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ABSTRACT

Advanced Oxidation Process (AOP) is regarded as one of the chemical
treatment specifically designed to remove contaminants and unwanted compositions
in the form of organic or inorganic matters. The technology is founded on the
complex oxidation reaction utilizing hydroxyl radicals to breakdown waste. Under
universal assessment, well-known electricity generation fossil fuel plant via raw
natural gas produces heavy gaseous hydrocarbons, acid gases, water and liquid
hydrocarbons. Thus, typical gas treating mechanism using amine solvents is required
to remove the corrosive and toxicity properties within the existence of carbon
dioxide and hydrogen sulphide in natural gas. AOPs treatment is later necessitated
for the subsequent amine solvent mechanism. The research project will focus on the
Photo-Fenton process, one of AOP’s most effective treatment, and the optimized
parameters affecting the degradation standard of Diisopropanolamine (DIPA). The
amine waste used will be DIPA and the seven parameters being studied covers the
concentration of hydrogen peroxide solution, intensity of light, temperature,
concentration of DIPA, concentration of ferrous sulphate heptahydrate, reaction time
and pH value. Moreover, the experimental work will study the Chemical Oxygen
Demand (COD) by utilizing the Hach DRB 200 Digester and Hach® DR3900
Spectrophotometer. Initial experimental setup is calibrated with blank DIPA
concentration measurement of 1302mg/L. In design of experimentation, the
maximum optimization value is achieved by sample run 14 which is 662mg/L COD
removal (50.84% removal) while the lowest value is achieved by sample run 3 which
is 32mg/L COD removal (2.46% removal). Results for factorial experimental design
is arranged with the highest order of significance towards lowest order of
significance; concentration of H,O, which is followed closely with concentration of
FeSO,.7H,O towards temperature and lastly, light intensity. Later onwards,
optimization process adjusted at 1.0M concentration of H,O,, 0.5M concentration of
FeS0,4.7H,0, temperature of 35°C and light intensity of 300Watt; achieved COD
measurement of 531mg/L (771mg/L removal, 59.22% removal). Comparison for
significance of temperature and light intensity indicated their absence of varying
reaction kinetics which produced lower COD removal rate of 22.81%
(1005mg/L COD measurement).
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1.0 INTRODUCTION

1.1 Background

Special treatments revolving disposure and decomposition are related with
the sight of waste products in the natural gas industry, which is one of the major
energy resources in the current situation. In the year of 1987, the technology of
Advanced Oxidation Process (AOP) has been introduced by Glaze et al. (2003)
which utilizes the principle of possible generation of hydroxyl radicals in a sufficient
quantity for better purification (Oppenlander, 2003). AOP has been focusing on
eliminating amine waste mainly consisting of Monoethanolamine (MEA) and
Diethanolamine (DEA). The difference between AOP and conventional oxidation
process is the generation of active hydroxyl radical group that will lead to a chain
reaction on the oxidation process instead of Redox reaction (reduction-oxidation

process) involving loss or gain in valence electrons between two or more elements.

AOPs have always been categorized as a tertiary treatment with the better
capability in oxidative degradation process in both organic and inorganic
contaminant (Oppenlander, 2003). Application of AOP has been vastly implemented
in Europe and in United States which the shifting phase is from company Solar
Chem Environmental Systems, Canada towards Chemiviron Carbon, USA. In
comparison with the various processes of AOP, Photo-Fenton under visible light is
defined as the most efficient towards cost procedure through the comparison table
(Y.W. Kang and K.Y. Hwang, 2000). Photo-Fenton process (Fenton reagents, Fe**
and H,0,) involves the following stages (Pignatello, 1992; Bossmann et al., 1998);
where products of Fenton reagents, Fe(lll) complexes react with the Ultra-Violet
(UV) energy to produce Fe(ll) ions and hydroxyl radical respectively. Later onwards,
the photolysis of the Fe(lll) complexes will instill regeneration of Fe(ll) reagent

which further produces hydroxyl radicals as shown in the corresponding formulae:-
Fe?* + H,0, — Fe** + OH + «OH (Fenton Reagent)
Fe** + H,0 + hv — Fe?* + H" ++OH

Fe(OH)*" + hv — Fe?* + «OH



According to the Photo-Fenton process, there are many parameters governing
the efficiency in terms of photo-degradation standard. On the whole representation,
research studies regarding Photo-Fenton under visible light will be significant as to
strengthen its assertion as ‘the water treatment process of the 21% century’ (AES
Arabia Ltd., 2013).

