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ABSTRACT

Methyldiethanolamine (MDEA) in aqueous solutions is frequently used for
scrubbing carbon dioxide (CO2) and hydrogen sulfide (H2S) from natural gas. Large
quantity of MDEA disposed into the wastewater during cleaning and maintenance as
well as shutdown of the absorption and desorption columns of the gas processing
plant. The MDEA is not readily biodegradable and such wastewater cannot be treated
using the conventional treatment facility. Advanced Oxidation Processes (AOP’s),
such as oxidation by Fenton’s reagent, UV/H20> and UV/Ozone have been
recommended as a class of techniques used for the total/partial degradation of
recalcitrant organics which are not readily amenable to conventional biological
oxidation. Based on the advantages of UV/H20. process such as no formation of
sludge during the treatment, applicable for a wide range of pH, and high capability of
hydroxyl radical production, the UV/H202 process was chosen for the treatment of
effluents containing MDEA from refinery plant. For this purpose, a synthetic MDEA
solution and a real effluent from gas processing unit of a refinery were used for the
experiments employing UV/H20, advanced oxidation process. The degradation of
MDEA was found to be highly dependent on the initial concentration of H.O>, the
initial pH, and the reaction temperature. The important parameters that govern the
MDEA degradation by UV/H2O> process were optimized using response surface
methodology (RSM). The optimum conditions for degradation process of synthetic
MDEA waste were at initial pH = 9.76, ratio between contaminant to
oxidant = 1000 ppm of organic carbon to 0.22 M H20,, and temperature = 30°C.
Whilst the optimum condition of degradation process of real refinery effluent was at
initial pH = 8.13, ratio between contaminant to oxidant = 1000 ppm organic carbon to
0.24 M of H>0O2, and temperature = 30°C.
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At optimum condition of degradation process for 3 hours irradiation using UV
intensity at 12.06 mW/cm?, the maximum TOC removal achieved for synthetic and
real effluent was 85.74% and 92.05%, respectively. Even though the main component
of real refinery effluent was MDEA, however the other contaminats such as the
presence of organic acids caused a slightly different optimum condition for
degradation of refinery effluent from gas plant. During oxidation process, oxalic acid,
acetic acid, formic acid, nitrite (NO2), nitrate (NOs’), ammonium (NH4"), and carbon
dioxide (COz) were identified as the intermediates formed during degradation.
Hydroxyl radical rate constants of MDEA mineralization at different temperatures by
using UV/H20: in aqueous solution were also estimated. The rate constants of MDEA
mineralization were not dependent on temperature when the temperature of reaction
was less than 30°C. Based on the estimated hydroxyl radical rate constants of MDEA
mineralization at temperature 20 - 50°C, the activation energy for mineralization of
MDEA by hydroxyl radical was estimated as 10.20 kJ mol?. The presence of
bicarbonate in the solution increased the TOC removal (reached 100 % TOC removal)
at an initial pH = 7. This is due to the capability of bicarbonate to act as a good buffer.
At pH > 7, the active site for hydroxyl radical oxidation was more provided. The
biodegradability of partially degraded MDEA after UV/H20, was evaluated by
estimation of the BODs/COD ratio from experimental data collected, and the
estimated value (BODs/COD), proved that the partially degraded wastewater is
readily biodegradable and it can safely be discharged into the environment. The
energy efficiency for TOC removal of MDEA using UV/H;O; is proved as more

efficient compared to the other TOC removal technologies.
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ABSTRAK

Methyldiethanolamine (MDEA) dalam larutan akuas selalu digunakan untuk menapis
karbon dioksida (CO2) dan hidrogen sulfida (H2S) daripada gas asli. Kuantiti MDEA
yang besar telah dilupuskan ke dalam air kumbahan semasa proses pembersihan dan
penyelenggaraan serta penutupan ruangan penyerapan dan nyahpenyerapan loji
pemprosesan gas. MDEA tidak boleh terbiodegradasi secara terus dan kemudahan
rawatan konvensional tidak boleh digunakan untuk merawat air kumbahan tersebut.
Proses Pengoksidaan Lanjutan (AOP), seperti pengoksidaan oleh reagen Fenton
UV/H,0,, dan UV / Ozon telah disyorkan sebagai kelas teknik yang digunakan untuk
mendegradasi secara keseluruhan / separa bagi organik degil yang tidak mudah untuk
dioksidakan melalui biologi konvensional. Berdasarkan kelebihan UV/H,O> proses
seperti tiada pembentukan enap cemar semasa rawatan, boleh di aplikasi untuk
pelbagai nilai pH, dan keupayaan tinggi untuk menghasilkan radikal hidroksil, proses
UV/H20; telah dipilih untuk merawat efluen yang mengandungi MDEA dari loji
penapisan. Bagi tujuan ini, penyelesaian MDEA sintetik dan efluen sebenar dari unit
pemprosesan gas penapisan telah digunakan untuk eksperimen UV/H20. proses
pengoksidaan lanjutan. Degradasi MDEA sangat bergantung kepada kepekatan awal
H202, nilai awal pH, dan suhu tindak balas. Parameter penting yang mengawal
degradasi MDEA oleh proses UV/H20: telah dioptimumkan dengan menggunakan
kaedah gerak balas permukaan (RSM). Keadaan optimum proses degradasi sisa
sintetik MDEA adalah pada nilai pH awal 9.76, nisbah antara pencemar kepada
oksidan adalah 1000 ppm karbon organik kepada 0.22 M H20,, dan suhu ialah 30 °C.
Selain itu keadaan optimum proses degradasi penapisan efluen sebenar adalah pada
nilai pH awal 8.13, nisbah antara pencemar kepada oksidan ialah 1000 ppm karbon
organik kepada 0.24 M H20», dan suhu ialah 30 °C. Pada keadaan optimum proses
degradasi selama 3 jam penyinaran menggunakan intensiti UV  pada
12.06 mW/cmy, penyingkiran TOC maksimum dicapai untuk sintetik adalah 85.74%
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manakala 92.05% untuk efluen sebenar. Walaupun komponen utama penapisan efluen
sebenar adalah MDEA, namun bahan pencemar lain seperti kehadiran asid organik
menyebabkan keadaan optimum untuk degradasi sedikit berbeza. Semasa proses
pengoksidaan, asid oksalik, asid asetik, asid formik, nitrit (NO2), nitrat (NO3),
ammonium, dan karbon dioksida (CO) telah dikenal pasti sebagai perantaraan yang
terbentuk semasa degradasi. Hidroksil pemalar kadar radikal mineral MDEA pada
suhu yang berbeza dengan menggunakan UV/H:O. dalam larutan akuas juga
dianggarkan. Pemalar kadar MDEA pemineralan tidak bergantung kepada suhu
apabila suhu tindak balas adalah kurang daripada 30 °C. Berdasarkan anggaran
pemalar kadar radikal hidroksil mineral MDEA pada suhu 20 - 50 °C, tenaga
pengaktifan bagi mineral daripada MDEA oleh radikal hidroksil dianggarkan sebagai
10.20 kJ mol™. Kehadiran bikarbonat dalam larutan meningkatkan penyingkiran TOC
(mencapai 100% penyingkiran TOC) pada nilai pH awal 7. Ini adalah disebabkan oleh
keupayaan bikarbonat untuk bertindak sebagai penampan yang baik. Pada pH > 7,
tapak aktif untuk pengoksidaan radikal hidroksil adalah lebih banyak. Biodegredasi
separa MDEA selepas UV/H;0: telah ditentukan dengan mengira nishah BODs/COD,
dan nilai anggaran (BODs/COD), terbukti bahawa biodegradasi separa air sisa telah
terbiodegradasi dan ia selamat untuk dilepaskan ke dalam alam sekitar. Kecekapan
tenaga untuk penyingkiran TOC MDEA menggunakan UV/H2O> dibuktikan sebagai
lebih cekap berbanding teknologi penyingkiran TOC yang lain.
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CHAPTER 1

INTRODUCTION

1.1. Background of Research

Methyldiethanolamine (MDEA) is one of the common alkanolamines used in the
petrochemical industries such as natural gas processing plant, refineries, and ammonia
gas plant. MDEA in water solution is used as a solvent for the absorption of acidic
gases such as CO2 and H>S, which are present in natural gas. Petrochemical industries
discharge large amount of alkanolamine in wastewater during the cleaning,
maintaining and scheduled inspection of the plant. The presence of this contaminant
generates toxic and often non biodegradable substances into the aqueous phase,
resulting in severe environmental pollution problem. The toxicity of this wastewater is
due to its high content of nitrogen and dissolved organic compounds (i.e. chemical
oxygen demand (COD) concentration is approximately 500000 ppm). Toxicity and
non biodegradability of alkanolamine have been reported by Sandin et al. [1], Duran-

Moreno et al. [2] and Firhaker et al. [3], respectively.

In the recent two decades, advanced oxidation processes (AOP’s) are underlined
by significant number of investigations for their application in wastewater treatment,
especially for the treatment of recalcitrant organic contaminant which are difficult to
degrade using conventional biological oxidation unit. The AOP’s can reduce the
concentration and toxicity of contaminant to certain limits and could not achieve
complete degradation of contaminant present in wastewater even though the
modification of the experimental conditions has been reported. In addition, the widely
used biological treatment in the removal process of organic and inorganic

contaminant in the wastewater could not completely degrade the toxic contaminant



since the toxic contaminant often inhibited or even eliminated the bacteria populations
in the conventional wastewater treatment plants. Therefore, a hybrid process i.e.
AOP’s prior to biological treatment is required to achieve a complete degradation of
contaminant. In other words, the toxic wastewater should be pre-treated using AOP’s
before biological treatment.

In terms of refinery wastewater, the wastewater is commonly generated with high
concentration of alkanolamine and often difficult to degrade using the conventional
biological degradation. This issue is becoming an interesting research topic for the
degradation study of wastewater containing alkanolamine. Therefore, during the
recent decade many researchers started to look for developing alternative
methods/techniques for refinery wastewater treatment. Ali et al. [4] used the
Zn0O/SnO; coupled photocatalysts in the presence of UV light (356 nm) to degrade
MDEA in water solution. They successfully reduced the MDEA and total organic
carbon (TOC) as much as 39.18% and 23.15% respectively using the photocatalysts
for 5 hours of treatment and the initial concentration of MDEA was 1000 ppm. Even
though this treatment could partially remove MDEA and TOC, however a better
performance method with high efficiency for the complete degradation of refinery
wastewater may still be required. One of the considerably demonstrated techniques
from AOP’s namely, Fenton’s treatment has been well studied to degrade the organic
contaminant that are commonly present in the refinery wastewater. Fenton’s reagent,
a mixture of ferrous sulfate and hydrogen peroxide [5] has been used to treat MEA
[6], DEA [7], DIPA [8], and real Qilu refinery wastewater in China [9]. The Fenton’s
process was found to be more effective due to its rapid oxidation process, but the
formation of sludge and their applicability at particular pH condition (i.e. acidic) pH,
have created a necessity for an alternative technique for the treatment of refinery
wastewater. Due to the limitation of photocatalysis (low performance for MDEA
degradation) and Fenton’s treatment (formation of slugde during the process and
applicable only in the low pH), Arrif et al. in 2010 [10] used UV/H-O> process to treat
monoethanolamine (MEA) in water solution, and a successful degradation was
reported. The UV/H,>O> has many advantages such as no formation of sludge during
the process, high capability of hydroxyl radical production, and applicable for a wide
range of pH.



Based on these advantages, in this present research the UV/H20: technique is
proposed to treat MDEA in water solution. MDEA is commonly chosen as the
scrubbing agent since this alkanolamine can be used for the absorption and stripping
of hydrogen sulfide (H.S) and carbon dioxide (CO2) and also can be used to remove
carbonyl sulfide (COS) [2]. Even though MDEA is widely used as the scrubbing
agent during sweetening process of acidic gas from natural gas, the study pertaining to

the degradation of MDEA present in effluents are highly limited.

1.2 Problem Statement

High concentration of alkanolamine in wastewater will be generated during
maintaining and cleaning as well as scheduled inspection of absorption and desorption
columns of natural gas sweetening plant. The wastewater produced is toxic to the
environment and cannot be treated via the conventional wastewater treatment. One of
the alternative techniques in advanced oxidation processes (AOP’s), Fenton’s
treatment, has been studied to degrade the alkanolamine wastewater. However, the
limitation of Fenton’s treatment has inspired to look for an alternative technique
which displays better performance and advantages such as no sludge formation during
the treatment, applicable for a wide range of pH, and high capability of a hydroxyl
radical (HO ¢) production, which has been identified as an important species in the
AOP’s. UV/H20: is one of the methods in the AOP’s, which is expected to meet the

required criteria, for better performance.

In this context, the present research has been undertaken to experimentally
investigate the degradability of MDEA using UV/H,0,. Simulated waste and real
effluent from Petronas Penapisan Melaka Sdn. Bhd. (PPMSB) were used in this study.
Effects of different process parameters such as the initial concentration of the
wastewater, the initial H2O. dosage, pH, intensity of UV light, and temperature will
be studied, as well as the intermediate products will also be investigated.
Mathematical and statistical software will be used for the optimization of the process.
In addition, for scale up and commercialization of the method, the kinetic constants of

reaction need to be established. Since the UV/H202 process for degradation of MDEA



is an electric-energy-intensive process and the electric energy can represent major

consumption cost, then the evaluation of electrical energy demand is also required.

In order to evaluate the advantage of the hybrid strategy of the combined AOP

using UV/H2O> and biological oxidation, a biodegradability test of the partially

degraded wastewater as well as untreated wastewater will be investigated following

the standard procedure and using locally available activated sludge.

1.3

14

Objectives

The objectives of the present work are detailed as follows:

1.

To study the degradation characteristics of MDEA contaminated
wastewater using UV/H>O> advanced oxidation process and to identify the
optimum conditions for the process, for both simulated solution and actual

effluents from refinery.

To identify the formation of intermediate products during the degradation
process and to establish the reaction mechanism, the rate equation, kinetic

constants for the mineralization process.

To study the effect of bicarbonate on the degradation of MDEA using
UV/H20,.

To study the biodegradability of the partially degraded wastewater and to
estimate the electrical energy efficiency of UV/H,O, process for the
degradation of MDEA.

Scope of the Present Research

In order to achieve the objectives of the present research, the simulated MDEA

solution and real effluent solution containing MDEA will be used for this research.

Simulated wastewater was prepared by dissolving MDEA in distilled water, while real

wastewater was collected from Petronas Penapisan Melaka (PPMSB), Malaysia.
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Experiments will be conducted to study the individual effect namely intensity of
UV radiation, initial concentration of MDEA/H20., initial pH, and temperature on the
UV/H20, oxidation process and based on these results, the effect of individual
parameters and also along with their combination effect will be identified using

response surface methodology (RSM) and the optimum conditions will be estimated.

The intermediate products formed, if any, during the mineralization of MDEA,
will be identified for proposing the mineralization mechanism. Meanwhile, by using
the TOC profile that will be established, the kinetic parameters and the rate constants

for MDEA mineralization will be estimated.

Since the presence of bicarbonate in the UV/H.O> oxidation system affects the
rate and the efficiency of the process, an attempt will be made to study the effect of
bicarbonate (at different concentration levels and different initial pH condition) on the
UV/H202 process.

Biodegradability test will be conducted on the partially degraded MDEA solution,
and in order to prove the efficiency of the present process, electrical energy demand
of the UV/H20- process will be estimated.

1.5  Organization of Thesis

This thesis consists of five chapters:

e Chapter 1 provides an overview about the background of the research related
to generation of wastewater from sweetening process of natural gas treatment

plant, problem statement, objective, and scope of the present research.

e Chapter 2 describes a detailed literature review on various advance oxidation
process, with an emphasis on UV/H2O; process. It also presents a detailed

merits and demerits of the available process for wastewater treatment.

e Chapter 3 elaborates the materials and the methodologies used for the

degradation process, by-product identification, etc, involved in the process.



Chapter 4 deals with the report on the results obtained in the present research
along with a detailed discussion with a view to optimize the parameters
involved in the process. The development of kinetic model, the estimating of
reaction rate constants, and the by-product identification for the proposal of

mechanism etc are discussed in detail.

Chapter 5 gives a brief summary of the present research outcome along with

the conclusion and recommendation for future research.



CHAPTER 2

LITERATURE REVIEW

2.1  Natural Gas Sweetening Process

Natural gas is one of the main energy sources in the world other than petroleum, coal,
hydro-electricity, nuclear-electricity, geothermal, wind, solar, and biomass. It is one
of the cleanest, safe, and most useful among all energy sources. The global
consumption of natural gas grew by 7.4% in 2010, while the production of natural gas
increased by 7.3% in 2010 as a cause of the increasing demand of this natural gas as
reported in British Petroleum review [11]. Malaysia, one of the important natural gas
producers in the world, produced around 2.3 trillion cubic feet of natural gas [12].
Methane (CH4) is the main hydrocarbon molecule found in the raw natural gas.
Acidic gases (i.e. carbon dioxide (CO2) and hydrogen sulfide (H2S)), mercaptans (e.g.
methanethiol (CH3SH) and ethanethiol (C2HsSH)), water vapor, nitrogen (N2) and
helium (He) are present in the raw natural gas as impurities [13 — 15]. High
corrosiveness of acidic gas in the presence of water in the raw natural gas is well
known for damaging the pipeline and the processing equipments, and also reduces the
true heating value which has an effect on the price of natural gas. Hence the removal
of acidic gases from raw natural gas is most important to meet the market requirement
[13].
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2.1.1 The Removal of Acidic Gas from Natural Gas

The common and most widely used gas purification processes can be classified into
the following five categories [13, 16]:

1. Absorption using organic solvents.

2. Adsorption onto solid surfaces.

3. Application of membranes.

4. Chemical conversion to convert into another compound.
5. Cryogenic condensation.

Among the five common methods, the most important method for gas purification
is the absorption using organic solvent. Alkanolamines such as monoethanolamine
(MEA), diethanolamine (DEA), methyldiethanolamine (MDEA), and di-
isopropanolamine (DIPA) are the most commonly used solvents for the absorption of
acidic gases such as CO2 and H2S [13]. The capability of alkanolamine to absorb
acidic gas depends on the functional groups of alkanolamine (i.e hydroxyl group and
amino group). The hydroxyl groups are capable of reducing the vapor pressure and
increase the water solubility, whilst the amino group is capable to provide the

alkalinity in water solution, that cause the acidic gas absorption.

Methyldiethanolamine (MDEA) is one of the common alkanolamine which is
widely used in petrochemical industries. MDEA is used as an intermediate material in
the synthesis of pharmaceutical products (e.g. analgesic and antispasmodic agent),
personal care products (e.g. fabric softener and foaming agent on the shampoo), and
the most importantly in gas processing plants [17]. The structural formula of MDEA
is presented in Figure 2.1. MDEA has two ethanol functional groups and one methyl
group. Those groups are attached to a nitrogen atom. Due to the existence of nitrogen
atom with a pair of free electrons, MDEA forms weak base in aqueous solution, hence
MDEA is often used for scrubbing/sweetening of acidic gases (CO2 and HS) from
raw natural gas. MDEA chemically binds with the acidic gases and when heated it

releases the absorbed gases [13, 18].
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Figure 2. 1 Chemical Structure of MDEA

The acidic gas purification using MDEA solution occurs according to Reactions
2.1-2.6[13,19—20]:

lonization of water:

H.O < H" + OH (2.2)
lonization of dissolved H>S:

H2S « H' + HS (2.2)

Hydrolysis and ionization of dissolved CO»:

CO2 + H,0 <> HCO3 + H* (2.3)
Protonation of MDEA:
RoNCH3s + HF — RoNCH4* (2.4)

Acid-basic reaction with the amine:
R2NCH4" + HCO3™ «» R2NCH3 + H20 + CO2 (2.5)

RoNCH4* + HS™ <> RoNCH3 + H,S (2.6)

The basic flow diagram for an acid gas absorption process is shown in Figure 2.2.
The gas treating process includes an absorber unit and a regenerator unit. The typical
operating range of temperature and pressure are 35 °C to 50 °C and 5 atm to 205 atm
respectively in the absorber while in the regenerator at 115 °C to 126 °C and 1.5 atm

to 1.7 atm, respectively.
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Figure 2. 2 Flow diagram of a typical amine treating process [13].

Acidic gases (such as CO2 and H>S) are absorbed in an absorber to produce a purified
gas as the product and a rich amine solution (i.e. an amine solution + dissolved CO>
and H>S). The rich amine is then routed into the regeneration unit (a stripper with a
reboiler) to produce a lean amine that is to be recycled. Further, the H,S-rich stripped
gas stream is then commonly routed into a Claus process to convert it into elemental
sulfur, and the CO> generated during desorption can be used for enhanced oil recovery
(EOR) [13].

2.1.2 Process Wastewater from Natural Gas Sweetening Operation

The turn around process is conducted in order to maintain the satisfactory
performance of the process equipments. During the periodical maintenance and also
during the regular operations a large amount of wastewater containing alkanolamine

is commonly generated as wastewater/effluents.
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The general sources of the wastewater containing alkanolamine during the gas
operation process come from valve leakage, operational upset and also from the
cleaning of reclaimer, absorber, and plant equipments i.e. heat exchanger, pumps, and
vessel [21]. A heat-stable salt, degraded alkanolamine, and solid impurities may also
be generated as effluents along with alkanolamine. During the gas purification
process, those impurities are generated in the reclaimer and absorber of the gas
processing unit. These effluents consist of amine as main pollutant and require
appropriate treatment before disposal, since this amine solution is not readily

biodegradable and toxic to the environment.

The effluent from natural gas processing unit consists of raw alkanolamine
solution (MDEA), heat-stable salts, degraded alkanolamime, and insoluble particles,
etc. Hence, a preliminary treatment is also required before further treatment, such as

treatment using advanced oxidation process (AOP).

2.2 Wastewater Treatment

Wastewater is a combination of all undesired materials either dissolved or in
suspended form in water which normally carries the wastes from residence, institution
and industry, together with such ground water, surface water, and storm water [22 —
23]. Commonly, the accumulation of untreated wastewater produces unpleasant-
smelling gases during the decomposition of organic material present in the
wastewater. In addition, wastewater contains numerous pathogenic or disease-causing
microorganisms. When the wastewater enters an aqueous ecosystem, it causes oxygen
depletion and toxic to the aquatic life. The contaminated drinking water might cause
methemoglobinemia. Thus, the immediate removal of wastewater from its generation

sources followed by its treatment and disposal are necessary.
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2.2.1 Wastewater Regulation

Development and implementation of wastewater treatment is the answer for the
concern for public health and unpleasant condition caused by the discharge of
wastewater to the environment [22 — 23]. Removal of suspended and floatable
material, treatment of biodegradable organics and other contaminants, as well as
elimination of pathogenic organism are the basic principle of the water treatment
process. USEPA (Water Pollution Control Act of 1972) established the standards for
wastewater discharge. Secondary treatment such as removal of suspended solid and
biodegradable organics, as well as disinfectant of municipal wastewater must be
treated to meet the acceptable levels before releasing into the environment. USEPA
and most of other countries’ regulation for water pollution insists the industries to use
the best available technology to treat their wastewater before its disposal. The
admissible maximum values of contaminants in the treated wastewater of different
countries are regulated according to their own guidelines. The Malaysian standard for
industrial effluents is presented in Table 2.1.

Table 2. 1 Malaysian effluent standard regulation for sewage and industrial effluents,
Environmental Quality Act 1974 [Laws of Malaysia; (act 127) 1999] [24].

Parameters Unit Standard (A) Standard (B)
Temperature °’C 40 40
pH value - 6.0-9.0 55-9.0
BODs at 20°C mg/L 20 50
COoD mg/L 50 100
Suspended Solids mg/L 50 100
Phenol mg/L 0.001 1.0
Free chlorine mg/L 1.0 2.0
Sulphide mg/L 0.50 0.50
Ammoniacal Nitrogen mg/L 10 20
Oil and grease mg/L 1.0 10

12



Some more stringent standards have been developed recently to deal with the removal
of nutrients and the priority pollutants. When the wastewater is to be reused, standards
normally include the requirements for the removal of refractory organic, heavy
metals, and in some cases dissolved solids [22]. Hence, in order to achieve the
regulation standard, the effluents from the industries have to be treated appropriately

before discharging into the environment.

