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Abstract

Peroxydisulfate (PDS) and peroxymonosulfate (PMS) are among the strongest and newest
oxidants used in environmental studies. Furthermore, they can form free radicals analogous
to the hydroxyl radical pathways generated by Fenton’s chemistry. Sulfate radicals are also
very strong aqueous oxidizing species with a redox potential estimated to be 2.6 V, similar
to that of the hydroxyl radical, 2.7 V. These radicals can be used for the remediation of a
wide range of contaminants, including chlorinated olefins, BTEXs, phenols,
pharmaceuticals, inorganics and pesticides. Moreover, the reactivity of persulfates is
extremely dependent on the related activation techniques and the composition of the treated
matrix. Non-catalysed persulfate reactions have drawbacks in the form of slow reaction
rates and the formation of stable disinfection by-products, which reduce natural attenuation.
Activation can be achieved by heat, UV radiation, radiolysis, where two radicals are
generated from each molecule of oxidant, or by either homogenous or heterogeneous
chemical methods. Treatment with a generated sulfate radical is effective for almost all
known types of contamination, but depending on reaction conditions, hydroxyl, superoxide
radicals or singlet oxygen can be the dominant radical. In addition to the activation process,
the water quality parameters are of great importance, especially pH and concentrations of

halogens or natural organic matter.

Part of the work was focused to evaluate the efficacy of two persulfate-based oxidants:
peroxydisulfate and peroxymonosulfate activated in various ways to treat HCH-impacted
environmental media. Results from batch treatment showed positive results for electro-
activated PDS but only negligible effectiveness for electro-activated PMS. However,
cobalt-mediated activation of PMS had shown good effect on HCH oxidation. Furthermore,
tests investigating decomposition of both persulfates were done and the optimal conditions
for decontamination (applied current, molar ratio between oxidant and activator) were
found. To follow PMS decomposition rate, simple, sensitive and accurate
spectrophotometric method has been developed and validated for the determination of it.

Furthermore, it was demonstrated that elevated temperatures from meso- or thermophilic
digestion could activate persulfates and oxidize toluene and other organic matter in
anaerobically digested sludge thereby improving its dewaterability. Furthermore,

supernatant obtained after oxidation treatment was conditioned by struvite precipitation in



order to remove ammonium nitrogen and phosphates. The results of this study indicate large
improvements in ADS properties after PDS treatment in comparison to PMS or temperature

conditioning alone.

To summarize, this work has shown persulfates applicability for the treatment of HCH-
contaminated water and anaerobically digested sludge. It has been shown, that properly
activated PDS and PMS can efficiently degrade HCH isomers as well as remove toluene

and improve properties of anaerobically digested sludge.

The introduction of this thesis is a significant part of a review paper entitled “Chemistry of
persulfates in water and wastewater treatment: a review” which is submitted in an impact

factored journal.

Keywords: oxidation, remediation, persulfates, peroxydisulfate, peroxymonosulfate,

persistent organic pollutants



Abstrakt

Peroxodisiran (PDS) a peroxomonosiran (PMS) patii mezi nejnovéjsi a nejsilngjs$i oxidanty
pouzivané v zivotnim prostfedi. Tyto oxidanty mohou tvofit volné radikaly analogické k
radikalim hydroxylovym vytvoifenym ve Fentonové reakci. Sulfatové radikaly jsou také velmi
silné vodné oxidacni Cinidla s oxida¢né-redukénim potencidlem cca. +2,6 V, podobnym
hydroxylovym radikdlim (+2,7 V). Tyto latky mohou byt pouzité pro Sirokou Skalu
kontaminanti, napi. chlorované olefiny, BTEX, fenoly, 1é¢iva, anorganické latky a pesticidy.
Navic, reaktivita peroxosirantl je velmi z&visla na pouzitych aktivacnich technikach a na slozeni
upravované matrice. Nekatalyzované reakce peroxosiranu maji nevyhody, jako je nizkd reakéni
rychlost a tvorbu toxickych produktii s dlouhou Zivotnosti. Aktivace se muze provadét
zvétSenim teploty, UV zafenim, radiolyzou (kde se vytvareji dva moly radikal na kazdy mol
molekuly oxidantu), nebo homogennimi ¢i heterogennimi chemickymi metodami. Generované
sulfatové radikaly jsou ucinné pro témér vSechny znamé typy polutantil, ale v zavislosti na
reak¢nich podminkéch ostatni radikaly kysliku (hydroxylové, superoxidové, singletovy kyslik)
mohou byt silnéjsimi oxidanty. Kromé toho, proces aktivace a parametry kvality vody (zejména
pH, obsah halogent a organickych rozpusténych latek) jsou dilezité pro pribéh oxidacnich
procesti.

Cast prace byla vénovana hodnoceni uéinnosti téchto dvou oxidantu (peroxodisiranu a
monoperoxosiranu), aktivovanych rliznymi zplsoby, na degradovatelnost hexachloro-
cyklohexani (HCH). Velmi rychld kinetika dekontaminace HCH byla pozorovéna u
peroxodisiranu aktivovaného elektrolyzou pii zanedbatelné ucinnost pro monoperoxosiran
aktivovany stejnym procesem. Nicméné, aktivace monoperoxosiranu kobaltem méla pozitivni
vliv na oxidace HCH. Kromé toho byly provedeny testy pro stanoveni kinetiky ubytku
peroxodisiranii a optimdlnich podminek pro oxidaci (intenzita proudu, moldrni pomér
oxida¢niho ¢inidla do aktivatoru). Pro sledovani rychlosti reakce byla vyvinuta a pouZita
jednoduchd, pfesnd a citliva spektrofotometrickd metoda pro stanoveni monoperoxosiranu myj.
v aktivovaném kalu.

Dale bylo ukéazano, ze zvysena teplota (v rozmezi od mezo- do termofilnich podminek) mtize
byt Gi¢inna pro aktivaci peroxosiranu pro oxidaci toluenu a dalSich organickych latek ke zlepSeni
vlastnosti a odvodnéni kalu. Ze supernatantu ziskaného po oxidaci byl vysrazen struvit pro
odstranéni amoniakalniho dusiku a fosfatu. Vysledky této studie ukazuji vyrazné zlepSeni
vlastnosti kalu po oxidace peroxodisiranem ve srovnani s oxidaci monoperoxosiranem nebo

zvySenim teploty.



Struc¢né feceno, tato prace ukazala, Ze peroxosirany jsou vhodné pro zlepSeni vlastnosti kalu,
jakoz i pro remediaci podzemni vody kontaminované vysoce toxickym HCH. Byly rovnéz
zjisténé aktivacni metody PMS a PDS pro ucinnou degradaci izomert HCH, toluenu a zlepSeni
vlastnosti kalu po fermentaci.

Teoreticka ¢ast této prace je soucasti prehledového ¢lanku "Chemistry of persulfates in water
and wastewater treatment: a review", ktery je pfipraven pro publikaci v Casopise s impakt

faktorem.

Klicova slova: oxidace, sanace, persulfaty, peroxodisiran, peroxomonosiran, perzistentni

organické polutanty



Streszczenie

Nadsiarczan (PDS) oraz mononadsiarczan (PMS) sg jednymi z najnowszych i najmocniejszych
utleniaczy stosowanych w badaniach §rodowiskowych. Ponadto, moga one tworzy¢ wolne
rodniki, analogicznie do sposobu generowania rodnikéw hydroksylowych w reakcji Fentona.
Rodniki siarczanowe sg bardzo silnymi utleniaczami o potencjale redoks szacowanym na 2,6
V, podobnym do potencjatu rodnika hydroksylowego, ktory wynosi 2,7 V. Rodniki te moga
by¢ wykorzystywane do oczyszczania szerokiego zakresu zanieczyszczen, w tym
chlorowanych weglowodorow, BTEX, fenoli, farmaceutykdéw, zwiazkow nieorganicznych i
pestycydow. Ponadto, reaktywno$¢ nadsiarczanow w wysokim stopniu zalezy od
zastosowanych technik aktywujacych oraz sktadu matrycy, w ktorym zostaly one uzyte.
Reakcje niekatalizowanego nadsiarczanu majag wady w postaci niskiej szybko$ci reakcji i
tworzenia trwatych produktow ubocznych. Aktywacja owej reakcji moze zostaé
przeprowadzona za pomocg ciepta, promieniowania UV, radiolizy (gdzie z kazdego mola
czasteczki utleniacza generowane sg dwa mole rodnikow) albo metod chemicznych
(jednorodnych lub niejednorodnych). Wygenerowany rodnik siarczanowy jest skuteczny
wobec niemal wszystkich znanych rodzajow zanieczyszczen, ale- w zaleznosci od warunkoéw
reakcji- rodnik hydroksylowy lub nawet tlen singletowy moga by¢ dominujacymi utleniaczami.
Poza tym w procesie utleniania niezwykle istotne sa: sposob aktywacji i parametry jako$ci
wody (zwlaszcza pH, st¢zenie halogendw i rozpuszczonych substancji organicznych).

Czeg$¢ pracy zostata poswigcona ocenie skutecznosci dwoch utleniaczy: nadsiarczanu i
mononadsiarczanu, aktywowanych roznymi sposobami, W celu uzyskania degradacji
hexachlorocyklohexanéw (HCH). Bardzo szybka kinetyka rozktadu HCH zostata
zaobserwowana u nadsiarczanu aktywowanego procesem elektrolizy, natomiast znikomag
skuteczno$¢ wykazywal mononadsiarczan aktywowany tym samym procesem. Jednakze,
aktywacja mononadsiarczanu kobaltem wywarta pozytywny wplyw na utlenianie HCH.
Ponadto, zostaty przeprowadzone testy okreslajace kinetyke redukcji nadsiarczanow, w wyniku
ktorych odkryto optymalne warunki dla utleniania (takie jak natezenie pradu czy stosunek
molowy utleniacza do aktywatora). Aby $ledzi¢ szybkos¢ redukcji mononadsiarczanu,
opracowano i zastosowano ftatwa, wrazliwg i dokladng metod¢ spektrofotometryczng
oznaczania tego zwigzku m.in. w osadzie czynnym i wodach podziemnych.

Ponadto, wykazano, ze podwyzszone temperatury wystepujace w procesie fermentacji (w
zakresie od mezo- do termofilowych) moga skutecznie aktywowaé nadsiarczany

doprowadzajgc do utlenienia toluenu i polepszenia wiasnosci osadu przefermentowanego,



jednoczesnie poprawiajagc rowniez jego odwadnialno$¢. Dodatkowo, w supernatancie
otrzymanym po przeprowadzonym procesie utleniania zostat wytragcony struwit, co
spowodowato tym samym usuni¢cie azotu amonowego i fosforanu z cieczy nadosadowe;.
Whyniki tego badania wskazujg na duza poprawe¢ wiasnosci osadu po procesie utleniania
nadsiarczanem, w pordéwnaniu do utleniania mononadsiarczanem czy uzycia wylgcznie
podwyzszonej temperatury.

Podsumowujac, w pracy tej wykazano, ze nadsiarczany skutecznie wptywajg na polepszenie
wlasnosci osadoéw przefermentowanych, jak réwniez na oczyszczanie wod podziemnych
zanieczyszczonych silnie toksycznymi HCH. Odkryto i opisano takze odpowiednie metody
aktywacji PDS i PMS, ktorej celem jest rozpoczecie procesu degradacji izomeréw HCH,
usunigcia toluenu oraz poprawienia wlasnosci przefermentowanego osadu.

Rozdziat teoretyczny przedstawionej pracy jest czgsécig artykutu przegladowego pod tytutem
"Chemistry of persulfates in water and wastewater treatment: a review", ktory zostanie

opublikowany w impaktowanym czasopi$mie.

Stowa kluczowe: utlenianie, rekultywacja, nadsiarczany, nadsiarczan, mononadsiarczan,

trwate zanieczyszczenia organiczne
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1. ABBREVIATIONS

2,4,6-TCP - 2,4,6-trichlorophenol

ADS - anaerobically digested sludge

BTEX - benzene, toluene, ethylbenzene and xylenes
C-DBP - carbonaceous disinfection by-products
COD - chemical oxygen demand

CST - capillary suction time

DBP - dichlorobenzophenone

DD - disintegration degree

DDNS - 1-chloro-2,2-bis (p-chlorophenyl)-ethane
DDT - 1,1,1-trichloro-2,2-bis(p-chlorophenyl) ethane
DMP - dimethyl phthalate

DNT - dinitrotoluene

EC - electrochemical

EK - electrokinetics

ESR - electron spin resonance

HCH - hexachlorocyclohexane

HDI - human development index

ISCO - in situ chemical oxidation

MPS - peroxymonosulfate (monopersulfate)
MTBE - methyl tert-butyl ether

N-DBP - nitrogenous disinfection by-products
NMR - nuclear magnetic resonance

NOM - natural organic matter

PCP - pentachlorophenol

PDS - peroxydisulfate

PFOA - perfluorooctanoic acid

PMS - peroxymonosulfate (monopersulfate)
POPs - persistent organic pollutants

SCOD - soluble chemical oxygen demand
SOM - soil organic matter

SVI - sludge volume index
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TCB - trichlorobenzene

TCE - trichloroethene

TeCP - tetrachlorophenol
TOC - total organic carbon
TS - total solids

UV-C - Ultraviolet C

WAS - waste activated sludge

WWTP - wastewater treatment plants
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2. INTRODUCTION

Over the last few decades, ubiquitous contamination with various inorganic and organic
substances has caused serious problems all over the world (Crutzen and Wactawek, 2014). One
example can be the misuse or overuse of antibiotics e.g. for agricultural purposes, which enrich
the population of resistant microorganisms that are able to infect humankind (Martinez, 2009).
In many countries with a low human development index (HDI), particularly in Africa and Asia,
surface- and groundwater contamination can be a direct cause of water scarcity. It is important,
therefore, to develop cheap and efficient water and wastewater treatment methods (Larsen et
al. 2016).

There are many different water and wastewater decontamination methods, which can be
universally divided into biological (Phillips et al. 2005), physical (Bass et al. 2000) and
chemical methods (Sonntag and von Gunten, 2012). From the chemical methods, we can
distinguish processes focusing on the exchange of electrons between reagents and
contaminants, which involve either reduction (e~ donation) or oxidation (e” acceptance) from
the point of view of the contaminant.

Oxidants used for environmental purposes can generally be divided into ones that possess a

peroxide bond and ones that do not (Fig. 1).
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Figure. 1 Oxidizing agents used in water and wastewater treatment



Oxidizing agents like ozone and halogens have long been employed for water and wastewater
treatment (Sonntag and von Gunten, 2012; Spellman, 1999). The second group of oxidants are
those that oxidize via direct electron transfer. Oxidants possessing the O-O bond (known as
peroxide or the peroxo group), are not only capable of direct oxidation but can also form free
radicals. Unlike oxygen in the molecular form of O, the oxygen atoms in the peroxo group
have an oxidation state of -1 (IUPAC, 1997). Compounds containing these bonds are known as
peroxides.
Persulfates, namely peroxydisulfate (PDS) and peroxymonosulfate (PMS), belong to the
peroxide group and are gaining tremendous popularity in water and wastewater treatment (Xu
et al., 2012; Tsitonaki et al., 2010; Zhang et al., 2014). Many studies have shown that they are
capable of degrading highly toxic pollutants e.g. PCBs (Fan et al., 2014), stable in the
environment (Yen et al., 2011), and relatively cheap in comparison to other oxidants (Duan et
al., 2015) (Table 1).
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Figure 2. Annual number of a) publications concerning PDS and PMS and b) citations. Source:
Web of knowledge (data as of August 2016)
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As it can be observed in Fig. 2a, the number of articles concerning PDS and PMS almost
doubled after 2013. Similarly, the number of citations has grown significantly within the last 3
years (Fig. 2b). Therefore, assuming that recently persulfates are popular in environmental
sciences, we strongly believe that it would be beneficial to focus on their chemistry in water
and wastewater treatment.

My PhD study resulted in 8 scientific papers on degradation of various contaminants by PDS
and PMS, of which | am mostly first (or corresponding) author. From these papers, four the

most relevant were selected for this thesis. The other papers are included in the attachment for
15



information. These papers concern on different contaminant in water, namely persistent organic
pollutants and sludge treatment.

Persistent organic pollutants (POPs) are toxic for human health and for wildlife, persist in the
environment for a long time, are widely distributed in the environment and bioaccumulate in
fatty tissues of humans and animals. Several isomers of hexachlorocyclohexanes were added to
the POPs list in 2009. It was determined in present work that electrochemical processes can
effectively induce peroxydisulfate to form free radicals and in this manner degrade HCH. The
investigated method was tested on leachate from a site Hajek, Czech Republic, which contained
HCH and chlorobenzenes. Results from batch treatment showed positive results for electro-
activated PDS but only insignificant effectiveness for electro-activated PMS.

In contrary, peroxymonosulfate activated with a cobalt salt was found to be effective for
degradation of HCH as well. Tests with higher HCH dose (close to the solubility limit) were
carried out to determine by-products of decontamination. In these tests 2,4,6-trichlorophenol
(2,4,6—TCP) was found to be the major intermediate of HCH degradation. Trace levels of the
trichlorobenzene (TCB), tetrachlorophenol (TeCP) and pentachlorophenol (PCP) were detected
as well.

Moreover, developed herein simple spectrophotometric determination method for
peroxymonosulfate allowed to accurately determine the decomposition kinetics of PMS and
therefore to understand better the degradation mechanisms. The accuracy of the method was
validated and the detection and quantification limit was found to be 0.41 ppm and 1.35 ppm,
respectively. The influence of several anions on the measurement was also investigated in the
developed method.

In addition, improvement of anaerobically digested sludge properties with heat activated
persulfates was done. Anaerobically digested sludge is the main end-product of anaerobic
digestion that causes a chain of complications in post-treatment processing and disposal. In
presented study, thermally activated peroxydisulfate and peroxymonosulfate were used for
toluene oxidation and dewaterability improvement of anaerobically digested sludge.

16



3. THEORETICAL PART
3.1. Chemical and physical properties of persulfates

Persulfuric acid (H2S20s) was discovered by the French chemist Marcelin Berthelot in 1878
(Kolthoff et al., 1951). It can be produced by electrolysis of sulfate salt. The resulting PDS salt
is almost non-hygroscopic and has a good longevity.

There are three salts of PDS (PDS): potassium, ammonia and sodium. The solubility of
potassium PDS is very low for environmental applications, and the reaction of ammonium PDS
results in residual ammonia, which is an undesirable reaction product. Therefore, sodium PDS
(Na2S20s) is the most common and feasible form used to date in ISCO, with a high solubility
(73 g/100 g H20 at 25 °C) (Behrman and Dean, 1999; EPA/600/R-06/072).

PDS is cheap in comparison to other oxidants used in situ (0.74 USD/kg), but is still more
expensive than hydrogen peroxide for large-scale applications. The bond distance and energy
of 03S0-0S03 bonding were estimated to be 1.497 A and 140 kJ/mol, respectively (Kolthoff
etal., 1951; Yang et al., 2010; Duan et al., 2015) and (Table 1).

Table 1. Various properties of common oxidants used in situ

0-0 bond- e .
) dissociation Solublllt_y in Avergge_estlmated Price Price
Oxidant energy water in lifetime in , [USD/kg?  [USD/mol]
(e}
[kJ/mol] 25°C [g/L] groundwater

H.0, 213 unlimited hours to days 15 0.05
Os 364 0.1 <1 hour 2.3 0.11
Potassium 3 .
ferrate - 0.7-3 unstable in pH #9 2000 396
PDS® 926 730 >5 months 0.74 0.18
Pms! 377° 298 hours to days 2.2 1.36

IPMS is herein considered as a triple salt with the trade name Oxone®

2Prices per kg are taken from: Duan et al. (2015); Langlais et al. (1991);
http://www.labmanager.com/news/2010/04/new-battelle-process-slashes-price-of-useful-but-
expensive-chemical?fwlpk=2#.VVu2SzOZxBgF; Zhang et al. (2014)

3(Bailie et al., 1996)
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http://www.labmanager.com/news/2010/04/new-battelle-process-slashes-price-of-useful-but-expensive-chemical?fw1pk=2

“Depends on water hardness, transition metal concentration, dissolved organic carbon (DOC)
concentration, and many other factors

®Sodium PDS

%(Benson, 1978)

The remaining data was taken from Kolthoff et al., 1951; Yang et al., 2010

The symmetric structure of PDS molecules and relatively high bonding energy makes more
difficult to break the O-O bond and generate free radicals without external activation.