1.2 Problem Statement

Advanced Oxidation Process (AOP) is one of the increasingly used processes
in recent years for treating water containing toxic organic pollutants (Bolton et al.,
2001; Safarzadeh-Amiri et al., 1997; Ghaly et al., 2001; Pera-Titus et al., 2004;
Pérez-Moya et al., 2007; Duran et al., 2008). The method covers the types of amine
waste only revolving around the likes of Methyldiethanolamine (MDEA) and
Monoethanolamine (MEA) respectively through citations such as Sabtanti Harimurti
et al., 2011 and Binay K. D. et al., 2010. The idea of investing into another type of
secondary alkanolamine, Diisopropanolamine (DIPA) is being neglected especially

in the Photo-Fenton process.

Other research studies with different degradation material have covered the
affecting parameters for example; concentration of hydrogen peroxide solution,
concentration of material, concentration of ferrous reagent, pH value, temperature
and reaction time while the exception is the intensity of light; as taken in the research
of Youssef S., Emna H. & Ridha A., 2012. Representation of DIPA degradation
through Photo-Fenton process under visible light from Ritchie L. L. Z., 2013 only
focused on the efficiency among parameters such as concentration of hydrogen
peroxide solution, temperature, pH value, concentration of ferrous sulphate
heptahydrate, concentration of DIPA and reaction time without the aspect of
temperature variable. However, none of the current researches have been able to
prove the effectiveness level of each parameter using design of experimentation.
Therefore, the total of all the parameters (concentration of H,O,, concentration of
FeS0O,.7H,0, temperature, intensity of light, concentration of DIPA, pH value and
reaction time) which account for the change in photo-degradation standard has not

been linked together in a representation.



This shows that there is no present study which examines the effectiveness

level of individual parameters towards the degradation standard of DIPA using

Photo-Fenton process under visible light. Moreover, optimization levels for

individual

parameters, arranged accordingly to reaction kinetics resulting from

design of experiment, have not been observed before. This concept ensures the

optimization scale for Photo-Fenton process towards degradation of DIPA under

visible light.

1.3 Objectives of Study

In

accordance to the specific research study, certain objectives are

characterized as the followings:-

To analyze four major manipulating parameters such as concentration of
hydrogen peroxide solution, concentration of ferrous reagent, temperature
and intensity of light which covers the aspect of degradation for
Diisopropanolamine (DIPA) by means of Photo-Fenton oxidation process
under visible light.

To evaluate each parameter variable towards the degradation standard of
Diisopropanolamine (DIPA) in Photo-Fenton oxidation process under
visible light through the method, design of experimentation tools.

To assert the optimization of parameter variables (arranged from the
highest effectiveness towards the lowest effectiveness) for the photo-

degradation of Diisoprapanolamine (DIPA) using Photo-Fenton under

visible light.

IV.  To validate the inferences with experimental data for optimization in
Diisopropanolamine (DIPA) degradation through Photo-Fenton process
under visible light.

1.4 Scope of Study

Within the research project, the range of examination covers different areas

as summarized as the followings:-

a) Type of Amine Waste : Diisopropanolamine (DIPA), secondary amine

b) Design Parameter of Study : Manipulated Variable

Concentration of Hydrogen Peroxide Solution :0.1M -1.0M

3



II.  Concentration of FeSO,.7H,0 :0.1M -1.0M

1. Temperature : 25°C - 35°C
IV. Intensity of Light : 300W — 500W
¢) Conditioning : Constant Variable
I.  Concentration of DIPA : 500 ppm
Il. pH Value : 3 (acidic)
II. Reaction Time : 60 minutes
d) Acid and Base Solution
I.  Sulphuric Acid :1.0M
Il.  Sodium Hydroxide :1.0M

e) Calculation Unit : Chemical Oxygen Demand (COD)

f) Engineering Tools : Design Factorial Experimentation
1.5 Feasibility of Study

This research project is conducted inside the laboratory of Universiti
Teknologi PETRONAS (UTP), Block 5, Lab 01. The analysis will be supported
through the minimal funding of RM 250 (Ringgit Malaysia) per semester for
materials used. Economic cost for the Photo-Fenton oxidation process is conserved
since the measuring device and apparatus have been acquired since the previous
semesters. In terms of environmental sustainability, there is no hazardous release and
risk will be reduced with proper supervision. The surrounding conditions are suitable
for control restriction in experimental research study. Overall, the sustainability of

the research project is ensured through the protocol procedure.
1.6 Relevancy of Study