2.2.2 \Wastewater Characteristics

Based on the constituents present in wastewater, it can be characterized as physical,
chemical and biological. The physical characteristics mainly include the presence of
suspended solids in the effluent, degree of turbidity, temperature, color, and odor.
Whilst, the chemical characteristics may include the organic compounds (e.g.
carbohydrates, phenol, pesticides), dissolved gases (e.g. hydrogen sulfide, methane,
oxygen), and inorganics (e.g. alkalinity, heavy metals, nitrogenous substances, pH),
etc. [22 — 23]. Organic impurities are the most common and important constituent in
domestic and industrial wastewater. Quality of wastewater is determined by the
characteristic of wastewater and commonly the organic impurities consist of the
mixture of carbonaceous material (not specific). Therefore, the investigation of
organic content in the wastewater is not an easy test. The most commonly used tests
are the total organic carbon (TOC), chemical oxygen demand (COD), and
biochemical oxygen demand (BODs) [25]. The biological characteristics include the
presence of bacteria, viruses, algae, protozoa, worms, coli forms, etc. Basically,
bacteria are used in several wastewater treatment processes particularly for the
degradation of biodegradable contaminant. However, the growth of the bacteria
especially pathogenic ones (which transmit disease that may cause gastrointestinal
symptom) must be controlled. During the aerobic biodegradation of biodegradable
contaminant by bacteria, the oxygen is required. Algae are an important supplier for
oxygen in the ponds during their photosynthesis. The schematic diagram of

wastewater characterization is shown in Figure 2.3.
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Natural gas sweetening process will generate high concentration of amine in
wastewater and the concentration of amine may reach as high as 15 — 50 % by weight
in practice [13]. Hence, the wastewater from the gas processing unit needs to be

treated before discharging into the environment [26 — 27].

Chemical
characteristics: total
dissolved solids,
alkalinity, metals, pH,
organic and nutrient,
chlorides

temperature, color characteristics algae, worms, and
and odor. protozoa

Physical Biological
characteristics: characteristics:
501id= h.lrbldlty \17 Wastewater bacteria: vimses:

Figure 2. 3 Constituent of wastewater.

2.2.3 Wastewater Treatment Methods

Removal of contaminants in wastewater can be carried out by three methods i.e.
physical, chemical, and biological. These methods are typically grouped as physical,
chemical, and biological unit operations [22]. However in actual wastewater treatment
plants (WWTP), several methods are used individually or in combination with each
other. Physical unit operations are commonly used to remove the suspended material
in the wastewater and this process is to be used in the preliminary treatment. These
processes include: the screening, mixing, flocculation, sedimentation, floatation,
filtration, and gas transfer (volatilization and gas stripping) [22]. Chemical unit
processes are used for the removal of contaminants inside the wastewater by chemical
reaction. In this process, chemicals are added into the wastewater to form more stable
components or break down the contaminants into harmless components [22].
Biological unit processes are the removal of biodegradable contaminants present in

the wastewater by involving biological activity. In this process, the biodegradable
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organic contaminants are changed into gases that can escape into atmosphere or into

the biological cell tissue, which can be removed by settling [22].

2.24 The Hybrid Process of Advanced Oxidation followed by Biological

Treatment

Effluents/wastewater with high concentration of alkanolamine will be generated and
leaving the natural gas processing unit and these effluents are often toxic to the
bacteria and hence can not be degraded by biological oxidation. Advanced oxidation
process is recently chosen by many researchers to treat recalcitrant organic
contaminants in the effluent. Fenton’s treatment, UV/H20, treatment, and UV/Os
treatment are commonly used to degrade the recalcitrant organic contaminant into
smaller fragments, which are biodegradable. In order to achieve a complete
degradation of recalcitrant organic contaminant, by coupling of chemical oxidation
(as pre-treatment) and biological oxidation (as post-treatment) is conceptually
beneficial to increase the overall treatment efficiency [28 — 30], as illustrated in
Figure 2.4.

AQP or WAD Biodesradation

Effluent ——*  Biogenic ——* End
Intermediates Froduct

¥
mwitch Processes

\ /

Chemical Oxidation Biological Oxidation

Eate of carbon-carbon scizsion

Molecular size

Figure 2. 4 The concept of coupling AOP-based pre-treatment with biological post-
treatment [28].
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2.3 Advanced Oxidation Processes

In wastewater treatment methods, AOP’s are relatively a novel chemical process
which involves the generation of hydroxyl radical. The hydroxyl radical is well
known as a very reactive oxidant that is capable of degrading a wide range of organic
contaminants. Generation of hydroxyl radical in the AOP’s including UV irradiation
[either direct irradiation of contaminant or photolytic oxidation mediated by hydrogen
peroxide (UV/H202) and/or ozone (UV/Os3)], heterogeneous photo catalysis using
semi conductor catalysts (UV/TiO2), electron beam irradiation, X-ray, y-ray
radiolysis, non-thermal electrical discharge, and ultrasonic irradiation [29].

Generation of hydroxyl radical using different techniques is shown in Figure 2.5.

Chemical and
Catalytic Processes
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Mechanical processes
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Figure 2. 5 Generation of hydroxyl radicals using different techniques [30].

The AOP’s can be a chemical, catalytic, photochemical, photo -catalytic,
mechanical, and electrical process (Figure 2.5). The chemical and catalytic processes
involve the application of ozone/or hydrogen peroxide. Moreover, the catalytic
processes (Fenton type processes) involve the usage of some powerful catalyst (iron
or copper ion) in combination with hydrogen peroxide to produce hydroxyl radical.
UV and solar irradiation are commonly used in the photochemical and photo catalytic
processes in combination with some powerful oxidants (ozone and/or hydrogen
peroxide) or photo catalyst (e.g. TiO2, ZnO, etc). Generation of hydroxyl radicals can

also be caused by the influence of mechanical (e.g. ultrasound process, radiolysis) or
16



electrical energy (e.g. electro hydraulic discharge and non thermal plasma processes)
[30]. Table 2.2 gives the list of some oxidant species. The redox potential of hydroxyl
radical is in the second place after fluorine.

Table 2. 2 Redox potential standards of some oxidant species [30].

Oxidant Redox Potential, E°, V
Fluorine 3.03
Hydroxyl radical 2.80
Atomic oxygen 242
Ozone 2.07
Hydrogen peroxide 1.77
Permanganate ion 1.67
Chlorine 1.36
Chlorine dioxide 1.27

AOP’s are the promising chemical processes for the treatment of toxic organic
pollutants in aqueous solution. Degradation of the toxic organic pollutants in the
AOP’s involve a highly reactive species i.e. hydroxyl radical. The hydroxyl radical is
a non selective oxidant, hence capable to oxidize any organic contaminant. The

reported chemical species that are oxidized by hydroxyl radical are listed in Table 2.3.

Table 2. 3 Sample of chemical species oxidizable by hydroxyl radicals [30].

Group Details

Acids: formic, gluconic, lactic, malic, propionic, tartaric.

Alcohols: benzyl, tert-butyl, ethanol, ethylene glycol, glycerol, isopropanol, methanol,
propenediol

Aldehydes: acetaldehyde,  benzaldehyde, formaldehyde, glyoxal, isobutyraldehyde,
tricholraldehyde

Aromates: benzene, chlorobenzene, chlorophenol, PCBs, phenol, catecol, benzoquinone,
hydroquinone, p-nitrophenol, toluene, xylene, trinitrotoluene

Amines: aniline, cyclic amines, diethylamine, dimethylformine, EDTA, propanediamine, n-
propylamine

Dyes: azo, anthraquinone, triphenylmethane

Ethers: tetrahydrofuran

Ketones: dihydroxyacetone, methylethylketone
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Simple organic acids such as acetic, maleic, and oxalic acid and also acetone,
chloroform, and tetrachloroethane can not be readily oxidized by hydroxyl radicals
[30].

2.3.1 The Reaction Mechanism of Hydroxyl Radical toward Organic

Contaminant in Wastewater

The general reaction mechanism of hydroxyl radical toward organic contaminant in
wastewater follows three pathways i.e. hydrogen abstraction, electrophilic addition,
and electron transfer reaction [31 — 32]. Most commonly, the hydrogen abstraction is
the first dominant step during the hydroxyl radical reactions toward the organic matter
(Equation 2.7). The hydroxyl radical will take one hydrogen atom from the active site

of organic matter to form one molecule of water (H20) [31].
RH, + HOe > RHe+H,O (2.7

The second pathway of hydroxyl radical reaction toward the organic contaminant is
the electrophilic addition. In this step, the hydroxyl radical will attack the organic -
bond system (such as double bond system) to form an intermediate product [33].

Illustration of electrophilic addition by hydroxyl radical is shown below (Equation

2.8):
OH
OH
+2HO» —> +H0

OH

(2.8)
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The third pathway is known as electron transfer reactions. This mechanism generally
occurs when the hydroxyl radical react with a halogenated organic contaminant. The

hydroxyl radical will be reduced to form OH" [31] as shown below (Equation 2.9):

RX+HQOe — OH + RX™ (2.9)

2.3.2 Fenton’s Process

Over a hundred years ago (during 1894), the technology of Fenton’s process was first
introduced when M.J.H. Fenton reported the application of ferrous ion for the
enhanced oxidation of tartaric acid with aqueous hydrogen peroxide. Further,
oxidation based on ferrous-catalyzed by H20: at the acidic pH is known as Fenton’s
oxidation [29] and the reagent (i.e. combination between Ferrous ion (Fe?") and
hydrogen peroxide (H202)) is known as Fenton’s reagent. After 40 years of the
Fenton’s process was found, hydroxyl radical was proposed by Haber and Weiss as
the oxidant species in the Fenton’s system. Hydroxyl radical plays an important role
in the degradation of pollutants by Fenton oxidation and the capability of the
treatment generally depends on the concentration of hydroxyl radical in the system.
The generation of hydroxyl radical by Fenton’s reagent as reported by Walling [5] is

shown in Equation 2.10.

Fe2+ + H,0, — Fe3+ +OH +HO - k=765 M-ls-l (210)

The application of Fenton’s oxidation for the wastewater treatment is attractive,
since the iron is a highly stable and non-toxic element [34], and hydrogen peroxide
can be handled with ease and decompose into environmentally benign products. Also,
the Fenton treatment will generate the hydroxyl radical, which can be used to degrade

a wide range of pollutants into nontoxic or biodegradable products [30].
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Effectiveness of Fenton’s treatment to treat many recalcitrant organic pollutants
has been reported by many researchers. Degradation of amoxicillin, (which is a
common antibiotic that is widely used with high probability of releasing into the
environment) was successfully carried out by Homem et al. [35]. From the initial
amoxicillin concentration of 450 pg/L, after 30 minutes of reaction time, the
concentration reduction was reported as 54%. Biodegradability of pharmaceutical
wastewater and hospital wastewater were increased by Fenton’s treatment as reported
by Berto et al. [36], Jiang et al. [37], and Li et al. [38]. Badawy et al. [39] reported
that even though the biodegradability of the pharmaceutical wastewater did not
increase, but the contaminant level was reduced. Lodha and Chaudhari [40]
successfully decolorized and reduced the COD levels until approximately 70% from
wastewater containing Azo dyes within 30 minutes of reaction time. Boonrattanakij et
al. [41] and Ramli [42] reported that the continuous addition of Fenton’s reagent was
more effective to reduce the level of contaminant in the wastewater and also they
proposed that the reaction inhibition during the treatment could be reduced because of
the controllable hydroxyl radical production. Fenton’s treatment was also applied for
the degradation of alkanolamines (monoethanolamine [43], diethanolamine [7], and
diisopropanolamine [44]) that are commonly present in the refinery wastewater.

Zhang and Yang [9] treated the refinery wastewater obtained from Shengli refinery of

SINOPEC Qilu Petrochemical Company, China. The effect of inorganic ions on
Fenton’s catalytic degradation of phenol was studied by Mingyu et al. [45]. It was
reported that ferric ion (Fe*) enhanced the Fenton’s process but phosphate, chloride,
copper ion, and carbonate suppressed the process, whereas sulfate radical, nitrate, and
ammonium were found to have no effect on the oxidation process. Fenton process
studies used for the degradation of various types of pollutants that were reported by

different researchers are summarized in Table 2.4.
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Table 2. 4 Literature review on Fenton processes, Fenton like processes and photo-Fenton processes for various types of pollutants.

Azo dyes Fenton’s  Batch reactor  _ _ Room temp.  The reported optimum pH was 3 and
Lodha & Chaudhari, reagent, Cap=1L the degradation was increased by
2007 [40] increasing H.O, and Fe?* dose, up to

the critical dose. Complete
decolorization was achieved and
approximately 70% of COD was
removed at 30 minutes of reaction time.

Hospital wastewater ~ Fenton’s  Batch reactor  _ 3.8 _ Room temp.  Using Fenton’s treatment, the COD
after biological reagent Cap =500 ml decreased up to 90.6%.
treatment

Berto et al., 2009 [36]

Monoethanolamine Fenton’s  Batch _ 20-50 [MEA]= Room temp.  Optimum condition for degradation of

(MEA) reagent jacketed glass 0.013-0.213 M [MEA]o =0.213 M was pH = 3, [H20;]

Harimurti, 2009 [43] reactor [H207] = =2.123 M and [Fe?*] =0.029 M. The

Cap=1L 0.708 - 2.123 M maximum COD reduction was + 55%.

[Fe?*] = This treatment has also increased the
0.014 - 0.058 M biodegradability.

2,6-dimethyl-aniline Fenton’s  Batchreactor  _ 3.0£0.05 _ 25+0.2 Degradation rate of contaminant was

Boonrattanakij et al., reagent Cap=05L better in the continuous system. Malic,

2009 [41] lactic, oxalic and formic acid were

identified as degradation products.
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Refinery wastewater
from Shengli refinery
of SINOPEC Qilu
Petrochemical
Company

Zhang and Yang, 2009
[9]

Biologically treated
coking plant effluent
Jiang et al., 2009 [37].

Pharmaceutical
wastewater from El-
Nasr Pharmaceutical
and Chemical
Company, South-
East of Cairo
Badawy et al., 2009
[39]

Amoxicillin
Homem et al., 2010
[35]

Diethanolamiene
(DEA)
Dutta et al., 2010 [7]

Fenton’s
reagent

Fenton’s
reagent

Fenton’s
process

Fenton’s
reagent

Fenton’s
reagent

Batch reactor
(round-bottom
flask)

Cap =500 ml

Rotated drum
bottle as
reactor
Cap=40ml

Batch with
thermostatic
reactor

Cap =250 ml

Batch jacketed
glass reactor
Cap=1L

+3.0

3.0-10.0

3.0+0.2

29-65

1.0-4.0

n[Fe] : n[H20;] 30-50
=1:3-1:20

[H20:] = _

5— 40 mg/L

[Fe*] =

10— 70 mg/L

[COD]o = Room temp.
4100 - 13,023

mg/L

[H207] = 22-57
0-4.50 mg/L

[Fe*] =

0 — 240 pg/L

[DEA] = Room temp.
800 — 16000

ppm

[HzOz 30%] =

53.33 - 233.33

mi

[FeSO.,7H,0] =

4 —16 gram

The max. COD removal was achieved
at pH = 2.5 - 3, n[Fe?*] : n[H.02] = 1:5
after 2 hours of reaction time. The
treatment was found to be effective as
pre-treatment before biological
oxidation.

> 50% COD was removed at optimum
condition i.e. pH =6, [H20,] = 27.2
mg/L, [Fe?*] = 56 mg/L. The treated
effluents were more biodegradable
compared to the un treated effluents.

The application of Fenton treatment
improved the removal efficiency
However, it did not improve the
biodegradability.

The optimum condition was pH = 3.5,
[H202] = 3.50 mg/L, [Fe?*] = 95 pg/L.
54% of amoxicillin was degraded after
30 min of reaction time from the initial
concentration of 450 pg/L.

Optimum condition for the oxidation of
[DEA]o = 16000 ppm was [H20;
(30%)] = 175 ml, [FeS0,4,7H,0] = 8
gram, pH = 2. Biodegradability of
treated DEA was better compared to
the un-treated DEA.
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Natural gas plant
wastewater contains
Diisopropanolamine
(DIPA)

Ramli, 2010 [42]

Phenol
Mingyu et al., 2011
[45]

Diisopropanolamine
(DIPA)
Khamaruddin et al.,
2011 [44]

Acrylic fiber
manufacturing
wastewater
Lietal., 2012 [38]

Fenton’ s
reagent

Fenton’s
reagent

Fenton’s

Reagent

Fenton’s
reagent

Jacketed glass

reactor
Cap=1L

Cone hottle
reactor
Cap =250 ml

Jaketed glass
reactor
Cap=2L

Batch reactor

20-5.0

3.0

20-40

1.0-7.0

[waste] =
17000 mg/L
COoD
[H20,)/[Fe?*] =
5-30

[phenol] =
0.61 mmol/L

[DIPA]o =
3000 ppm
n[HQOz]/n[FEZ+]
=95

[waste] =

4528 mg/L
[H202] =

100 — 800 mg/L
[Fe*] =

100 - 800 mg/L

Room temp.

25

30-60

25

As much as 73% of COD was removed
at the optimum condition, i.e.
[H202]/[Fe?*] = 10, pH = 3 at room
temperature.

The presence of ferric ion (Fe®*)
enhanced the Fenton’s oxidation
whereas phosphate, chloride, copper
ion and carbonate were found to
suppress the oxidation process.

It was reported that the highest
degradation was obtained at 60 °C and
atpH = 2.5.

The optimum oxidation condition for
degradation of 4528 mg/L COD was
[H20,] = 500 mg/L, /[Fe**] = 300
mg/L, pH = 3 with COD removal =
65.5% for 2 hours of reaction time and
the biodegradability (BODs/COD)
increased from 0.1 to 0.226.




2.3.3 Ozone-based Processes

Naturally, ozone (Os) is present in the atmospheric layer around the earth, and it is
formed by the recombination of atomic radical oxygen and diatomic oxygen. The
atomic radical oxygen (Oe) is commonly generated by the photolysis of diatomic
oxygen (O2) and further reacts with the diatomic oxygen (O2) to form ozone (O3) [30

— 32]. The reaction of ozone formation can be expressed in Equation 2.11 — 2.12.

O2+hv — 20 (2.11)

O+ 02— 03 (2.12)

Ozone has a redox potential of 2.07 V, therefore ozone is very reactive either
in the liquid or in gas. Reaction of ozone with organic contaminant can be considered
either on direct or indirect reaction. Equation (2.13) show the direct mechanism which
involves organic compound degradation by molecular ozone and occurs in acidic pH

range.

O3+ 2H" + 2¢* — O2 + H20 (2.13)

Hydroxyl radical is generated from the reaction of ozone and hydroxyl ions present in
water (indirect ozone mechanism) at basic pH conditions (Equation 2.14). Further, the

hydroxyl radical reacts with an organic compound present in water.

O3+ H20+0OH — HOe*+ 02+ HO2* (2.14)

Based on the Equation (2.13) and (2.14), indirect mechanism of ozonization can
also be classified as AOP’s. Meanwhile, direct mechanism of ozonization can be
classified as classical chemical treatment method. Combination of Os/H202 has been

widely investigated. By this combination, the hydroxyl radical is generated, and this

24



combination is well known as peroxone or perozonation [30, 46 — 47]. Overall

mechanism of reaction can be expressed in Equation 2.15.

H>O2 + O3 — 2 HO * + 302 (2.15)

The O3/UV process and Os/H20> process have been studied by Andreozzi et al. [48]
for the degradation of the mineral oil-contaminated wastewater, and they concluded
that O3/UV process was more effective to reduce the COD values compared to the
O3/H20> process. Within 30 minutes of reaction time, around 80 — 90 % of COD
removal was achieved. The UV/Os process was also used for acetone removal [49]
and improvement of drinking water quality in France [50]. Degradation of acetone
using UV/Os was the most effective compared to the other processes i.e. H20/Oz and
UV/H,0,. Almost complete degradation was achieved by this process within a short
duration (< 30 minutes) of oxidation time. This process was used for disinfection,
oxidation of micro-pollutant, and minimization of bromate concentration in the
drinking water for the improvement of the quality. Application of UV in drinking
water production was also capable of reducing the ozone consumption. Ma and
Graham [51] reported an enhancement in the degradation of atrazine by ozone, which
was catalyzed by small amount of manganese (Mn?*). This enhancement was due to
the oxidation of Mn?* to Mn**, that enhanced the generation of hydroxyl radical
(HO ), which has a very high oxidation potential toward atrazine. Safarzadeh-Amiri
[52] used the O3/H20- process to degrade methyl-ter-butyl ether (MTBE) and proved
that the operating cost of O3/H>O> process was less compared to the UV/H20> process
for reducing the same amount of MTBE and resulted in the same amount of removal
efficiency. Biodegradability of carbaryl (a pesticide) was enhanced using
photocatalytic ozonization in the presence of TiO2 as reported by Rajeswari and
Kanmani [53]. It was also reported that the ratio of BODs/COD increased up to 0.38.
Other than the report on the enhancement of biodegradability, they also reported a
reduction of COD and TOC up to 92% and 76.5%, respectively, at the experimental
concentration of carbaryl, ozon, and TiO. are 40 mg/L, 0.28 g/h, and 1 g/L,
respectively at pH = 6. In addition, Katsoyiannis et al. [54] reported that the energy
requirements between Oz/H.O> and UV/H.0O; for transformation of micropollutants
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(i.e. atrazine (ATR), sulfamethoxazole (SMX), and N-nitrodimethylamine (NDMA))
were quite similar, even though the NDMA transformation was more effective using
direct photolysis. Park et al. [55] used the combination of microwave/UV and ozone
to degrade bromothymol blue in water solution, and reported a complete degradation
of bromothymol blue within 10 minutes of reaction time. During ozone based process,
phosphate and carbonate were found to be the scavenger of the degradation reaction
for sulfamethoxazole using UV/TiO./O3 [56]. The available literature on the ozone
based oxidation process for different pollutants are summarized in Table 2.5.

2.3.4 High Voltage Electrical Discharge Processes

High voltage electrical discharge (frequency of 60Hz) process is a process when a
strong electrical field induced chemical and physical processes and commonly known
as corona discharge. Application of electrical discharge (short high voltage pulse
(200 — 100 ns)) in liquid phase and at non-thermal condition results in the formation
of various active species such as HO s, He, « O, HO2", O2 ¢, H202, etc (Equation 2.16
—2.18).

H20 +e* > HOe+ Het+ e (2.16)
H2O +e* —» HO" + 2 e (2.17)
H20 + H,0" — H0" + HO » (2.18)

This process is very effective for treatment of biological microorganism and
dissolved chemicals in liquid phase [30, 33]. The radical species present in the system

usually react with each other and produce H202, Hz or H20 (Equations 2.19 — 2.21).

HO+ + HO « — H20> (2.19)
He+He — H; (2.20)
HO« + He — H,0 (2.21)
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Table 2. 5 Ozone-based oxidation processes for various contaminants.

Mineral oil- Semi-connector 17WLP _ 4.9 (buffer  259C  Os/UV was proved to be more effective to
contaminated reactor uv KH2POy) reduce the COD value compared to the
wastewater Cap=02-1L A =254 nm O3/H,0,. Approximately 80 — 90 % COD
Andreozzi et al., 2000 was removed within 30 minutes of reaction
[48] time.
Atrazine Reactor & gas _ Mn?*sol. = 24.8 7.0 _ The presence of small amount of Mn?* (0.3
Ma and Graham, 2000 bubble-connecting ml/min — 1.2 mg/L) greatly enhanced the
[51] column degradation of atrazine.

Cap=3.651L
Methyl-ter-butyl ether Bubble column as _ [MTBE]o = 80 mg/L _ _ The O3/H,0; provides an economical and
(MTBE) reactor with [Os] = 150 mg/L efficient process for the reduction of
Safarzadeh-Amiri, 2001  circulation of mixture [H20,] = 50 mg/L MTBE-contaminated water. Nearly
[52] 2L/minCap=61L complete reduction of MTBE (80 to 0.05

mg/L) was achieved by using 150 mg/L
ozone and 50 mg/L H,0..

