 3). Thus, in this study, the pH value of
the initial leachate sample was adjusted to 3 in both
H’0,/Fe?* and S,02™ /Fe?* systems in order to provide
the activator in its reduced state as Fe*" and facilitate
the comparison of the considered AOTs. Besides, Fe?*
activation of $,02" at acidic conditions was considered
as more preferable because iron precipitates as ferric
hydroxy complexes at pH > 4.[41] The effect of different
oxidant doses was studied to optimise the ferrous iron-
activated persulphate oxidation. Accordingly, the
$,057 /Fe** m/m was 10/1 ([Fe**], 6-60 mM), while
the m/m of SZO§‘/COD varied from 0.1/1 to 1/1, corre-
sponding to [[S;02 1o 60 — 600 mM], respectively. At all
examined concentrations, COD, DOC and DN removal
increased with the increase in the persulphate dose as
presented in Figure 2. A 10-fold oxidant concentration
increase from 60 to 600 mM resulted almost in a
twofold rise in the COD removal efficacy, that is, from
19% to 36%. The mineralisation extent, given as DOC,
was up to 1-3% higher, reaching its maximum (36%) at
the highest oxidant concentration of 600 mM. The
residual concentration of persulphate was 45-77% of
[S,0271p = 60 — 600 mM.

At the Ilowest studied oxidant concentration,
[S,037]o = 60mM, the reduction of DN was modest
and comprised only 8%; conversely, a fivefold higher
removal of DN (39%) at a [szo§*10 of 600 mM was
achieved. The BOD, removal tended to increase simul-
taneously with the oxidant dose with a maximum
removal rate of 46% at a [SZOQ‘]O of 600 mM, corre-
sponding to 1/1 m/m of 5,03~ /COD. The content of phe-
nolic micropollutants was also measured; at least 87% of
the initial concentration of 24 g/L was eliminated after
different persulphate concentrations were applied.
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Figure 2. COD, DOC and DN removal and szo§* utilisation versus
Szoé‘ concentration by the Fe?’-activated persulphate treat-
ment of sample L1 ([Fe**],=6-60 mM at a fixed 5,03 /Fe?*
molar ratio of 10/1; 24-h oxidation period).

ENVIRONMENTAL TECHNOLOGY (&) 1227

In this study, the Fenton treatment of landfill leachate
was carried out with the goal of comparison. In general,
the mechanisms of the activated persulphate oxidation,
as well as the application of this process for aqueous
matrices treatment, are scarcely studied as compared
to the published literature on the Fenton system. Thus,
in the case of landfill leachate samples, the optimal treat-
ment conditions for the Fenton process are reported in
several studies.[12,14,34]

Similar to the S$,027/Fet. system, the effect of
oxidant dose in the H,0,/Fe*" system was evaluated
(sample L1, 24-h oxidation period) as shown in Figure
3. The obtained results indicated that at a H,0,/
COD m/m of 0.1/1 ([H,0,]lo=60 mM), removal of the
organic load was 35%, which is similar (36%) to the
5,037 /Fe?* system at a S,037/CODm/m of 1/1
([szo§*]0 =600mM). The COD and DOC removal
increased by 31% and 39%, respectively, according to
the increase in the H,0, concentration from 60 mM to
600 mM. At the latter dose, the removal was 66% and
60%, respectively. Notably, the utilisation of H,O, was
complete at all oxidant concentrations studied.

According to Deng and Ezyske’s [22] study, the
thermal persulphate oxidation of landfill leachate
showed the effective removal of the ammoniacal nitro-
gen; the COD removal remained moderate in compari-
son with the Fenton process. The DN removal in the
current study similarly showed promising results for
the S,027/Fe** system (Figures 2 and 3). The DN
removal after the Fenton treatment at a [H,0,], of 60
and 600 mM was 2.5% and 19%, respectively. In compari-
son, the Fe®*-activated persulphate treatment showed
2-3 times higher removal efficacy at the same oxidant
doses. Considerably higher efficacy of the DN removal
by the ferrous ion-activated persulphate treatment
favours the application of a biological post-treatment
to achieve additional removal in COD, if necessary. The
DN removal by the SO; -based system is initiated by
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Figure 3. COD, DOC and DN removal versus H,0, concentration
by the Fenton treatment of sample L1 ([Fe**], = 6-60 mM at a
fixed H,0,/Fe*" molar ratio of 10/1; 24-h oxidation period).
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the ammonia and ammonium nitrogen (reductive
ammoniacal nitrogen) that donate electrons to SO3~,
and thereby, the nitrogen is oxidised to a higher
valence state, like N,. [22] On the other hand, HO® prac-
tically cannot oxidise ammoniacal nitrogen [13]; this
explains the advantageous application of SO37-AOT
over HO®-AOT for the DN removal.

In the case of the phenolic micropollutants content
reduction, the application of the Fenton process at a
[H,05]o of 60 mM resulted in 60%; a further increase in
oxidant dose up to a [H;0,]p of 300 mM resulted in
over 90% of TPh elimination.

During the sample L1 treatment by the SzOf;‘/Fe2+
and H,0,/Fe** systems, the changes in temperature
were measured as well. The results of the Fenton treat-
ment at a [H,0,], of 600 mM indicated a 12°C increase
in temperature (initial sample temperature was 21°C).
On the contrary, the application of Fe**-activated persul-
phate process at the same oxidant concentration of
600 mM proved to have a negligible exothermic effect.
Furthermore, the production of excessive foam caused
by CO, and O, evolution as a result of H,0, decompo-
sition was observed in the Fenton treatment trials.

Blank experiments with non-activated persulphate at
a [5;0%7o of 150 and 300 mM (pH 3, 24-h oxidation
period) were also performed. The treatment of L1
resulted in 6-11% of COD, 3-10% of DOC, 11-20% of
DN and 79-86% of TPh removal. In the application of
the non-activated persulphate treatment
([S,0%71o = 150mM) on L2, a considerable removal of
COD (20%) and less-effective DOC (8%) and DN (13%)
elimination were observed. Therefore, the activation of
persulphate proved essential in improving the removal
of total organic load, specific phenolic micropollutants
and nitrogen compounds during the landfill leachate
treatment.

The comparison of the two Fe**-activated radical-
based AOTs verified that the Fenton process is more effi-
cient for organic load removal from landfill leachate.
Conversely, the nitrogen content and the phenolic
micropollutants abatement were significantly higher by
the S,027/Fe?* than by the H,0,/Fe’* system. In
addition, the Szoé‘/Fe2+ process has no restrictions by
temperature rise or excessive foam formation. Thus, the
application of Fe?"-activated persulphate treatment is
suitable as a wastewater pretreatment step for sub-
sequent biological treatment.

3.3. Effect of the oxidation time

The removal of organic contaminants by the FeZ*-
activated persulphate oxidation is known to be a more
time-consuming process as compared to the Fenton

oxidation.[27] Thus, experiments with an oxidation time
of 1, 2, 4, 6 and 24 h were performed to find out the
effect of the oxidation time on the removal of organic
and inorganic contaminants from the landfill leachate.
Notably, the duration of the coagulation step of ferric
hydroxy complexes in all the trials was ~22 h. The
reagent concentrations for the SZOf{/Fe2+ system
were [$;077]o = 330mM (5,03~ /CODm/m of 0.25/1),
[Fe’*]lo=66 mM (5,02~ /Fe?*m/m of 5/1), and for the
H,0,/Fe** system [H,0,]o =660 mM (H,0,/COD m/m of
0.5/1), [Fe**]o=66 mM (H,0,/Fe** m/m of 10/1). The
results of the studied AOTs application for the treatment
of sample L2 in COD and DOC removal are presented in
Figure 4.

The COD removal remained unchanged after treat-
ment with a 6-h oxidation step in both applied systems
and resulted in 30% and 59% for the S0 /Fe?* and
H,0,/Fe?* processes, respectively. In addition, the DOC
elimination was similar with 24% and 45% for the
5,027 /Fe?* and the H,0,/Fe’* system. No further
increase in the COD and DOC removal occurred after
the treatment with a 24-h oxidation period. The elimin-
ation of DN from the leachate by the S,03™/Fe?*
system resulted in 29% after treatment with a 24-h oxi-
dation step; the removal was lower in the case of the
H,0,/Fe** system, remaining at 18% after the same
oxidation duration. Remarkably, the removal of phenolic
micropollutants was over 90% after treatment with a 1-h
oxidation step in both applied systems.

The oxidant in the H,0,/Fe*" treatment was comple-
tely utilised as the measurement of residual hydrogen
peroxide resulted in negligible residual concentration
after a 1-h oxidation period. In the case of the
SZO§‘/Fe2+ system application, the utilisation of
oxidant was partial in all the trials and comprised only
32% after a 24-h oxidation step.

Nevertheless, the application of both Fe**-activated
systems proved to be effective in the landfill leachate
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Figure 4. COD and DOC removal versus oxidation time by the
5,027 /Fe?t and H,0,/Fe?" treatments of sample L2 (for the
205~ /Fe?t system: [S,02 1o = 330 mM, [Fe®*]o=66 mM; for
the H,0,/Fe”* system: [H,0.]o = 660 mM, [Fe?*], = 66 mM).



treatment after 4-6 h of oxidation period. Notably, the
persulphate steady decomposition and SO3~ selective
oxidation were more advantageous for phenolic micro-
pollutants degradation and nitrogen removal from the
landfill leachate.

3.4 Effect of the reductant concentration

The main drawback of the activated persulphate process
is the lack of direct activator reduction by persulphate, as
demonstrated in Equation (4) for the Fenton process.
Therefore, to increase the process efficacy, it is necessary
to advance the reduction in Fe®* formed in the
S,02™ /Fe?* system. According to Liang et al,[39] the
addition of thiosulphate (SZO§’) to the persulphate
system could convert Fe** to the lower valence state
Fe** for the activation of persulphate destruction.
szo§* is a powerful reductant due to the sulphur oxi-
dation state (+ll). Thus, szo§* has an equal capacity to
donate and accept electrons; in addition, it has been suc-
cessfully used in biological wastewater treatment.[42] A
potential reaction mechanism for the ferrous ion-
activated persulphate system in the presence of thiosul-
phate to produce SO3~ was proposed by Liang et al. [39]:

5,03 + Fe*™ — Fe?* + 0.55,0%" @8
XFe?* +YS,03~ — complex anion )

S,02™ + complex anion — SO;~+S02~ + Fe**
+ residue (10)

Therefore, the efficacy of the szo§* addition to the Fe?*-
activated persulphate treatment at a [szog—]o of 330 mM
and [Fe®*l, of 66mM, corresponding  to
$,027/COD m/m of 0.5/1 and S,03~ /Fe?* m/m of 10/1,
was studied as presented in Figure 5.

Accordingly, the COD removal was the same (29%) for
the landfill leachate treatment without thiosulphate
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Figure 5. COD, DOC and DN removal versus S,03~ concentration
by the Fe*™-activated persulphate treatment of sample L1
([S;03" 1o = 300 mM, [Fe**], =30 mM; 24-h oxidation period).
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addition and at a S0~ /Fe?* /5,03~ m/m/m of 10/1/
0.1 ([szog—]o = 3mM), respectively. A fivefold increase
in the reductant dose to a [SZO§‘10 of 15 mM resulted
in supplementary 13% removal of COD; a 10-fold
increase to a [SZO§‘10 of 30 mM demonstrated a 15%
additional removal of COD as compared to the exper-
iment without thiosulphate addition. The use of thiosul-
phate also improved the DN removal, and thus, the
reductant addition (3-30 mM) increased the system effi-
cacy up to 5% (only the SZOf{/Fe2+ system removed
26% of DN).