The research project aims to promote Advanced Oxidation Process (AOP). In
regards to the scarce study of Photo-Fenton process, the results may serve as
guidance for future references. The scope covered will optimize the parameters
affecting the photolysis assisted Fenton’s oxidation process which then provides a
foundation where there will be assurance of reduction in cost and energy
consumption for the AOP industry. The proceedings will ensure a significant
establishment of AOP among the waste treatment methods. With that, the

information may be advanced into vast applications of the industrial section.



2.0 LITERATURE REVIEW

2.1 Background Review

In the categorization of gaseous fossil fuels, natural gas, which is relatively
low in energy content per unit volume, emits lesser quantities of greenhouse gases
(GHG) than other fossil fuels (Pascoli, Femia et al., 2001). Nonetheless, natural gas
Is the most hydrogen—rich and has higher energy conversion efficiencies in
comparison with other hydrocarbon energy resources. This leads to the necessity in
the removal of acid gasses (carbon dioxide, CO, and hydrogen sulphide, H,S) due to
their corrosiveness and toxicity in nature. The following technologies of treatment
such as absorption with water, absorption with polyethylene glycol, chemical
absorption with amines, pressure swing adsorption (PSA)/ vacuum swing adsorption
(VSA), membrane technology, cryogenic separation and biological removal are

compared in Table 2.1.1.

Table 2.1.1: Alternatives in removing CO; and H,S from natural gas stream
(Ryckebosch et al., 2011)

Option/
Alternative

Method Advantages Disadvantages

- High efficiency (>97% CH,)
- Simultaneous H,S removal
when H,S< 300cmy/m?

- Capacity is amendable via

- Expensive investment and
operation
- Clogging due to bacterial

. . growth
Absorption with water

pressure or temperature
variation
- Low CHy, losses (<2%)

- Tolerant to impurities

- Possible foaming
- Low flexibility towards

variation of input gas

Absorption with
polyethylene glycol

- High efficiency (>97% CHy)

- Simultaneous removal of
organic S components, H,S,
ammonia (NHs) , hydrogen
cyanide (HCN) and water
(H20)

- Energetic more favorable than
water

- Regenerative

- Low CH, losses

- Expensive investment and
operation

- Difficult operation

- Incomplete regeneration when
stripping/vacuum (boiling
required)

- Reduced operation when

dilution of glycol with water




Chemical absorption with

- High Efficiency (>99% CHy)
- Cheap operation
- More CO, dissolved per unit of

volume (compared with water)

- Expensive investment
- Heat required for regeneration,
corrosion, decomposition and

poisoning of the amines by

amines )
- Very low CH, losses (<0.1%) oxygen (O,) or other chemicals
- Precipitation of salts
- Possible foaming
- Carbon - Highly efficient (95-98% CH,) - Expensive investment and
molecular - Removal of H,S operation
sieves - Low energy usage - Extensive process control
- Zeolites - High pressure needed
PSA/ VSA )
Molecular | - Compact technique - CH,4 losses when
sieves - Small capacities malfunctioning of valves
- Alumina - Tolerant to impurities
silicates
- Removal of H,S and H,O - Low membrane selectivity
- Simple construction - Compromise between purity of
- Simple operation CH,4 and amount of upgraded
- High reliability biogas
- Small gas flow treated without - Multiple steps required
proportional increment in costs (modular system) to reach high
Membrane - Gas/ gas o )
- =(Gas/gas): removal efficiency: purity
technology | - Gas/ liquid
<92% CHy, (1 step) or - CH, losses
>96% CH,, H,0 is removed
=(Gas/liquid): removal
efficiency: >96% CH,, cheap
investment and operation, pure
CO, can be obtained

Cryogenic separation

- Efficiency of 90-98% CH,

- CO; and CHy, in high purity

- Low extra energy cost to reach
liquefied biomethane (LBM)

- Expensive investment and
operation

- CO, can remain in the CH,

Biological removal

- Removal of CO, and H,S
- Enrichment of CH,

- No unwanted end products

- Addition of H, gas
- Cannot be applied in large-
scaled industries

- Experimental work




2.2 Comparison of Treatment Methods

The method commonly used for treating CO, and H,S in industry is chemical
absorption by consuming amine solutions (Simmonds et al., 2002). With the
comparison between various methods, further inference demonstrated chemical
absorption process as the better alternative for H,S removal (Hullu J. D., 2008).
Purification process for natural-gas commonly practices chemical absorption with
amine solution due to properties such as high removal efficiencies, selective ability
for CO, and H,S removal; and regeneration capability (Mckinsey Zicarai, 2003).