Acetone Glass borosilicate LPUV & Ozone inlet = 35 7.0 20°C  LPUV/O; was reported as more effective
Hernandez et al., 2002 reactor MPUV /weight (borate for acetone degradation among UV/O3,
[49] Cap=1L [aceton] =5 ppm buffer) H20,/03, and UV/H,0,. Acetone removal

was > 99% within 30min of reaction time.
Increasing Oz concentration increased the
degradation rate.
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Pretreated drinking
water from Paris area
(France)

Meunier el al, 2006 [50]

Carbaryl (Carbamat
pestiside)

Rajeswari and Kanmani,
2009 [53]

Sulfamethoxazole
(SMT)
Beltran et al., 2009 [56]

Bromothymol Blue
(BTB)
Park et al., 2010 [55]

Micropollutants i.e.:
Atrazine,(ATR),
sulfametoxazole (SMX)
and N-
nitrosodimethylamine
(NDMA)

Katsoyiannis et al., 2011
[54]

Brown glass screwed
with dispenser fitted
for ozone injection
Cap =500 ml

Cilinder photoreactor
Cap =500 ml

Tubular borosilicate
glassCap=1L

Quartz reactor with
Microwave = 2.45 Hz
max power 1 kW
circulation = 300
cc/min.

Cap=1L

Batch reactor
Cap =500 mi

HP Hg lamp

15 W LP Hg

[carbaryl]o = 40 g/L
O3 input = 0.28 g/h
[TiO2]= 59

[Os] = 10-30 mg/L

03=0.75-3.26 g/

[BTB]o = 3.0 x 10
M

[pollutant]o=0.5-1

UM [O3]o = 1.5 mM
[H202]o/ [O3]o = 1:2

Introducing UV in the system reduced the
ozone dosege and the combination of
UV/0O3 improved the water quality with
regard to disinfection, oxidation of micro-
pollutant and minimization of bromate
concentration.

By this process, 92% COD and 76.5% TOC
were removed and the ratio of BODs/COD
increased to 0.38.

The degradation of sulfamethoxazole was
caused by direct ozonenolysis, direct
photolysis, and HO . Phosphate and
carbonate was found to be the scavengers.

Decomposition rate of BTB increased
significantly with increasing of catalyst
dosage, microwave intensity when applied
together with ozone. Complete degradation
was achieved when 3.26 g/h of O3 was
injected in the UV/MW/TiO; system.

Transformation rate of micropollutants
increased with the use of O3/H.0,. Energy
requirement for Os/H,0, and UV/H,0; is
quite similar for the NDMA transformation.




Based on the reactions according to Equations 2.16 — 2.21, the degradation of
organic contaminant in the system follow three mechanisms i.e. direct reaction with
hydroxyl radical, indirect reaction of radicals formed from stable molecules (H20>),
and direct reaction with stable molecule [57].

2.3.5 Others AOP’s

There are many other types of promising AOP’s are introduced recently. Those are
ultrasonic irradiation, radiolysis of water, and electrochemical processes. These
processes also involve the radical species to degrade the organic pollutant in the
system, which are generated by ultrasonic wave, radio wave, and direct electron

transfer, and the details are discussed below:

2.3.5.1 Ultrasonic Irradiation

The frequency of ultrasonic wave that is used in this process ranges from
20 — 40 kHz. Irradiation of ultrasonic wave into the water generate a highly reactive
hydroxyl radical (HO ¢) and H ¢ (Equation 2.22).

H20 + ultrasound — HO e+ H e (2.22)

During the degradation of organic pollutant, the reactive radicals react with the

organic contaminant in the system through oxidation or reduction [33, 57].

2.3.5.2 Water Radiolysis

In water radiolysis process, the high energy ionizing radiation (KeV to MeV) is used.

Exposure of this high energy into a dilute aqueous solution results in the excitation
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and ionization of water, which further produce reactive radicals, and degrade the

organic contaminants present in water [33, 57].

2.3.5.3 Electrochemical Processes

Electrochemical processes are a kind of oxidation-reduction reaction in which one
atom or molecule loses an electronto another atom or molecule. During the
degradation of organic pollutant, the reaction occurs by the electron transfer reaction
of oxidation-reduction or by chemical reaction. General electrolysis of organic matter

by electron transfer is shown in Equation 2.23 [33].

RH + electrolysis >R e + H" + e (2.23)

2.3.6 AOP’s based on Ultraviolet Light

UV light was firstly investigated by Isaac Newton during the early 19" century and he
observed the diffraction of white beam when passing through a prism. Infrared and
ultraviolet was discovered beyond two ends of spectra of visible light. The light
irradiation is later characterized as irradiation with visible (VIS), infrared (IR) or
ultraviolet (UV). These three have same characteristics of electromagnetic irradiation,
but differed in respect of its frequency. Correlation between electromagnetic energy

and frequency (Equation 2.24) is known as Plank relation or Plank-Einstein equation:

E=hv=" (2.24)

where E is the electromagnetic energy, h is the Plank constant (6.6261 x 103 J.s), v is

the frequency (s), ¢ is the speed of light (3 x 108 m.s™%), and A is the wavelength (m).
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Higher electromagnetic energy will occur at short wavelengths [32]. The radiation
type and pertaining energy at specific wavelength are presented in Table 2.6, while

the range of electromagnetic wave is presented in Figure 2.6.

Table 2. 6 Radiation type and pertaining energy levels [31].

Radiation Wavelength (nm) Energy range (kJ Einstein™?)
IC >780 <155

VIS 780 — 400 155 - 300

UV-A 400 - 315 300 - 377

uv-B 315-280 377 - 425

uv-C 280 — 100 425-1198

Violet Red
L 4 i L 4
Cosmic Gamma X-Rays uv IR Radio
Rays Rays Waves
31
00 280
ide |« C » B [ A
= -
K Schumann Zone Short Waves | Long Waves = _ |
; .2 Visible
s =
I
0.1 100 200 300 400

Nanometers (Extended portion of UV)

Figure 2. 6 Range of electromagnetic waves [31].

During the earlier days, the UV radiation was used for disinfection. Further, the
UV irradiation is used for the enhancement of the rate of reaction and also used for
the oxidation process. UV-C (Table 2.4) with wavelength at 254 nm is commonly
used in the oxidation process. This UV can be produced by low-pressure mercury

vapor lamp which was invented by Hewith in 1901 [31 — 33].
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All processes involving UV light for the degradation of organic contaminant or for
initiation of oxidation mechanism by irradiation of some powerful oxidant or
photocatalyst are considered as UV-based processes. These UV-based processes can
be grouped into three categories i.e. UV photolysis, photochemical processes, and

photocatalytic processes.

2.3.6.1 UV Photolysis

Most of the molecules have lowest-energy electronic state at room temperature. This
condition is called as “ground state”. During the exposure of UV irradiation, the
molecules are excited to a higher energy level and called as “excited state”. Lifetime
of excited molecules is very short (10° — 10® s). Further, the molecule returns to the
ground state or decompose to produce different molecules. Direct photolysis of

molecules by UV irradiation is expressed in Equation 2.25 — 2.27 [31 — 32, 58].

M + hp — M* (2.25)
M* - M (2.26)
M* — Product (2.27)

In order to achieve an efficient process for the degradation of organic
contaminant, commonly UV light is combined with some powerful oxidant or
photocatalyst. However, the efficiency depends on the following requirements such as
[30]:

a. The solution treated should be clear (the turbidity should be as low as

possible) for better UV transmission.

b. Scavenger reaction of mineralization process of organic pollutant by the

presence of excess amount of hydroxyl radical in the system.

c. Free from heavy metals, oil and grease, etc.
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2.3.6.2 Photochemical Processes

Photochemical process normally employ the combination of UV light and some
auxiliary/supplementary oxidants such as hydrogen peroxide (H202), Ozone (Os),
Oxygen (O2), and water (H20). General scheme of UV based oxidation reactions in

the presence of auxiliary oxidants in the idealized condition are shown in Figure 2.7.

o Ox* Jond Primary React
a-Ux a-Cx - rimary Eeactive
Homol
(Auzxiliary L iElectronically oo yE » Cxygen Species =
Cxidant = Excited HOe«, O, OER)
HzO2, Os, Molecule)
O3, H0)
O
Direct Ozxidation b
Ozmidation ) secondary Oxygen
Product SpeCies
(HaOa2HOy,
Note: M = Substrate HOz+/Cpe,

HOg+f O+, Oz, O3)

Figure 2. 7 The general scheme of UV based oxidation reactions in the presence of
auxiliary oxidant [32].

UV induces the auxiliary oxidant to form electronically exited molecule (a-Ox*).
Subsequently, hemolytic/splitting bond leads the primary reactive oxygen species,
which are mostly hydroxyl radical (HO ) or oxygen atoms in the ground state (O(°P))
and oxygen atoms in the exited state (O(*D)). These primary reactive oxygen species
are very reactive and hence immediately react with the substrate M to form the
oxidation product. Furthermore, the concentration of primary reactive oxygen species
in the medium is very low. In the water or air, the primary reactive oxygen species are
possibly transformed by radical to form secondary oxygen species through an electron
transfer or an acid/base reaction. These secondary oxygen species are well known to
oxidize the substrate M with lower reactivity compared to the primary reactive
oxygen species. Carbonate (COs®) and bicarbonate (HCO3) are also able to be

transformed by radical to form carbonate radical (COsz ¢) and bicarbonate radical
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(HCOs ¢), respectively, which are able to react with the selective substrate M. These
carbonate radical and bicarbonate radical are well known as tertiary selective radical.
In the advanced oxidation processes, reactions of secondary oxygen species and
tertiary selective radical toward the substrate M are known as scavenger reactions.
Other than the primary reactive oxygen species, secondary reactive oxygen species
and tertiary selective radical, in fact, the auxiliary oxidant was also found to react with
certain substrate M to form oxidation product through direct oxidation, depending on
their reduction potential [32].

In UV/H20: process, high quantity of energy is required to generate the hydroxyl
radical from H.O> photolysis. Two hydroxyl radicals are theoretically generated per
absorbed energy quantum. In practice, the highest energy quantum required for
generation of hydroxyl radical is 0.5 mol of H20: per Einstein [29, 31 — 33, 57 — 62].
The generation of hydroxyl radical by UV radiation can be expressed as Equation
2.28.

Hz0,+ ho — 2 HO » (2.28)

while the scavenger mechanism of H>O, and hydroxyl radical which influences the

overall process efficiency can be explained in Equation 2.29 — 2.32 [32, 57 — 58, 60].

HO « + Hy02 — HO2+ + H20 (2.29)
HO; e« + HO ' — H,0 + O (2.30)
H,0; <> HO; + H* (2.31)
HO« + HO; — HOz » + HO' (2.32)

UV lamp characteristics, reactor configurations, pH of solution, and initial
concentration of H20- are the important parameters that can affect the performance of
the UV/H,0> process, whilst the presence of suspended particle and the presence of
iron and potassium salt are the major limitation for the application of UV/H.0>

process. Suspended particles must be removed and the iron and potassium salt can be
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precipitated by pH adjustment and then filtered before the UV/H2O, process. The

UV/H,0; process is commonly used for the following [24]:
a. Elimination of the micro- and macro- pollutants from drinking water.

b. Removal of low concentration or organic toxic compounds present in

ground water.

c. Detoxification and faster degradation of smaller volume of recalcitrant

organic contaminant, and
d. Monitoring exhaust gases in the case of volatile organic compound.

During the recent years, several interesting studies related to UV/H2O; process for
degrading organic contaminant in water solution have been reported. A detailed
review of the literature on UV/H.O, process for the degradation of organic
contaminant is listed in Table 2.7. Many kinds of contaminants have been
successfully degraded wusing this process with different types of reactor
configurations. UV light at 254 nm is well known to initiate the production of
hydroxyl radical through H20. photolysis, which plays an important role in the
degradation process. Low Pressure Mercury lamp (germicidal lamp) is most
commonly used as the UV source since this lamp is the most effective technology in
generating UV light at a wavelength of 253.7 nm (or commonly known at 254 nm
wavelength) [31 — 32].

The degradation of contaminants using UV/H2O. process is mostly done by
hydroxyl radical, which is generated through H.O> photolysis. Lopes et al. [63]
reported that ineffective degradation of 4-chloro-3,5-dinitrobenzoic acid was found in
the absence of H>O> and the degradation was improved when H>O2 was introduced in
the process. This result agreed with many other results reported on UV/H:.0>
treatment for the contaminants such as herbicide 2,4-D, phenol, carbendazim, azo
dyes (Maroon), reactive azo dye (Reactive Orange dye), formaline, amoxicillin,
trichloroethene, methyl ter-butyl ether (MTBE), and natural organic compounds
(NOM) in groundwater. However, opposite trend was observed for the degradation of
pharmaceutical compounds using UV/H:O0: [64]. At low pH conditions, the

degradation was found to be more effective in the absence of H2O».

35



Other than the decomposition of organic contaminant, the UV/H.O; process can also
remove the toxicity of the compounds. As reported by Jung et al. [65], antibacterial
activity of amoxicillin was completely removed by UV/H>O> process, due to the
decomposition of active sites of the parent compound.

In addition, organic acids are commonly found to be the product of UV/H20:
process. This phenomenon was reported by Li et al. [66], who studied the degradation
of trichloroethene using UV/H20.. Trichloroethene was converted into formic, oxalic,
dichloroacetic, and monochloroacetic acid at the end of UV/H20, process. Stefan and
Bolton [67] also reported a similar result. During the oxidation of 1,4-dioxane, they
identified some organic acids such as formic, methoxyacetic, acetic, glycolic,
glyoxylic, oxalic, and some aldehydes such as formaldehyde, acetaldehyde, and
glyoxal. Further degradation of organic acid lead to the formation of CO: as reported
by Leitner and Dore in 1996 [68], who studied the decomposition of aliphatic acid by
UV/H20:.

The presence of carbonate (COs®) during the UV/H202 process results in the
formation of carbonate radical (COs™¢), which is commonly known as an inhibitor in
the advanced oxidation process since this radical has lower reactivity compared to the
hydroxyl radical (HO ¢). Inhibition of carbonate radical in the UV/H202 process was
reported by Mazellier et al. [69] and Muruganandhan and Swaminathan [70], who
studied the degradation of carbendazim and reactive orange dye, respectively.

Another parameter that affects the UV/H20. degradation process is the initial pH
of the solution, since the mechanism/pathway of degradation reaction by hydroxyl
radical is different for individual contaminants. Muruganandhan and Swaminathan
(2004) [70] reported that the decolorization of reactive orange dye using UV/H20-
was effective at pH = 3. Opposite result was reported by Riga et al. [71] for the
decolorization of procion H-exl dye, where decolorization was effective when the pH
of the system was greater than 12. In addition, degradation of herbicide (2,4-D) using
UV/H20, was more effective at acidic as well as alkaline conditions compared to that
at neutral condition as reported by Chu in 2001 [72]. Ariff [73] reported that UV dose
was found to be the most significant parameter that influences the monoethanolamine
(MEA) degradation using UV/H20> process. An increase of UV dose increases the
degradation rate of MEA.
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Meanwhile other parameters such as initial pH, initial concentration of contaminant,
and initial concentration of oxidant (H202) showed little effect on the degradation.
Korbathi and Rauf [74] also reported a degradation of basic red 2 dye (BR2) using
UV/H20, process. The degradation of basic red 2 dye (BR2) was highly dependent on
the concentration of dye as well as concentration of H.O. Salari et al. [75] studied the
degradation of methyl-tert-butyl-ether (MTBE) using combination of UV light and
H20, and reported that the MTBE degradation was dependent of H>O> concentration.
Other than for the degradation of recalcitrant organic contaminant, the UV/H20. was
also used for the deactivation of microbe and virus. It was reported by Mamae et al.
[76] in 2007 that the combination of UV and hydrogen peroxide gave very small
effect compared to the degradation with UV alone. The efficiency of UV/H>0> was
reportedly depending on the nature of the microorganism.

Another oxidant such as ozone is also commonly used in the photochemical
process. Ozone is even better oxidant compared to hydrogen peroxide, since this
oxidant has higher molar absorption coefficient at 254 nm (typically the wavelength
for UV-C radiation). Photolysis rate of ozone to generate the hydroxyl radical is
almost 1000 times higher than hydrogen peroxide [30]. Generation of hydroxyl
radical during the UV/O3z process follows the Equation 2.33. Irradiation of UV light
toward ozone in water generates one hydrogen peroxide, which further produce two
hydroxyl radicals.

O3 + H20 + hv — H202 + O2 (2.33)

The hydroxyl radical will then react with organic matter present in the water. The
degradation mechanism of organic pollutant using UV/O3 in water follows the order:
direct photolysis, hydroxyl radical attack (generated from different sources), and
direct ozone attack. Combination of two binary systems i.e. UV/H202 and UV/Os is
represented as UV/H20./Oz. The combination between any two systems is normally
conducted to achieve the complete mineralization of organic contaminant that present
in water [30 — 32, 57 — 58, 62].
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Aliphatic acid
Leitner and Dore,
1996 [68]

1.4-Dioxane

Stefan and Bolton,

1998 [67]

4-chloro-3,5-

dinitrobenzoic acid
Lopes et al., 2000 [63]

Isoprene

Elkanzi et al., 2000 [77]

Herbicide 2,4-D
Chu, 2001 [72]

Phenol
Esplugas et al.,
2002 [78]

Carbendazim
Mazellier et al.,
2003 [69]

Table 2. 7 The review of experimental conditions and results of the UV/H20: process.

Batch reactor
Cap=4L

Semi batch
reactor
Cap=6L

Annular reactor
Cap=1L &
0.350 L

Batch reactor

Cap =250 ml

Photoreactor
Cap=5ml

Annular reactor
Cap=15L

Batch reactor
Cap=2L

LP Hg lamp [TOClo<0.1
A=253.7nm mg/L

1 kW Hg UV-
VIS lamp

X =200 - 400
nm.

125 W MP Hg

LP UV
A =254 nm

[H,0,]
sl

S = isoprene

6

LP Hg [H,0,]
A =254 nm [s]
S=24-D

=125

MP Hg
A =240 nm.

LP Hg
)=254nm

6.8

Acidic &
alkaline

temp.

25+1°C

24°C

The Oz consumption was accompanied by HO2 ¢/O; ¢
generation followed by recombination into H2O».
CO- was the end product of oxidation.

The reported degradation products are aldehydes
(formaldehyde, acetaldehyde and glyoxal) and
organic acid (formic, methoxyacetic, acetic, glycolic,
glyoxylic and oxalic)

Photolysis was ineffective but complete degradation
was reported when HO e was introduced.

H>0O, acted as pseudo catalyst in the process.
Complete removal of isoprene was achieved in 120
min of radiation time.

Direct photolysis was reported as extremely slow.
Acidic condition and alkaline condition gave better
removal compared in the neutral pH condition.

Degradation rate of phenol with UV/H,0. process

was five times higher compared to UV alone.

60% of disappearance caused by HO ¢ and 40% of
disappearance caused by CO3" ¢
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Azo dyes (Maroon)
Malik and Sanyal,
2004 [79]

Reactive Azo dye
(Reactive Orange dye)
Muruganandhan and
Swaminathan,

2004 [70]

Methyl-ter-butyl ether
(MTBE)
Salari et al., 2005 [75]

4-nitrophenol (4-NP)
Daneshvar et al.,
2006 [80]

Formline
Kajitvichyanukul et al.,
2006 [81]

E. coli, B. subtilis
spores and MS2, T4,
and T7 phage
Mamane et al.,

2007 [76]

Procion H-exl dyes
Riga et al., 2007 [71]

Trichloroethene
Li et al.,2007 [66]

Cylindrical
reactor Cap = 20
ml

Multilamp
reactor
Cap =50 ml

Batch
photoreactor Cap
=500 ml

Batch reactor
Cap=05L

Batch reactor
Cap=11L

Batch reactor
Cap =100 ml

Batch reactor
Cap =300 ml

Stainless steel
reactor
Cap=28L

125 W MP Hg

8 MP Hg (8W)
A =365 nm

30 W mercury
lamp (UV-C)

15W LP Hg
A =254 nm

10 W germicidal  [H20] =
lamp 0.666 M
A =254 nm

MP Hp
A =295 — 400
nm.

9WuvC
A =254 nm

1 kw UV
A=200-300
nm

3.0

>12.0

30°C

25°C

20+1°C.

The decolorization involved direct photolysis and
H-0, catalyzed oxidation. Complete decolorization
was end at 12 min of reaction time.

The degradation was dependent on pH. The best pH
was 3. Na,COs and NaOH strongly inhibited the
photooxidation.

HO « has major role in the degradation.

The light intensity, concentration of H,O-, and
concentration of 4-NP are the factors affecting the
removal efficiency.

UV photolysis = 1.5 — 2 % degradation and
UV/H20 = 80% degradation for 80 min of reaction.

The disinfection of the microbe was mostly caused
by UV lamp. The presence of HO ¢ gave small effect
compared to UV irradiation only.

Decolorization was highly dependent on the pH and
dye photolysis proceeds was fast when pH >12.

HO « has major role in the degradation. End products
were reported as many kinds of organic acids.



ov

Methyl tert-butyl Batch reactor LPUV & MPUV Energy consumption by using LPUV was lower
ether and tertiary compared to the MPUV. Pretreatment using NalX
butyl alcohol was shown to be the most cost effective.

Li et al., 2008 [82]

Natural organic Batch reactor 8W&1I6WLP _ _ _ The natural organic matter (NOM) decomposition
matter (NOM) Cap=6L Hg was due to the direct photolysis and HO e attack.
(Alachlor) A =254 nm
Song et al., 2008 [83]
Basic Red 2 dye (BR2) Batch reactor UVGL-58, J-129 [BR2]= 7.6 25+2°C  The degradation was highly dependent to the dye
Korbathi and Rauf, Cap =100 ml, A =254 nm 20 uM concentration and H,O- concentration.
2008 [74] [H202]=1.67
mM

Monoethanolamine Batch reactor LP Hg _ _ _ UV dose was reported as the main controlling factor
Ariff, 2010 [73] Cap=03L& A =254 nm on monoethanolamine degradation.

11L
Pharmaceutical Batch reactor 10 W LP Hg _ alkaline ~ 25+2°C  More than 96% of pharmaceutical compounds were
compounds in mix Cap=12L A =254 nm, removed by UV photolysis alone and addition of
solution H>0, was not helpful at low pH.

Giri etal., 2011 [64]

Nitrogenous organic Two reactors 14 W LP Hg & _ _ Room  MPUV/H,0; treatment was more effective compared
compounds Cap =650ml & 450 W MPUV temp.  to the LPUV/H20,. Ammonium was released.
Chenetal., 2011 [84] 3L Hg

A =254 nm
Amoxicillin Batch reactor LP Hg Arc-UVv _ _ 20+2°C  Degradation of Amoxicillin was caused by direct
Jung et al., 2012 [65] Cap =500 ml A =254 nm photolysis and UV/H,O; process. Antibacterial

activity was also removed during the process.




2.3.6.3 Photocatalytic Process

Photocatalytic process is another type of oxidation process, which involves UV light
as the light source for the irradiation of some powerful photocatalysts such as TiOo,
ZnO, etc. This process also involves a highly reactive species i.e. hydroxyl radical.
The generation of the hydroxyl radical in this process follows a mechanism described
in Equation 2.34 — 2.36 [32 — 33, 57 — 60, 62, 85].

TiOs + ho — hu' + ect (2.34)

Irradiation of photon from UV light toward the semiconductor TiO. leads to the
generation of electron-hole pair since the photons have high transfer energy. The
holes in valence band (hw") are very strong oxidants and the electrons in conductance
band (ec’) are reductants. Reaction between valence band (hw") with water or

hydroxyl ion leads to the formation of hydroxyl radical:

H,0 + hy' — HO« + H* (2.35)

HO + hy' — HO* (2.36)

While conductance band (ecy’) reacts with dissolved oxygen to generate hydroperoxyl
radical (HO2 ) as shown in Equation 2.37 — 2.38.

02 +ex — Oz (2.37)

Oz + 2H* — 2HO, » (2.38)

Furthermore, the two HO ¢ can recombine to yield hydrogen peroxide (H202) and
oxygen (O2). Afterwards, the reaction of H>O> with the conductance band will
generate the hydroxyl radical (Equation 2.39).
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H,0; + ect” — HO « + HO" (2.39)

Addition of H2O, at the optimum concentration enhances the efficiency of TiO>
photocatalysis, whereas the presence of excess H.O> reduces the efficiency. Beside
TiO2, ZnO, CdS, and SnO; are also used on the alternative photocatalysts. These
photocatalysts comprised of microcrystalline or microcrystalline particles, which are
used in the form of thin layer or as powder dispersion.

