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“Padan 95 SP Behandlung durch einen elektrochemischen Prozess und die Kombination mit

anderen Techniken”

Diese Dissertation befasst sich mit der Reduktion des gesamten organischen Kohlenstoffs
(TOC) aus wissrige Losung, die Padan 95 SP enthilt. Als Methoden zur Minimierung von
TOC wurdendie elektrochemische Oxidation von Padan 95 SP auf Bor-dotierter Diamant
(BDD) Elektroden durch <OH Radikale, Elektro-Fenton und die Kombination mit
Adsorptionstechnologien verwendet. Die *OH Radikale wurden dabei durch indirekte
Methoden, z. B. die Bildung von 2-HTA gemessen. Zur Quantifizierung der
Hydroxylradikalbildungwurde in dieser Studie die Bildung von 2-Hydroxylterephthalsdure (2-HTA)
an BDD-Elektroden {iiber die Reaktion zwischen Terephthalsdure (TA) und <OH
untersucht. Weiterhin befasst sich die Arbeit mit dem Abbau von Cartap in Padan 95SP (95%
Cartap) auf BDD iiber die Reaktion zwischen Cartap und Hydroxylradikalen.
Betriebsparameter wie die angewandte Stromdichte, die Elektrolytarten und die
Anfangskonzentration von Padan 95SP wurden variiert, um ihre Wirkung auf die
Abbaueffizienz von Cartap zu bestimmen. Die Konzentration von Cartap wurde mittels
UV-Vis-Spektroskopie mit dem 5,5-Dithiobis-(2-Nitrobenzoesdure) (DTNB) Verfahren
bestimmt. Hochleistungs-Fliissigkeitschromatographie (HPLC) und
Gaschromatographie/Massenspektrometrie (GC-MS) wurden verwendet, um das kommerziell
erhdltlichePadan 95SP und die Bildung von Nebenprodukten beim Abbau von Cartap zu
charakterisieren. Die optimalen Bedingungen fiir die Cartap-Degradation durch den
elektrochemischen Prozess wurden festgelegt: Konzentration des Elektrolyten: 0.05 M
Na,S0s, Padan 95SP Anfangskonzentration: 300 mg'L'l, pH = 3, Stromdichte: j = 20 mA-cm™.
Unter diesen Bedingungen sinkt Cartap auf 41% und derTOC erreicht 8 % des jeweiligen
Ausgangswertes. Um den TOC-Zerfall bei hoher Padan 95 SP Konzentration in Wasser zu
erh6hen, wurde die Kombination des elektrochemischen Prozesses mit anderen Techniken
vorgeschlagen, z.B.: Elektro-Fenton-Technik, Oxidation mit NaOCIl, oder die Kombination

des elektrochemischen Prozesses mit einem Adsorptionsprozess.

Bei der Elektro-Fenton-Technik wurde der Einfluss von Faktoren wieder Anwesenheit von
NaOCl in der Prozessvorbehandlung, Auswirkungen der H,0,-Konzentration, Fe?'-

Dosierung, Metallionen als Cokatalysatorenund der pH-Wert der Lésung untersucht, um
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dieWirkung auf die Abbau-Effizienz fiir Cartap zu bestimmen. Es konnten mit dieser

Methode rund 80 % TOC, ausgehend von 700 mg-L"'Padan 95SP, entfernt werden.

Die Kombination deselektrochemischen Prozessesmit einer Adsorptionsmethode ermdoglicht
eine effiziente Entfernung von TOC und Padan 95SP (95% Cartap). Diesbasiert auf der
Oxidation und anschlieBender Adsorption auf granularer Aktivkohle (GAC). Der Einfluss von
Faktoren wie Leitelektrolyten, Flussrate, Betthdhe, Recyclingzahl sowie die
Anfangskonzentration von Padan 95 SP wurde untersucht, um deren Auswirkungen auf die
TOC Entfernung zu bestimmen. Durch die Kombination konnten so 75% desTOC und mehr
als 90% Cartap bei 700 mg'L'Padan 95 SP entfernt werden. Fourier-Transformations-Infrarot
(FT-IR) und BET-Oberflichenanalyse wurden angewendet, um GAC vor und nach der
Verwendung zu untersuchen. Die Ergebnisse haben gezeigt, dass die Kombination des
elektrochemischen Prozesses mit anderen Methoden eine potentielle Option fiir die

Behandlung von Abwasser,dasPadan 95 SP enthilt, sein kann.

Schliisselworter:  BDD-Elektrode, *OH-Radikal, Cartap, kornige Aktivkohle, gesamter
organischer Kohlenstoff, chemischer Oxidationsprozess, Fenton-Methode,

Adsorptionsmethode.
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Nguyen Tien Hoang

“Padan 95 SP treatment by electrochemical process and its combination with other

techniques”

This dissertation describes electrochemical oxidation of Padan 95 SP on Boron-doped
diamond (BDD) electrode mainly by *OH radicals (which was measured by indirect method,
1.e: the formation of 2-Hydroxylterephthalic acid (2-HTA)), Electro-Fenton and the
combination with adsorption technology for increasing total organic carbon (TOC) removal
efficiency. In this study, the formation of 2-HTA on BDD electrode via the reaction between
terephthalic acid (TA) and *OH as a method to quantify hydroxyl radical formation was
investigated. The degradation of Cartap in Padan 95SP (95 % Cartap) on BDD was
investigated. Operating parameters such as applied current density, types of electrolyte and
initial concentration of Padan 95SP were varied in order to determine their effect on the
degradation efficiency of Cartap. The concentration of Cartap was determined by UV-Vis
spectroscopy according to 5,5-Dithiobis-(2-nitrobenzoic acid) (DTNB) procedure. High
Performance Liquid Chromatography (HPLC) and Gas Chromatography/Mass Spectrometry
(GC-MS) were used to characterize the commercial Padan 95SP and the formation of by-
products. The optimal conditions for Cartap degradation by electrochemical process have
been established: concentration of electrolyte: 0.05 M Na,SO,, initial concentration of Padan
95SP: 300 mg-L", pH = 3, current density: j = 20 mA-cm™. At this condition, Cartap decreases to
41 %, TOC decay reaches 8 %. To increase TOC decay at higher Padan 95 SP concentration
in aqueous solution, the combination technique of electrochemical process with other
techniques was proposed, e.g.: Electro-Fenton technique, pre-oxidizing by NaOCI or the

Electro-Adsorption combination.

In the Electro-Fenton technique, we investigated the influence of factors such as the presence
of NaOCl in pretreatment of process, affects of H,O, concentration, Fe*" dosage, co-catalysts
metals ion and pH. The efficiency shows approximately 80 % of TOC removed at 700 mg'L™
Padan 95 SP.

The combination of electrochemical with adsorption method shows the efficient removals of
TOC and Padan 95SP (95 % Cartap) based on reagents oxidation in electrochemical process

and adsorption of granular activated carbon (GAC), respectively. The influence of factors
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such as supporting electrolytes, flow rate, bed height, recycling number as well as initial
concentration were investigated in order to determine their effects on TOC removal. The
efficiency of this combination shows approximately 75 % of TOC and more than 90 % of
Cartap removed at 700 mg'L"' Padan 95 SP. Fourier Transform Infrared (FT-IR) and
(Brunauer—-Emmett—Teller) BET surface analysis were applied to investigate GAC before and
after usage. The results have shown that the application of electrochemical technique with

other methods can be the potential option for treatment of wastewater containing Padan 95 SP.

Keywords: BDD electrode, *OH radical, Cartap, granular activated carbon, Total Organic

Carbon, chemical oxidation process, Fenton method, adsorption method.
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Introduction

CHAPTER 1 INTRODUCTION

1.1 Global water usage

Water is an essential natural resource for the development of life and for human activities.
Globally, 74 % of water source is used for agriculture and irrigation, 18 % for industrial uses
and only 8 % on domestic uses, the detailed report can be seen in Fig. 1. By 2050, feeding a
planet of about 9 billion people will require an estimated 50 percent increase in agricultural

production and a 15 % increase in water withdrawals [1].
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Figure 1 Global water consumption in 2014 [1].

Currently, its scarcity is one problem that causes great concern in our society. 84 % of
population who don’t have access to improved water, also live in rural areas, where they live
principally through subsistence agriculture [2]. According to Population Action International,
based on the UN Medium Population Projections of 1998, more than 2.8 billion people in 48

countries will face water stress, in term of water scarcity and quality deterioration [3],
by 2025.

Nowadays, water issue is common and it is an area of high alert. We need to take an action to

preserve water for us to live a tomorrow.

1.2 Causes of water pollution

14
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1.2.1 Industrial wastewater

Industries produce huge amount of wastewater which contains toxic chemicals and pollutants
discharged into rivers, lakes and coastal areas leading to serious pollution problems in the
water environment and affecting the eco-system as well as human’s life. Based on different

industries, the sources of industrial wastewater can be listed out below:

Battery manufacturing: Battery manufacturers specialize in fabricating small devices for
electronics and portable equipment (e.g., power tools), or larger, high-powered units for cars,
trucks and other motorized vehicles. Pollutants generated at manufacturing plants includes
cadmium, chromium, cobalt, copper, cyanide, iron, lead, manganese, mercury, nickel, oil and

grease, silver and zinc [4].

Organic chemicals manufacturing: The specific pollutants discharged by organic chemical
manufacturers vary widely from plant to plant, depending on the types of products
manufactured, such as bulk organic chemicals, resins, pesticides, plastics, or synthetic fibers.
Some of the organic compounds that may be discharged are benzene, chloroform,
naphthalene, phenols, toluene and vinyl chloride. Metal pollutant discharges may include

chromium, copper, lead, nickel and zinc [5].

Electric power plants: Fossil-fuel power stations, particularly coal-fired plants, are a major
source of industrial wastewater. Many of these plants discharge wastewater with significant
levels of metals such as lead, mercury, cadmium and chromium, as well as arsenic, selenium
and nitrogen compounds Wastewater streams include flue-gas desulfurization, fly ash, bottom

ash and flue gas mercury control [6].

Food industry: Wastewater from food industry has distinctive characteristics. It is
biodegradable and non-toxic, but has high concentrations of biological oxygen demand
(BOD) and suspended solids (SS). The components of food and agriculture wastewater are
complicated to predict, due to the fluctuation in BOD and pH in effluents from vegetable,
fruit, and meat products and due to the seasonal nature of food processing and

post-harvesting.
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Iron and steel industry: Water as a lubricant and coolant is applied in the conversion of iron
or steel into sheet, wire or rods requires hot and cold mechanical transformation stages.
Cooling waters are inevitably contaminated with products especially ammonia and cyanide.
Contamination of waste streams includes gasification products such as benzene, naphthalene,
anthracene, cyanide, ammonia, phenols, cresols together with a range of more complex

organic compounds known collectively as polycyclic aromatic hydrocarbons (PAH) [7].

Nuclear industry: The waste production from the nuclear and radio-chemicals industry is

dealt with as radioactive waste.

Petroleum refining and petrochemicals: Pollutants discharged from petroleum refineries and
petrochemical plants consist of conventional pollutants (i.e: BOD, oil and grease, suspended

solids), ammonia, chromium, phenols and sulfides [8].

Textile Dyeing: Textile dyeing plants generate wastewater which contains synthetic and
natural dyestuff, gum thickener (guar) and various wetting agents, pH buffers and dye

retardants or accelerators.

1.2.2 Sewage

Sewage (or domestic wastewater or municipal wastewater) is a type of wastewater that is
produced by a community of people. It consists mostly of grey-water (from sinks, tubs,
showers, dishwashers, and clothes washers), black-water (the water used to flush toilets,

combined with the human waste that it flushes away); soaps and detergents [9].

However, the fact is that most wastewater produced globally remains untreated causing
widespread water pollution, especially in poor countries. In many developing countries a huge
of domestic and industrial wastewater is discharged without any treatment or only after

primary treatment [9].

Sewage is a complex mixture of chemicals, with many distinctive chemical characteristics.
For example, the high concentrations of ammonium, nitrate, nitrogen, phosphorus, high
conductivity (due to high dissolved solids), high alkalinity, with pH typically ranging between
7 and 8. The organic matter of sewage is measured by determining its BOD or the chemical

oxygen demand (COD).
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1.2.3 Agricultural activity: Fertilizers and pesticides

The nitrogen content in chemical fertilizers may vary depending on the cropping system used.
Nutrients are more immediately available for plant uptake in chemical fertilizers than in
manure; however, they may be more easily leached into groundwater if used in excess.
Chemical pesticides are used to protect crops from insects and bacteria. Both are necessary for
the plants growth. Pesticide runoff can result in devastating effects on non-target organisms as
well. Runoff can carry pesticides into aquatic environments meanwhile wind can carry them
to other fields, grazing areas, human settlements and undeveloped areas, potentially affecting
other species living in those areas. Also, the chemicals mixes up with rainwater and flow

down into rivers and canals which pose serious damages for aquatic animals.

1.3 The application of Cartap and its current experimental treatment scale

The chemical Cartap (which is also named 1,3-di(carbamoylthio)-2-dimethylaminopropan)
based on its chemical structure) is a derivative of Nereistoxin, a naturally occurring
insecticidal substance isolated from the marine segmented worms, Lumbrineris. Cartap
hydrochloride insecticides have been registered in Japan since 1967, and are widely used in
Asia, Europe and South America. Cartap hydrochloride is used against a relatively broad
spectrum of insects but particularly against the rice stem borer, Lepidopterous pests of
vegetables and Colorado potato beetle. Commercial formulations include water soluble
powders, dusts and granules. Approximately 70 % of the world production is applied to rice.
It is generally used at the rate of 0.5-1.5 kg-ha™ with a pre-harvest interval of 7 to 21 days
[10].

Several methods have been developed for the determination of Cartap residues and a gas-
chromatographic (GC) method appears suitable for regulatory analysis. The method is based
on the conversion of the parent compound and metabolites to Nereistoxin which can be
measured by means of a flame photometric detector equipped with a sulphur mode filter. The

limit of determination is 0.005 mg'kg'1 [10].

With the content of 95% in Padan 95SP, Cartap is the main compound to cause the pollution
of water due to its runoff into canals or rivers. To deal this urgent problem, many advanced

oxidation processes (AOPs) have been proposed for Cartap degradation in laboratory scale,
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e.g.: photo-catalytic degradation of Cartap on TiO; [11], Fenton degradation of Cartap
hydrochloride [12]. In AOPs *OH radicals are considered as the main oxidizing agent for
Cartap degradation leading the formation of smaller molecules or the end products (e.g. CO»,

H,0 and inorganic ions).

1.4 Wastewater treatment technology

The wastewater treatment technology is basically divided into 3 methods: biological, physical

and chemical methods.

1.4.1 Biological method

Biological treatment is an important and integral part of any wastewater treatment plant that
treats wastewater from either municipality or industry having soluble organic impurities or a

mix of the two types of wastewater sources [13]. It can be divided into two categories:

Aerobic processes: take place in the presence of air and utilize those microorganisms (also
called aerobes), which use molecular/free oxygen to convert organic impurities into carbon

dioxide, water and biomass [13].

Anaerobic processes: take place in the absence of air by those microorganisms (also called
anaerobes) which do not require air (molecular/free oxygen) to assimilate organic impurities.
The final products of organic assimilation in anaerobic treatment are methane and carbon

dioxide gas and biomass [13]. Fig. 2 and 3 depict simplified principles of two processes.