Based on the obtained results, the application of thio-
sulphate as a reductant in the activated persulphate
process can be recommended for landfill leachate treat-
ment and potentially for other wastewaters as an impor-
tant agent to increase COD and DN removal.

4. Conclusions

The results of this study give valuable knowledge for the
application of ferrous ion-activated persulphate treat-
ment for landfill leachate. The efficacy of the COD
removal in the S,037/Fe?t treatment resulted in
modest efficacy compared to that of the Fenton treat-
ment. A twofold difference in the COD removal at the
same oxidant/COD m/m (varied from 0.1/1 to 1/1, corre-
sponding to [oxidant], variation from 60 to 600 mM) was
indicated in the 5205’/Fe2+ and H,0,/Fe?* treatments
(16-36% and 35-66%, respectively). Conversely, the
removal of DN resulted in up to 39% and 19% at a
$,027/CODm/m of 1/1 (at a 5,02~ /Fe?* m/m of 10/1)
and H,0,/COD m/m of 1/1 (at a H,O»/Fe** m/m of 10/1),
respectively. The removal of phenolic micropollutants
was near to 90% and more in all Fe?*-activated persul-
phate and hydrogen peroxide experiments. Furthermore,
the ferrous ion-activated persulphate treatment does not
need supplementary adjustment concerning the tempera-
ture and excessive foam formation as in the case of the
H,0,/Fe?* system. The modest COD removal efficacy in
the szog—/FeH treatment can be improved by the
addition of thiosulphate as a reducing agent. Moreover,
the application of 5,03~ /Fe?*/S,03~ m/m/m of 10/1/
0.1 decreased the DN content by additional 5% compared
to the S,07™ /Fe?*/S,02™ m/m/m of 10/1/0. Thus, the
ferrous ion-activated persulphate treatment with opti-
mised process conditions could be a promising technol-
ogy for landfill leachate treatment.
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HIGHLIGHTS

o UVA light effectively induced the H,0,/Fe?* and S,03 [Fe?>* processes.

o ACE was 100% degraded at pH 3 by the UVA/H,0,/Fe?* and UVA/S,03 [Fe?* systems.
o Mineralization of ACE was generally lower than degradation in all studied processes.
« Hydroxyl radical was proposed to be predominant in the UVA/S,03/Fe?* system.

o Natural water matrices strongly affected the target compound degradation efficacy.
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In the present study, UVA/H,0,/Fe?" and UVA/S;03/Fe?" processes were applied to degrade the arti-
ficial sweetener, acesulfame (ACE) in ultrapure water (UW), groundwater (GW), and secondary effluent
(WW). The degradation time and mineralization of 75 pM of ACE determined the efficacy of the pro-
cedures. The results indicated that the UVA-induced H,0,/Fe?* and $,03 [Fe?* systems are a promising
alternative for the removal of ACE from different aqueous matrices as both studied processes completely
degraded the target compound at an ACE/oxidant/Fe®>* molar ratio of 1/10/1 and pH 3. In the case of
UVA-induced systems application without pH adjustment, the ACE decomposition was achieved only in
ultrapure water, The maximum mineralization of ACE in ultrapure water by the UVA/H,0,/Fe®" system
(molar ratio of 1/10/1) at pH 3 resulted in residual TOC of 18.3%. The oxidative effectiveness of the UVA/
S,0% JFe?* system was proved to be mainly formed by the hydroxyl radicals. The obtained results
indicate that UVA light can be successfully used for the oxidation of the studied artificial sweetener in

Activated persulfate
Photo-Fenton process
Water treatment

various aqueous matrices with carefully adjusted process conditions.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The ubiquitous occurrence of artificial sweeteners (AS) in the
environment has raised the concern of them being an emerging
micropollutant (Kokotou et al.,, 2012; Lange et al., 2012). Mostly,
these substances are not metabolized by human and get excreted to
sewage (Klug and von Rymon Lipinski, 2012). Amongst AS, ace-
sulfame (ACE) is one of the most detected compound (pg/L to mg/L)
in wastewater, surface water and groundwater (Buerge et al., 2009;
Lange et al, 2012). Reduced (<50%) elimination of ACE in

* Corresponding author.
E-mail address: eneliis.kattel@ttu.ee (E. Kattel).

http://dx.doi.org/10.1016/j.chemosphere.2016.12.104
0045-6535/© 2016 Elsevier Ltd. All rights reserved.

wastewater treatment plants (WWTPs) by traditional purification
processes is the prime reason for its detection at a higher level in
the aqueous environment (Scheurer et al., 2009). Additionally, ACE
is resistant to biological degradation and therefore acts as a
wastewater indicator to measure the anthropogenic impact
(Buerge et al., 2009; Scheurer et al., 2009). Gardner (2014) reported
that a daily intake of ACE at 15 mg/kg body weight was harmless for
human. Nonetheless, study by Stolte et al. (2013) indicated low, but
detectable hazards of ACE at concentrations > 1000 mg/L to water
fleas Daphnia magna, duckweed Lemna minor, and green algae
Scenedesmus vacuolatus. Under environmental conditions, the
photo-degradation of ACE in natural aqueous matrices takes place
but some photo-transformation products are found to be more
toxic than the parent compound (Gan et al., 2014; Sang et al., 2014).
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Hence, suitable techniques for removal of ACE from environmental
compartments are required. The removal of ACE in aqueous
matrices has been studied by the application of biological treat-
ment (Tran et al., 2015), simulated sunlight (Gan et al., 2014), UVC
radiation (Coiffard et al.,, 1999; Sang et al., 2014; Scheurer et al.,
2014), ozonation (Scheurer et al., 2012), photocatalytic oxidation
(Li et al., 2016), electro-oxidation (Punturat and Huang, 2016), and
granulated activated carbon (GAC) filtration (Lange et al., 2012). The
conventional water treatment technologies such as biological
treatment and GAC filtration have shown inadequate ACE removal
efficacies (<23%, respectively), whereas promising results of com-
plete elimination obtained by the application of several above-
mentioned advanced oxidation technologies (AOTs) indicated the
perspective of radical-based processes for the degradation of ACE.
Among other AOTs, the Fenton and photo-Fenton processes are
well-known to be extremely useful in the degradation of numerous
classes of organic micropollutants (Pignatello et al., 2006; Litter and
Quici, 2010; Trapido et al., 2014; Ribeiro et al., 2015). The generation
of hydroxyl radicals (HO*) in the classical Fenton process (Eq. (1))
leads to fast and non-selective oxidation degradation of organic
contaminants (Pignatello et al., 2006). The formed ferric iron (Fe> )
can catalyze Hy0; to form hydroperoxyl radicals (HO»*) via the
Fenton-like reaction that is responsible for the regeneration of
activator and maintain the high efficacy of the Fenton reaction (Eq.
(2)) (Babuponnusami and Muthukumar, 2014).

Fe’* + Hy0; — Fe** + HO* + OH~ (1)
Fe*t + Hy0, — Fe?t + HOp* + H' (2)

The Fenton system's exposure to UV radiation induces more
intensive generation of HO* as a result of the UV photolysis of the
formed Fe3* hydroxocomplexes (Eq. (3)) (Litter and Quici, 2010).
The application of the photo-Fenton process has been successfully
adopted to enhance the target compound degradation (Xu et al.,
2009; Trapido et al., 2014).

Fe(OH)** + hv — Fe?* + HO- (3)

In the recent decade, purification of aqueous matrices from a
wide range of organic micropollutants is increasingly performed by
processes based on the generation of sulfate radical (SO4™)
(Tsitonaki et al., 2010; Epold et al., 2015; Zhang et al., 2015). SO4™
are strong oxidative species similar to HO* and thus, SO4-based
AOTs are applied also for in situ soil and groundwater remediation.
A stable oxidant, persulfate (5,04) when activated by transition
metals, heat, UV or US irradiation, alkaline pH, activated carbon,
hydrogen peroxide or ozone produces SO4™ (Tsitonaki et al., 2010;
Matzek and Carter, 2016). Fe?* is non-toxic and environmental
friendly and thus, the widest used transition metal for S,03" acti-
vation. However, generation type of SO4™ by Fe?* has some limi-
tations. Accordingly, a quick conversion of Fe2* into Fe3* (Eq. (4))
occurs and the excessive Fe>" scavenges SO4™ (Eq. (5)), thereby
reducing the efficacy of the pollutant degradation (Liang et al.,
2004; Vicente et al., 2011; Matzek and Carter, 2016). Besides, UV
light induces the cleavage of peroxide bond in S,0§~ generating a
pair of sulfate radicals (Eq. (6)) (Tsitonaki et al., 2010).

S0~ + Fe*t — Fe®* 1 504" + 503~ (4)
S04~ + Fe?* — Fe3* + S03~ (5)
$,0%8 + hv — 2504~ (6)

AS are the relatively new group of emerging pollutants and the

information about their occurrence and fate in the environment is
still scarce. The available literature is mainly focused on the
removal of sucralose. Till date, elimination of other AS from
different environmental compartments has not been fully evalu-
ated. Therefore, the present study aimed to evaluate and compare
the degradation of ACE in aqueous matrices by UV-induced hy-
droxyl and sulfate radical-based processes through the assessment
of target compound degradation and mineralization efficacy. The
presence of the UVA radiation in the sunlight impelled the use of
the UVA lamp in the experiments. The efficacy of ACE decomposi-
tion by the selected AOTs was studied in ultrapure water (UW),
groundwater (GW) and secondary treatment effluent (WW). The
treatment was carried out at various oxidant and ferrous iron
concentrations as well as at differently adjusted pH values. Also, the
radicals in the UVA/S;03~/Fe?* system were identified. According
to the available literature and to the authors' best knowledge, this is
the first study related to the UVA/H,0,/Fe?* and UVA/S,0% /Fe**
process application for the treatment of ACE in different aqueous
matrices.

2. Experimental
2.1. Chemicals

Acesulfame potassium (C4H4KNO4S, >99%, molecular weight
201.24 g/mol) (Fig. 1), hydrogen peroxide (H,02, PERDROGEN™,
>30%), sodium persulfate (Na,S,0s, >99%), ferrous sulfate hepta-
hydrate (FeSO4-7H0, >99%), potassium phosphate dibasic
(K2HPO4, >98%), potassium phosphate monobasic (KH2PO4, >98%),
sulfuric acid (H2S04, 95—98%) and sodium sulfite (Na;SO3, >98%)
were purchased from Sigma-Aldrich. Acetonitrile (CH3CN, LiChro-
solv®), ethanol (C;HgO, EtOH, 99%), acetic acid (glacial) (CH3CO,H,
100%), and tertiary butanol ((CH3)3COH, t-BuOH, >99%) were pur-
chased from Merck KGaA. All the other chemicals were of analytical
grade and used without further purification. Stock solutions were
prepared in ultrapure water (Millipore Simplicity® UV System,
Merck, Germany).

2.2. Properties of groundwater and wastewater

WW collected from the outlet of the secondary treatment of a
local municipal WWTP (Tallinn, Estonia), and GW without pre-
ceding purification (borehole depth 19 m, Harjumaa, Estonia) were
used as real aqueous matrices for ACE degradation. The samples
were collected in November 2015 and the main parameters are
given in Table 1.

