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ABSTRACT

The major aim of this dissertation is to investigate the degradation of a pharmaceutical
and personal care product (PPCP) and endocrine disrupting chemical (EDC), triclosan
(TCS), by an advanced oxidation process (AOP) using magnetic nanoparticles, FezO4
and MnFe;O4, especially their performance in activation of oxidants, hydrogen

peroxide, peroxymonosulfate (PMS) and persulfate (PS).

Effect of different experimental parameters including pH and dosage on the TCS
adsorption and degradation by FesO4 was studied. The adsorption of TCS onto FezO4
was affected by the pH of the system and the FezO4 dosage. Maximum TCS adsorption
capability was observed at pH 2-6. Increase in Fe3O4 dosage led to increase in TCS
adsorption. FesO4/PMS was found to be superior in terms of TCS degradation
efficiency than FesO4/PS or Fe3s04/H20- especially in neutral pH range and thus become
the focus of the investigation. At pH 2, both Fe(ll) and Fe(lll) were detected in the
solution throughout the reaction, suggesting the reaction mainly proceeds through
homogenous mechanism. However, no iron species were detected in the solution for
the other cases with pH level above 2, and optimum treatment performances were found
to be in the neutral pH range (6-9). Under these circumstances, the reactions mainly
occur on or nearby the surface of FesO4 through the heterogeneous mechanism. Optimal

TCS to PMS dosage was 1:25.

MnFe2O4 system was more complex than FesOs4 system as MnFe204 alone can oxidize

TCS at pH 3.3 or below likely through non-radical pathway involving the complexation
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of TCS with Mn(l1l) on the surface of MnFe>O4 and subsequent electron transfer. The
addition of PMS or PS further enhances the removal efficiency of TCS at all pH levels
tested but H20- inhibits it. PMS produced the most significant improvement with the
reaction time cut from 4 hours to less than 20 minutes. Effect of pH and dosages and
their kinetics were studied in detail for the degradation of TCS by MnFe,O4/PS and

MnFe2O4/PMS.

Optimal reaction pH for MnFe204/PS was 3.3 while optimum PMS and MnFe2O4
dosages were at 0.5 mM and 0.5 g/L respectively. Reaction rate decreased as pH
increased. Autocatalysis was observed in MnFe2O.4/PS system at pH 4.0 and above and
a mathematical model was developed for pH 4.0. For MnFe2O4 /PMS system, optimal

performance were at pH 5-9, and 0.5 mM PMS and 0.75 g/L MnFe20a.

As the most efficient system in this study, MnFe.O4/PMS was also evaluated for
practical application. MnFe>O4 exhibited good recyclability with improvement in
degradation efficiency in the second and third cycle before stabilizing for the fourth and
fifth. Besides, MnFe2O4 retained TCS degradation capability even without addition of
PMS in the second cycle. Degradation of TCS was slower in secondary effluent than in

distilled and deionized water (DDW).
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Toxicity assessment was performed on TCS degradation by MnFe2O4 at pH 3.3 and
MnFe204/PMS at pH 7.0. The treatment with MnFe2O4 alone at pH 3.3 exhibited lower
toxicity for brine shrimp than MnFe.04/PMS at pH 7.0. A new experimental approach
was explored to eliminate the use of in situ oxidants to lower toxicity and take
advantage of PMS superior power in TCS degradation at the same time. MnFe2O, pre-
activated by acid, PMS and PS can remove TCS at neutral pH without any in situ
oxidants. The major degradation pathway is believed to be non-radical reactions while

oxidation by sulfate radicals is considered to be the minor pathway.
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Chapter One Introduction

Clean fresh water is one of the most stressed resources in the world. Many countries
face water scarcity and wars are fought over the precious resources. However, in recent
years, it has come to our awareness that PPCPs have made their way into natural water
bodies all over the world and become emerging pollutants that could potentially
threatened our delicate fresh water sources that have already been weakened due to

global warming.

PPCPs refer to a wide range of products used by the public including all the veterinary
and human drugs, shampoo, sunscreen, fragrance, cosmetics etc. They have been used
in copious amount in everyday life for years. Only recent advances in technology makes
detection of these chemicals in low or biologically-active concentration possible.
Reports of their occurrence in rivers, lakes, groundwater and sediments becoming
alarming. It becomes clear that conventional wastewater treatment processes are not

equipped to properly treat them.

Due to their persistence through the wastewater treatment process, these contaminants
often enter the environment upon discharge or sludge disposal. Some of them are
directly released into water bodies through illegal discharge from factories or illicit

drugs production, and runoff of pest control agents.

The presence of PPCPs in the environment is a concern for various reasons. Some of

the PPCPs are acutely toxic to aquatic species and some have been found to be



endocrine disruptors. In the environment, they might be persistent or further go through
biotransformation or phototransformation, sometimes into more toxic compounds, and
biomagnify up the food chain. Recent studies have also shown that exposure of many
organic compounds to chlorine disinfection in water treatment system can result in

more toxic chlorinated disinfection by-product.

AOP has been developed to cope with the challenges posed by these recalcitrant
chemicals to traditional wastewater treatment process and to safeguard our drinking
water supplies. Fenton process is one of the earliest developed and studied AOPs;
however, its practical application is limited due to drawbacks like pH restriction and
the requirement of post-treatment. Some other AOPs such as electro-Fenton relies
heavily on energy input and thus deemed far from ideal for its cost and carbon footprint.
The need for better AOP and a better understanding of the transformation of PPCPs

during the process is immense.

In recent years, sulfate-radical based advanced oxidation process (SR-AOP) and the use
of heterogeneous catalysts has gained attention as a substitute for traditional Fenton-
process. In this thesis, the degradation of a PPCP, namely Triclosan, by SR-AOP
activated by magnetic particles, FesO4 and MnFe>O4, was studied. In short, the Kinetics
of degradation, and influence of a variety of engineering-relevant parameters such as

pH and dosage was investigated.



The rationale of choosing TCS as probe compound in this study and the use of magnetic
particles will be laid out in chapter two, along with the background information for TCS,

literature on SR-AOP and heterogeneous catalysts.

The experimental design will be detailed in chapter three whereas the experimental

results will be discussed in chapter four and five.



Chapter Two Literature Review

2.1 Probe compound — Triclosan

TCS was chosen as the probe compound in this study mainly because of its widespread
use in many personal care products and it is ubiquitous in the natural environment. Its
transformation in wastewater treatment facilities and natural environment is also a
major concern. In recent years, studies have shown that TCS is an endocrine disrupting
chemical. This section will detail the research findings regarding TCS including its
occurrence and environmental fate, the health risk resulting from exposure to it or its

transformation products, and effectiveness of treatment by some AOPs.

2.1.1 Basic information

TCS has anti-bacterial activity against most gram-positive and gram-negative bacteria.
It inhibits the enzyme, enoyl-acyl carrier protein reductase, which is responsible for
biosynthesis of fatty acid in bacteria [1]. At low concentration it is bacteriostatic,
meaning it slows the growth of bacteria while at high concentration, it is bactericidal,

Killing the bacteria. Some properties of TCS is listed in Table 2-1.



Table 2-1: Properties of Triclosan

Formula

C12H7Cl30>

CAS #

3380-34-5

Other names

5-Chloro-2-(2,4-
dichlorophenoxy)phenol
2,4,4’-trichloro-2’-hydroxydiphenyl
ether

coefficient

Molecular weight 289.54 g/mol
Melting point / Boiling point 55-57°C / 180°C
Solubility in water 0.01 g/L

pKa 7.9
Octanol-water partitioning coefficient 4.8 [2]

(log Kow)

Organic carbon-water partitioning 3.8-4.0

(log Koc)

Vapor pressure 4 x 10° mmHg at 20°C
Half-life in soil 18-58 days

Half-life in aerobic condition 2.5 -35 days

2.1.2 Human Exposure

TCS is widely used in PPCPs such as toothpaste, mouthwash, deodorants, and hand
sanitizer, textiles and even food packaging. It can also be found in medical devices such
as sutures. Due to its widespread use, the general population can be exposed to TCS
directly: through dermal contact with or direct ingestion of consumer products

containing TCS; or indirectly: through the consumption of food or water that is

contaminated by TCS.

TCS has been detected in 71% of the 100 urine samples collected from Athens, Greece,
ranging from <0.5 — 2580 ng mL [3]. In a study in China, TCS was also detected in
93% of the urine samples of 289 children and students [4]. And Calafat et al. (2008)

detected TCS in 74.6% of the urine samples collected from U.S., concentration ranging




from 2.4 — 3790 ng mL [5]. It was also found that TCS was present in the plasma and
milk of Swedish nursing mothers, whether or not they use TCS-containing products in
their daily life, with the concentration higher in mothers who used products containing
TCS, which indicates that TCS is ubiquitous and direct contact is not the only exposure
route [6]. In Australia, the concentration of TCS detected in the blood samples were
found to be a factor of two higher than those in Sweden, and TCS was detected in 141

out of 151 human milk samples [7].

2.1.3 Potential health concern for humans and other organisms

There is increasing evidence of cellular, metabolic, hormonal and teratogenic effect of
TCS from both in vitro and in vivo tests [8-14]. The lipophilic nature of TCS makes it
likely to bioacculmuate in the lipid rich tissues in human. TCS has been found in human

adipose tissue, liver and to a smaller extent, the brain [15].

Various studies have found TCS to be an endocrine disrupting compounds. TCS has
been shown to be an endocrine disruptor to the thyroid system in amphibians [14] and
mammals [16] at environmentally relevant concentrations. Another study by the
USEPA also shows that TCS significantly affects the thyroid hormones concentration
in male juvenile rats [17]. As for female pubertal and weanling rats, TCS was found to

affect estrogen-mediated responses [18].



Studies found that TCS at everyday human exposure concentration can hinder cardiac
and skeletal muscular contractions at cellular level [19] resulting in the impairment of

swimming behavior in fathead minnow [20].

TCS has also been linked to a variety of negative health effects including interference

of immune system with a positive association with allergy and hay fever [21]

2.1.4 Occurrence of Triclosan

TCS is among one of the most commonly detected PPCPs in the influent and effluent
samples of sewage treatment plants (STPs), surface water, sediments, ground water and
sometimes tap water around the world in recent years. Among the countries where the
samples were collected and analyzed are Australia [22], Canada [23, 24], China [25-
29], France [30], Greece [31-34], Japan [35, 36], Korea [37, 38], Spain [39-41], Taiwan
[42], UK [43], US [44-48], Switzerland [49, 50], and other European Union countries

[51].

2.1.4.1 Removal and Transformation of TCS in Wastewater Treatment Process

The reported removal efficiency of TCS during conventional sewage treatment process

varied, ranging from 17.4% to 99% [22, 27, 33, 34, 46, 52-54].