Peroxymonosulfate (PMS) originates from the peroxymonosulfuric acid (H2SOs) also known
as Caro’s acid (Hussain et al., 2013). It possesses reactive oxygen closest to the hydrogen atom
that carries the active power (Fig. 3b). Since the oxygen is readily reactive, KHSOs is usually
found in a more stable form of a white triple salt, 2KHSOs- KHSO4-K>SO4 (potassium hydrogen
PMS). Commercially, the product goes under the trade-name of Oxone® and it is a water-
soluble, safe to handle, strong and stable (but not as stable as PDS) oxidizing agent, thus having
a good potential applicability (Shukla et al., 2010; Lente et al., 2009; Yao et al., 2015). In
comparison to PDS, PMS has a shorter bond length (1.46 A), which translates to a higher bond
dissociation energy (377 kJ/mol). In other words, in theory, PMS requires even more energy in

order to be activated.

KHSOs KHSOs K2SOs
Figure 3. (a) Sodium PDS and (b) Oxone triple salt molecular structure (*potassium PMS
(KHSO:s) - active part of Oxone). (Spivey et al., 2015).
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The cost of Oxone is the highest of all of the conventionally used oxidants in ISCO, although
it is still much cheaper than ferrates (Zhang et al., 2014).

Persulfates are very stable in the solid state and remain stable for several months in the aqueous
phase. One of the advantages of PDS in comparison to the other commonly used ISCO reagents
(hydrogen peroxide or ozone) is its much higher stability. This means fewer transportation
drawbacks, it can be injected into the place of contamination at elevated concentrations, and
can be moved through porous media by density driven dispersion (Siegrist et al., 2011).

Yen etal. (2011) determined that PDS anions can persist in the soil system for over five months.
PMS does not show such a high persistence as PDS, although as long as it is stored under dry
and cool conditions, it loses about 1% activity per month due to the release of oxygen and heat
(http://lwwwz2.dupont.com/Oxone/en_US/index.html). Decomposition to SO, and SO3 takes
place under the influence of heat (starting at 300 °C). Stability in the aqueous phase reaches a
minimum at pH 9, whereby the mono anion (HSOs) has the same concentration as the dianion
(SOs%) (http://wwwz2.dupont.com/Oxone/en_US/index.html). More detailed information about
the stability of PMS at various pH values can be found in Bouchard et al. (2009).

In addition to their high permanence, PDS and PMS are among the strongest oxidants used in
environmental remediation applications. The standard oxidation-reduction potential (ORP) for
the PDS reduction (Eqg. 1) is 2.01 V, thus it is higher than the 1.4 V (Eq. 2) of PMS but lower
than that of ozone (2.2 V) (Bajpai, 2012; Block et al., 2004).

S:06% + 2H* + 2 — 2HSO4 1)
HSOs + 2H* + 2e" — HSO4 + H,0 )

Moreover, persulfates can be activated by a cleavage of the O-O bond to form two types of
radicals - sulfate and hydroxyl. These radicals exhibit higher ORP potential and are more

suitable for radical reactions with organic contaminants. The activation process can be shown

as:
Sp0g7 AT, SO, + (SO4™ or SO4%) 3)
HSO5' initiator N 504-- + (OH' or OH') (4)

where non-radical species are generated by electron transfer from a donor - activator.

3.2. Activation mechanism
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As mentioned above, PDS and PMS are chemically stable, do not react with contaminants
without external activation and can persist in the environment for a long periods of time. Their
activation forms free radicals by splitting the peroxide bond. This can be initiated mainly by
thermal (Ji et al., 2016; Johnson et al., 2008), photolytic (Zhang et al. 2015), sonolytic (Chen
and Su, 2012), radiolytic (Criquet et al., 2011), magnetic spinel (Zhang et al., 2013; Ding et al.,
2013), granular activated carbon (Yang et al., 2011), quinones (Fang et al., 2013), alkaline pH
(Furman et al., 2010; Qi et al., 2016) ozone (Yang et al., 2015) or phenol (Ahmad et al., 2013)
activation. In addition, sulfate radicals can also be formed via electron transfer by transition-
metal activation of PDS (Zhao et al., 2014) or PMS (Anipsitakis and Dionysiou, 2004).
Radiolysis, photolysis, or thermal activation of PMS precedes the evolution of both sulfate and
hydroxyl radicals (Anipsitakis and Dionysiou, 2004; Guan et al., 2011). The formation of
sulfate radicals as the major oxidizing species can be performed only via transition-metal
catalysis (although the interchange of radicals in water solutions can be also notable and will
be further discussed). Among the transition metal ions (Co?*, Cu®*, Ni**, Fe**, Ag*, Ru®"),
cobalt was found to be the most efficient catalyst for PMS according to Anipsitakis and
Dionysiou (2003) and Fernandez et al. (2004). As for PDS, similarly to the Fenton reaction,
Fe?* is the most commonly used metal for the homogeneous catalysis. The type and dose of the
transition metal catalysis is of significant importance, since when it is applied in excess, it can
become a double-edged sword, scavenging the radicals (Wactawek et al., 2016a).

A detailed breakdown of the activation methods of PDS and PMS is presented in Table 2 and

3, respectively.
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The application of PMS and PDS in oxidation treatment belongs to advanced oxidation
processes (AOPs) due to the presence of hydroxyl radicals (Deng and Ezyske, 2011).

AOPs can be either homogeneous or heterogeneous. Whilst homogenous AOPs are the
most efficacious at an acidic pH (2.5-4.0), heterogeneous AOPs can function in a broad
pH range (Zhang et al., 2009; Ahmed et al., 2010). Despite the fact that heterogeneous
AOPs exhibit numerous benefits over homogenous AOPs, the fact that the preparation

of the catalyst is neither easy nor economical should also be considered.

3.2.1. Homogeneous activation process
In the case of ISCO, the activation should be slow to allow the long-term generation of

free radicals and the treatment of heterogeneously distributed contaminants. For
homogenous AOPs, one of the most common methods is to use chelated transition
metals, significantly decreasing the metal concentration required for the activation
(Tsitonaki et al., 2010; Zhang et al., 2014). Rastogi et al. (2009) assessed the efficacy of
three representative chelating agents (citrate, ethylenediaminedisuccinate and
pyrophosphate) on Fe(ll)-mediated activation of PMS and PDS under neutral pH
conditions. They found that PMS was the most universal oxidant activated by all three
iron-chelating agents, and citrate coupled with ferrous iron was the most universal

chelating agent configuration.

3.2.2. Heterogeneous activation processes with metal catalysts
On the other hand, heterogeneous processes with material synthesized beforehand, often

to a nano-scale, have drawn much attention recently due to their excellent performance.
In addition, as mentioned above, cobalt was found to be the best homogenous activator
for PMS. Therefore, there is no surprise in the fact that heterogeneous materials often
also consist of this element. Cos04was used e.g. by Chen et al. (2008) and Muhammad
et al. (2012) as an activator for PMS to decompose Acid Orange 7 and phenol,
respectively. Interestingly, Zhang et al. (2016b) prepared nano-CozO4 and successfully
applied it as a heterogeneous catalyst for PDS activation. The highest degradation rate
of Orange G (as a model compound) was at pH ~ 7, where the catalyst dissolution is very
low. The authors also confirmed that the sulfate radicals and hydroxyl radicals were the
main oxidative species.

One of the major problems of the activation of persulfates with CozO4 is an excessive

quantity of cobalt leaching. To enhance catalytic performance and reduce leaching, the
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cobalt can be immobilized on several metal oxide supports such as TiO2, SiO2, MgO or
activated carbon/carbon aerogel or graphene. Yao et al. (2012) used bimetallic oxides
CoFe;04 and CoFe2O4 on graphene to activate PMS for the degradation of phenol. Su
et al. (2013) successfully synthesized heterogeneous CoxFesxOs nanocatalysts and
discovered that the intimate Fe-Co interactions are vital for effective heterogeneous
activation of PMS. Lin et al. (2015) demonstrated an alternative path to synthesize a
magnetic cobalt-graphene nanocomposite from carbonizing of a cobalt-based metal
organic frameworks and graphene oxide and its application to activate PMS. In order to
measure the long-run catalytic activity, a 50-cycle decolourization of Acid yellow 17
was performed and the regeneration efficiency remained at 97.6%, displaying its
stableness and efficient catalytic activity. In their further study, a nanocomposite was
prepared by the one-step carbonization of a cobalt-based zeolitic imidazolate (Lin and
Chen, 2016). Higher cobalt/carbon nanocomposite loading, PMS dose, acidic conditions
and temperature greatly ameliorated the degradation of caffeine. Based on the effects of
inhibitors (i.e., methanol and tert-butyl alcohol), the process involves sulfate radicals
over hydroxyl radicals. Shi et al. (2014) examined Co30./expanded graphite, developed
in a solvothermal synthesis, as an extremely effectual heterogeneous catalyst of PMS.
They concluded that the abatement of Orange Il in water is due to sulfate radicals, and
100% removal can be achieved after 8 min. Ding et al. (2012) used cobalt nitrate and
bismuth nitrate as forerunner salts and NaOH as a precipitation agent to create the Co304-
Bi-O3 nanocomposite as a heterogeneous catalyst for the activation of PMS. The
nanocomposite demonstrated substantial catalytic activity in the heterogeneous
activation of PMS for the removal of organic pollutants. In addition, cobalt leaching was
decreased to 43 pg/L, which is much less than that of Co3O4 (158 pg/L) under the
equivalent conditions. Yang et al. (2009) reported that the heterogeneous oxide CoFe;04
was capable to slowly-activated PMS for the degradation of 2,4-dichlorophenol at pH
7.0, and cobalt leaching was reduced to a very low extent. However, such a reduction in
cobalt leaching requires the pH of the solution to be close to 7.0, which is problematic
in the applicative treatment of water or wastewater due to substantial acidification during
activation. Hence, it is still an important challenge to create an efficacious cobalt-
carrying heterogeneous catalyst for PMS activation with low cobalt leaching. One way
to overcome this problem was proposed by Rhadf et al. (2010), who determined that the

partial replacement of cobalt in Co304 with Mn can be a strategy for decreasing the
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quantity of the harmful Co element. Mn is more abundant in nature, more
environmentally friendly and is twenty times cheaper than cobalt (Zhai et al., 2013).
Wang et al., 2014, provided an example of the PMS activation mechanism using a
magnetic core/shell carbon nanosphere supported by manganese oxide nanoparticle
catalysts. They found that sulfate radicals were the primary reactive species for phenol
oxidation. The same authors also attempted to use 3D-hierarchically structured MnO- to
activate PMS (Wang et al., 2015). The mechanism of the catalytic reaction for PMS
activation was determined therein by electron spin resonance (ESR) spectra and showed
that both hydroxyl and sulfate radicals are produced in the activation processes, and that
sulfate radicals played a more critical role in oxidation of phenol. Similarly, Li et al.
(2016a) synthesised three trivalent Mn (oxyhydr)oxides, namely bixbyite, hausmannite
and manganite, from which only manganite showed good catalytic activity for PDS
activation. Analogous to Wang et al. (2015), it was also shown that both hydroxyl and
sulfate radicals are present during the treatment, although at pH 7 the oxidative
intermediate formed between the manganite and the PDS could be the predominant
oxidative species in phenol oxidation.

Similarly to the homogeneous systems, iron-based compounds are frequently used for
persulfate activation due to their lower toxicity compared to cobalt. Tan et al. (2014)
reported a nano-FesO4 catalyst in PMS activation process, whose stability decreased
significantly from the first to the third run. In another study, authors of a recent paper
concerning heterogeneous catalysis (Oh et al., 2016), fabricated CuFe.O4-Fe>O3 at a low
temperature for the oxidation of bisphenol A via PMS activation (Oh et al., 2015). The
performance of CuFe.04-Fe;O3 was confronted with alternative catalysts and the results
implied that the performance was in the following order: CuFe204-Fe2O3 > CuFe 04 >
CoFe204> CuBi204> CuAl204 > Fe203 > MnFe204. The CuFe204-Fe203 catalyst can be
reused at least several times without a significant deterioration in performance. In
addition, Zhang et al. (2016a) observed superior catalytic properties of nano-FezOsas an
activator for PMS. The levels of FesO4 coupled with hydroxylamine (a reducing agent
that accelerates the conversion of Fe®* to Fe?*) soared gradually in the ten consecutive

runs.

3.2.3. Heterogeneous activation with metal-free catalysts
Recently, metal-free catalysts are gaining popularity due to the many advantages of

having no heavy metal pollution, good chemical stability and environmental friendliness
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(Tao et al., 2015). It was confirmed that the oxygen-containing functional groups
(especially the carbonyl group) of carbonaceous materials can effectively contribute to
the initiation of persulfates (Wang et al., 2016). From the metal-free heterogeneous
catalyst, Sun et al. (2012a) discovered that chemically reduced graphene oxide can work
as an effective material to activate PMS in order to generate reactive radicals. Zhang et
al. (2013) used granular activated carbon as a green catalyst to activate PMS to degrade
Acid Orange 7 in an aqueous solution. Also, Saputra et al. (2013) reported that activated
carbon powder can be an environmentally friendly catalyst for the efficient activation of
PMS that later exhibited excellent potential for phenol degradation mediated by sulfate
radicals.

Lee et al. (2015) found that carbon nanotubes could activate persulfates into reactive
species. Similarly, Duan et al. (2015) evaluated the ability of various nanocarbons to
initiate PDS for catalytic oxidation of phenolics and dyes as well as their degradation
by-products. Single-walled carbon nanotubes, reduced graphene oxide and mesoporous
carbon displayed superior catalytic activities for heterogeneous PDS activation, whereas
fullerene, nanodiamonds and graphitic carbon nitride presented low efficiencies.
Furthermore, the carbo-catalysts manifested much higher activity towards PDS
activation in comparison to the universally applied activated carbon and metal oxides,
such as Fe304, CuO, C0304, and MnOa.

In a recent study, Lin and Zhang (2016) showed that not only carbons can act as metal-
free initiators for persulfates. Orthorhombic a-sulfur was employed as a metal-free
photo-catalyst to initiate PMS (under irradiation with visible light) and found it to be a
promising process for chemical oxidation reactions.

Considering the fact that large amounts of solid waste that could be used for the
activation of persulfates are produced from various industries there is no need to
synthesize expensive catalysis. Fly ash from coal or oil and biomass combustion are
major contributors to the production of solid waste and could be used to prepare (Co)-
based catalysts for PMS activation (Muhammad et al., 2012). It was found that the fly
ash does not adsorb phenol and cannot initiate PMS for the formation of sulfate radicals.
Nonetheless, fly ash consists of cobalt oxide, which can be used for the activation of
PMS. In another study, steel waste powder was applied as an activator for PDS (Oh and
Kang, 2010).

Electron donor catalysis has various benefits but can also, as was stated before, become
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a new source of contamination. In addition, it is often much less efficient, e.g. only one
mole of radical can be obtained from one mole of oxidant, in contrast to UV or heat
activation (see Eqg. 3 and 4). A detailed study of the UV and heat initiation of oxidants
with peroxide bonds was performed by Yang et al. (2010). They found that the order for
the degradation efficiency of heat-activated peroxides is: PDS > PMS > H>0» and of UV
(254 nm) activated peroxides: PDS > H20. > PMS. Surprisingly, they also determined
that PMS can be induced by anions (such as HCO3", HPO4%, Cl-and CO3%) to form more

reactive species.

3.24. Alkaline activation
Another persulfate activation technique often used in situ is alkaline activation involving

an increase in pH (often >11) by the addition of concentrated sodium hydroxide (NaOH)
or potassium hydroxide (KOH) (Siegrist et al., 2011). On the other hand, Cassidy et al.
(2015) concluded that in-situ stabilization amendments, including fields containing
Ca(OH)2 and/or CaO, can effectively activate PDS by increasing the pH, and in the case
of CaO also heat. upon their reaction with soil water (i.e. additional initiation). Activated
PDS decreased concentrations of BTEX compounds and PAHs. The proposed
mechanism of alkaline activation of PDS (Furman et al., 2010) relies on the hydrolysis
of PDS to hydroperoxide anion (HO2") and subsequent reduction of PDS by this anion
with the production of sulfate and superoxide radicals. Very recently, Qi et al. (2016)
proved a similar activation tendency for PMS, which can be initiated at high pH with
base-catalysed hydrolysis of PMS to hydrogen peroxide. The superoxide radical was
found to be the dominant radical species in this system, but the role of singlet oxygen

was also found to be significant.

3.2.5. Electro-activation
Several studies have evaluated the “clectro-activation” of persulfates. Yuan et al. (2014),

conducted the activation of PDS using ferrous iron produced in an electrolytic system.
Zhen et al. (2013b) determined that PDS is mainly decomposed by Fe?* created in two
steps - from the chemical and electro-chemical corrosion of Fe followed by the reduction
of Fe3* formed on the cathode. They also found the hydroxyl radical to be the
predominant species in this system. Recently, Govidan et al. (2014) proved the efficacy
of electrochemical activation for persulfates. Electrochemically activated PMS was the

best oxidant for pentachlorophenol decontamination from PDS, PMS and hydrogen
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peroxide. Long and Zhang (2015) stated that the electro-activation of PDS can be
effective for removing toluene from a surfactant flushing solution. The results indicated
that Fe?* is electro-regenerated on the cathode by the reduction of Fe**, which is in
agreement with the studies conducted by Zhen et al. (2013b) and Yuan et al. (2014).
Also, simultaneous use of electrolysis and UV process/geothite can enhance PMS and
PDS initiation (Jaafarzadeh et al., 2015; Lin et al., 2016). Moreover, the great efficacy

of electro-activation of PDS was shown in our recent study (Wactawek et al., 2016a).

3.2.6. Other activation methods
Recent work reported by Cong et al. (2015), focusing on the enhancement of ozonation

on chlorobenzoic acid degradation with PMS, indicated that PMS may act in a similar
way to H202 in the promotion of OH" production in ozonation. This theory was
confirmed by Yang et al. (2015), who demonstrated that the reaction between PMS and
ozone is primarily responsible for promoting ozone consumption with a determined
second-order rate constant of 2 x 10* M s, The formation of both OH" and SO4~
radicals was confirmed by chemical probes and their yields (OH® and SO4™) were
determined to be 0.43 £ 0.1 and 0.45 £ 0.1 per mol of ozone, respectively. An adduct -
03S00- + O3 — -03S0s', is assumed as the first step, which can further decompose into
more reactive SOs™ and Os™ radicals. The subsequent reaction of SOs™ with ozone is

assumed to generate SO4™, while Os™ converts to OH".