2.3. Experimental procedure

Activated persulfate and hydrogen peroxide treatment were
conducted in a batch mode at ambient room temperature
(22 + 1 °C). ACE UW solutions (75 pM, 0.8 L) were treated in a 1.0-L
cylindrical glass reactor with a permanent agitation speed
(400 rpm) for 2 h with UVA, UVA/H,0,, UVA/H,0,/Fe?*, UVA[Fe®*,
UVA/S,03, UVA[S,08 [Fe?*, Hy0,/Fe?™ and S,03 [Fe" systems.
The treatment was carried out in buffered solutions at pH 5.8 and

o)
(K
TR

Fig. 1. Chemical structure of ACE.
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Table 1

Chemical composition and main parameters of groundwater and secondary effluent from a local municipal WWTP (hereinafter “wastewater”).

Parameter Unit Groundwater (GW) Wastewater (WW)
pH 7.75 7.20
Alkalinity mgCaCOs5/L 650 +£0 370 + 15
Conductivity puS/cm 617 +1 1022 + 1
Total organic carbon (TOC) mg/L 43 132
Fe?*+ mg/L 0.03 0

Total Fe mg/L 0.1 0

F mg/L 0.2 BDL®

cl- mg/L 87 450

NO3 mg/L BDL 64

PO7" mg/L BDL 12

Nere mg/L 41 75

2 BDL — below detection limit.

7.4 as well as in non-buffered solutions with pH adjusted to 3 or
without any adjustment. The pH of the samples was adjusted to 3
by using H,S04, and to 5.8 or 7.4 by using phosphate buffer (K;HPO4
and KH,PO4) aqueous solutions. The ferrous iron source (FeS-
04-7H,0) was added and after its complete dissolution, the reac-
tion was initiated by adding Na,S;0g or H,0, and simultaneous
exposure to the UVA lamp that was turned on at least 5 min before
the trial to provide a constant output. A low-pressure mercury lamp
(11 W OSRAM Dulux S BLUE) located in a quartz tube inside the
reactor was used as an UVA source (Fig. S1). The average irradiance
entering the solution in the reactor measured by spectrometer
(Ocean Optics USB2000+) equipped with SpectraSuite software
was 2.2 mW/cmZ. A water cooling jacket was used to keep the
constant temperature in the reactor. Sample aliquots were taken at
pre-determined time intervals. The oxidation quenching was done
by the addition of EtOH (sample/EtOH volume ratio of 10/1) or
NayS03 at a [oxidant]p/SO5~ molar ratio (m/m) of 1/10 for HPLC or
TOC analysis, respectively. All experiments were duplicated; the
final data shows the results of at least three parallel replicates with
error less than 5% and are presented as mean + standard deviation.

2.4. Identification of hydroxyl and sulfate radicals

Radical scavengers were used to identify the radicals formed
during the UVA/S,03~/Fe?* process at pH 3 and 5.8. To differentiate
the role of HO* and SO4™" in ACE oxidation by the UVA/S,08 /Fe?*
system two radical probes, EtOH and t-BuOH, were employed. An
excessive amount of scavenger was spiked into the reaction solu-
tions before the catalyst and oxidant addition at an ACE/
[scavenger]o m/m of 1/500 ([scavenger]p = 37.5 mM). In the case of
UVA/Fe?* process at pH 3, the addition of t-BuOH at an ACE/t-BuOH
molar ratio of 1/500 was studied.

2.5. Analytical methods

ACE concentration was quantified using HPLC (YL-Instrument
9300, China). The HPLC was equipped with a Waters Bridge C18
(150 x 3.0 mm inner diameter, 3.5 um particle size) column and
UV/Vis detector. The analysis was performed using an isocratic
method with a mobile phase mixture of 10% acetonitrile and 90%
acetic acid (0.1%) aqueous solution. Samples (20 pL) were analyzed
at the flow rate of 200 pL/min and wavelength of 230 nm. The
concentration of ACE was determined by using the standard mul-
tipoint calibration.

The total organic carbon (TOC) was measured by a TOC analyzer
multi N/C® 3100 (Analytik Jena, Germany). The ion chromatography
with chemical suppression of the eluent conductivity was used to
measure the concentrations of anions (761 Compact IC, Metrohm
Ltd., Switzerland). The pH was measured using a digital pH/lon

meter (Mettler Toledo S220, Switzerland) and the electrical con-
ductivity was measured using a digital EC meter (HQ 430d flexi,
HACH Company, USA). The initial hydrogen peroxide concentration
in the stock solutions was measured spectrophotometrically at
A = 254 nm; the residual hydrogen peroxide concentration in the
treated samples was measured spectrophotometrically at
A = 410 nm with titanium sulfate by a hydrogen peroxide-Ti**
complex formation (Eisenberg, 1943) by a UV/Vis spectrophotom-
eter (GENESYS 10S, Thermo Scientific, USA). The residual persulfate
concentration in the treated samples was measured spectropho-
tometrically at A = 352 nm by a sodium iodide reaction with per-
sulfate towards the formation of I, (Liang et al., 2008). The
alkalinity of groundwater and secondary effluent was measured by
titration with hydrochloric acid (0.1 M) in the presence of methyl
orange (APHA, 2012).

3. Results and discussion
3.1. Effect of initial concentrations of oxidants

The influence of two UVA-irradiated oxidative systems to the
degradation efficacy of ACE (75 uM) in ultrapure water was inves-
tigated. The UVA/oxidant/Fe?" trials with different oxidant con-
centrations were performed by using 150, 375, 750 and 1500 puM of
H,0, or S,03, respectively. Corresponding molar ratios of ACE/
[oxidant] varied from 1/2 to 1/20, whereas the molar ratio of ACE/
Fe?t was fixed at 1/1 ([Fe*T]y = 75 uM); pH of the system was
adjusted to 3 to maintain the valence of iron(II). The stoichiometric
value of the ACE/[oxidant] molar ratio was calculated as 1/11 and 1/
10.5 for hydrogen peroxide and persulfate, respectively, assuming
the complete oxidation of the target compound. The results pre-
sented in Fig. 2 indicate that the degradation of ACE with time is
increasing simultaneously with the initial oxidant concentration of
150 uM to 750 uM in both studied systems.

Intrinsic to persulfate oxidation the accumulation of Fe(Ill) in
the reaction system (Egs. (4)—(5)) (Zhang et al., 2015; Matzek and
Carter, 2016) was likely responsible for a slower ACE decomposi-
tion as compared to the photo-Fenton process. Thus, the target
compound degradation was achieved in a longer period
(30—45 min) in the UVA/S;03~/Fe?* process than in the UVA/H,0,/
Fe?* process (10—30 min) irrespective of the oxidant concentration
applied in the range of 150—750 pM. Further increase in oxidants
concentration to 1500 uM had no favorable effect on ACE degra-
dation as the treatment was prolonged to 15 min for the UVA/H,0,/
Fe?* process and remained 30 min for the UVA/S,08~/Fe?* process,
respectively. This phenomenon is most likely caused by the
excessive amount of oxidant that in the case of fixed concentration
of Fe>* of 75 pM was presumably responsible for the scavenging of
radicals (Egs. (7)—(8)) and subsequently resulting in negligible
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Fig. 2. Degradation and mineralization of ACE by the UVA/H,0,/Fe?* (a) and UVA/S,03 [Fe?* (b) processes at different initial oxidant concentrations at pH 3 ([ACE]o = 75 uM,

[Fe**]p = 75 uM).

treatment efficacy enhancement or even reduction in the S,0%-
and H,0,-based oxidative system, respectively (Pignatello et al.,
2006; Matzek and Carter, 2016).

H,0; + HO* — HOy* + H0 )

S208~ + S04 — $,0g2~ + SOF~ (8)

In this study, a decline in TOC content measured the minerali-
zation of ACE by the studied processes. As can be seen from Fig. 2,
the mineralization of the target compound after 120 min of treat-
ment in the investigated systems was similar with 1500 uM oxidant
concentration (approximately 80%).

Both the activation ability as well as the stability of the studied
oxidants were measured and assessed. Accordingly, hydrogen
peroxide used in the UVA/H,0,/Fe?* system was completely uti-
lized after 2-h treatment at a [H,0]p of 150—1500 puM. In the case
of the UVA/S,03[Fe?* system, the residual concentration of per-
sulfate steadily increased with the increase in applied [S,08 o after
2 h of oxidation and resulted in the residue of 1.6% and 85% from the
initial concentration of 150 and 1500 uM, respectively.

Among the studied ACE/[oxidant]/Fe** molar ratios, the 1/10/1
was the most efficient one taking into account the decrease of ACE
concentration and TOC, and the stability as well as the consumption

of the oxidants. However, the effect of activator concentration was
further studied to estimate the possibility to reduce the ferrous iron
(Fe?*) consumption but maintain plausible treatment efficacy.

3.2. Effect of initial concentration of ferrous ion

To examine the effect of the addition of Fe?* to UVA-irradiated
oxidation system the blank trials without Fe>* were conducted.
The results of UVA/H,0, and UVA/SZO?{ processes indicated that
the addition of Fe?* is essential to accelerate ACE degradation and
mineralization as after 2 h of treatment, the residual ACE concen-
tration was 80.9% for the UVA/H,0, and 60.7% for the UVA/S,0§5~
system. Notably, the mineralization was negligible in both the
studied systems. Similar results were observed for the UVA-
induced degradation of a hormone melatonin, where Fe?* was
added to the system to enhance the degradation of the target
compound (Xu et al., 2009).

The effect of initial activator concentration was studied at a
[Fe?*] of 15, 37.5, 75 and 150 pM that corresponds to an [oxidant]/
Fe?* molar ratio of 10/0.2, 10/0.5, 10/1 and 10/2. The experiments
were performed at the fixed ACE/[oxidant] m/m of 1/10
([ACE]p = 75 uM, [oxidant]p = 750 uM) and at pH 3. The results of
the UVA/H,0,/Fe®" and UVA/S,03 [Fe*" processes applied for the
ACE degradation and mineralization are shown in Fig. 3.
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Fig. 3. Degradation and mineralization of ACE by the UVA/H,0,/Fe?* (a) and UVA/S,03 [Fe?* (b) processes at different [Fe>*]o at pH 3 ([ACE]o = 75 uM, [oxidant]y = 750 uM).

The data obtained from the UVA/H,0,/Fe?" process indicated
that the increase in iron concentration from 15 to 150 M enhanced
the efficacy of ACE degradation. Accordingly, the time for complete
degradation of ACE was 60 min of treatment for 15 pM of [Fe**]o
while for 150 pM of [Fe?*]o the time was 5 min. In the case of UVA/
S,03[Fe?* process, the efficacy of ACE degradation was improved
with the increase in [Fe?*]y from 15 to 75 pM; further increase in
[Fe?*]o to 150 uM resulted in analogous efficacy.

The latter observation could be explained by the fact that excess
Fe?* acts as a scavenger of SO4™ (Eq. (5)) and therefore reduces the
degradation efficacy of the target compound by generating less
reactive species (Matzek and Carter, 2016).

In the UVA/H,0,/Fe?* system, the dissociation of oxidant after
2 h of treatment was about 100% in the studied range of [Fe?*]o.
However, in the UVA/S;03[Fe?* system, the maximum dissocia-
tion of S,08~ (57%) was reached at 75 uM of [Fe?*]o, indicating the
highest activation efficacy at a $,03~/Fe?" m/m of 10/1. The latter
was also consistent with the result of ACE degradation.