Although high removal efficiency of TCS has been recorded in many wastewater
treatment plants, the majority of TCS is far from truly removed. Due to its low water
solubility and high octanol-water partitioning coefficient and high organic carbon-
water coefficient, TCS is likely to be accumulated onto biosolids during wastewater
treatment process. A study of a German STP showed that of the 1000 ng L™ TCS in the
influent, about 5% is dissolved in the effluent, 30% is adsorbed onto the sludge through
weak bonds and a small amount is sorbed as bound residues. 50% is either transformed
into unknown metabolites or strongly bonded to the sludge [52]. Similar fate for TCS
was observed in STPs in the US. Heidler and Halden (2007) found that 50% of TCS in
the influent could be detected in the sludge and 48% biotransformed or underwent
unknown mechanism [46]. Lozano et al. (2013) reported that although over 97% of the
TCS in the influent was removed, 64% was in fact transferred to the solids, with the

majority removed during primary treatment [54].

TCS was therefore often found in high concentration in biosolids. In the U.S., the
Targeted National Sewage Sludge Survey revealed TCS concentration in sludge to be
344 to 133,000 pg/kg in dry weight in samples randomly collected from 74 STPs in 35
states between 2006 and 2007 [55], and Andrade et al. (2015) found a mean TCS
concentration of 16,600 pg/kg d.w. in the biosolids in a mid-Atlantic STP from 2005
to 2011 [45]. TCS was also detected in biosolids in STPs in Australia with a median of
2320 pg/kg d.w. [22], Canada — a median of 6800 ug/kg d.w. [53] and in Europe but

in lower amount — 0.46 pg/kg d.w. in Greece [31], and 2469 £132 ug/kg in UK [43].



Activated sludge process (Secondary treatment) is one of the most widely used
wastewater treatment processes in STPs worldwide. During activated sludge process,
Chen et al. (2015) shows that TCS is transformed to 4-chlorocatechol, 2,4-
dichlorophenol (2,4-DCP), methyl-TCS, 5-hydroxy-TCS, dihydroxy-TCS and TCS-O-
sulfate [56]. Among the detected intermediates, TCS-O-sulfate was found to be the
most persistent in conditions carrying out the activated sludge process [56] while 2,4-
DCP is one of the priority toxic pollutants listed by the USEPA in the Clean Water Act

and it has been proven to be one of the dioxin precursors [57].

TCS was found to be transformed to chlorinated triclosan derivatives (CTDs) in STPs
that use chlorine as disinfectant [58, 59]. Sodium Hypochlorite, which is one of the
most commonly used chlorine disinfectants, is known to add chlorine to the phenol ring
of TCS at the ortho- and or para- positions [60-62]. 4,5-dichloro-2-(2,4-
dichlorophenoxy)phenol (4-CI-TCS), 5,6-dichloro-2-(2,4- dichlorophenoxy)phenol (6-
CI-TCS), and 4,5,6-dichloro-2-(2,4- dichlorophenoxy)phenol (4,6-CI-TCS) have been
detected in the effluent of STPs [63] and their bio-methylated analogues were found in

the carp of a bay area with heavy wastewater effluent input [64].

These CTDs are of concern mainly for two reasons:

1. Comparing to TCS, they may possess enhanced levels of antimicrobial and
endocrine-disrupting properties [59];

2. In natural water, study has shown that they undergo photolysis to form respective
dioxins - (2,3,7-trichlorodibenzo-p-dioxin (2,3,7-TriCDD), 1,2,8-trichlorodibenzo-
p-dioxin (1,2,8-TriCDD) , and 1,2,3,8-trichlorodibenzo-p-dioxin (1,2,3,8-TriCDD))

[65, 66]. Their toxicity was estimated to be ten times higher than 2,8-



dichlorodibenzo-p-dioxin (2,8-DCDD), the photo-transformation product of TCS
since it was believed that the toxicity of dioxin generally increases with chlorine

substitution at the lateral positions.

Recent study shows that TCS goes through rapid halogenation in chlorinated waters
containing halogens such as iodide and bromide. The authors found that the
halogenation of TCS during chlorination by either chlorine, bromine or iodine occurs
much faster in the presence of even a low level of iodide or bromide. This is a concern
because (1) iodide or bromide is common electrolytes in natural water and they are
likely present during the chlorination of wastewater or drinking water (2) iodinated or
brominated disinfection by-products are often much more toxic than their chlorinated
analogues [67, 68]. The formation of iodinated intermediates or products of TCS in the

presence of both iodide and free chlorine was also reported [68].

2.1.4.2 Environmental Fate

TCS was often detected in freshwater environment and rivers receiving effluents and
field soils that receives sewage sludge around the world: Canada [24] China [28, 29,
69-71], Germany [72], Hong Kong [73], Japan [35], Korea [38], Spain [41], and

Switzerland [50], US [74].
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Effluent

Photochemical transformation

After leaving the STPs, the TCS remained in the liquid phase is discharged into natural
waters. It is believed that direct photolysis is the main degradation pathway of TCS in
natural waters [50, 75]. TCS is photolytically transformed to 2,8-DCDD when exposed
to natural sunlight [76, 77], with half-lives ranging from 2 - 2000 days [65, 75]. Such
transformation was also observed in seawater [65]. TCS has a pka of about 8, and its
phenolate form degrades much faster than the phenol form due to their respective UV
absorbance. The phenol form does not absorb light >300 nm and sunlight emits only
little below 300 nm. Thus, under the direct sunlight exposure and at pH 8, TCS is
photochemically transformed to 2,8-DCDD and 2,4-DCP rapidly with half-lives of just

a few hours [78].

Surfactants coexists with TCS in many PPCPs and can affect its degradation in natural
environment. Study shows that the presence of cationic surfactant, cetyl
trimethylammonium bromide (CTAB), was found to lower the pKa of TCS and thus
accelerate the transformation of TCS to 2,8-DCDD under natural sunlight irradiation

[79].

Computer model calculations suggest that indirect photochemical pathway may also
play a role in the transformation of TCS. Besides direct photolysis, TCS may react with
OH?® and triplet states of chromophoric dissolved organic matter (CDOM). Computer
modelling predicted that most of the TCS in the protonated form are degraded through

indirect photochemical pathway, by reacting with OH® in low dissolved organic carbon

11



(DOC) water bodies and triplet states of CDOM in high DOC water bodies. As for the
deprotonated form of TCS, transformation by triplet states CDOM produces higher
yield of DCDD than direct photolysis. This pathway may be significant in deep water

bodies with high DOC [78, 80].

Besides dioxins, Latch et al. (2005) also found that some of the TCS may have formed
photocoupled products — small oligomers and polymers with TCS itself or other

dissolved organic matters [78].

In natural aquatic environment, many factors such as minerals could influence the
degradation of TCS. In a study carried out under simulated sunlight, the presence of
Fe(l1) and a basic pH were found to favor the photodegradation of TCS, and humic

acids (HA), which was ubiquitous in natural waters, slow it [81].

Bioaccumulation in aquatic organisms

Bioaccumulation of TCS or its transformation products in aquatic organisms was
observed in various natural water environment. TCS was found to bioaccumulate in
algae in a stream that receives effluent from STPs in Texas, USA. In the samples that
were taken from various sites along the stream, the algal bioaccumulation factors (BAFs)
for TCS range from 900 to 2100 and for methyl-TCS 700 to 1000 [82]. Another study
collected samples from various lakes in Switzerland and confirmed bioaccumulation of
methyl-TCS in fish with tissue concentration ranging from 165 to 300 ng g lipid when

compared to 0.8 to 1.2 ng L™ lake water [83].

12



Sludge

TCS sorbed onto the sludge can enter the environment via the following pathways:
1. Biosolid application

In a study of biosolids land application in Virginia, USA, significant concentration of
TCS was measured in biosolids-treated agricultural soils in the year after application,
between 23.6 and 66.6 ng g™ [84]. Ying et al. (2007) found that TCS does not degrade
fast in soil. A half-life of 108 days was recorded in aerobic condition but in anaerobic
condition, it was found to be highly resistant to biodegradation [85]. Bioaccumulation

of TCS in earthworm was observed [86].

Although the level of TCS decreased in field soils that received sewage sludge over
time, most of it could be recovered as methyl-TCS, biotransformation products of TCS

[87].

Besides being biotransformed, TCS in sludge can undergo other transformation through
non-biological pathway. Ding et al. (2015) found that under near dry condition, TCS
reacts with goethite and manganese oxides (MnOXx), which are naturally occurring in
soils and sediments, to form 2,8-DCDD, 2,4-DCP, 4-chlorobenzene-1,2-diol, 2-chloro-
5-(2,4-dichlorophenoxy)benzene-1,4-diol, and 2-chloro-5-(2,4-dichlorophenoxy)-1,4-

benzoquinone, whereas the presence of water inhibits the formation of 2,8-DCDD [88].

13



2. Disposed of at the landfills

Sludge containing TCS can end up in the leachate in landfill and contaminate ground
or surface water in the vicinity. In a study in mainland China, TCS is among one of the
most frequently detected PPCPs in the groundwater and reservoirs near two municipal
landfills in Guangzhou [89]. TCS was also detected in wells downgradient of landfills
in Indiana USA [90]. In areas where groundwater is used as drinking water, the

contamination could pose direct threats to human health.

3. Incineration

Combustion of products containing TCS was found to form polychlorinated dibenzo-
p-dioxins [91], which raise concerns over environmental pollution and adverse health

effect resulting from the incineration of TCS-containing products.

2.1.5 Previous studies on TCS degradation

Many AOPs have been employed to more efficiently remove TCS without generating
dioxins in the process, which include homogenous and heterogeneous Fenton-like
process or enhanced ones that coupled with UV or electricity, ozonation, sonochemical,
sonoelectrochemical processes [92-100]. 2,4-DCP, quinone and hydroquinone of TCS
were among the most commonly identified intermediates during these treatment. There
were also a few studies attempting to dechlorinate TCS through reduction but
degradation of TCS was often followed by polymerization of intermediates. In most

cases, mineralization was rarely achieved [101, 102].
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Oxidation of TCS

Fenton-like process utilizing Fe3* and H.O, has been employed to breakdown TCS.
Like traditional Fenton process, an acidic medium is required for the reaction. The
detected intermediates include p-hydroquinone and p-quinone of TCS, 2,4-DCP, 4-

chlorocatechol, 4,6-dichloro-1,2-benzenediol and 4,6-dichloro-1,3-benzenediol [92].

Another Fenton-like process employing BiFeOzand H2O> was attempted by Song et al.
(2012) to degrade TCS. About 80% removal was achieved in 180 mins and addition of

the ligand EDTA further enhanced the reaction [93].

Besides the more traditional hydroxyl radical, sulfate radical generated using metal and
PMS and PS was also used to decompose TCS. Regardless of metal, PMS was found

to decompose TCS faster than PS [94].

Electro-Fenton using electrolytic cells for in-situ generation of OH radical to react with
added Fe®* as catalyst completely removed TCS in 60 mins, but a low pH was also

required as in traditional Fenton process [95].

Photo-Fenton-like reaction such as Fe?* and UVC has been attempted on the removal
of TCS. TCS was completely degraded after 30 minutes in the combined reaction.
Oxidation of C-Cl bonds was found to be the limiting factor for mineralization of TCS.
The advantages of the method include not needing to add expensive H20- and reaction
is sustainable in the neutral pH range [96].