Organic Water
Contaminants /4
\ Carbon
Dioxide

7

Bacteria
(Aerobes)

Excess Cell

(@)
xygen Mass

Nutrients

Figure 2 Aerobic treatment principle [13].
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Organic Methane
Contaminants /4
\ Carbon
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7
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(Anaerobes)

Excess Cell

|

Nutrients

Figure 3 Anaerobic treatment principle [13].

1.4.2 Physical method

Physical methods of wastewater treatment accomplish removal of substances by use of
naturally occurring forces, such as gravity, electrical attraction, and Van Der Waal forces, as
well as by use of physical barriers. In general, the mechanisms involved in physical treatment
do not result in changes in chemical structure of the target substances. In some cases, physical
state is changed such as in vaporization, and often dispersed substances are caused to
agglomerate, as happens during filtration. Physical methods of wastewater treatment include
sedimentation, flotation, and adsorption, as well as barriers such as bar racks, screens, deep

bed filters, and membranes[14].

Sedimentation: a physical water treatment process using gravity to remove suspended solids
from water. Solid particles entrained by the turbulence of moving water may be removed
naturally by sedimentation. The effectiveness depends on the size and weight of the particles.
Suspended solids that have a specific gravity similar to water remain suspended while heavier
particles settle [15]. The sedimentation process in wastewater treatment usually occurs in

tanks of various shapes (i.e. Fig. 4 depicts a type of tank).
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Sludge collecting trough

1

Inlet

Sludge «—

Figure 4 A type of sedimentation tank used in wastewater treatment [16]

Flotation: can be described as a gravity separation process, in which gas bubbles attach to
solid particles to cause the apparent density of the bubble-solid agglomerates to be less than
that of the water thereby allowing the agglomerates to float to the surface. The different
methods of producing the gas bubbles give rise to different types of flotation processes which
are electrolytic flotation, dispersed-air flotation and dissolved-air flotation (see its

mechanisms in Fig. 5) [17].

Adhesion and contact angle
formation
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Figure 5 Bubble-particle mechanisms in dissolved air flotation: (a) particle-bubble collision

and adhesion; (b) bubble formation at particle surface; (c) micro-bubble entrapment in

aggregates; (d) bubbles entrainment by aggregates [18].
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Adsorption: is a wastewater purification technique for removing a wide range of compounds
from industrial wastewater. This method is most commonly implemented for the removal or
low concentrations of non-degradable organic compounds from groundwater, drinking water
preparation, process water or as tertiary cleansing after, for example, biological water
purification. Adsorption takes place when molecules in a liquid phase bind themselves to the

surface of a solid substance. The adsorption diagram is simply depicts in Fig. 6 [19].

Influent

S

Effluent
Figure 6 Adsorption diagram.

There are various adsorbents implemented for specific applications:

* Active carbon is by far the most commonly used adsorbent for industrial treatment and
is particularly suited to the removal of polar compounds;

* Natural or synthetic zeolites (alumina-silicate-polymers): have a very homogenous pore
distribution and polar bonding sites;

* Natural clay minerals: used for the adsorption of very polar organic and inorganic
matter (in form of ions);

+ Silica gel and activated aluminium: very polar adsorbents based on large affinity for

water, used to remove water from polar medium;

1.4.3 Chemical method

In addition or in complement to physical or biological treatments, chemical treatments are
used to mitigate the release of contaminants in receiving water bodies along with wastewater

discharges. Different chemical processes are used to remove targeted contaminants or to
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convert them into stable oxidized end products that can be safely disposed to receiving water
streams without any adverse ecological effects. Different chemicals technologies such as
chemically enhanced sedimentation (as known for the removal of suspended solids), chemical
precipitation, adsorption (to remove selected contaminants) and disinfection (to inactivate

bacteria and viruses) are commonly used [20]. Table 1 summarizes the main chemical

processes used in water and wastewater treatment.

Table 1 A brief overview of chemical processes used in water and wastewater treatment [20].

Chemical-based processes

Description

Target contaminants

Coagulation

Flocculation

Neutralization

Chemical precipitation

Disinfection / advanced
oxidation

Ion exchange

Destabilization of particles to
facilitate aggregation during
flocculation

Promoting the aggregation of
small particles into larger ones
to enhance removal by
sedimentation

Control of pH

Enhancement of removal of
suspended solids and target
contaminants by addition of
chemicals

Use of strong oxidants (e.g. UV
light, ozone, chlorine
compounds, hydrogen peroxide)
to inactivate bacteria and
viruses (disinfection)

Remove refractory organic
contaminants (advanced
oxidation)

Process in which ions of a given
species are displaced from an
insoluble exchange material by
ions of a different species in
solution (i.e. contaminants)

Colloidal particles (particle
size 0.01-1 pum)

Total suspended solids

Not applicable

Phosphorus, heavy metals,
total suspended solids and
BOD

Bacteria and viruses
(disinfection)

BOD, COD and recalcitrant
contaminants (advanced
oxidation)

Wastewater: Ammonia,
heavy metals and organic
compounds

Drinking water: Hardness
due to calcium and
magnesium and to a lesser
extent aluminum, iron and
other cations (water
softening)
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Adsorption Process of accumulating Organic compounds
contaminants that are in solution
on an adsorbent

In addition, considering that partial degradation, or only transformation, is often obtained
rather than complete mineralization of the contaminants, AOPs-treated wastewaters may

require further biological or polishing treatments [20].
1.5 The treatment methods in thesis

1.5.1 Chemical method (advanced oxidation processes)

AOPs were defined as processes that involve the generation of in situ hydroxyl radicals
(*OH), a chemical oxidizing agent with high oxidation potential able of removing organic and
inorganic compound by means of oxidation, resulting in complete mineralization of these
compounds as the result of the formation of carbon dioxide, water and inorganic salts, or their

conversion into less aggressive products [21-23].

The advantage of AOPs is “environmental-friendly” method because they neither transfer
pollutants from phase to the other (as in chemical precipitation, adsorption, and volatilization)
nor produce massive amounts of hazardous sludge [24]. AOPs are considered as the

promising processes for the wastewater treatment in 21* century [25].
1.5.1.1 Electrochemical oxidation

Electrochemical oxidation of pollutants in aqueous water can be oxidized by direct electron

transfer on the anode surface (direct oxidation) or mediated by electro-generated oxidizing
species, €. g. *OH radicals, S,0; , H,O,, Cl, and HCIO etc [26] (called indirect oxidation) as

described in Fig. 7.
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Pollutants Oxidized products
Bulk solution V/ Oxidation react'ronS\
Mediators Oxidants Pollutants Oxidized products

Electrode Anode

Indirect oxidation Direct oxidation
Electron

Figure 7 Pollutant removal pathways in electrochemical oxidation (indirect and direct

oxidation) [27].

The electrochemical oxidation processes (EOPs) are considered one of the most powerful and
clean methods for water and wastewater decontamination. It is well known that the
performance of EOPs strongly depends on a variety of operating parameters, including anode
material, reaction time, temperature, electrolyte type (chloride-free or chloride present),
concentration, applied current density and initial organic load, of which the anode material
has been regarded as the most important variable that governing the yield of generated

oxidants (i.e. *OH radical) [28].

BDD electrode: Boron doped diamond (BDD) electrodes have been used in electrochemical
experiments since 1983. BDD thin-films are mostly prepared by chemical vapor deposition
(CVD) on silicon or metallic substrates under a hydrogen atmosphere yielding H-terminated
surfaces [29]. Preparation techniques, characterization, surface modifications and
electrochemical properties of BDD electrodes have been reported and reviewed elsewhere

[30-35].

BDD electrodes have become attractive materials for electrochemical applications due to their
wider potential window, low background currents, higher chemical inertness, high thermal
conductivity, and high mechanical stability [29]. The high overpotential for both oxygen and
hydrogen evolution are responsible for the wide potential window (the widest so far measured
in aqueous electrolytes) and allows conversion of molecules with high oxidation and
reduction potentials. Based on these properties, BDD is a well-known material which has
some advantages i.e: low adsorption, resistance to (bio) fouling together with the extreme
robustness and high resistance to corrosion, and thus BDD as an excellent electrode material

for the anodic oxidation of organic wastes. This electrochemical technique is based on the
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oxidation of organic pollutants by *OH radicals (Eq. (1)):
BDD + H,O — BDD(*OH) + H" + ¢’ (1)

*OH radicals determination: The extremely large rate constants of reactions of *OH radicals
with most compounds ensure that the lifetime of the hydroxyl radicals is in the nanosecond
range (< 0.1 ns). For the investigation of these kinetics several methods have been developed
including aromatic hydroxylation as one of the most sensitive methods to quantify «OH
radical [36]. Although a variety of techniques (emission spectroscopy, laser induced
fluorescence (LIF), electron spin resonance (ESR) spin trap, and chemical probes) is suitable
for detection of hydroxyl radicals in the aqueous phase, the quantification of the hydroxyl
radical is extremely still challenge [37-41]. However, it was reported that measurements of
formed *OH radicals can be performed using a fluorescence technique [42]. In this method an
organic molecule such as TA or coumarin effectively captures *OH radicals and generates
highly fluorescent products which can be easily detected in a fluorescence spectrometer [43].
Comparing with coumarin, the advantage of using TA 1is the avoidance of isomer
interferences, because only a single isomer (2-HTA) (see Fig. 3) is formed during the reaction

with *OH.

The fluorescence intensity as a result of formation 2-HTA is proportional to the amount of the
*OH radicals, which many previous authors have observed in the photocatalytic oxidation

process [44-47].

COOH COOH

OH
+ *OH —>
COOH COOH
Terephthalic acid 2-Hydroxyterephthalic acid

Figure 8 Formation of 2-hydroxyterephthalic acid by the reaction of terephthalic acid with
*OH radicals.

1.5.1.2 Electro-Fenton process

Fenton process: Fenton’s reagent is a solution of hydrogen peroxide and ferrous ions and was
discovered by the chemical engineer Henry John Horstman Fenton in the 1890s. In the Fenton
process the *OH radical is also produced by electron transfer between hydrogen peroxide

(H,0,) and ferrous ions (Fe”") in acidic solution (Eq. (2)):
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Fe’'+ H,0, — Fe’'+ «OH + OH @)

This method is an attractive oxidative system for wastewater treatment due to the fact that
iron is very abundant and non toxic element and hydrogen peroxide is easy to handle and
environmentally safe [48]. The oxidation using Fenton‘s reagent has proven a promising and
attractive treatment method for the effective decolorization and degradation of dyes [49] as

well as certain toxic contaminants [50].

The efficiency of the Fenton reaction depends mainly on H,O, concentration, Fez+/H202 ratio,
pH and reaction time. Initial concentration of the organics and its character as well as
temperature, have a substantial influence on this efficiency. The H,O, production rate is one
of the crucial parameters of the process efficiency. It can be continuously supplied to the

wastewater solution by feeding directly the electrode by O, gas or injected as compressed air
(Eq. 3)):

0,, +2H" + ¢ — H,0, 3)

2(2)

Electro-Fenton process: Electrochemical regeneration of Fe*™ ions by electroreduction yields
the so-called Electro-Fenton process developed in order to get higher efficiency of the plain
Fenton process [51].The Electro-Fenton process is enhanced using a one-compartment cell
where pollutants can be simultaneously oxidized by *OH produced at the anode (Eq. (1)) and

where said regeneration proceeds at the cathode. The diagram is described in Fig. 9.

Power Power
supply, supply_
Hzozl Fe™
Fel' I
—> *OH Gathode Cathode Anode
H.0,
= Air
Fenton process Electrochemical process Electro-Fenton process

Figure 9 Schematic diagram for Fenton, Electrochemical and Electro-Fenton processes.

26



Introduction

1.5.2 Physical method (adsorption process by granulated activated carbon)

Adsorption property: Activated carbon (AC) is one of the most common adsorbent for applied
adsorption technology due to many advantages: adsorptive capacity, selectivity,
regenerability, kinetics, compatibility and cheap cost [52].AC comes in granular form with
particle sizes in the range of 0.5 to 4 mm or powder with particle sizes < 40 um. This method
is effective in removing certain organics such as unwanted taste and odors, micro-pollutants,
chloride, fluoride and radon from drinking-water or waste-water [53]. However, it is not
effective for microbial contaminants, metal ions, nitrate and other inorganic contaminants
[53]. The adsorption capacity of carbon materials is not related to a simple form with their
surface area and porosity. The adsorption capacity depends on the accessibility of the organic
molecules to the inner surface of the adsorbent, which depends on their size, and other
operating parameters. Thus, under appropriate experimental conditions, small molecules such
as phenol can access micropores, natural organic matter can access mesopores, and bacteria
can have access to macropores. A polar substance (a substance which is well soluble in water)
cannot be adsorbed or is only poorly removed meanwhile a non-polar substance can be

adsorbed efficiently by AC.

Raw material: AC (including powdered and granular) is made from various types of
carbonaceous raw materials: for example, coals (anthracite, bituminous, lignite), woods, peats
and coconut shells, etc. Used AC can be regenerated or disposed. Fig. 10 shows the

adsorption of organics by GAC.

Organic molecules

e
, e

Meso pore

Macro pore [

Micro pore—X : V' Activated carbon

Figure 10 Structure of activated carbon adsorbing organic molecules [54].

AC structure: Activated carbon is highly heterogeneous, both in morphology and in surface

characteristics. A typical elemental analysis indicated that the main elements in the activated
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carbon framework are carbon (92 % w/w) and oxygen (7 % w/w) [55].For commercial
activated carbons, the amount of oxygen can vary between <1 % up to 16 %. Beyond carbon
and oxygen other elements present in the structure can be hydrogen, nitrogen, phosphorus,

and sulfur.

Structurally speaking AC is built from graphene layers also called “basal planes” [56].
Different functional groups containing oxygen, nitrogen and sulphur can be found at the basal
plane edges as illustrated in Fig. 11 [55,57]. The quantity of functional groups in AC
determined by temperature-programmed desorption method may differ depending on the raw
material that AC is made from. A short introduction of this method as well as the content of

functional groups for some GAC types can be found elsewhere [55].

Lactonic
Phenolic 0 0 Pyran

N Carboxylic

Carboxylic anhydride

Peroxide

Cyclic ethers

0] 0 SN
=
A
H
Phosphonic K etene ICI

Figure 11 Carbon surface chemistry. Heteroatoms and groups commonly found in activated

carbons [56].

1.6 Aims of the study (objectives)

Considering the extensive application of Cartap, it is very easy to cause environmental
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pollution and hazardous accidents during usage. To avoid further accumulation of Cartap
compounds in aquatic environments and to destroy these contaminants in water, it is
necessary to perform degradation studies of Cartap. Nevertheless, a single alone might not be
adequate for the treatment of bio-refractory organic compounds, and thus, many researchers
are attempting the combination of two or more treatment methods for successful removal [58-60].
Due to the special electrochemical properties of the BDD electrodes and the efficiency of
combination methods mentioned above and taking into account that up to our knowledge, this

work aims:

1. To study the effect of operating conditions on trapping *OH radicals which is considered
the main oxidizing agent in EOPs. This method is based on the measurement of fluorescence

intensity of product (2-HTA) between *OH radicals and TA.

2. To investigate the electrochemical degradation of Padan 95SP (95% Cartap) on BDD
electrode. Operating parameters such as applied current density, types of electrolyte and
initial concentration of Padan 95SP were varied in order to determine their effects on the

degradation efficiency of Cartap.

3. To investigate Electro-Fenton degradation of Padan 95SP (95% Cartap) and the effect of
NaOCl on the process. The operating parameters such as the presence of NaOCI in
pretreatment of process, H,O, concentration, Fe*" dosage, co-catalysts metals ion as well as
solution pH were varied in order to determine their effects on the degradation efficiency of

Cartap.