The mineralization of ACE by the processes applied proved to
have a similar pattern. Accordingly, the increase in applied [Fe?*]o
resulted in improved ACE mineralization over 40% by the UVA/
H,0,/Fe?* (Fig. 3a) and UVA/S,03 /Fe?* (Fig. 3b) processes. In the
UVA/H,0,/Fe** system, the 10-fold increase of ferrous iron con-
centration from 15 to 150 uM after 2-h treatment resulted in 17.1%
of residual TOC, whereas the latter for [Fe>*]o of 75 tM was 18.3%

(Fig. 3a). In the UVA/S,03~[Fe?" system, the [TOC]/[TOC]o after 2-h
treatment was 63% for 15 uM of [Fe**]o, 19.7% for 75 uM of Fe?* and
20% for 150 pM of Fe?* (Fig. 3b).

Overall, the experiments proved that the most effective strategy
for the degradation and mineralization of ACE were obtained at
[Fe?*]o of 75 pM. Therefore, a ACE/oxidant/Fe>" molar ratio of 1/10/
1 was used in all the further studies.

Furthermore, the efficacy of UVA/Fe?* system ([Fe*>*]o = 75 pM)
without oxidant was also studied. The results proved that the ACE
decomposition (100%) and mineralization (41.5%) occurs in the
presence of Fe?* in a 2-h treatment. Dainton and Jones (1965) and
Airey and Dainton (1966) proposed that exposure to light induces
ferrous iron to reduce a hydrated electron (ezq) (Eq. (9)). Addi-
tionally, the exposure of iron-containing aqueous solution to UV or
UV—Vis radiation could facilitate the generation of hydroxyl radi-
cals by photo-reduction of Fe3* and hydroxylated Fe>* to Fe** via
Egs. (3) and (10), respectively. On the other hand, the presence of
oxygen promotes the generation of superoxide (Oz) and subse-
quently hydrogen peroxide as shown by Eqgs. (11)-(12); then hy-
droxyl radicals could be produced by the Fenton reaction (Eq. (1))
(Pouran et al., 2015).

Fe?* + hv — Fe>* + exq (9)

Fe3* + Hy0 + hv — Fe?* + HO* + H* (10)
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Fe>* + 0y — Fe>* + 07 (11)
205 + 2H" — Hy05 + 0, (12)

Based on this knowledge, the degradation of ACE in the UVA/
Fe?* system was potentially stimulated by the HO*. The discussion
covering the role of radicals will appear in Section 3.4.

3.3. Effect of pH

Both of the radical-based oxidation systems were examined at
different pH values: 3 and 5.8 (corresponding to the initial pH of
ACE solution) in non-buffered solutions as well as 5.8 and 7.4 in
buffered systems. The pH value was adjusted to 3 to provide the
presence of activator in its ferrous form, which proved to have the
higher potential in activation of HpO, and S,03~ than Fe>*
(Pignatello et al., 2006; Babuponnusami and Muthukumar, 2014
and Matzek and Carter, 2016). The effect of pH value of the
applied UVA/H,0,/Fe?* and UVA/S;03 [Fe?* treatments at molar
ratio of 1/10/1, corresponding to [oxidant]p = 750 pM and
[Fe?*]o = 75 uM, is presented in Fig. 4.

The obtained results expectedly indicated that the buffered
medium inhibits the degradation of ACE at pHpyser 5.8 and 7.4,
whereas in non-buffered solution at pH 5.8 the complete

degradation of ACE was achieved in 60 and 90 min of oxidation by
the UVA/H0,/Fe*" and UVA/S;03 [Fe’* systems, respectively.
Notably, the pH was 3.90 and 3.30 after the 2-h treatment by the
activated H,0, and S,03~ process, respectively, with the fast drop
in pH value to 3.91-3.98 during the first minute in the non-
buffered oxidative systems. In the UVA/H,0,/Fe*™ system
(Fig. 4a), the residual ACE concentration was 72.9% at pHpuffer 5.8
and 86.7% at pHpufrer 7.4, respectively. In the UVA/S,03[Fe** sys-
tem (Fig. 4b), the residual ACE concentration was 47.9% at pHpuyffer
5.8 and 64.9% at pHpyufrer 7.4, respectively. In general, the ACE
degradation in the buffered solution at pHpyfrer 5.8 and 7.4 by the
UVA/S,03[Fe** process occurred up to 25% more effective over the
UVA/H,0,/Fe?" process. The efficacy of persulfate-based system
supported the results obtained by Xu et al. (2016) for the degra-
dation of sucralose that the co-existence of SO4"~ and HO- at higher
pH in persulfate oxidative system is responsible for the degradation
of ACE.

In non-buffered systems, a significant decrease in TOC with the
increase of pH value was observed; thus the residual TOC content
was 18.3% at pH 3 and 59.5% at pH 5.8 in the UVA/H,0,/Fe?* system
and 19.7% at pH 3 and 47.4% at pH 5.8 in the UVA/S,03[Fe?* sys-
tem. The buffer addition to the studied systems resulted in negli-
gible ACE mineralization. Gan et al. (2014) also found in the
experiments of ACE photolysis under simulated sunlight that the
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Fig. 4. Degradation of ACE by the UVA/H,O,/Fe** (a) and UVA/S,03 [Fe?" (b) processes at different pH-s in buffered and non-buffered systems ([ACE]p = 75 uM,

[oxidant]o = 750 uM, [Fe**]o = 75 pM).
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compound ([ACE]p = 0.6 uM) degradation occurred faster at pH 4
than at pH 7 or 9, but with the generation of more persistent in-
termediates rather than mineralization. According to Legrini et al.
(1993), the pH value around 3 is also more advantageous for the
solubility of ferric hydroxocomplexes and Fe(OH)** photo-activity
(Eq. (3)). Thus, the degradation efficacy of ACE by the UVA-
induced iron-activated AOTs was strongly influenced by the initial
pH and the inhibiting properties of an aqueous matrix. The acidic
conditions (pH 3 or 5.8) without the buffering capability for both,
H,0, and S,03-based oxidative systems proved to be advantageous
for the target contaminant concentration decrease.

3.4. Identification of active radicals in the UVA-induced iron-
activated persulfate system

The species responsible for the degradation of ACE in the UVA/
S,0% /Fe?* system were determined by the addition of radical
scavengers. Molecular probes, EtOH and t-BuOH, were used to
identify the proportion of sulfate or hydroxyl radicals in the
oxidative system. It is well studied in the literature that EtOH is
used to scavenge both, SO4* and HO-, with a reaction rates of
(1.6—7.7) x 107 L/(mol s) and (1.2—2.8) x 10° L/(mol s), respectively
(Anipsitakis and Dionysiou, 2004). To differentiate the contribu-
tions of SO4"~ and HO, t-BuOH was used as it is more selective to-
wards HO- scavenging. The reaction rates of t-BuOH with HO- are
(3.8-7.6) x 108 L/(mol s) compared to (4-9.1) x 10° L/(mol s) with
SO4™ (Anipsitakis and Dionysiou, 2004; Oh et al., 2016). Based on
this data, the prevalence of sulfate or hydroxyl radicals was esti-
mated by adding excess EtOH and t-BuOH into the UVA/S,08~/Fe?*
system. The estimation was done by estimating the degradation
efficacy of ACE after adding the molecular probes. As presented in
Table 2, the results demonstrated the predominance of the hy-
droxyl radicals at both studied pH-s.

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-induced ferrous ion-
activated persulfate system both HO* and SO4™ were involved in the
degradation of ACE, but the HO* proved to have the dominant role.
The obtained results of higher reactivity of hydroxyl radicals to-
wards the oxidation of ACE than sulfate radicals are in agreements
with the findings of Toth et al. (2012).

The presence of HO* in the UVA/Fe?* system at similar condi-
tions was studied by the addition of t-BuOH. After 30 min of
treatment, the residual concentration of ACE was 77.8%, whereas
the presence of scavenger reduced the degradation of ACE by about
20%. Hence, the HO* generated in the system proved to be at least
partially responsible for the degradation of the target compound.

3.5. Effect of water matrix

The degradation of ACE was also examined in environmental
samples such as GW and WW. The treatment efficacy by the UVA/
H,0,/Fe?* and UVA/S,08~/Fe?* processes at a molar ratio of 1/10/1

Table 2

Degradation of ACE by the UVA/S,0% [Fe?* process in the presence and absence of
radical scavengers after 15 min of treatment ([ACE]o = 75 uM, [S203 " |o = 750 puM,
[Fe?*]o = 75 uM).

Without scavengers ([ACE]/[ACE]o, %) With scavengers

(IACE]/[ACE]o, %)

t-BuOH EtOH
pH3 143 765 96.5
pH 5.8 48.7 825 93.9

was compared at adjusted pH 3 and initial pH values of the studied
matrices. The results of the trials are given in Table 3.

Oxidation experiments with natural matrices indicated consid-
erably lower ACE degradation efficacy as compared with UW trials.
Accordingly, the trials at initial pH (7.75) resulted in 6.5 and 5.5%
degradation effectiveness of ACE in GW by the UVA/H,0,/Fe®* and
UVA/S,03 [Fe*" process, respectively. At pH 3, the 100% decom-
position of ACE was attained in 30 min by the UVA/H,0,/Fe?*
process; the particular effect was reached in 2-fold longer oxidation
period, in 60 min, by the UVA/S,03~[Fe>* process. The degradation
of ACE in WW at initial pH of 7.20 was similar to GW, resulting in
7.9% by the UVA/H,0,/Fe?* and 4.8% by the UVA/S,0%[Fe>* pro-
cess after 120 min of treatment. In strongly acidic conditions, the
complete degradation of ACE in WW was reached in 1-h and in 2-h
treatment by the UVA/H,0,/Fe?* and UVA/S;03/Fe** processes,
respectively. It should be noted that ACE was not detected in GW
and WW samples before artificial contamination in the laboratory.
Scheurer et al. (2014) ascertained that 34—37% of ACE
([ACE]p = 0.06 uM) were degraded in tap water and waterworks
water (pre-treated with activated carbon) by applying a 10-min
UVC-radiation (1000 J/m?) treatment. The results of this study also
indicated that the target compound degradation is influenced by
the pH; thus, the efficacy of ACE degradation was 85% at pH 5,
around 80% at pH 7—8 and near 60% at pH 11. Li et al. (2016) found
out that 30 uM ACE was completely removed from seawater by
using UVC/TiO; system (ACE/TiO; m/m of 1/20) within 60 min of
treatment. Scheurer et al. (2012) proved that >99% of 1.5 uM ACE
could be degraded in WWTP influent and effluent by 1 mg/L ozone
and 25 min of contact time. Moreover, the complete ACE degra-
dation and mineralization ([ACE]op = 600 uM) in biologically pre-
treated and untreated domestic wastewater by electrochemical
oxidation was observed in 30—120 min, depending on the material
of the anode (Punturat and Huang, 2016).

The results presented in Table 3 suggest that environmental
aqueous matrices have noticeable inhibitory properties leading to
declining in the efficacy of ACE degradation even at pH 3. Matrices
in the current study had considerable alkalinity and content of
various inorganic ions (Table 1). Subsequently, all these substances
were potentially involved in the radical scavenging processes in the
oxidative systems.