15



TiO2 combined with UV light was used to degrade to TCS and 2,4-DCP, quinone of
TCS and hydroquinone of TCS were detected as intermediates. The addition of H20-

enhances the process [97].

Ozonation treatment of TCS generates 2,4-DCP, 4-Chlorocatechol, 4-
chlorororesorcinol  (4-chloro-1,3-dihydroxybenzene),  monohydroxy-TCS  and
dihydroxy-TCS. Complete removal of TCS was achieved at a TCS:0zone ratio of 1 to

5. 2,4-DCP was found to be less genotoxic than TCS [98].

Low frequency sonochemical method was employed to remove TCS in water,
wastewater and seawater. TCS was degraded fastest in seawater and slowest in
domestic wastewater influent. Although chloride ions are present, no formation of
chlorinated and other toxic by-products. Such method leads to the thermal

decomposition of TCS [99].

The combined use of sonochemical and electrochemical method, sonoelectrochemical
method has also been applied in the degradation of TCS. More than 90% removal of
TCS can be achieved in 15 minutes in acidic medium using Diamond coated niobium
electrode. It was found that acidic condition favors the sonoelectrochemical
degradation of TCS as in its molecular form, it can diffuse to the hydrophobic interfacial
region of cavitation bubbles where OH radical is more concentrated than in the bulk

solution more easily than its phenolate form [100].
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High oxidation state molecules including ferrate (Fe(V1)) and permanganate were also
used to oxidize TCS. The use of ferrate to oxidize TCS was carried out by Yang et al.
(2011). The author proposed that the degradation of TCS proceeds through the scission
of the ether bond and phenoxy radical addition reaction, forming chlorophenols,
quinone and hydroquinone of TCS. It is also suspected that coupling reactions occur in

the process and form polymeric products [103].

Jiang et al. (2009) oxidized TCS with permanganate. They found that in slightly acidic
condition, MnO2 were formed in the reaction solution, which accelerate the oxidation
of TCS by Mn(VII). The phenolic moieties of TCS form a complex with Mn(1V) on the
surface of MnO> and was quickly oxide by Mn(V1I). The presence of phosphate buffer
and other ligands (i.e. pyrophosphate, EDTA, and citrate) also enhanced the process. It
was speculated that the ligands can stabilize reactive aqueous manganese intermediates

(Mn(INT)ag) species, which includes Mn(V1), Mn(V) and Mn(l11) [104].

Besides soluble Mn, manganese oxides were also utilized for the oxidation of TCS. Just
as described earlier, the formation of a precursor complex between TCS and the Mn(IV)
of the MnO: is necessary for the electron transfer. 2,4-DCP, quinone and hydroquinone
of TCS were identified as intermediates. The oxidation of 2,4-DCP was also studied
and found that a dimeric product, 2-chloro-6-(2,4-dichlorophenoxy)-
[1,4]benzoquinone, was formed. Acidic condition was found to be ideal for the process

[105].
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Reductive Dechlorination of TCS

Since 2,4-DCP, quinone and hydroquinone are the most common intermediates found
in the oxidation of TCS, attempts have been made to reduce TCS in an effort to
dechlorinate TCS. Bokare et al. employed an integrated nano-bio redox process to treat
TCS by first reducing TCS with Pd/nFe to 2-phenoxyphenol and then use an isolated
fungal enzyme, laccase, along with an redox mediator, syringaldehyde, to further
breakdown 2-phenoxyphenol to phenol and catechol, which further coupled to form

dimer or trimer, or polyermerized to form long chains [101].

Another attempt to reduce TCS was done by Zhang et al. (2015), employing hydrated
electron generated by electron beam and a lower energy consumption counterpart,
ferrocyanide (Ks4Fe(CN)s) activated by simulated sunlight irradiation. Although
dechlorination was detected, the intermediates polymerize to form biphenyls. In
addition, in the case of using simulated sunlight irradiation, direct photolysis leading to

the formation of dioxins is unavoidable [102].

2.2 Advanced oxidation processes

2.2.1 Sulfate radical based advanced oxidation process (SR-AOP)

Besides the traditional Fenton reagent using H>O> as the source to generate hydroxyl
radicals, PMS and PS have also been used in producing sulfate radicals for the
degradation of organic pollutants. Sulfate radicals have gained popularity due to several

advantages over hydroxyl radicals. First, sulfate radicals are considered to demonstrate
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higher oxidation potential (2.5—3.1 V vs normal hydrogen electrode (NHE) ) than

hydroxyl radicals (1.8 — 2.7 VV vs NHE) [106]. They are also more selective for
oxidation than hydroxyl radicals. They react more selectively towards organic
compounds with unsaturated carbon bonds through electron transfer while hydroxyl
radical might also react with a wide range of compounds through mechanisms like
hydrogen abstraction or electrophilic additions [107, 108]. Third, sulfate radicals with
a half-life of 30 — 40 ps were found to be more long-lasting than hydroxyl radical, which

lasts for less than 1ps [109, 110] .

PMS is a component of the triple salt 2KHSOse KHSO4e K>SO4, which is trademarked
Oxone®. PMS and PS can be activated by UV radiation [111], heat [112, 113],
sonolysis [114], photolysis [108, 115, 116], metallic ions [117-121], heterogeneous
catalysts such as metal oxides [122-130], and natural occurring minerals [131, 132] and

other chemicals like phenols [133, 134] to form sulfate radical.

Decomposition of PMS by cobalt (I1) and molybdenum (VI) as catalysts was first
reported in 1958 [135]. Since then, other metallic ions have been shown to be able to
activate PMS or PS as well with Co(l1) and Ru(ll) being the best catalyst for PMS and

Ag(l) for PS [117].
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2.2.2 Magnetic particles as heterogeneous catalysts for AOP

In recent years, heterogeneous catalysts have been developed to compensate the
drawback of traditional Fenton process using Fe?*/H.0; such as the pH restriction and
the requirement of post-treatment. Among them, magnetic particles, in particular,

ferrites, have received a lot of attentions due to their ease of recovery and reusability.

Magnetite, Fe3O4, has been studied for its application in AOPs [136-140]. Zhang et al.
investigated the degradation of aniline and phenol by FesO4 nanoparticles. They were
completely removed after 6 hours at 308 K using FesO4 and H>O> [138]. Magnetite has
an inverse spinel structure and thus exhibits unique electric and magnetic properties
based on the transfer of electrons between ferrous ions and ferric ions in the octahedral
sites [141]. Lin and Gurol (1998) proposed that the activation of H20. on FezO, takes
place on the surface hydroxyl group, i.e. =Fe'"'-OH sites [142]. Yang et al. suggested a

similar activation mechanism with PMS [123].

Spinel ferrites are usually represented by the formula of MFe2O4 where M is a metal
cation, and have cubic crystal structure usually with M?* occupying the tetrahedral sites
and Fe3* the octahedral sites. FesO4, and other ferrites especially CoFe204 and CuFe;04
have been investigated for their oxidant activating efficiency and found that many can
activate H.O2, PMS, or PS to generate hydroxyl and/or sulfate radical [123, 128, 138,
143-146]. Co?" has been established as an excellent activator for PMS and thus quite a
few studies investigated the performance of CoFe.Os. However, concerns over the

adverse health effects of leached cobalt were repeatedly expressed. Therefore,
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increasing number of studies turned to CuFe2Oy4 instead for the activation of PMS [125-
127] or H20> [124]. Generation of hydroxyl or sulfate radicals or both were reported in

such systems.

Nickel and Zinc ferrites have also been occasionally studied but their performance was
usually reported to be inferior to cobalt and copper ferrite [143]. Only few studies
utilized MnFe2Qg, a spinel ferrite, as magnetic heterogeneous catalyst for the activation
of oxidants. However, the results vary greatly from study to study. Zhang and Wu (2013)
synthesized MnFe>O4 with sol-gel method and found that it could completely remove
Methyl orange in four hours when HO; is added [147] and Ren et al. (2015) have
reported that MnFe>O4 can induce the generation of sulfate radical from PMS for the
degradation of di-n-butyl phthalate [143]. On the other hand, Zhang et al. (2013)
suggest that MnFe.O4 cannot activate PMS and has no observable effect in the

degradation of lopromide [127].

Different researchers have debated over the activation mechanism of PMS by MFe20..
Some have suggested the involvement of redox reaction of both M?* and Fe®* [124, 126]
while others proposed the key role of surface hydroxyl group in the activation of PMS

with Fe3* too weak to participate [127].
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2.2.3 Oxidation of phenolic compounds by Manganese-containing oxides

Both iron and manganese are widely distributed in surface water, soil and sediments.
In nature, it was found that manganese oxides existing in Mn®" and Mn** can be reduced
by organic compounds and release Mn?*. Stone (1987) reported the reduction and
dissolution of Mn(111/1V) oxides by substituted phenols and found that the rate was
enhanced by the decrease in pH [148]. In that study, he proposed a reaction mechanism
that involves the formation of precursor complex between Mn and phenolic compounds

followed by the electron transfer and the release of phenoxy radical and Mn(Il) ions.

Zhang and Huang (2003) reported that manganese oxides can oxidize TCS through the
formation of a precursor complex between Mn(1V) and TCS. The adsorption of TCS to

MnO- and the subsequent transformation increases with decreasing pH [105].

22



Chapter Three Materials and Methodology

3.1  Chemicals and reagents

The magnetic nanoparticles FesOs (<50 nm) and MnFe;O4 (60 nm) were purchased
from International Laboratory USA and US Research Nanomaterials, Inc. respectively.
Other chemicals used in this study is listed in Table 3-1. All chemicals were used as
received without further purification. Solvents used for high performance liquid
chromatography (HPLC) were of HPLC grade. DDW prepared from a Millipore Waters
Milli-Q water purification system with resistivity of 18.3 MQ-cm was used in this study.
Acetonitrile (ACN) (> 99.9%) of HPLC grade was filtered by 0.22 um membrane and
degassed before use. Solutions of hydrochloric acid and sodium hydroxide were used

for pH adjustment.

The algae Isochrysis galbana and dehydrated cysts of the brine shrimp A. salina used
in Chapter 5 were purchased from Biotech Company of Jiangmen, China. l.galbana was
cultured in artificial seawater (filtered through a 0.22 pum mixed cellulose esters (MCE)
membrane filter and sterilized) prepared by the method modified from Kester et al.
[149]. The cysts of brine shrimps were allowed to hatch in aerated seawater at 28°C
with continuous illumination. After 24 h, newly hatched nauplii (Instar | stage larvae)

were separated for the experimental use.

Secondary effluent was collected from Tai Po Sewage Treatment Works, Hong Kong

on 30" August, 2013. It was filtered with 1 pm glass fiber filters and stored below 4°C
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before use and were used within 48 hours of collection. The characteristics of the

collected effluent were provided in Table 3-2.