3.3. Determination methods

Numerous methods for the determination of PDS and PMS can be found in the literature.
These methods vary in their execution time and sensitivity of detection (Table 4 a 5).
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Table 4. PDS determination methods

Time of Limit of quantification
Method Substance used Reference
measurement [M]
Titration Ce**/Fe? <20 min >10* (Boudeville, 1983)
Spectrophotometry KI/HCOs 15 min 7 x 102 (Liang et al., 2008)
) (Huang et al.,
Spectrophotometry H2SO4/NH4SCN ~40 min 2.1x10*
2002)
Methylene blue
Spectrophotometry under microwave 1 min 3x10° (Zhao et al., 2015)
radiation
N,N-diethyl-p- . (Gokulakrishnan et
Spectrophotometry oo 10 min 10°
phenylenediamine al., 2016)
. . (Villegas et al.,
Spectrophotometry Alcian blue 120 min 8.8x 10
1963)
Amperometry - - 10 (Lin etal., 2012)
(Roushani and
Amperometry - - 10 )
Karami, 2014)
(Roushani and
Amperometry - - 10° .
Karami, 2014)
(Oliveiraetal.,
Voltammetry - - 5x10°
2000)
Mobile phase: 50
) (Huang et al.,
lon chromatography mM KOH; flow 18 min 5.2x108 2014)
rate: 1 mL/min
Table 5. PMS determination methods
Method Substance used Time of Limit of quantification Reference
measurement [M]

S 142t . 5 (Boudeville.,
Titration Ce**/IFe <20 min 10 1983)
Spectrophotometry KI/HCOz 5 min 1.2x10° (WaC;%VIglg)et al,
Spectrophotometry Co?*/methyl orange 1 min 5x 107 (Zou et al., 2014)

N,N-diethyl-p- . 5 (Gokulakrishnan
Spectrophotometry phenylenediamine 10min 10 et al., 2016)
Mobile phase: pH
3.0; cond. 290 .
lon chromatography puS/cm; flow 11 min 45x10% (Ossadnik and
. Schwedt, 2001)
rate 1.5 mL/min
Mobile phase:
HPLC methanol/phosphoric - ~5x 107 (Zhang etal.,
h 2013a)
acid buffer

The first methods used for the determination of PDS and PMS were most probably
iodometric titrations (Kolthoff et al., 1951). Their spectrophotometric alternatives

possess much higher sensitivity and do not require as much reagent and time (Liang et
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al., 2008; Wactawek et al., 2015b). Determination of persulfates with the use of dyes has
gained popularity lately, although the method has been known for a long time (Villegas
et al., 1963). Nevertheless, these methods possess very high sensitivity and short
measurement time. More information on the determination of persulfates with organic
dyes can be found in Ding et al. (2011) and Zhang et al. (2016c). In addition, the fast and
accurate analysis of both PDS and PMS can be performed with the use of ion
chromatography (Huang et al., 2014; Ossadnik and Schwedt, 2001).

3.4. Persulfate decontamination technologies

3.4.1. Direct oxidation
Although reactions of non-initiated persulfates occur at rates that are often slow, several

studies reported their direct oxidation processes. Probably the best known are the Elbs
and Boyland-Sims reactions, which rely on the nucleophilic displacement of peroxide
oxygen from the PDS ion (Behrman, 2004). In the Elbs reaction, the nucleophile is a
phenolate anion (or a tautomer) and in the Boyland-Sims reaction, it is a neutral aromatic
amine. There is no radical involvement in either case, except in side reactions.

In addition, during catalysed persulfate oxidation, persulfates can react with generated
radicals in several ways.

Figure 4 shows the second-order reaction rate constants of persulfate reactions with

several species in an aqueous phase.
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Figure 4. Comparison of the second-order reaction rate constants of persulfates with
aqueous species (the middle of the circles indicates the exact rate constants). Data taken
from: Yang et al. (2015); Behrman (2004); Buxton et al. (1988b); Restelli et al. (1990);
Herrmann et al. (1995); Davies et al. (1984); Roebke et al. (1969); Maruthamuthu and
Neta (1977); Gilbert and Stell (1990).

Another example of the direct reaction of the PDS anion with organics without radical
intermediates was described by Tsitonaki et al. (2010). They reported 99% degradation
of methyl tert-butyl ether (MTBE) in a system at ambient temperature without any
catalytic reaction.

Lei et al. (2016) found that PMS can directly decolorize cationic pigments without
activation in a broad pH range (2-12). In addition, they concluded that Cl- anions
improved the degradation efficacy of the target pollutants. Radical quenching
experiments and ESR studies revealed that the degradation of cationic dyes by PMS does
not rely on hydroxyl or sulfate radicals. A plausible bleaching mechanism is that cationic
dyes form a complex with the PMS as a result of their electrical interaction followed by
direct electron transfer from the cationic dyes to the PMS.
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Zhang et al. (2014a) reported that copper oxide can work as an efficient catalyst for PDS
activation under mild conditions via a nonradical process for oxidative degradation of
2,4-dichlorophenol. PDS tends to first interact with the outer sphere of CuO, which is
assumed to be the rate-limiting step, and then quickly reacts with the target organic
pollutants.

In addition, PMS without external activation can be used for oxidation of As(l11) (Wang
etal., 2014a). They stated that the addition of PMS enables As(111) to oxidize completely
to As(V) within 24 h, even in the presence of high concentrations of radical scavengers
(1.6 M of methanol).

3.4.2. Radical oxidation in water and wastewater treatment
As we mentioned earlier, persulfates oxidize contaminants mainly by free-radical driven

processes.

3.4.2.1. Interchange of radicals
Persulfates and sulfate/hydroxyl radicals possess a common feature in the form of one

or more oxygen atoms in their structure. It is because of the oxygen atoms, that these
compounds have such high oxidizing power and therefore understanding oxygen
chemistry is crucial when dealing with persulfates.

Oxygen in its ground state is not very reactive and its reactions mostly involve one
electron transfer, which can lead later to the formation of reactive radicals (Stumm and
Morgan, 1996). Also, oxygen’s role in sulfate radical systems was determined to be
significant and was described carefully in a recent paper by Xu et al. (2016). The step-
by-step reduction of an oxygen molecule to water followed by the formation of radicals
during persulfate decomposition is shown in Figure 5.
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Figure 5. Black arrows - scheme of oxygen molecule reduction to water; red arrows -
radical formation and behaviour in a persulfate system (dashed arrow - only valid for

homolytic cleavage of the PMS O-O bond).

A hydroxyl radical can be formed by a three-electron reduction of an oxygen molecule
or one electron oxidation of water. In addition, hydroxyl radicals can also be formed
together with sulfate radicals after activation of PMS.

These radicals can then interchange with each other at a rate depending on the pH of the
solution. Studies based on radical scavenging analyses paired with the use of the electron
spin resonance (ESR) technique were performed to identify the dominant radical species
involved in persulfate-based oxidation (Zhao et al., 2013; Wang et al., 2014; Wang et
al., 2015). It was shown that in most cases SO4~ prevails in acidic media and OH"
preponderates in alkaline media.

SOs™ + OH — SO+ + OH’ (5)

In general, the sulfate radical is more selective for the electron transfer reaction than the
hydroxyl radical, which is more likely to participate in OH addition or hydrogen

abstraction reactions (Neta et al., 1977).
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For a more detailed explanation of radical identification, e.g. with the use of TBA/EtOH,
see Zhang et al. (2014).

3.4.2.2. Sulfate radical interference with common anions and natural
organic matter

Due to the fact that the chemicals in groundwater or sludge are always in a complex
matrix the effect of its composition must be thoroughly investigated prior to
implementing a persulfate system (Gu et al., 2011; Liang et al. 2006).

Table 6 shows second-order reaction rate constants of hydroxyl and sulfate radicals with

common anions and natural organic matter (NOM).

Table 6. Second-order reaction rate constant of hydroxyl and sulfate radicals with

common anions and NOM

Rate constants

Radical Compound (M 53 Reference
. . 9 (Grigor’ev et al., 1987;
OH Cl 3.0-43x10 Jayson et al., 1973)
(Waldemer et al.,
SO4~ Cr 1.3-6.6 x 108 2007; Kim and Hamill,
1976; McElroy, 1990)
. . 9 (Zehavia and Rabani,
OH Br 1.9x 10 1972)
SO Br- 35 % 10° (Redpatqggg)wnlson,
OoH" HCOs nx 10’ (Buxton et al., 1988a)
(Huie and Clifton,
. ) 6 1990;
504 HCOs 2.6-9.1x10 Dogliotti and Hayon,
1967)
OH" COs* 4 x 108 (Buxton et al., 1988a)
SO4~ COs* 4.1 x10° (Padmaja et al., 1993)
OoH" Humic acid 1.4 x 10%* (Lutze et al., 2015)
SO4~ Humic acid 6.8 x 10%* (Lutze et al., 2015)
*(mg of C/L)?t st

One of the first descriptions of bromide oxidation in a UV/PDS system was in a paper
by Fang and Shang, (2012). They observed the behaviour of the bromide transformation
process in a real water sample, which they attributed to the presence of NOM and its
reaction with bromine atoms. Liu et al., (2015) investigated the transformation of Br™ in
a cobalt-activated PMS oxidation process with the presence of phenol as an example
compound imitating natural organic matter. It was determined that Br~ was efficiently

converted to reactive bromine species including free bromine and bromine radicals.
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These reactive bromine species were effected in the bromination of phenol and the
development of brominated disinfection intermediates including bromoform and
bromoacetic acids, during which brominated phenols were observed as the intermediates.
Brominated disinfection by-products were also degraded by excessive SO4™, which
played a key role in this action, and ultimately converted to bromate. Free bromine was
also formed in the absence of cobalt, showing that Br- could be directly oxidized by PMS.
In another study these conclusions were confirmed and it was also found that the
brominated intermediates cannot be degraded in the absence of a sulfate radical (Xie et
al., 2016). Similar work was performed by Lu et al. (2015), who determined that after
reacting with sulfate radicals the reactive bromine species can react with NOM to form
brominated products including brominated disinfection by-products. Bromoform and
bromoacetic acids were formed in the presence of humic acid.

Similarly, the sulfate radical can react with CI- with a very high reaction rate - 108 M1 s°
! (waldemer et al., 2007). The resulting chlorine radical can react with additional Cl, a
matrix component, the contamination of concern or intermediate degradation products
to create more chlorinated products (Waldemer et al., 2007). Yang et al. (2014) also
investigated the conversion of OH" and SO4™ to less reactive halogen radicals. In the
presence of seawater, halogens reduced the abatement efficacy of cyclohexanecarboxylic
acid and benzoic acid, which were chosen as the model pollutants. They concluded that
the activated PDS was more affected by CI than the activated hydrogen peroxide system
because oxidation of CI" is more favourable by SO4™ than OH" at pH 7. The degradation
efficiency of cyclohexanecarboxylic acid was not altered by the halogens, probably due
to the high reactivity of halogen radicals with alkenes. This statement was further
confirmed in a study of Liu et al. (2016a) who found, using carbon isotope fractionation
of trichloroethene (TCE), that in the presence of chloride there could be different
degradation mechanisms rather than that of the sulfate radical.

In other work, Xie et al. (2015) focused on the formation of chlorinated by-products in
a sulfate radical system, and they found that the formation of carbonaceous disinfection
by-products such as chloroform and haloacetic acids only increased a little, but the
development of nitrogenous disinfection intermediates i.e. haloacetonitriles and
trichloronitromethane slightly decreased. On the contrary, Lu et al. (2016) found that
after treatment of surface water with 0.1 uM PDS for 48 h, its potential to form

chloroform, trichloroacetic acid and dichloroacetic acid increased from 197.8, 54.3, and
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27.6 to 236.2, 86.6, and 57.6 pg/L, respectively. In other words, before the application
of persulfates in the field, bench scale studies should be performed in detail due to the
fact that the formation of dangerous by-products depends highly on the treated matrix.
Lutze et al. (2015) determined sulfate and hydroxyl radical reaction rate constants with
NOM and concluded they differ considerably. For the reaction of the sulfate and
hydroxyl radical with humic acids the kinetic rate constant was 6.8 x 10® L mgC* s and
1.4 x 10* L mgC* s (mgC = mg carbon), respectively. On the contrary, Lou et al. (2016)
observed that the oxidation capacity of the hydroxyl and sulfate radical to humic acid
degradation (in the presence of CI" and Br’) was nearly in the same order. Both CI" and
Br- had a negative impact on these processes, but the inhibiting effect of Br- was more
obvious than that of CI-, even when the concentration of Cl- was far above that of Br’,
which is in agreement with the study of Yang et al. (2014).

Although soil organic matter (SOM) has traditionally been considered to be a negative
factor in ISCO application, a study conducted by Ahmad et al. (2010) demonstrated that
SOM can promote the generation of reductants during PDS ISCO applications at high
pH levels.

3.4.2.3. Decontamination of water and wastewater with free radicals
generated in persulfate systems

As shown before, numerous methods of persulfate activation can be used in water and
wastewater treatment technology in order to achieve the expected results. The
decontamination of water and wastewater with the use of radicals generated from
persulfates is described in detail below.

3.4.2.3.1. Water
Sulfate radicals are extremely reactive towards substances from which they can

withdraw an electron. Even such persistent organic compounds as perfluorooctanoic acid
(PFOA), that are unreactive towards OH" and possess second strongest single bond in
organic chemistry (C-F), can be degraded in the sulfate radical system according to many
authors (Hori et al., 2005; Lee et al., 2010; Lee et al., 2011; Lee et al., 2012; Liu et al.,
2012; Lee et al., 2013). Recently, Qian et al. (2016) determined the degradation Kinetics
of PFOA in a UV/persulfate system and proposed its degradation mechanism, which
relies on a sequential loss of CF» units from it and its intermediates (Qian et al., 2016;
Liuetal., 2012).
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It comes as no surprise that sulfate radicals can readily degrade less persistent organic
compounds i.e. 2,4-dichlorophenol (Anipsitakis et al., 2005), 2-chlorobiphenyl (Wang
and Hong, 1999), aniline (Hussain et al., 2014), bisphenol A (Sharma et al., 2015), calcon
(Sahoo et al., 2012a), Acid Orange 7 (Yang et al., 2010), hexachlorocyclohexanes
(Wactawek et al. 2015a; Wactawek et al. 2016a), Ponceau S (Sahoo et al., 2012b), 4-
fluorophenol (Selvam et al., 2007), pentafluorobenzoic acid (Ravichandran, 2007), C.I.
Reactive Black 5 (Yu et al., 2010), C.I. Basic Red 46 (Eskandarloo et al., 2014),
endosulfan (Shah et al., 2013), antipyrine (Tan et al., 2013), dimethyl phthalate (Olmez-
Hanci, 2011) or dimethylhydrazine (Zarei et al., 2015). Table 7 includes pseudo first-
order reaction rate constants of various contaminants generated from persulfates radicals.
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Moreover, Neppolian et al. (2008) proved that these radicals can also be used for the
treatment of inorganic pollution in water. They investigated the photochemical oxidation
of As(ll) to the less harmful As(V) using PDS as the oxidizing agent under UV light
irradiation. It was established that humic acid had no consequence on the reaction rate,
even at a concentration of 20 ppm. Yet, the continual purging of nitrogen considerably
minimized the reaction rate (20%), confirming that the dissolved oxygen plays a role in
this reaction (at high PDS concentrations this situation was overcome). Surprisingly,
according to Diao et al. (2016a, 2016b) sulfate radicals coupled with bentonite-supported
nanoscale zero-valent iron (used as a radical initiator), can be effective for the
simultaneous abatement of Cr(VI) and phenol from water. The proposed mechanism
involved the removal of Cr(VI) mainly by reduction with bentonite-supported nanoscale
zero-valent iron and phenol removal mainly by the sulfate radical generated from the

decomposition of PDS.

Contamination with chlorinated olefins is ubiquitous, and although they can be degraded
with many biological (Gerritse et al., 1995) and less invasive chemical treatments (i.e.
H20.) (Hirovonen et al., 1996), persulfates are often used for their degradation in situ.
Recently, Yan et al. (2015) combined siderite-catalysed H.O> with PDS and effectively
used it for the remediation of trichloroethene contamination from groundwater. In the
absence of PDS (only catalysed peroxide), most of the hydrogen peroxide was reduced
within the first hour of the test, resulting in non-efficient use of hydroxyl radicals. After
the addition of PDS, the decomposition rate of H,O> was mitigated due to a more
sustainable release of hydroxyl radicals. Furthermore, the heat released by the
decomposition of hydrogen peroxide activated the PDS, and the generated SO4™ was the
main oxidative agent during the first two hours of the reaction. Dichloroacetic acid was
detected as an intermediate. Xu et al. (2014) also studied the degradation of
trichloroethene (TCE) but in a thermally activated persulfate system. Their results
showed that TCE can be completely degraded within 9 minutes at 50 °C with an initial
trichloroethene concentration of 0.15 mM and a dose of 0.3 M PDS, as a result of the
presence of active oxygen species (SO4™, OH", and O2"). Moreover, Zhao et al. (2014)
studied the simultaneous decontamination of 1,4-dioxane, the inherent associate of TCE

(frequently used as a solvent stabilizer for TCE), with heat- and Fe?* PDS activation.
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Carbon balance analysis showed that 96 and 93% of the carbon as removed from the 1,4-
dioxane degradation as intermediates with and without the addition of Fe?*, respectively.
Another commonly found and very toxic group of contaminants is pesticides, which
contribute to nine out of the twelve most hazardous and assiduous organic compounds
defined by the Stockholm Convention on Persistent Organic Pollutants (POPSs) (Sharma
etal., 2014). A very recent study by Qin et al. (2016) presented 1,1,1-trichloro-2,2-bis(p-
chlorophenyl) ethane (DDT) degradation with Co?* catalysed PMS. It was found that
DDT was efficiently decomposed within several hours, proportionally to PMS and Co(ll)
concentrations. The degradation kinetics of DDT were well characterized with pseudo-
first-order equations over a range of temperatures (10-40 °C), and the activation energy
calculated using the Arrhenius equation was 72 kJ/mol. Dichlorobenzophenone, 4-
chlorobenzoic acid and benzylalcohol were the dominant intermediates for DDT
degradation, and the possible degradation pathway of DDT was suggested on the
foundation of these identified products. Zhu et al. (2016) also found that DDT and its
dechlorination products were degraded efficiently by PDS activated by nano zero-valent
iron. GC/MS results showed that benzoic acid, benzyl alcohol, dichlorobenzophenone
(DBP) and 1-chloro-2,2-bis (p-chlorophenyl)-ethane (DDNS) were the dominant
products of DDT degradation. In addition, ESR results showed that both sulfate and
hydroxyl radicals were involved in the degradation process. Luo et al. (2015)
investigated atrazine degradation by irradiation at a wavelength of 254 nm in the
presence of three oxidants - hydrogen peroxide, PMS and PDS at various initial atrazine
concentrations and oxidant doses. The effects of the water matrix, such as
carbonate/bicarbonate, CI-, and NOM, were evaluated on these three AOPs. Modelling
results showed that the steady-state concentrations of OH" and SO4™ decreased with an
increase in CO3s*/HCOs™ concentrations, and the relative contribution of OH" to atrazine
degradation significantly decreased in UV/H202 and UV/HSOs™ systems. It should also
be noted that some of the determined transformation products (e.g., di-isopropyl-
atrazine, diethylatrazine) are as toxic as the parent compound. Cao et al. (2008) and Khan
et al. (2016a) focused on the oxidation of lindane (y-hexachlorocyclohexane) by Fe?*
activated PDS and PMS, respectively. Their experimental results indicated that the
application of persulfate treatment is very beneficial not only for the complete
elimination of the parent compound but also for the achievement of full mineralization.

In addition, in a further study, Khan et al. (2016b) determined the second-order rate
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constant of lindane with sulfate radicals for the first time using a competition kinetics
approach (1.3 x 10° M~! s7!). Kusmierek et al. (2015) investigated the degradation of
2,4-dichlorophenol and 2,4-dichlorophenoxyacetic acid by ammonium PDS under
different activation conditions. The results showed that the initial PDS concentration had
a significant influence on the degradation effectiveness of both contaminants. The
reaction rates increased with an increase in oxidant dose. 2,4-dichlorophenol degraded
faster and more efficiently in an alkaline environment (pH = 9.0), whereas 2,4-
dichlorophenoxyacetic degraded better in an acidic environment (pH = 3.0). They also
examined the synergistic activation of PDS with heat and ferrous iron to enhance the
oxidation of 2,4-dichlorophenol and 2,4-dichlorophenoxyacetic acid. Under optimal
experimental conditions, where the PDS/Fe?* molar ratio was 1:2 at 50 °C, complete
oxidation of 2,4-dichlorophenol and 2,4-dichlorophenoxyacetic acid was achieved after
approximately 45 and 60 minutes, respectively. In all circumstances, 2,4-dichlorophenol
degraded faster and more efficiently than 2,4-dichlorophenoxyacetic acid, which
indicates that the pesticide molecule is more stable and less susceptible to degradation
by PDS.

As was mentioned in the introduction, the rapid emergence of resistant bacteria
worldwide is probably due to the overuse of medications that can later become a
contamination of concern. Several authors have focussed on the remediation of
pharmaceuticals and since persulfates are one of the newest ISCO reagents to be used,
there are also several new studies describing the use in the oxidation of pharmaceuticals.
Monteagudo et al. (2015) investigated ISCO of a carbamazepine solution by PDS
simultaneously activated by heat energy, UV-C light, Fe?* ions and hydrogen peroxide.
Zhang et al. (2015a) determined the main intermediates formed during the oxidation
process, including 10,11-epoxy-carbamazepine, acridine-9-carbaldehyde, acridine and
other low molecular compounds.