With additional evidence in selecting chemical absorption process as the
better alternative, a series of comparison among 46 different reference papers are
conducted through the research paper entitling ”Comparison of Three Gas Separation
Technologies consisting of Chemical Absorption, Membrane Separation and
Pressure Swing Adsorption for CO, Capture from Power Plant Flue Gas” (Yang

Hongjun et al., 2011). The graph of comparison is plotted in Figure 2.2.1.

Based on the graph tabulated, ‘e’ represents the CO, avoided cost, ‘A’
signifies the CO2 recovery, ‘A’ characterizes the CO; purity while the bracketed
number ‘(...)" defines the reference numbering from journal papers. The first factor
of CO, avoided cost shows that chemical absorption has the lowest expenditure,
followed with the costlier pressure swing adsorption and the highest cost membrane
separation. To accommodate the target of CO, capture in European Union, the CO,
recovery must reach 90%; with the view that all three methods achieve the standard
90% CO; recovery via the A plotting. For CO; purity (A ), the chemical absorption
achieves the highest rate at 95%, while membrane separation only achieves the
highest rate at 77% and pressure swing adsorption achieves less than
50% with the highest rate. The conclusion is recommended that chemical absorption
is the best method according to the lowest avoided cost, highest CO, recovery and

CO; purity when compared with membrane separation and pressure swing adsorption.

The bracketed (45) of chemical adsorption represents European Commission,
2007; while the bracketed (8) and (3) of membrane separation signify the respective
Klemes J. et al., 2005 and U.S. EIA, 2010. The pressure swing adsorption has
bracketed (2) and (3) which correspondingly define the (Zhang A.L. and Fang D.,
1996) and the same U.S. EIA, 2010.



100
. A (45)
s 233 40 20
X 80 e =
2 | e : ! :
= °
_ Eoeof N
. I - NS
s P A
R 3
SE ol YORN
2
S 20F .
. chemlc_al membrane pressure swing
absorption separation adsorption
0

gas separation techonologies
Figure 2.2.1: Comparison of chemical absorption, membrane separation and pressure
swing adsorption through 46 different references
(Yang Hongjun et al., 2011)

2.3 Chemical Absorption Method

Amine treating has been a proven technology in the removal of CO, and H,S
through absorption and chemical processes. Amine gas treating refers to acid gas
removal or gas sweetening, based on removal of acid gasses consisting of carbon
dioxide, hydrogen sulphide and sulphur dioxide, by using aqueous solutions of
various alkanolamines ; with the likes of Monoethanolamine (MEA),
Diethanolamine (DEA), (MDEA), (DIPA) and etc. (Thomas C., 2012).

Shell introduced the Sulfinol process which consists of the passing in the
natural sour gas stream through a mixture of Sulfolane, DIPA, or
Methyldiethanolamine (MDEA), and water. (e,g., Dunn, 1964; Fisch, 1977; Yogish,
1990; Macgregor and Mather, 1991; Murrieta-Guevarra et al.,, 1994). The
corresponding acid gases include H,S, CO,, carbonyl sulphide (COS), carbon
disulphide (CS,) and mercaptans (thiols) are physically absorbed by sulfolane and
chemically absorbed by DIPA which then “sweetens” the gas stream. Figure 2.3.1
represents the flow of a typical gas treating operation using amine solvents while
Table 2.3.1 shows the characteristics and absorption capacity of commonly used

industrial amines for acid gases removal processes.
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Figure 2.3.1: Schematic representation for the flow of a typical gas treating
operation using amine solvents
(Kohl and Nielsen, 1997; Al-Juaied, 2004)

Table 2.3.1: Absorption capacity and some characteristics of commonly used
amines for acid gases removal processes
(Kohl and Nielsen, 1997; Ritter and Ebner, 2007)

Vapour Relative Acid
Name of amines Pressure | Gas Capacity Remarks
(mmHg) (%)

: Good thermal stability, slow losses
Ethanolamine/ ] o
of alkanolamine but difficult to use

Monoethanolamine 1.0500 100 o
MEA to meet pipeline
(MEA) I
specifications for H,S.
: : Lower capacity than MEA, reacts
Diethanolamine (DEA) | 0.0580 58
more slowly.
Triethanolamine (TEA) | 0.0063 41 Low reactivity towards H,S.