Table 3-1 List of chemicals and reagents used in this study
. . Molecula
Chemical Purity CAS No. r Weight  Formula Manufacturer
name (%) 1
(g-mol™)

Triclosan 99 3380-34-5  289.55 C12H7Clz0: ABCR
Hydrogen 35 7722-84-1 3401  H;0, Sigma Aldrich
peroxide Inc.
Oxone® 99 70693-62-8 307.33  <HoOQ0.5KHSO4 - Sigma Aldrich

0.5K2S04 Inc.
Sodium International
persulfate 99.5 7775-27-1  238.10 Na>S20s Laboratory USA
Ferroussulfate 5 g9 7720-78-7 27805  FeSO47H;0 Sigma Aldrich
heptahydrate Inc.
Manganese
sulfate 98 10034-96-5 169.02 MnSO4-H20 BDH Chemicals
monohydrate
L10- .995  5144-89-8 19822  CioHioN:O Riedel-de Hagn
phenanthroline = "7 '
Titanium (1V) International
oxide sulfate  93.0 13825-74-6 159.94 TiOSO4xH20

Laboratory USA
hydrate
Ethanol Analytical o, 175 4607 CoHsO AppliChem
grade Panreac

tert-Butanol ~ 99.5 75-65-0 7412  C4HeOH ISr:gma Aldrich
Sodium >99.0  7647-14-5 5844  NaCl Sigma Aldrich
chloride Inc.
Sodium nitrite > 99.0  7632-00-0 69.00  NaNO; UNI-chemicals

Ltd.

24



Table 3-2 Characteristics of secondary effluent collected

pH 6.65
Conductivity (mS) 17.62
Alkalinity (mg/L) 86
BODs (mg/L) 3.6
COD (mg/L) 47
SO4% (mg/L) 420
NOz" (mg/L) 0.034
NOs™ (mg/L) 4.5
PO+ (mg/L) 8.2
NH3-N (mg/L) 0.17
Cl (mg/L) 4590

3.2 Analytical Methods

TCS concentration was determined using HPLC (Waters) consisted of a Waters 515
HPLC pump, a Waters 2489 UV/Visible Detector and a Water 717 plus Autosampler.
The chromatographic separations were performed on a Pinnacle DB C18 reversed phase
column (250 mm x 4.6 mm with i.d. of 5 um) from RESTEK. The mobile phase was
composed of 80% ACN and 20% water (V/V). The flow rate was 1 mL min™* and
injection volumes were 10 pL. Retention time for TCS was observed at 5.7 min under

the above conditions. The UV/Visible Detector was set at 280 nm.

The UV absorption spectra of the target compound were obtained using a Biochrom
Libra S35 UV-visible spectrophotometer. X-ray photoelectron spectroscopy (XPS) was
performed on a Physical Electronics 5600 multi-technique system. Magnetic

characteristics of Fes04 and MnFe>O4 at room temperature was measured by LakeShore
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7407 Vibrating Sample Magnetometer (VMS). The concentration of manganese and
iron in the aqueous phase was measured by ICP-AES (Perkin EImer Optima 3300DV)
after digestion of samples. Total Organic Carbon (TOC) measurement was conducted
by Shimadzu TOC-L analyzer. pHp;c of MnFe>O4 was determined by acid-base titration

method.

The quantification of Fe(ll) was monitored by spectrophotometric method at 510 nm
after adding 1,10-phenanthroline to form the reddish Fe(I1)—phenanthroline complexes.
The detection limit of this approach for Fe(l1) was determined to around 1.8 x 10~* mM.
Ascorbic acid was added to reduce Fe(l11) to Fe(Il) for the quantification of total soluble

iron.

The concentration of remaining PMS was analyzed using iodometric procedure
described by Kolthoff and Carr [150], in which 20 mL sample was transferred to a 50
mL conical flask containing 4 g potassium iodide dissolved in 10 mL water. The flask
was then sealed with paraffin and left in the dark for 30 minutes. Then 2 mL glacial
acetic acid (36%) was added to the flask and the amount of evolved iodine was
determined by titration with sodium thiosulfate solution. Starch indicator was used for

a clear end point in the titration.
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3.3  Experimental Procedures

TCS Degradation Studies

Chapter 4 (Fe3sO4)

200 mL of TCS at 0.03 mM was premixed with a known quantity of catalyst. The
mixtures were immersed in ultrasound for 30 minutes for dispersing the catalyst and
allowing the adsorption reaches equilibrium between TCS and catalyst. Oxidants (H2Ox,
PMS or PS) and acid/base (for pH adjustment) were then added simultaneously to the
mixture to initiate the reaction. An aliquot of the sample taken at predetermined time

were then filtered through 0.22 pum filter (PTFE) for further analysis.

Chapter 5 (MnFe;04)

Oxidants (H202, PMS or PS) were first added to TCS before pH is adjusted as some
oxidant might change the pH of TCS solution. The pH-adjusted solution was then added
to MnFe2O4 to initiate the reaction (In the case of studying the degradation of TCS by
MnFe20a, no oxidant is added). An aliquot of sample is then taken at predetermined
time and MnFe,O4 was magnetically separated. The aqueous phase is subjected to

further analysis.

Recyclability test After the first cycle, MnFe2Os was magnetically separated and the

solution was discarded. MnFe.O4 was then washed until pH is neutral. Fresh TCS was
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added to the used catalyst for the subsequent cycle. Lost catalysts were compensated

with fresh catalysts. Five cycles were performed.

Pre-activation of MnFe2O4 0.025 g MnFe2Oy4 is pre-activated by mechanically stirred
in 100 mL DDW, 1 mM PS, or 1 mM PMS, with pH adjusted to 3.0 or 7.0, for 30
minutes. Then, MnFe,O4 is magnetically separated and washed until pH is neutral. The
pretreated MnFe20Oy4 is then added to 100 mL 0.03 mM TCS. An aliquot of sample was

removed at predetermined time from the reactor and subjected to HPLC analysis.

N2 protected experiment pH-adjusted TCS was purged with nitrogen for 1 hour before
adding to MnFe;O4. The mixture is continuously purged with nitrogen during the

reaction.

Toxicity Assessment Samples collected from TCS degradation experiments at
predetermined time were subjected to toxicity test utilizing the mortality and vitality of
A. salina. to evaluate the toxicity of TCS and degradation products. All experiments
were performed in triplicate at 20 £0.5°C and pH 7.0£0.2 in a 24-well polystyrene plate
with 1 mL test solution. The test solution was diluted with 50 pL double concentrated
seawater to guarantee the suitable salinity environment for the brine shrimp. Ten
healthy and vivacious larvae were introduced randomly to each well of the plate. 50 pL
algae 1. galbana were added as diets. The number of motionless but alive larvae
(motionless unless poked), swimming larvae and dead brine shrimps (completely
motionless) in each well was determined under a stereomicroscope. The percentages of

survival and swimming larvae were then calculated.
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Chapter Four Heterogeneous activation of
Peroxymonosulfate by Fe3O4 nanoparticles for the removal of

Triclosan

4.1 Effect of three different oxidants on the degradation of TCS

Three oxidants, H.O2, PMS and PS were tested for their effectiveness to remove TCS
using commercial Fe3Os nanoparticles as catalyst. FesOs were immersed in TCS
solution and ultrasonicated for 30 minutes for better dispersal of the nanoparticles and
to ensure equilibrium of TCS in between homogeneous and heterogeneous phases
before the addition of oxidants. The moment of adding oxidants was defined as the time
zero to initiate the reaction as shown in all the figures. The adsorptive property of Fe3Oa
has been quantified in this process , as shown in Figure 4-1, where about 30 — 34% TCS
was adsorbed by FeszO4 after 30-minute of sonication. There is no significant removal
and/or oxidation of TCS in Fe304/H202 and FesO4/PS processes besides adsorption,
where the observed fluctuation is likely due to the continuing adsorption, desorption
and competition of adsorption sites among the TCS and oxidants in the system. Upon
the use of PMS, it was interesting to note that almost all the TCS was removed in 60
minutes. PMS was reported to be more universal than both H.O and PS when coupled
with transition metal in a homogenous reaction, especially at neutral pH levels [117].
PMS was also found to be a more effective oxidant than PS when coupled specifically
with Fe(ll) [151]. The result also agreed with previous studies, suggesting the FesO4 /
H>0> system is inefficient at neutral pH range [138, 140]. In light of this result, this

study was focused on the removal of TCS in Fe304/PMS.
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Figure 4-1 Effect of oxidants on the removal of TCS (Conditions: [FesOs]o = 0.75
g/L; [H202]0 = [PMS]o = [PS] 0 = 0.75 mM; pHi; 6.0)

4.2 Adsorption of TCS

Since significant adsorption was observed in the proposed process, adsorption of TCS
onto FezO4 under different conditions was investigated further. The effect of pH and
Fe304 dosage on the adsorption of TCS onto Fe3O4 is shown in Figure 4-2. The solution
pH has a significant effect on the adsorption. In general, the adsorption is quite stable
from low to neutral pH range, then it gradually reduced at higher pH levels. The point
of zero charge of FesOs4 was reported to be 7.1 [152] while the pKa of TCS is 8.
Therefore at pH 8 or above, the negative surface charge of FesOs will repel the
phenolate form of TCS, resulting in the decreasing adsorption percentage as the pH
increases beyond 8. In addition, at neutral pH, the adsorption generally increases with

the increasing of FezO4 dosage.
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Figure 4-2 Percentage of TCS adsorbed by Fe3O4 at different pH (hollow; [Fe3O4]o =
0.25 g/L; [TCS]o = 0.03 mM) and Fe3O4 dosage (filled; [TCS] o = 0.03 mM; pHi 6)

According to the observation, the adsorption/desorption of TCS onto FesOs4 is a fast
process. The equilibrium can be reached within the first few minutes of mixing.
However, the bonding between TCS and FesO4 apparently is not very strong and the
constant adsorption and desorption results in a mild fluctuation of concentration (+8%)

after the equilibrium.