Trimethoprim and sulfamethoxazole in expired sulfamethoxazole tablets were the
subject of research conducted by Liu et al. (2016), who studied their degradation by
catalysed PDS treatment. Zero valent-iron showed much better catalytic properties than
alkaline activation, which was completed after 0.5 hours, while full mineralization was
achieved after 2 hours.

Chen et al. (2016) examined the performance of thermally activated PDS on the

degradation of diclofenac in both water and polluted groundwater. The results implied
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that the oxidation of diclofenac was well fitted to a pseudo-first-order kinetic model, and
the rate constants increased with temperature. The rate constants from 50-70 °C also
fitted to the Arrhenius equation, yielding an activation energy of 158 kJ/mol. The
presence of a small dose of CI- (0-10 mM) boosted the degradation of diclofenac,
whereas high CI™ addition (>10 mM) inhibited its degradation. HCO3™ demonstrated an
insignificant effect on diclofenac elimination, while NOM, e.g., humic acids, delicately
inhibited diclofenac degradation. The fast degradation of diclofenac was further
confirmed in the real groundwater sample. In addition, radical quenching tests revealed
that sulfate radicals were the leading reactive species for diclofenac oxidation.

Sulfate radical treatment also proved to be effective for highly contaminated mature
landfill leachate. Li et al. (2016b) used ferrous iron loaded granular activated carbon as
a heterogeneous PDS catalyst for its pretreatment. The effects of the iron dose, PDS
concentration and initial pH on the abatement of the organic pollution in the landfill
leachate were determined. In single factor experiments, the maximum chemical oxygen
demand (COD) removal rate reached 66.8, 66.2 and 76.3% at an iron dose of 127 mg L"
! (ferrous iron/PDS = 254 mg/mol), a PDS concentration of 0.5 M and an initial pH of
3, respectively. It was shown that the COD removal rate exceeded 87.8% when
simultaneous conditions were applied i.e. Fe?* dose of 127 mg L™, PDS concentration
of 0.5 M and initial pH of 3.0. Asha et al. (2016) also found these pH conditions (3-4) to
be very efficient for the removal of organic pollutants from stabilized leachate and
observed a 78% reduction of the COD value.

3.4.2.3.2. Wastewater and sludge
Several studies can be found in the literature that describe the use of persulfates in

wastewater treatment technologies. Their use is focused on exploiting their oxidative
potential (removal of contaminants) and improving the properties of sludge i.e.
dewaterability. Kronholm et al. (1999) tried to answer the question whether potassium
persulfate is a feasible choice for wastewater oxidation below the critical temperature of
water. The efficiency of phenol, 2,3-dichlorophenol, and 1-naphthol oxidation in high-
temperature pressurized wastewater was investigated in an aqueous environment at 75-
340 °C and pressure adjusted to 25-45 MPa. The removal percentages of phenol were
good even at 115 °C. The concentration of the oxidant, temperature and reaction time

proved to be very important parameters.
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The removal of COD from petrochemical wastewater and from real high-strength
industrial effluent was studied by Babaei and Ghanbari (2016) and Kattel et al. (2016),
respectively. In both studies, the persulfates proved to be a viable alternative to the
conventionally used oxidants (i.e. percarbonate, hydrogen peroxide).

Fagier et al. (2016) presented the efficiency of coagulation-flocculation pretreatment
coupled with a sulfate radical oxidation process in the removal and mineralization of
organic matter of sugarcane vinasse. Ferric chloride (15 g/l), a standard coagulation
agent in wastewater treatment plants (WWTP), was used and achieved 70 % TOC
removal. The pretreated vinasse subjected to a PDS/PMS oxidation process (activated
by Fe?") showed the highest TOC removal efficiency at pH 7. Under the selected
optimum conditions, approximately 70 and 49 % TOC removal was achieved for
PMS/Fe(ll) and PDS/Fe(ll), respectively. Also, Rodriguez-Chueca et al. (2016)
investigated winery wastewater treatment using PMS coupled with a transition metal and
UV light. High COD and TOC removal efficacy (79 % and 64 %, respectively) was
observed under optimal conditions after three hours of treatment.

In another study, cytarabine containing wastewater was successfully treated with
UV/PDS (Ocampo-Pérez et al., 2010). Shu et al. (2016) investigated the UV/PMS
degradation of Acid Blue 113 containing wastewater. They observed that the initial pH
showed no significant effect on dye removal efficiency but UV light intensity
significantly affected the efficiency of TOC mineralization.

Heterogeneous activation of PMS could also be used for the remediation of organic
contaminants in wastewater according to Yao et al. (2015). They concluded that a
CoMn;04 catalyst was efficient and environmentally benign for the heterogeneous
activation of PMS, although it showed almost no catalytic activity to PDS and H;O..
They observed that Rhodamine B degradation in wastewater was enhanced with an
increase in reaction temperature (15-55 °C) and inhibited with an increase in fulvic acid
concentration (0-0.08 g/L).

To date, a very limited number of papers have been published concerning the use of
persulfates for sludge disintegration. There are many investigations in the matter of
sludge disintegration by PDS and only a few focusing on the disintegration of activated
sludge by PMS. The methods often used for determining the degree of waste activated
sludge (WAS) disintegration include the measurement of soluble chemical oxygen
demand (SCOD) and the sludge volume index (SV1). Determining the SCOD can unveil
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the degree of polymer transfer from the solid phase to the liquid phase, whereas the SVI
Is a measurement of the settleability of the sludge, which can be measured in a 1000 mL
measuring cylinder after 30 minutes of sedimentation and expressed for a known initial
sludge concentration. one of the first references to persulfates being used for sludge
disintegration can be found in a study by Zhen et al. (2012a), who observed that ferrous
iron activated PDS has a positive effect on enhancing sludge dewaterability with an 88.8
% capillary suction time (CST) reduction within 1 minute. In addition, similar results
were obtained by Shi et al. (2015), whereby the highest specific resistance to filtration
and CST reduction efficiencies of 88.5 and 91.5 %, respectively were obtained under the
synergetic conditioning of Fe?* activated PDS. Electro-activated PDS, was has also been
applied for sludge treatment (Chen et al., 2014) and it was concluded that the process
can be potentially applied to deal with wastewater from toluene nitration processes. In
addition, it was determined that 2,4-dinitrotoluene in wastewater under electro-activated
PDS oxidation can mainly be treated by virtue of sulfate radicals descended from the
reduction of PDS anions. Also, Zhen et al. (2013b) performed electrolysis integrated
with PDS/Fe(1l) oxidation to effectively disrupt the protective barrier and crack the
entrapped cells, releasing the water inside extracellular polymeric substances and cells,
hence improving the dewaterability. Zhen et al. (2012b) found that a combined thermal
oxidation process (at a mild temperature) is efficient in enhancing the dewaterability of
sludge. They concluded that when the temperature is increased to 80 °C, the flocs of
waste activated sludge were drastically changed and that this pretreatment resulted in the
disruption of sludge flocs by degrading extracellular polymeric substances. These results
were confirmed in our recent study focusing on the disintegration of sludge with heat
activated PDS (Wactawek et al., 2015d). It was observed that organic matter and polymer
transfer from the solid phase to the liquid phase occurred. An increase in SCOD, (almost
a 15-fold increase over the WAS value) and a decrease in the SVI from 89.8 cm® g to
30.6 cm® gt were also observed. A large issue for introduction of the presented method
in WWTP, concerns heat activation of persulfates. However, the mild temperature
threshold sufficient for PDS initiation (50-90 °C) can be reached using e.g. the heat
generated in the fermentation process, steam or hot air injection.

Probably the first reference to the use of PMS for chemical disintegration of waste
activated sludge was made in our recent papers (Wactawek et al., 2015c; Wactawek et

al., 2016b). Similarly to an earlier study (Wactawek et al., 2015d), it was concluded that
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heat application (50, 70 and 90 °C) as a catalyst method for PMS activation causes an
increase in the soluble COD value and protein concentration in the supernatant and
positively influences the SVI, which decreased from 89.8 to 17.2 mL/g. Also, Niu et al.
2016 observed positive effects of WAS oxidation with PMS. Sludge disintegration was
characterised by a change in disintegration degree (DD), sludge particle size and the
properties of extracellular polymeric substances.

Although thermally activated persulfates are efficacious for the disintegration and
improvement of sludge sedimentation properties (Wactawek et al., 2015c), Zhen et al.
(2013a) observed a possible inhibitory effect on anaerobic digestion. On the contrary,
Sun et al. (2012b) found that PDS disintegration had a positive influence on the biogas
yield. Therefore, the composition of the sludge and the type of fermentation could be
crucial for assessing the usefulness of persulfates for WAS disintegration.

Sludge treatment with persulfates can also be focused on anaerobically digested sludge
as reported in our recent study (Waclawek et al. 2016c) and in a recent article published
in Nature: Scientific Reports (Song et al., 2016). In addition to the enhancement of
dewaterability, good efficiency of toluene removal from anaerobically digested sludge
could be observed after the treatment with persulfates initiated with elevated
temperatures from meso- or thermophilic digestion (Waclawek et al. 2016c).

3.4.3. Post-treatment toxicity assessment
Although persulfate treatment has many benefits, there are also several downsides that

have to be taken into consideration i.e. contamination with sulfate salts or even worse
newly created hazardous compounds due to e.g. additional chlorination and/or
bromination (as discussed before). In our recent study concerning the decontamination
of groundwater polluted with various chlorinated olefins (Wactawek et al., unpublished
data), many new substances (with a molecular mass larger than 250 g/mol) were
observed after UV/persulfate treatment that were unnoticed after e.g. UV/hydrogen
peroxide treatment. Therefore, during bench-scale testing performed before field
application, toxicity tests should be performed in order to avoid any environmental
damage.

Zhang et al. (2015a) conducted acute toxicity tests with Vibrio ginghaiensis sp. Q67
photobacteria after the PDS treatment of carbamazepine and concluded that acute

toxicity significantly decreased along with the degradation of the pharmaceutical, with
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the inhibitory effect of the carbamazepine solution decreasing from 100% to 65% within
60 minutes.

Olmez-Hanci et al. (2015) went even further and used three different toxicity tests
(Daphnia magna, Vibrio fischeri and Pseudokirchneriella subcapitata) as well as the
Yeast Estrogen Screen bioassay to assess the possible toxic and estrogenic properties of
nonionic surfactant octylphenol ethoxylate and its oxidation products. In the case of
Daphnia magna and Vibrio fischeri the inhibitory effect of nonionic surfactant
octylphenol ethoxylate dropped considerably during the PMS treatment. On the other
hand, PMS/UV-C oxidation products exhibited a high toxic effect towards
Pseudokirchneriella subcapitata (approximately 60%).

Temiz et al. (2016) conducted acute toxicity tests using two different bioassays to
examine the toxicological safety of the zero-valent iron/PDS oxidation of Triton X-45.
Acute toxicity profiles significantly decreased from an original value of 66% relative
inhibition to 21% and from 16% relative inhibition to non-toxic values according to
Vibrio fischeri and Pseudokirchneriella subcapitata bioassays, respectively. The
photobacterium V. fischeri appeared to be more sensitive to TX-45 and its degradation

products than the microalgae P. subcapitata.
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4. RESULTS AND DISCUSSION

During my PhD studies, | have already published 8 articles (and additional 3 are under
preparation/review) in impact factored journals concerning the use of persulfates for the

treatment of organic pollution from which 4 was chosen to be presented below.

4.1. Remediation of hexachlorocyclohexanes by
electrochemically activated persulfates

Abstract: Hexachlorocyclohexane (HCH) isomers represent a family of formerly widely
utilized pesticides that are persistent, capable of undergoing long-range transport and
tend to bioaccumulate in human and animal tissue. Their widespread global utilization
coupled with a propensity to adversely impact human health and the environment
translates into an urgent need to develop feasible methodologies by which to treat HCH-
impacted groundwater and soil. The present study was conducted to evaluate the efficacy
of two persulfate-based oxidants: peroxydisulfate (S.0s*, PDS) and peroxymonosulfate
(HSOs", PMS) activated by electrochemical processes (EC) to treat HCH-impacted
environmental media. This research demonstrated that the optimal experimental
conditions (oxidant dose and electrical current) were 2 mM PDS and 20 mA for an
aqueous solution of 4 uM of summed HCHs (XHCH). GC/MS full scan analysis revealed
the presence of 2,4,6—trichlorophenol as the only detectable intermediate formed during
electro-activated PDS treatment of ZHCH. The investigated method was tested on
leachate from a known HCHs-impacted site in Hajek, Czech Republic which contained
106 pg/L of ¥HCH and 129 pg/L of chlorobenzenes. Results from batch treatment
showed positive results for electro-activated PDS but only negligible effectiveness for
electro-activated PMS. In addition to explaining the efficacy of the electro-activated
PDS, this research also explored the basis for the differing reactivities of these two

persulfates.

Citation: Waclawek, S., Anto§, V., Hrabak, P., Cernik, M., and Elliott, D. (2016).
Remediation of hexachlorocyclohexanes by electrochemically activated persulfates.
Environ. Sci. Pollut. Res. 23, 765-773.
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electro-activated PDS but only negligible effectiveness for
electro-activated PMS. In addition to explaining the efficacy
of the electro-activated PDS, this research also explored the
basis for the differing reactivities of these two persulfates.
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Introduction

Halogenated organic substances have long been known as one
of the most notable classes of environmental pollitants in soils,
sediments and groundwater as a result of their widespread use
as herbicides, insecticides, fungicides, solvents, plasticizers and
intermediates for chemical synthesis over the past cenmury. Due
to their ubiquity, toxicity, resistance to degradation and bioac-
cummlation potentizl, halogenated compounds have been the
subject of considerable regulatory and research attention over
the past several decades due to their potential effects an the
quality of life (Fetzner and Lingens 19594).
Hexachlorocyclohexanes (HCHs) represent one of the
most widely investigated families of chlorinated pesticides
and were recently (in 2009) added to the list of persistent
organic pollutants (POPs) (Vijzen et al. 2011). In addition to
the highly toxic garmma () HCH isomer, also known as lin-
dane, other less toxic but still environmentally-relevant HCH
isomers include the alpha (o), beta () and dela (8) isomers
{(Vijzen et al 2011). The gamma isomer’s pesticidinal proper-
ties were originally discovered by researchers at Imperial
Chemical Industries (ICI, UK) in the 1940s (Slade 1945).
Since that time, the dominant production method has involved
the photochlorination of benzens by UV light This product,
referred to as technical HCH, consisted of a mixmre of
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izomers and, becanse of its lower cost, was favoured in devel-
oping econotnies. A typical composition for technical HCH is
as follows: 60-70 % o-HCH, 10-12 % v-HCH, 5-12 % fi-
HCH, 6-10 % §-HCH and 3—4 % ¢-HCH (Iwata et al. 1993).
The highly toxic isomer v-HCH, a pesticide used worldwide
for controlling agriculmiral pests, in seed treatments and in
medical applications could be obtained by multple recrystal-
lizations from technical HCH (Voldner and Li 1995; Willett
etal 1998). The use of high purity lindane treatments tended
to be preferred in the developed economies of Western
Europe, the USA, and Canada (Ramos et al. 2011).

Considering thar approximately 10 million tons of HCHs
were utilized globally during the timeframe of 19481997, it
is reasonable to assume that a significant number of impacted
sites require cleammp (Willert er al. 1998). Although the threat
iz obvious, HCHs are still being used as pesticides in devel-
oping as well as developed counrries (Li 1999). For example,
a mixture of technical HCHs and lindane has been nsed in
India in both pharmaceutical products and agriculmre
{Central Insecticide Board and Registration Committee
2005) and lindane has been used for seed weatment in
Canada and USA (Sang et al. 1999).

It is therefore important to develop cost-effective reme-
dial technologies to treat sodl, water and waste sites contam-
inated by HCH isomers and to help speed up the disposal of
HCH products. Degradavion of HCH can be achieved by
various remedial technigues using both biclogical and
chemical reduction methods (Phillips et al. 2005; Boyle
etal. 1999; Elliott et al. 2009, Singh et al. 2012; Zinovyev
et al. 2004), but according to our knowledge, there have
been relatively few investigations on the use of chemical
oxidation to degrade HCHs in the literamire. Previous stud-
ies employing HyO; for assisted UV photo-degradation of
synthetic lindane solutions (Nienow et al. 2008; Nitod et al.
2013) and varions oxidants including HyOy, PDS and per-
manganate (Usman et al. 2014; Cao et al. 2008) are known.
Usman et al. (2014) reported the oxidative treatment of
HCH isomers in soil by PDS both activated by Fe'” and
non-activated. Application of soluble Fe'~ showed a nega-
tive impact on the reactivity of PDS after 24 h of reaction.
The utilization of PD'S alone resulted in relatively high deg-
radation of HCH isomers, which decreased in the order -
HCH (95 %), 5-HCH (92 %), o-HCH (79 %) and p-HCH
(43 %) (Usman et al_ 2014).

PDS and PMS are among the strongest oxidanes used in
environmenral remediation applications. The standard ORP
for the reaction (Eq. 1) is 2.01 V; thus, it is higher than the
1.4 V (Eq. 2) of PMS but lower than thar of ozone (2.2 V)
(Block et al. 2004: Bajpai 2012).

S;0:% + IH* + 28— JHSO, (1)

HSO: < JH* 1 2e — HSD, + H:0 2)

‘éﬁ Springer

Furthermore, PDS and PMS can form free radicals analo-
gous to the hydroxv] radical pathways generated by Fenton’s
chemistry (Eqs. 3, 4) {Block et al. 2004; Wang and Chu 2012).
Yuan et al (2014) claimed that OH' can be produced from
S04 (Eg. 5) and can play a more important rele than SO,
for degradation of certain contatminants, e.g. VOC.

51057 — 50." + (S04 or 50477 E)
HSO; — OH + 504" 4
H,0 4 50, — OH' L 80, L H* (s)

Sulfate radicals are also very strong aqueous oxidizing
species with a redox potential estimated to be 2.6 V, sim-
ilar to that of the hydroxyl radical, 2.7 V. These radicals
are usually generated during the activation of PDS under
heat-, photo-, metal-, chelated metal-, quinone-, phenols-,
hydrogen peroxide- or alkaline-catalysed conditions
(Huang et al. 2002; Block et al. 2004; Fang et al. 2013;
Siegrist et al. 2011; Ahmad et al. 2013). Wang and Chu
(2012) reported that PMS can be easily activated into
highly reactive radicals through homolytic cleavage of
the peroxide bond of HSOs by photolysis or thermolysis
(Eq. 4). However, the activation of PDS and PMS under
electrochemical conditions is still not widely known (Ynan
et al. 2014; Govindan et al. 2014; Lin et al. 2014). The
mechanisms inh which iron oxidation plays an important
role in the anodic and cathodic reactions can be described
by (Eqs. 6 to 9) (Govindan et al. 2014).

Anodic reactions:

4Fey — 4Fe™" g + Se ()

4Fe™ iy + W0HOpy + Qg — 4Fe{OH)y,, + BH iy (7)
Cathodic reaction:

EH (g + B — 4Hayy (8)
Orverall reaction:

4Fery + WH:D(m + Ozag —+ 4Fe(0H]y, + 4Hug @

The reactions taking place on a.ﬂc'::des and cathodes contrib-
ute to the activation of oxidants. Fe*™ produced from the iron
anode activates oxidants to generate srongly oxidizing 504"
and OH species (Egs. 10, 5) and the Fe'is regenerated from
the reduction of Fe™™ on the cathode (Eq. 11) (Lin etal 2014).

S20:5 + Fe'™ — Fe't + S0.7 + S0 (10)
Fe'~ + & — F&*~ (11)

Iron electrodes can be easily introduced into the contami-
nated zone to control the in sito activation of PDS, thus
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minimizing potential losses during its injection and transpor-
tation in the subsurface (Yoan et al. 2014). For this and many
other reasons, the oxidation efficiency of organic and inorgan-
ic pollutants can be significantly enhanced by coupling elec-
trochemical processes with PDS and PMS injection (Lin et al
2014; Govindan et al 2014).