: Same reactivity and capacity as
Hydroxyethanolamine/

; : 0.0160 58 DEA, with a lower vapour pressure
Diglycolamine (DGA)

and lower evaporation losses.

Diisopropanolamine Selective for H,S removal over
0.0100 46
(DIPA) CO;, removal.

Selectively removes H,S in the

resence of CO,, has good capacity,
Methyldiethanolamine P 2 Nnasg pacity

0.0061 51 good reactivity and very low vapour
(MDEA)

pressure, a preferred solvent for gas

treating.




2.4 Diisopropanolamine (DIPA)

CH

3
H30—<

NH

CH,

Figure 2.4.1: Molecular structure for Diisopropanolamine(DIPA) (Chemspider, 2014)

By means of previous elaborations in DIPA usage for absorption method,
DIPA also plays an important role in alkanolamine-based acid gas removal (AGR) or
“gassweetening process” (Sorensen et al., 1996). The reaction (AGR process)
between weakly basic alkanolamines and gaseous acid produces salts, which are later
removed through gas stream. Thereby, thermal regeneration decomposes amine salt
in a sequential period. The main reasoning for usage of DIPA in gas sweetening

process is H,S selectivity removal (Goar and Arrington, 1979).

Diisopropanolamine (DIPA) is an aminoalcohol that belongs to the group of
alkanolamines. It is a colourless liquid or white-to-yellow crystalline solid with an
odour of ammonia. The overall chemical properties of DIPA are shown in
Table 2.4.1.

Table 2.4.1: Chemical properties of DIPA (Hazel Mercantile Limited, 2007)

No. Chemical Properties Value
1 Vapor Pressure 0.02 mm Hg @ 42°C
2 Viscosity 1.98 poise @ 45°C
3 Boiling Point 249 — 250 °C @ 760 mm Hg
4 Freezing/ Melting Point 33°C (91.40°F)
5 Auto-ignition Temperature 370°C
6 Flash Point 126°C
7 Explosion Limits (Lower) 1.10 vol%
8 Explosion Limits (Upper) 5.40 vol%
9 Solubility in Water 870 G/L @ 20°C
10 Molecular Formula CeHisN
11 Molecular Weight 133.19 g/mol
12 Specific Gravity/ Density 1.00398 g/cm?®
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2.5 Advanced Oxidation Process (AOP)

Advanced Oxidation Processes (AOPs) have been related with the aqueous
phase oxidation processes which are based mainly on the intermediacy of the
hydroxyl radical (*OH) in the mechanism resulting in the destruction of the target
pollutant or contaminant complex. The concept of “Advanced Oxidation Process”
was established by Glaze et.al. (1987). The technology of hydroxyl radicals manages
to accelerate and improves the non-selective oxidation which leads to the possibility
of destructing a wider range of organic and inorganic contaminants in the solution
(Kim, 2004). In regards with the high oxidative capability and efficiency, AOP is
categorized as one of the popular techniques used in tertiary waste treatment
(Oppenlénder, 2003) which is another advanced step to remove stubborn or micro-
sized contaminants that cannot be eliminated during the secondary waste treatment
(Siemens, 2011). The presence of seven chemical principles towards the necessity of
advanced oxidation process (AOP) can be segregated into three methodologies

(Oppenlénder, 2003) which are shown as the following:-

I.  Initiation - Formation of hydroxyl radicals (*OH)
Il.  Propagation - (*OH) attacks and break molecules into smaller fragments

[1l.  Termination - (*OH) recombine together and form water molecule (H,0)

Hydroxyl radical (*OH) has strengthens its significance due to its powerful
and non-selective chemical oxidant that reacts very rapidly with most organic
compounds. Nonetheless, fluorine gas has a higher electronegative oxidation
potential but it is not used in water treatment.