4.3 Effect of FesO4 dosage on TCS decomposition

The addition of PMS prompts the re-equilibration of the system as well as the activation
of PMS by Fe304. After the formation of sulfate radicals, the oxidation of TCS and its
intermediates is initiated.
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The influence of Fe3O4 dosage on the degradation of TCS at 3 different initial pH levels
(3.7, 6.0, and 9.0) was studied and the results are shown in Figure 4-3, in which the
adsorption of TCS during sonication was excluded from the Kkinetic analysis. The
degradation of TCS can be described by pseudo first-order Kinetics for all tested

dosages and the trend of observed decay rate constants is depicted in Figure 4-3d.
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Figure 4-3 (a) TCS degradation at different initial FesO4 dosage at pH 3.7 (b) pH 6.0
(c) pH 9.0 (d) k vs FesO4 dosage at different pH. (Conditions: [TCS]o = 0.03 mM;
[PMS] 0.75 mM; [TCS]o:[PMS]o = 1:25)

The lowest rate constants were observed at pH 3.7, where the decay curves were
unsteady because the oxidation performance is still low comparing to that of the
adsorption and desorption. The curve fluctuation became insignificant however at
higher pH levels when faster oxidation of TCS dominants the process and the effect of
adsorption/desorption becomes trivial. At pH 9, a two-stage decay Kinetics was
observed, where a faster initial decay was followed by a slower reaction at about 20
minutes. This phenomenon can be explained by the change of pH throughout the
reaction. The pH changes in the course were monitored and shown in Figure 4-4. As no
buffer was used in this study, for the cases with initial pH of 8 (or above), significant
pH drops from alkaline to neutral range were observed during the first 20 minutes

(Figure 4-4), which led to a higher adsorption of TCS on the catalyst (as demonstrated
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in Figure 4-2); however, such an (additional) adsorption was no longer available at the
later stage of the process (the adsorption is more or less the same, if the pH is below 6),

which resulted in a two-stage kinetics.
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Figure 4-4 pH change as the reaction proceeds

The TCS decay rate constant increases linearly as the FesOs dosage increases from
0.125 g/L to 0.75 g/L for all the tested pH levels from 3.7 to 9.0 as shown in Fig 4-3d.
The increase in FesO4 dosage generally means an increase in the total adsorption sites
and reaction sites available in the solution, and thus an increase in reaction rates.
However, it was interesting to find that the further increase in FesO4 dosage beyond the
above dosage to 1.5 g/L only results in a very slight increment in the rate constant (e.g.
from 0.083 to 0.092 mint at pH 6.0, data not shown). This is attributed to the

agglomeration of the fine FesO4 particles at higher dosage, which leads to the level off
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of the total surface area. The number of reactive sites is therefore no longer linearly

increased with the FesO4 dosage and so is the rate constant.

4.4 Effect of pH and PMS dosage on TCS removal

At pH 8 or above, an instant drop of pH was observed upon the addition of NaOH (for
pH adjustment) (Figure 4-4). This indicates that hydroxyl ions were adsorbed quickly
by FesO4 above its point of zero charge, and therefore lowered the solution pH. For the
cases at initial pH 6 and above, the solution pH generally decreased during the process,
which is because of the generation of organic acids as end oxidation products and the

weaker buffer capacity at neutral pH ranges.

The initial pH is not only a critical factor on the treatment performance, but it will also
affect the performance in using PMS. It was found that the PMS dosage had little effect
for pH ranging from 3 to 5, but it became very active at pH 6 to 9 for the TCS removal
(Figure 4-5). The increase of hydroxyl ions apparently aided the activation of PMS;
however, it was interesting to note that when the initial pH increased to 10, the reaction
rates significantly dropped to near zero. At this high pH level, the buffering capacity of
the solution is high, so that the loss (adsorption) of hydroxyl ions onto FezO4 and the
generation of organic acids during the reaction did not lower the solution pH (the pH
remained above 9 throughout the reaction, see Figure 4-4). The low decay rate constant
observed could be attributed to following reasons: a) at pH 10, the electrostatic
repulsion between the negative charged FesO4 (PZC =7.1) and TCS (pka = 8.0) restrains
TCS from reaching the surface of FesOs; b) the adsorbed hydroxyl ions at the surface

of Fe30O4 formed a thick barrier in repelling the PMS (pka = 9.4 [153]) and therefore
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reduce the efficiency of radical formation; and c) the self-decomposition of PMS at

high pH level (9 or above) was reported mainly through non-radical pathways [135,

151].
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Figure 4-5 k vs. initial pH at different PMS dosage (Conditions: [Fe3Oa]o = 0.25 g/L;
[TCS]o = 0.03 mM)

Previous studies showed that when iron oxide used with H.O2, a low pH was often
required to produce a significant removal of target compound, in which the production

of hydroxyl radicals depends on the dissolution of FezO4 at acidic pH [136, 140]:

FesOs + 8H* = Fe?* +2Fe® + 4H,0 (4-1)

Therefore, a separate test was performed to investigate the effect of FesO4 dissolution
on the removal of TCS and the results are shown in Figure 4-6. The rate constant is only
slightly higher than reaction at pH 3.7 under same condition. It was found that, at pH 2,
the soluble iron species would cumulate in water as the reaction proceeded while the
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level of ferrous remained about the same because ferrous iron continues to be oxidized
into ferric. For the other pH levels tested from 3.7 to 10.3, no obvious soluble iron
species were detected (data not shown), suggesting the reaction is catalyzed by solid
FesO4 rather than the soluble iron. In this study, because the optimum results are
obtained in the neutral pH range (6-9), it is verified that the process is dominated by

heterogeneous reactions.
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Figure 4-6 The degradation of TCS at pH 2.0 (Conditions: [Fes04]o = 0.75 g/L;
[PMS]o = 0.75 mM; [TCS]o = 0.03 mM)

Both Fe(ll) and Fe(l1l) in homogeneous reaction can activate PMS with Fe(ll) being

more efficient:

Fe(I1) + HSOs™ > Fe(Ill) + SO4™ + OH' (4-2)
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Fe(111) + HSOs = Fe(ll) + SOs.” - + H* (4-3)

The active sites on the FezO4 surface generally can be modeled as:

= Fe — OH (4-4)

In addition, the above site can also be reformulated into different forms depending on

the solution pH:

=Fe - OH + H* 5 = Fe-OH,* (4-5)

=Fe-OHS=Fe-O +H" (4-6)

The formation of inner-sphere complex among metal centers, TCS, and PMS is
essential for the reaction to take place. Adsorbed TCS and PMS would react on the
surface of the FesO4, giving rise to the formation of reaction intermediates/products and
then regenerating the active sites. Acidic to neutral pH levels are more ideal than
alkaline pH for the formation of complex between metal centers and TCS as verified
from the adsorption profile in Figure 4-2. The PMS is negatively charge at all the tested
pH levels, while TCS possesses with no charge or negative charge below or above its
pKa at 8, respectively. Figure 4-7 shows the schematic drawing of the charges of the
components at different pH. The ratio of the positive form of the active site (= Fe-OH:")
increases with the acidity and so does the electrostatic attraction between the positively
charged active site and the negatively charged PMS, resulting in the increase of PMS
adsorption at acid to neutral pH levels. However, at acid pH levels, the negatively
charged PMS will compete, replace, or expel the non-charged TCS on the Fe3O4 surface.
This becomes more critical at very low pH level, where a thick and highly protonated
layer (= Fe-OH>") on the catalyst surface is likely formed. Such a heavily-charged layer
attracts large quantity of PMS to the surface and blocks the TCS from the surface. The

result is the domination of self-quenching sulfate radicals with the overdosed PMS. The
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radicals therefore failed to react with TCS in the proximity effectively. This could
explain the lower rate constant at pH 3.7 than that at neutral to weak alkaline pH ranging

from 6-9.
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Low surface charges on FesO4
allows both PMS and TCS to
access active sites and form
inner-sphere complex

At low pH, PMS is drawn to
Fe304 by electrostatic force
and become a barrier to TCS
adsorption.
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At high pH, FezO4, PMS and
TCS are all negatively
charged and repel each other.

Charge density on surface

Figure 4-7 Schematic drawing showing the charges of the components at different pH
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45 Effect of reactants ratio

From Figure 4-8, PMS at 0.75 mM, ie. TCS/PMS = 1/25, is the optimum ratio
regardless of the FesO4 dosage tested. The system would be overdosed when the PMS
concentration was higher than 0.75 mM. This is likely due to the quenching of sulfate

radicals by either Fe (11) or PMS:

Fe(Il) + SO4~ > Fe(l11) + SO (4-7)
HSOs + SO4~ = SOs” + SO/ + H* (4-8)
0.09
——0.25 g/L
0.08 1 ——0.50 g/L
0.07 - —=—0.75 g/L
0.06 A
T 0.05 -
£
~ 0.04 A
0.03 A
0.02 A
0.01 A
O T T T T T
0 0.2 0.4 0.6 0.8 1 1.2

PMS dosage (mM)

Figure 4-8 Decay rate constants at different PMS and FezO4 dosage (Conditions:
[TCS]o = 0.03 mM; pH; 6.0)

42



Since the PMS at 1.0 mM was overdosed and ferrous leaching was insignificant under
these circumstances, the eg. 8 should be the main reason causing the rate retardation at
high PMS dosages. In addition, it was found that 75% of PMS was remained in the
solution after TCS was fully oxidized, while [PMS] kept decreasing for the continuing
oxidation of the intermediates (Figure 4-9). This suggests PMS molecules outnumber
the number of active sites on FesO4. As shown in Figure 4-3d, the increase of the FesO4
dosage can increase the reaction rate linearly within a proper range. However,
overdosing the FesO4 can lead to catalyst agglomeration and the increment rate of total
surface area for the active sites gradually reduced. Though the optimum TCS to PMS
dosage was established at 1:25, within the tested FesO4 range (0.25 to 0.75 g/L), the
ratio of active site on FesO4 to PMS should be a small fraction according to our

observation.

O T T T A4 A4 Y
0 20 40 60 80 100 120
Time (min)

Figure 4-9 PMS and TCS degradation ([TCS]o = 0.03 mM; [FesO4]o = 0.75 g/L;
[PMS]o = 0.75 mM; pHi 6.0)
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Figure 4-10 shows the magnetic hysteresis loop of Fe3O4 before and after uses. Both
used and unused FesO4 exhibits good magnetic property and thus can easily be

recovered by applying a magnetic field.
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Figure 4-10 Magnetic hysteresis loop of Fez0a
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Chapter Five Degradation of Triclosan by MnFe204 with and

without oxidants

5.1 Removal of TCS by MnFe>O4 alone

The degradation of TCS by MnFe2O4 alone at different pH is shown in Figure 5-1. At
pH 4.3, 6.0 and 9.0, less than 15% TCS was removed by MnFe2O4 alone in 4 hours.
However, when the pH dropped to 3.3 and further to 2.5, significant TCS removal was
observed. The degradation of TCS follows pseudo-first order kinetics (R?>0.99).
Complete removal of TCS at pH 2.5 was achieved within 170 min. Ukrainczyk and
McBride (1992) and Fan et al. (2010) found similar pH dependence in the treatment of

phenols or phenolic wastewater by manganese oxides. [154, 155].

Tert-butanol and ethanol were used to investigate the reaction mechanism at pH 3.3 as
the two alcohol reacts with sulfate radical and hydroxyl radicals at different rate.
However, as it is obvious from Figure 5-2 that both have little effect on the reaction
rate. The reaction was also unaffected by the addition of sodium chloride which
indicates that ionic strength may not be a factor. N»-protected experiment was
performed to evaluate the effect of dissolved oxygen in the reaction medium and found
that it did not affect the reaction rates. Thus, all subsequent experiments were performed

without N2-purging.