4. To evaluate the efficiency of the combination of electrochemical and adsorption techniques
on the removal of Padan 95SP (95% Cartap). The influence of factors such as supporting
electrolytes, flow rate, bed height, recycling number as well as initial concentration were

varied in order to determine their effects on TOC removal.
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CHAPTER 2 MATERIALS AND METHODS
2.1 Materials

Commercial pesticide Padan 95SP (95 % Cartap) was purchased from Japanese Sumitomo
Chemical company branch in Vietnam. Ellman’s reagent [5,5’-Dithiobis (2-nitrobenzoic acid)
DTNB] purchased from Sigma—Aldrich was used to estimate the content of Cartap in Padan
95SP. Terephthalic acid, 2-Hydroxyterephthalic acid, 4-hydroxybenzoic acid (4-HBA) were
also supplied by Sigma—Aldrich. Other chemicals (e.g.: NaCl, HCI, H,SO4, BaCl,.2H,0,
NaNOs3, Na,CO3, Na,SO4, CH30H, K,Cr,07, H3PO4, K,CrO4, CH3;COOH, C,HsOH, NaOCl,
H,0,, FeS04.7H,0, glycerol, boric acid, etc) were also supplied by Sigma—Aldrich and
Merck. BDD electrode (purchased from Neocoat, Switzerland) was used as working electrode
with 3.8 cm” exposed surface area, the thickness of the diamond layer was 2.5-3 pm.
Platinum foil and Ag/AgCl (3 M KCIl) were used as counter and reference electrodes,

respectively. Solutions were prepared using deionized ultrapure water (Seralpur Pro 90 C).
2.2 Experimental methods

2.2.1 Electrochemical experiment

Bulk electrolysis was carried out at room temperature (22 °C) in a 400 mL one-compartment
electrochemical cell (see Fig. 12). BDD electrode was used as working electrode with 3.8 cm?
exposed surface area of circle shape, the thickness layer of diamond was 2.5 - 3um according
to manufacturer’s information. The surface termination, the morphology and the elemental
analysis of BDD electrode used in thesis can be seen in Fig. S1, Fig. S2 and Fig. S3 in
Supporting information section, respectively. Platinum foil and Ag/AgCl (saturated KCI)
were used as counter electrode and reference electrode, respectively. The 250 mL electrolytic
system was continuously stirred by a magnetic bar throughout the process. Before the
experiments started, the BDD electrode was ultrasonicated for 5 min to remove contaminants,
and then washed with ultrapure water. The Pt electrode was also washed with ultrapure water.
Padan 95SP-containing solutions with concentrations 100, 300, 500 and 700 mg-L" were

used. The pH values of the solution were adjusted by H,SO4 and NaOH using a pH-meter.

The influence of different salts (Na,SO4, Na,COs, NaCl and NaNOs) on the degradation of
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Padan 95SP as well as the formation of 2-HTA was also investigated. The total time of

electrochemical process was 120 min.

The electrochemical experiments were performed using IviumStat. Fig. 12 describes the setup

of one-compartment glass cell and the holder of BDD electrode.

D-ring

o BDD electrade copper leaf

the front cover

Figure 12 Arrangement of one-compartment glass cell and the Teflon holder for BDD, (a)
reference electrode (Ag/AgCl), (b) BDD electrode, (c) counter electrode (platinum electrode).

2.2.3 Electro-Fenton experiment and pretreatment by sodium hypochlorite

The experimental setup for Electro-Fenton process is similar to the electrochemical setup (it
can be seen in Fig. 9). In a part of this experiment, NaOCl was added into solution before
running Electro-Fenton process to evaluate its effect on Cartap degradation and TOC decay in
pretreatment and in Electro-Fenton process, respectively. The pH of solution after
pretreatment by NaOCl was adjusted to 3 for Electro-Fenton process (because the presence of
NaOCI changes the medium of solution into alkaline medium). The pH values of solution
were adjusted by H,SO, and NaOH using pH-meter. The operating parameters, e.g :
electrodes, the volume of solution, electrolytic time of process, are similar as were in EC
process in section 2.2.2 above. In this experiment, FeSO4.7H,O was added into solution as
source of Fe*". H,0, was also added into electrolytic solution instead of feeding directly the
electrode by O, gas or injected as compressed air. 2 M NaOH was added into the samples to
stop the Fenton reaction (Fenton reaction is diminished when pH is over 10). All samples
were filtered using the filter paper with the pore size of 2.5 um to eliminate the sludge before

taking place the analysis steps.

The electrochemical process was stopped at the selected time intervals for recording the pH

change.
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2.2.4 The combination of electrochemical and adsorption processes

In adsorption process, GAC from Sigma—Aldrich. GAC was packed in glass column with an
internal diameter of 2.8 cm. The treated solution from electrochemical section was
subsequently passed into the columns through the valve on the top for controlling the flux
flow rate. Sample fractions withdrawn from each treated column were analyzed for Cartap

and TOC value. The whole setup is depicted in Fig. 13.

Power A
supply ) Granular activated carbon B)

X

Feed

Equilibrium

Pt electrode zone

BDD-working
electrode — Mass
transfer zone
Reference :
electrode o o : Active zone
Magnetic bar —

: v Effluent

Sample Sample Sample
Figure 13 The combination setup of electrochemical and adsorption methods, b) Working

zones in bed.

2.3 Analytical methods

2.3.1 Determination of Cartap content according to the 5,5-Dithiobis (2-
nitrobenzoic acid) (DTNB) procedure [61-63]

The hydrolysis of Cartap is depicted in Fig. 14 and further detailed information can be found
in reference [64]. The -SCO(NH,) group(s) of Cartap in the presence of DTNB generate the
yellow 3-carboxy-4-nitrophenylthiolate anion [65] (see Fig. 15), which is detected at 412 nm
wavelength of UV-Vis. Nereistoxin (NTX) (Fig. 14), which lacks a free thiol group, does not
react with DTNB. The test solutions of 0.2 mL and 0.8 mL DTNB (1 g'L™") were kept in 4 mL
of buffer solution (pH = 9) for the reaction time of 1 h before immediately recording UV-Vis
spectrum. The calibration curve for Cartap was built up according to the procedure as

described above [62]
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Figure 14 The hydrolysis of Cartap and its hydrolyzed products.
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Figure 15 Reaction of Cartap with Ell’man reagent (DTNB).

2.3.2 Fluorescence spectrometer

TA at different concentrations (from 10 M to 10° M) was used as the scavenger for *OH
radicals. The stock solution of TA with concentrations ranging from 0.001 M to 0.01 M
NaOH was prepared for increasing the solubility of TA and investigating the effect of NaOH
on *OH radicals formation. At various time intervals, samples were taken and immediately
measured in the fluorescence spectrometer (FluoroMax-4 Spectrofluorometer, Horiba Jobin
Yvon GmbH). The fluorescence of 2-HTA was detected as an emission peak at the maximum
wavelength of 425 nm, with the excitation wavelength of 315 nm. All experiments were

carried out twice for verification.

2.3.3 UV-Vis spectrometer, TOC analyzer and calculation of efficiency
Every time interval of investigation, the samples were picked up and immediately determined
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the rest content of Cartap (according to the procedure [62]) in Getspec-2048-SPU
spectrometer. The UV-Vis spectrum of 3-carboxy-4-nitrophenylthiolate anion detected at the
maximum wavelength of 412 nm was proportional to the content of Cartap as can be seen in

Fig. S4 of Supporting information section.

TOC of solutions was determined by standard nonpurgeable organic carbon (NPOC) method
using the multi N/C 3100 (Analytik Jena) TOC analyzer. All samples were acidified with
H3PO4 to remove inorganic carbon. The injection volumes were 0.5 mL and each sample was

measured 3 times for verification.

The degradation efficiency of Cartap is calculated according to Eq. (4):

_1-C

m

x100%
C 4)

where C is the residual concentration of Cartap at a given electrolytic time and Cy is the initial

concentration of Cartap.

The theoretical mineralization of Cartap is proposed in Eq. (5):
C,H,;N,0,S, + 20H,0— 2S0; +3NH; + 7CO, + 43H" + 42¢’ (5)
The mineralization current efficiency (MCE) for each trial was estimated from Eq. (5) [66].

n-F-V-A(TOC), x100

exp

M) = O m It

(6)
where 7 is the number of electrons involved during Cartap mineralization (n=42 according to
the reaction 5, F is Faraday constant (96 487 C mol'l, A(TOC)eyy 1s the change in TOC value
at the time interval (mg'L'l), I is electric current (A), 4.32 x 107 is the factor for units
homogenization 3600 s-h™' x 12000 mg'mol™), ¥ is the volume of treated solution (L), m is

number of carbon atoms in Cartap (7 atoms), ¢ is electrolysis time (h).

In the electrical process, energy consumption is important factor when the electricity is the

energy source. The specific energy consumption is calculated in Eq. (7):

SEC = Ux IAX ! (Kwhe kg™ Cartap) (7)
m

solution x cartap
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where U is cell voltage (V), I is electric current (A), ¢ is electrolysis time (h), Viousion 1S the

treated volume (L), Amcarap 1s the content of Cartap removed (g'L'l).

2.3.4 HPLC

For by-products and TA measurement in section 3.1: Concentration of TA solution and its
degradation products after electrochemical process were measured using a HPLC system
(Knauer) equipped with an Eurospher 100 5 C8, 250 mm x 4.6 mm column and UV-Vis
detector at temperature: 25 °C. The mobile phase consisted of water / acetonitrile (95/5, v/v)

at a flow rate of 1 mL-min™".

For by-products and Cartap measurement in sections 3.2 and 3.3: HPLC was used to analyze
Padan 95 SP as well as products formed during electrochemical and Electro-Fenton processes.
In case of Electro-Fenton process all samples of electrolyzed solutions were filtered using the
filter paper with the pore size of 2.5 um, 2 M NaOH is added to the samples to stop the
Fenton reaction (Fenton reaction is diminished when pH is over 10). The samples were then
analyzed using HPLC system (model KNAUER Smartline). The chromatographic column
was Eurospher 100 5 C8 column (250x4.6 mm). The detector was DAD 200-800 nm. The
mobile phase consisted of 85 Vol % water and 15 Vol % acetonitrile with the flow rate of 1 mL'min™
at 25 °C. The injection volume was 20 pL and the working wavelength for quantitative

analysis was 210 nm.

2.3.5 GC-MS

Padan 95SP and by-products in section 3.3 (after being filtered using the filter paper with the
pore size of 2.5 um) were carried out on the instrument SHIMADZU GC17A-QP5000 with
the column WCOT CP-Sil 8-MS 30 m (L), 0.32 mm (ID), 1.0um (FT) — non-polar. The oven
temperature was held at 50 °C for 5 min, elevated to 290 °C at 10 K'min™', where it was held
for 5 min for the total run time of 25 min. The samples were extracted by n-Hexane or Methyl
acetate. The samples were injected in splitless mode with split 25:1 at 275 °C. The carrier gas
was He with constant flow of 1.4 mL'min"'. The mass spectrometer was run in electron
ionization (EI) mode with the electron energy of 70 eV. All experiments were carried out in

duplication.
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2.3.6 Anions concentration measurement

In Fenton process, hydrogen peroxide is added to generate *OH radicals for organics
decomposition. The hydrogen peroxide concentration is then analyzed using the titanium

sulfate spectrophotometric method [67].

Sodium hypochlorite (NaOCl), the active ingredient in household, is applied in pretreatment
in Electro-Fenton process. Commercial grades of NaOCl contain about 10 % available

chlorine. The hydrolysis of sodium hypochlorite in water is shown in Eq. (8):

NaOCl + H,0 — HOCI + Na* + OH (8)

The active chlorine (ClO") [68] and the concentration of S,0; in the solution samples were
measured by the iodometric method. The concentration of NO; and COZ were analyzed

using spectrophotometric and alkalinity methods, respectively [68]. The concentration of CI°
was measured by precipitation titration method [69,70], the concentration of SO; was

measured by the turbidity method using Getspec-2048-SPU spectrometer.

2.3.7 Characterization of activated carbon

Fourier Transform Infrared (FTIR) spectra were recorded on Bruker Vector 22
spectrophotometer using direct GAC powder with a Platinum ATR unit. All spectra were

collected between 5000 and 400 cm™, averaging the data of 64 successive scans.

The physical properties of the activated carbons such as surface area, average pore diameter

were measured using a Thermo Sorptomatic 1990 according to the BET method.
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CHAPTER 3 RESULTS AND DISCUSSION

3.1 Effect of operating conditions on trapping the *OH radicals via TA in

the electrochemical process - the efficiency of this method

3.1.1 Calibration curve for 2-HTA

A calibration curve establishing the relationship between concentration of 2-HTA (and thus of
*OH radicals) and fluorescence intensity in the range of relevant concentrations could be

obtained based on the fluorescence spectra displayed in Fig. 16.

1x10° 4

9x10° 4 ——nblank
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Figure 16 Fluorescence spectra measured at different concentrations (indicated in

plot) of 2-HTA in water.
Fluorescence spectra obtained during further study in the presence of TA and NaOH did not

differ from those shown in Fig. 16. The calibration plot relating concentration of 2-HTA is

displayed in Fig. 17.

37



Results and discussion

B measurement]
+—— linear fit

9x10° 4

8x10° 1

7x10° 1

6x10°

intensity/s *

5x10° -

4x10° 4

3x10° 1

2x10° 4

1x10°

2 3
Concentration / uM

Figure 17 Calibration plot based on data of Figure 16.

3.1.2 Effect of applied current density

The applied current density j is a key experimental parameter in anodic oxidation because it
regulates the amount of reactive *OH radicals produced [71]. Different current densities
ranging from 5 to 20 mA-cm™ were applied to study their effect on the formation of «OH

(in 5 mM NaOH solution) in 0.05 M Na,SOy electrolyte (Fig. 18).

O 15 3 45 60 75 0 105 120
Time / min
Figure 18 Concentration of *OH versus time ¢ at various j, [TA]p = 5x10* M, 5 mM NaOH
for increased solubility of TA, supporting electrolyte: 0.05 M Na,SOy, initial concentration of
*OH radicals was zero (not measured), this results in calculated high initial formation rates

seen in Figure 19.

38



Results and discussion

The *OH radicals react with TA to form 2-HTA (see Fig. 8). As expected, the concentration
of *OH increases with growing current densities but not proportional to the increase of current
densities. With lowest applied current density (j = 5 mA-cm™), the concentration of *OH is
determined below 0.7:10° M after 120 min. On the other hand, the concentration of *OH
reaches 5.5-10° M at 4-fold current density (j = 20 mA-cm™).

While the formation rates of *OH (see Fig. 19) for j = 5 and 15 mA-cm™ remain stable, a
slight decrease in the formation rate for j = 20 mA-cm™. To compare the efficiency of *OH
generation at various j, the insert of Fig. 19 shows the accumulation of *OH radicals per unit
of current density (1 mA-cm™) at various j. It is surprising that at highest current
density (j = 20 mA-cm™) this specific formation rate of *OH reaches the highest value. It is
generally expected that at high current densities and the associated high electrode potentials
side reactions tend to diminish the actual rate of product (¢*OH) formation as the result in
oxygen evolution (Eq. (9)) occurs on the BDD surface [72], and thus blocking active sites on
the electrode. However, in our research the specific formation rate of «OH at j = 20 mA-cm™

is higher than those at the lower current densities.