The buffering properties of bicarbonate (HCO3) and carbonate
(CO3%™) ions may contribute to the inhibition of AOTs application for
aqueous matrices treatment (Grebel et al., 2010; Bennedsen et al.,
2012). In the studied systems, the HO* and SO4™ scavenging by
alkalinity via Egs. (13)-(16) becomes more relevant with the in-
crease in pH (Grebel et al., 2010; Vicente et al., 2011; Bennedsen
et al,, 2012; Rubio et al.,, 2013). This may be the reason of rather
low efficacy of the ACE treatment in GW and WW at initial pH
values. In addition, bicarbonates are known to absorb light leading
to the uneven dispersion of radiation in the aqueous environment
(Grebel et al., 2010).

HO* 4+ HCO3 — CO3*~ + H0 (13)
HO* + CO3~ — COs*~ + OH™ (14)
SO4"~ + HCO3 — HCOs3* + SO%~ (15)
S04~ + CO3~ — CO3*~ + SO7~ (16)

Similarly, chloride ions (Cl™) are reported to be effective scav-
engers of HO* and SO4™ via Eqgs. (17)-(18) (Liao et al., 2001; Grebel
etal., 2010; Fang et al., 2012; Caregnato et al., 2013), although some
studies indicated an increase in treatment efficacy (Monteagudo
et al., 2015; Xu et al., 2016).
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Table 3

Degradation of ACE by the UVA/H,0,/Fe?* and UVA/S,03 [Fe?* processes in aqueous matrices at different pH ([ACE]o = 75 uM, [oxidant]o = 750 uM, [Fe?*]o = 75 uM).

Matrix [ACE]/[ACE]o, %
UVA[H,0,/Fe?* UVA[S,03 [Fe**
15 min 30 min 60 min 120 min 15 min 30 min 60 min 120 min
Initial pH uw? 234 4.0 0 - 48.7 19.8 0.2 0
GWP 93.8 93.8 93.8 93.5 99.2 98.1 97.4 94.5
Ww* 96 94.3 93.8 923 95.5 95.5 95.5 95.2
pH3 uw 0 - - - 143 0 - -
GwW 39 0 - - 48.0 12.6 0 -
ww 14.0 0.7 0 - 62.9 40.7 6.3 0

2 UW — ultrapure water.
b GW — groundwater.

© WW — wastewater collected from the outlet of the secondary treatment of a municipal WWTP.

HO* + CI- — CIOH" — Cl* + HO~ (17)
S04 + €I~ — Cl + S03~ (18)

Moreover, nitrate ions (NO3 ) intensively react with HO* and SO4™
through Egs. (19)—(20) that commonly results in the inhibition of
the target organic pollutant oxidation (Xu et al., 2016).

HO* + NO3 — NO3* + OH~ (19)
SO4"~ + NO3 — NO3* + SOF~ (20)

Finally, fluoride ions (F7) in the studied systems may slightly
decrease the HO* properties as less reactive inorganic species are
generated through the reaction between HO* and F~, but they are
usually recognized as poor radical scavengers together with sulfate
(5037) and phosphate ions (PO3") (Pignatello et al., 2006).

Therefore, the impact of matrix on the degradation of ACE was
mainly influenced by the presence of various inorganic ions as well
as by the initial pH of the samples. To improve the ACE decompo-
sition efficacy in different matrices prudent adjustment of the pH
need to be provided.

4. Conclusions

The present study focused on the application of UVA-induced
H,0,/Fe?t and S,0% [Fe?* processes towards the degradation of
artificial sweetener ACE. The results indicated that at acidic con-
ditions in UW, the complete and fast degradation of ACE was ach-
ieved by both the studied oxidative systems with the oxidant
concentration of 750 M and the Fe>™ concentration of 75 pM. The
experiments on the effects of oxidant and Fe?* concentration
indicated that these concentrations give the highest efficacy of both
processes regarding ACE degradation and mineralization. The effect
of pH was significant, particularly in the application for GW and
WW, where the pH of 3 favored the complete degradation of ACE.
The application of the UVA/H,0,/Fe?t and UVA/S,03 /Fe?* treat-
ment to GW and WW at initial pH of 7.75 and 7.20, respectively,
resulted in 4.8—7.7% of ACE degradation. The latter could be insti-
gated by neutral pH region and consequently, formation of non-
soluble ferric hydroxocomplexes during oxidation as well as by
inhibitory properties of inorganic ions presented in the water
matrices. The identification of species responsible for the ACE
degradation in the UVA/S,0§ [Fe?* system indicated that both
radicals, SO4™ and HO+, were present, but the HO* were the pre-
dominant radicals. The results of this study demonstrate the
feasibility of the UVA-induced H,0,/Fe®" and S,08 /Fe?* processes
for the degradation of ACE in different aqueous matrices with
preceding acidification. The use of UVA suggests that these

processes have the potential to be used under natural sunlight that
contributes to the sustainable water processing technology.
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« Addition of CA showed promoting effect on NPX degradation by all systems at pHy > 3.
« $,05%[Fe?*|CA proved the most effective in NPX degradation at a wide range of pH.

« Non-purgeable organic carbon was degraded gradually during the NPX mineralization.
« HO" was proposed as the predominant radical in activated H,0,/S,04~ systems.

« NPX transformation products were identified in all CA-Fe?*-activated systems.
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Naproxen (NPX), a widely used non-steroidal anti-inflammatory drug, has been detected extensively in
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different environmental systems at concentrations ranging from ng/L to pg/L, which may have a detri-
mental effect on human health and natural ecosystems. In this study, the degradation of NPX by citric
acid (CA) chelated ferrous ion-activated hydrogen peroxide, persulfate and an innovative combined
hydrogen peroxide/persulfate system was evaluated. The addition of CA at an appropriate complexation
ratio considerably improved the target compound decomposition by the applied systems. Among the
studied processes, the S,03 [Fe?*/CA system showed the highest performance in NPX degradation at a
wide range of pH followed by the combined H,0,/S,0% /Fe?*/CA process. Limited elimination of non-
purgeable organic carbon (NPOC) was observed during the mineralization of NPX by the examined sys-
tems. The results of radicals scavenging experiments indicated that both HO" and SO contributed to the
overall oxidation performance in the activated $,0%~ and H,0,/S,03~ systems, but the former was the
principal radical in the combined process. Transformation products (TPs) were identified using
LC--MS analysis in the CA-Fe?*-activated systems. Potential NPX degradation mechanism was
subsequently proposed revealing hydroxylation with the subsequent decarboxylation or demethoxyla-
tion as the main step of the TPs formation. The findings of this study strongly suggest that the
CA-Fe?*-activated S,03~ and combined H,0,/S,0%~ oxidation are promising treatment technologies for
the abatement of NPX pollution in natural aqueous matrices.
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1. Introduction metabolized after application, only partially oxidized by conven-

tional treatment processes used in wastewater treatment plants,

The introduction of non-steroidal anti-inflammatory drugs
(NSAIDs) into natural matrices such as drinking water, surface
water, groundwater, seawater, sediments and soil is an emerging
problem due to their potential harmful effect on human health
and natural ecosystems [1-4]. Most of NSAIDs are not fully

* Corresponding author.
E-mail address: niina.dulova@ttu.ee (N. Dulova).

http://dx.doi.org/10.1016/j.cej.2016.07.006
1385-8947/© 2016 Elsevier B.V. All rights reserved.

and as a result found in the environment in an unchanged or
slightly modified active form [5]. Naproxen (NPX) is a non-
steroidal anti-inflammatory drug with analgesic and antipyretic
properties, widely used for the treatment of rheumatoid arthritis
as well as in the veterinary medicine. Similarly to other NSAIDs,
NPX and its intermediates have been detected in different environ-
ments at concentrations ranging from ng/L to pg/L [6-8]. There-
fore, the development of effective remediation technology for



N. Dulova et al./Chemical Engineering Journal 318 (2017) 254-263 255

elimination of NSAIDs, including NPX, from natural matrices, such
as groundwater, is of great scientific and public interest.

Among the various chemical, physical and biological technolo-
gies used in the remediation of organically contaminated groundwa-
ter, in situ chemical oxidation (ISCO) is the most promising one due
to its feasibility to degrade a wide range of bio-recalcitrant contam-
inants, relatively fast treatment and cost-effectiveness as well as
potentially enhanced post-oxidation microbial activity [9,10]. The
ISCO is typically implemented by the application of systems based
on hydrogen peroxide (H,0;), permanganate (MnOy), ozone (O3),
persulfate (S,03"), or a combination of them [9,11,12]. The Fenton
treatment is widely studied and used technology for in situ ground-
water and soil remediation based on the generation of hydroxyl rad-
icals (HO") from iron-activated hydrogen peroxide decomposition
[13]. The commonly accepted Fenton mechanism consists of a chain
reaction, where Eq. (1) is known as the Fenton reaction implying the
oxidation of ferrous iron ions (Fe?*) to decompose H,0, into HO- and
Eq. (2) is so-called Fenton-like reaction representing the activator
regeneration by H,0, decomposition into hydroperoxyl radical
(HO%) [14,15]:

Fe?* 4+ H,0, — Fe*" + HO" + HO™ k = 76 L/(mol - 5) (1)

Fe** + Hy0, — Fe** + HO, + H* k = 0.01 L/(mol - 5) @)

Persulfate is an alternative ISCO oxidant, which has the poten-
tial to overcome some limitations associated with activated hydro-
gen peroxide environmental applications [16-19]. The activation
of persulfate by heat, UVC light or ultrasound (US), transition
metal, base, peroxide or ozone leads to the generation of sulfate
radicals (SO ) [12,20,21]. Among different transition metals used
in persulfate activation [22], iron in its ferrous form is the most fre-
quently studied activator for ISCO applications [12,16,18]. How-
ever, ferrous ion-activated persulfate oxidation has its limitations
related mainly to the fast conversion of Fe?* into Fe** via Eq. (3)
leading to the rapid termination of persulfate activation and the
fast scavenging of SO; by excessive Fe?* through Eq. (4) eventually
causing the reduction in treatment efficacy [16,23,24]:

S,05 + Fe?* — Fe*" 4503 +S0, k=20L/(mol -s) (3)

SO, + Fe?* — Fe** + 502~ k =4.6 x 10° L/(mol - 5) (4)

Moreover, in the both above-mentioned ISCO technologies iron
is used initially in a soluble Fe?* form to activate oxidant; however
aqueous iron is relatively insoluble at the ambient pH > 5 of most
natural aquifer systems and tend to precipitate in the form of
amorphous ferric oxyhydroxides [25]. Thus, to adjust the availabil-
ity of Fe?* and to stabilize its amount in aqueous matrices at natu-
ral pH values, chelating agents such as ethylenediaminetetraacetic
acid (EDTA) [17,26], ethylenediaminedisuccinate (EDDS) [27-29],
sodium polyphosphates (STPP, TSPP) [17,27], oxalic acid (OA)
[26,29], tartaric acid [26,29] and citric acid/citrates (CA)
[17,27,29] could be employed in ISCO applications. The latter, CA,
proved to be the most feasible chelating agent both for Fe?*-
activated hydrogen peroxide and persulfate oxidation of
chlorophenols [27] and the most efficient one for aniline decompo-
sition by Fe?*-activated persulfate system [29].