Many types of manganese oxides, including birnessite, manganite, hausmannite, and

manganese dioxides were known to oxidize phenolic compounds [148, 155]. Zhang and
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Huang (2003) have demonstrated that TCS can be oxidized by MnO; [105]. However,
in the oxides that were used in those studies, manganese were mostly of 3+ and 4+
oxidation state. MnFe2O4 is a spinel ferrite and Mn occupying tetrahedral sites are
usually of 2+ oxidation states. Therefore, XPS analysis is performed to shed lights on
the oxidation state of Mn in the MnFe2O4 used in this study and the spectra of Fe 2p,
Mn 2p and O 1s are shown in Figure 5-3. The characteristics and the peak location of
Fe 2p fits the standard samples of Fe.Os, with the peaks of Fe 2ps» and Fe 2pi. at
710.86 and 724.19 eV respectively, and a satellite peak at 718.90 eV, which is well
distinguished and do not overlap with Fe 2ps» or Fe 2pi» 11s6). Hence, it can be
concluded that Fe is mostly in 3+ oxidation state in the MnFe.O4 employed in this study.
The O 1s spectra is resolved into two individual peaks at binding energy of 529.75 and
530.70 eV, which are assigned to surface lattice oxygen of metal oxides (M-O, denoted
as Oy) and surface hydroxyl species (-OH, denoted as Oy) respectively [143]. The peaks
of Mn 2pz, and Mn 2p1, are located at 642.00 and 653.63 eV respectively, which fits
well with reference [143, 157]. Mn 2ps;2 was further resolved into two peaks at binding
energy 641.73 and 643.40, which most likely represents Mn?* and Mn®* respectively,

with the majority in 2+ oxidation state [143].

The effect of Mn(l1) ions was tested and the result is shown in Figure 5-4. When 0.5
mM Mn(l1l) in form of MnSO4 was added, k of the reactions dropped from 0.0168 min-
110 0.0077 min. The inhibiting effect of Mn (11) ions on the oxidation of phenols and
TCS by manganese oxides was also observed by Ukrainczyk and McBride (1992), and
Zhang and Huang (2003) [105, 155]. It was suggested that Mn?* adsorbed strongly to
active sites on manganese oxides and also Mn?* is a reaction products and increases in

its concentration slows the reaction.
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Based on the experimental results presented above and literature on the oxidation of
TCS and phenolic compounds by manganese oxides [105, 158], it can be proposed that

the reaction mechanism proceeds as follows (Reaction 5-1 to 5-5):

TCS first forms a precursor complex with Mn(l11) on the surface of MnFe,QO4:
=Mn(III) + ArOH « =Mn(III)-OAr (5-1)

Electron is then transfer from the phenol moiety of TCS to Mn(I11) and formation of a

bound phenoxy radical:

=Mn(I1I)-OAr < =Mn(l1)-ArO® + H* (5-2)
It was then followed by the release of phenoxy radicals and Mn?* from the surface:
=Mn-ArO°® < =Mn(Il) + ArO*® (5-3)
=Mn(Il) <> Mn?* (5-4)

Phenoxy radical most likely then go through coupling and form dimers or polymers

[105]:

ArO*® + ArO*® — quinones, dimers and polymeric oxidation (5-5)
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Figure 5-1 Degradation of TCS by MnFe>O4 alone (a) C/Co vs. time; (b) fitting of
data to first-order kinetic model; (c) trend of k with the change in pH (conditions:
[MnFe204]0 = 0.25 g/L; [TCS]o = 0.03 mM)
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Figure 5-2 Effect of radical quencher, dissolved Oz, and NaCl (Conditions:
[MnFe204]o = 0.25 g/L; [TCS]o = 0.03 mM; pHi; 3.3)
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Figure 5-3 XPS spectra of unused MnFe>O4 (a) Fe 2p; (b) Mn 2p; (c) O 1s
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Figure 5-4 Effect of Mn(Il) ions on the degradation of TCS by MnFe>O4 alone.
(Conditions: [MnFe204] = 0.25 g/L; [Mn(1l) = 0.5 mM; [TCS] = 0.03 mM; pH; 3.3)
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5.2 Effect of oxidant on the removal of TCS by MnFe204

Although as ions in homogenous reaction condition, manganese (1) interacts poorly
with oxidants [117], manganese ferrite (MnFe2O4) has been used as Fenton or Fenton-
like catalyst for the activation of hydrogen peroxide [147] and PMS [143, 159]. Various
kinds of manganese oxides have also been used to activate PMS. In this study, three
oxidants (H.02, PMS and PS) were tested. At all the pH tested (pH 3.3, 7.0 and 9.0),
MnFe2Os is a poor activator of H20, as there was no significant removal of TCS for
three hours (Figure 5-5). Previous study has shown that manganese containing ferrite
can decompose H20-; however, the ratio of Mn:Fe is critical for such reaction to take
place. Costa et al. reported that Fe247Mno 5304 could efficiently decompose H202, but
the efficiency dropped by over 90% when Fez79Mno2104 was used [160]. The lack of
activity in this study could be attributed to the ratio of Mn:Fe. It is interesting to note
that at pH 3.3, H>O; has an inhibiting effect on the removal of TCS by MnFe.04 (Figure
5-6). It has previously been reported that Mn(l11) are reduced to Mn(Il) in the presence
of H20: at low pH [161]. Mn(I11) on MnFe204 surface could have reacted more rapidly
with H20. than TCS. Therefore the inhibiting effect can be attributed to the decrease in

Mn(l11),which is believed to be the contributing party in the degradation of TCS [161].
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Figure 5-5 Effect of pH on the removal of TCS by MnFe>04/H.O> (Conditions:
[MnFe204]o = 0.25 mM; [H202]o = 1.0 mM; [TCS]o = 0.03 mM)

1
0.9
0.8
0.7 —— Without oxidant
0.6 - —o—H202

Q05 - Ps
—=—PMS

0.4 A
0.3 A
0.2
0.1 A

0 = T ' '

0 50 100 150 200

Time (min)

Figure 5-6 Effect of oxidant on the removal of TCS by MnFe,0, at pH 3.3
(Condition: [MnFe204]o = 0.25 g/L; [TCS]o = 1.0 mM; pH 3.3)
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On the other hand, PMS and PS enhance the degradation of TCS at all pH tested. The
combination of MnFe>O4 and PMS yields the best performance in the removal of TCS
at all pH tested. As for persulfate, activation is highly dependent on pH. The best
condition for the activation of PS was found to be pH 3.2. MnFe;O./PS and

MnFe204/PMS will be discussed in detail in the following sections.

5.2.1 MnFe204/PS system

The removal of TCS by MnFe2O4/PS system was studied in greater detail in this section.
The effect of initial pH, MnFe2O4 and PS dosage was investigated. The latter two was
investigated at two pH level, pH 3 and 7 to evaluate the degradation of TCS with and

without the combined effect of acid-altered MnFe,O4 and PS.

Effect of initial pH

The influence of pH on the removal of TCS by MnFe,04/PS was investigated and the
results are shown in Figure 5-7. The removal efficiency is highly dependent on the
initial pH with the best performance at pH 3.3, where TCS was completely removed in
100 minutes. The efficiency decreases as the pH increases. At pH 9.0, only about 35%

of the dosed TCS was removed after 4 hours.

It is interesting to note that the reaction rate order differs at different pH. Only reaction
with an initial pH 3.3 follows pseudo first-order kinetics. At pH 4.3, 6.0 and 9.0,
autocatalysis was observed (Figure 5-6). In other words, the system becomes more and

more efficient in the degradation of TCS as the reaction proceeds.
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Figure 5-7 Effect of pH on the removal of TCS by MnFe;04/PS (a) C/Covs. time; (b)
fitting of data to first-order kinetic model (Conditions: [MnFe.O4] = 0.25¢/L; PS =1
mM)
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Effect of MnFe;O4 and PS dosage at pH 3

Figure 5-8 and 5-9 show the effect of initial MnFe>O4 and PS dosage on the removal of
TCS at pH 3. As discussed in the previous section, the degradation of TCS by MnFe2>O4
/PS at pH 3 follows pseudo first-order Kinetics. In all the dosage tested, a two-stage
Kinetics can be observed. The breakpoint time was found to be around 20 minutes. k of
the first stage, denoted as ki, increased from 0.0195 to 0.0531 min as MnFe,O4 dosage
increased from 0.13 to 0.50 g/L but decreased slightly to 0.042 g/L when it was further
increased to 0.75 g/L. As for the second stage, k, denoted as k», increased steadily from
0.0245 to 0.1135 min* as MnFe,O. dosage increased from 0.13 to 0.75 g/L. The gap
between the first and the second stage kinetic constants widened as MnFe>O4 dosage

increased.

Addition of 0.1 mM PS increases ki from 0.0168 to about 0.0300 min but further
increase in dosage did not improve ki further, while k2 increased from 0.0168 to 0.0429
min’t when 0.1 mM PS was added and then peaked at 0.0554 min* with the addition of

0.50 mM.

55



In (C/CO)

——0.13g/L
——0.25g/L
——0.50 g/L
—e—0.75¢g/L

T =y 1=

50 100 150

Time (min)
2 o
2 e
o o
A O °
o
o u] <
A o
u] < o
o
o o o
A
u]
u]
R ©0.13¢g/L
00.25g/L
o
20,50 g/L
00.75g/L
2 4 1 12 14
0D P 0 20 1

56



(c)
0.1
0.08 -
—e—k1 (0 - 20 min)
%006 | —e—k2 (30 - 80 min
~
0.04 -
0.02 -
O T T T
0 0.8

MnFe,0, C()JI'(;lsage (g/L)
Figure 5-8 Effect of MnFe2O. dosage on the removal of TCS at pH 3 (a) decay
curve; (b) fitting of data to first-order kinetic model (c) trend of k with respect to
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Figure 5-9 Effect of PS dosage on the removal of TCS at pH 3 (a) decay curve;
(b) trend of k with respect to initial PS dosage (Conditions: [MnFe204]o = 0.25
g/L; [TCS]o = 0.03 mM; pH 3)

Effect of MnFe,O4 and PS dosage on the removal of TCS by MnFe,O4/PS at pH 4

Figure 5-10 shows the effect of initial PS dosage on the degradation of TCS by
MnFe>0./PS at pH 4. Since MnFe»O4 does not have the capacity to remove TCS at pH

4, the degradation observed here is therefore likely due to the effect of PS.

It should be noted from Figure 5-10b that the degradation of TCS by MnFe2O4/PS at
pH 4 cannot be described by a conventional pseudo first-order kinetics; it is more like
an autocatalytic reaction with the reaction rate increasing with time. A mathematical

model is therefore proposed to describe the reaction trend as showed in equation 5-1:

y=15 (5-1)




Where, in this study, X is the reaction time, t (minutes); y is the treatment performance
In([TCS]/[TCS]o); and a and b are characteristic constants. The above equation can be

rearranged into a working linear equation as:

t 1 b

—or = - — =t (5-2)

Inresto

Similar to that of many conventional multi-stage reaction kinetics of AOPs, after a short
lag phase, a two-stage kinetics separated by a break point at time toreakpoint, Was also
observed in this process at all the tested PS dosages; i.e. a lag phase without significant
reaction followed by a mild TCS decay (Stage 1) and then a faster TCS decay (Stage
I1). By fitting the observed laboratory data into equation 5-2 (without using the data in
lag phase), it was found that the data fit well with the proposed model with linear
regression coefficients (r?) greater than 0.9706 (Figure 5-11). In addition, it was
interesting to find that the natural logarithm of toreakpoint, (in minutes) and the duration of
lag phase (i.e. the starting time of Stage I, tiagphese, (In Minutes)) are both linearly
correlated to the initial PS dosage by equations 5-3 and 5-4 with an r? of 0.9586 and

0.9680, respectively (Figure 5-12).