BDD(*OH) - BDD + % O,+ H' + ¢ (9)
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Figure 19 Insert A: Formation rate of *OH radicals at different current densities, [TA]y =
5-10" M with 5 mM NaOH added for increased solubility of TA, supporting electrolyte: 0.05

M Na,SOq. Insert B: Concentration of *OH per 1 mA-cm™ versus time 7 at various J.

This observation contradicts previous studies. Because so far no study of the specific rate of

*OH radical formation has been published we can look for trends in e.g. degradation of
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organic compounds with BDD electrodes presumably proceeding via *OH radicals. For
example, Zhang et al. [73] have pointed out that the degradation efficiency of ethidium
bromide dropped progressively with increasing current density. They reported that the rate
constant degradation only rose 6-fold when the applied current density was increased 18-times,
indicating a lower efficiency for reasons not given (see also [74]). The contradictions above
may suggest also that the current efficiency (at different applied current densities) could
depend on the presence of organic compounds in aqueous solution. It should also be kept in

mind that an increase in current density may result in more production of other reactive
oxygen-containing species like S,Oz (Eq. 10) [75], which could also oxidize TA and

promote the formation of 2-HTA:
2807 »$,05 +2¢ (10)
3.1.3 Effect of different electrolyte anions

The efficiency of BDD electrode-based electrolysis is known to depend strongly on the type
of supporting electrolyte [76]. Fig. 20 shows the influence of supporting electrolytes (Na;SOy,
Na,CO3, NaNO; and NaCl) on the formation of *OH at j = 20 mA-cm™.
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Figure 20 Influence of supporting electrolytes on the accumulation of *OH during 120 min on
BDD electrode (insert A), [TA]o=5-10"* M in 5 mM NaOH, j=20 mA-cm™. Insert B:

increased scale from (A).

The obtained results clearly demonstrate the impact of different inorganic anions on the
formation of *OH. It is surprising that the concentration of *OH radicals measured via
formation of 2-HTA is higher when using Na,SO,4 as supporting electrolyte than with the

other salts, which cannot be explained straightforwardly taking into account conceivable
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differences in properties of the anions and any effects (e.g. stabilizing *OH or 2-HTA) they
might have. To be more specific, the insert of Fig. 20 shows that the concentration of *OH
radicals in case of Na,CO3; and NaNOj slowly increases from 0.15-10° M to 0.35-10° M and
0.1 10° M to 0.25-10° M after 120 min, respectively. On the other hand, the concentration of
*OH in case of NaCl significantly collapses to zero after 60 min. Perhaps chlorine and/or
HCIO formed by electro-oxidation of chloride degrade 2-HTA and keep its concentration at a
very low level. In addition it should be mentioned that degradation efficiency of organics with
NaCl is actually higher sometimes [73,77,78]. For example, Zhang et al. [73] have reported

that the quickest removal of ethidium bromide is found with NaCl, this can be related to the

existence of dissolved Cl, and HCIO, generated from the oxidation of CI" at the BDD
electrode, as shown in Egs. 11 — 13 [58]:

BDD(+OH) + CI" — BDD + %Cl, + OH" (11)
Cl" = %Cl, + ¢ (12)
1/2C12 +H,0 - ClI” +HCIO+H" (13)

Because of its reactivity Cl, is expected to react quickly with organic species and to form
stable chlorinated organic intermediates instead of degrading these species oxidatively (i.e. to
mineralize them) and these compounds are mostly carcinogenic [79]. Given these arguments

NacCl as supporting electrolyte is not helpful to follow the concentration of «OH.

Among the electrolytes studied, Na,SO4 was found to be the best supporting electrolyte and

was chosen for further studies.

3.1.4 Effect of different concentrations of Na,SO,

The influence of Na;SO. concentration on electrochemical generation of *OH was
investigated within the range of 0.01 M to 0.1 M (see Fig. 21). It can be clearly seen that the
concentration of *OH increases gradually when increasing the concentration of supporting
electrolyte Na,SO4 up to 0.05 M, at 0.1 M the increase is less than expected (e.g. 6.8:10° M
after 120 min). In contrast, at the lowest concentration 0.01 M Na,SO4, BDD electrode
generated only a small amount of *OH (e.g. 0.62:10° M *OH) after 120 min. On the other
hand, unusual significant increase in *OH concentration observed at the beginning of the time

interval (here: 5 min) can be also found in the study of T. Tryba et al. [80] or of Y.L. Jiang et
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al. [81] (after 10 min) without any reasons disclosed. More surprisingly, in the study of
M. Janus et al. [46] the fluorescence intensity was remarkably high at the first interval time of

60 min.
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Figure 21 Influence of Na,SO, concentration on the *OH radical concentration, [TA]p = 5- 10*M

in 5 mM NaOH, current density : j =20 mA-cm™.

The formation rates of *OH (Fig. 22) in case of high concentration of Na;SO4 (from 0.03 M to
0.1 M Na,SO,) decrease during 120 min. This experimental result is agreed with other study
[82], in which the formation of H,O, (i.e. thus of *OH) reached the steady-state at various
current densities as a function of time, indicating the loss of formation rate of *OH as a
function of time. In general, the decreased formation rate of product versus time is due to the
decrease in reactants concentration and the increase of products concentration. It is explained
by a lower concentration of reactants leads to less effective collisions per unit time, leading to
a decreasing reaction rate (except for zero-order reactions). Similarly, a higher concentration
of products tends to be associated with a lower reaction rate. However, the TA concentration
of this investigation is redundant to capture all of *OH radicals and the formation of 2-HTA
via reaction between *OH and TA is obeyed the zero-order reaction due to the independence
of the initial TA concentrations (see more detail in section 3.1.5). The higher formation rate of
*OH (via 2-HTA formation) at the early stages (5 min) might be due to the generated *OH
radicals is rather consumed for 2-HTA formation than the unexpected consumptions of *OH
such as by-products formation and/or degradation of by-products due to their low amount at

the beginning times.
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Figure 22 «OH formation rate at different concentration of Na,SO4 versus time, [TA]y=5- 10*M

in 5 mM NaOH, current density: j = 20 mA-cm™.

3.1.5 Effect of initial terephthalic acid concentration

Four different initial TA concentrations (0.1 mM, 0.5 mM, 0.7 mM and 1 mM) were tested to
investigate the effect of initial TA concentration on the formation of *OH at 20 mA-cm™.
Fig. 23 shows the effect of initial TA concentration on the formation of *OH during 120 min.
As can be observed in Fig. 23, there is a slight variation in the *OH formation trend at various
initial TA concentrations. After 120 min the accumulation of *OH as can be seen slightly
higher for higher concentration. To be more specific, at the lowest concentration (i.e. 0.1 mM TA)
the concentration of *OH reaches 3.6:10° M meanwhile increasing this value 10 times (i.e. up

to 1 mM) accelerates the concentration of *OH to 4.1- 10 M at120 min.

In general, an increase of initial concentration of a compound increases its concentration
gradient and mass transfer across the diffusion layer [83] and thus resulting in an increase of
the collision between the generated *OH radicals with the TA molecules. In our study, various
initial TA concentrations with the range of 0.1 mM — 1.0 mM do not cause any significant
difference in the *OH formation trend. Therefore, the range of the initial TA concentration

above can be feasible for this investigation.
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Figure 23 The formation of *OH at various initial concentrations of TA during 120 min,

concentration of electrolyte: 0.03 M Na,SO4, 5 mM NaOH, current density: j = 20 mA-cm™.

The effect of initial concentrations of scavenger was also investigated by previous researchers
using photocatalytic techniques for *OH estimation [44,45]. Regarding K. Ishibashi et al. [45],
when the concentration of aromatic compound (i. e. scavenger) is low (less than 1 mM) they
can be oxidized by *OH [44,84-86]. In the study of K. Ishibashi et al. [45], around the 1 mM range
of coumarin, no change in florescence intensity of hydroxylation product was observed.
Under the experimental conditions of presumably 0.1 — 1 mM probe molecules, hydroxylation
reactions of coumarin or TA were undergone mainly by *OH [45], this result also agrees with

our study.

3.1.6 Effect of NaOH concentration

Because of poor solubility of TA in neutral medium, NaOH was added to dissolve TA.
However, the presence of NaOH significantly affects the formation of *OH. Thus, the
concentrations of NaOH in the range of 0.005 M to 0.015 M were tested. Fig. 24 shows the

effect of NaOH concentration on the *OH formation during 120 min.
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Figure 24 The formation of *OH versus different concentrations of NaOH during 120 min,

concentration of electrolyte: 0.03 M Na,;SOy4, [TA]o= 0.5 mM, current density: j= 20 mA-cm™.

It can be clearly seen that the concentration of *OH decreases significantly when increasing
the NaOH concentration, particularly, for 0.01 M and 0.015 M NaOH the concentration of
*OH is estimated below 0.5-10° M after 120 min. At the lower concentration (i.e. 0.005 M NaOH),
the formation of *OH is much higher comparing to 0.01M and 0.015 M. This result may be
caused by the recombination reaction with hydroxide ions normally occurring in alkaline

solutions (Eq. 14) [87] to form water:

"OH + OH" - H,0 + O~ (14)

Similar trends have been reported in previous study by Y. Nakabayashi et al. [88], they
investigated the influence of pH on *OH formation using photo-electrochemical oxidation
with rutile TiO, single crystals. They reported that the concentration of 2-HTA reduced
approximately 3 times when pH value increased from 9.6 to 12.5 for both TiO; electrodes
with (100) and (110) facets. The same result was also found in the study of Jiang et al. [81],
they have pointed out that the concentration of *OH decreased gradually when increasing the

pH value from 7 to 9.

3.1.7 By-products and the reliability of *OH determination technique

According to the literature [89] the main products of TA hydroxylation are 2-HTA and
4-hydroxybenzoic acid (4-HBA), however only 2-HTA is highly fluorescent. It is necessary to

know the transformation pathway of TA for optimal experimental condition. In this study,
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HPLC was used to trace the decomposition of TA and the formation of electrochemical by-products.

In Fig. 25 the increasing trends of 2-HTA detected by both techniques (HPLC and
fluorescence spectroscopy) are very similar. It can be concluded that the yield of 2-HTA can
be also determined by HPLC. Nevertheless, the fluorescence spectroscopy can be more
commonly used for evaluation of *OH radicals because 2-HTA is the main product of TA
hydroxylation and the fluorescence technique is quickly and a very sensitive method for its

detection with very low concentration of fluorescent product.
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Figure 25 Comparison of 2-HTA concentration detected by HPLC and fluorescence
spectroscopy during 120 min, [TA] = 5-10™ M, concentration of electrolyte: 0.05 M Na,SOy

in 5 mM NaOH solution, current density j = 20 mA-cm™.

The formation of products and the degradation of TA during 120 min of electrochemical
generation of *OH are shown in Fig. 26. The mechanism formation of products is shown in
Fig. 28. Taking into account that the concentration of TA (5-10™ M) and other parameters
were optimal using fluorescence technique above. Beside two products (2-HTA and 4-HBA),
a new by-product at the retention time of 3.9 min was found in HPLC. It is surprising that the
increase of 2-HTA is slightly higher than that of 4-HBA. Thus, both 2-HTA and 4-HBA are
the main products in this condition. Moreover, the linear TA decrease by 130-10° M (i.e.
from 500-10° M down to approximately 370-10° M) after 120 min is much higher than the
increase in the formed products. Thus, based on the significant loss of TA concentration we

can assume that TA or those products are probably decomposed by the oxidizing species (e.g.

*OH, S,0;") to form other products which might not be obtained in HPLC, or furthermore, to
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release the end products (CO, and H,0) (see reaction pathways in Fig. 28). As the result, the
total content of all products obtained by HPLC is much lower than the loss of the large
amount of TA (11-10° M versus 130-10° M).
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Figure 26 Formation of products and TA degradation detected by HPLC during 120 min,
initial concentration of TA: 5-10 M, concentration of electrolyte: 0.05 M Na,;SO4 in 5 mM

NaOH, current density: j = 20 mA-cm™, RT 3.9 min (by-product at retention time of 3.9 min).

The same result was also found in a previous study by Bubacz et al. [44]. They have pointed
out that after 80 min of UV irradiation time the linear TA reduction of 15 mg-dm™
(from 70 mg-dm™ to approximately 55 mg-dm™) was 3 times higher than the total formation
of all products (15 mg-dm™ versus 5 mg-dm™). In the study of G.L. Newton and J.R. Milligan
[90], the trapping efficiency of *OH formed on TiO, photocatalysis was estimated about 4.7 %
by the photoluminescence technique using coumarin as probe molecule. This implies that the
photoluminescence method only detects a small part of the generated *OH and the formation
rate of *OH is actually underestimated [91]. Peralta et al. [36] have suggested that «OH
radicals were not only consumed to produce the hydroxylation products but also are being

consumed in their mineralization when using salicylic acid as scavenger.

From the observed experimental result above, the efficiency of trapping the *OH radicals can
be established. The *OH consumption is not only from the hydroxylation products (HPs) but
also for their mineralization. Based on this suggestion, Fig. 27 shows the calculation of *OH
radicals via 2-HTA and the total hydroxylation products. As can be seen in Fig. 27, the
consumption of *OH for HPs almost doubles that for 2-HTA, therefore, we can propose the
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quantitative formula of the *OH radicals by fluorescence technique in our investigation:

*OH,,, = 2x*OH,y;, +m (15)

Where *OH,,, is the concentration of *OH generated by electrochemical process, *OHj.yita 18
the concentration of *OH measured by fluorescence technique, m is the *OH radicals

consuming for mineralization (it can be assumed via COD or TOC values).
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Figure 27 «OH estimation and their linear fitting via 2-HTA and the total hydroxylation

products on BDD electrode, initial concentration of TA: 5- 107 M, 0.05 M Na,SOy4 in 5 mM
NaOH, current density: j = 20 mA-cm™.
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Figure 28 Mechanism reaction of terephthalic acid and hydroxyl radical.
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3.1.8 Conclusions

Fluorescence spectroscopy is a sensitive technique used to indirectly quantify the low

concentration *OH radical production when using terephthalic acid as scavenger.

The optimal condition for *OH radical measurement was established: concentration of
electrolyte: 0.05 M Na,SOy, initial concentration of TA: 0.1 mM, concentration of NaOH: 5
mM, current density: j = 20 mA-cm™. At that condition the concentration of *OH gradually

increases to 5.5-10° M after 120 min of electrolysis.

The main product (2-HTA) was observed slightly higher than by-product (4-HBA) during the
optimal condition. The amount of *OH radicals generated is not only consumed for
conversion of TA into products but also attends in the degradation of those products to CO;
and H,O. As suggested, the amount of generated *OH radicals is theoretically much higher
than the amount of 2-HTA formed. Thus, we should take into account the simulated

calculation which relates to the reaction pathways of TA and *OH radicals.
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3.2 Electrochemical process for Padan 95SP degradation

3.2.1 Analysis of ingredients in pesticide Padan 95SP

Due to the content of 5 % of additives (in commercial pesticide Padan 95SP), which might
cause some effects to the stability of Cartap in investigated experiments, GC-MS was applied
to determine their chemical structures. As can be seen in Fig. 29 and 30, the compound
depicted at retention time of 7 min is very similar to an amino alcohol, whose structure
corresponds to the Fig. 30(A) with the base peak of 44 (m/z). The second signal at 11 min can
be a sulfur containing compound, which is suggested by chemical structures in Fig. 30(B) or
Fig. 30(C) with the base peak of 45 (m/z). The mass spectrum of the peak at 14.2 min (see Fig.
29) is similar to that, which is stored for Cartap in the library with the base peak of 70.95 (m/z)
(see Fig. 30(D)). The last retention time at 15 min could be Nereistoxin, which can be formed

in ethanolic solution or in the injector of the GC due to decomposition of the starting solution.
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Figure 29 GC-MS profile of Padan 95SP in methanol.
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Figure 30 The mass spectrum of ingredients in Padan 95SP.