Photocatalytic process has been studied by a number of researchers to degrade
various contaminants either in the gas phase or in solution. In 2005, Chang et al. [86]
studied the degradation of gaseous N,N’-dimethylformamide (DMF) using UV/thin
film TiO2 in a annular pyrex glass reactor at 140 °C. Degradation of DMF was
reported to be dependent on the initial concentration of DMF, temperature, water
vapor, and oxygen content. The reported intermediate products found in this process
were NH4" and NOs and these intermediates were also reported to cause deactivation
of catalyst. Similar deactivation of catalyst caused by intermediate products NH.* and
NOs was also reported by Low et al. [87] and Alberici et al. [88] when they studied
the degradation of organic compounds containing nitrogen atom using TiO2/UV. The
presence of NHs" and NOs were also reported during the degradation of short-chain
alkyl- and alkanolamines using TiO2/UV and Pt/TiO2/UV by Klare et al. [89]. Other
than NHs* and NOs, they found NO, as well. It was also reported that the
degradation of short-chain alkyl- and alkanolamine was highly dependent on pH. The
reported optimum pH for short-chain alkyl- and alkanaolamine degradation by
hydroxyl radical reported was 10. Higher pH provides more active sites compared to
the low pH levels. Hence high pH was more preferable to achieve maximum
degradation. TiO2/UV process has also been reported to enhance the biodegradability
of azo dyes and textile plant effluent as reported by Chun and Yizhong [90]. They
analyzed the decolorization and biodegradability of yellow KD-3G, reactive red 15,
reactive red 24, cationic blue X-GRL), and wastewater from wool processing unit in
China. Enhancement of TiO./UV performance by the addition of H2O> has also been
reported for the degradation of phenolic compounds by Barakat et al. [91] and Dixit et
al. [92].

42



The efficiency of phenolic degradation was accelerated/enhanced by using the
combination of TiO2/H20-/UV. Nitrification of phenol was identified when nitrate ion
was present in the treatment of phenol photocatalysis [93]. Other than the addition of
H>0,, for the enhancement of TiO2/UV performance, experiments were conducted by
the addition of Oz or air in the system, which was later used to degrade the oxalate
ions present in aqueous solutions [94]. Maximum degradation of oxalate ion was
achieved at pH = 10 and no intermediate product was observed. Behnajady et al. [95]
used UV/TIO> along with oxygenation (bubbling O>) to study the rate of degradation
of four dyes with different structures ((C.lI. Acid Red 27 (AR27), Methyl Orange
(MO), Malachite Green (MG)) and 4-Nitrophenol (4-NP)), and reported that the
photocatalysis rate constants followed the order: MG > AR27 > MO > 4-NP. Meéndes-
Arriaga et al. [96] studied the degradation of ibuprofen (IBP) using the combination
of solar/H202/TiO.. The solar energy was used as light source and as a result, the
process was found to be cheaper since the solar light is abundant in nature. Ali et al.
[4], for his experiments replaced TiO2 with ZnO/SnO to degrade MDEA, which
results in the MDEA removal of 30.18% and 23.38% for synthetic MDEA solution
and refinery plant wastewater respectively. Anipsitakis and Dionysious [97] also
made attempts to modify the photocatalysis process by using iron, cobalt, and silver
instead of TiO. to degrade 2,4-dichlorophenol (2,4-DCP) in the presence of three
different oxidants i.e. H20,, KHSOs, and K»S;0g. The order of efficiency for
UV/Metal/Oxidant processes tested was: UV/Fe**/H,0; > UV/Fe?*/H0;
>UV/Co?*/KHSOs > UV/AgQ*/K2S,0s. This was due to the higher photosensitivity of
Fe3* in water compared to the other metals (Co?" and Ag*). A detailed review and
comparison of the available literatures on the photocatalytic degradation for various

contaminants are compiled in Table 2.8.
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Table 2. 8 The photocatalytic degradation on various contaminants with various modifications.

Organic compounds TiO;
containing nitrogen atoms
Low et al., 1991 [87]

Azo dyes and wool textile  TiO»
effluents.

Chun and Yizhong, 1999

[90]

Nitrogen-containing TiO;
organic compounds
Alberici et al., 2000 [88]

Short-chain alkyl- and TiO, & Pt
alakanolamines doped in
Klare et al., 2000 [89] TiO;
Mixture of phenol and TiO,

nitrate
Vione et al., 2001 [93]

20W
lacklight
blue
fluorescent
tube

500 W MP
Hg

30 WUV
lamp
A=365nm

1100 W
Xenonlamp

40 W UV
lamp
A =360 nm

Borosilicate
glass spiral
wound

Cap =40 ml

Cylindrical
glass body
Cap =500 ml

Glass cylinder
Cap =850 ml

Round bottom
three-neck
vessel.
Cap=50ml

Cylindrical
pyrex glass
cell

Cap=5ml

[dye]o = 100 ppm,
[catalyst] = 1 g/L for
dye and 5 g/L for
effluent [Air] = 240
ml/min

Room
temp.

Using TiO»/UV process, the organic
compounds containing nitrogen atoms
were degraded to form NH4* and NOg'.

> 90% decolorization was achieved
within 20 — 30 min, the (BODs/COD)
of pollutants was enhanced from 0 to
0.75.

Intermediate products such as NH4* and
NOs™ were found and trapped at the
TiO; surface and they were considered
as responsible for the deactivation of
TiO».

The optimum pH was achieved at pH =
10. As much as 80% nitrogen was
converted to form NHs/NH4*, NO3z and
NO,.

Phenol nitration was found, and the
nitration rate was slow in the presence
of TiO.



1%

(2,4-DCP)

Anipsitakis and Dionysious,

2004 [97]

Phenolic compounds

Barakat et al., 2005 [91]

Gaseous N,N’-
dimethylformamide
(DMF)

Chang et al., 2005 [86]

Oxalate ion

Addamo et al., 2005 [94]

Ibuprofen (IBP) Méndes-
Avrriaga et al., 2009 [96]

N-methyl-diethanolamine

(MDEA)
Al et al., 2010 [4]

Fe?* or
Fe®* or
Co® or
Ag*

TiO>

TiO>

TiOy

TiOy

Zn0O/
SnOz

15W
germicidal
lamp
A=253.7
nm

1600 W MP
Hg lamp
A =365 nm

10 W black
light lamp
A =365nm

700 W MP
Hg
A =365 nm

solar
irradiation

100V 12w
UV lamp
A =365nm

Stirred
rectangular
batch reactor
Cap=2L

Pyrex glass
tube
Cap=5ml

Pyrex annular

Cap =110 cm?

Batch reactor
Cap=25L

PC-1.5, CPC-6

& CPC-35.

Beaker
Cap=250ml

[2,4-DCP]o = 20 ppm,
[catalyst] = 1-50 ppm.

[cont.Jo = 10° M
[TiO2] =0.15 g/L

[Oxalate]o = 0.22 -
2mM,

[TiO2]=0.24 g/L,
[air] =1.3x10° M,
[Os] = 1 — 20 mmol/h,

[MDEA]o = 1000 ppm,
[catalyst] = 1.5 g/L

3.0

10.0

Room
temp

25°C.

140°C

The order of efficiency was:
UV/Fe®*/H,0, > UV/Fe?*/H,0;
>UV/Co?*/KHSOs > UV/Ag*/K;S;0s.

The degradation efficiency increased
by 40% after applying the UV and
H,0,.

The degradation rate was reported to be
dependent on DMF concentration,
temperature, water vapor, and oxygen
content. Inorganic ion such as NH4*
and NOs™ were reported to be the cause
for the deactivation of catalyst.

Mineralization was found at pH = 10
and no intermediate product was
reported. Combination of photocatalyst
and O3 greatly enhanced the
degradation.

Solar/H0,/TiO, was found to be useful
for the degradation. The
biodegradability was enhanced after
treatment

MDEA degradation by ZnO/SnO; (2:1)
photodegradation gave a degradation of
30.18% and 23.38% for synthetic and
petroleum wastewater, respectively.



or

Phenol and Chlorophenol
Dixit et al., 2010 [92]

Dyes (C.I. Acid Red 27
(AR27), Methyl Orange
(MO), Malachite Green
(MG)) and 4-Nitrophenol
(4-NP)

Behnajady et al., 2011 [95]

TiO;

TiO2,

MP UV
lamp 125 W

15 W Hg
lamp A =
254 nm

250 ml

Batch quartz
Cap =100 ml

[cont]Jo= 2-5mg/L 4.0

0O, = 0.5 ml/min,
[TiO:] = 4g/L,
[MG]o =5 mg/L,
[AR27]o = 20 mgl/L,
[MO]o = 10 mg/L,
[4-NP]o = 20 mg/L

Room
temp.

Optimum condition for degradation
were pH = 4, [H,0,] = 200 — 550 ml/L,
[TiOz] =1 -2 g/L in UV/H,02/TiO;
system.

The photocalysis rate  constants
followed this order: MG > AR27 > MO
> 4-NP.




2.4  Response Surface Methodology of Statistical Design of Experiment

Design of experiment (DOE) is a systematic approach for the investigation of a
system or process. The aim of DOE is to enable the collection of maximum
information from a series of structured experiments using the minimum amount of
time and data. In the experimental research using conventional approach method, the
investigation of the effect of each factor is conducted by varying the factor while
maintaining all other factors as constant. The disadvantage of experimental research
by applying the conventional method is the total number of experiments to complete
the test factor-level combinations will be very large. For example, if there are
4 factors and each factor containing 5 levels, the total experiments will be 5* that
equals to 625 experiments. By applying DOE, the disadvantage of conventional

method will be solved.

There are four engineering problems that may be solved by DOE i.e. comparative,
screening characterization, modeling, and optimizing. In terms of comparative, DOE
is able to assess the change in a single factor that in fact results in a change to the
process as a whole. As a tool for screening characterization, DOE is applicable for the
determination of the important and unimportant factors that affect the system or
process. Meanwhile in terms of modeling, using DOE a good-fitting mathematical
function and estimation of coefficients can be derived. In terms of optimizing, DOE
enables to determine the optimum value of each factor that gives maximum or

minimum response towards the objective of the research [98].

Later, Frank Yates and Oscar Kempthorne extended the fractional factorial design
to reduce the number of experiments [99]. In 1951, Box and Wilson introduced the
response surface methodology (RSM) [100]. The motivation of conducting this
method was to run experiments efficiently, to select a proper design of experiments,
and to determine the optimum operating conditions using a set of controllable
variables that give rise to an optimal response. RSM was developed using linear

polynomial models, mainly first-order and second-order models [100].
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Using RSM, the dependency of effect on treatment can be directly represented as a
response curve or as response surface, and this curve or surface can be used to make
decision not only about treatment structure but also about the relationship between
treatment and response. Knowledge of this relationship is important to find the
treatment combination which gives the optimal (highest or lowest) response. The

exact relationship is never known but the approximation can be determined [101].

RSM has been widely used for the optimization of AOP’s for the degradation of
various contaminants. The reported literature on the application of RSM for the
optimization of AOP experiments for the treatment of several pollutants are

summarized in Table 2.9.

2.5  Degradation Intermediate

Advanced oxidation process for the degradation of organic contaminants is ideally
designed to completely mineralize the organic contaminant of concern to inorganic
products such as carbon dioxide (CO.) and water (H20), involving a highly reactive
species i.e. hydroxyl radical. Since the reactivity of hydroxyl radical is very high, the
reaction between hydroxyl radical toward an organic contaminant occurs rapidly.
Nevertheless, this reaction by itself does not directly results in mineralization but
produces organic oxidation by-products, which can further reacts with hydroxyl
radical. Accumulation of by-product during advanced oxidation process might occur
when the reaction rate of hydroxyl radical toward the by-product is slow. Thus, this
step can limit the rate of the complete mineralization of organic contaminant. Some
simple organic compounds such as acetic, maleic, and oxalic acid, as well as acetone,
chloroform, and tetrachloroethane can not be readily oxidized using hydroxyl radical
[30]. However, they degrade slowly. The process may be enhanced considerably by

selecting conducive process conditions.
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Table 2. 9 Application of response surface methodology (RSM) in the advanced oxidation processes (AOP’s) area.

Olive oil processing
wastewater (OMW)
Ahmadi et al., 2005
[102]

Chemical laboratory
wastewater
Benatti et al., 2006 [103]

Basic Red 2 (BR2) dye
Koérbahti and Rauf, 2008
[74]

Terasil Red R dye
Lim et al., 2009 [108]

Azo dye (C.1. Basic Red
46 (BR46))

Khataee et al., 2010
[109]

Fenton peroxidation

Fenton oxidation

UV/H.02

Fenton-like
(H202/pyridine/Cu(ll)
system)

Oxalate photoelectron-
Fenton process using
carbon nanotube-PTFE
cathode

H,0; and Fe?* ratio, pH
and OMW concentration

[COD] and [H20-] ratio,
[H20;] and [Fe?*] ratio
and pH

BR2 concentration, H,0,

concentration and pH

Screening process:

pH, H20; concentration,
Pyridine concentration
and Cu (1) concentration

Optimization process:
concentration of H,0,,
pyridine and Cu(ll)

initial concentration of
dye, Fe®*, oxalate and
electrolysis time

Total phenolics, color
removal and aromatic
removal

COD removal

% BR2 degradation and
% decolorization

COD reduction

COD reduction

Decolorization
efficiency (%)

Central Composite
design 22 ful factorial

23 factorial with 6 center
runs

D-optimal design, with 3
replicates

24 full factorial in
triplicate, 3 blocks and 2
center point each

23 full factorial plus 4
center points, 3
replicates

Central Composite
Design (CCD) with total
31 experiments and 7
replication at the center
point

Design Expert
version 5

Werkema and Aguiar
(1996) online

Design Expert 6.0

Minitab 14 (PA,
USA)

Minitab 14 (PA,
USA)

Minitab 15 software
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Leachate
Li et al., 2010 [105]

Amoxicillin
Homem et al., 2010 [35]

Acid Red 27 (AR 27)
dye mix with Methyl
Red (MR) dye
Naseri and Ayadi-
Anzabi, 2011 [106]

Phenol
Hasan et al., 2011 [104]

Oxitetracycline-HCI
(OTC) Rahmah et al.,
2012 [107]

Fenton treatment

Fenton oxidation

Fenton treatment

Fenton’s peroxidation

UV/H.0:

HRT (hydraulic retention
time), Nitrogen
concentration, C/N ratio

Concentration of H,0»,
concentration of Fe?* and
temperature

Concentration of MT, AR
27, H,0, and Fe?*

Phenol concentration,
H,0- and Phenol ratio,
H,0, and Fe?* ratio,
reaction time

Ratio [OTC] to [H202],
pH, and Temperature

COD and total nitrogen
(TN) reduction

C/Co ratio

(C= concentration of
amoxicillin at t and
Co= concentration of
amoxicillin at t=0)

Decolorization
efficiency (%)

% TOC Removal

%TOC removal

(i) 8 runs of 3 level
factorial design, (ii) 6
runs at the so called star
points and (iii) 1 center
point with 5 replicate
each

Central Composite
Design (CCD) with total
16 experiments: 8
factorial design, 6
expansions and 2 center
points

24 factorial points, 8
axial points (star points)
and 5 replications at
center point

Central Composite
Design (CCD) with 2
level factorial plus
additional experimental
star point at 3 repetitions

Box-Behnken

Design Expert
version 7.1.3, Stat-
Ease

JMP 5.01 software

MINITAB® (Minitab
Inc.) Realease 14.0

OVAT

Statgraphics
Centurion 15.2.11.0.




Oxidation of an organic compound containing nitrogen by hydroxyl radical may
proceed through the abstraction of hydrogen atoms and electrophilic addition leading
to the formation of carboxylic acids which is further degraded to smaller fragments
and eventually to CO., NH4", NO2, NOs3', N2, and H2O when enough hydroxyl
radicals are generated in the reaction medium [89]. Organic acid and inorganic
compound containing nitrogen such as nitrite (NO2’), nitrate (NO3) and ammonia
(NHz)/ammonium (NH4") were found during the degradation of organic contaminant
containing nitrogen using advanced oxidation processes [43, 63, 73, 80, 87 — 88, 110
— 112]. Glycine and ammonium was identified during the degradation of
monoethanolamine and diethanolamine by using Fenton’s reagent [43]. Alberici et al.
reported that ethylacetamide, acetaldehyde, pyrazine, acetic acid, carbon dioxide,
ammonium (NHs*) and nitrate (NOs) were found as the by-products during the
degradation of diethylamine using TiO2/UV-VIS [88]. Identified by-products obtained
from the mineralization process for different organic compounds containing nitrogen
using AOP’s are listed in Table 2.10.

2.6  Biodegradability of Pollutants

The term biodegradable means that the compound can be broken down and absorbed
in a natural environment or susceptible to being broken down by microorganisms into
simple compounds such as water and carbon dioxide [113]. Therefore,
‘biodegradable’ substances or products mean that the compounds are capable of being
degraded by microorganism. In the wastewater treatment area, biological treatment is
one of the common methods used for the removal of substances in the wastewater,
involving the bacterial activity. Only wastewaters containing biodegradable

substances can be treated in this method.
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Table 2. 10 The identified by-products formed during the degradation of organic

compounds containing nitrogen using AOP’s.

Contaminant

AOP type

Identified by-product

References

Organic compound
containing nitrogen
atoms

Nitrogen containing
organic compounds

Nitrogen containing
organic compounds (
alkylamines,
alkanolamine,
heterocyclic and
aromatic N-
compounds)

4-chloro-3,5-
dinitrobenzoic acid

Alkyl- and
alkanolamines

Diethylamine

4-nitrophenol (4-NP)

Monoethanolamine
(MEA) and
Diethanolamine (DEA)

Monoethanolamine

Organic compound
containg nitrogen atom
(nitrobenzene, aniline,
piperidine, pyridine,
pyrrole, imidazole,
pyridazine, pyrimidine,
pyrazine)

UVI/TIiO;

Photo-Fenton

UVI/TiO,/03

UV/H20;

TiOZ- and Pt/TiOz-
assisted
photocatalysis

TiO2/UV-VIS

UV/H20;

Fenton treatment

UV/H20;

UVI/TIO,

NHz* and NOs

Ammonia

NOz', NO3 and NH4+

Cl, NO3 and NOy

NH3/NH4+, NO3 and NO,

Ethylacetamide,
acetaldehyde, pyrazine,
acetic acid, carbon dioxide,
ammonium (NH4*) and
nitrate (NO3")

4-nitrocatecol, 1,2,4-
benzonitrol, hydroquinone,
and nitrite (NO2)

Glycine and NH4*

Formate and nitrate (NO3")

Carboxylic acid, N2, CO,,
NH.* and NO3z

Low et al., 1991 [87]

Maletzky and Bauer,
1998 [110]

Mare et al., 1999 [111]

Lopez et al., 2000 [63]

Klare et al., 2000 [89]

Alberici et al., 2000
[88]

Daneshvar et al., 2007

(80]

Harimurti, 2009 [43]

Avriff, 2010 [73]

Jing et al., 2011 [112]
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In 1995, Eckenfelder and Musterman [25] proposed the following guidelines on

relationship between biodegradability and molecular structures:

a. Aliphatic compound containing carboxyl (R—COOH), ester (R—COO—R), or
hydroxyl (R—OH) groups are nontoxic and readily biodegradable. A
compound with higher number of carboxyl group substituted in the compound
(such as dicarboxylic (HOOC—R—COOH)) needs longer acclimatization

compared to the less one (such as a single carboxyl groups).

b. Slow acclimatization and moderate degradation is found for compounds with
carbonyl groups (R—R=0) or double bonds (R=R).

c. Decrease in the biodegradability of compounds with amino (R—NH32) or
hydroxyl groups (R—OH) follows the degree of saturation (primary >
secondary > tertiary carbon atom attachment).

d. An increase in halogen substitution of halogenated compounds (R—X)

decreases the biodegradability.

Hazardous compounds are generated into the environment through many routes
i.e.. during the manufacturing process, industrial use of the compounds, atmospheric
discharge from industrial facilities, wastewater discharges, disposal of products and
used products containing hazardous compounds [114]. Sheha and Someda [115]
expressed the definition of hazardous waste according to USEPA [116] i.e.
“hazardous waste means waste requires special precaution in its storage, collection,
transportation, treatment or disposal to prevent damage to person or property and

includes explosive, flammable, volatile, radioactive, toxic, and pathological waste.”

The presence of hazardous material in biological treatment commonly inhibits the
growth of microorganism or often toxic to the microorganism. Therefore,
pretreatment may be required for contaminants, which are toxic to the microorganism.
Eckenfelder et al. [117] listed the limiting condition of different pollutants that make
pre-biological treatment desirable (Table 2.11).
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Table 2. 11 Condition/concentration of pollutants that requires pre-biological

treatment [117].

Pollutant or System

Condition

Limiting
Condition/Concentration

Kind of Pretreatment

Suspended solids

> 125 mg/L

Sedimentation, flotation, lagooning

Oil and grease >35 mg/L Skimming tank or separator
Toxic ion Precipitation or ion exchange
Pb <0.1 mg/L
Cu+Ni+CN <1 mg/L
Crtv + Zn <3 mg/L
Cré+ <10 mg/L
pH 6to9 Neutralization
Alkalinity 0.5 Ib alkalinity as CaCOas/Ib Neutralization for excessive alkalinity
BOD removed
Acidity Free mineral acidity Neutralization
Organic load variation >2:1 Equalization
Sulfides >100 mg/L Precipitation or stripping
Phenols >100 mg/L Extraction, adsorption, internal
dilution
Ammonia >500 mg/L (as N) Dilution, ion exchange, pH adjustment
and stripping
Temperature > 38 °C in reactor Cooling, steam addition

Especially for organic contaminants, the common pre-biological treatments used are
equalization, absorption, extraction, and dilution. Nevertheless, in the recent years,
there is an effective method i.e. advanced oxidation process (AOP) that is frequently
used to treat the recalcitrant organic contaminants before biological treatment.
Basically, the pre-biological treatment is proposed to make the contaminant becoming
readily biodegradable. A material is described or classified as ‘readily biodegradable’
if it fulfill the standard tests that it will be broken down by living organisms and thus
removed from the environment. Organization of economic cooperation and
development (OECD) in Europe has defined standards of a material to be called as
readily biodegradable. Among them, there are two standards that are commonly used
for this determination; i) at least 60 — 70% of the material must be broken down

within 30 days by microorganism in the bioreactor; ii) the ratio of BODs/COD value
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is more than 0.5 [118 — 119]. BODs is a measure for the dissolved oxygen
consumption during biological oxidation of organic contaminant and COD is a
measure for the oxygen required to oxidize the chemical present in a sample. The
second standard is frequently used by a number of researchers since it is simple.
Numerous kinds of wastewater from different sources have been reported as readily
biodegradable after advanced oxidation process (AOP) (Table 2.12).

Table 2. 12 Biodegradability enhancement by advanced oxidation processes (AOP).

Contaminant Type of AOP Results References
Azo dyes (reactive Photocatalytic All dyes are readily Chun and Yizhong,
yellowKD-3G, reactive  (UV/TIO,) biodegradable (BODs/COD 1999 [90]

red 15, reactive red 24,
cationic Blue X-GRL)
and wool textile
wastewater

Hospital wastewater

Textile wastewater

Pharmaceutical
wastewater

Hospital wastewater

Carbaryl (a carbamate
pesticide)

Pharmaceuticals
wastewater from El-
Nasr Pharmaceutical
and Chemical company,
South-East of Cairo

Landfill leachate (from
Changshenggiao
landfill (Chongging,
China)

Acrylic fiber
manufacturing
wastewater

Photo-Fenton
(UV-Fenton)

Electron beam
irradiation

Mw/Fenton-like
process

Septic
tank/Fenton
reaction

UV/TiO2/03

Fenton process

Fenton process

Fenton process

ratio increased from O to 0.75)
after UV/TiO; process for
time >60 minutes of reaction
time.