Table 2.5.1: Relative oxidation power of some oxidizing species (Ullmann’s, 1991)

Oxidation Species Oxidation Potential, eV
Fluorine 3.06
Hydroxyl Radical 2.80
Nascent Oxygen 2.42
Ozone 2.07
Hydrogen Peroxide 1.77
Perhydroxyl Radical 1.70
Hypochlorous Acid 1.49
Chlorine 1.36
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With many systems qualifying under the broad definition of AOP, these
systems are listed with the category of non-photochemical and photochemical
reaction. The specific methods have high rates of pollutant oxidation, high flexibility
concerning water quality variations and small dimension of equipment. However, the
main disadvantages are relatively high treatment costs and special safety
requirements because of the usage of very reactive chemicals (ozone, hydrogen
peroxide), etc., and high-energy resources (UV lamps, electron beams, radioactive

sources) (Kochany and Bolton, 1992).

Table 2.5.2: List of typical AOP systems (Huang et al., 1993)

Non-photochemical Photochemical
O3/ OH H.,0, / UV
O3/ H,0, O3/ UV
05/ US? O3/ H,0,/ UV
O3/ GAC® H,0, / Fe** (Photo-Fenton)
Fe®* | H,0, (Fenton System) | UV / TiO,
Electro-Fenton H,O0,/ TiO, / UV
Electron Beam Irradiation O,/ TiO, / UV
Ultrasound (US) UV /US
H,0, / US -
O3/ CAT® -

2.6 Fenton Reaction

Fenton’s treatment is founded by M.J.H. Fenton back in the year of 1984,
when the technology is proven that ferrous ion (Fe*) actually promotes oxidation
process with the presence of hydrogen peroxide (H,O,) (Montserrant Perez, 2002).
Fenton process operates in the oxidation concept through generation of highly
reactive hydroxyl radicals. The chemical equation shown below will summarize the

production factor in Fenton Reaction.

Fe?* + H,0, — Fe** + OH + «OH (2.6.1)
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Hydroxyl radicals are generated once the H,O; is being added into a ferrous
salt solution containing iron(11) ions (Fe**). A common salt solution, ferrous sulphate
(FeSO,) will be used as a ferrous reagent because of large quantity and non-toxic
element (Stasinakis, 2008). The production of hydroxyl radicals from ferrous reagent
is relatively easier since no specific reactants and apparatus are needed to perform
such conditioning (R. Andreozzi, 1999). Hydrogen peroxide is chosen as one of the
Fenton reagent due to its easy-handling procedure and breaking down of
contaminants into environmentally benign products (Jordi Bacardit, 2007). Most
suitable conditions from several research studies provide pH value ranging from 2-4,
ambient temperature varying from 25°C to 35°C and the pressure of 1 atm.

In terms of industrial treatments such as aromatic, hydrocarbons, amines,
phenol, polycyclic aromatics, alcohol, mineral oils and etc, Fenton’s reagent is highly
recommended due to its effectiveness. The Figure 2.6.1 below represents the

schematic system of Fenton’s reaction.

Hydrogen peroxide

fron chloride (11) -4 | Alkalinc Polymer
agent coagulant

pH

Ic [f
I T

dﬂ I | Treated water
2l E[]rT1e
Oxidation  Neutralization  Flocculation

coinion |

PH adjusting agent |

£ ]

0

la—

Solid liquid separation tank

Figure 2.6.1: Scheme of the Fenton oxidation treatment (Gogate and Pandit, 2004)
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2.7 Photo-Fenton Reaction

The Photo-Fenton system which consists in the combination of hydrogen
peroxide (H.0,), ferrous iron (Fe**) and UV irradiation (Will et al., 2004) has been
largely studied for the oxidation of wastewaters containing highly toxic organic
compounds. (Moraes et al., 2004a,b; Legrini et al., 1993; Mansilla et al., 1997).
About two decades ago, the irradiation of Fenton reaction systems with UV/Visible
light is found to strongly accelerate the rate of degradation in the variation of
pollutants (Huston and Pignatello, 1999; Ruppert et al., 1993). The process steps can

be summarized in Figure 2.7.1.

hwv
StEp 1 _ Photolysis of
a) Fe(Il) production Fe(IID-c lexes -
b) "OH production SLIL-CompicKos
Fe(Il)
r .
Step 2 . : Fe(lll)
Fenton's Re: *nn}—
¢) "OH production el e
"OH - Radical
v recombination
Step 3 “OH Oxidation of
d) Mineralisation L.__ organic
compounds
CO: + H30 .