On the other hand, according to literature, the electrochem-
ically produced Fe** can also act as a sulfate radical scavenger
at high concentrations as expressed by Eqg. (12) (Usman et al.
2014; Cao et al. 2008; Xu and Li 2010). Thus, ferrous iron
represents a double-edged sword—it can both catalyse the
formation of sulfate radicals and quench them depending upon
its concentration.

Fe** + 50,7 » Fe*+ + 50,7 (12)

This smdy was condncted to evalnate the efficacy of two
persulfate-based oxidants, PDS and PMS, activated by elec-
trochemical processes (EC) to degrade HCH isomers in con-
taminated water. To our knowledge, this represents the first
published research concerning the degradation of HCHs by
electro-activated persulfates. Following controlled bench-
scale experiments, the optimized methodology was demon-
strated on groundwater from an HCH-itnpacted site in the
Czech Republic.

Methodology
Reagents and solutions

All of the chemicals nsed in the experiments were analytical
reagent grade. PMS (Oxone®, 99.0 %) and sodium bicarbon-
ate (99.7 %) were purchased from Sigma—Aldrich. sodinm
thiosulfate pentabydrate (99.0 %), PDS (sodium persulfate,
99.0 %), potassinm iodide (99.5 %¢) and sodium sulfate were
purchased from Lach-MNer A saturated stock sohution of HCH
was prepared by dissolving standard mix of HCH isomers
(purity 993 %; Fluka Sigma—Aldrich Co.) in deionized wa-
ter. This was filtered through 2 0.45-pum filter after vigorous
stirring for 3 days. The stock solution (surmmed HCH concen-
tration, YHCH: 40 iM; pH-6.8; o-HCH (13.6 %), B-HCH
{12.4 %), y-HCH (45.6 %) and 5-HCH (28.4 %)) was then
stored in a refrigerator at 5 *C. Deionized water
(18.2 M} cm™ ) was prepared by an ELGA Purelab flex sys-
tem (ELGA, Veolia Water, Marlow, TUK).

A representative sample of contaminated groundwater
was taken from the Hajek dump site (Czech Republic).
The site is an uncontrolled dump associated with a former
uwranium and kaoline mine which, in the 1960s, was used
for disposal of waste product from lindane and chloroben-
zene production by the Spolana, as., a chemicals manu-
facturer in Neratovice, Czech Republic. Approximately

3000 tons of chemicals were disposed in steel barrels,
paper bags or loosely at the dump site (HeSnaur and
Jech 2001). Seepage water is collected by drainage pipes
which flow into an open channel discharging into a near-
by lake, where HCH concentrations exceed the appropri-
ate limit (0.02 ug/l). The water from the pipe was collect-
ed by a 10-1 glass vessel, transferred to the laboratory and
stored at 4 “C. The contaminant content was determined
priot to the experiments. The water contains a mixture of
HCHs (NHCH-106.51 pg/l) and CB at 129.90 g/l
{Table 1).

Analytical

HCH and CB isomers were quantified by a gas chromato-
graph (Thermo Trace 1310 combined with an MS detector
TSQ 2000 triple quadmpole). Headspace solid-phase
microextraction (HS-SPME) was utilized for sample prep-
aration and injection (PDMS SPME fibres, Supeleo). A
TR-Pesticide chromatographic column, 30 m in length,
0.25 mm in diameter was used for gas chromatography.
For detection of the polar chlorophenols, as by-products
of the oxidation reactions, sample aliguots were
detivatized with acetic anhydride. For calibration, stan-
dard mixtures of HCH and CB (Meochema, Pesticides
Mix 5 and Chlorobenzenes Mix 12) were employed along
with deuterated v-HCH (Ehrenstorfer, GmBH) as an in-
ternal standard.

In addition, potential volatile reaction intermediates and
products (other than chlorophenols) were qualitatively
searched for in the fll scan mode of 3 GClon trap MS instm-
ment (Varian Satuen 3800), equipped with a DB-624 column,
60 m in length and 0.25 mm in diameter

A ultraviolet-visible spectrophotometer HACH DR
6000 {HACH LANGE s.r.o.. Czech Republic) with
matched l-cm quartz cells (cuvettes) was used for the
determinarion of PDS and PMS concentration according
to the method developed by (Liang et al. 2008) and
{(Wactawek et al. 2015), respectively. At selected time
points, 0.2-ml samples were taken from the reactors,
mixed with a 5-ml potassinm iodide solution and the
resulting mixmres were then measured using the spectro-
photometer (characteristic wavelengths of 400 and
395 nm). A calibration eurve was established nsing PDS
and PMS solutions ranging from 4 to 40 and 1.35 to
13 mg/l, respectively.

The pH and ORP measurements wete determined by a
WIW pH-meter equipped with SenTix pH electrodes
{(Multiline® Muld 3430 IDS). ORP values are presented as
values against a saturated calomel electrode (SCE) and were
not corrected to the standard hydrogen electrode (SHE). TOC
was analysed by a Mult N/C 3100 analyser (Jena
Corporation, Gettnany).
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Table 1 Composition of

contaminated grovndwater from HCH isomer Concentration (ug'l) CE congener ‘Concentration {ug1)
the Hajiek site

x 9122 13,5-TCB 6.78

b 4.35 124-TCE 107.82

¥ 1196 123-TCE 1324

bl 7117 1234-TeCE 1.03

£ 9.60 1245123 5TeCB 0.28

pH ~8.0 penizchlorobenzene 011

ORFP 200 mWV Hezxachlorobenzene 000

EC experiment setup

EC tests were performed at room temperature in a non-
tightened undivided batch electrolytic cell (1.5 1) containing
1 1 of electrolyte sohution as shown in Fig. 1. Two iton elec-
trodes were employed and were connected in parallel through
a DC regulated power supply (HQ POWER. PS3010) at an
inter-electrode distance of 8 cm in the electrolytic cell. Sodmm
sulfate at 0.7 mM was used as a backeround electrolyte.
Sample aliquots of 10 ml were taken from the reactor and
mixed with sodinm thiosulfate to quench the oxidant and stop
the reaction. Unless otherwise specified, the reaction condi-
tions were based on a 4-uM YHCH mixtiure, containing
0.5 uM (o-EICH), 0.5 uM (B-HCH), 1.9 uM (y-HCH) and
1.1 pM (8-HCH), 2 mM PDS or 6 mld PMS initial concen-
trations and 20 A applied current (6 V). The experiment with
o separated comparmments was condoeted in two 2 Lreactors
separated by an anion-exchange membrane (MemBrain s.r.o.,
Czech Bepublic) that transmits anions and blocks the cations
and hydrodynarndc flow of the solvent. All of the experiments
were carried out in duplicate at least.

Results and discussion

Applied electric current significantly changed the con-
centrations of contaminants and other parameters as well
as the solution pH and ORP during the tests. Fe*™ pro-
duced from the iron electrode activated the oxidants in
solution to generate swongly oxidizing S0, and OH
radicals which subsequently degraded the HCHs. Both
504" and OH" are possibly responsible for the destruc-
tion of HCH and either radical may predominate over
the other depending on solution pH. The kinetics of pH
and ORP changes in the EC, EC+PDS and EC+PMS
experimental sets were observed (Fig. 2). According to
Liang and Huang (2012), 504" was the predominant
radical at acidic solution pH. Both PDS and PMS have
the potential to dramatically lower pH and increase ORP
in groundwater. Figure 2 shows that after the addition
of 2 mM of PDS, the solution pH and ORP changed to
agbout 2.5 standard units and 450 mV, respectively,

@ Springer

within 30 min of teatnent By comparison, following
the addition of 6 mM of PMS, the solution pH dropped
to 2.5 standard units and the ORP increased o 550 mV.
Based on these results, PDS and PMS generate simnilar
pH and ORP profiles when combined with EC.
According to Anipsitakis and Dionysion (2004), S0,
and OH" exhibit similar reduction potentials under acid-
ic condirions. These radicals are highly reactive o C-H
bonds (Lee and von Gunten 2010) located in HCH.

Fig. 1 Experimental apparams: () HCH-spiked deionized water, (2]
glass reactor, (3) rubber caps, (4) power lines to supply, (J) iron
electrodes, () stimer
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Fig. 2 Chznges in pH and OFF values during the experiment PDS concentration=2 mhL PME concentration=6 mh, HCH=4 uh{

Effect of various oxidant doses on summed HCH isomers

degradation

In this smdy, a psendo first-order kinetic model (Eq. 13) was
applied to evahate the kinetics of HCHs degradation.

.
In (—) -kt (13)
= 13)

where C and C are the summed HCH isomers concentrations
at time (f) and /=0, respectively, and k& is the reaction rare
constant.

The effect of PDS and PMS doses on the degradation of
summed HCH isomers is shown in Figs. 3. 4 and 5. As the
source of radicals, the PDS guantity played an important role
in the HCH degradation process with the oxidant dose being
directly correlated to the extent of observed HCH degradation.
In the presence of electrolysis alone, no significant HCH re-
moval was observed during the 2 h timeframe of the experi-
ment. As increasing PDS concentrations were added into the
solution, the degradation of summed HCH isomers appeared.
The reaction rate constants for 2 mM PDS concentration
equals to 0.045 min~ " and is c.a 15 times higher than the rare
constant for the 0.5 mM dose (0.003 min*). The variation of
PDS dosage from 0.5 to 4 mM resulted in an increased effi-
ciency of HCH loss from 23 to 95 % within 2 h. Becanse there
is no improvement in HCHs degradation between the dosages
of 2 and 4 mM (f=0.045 and 0.032 min " respectively), the
dosage of 2 mM was taken as being optimal.

In contrast the degradation rate of HCH isomers by EC
coupled with PMS (up to 9 mM) is negligible during the 2h
of the expetiment. This result differs from the data presented

by Govindan et al. (2014) in which PMS was shown to be the
best electro-activated oxidant for pentachlorophenol removal
from groundwater. This phenomenon could be explained by a
much lesser reactivity of PMS with F&*~ in compatison to
other transition metals, Le. Co™ (Anipsitakis and Dionysiou
2004; Do etal. 2009). Since the effect of PMS on HCH isomer
degradation was found to be negligible, no fiurther tests with it
were condueted.

Figure 4 shows the kinetics of the degradation of individual
isomers by electro-activared PDS. There were no significant
differences between the degradation rate constants of the in-
dividual isomers 0.026 min " (x-HCH), 0.037 min " (j3-
HCH), 0.040 min ' (y-HCH) and 0.049 min " (5-HCH).
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Fig. 3 Kinetics of total HCH degradation by various FDS doses coupled
with electro-actvation
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Although o-HCH is known as one of the most reactive iso-
mers, it shows the lowest degradation rate, much smaller com-
pare to B-HCH, considered the most persistent HCH isomer
After 30 min, the f-HCH concentration was approximately a
half of the concentration of w-HCH. The final concentration of
oe-HCH was about 5 % of its initial concentration compared to
a mavimom of 1 % for the others. In general, compared to the
results obtained by Usman et al. 2014, our method shows
much higher and faster degradation.

Effect of variable current on HCH degradation
and oxidant decomposition

Whereas Fig. 3 shows the effect of increasing PDS concentra-
tions, Fig. 5 shows the effect of variable current with a fived
PDS dose. With increasing applied current, there is a progres-
sive increase of the HCH degradation up to 20 mA . According
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Fig. 5 Finetics of total HCH degradation by electro-activated PDS with
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Fig. & Decomposition of PDS induced by various cument levels

te (Eq. 100, Fe'* produced from corroded anode activates PDS
to generate strongly oxidizing 50, and OH radicals. As the
current level increases, the production of Fe®~ also increases
(Yian et al. 2014; Govindan et al. 2014) and more oxidizing
species are formed from PDS. This is confirmed by measure-
ment of the kinetics of PDS decomposition induced by various
currents (Fig. 6). Specifically, the PDS decomposition is faster
by higher current density.

Based on the results of the above smdy, a PDS dose of
2 mM and a current of 20 mA were found to be optimal for
our experimental set-up. It has been found that applying
higher current can slower reaction kinetics of HCH degrada-
tion. One possible reason is that electrochemically produced
Fe™" can act also as a radical scavenger at its elevated
concenmration.

Membrane separation processes

In the system, the electron dmmsinchdednotmlyfe}mo-
duced from the electrochernical corrosion bur also Fe™ regener-
ated from Fe™ reduction on the cathode (Eqg. 11) and the elec-
troms donated by the cathode. To estimate the contributions of
these effects, experiments in a split electrolytic system (with two
separated cotnpartments) were carried out Figure 7 depicts the
results of the degradation of sunmmed HCHs ar the anode and
cathode, both with 2 s of PDS and withour added FDS.
When EC tests were performed without the additon of PDS, a
sigrdficant decrease in HCH concentrations was observed only in
the cathndic compartment This effiect is belisved © be amvibur-
able to the increase of pH from an initial vahie of 6.6 to 11.4 by
water elecrolysis. According to literamre, when the level of pH
rises significantly above 9, the HCH isomers are transformed into
chlorobenzenes by base-catalysaed hydrolysis (Ben etal. 2006; Li
et al 2011; Homnolkova et al. 2014). Affer the introdnction of
PDS, the degradation of HCH isomers was significant in both the
anodic and cathodic comparments and ar a far faster rate than
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Fig. 7 Dwecrezse of HCH and FDS in anodic and cathodic compartments

was observed for EC alone. These results validate the contribu-
tion of F&*~ procuced from the electrochemical comosion of iron
arcund anode (Eq. 6) and also the impact of the cathodic reac-
tions mentioned abhove. Degradation in the cathodic compart-
ment feflects the conmibution of Fe™ regenerated from the re-
duction of F&™ on the cathode (Eq. 11) and PDS direct decom-
position by electron capture (Lin etal 2014). These o process-
es cannot be seperated and therefore assessed their contribution.

TOC removal

The products of HCH degradation were investigated using gas
chromatography. Derivatization and SPME injection of sample
{PDS concentration—2 mM, contact titme—30 min) in the GC/
MS and its fiull scan analysis revealed the presence of 2.4.6—
wichlorophenol as the oaly detectable intermediate formed dur-
ing electro-activated PDS treatment of HCH. The other expect-
ed intermediates or final products such as chlorophenols, chlo-
robenzenes and chlorinated cyclohexanes reported in literature
(Cao et al. 2008) were not observed. TOC analvsis was per-
formed in order to confirm the complete transformation of
HCH to CO; and HyO. In the case of EC alone, a nepligible
TOC change was ohserved during the 5 h of the experiment.
Howevet, electro-activated PDS oxidation (20 mA and 2 mM)
clearly indicated that the removal efficiency of TOC via PDS
oxidation was about 60 % in 1 h, which is in agreement with
observed HCH removal (Fig. 3) and PDS decomposition
(Fig. 6). The final TOC removal was 92 % after 5 h.

Environmental sample

Contaminated leachate from the Hajek dump site contaminat-
ed with HCH isomers was selected in order to test the efficien-
cy of the proposed method on a real-world sample from an
HCH-impacted site. Since the degree of the HCH
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Fig. 8 Effect of electro-gotivated FDS on HCH and CB degradstion in
contaminated growndwater

contamination is higher than in previcus spiked experiments,
highet doses of PDS wete applisd (Fig. 8).

As shown in Fig. 8, the rapid degradation of CB can be
observed by both PDS doses coupled with electro-activation.
This can be explained by the high reaction rate between both
sulfare and hydroxyl radicals and the sromatic double bonds
located in the chlorobenzenes CB (Rickman and Mezyl 2010;
Wojndrovits and Talies 2014). In contrast, the HCHs proved ro
be significantly more recalcitrant. In the test conducted with the
lower dose of PDS (4 mM), HCH degradation was negligible
even after 8 h of contact, indicating that PDS was probably
preferentially consimed by CB oxidation. However, in the ex-
petiment with the higher PDS dose (16 mM), both CB and
HCH were almost completely eliminated after 6 to 8 h. Even
in this case, HCH degradation is slower compared to CB, prob-
ably becanse of the lack of aromatic double bonds. Stated in
another way, the prevalence of C—Cl single bands in the HCHs
proved to be more recaleitrant to the smdied remedial approach
than did the aromatic C—Cl bonds of the chlorobenzenes.

With respect to the results for the individual HCH isomers,
initeresting wends were observed In consensus with the liver-
atre and contrary to our findings with the spiked HCH sam-
ples, B-HCH degradation in the field sample was observed to
be significantly slower to the other isomers. While the other
isomer concentrations dropped (16 mM PDS) below 1 % of
their initial values after 8 h, §-HCH remained at 16 %.
Concerning the CBs, no significant difference was observed
berween individual congener removal rates.

Conclusions

This smdy confirmed that the Fe** ions produced and regen-
erated in the process of electrolysis can be a suitable reactant
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for the transformation of PDS into sulfate and hydroxyl radi-
cals for the rapid degradation of HCH isomers. Surprisingly,
PMS coupled with EC is ineffective for the remeoval of HCH
isomers (which could be explained by a lesser reactivity of
PMS with Fe**) and therefore was not detailed investigared.
The concentration of PDS and the applied current are essential
parameters influencing the rate of HCH degradation.
Furthermore, it is noteworthy that HCH isomers can be almost
completely degraded using an applied current of 20ma and a
PDS concentration of 2 mM. In addition, GC/MS analvsis
found no hazardous by-products or intermediates after
electro-activated PDS treatment. The method was successtilly
tested on contaminated groundwater containing HCHs and
CBs from a former pesticides manufacturing site in the
Czech Republic. Although these resul are promising, firrther
investigations are needed to thoroughly assess the cost-
effectiveness of the remedial approach for remeoving HCH
and CB from groundwater and wastewater.
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4.2. Remediation of hexachlorocyclohexanes by
cobalt-mediated activation of peroxymonosulfate

Abstract: Hexachlorocyclohexane isomers (HCHs) are one of the most ubiquitous and
most easily detected organochlorine pesticides in environmental samples. This global
distribution is enabled by HCH persistence. Moreover, HCH tend to bioaccumulate in
human and animal adipose tissue. Since certain HCHs cause central nervous system,
reproductive, and other endocrine damage there is necessity of a suitable remediation
method to remove HCH from contaminated groundwater and soil. The present study was
conducted to evaluate the potential of peroxymonosulfate (Oxone) induced by cobalt salt
(Co(NOs3)2; Co(ll)) to degrade HCHs. Cobalt (I1) nitrate has been chosen instead of
Cobalt (1) chloride (which presents better activation properties for Oxone) in order to
avoid an excess of chloride interference and more additional chlorination by-products.
The optimal conditions (oxidant dose as well as cobalt dose) were determined for spiked
water with HCH (0.85 pM of summed HCH isomers). Optimal oxidant dose was
established by running a test with three different Oxone concentrations (molar ratio of
Oxone:Co(NOs3)2 - 1:0.1): 0.06, 0.6 and 6 mM. Degradation curves of summed HCH
isomers were fitted into the pseudo first-order kinetic model and reaction rates shown to
be: 0.03, 0.31 and 0.55 min~' for doses: 0.06, 0.6 and 6 mM respectively. Further
experiments were carried out to determine the optimal Oxone:Co(NOs3). molar ratio.
Effectiveness of HCHs decontamination by Oxone:Co(NOs)2 in various molar ratios was
in order: 1:0.1 > 1:1 > 1:0.01 > 1:0.001. It was observed that surplus of Co(NO3)2 can
slow down degradation rate constants. A reaction between sulfate radicals and Co(NO3)2
could be responsible for this phenomenon, which can lead to formation of sulfate ions
without HCHSs oxidation. In addition, tests with higher HCH dose (close to the solubility
limit) were carried out to determine by-products of decontamination. In these tests 2,4,6-
trichlorophenol (2,4,6—TCP) was found to be the major intermediate of HCH isomers
degradation. Trace levels of the trichlorobenzene (TCB), tetrachlorophenol (TeCP) and
pentachlorophenol (PCP) were detected as well. The study revealed that Oxone induced
by Co(ll) shows a high degradation rate with HCH isomers, which can make it an

attractive method for HCHs decontamination in the future.
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ABSTRACT

Hexachlorocyclohexane isomers (HCHs) are one of the most ubiquitous and most easily
detected organochlorine pesticides in environmental samples. This global distribution is
enabled by HCH persistence. Moreover, HCH tends to bioaccumulate in human and animal
adipose tissue. Since certain HCHs cause central nervous system, reproductive, and other
endocrine damages, there is a necessity of a suitable remediation method to remove HCH
from contaminated groundwater and soil. This study was conducted to evaluate the poten-
tial of peroxymonosulfate (Oxone) induced by cobalt salt (Co(NOs),; Co(ll)) to degrade
HCHs. Cobalt(IT) nitrate has been chosen instead of cobalt(IT) chloride (which presents bet-
ter activation properties for Oxone) in order to avoid an excess of chloride interference and
more additional chlorination by-products. The optimal conditions (oxidant dose as well as
cobalt dose) were determined for spiked water with HCH (0.85 pM of summed HCH iso-
mers). Optimal oxidant dose was established by running a test with three different Oxone
concentrations (molar ratio of Oxone:Co(NO;),—1:0.1): 0.06, 0.6, and 6 mM. Degradation
curves of summed HCH isomers were fitted into the pseudo-first-order kinetic model, and
reaction rates are shown to be 0.03, 0.31, and 0.55 min~' for doses 0.06, 0.6, and 6 mM,
respectively. Further experiments were carried out to determine the optimal Oxone:Co
(NO3), molar ratio. Effectiveness of HCHs decontamination by Oxone:Co(NO;), in various
molar ratios was in the order 1:0.1 > 1:1 > 1:0.01 > 1:0.001. Tt was observed that surplus of
Co(NO3); can slow down the degradation rate constants. A reaction between sulfate radicals
and Co(NO3), could be responsible for this phenomenon, which can lead to the formation
of sulfate ions without HCHs oxidation. In addition, tests with higher HCH dose (close to
the solubility limit) were carried out to determine by-products of decontamination. In these
tests 2,4,6-trichlorophenol (2,4,6-TCP) was found to be the major intermediate of HCH iso-
mers degradation. Trace levels of the trichlorobenzene (TCB), tetrachlorophenol (TeCP), and
pentachlorophenol (PCP) were detected as well. The study revealed that Oxone induced by
Co(IT) shows a high degradation rate with HCH isomers, which can make it an attractive
method for HCHs decontamination in the future.
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1. Introduction

Hexachlorocyclohexanes (HCHs) represent one of
the dominant and extensively researched kinds of
chlorinated pesticides that have recently been included
in the list of persistent organic pollutants (POPs) [1].
Hence, it is crucial to establish cost-effective remedial
technologies to treat water, soil and waste contami-
nated by HCH isomers.