50



Results and discussion

3.2.2 Effect of pH on hydrolysis rate of Cartap in Padan 95SP

It is important to note that pure Cartap is hydrolyzed quickly in neutral and alkaline mediums
to form different hydrolysis products [61,92]. Thus, the investigation of the pH effect on
hydrolysis rate of Cartap (in Padan 95SP) before the electrochemical degradation is necessary

to evaluate the interferences from itself hydrolysis process.

The influence of different pH values (from 3 to 9) on hydrolysis of 300 mg'L™' Padan 95SP
was investigated in this study (see Fig. 31). It is surprising that Cartap from Padan 95SP is
stable with pH (from 3 to 9) for 6 h indicating no loss of the bound thiol of Cartap in different
mediums. However, via determination of the remaining Cartap at various pH Cartap
hydrolyzed for several days with different rate (insert A and B of Fig. 31). To be more
specific, at pH 7 or 9, the hydrolysis of Cartap completes after 4 days meanwhile it need more
than 5 days and 6 days (predictably) for completely hydrolyzing at pH 5 and 3, respectively.
Instead, the hydrolysis product (i.e. NTX) is formed. These results contracted to the previous
researcher [61]. S.J. Lee at al. [61] has reported that Cartap generated 1.8 equiv of free thiol at
pH 7.4 or 9.0, and the reaction appeared to be essentially completed in 120 min. Normally, the
hydrolysis reaction of Cartap will be followed by the first-order process as also can be seen in
the study of Y. Asani and T.Yoshida [93]. And they assumed that the half-life for Cartap (25
°C) at pH 5, 7, 9 were 19 h, 11 min and 1.1 min, respectively. In our investigation, the first-
order process can be seen until the 31 day (see insert C of Fig 31). After that time, for

example, on the 4t day this law is not observed anymore.
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Figure 31 Insert (A) and (B) shows the remaining Cartap (including mono/di-thiol Cartap) vs
time at pH = 3, 5, 7 and 9, initial concentration of Padan 95SP (95% Cartap) : 300 mg'L'l, Co,
C: concentration of Cartap (including mono/di-thiol Cartap) at 0 min and at the time interval,

respectively. Insert (C) shows the Pseudo-first-order reaction based on hydrolysis of Cartap.

It is important to note that Cartap in commercial pesticide Padan 95SP consists of 95 % per
weight and there are also 5 % of additives, which could be assumed to increase the stability of
Padan 95SP in aqueous solution. As the result, Cartap (in Padan 95SP) is much more slowly

hydrolyzed than pure Cartap.
3.2.3 Effect of applied current density

The applied current density (j) is a key experimental parameter in anodic oxidation because it
regulates the amount of reactive *OH radicals produced [71]. The different current densities
ranging from 5 to 20 mA-cm™ were applied to study their effect on the degradation of 300
mg'L' Padan 95SP in 0.05 M Na,SO4 (Fig. 32 A). The degradation of Cartap in

electrochemical process is occurred under the first-order kinetic as shown in Fig. 32 B.
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Figure 32 Effect of current densities on Cartap degradation at j from 5 to 20 mA-cm™ (insert
A), initial concentration of Padan 95SP (95% Cartap): 300 mg L™, supporting
electrolyte: 0.05 M Na,;SOy4, pH = 3. Insert B: The Pseudo-first-order process of Cartap

degradation.

As expected, the degradation of Cartap increases with rising current density. This proves that
under constant applied current density, the electro-generation of *OH at BDD surface is
uniform and it is greatly enhanced with increasing current density, thus promoting the
oxidation of Cartap. It is surprising that more than 5 % and 15 % of Cartap are decomposed at
the beginning of 5 min at 5 mA-cm™ and 20 mA-cm?, respectively. However, after 120 min
of electrochemical oxidation, Cartap in solution remained approximately at 75 % and 41 %
when increasing current density 4-folds (from SmA-cm™ to 20 mA-cm™). Increasing j (from 5
mA-ecm? to 20 mA-cm™) does not proportionally to enhanced Cartap oxidation. It can be
explained that at high applied current, side reactions such as oxygen evolution (Eq. (5))
occurs at the BDD surface [94] leading to produce a greater of gas on the surface of electrode,

and thus minimizing the number of active side electrode:

BDD(*OH) — BDD + % O,+ H' + ¢ (16)

As the result, the current efficiency of the process drops significantly with rising current
density (see insert of Fig. 33). The high MCE at the early stage of 5 min for all cases may be
attributed to a larger accumulation of pollutants in the vicinity of electrode surface during the
initial stage of electrolysis [75]. As shown in Fig. 33, lower TOC decay comparing with

Cartap decomposition can also be explained by the consumption of oxidizing species (i.e.

*OH radical and S,0; ) not only for Cartap decomposition but also for the mineralization of
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intermediates.

Some previous studies have also shown the same trends. For example, C. Zhang et al. [73]
have pointed out that the degradation efficiency of ethidium bromide dropped progressively
with increasing current density. They reported that the current efficiency only raised 6—folds

when the applied current density increased 18-times.
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Figure 33 The TOC decay at various current densities, initial concentration of Padan 95SP
(95% cartap): 300 mg'L’', supporting electrolyte: 0.05 M Na,SO,;, pH = 3. Insert:

mineralization current efficiency (MCE) at different current densities versus electrolytic time.

3.2.4 Effect of different electrolyte anions

The efficiency of BDD electrode is well-known to be strongly dependent on the type of
supporting electrolyte [73]. Fig. 34 shows the influence of supporting electrolyte (Na,SOy,
Na,COs, NaNO; and NaCl) on the degradation efficiency of Cartap (at j = 20 mA-cm™). The
results obtained clearly demonstrate the effect of different electrolytes on the degradation of

Cartap atj =20 mA-cm™.
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Figure 34 Cartap degradation versus various supporting electrolytes in electrochemical
process, [Padan 95SP], = 300 mg'L'l, Vireated somsion = 250 mL, pH = 3 (except the case of

Na,COs3, which was added into electrolytic solution with the initial pH of deionized

water), j = 20 mA-cm™.

To be more specific, Cartap is completely destroyed after 120 min in case of NaCl meanwhile
approximately 41 % of Cartap is remained in treated solution for the case of Na,SO,4 and the
much more remaining Cartap content is found in case of Na,COs3; with 75 % (note that the
solution with the presence of Na,CO; changes pH of the solution to alkaline medium, thus the
electrochemical process was performed in alkaline medium). Although the previous studies
[61,91] concluded that Cartap is quickly hydrolyzed in alkaline medium, in our investigation
Cartap (as the main compound in Padan 95 SP) remains stable at various pH from 3 to 9
without any loss of hydrolysis during the experimental time (at least 6 h in the presence of
Na,CO;). This might be due to the presence of impurities or somehow cannot be

straightforward explained that contradiction.

The highest performance of NaCl as supporting electrolyte is also reported in previous studies
[73, 94]. This is because the formation of active chlorine (ClO™) generated from the oxidation

of CI" on the BDD electrode accelerates the oxidation efficiency of organics, as shown in
Egs. (11-13) [95]. Next, the less degradation efficiency of Cartap can be found in case of
Na,SO,4 and the rest electrolytes. N. Rabaaoui et al. [96] have pointed out that the formation

of persulfate (S,0;) (see Eq. (10)) from SO; can also accelerate the oxidation of organics,

comparing to other supporting electrolytes. However, in our case the degradation of Cartap

for the case of Na,SOy is not much higher than NaNOs. This is because the low formation of
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persulfate (as weaker oxidizing specie) does not accelerate the degradation of Cartap as much

higher than that for NaNOs.

In contrast, carbonates are much easier to form peroxodi-carbonates results in the less
efficiency of oxidation due to the invalid consumption of *OH [97]. Therefore, it could be
concluded that the difference in the behavior between these electrolytes may due to the

oxidizing species being formed by the respective electrochemical oxidations.

The effects of supporting electrolytes on the current efficiency and on the TOC decay are
depicted in Fig. 35 and insert of Fig. 35, respectively. The highest degradation of Cartap in
case of NaCl also results in the highest TOC removal among these electrolytes, i.e. 14 % of
TOC is removed after 120 min. A rapid decrease in MCE at the beginning of most
experiments is observed, suggesting the quick destruction of initial compound that is more
easily oxidizable than the immediate products. At long electrolysis time the current efficiency
always undergoes a dramatic fall (as can be seen clearly in cases of NaCl and Na,SO,) due to
the gradual formation of intermediates that are more difficultly destroyed or consumed
oxidant species. Moreover, at long electrolysis time the collision between *OH radicals and
easy oxidized organic molecules is decreased due to the mass transport limitations because of
the presence of small concentration of that in solution. For example, the maximum MCE of
97 % for NaCl at the early stages of 5 min decreases to below 60 % after 15 min.
Respectively, Na,CO3 shows the lowest result of MCE with the value below 10 %.
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Figure 35 Mineralization current efficiency (MCE) calculated from Eq. (6) versus various
supporting electrolytes in electrochemical process. Insert: TOC decay for the runs of Fig. 34.

[Padan 95SP], = 300 mg'L'l, Vireated sotion = 250 mL, pH = 3 (except the case of Na,COs,
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which was added into electrolytic solution with the initial pH of deionized

water), j = 20 mA-cm™.

3.2.5 Effect of Na,SO,4 concentration

In the present work, the influence of Na,SO4 concentration on the decay of Cartap was
investigated with the range from 0.01 M to 0.1 M. As seen in Fig. 36, the beneficial effect of
increasing Na,SOy4 from 0.01 M to 0.1 M increases Cartap decomposition from 70 % to 30 %
after 120 min, respectively. In our study, an increase in concentration of Na,SOy results in the
larger formation of persulfate (see Eq. (10)) which is called indirect oxidation by persulfate.
The indirect oxidation does not depend on current density, but rather on Na;SO4

concentration.
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Figure 36 Cartap degradation versus various concentration of Na,SO, in electrochemical

process, [Padan 95SP]p= 300 mg L'l, Vireated sotution = 250 mL, pH =3, j =20 mA-cm?.

It can be seen that an increase in the Na,SO4 concentration gradually increases the Cartap

decomposition (but only up to 0.05 M Na,SO,) and its further increase (up to 0.1 M) does not
have much effect as expected. This is because the addition of excess SO; can also consume

*OH radicals to form weaker oxidizing species than *OH radicals, thus 0.05 M Na,SOy is the

optimal value for this process.

On the other hand, the supporting electrolyte is added to the solution in order to increase its
electrical conductivity, i.e. to decrease its electrical resistance and thus the energy

consumption (see Fig. 37). As can be seen in Fig. 37, the energy consumption decreases
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significantly from 62 to over 20 Kwh'kg' Cartap when increasing the concentration of
Na,SO4 from 0.01 M to 0.05 M. Further increase of Na,SO,4 concentration to 0.1 M has a
slight effect on decrease of energy consumption. Thus, 0.05 M of Na,SOy is assumed to be an

optimal concentration in this study.
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Figure 37 The effect of electrolyte concentration on energy consumption, [Padan 95SP]y= 300 mg'L",
Vtreated solution — 250 mL, pH = 3,] =20 mA'cm'z.

3.2.6 Effect of initial Padan 95SP concentration

The experiment was performed with different initial Padan 95SP concentrations. The results
are indicated in Fig. 38 and 39. As can be seen in Fig. 38, the degradation efficiency of Cartap
decrease with an increase of its initial concentration. i.e: Cartap remained at 18.5 %, 41 %,
51 % and 60 % for 100, 300, 500 and 700 mg'L™" (after 120 min), respectively. It is clearly
that when increasing the concentration of Cartap, the amount of *OH radicals is also required
higher for their oxidation and mineralization. However, under galvanostatic conditions, the
amount of *OH radicals generated is similar at the same operating conditions and have
nonselective reactivity in relation to the adsorbed intermediates [83]. Thus, the Cartap
degradation and TOC decay decrease with an increase in the initial Padan 95SP concentration

(100-700 mg-L™).

On the other hand, the increase of initial concentration of a compound increases its
concentration gradient and mass transfer across the diffusion layer and thus its degradation on
electrode [83]. As the result, the amount of Cartap removed as well as the TOC value
removed (which are not shown) increase with increasing Padan 95SP concentration. This

assumption is clearly proved by an increase in MCE when increasing the initial concentration
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of Padan 95SP (see Fig.

[98)

9).
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Figure 38 Influence of initial concentrations of Padan 95SP on Cartap degradation,

([Padan]y = 100 mg'L'l, 300 mg'L'l, 500 mg'L'1 and 700 mg'L'l), concentration of
electrolyte: 0.05 M NaySOu, Vieated sotuion = 250 mL, pH = 3, current density: j = 20 mA-cm™.
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Figure 39 Mineralization current efficiency (MCE) calculated versus initial concentration of
Padan 95 SP. ([Padan], = 100 mg-L", 300 mg'L™", 500 mg-L" and 700 mg-L™") Insert: TOC
decay for the runs of Fig. 38, Vi eated sotution = 250 mL, pH =3, j =20 mA-cm™.

3.2.7 By-products and their release

The formation of intermediates during Cartap degradation was monitored with HPLC. It was
observed that most of these intermediates are initial oxidation products resulting from the

initial oxidation of Cartap.
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To have an overall view on the rate of the release of those intermediates for various
supporting electrolytes (i. e: Na;SO4, NaCl, NaNO3 and Na,COs3), the method of relative area
ratio (RAR) comparison is applied. Four peaks are observed in HPLC chromatograms as

shown in Figs. 40-43, their relative area ratios at the electrolytic time intervals are depicted in

Fig. 44.
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Figure 40 HPLC chromatogram for intermediates in electrochemical process: [Padan 95SP], = 300
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ML, Vireated somtion = 250 mL, j =20 mA-cm™, [NaCl] = 0.05 M, pH = 3.
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Figure 41 HPLC chromatogram for intermediates in electrochemical process: [Padan 95SP]y= 300
mg'L", V ireated solution = 250 mL, j = 20 mA-cm™, [Na,SO4] = 0.05 M, pH = 3.
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Figure 42 HPLC chromatogram for intermediates in electrochemical process: Padan 95SP], = 300
ML, Vieated somtion = 250 mL, j = 20 mA-cm™, [NaNO3] = 0.05 M, pH = 3.
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Figure 43 HPLC chromatogram for intermediates in electrochemical process: [Padan 95SP], = 300
mg.L_la Vtreated solution — 250 mL,] =20 mA'cm'2, [N32C03] =0.05 M.

In HPLC chromatograms obtained with samples prepared with NaCl and Na,SO; as
electrolyte peaks appeared at the same retention times. Peak 1 is attributed to Cartap (¢,= 2.9

min) and peak 3 to nereistoxin (¢,= 2.6 min) partly overlapping each other.