Intyreqkpoine = —1.3508[PS]y + 5.6435 (5-3)

I tyggphase = —2.0093[PS], + 5.0897 (5-4)

Equations 5-3 and 5-4 indicate that the lag phase is shorter and the system takes less

time to reach break point when more PS is used. This is due to the lack of oxidant to
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activate the surface site on MnFe;O4, since MnFe 04 by itself does not have the

capacity to degrade TCS at pH 4.

As initial PS dosage increases, the position of the curves in Figure 5-11 becomes less
negative on the t/In(C/Co) scale (y-axis) and approaches 0. This reflects that the system
is becoming more and more efficient and the performance improves as more PS is added

at the beginning of the process.

Two sets of kinetic constants can now be obtained from the linear curves as shown in
Figure 5-11, in which a; and by are the characteristic constants for Stage | while a, and
b, are those for Stage Il. To facilitate the prediction of the process, linear correlations
between the characteristic constants and PS dosage were obtained by plotting 1/a vs In
[PS]o (Figure 5-13) and In b vs. In In [PS]o (Figure 5-14), respectively. Then the

constants a and b can be linearly correlated to the initial PS dosage by equation 5-5 to

5-8
ail = 573.3 In[PS], — 189.13 (5-5)
aiz = 327.72In[PS], — 106.54 (5-6)
Inb, = 0.8315[n[PS], — 4.7887 (5-7)
Inb, = 0.7147In[PS], — 5.4635 (5-8)

In addition to the mathematical correlation, the physical meaning of a is the initial
reaction rate of Stage | (or right after the lag phase). It is worth noting that a; and a,

are gradually converged as the initial PS dosage increased. In other words, the
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reaction rate difference between Stage | and Il is becoming smaller (or vague) as
the initial PS keeps going up; eventually the system should be describable by a

single-stage kinetics model.

The inverse of b, on the other hand, is the time when maximum reaction rate was
reached and the concentration of TCS approaches 0, which offers a reference point
to indicate the end of reaction, and can be used to determine a proper wastewater

detention time and/or the size of the reactor in a real design.

By substituted equation 5-5 to 5-8 into 5-2, two equations for predicting the reaction

rate using initial PS dosage were obtained (equation 5-9 and 5-10)

[rcs] t .
in [TCS]o  (573.3In[PS]o—189.13)(1—e(0-8315In[PS}o—4.7887) ¢ fOr tagohase £ < toreakpoint
(5-9)
[TCS] ¢
In = for t >tbreakpoint

[TCS],  (327.72In[PS]y—106.54)*(1—e(0-7147In[PS]o-5.4635)¢)
(5-10)

Based on the above equations 5-9 and 5-10, predictions from the proposed models
were compared to the experimental data, and as shown in Figure 5-15, the models

can predict the reactions well within all the tested ranges.
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Figure 5-10 Effect of PS dosage on the removal of TCS at pH 4.3 (a) decay curve;
(b) fitting of data into first-order kinetic model (Condition: [MnFe204]o = 0.25 g/L;

[TCS]o = 0.03 mM; pH = 4.3)
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Figure 5-15 Comparison of model prediction with experimental data (mark:

experimental data; line: model prediction)

The effect of initial MnFe.O4 dosage is shown in Figure 5-16. The data were fitted into
equation 5-2 to obtain a and b. Figure 5-17 shows a comparison of the effect of
MnFe>O4 and PS dosage on the initial rate of the removal of TCS at pH 4.0. It can be
observed that increasing PS dosage from 0.25 mM to 1.5 mM greatly enhanced the
degradation of TCS but the increasing MnFe2O4 dosage from 0.13 g/L to 0.75 g/L had

little effect.
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Figure 5-16 Effect of MnFe>O4 dosage on the degradation of TCS at pH 4
(Conditions: [PS]o =1 mM; [TCS]o = 0.03 mM; pH 4.3)
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5.2.2 MnFe204/PMS system

Effect of pH

Figure 5-18 shows the effect of pH on the degradation of TCS by MnFe>04/PMS, which
followed pseudo first-order kinetics (r>> 0.97). At all the pH tested, a lag phase can be
observed at the beginning of the reaction (< 3 minutes) with reaction rate constants,
Kiagphase, ranging from nearly 0 to 0.18 min. The reaction rate constants for the phase
following lag phase was termed k1 in Figure 5-18. After the lag phase, all but pH 10.0
had only one phase. Two distinct phases can be observed for pH 10.0 after the lag phase,
termed ki1 and k. This is similar to the autocatalytic reaction observed in MnFe204/PS
system with the second phase (k2 = 0.2075 min') faster than the first (k1 = 0.0907 min-
1. The trend of k with respect to pH for both phases are similar. k was lower at both
ends of the pH range tested (pH 3.0, 3.8 and 10.0). Kiagphase and k1 increased from 0.0204
t0 0.1577 min and 0.1100 to 0.2999 min* respectively when pH increased from 3.0 to
5.0. However, when pH increases from 5.0 to 9.0, there were little changes in both
Kiagphase and Ki. Kiagphase and ki at pH 10.0 were lower than that at pH 3.0 but k. was

between ki of pH 3 and 5.
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Figure 5-18 Effect of pH on the removal of TCS (a) First-order rate kinetics decay
curve; (b) Trend of Kiagpnase and k1 with respect to pH (Conditions: [MnFe204]o = 0.25

g/L; [PMS]o = 0.75 mM; [TCS]o = 0.03 mM)
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Effect of initial MnFe,O4 and PMS dosage

Since neutral pH was optimal for the degradation of TCS by MnFe2O4 /PMS. The effect
of initial MnFe204 and PMS dosage was investigated at pH 7 and the results are shown
in Figure 5-19. Generally, k increases as initial MnFe>O4 dosage increases from 0.25 to
0.75 g/L. However, at all MnFe.O4 dosage tested, the increase in k was much less
significant with increasing PMS dosage and the trend was similar. The Kk initially
increased when PMS dosage increased from 0.13 to 0.25 mM but plateaued upon
further addition of PMS (Figure 5-19). To determine whether the plateau was due to the
depletion of oxidant or the lack of active sites, the changes in PMS concentration in
aqueous phase during the reaction of 0.75 g/L MnFe>O4 with low (0.13 mM) and high
(0.75 mM) PMS dosage was monitored and the results are shown in Figure 5-20. Only
about 0.2 mM PMS out of the 0.75 mM initial dose was used while almost all of the
0.13 mM initial dosage was used up. Although a lag phase can be observed in the
degradation of TCS, PMS degradation follows first-order kinetics without a lag phase.
There was still excess of PMS when TCS was completely removed but the excess PMS
was not efficiently utilized in further oxidation of intermediates as was evidenced by
the extent of mineralization. Total organic carbon was measured and only 16% of the

TCS was found to be mineralized (Figure 5-21).
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Figure 5-21 Total organic carbon measurement of TCS (Conditions: [MnFe2Oa]o =
0.75 g/L; [PMS]o = 0.75mM; [TCS]o = 0.03 mM; pHi 7)

Recyclability of MnFe;O4

Recyclability of catalysts is an important feature for heterogeneous system. Figure 5-
22 shows the performance of MnFe>O4 in removing TCS in the presence of PMS at pH
7.0. It is interesting to note that the performance actually improved when MnFe,O4 was
recycled in the second and third cycle and then plateaued afterwards. In light of this
result, it is hypothesized that there were some changes in MnFe2O4 during the first cycle,
which then contributed to the increase in both Kiagphase and Kactivated in the subsequent
phase. To test this theory, PMS was not added in the second cycle to test whether used
MnFe2O, alone could remove TCS. The results are shown in Figure 5-23. As mentioned
previously unused MnFe>O4 had no effect on TCS at neutral pH. The results confirm

that even without addition of PMS, TCS was completely removed in 20 minutes
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comparing to 7 minutes in cycle 1. From Figure 5-23, it can be noted that the second

cycle lacked a lag phase.

Figure 5-24 shows XPS analysis performed on the used and used MnFe2Oa4. There was
little change in the oxidation state of Fe and Mn over 5 cycles but it can be observed
from O 1s spectra that after the first cycle, an additional peak at binding energy of 533.6
eV appeared, which is a characteristic peak for C-O. After the fifth cycle, the peak
become more prominent which reflects the accumulation of TCS or its transformed
products on the surface of MnFe>O4. Figure 5-25 shows the magnetic hysteresis loop
of MnFe2O4 before and after uses. Both used and unused MnFe>O4 exhibited good

magnetic property and thus can easily be recovered by applying a magnetic field.
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Figure 5-23 Recycle of MnFe204 without addition of PMS in the second cycle
(Conditions: [MnFe204]o = 0.75 g/L; [PMS]o (1% cycle) = 0 mM; [PMS]o (2™ cycle) =
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Figure 5-24 XPS spectra of unused and used MnFe;QO4: (a) Fe 2p; (b) Mn 2p; (c) O 1s
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Figure 5-25 Magnetic hysteresis loop of MnFe.O4 before and after use

Effect of secondary effluent

In practical application, the matrix of the reaction medium is usually much more
complicated. To evaluate the applicability of MnFe>O4/PMS system, secondary effluent
was added to the TCS solution. Characteristics of the effluent were given in section 3.1.
The lag phase was not quite affected but the activated phase was slowed by 48% (Figure
5-26) but TCS was still efficiently removed in 15 minutes. This could be due to the
occupation of active sites by organic matters in the effluent or the reaction of radicals

with ions to generate weaker radicals.
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Figure 5-26 Effect of secondary effluent in the removal of TCS by MnFe204/PMS
(Conditions: [MnFe204]o =0.75 g/L; [PMS]o = 0.75 mM; pHi = 6.0)

Table 5-1 Reaction rate constants of the removal of TCS in DDW and
Effluent matrix

Kiagphase (min_l) K1 (min-l)
DDW 0.2087 1.1464
Effluent 0.2532 0.6006

5.3 Toxicity Assessment utilizing mortality and vitality of A. salina

The toxicity of TCS and its degradation products was evaluated by studying their effect
on Artemia salina (brine shrimp). The objective of the test was to determine whether
the chemicals used in the treatment method and the degradation products generated

posed threats to aquatic species.
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The brine shrimp A. salina was chosen as target in this toxicity study for various reasons.
First, it is a microplanktonic filter feeder that is often used as live food for other
aquaculture organisms such as fish larvae [162]. The effect on this species could be
biomagnified up the food chain. Second, the culture cost is low and the generation time
is short. Besides, their sensitiveness towards environment also makes them popular test

subjects in toxicity assessment of pollutants in aquatic environment [163-167].