Therefore, in the present study the potential of H,0,/Fe?*/CA,
S,03/Fe**|CA and combined H,0,/S,03 [Fe?*/CA systems in NPX
decomposition was assessed. According to the available literature,
the application of radical-based advanced oxidation technologies
(AQTs), including UVC/H,0, system [30,31], O3/H,0;, and O5/UVC
processes [32], O3/TiO, oxidation [32], sonolysis and combined
US/Fenton/TiO, system [33], photo-Fenton and photo-Fenton-like
systems [31,34], photocatalysis [32], and thermally activated per-
sulfate oxidation [35], proved to be a promising solution for NPX

degradation in aqueous matrices. However, the application of
Fe?*-activated persulfate and combined hydrogen peroxide/persul-
fate systems for NPX decomposition in aqueous solution was not
previously evaluated.

The main objective of this study was to investigate and compare
the degradation of NPX by citric acid chelated ferrous ion-activated
hydrogen peroxide, persulfate and innovative combined hydrogen
peroxide/persulfate systems. The effect of pH and different initial
oxidant, activator and chelating agent concentrations were evalu-
ated. The consumption of hydrogen peroxide and persulfate as well
as mineralization and degradation mechanism of NPX were also
studied. It is expected that the results of this study can provide valu-
able information on the degradation of NPX by these radical-based
AOTs applied as an ISCO approach for groundwater remediation.

2. Materials and methods
2.1. Chemicals and materials

All chemicals were of the highest purity commercially available
and used without further purification. Naproxen (Fig. 1; Ci4H;403,
>98%, molecular weight 230.26 g/mol, pK, = 4.45 [36], hydrogen
peroxide (H,0,, PERDROGEN™, >30%), sodium persulfate (Na;S,0g,
>99%), ferrous sulfate heptahydrate (FeSO4-7H,0, >99%), citric
acid monohydrate (C¢HgO7-H,0, >99%), sodium sulfite (Na,SOs,
>98%), sodium hydroxide (NaOH, >98%), and sulfuric acid
(H2S04, 95-98%) were purchased from Sigma-Aldrich. Acetonitrile
(CH3CN, LiChrosolv®), ethanol (C,HgO, EtOH, 99%), formic acid
(CH204, 99%), and tertiary butanol ((CH3)3COH, t-BuOH, >99%)
were purchased from Merck KGaA. Ultrapure water, generated by
a Millipore Simplicity® UV System, was used for the preparation
of all solutions used in the non-activated and activated hydrogen
peroxide, persulfate and combined hydrogen peroxide/persulfate
oxidation experiments.

2.2. Experimental procedure

The laboratory-scale experiments of the activated hydrogen per-
oxide (H,0,), persulfate (S,037) and combined H,0,/S,03~ systems
were performed in batch mode at ambient room temperature
(22 £1 °C). No buffer solution was used to avoid any interference
related to potential reactions between hydroxyl and sulfate radicals
and buffer species. NPX solutions (75 pM, 0.4 L) were treated in a
0.6-L cylindrical glass reactor with a permanent agitation speed
(400 rpm) for a period of 3 h. The pH of the samples was adjusted
to 3, 5,7 or 9 by NaOH or H,SO,4 aqueous solutions. The activator
(FeSO4-7H,0, Fe?*) or activator/chelating agent (CgHgO7-H,0, CA)
was added, and after complete dissolution of the activator or che-
lated activator, the oxidation was initiated by adding hydrogen per-
oxide and/or sodium persulfate. In the case of combined H,0,/
S,0% system, both oxidants were added simultaneously. Samples
were withdrawn at pre-determined time intervals, corresponding
to 0, 1,5, 10, 15, 30, 60, 120 and 180 min. The oxidation quenching
was done by the addition of Na,SOs5 at a [oxidant]o/SO3~ molar ratio
(m/m) of 1/10 or by the addition of 1 M NaOH solution to adjust the
PH to ~9. The experiments on NPX oxidation with non-activated

CH,
OH

CHy

Fig. 1. Molecular structure of NPX.



256 N. Dulova et al./Chemical Engineering Journal 318 (2017) 254-263

hydrogen peroxide or persulfate were conducted in identical reac-
tors and treatment conditions for the respective activated oxidation
trials. 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. Identification of hydroxyl and sulfate radicals

Radical scavengers were applied to identify the radicals formed
during the S,03/Fe?* and combined H,0,/S,0% [Fe?* processes. To
differentiate the role of HO" and SOy in NPX degradation by the
S,03/Fe?* and H,0,/S,0% [Fe?* systems two radical probes, EtOH
and t-BuOH, were employed. An excessive amount of scavenger
was spiked into the reaction solutions before the activator or che-
lated activator and the oxidant addition at a NPX/[scavenger], m/m
of 1/500.

2.4. Analytical methods

The pH was measured using a digital pH/lon meter (Mettler
Toledo S220). The initial hydrogen peroxide concentration in the
stock solutions was measured spectrophotometrically at
/=254 nm (the molar extinction coefficient of H,0, at 254 nm is
19.6 L/(mol-cm)); the residual hydrogen peroxide concentration
in the treated samples was measured spectrophotometrically at
/=410 nm with titanium sulfate by a hydrogen peroxide-Ti** com-
plex formation [37] by a Hehios-p UV/VIS spectrophotometer
(Thermo Electron Corporation). The residual persulfate concentra-
tion in the treated samples was measured spectrophotometrically
at i=446nm with o-dianisidine by a o-dianisidine-
peroxydisulfate complex formation [38]. The Fe?* concentration
in the solution was measured spectrophotometrically at
/=492 nm using the o-phenanthroline method [39]. The non-
purgeable organic carbon (NPOC) was measured by a TOC analyzer
multi N/C® 3100 (Analytik Jena).

The evolution of NPX concentration was monitored by means of
a high performance liquid chromatography combined with diode
array detector (HPLC-PDA, Prominence SPD-M20A, Shimadzu)
equipped with a Phenomenex Gemini (150 x 2.0 mm, 1.7 um)
NX-C18 (110 A, 5 um) column. The isocratic method with a solvent
mixture of 40% acetonitrile and 60% formic acid (0.1%) aqueous
solution was applied. The flow rate was kept at 0.2 mL/min. Sam-
ples were scanned at 190-800 nm and analyzed at /=232 nm.
The concentration of NPX was determined by using the standard
multipoint calibration.

2.5. Identification of NPX transformation products

The samples from selected trials were analyzed by the high-
performance liquid chromatography combined with mass spec-
trometer (HPLC-MS, Shimadzu LC-MS 2020). Phenomenex
Gemini-NX 5u C18 110A 150 x 2.0 mm column, inner diameter
1.7 pm, was used with isocratic eluents mixture, 0.3% formic acid
aqueous solution (60%) and acetonitrile (40%), and total flow rate
of 0.2 mL/min. Mass spectra were 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.

3. Results and discussion
3.1. Ferrous ion-activated oxidation

As presented in Fig. 2(a,b), the degradation of NPX was negligi-
ble by direct hydrogen peroxide and persulfate oxidation while it
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Fig. 2. NPX degradation and NPOC reduction by (a) the H,0,/Fe?* process (NPX/
H,0,/Fe?* is a molar ratio, [H202]o =750 uM), (b) the S,0% [Fe** process (NPX/
S,03/Fe?* is a molar ratio, [S;03 ]o =750 uM), (c) the H,0,/S,03~/Fe** process
(NPX/H,0,/S,0%[Fe?* is a molar ratio, [H,05]o = [S;03]o = 750 pM): effect of initial
Fe?* concentration (pHo = 3).

was considerably accelerated by ferrous ion activation of both oxi-
dants. Accordingly, the increase in applied activator dose at a fixed
oxidant initial concentration of 750 pM, corresponding to a NPX/
H,0, and NPX/S,0%2~ m/m of 1/10 for the H,0,/Fe?* and S,0% /
Fe?* system, respectively, resulted in a stable improvement in the
NPX degradation efficacy. Overall, the efficacy of target compound
degradation in the S,0% /Fe?* process was lower compared with
the H,0,/Fe?* process at the same NPX/oxidant/Fe?" ratios. For
instance, the application of NPX/oxidant/Fe?* m/m/m of 1/10/1
resulted in >99% NPX removal after 45 and 120 min of the
Fe?*-activated H,0, and S,03", respectively. The tendency of NPX
mineralization proved similar to the target compound degradation
trend for the studied systems and in general was enhanced with
increases in the activator dose (Fig. 2(a,b)). Conversely, the miner-
alization was considerably lower than the target compound
removal, and thus the highest obtained NPOC reduction under
the studied treatment conditions was 40% at a NPX/H,0,/Fe**
m/m/m of 1/10/1 and 11% at a NPX/S,02/Fe?* m/m/m of 1/10/2;
mainly indicating the accumulation of NPX transformation prod-
ucts (TPs) in the oxidized solution. Notably, both the tendency of
NPOC removal and NPX degradation were consistent with the dis-
sociation of oxidant, which was more complete in the case of the
elevated activator dose (Table 1).
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It should be noted that in the H,0,/Fe?* and S,03/Fe?* system,
the entire reaction was divided into two stages: the first period of
fast NPX degradation and the second period of gradual NPX oxida-
tion. Consequently, more than 45% and 54% of NPX was removed
during the first minute and the rest of the 120 min oxidation,
respectively, in the S,0%/Fe?* system at a NPX/S,03 /Fe?* m/m/
m of 1/10/1. In the case of H,0,/Fe?* process (NPX/H,0,/Fe?*
m/m/m 1/10/1), almost 57% and 43% of NPX was degraded during
the first period and the rest of the 45 min oxidation indicating
higher efficacy of this process in NPX decomposition during the
second period as compared to the S,03~/Fe?* system. This finding
was also supported by Fe?* concentration profile measurements
in reaction mixture. The obtained results indicated a fast drop in
the Fe?* concentration to 27.5% and 25.8% from the initial concen-
tration of 75 puM during the first minute of oxidation in the
H,0,/Fe?** (NPX/H,0,/Fe?* m/m/m 1/10/1) and S,0% [Fe**
(NPX/S,0%~/Fe?* m/m/m 1/10/1) system, respectively. However,
the Fe?* concentration in solution started to increase after 5 min
of the H,0,/Fe*" oxidation reaching a plateau at ~36 puM after
30 min. In the S,0%/Fe?* system no increase in the Fe?* concentra-
tion during the rest of 120 min oxidation was observed. The latter
observation is consistent with the previously reported studies
[17,40,41] and could be explained by rapid generation of SOy
through the dissociation of S,03~ immediately after the activation
and fast accumulation of Fe3*, which is most likely subsequently
slowly reduced in the reaction with organic radicals (R’) as pre-
sented in Eq. (5):

R+ Fe*" — Fe?' + intermediates (5)

Therefore, in order to facilitate the Fe** reduction in ferrous ion-
activated persulfate processes as well as to evaluate the superiority
and synergetic effect of the H,0,/Fe?*, S,03/Fe?* and S,03 /H,0,
systems the combined H,0,/S,0% [Fe?* system was studied
(Fig. 2(c)). The chemistry of the latter process is still uncertain:
the suggested activation mechanisms include the HO' generation
from H,0, or the heat release from the exothermic H,0, reactions
[12]. The efficacy of NPX degradation by the peroxide-activated
S,03~ was assessed at a NPX/H,0,/S,03~ m/m/m of 1/10/10; the

Table 1
Final pH values and residual oxidant concentrations in different Fe?*-activated
systems under various treatment conditions ([NPX]o =75 pM, t = 180 min).