Figure 2.7.1: Reaction path of Photo-Fenton process
(A.Vogelpohl. and S.M. Kim, 2004)

After-product of Fenton reaction, Fe(lll) complexes will absorb UV energy
from the irradiation of UV-VIS light source and go through photolysis by producing
Fe(11) ions (Fe**) and hydroxyl radical (OH) respectively.

Fe(OH)?* + hv — Fe?* + «OH (2.7.1)

Photolysis of the Fe(lll) complexes will drive to the production or
regeneration of Fe(ll) reagent which is used to further produce hydroxyl radicals for

chain oxidation processes (Kim, 2004).

Fe®* + H,0;, — Fe®* + OH + «OH (2.7.2)
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With the constant tendency of Fe(lll) ions, when in excess, to form sludge by

precipitation, the solution is to recycle the Fe(lll) due to the reason that Fenton

reaction is being catalyzed by Fe(lI1) as well (limiting factor).

uv

o=

+—(F1)
—{TIR)

—QIR)

Fe(ll) 3—»|

HO, _‘:t'—

' reactor

Cooling water

Circulating Pump

Alr

IH —=> Waste gas

L

Jet

N J
{35

Wastewater

i Effluent

loop reactor

Figure 2.7.2: Example of Photo-Fenton pilot plant
(A. Vogelpohl. And S.M. Kim, 2004)

Research has been conducted to examine and compare the differences

between energy cost in terms of usage and chemical price for various AOP including

Photo-Fenton oxidation process. Photo-Fenton oxidation process shows the lowest

reaction time for degradation while showing positive degradation efficiency of 60%

TOC (Total Organic Carbon) removal. In addition to that, the total costs for energy

and equipment for Photo-Fenton is much lesser when compared with other AOP

treatments.
Table 2.7.1: Distribution of degradation time and costing
(Y.W. Kang and K.Y. Hwang, 2000)
_ TOC Chemical Energy Energy Total
. Degradation L Total Costs
Description . Eliminated Costs Demand Costs Costs
Time (h) (ATS/kg TOC)
(ppm) (ATS/m®) | (kWh/m®) | (ATS/m®) | (ATS/m?)
Ozone 6 322 (59%) 1440 2400 3744 5184 16122
Ozone/UV 4 322 (61%) 960 2400 3744 4704 14149
UV/H,0, 6 71 (13%) 82 1200 1872 1954 27579
Photo-Fenton 25 327 (60%) 84 500 780 864 2642
Photo-Fenton
. ca. 4 327 (60%) 84 0 0 84 257
(Sunlight)
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2.8 Cross Reference

Different articles with various suggestions and alternatives can offer multiple
insights in theories and parameter investigation towards the specific research paper.
The scope of study regarding the manipulated variables and constant variables are
compared in terms of minimum value, maximum value and optimum conditioning.
Each parameter will be studied thoroughly for the division into either manipulated or

constant factor.

The degradation of chlorpyrifos insecticide in wastewater through Fenton
(H,0,/ Fe™) and solar Photo-Fenton (H,O./ Fe®/ solar light) processes are
investigated in laboratory-scale (Youssef S., Emna H. & Ridha A., 2012). The
degradation rate is strongly dependent on parameters such as pH value, H,0O;
(hydrogen peroxide) dosing rate, concentration of Fe?*, temperature and
concentrations of chlorpyrifos insecticide. The calculations in reaction kinetics of
organic matter decay are evaluated by a pseudo-second-order rate equation with
respect to chemical oxygen demand (COD) measurement. The methodology started
with the usage of parameters at normal conditions, such as concentration of H,0, at
120mg/min, concentration of Fe?* at 2.0mM, pH value at 3, concentration of
chlorpyrifos at 1330mg/L and temperature at 25°C. The procedure is then preceded

with the optimization of parameters accordingly from each phase.