Degradation of HCH can be achieved by various
remedial techniques using both biological and chemi-
cal methods. Phillips et al. provided an overview of
early studies of lindane-contaminated soil treatment
in which they suggest that degradation of HCH
isomers is faster under anoxic conditions and that
microbial degradation is the primary route of HCH
removal from soil. In addition, biodegradation of
HCH isomers in an aerobic/anaerobic environment is
enabled by the fungal metabolism of Sphingomonas
paucimobilis [2]. Boyle et al. reported the dehalogena-
tion of lindane under sulfate-reducing conditions by
anaerobic bacteria from marine sediments, Desulfovib-
rio africanus and Desulfococcus multivorans, yielding
benzene and monochlorobenzene [3]. Elliott et al.
studied the degradation of lindane by zero-valent iron
nanoparticles (nZVI). They identified y-3,4,56-tetra-
chlorocyclohexene as a key reaction intermediate of
lindane dechlorination. Trace levels of additional
products including benzene and biphenyl were
detected but only in experiments with high lindane
concentrations conducted in 50% ethanol. Following
nZVI treatment, up to 80% of the chlorine from the
lindane molecules ended as chloride in water in
comparison with only 38% of the expected chloride
concentration was observed from the microscale iron
experiment [4]. Singh et al. performed the degradation
of lindane-spiked soil using stabilized Pd/Fe’ bimetal-
lic nanoparticles. Pentachlorocyclohexene, tri- and
dichlorobenzene were identified as intermediate prod-
ucts while benzene was formed as the most stable
end product. In addition, carboxymethyl cellulose
(CMO) stabilized bimetallic Pd/Fe’ nanoparticles
displayed up to 7-fold greater efficiency for lindane
degradation in comparison with plain nZVI [5]. Zino-
vyev et al. conducted dehalogenation of lindane in a
multiphase catalytic reduction system with Pd/C, Pt/
C, and Raney-Ni, in which at the temperature of 50°C
and atmospheric pressure full conversion of lindane
to 1,2,4-tricholorobenzene (1,2,4-TCB) was achieved in

5-10 min via base assisted dehydrochlorination,
followed by metal-catalyzed hydrodechlorination with
hydrogen to benzene [6].

Although reductive dehalogenation of HCHs was
reported many times, there have been relatively few
investigations on the use of chemical oxidation to
degrade HCHs in the literature.

One of the oxidizing reagents which could be ben-
eficially applicable for this purpose is peroxymonosul-
fate (Oxone) (Fig. 1).

Oxone is a source of a powerful oxidant peroxy-
monosulfate (HSO5) which can be further induced to
form sulfate radicals (Eq. (1)).

It is this formation of sulfate radicals that makes
Oxone applicable in many industries and can be intro-
duced for removing contaminants and environmental
remediation. Sulfate radical-advanced oxidation pro-
cess (SR-AOPs) can be used for simultaneous removal
of refractory organic contaminants [7,8] and has a high
efficiency removal of halogenated pollutants [9].
Compared to OH, SO, " has higher reduction potential
at neutral pH and is more selective for direct electron
transfer [10]. Anipsitakis and Dionysiou reported that
Co-catalyzed activation (Co(Il)) of Oxone served as a
highly efficient route for achieving complete oxidation
of organic pollutants. Anipsitakis et al. [8] reported
that HSO; has a high oxidation potential and the
production of SO;* and the mineralization of organic
compounds can be expressed as follows (Eqs. (1)
and (2)):

CoOH* + HSO; — CoO" + SO;* + H,0 (1)
SO," + organics — (manysteps ) — CO, + H,O (2)

The main aim of this article was to describe the effects
of cobalt-mediated activation of peroxymonosulfate

OH o
HO //o I |
SN ||o=s—0] o=s—0
# >y Il Il
0—0 ) o)
K* kK JL k- K
KHSO, KHSO, K,SO,

Fig. 1. Model of Oxone compounds.
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(an active Oxone compound) on HCH isomers
degradation. According to our knowledge, there is no
report describing the degradation of HCH isomers
using Oxone.

2. Materials and methods
2.1. Reagents and solutions

All of the chemicals used in the experiments were
of analytical reagent grade. Oxone (OXONE, 99.0%)
and cobalt(Il) nitrate hexahydrate (99.999%) were pur-
chased from Sigma-Aldrich; sodium thiosulfate pen-
tahydrate (used for quenching reactions) (99.0%) was
purchased from Lach-Ner. A saturated stock solution
of HCH was prepared by dissolving standard HCH
(isomer mixture o:f:y:0 = 1:1:1:1; 99.3%; Sigma-Aldrich
Co.; 85uM) in deionised water. Deionised water
(182MQcm™') was prepared by an ELGA purelab
flex system (ELGA, Veolia Water, Marlow, UK).

2.2. Analytical

HCH isomers were quantified by a gas chromatog-
raphy (Thermo Trace 1310 combined with an MS
detector TSQ 8000 triple quadrupole). Headspace
solid-phase microextraction (HS-SPME) was utilized
for sample preparation and injection (PDMS SPME
fibers, Supelco). A TR-Pesticide chromatographic col-
umn, 30 m in length, 0.25 mm in diameter, was used
for gas chromatography. For detection of the polar
chlorophenols, as by-products of the oxidation reac-
tions, sample aliquots were derivatized with acetic
anhydride [11]. For calibration, standard mixtures of
HCH (Neochema, Pesticides Mix 5) were employed
along with deuterated y»-HCH (Ehrenstorfer GmBH) as
an internal standard.

A ultraviolet-visible spectrophotometer (HACH
LANGE s.r.o., Czech Republic) with matched 1-cm
quartz cells was used for the determination of peroxy-
monosulfate (an active part of Oxone) concentration
according to the method developed by Waclawek
et al. [12]. At selected time points, 0.2 cm® samples
were taken from the reactors, mixed with a 5cm?
potassium iodide solution, and the resulting mixtures
were then measured using the spectrophotometer
(characteristic wavelength of 395 nm).

2.3. Experiment setup and calculations

Experiments were performed at room temperature
in 200-ml glass bottle containing 200 ml solution.
Solution was stirred magnetically at the constant rate
of 350 rpm.

Tests were performed with three different Oxone
concentrations (6, 0.6, and 0.06 mM). In addition, after
establishing the optimal Oxone concentration for
HCHs decontamination, experiments with various
molar ratios between Oxone (6 mM) and cobalt(Il)
nitrate (6, 0.6, 0.06, and 0.006 mM) were done.

Experiments were performed at least twice using
freshly prepared samples. The mean of the data was
calculated from these tests.

Pseudo-first-order kinetic model (Eq. (3)) was
applied for the evaluation of the kinetics of HCHs
degradation:

€

where C and C, are the summed HCH isomers con-
centrations at time (f) and t = 0, respectively, and k is
the reaction rate constant.

3. Results and discussion
3.1. Effect of various Oxone doses on HCH degradation

In the presence of Co(NO;), alone, no significant
HCH removal was observed during the 30 min of the
experiment. As increasing Oxone concentrations were
added into the solution, the degradation of summed
HCH isomers appeared. The variation in Oxone dosage
and increased efficiency of HCH decontamination are
presented in Fig. 2.

Degradation curves of summed HCH isomers can
be fitted well with the pseudo-first-order kinetic

1.2
] _ e - —n
108
] \\\\ . —u— Co(ll) 1 mM
W ® - Oxone 0.06 mM
084 1\ ey —a— Oxone 0.6 mM
\ =
& ‘\ \ e —v— Oxone 6 mM
= i \ e
8 o8y | \ S
5 VN e—
I 044 4 \
v, N
\
0.2 \ \
Y \A\,\\
0.0 Ty x x
X T T T T
0 5 10 15 20
Time [min]

Fig. 2. Kinetics of summed HCH isomers degradation
by various Oxone doses (Cycps=0.85pM, molar
ratioOxonc:Co(ll) =1:0.1).
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Table 1
Oxone dose dependence on HCHs removal

Sample name Oxone concentration (mM)

Oxone/Co(Il) molar ratio  Pseudo-first-order rate constant (min™!) R?

Oxone 0.06 mM 0.06 1:0.1
Oxone 0.6 mM  0.60 1:0.1
Oxone 6 mM 6.00 1:0.1

0.03 0.990
0.31 0.999
0.55 0.997
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Fig. 3. Kinetics of HCH isomer degradation by Oxone
activated by Co(D) (Cucns =0.85 MM, Coxone = 6 mM,
molar ratiopyone:coan = 1:0.01).

model and the calculated rate constants can be found
in Table 1.

Fig. 3 shows the kinetics of the degradation of indi-
vidual isomers by Oxone induced by Co(II). Although
differences between the degradation rate constants of
the individual isomers were not significant, «-HCH
and f-HCH show the lowest degradation rate, smaller
in comparison with »-HCH and J-HCH. After 12 min,
y-HCH and J-HCH concentrations were approximately
a half of the concentrations of a-HCH and p-HCH.
These results are in agreement with our previous study
concerning HCH oxidation with electro-activated per-
sulfate, which revealed a- and f-isomers as the most
persistent ones from all HCH isomers [13].

3.2. Effect of various Co(II) doses on HCH degradation

In Fig. 4, the effect of various Oxone/Co(NOs),
molar ratios with a fixed Oxone dose (6 mM) on
HCHs degradation can be seen.

In the absence of Co(Il) or Oxone, the HCHs
degradation is negligible. But after mixing this com-
pounds in certain concentrations, HCHs are continu-
ously degraded to the point when Oxone and Co(II)
were coupled in the molar ratio of 1:1. Degradation
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Fig. 4. Kinetics of summed HCH isomers degradation by
various Oxone/Co(Il) molar ratios (Cpcrs = 0.85 uM,
Coxone = 6 mM).

efficiency caused by Oxone induced by Co(II) in molar
ratio of 1:0.1 is higher than in 1:1.

The kinetics of peroxymonosulfate decomposition
induced by Co(Il) were studied to explain this change
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Fig. 5. PMS decomposition during the experiment
with various cobalt concentrations (Cycps = 0.85 pM,
Coxone = 6 mM).
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Fig. 6. Production of 2,4,6-TCP during oxidation of HCHs (Cricpis ~ 40 pM, Coxone = 6 mM, molar ratiooyone:coan = 1:0.1).

in the rate of HCH degradation (Fig. 5). Similarly to
HCH removal, the rate of peroxymonosulfate decom-
position is not significant without cobalt salt dose but
is enabled as the Co(Il) dose increases. The trend is
consistent with HCH degradation up to molar ratio of
Oxone:Co(I1)—1:0.1. The maximal peroxymonosulfate
decomposition for a Oxone:Co(II) molar ratio of 1:1
and the simultaneous decrease in HCH degradation
(Fig. 4) indicate that the excess of Co(II) can also act
as a sulfate radical scavenger at high concentrations as
expressed by Eq. (4) [14]:

Co(I) + SO, — Co(Il) + SO;~ @

3.3. Intermediates

GC/MS full scan analysis after derivatization and
SPME injection revealed the formation of 24,6-
trichlorophenol (2,4,6-TCP) during cobalt-mediated
Oxone treatment of HCHs (Fig. 6).

Based on the results presented above, it can be
concluded that chlorine and hydrogen atoms were
abstracted from the CI-C-H groups (constituting
HCHs), which could be the cause of penta- and tetra-
chlorocyclohexene formation. These by-products after
further oxidation could be transformed to trichloro-cy-
clohexadiene-ol and ultimately 2,4,6-TCP.

Experiments on rats have shown that 24,6-TCP
have moderate acute toxicity [15].

Degradation of 2,4,6-TCP by sulfate radicals was
well described in a recent study [16]. It was deter-
mined therein, that after ring cleavage, there is
formation of ring-opening products (e.g. 2,4-dichloro-
5-oxo0-2-hexenedioic acid and 1,1,3,3-tetrachloro-2-pro-
panone) which are further oxidized to low-molecular
weight organic compounds and finally transformed to
CO, and H,O.

In our study, trace levels of the trichlorobenzene
(TCB), tetrachlorophenol (TeCP), and pentachlorophe-
nol (PCP) were detected as well. TeCP and PCP could
be formed in the chlorination process of 2,4,6-TCP.
This phenomenon was described by Anipsitakis and
Dionysiou [9]. Future research has to be done to
quantify these intermediates and to determine
the exact degradation pathway of HCHs oxidized by
SO;".

4. Conclusions

Applied study unveiled that cobalt-mediated
Oxone activation is a suitable method to degrade
HCH isomers. It is worthy to note that summed HCH
isomers (0.85 pM) can be almost entirely degraded
under the optimal conditions of Co(II) dose (0.6 mM)
and Oxone concentration (6 mM). Furthermore, it was
observed that surplus of Co(NO;), negatively influ-
ences the degradation of HCHs. Responsible for this
phenomenon could be a reaction between sulfate
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radicals and excess of Co(Il). Experiments in very
concentrated HCH solution had shown 2,4,6-TCP as a
major intermediate. Performed research revealed that
Oxone coupled with Co(Il) has a high reaction rate
with HCH isomers, and future study has to be
performed in order to establish exact degradation
pathways for HCHs and to confirm effectiveness of
proposed method in the field.
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4.3. Simple spectrophotometric determination of
monopersulfate

Abstract: A simple, sensitive and accurate spectrophotometric method has been
developed and validated for the determination of monopersulfate (MPS) which is an
active part of potassium monopersulfate triple salt that has the commercial name -
Oxone. This work proposes a spectrophotometric determination of monopersulfate based
on modification of the iodometric titration method. The analysis of absorption spectra
was made for the concentration range from 1.35 to 13.01 ppm of MPS (with a detection
and quantification limit of 0.41 ppm and 1.35 ppm, respectively) and different pH values.
The influence of several anions on the measurement was also investigated. Furthermore,
the absorbance of iron and cobalt (often used as free radical initiators) proved to have no
effect on the measurement of MPS concentrations. On the basis of the conducted studies,
we propose 395 nm as an optimal wavelength for the determination of MPS

concentrations.

Citation: Wactawek, S., Griibel, K., and Cernik, M. (2015). Simple spectrophotometric
determination of monopersulfate. Spectrochim. Acta A Mol. Biomol. Spectrosc. 149,
928-933.
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Introduction

In recent years, advanced oxidation processes (AOPs) have stim-
ulated a great deal of interest due to their effectiveness in the
degradation and removal of various pollutants and chemicals i.e.
pharmaceuticals like antibiotics [1,2].

The generation of hydroxyl radicals (OH') or sulfate radicals
(SOz°), can lead to the complete mineralization of organic
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E-mail address: kgrubel@ath.bielsko.pl (K. Griibel).
! Tel.: +420 485 353 006.
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compounds [3-5]. Specifically, the sulfate radical is one of the
strongest oxidants with a redox potential estimated to be 2.6 V
(2.5-3.1V) [6], which possesses several advantages over OH-
(redox potential of 1.8-2.7 V) [7] with regards to a faster oxidation
rate and greater stability in the aquatic environment [8].

Oxone, the commercial name of potassium monopersulfate
(2KHSO5-KHSO4-K5S04, its molecular model is presented in
Fig. 1), is dissociated in water to a strong oxidant monopersulfate
(MPS) (HSOs5) which can be transformed to the sulfate radical
(504°) (Eq. (1)).

The generation of sulfate radicals allows Oxone to be used in
many industries [1,2,9-12] as well as being introduced for the
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KHSOs KHSO4 K280,

Fig. 1. Molecular model of Oxone compounds.

removal of contaminants in environmental remediation. The sulfate
radical based process can be used e.g. for simultaneous removal of
refractory organic contaminants and ammonia in landfill leachate-
ble compounds [13-17] and is highly effective in the removal of
halogen-substituted pollutants [15,18]. The rapid destruction of
organic contaminants by SO4* at a near diffusion-controlled rate
(10° M~ s7) has attracted great interest among practitioners as a
potential method for on-site hazardous waste remediation [19].
Compared to OH, SO4* demonstrates a higher oxidation-reduction
potential at neutral pH and is more selective for electron transfer
which may result in a higher selectivity to electron rich moieties
compared with the hydroxyl radical [20].

Wang and Chu [21] reported that MPS can be easily activated
into highly reactive radicals through homolytic cleavage of the per-
oxide bond of HSOs by photolysis or thermolysis (Eq. (1)) [21] or
into sulfate radicals via a single electron transfer (Eq. (2)) [22] by
a transition metal (e.g. Co®* and Fe?").

HSO, "/450," + OH' 1)

HSO; + Fe’* — SO," +Fe’* + OH (2)

Anipsitakis and Dionysiou [17] reported that Co-catalysed acti-
vation (Co(Il)) of Oxone served as a highly efficient route for
achieving complete oxidation of organic pollutants. Anipsitakis
et al. [23] reported that HSOs has a high oxidation potential and
the production of SOz* and the mineralization of organic com-
pounds can be expressed as follows (Egs. (3) and (4)) [23,24]:

CoOH" +HSO; — CoO" +SO," + H,0 (3)

SO, + organics — (many steps) — CO, +H,0 (4)

Pi et al. [25] reported that Oxone can be used successfully as a
source of the SOz radical to drive oxidative degradation of ofloxa-
cin (OFX). The initial transformation of OFX proceeded through the
formation of 13 intermediates, identified using UPLC-MS and MS
fragmentation analysis. They concluded that Oxone has more facile
transformation mechanisms compared with the reported reaction
pathways of OFX degradation involving OH/H" as the oxidant. It
was confirmed that MPS can be a suitable oxidant for the decom-
position of dyes and organic compounds [9-12].