Process Molar ratio pHo pH [oxidant],%
remained
H,0,/Fe?* NPX/H,0,/Fe?* [H,0,]
1/10/0 3 3.00 99.8
1/10/0.5 3 299 222
1/10/1 3 2.96 3.9
1/10/2 3 2.95 0
1/10/1 5 3.55 8.0
1/10/1 7 4.01 31.1
1/10/1 9 4.06 373
S,03 [Fe?* NPX/S,03 [Fe?* [5,03 ]
1/10/0 3 2.96 98.4
1/10/0.5 3 2.94 84.8
1/10/1 3 2.90 73.7
1/10/2 3 2.88 66.9
1/10/1 5 327 83.8
1/10/1 7 3.54 88.1
1/10/1 9 3.60 90.0
Hy0,/5,037/ NPX/H,0,/S,05"/ [H202]
Fe2¢ F82+
1/10/10/0 3 298 97.9
1/10/10/1 3 286 388
1/10/10/2 3 2.72 5.7
1/10/10/1 5 3.17 46.5
1/10/10/1 7 3.35 59.0
1/10/10/1 9 3.54 69.1

results indicated less than 4% NPX degradation and negligible
NPOC reduction after 180 min of oxidation. It should be noted that
similar to the H,0,/Fe?* and S,0% [Fe?* oxidation the two stage
mechanism of reaction was observed in the combined H,0,/
S,03/Fe?* system. The results presented in Fig. 2 clearly indicated
a more fast decrease in NPX concentration during the first minute
in the H,0,/S,0%/Fe?* process compared with the H,0,/Fe?* and
S,0%~/Fe?* systems, demonstrating the synergetic action of both
processes. On the other hand, taking into consideration the two-
fold higher activator dose added into the Fe?*-activated H,0,/
S,03~ system, the overall efficacy of the H,0,/S,03~/Fe?* process
in NPX decomposition was in general higher than in the S,0%/
Fe?* system but to a certain degree lower than in the H,0,/Fe?*
process, mainly suggesting the existence of concurrent reactions
of the oxidants with the activator in the H,0,/S,03/Fe?* system.
Accordingly, 40%, 8% and 21(39)% of the initial NPOC concentration
was removed after 180 min of oxidation by the H,0,/Fe?" system
at a NPX/H,0,/Fe** m/m/m of 1/10/1, the S,0% /Fe?* system at a
NPX/S,03~/Fe?* m/m/m of 1/10/1, and the combined H,0,/S,0%"/
Fe?* system at a NPX/H,0,/S,0% /Fe?** m/m/m/m of 1/10/10/1(2),
respectively (Fig. 2).

In the combined H,0,/S,03"/Fe?* system, the measurement of
residual concentrations of S,05~ was interfered with the presence
of H,0, in samples. In contrast, the presence of residual S,03" still
permitted the measurement of undissociated H,0, (Table 1).
Accordingly, the increase in activator dose improved the consump-
tion of H,0, in the combined system, and only 6% of residual oxi-
dant was detected after 180 min of oxidation at a NPX/H,0,/S,03/
Fe?* m/m/m/m of 1/10/10/2.

The pH value of the aqueous matrix is known to be a limiting
factor in iron-activated ISCO applications. Therefore, the effect of
pHo on the decomposition of NPX in the studied systems was eval-
uated and the results are presented in Fig. 3. The efficacy of NPX
decomposition was found to decrease steadily with the increase
in the pHy value in the H,0,/Fe?* and H,0,/S,03 [Fe?* system.
Although Fe?* salts are quite soluble in aqueous matrices even at
neutral pH values, ferrous ions tend to co-precipitate with amor-
phous ferric oxyhydroxides if the pH is brought up above 3 [42].
As a result, the efficacy of organic compounds oxidative degrada-
tion by the Fenton and related systems usually the highest at a
pH value ~3 mainly due to the speciation of Fe** [15,42]. In the
case of S,037/Fe?* process, the results revealed the comparable
performance of NPX degradation and mineralization at pHy values
of 3, 5 and 7, suggesting a high potential of this system for ISCO
applications at natural pH values. These findings are consistent
with the previous studies regarding organic pollutants degradation
by the Fe?*-activated S,0%  systems [41,43]. It should be noted
that the solution pH in all trials decreased to around 3-4 after
180 min of oxidation, mainly due to acidity of activator and oxi-
dant as well as formation of acidic intermediate product during
the reactions (Table 1).

3.2. Citric acid chelated ferrous ion-activated oxidation

To evaluate the effect of chelating agent concentration on NPX
degradation in the H,0,/Fe?*/CA, S,0% |Fe**/CA and H,0,/S,0% /
Fe?*|/CA system the experiments were conducted at different
metal/ligand molar ratios. Citric acid has three carboxyl dentates,
and thus will completely chelate Fe?* to form a hexacoordinated
complex at a Fe?*/CA molar ratio of 1/2. Thus, four Fe**/CA molar
ratios of 1/0.1, 1/0.5, 1/1 and 1/2 were studied at the same NPX/
H,0,, NPX/S,0%~ or NPX/H,0,/S,0%4~ molar ratio of 1/10, 1/10 or
1/10/10, respectively. Fig. 4 shows the NPX degradation and NPOC
removal profiles for different CA-Fe?*-activated oxidation systems
at pHy 3. It should be noted that in the case of CA-Fe?*-activated
processes, the overall NPOC concentration consisted of NPOCypx
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Fig. 3. NPX degradation and NPOC reduction by (a) the H,0,/Fe?* process (NPX/
H,0,/Fe?* molar ratio of 1/10/1), (b) the S,03/Fe?* process (NPX/S,0% [Fe?* molar
ratio of 1/10/1), (c) the H,0/S,03/Fe?* process (NPX/H,0,/S,03~/Fe?* molar ratio
of 1/10/10/1): effect of initial pH ([NPX]o = 75 pM).

and NPOCca. Among the studied oxidation processes, the highest
improvement in target compound degradation and oxidant disso-
ciation, as presented in Table 2, was observed in the S,03/Fe®*/CA
system. Accordingly, the noticeable enhancement of NPX degrada-
tion and S,03" activation was observed at Fe?*/CA molar ratios of
1/0.5 and 1/1 resulting in more than 99.9% NPX destruction after
60 and 45 min of oxidation, respectively, and more than 50%
S$,0%" dissociation after 180 min of oxidation. A further increase
in the chelating ligand concentration led to decrease in the oxida-
tion efficacy. Other studies conducted at uncontrolled pH also
reported effective organic contaminants degradation and S,0%~
activation in the S,0%/Fe?*/CA systems with prudently optimized
chelating agent concentration [17,27]. In the case of the classical
H,0,/Fe?* system the addition of CA inhibited the efficacy of NPX
degradation at the studied treatment conditions. Moreover, a clear
strengthening of the inhibitive effect with the increase in the CA
dose was observed. Accordingly, 95%, 89.8% and 79.3% of NPX were
removed at a NPX/H,0,/Fe?*/CA m/m/m/m of 1/10/1/0, 1/10/1/0.1
and 1/10/1/1, respectively, after 30 min of oxidation. In the same
way, the H,0, dissociation was evidently suppressed in the
H,0,/Fe?*|CA system as presented in Table 2. Several reasons could
be suggested to explain the inhibition of NPX degradation as well
as H,0, dissociation efficacy in the H,0,/Fe?* caused by the addi-
tion of chelating agent. Firstly, the strong complexation with CA
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Fig. 4. NPX degradation and NPOC reduction by (a) the H,0,/Fe?*/CA process (NPX/
H,0,/Fe?*|CA is a molar ratio), (b) the S,03/Fe?*/CA process (NPX/S,03 [Fe?*|CA is
a molar ratio), (c) the H,0,/S,03 /Fe*|CA process (NPX/H,0,/S,0% [Fe**|CA is a
molar ratio): effect of initial CA concentration ([Fe**]o =75 uM, pHo = 3).

caused unavailability of soluble Fe?* to react with H,0,.
Secondly, the chelating agent played a role of HO" scavenger
(keano- = 5.0 x 107 L/(mol-s) [44]), which in turn suppressed the
destruction of NPX. Finally, the direct activator regeneration
through Eq. (2) was more efficient that the CA assisted mechanism
via Eq. (5) or the combined action of both reactions.

Compared to the Fe**-activated oxidation, the NPX degradation
was enhanced in the H,0,/S,03[Fe?*/CA system when the appro-
priate concentration of CA was added, while the observed improve-
ment was less significant as compared to the S,03 /Fe?* system,
mainly due to the influence of the H,0,/Fe?* fragment of the sys-
tem chemistry. Notably, the NPX degradation in the S,03 /Fe?*|
CA and H,0,/S,0%/Fe?*|CA systems was similar to that in the
non-chelated processes and went through two stages, indicating
the S,0%/Fe?* fragment influence on the combined system mech-
anism. Thus, the highest improvement in NPX degradation and
total mineralization was observed at a Fe**/CA molar ratio of
1/0.5 resulting in complete NPX destruction in less than 60 min
of oxidation and 27.4% NPOC removal after 180 min of reaction.
As in the case of the other two systems, an evident decrease in
the NPX degradation and the overall mineralization was observed
in the combined system at a Fe?*/CA m/m of 1/2. This finding is
consistent with the previous studies which demonstrated that
the full complexation of Fe?" by CA resulted in the reduced
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Table 2
Final pH values and residual oxidant concentrations in different CA-Fe?*-activated
systems under various treatment conditions ([NPX]o = 75 uM, t = 180 min).

Process Molar ratio pHo pH [oxidant],%
remained
H,0,/Fe?*|CA NPX/H,0,/Fe?*|CA [H0,]
1/10/1/0.1 3 2.96 43
1/10/1/0.5 3 2.95 9.1
1/10/1/1 3 2.93 15.8
1/10/1/2 3 2.90 55.2
1/10/1/0.1 5 3.85 27
1/10/1/0.5 5 3.77 0.0
1/10/1/1 5 3.74 12
1/10/1/0.1 7 3.89 5.3
1/10/1/1 7 3.77 1.9
1/10/1/1 9 3.81 24
S,03[Fe?*|CA NPX/S,03[Fe?*|CA [S,0%7]
1/10/1/0.1 3 2.88 70.1
1/10/1/0.5 3 2.84 47.5
1/10/1/1 3 275 435
1/10/1/2 3 2.72 56.4
1/10/1/0.1 5 3.25 69.8
1/10/1/0.5 5 3.14 324
1/10/1/1 5 3.04 30.7
1/10/1/0.1 7 3.35 77.7
1/10/1/1 7 3.06 40.2
1/10/1/1 9 3.09 41.9
H,0,/S,03"[Fe?*|CA  NPX/H,0,/5,03 [Fe**|CA [H0,]
]/10/10/1/01 3 2.80 238
1/10/10/1/0.5 3 2.77 26.3
1/10/10/1/1 3 2.73 39.2
1/10/10/1/2 3 2.71 70.7
1/10/10/2/1 3 2.70 9.8
1/10/10/2/2 3 2.59 23.1
1/10/10/1/0.1 5 3.17 28.9
1/10/10/1/0.5 5 2.99 20.2
1/10/10/1/1 5 2.96 28.7
1/10/10/1/0.1 7 3.16 415
1/10/10/1/1 7 3.02 30.5
1/10/10/1/1 9 3.04 33.0

availability of Fe?* in solution along with the declined efficacy of
oxidant dissociation and organic contaminant degradation
[27,29,40].