The condition of the A. salina larvae after incubating with samples taken during the
course of treatment was observed and quantified. Figure 5-28 shows the toxicity test
results of the TCS treatment by MnFe,O4 alone at pH 3.3 while Figure 5-29 shows that
by MnFe204/PMS at pH 7.0. At the beginning of the tests, all the larvae died upon
exposure to TCS, which means that TCS at the concentration used in this study was
acutely toxic to A. salina. When treated by MnFe>O4 alone, the mortality rate decreased
and the vitality improved as TCS concentration decreases. All the larvae survived and
were swimming when no TCS was detected. The intermediates generated during
treatment did not appear to have posed significant toxicity to the brine shrimps nor
affected the mobility of the species. However, when PMS is used, the survival rate
dropped to below 40% even no TCS can be detected in the reactor and none of the brine
shrimp tested were swimming in all the samples tested. Either the chemical used in the
treatment process or the intermediates generated crippled the brine shrimps and notably

influenced their survival.

Previous sections show that MnFe>O4/PMS trumps MnFe2O4 alone system in all the

parameters studied. The addition of PMS significantly shortened the reaction time for
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TCS degradation (from 4 hours to within 20 minutes) and allowed treatment to proceed
effectively in a broader pH range. This study shows that the use of PMS has one major
drawback. Although it is much more efficient, the treatment method could potentially
disrupt the delicate balance of aquatic species and ecosystem in practical application.
In view of this finding, a treatment method that could combine the advantages of both

MnFe2O4 and MnFe204/PMS systems was considered and further explored.
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Figure 5-27 Effect of TCS and degradation products from the treatment using
MnFe>O, alone at pH 3.3 on the survival and vitality of A. salina
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Figure 5-28 Effect of TCS and degradation products from the treatment using
MnFe204/PMS at pH 7.0 on the survival and vitality of A. salina

5.4 Pre-activation of MnFe2O4 by acid, PS and PMS at pH 3 and 7

In section 5.2.2, it was found that PMS can alter the surface of MnFe2O4 and the
resulting structure can remove TCS without the presence of any oxidant. It is
hypothesized that PS and acid could also bring about such changes. Therefore, an
experiment is designed to test (1) whether the altered MnFe2O4 can remove TCS in
neutral condition, in which the original MnFe204 has no effect on TCS; (2) whether PS
and acid can exert similar effect on MnFe2O4 as PMS does; and (3) the extent of
activation by PS and PMS at pH 3 and 7. The new approach was to pre-treat MnFe2O4
with acid, PMS or PS and evaluate TCS degradation by the pretreated MnFe2O4 at

neutral pH without additional oxidant.
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The results from the toxicity test in the previous section also provide an incentive for
exploring pre-activation of MnFe2O4 with acid or oxidants and eliminating in situ
oxidants. It is desirable to take advantage of the superior performance brought about by
oxidants and the low toxicity of MnFe2O4 alone system as compared to MnFe204/PMS
as seen in section 5.3. Besides, concerns have been raised over the potential hazard of
residual PMS in water and the byproducts of SR-AOP including the formation of CIO3
/BrOgz", halogenated disinfection byproducts[168], and sulfate anions [169]. These

potential challenges can be alleviated by removing in situ PMS or PS.

Figure 5-29 shows the performance of five pre-treated MnFe.O4 on the removal of TCS
at pH 7. It appears that changes that were made to the surface of MnFe>O, were lasting.
Even after being washed thoroughly, the used MnFe2O4 can still remove TCS by itself
without addition of oxidants. Although acidic solution by itself can activate MnFe20a4,
PMS was found to activate MnFe2O4 to the same extent whether the activation took
place in acidic or neutral conditions. This corroborates the findings previously that
removal of TCS by in-situ MnFe>O4/PMS system made more efficient use of PMS in
neutral pH range than in low pH conditions. On the other hand, the activation of
MnFe204 by PS was better at pH 3 than pH 7. The addition of PS to MnFe204 in acidic
solution increased the subsequent removal of TCS at neutral pH from 53% to 72%,
which, in other words, represented a 35% improvement. When activated at pH 7 by PS,
MnFe;O4 was capable of removing 25% TCS at neutral pH. Generally, MnFe;O4 can

be activated by acid, PS and PMS for the removal of TCS at neutral pH.

It is obvious from Figure 5-29 that PMS has superiority over PS and acid in the

enhancing the performance of MnFe>O,4 in TCS degradation in neutral pH. Although in

82



situ PMS still outperformed pre-activation by PMS, TCS degradation by MnFe2O4 at
neutral pH range was made possible and was more efficient than degradation by

MnFe2O4 alone at pH 3.3.

0.3 —o— Acid Activation
—A— PS activation at pH 3
021 —e—PMS activation at pH 3
0.1 - —— PS activation at pH 7
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0 50 100 150 200

Time (min)
Figure 5-29 Degradation of TCS at neutral pH by MnFe.QO4 activated by acid, PS,
and PMS (Conditions: [MnFe204]o = 0.25 g/L; [oxidant]o = 1.0 mM; [TCS]o = 0.03
mM)

5.5 Reaction mechanism

According to literature, degradation of TCS by Mn-containing catalysts could proceed

through two main pathways:

(1) Radical Pathway
In the presence of oxidants such as PMS and PS, surface-bound sulfate radical
could be generated by the inner coordinated complex forming between Mn and

Fe on the MnFe204 and oxidant [159]:
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=Mn(IT)-OH" + HSOs = =Mn(I1I)-OH-0S03 + OH (5-6)

=Mn(IIT)-OH-0SO5 = =Mn(II)-"OH- (SO4™) (5-7)
=Mn(IIT)-OH" + HSOs™ > =Mn(I)-00SO0s* + H20 (5-8)
=Fe(I11)-OH" + HSOs = =Fe(l1)- 00SOs™® + H,0 (5-9)
=Fe(I1)-OH" + HSOs™ > =Fe(III)- OH- (SO4*) + OH" (5-10)

The bound sulfate radical could react with TCS, coupled with the catalyst or

release into solution. SOs™ radical was too weak for effective oxidation.

(2) Non-radical pathway (as described in Section 5.1 in this thesis)

TCS formed complex with Mn(l11) on MnFe2O4 and electron transfers from
Mn(l11) to TCS to form phenoxy radicals, which was followed by the release of
Mn?* and phenoxy radicals (Reaction 5-1 to 5-5). Dimers and polymers were

the likely resulting products of this pathway.

Based on the results in this chapter, non-radical pathway is likely the major player in
the degradation of TCS by MnFe2Os in the presence of PMS or PS whereas radical
pathway plays a minor role. Observations leading to this conclusion are recapitulated

as follows:

(1) After MnFe2O4 was exposed to PMS or PS, the performance of the catalyst
alone without any oxidant in the degradation of TCS at neutral pH was greatly

enhanced. In the absence of oxidant, the removal of TCS most likely proceeded
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through non-radical pathway. With the continuous supply of oxidants,
performance in terms of kinetics brought by this pathway would be expected to
further improve.

(2) Most known effective sulfate and hydroxyl radicals quenchers (such as tert-
butanol and ethanol) had no noticeable effect on the degradation rate even at
high dosage.

(3) Autocatalysis observed for MnFe2O4 /PS system at pH 4 or above but not at pH
3 was likely due to the changes made on the surface of MnFe2O4 by PS. The
catalyst subsequently became more efficient in removing TCS through non-
radical pathway (Figure 5-10), while at pH 3, non-radical pathway was already

available (Figure 5-1).
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Chapter Six Conclusion

The removal of triclosan (TCS) by FesOs was investigated. PMS was found to be a
more effective oxidant (comparing to H20, and K>S,Og) when used in combination
with Fe3Os. The study was therefore focused on the use of Fes04/PMS for the TCS
degradation. The adsorption of TCS onto Fe3O4 is a fast process and is strongly affected
by the initial pH level and FesO4 dosage. About 26 — 30 % TCS was adsorbed at pH 2
— 6. When the pH further increased to 8 or above, significant decrease in TCS
adsorption was observed due to the electrostatic repulsion between negatively charged
Fe304 and TCS. The adsorption of TCS generally increases with FesO4 dosage (16% at
0.25 g/L to 35% at 1.5 g/L). The kinetics of TCS degradation and the effect of Fe3O4
dosage, PMS dosage and initial pH were studied. TCS removal is proportional to the
Fe304 dosage at initial pH 3.7, 6.0 and 9.0 with the best performance at initial pH 9 and
an optimum TCS to PMS ratio at 1:25. TCS was completely degraded from the solution
in 2 hours. The effect of PMS dosage is more significant at the neutral pH range (6 —
9), in which the initial pH below 5 and above 10 yields low rate constants. The reaction
rate depends strongly on the charges of FesO4, PMS and TCS at different pH. The
process is dominated in heterogeneous rather than homogeneous phase, based on the

observation of iron leaching.

The degradation of TCS by MnFe2O4 with and without oxidant was also studied. XPS
analysis reveals that most of the manganese in MnFe>O4 were of 2+ oxidation state with
a small portion of 3+ oxidation state, iron were of 3+ oxidation state. Without oxidant,
significant removal of TCS by MnFe>O4 alone was only observed at pH 3.3 and below.

At low pH, surface Mn(lll) oxidizes TCS and releases Mn(ll) ions. The addition of
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Mn(11) slows the oxidation of TCS by MnFe2O4 through sorption to the surface active

sites.

The effect of three different oxidants (H20., PMS and PS) were tested at acidic, neutral
and basic conditions. The performance of the oxidants were in the following order:
PMS > PS > H,0,. Although H20, was rapidly degraded, it was found to inhibit the

oxidation of TCS by MnFe;QO4 possibly through the reduction of Mn(l11) to Mn(ll).

The removal of TCS by MnFe,04/PS at pH 3 follows pseudo first-order kinetics while
autocatalytic degradation of TCS was observed at pH 4.3 and above. A mathematical
model was developed for the autocatalytic degradation of TCS by MnFe.O4/PS at pH

4.3. Model prediction was found to be a good fit with the experimental data.

MnFe>O4 has excellent recyclability with performance improved for two successive
cycles and plateaued in the following two. The O 1s peak from XPS analysis shows that
with each successive cycle, there was an increase in C-O on the surface of MnFe;04
but the oxidation state of Mn and Fe remains relatively the same. For an initial MnFe204
dosage of 0.75, only about 0.2 mM PMS was degraded for the complete removal of

TCS even if much more initial PMS dosage was added.

Although PMS enhanced performance notably, the degradation of TCS by MnFe,04
alone at pH 3.3 was less toxic for brine shrimp. Recycled MnFe2O4 was found to be

superior to unused ones in the subsequent cycle whether oxidant is present or not. A
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new experimental procedure was therefore proposed and it was found that by pre-
treating MnFe,O4 with acid, PMS and PS, it can be used in the removal of TCS in
neutral pH without in situ oxidant. MnFe2O4 can be pre-activated by acid, PMS and PS
for its use in the removal of TCS in neutral pH without oxidant. Non-radical pathway

is believed to be the major degradation mechanism while radical pathway is minor.
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