The BODs/COD ratio
increased from 0.30 to 0.52

The BODs/COD ratio
increased from 0.68 to 0.79

The BODs/COD ratio changed
from 0.165 to 0.470

The BODs/COD ratio changed
from 0.46 to 0.48

The BODs/COD ratio
increased up to 0.38

The BODs/COD ratio
increased from 0.25 to 0.39

The BODs/COD ratio
increased from 0.18 to 0.38

The BODs/COD ratio
increased from 0.100 to 0.529
after 2 hours of reaction time.

Kajitvichyanukul
and Suntronvipart,
2006 [120]

Kim et al., 2007
[122]

Yang et al., 2009
[123]

Berto et al., 2009
[36]

Rajeswari and
Kanmani, 2009
[52]

Badawy et al.,
2009 [39]

Guo et al., 2010
[121]

Li et al., 2012 [38]
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Kajitvichyanukul and Suntronvipart [120] in 2006 followed by Berto et al. [36] in
2009 reported the enhancement of biodegradability of hospital wastewater after
treating with Photo-Fenton process and Fenton process. Using the photo-Fenton and
Fenton process, hospital wastewater was partially degraded to becoming more
biodegradable component. Kajitvichyanukul and Suntronvipart reported that
BODs/COD ratio for hospital wastewater increased from 0.30 to 0.52 after photo-
Fenton process, while Berto et al. reported that the BODs/COD ratio for hospital
wastewater increased from 0.46 to 0.48 after Fenton process. Pharmaceutical
wastewater [39], acrylic fiber manufacturing wastewater [38], and landfill leachate
from Changshenggiao landfill (Chongging, China) [121] were also successfully
partially degraded using Fenton process and the biodegradability of all these three
wastewaters increased after treatment, i.e. from 0.25 to 0.39 for pharmaceutical
wastewater, from 0.100 to 0.529 for acrylic fiber manufacturing wastewater, and from
0.18 to 0.38 for landfill leachate. Similar reports on the increase in biodegradability of

wastewater after AOP are listed in Table 2.12.
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CHAPTER 3

EXPERIMENTAL

This chapter deals with the description on the material, equipment set-up and the

procedures, and also the details of analytical techniques, involved in the present

research. The details of each experiment are also elaborated in this chapter. The

details of the present study include three main activities:

)] Experiments involving UV/H,0; treatment of wastewater containing MDEA
(both simulated and actual effluents).

i) Optimization of the process using response surface methodology (RSM).

iii)  Analysis and identification of the intermediate products formed during
mineralization process and also the biodegradability test.

The scheme of the activities involved in the present research is shown in Figure 3.1.

“Pyure” MDEA ] l PPMSB Waste I

H-5 Femoval

!
n-reacted H.O
ﬂ

Optimum Condition for
Oxidation Process

Iﬂorgamc 11 reac‘tedAmm

By-product & Organic B1ca:boﬂate E’;?ﬁﬁlﬁf‘:}rm Eiodegradabili

C & Nessl D+ BOD)
@ essler) B‘_',' pmc’u:t estimation B0

Figure 3.1 Scheme of activities in the present research.
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3.1 Materials

The details of the chemicals used in the present research are presented in Table 3.1.
All the purchased chemicals were used without further purification.

Table 3. 1 Chemicals used in the present work.

Chemicals Supplier MW Tm°C Tp°C p(T=25°C)
g-mol? g.em’®
Methyldiethanolamine (MDEA) Merck 119.16 -55 247.30 1.04
CH3
gz ll Hz
- Cc
HO/ \C/ \C/ \OH
Hz Ho
Hydrogen Peroxide (H202) 30% Merck 34.01 -0.43 150.20 1.11
Potassium Permanganate Merck 158.03 240 - 2.70
(KMnOs)
Disodium Hydrogen Phosphate Merck 141.96 250 - 1.7
(NazHPO4)
Calcium Hydroxide (Ca(OH),) Merck 74.09 580 - 2.21
Sulfuric Acid (H2S04) Merck 98.08 10 337 1.84
Sodium Hydroxide (NaOH) R&M 39.99 318 1338 2.13
Chemical

3.1.1 MDEA Contaminated Water/Effluents

For the present experiments, two kinds of MDEA contaminated wastewater were used
i.e. simulated wastewater and actual wastewater from gas processing unit. Synthetic
wastewater was prepared by dissolving a required quantity of MDEA into distilled
water. For example, for the preparation of a 2000 ppm of MDEA solution, 1.92 ml of
MDEA was dissolved into 1 liter of distilled water. This concentration is
approximately equals to 1020 ppm of total organic carbon (TOC) or aprroximately
equals to 0.085 M organic carbon (C). Figure 3.2 and Figure 3.3 show the correlation
between the MDEA concentration with the total organic carbon (TOC) value and the

MDEA concentration with the organic carbon (C) concentration, respectively.
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Actual wastewater was obtained from Petronas Penapisan Melaka Sendirian
Berhad (PPMSB), Malaysia. The concentrations of various compounds present in the
obtained effluent solution are shown in Table 3.2. Based on the preliminary studies,
conducting the experiment at high concentration of contaminat was a time consuming,
therefore the PPMSB effluent which has a very high MDEA concentration was further
diluted before subjecting to the degradation process using UV/H20: oxidation

process.

Table 3. 2 The properties of PPMSB effluent.

Measures Remarks
MDEA 340000 ppm
TOC 175000 ppm
COD 500000 ppm
S% 500 ppm
NH,* 4156 ppm
Acetic acid 1566 ppm
Oxalic acid 13847 ppm
Oil and grease 250 ppm
pH 10

The real wastewater (obtained from gas processing unit) contain H.S (toxic gas)
apart from oil and grease, which will certainly affect the demineralization of MDEA,

and hence these contaminants have to be removed before further treatment.

Initially, the oil and grease were separated by allowing the effluent to settle in
separating funnel for overnight. The oil and grease free solution which settled at the
upper layer were separated. The removal of H>S was conducted using the following

oxidation process (Equation 3.1):

H,S+H,0, - S(s)+ H,O(l) (3.1)

For the oxidation purpose 2 ml of 30% H20. was added to every 100 ml of effluents,

and the obtained yellow precipitate (sulphur) was then removed by filtration.
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3.1.2 Reagents Used

3.1.2.1 Potassium Permanganate (KMnQOa4) Solution

KMnO; solution was used for the determination of un-reacted H>O, during UV/H,0;
oxidation process. The standard KMnQOg4 solution was prepared by dissolving 4 gram
of KMnOyg into 1 liter of distilled water, which was standardized using 0.1 N sodium

oxalate solution [124].

3.1.2.2 HPLC Mobile Phase

Two mobile phases were used in the HPLC analysis i.e. mobile phase for YMC-Pack
PolymerC18 column and mobile phase for Transgenomic column. The HPLC mobile
phase for YMC-Pack PolymerC18 column was a mixture of 0.1 M Na;HPO4 and
0.1 M NaOH solutions in water. Na;HPO4 solution (0.1 M) was prepared by
dissolving 14.19 grams of Na;HPOg4 into 1 liter of distilled water, while 0.1 M NaOH
was prepared by dissolving 4 grams of NaOH into 1 liter of distilled water. The ratio
of the mixture used was 60% of Na,HPO4 and 40% of NaOH at pH of 12. The mobile
phase for Transgenomic column used was 0.01 N H2SOs4, which was prepared by
dissolving 0.275 ml of 98% H>SOj4 in 1 liter of distilled water. Before use, the stock
solutions were filtered using paper filter of 0.45 um pore diameter. This filtration was
conducted to eliminate the presence of solid particles in the stock solution, which will
create disturbances/uncertainties during HPLC analysis.

3.1.2.3 Calcium Hydroxide (Ca(OH)2) Solution

Generally, water (H-O) and carbon dioxide gas (CO>) are produced during/end of the
oxidation of organic compound. Identification of CO: liberated during UV/H20:

oxidation process of MDEA was conducted using Ca(OH). The Ca(OH)2 solution
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was prepared by dissolving 1.5 grams of Ca(OH). into 1 liter of distilled water and
kept overnight for allowing the solid particle to settle down and the resulted clear

solution from the mixture was used to absorb the liberated CO- into the solution.

3.1.2.4 Sodium Hydroxide (NaOH) Solution

Sodium hydroxide (1 M NaOH) solution was prepared by dissolving 40 gram of
NaOH into 1 liter of distilled water. Since the sample was a strong solution, a

concentrated NaOH solution was used for initial pH adjustment.

3.1.2.5 Sulphuric Acid (H2SO4) Solution

Two different concentrations of H>SOs solutions were used for the present
experiments. A concentrated H2SO4 solution i.e. 98% H>SO4 was used during the
UV/H20: process for the adjustment of the pH. In the mean time, determination of un-
reacted H20. was conducted using 2 N H2SO4 solutions. The 2 N H2SO4 solutions

were prepared by dissolving 50 ml of 98% of H.SO4 into 1 liter of distilled water.

3.2  Experimental Set Up

3.2.1 UV/H202 Oxidation Process

The experiments on UV/H20- oxidation process was conducted in 700 ml jacketed
glass reactor. The reaction zone is a cylindrical borosilicate glass tube, 14 inch long
with 2 inch internal diameter. The photo reactor equipped with 8 Watt low pressure
Hg vapor lamp (GPH295T5L, S. No. EC90277, USA) which produces UV light at
254 nm was used along with a current-voltage control unit, and a small opening (at

the top) for collecting the samples.
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The experimental set up is shown in Figure 3.4 and the schematic diagram of the

reactor is shown in Figure 3.5.

(4]
El

F-=| &

Figure 3. 5 The schematic diagram of the UV/H20. photoreactor. 1). Current-voltage
control unit; 2). Thermometer; 3). UV lamp; 4). Quartz tube; 5). Jacket; 6). Reaction
zone; 7). Water inlet; 8). Water outlet; 9). Sample port; and 10). Stirrer bar.
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MDEA solution with a desired concentration was taken in the glass reactor. A
required amount of H20, was then added into the solution. The total operating volume
of the reactor was maintained at 400 ml. The pH adjustment was made using 1 M
NaOH or 98% H>SO4. The temperature was maintained by circulating cooling water
through the jacket at a required temperature. During the process, 3 ml of liquid
sample was withdrawn from time to time and then diluted for the determination of
total organic carbon (TOC) and also for the estimation of un-reacted H2O2. The H>O>
concentration was estimated by titration method using KMnQOg4 solution [124]. For
other analysis, such as, by-product identification and biodegradability test, new

samples were prepared before conducting the analysis.

The CO2 liberation during UV/H20: oxidation process of MDEA was identified
by conducting the UV/H2O, oxidation process using sealed reactor. The seal was
made using parafilm paper. Sampling port was connected to a vial filled with

Ca(OH)2 solution (lime water). The experimental set up is shown in Figure 3.6.

Figure 3. 6 Experimental set up for the identification of CO> liberation during
UV/H:0; oxidation process.
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Before running the oxidation experiments, the reactor was flushed by nitrogen gas for
about 30 minutes. This step was conducted to eliminate any possible presence of COa.
The CO:> gas that was liberated from the oxidation process reacted with lime water
and then converted into CaCOz (a white solid), according to the following reaction
(Equation 3.2):

Ca(OH),(ag) + CO,(g) — CaCO,(s) + H,0O(l) (3.2)

The excess of CO> during the test would result in colorless solution of Ca(HCO3)., as

shown in Equation 3.3.

CaCQO,(s)+H,0O(l) + CO,(g) —» Ca(HCO,), (3.3)

3.2.2 Biodegradability Test of Partially Degraded MDEA Solution

During the mineralization of effluents containing MDEA using UV/H2O; process,
approximately 85% of total organic carbon (TOC) was removed from the initial TOC
concentration of 1000 ppm. A biodegradability test for the partially degraded MDEA
after UV/H20. was also conducted. This test was carried out in order to make sure
that the treated effluents must be readily biodegradable when disposed into the
environment. The test of partially degraded MDEA after UV/H2O, process was
conducted by calculating the ratio of BODs value to COD value [118 — 119]. The
BODs was measured using the HACH method for BODs determination (HACH-
BODTrak™). Experimental set up for the BODs determination is shown in
Figure 3.7. Activated sludge was used as the seed for bacteria for BODs determination
which was collected from wastewater treatment plant (WWTP) at Universiti
Teknologi Petronas Malaysia. This seed was selected because it is a very common

bacterium available in the wastewater treatment plant.
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Figure 3. 7 Experimental set up of biodegradability test.

Therefore, no special or adapted bacteria are needed to reproduce the results. The
chemical oxygen demand (COD) was measured by using COD TestNTube (HACH)
and the value of COD was measured using spectrophotometer (DR 5000).
Furthermore, the biodegradability of partially degraded MDEA was determined from
the ratio of BODs/COD. The compound is considered readily biodegradable when the
ratio of BODs/COD is greater than 0.5 [118 — 119].

3.3  Analytical Methods

3.3.1 Total Organic Carbon (TOC) Determination

The determination of total organic carbon (TOC) was conducted using TOC analyzer
(Shimadzu — Model TOC-VcsH, S. No. H 51104600672, Japan). The collected sample

(2 ml) was diluted to obtain 20 ml of sample as required for TOC measurement.
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The actual reading of TOC value was calculated from the TOC reading from the
analyzer multiplied by dilution factor. This measurement was used to monitor the
degradation of organic compound during UV/H20. process. The percentage of TOC

removal at time “t” was calculated as follows (Equation 3.4):

%TOC removal , = TOC, = TOC: 110006 (3.4)
0
where: %TOC removal , = percentage of TOC removal at t,
TOCo = TOC value at 0 minute, and
TOC =TOC value at t.

3.3.2 Chemical Oxygen Demand (COD) Determination

Chemical oxygen demand (COD) is a measure of oxygen required for oxidizing
oxidizable organic content in the water sample. COD is defined as mg of Oz consumed
per liter of sample. The measurement of COD value was performed using COD
analytical equipment (HACH) according to Method 8000. Method 8000 was USEPA
approved (5220 D) for wastewater analysis [125 — 126]. Two ml of sample was
oxidized using the standard chemicals supplied by HACH and digested at 150 °C for
two hours on the DRB HACH digester. The COD reading was obtained by using
HACH DR 5000 spectrophotometer.

3.3.3 BODs Determination

The measurement of BODs was performed by using HACH method for BODs
determination (HACH-BODTrak™), (Figure 3.7). A total sample of 95 ml was used
for the BOD:s test.
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Activated sludge was used as seed and was collected from WWTP Universiti
Teknologi PETRONAS Malaysia. Incubation was conducted for 5 days in the
incubator at a temperature of 20 + 1 °C. The BODs value was estimated as follows
(Equation 3.5):

DO sample — [V: X DOSControl}
V.

BOD, = 3.5
; vt (35)
V.t
where: BODs = BODs of test compound,

DOssample = DOs of test compound + DOs of seed,
DOscontrol = DOs of seed

v.s = volume of seed = 30 ml,

v.tc = volume of test compound = 65 ml, and

v.t = total volume =95 ml.

3.3.4 Ildentification of UV Absorption Spectra of MDEA

Direct photolysis of an organic compound by UV light usually occurs when the
organic compound absorb UV light. Identification of the UV spectrum region
absorbed by MDEA was conducted using UV-VIS-NIR spectrophotometer
(SHIMADZU UV-3150, Japan). MDEA solution was prepared and tested at
A =200 to 600 nm regions.

3.3.5 Un-reacted MDEA and Degradation Product Identification using HPLC

An Agilent series 1100 brand of HPLC was used to monitor the degradation products
and un-reacted MDEA after UV/H20> treatment. YMC-Pack PolymerC18 reverse
phase column was utilized. A solution consisting of 60% Na;HPO4 (100mM) and
40% NaOH (100mM) at pH = 12 was used for elution.
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UV light at 215 nm was used as detector. Transgenomic (Model ORH801) column
was used for organic acid determination with 0.01 N H>SO4 as mobile phase.
Refractive index was used as detector. Degradation product determination was
performed by the comparison of sample with the standard compound. Qualitative
analysis was based on the retention time of each compound in the chromatogram,
while guantitative analysis was based on the calibration curve prepared using standard
compound. The details of the calibration curves for different compounds tested are
presented in Table 3.3 and the plots of concentration vs. area are presented in Figure
1, 2, 3, and 4 of Appendix.

Table 3. 3 The correlation constants for the calibration curves for MDEA and organic

acids.
Compound Column name Calibration curve R? Remark
MDEA YMC-Pack PolymerC18 [MDEA] = 0.5354(Area) 0.9998 Figure Al of
Appendix A
Oxalic Acid  YMC-Pack PolymerC18  [Oxalic Acid] = 0.8558(Area)  0.9994 Figure A2 of
Appendix A
Formic Acid  Transgenomic-ORH801  [Formic Acid] = 0.0236(Area) 0.9999 Figure A3 of
Appendix A
Acetic Acid Transgenomic-ORH801  [Acetic Acid] = 0.0177(Area)  0.9999 Figure A4 of
Appendix A

3.3.6 Nitrate (NOs’) and Nitrite (NO2") Determination

The profiles of the nitrate (NO3") and nitrite (NO2") were evaluated by using ion
chromatography (Metrohm-761 Compact IC), which was equipped with Metrosep A
Supp 5-150 column. Mixture of 1.0 mM of NaHCO3 and 3.2 mM of Na,COs in one
liter deionized water was used as mobile phase. Meanwhile, a conductivity meter was
used as detector. The concentrations of both nitrate (NO3z") and nitrite (NO2) were
determined based on the calibration curves listed in Table 3.4, and the plots of

concentration vs. area are shown in Figure 5 and 6 of Appendix 1, respectively.

69



Table 3. 4 The correlation constants for the calibration curves for nitrate (NOz") and

nitrite.
Compound Column name Calibration curve R? Remark
Nitrate (NO3)  Metrosep A Supp 5-150  [NOg37] = 0.1347 (Area) 0.9998 Figure A5 of
Appendix A
Nitrite (NO2)  Metrosep A Supp 5-150  [NO;] = 0.1356 (Area) 0.9949 Figure A6 of
Appendix A

3.3.7 Estimation of Ammonium (NH4*)

The estimation of NH4* was made using Nessler’s reagent [127 — 128] according to
Method 8038 Nitrogen (HACH) [125]. A sample of 25 ml was required for this
measurement. The (NH4") concentration was measured using spectrophotometer DR
2000 (HACH) based on the intensity of color formed.

3.3.8 Un-reacted H202 Determination

The determination of un-reacted H>O> during the UV/H20- process was performed by
titration method using 0.062 N KMnOQg4 solution. Titration of acidified sample from
UV/H20, process was conducted. The end point was the change in color of the
solution from colorless to light pink. Sodium oxalate was used to standardize the
KMnO4 solution [124].

339 pH

The pH measurements were made using pH meter (HACH sension 1). The pH meter
was calibrated and standardized regularly. Measurement of pH during oxidation
process was conducted to monitor the change in pH condition during the oxidation

process in the reactor.
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3.3.10 Measurement of UV Intensity

During the study of effect of UV intensity in the mineralization process of MDEA
using combination of UV and H20., the UV intensity used was varied. Variation of
UV intensity was made by connecting the UV lamp to adjustable dimmer. The
different UV intensities produced were measured using UV radiometer (Cole-Parmer
model: 97651-10 with sensor UV at 254 nm model: 97651-20).

The factors affecting the optimization process of the degradation of wastewater
containing MDEA using UV/H;O> process are the intensity of UV, initial
concentration of waste (organic contaminant), initial concentration of H2O, initial pH
and temperature. Based on the preliminary study, the factor of UV intensity and initial
concentration of waste were found to have no optimum value. Hence for the
optimization of UV/H,0> process, these two factors were always kept constant at
12.06 mW/cm? and 1000 ppm of total organic carbon. The UV intensity was chosen at
this value due to the limitation of UV lamp available in the laboratory. This UV
intensity of 12.06 mW/cm? was the highest intensity that could be provided by the
available facilities in the laboratory. Increasing UV intensity would increase the
degradation rate, thus the highest UV intensity can be used for better efficiency.
Similar trend without optimum value was found for the initial concentration of waste.
In this case, increasing initial concentration of waste would decrease the degradation
rate. Hence, 1000 ppm of total organic carbon was chosen as the initial concentration

of waste since the degradation process was easier to monitor.

3.4 Statistical Design of Experiments (DOE) for Optimization of Degradation
Process by Using UV/H20:2

Optimization process was carried out using response surface methodology (RSM).
Portable Statgraphics Centurion 15.2.11.0 was used for RSM analysis. RSM is a
method used in modeling and analysis of problem in which a response of importance

get influenced by several factors. The objective of this method is to optimize this
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response. Response surface is normally represented graphically where the contour

plot are often drawn to visualize the shape of the response surface [80].

Determination of the optimum conditions for the degradation process was carried
out according to the Box-Behnken design. This design was chosen since for three
factors evaluated, the Box-Behnken design offers some advantage in requiring a fewer
number of runs compared to other design such as central composite circumscribed
(CCC) design and central composite inscribed (CCl). Three level factorial designs
which consist of a 22 full factorial with 3 center points were created. The three level
factors chosen based on the preliminary experiment and coded as low (-1), middle (0),
and high (+1). The factors included initial concentration of H.O; (range 0.12 M to
0.24 M), pH (range 7 to 11), and temperature (range 30°C to 50°C). Percentage of
TOC removal was measured as influence response. The levels indicated the presence
of a curvature which wished-for that the experimental ranges were relatively close to
the optimum. When the process is close to optimum, the second order model that
incorporates curvature is represented in Equation 3.6.

y:ﬁo"'_zk:ﬂixi"'zk:ﬂiixiz"'zz Bixx; +¢ (3.6)

i<j

where y is the predicted response, Po is the intercept, Bi is the linear effect, Bii is the
squared effect, Bij represents the interaction effect, and ¢ is the error term. After
conducting the screening of factors by the factorial design, a response surface analysis
was employed to optimize the highest TOC removal of the waste. The results of
experimental design was analyzed using Portable Statgraphics Centurion 15.2.11.0
statistical software to estimate the dependent response variable and to find the effects,
coefficients, standard deviation of coefficients as well as other parameters of the
model. Optimized condition was obtained from contour plot graphically and also by
solving the polynomial regression equation. Quality of fit was expressed by the
coefficient of determination R?. Statistical significance was analyzed using the
analysis of variance (ANOVA), with 5% probability level [108].
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CHAPTER 4

RESULTS AND DISCUSSION

The present chapter deals with the details of the results obtained in the present
research and the interpretation of the same. Accordingly the discussion includes the
details of the preliminary studies conducted, proposal of degradation mechanism of
MDEA, kinetic study, UV/H20> treatment of a real effluent obtained from a refinery
plant (PPMSB), biodegradability test of partially degraded simulated wastewater and
real effluent and then the estimation of electrical energy efficiency of the UV/H20:
process. The detailed discussion follows:

4.1  Preliminary Studies

Initial step before conducting the experiments was the estimation of theoretical
oxidizing agent (H202) required for the complete mineralization of MDEA. The
estimation was based on the general oxidation reaction of MDEA to form inorganic

products as expressed below (Equation 4.1):

2C.H,,0,N +14.50, —10CO, +13H,0 + N, 4.1)

Based on the above reaction, for the complete mineralization of 2 moles of MDEA
requires 14.5 moles of O> (29 atoms of oxygen). In the UV/H,0> process, H2O> is
considered as the main source of oxygen atom in the system. One mole of H20-
provides 2 atoms of oxygen, thus 14.5 moles of H2O are capable to provide 29 atoms

of oxygen for complete oxidation of MDEA.
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In others words, for complete oxidation of 2 moles of MDEA require 14.5 moles of
H20.. Further, (for example) when we want to conduct the experiment at 2000 ppm of
initial concentration of MDEA, the estimation of theoretical amount of H>O> required

for complete oxidation of MDEA is as much as 0.12 M.

4.1.1 Effect of UV, H202, and Combination of UV/H202 on MDEA Degradation

The objective of the study is to visualize the individual effect of UV and H20, and
the combination of UV/H20>, on the degradation of MDEA.