In the case of CA-Fe?*-activated systems at pHo > 3, the impor-
tant role of CA was to stabilize iron ions in solution by the com-
bined mechanism including the decrease of solution pHy, the
formation of CA-Fe?*/Fe* complexes, and as a result the preven-
tion of Fe** from precipitating into ferric oxyhydroxides. From
Fig. 5 and Table 2, it can be seen that an increase in the pHy to 5
noticeably improved the efficacy of the H,0,/Fe?*/CA system in
NPX degradation and oxidant activation as compared to the
H,0,/Fe?* process. The improved NPX degradation was observed
even at a low Fe?*/CA molar ratio of 1/0.1 with more than 99.9%
NPX removal in 60 min of oxidation as compared to the similar
percent removal of NPX after 120 min of the non-chelated oxida-
tion. The highest enhancement in NPX destruction and total miner-
alization as well as H,0, dissociation was attained at a Fe?*/CA of
1/0.5. In the case of the S,0% /Fe**/CA and combined H,0,/
S,0%"[Fe**|CA system, the improvement in target compound
degradation efficacy was also more evident at pH 5 as compared
to the results obtained at pH 3 with the highest oxidation effective-
ness observed at the same Fe?*/CA m/m of 1/1 and 1/0.5, respec-
tively. A further increase in the pH, value revealed that
irrespective of the applied oxidation process, the efficacy of NPX
degradation and total mineralization was similar at pH 5, 7 and 9
(Fig. 6). Therefore, according to the results presented in Figs. 4-6
and Table 2, the S,03~/Fe**/CA process proved the most effective
and particularly promising technique for NPX degradation at a
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Fig. 5. NPX degradation and NPOC reduction by (a) the H,0,/Fe?*/CA process (NPX/
H,0,/Fe?*/CA is a molar ratio), (b) the S,03/Fe?*/CA process (NPX/S,03 [Fe?*|CA is
a molar ratio), (c) the H,0,/S,03 [Fe?"/CA process (NPX/H,0,/S,03 [Fe?*|CA is a
molar ratio): effect of initial CA concentration ([Fe?*]o =75 UM, pHo = 5).

wide range of pH values followed by the CA-Fe?* activated com-
bined system. Notably, the solution pH was not controlled during
the reaction and the final pH values in these reactions are pre-
sented in Table 2. In the case of the H,0, and S,0%~ dissociation
extent in the studied CA-Fe?*-activated processes, the lowest resid-
ual concentrations were observed at pH 5 rather than pH 3 and the
activation efficacy steadily decreased when the pH value was
above 5 (Table 2). Similar to the findings of Liang et al. [45] regard-
ing to EDTA-Fe?*|Fe* complexes formation, this phenomenon
could be explained by different predominant forms of the CA-
Fe** complex, such as Fe?**H,CA, Fe*’HCA, Fe?*CA, Fe?*(OH)CA
and Fe?*(OH),CA, depending on the pH, which are mainly respon-
sible for the Fe?* availability in solution. Hence, the efficacy of oxi-
dant activation could be dependent on the composition of mixed
iron/ligand complexes at different pH values. As a result, when
pH was raised to 5, the moderate concentration of hydroxyl ions
led to an appropriate mixed chelation. A further increase in pH
to neutral and alkaline conditions generated sufficient hydroxyl
ions and resulted in an excessive mixed chelation leading to
decrease in the availability of Fe?*

To sum up, the comparison of results obtained in the non-
chelated and CA-chelated Fe?*-activated systems at the same treat-
ment conditions indicated that the addition of chelating ligand
proved effective to improve the NPX degradation at a wide range
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Fig. 6. NPX degradation and NPOC reduction by (a) the H,0,/Fe?*/CA process (NPX/
H,0,/Fe?*|CA molar ratio of 1/10/1/1), (b) the S,0% /Fe?*/CA process (NPX/S,03/
Fe?*/CA molar ratio of 1/10/1/1/), (c) the H,0,/S,03 /Fe?*/CA process (NPX/H,0,/
$,03[Fe?*|CA molar ratio of 1/10/10/1/1): effect of initial pH ([NPX]o = 75 uM).

of pH probably due to the combined actions including the decrease
of pH, the buffering of Fe?* availability, and the prevention of Fe3*
precipitation in the studied processes. Therefore, the presence of
CA played an important role in maintaining Fe?" stable in aqueous
solution, which favored the NPX destruction by the H,0,/Fe?*/CA,
H,0,/S,03~/Fe?*|CA, and especially S,0%/Fe?*/CA process.

3.3. Identification of active radicals in citric acid chelated ferrous
ion-activated persulfate and hydrogen peroxide/persulfate systems

To identify the predominant oxidative species and obtain a
further insight into the reaction mechanism of NPX degradation
by the S,03 /Fe?*, S,0% [Fe**|CA, H,0,/S,03 [Fe** and
H,0,/S,03 [Fe?*|CA systems, scavenging studies using radical
probes were carried out. The experiments were conducted with
the addition of EtOH, reacting at high and comparable rates with
HO' (1.2 x10°-2.8x10°L/(mol's)) and SO; (1.6 x 107 —
7.7 x 107 Lj(mol-s)), and t-BuOH, which is more effective scav-
enger for HO' (3.8 x 10% — 7.6 x 108 L/(mol-s)) than for SO
(4 x 10° — 9.1 x 10° L/(mol-s)) [22,46]. Based on these characteris-
tics, the presence of HO* was identified by adding excess t-BuOH into
the studied systems. The effect of SOy was estimated by comparing
the difference between the degradation efficacy of NPX after adding
excess t-BuOH and EtOH.

The results in Table 3 indicated that irrespective of the pHg
value, the addition of excess t-BuOH decreased the efficacy of
NPX degradation by about 14% and 15% for the S,0% /Fe?* and
S,03"[Fe?*|CA systems, respectively, suggesting that HO' was
involved in the both cases. The obtained results are consistent with
the findings of Ji et al. [47] and Wu et al. [40].

For the combined process, the scavenging effect of excess t-
BuOH was expectedly higher and accordingly the increase in the
residual NPX concentration by about 65% and 50% was observed
in the non-chelated and CA-chelated Fe?*-activated system at
pHop = 3, respectively. In the case of trials at pHo =7, the presence
of excess t-BuOH decreased the efficacy of NPX degradation by
about 54% and 49% for the H,0,/S,0% /Fe?* and H,0,/S,03 [Fe**|
CA systems, respectively, indicating that the generation of HO"
was more affected by the pHy in the non-chelated system. The
addition of excess EtOH drastically inhibited the degradation of
NPX in all studied systems. The small amount of NPX degradation
that could not be eliminated by the addition of excess EtOH was
most likely attributed to the generation of reductants, such as
03, in the studied systems [40]. These findings suggested that both
HO and SOy contributed to the degradation of NPX in the studied
systems, whereas HO" proved the predominant oxidative species in
the activated H,0,/S,0%~ process.

3.4. Identification of major transformation products

The same transformation products were identified during the
oxidation of NPX by the H,0,/Fe?*/CA, S,0% [Fe?*/CA and H,0,/
S,03/Fe**|CA systems using LC-MS analysis as presented in
Table 4. According to the results of the scavenging trials, both
HO' and SOy were responsible for the destruction of NPX in the
studied systems. In contrast, it is well known that SOy shares the
similar reaction mechanisms with HO", namely hydrogen abstrac-
tion, hydroxyl addition to unsaturated carbon including double
bond and aromatic rings, and electron transfer which is more pre-
vailing for SOy [48]. Irrespective of the applied oxidation system,
the main step of the formation of the TPs was proposed to be
hydroxylation (TP1a and TP1b), which is a common reaction path-
way in both HO" and SOy reaction with aromatic molecules [15,49],
with the subsequent decarboxylation (TP2-TP4) or demethoxyla-
tion (TP5).

Unfortunately, the MS data did not allow to differentiate which
site was preferentially attacked by the radicals and where the exact
position of hydroxylation occurred, thus TP1a and TP1b structures
were proposed based on the suggested routes (A and B) for the for-
mation of other identified products (TP2-TP5) (Fig. 7). In the route
A, the initial attack of HO*/SOy in methyl position results in forma-
tion of TP1a, which sequentially yields the peroxyl radical to pro-
duce further TP2 (2-Methoxy-6-vinylnaphthalene) [35,50,51], TP3
(2-Acetyl-6-methoxynaphthalene) [35,50,52] and TP4 (1-(6-Meth
oxynaphthalen-2-yl)ethyl hydroperoxide) [52]. In the route B, the

Table 3
Degradation of NPX at different conditions.

Process® pHo [NPX],% removed
Without scavenger t-BuOH EtOH
S,03 [Fe* 3 90.3 76.1 14.6
7 85.8 732 13.5
S,03[Fe?*|CA 3 96.5 812 19.3
7 99.9 85.1 21.7
H,0,/S,03 [Fe* 3 88.2 232 6.4
7 78.5 24.8 9.0
H,0./5,03~[Fe?*|CA 3 78.9 29.2 16.8
7 779 28.6 194

2 Experimental condition: [NPX]o=[Fe?*]o=[CAlo=75 UM, [H202]o=[S203 Jo =

750 pM, [t-BuOH]o = [EtOH]o = 37.5 mM, t = 30 min.
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Table 4

Proposed structures of the transformation products (TPs) of NPX presumed using LC-MS analysis.

Compound Molecular weight [M +H]*, m/z Reaction pathway Chemical structure
TP1a 246 247 +[HO] CH,
-[H] HO
OH
(]
[0}
[}
CH,
TP1b 246 247 +[HO] CH,
-[H] oH
6]
(]
|
CHy
TP2 184 185 +[HO]
-[H,0] CH,
-[COOH] |
o
|
CHy
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Fig. 7. Proposed reaction pathways for degradation of NPX in the studied systems.

attack of HO'/SOy in ring position occupied by methoxyl group
leads to formation of TP1b, causing the subsequent demethoxyla-
tion to form TP5 (2-(6-Hydroxy-2-naphthyl)propanoic acid) [53].
It should be noted that the concentration of TPs increased with
increasing reaction time to the maximum, and then gradually
declined to below detection limit after complete destruction of
NPX in the studied systems. The TP2 and TP3 were the two major
TPs determined during the degradation of NPX by all studied sys-
tems. These intermediates were also previously reported in the lit-
erature as the most common NPX degradation by-products by
other radical-based oxidation processes [35,50-52].

4. Conclusions

This study explored the degradation of NPX under different
experimental conditions by H,0,, S,03~ and combined H,0,/
S,0%~ activated with citric acid chelated ferrous ion. The addition
of CA at an appropriate complexation ratio substantially improved
the NPX destruction by the oxidation processes. The efficacy in the
target compound oxidation was the highest in the S,03~/Fe?*/CA
process followed by the H,0,/S,03 [Fe**/CA process. Irrespective
of the applied system, the mineralization of NPX was limitedly
achieved. The results of the quenching studies suggested that both
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HO" and SO contributed to the degradation of NPX in the activated
$,03~ and H,0,/S,03 systems, while HO" proved the predominant
radical in the combined process. Potential degradation mechanism
of NPX was proposed based on the identified transformation prod-
ucts and included hydroxylation with the subsequent decarboxyla-
tion or demethoxylation. This study demonstrates that CA-Fe?*-
activated S,03~ and combined H,0,/S,0%~ oxidation are effective
treatment technologies for the degradation of NPX in aqueous
solution at a wide range of pH and provides valuable information
on the potential ISCO application of these technologies for the
removal of NPX from the contaminated groundwater.
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