As seen in Figs. 40-41, the peak of Cartap in case of NaCl as the supporting electrolyte
deceases more rapidly than with Na;SOy, resulting in higher RAR of nereistoxin for NaCl
than for Na,SO4. Peak 2 (¢, = 3.4 min) appears to reach the maximum value at 30 min and
then diminishes at 120 min in case of NaCl meanwhile it increases slowly in case of Na,;SO4
(see Fig. 44). Nevertheless, peak 4 could be neglected due to its low intensity. This peak
might be caused by the additives in Padan 95 SP.
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HPLC chromatograms for the case of NaNO; show a shoulder on the main peak and no

further peaks possibly indicating intermediates. Perhaps, the presence of NO; in treated

samples causes some interference with that signal. A very different result can be also seen for

the case of Na,COj as an electrolyte: For example, the peak for Cartap shifts to #=3.4 min,

resulting in the disappearance of peak 2 (see Fig. 42). Nereistoxin accumulates gradually

during process, resulting in the significant increase of its RAR.
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Figure 44 Relative peak ratios of Cartap and its degradation products versus time with

various supporting electrolytes based on HPLC chromatograms, [Padan 95SP]o= 300 mg'L",

Vireated sotution = 250 mL, j = 20 mA'cm'z, pH = 3 (except the case of Na,COs3, which was added

into electrolytic solution with the initial pH of deionized water).

3.2.8 Time-dependent concentrations of oxidizing ions and the influence of

inorganic anions as supporting electrolytes

During the electrochemical oxidation process less strongly oxidizing species such as ClO”

related to the existence of dissolved Cl, and HCIO generated from the oxidation of CI™ as

shown in Egs.. (11-13)) and S,0; (Eq. (10)) from the oxidation of SO> at the BDD electrode
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are formed. Their accumulation is recorded in Fig. 45. The continuous gradual increase in
concentration of active chlorine once again demonstrates the higher efficiency of NaCl for
Cartap decomposition than of Na,SOs. In Fig. 45, the accumulation of ClO™ reaches 0.55 mM
after 120 min meanwhile the concentration of S,0; remains < 0.1 mM. Many previous
researchers [58,60,98] have also detected the formation of active chlorine in electrochemical
process. For example, in the study of D. Rajkumar et al. [58] there was no
chlorine/ hypochlorite detected during the initial period of electrolysis, but the concentration
of hypochlorite continuously increased thereafter. M. Santhanam et al. [60] found the
concentration of chlorine and hypochlorite, respectively to increase gradually after the

disappearance of color in solution.
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Figure 45 CIO and SZO; concentrations in case of 0.05 M NaCl and 0.05 M Na,SO, during electrochemical

oxidation, [Padan 95SP]o= 300 mg'L", Vyeured somtion = 250 mL, j = 20 mA-cm™, pH = 3.

To evaluate the change in concentration of electrolyte anions, their concentration are

displayed in Fig. 46. Note that the degradation of Cartap releases inorganic ions such as SO;,

NO; [11,12] which may also contribute to the change of their concentration. . In case of

Na,CO;3, there is no significant change in concentration of salt anions, meanwhile the trace for

CI shows a slight decrease. Although degradation of Cartap releases SO; , the concentration
of SO} decreases significantly within the initial 30 min and decreases further thereafter. In
contrast, the concentration of NO; increases to approximately 0.055 M after 120 min, this is

due to the release of NO; from decomposing Cartap.
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Figure 46 The change of concentration of supporting electrolytes during electrochemical
oxidation at 0.05 M initial concentration of electrolytes, [Padan 95SP]y = 300 mg'L™,
Vireated somtion = 250 mL, j = 20 mA-cm™, pH = 3 (except for Na,COs, which was added into

electrolytic solution with the typical pH of deionized water around 6 - 6.5).

3.2.9 Conclusion

In fact, Cartap in Padan 95SP is stable in different mediums from acid to alkaline (pH from 3
to 9) for 6 h. The hydrolysis rate of Cartap in Padan 95SP undergoes slowly for several days
and depends on the pH value.

The degradation efficiency of Cartap in Padan 95SP strongly depends on operating
parameters such as current density, supporting electrolytes and initial concentration of Padan
95SP. The optimal condition for Cartap degradation in electrochemical oxidation are
established: current density: j = 20 mA‘cm’z, concentration of electrolyte: 0.05 M Na,SO4 at
the initial concentration of Padan 95SP of 300 mg'L™'. The concentration of supporting
electrolyte is also found to be an important role not only for decrease of energy consumption
but also an acceleration of Cartap degradation. In addition, the study shows that MCE
continuously drops down due to the competitive formation of intermediates which is

considered to be more difficult to oxidize than Cartap.
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3.3 Electro-Fenton process and effect of NaOCl on this process

3.3.1 Padan 95SP degradation with NaOCl

The removal capability of sodium hypochlorite was tested with a solution containing 700 mg
L' Padan 95SP (TOC = 215 mg-L™"). Remaining concentrations of NaOCI in solutions with
different starting concentrations are shown in Fig. 47, progress of Cartap degradation is
displayed in Fig. 48. For example, the NaOCI concentrations decreased to 3.5 mM and 0.8
mM after 2 min and further more slowly to 2 mM and 0.2 mM during 60 min at initial NaOCl

concentrations of 22 mM and 8 mM, respectively (see Fig. 47).
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Figure 47 Concentration of NaOCI at various initial concentrations versus time after adding

into solution containing Padan 95SP, [Padan 95SP],= 700 mg-L'l, Vsolution = 250 mL.

Fig. 48 shows that Cartap decomposition starts immediately after adding NaOCI but there is
no more decomposition after 2 min (in case of low concentrations 8 and 12 mM NaOCl)
although NaOCl still remains in solution (as can be seen in Fig. 47). Cartap remains in treated
solution at 20 and 45 % of its initial value for the cases of 12 mM and 8 mM NaOCl

meanwhile it is totally decomposed after 2 min with 15 mM and 22 mM NaOCI.
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Figure 48 Cartap degradation after adding various concentrations of NaOClI,

[Padan 95SP], = 700 mg~L'1, Vsolution = 250 mL. Insert: TOC reduction in case of a

solution containing 15 mM NaOCl after 60 min.

Thus, 15 mM NaOCI is the optimal value to remove Cartap completely in a test solution
containing 700 mg-L™' Padan 95SP. In this case TOC remained at 78.33 % (insert of Fig. 4). It
can be concluded that NaOCl is a very efficient bleaching agent which needs only a short time
to decompose Cartap by releasing free chlorine (“active chlorine” ClO™ and HOCI). The

reactions are shown in Eq. (17) and (18):

NaOCl — HOCI + Na' + OH (17)

HOCl — H' + OCI (18)

3.3.2 Effect of H,O, addition

Electro-Fenton oxidation treatment was tested by electrolyzing 700 mg L' Padan 95SP
solutions (equivalent to 215 mg-L" of TOC) of pH = 3 at j = 20 mA-cm™ at room temperature
for 120 min with the addition of H,O; instead of feeding the cathode with O, for H,0O,
generation. Thus, Cartap is almost decomposed quantitatively after 5 min at various H,O,

concentrations; 0.2 M H»O, can be chosen as the optimal value regarding Cartap degradation
(see Fig. 19).
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Figure 49 Cartap degradation at various H,O, additional concentrations versus time in the
Electro-Fenton process, [Padan 95SP]y = 700 mg'L", Veomtion = 250 mL, [Fe*'] = 15 mM,
[Na,SO4] = 0.05 M, pH =3, j =20 mA-cm™.

Fig. 50 shows the remaining concentration of H,O, after its addition to the electrolyte
solution. In all cases approximately 50 % of the initial H,O, concentration has been consumed
after 5 min, a further gradual consumption is observed. After 120 min the concentration of
H,0, remains at 6.5 mM for cases of 0.2 and 0.3 M and 2 mM in case of 0.05 M initial H,O,
initial concentration. The large extent of removal of Cartap and the rapid consumption of
H,0; during the initial 5 min show that *OH generated according to from Eq. (2) plays the
main role in Cartap degradation. As the result of rapid decomposition of Cartap, the pH-value
of solution (see insert of Fig. 50) decreases rapidly from 3 to 2.2 after 5 min and does not
change thereafter. It can be assumed that the formation of organic acids resulting from the

degradation of Cartap reduces pH of the treated solution.
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Figure 50 The decrease of H,O, at various initial concentrations versus time after adding into
solution containing Padan 95SP, [Padan 95SP], = 700 mg-L™', j = 20 mA-cm?,
[Na;SO4] =0.05 M, [Fe%] =15 mM, Vyotion = 250 mL, pH = 3. Insert: Change of pH versus

time.

The TOC reduction in the Electro-Fenton process and the effect of pretreatment with 15 mM
NaOCl are presented in Fig. 51.
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Figure 51 TOC decay at different operating conditions, [Padan 95SP], = 700 mg-L'l,
Veolution = 250 mL, j = 20 mA-cm™, [Na,SO4] = 0.05 M, [Fe*'] = 15 mM and pH = 3 for

Electro-Fenton process.

It is surprising that at lowest H,O, concentration TOC decreases approximately to 42 % after
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5 min and then remains constant time whereas TOC decreases for the cases of 0.2 M
and 0.3 M H,O,; are very similar, only reach to below 70 % after 5 min. However, TOC for
all cases decreases rapidly for 30 min after start of the experiment and decrease slowly to
22 % and 18 % for 0.2 and 0.3 M H,O,, respectively at the end of process. It can be
concluded that a lower concentration of H,O, (0.05 M) results in higher efficiency of TOC
removal than higher ones (0.2 and 0.3 M) in the initial of 5 min. This may be due to the
possibility that excess H,O, at the early stage (5 min) can also scavenge *OH to produce
weaker oxidative species like *OOH (Eq. (19)) [99] or can undergo competing reactions (Egs.
(20-21)) [100,101] which results in the loss of oxidative capability.

H,0, + *OH — H,0 + *OOH (19)
«OOH + Fe** — "OOH + Fe*' (20)
*OOH + Fe’* — O, + Fe" + H' (21)

This may also explain why the highest concentration of H,O, (0.3 M) does not cause much

higher TOC removal compared with lower concentration (0.2 M).

Results of an investigation whether pretreatment of solution with NaOCI has positive impact
on the Electro-Fenton process are also depicted in Fig. 51. Although the TOC value remains at
78 % after treatment with 15 mM NaOCI, further treatment by the Electro-Fenton process
does not result in further degradation. Obviously, the presence of Cl-ions formed from the

OCI decomposition by organics (Eq. (22)) [102] has a negative impact on the Fenton process.

Organics + OCI' — intermediates + CI" + CO, + H,O (22)

The interaction of chloride with the Fenton mechanism may be explained by two possible
pathways: (i) the complexation of Fe*"/Fe’" with CI” (Eqs. (23-26)) [103], (ii) scavenging of
hydroxyl radicals (Eq. (27)) [104, 105] resulting in generation of chloride radicals CI’
(Eq. (28)) which are less reactive than the hydroxyl radical [106, 107] or generation of
CI" ion (Eq. (29)) [107].

Fe*" +CI' - FeCl" (23)
FeCl" +CI" — FeCl, (24)
Fe’*+ClI' — FeCl* (25)
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Fe’ +2CI" — FeCl; (26)
CI'++OH —[CIOH]" (27)
-OH +CI' > OH +CI (28)
[CIOH] +Fe* —Cl'+OH +Fe** (29)

3.3.3 Effect of metal ion catalysts

It is well know that the Fenton reaction is catalyzed by several metal ions [99]. In order to

investigate the influence of metal ions on the Electro-Fenton process was investigated in the

presence of three different metal ions: Mg”", AI’" and Cu®". The initial metal ion

concentration was 5 mM.

As shown in Fig. 52, the Electro-Fenton process is effective up to 60 min. Although AI*" or

Mg”" as co-catalysts slow down the process within the interval time 5 to 60 min, more

than 80 % TOC removal can be achieved after 120 min.

Fig. 52 shows that adding 5 mM Cu®" can accelerate TOC removal in the initial 30 min and

only 35 % of TOC remain in the treated solution after 5 min already. Further treatment can

reduce the TOC value only to 22 %.
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Figure 52 TOC decay with different metal catalysts in Electro-Fenton process, [Padan 95SP]y= 700 mg-L",
Veolution = 250 mL, j = 20 mA-cm™, [Na,SO4] = 0.05 M, [Fe*" ] = 15 mM, pH = 3,

[H202]0= 0.2 M.

This positive synergetic effect is due to the fast destruction of complexes of Cu?" with

carboxylic acids [108,109] and the enhanced generation of ‘OH from the redox couple
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Cu®"/Cu’ (Eq. (32)) [108,110], in which Cu" is formed from Cu®" with HO,® (Eq. (31))
(weaker oxidants produced in the electrolytic system), followed by regeneration of Cu®" by

oxidation of Cu" with H,O, from the Fenton-like reaction (32) [111]:

H,0, > HO, + H + ¢ (30)
Cu” + HO, —» Cu' + H" + O, (31)
Cu"* + H,0, - Cu* + 'OH + OH (32)

It can be concluded that although co-catalysts have some impact (positive/negative) at the
early stages (less than 60 min), TOC/TOC, in all cases is the same at around 20 % at the end

of the process.

3.3.4 Effect of Fe** concentration

According to several studies, the dosage of Fe*" plays an important role on the efficiency of
the Electro-Fenton process [112 - 115]. As shown in Fig. 53, the TOC decreases with

. . + .
increasing Fe*" concentration.
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Figure 53 TOC decay versus various concentrations of Fe*" in Electro-Fenton process,
[Padan 95SP], = 700 mg-L", [TOC]y = 215 mg'L", Vioiution = 250 mL, j = 20 mA-cm>,
[Na,SO4] = 0.05 M, pH = 3, [H20,]¢= 0.2 M.

Meanwhile TOC decreases continuously during 120 min in case of 5 mM Fe®", there is no

considerable reduction in TOC for the cases of 10 mM and 15 mM after 60 min. However, in
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all cases the same value of TOC at approximately 20 % is reached after 120 min of treatment
time. This can be explained by assuming that in the early stages (less than 60 min) the higher
Fe®" concentration promotes production of *OH radical leading to faster decrease of the TOC
value. Further treatment time does not contribute remarkably to TOC decay. This may be due
to the formation of recalcitrant products that are difficult to be destroyed by BDD (°*OH)
and/or the Fenton reagent (*OH).

On the other hand, several previous studies [116-118] have pointed out that the use of excess

Fe*" influences the process negatively, which can be explained in Egs. (33-35) [99]:

Fe’* + «OH — Fe" + OH (33)
Fe’" + H,0, < FeOOH” + H’ (34)
FeOOH>* — HO, + Fe™ (35)

Thus, using high concentration of Fe*" should be considered, because the ferrous ions not only

generate hydroxyl radicals but also are scavengers of *OH.

3.3.5 Effect of pH

The pH of the solution is a very important parameter in the Fenton process. It affects directly
the mechanism of oxidation, because a change in pH of the solution involves a variation of the
concentration of Fe?*, and therefore the formation rate of *OH radicals is affected. At high pH
(pH > 4), the generation of *OH becomes slower due to the formation of various iron oxide
hydroxide species; the complexes would further form [Fe(OH)4]” when pH in treated solution
is higher than 9.0 [119].

On the other hand, at very low pH values (< 2.0) the reaction is slowed down by the formation
of complex species [Fe(H,0)s]*", which react more slowly with peroxide as compared to
[Fe(OH)(H20)5]2+. In addition, the peroxide gets solvated in the presence of high
concentration of H' ions to form stable oxonium ions [H30,]" [120]. The oxonium ion makes
peroxide more electrophilic enhancing its stability and presumably reduces substantially the

reactivity with Fe?"ion [121,122].

Many previous studies [100,101,123] have pointed out that pH = 3 is the optimal value for the
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Fenton reaction. Therefore, the experiment was run at initial pH of 3 and at controlled pH of 3

during process for comparison.