The capability of UV light to degrade the organic compound follows photolysis
mechanism. The organic compound absorbs UV spectrum and then results in an
excited (organic) compound, which later decomposed to form a product [31 — 32, 129
— 130]. The results of the present experiments showed no degradation was found

when the UV alone was applied (Figure 4.1).
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Figure 4. 1 Individual effect of UV, H202, and the combination of UV/H20: on
MDEA degradation ([MDEA]o = 1000 ppm TOC; [H202]o = 0.12 M; pH = 7;
Temperature = 30 °C;UV intensity = 12.06 mW/cm?)

¢ UV alone; o H,0;alone; a UV/H,0,
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UV spectrum at 254 nm that was used in this experiment was not capable to
degrade the MDEA and to remove the total organic carbon from the system (Figure
4.2), and the reason could be attributed to the fact that MDEA did not absorb the UV
light at 254 nm. Based on the screening of UV spectrum (Figure 4.3), the region of
the spectrum absorbed by MDEA was at spectrum below than 254 nm region, and

therefore the direct photolysis did not occur.
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Figure 4. 2 Individual effect of UV, H202, and the combination of UV/H202 on the
MDEA mineralization ((MDEA]o = 1000 ppm TOC; [H202]0 = 0.12 M; pH = 7;
Temperature = 30 °C;UV intensity = 12.06 mW/cm?).

e UV alone; o H,0, alone; a UV/H,0,

Meanwhile, the capability of H2O- to degrade organic compound is mainly due to the
high redox potential of H20- i.e. + 1.8 V. This reduction potential indicates the high
tendency of H2O to act as an oxidant, which refers to direct electron-transfer reaction
between organic compound and H>O> [131]. The results of the present experiments
showed no degradation when the H,O> alone was used. H.O> alone was not capable to
degrade the MDEA (Figure 4.1) and to remove the total organic carbon in the system
(Figure 4.2).
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This might be due to the redox potential of H20> that is not sufficient for the oxidation
process. The photolysis resistance of MDEA toward UV light and H.O2 was in
agreement with the observation of Xua et al. [132], based on their studies on the
photolysis resistance of dimethyl phthalate against UV photolysis and H2O».
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Figure 4. 3 UV absorption spectra of MDEA.

However, the reduction of MDEA and total organic carbon was found when the UV
and H20> were applied in combination. Complete (100%) degradation of MDEA was
achieved at 40 minutes of reaction time (Figure 4.1) and the total organic carbon was
reduced to a certain level i.e. 41.23% TOC removed (Figure 4.2), which was due to
hydroxyl radical generated from H>O, photolysis. It is well known that H>O. strongly
absorbs UV spectrum at 254 nm [31]. Therefore the probability of H2O2 photolysis to
generate hydroxyl radicals is very high. Due to the photolysis of H>O. the
concentration of H2O> in the system gets reduced during the UV/H202 process, and
the profile of H20. is shown in Figure 4.4. Hence, it can be concluded that the
combination of UV and H.O> will generate hydroxyl radical, which plays an
important role in the degradation of many recalcitrant organic contaminant [80, 129,
133 - 134].
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Figure 4. 4 H,O; profile during the UV/H,0; process.
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4.1.2 Effect of Initial Concentration of MDEA

The effect of initial MDEA concentration on the UV/H20. oxidation process was
studied using eight different initial concentrations (Figure 4.5). The concentrations
were varied from 500 ppm to 12000 ppm of MDEA. The other variables namely
volume (400 ml), UV intensity (12.06 mW/cm?), temperature (30°C), pH (7), and
ratio between concentrations of MDEA to oxidant H>O2 (2 moles of MDEA to

14.5 moles of H,0O>) were retained at constant values.

In order to show a better clarity of the data on TOC removal, a plot of
(TOC)/(TOC)o with time was made. Figure 4.5 shows the dependency of TOC
removal on the initial concentration of MDEA present in the solution. Based on the
trends and the profiles seen in Figure 4.5, the degradation efficiency decreases with an
increase in the initial concentration of contaminant. This result is in good agreement
with the reported literatures [133, 135 — 136].
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Figure 4. 5 The degradation profile of organic carbon for different initial
concentration of MDEA
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Haji et al. [135] reported that higher initial concentration of dye with excess H20>
took longer time to achieve a specific degradation, whilst, Behnajady et al. [133]
reported that decolorization decrease with an increase in the initial concentration of
Malachite Green for a constant initial concentration of H.O,. Ochuma et al. [136]
also reported a similar behavior for the degradation rate of 2,4,6-trichlorophenol
(TCP), and concluded that at constant UV lamp intensity, the higher concentration of

TCP required longer radiation time for complete degradation.

The percentage of TOC removal (Figure 4.6) for all the different initial
concentrations of MDEA was found to be approximately 40% at the end of reaction.
At the end of the reaction all H20. has been consumed and hence no further organic

carbon was removed.
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Figure 4. 6 Effect of initial concentration of MDEA on TOC removal (after 360
minute reaction time).

In this preliminary study on effect of initial concentration of MDEA, there was
found no optimum concentration for degradation. However, based on the observed
results, the suitable initial concentration for this experiment was found to be 2000
ppm of MDEA (=1000 ppm TOC). The maximum degradation occurs at 3 hours, and
for this concentration it was found to be accurate and easy to follow the TOC profile
with time. Hence all the further experiments were conducted using 2000 ppm of
MDEA.

4.1.3 Effect of UV Intensity in Combination with H202

Experiments were conducted to study the effect of the UV intensity on the organic
carbon degradation at three intensity level (3.67 — 12.06 mW/cm?). For an initial
concentration of MDEA = 2000 ppm, initial concentration of H.O2 = 0.12 M, initial
pH = 7.0, temperature = 30 °C, the percentage of TOC removal was found to be
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19.37%, 42.42%, and 58.95%, for the UV intensity of 3.67 mW/cm?, 7.35 mW/cm?,

and 12.06 mW/cm? respectively with 180 minutes of reaction time (Figure 4.7).
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Figure 4. 7 The degradation profile of organic carbon for different UV intensities.
e 12.06 mW/em?;, o 7.35 mW/cm?; a4 3.67 mW/cm?

The results showed that degradation rate increased with an increase in UV
intensity, which might be attributed to the reason that the effective role of light power
towards the formation of high amount of hydroxyl radical in the solution, which are in
concurrence with the reported literature [137 — 140]. Qiao et al. [135] reported that by
increasing UV intensity from 0 to 7.35 mW/cm?, the degradation of microcystin-RR
was complete within 60 minutes of reaction time Asilian et al. [138] reported the
same trend for the degradation of polychlorinated biphenyl (PCB) in the water
solution by using photochemical process. The degradation efficiency of this
compound significantly increased with an increase in UV intensity. Increasing UV
intensity will increase the driving force for photolysis reaction, which involves UV
energy to excite PCB molecule followed by the cleavage of C-ClI bond. Xu et al.
[129] reported that increasing UV intensity enhances the degradation of diethyl

phthalate in the UV/H>O> process. In addition, oxidative degradation of microsystin-
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LR by using UV/H20- also enhanced by increasing the UV intensity as reported by
Ren et al. [140].

Based on the results of these experiments and also based on our laboratory
limitation, the UV intensity at 12.06 mW/cm? was the highest intensity that gave the
highest degradation efficiency i.e. 58.95% TOC removal (Figure 4.8), and hence an

intensity of 12.06 mW/cm? was used for further degradation experiments.
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Figure 4. 8 Effect of different UV intensity on TOC removal.

4.1.4 Effect of Initial Concentration of H202 in Combination with UV

In order to investigate the effect of initial concentration of H20,, six different H20-
concentrations (0.06 M, 0.09 M, 0.12 M, 0.18 M, and 0.24M) were used. The volume
of liquid (400 ml), UV intensity (12.06 mW/cm?), MDEA concentration (2000 ppm),
pH (7), and temperature (30 °C) were maintained at constant values, while the H20-

concentration was varied from 0 — 0.24 M. Degradation profile of organic carbon at
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various initial concentration of H>O; is shown in Figure 4.9 and the TOC removal

profile is presented in Figure 4.10.
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Figure 4. 9 The degradation profile of organic carbon at different
initial concentration of H20:..
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Based on the initial experiments (section 4.1.1), it was found that the hydroxyl
radical is the main species to cause the degradation of organic matter. Organic matter
was degraded into simpler compounds by oxidation reaction. The hydroxyl radicals

were generated from UV photolysis of H2O».

H202+ hv — 2 HO » (2.28)

A higher concentration of H20- is expected to generate more hydroxyl radicals,
which enhanced the TOC removal. Based on our preliminary study, the maximum

TOC removal i.e. 59.02% was achieved at 0.18 M of H»O», and further increase in
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hydrogen peroxide concentration decreased the TOC removal, which might be due to

the scavenging effect of H20O: to the hydroxyl radical.
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Figure 4. 10 Effect of initial concentration of H.O> on TOC removal (after 180 min).

The reactions of scavenging mechanism of H>O» toward the hydroxyl radical are

expressed in Equation 4.29 — 4.30.

H,0, + HO e —>HO, » +H,0 (2.29)

HO, e +HOe—5>H,0+O0, (2.30)

Hydroperoxyl radicals (HO: ¢) are generated from reaction between hydrogen
peroxide (H202) and hydroxyl radical (HO ¢) (Equation 2.29). Even though the
hydroperoxyl radical is also well known to oxidize the organic matter, but the
reactivity of hydroperoxyl is less compared to the hydroxyl radical. In addition, the
reaction between hydroperoxyl radical (HO. ¢) and hydroxyl radical (HO ¢)
(Equation 2.30) also probably reduce the concentration of hydroxyl radical in the
system, which plays as an important species in the degradation process. Hence, the
TOC removal was less at higher H202 concentrations. Similar reports on the optimum

83



concentration of hydrogen peroxide for UV/H2O> process have also been made by
many researchers. Muruganandhan and Swaminathan [70] reported that the optimum
hydrogen peroxide concentration was at 20 mmol for the decolorization of azo dye
(Reactive Orange 4), and further increase in the initial concentration of H20:
decreased the percentage decolorization. Similarly Malik and Sanyal [79], concluded
that the decolorization of azo dye was optimum at 5.88 x 10 M, and further increase
in the H2O2 concentration reduced the percentage of decolorization. An optimum
concentration of H>O, was also reported for the decolorization of azo dye by
UV/H20: process by Chang et al. in 2010 [141]. Increasing H2O2 concentration in the
system lead to the decomposition rate of azo dye to certain level and further increase

in H20> concentration decreased the decomposition rate.

4,15 Effect of pH

The effect of initial pH of the system was studied at five different pH values (pH = 3
to 11) while maintaining the volume of liquid (400 ml); UV intensity
(12.06 mW/cm?), concentration of MDEA (2000 ppm); concentration of H2O, (0.18
M); and same temperature (30 °C) as constant. The influence of the initial pH on
MDEA degradation using UV/H202 process is shown in Figure 4.11. The degradation
rate of organic carbon increased with an increase in pH up to 9, and further increase in
pH reduced the degradation rate of organic carbon. At this optimum pH (pH = 9), the
removal of TOC was found to be 79.28%. Figure 4.12 presents the percentage of TOC
removal at different initial pH conditions. Further increase in pH beyond 9, resulted in
approximately a constant TOC reduction, which might be due to the decomposition of

hydrogen peroxide itself at higher pH levels.

At high pH conditions, H20- tend to ionize to form hydroperoxide anion (HO2)
with pKa equal to 11.6 (Equation 2.31) [132, 140]. Hydroperoxide anion is well

known to be a strong scavenger to hydroxyl radical:

H202 < HO2 + H* (2.31)
HO« + HOz — HOz* + HO' (2.32)
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Figure 4. 11 The degradation profile of organic carbon for different
initial pH conditions
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Figure 4. 12 Effect of initial pH condition on TOC removal.
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Reaction between hydroperoxide anion (HO2) and hydroxyl radical (HO ¢)
generates a less reactive radical i.e. hydroperoxyl radical (HOz ¢) (Equation 2.32) and
hence decrease in degradation rate. Similar trend was also reported for the
degradation of dimethyl phthalate (DMP) and microcystin-LR (MCLR) using UV
H202 by Xu et al. and Ren et al., respectively [132, 140]. They concluded that, the
optimum pH for MCLR was at 7.2 and that for DMP was 4.0, for the degradation of
the respective compounds using UV/H.O; process. The optimum pH condition for the
degradation of different compounds using UV/H20> process depends mainly on the

characteristic of the individual compounds.

4.1.6 Effect of Temperature

The effect of reaction temperature on the removal of organic carbon during the
MDEA degradation using UV/H20- is shown in Figure 4.13. The experiments were
carried out at four different temperatures while maintaining the volume of liquid
(400 ml), UV intensity (12.06 mW/cm?), concentration of MDEA (2000 ppm),
concentration of H20 (0.18 M), and pH (7) as constant. Range of temperature studied
was 20°C — 50 °C.

The effect of temperature was reported by Xu et al. [139] for the degradation of
diethyl phthalate (DEP) using UV/H202. They concluded that, by varying reaction
temperature from 15 °C to 31°C did not show any significant change in DEP removal
(76.2% to 80.5%, respectively). However it can be seen from Figure 4.13 that by an
increase in the temperature up to 40 °C, reduction of organic carbon increases very

little and beyond which the degradation rate of organic carbon started decreasing.

An increase in the degradation rate of organic carbon with an increase in
temperature (20 to 40 °C) may be due to the increasing collision frequency between
MDEA and hydroxyl radical in the system [142]. Masschelein [31] also stated that the
highest effectiveness of LP Hg UV lamp (the UV lamp that was used) to emit the

photon was at 40 °C. Therefore more photons were provided for photolysis of H20,.
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Hence, more hydroxyl radicals were generated and hence increased the removal of
organic carbon up to 67.94 % during the MDEA degradation using UV/H20> process
(Figure 4.14). This result is in agreement with those reported by Li et al. [142]. They
reported that the degradation rate of clofibric acid in the effluent using UV/H20-

increased by increasing the reaction temperature.
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Figure 4. 13 The degradation profile of organic carbon at different temperature
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When the temperature of reaction was at 10 °C, 80 minutes reaction time was required
to nearly complete the degradation process, whereas the temperature of reaction was
increased to 30 °C, a nearly complete degradation was achieved within 15 minutes of
reaction time. In this present study, the reaction temperature beyond 40 °C was found
to decrease the degradation rate. This might be due to the decomposition of H>O>

itself at higher temperatures [29, 155].
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Figure 4. 14 Effect of temperature on TOC removal.

4.1.7 Optimization Process of MDEA Degradation by using UV/H20:2

The optimization of MDEA degradation process was initially conducted by screening
of factors that influence the degradation process. Factors without optimum values
during preliminary experiments were screened based on the limitation of the present
equipment capability. The factors screened were UV intensity and initial MDEA
concentration. UV intensity at 12.06 m\W/cm? was the highest intensity of UV lamp
available in the laboratory. The initial concentration of MDEA solution at 1000 ppm
of organic carbon was the best concentration to monitor the degradation process.
Therefore, these values were chosen for further experiments to screen the other
factors. RSM is a well known process to evaluate the effect of each factor and their
interaction. The factors screened using RSM were initial concentration of H20», initial
pH, and temperature of reaction. Screening of independent factors affecting the TOC
removal was carried out using Box-Behnken design. Three level factors consisting of
22 full factorials with 3 center point were created. The three levels that was chosen
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based on the preliminary study was coded as low (-1), middle (0), and high (+1) are

presented in Table 4.1.

Table 4. 1 The three levels chosen from the preliminary study.

A: H0; 0.12M 0.18 M 0.24M
B: Temperature 30°C 40°C 50°C
C:pH 7 9 11

By applying the Box-Behnken design, the generated matrix design of the experiments
is shown in Table 4.2. The combination of three level factors resulting in thirteen (13)

experiments, with different possible combination to cover the entire range of variable.

Table 4. 2 Box-Behnken matrix design.

1

2 11.0 0.18 50.0
3 7.0 0.18 30.0
4 11.0 0.18 30.0
5 9.0 0.24 30.0
6 9.0 0.12 30.0
7 11.0 0.12 40.0
8 7.0 0.18 50.0
9 7.0 0.24 40.0
10 11.0 0.24 40.0
11 7.0 0.12 40.0
12 9.0 0.18 40.0
13 9.0 0.24 50.0
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Based on the matrix design, experiments were conducted and the percentages of TOC
removal obtained from the experiments were fitted to the second order polynomial
equation to represent the present experimental results on TOC removal with other

parameters (Equation 4.2).

% TOC removal = -511.106 + 56.2002(pH) + 7.76336(Temperature) +
2212.35(H202) - 2.16741(pH)? + 20.9167(pH)(H202) - 0.620375(pH)(Temperature) -
3954.27(H202)? - 21.2887(H20,)(Temperature) + 0.00447125(Temperature)?

(4.2)

The predicted values according to Equation 4.2, are compared with those obtained

from experiments (Table 4.3).

Table 4. 3 Box-Behnken matrix design with experimental and fitted value.

Experiment Operational parameter Response (% TOC removal)
pH H202 Temperature  Observed value Fitted value
1 9.0 0.12 50.0 43.92 42.71
2 11.0 0.18 50.0 22.14 22.90
3 7.0 0.18 30.0 65.00 64.24
4 11.0 0.18 30.0 73.63 73.60
5 9.0 0.24 30.0 82.45 83.66
6 9.0 0.12 30.0 43.47 43.05
7 11.0 0.12 40.0 23.08 23.53
8 7.0 0.18 50.0 63.14 63.17
9 7.0 0.24 40.0 54.49 54.04
10 11.0 0.24 40.0 44.79 43.61
11 7.0 0.12 40.0 42.82 44.00
12 9.0 0.18 40.0 64.07 64.20
13 9.0 0.24 50.0 3181 32.23
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The experimental value (R? = 0.9980) of TOC removal satisfactory agree with those
predicted using Equation 4.2, which are shown in Figure 4.15, proving the validity of
the second order polynomial model (Equation 4.1) for representing the present
degradation of MDEA using UV/H-O> oxidation process.
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Figure 4. 15 Relation between experimental value and fitted value of TOC removal.

Pareto chart of the standardized effect at P = 0.05 (Figure 4.16) clearly shows the
standardized effects of factors and interaction between each factor affecting TOC

removal.
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Figure 4. 16 Pareto chart of the standardized effect for percentage TOC removal for
screening of significant factors for the degradation of MDEA.
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The order of the most significant factor for increasing TOC removal is: initial
concentration of H2O. > interaction between pH and H>O, > quadratic temperature.
Meanwhile, the order of the most significant factor to reduce the TOC removal is:
temperature > quadratic H>O> > interaction between H>O» and temperature >

interaction between pH and temperature > pH > quadratic pH.

ANOVA analysis was performed to identify the significant factors affecting the
TOC removal at P-value = 0.05 and the results of ANOVA analysis is presented in
Table 4.4. A significant factor affecting the TOC removal was indicated by P-value of
less than 0.05. Table 4.4 shows that the quadratic factor of temperature gave
insignificant effect (P-value = 0.5489) and the other factors and their interaction gave

a significant effect for TOC removal (P-value < 0.05).

Table 4. 4 ANOVA analysis for TOC removal of synthetic MDEA waste.

Source Sum of Squares Df Mean Square F-Ratio P-Value
A:pH 477.56 1 477.56 267.01 0.0000
B:H0, 453.713 1 453.713 253.68 0.0000
C:Temperature 1340.14 1 1340.14 749.29 0.0000
AA 277.523 1 277.523 155.17 0.0001
AB 25.2004 1 25.2004 14.09 0.0132
AC 615.784 1 615.784 344.29 0.0000
BB 748.231 1 748.231 418.35 0.0000
BC 652.624 1 652.624 364.89 0.0000
cC 0.738169 1 0.738169 0.41 0.5489
Total error 8.94274 5 1.78855

Total (corr.) 4551.51 14

In order to examine the effect of factors towards the responses, a graphical
representation known as contour plots of regression model obtained using Equation
4.2 is shown in Figure 4.17. As illustrated in Figure 4.17, increasing concentrations of
H2>0O, to a certain level causes an increase in TOC removal, due to the increasing

sources of available hydroxyl radicals.
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Further increase of H>O> will decrease TOC removal, which could be related to the
scavenging effect of H.O itself, leading to a decrease in H2O2 concentration in the
system. In addition, by increasing the pH to a certain level will increase the removal
of TOC, which might be due to the reason that hydroxyl radical oxidation mechanism
for compounds containing nitrogen atoms are favorable at higher pH levels [89].
However, further rise in pH lead to a reduction in TOC removal, due to the

decomposition of H,0; itself at higher pH.

Estunated Response Surtace Temperature = 40.0°C

03 3
E
3 = LT e ey
S 33 | R
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I A T T T 016
/ 3 9 10 11 0.12 H,0,

Figure 4. 17 3D Contour plots of TOC removal for MDEA.
% TOC removal: 23.0-28.0 ™= 28.0-33.0 33.0-38.0
38.0-43.0 43.0-48.0 48.0-53.0 w== 53 (-58.0
== 58.0-63.0 63.0-68.0 ™= 68 0-73.0 === 73 0-78.0

Based on the contour plots of TOC removal (Figure 4.17), the optimum conditions
for the degradation of MDEA using UV/H>O, process at initial concentration of
MDEA = 2000 ppm (= 1000 ppm of TOC) and UV intensity = 12.06 mW/cm? are:
temperature = 30 °C, pH = 9.76, and the concentration of H.O, = 0.22 M (Table 4.5),
in the other words, the molar ratio between MDEA (TOC (M)) to H202 (M) = 1:2.56.
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Table 4. 5 Optimum condition for the degradation of MDEA by using UV/H20- at
initial TOC = 1000 ppm; UV light intensity = 12.06 mW/cm?,

Factor Optimum condition
H20> 0.22M
pH 9.76
Temperature 30°C

Experiments were conducted (in duplicate), using the obtained optimum condition
and the estimated TOC removal was 85.74%, which satisfactory agree with the
predicted value of 86.05% (Figure 4.18) indicating the validity of the present
proposed Equation 4.2. The deviation between the experimental value and the

predicted value was estimated to be 0.31%.
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Figure 4. 18 Comparison of predicted and experimental TOC removal at optimum
condition.

94



4.2  Degradation Intermediates Identification and Development of

Degradation Mechanism

Degradation of aqueous MDEA solution using UV/H>O> has been studied. MDEA
(CsH1302N) is a compound containing the elements namely C, H, O, and N and the
structure is shown in Figure 2.1. For the identification of degradation intermediates,
experiments were conducted using the following conditions: [MDEA]o = 2000 ppm
(= 1000 ppm TOC), [H202]o = 0.22 M, initial pH = 9.76, temperature = 30 °C, UV
intensity = 12.06 mW/cm?, and reaction time = 3 hours. The end products after the
complete degradation of MDEA containing these elements, using hydroxyl radical
(HO ) is expected to be CO2, H20, NH3s/NHs *, NO2", NOs’, and No.

Based on the analysis of the degradation intermediates obtained during the
degradation of MDEA, using UV/H,0> process, the identified organic by-products
are: oxalic acid (C2H204), acetic acid (CH3COOH), formic acid (HCOOH), and the
inorganic by-product are: nitrate (NOs), nitrite (NO27), ammonium (NH4"), and
carbon dioxide (CO>). Figure 4.19 shows the profile of inorganic by-products during
UV/H202 process.
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Figure 4. 19 Inorganic by-product profile during the UV/H20- process.
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It can be seen that the concentration of ammonium and nitrite increased until 90
minutes and then decreased with reaction time. Oxidation of both ammonium and
nitrite by hydroxyl radical resulted in the production of nitrate. The concentration of
nitrate increased along with the decrease in ammonium (NH4") and nitrite (NO2)

concentration.

Similar by-products such as ammonium and nitrate were also identified and
reported by Klare et al. [89] and Low et al. [87]. Klare et al. identified NH3/NH4",
nitrate (NOgz’), and nitrite (NO2") as intermediate products in the partially degraded
secondary amine. Low et al. [87] also found ammonium (NH4") and nitrate (NO3’)
during the degradation of organic compound containing nitrogen atom. Both
researchers used TiO. mediated photo-catalytic technique for degradation. Many other
researchers who identified the inorganic by-products containing nitrogen atom during
their study on AOP for the degradation of organic compound containing nitrogen

atom are listed in Table 2.10.