Vogel [26] determined using iodometric titration that 1g of
Oxone contained 2.75 mmol of KHSOs. A solution of 10.1 mg of
Oxone and 10 cm® of water had a pH of 2.93. The solution con-
tained 4.2mg (2.77mmol) of KHSOs; and 59mg of
[KHSO4 + K5S04). From the pKa of KHSO4=1.92, the equilibrium
calculation showed that the above solution contained 2.2 mg
(1.60 mmol) of KHSO4 and 3.7 mg (2.14 mmol) of K;SO4. Thus,
the analyzed molar ratio of KHSOs/KHSO4/K;SO,4 in Oxone was
1.73:1.0:1.34.

Since Oxone is still not widely used due to, inter alia, the com-
plicated procedure of monopersulfate anion (HSO5) determination
from triple salt, there is a need to create a rapid and simple method
for its precise determination. This method may be helpful for
determining the dosage, strength and speed of MPS oxidation
(kinetics). This work describes a spectrophotometric

determination of MPS based on modification of the iodometric
titration method [27].

On the basis of iodometric titration [27] a correlation between
the amount of monopersulfate and the obtained absorbance is pos-
sible. The result of the study is a procedure that allows the active
part of Oxone to be determined without conducting
time-consuming iodometric titration. The absorption spectra were
analyzed for the concentration range from 1.35 to 13.01 ppm of
monopersulfate and different pH values. In our study, we com-
pared the spectra of cobalt and iron with what we consider to be
the best wavelength for MPS determination. In addition, the impact
of SO3~, CI” and CO3~ anions were investigated.

Methodology
Apparatus

An ultraviolet-visible/visible spectrophotometers (Hach Lange
DR 6000, Hach Lange DR 3900, Hach Lange DR 2800 and XION
500 DR Lange) with matched 1 cm quartz cells (cuvettes) were
used for recording the absorption spectra. The calibration linear
dependency was checked on mentioned spectrophotometers. The
pH was determined using a WTW pH-meter (xylem brand)
equipped with SenTix pH electrodes (TMultiLine® Multi 3430 IDS).

Reagents and solutions

All of the chemicals used in the experiments were analytical
reagent grade. Oxone (99.0%, 228036 SIGMA-ALDRICH), potassium
iodide (99.5%), sulfuric acid (98.0%), sodium hydroxide (99.0%),
starch (ACS grade), sodium bicarbonate (99.7%), potassium carbon-
ate (99.0%), sodium sulfate (99.0%), acetic acid (99.0%), sodium
acetate (99.0%), cobalt(Il) nitrate hexahydrate (99.9%), iron(II) sul-
fate heptahydrate (99.0%) and sodium chloride (99.0%) were pur-
chased from Sigma-Aldrich. Deionised water was used in all of
the experiments.

The results were repeated 10 times and presented as mean val-
ues n=10 and standard deviation. The estimator of the highest
credibility was used for determination of the standard deviation
(STATISTICA 6.0).

Characteristic of waste activated sludge sample

The applicability of the proposed method for the determination
of MPS has been tested in the waste activated sludge (WAS). WAS
was taken from the bioreactor of a municipal wastewater treat-
ment facility located in south of Poland. The facility works accord-
ing to the Enhanced Biological Nutrient Removal (EBNR) processes.
The amount of treated wastewater is in range of 10° m?/d. Solid
retention time (SRT) is about 14 days and the concentration of
mixed liquor suspended solids (MLSS) fluctuates between 4.3-
4.7 g/dm>. Characteristic of WAS sample is presented in Table 1.

MPS was measured in WAS at the same time with two methods.
For the determination of MPS in sludge with the iodometric
method, samples were centrifuged for 3 min at 6000 RPM, filtrated
through a 0.45 pm syringe filter, withdrawn by pipet (5cm?),
quenched in 30 cm? of acetate buffer (pH = 3) containing KI and
titrated with 0.1 N sodium thiosulfate using starch indicator.

General recommended procedure

Potassium iodide solution

To a 1 dm?® volumetric flask, add 100 g of potassium iodide (KI)
and 5g of sodium bicarbonate (NaHCO; - added to avoid
oxygen-oxidation of iodide) and dilute to the mark.
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Table 1

Characteristic of WAS sample (mean values and * standard deviations of concentra-
tion/value in supernatant or in dry mass (d.m.) were calculated from 5 repeated
measurements).

Indicator Unit Mean value + standard
deviation
pH - 6.8+04
Temperature [temp.] € 16.8+1.7
Oxidation/reduction potential mV 82.4+93
|ORP]
Conductivity mS/cm 1.0+0.2
Total solids [TS] g/dm? 52+03
Volatile solids [VS] g/dm? 3503
Total nitrogen [TN] % d.m. 5004
NH} mg/dm’® 15.8+3.2
PO; mg/dm? 344:28
Soluble chemical oxygen demand mg 0,/dm* 118+12
[SCOD]
cd mg/Kga.m. 0.10%0.05
Cr mg/Kgq.m. 442+3.1
Cu mg/Kgq m. 289+23
Hg mg/Kgy.m. 0.14+0.07
Ni mg/Kgq.m. 247+52
Pb mg/Kgy.m. 93.8+3.5
Zn mg/Kgy m. 889+ 31

Sample preparation for the determination

Toa5cm? potassium iodide solution, earlier dosed to vials, add
a volume of sample possessing MPS that will correspond to the
concentration obtained in the vial from 1.35 to 13.01 ppm.

Absorbance reading
Mix the obtained sample with a vortex and measure absorbance
at a wavelength of 395 nm.

Definition of the concentration of MPS
The concentration of MPS can be calculated based on the fol-
lowing Eq. (5):

Abs — B 5+ Viqgeq

Cwips = — (5)

Vadded
where: Cups — concentration of MPS in ppm; Abs - obtained absor-
bance of measured sample; V,qgeq — volume of sample containing
MPS [cm?] added to 5 cm® of potassium iodide solution; A, B - slope
and y-intercept of the linear calibration curve, which can be deter-
mined for particular set-up of measurement (A=0.084 and
B=0.0014 were determined constant on four different
spectrophotometers).

Results
Selection of analytical wavelength

Addition of monopersulfate to an iodide solution causes the
appearance of a yellow color after the iodide transforms to iodine
(Eq. (6)) which further reacts with iodide to form a complex with a
strong absorption in the ultraviolet-visible range (I3).

HSO, + 21" — S0 +1, + OH (6)

The analysis, in terms of absorbance spectra wavelengths of
300-500 nm, was conducted for various MPS concentrations
(1.35-13.01 ppm) (Fig. 2).

The linear relation between the concentration and absorbance
of MPS can be observed in Fig. 2. The main absorbance forms a sin-
gle peak in wavelengths from 320 to 500 (Fig. 2). Although the
maximum absorbance peaks are around 350 nm, the wavelength
of 395 nm was selected for the determination because of anion,
pH and transition metal interference (shown below). A slight peak

3.5

3.0

S W we W w0
Wavelength [nm]
——0.00 ppm (KI+NaHCO,)

——1.35 ppm
2.68 ppm
+~—4.01 ppm
5.32 ppm
——6.63 ppm
7.93 ppm
9.21 ppm
10.49 ppm
——11.75 ppm
——13.01 ppm

2.5

Abs

400 450 500
Wavelength [nm]

T
300 350

Fig. 2. Changes in absorbance with various MPS concentrations (Ciwps)=0.00-
13.01 ppm, optical path length=10 mm, reaction time=15min, pHups) =3,
temp. = 21 + 2 °C; dashed line represents wavelength of 395 nm which was selected
for the determination).

of potassium iodide and sodium bicarbonate solution in this region
was also observed (see 0.00 ppm in Fig. 2).

In order to select the best wavelength for measurements we
took into account the spectra of the two most common initiators
of MPS, which are cobalt(Il) and iron(ll), in quantities of 355 and
200 ppm, respectively (Fig. 3).

As we can see from the figure, neither of the metals most com-
monly used for sulfate radical generation in Oxone chemistry
interfere with the measurements conducted at a wavelength of
395 nm. Hence, we can conclude that the absence of interference
from these metals can be a suitability factor for the precise deter-
mination of monopersulfate activated by the above-mentioned
transition metals.

In addition, we determined that the ratio of the absorbance of
potassium iodide used for the determination of MPS to the sum
of the absorbance of the two metals confirmed the high sensitivity
of the investigated method at a wavelength of 395 nm (Fig. 4).

o —— MPS 1.35 ppm

—— Fe(Il) 200 ppm
——— Co(ll) 355 ppm

0.40
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Fig. 3. Interference of Co(Il) and Fe(ll) in MPS determination at wavelengths 300~
500 nm (Cimps) = 1.35 ppm, optical path length =10 mm, reaction time =15 min,
PH(mps) = 3, temp. = 21 + 2 °C; dashed line represents wavelength of 395 nm which
was selected for the determination).

68



S. Wactawek et al. /Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 149 (2015) 928-933 931

\,
1
\’1‘_‘
7
.o

—
—r
A e

o
o

i

"1_‘“
-
» e

Abs MPS 1.35 ppm/sumAbs Co(ll) + Fe(ll)

0 T T T T II T T T T 1
300 320 340 360 380 400 420 440 460 480 500

Wavelength [nm]

Fig. 4. Ratio of MPS absorption towards the absorption of the sum of Co(Il) and
Fe(11) (dashed line represents wavelength of 395 nm which was selected for the
determination).

Despite the fact that the peak does not have its maximum at a
wavelength of 395 nm, further analysis showed that this is the
optimal wavelength.

Method validation

According to the recommendations of ISO 8466:1990 [28], a cal-
ibration curve was established based on the analyses of ten Oxone
concentrations (1.35-13.01 ppm). Each calibration point was repli-
cated ten times. Linearity of tested method was determined within
this range (Table 2):

The limit of detection (LOD) and the limit of quantification
(LOQ) were established based on Konieczka and Namiesnik [29]
and the values were 0.41 and 1.35 ppm for LOD and LOQ, respec-
tively. Boudeville [30] proposed MPS determination method using
titration with higher LOD (1.1 ppm) than presented here.

The repeatability was calculated using the relative standard
deviation (RSD) from ten MPS analyses series of ten concentration
levels (1.35-13.01 ppm). RSD values have no trend and are ran-
domly distributed between 0.3% and 2.7%, with a mean value of
1.1%, which therefore is considered as RSD of MPS determination
by the tested method.

For the method robustness, the reaction time is an important
experimental variable. Therefore, analysis was performed after a

Table 2
Concentration of MPS in each calibration point and standard deviation calculated
from 10 repeated measurements (reaction time=15min, pHuwps) =3,

temp. =21+ 2 °C).

Sample No. Concentration of MPS [ppm]

1.35+0.03
2.68+0.01
4.01+0.01
532013
6.63+0.07
7.93+0.02
9.21+0.05
10.49+0.11
11.75+0.09
13.01 £ 0.06

0NV A WN =

o

—a— Abs pH2.5/Abs pH 3.0 - Abs pH 3.0/Abs pH 3.0 —— Abs pH 4.0/Abs pH 3.0 —~— Abs pH 5.0/Abs pH 3.0

—+— Abs pH 6.0/AbS pH 3.0 —— Abs pH 7.0/AbS pH 3.0 —— Abs pH 8.0/Abs pH 3.0 —— Abs pH 9.0/Abs pH 3.0
+— Abs pH 10.0/Abs pH 3.0

Abs pH 11.0/Abs pH 3.0

0.98 . it Al L —
; ,\;\,t}g M;m';j [ =§:$x

¥
e i M
Vo

Abs /Abs
o
8

0.92
P 257700 TR Y Y i i

0.90 o ity

/ y i
0.88 1

I
0.86 T L T .
300 350 400 450 500

Wavelength [nm]

Fig. 5. Influence of pH values on absorbance, pH=3 taken as a standard
(Cwmps=13.01 ppm, optical path length=10mm, reaction time=15min,
temp.=21+2°C; vertical dashed line represents wavelength of 395 nm which
was selected for the determination, horizontal dashed lines determines +5% and
—5% difference from absorbance obtained by MPS without pH adjustment).

reaction time of 1, 15 and 75 min by taking three different concen-
trations of MPS (1.35 ppm, 5.32 ppm and 13.01 ppm). We found
values and RSD unaffected by time as shown by mean concentra-
tions (1.33 ppm, 5.30 ppm and 12.94 ppm) and RSD values in the
range of 0.6-2.9%.

Method ruggedness was expressed as the RSD of the same pro-
cedure applied by three different analysts at similar environmental
conditions as well as using four different spectrophotometers. The
% RSD values were found to be less than 3%. The low % RSD values
indicated that the method has a good accuracy and specificity.

Influence of pH

Due to the high oxidizing properties of MPS and the possibility
of its use in different environments the possible changes and
impact of pH must also be taken into account in determining its
concentration. Therefore, analysis was performed on the influence
of pH values (adjusted by sulfuric acid and sodium hydroxide) on
absorbance at selected wavelengths (Fig. 5).

Changes in pH values from 2.5 to 10 caused no significant color
or spectral change under identical conditions at the wavelength
proposed for the MPS determination (+5%). However, high pH
(around 11) is not suitable for determining monopersulfate.
Problems with the determination of MPS in pH>10 can be
explained by adversely affected stability of MPS in higher pH range
(according to Yan [31] in particular above pH 9).

Influence of anions

We investigated the influence of several anions on MPS deter-
mination. This was evaluated through testing the response of the
assay to various environmentally relevant anions including CO3~,
S03 ", Cl~ at a concentration of 500 ppm, which is often an upper
limit of EPA water quality standards (Fig. 6) [32].

The absorption spectra of a MPS concentration of 13.01 ppm in
a KI/NaHCO; solution before and after the addition of CO3~, SO3™,
and ClI~ were almost unaffected. From this we can conclude that
the proposed method is insensitive to the addition of anions at
the described doses.
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Fig. 6. Impact of anions - carbonate (CO%"), sulfate (SO3"), chloride (CI") and a
mixture of them on absorption (Cimps)= 13.01 ppm, optical path length =10 mm,
reaction time =15 min, pHgypsy= 3, temp. =21 +2 °C; vertical dashed line repre-
sents wavelength of 395 nm which was selected for the determination, horizontal
dashed lines determines +5% and —5% difference from absorbance obtained by MPS
alone).
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Fig. 7. Relationship of calibration at a wavelength of 395 nm. Error bars represent
95% confidence intervals (n=10) (reaction time=15min, optical path
length = 10 mm, pHqups) = 3, temp. = 21 £ 2 °C).

Calibration

In our research work we made a calibration curve for MPS con-
centrations from 1.35 to 13.01 ppm (Fig. 7).

Fig. 7 suggests a linear relationship (y=0.084x+0.0014,
R?=0.999) between the absorbance intensity of the iodine and
the concentration of MPS in the range from 1.35 to 13.01 ppm at
an absorption wavelength of 395 nm.

Estimation of MPS in real samples

The applicability of the proposed method for the determination
of MPS has been successfully tested in the waste activated sludge
(WAS).

300 K 395 nm wavelength
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— 2504
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Fig. 8. Comparison of the investigated method with the iodometric titration
method performed in waste activated sludge supernatant (Civps)=300ppm,
temp.=16.8 +1.7 °C).

The proposed method was validated by the iodometric titration
method. Also, analysis of MPS in the liquid of WAS samples con-
firmed a good correlation with measurements by the titration
method (Fig. 8).

Instability of MPS in sludge matrix can be attributed to the
direct oxidation of various organic components present in the
waste activated sludge. In addition WAS contains large amounts
of transition metals that can rapidly react with MPS.
Furthermore, in a recent study conducted by Yang et al. [33], it
was suggested that MPS can be activated by various anions (e.g.
PO3~) which can contribute to MPS decomposition.

Conclusions

The developed spectrophotometric method of MPS determina-
tion is a sensitive, selective, and rapid method which is also
superior to the previously reported iodometric methods in terms
of its simplicity and rapidity. We have found that the wavelength
of 395 nm is the best for the determination of MPS in the presence
of Co?* and Fe?'. In addition, no interference by pH (in range
2.5-10) or anions (CO3~, SO%~, Cl-) was observed at this wave-
length. The limit of detection and the limit of quantification were
established at 0.41 and 1.35 ppm, respectively. Furthermore, all
of the analytical reagents are inexpensive and available in any
analytical laboratory. It is a practical and valuable method for
routine application in quality control laboratories for the analysis
of MPS. It has also been tested on waste activated sludge and the
results were comparable with the standard iodometric titration
method.
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4.4. A novel approach for simultaneous improvement
of dewaterability, post-digestion liquor properties
and toluene removal from anaerobically digested
sludge

Abstract: Anaerobically digested sludge (ADS) is a major product of anaerobic
digestion a widely used and economically viable microbial process used in wastewater
treatment plants (WWTP) to break down biodegradable material in the absence of
oxygen. Although anaerobic digestion is considered environmentally safe, the sludge
often possesses undesirable properties including resistance to dewatering and high
concentrations of harmful or deleterious compounds. Toluene is one of the hazardous
products of anaerobic digestion that can be harmful to humans and the environment. In
previous studies, it was demonstrated that persulfates: peroxydisulfate (PDS, S,0s%) and
peroxymonosulfate (PMS, HSOs") could be successfully used in the sludge treatment
process. In this study, it was demonstrated that elevated temperatures from meso- or
thermophilic digestion could activate persulfate creating highly reactive sulfate and
hydroxyl radicals. These radicals can oxidize toluene and other organic matter in ADS
thereby improving its dewaterability. Furthermore, supernatant obtained after oxidation
treatment was conditioned by struvite precipitation in order to remove ammonium
nitrogen and phosphates. The results of this study indicate large improvements in ADS
properties after PDS treatment in comparison to PMS or temperature conditioning alone.
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Anaerobically digested sludge (ADS) is a major product of anaerobic digestion a widely used and econom-
ically viable microbial process used in wastewater treatment plants (WWTP) to break down biodegrad-
able material in the absence of oxygen. Although anaerobic digestion is considered environmentally safe,
the sludge often possesses undesirable properties including resistance to dewatering and high concentra-
tions of harmful or deleterious compounds. Toluene is one of the hazardous products of anaerobic diges-
tion that can be harmful to humans and the environment. In previous studies, it was demonstrated that
persulfates: peroxydisulfate (PDS, S,03 ) and peroxymonosulfate (PMS, HSO5) could be successfully used
in the sludge treatment process. In this study, it was demonstrated that elevated temperatures from
meso- or thermophilic digestion could activate persulfate creating highly reactive sulfate and hydroxyl
radicals. These radicals can oxidize toluene and other organic matter in ADS thereby improving its dewa-
terability. Furthermore, supernatant obtained after oxidation treatment was conditioned by struvite pre-
cipitation in order to remove ammonium nitrogen and phosphates. The results of this study indicate large
improvements in ADS properties after PDS treatment in comparison to PMS or temperature conditioning
alone.
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1. Introduction

One of the major and essential part of many modern wastewa-
ter treatment plants (WWTP) is anaerobic digestion (AD) process.
Four phases: hydrolysis, acidogenesis, acetogenesis and methano-
genesis cause reduction of the amount of sludge for disposal and
convert biodegradable substances of the sludge to biogas [1-3].
Therefore, anaerobic digestion is economical, energy efficient and
competitive [4-6].

Anaerobic digestion process can be conducted in two conven-
tional operational temperature levels: mesophilic process (MAD,
optimally around 30-38 °C) and thermophilic process (TAD, which
takes place optimally around 49-57 °C) [7-9].

Currently, most anaerobic digesters are operated under MAD
conditions, in the temperature range of 25-40°C. MAD is well
understood and requires less heat to sustain, furthermore, the pro-
cess is very robust and stable - due to the large diversity of bacte-
ria involved. The main product is biogas, where the predominant
component is methane (60-70% of volume, [CHy4]). The nutrient-
rich digestate, that is also produced can be used as a fertilizer [10].

Even with its innumerable advantages, the main end-product of
AD - anaerobically digested sludge (ADS) commonly possesses
undesirable characteristics such as high dry mass content and vis-
cosity, which causes a chain of complications in post-treatment
processing and disposal [11,12].

Mrowiec et al. [ 13] found that toluene is produced in the super-
natant as other product of AD in relatively large concentrations in
many cases. This phenomenon was also recently observed in
Liberec’s Municipal WWTP.