The influence of pH on TOC removal is depicted in Fig. 54. As seen in insert of Fig. 50, pH
of solution remains at 2.1 after 5 min. With initial pH =3 the TOC value (see Fig. 54)
gradually decreases to 23 % and there is no significant change of the TOC value after 60 min.
It is surprising that keeping pH of the solution at 3 results in only 5 % of TOC decay
(from 75 % at 5 min to 70 % at 120 min). As can be seen in Fig.54, any addition of OH" for
reaching the initial pH value of solution (pH = 3) slow down the TOC decay, in comparison
with the case of initial pH of 3. It can be assumed that the OH" ions consumed is not for
changing the pH value of solution but it is firstly consumed for decomposing H,O, or

precipitate Fe*" as described in Eq. (36).

110 4

100

—a— pH=3 ( adjustment)
904 —e— pH=2.1 ( without adjustment)

0 T T T T T T T T T T T T T T T T T T
0 15 30 45 60 75 90 105 120
Time / min

Figure 54 TOC decay versus pH, [Padan 95SP],= 700 mg L', [TOC]y=215 mg-L'l, Vsotution =250 mL,
=20 mA-cm™, [Na;SO4] = 0.05 M, pH = 3, [H,0,]o= 0.2 M, [Fe*'] =10 mM.

In previous studies this range of pH values (from 2 to 3) was also maintained. For example, in
the study of EI-Ghenymy et al. [124] TOC decays are very similar for pH = 2 and 3 at 83 and
85 % of TOC removed, respectively. The same result can be also found elsewhere [111]
noting no difference in TOC decay between pH = 2 and 3. On the other hand, the study [125]
showed that more than 90 % of TOC removal was achieved at pH=3 meanwhile

approximately 50 % of that at pH=2 after 120 min.

Obviously it is recommend not to adjust of pH by addition of OH -ions during the Fenton

process.
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2FeSO, + 4NaOH + H,0, = Fe(OH), + 2Na,SO, (36)

3.3.6 Identification of intermediates and proposed degradation pathway

Fig. 55 depicts the degradation of Cartap and intermediates during 120 min. Note that the
content in Padan 95 SP is 5 % additives and assumed that their presence does not cause any
significant interference in determination of the intermediates from degradation of Cartap. As
can be seen in Fig. 55 Cartap (¢, = 3.1 min) is decomposed almost after 5 min. Besides, the
new peaks appear and then fade with reaction time. All peaks are present at retention times

less than 5 min and their retention times are close to each other. Therefore, it is difficult to

identify a single peak.
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Figure 55 HPLC signal of intermediates in Electro-Fenton process: [Padan 95SP], = 700 mg'L™" |
Veoution = 250 mL, j = 20 mA-cm?, [Na,SO4] = 0.05 M, pH = 3, [H,0,]o= 0.2 M, [Fe*'] = 10
mM.

The reaction intermediates were further examined by GC— MS based on the molecular ion
measurement. The FID-GC analysis (see Fig. 56) of the Electro-Fenton process of Padan
95SP degradation shows the formation of several intermediate products. However, the
volatilities of some intermediates are seemly too small to be eluted out under the gas
chromatographic conditions, and some compounds cannot be obtained by GC-MS due to their

significant polarity [126126].
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Figure 56 FID —GS signal of by-products in Electro-Fenton process: Padan 95SP]o= 700 mg-L"
, Y treated solution — 250 I’IlL,j =20 mA'cm'z, [Nast4] =0.05 M, pH = 3, [H202]0= 0.2 M,

[Fe’']= 10 mM.

The high volatility and hydrophilic characteristics of short chain acids make the detection of
them difficult and GC-MS can be a suitable technique, offering advantages for the detection
of volatile compounds. Such highly polar species need to be derivatized for proper GC-MS
analysis. Before measuring in GC-MS the reaction solution at 120 min in Fig. 55 was
esterified by n-propanol for tracing the derivatives of short chain acids. Fig. 56 depicts the GC
spectrum of reaction products after esterification. Fig. 57 indicates that several peaks for
derivative of oxalic acid in standard solution and that for derivative in sample were present at
the same retention times. Therefore, it can be concluded that oxalic acid formed in Electro-
Fenton process above. Unfortunately, the peaks for the derivatives of other acids (e.g.: formic

and acetic acid) do not match any peaks in sample.
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Figure 57 GC spectrum for derivatives of short chain acids esterified by n-propanol. The

sample for derivatization was similar as in Fig. 55 at 120 min.

However, based on the previous study [12] and some proposed pathways of the organics
[126-130] which have the chemical bonds of S, N and O in structure similar to Cartap, the
proposed degradation pathway of Cartap in Electro-Fenton process once again can be obtained

[Fig. 58].

Because Cartap is an ionic compound, HCI is freely liberated into the solution, consequently
Cartap changed into compound A in the solution [12]. The long alkane chain is easily
degraded into small molecule organic acids [12]. The amino group at the end of the Cartap
chain is oxidized into a nitro group as proposed by product B. The attack of *OH can also
break the bond N-C in the main chain to release smaller molecules (products C and D). The
same phenomenon can be seen in previous studies [131Error! Bookmark not defined.,132].
The compound D can be consequently oxidized into products E and F or G, and followed by
gas CO, and inorganic ions (NO; and NH;"). The C-S chemical bond in compound C is
broken out to form product J and release SO,, CO,, H,0O, and SOi'. On the other side, product
B can also subsequently be converted into product H to release NO and then the C—S chemical
bond from H is destroyed for producing sulfuric acid in solution. Product I subsequently
liberates the amine group to form malonic acid. According to the previous study [133],

malonic acid is decomposed to acetic acid and formic acid.
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Figure 58 Proposed degradation pathway of Cartap in Electro-Fenton process.

It should be mentioned that the final degradation products were mineral ions such as NH,,

SOi', NOj, which are in the substituent groups of the initial molecule [131,132,134,135].

3.3.7 Conclusions

In this study, pretreatment with 15 mM NaOCl can effectively remove Cartap in 700 mg-L™'
Padan 95SP at very short reaction time and lead to decrease of 22 % in TOC due to active
chlorine, but it results in negative impact on Electro-Fenton process because of the remaining

of CI ions in solution. The concentration of H,O, and the dosage of Fe’" are considered as the
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main parameters in Fenton process. However, the excess of both of them does not lead to
increase in TOC removal. Using Cu?" can also enhance the TOC removal at the early stages
but does not increase the effectiveness of process after 120 min of treatment. This is due to
the refractory by-products which cannot be decomposed by the attack of further «OH radicals.
In addition, this study also shows that the decrease of pH from 3 to 2.1 is the result of
releasing organic acids and keeping the pH remained at 3 doesn’t remarkably increase TOC
removal. In the optimal condition ([Padan 95SP], = 700 mg-L'1 , Vsolution = 250 mL,
j =20 mA-ecm?, [Na,SO4] = 0.05 M, pH = 3, [Hy02]¢= 0.2 M, [Fe*'] = 10 mM), 20 % of
TOC still remained in solution. In order to get higher TOC decay, we suggest the support of
UV light on process or the treated solution could be recycled again in the subsequent stage as
the same condition. A mechanism pathway of Cartap mineralization is proposed based on the

previous studies as well as our observations.
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3.4 The combination of electrochemical and adsorption techniques

The influent of the adsorption section is the treated solution from the electrochemical (EC)
process. The operating parameters in EC section are based on optimized conditions (pH = 3,
[Na,SO4] = 0.05 M, current density j = 20 mA-cm™, electrolysis time # = 120 min). The

combination scheme can be seen in Fig. 13.

Further details can be found in Figs. S5-S7 and Table S1 in Supporting information section.

3.4.1 Effect of flow rate on TOC removal

The use of GAC is an effective and economical way to remove taste, odor, color and other
undesirable organics including toxic substances on a continuous basis without much capital
investment costs [58]. Based on these advantages, GAC was chosen for TOC reduction in this
study. The treated solution from EC process was passed into the adsorption section. The effect
of flow rate on TOC removal was studied. As shown in Fig. 59, TOC still present after EC
process (i.e: 91.3 %) is subsequently reduced to 27 - 32 % in the adsorption section at various
flows rate of influent. In general, an increase in flow rate results in a decrease of adsorption of
organics onto adsorbent due to the decrease of contact time between liquid and adsorbent. For
example, the maximum removal of adsorbable organic halogens was achieved when flow rate
was maintained at the lowest value (5 mL-min™") [58]. It is surprising that in the range
of 5 mL'min” to 20 mL-min™" the higher TOC reduction can be obtained at higher flow rates
when usually at higher flow rate the adsorption capacity is decreased due to the reduction of
contact time between adsorbate and adsorbent. Thus, controlling the flow rate is the important
parameter to achieve high removal efficiency as well as to reduce the operating time of

Pprocess.
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Figure 59 TOC decay in electrochemical process ([Padan 95SP], = 300 mg-L ™',
Vireated somution = 250 mL, j = 20 mA-cm™, pH = 3, [Na,SO4] = 0.05 M) and in adsorption
process (bed height: 10 cm, inner diameter of column: 2.8 cm, diameter of particles: 2.5 mm,

Vtreated solution = 50 mL)

3.4.2 Effect of bed height

According to AC columns plant design [136], the optimal ratio of AC bed height/column
diameter is approximately 10 for practical application. However, in the scale of experimental
lab we only arranged the bed height from 8-14 cm together with the inner diameter of 2.8 cm.
It is clear that an increase in bed height will result in higher adsorption capacity due to the
increased number of adsorbent particles and thus the more available adsorption sites.
However, in Fig. 60 the TOC/TOC, ratio only decreases by 5 % (from 30.1 % to 25.7 %)
when increasing the bed height to 175 % (from 8 cm to 14 cm). About 61.2 % of TOC is
removed in case of 8 cm bed height in adsorption section. It can be concluded that most of
organics in solution is removed on the top layer of absorbent and the very small content of
them is further adsorbed in the next zone (i.e. mass transfer zone or active zone) as depicted in

Fig. 13(b).
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Figure 60 TOC removal versus bed height in adsorption process after EC (operating
parameters in EC process can be seen in description of Fig. 59), diameter of
particles: 2.5 mm, Vicared sotusion =100 mL, inner diameter of column: 2.8 cm, flow

rate: 10 mL-min™").

3.4.3 Effect of electrolyte anions from EC process on the adsorption process

Generally, chloride, sulfate, nitrate and carbonate are not only used as supporting electrolytes,
they can also be found in wastewater. The presence of them in the influent can cause a
negative effect on the adsorption behavior of organics [137]. Although the supporting
electrolytes have different influence on TOC removal in EC process as can be seen in
Figs. 34-35 in section 3.2.4, the finally left TOC in the presence of those electrolytes is very
similarly (24 % to 29.5 %). Note that the effect of anions depends on the nature of ion (i.e.:
monovalent and divalent ions) and the hydration energy of the target ions. The value of
hydration energy (molar enthalpies) of nitrate was higher than that of other anions
[138-141]. Thus, nitrate ion lower the adsorption capacities as compared to other anions. For
example, in the study of Wilaimgam et al. [137] the nitrate ion had a stronger negative effect
on the adsorption capacity for perfluorohexanoic acid by GAC than chloride. The same
phenomenon can also be observed in the study of Galamos et al. [138] when using activated

carbon to adsorb pertechnetate.
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Figure 61 Remaining TOC with various inorganic anions in electrochemical ([Padan 95SP],
= 300 mg'L'l, Vireated solution = 250 mL, ¢ = 120 min, j = 20 mA'cm'z, pH = 3 (except for
Na,COs electrolyte with pH not adjusted) and adsorption processes (Vireated solution =100 mL,
diameter of particles: 2.5 mm, bed height: 10 cm, flow rate: 10 mL'min™). Insert: TOC

removal after EC in adsorption column.
3.4.4 Effect of treated volume

To evaluate the effect of treated volume on TOC removal, 10 runs were set up with the treated
solution volume of each run being 50 mL. It is clear that the saturation of absorbent depends
on the amount of sorbate onto/inside adsorbent. Therefore, the adsorption capacity will be
decreased after several times of usage. It is surprising that TOC/TOC, slightly decreases from
28.3 % to 23.7 % after 10 runs in adsorption section (see Fig. 62), and thus, the average TOC
value remained at 25 % after 500 mL loading volume of influent. The volume of treated
solution of 500 mL may be too small to indicate any loss of adsorption capacity possibly
caused by the accumulation of absorbate on/in the GAC surface. Consequently we do not
calculate the lifetime of bed. Nevertheless, this study suggests the long term use of GAC for
pesticide removal due to the stability and high removal efficiency of GAC.
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Figure 62 TOC removal versus the run number in adsorption process after EC, [Padan 95SP],= 300 mg'L",
Vin = 50 mL, diameter of particles: 2.5 mm, bed height: 10 cm, inner diameter of column: 2.8

cm, flow rate: 10 mL-min™).

3.4.5 Effect of initial Padan 95 SP concentration

To investigate the effect of initial concentration of Cartap and the TOC removal in both
methods four different initial Padan 95SP concentrations (100 mg-L™, 300 mg-L™", 500 mg'L"
and 700 mg'L") were tested. The degradation of Cartap in EC process decreases when
increasing the initial Padan 95 SP concentration (Fig. 63). For example, 18 % of Cartap
remained in case of 100 mg'L™' meanwhile 60 % Cartap remained for the case of 700 mg-L™.
It should be noted that the increase of initial concentration of a compound increases its
concentration gradient and mass transfer across the diffusion layer and thus increases its
degradation at the electrode [142], resulting in an increased amount of organic molecules
decomposed. However, the degradation efficiency is decreased at higher concentration of
Cartap. The effect of initial concentrations was also investigated by previous researchers
[142,143] using electrochemical techniques for decomposing organic pollutants. In most cases

an increase in concentration of organic pollutants reduces their removal percentage.

Cartap and degradation intermediates still remained in the first adsorption column (Fig. 63,
Fig. 64), the treated solutions should be subsequently passed through the next column. In
subsequent adsorption process, with different concentrations of the remaining Cartap from
EC, the results show: (i) the removal of Cartap is slightly higher at higher initial

concentration, except the lowest initial concentration of Cartap, (ii) Cartap is almost
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completely removed in the first run with the remaining content being below 10 %. It can be
concluded that the remaining Cartap (here: below 10 %) in effluent is independent of the
initial concentration of Padan 95 SP. After reaching the maximum adsorption in the first
column, the remaining Cartap cannot be removed in the subsequent columns. Because
adsorption is often reversible, adsorbed compounds may desorb and appear in the effluent
when the influent concentrations of those compounds are lower [144]. Thus, the remaining

Cartap cannot be adsorbed on GAC below a certain low concentration.