Identification of organic by-products during the degradation of MDEA using
UV/H;0, was conducted using high performance liquid chromatography (HPLC).
The chromatogram obtained using YMC-Pack PolymerC18 column is shown in
Figure 4.20. After 30 minutes of radiation, one of the intermediate products was
identified as oxalic acid, which appeared at 3.9 minutes of retention time. Other by-
products could not be identified using this column and hence Transgenomic column
was used, which show the presence of two more organic acids. Those two by-products
were identified as acetic acid (RT = 8.1 min) and formic acid (RT = 8.9 min),
respectively (Figure 4.21). Organic by-products profile during UV/H20. process is
presented in Figure 4.22.

As reported by many researchers [60, 89, 143], degradation of organic compound
containing amino group by using hydroxyl radical is highly dependent on pH. At low
pH, free electron pair of nitrogen atom was protonated, and resulting in the
deactivation of oo — CH bond [33, 89]. Hence, the hydroxyl radical can only attack the
further location of CH bond after o — CH bond. Meanwhile, at any pH > 7, free
electron pair of nitrogen atom was un-protonated. In this condition, hydroxyl radical
can attack the free electron pair of nitrogen atom and the a — CH bond [144 — 145].
However, steric effect of components attached to the nitrogen atom was also
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identified. The steric effect drives the ability of hydroxyl radical to attack the electron
pair of nitrogen atom [89].
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Figure 4. 20 Chromatogram of partially degraded MDEA after UV/H20 process
using YMC-PolymerC18 column.
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Figure 4. 21 Chromatogram of partially degraded MDEA after UV/H20- using
Transgenomic column.
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Figure 4. 22 Organic by-products profile during the UV/H20. process.

+ Formic acid; o Oxalic acid: 4 Acetic acid

Based on the observation of inorganic (Figure 4.19) and organic by-products
(Figure 4.22) profiles, initially formic acid was formed as a by-product. The proposed
mechanism of MDEA mineralization by hydroxyl radical can be explained as follows.
Initially hydroxyl radical was generated by H202 photolysis. MDEA consist of two
groups of ethanol and one methyl. During the mineralization of MDEA by hydroxyl
radical, initially hydroxyl radical attacked oo — CH bond of methyl group by taking one
H to form water (H20) [31] and a radical compound, through hydrogen abstraction
(Figure 4.23, scheme 1). Further, the hydroxyl radical attacked the organic compound
radical (electrophilic addition) [32] and then cleaved the C-N bonds. During the next
step, formic acid was produced. Acetic and oxalic acids appeared later. The formation
of these two organic acids occurred by cleavage of C-N bonds of the ethanol groups
attached to the nitrogen atom of MDEA [89]. Further oxidation of by-products by
hydroxyl radical (Figure 4.24, schemes 2, 3, 4, 5, and 6) would result in the formation
of few end products such as ammonium (NH4"), nitrate (NO3"), nitrite (NO2), and
carbon dioxide (CO2). Figure 4.23 and 4.24 show the proposed mineralization

mechanism of MDEA by hydroxyl radical.
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Figure 4. 23 The initial stages of MDEA mineralization by hydroxyl radical.
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Figure 4. 24 Reaction pathways of intermediate degradation by hydroxyl radical.
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4.3

Kinetics of MDEA Mineralization Process

4.3.1 Determination of Kinetic Constants of MDEA Mineralization

In order to follow the kinetics of MDEA mineralization, a set of experiments were

conducted, using the following condition: intensity of UV lamp = 12.06 mW/cm?,

irradiation time = 3 hours,

oxidation temperature = 20, 30, 40, and 50 °C, initial

pH = 9.76 (optimum pH), and initial H.O> concentration was varied from 0 - 0.22 M.

In this study, the mineralization process was monitored by measuring the total organic

carbon (TOC) of the samples during the process (Figure 4.25 and Figure 4.26).
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Figure 4. 25 MDEA mineralization profile at different initial concentration of H20,.
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Figure 4. 26 MDEA mineralization profile at different initial concentration of
contaminant.

*0.042M =0.085M +0.128 M =0.180 M

Based on the proposed scheme of mechanism (Figure 4.23 and 4.24), during the
mineralization process some intermediate products were formed, however not all the
intermdediate products could be detected using the analytical equipments available in
the laboratory, hence the determination of rate constants were conducted based on the
changes of TOC and H20, during the UV/H20 process. The estimated experimental
reduction rates of MDEA during the initial 30 minutes are presented in Table 4.6.
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Table 4. 6 Estimated reduction rates at initial 30 minutes.

Temp. Experimental [Clo [H202]o [-d[C]o/dt] Slope; R?
(°C) (M) (M) (M min™)
20 [Clo =constant 0.0847 0.0615 0.000180 Slope = 0.5350
0.0847 0.0900 0.000221 R%=0.9991
0.0851 0.1210 0.000260 (Figure 4.27)
0.0847 0.1810 0.000317
0.0852 0.2220 0.000359
[H202]o = constant  0.0432 0.2230 0.000235 Slope = 0.5949
0.0852 0.2220 0.000359 R?=0.9993
0.1280 0.2170 0.000449 (Figure 4.28)
0.1825 0.2170 0.000556
30 [Clo =constant 0.0847 0.0615 0.000179 Slope = 0.5354
0.0847 0.0900 0.000221 R2=0.9991
0.0850 0.1210 0.000260 (Figure 4.27)
0.0847 0.1810 0.000317
0.0852 0.2230 0.000359
[H202]o = constant ~ 0.0432 0.2220 0.000235 Slope = 0.5947
0.0852 0.2230 0.000359 R?=0.9993
0.1280 0.2170 0.000448 (Figure 4.28)
0.1825 0.2170 0.000556
40 [C]o =constant 0.0851 0.0615 0.000144 Slope = 0.5544
0.0850 0.0900 0.000178 R?=0.9995
0.0851 0.1210 0.000210 (Figure 4.27)
0.0853 0.1800 0.000263
0.0850 0.2210 0.000290
[H202]o = constant ~ 0.0432 0.2220 0.000194 Slope = 0.5740
0.0850 0.2210 0.000290 R?=0.9983
0.1278 0.2210 0.000370 (Figure 4.28)
0.1830 0.2210 0.000457
50 [C]o =constant 0.0848 0.0610 0.000113 Slope = 0.5672
0.0848 0.0900 0.000140 R?=0.9998
0.0850 0.1210 0.000167 (Figure 4.27)
0.0850 0.1830 0.000210
0.0850 0.2210 0.000233
[H202]o = constant ~ 0.0432 0.2220 0.000156 Slope = 0.5785
0.0850 0.2210 0.000233 R?=0.9998
0.1280 0.2180 0.000293 (Figure 4.28)
0.1840 0.2180 0.000361
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The general mineralization process using UV/H20, process can be explained as
follows (Equation 4.3 — 4.5):

C+H,0, + hv—= s degradation products (4.3)
H,0, +hv—X—32HO (4.4)
C+HO e« —* s degradation products (4.5)

where C is the substrate (MDEA). Hydroxyl radical is well known as a non selective
oxidator. Consequently, the hydroxyl radical reacts with H>O, during oxidation
process to produce less reactive radicals such as hydroperoxyl radical (HO: ¢) and
O« [146]. This reaction is known as scavenging reaction. These scavenging reactions

during MDEA mineralization can be expressed as follows (Equation 4.6 — 4.8):

H,O, + HO e —“—»HO, ¢ +H,0 (4.6)
H,0, + HOe—* 50, e+H" + H,0 (4.7)
H,0, + HO, e —* 3>HO+0, + H,0 (4.8)

De et al. [146] estimated the hydroxyl radical reaction rate constants for phenol
and chlorinated phenols by using UV/H202 photo-oxidation. A similar approach is

considered for the present study on the mineralization of MDEA. Hence the rate of

mineralization —% could be expressed as (Equation 4.9):

_d[c]

s k,[C[HO o] (4.9)
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where [C] is the concentration of substrate, [HO, ¢] is the concentration of hydroxyl
radical, and ks is the hydroxyl radical rate constants for MDEA mineralization. During
the oxidation process, the scavenging reaction occurs and the hydroxyl radicals react
with H20> to form other less reactive radicals such as HOz ¢ and O «. UV photolysis
of H20. (Equation 4.4) and the reaction of HO, ¢ with H.O> (Equation 4.8) led the
formation of HO e radical, while the reaction of HO e with the substrate (Equation 4.5)

and H>O> (Equation 4.6 and 4.7) led to the disappearance of HO ¢ in the system. Rate

of formation of HO « by UV photolysis of H20, can be expressed as {QM’\\//M)}

[32, 146], where @0, is the quantum vyields of the photolysis of H202 (mol/E),
Wabs,H202 IS the radiation flow rate absorbed by H2O> (E/s), and V is the volume of
irradiated solution (L). The formation of HO ¢ is expressed by Equation 4.6 and the
disappearance of HO: e is expressed by Equation 4.8. According to the above

reactions (Equation 4.4 and 4.8), the rate of formation of HO e+ is equal to
{W} andk,[HO, ¢JH,0,]. Similarly the rate of disappearance of HO e can

be represented as-k,[C[HO ],~k,[H,0,[HOs], and —k,[HOe]H,0,], according to

Equations 4.5, 4.6, and 4.7, respectively. Hence the net rate of formation can be

represented as follows (Equation 10):

d [HO ‘] _ |:¢H202Wabs,H202

dt v }' ke[HO, o]H,0, ]~k [C[HO o]k, [H,0,]HO o] -k;[HO o]H,0, ]

(4.10)

Similarly the net rate of formation of HO> * (Equation 4.11) can be estimated from

the rate of formation (Equation 4.6) and disappearance (Equation 4.8):

d[HO, o]

at k,[H,0,[HO o]k, [HO, *]H,0, ] (4.11)
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where [HO2 ¢] and [HO ] are the concentrations of HO2 « and HO e, respectively, and
ks, ks, ks, and ke are the rate constants. The species involved in the reactions, namely
[HO <] and [HO: ] are the intermediates and are very reactive and do not accumulate
during the reaction. After the induction period, steady state approximation suggest
that the rate of formation of the individual species ([HO ] and [HO> ]) is equal to the

rate of disappearance [6, 8, 126, 146 — 148] and hence d[};(t)']:o and

d[HO2 0]
dt
derived by rearranging Equation 4.11 and then substituting into Equation 4.10 to yield

Equation 4.12:

=0. Using this steady state conditions, an equation for [HO ] can be

|:¢H202\Nabs,H202 }
[HO o] = v (4.12)

ks[C]+ ks [H,0, ]

Further substitution of Equation (4.12) into Equation (4.9) yields Equation 4.13:

|:@H202Vvabs,HZO2 j|
d[c] Vv
o o Erio.) @t

During the start of the reaction (time t =~ 0), the reaction of H>O, scavenging to
hydroxyl radical (HO ¢) can be neglected (Equation 4.6 and Equation 4.7) and hence

the initial mineralization rate —% is equal to the rate of formation of hydroxyl

radical d[IZ?'] by UV photolysis of H2O as represented by Equation 4.4. The rate

of generation of hydroxyl radical at the initial time without any scavenging can be

expressed as {QSHOV\\;MHO} [146], and hence —% equal to FHOV\\//M’}
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Equation 4.13 can be modified as (Equation 4.14):

. _d[C],
C dt
—- =k [C 4.14
o e 414
Accordingly the initial rate can be expressed as Equation 4.15 [149]:
d|C a
- [dt]o = kexp.[c]o [HzOz]g (4.15)

where Kexp is the observed mineralization rate constant, t is the oxidation time, and ‘&’
and ‘b’ are the order of reactions. By combining and rearranging Equation 4.14 and
Equation 4.15, the mineralization rate can be expressed as Equation 4.16:

(4.16)

CEIH0.h |- 1, K {[HZOZ]}

—die] Tk Tkok| [

exp exp 3

dt

Furthermore, the order of reactions (‘a’ and ‘b’) may be calculated by initial rate
method [149] using Equation (4.15). For the estimation of the order of reaction ‘b’,
the experiments were conducted at five different concentrations of H>O. (0.06 M,
0.09 M, 0.12 M, 0.18 M, and 0.22 M) at constant initial concentration of substrate
[C]o. Based on the above condition, the logarithmic form of Equation (4.15) has been
used (Equation 4.17):

|n[—dEth]°}= Ink +blIn[H,0,], (4.17)
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where k&’ = kexp[CJo®. The present experimental results (Table 4.6) were used to
estimate the order of reaction ‘b’ by plotting In[-d[C]o/dt] vs In[H202]o (Figure 4.27)
and the estimated slope was approximately constant (0.535 — 0.567) for the four
different reaction temperatures (20, 30, 40, and 50 °C).
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Figure 4. 27 Plot of In[-d[C]o/dt] vs In[H202]o at four different temperatures.

X 20°C; y=0.5350x - 7.1298; R?=0.9991

@ 30 °C; y =0.5354x - 7.1289; R2= 0.9991

A 40 °C; y = 0.5544x - 7.3005; R? = 0.9995

© 50 °C; y =0.5672x - 7.5034; R? = 0.9998
Similarly, for the estimation of ‘a’, the experiments were conducted at four different
initial concentrations of substrates [C]o with constant initial concentration of [H202]o
(0.22M). The logarithmic form of Equation (4.15) for the estimation of the order of

reaction ‘a’ can be expressed as (Equation 4.18):

In[— d Ei]o } = Ink"+aln|[C]; (4.18)
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where k” = Kexp[H202]o°. A plot of In[-d[C]o/dt] vs In[C]o shows a linear correlation
(Figure 4.28), and the estimated slope was approximately 0.58 at all reaction

temperatures tested.
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Figure 4. 28 Plot of In[-d[C]o/dt] vs In[C]o at four different temperature.

— 20 °C; y = 0.5949x - 6.4806; R2=0.9993
@ 30 °C; vy =0.5947x - 6.4812; R2= 0.9993
& 40°C; y =0.5740x - 6.7380; R?= 0.9983
® 50 °C; y =0.5785x - 6.9452; R?=0.9998

Using the estimated values for ‘a’ and ‘b’, then the Equation 4.15 can be written as:

- % = ko [CE™[H,0, L™ (4.15)

indicating that the overall mineralization process at the initial reaction time follows
the pseudo first order reaction. Based on the above rate equation obtained using the
present experimental results, it can be shown that the mineralization rate depends on
both [C]o and [H20:2]o where [C]o is slightly dominant than [H202]o. This might be
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due to the presence of intermediate products such as organic acid, which could not be
readily degradable by hydroxyl radical. Therefore, scavenging reaction occurs and the
concentration of hydroxyl radical in the system decreases. Thus, the MDEA
mineralization process was dominantly controlled by the initial concentration of the
substrate [C]o. De et al. [150] reported that the reaction rate of phenol degradation by
UV/H;0; at the second stage got affected by the formation of organic acid in the
system. The formation of organic acid reduced the concentration of hydroxyl radical
in the system. Therefore the reaction rate was controlled by the concentration of
phenol available in the reaction medium. Acetic, maleic, and oxalic acid are the
organic acids that were reported to be not readily degradable by hydroxyl radical [29
— 30]. The incomplete MDEA mineralization was probably due to the formation of
those organic intermediate products which are not readily degradable by hydroxyl

radicals.

The present experimental results (Table 4.6) were used for solving Equation 4.16 and
the plot is shown in Figure 4.29. For the estimation of Kinetic constants, the reported
value for ks at pH 9.79 = 8 x 10’ Msec™! was considered [151]. The rate of substrate
degradation for the reaction during the first 30 minutes [-d[C]o/dt] was calculated
from the experimental data (Table 4.6) for each experimental condition. Calculation
of rate constant of MDEA mineralization by hydroxyl radical is presented in
Appendix B. The results are summarized in Table 4.7.

Table 4. 7 Calculated values for kexp and ks.

Temp. T UT 1/Kexp Slope Kexp ks In k3
(°C) (°K) (Eg. 4.16)) (M1tmint)  (M1min?)
20 293 0.0034 287.95 2.4255 0.003473 5.69 x 101 27.06715
30 303 0.0033 286.94 2.3956 0.003485 5.75 x 104 27.07764
40 313 0.0032 353.74 2.6365 0.002827 6.44 x 101! 27.19096
50 323 0.0031 439.37 2.5763 0.002276 8.19 x 101 27.43135
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Figure 4. 29 Plot of Equation 4.16 at the initial period of mineralization
Temperature = 20, 30, 40, and 50 °C and pH = 9.76.

A 20°C; y=2.4255x +287.95; R2=0.8561
» 300°C; y=2.3956x + 286.94; R2=0.8586
o 40°C; y=2.6365x +353.74; R2=0.8385
« 50°C; y=2.5763x +439.37; R>=0.8990

It can be seen in Table 4.7, the estimated hydroxyl radical rate constants (ks) were
similar at 20°C and 30°C of the oxidation process. As discussed earlier, based on the
mineralization profile of MDEA, the oxidation process was not dependent on
temperature up to 30°C. Above 30 °C, the hydroxyl radical rate constant (ks) increased
from 5.75 x 101 M min at 30°C to 8.19 x 10** M min™ at 50 °C (9.58 x 10° Mt s
to 13.64 x 10° M s1). Theoretically, this condition will result in an increase in total
organic carbon removal when the oxidation is conducted at higher temperatures. In
fact, the raise in temperature decreases the organic carbon removal (kexp decreased
from 3.49 x 10 M min* at 30 °C to 2.28 x 10 Mt min! at 50 °C). This might be
due to the increase in oxidation temperature that resulted in the increase of scavenging
reaction. The scavenging reaction reduced the concentration of hydroxyl radical in the

system.
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In addition, increase in oxidation temperature lead H2O. to further undergo self-
accelerating decomposition. For comparison, De et al. [146] reported an estimated
hydroxyl radical rate constant of 1 x 10*® g mol* s for the degradation of 2- and 4-
chlorophenol using UV/H0O: in aqueous solution at room temperature. During the
mineralization of monoethanolamine (MEA) using Fenton’s reagent at room
temperature, the reported hydroxyl radical rate constant was 2.9 x 10 M min‘
(4.8 x 10* M1 s1) [6]. The present estimated hydroxyl radical rate constants for the
mineralization of MDEA by using UV/H.0> are smaller compared to the reported rate
constants for aromatic compounds such as phenol [146]. Nevertheless, the present
estimated values are higher compared to those obtained using Fenton treatment for the
oxidation of same group of compound i.e. monoethanolamine. Table 4.8 presents the
comparison of the reported hydroxyl radical rate constants for different pollutants
using various methods of oxidation process. The present estimated values are

satisfactorily comparable with those reported in the literature.

4.3.2 Temperature Dependence of MDEA Mineralization

In this study, the experiments on the mineralization of MDEA by UV/H.0, were
conducted at four different temperatures ranging from 20 °C to 50 °C, since the
optimum oxidation temperature was found within this range. The activation energy of

any reaction can be calculated using Arrhenius’ law (Equation 4.19) [147, 153 — 154]:
k=Ae =" (4.19)

where k = hydroxyl radical reaction rate constant; Ao, = preexponential factor;
Ea = activation energy; R = ideal gas constant (8.314 Joule K mol™?);

T = temperature °K. The logarithmic form of Arrhenius’ law can be written as:

Ink =InA, —%[%) (4.20)
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Table 4. 8 Literature values for hydroxyl radical rate constants for different

compounds.

Process Method Rate constants References
Degradation of; UV/H;0, Deetal., 1999

- Phenol (1.41+0.6) x 10*° g mol* st [146]

- 2-chlorophenols (9.10+2.1) x 10* g mol* st

- 4-chlorophenols (1.07£0.4) x 10%° g mol* 52
Degradation of methyl tert-butyl  UV/H;0, (3.9 +0.73) x 10° M s Chang et al., 2000
ether (MTBE) [152]
Degradation of 4-chloro-3,5-di UV/H,0; 35x10°M1s? Lopez et al., 2000
nitrobenzoic acid [63]
Degradation of carbendazim UV/H,0;  (2.2+0.3) x 10° M1 st Mazellier et al.,

2003 [69]

Degradation of UV/H,0; 35x10°M's’to 6.8x10° Lesteretal, 2010
sulphamethoxazole Mgt [129]
Mineralization of UV/H,0; 4.7 x 10 M? st to 15 x  Ariff, 2010 [10]
monoethanolamine 1010 M3 st
Mineralization of Fenton’s  4.8x10*M1st Harimurti et al.,
monoethanolamine reagent 2010 [6]
Mineralization of di- Fenton’s 2.38x10° M1 st Omar et al., 2010
isopropanolamine reagent [8]
Mineralization of UV/H;0, Present work

methyldiethanolamine

- at20°C 9.50 x 10°M1 st
- at30°C 9.58 x 10° Mtst
- at40°C 10.73x10° M1t
- ats0°C 13.64 x 10°M1 st

Using the present calculated rate constant values (Table 4.7), a plot of In k3 vs 1/T is
made (Figure 4.30) which shows a linear correlation with R? = 0.8580. From the
slope, the activation energy was estimated as 10.20 kJ mol™. Table 4.9 compares the
reported activation energy values for the hydroxyl radical oxidation process obtained
using different pollutants. The present estimated activation energy (10.20 kJ mol™?)
obtained for the mineralization of MDEA is in similar range and comparable with the

reported activation energies for degradation of formaldehyde [157] and less than that
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reported for simple phenolic compounds such as ortho, meta, and para form of cresol
[155], complex phenolic compounds such as 2,4,6-trichlorophenol [136], p-
hydroxybenzoic acid [148], and 2,4-dichlorophenoxyacetic acid [156], which might
also be attributed to the type of oxidation process involved.

R* = 0.8580

27.0 4

269 T T T T
0.0030 0.0031 0.0032 0.0053 0.0034 0.0035

UTE )
Figure 4. 30 Plot of In ks vs 1/T.

Table 4. 9 Activation energies of hydroxyl radical oxidation for different pollutants.

Process Method Activation energy  References
Degradation of p- UV/Fenton’s 32.8 kI mol*? Beltran et al., 2001 [148]
hydroxybenzoic acid reagent
Degradation of 2,4- Anodic Fenton ~ 26.1+0.9 kI mol?  Wang and Lemley, 2001 [156]
dichlorophenoxyacetic
acid
Destruction of: Fenton’s Kavitha and Palanivelu, 2005
- o-cresol reagent 16.25 kJ mol* [155]
- m-cresol 12.90 kJ mol*
- p-cresol 14.95 kJ mol?
Photocatalitic oxidation ~ UV/O,/TiO; 19.98 kJ mol* Ochuma et al., 2007 [136]
of 2,4,6-trichlorophenol
Degradation of UV-Fenton 9.85 kJ mol*! Liuetal., 2011 [157]
formaldehyde
Mineralization of UV/H;0, 10.20 kJ mol* Present work

methyldiethanolamine
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4.4  Effect of Bicarbonate on MDEA Mineralization by UV/H20:

During sweetening process of natural gas, bicarbonate (HCO3") is also expected to be
present in the effluents leaving the unit. During the absorption and desorption of CO-
using aqueous amine solution, the following reaction are expected to occur (Equation
4.21-4.24).

lonization of water:

H.0 — H* + OH" (4.21)
Hydrolysis and ionization of dissolve COa:

CO2 + H2O — HCO3 + H* (4.22)
Protonation of MDEA:

R2NCH3 + H* — RoNCHq4* (4.23)
Acid-basic reaction with the amine:

R2NCH4" + HCO3™ +» RaNCH3 + H20 + CO2 (4.24)

Generally, the presence of bicarbonate in the AOP’s can act as a scavenger for
hydroxyl radical. Bicarbonate (HCO3") reacts with hydroxyl radical (HO ¢) to form
bicarbonate radical (HCOs ¢), which is also a well-known oxidant, but much less
reactive compared to hydroxyl radical [29, 51, 71, 158 — 159]. Consequently, the
degree of oxidation will be less. Bicarbonate radical is formed according to the
following reaction (Equation 4.25) [32, 59, 158]:

HO« + HCOs — HO" + HCOs (4.25)

Since the presence of bicarbonate in the AOP’s is capable to reduce the
degradation efficiency, the study of bicarbonate effect on degradation of MDEA using
UV/H20: is essential.
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The effect of bicarbonate in the degradation process of MDEA using UV/H;O, was
studied by conducting experiments with the addition of NaHCO3 in the solution. The
experiments were conducted using the following condition: intensity of UV
lamp = 12.06 mW/cm?, irradiation time = 3 hours, oxidation temperature = 30°C,
initial concentration of MDEA = 2000 ppm (1000 ppm TOC), initial pH = 9.76
(optimum pH) and 7, initial concentration of H202> = 0.22 M, and concentration of
NaHCOs = 0, 0.025, 0.05, 0.075, 0.1, 0,125, and 0.15 M. The addition of NaHCO3 in
the simulated MDEA solution increased the mineralization rate of MDEA when the
initial pH of the process was approximately 7 (Figure 4.31). This result is not in
agreement with the statement that bicarbonate is capable to decrease the degradation
efficiency [29, 51, 71, 158 — 159].
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Figure 4. 31 The organic carbon profile during the degradation of MDEA using
UV/H20, in the presence of NaHCO:s at initial pH = 7.