Toluene is a typical volatile organic compound (VOC) in that it is
emitted in high levels and difficult to abate [14]. VOCs, as the chief
atmospheric pollution precursors, are destructive to humans and
the environment [15].

Digested sludge requires proper treatment including dewater-
ing and removal of hazardous substances in order to be suitable
for further processing i.e. landfarming, incineration etc. Both of
these goals can be achieved by chemical oxidation with reagents
such as persulfate [16,17].

Long et al. [17] focused on toluene oxidation, but we are not
aware of another study that evaluated of the efficiency of peroxy-
disulfate (PDS) and peroxymonosulfate (PMS) oxidation of toluene
in the ADS.

In the process of PDS and PMS activation, sulfate and hydroxyl
radicals can be generated. This occurs by persulfate activation, via
cleavage of the oxygen bond under elevated temperature, alkaline
conditions, UV radiation or single electron transfer with transition
metals [17-19].

Yang et al. [18] performed oxidation of azo dye Acid Orange 7
using peroxydisulfate and peroxymonosulfate activated by heat,
UV and anions and concluded that temperatures above 50 °C, can
efficiently induce PDS. Zhao et al. [20] determined that a tempera-
ture of 40 °C effectively activated PDS to degrade 1,4-dioxane in
water.

In addition to hazardous organics removal, persulfates can
improve the dewatering and sedimentation properties of sludge
[16]. Sludge dewatering is the separation of a liquid and solid
phase to, ideally, achieve the least possible residual moisture in
the solid phase and the lowest possible solid particle residues are
required in the separated liquid phase (“the centrate”).

Post-digestion liquors contain a higher concentration of organic
compounds and nutrients, which may negatively impact wastewa-
ter treatment processes (unfavorable C/N ratio), if directed back to
the biological treatment facility [21,22]. Moreover, individual unit
processes (e.g. coagulation, ammonia desorption, advanced oxida-
tion, biological methods, immobilized bioprocesses, membrane

techniques) do not ensure complete contaminant removal, mostly
due to a high of ammonium-nitrogen and organic matter content
[23-27].

Different treatment technologies are commonly applied in
WWTP in order to abolish phosphates and ammonium nitrogen
[28]. Most nutrient elimination processes create wastes, which
consequently desire landfilling or incineration [29]. Another alter-
native, is the recovery of nitrogen and phosphates as a by-product,
by means of crystallization processes where minerals with use in
agriculture as fertilizer, can be produced, specifically struvite (NH4-
MgPO,4-6H,0). Struvite is an excellent slow-release fertiliser that
does not “burn” roots when over applied, an usual difficulty with
conventional ammonium-phosphate fertilisers [30-32].

The novel concept described in this paper is based on the pro-
cess of toluene oxidation and dewaterability improvement of
anaerobically digested sludge by thermally activated peroxydisul-
fate and peroxymonosulfate. In the recent literature, there can be
found a lot of information about the use of this substances for oxi-
dation of waste activated sludge. However, to our knowledge, this
represents the first published research on their impact on digested
sludge. The activation temperatures used were similar to those
required in meso- and thermophilic digestions. Our study was con-
ducted for chemical treatment of ADS by PDS and PMS in doses of
0.5,1and 3 g L™! activated at temperatures of 35, 45 and 55 °C. The
efficiency of this method was evaluated in terms of toluene degra-
dation and dewaterability improvement - expressed as changes in
capillary suction time (CST). In addition to the successful separa-
tion of supernatant, which contained high concentrations of
ammonium nitrogen and phosphates, we attempted to remove
these compounds in the form of struvite.

2. Experimental methodology
2.1. Materials

All of the chemicals used in the experiments were analytical
reagent grade. PMS (OXONE, 99.0%), NaOH (sodium hydroxide,
ACS reagent, >97.0%), tert-butyl alcohol (>99.0%), ethanol
(=99.5%) and sodium bicarbonate (99.7%) were purchased from
Sigma-Aldrich. Sodium thiosulfate pentahydrate (99.0%) and PDS
(sodium persulfate, 99.0%) were purchased from Lach-Ner. Deio-
nised water (18.2 MQ cm ') was prepared by an ELGA purelab flex
system (ELGA, Veolia Water, Marlow, UK).

For struvite precipitation it was necessary to provide magne-
sium and phosphate ions as concentrations were lower in the
sludge than required for struvite precipitation according to the sto-
ichiometric ratio of the reagents. Magnesium and phosphate ions
were supplemented by the addition of magnesium oxide (Magne-
sium Oxide for Agricultural Applications, AniMag BLX 30 by Martin
Marietta, USA) and sodium phosphate (96%, Sigma-Aldrich),
respectively.

Anaerobically digested sludge was taken from the Liberec
Waste Water Treatment Plant, the largest WWTP in both the Liber-
ecky and the Ustecky regions of the Czech Republic. The treatment
plant was designed for nutrient removal. For purposes of phos-
phate and nitrogen compounds removal, anaerobic, anoxic and
aerobic sectors are maintained. The plant was designed for a flow
of 103,882 m*>d . At present, the amount of treated wastewater
is approximately 54,806 m®d~"' (Table 1).

2.2. Analytical methods
An ultraviolet-visible spectrophotometer HACH DR 6000 UV/

VIS (HACH LANGE s.r.o., Czech Republic) was used with a 1cm
quartz cuvette for recording the absorption spectra. The pH and
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Table 1
Characteristics of anaerobic digested sludge (ADS) (mean values + standard devia-

tions of concentration/value in supernatant calculated from 3 repeated
measurements).

Indicator Unit Mean value + standard

deviation

pH - 7603

Temperature °C 25+2

Total Solids [TS] gLt 293+1.8

CST s 230+15

NH; mgl~' 1449628

PO; mglL! 358 +36

Mg?* mgL! 18.8+2.3

Soluble chemical oxygen demand mglL! 1786 + 270

[SCoD]
Toluene pgl ! 300+ 20

oxidation-reduction potential (ORP) was determined by a WTW
pH-meter equipped with SenTix pH electrodes (TMultiLine® Multi
3430 IDS, Germany). ORP values are presented as values against a
saturated calomel electrode (SCE) and were not corrected to the
standard hydrogen electrode (SHE). Soluble chemical oxygen
demand (SCOD) was determined following the standard methods
for examination of water and wastewater, procedure 5220D [33].
To analyse the soluble phase, the particulate sludge matter was
removed by centrifugation (10 min at 5000 rpm) and the resulting
centrate was filtrated through 0.45 pm pore size membrane filters.
The content of Total Solids (TS) (procedure 2540 solids) and the
concentration of ammonium nitrogen and phosphates was deter-
mined according to Rice et al. [33] (procedures 4500-NH3; and
4500-P, respectively).

S. Waclawek et al./Chemical Engineering Journal 291 (2016) 192-198

Concentration of magnesium ions was determined by atomic
absorption analysis AAnalyst 100 (Perkin Elmer, USA). Toluene
and intermediates were searched for in the full scan mode of a
GClion trap MS instrument (Varian Saturn 3800, USA), equipped
with a DB-624 column (60 m in length, 0.25 mm in diameter).
For toluene quantification, 7 ml samples were taken from the reac-
tor and mixed with sodium thiosulfate to quench the oxidant and
stop the reaction. For the determination of capillary suction time
(CST) device Type 304 M CST (Triton Electronics Limited, England)
equipped with a Whatman™ 17 Chr Chromatography Paper as the
base was used. For the microscope struvite analysis, a microscope
coupled with a camera (Nikon Alphaphot-2YS - with camera
MOTICAM PRO-252A) and a scanning electron microscope (SEM)
Vega XMU (TESCAN s.r.o0., Czech Republic) was used. Struvite crys-
tal size measurements were determined automatically using
Advanced 3.2. software series (Motic Images, Germany).

2.3. Experimental set-up

In the experiments sodium peroxydisulfate (PDS, $,037) and
Oxone (PMS, KHSOs, sodium peroxymonosulfate) in doses of 0.5,
1 and 3 gL}, activated at temperatures of 35, 45 and 55 °C were
used. Reactors were mixed continuously using standard hot plate
stirrers.

Struvite precipitation was performed in a 5L tank, in batch
mode at a constant temperature of 20 °C and pH of 9.5 [34-36].
The pH value of post-digestion liquors was adjusted using 1 M
NaOH. Retention time of post-treated liquors in a crystallizer was
as high as 24 h. The process was conducted using a stoichiometric
ratio of Mg?*, NH} and PO3~ as well as 20% excess amounts of mag-
nesium and phosphate ions (Mg?":NH3:PO3~ = 1.2:1:1.2). Due to
the high ammonium concentration in the supernatant, it was
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Fig. 1. Toluene removal using activation temperatures of (a) 35 °C, (b) 45 °C and (c) 55 °C.

75



S. Wactawek et al./Chemical Engineering Journal 291 (2016) 192-198 195

necessary to supplement magnesium (in the form of MgO) and
phosphate (in the form of NazPOy,).

3. Results and discussion
3.1. Impact of oxidants and temperature on toluene removal

Elevated temperature coupled with PDS significantly altered the
concentrations of toluene and other parameters, during the tests.
Heat causes the cleavage of the weakest O—O bond in persulfates,
thereby activating them in solution generating strongly oxidizing
free radicals [37], which subsequently degrade toluene.

In our previous studies conducted on waste activated sludge, it
was also confirmed that these free radicals can contribute to the
change in sludge dewaterability [16].

Fig. 1 shows rapid degradation of toluene which can be attribu-
ted to the high reaction rate between the radicals and the aromatic
double bonds located in the toluene [38,39].

It is clear that raising the temperature of sludge did not influ-
ence the concentration of toluene in an airtight reactor. Further-
more, oxidants alone did not cause significant degradation of
toluene in the presented timeframe (data not shown), therefore
possible reaction of persulfates with transition metals [40,41] pre-
sent in sludge was considered negligible.

The PDS and PMS concentrations were positively correlated
with the oxidation rate, and as the persulfates concentration
increased from 0.5gL~! to 3gL™!, the reaction rates increased
proportionally.

Activation at 35°C did not cause observable degradation of
toluene by PMS, these results are in agreement with the data pre-
sented by Yang et al. [ 18], indicating that PMS requires more heat
energy for activation. In contrast, the degradation kinetics of
toluene oxidized by PDS are faster with increasing dose and the
highest dose of PDS activated at the temperature of 35 °C abated
almost half of the initial toluene concentration.

As the temperature increased to 45 and 55°C, complete
oxidation of toluene by PDS was observed after 20 and 5 min,
respectively, for the highest dose of PDS. In contrast, toluene
degradation kinetics by PMS were slower. At temperatures
from 35 to 55 °C, increased efficiency of toluene decontamination
from 13% to 33% within 20 min, for the highest dose was
observed.

In order to determine the main radical species in the peroxy-
disulfate and peroxymonosulfate system, scavenging tests with
the use of tert-butyl alcohol (TBA) and ethanol (EtOH) were carried
out (Fig. S3) (Detailed explanation of the process can be found in
the supporting information section of the article and [42]).
TBA (khydroxyl radical = 6.0 x 108 M~! 5_1. Ksutfate  radicat = 4.0 x
10°M 's ') and ethanol (Knydroxyl radicai=1.2x 10°M 's™',
Ksulfate radical = 1.6 x 107 M ' s~ 1) were used to evaluate the relative
contribution of SO; and OH' because of their different reaction
rates [42,43].

In this tests, degradation of toluene by PDS (3 g L~! and the acti-
vation temperature of 55 °C) was not significantly affected by the
presence of TBA but after addition of ethanol the oxidation rate
of the substrate decreased, indicating that the major species
formed from PDS and responsible for the transformation of toluene
are the sulfate radicals. On the other hand, the effect of TBA and
EtOH on the abatement of toluene with PMS (3 gL ' and the acti-
vation temperature of 55 °C) suggests that sulfate radicals as well
as hydroxyl radicals are being generated. Based on this results, it
can be concluded that a faster depletion of toluene by PDS, may
be also linked to higher reaction rates of (generated in the PDS sys-
tem in a greater quantity) sulfate radicals with aromatic ring of
toluene [17].

3.2. Impact of oxidants and temperature on dewaterability

Sludge is generally conditioned before thickening and dewater-
ing, in order to increase the volume of recovered water. Sludge
dewatering is defined as “the removal of enough of the liquid por-
tion of the sludge so that it behaves as a solid” [44]. Digested
sludges are often difficult to dewater by mechanical processes
alone. The difficulty is two-fold: the extremely slow rate at which
water can be removed from digested sludge and the low total pro-
portion of water to solid sludge that can be removed. Use of the
proper sludge conditioning process is critical for the sludge man-
agement due to a high unit cost and the large volume of condition-
ing agents required [45].

The capillary suction time (CST) test is a commonly used as a
tool to determine the dewaterability/filterability of the sludge
[46-48]. This is a type of static filtration test for water-base drilling
fluid that determines the filtration rate (time for free water to pass
between two electrodes) using filter paper (chromatography
paper) as the medium [49].

In Fig. 2 the relationship between oxidant dose, activation tem-
perature and CST is shown.

A positive correlation between the decrease in CST and increase
in the temperature, can be observed in the data presented in Fig. 2.
CST decreased from 230 s at temperatures of 35°Cto215and 194 s
at temperatures of 45 and 55 °C, respectively. Addition of oxidants,
caused further decreases in the CST value, which confirms destruc-
tive impact of the free radicals formed by these oxidants.

B No oxidant [ PMS 0.5g L [ PMS 1 gL’
- IElrvs3gL ' liPososg L [@PDs1gL”
7 HEEPDS3glL’

200 +

150

CST[s]

100

50

35 45 55
Temperature [°C]

Fig. 2. Impact of various oxidant doses and activation temperatures on CST (n = 3).

Table 2

Characteristics of post-treated liquor and liquor after struvite precipitation (mean
values + standard deviation of concentration in supernatant calculated from 3
repeated measurements).

SCOD [mg L] N-NHj [mgL '] PO; [mgL ]

Post-treated liquor

1792 +191 1617 +12 392.4+8.2
Molar ratio Post-treated liquor after precipitation of struvite
Mg?*:NH4:PO3
1.0:1.0:1.0 1123 £59 120.7 + 8.4 748 +58
1.2:1.0:1.2 978 +75 64.8+4.2 524+46

" Post-treated liquor was taken after PDS treatment (Cpps=3 gL', temp.
=55°C).
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Fig. 3. Influence of struvite precipitation conditions on the SCOD, N-NH} and PO~
removal efficiency (n = 3).

Compared to PMS, PDS was superior at improving sludge dewa-
terability, which is in agreement with observed toluene removal by
this compound (Fig. 2).

With the highest dose of reagents and the highest activation
temperature, CST decreased significantly in comparison to
increased temperature alone by 20.8% and 14.6% for PDS and
PMS, respectively.

Although the use of persulfates to enhance the dewaterability of
sludges was reported extensively, most of these reports concern
dewaterability of waste activated sludge which possesses different
properties than investigated herein digested sludge. Nevertheless,

Zhen et al. [50] observed that Fe(Il)-activated persulfate oxidation
has a positive effect on enhancing sludge dewaterability with
88.8% CST reduction within 1 min. In addition, similar results were
obtained by Shi et al. [51] in which the highest specific resistance
to filtration and CST reduction efficiencies of 88.5% and 91.5%,
respectively, were obtained under the synergetic conditioning of
Fe®* activated peroxydisulfate.

Zhen et al. [52] in their study investigated the same process but
under elevated temperatures and demonstrated good efficiency in
enhancing the dewaterability of sludge.

One of the reasons why persulfates were used herein on the
digested sludge, is possible inhibitory effect of persulfates on the
anaerobic digestion as was presented in [53].

3.3. Ammonium nitrogen, phosphorus and SCOD removal by struvite
precipitation

In addition to better separation of supernatant rich in ammo-
nium nitrogen, there was observed a slight increase in concentra-
tion of NHi and POz~ in the liquid phase of ADS after the
thermally activated PDS treatment (Fig. S4 and Table 2). Hence,
the released substances can be recovered in the form of struvite
with simultaneous removal of them from the supernatant. In
Table 2, characteristics of post-treated supernatant and super-
natant after struvite precipitation was shown.

Struvite precipitation is an effective treatment method for the
co-digestion of effluents. However, in order to achieve sufficient
liquid quality to allow direct release to a natural receiver, it was
necessary to apply an increased molar ratio of reagents (Mg?*:
NHZ:PO3~ = 1.2:1:1.2) during struvite precipitation.

As indicated in the methodology, magnesium and phosphates
were supplemented into the supernatant, taking into account that
ammonium nitrogen can precipitate in the form of struvite.

Fig. 4. (a)-(c) Struvite crystals under various magnification; (d) EDX analysis of struvite crystal (molar ratio of Mg?*:NH3:PO3~ = 1.0:1.0:1.0; post-treated liquor for struvite

precipitation was taken after PDS treatment (Cpps =3 gL, temp. = 55 °C)).
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After addition of reagents and a reaction time of 24 h, concen-
trations of ammonium nitrogen and phosphates decreased using
a reagent molar ratio of 1:1:1 by 92.6% and 81%, respectively and
for the reagent molar ratio of 1.2:1:1.2 by 96% and 86.7%, respec-
tively (Table 2 and Fig. 3). Similar results were observed by Kuglarz
et al. [54].

In addition to ammonia and phosphate removal, SCOD
decreases were also observed (Table 2). The effect was ascribed
to the coagulative properties of MgO. It is hypothesized that a por-
tion of organic substances were adsorbed by Mg(OH), and co-
precipitated with struvite [55,56].

The precipitated struvite crystals are demonstrated in Fig. 4a-c.
In addition, SEM/EDX analysis of struvite is presented in Fig. 4d.
Furthermore, the impact of precipitation conditions, including
the initial NH} concentration and reagent dose during precipita-
tion, on the structure of struvite crystals is demonstrated in Fig. S5.

4. Conclusions

Removal of toluene and improvements in dewaterability of ADS
by chemical treatment using peroxydisulfate and peroxymonosul-
fate were investigated. We conclude that toluene can be efficiently
removed from ADS by optimization of key parameters in the per-
sulfate oxidation processes. Temperatures of 45 and 55 °C, were
capable of complete oxidation of toluene by PDS after 20 and
5 min, respectively, when a sufficient dose of PDS was used. PMS
at the highest dose, of 3 gL' and activated at temperatures of
35-55 °C, for 20 min resulted in an increased efficiency of toluene
decontamination from 13% to 33%.

In addition, sludge dewaterability improved significantly at the
highest doses of reagents (3 gL ') at the highest activation tem-
perature (55°C), in comparison to the temperature treatment
alone increased dewaterability by 20.8% and 14.6% for PDS and
PMS, respectively. Furthermore, SCOD, ammonium nitrogen and
phosphates were successfully removed from the supernatant using
the struvite precipitation method. After reagent addition and the
reaction time (24 h), concentrations of NHj; and POZ~ were
decreased using a reagent molar ratio (Mg2*, NH} and PO3") of
1:1:1 by 92.6% and 81%, respectively and for the reagent molar
ratio of 1.2:1:1.2 by 96% and 86.7%, respectively while producing
struvite an excellent slow release fertilizer.
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5. CONCLUSIONS

Applied study unveiled that PDS electrochemically activated and PMS activated by
cobalt are suitable for HCH isomers degradation. In addition, heat-activated persulfates
had shown excellent efficacy in the improvement of anaerobically digested sludge
properties. Data on decontamination Kkinetics using activated persulfates were
determined to be extremely fast in comparison to biological or chemical reductive
treatment. In our studies, the pseudo-first order kinetic model (experiments conducted
with an excess of oxidant) was used. It is worthy to note that summed HCH isomers can
be almost completely oxidised by persulfates under the optimal conditions. Furthermore,
in the thesis many determination methods for persulfates were presented and assessed
and developed herein simple spectrophotometric determination of peroxymonosulfate
was successfully implement in the determination of it in water and sludge, which allowed
to calculate its decomposition rate constants and the optimal dose. Moreover, in our
recent study, tests concerning persulfates oxidation of sludge reviled ability of
persulfates to simultaneously improve dewaterability, post-digestion liquor properties

and remove toluene from anaerobically digested sludge.
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