Fig. 64 depicts TOC removal in both processes. In EC process 95 % and 82 % of TOC still
remain for the case of 700 mg-L™" and 100 mg-L", respectively. Note that TOC decay (see
Fig. 64) is lower than Cartap removal by adsorption (see Fig. 63). This is because by-products
still remain in treated solution. For example, about 45 %, 35 % and 20 % of TOC remain in
the first run of the adsorption step for the cases of 700 mg-L", 500 mg'L™" and 100 mgL",
respectively. Cartap cannot be removed in the second column when TOC can be subsequently
removed till reaching the minimum values of approximately 25 % in the 2" and 4™ cycles for
500 mg-L" and for 700 mg-L", respectively. This similar phenomenon can be found in the
study of K. Ranani et al [145], in which TOC removal can be achieved partly in the second
and third columns. This phenomenon can be also explained by assuming reversible
adsorption, adsorbed compounds may desorb and appear in the effluent when the influent
concentrations of those compounds decrease [144]. Moreover, some compounds may be
nonadsorbable or very weakly adsorbable as the result of approximately 25 % of the

remaining TOC.
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Figure 63 Cartap decay in electrochemical process (Vi eased sotusion = 250 mL, j = 20 mA'cm'z,
pH = 3, [Na,SO4] = 0.05 M, ¢ = 120 min) and adsorption process after EC (bed height: 10 cm,
inner diameter of column: 2.8 cm, diameter of particles: 2.5 mm, Vi eased soiution = 100 mL, flow

rate: 10 mL-min™".
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Figure 64 TOC decay in electrochemical process (Vyeated sotution = 250 mL, j =20 mA'cm'z, pH =3,
[Na;SO4] = 0.05 M) and adsorption process after EC (bed height: 10 cm, inner diameter of
column: 2.8 cm, diameter of particles: 2.5 mm, Vi eured somrion = 100 mL, flow rate: 10 mL min

b,

3.4.6 FT-IR analysis of GAC

The removal of organics by GAC treatment is due to a physical affinity between hydrophilic
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organic molecules and GAC (e.g., van der Waals, electrostatic forces) as well as to chemical
adsorption forces [146].The FT-IR method has been widely used to characterize the surface
groups of different oxides, and also applied to various types of carbon and carbonaceous
materials [147]. Thus, FT-IR spectroscopy was employed in order to verify the differences
between GAC before and after adsorption (as shown in Fig. 65). GAC after adsorption shows
a band in the vicinity of 1445 cm™, tentatively assigned to C—H deformation vibration either
in — (CH3), or in methylene group (—CH,—). In addition, there is a weak peak at 874 cm™,
suggesting the C—H possibly caused by a vibrational mode in the center of the Cartap

molecule.
Table 1 FT-IR spectral band assignments [148]
Band position/cm™ Assignment
1612, 1631, 1656, 1657, 1695, 1732 C=0 stretching vibration in ketone

1559, 1570, 1585 C=0 stretching vibration in aromatic
1467 C—H deformation vibration in methylene group
1439 C-H deformation vibration in —C(CH)3
1418 C-H deformation vibration in alkane

1161, 1206, 1218 C—-O stretching vibration in alcohol

<900 C—H vibration

0,35

Before adsorption
—— After adsorption

0,25 —

0,20

Absorbance/-

0,15 —

0,10 -

0,05

T T T T T T T T T T T T 1
1000 2000 3000 4000 5000 6000 7000
Wavenumber/cm ™

Figure 65 FT-IR spectra of GAC before and after adsorption.

3.4.7 Adsorption mechanism of Cartap

It is well known that surface groups of the adsorbent can interact with the organic adsorbate
and affect the adsorption of the latter. That means the hydrophilic and hydrophobic groups on
the surface of AC may interact with hydroxyl groups and organic moieties of adsorbate,

respectively [149].
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Mohammad et al. [150] have suggested that adsorption of the pesticide Oxamyl which has a
structure similar to that of Cartap was considered to take place mainly by dispersion forces
between electrons in the pesticide structure and electrons in the Silkworm feces activated
carbon (SFAC) surface. The adsorption of Oxamyl on SFAC may be mainly due to
dispersion forces and electrostatic interaction. Hence, Cartap could also be subject to the
same interaction mechanism of hydrogen-bonding interaction as mentioned above in the study
of Mohammad et al. [150]. Moreover, hydrogen-bonding interaction between -certain
functional groups such as -COOH, —OH and —NH; of adsorbate and the hydrophilic groups
(e.g: —COOH groups and —OH groups) of the tested activated carbons was suggested in
[151,152]. The interaction mode of Cartap onto activated carbon is proposed in Fig. 66.

HO
O 0
— 0
o o
+ H/N S/Y\S N\H
/N\
H;C  CHjs
(Cartap)
O ¢}
o )k H
7
......... ' S/\ﬁs Ny
/N\
H;C  CHj

(Activated carbon)

Figure 66 Interaction mechanism of activated carbon with Cartap via hydrogen bond.

According to [152], covalent bonds may be formed between organic chemicals and carbon
nanotubes (CNTs) if both the chemicals to be adsorbed and CNTs have functional groups
such as -COOH, —OH, —NH, suitable for covalent bond formation. Thus, based on the

87



Results and discussion

structural formulas of GAC and Cartap above, a hypothesis for covalent bonds between them

may also occur.

3.4.8 Conclusions

In this study, various supporting electrolytes show the differences in the release of
by-products. Among of them, NaCl performs better than other electrolytes in term of TOC
removal and by-products release. This might due to the contribution of activated chlorine on
organics decomposition. It is surprising that the decrease in flow rate of influent and increase
in bed height of column do not improve TOC removal gradually as expected. We did not see
any losses of adsorption capacity after 10 runs of the total volume of 500 mL. On the other
hand, a slight increase in TOC removal shows a long term usage of this adsorbent. With
various initial concentrations of Cartap in effluent less than 10 % of Cartap remained after the
1* run and further recycles do not contribute to the Cartap removal meanwhile TOC can be
slightly removed for the cases of higher initial concentrations (500 mg L™ and 700 mg L of
Padan 95SP).
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CHAPTER 4 CONCLUSION AND RECOMMENDATIONS FOR
FUTURE WORKS

4.1 Conclusion

This research has demonstrated the laboratory-scale experimental study on Padan 95 SP
removal. Moreover, the trapping efficiency of *OH radicals generated on BDD electrode in

the electrochemical process via TA was also established.

The efficiency of indirect determination of *OH radicals content strongly depends on the
scavengers, operating parameters and the environment of solution. For example, using NaCl

as supporting electrolyte has less efficiency than Na;SO,. This is because the formation of

other oxidizing spices (ClIO or HCIO) results in the effective degradation of organic
compound. As the result, the formed 2-HTA molecules are further decomposed leading to the
decrease of *OH radicals versus electrolytic time. NaOH is necessary for diluting TA in

aqueous solution, but it also reduces the efficiency of process due to the decomposition of

*OH radicals by OH" ions.

In a part of EC process we have demonstrated that Cartap in Padan 95 SP is more stable than
pure Cartap. There is no clue to disclose for this result though we have tried to investigate 5 %
of ingredient in Padan 95 SP. The work has showed the efficiency of electrochemical process
on Padan 95 SP removal by mean of MCE. It is obvious that MCE decreased when increasing
current density and decreasing the concentration of Padan 95 SP. It can be explained by: (i)
by-reaction at BDD electrode (e.g. oxygen evolution) at high current density resulting in
lower *OH radicals generation, (ii) the decrease of initial concentration of a compound
decreases its concentration gradient and mass transfer across the diffusion layer and thus
leading to lower degradation on electrode. Moreover, MCE decreased versus electrolytic time
due to the consumption of oxidizing species for by-products decomposition which is more
hardly decomposed, comparing to the Cartap molecules. As shown in this work, NaCl has a
better performance than other supporting electrolytes, in term of Cartap and TOC removals.

But the usage of NaCl should be considered regarding the toxic by-products release.

To boost TOC removal, Electro-Fenton method was applied in this work. NaOCI is well-

known as bleaching reagent, thus it was used to quickly decompose Cartap and reduce partly

89



Conclusion and recommendations for future works

TOC in pretreatment. However, the release of Cl” ion from NaOCI restricts Fenton reaction.
The investigated rang of H,O, concentration of 0.05 M to 0.3 M, Fe** (from 5 mM to 15 mM)
and even 5 mM Cu”" has showed the efficiency on the TOC removal at the early stage of
process, however, roughly 20 % of TOC still remained after 120 min due to the formation of

refractory by-products.

In this work, the combination of EC and adsorption methods was an option for increasing
both Cartap and TOC removal. As can be seen the detailed study above, GAC has a good
performance due to durable and long term usage. As the same result in Electro-Fenton

method, about 20 % of TOC still remained in effluent after adsorption section.

4.2 Recommendation for future works

EC process was proved to be useful as a pretreatment in a system coupled with AC sorption
for treating aqueous solution containing Padan 95 SP. In the future works, this is a need to
perform real wastewater containing Padan 95 SP. Moreover, 20 % of TOC remained in both
Electro-Fenton method and EC/GAC adsorption combination could be completely reduced by
sequencing biological treatments or by other methods. The absolute rate constants for
oxidation of TA or Cartap by hydroxyl radicals determined by competition kinetics method (it
can be found elsewhere [51]) as a criteria to compare the reaction time between hydroxyl

radicals and organics would be a parameter applied to the next research after Ph.D degree.

It should be mentioned that supporting electrolyte is needed for EC treatment but it could also
inhibit the biological treatment at too high concentration, and thus, the salinity of solution

should be monitored before applied biological.

The toxicity of initial compounds and by-products in EC or Electro-Fenton process were still
not investigated in this thesis. As have been conducted by previous studies [51,153], the

toxicity measurement performed with marine Vibrio fischeri is suggested for the future work.

The application of EC or Electro-Fenton processes always require extra treatment in industrial
application such as anions (i.e: SOJ as supporting electrolyte) and cations (Fe*"/Fe’ as

catalyst) elimination before discharged into environment. Thus, in laboratory scale further
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studies regarding to treating solution after EC/Ectro-Fenton processes would be needed for

the future work.

In the future, the final goal is to develop this work at pilot scale and furthermore at industrial
scale. The performance of electrodes would need to be studied for this scale (i. e: surface size,
life duration as well as distance between electrodes, etc). The dead zone in adsorption section

should be avoided taking into account the high/diameter ratio of column.
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CHAPTER 5 SUPPORTING INFORMATION

The contact angle of BDD with water was measured using Optical Tensiometer TL 100A. As
can be seen, hydrophobic surface displays water contact angles as high as 97° at the beginning
of water drop (Fig. S1(a)). In this study, the contact angle after several using was observed
about 28° (Fig. S1(b)). The mechanism of growing H-terminated BDD (as showed in Fig.
S1(c)) can be explained in hot filament Chemical vapor deposition process (HFVCD)
[154-156].

i (8)

(C) Diamond

Figure S1 (a) Contact angle measurement of H-terminated BDD surface before (a) and after

(b) electrolysis), (c) H-terminated BDD surface.

The morphology of BDD electrode characterized by scanning electron microscopy (SEM) is
depicted in Fig. S2. Fig. S2 (a) shows the specific crystal morphology of BDD with the
average layer thickness of 2.5 um-3 pm. As can be seen, the film consists of many grains with

an average grain size of 300 nm and the grains are randomly oriented diamond crystallites.

¥
Lo "CC TU

Figure S2 SEM images of cross section (a) and surface morphology (b) of BDD.
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cps/eV

Energy, keV

Figure S3 Elemental analysis for BDD electrode. The elemental analysis shows that the main
element in layer of BDD consists of 94.75 % carbon (w/w) and the other elements are 0.91 %

(w/w) oxygen and 4.33 % (w/w) boron.
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Figure S4 UV-Vis spectrum for the determination of Cartap content in treatment processes of

Padan 95 SP.
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Figure S5 Adsorption/desorption isotherms of nitrogen at 77 K on GC before adsorption.

The Figure S5 shows that the adsorption isotherms is type I of the BET classification
(according to the International Union of Pure and Applied Chemistry (IUPAC) classification
[157]) with a well-developed sharp “knee” at the low relative pressure (a typical characteristic
of micropores) and become almost a plateau at higher relative pressure, and the main
porous size of AC in the range of 4 A-100 A (more than 80 %) can be also seen in Fig. S7
and Table S1. It is necessary and important to analyze the whole pore size distribution of
adsorbent because the difference in the pore size affects the adsorption capacity for molecules
of different sizes and shapes, and also this is one of the criteria by which carbon adsorbents

are selected for a particular application [158].

The specific surface area (Sger) of GAC is calculated according to BET adsorption isotherm

equation (see Eq. S1):

1 Cc-1_P 1

= X—F—
]
‘P

(SD)

where P: partial vapour pressure of adsorbate gas in equilibrium with the surface at 77.4 K,

Pa.
Py: saturated pressure of adsorbate gas, Pa.

V,: volume of gas adsorbed at standard temperature and pressure, mL.
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C: dimensionless constant that is related to the enthalpy of adsorption of the adsorbate gas on

the powder sample.

Vu: volume of gas adsorbed at monolayer of sample which can be obtained from Eq. S2, mL.

1

V = S2
A+ (52)

where 4 is slop, / is intercept from BET plot.

Stotal = M
V

(83)
where N: Avogadro constant (6.022 x 10* mol ™).
s: effective cross-sectional area of one adsorbate molecule, (0162 nm? for nitrogen), m?.

V. the molar volume of the adsorbate gas (22400 mL-mol™).

Speris obtained from Eq. S4:

S
SBET — total (S 4)
m

Where: m is mass of test powder, g.

PRy B

-
o
o

|

4/-

nanny
=

Figure S6 B.E.T plot for GAC.

Depending on the raw material, temperature and carbonization methods the BET surface area
may differ. As can be obtained in Fig. S7 Szgr of GAC in our study shows the quite low value
of 253.3 m*g .
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Figure S7 Pore size distribution of GAC. The pore size distribution of sample was evaluated

by Horvarth—-Kawazoe (Horv./Kaw.) method [159].

Table S1 Porous distribution of AC.

Pore ranges Relative Cumulative Relative Vol.
Vol.% Vol.%

A) (%) (%) (em’/g)
4-6 11.94 11.94 0.022700
6-8 23.21 35.15 0.044135
8-10 5.66 40.81 0.010758
10-14 7.39 48.20 0.014057
14-16 2.81 51.01 0.005346
16-20 4.63 55.64 0.008796
20-24 3.61 59.25 0.006868
24-30 4.10 63.34 0.007787
30-36 2.71 66.06 0.005159
36-44 2.96 69.02 0.005629
44-54 2.75 71.77 0.005231
54-68 2.87 74.64 0.005452
68-82 2.00 76.64 0.003811
82-100 1.97 78.61 0.003752
100-124 1.92 80.54 0.003657
124-150 1.61 82.15 0.003062
150-184 1.47 83.61 0.002786

Cumulative Vol.

(cm’/g)
0.02270
0.06684
0.07759
0.09165
0.09700
0.10579
0.11266
0.12045
0.12561
0.13123
0.13647
0.14192
0.14573
0.14948
0.15314
0.15620
0.15899
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184-226
226-276
276-338
338-412
412-504
504-618
618-756
756-924
924-1130
1130-1382
1382-1692
1692-2070
2070-2532
2532-3096
3096-3788
3788-4634
4634-5670
5670-6936
6936-8484
8484-10378
10378-12696
12696-15532
15532-19000
19000-23244
23244

1.68
1.91
1.51
1.65
1.14
1.41
1.00
0.94
1.15
0.74
0.04
0.05
0.06
0.07
0.08
0.10
0.12
0.15
0.19
0.23
0.28
0.34
0.42
0.51
0.62

85.30
87.20
88.71
90.35
91.49
9291
93.91
94.85
96.01
96.75
96.79
96.83
96.89
96.95
97.04
97.14
97.26
97.42
97.60
97.83
98.11
98.45
98.87
99.38
100.00

0.003201
0.003626
0.002862
0.003128
0.002171
0.002690
0.001901
0.001791
0.002196
0.001411
0.000071
0.000086
0.000106
0.000129
0.000158
0.000193
0.000237
0.000289
0.000354
0.000433
0.000530
0.000648
0.000793
0.000970
0.001186

0.16219
0.16581
0.16867
0.17180
0.17397
0.17666
0.17856
0.18035
0.18255
0.18396
0.18403
0.18412
0.18422
0.18435
0.18451
0.18471
0.18494
0.18523
0.18559
0.18602
0.18655
0.18720
0.18799
0.18896
0.19015
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