+ 0 M NaHCO; o 0.025 M NaHCO;

4 0.050 M NaHCO; % 0.075 M NaHCO;

* 0.100 M NaHCO;  © 0.125 M NaHCO;
+ 0.150 M NaHCO;
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At neutral pH, bicarbonate reacts with hydroxyl radical to form bicarbonate radical.
This radical is less reactive compared to the hydroxyl radical, and hence the degree of
TOC removal is expected to decrease. Nevertheless, the degree of TOC removal was
increasing, which could be explained by other possibilities. The bicarbonate acts as a
good buffer in the degradation process. HCO3 is an amphoteric ion that can act either
as an acid which can donate its H* or as a base which can also accept an H* to form
H>COz. Further, the H,CO3 can be directly converted to water and carbon dioxide
(H2CO3z — H20 (I) + CO2 (Q)).

When the degradation process was conducted without bicarbonate, the formation
of organic acid during the degradation process decreases the pH of the system to a
certain level (Figure 4.32) and the presence of bicarbonate in the system maintained
the pH and did not allow the pH to drop into acidic condition (Figure 4.32 and Figure
4.33). Thus, the presence of HCOs" in the solution maintained the free electron pair of
nitrogen atom of MDEA in un-protonated condition. Therefore, more active site for
reaction was always provided and hence a higher degradation of MDEA could be
achieved. Nonetheless when the initial pH of reaction was 9.76 (i.e. optimum pH
value for degradation of MDEA using UV/H;O, [160]) with the presence of
bicarbonate, then the enhancement of degradation process was not noticed (Figure
4.34).

The reduction in MDEA degradation at higher pH (pH > 7) in the presence of
bicarbonate might be due to the conversion of bicarbonate to carbonate (CO3z%) at
higher pH, and then reacted with hydroxyl radical to form carbonate radical (Equation
4.26):

HO« + COs% — HO" + COs (4.26)

The carbonate radical significantly reduces the concentration of hydroxyl radical in
the system since the reaction rate between carbonate and hydroxyl radical is high
(3.9 x 108 M1 s1). As a result, the TOC removal was less. At neutral pH, bicarbonate
does not change to carbonate [51], and even though bicarbonate reacts with the

hydroxyl radical at neutral pH (initial pH = 7), the presence of bicarbonate radical did
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not give significant interference in the degradation process, since the reaction rate of

bicarbonate and hydroxyl radical is less (8.5 x 10° Mt s1).

Reaction between hydroxyl radical and bicarbonate (HCO3)/carbonate (COs?)
produce a hydroxyl ion (HO") in the system (Equation 4.25 and 4.26). The hydroxyl
ion will be neutralized by organic acid produced during the UV/H20; process. The pH
during the process slightly decreases when the concentration of bicarbonate is low and
the pH profile during the process relatively unchange when the concentration of
bicarbonate is higher (Figure 4.32 and 4.33). This may be due to the increase of the
buffering capability. The hydroxyl ions (OH") neutralize the organic acid produced in
the system during the UV/H20. process and this capability increases along with the

increase of bicarbonate concentration in the system.
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Figure 4. 32 The pH profile during the degradation of MDEA using UV/H20; with
the presence of NaHCOs at initial pH = 7.
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Figure 4. 33 The pH profile during the degradation of MDEA using UV/H20, with
the presence of NaHCOg3 at initial pH = 9.76.
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Based on the previous discussion, it can be concluded that at neutral pH,
bicarbonate increases the TOC removal by maintaining the pH at around 7 and hence
the active site of MDEA for oxidation is always available. However at high initial pH
of reaction, the bicarbonate acts as a scavenger to hydroxyl radical by converting into
carbonate which further reacts with hydroxyl radical and hence reduce the TOC

removal.

Complete mineralization was achieved when the bicarbonate at concentration =
0.125 M and 0150 M present in the system with initial pH of reaction = 7 (Figure
4.35) and for an initial pH = 9.76 the TOC removal decreased approximately 25%
(Figure 4.36).
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This is a very good advantage for the future application of the treatment of effluent
containing MDEA or any other alkanolamine, which is commonly rich with
bicarbonate. Thus, the best set of degradation conditions can be predicted and an

effective degradation process can be designed.
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Figure 4. 34 The organic carbon profile during the degradation of MDEA using
UV/H20- with the presence of NaHCOs at initial pH = 9.76.
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Figure 4. 35 Percentage TOC removal achieved at initial pH = 7, for different
concentration of NaHCO:s.
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Figure 4. 36 Percentage TOC removal achieved at initial pH = 9.76, for different
concentration of NaHCO:s.
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45  Degradation of Refinery Effluent (PPMSB Effluent) using UV/H20:

The actual effluent from gas processing plant of PETRONAS Penapisan Melaka
Berhad (PPMSB) was also considered for the present study on the degradation of
MDEA using UV/H20>. The properties of the actual industrial effluent are presented
in Table 3.2. The pre-treatments included the removal of hydrogen sulfide (H2S),
removal of oil, and removal of grease. H2S has to be removed since it is very toxic to
the environment. Meanwhile oil and grease has to be removed since these components
might affect the penetration of UV light into the solution. The details of the removal
of oil and grease and H>S were discussed in section 3.1.1 of Chapter 3. The pre-
treated effluent with high concentration of MDEA was diluted to an approximately
1000 ppm of initial concentration of organic carbon and then placed in the reactor.
The 1000 ppm TOC of initial concentration of pollutant was chosen since this
concentration was approximately equals with the 2000 ppm of MDEA (2000 ppm of
MDEA = 1000 ppm TOC) which was the suitable concentration to monitor the TOC
removal profile accurately during UV/H20> process using the present experiment set
up. After adding the oxidant (H20.), the solution was subjected to degradation
process, by exposing to 8 watt UV lamp (intensity = 12.06 mW/cm?). The
degradation was monitored by measuring the total organic carbon (TOC) at desired
time intervals. The process was conducted for 3 hours and the % TOC removal

was calculated accordingly by Equation (3.4).

During the optimization process of refinery effluent degradation using UV/H20x,
the RSM was used. Since the main component of the refinery effluent is MDEA,
therefore the optimization process condition was based on the results obtained from
the synthetic MDEA solution. Screening was carried out for three factors i.e. initial
concentration of H2O., initial pH, and temperature. TOC removal was used as the
response. Box-Behnken design was used as the experimental design. Low and high
level for screening was determined based on the preliminary study of synthetic
MDEA solution (Table 4.1), and the Box-Behnken design of experiments were
according to Table 4.2.
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Based on the design of experiments in Table 4.2, the TOC removal (%) observed is
fitted into second order polynomial equation to find the correlation between the

factors and response (Equation 4.27).

% TOC removal = -795.267 + 116.233(pH) + 2708.71(H20.) + 5.2895(Temperature)
- 3.72781(pH)? - 147.104(pH)(H202) - 0.6765(pH)(Temperature) - 1828.13(H202)? -
11.9583(H.02)(Temperature) + 0.0272625(Temperature)?

(4.27)

The predicted values according to equation 4.27, are compared with those obtained

from experiments (Table 4.10).

Table 4. 10 Box-Behnken matrix design with observed and fitted value for refinery

effluent.
Experiment Operational parameter Response (% TOC removal)
pH H202 Temperature  Observed value Fitted value
1 9.0 0.12 50.0 4573 45.18
2 11.0 0.18 50.0 21.84 22.23
3 7.0 0.18 30.0 55.65 55.26
4 11.0 0.18 30.0 67.35 64.70
5 9.0 0.24 30.0 89.83 90.38
6 9.0 0.12 30.0 43.75 46.24
7 11.0 0.12 40.0 36.74 36.91
8 7.0 0.18 50.0 64.26 66.91
9 7.0 0.24 40.0 84.50 84.33
10 11.0 0.24 40.0 29.30 31.40
11 7.0 0.12 40.0 21.33 19.23
12 9.0 0.18 40.0 64.73 64.46
13 9.0 0.24 50.0 63.11 60.62
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Correlation between the observed values and fitted values of TOC removal are
presented in Figure 4.37. The correlation gave R? = 0.9935. High value for R?
indicated that the model generated is suitable for the prediction of TOC removal. The
second order model of TOC removal percentage for refinery effluent was obtained
with R?=0.9935 and R? adjusted = 0.9818 and is presented in Equation 4.27.
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Figure 4. 37 Correlation between the experimental and fitted value (Equation 4.27) of
TOC removal for refinery effluent.

Pareto chart of standardized effect at P = 0.05 (Figure 4.38) clearly shows the
standardized effects of factors and interaction between each factor affecting TOC

removal (increase or decrease).
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Figure 4. 38 Pareto chart of the standardized effect for percentage TOC removal for
screening of significant factors for degradation of actual effluent.
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Hydrogen peroxide concentration (H202) gives the most significant effect toward
TOC removal, followed by quadratic factor of temperature with insignificant effect,
whilst other factors give significant effect on the decrease of TOC removal. The order
of the most significant factor to decrease TOC removal is: interaction between pH and
H2.0, > quadratic factor of pH > interaction between pH and temperature > pH >

temperature > interaction between H202 and temperature > quadratic factor of H20x.

Identification of significant factors affecting the TOC removal was performed
using ANOVA analysis at P-value = 0.05. The results of ANOVA analysis is
presented in Table 4.11. Significant factors affecting the TOC removal was indicated
by P-value of less than 0.05. From Table 4.11 it can be seen that all the factors and
their interaction gave a significant effect for TOC removal, but the quadratic factor of
temperature is not significant (P-value = to 0.1214).

Contour plot of regression model for refinery effluent is presented in Figure 4.39.
The 3D curvature (Figure 4.39) shows that, increasing the concentration of H2O> up to
a certain level will increase the removal. A further increase of H>O> concentration
reduces the removal. A similar profile with the synthetic aqueous MDEA solution is
also found in terms of initial of pH of reaction. The TOC removal increases with an

increase in pH up to certain level and then stard to decrease.
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Table 4. 11 ANOVA analysis for TOC removal of refinery effluent.

A:pH 621.458 1 621.458 0.0003
B:H-0; 1775.78 1 1775.78 224.71 0.0000
C:Temperature 474.936 1 474.936 60.10 0.0006
AA 820.968 1 820.968 103.89 0.0002
AB 1246.44 1 1246.44 157.73 0.0001
AC 732.244 1 732.244 92.66 0.0002
BB 159.924 1 159.924 20.24 0.0064
BC 205.922 1 205.922 26.06 0.0038
CcC 27.4429 1 27.4429 3.47 0.1214
Total error 39.5128 5 7.90256

Total (corr.) 6094.75 14

Estimated Response Surface Temperature = 40.0 °C

20 = 024
7 8 9 10 51 012 H,0,

pH

% TOC removal

Figure 4. 39 Contour plots of TOC removal for refinery effluent.

%TOC removal: 0.0-10.0 20.0-30.0 W= 40.0-50.0
N 10.0-20.0 30.0-40.0 50.0-60.0
B 60.0-70.0 80.0-90.0

Bm 70.0-80.0 W 90.0-100.0

The estimated optimum conditions for the degradation of refinery effluent using
UV/H20, are: pH =8.13, temperature = 30 °C, and initial concentration of
H202 = 0.24 M (according to Table 4.12), in the other words, molar ratio between
contaminant (TOC (M)) to oxidant (H202 (M)) = 1: 2.79.
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Table 4. 12 Optimum condition for the degradation of PPMSB effluent by using
UV/H,0; at initial concentration of contaminant = 1000 ppm TOC;
UV light intensity = 12.06 mW/cm?.

Factor Optimum
pH 8.13
H20: 0.24M
Temperature 30.0°C

Using the estimated optimum conditions (Table 4.12), the experiments were
conducted in duplicate and the estimated %TOC removal was 92.05%, which
satisfactorily agree with that predicted as 93.19% (Figure 4.40).

100
90

TOC removal (%)

Obszerved Predicted

Figure 4. 40 Comparison of experimental and predicted TOC removal for refinery
effluent.

The optimum condition of degradation process for refinery effluent using UV/H20>
was slightly different from that of the simulated solution, even though the main
component of the effluent was MDEA. The effluent requires higher amount of
oxidant and lower pH condition. Since the actual effluents contains many other
contaminants such as organic acids beside MDEA. These organic acids might have

caused the reduction in pH value that are essential for the degradation.
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4.6  Biodegradability Test on Partially Degraded MDEA Solution.

Generally, UV/H20- treatment is suitable for the degradation of organic compounds
to form less toxic fragments compared to the parent compound. Based on the present
results it was found that the degradation of synthetic aqueous MDEA solution and
actual refinery effluent by UV/H20 oxidation resulted in approximately 85% and
93% of TOC removal, respectively. Complete TOC removal could not be achieved
even with a high concentration of hydrogen peroxide.

The biodegradability estimation of the partially degraded effluent, after UV/H20:
treatment was evaluated through the estimation of BODs/COD ratio [25, 37, 53, 90,
119, 161]. BODs is a measure of the dissolved oxygen consumption during biological
oxidation of organic contaminant, while the COD is a measure of the oxygen that is
required to oxidize the oxidizable material present in the sample. According to the
Europe Union (EU) regulation, if the BODs/COD ratio is greater than 0.5 (> 0.5), then
the compounds are considered to be readily biodegradable [119]. The test was
conducted for the partially degraded contaminant at approximately 40%, 60%, and
maximum TOC removal achieved by using UV/H202. The UV/H20. process can
increase the ratio of BODs/COD. Results of biodegradability evaluation are depicted
in Figure 4.41 and Figure 4.42.
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Figure 4. 41 The biodegradability evaluation of simulated MDEA solution.
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Figure 4. 42 The biodegradability evaluation of actual refinery effluent.

The higher ratio of BODs/COD approximately 2.0 indicates that partially
degraded MDEA can be more easily degraded by biological oxidation. Based on
these, it can be concluded that the UV/H20. oxidation can break down the MDEA
structure and convert the non-biodegradable compounds into biodegradable

compound.

4.7  Electrical Energy Consumption

UV/H20, treatment for the degradation of simulated MDEA solution and real
effluent from refinery plant (PPMSB) have been conducted. The rate of degradation
of actual effluent from refinery plant was slightly slower compared to the simulated
aqueous MDEA solution (Figure 4.43). However, at the end of 180 minutes of
reaction i.e. when all the oxidant (H-0.) was consumed, approximately 85% of TOC
removal was achieved for both cases [160]. In order to compare the degradation rate,
another method on degradation of simulated MDEA solution and real effluent from
refinery plant (PPMSB) was also conducted using ZnO/SnO> coupled photocatalysts
[4], and a similar trend was found (Figure 4.44). Approximately 23 % of TOC

removal was achieved by using this method.
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Figure 4. 43 The TOC for photochemical degradation of MDEA by UV/H20-
¢ A: refinery effluent (PPMSB); ® B: simulated system.

1.0 g
'.'.:..-‘--“‘
------- q""‘--..,_-

0.84 T ttciiiicreieene :n“-—---u“uuuu‘
S 0.6
=
S 0.4-

0.2

0.0

0 50 100 150 200 250 300 350

Time (min)

Figure 4. 44 The TOC for the photocatalytic degradation of MDEA
====A: refinery effluent (PPMSB); ****** B: simulated MDEA solution [4].
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Based on the observations of both UV/H20. photochemical and ZnO/SnO: coupled
photocatalysts processes, the slower degradation rate of real effluent from refinery
might be attributed to the reason that the effluent from refinery might contain many
other components as impurities besides, MDEA that are capable to reduce the

degradation rate.

Economics factor is often considered important during the selection of wastewater
treatment technology rather than regulations, treatment outcome, and operations
(maintenance, control, safety) [162]. Since the UV/H20> process for mineralization of
MDEA is an electric-energy-intensive process and the electric energy can represent
major consumption cost, hence the estimation of electrical energy demand is
necessary. Legrini et al. in 1993 [34] proposed a general and simple method for the
evaluation of electrical energy for advanced oxidation processes (AOP’s). The
electrical energy is expressed as the ratio of TOC (ppm) destroyed to electrical power
consumed during the same time of irradiation. After the multiplication with the total
volume of solution treated, then the calculation results in efficiency which is
independent of equipment size. The energy efficiency is expressed in Equation 4.28.

_ ATOC xV

¢ P

(4.28)

where ¢ is the energy efficiency, ATOC is the total organic carbon removed (ppm),

V is the total volume of solution treated (L), and P is the electrical power consumed
(kWh). The estimated energy consumption for the degradation of MDEA in synthetic
solution and also in actual effluent using UV/H,02 process are 0.069 kwh g * and
0.064 kWh g 1, respectively, whereas the reported values for ZnO/SnO2 coupled
photocatalysts is 1.298 kWh g 1. The details of the results are presented in Table 4.13

and compared in Figure 4.45.

132



Table 4. 13 Comparison of electrical energy efficiency of MDEA mineralization

using different process.

AOP method
References

Zn0/Sn0O;
Coupled
Photocatalysts

Ali et al., 2010 [4]

UV/H,0,
Present work

Experimental ATOC ¢ (g kWh)
(ppm)

Simulated MDEA 110.76 0.77

solution

[MDEA], = 1000 ppm
[TOC]Jo = 503.53 ppm
Volume=0.25 L

UV lamp = 12 Watt

(365 nm)

Irradiation time = 3 hours
ATOC=22%

Refinery effluent 118.48 0.77
(PPMSB)

[MDEA]o = 1000 ppm

[TOC]o = 503.53 ppm

Volume =0.25L

UV lamp = 12 Watt

(365 nm)

Irradiation time = 3 hours

ATOC=23.15%

Simulated MDEA 857.4 14.29
solution

[MDEA]O = 2000 ppm

[TOC]o = 1006 ppm

Volume= 0.4 L

UV lamp = 8 Watt LP Hg

lamp (254 nm)

Irradiation time = 3 hours

A TOC = 85.74%

Refineryeffluent 859.9 15.43
(PPMSB)

[MDEA]O = 2000 ppm

[TOC]o = 1006 ppm

Volume =400 ml =0.4 L

UV lamp = 8 Watt LP Hg

lamp (254 nm)

Irradiation time = 3 hours

A TOC = 92.05%

Energy consumed
(kWh g*)

1.298

1.298

0.069

0.064
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Figure 4. 45 Comparison of energy consumption per gram TOC of MDEA
degradation in the present work using UV/H20> and using ZnO/SnO- coupled
photocatalysts.

Synthetic MDEA solution Refinery effluent

Based on Table 4.13 and Figure 4.45, it can be concluded that present UV/H20:
process for the mineralization of MDEA is more electrical energy efficient, when

compared with other similar process.
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CHAPTER 5

CONCLUSIONS AND RECOMENDATIONS

5.1 Conclusions

The following conclusions can be drawn from the present research on the degradation

of MDEA using UV/H,0; advanced oxidation process:

1. The initial concentration of H20», initial pH, and temperature of reaction are
the important factors affecting the TOC removal of MDEA mineralization
using UV/H20>. Increasing values of these factors up to a certain level
increase the TOC removal, and further increase results in decrease in TOC
removal. The maximum TOC removal, using UV/H20O,, oxidation, for
simulated MDEA solution was achieved when the oxidation conditions were
at initial pH = 9.76, temperature = 30 °C, and molar ratio between contaminant
(TOC (M)) to oxidant (H202 (M)) = 1: 2.56. Meanwhile, the maximum TOC
removal of UV/H.O; oxidation for actual refinery effluent was achieved when
the oxidation conditions were at initial pH = 8.13, temperature = 30 °C, and
molar ratio between contaminant (TOC (M)) to oxidant (H202 (M)) = 1: 2.79.

2. Based on the by-products that were identified during the mineralization
process using UV/H>0> namely formic acid, oxalic acid, acetic acid, nitrate,
nitrite, ammonium, and carbon dioxide, a mechanism of MDEA
mineralization by hydroxyl radical was proposed. The mineralization
mechanism was proposed through a hydrogen abstraction and than followed
by electrophilic addition. Furthermore, based on the optimum conditions of the
oxidation process that was estimated using RSM, the mineralization rate

constants of MDEA have been estimated. It was found that the mineralization
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rate constants were not dependent on temperature when the temperature of
reaction < 30 °C and the overall MDEA mineralization process at the initial

reaction time follows the pseudo first order reaction.

3. The presence of bicarbonate during the UV/H20. process enhanced the
mineralization of MDEA when the initial pH = 7, but decreased the
mineralization of MDEA when the initial pH was at optimum condition for
mineralization i.e. 9.76. At pH higher than 7, the bicarbonate changed to
carbonate, which significantly reduces the concentration of hydroxyl radical in
the system, therefore the mineralization was decreased. However, at pH
approximately 7, the bicarbonate does not change and act as a good buffer,
which could provide more active sites for hydroxyl radical to attack MDEA,
hence the mineralization of MDEA was increased and reach 100% TOC

removal when the concentration of bicarbonate > 0.125 M.

4. The UV/H20; treatment for MDEA resulted in an increse in biodegradability, as
indicated by the ratio between the BODs to COD (i.e. > 0.5), when compared with
untreated one. It is likely that the by-products are more biodegradable compared
to the parent compound. In terms of energy efficiency, the UV/H20, was more
effective to reduce the TOC of simulated MDEA solution and actual refinery

effluent compared to the other removal technologies reported in the literature.

Recommendations

The following recommendations are proposed:

1. All the study has been done in the batch reactor. Since the volume of actual
refinery effluent is very large, therefore a study in continuous mode is

recommended for the real application to commercial operation.
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2. Based on the results, both the partially degraded simulated aqueous MDEA
solution and the actual refinery plant are readily biodegradable; therefore a
detailed study on the biodegradation of partially degraded of MDEA solution
using a bioreactor is important to estimate the operating condition for the

biodegradation process using microorganism.
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Figure Al. Calibration curve for MDEA (The plot of concentration of MDEA vs. area
from HPLC analysis)
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Figure A2. Calibration curve for oxalic acid (The plot of concentration of oxalic acid

vs. area from HPLC analysis)
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Figure A3. Calibration curve for formic acid (The plot of concentration of formic acid

vs. area from HPLC analysis)
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Figure A4. Calibration curve for acetic acid (The plot of concentration of acetic acid

vs. area from HPLC analysis)
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from IC analysis)
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APPENDIX B

Rate constant of MDEA mineralization by hydroxyl radical at different temperature

based on Figure 4.29
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Estimation of ks (rate constant of MDEA mineralization by hydroxyl radical) based on
Figure 2.9.

Based on Equation 4.16;
— k5
Kexp SIOPE

slope = k5k hence; K,

exp 3

Where ks at experimental condition =8 x 10’ M sec?
= 4.8 x 10° M* min?

Based on Figure 4.29, the slope and kexp at different temperature are summarized in
table bellow

Temp.(°C) 1/Kexp Slope (Eg. 4.16)) Kexp(M* min™)
20 287.95 2.4255 0.003473
30 286.94 2.3956 0.003485
40 353.74 2.6365 0.002827
50 439.37 2.5763 0.002276
At 20°C
K 4.8x10°

k, = = =5.69x10" M* mint =9.50 x 10° M sec™
KepSIOPE  2.4255x0.003473

At 30°C
k. _  4.8x10°

k, = = = 5.75x10" M min? =9.58 x 10° M* sec?
KexpSIOPE  2.3956x0.003485

At 40°C
o Ko 480’
 Kypslope  2.6365x0.002827

= 6.44x10" M mint=10.73 x 10° M sec?

At 50°C
k., _  4.8x10°

ky = = = 8.19x10" M min™ = 13.64 x 10° M sec
KepSIOPE  2.5763x0.002276
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