Based on Figure 2.8.1 below, the order started with the parameter,
concentration of H,O,, which is considered to be the major effective parameter. The
specific parameter is manipulated with concentrations (mg/min) consisting of 30, 60,
90, 120, 150 and 180. The highest percentage removal of COD is attained at 70
minutes when the dosing rate is of 120 mg/min. Excessive H,O; reacts with OH" ions
in competition with organic pollutants which consequently reduce treatment
efficiency. Therefore, optimization conditioning is concurred with the specific

concentration of H,0, at 120mg/min.
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Figure 2.8.1: Effect of concentration of H,0, towards COD measurement
([Chlorpyrifos]o = 1330mg/L, [Fe*1¢=2.0mM, pHo = 3, T, = 25°C)
(Youssef S., Emna H. & Ridha A., 2012)

The next parameter is based on the Figure 2.8.2 which calculates the
concentration of chlorpyrifos insecticide towards the COD measurement. The
process is set at normal conditions except for the concentration of H,O, which is now
optimized at 120 mg/min. The COD measurement showed less reduction with the
increment in concentration of chlorpyrifos insecticide due to the constant hydroxyl
radicals’ production level with production time. Therefore, the parameter of study is

set at 1330 mg/L for better research values.

CODy (mg.2 ™)

e
1.0 O 485 E
O 825 "
A 1330 2
0.8 o 2
-
»
- g o
] 0.6 - 2 7400 800 1200
-1,
=] CODg (mg.£7)
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9 0.4
0.2 1
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Figure 2.8.2: Effect of concentration of chlorpyrifos towards COD measurement
([H20,]1=120mg/min, [Fe**]o = 2.0mM, pHo = 3, To = 25°C)
(Youssef S., Emna H. & Ridha A., 2012)
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The procedure is continued with the concentration of Fe®* towards the COD
measurement as shown in Figure 2.8.3. The results showed the increment in amount
of Fe?* (from range of 0.5 to 5.0 mM), increases the BOD reduction value. It is due
to the reasoning that Fe?* has a catalytic decomposition effect on H,O,. However,
ranges of Fe?* concentrations higher than 5.0mM show decrement in COD percent
removal due to competitive consumption of «OH radicals. Thus, the optimization is
set at 5.0mM.

[Fe**)s (mM) —~ 8
=
1.0 B o 80 E 5
o 5.0 " /—0‘\-\¢
A 20 & 4 F
0.8+ & 05 5 /
- 2{4
>
§ ol
0.6 = 3 & )

[Fe*]o (mM)

COD/COD,
o
B
1

o
[
I

0.0 T T T T T T T 1

Time (min)

Figure 2.8.3: Effect of concentration of Fe?* towards COD measurement
([H20,]1=120mg/min, [Chlorpyrifos]; = 1330 mg/L, pHo = 3, T = 25°C)
(Youssef S., Emna H. & Ridha A., 2012)

The next parameter optimization (Figure 2.8.4) is the pH value, which affects
the oxidation of the organic substances both directly and indirectly. The pH value
influences the generation of hydroxyl radicals and the oxidation efficiently. The
optimum pH is found to be about 3, from the ranges of 2.5 to 4.0. The degradation
decreases at pH values higher than 3.5 due to iron precipitation as hydroxide and the
dissociation/auto-decomposition of H,O,. For pH values below 2.5, the reaction of
hydrogen peroxide with Fe?* is affected with the reduction in hydroxyl radical

production especially in the hydroxyl-radical scavenging by H* ions.
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Figure 2.8.4: Effect of pH value towards COD measurement ([H,0O,]:=120mg/min,
[Chlorpyrifos]; = 1330 mg/L, [Fe*'], = 5.0mM, , To = 25°C)
(Youssef S., Emna H. & Ridha A., 2012)

The effect of temperature (Figure 2.8.5) is studied with temperatures range of
20, 25, 30, 35, 40 and 45°C. The results show that the kg, increases significantly
with the reaction temperature until an optimal value of 35°C. The decrement in Kapp
at temperatures higher than 40°C is because of the accelerated decomposition of
H,O, into oxygen and water. Higher kap, value shows higher reduction in COD
measurement, which means better degradation standard. The Arrhenius expression

showing the relationship of reaction temperature with Ky is shown as the following:-

Kapp = A exp (- Eqpp / RT) (2.8.1)
Where,
A = pre-exponential (frequency) factor
Eapp = apparent global activation energy (J.mol™)
R = ideal gas constant (8.314 J.mol™™.K™)
T = reaction absolute temperature (K)
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Figure 2.8.5: Effect of temperature towards Kapp ([H202]:=120mg/min,
[Chlorpyrifos]; = 1330 mg/L, [Fe**]; = 5.0mM, pH; = 3)
(Youssef S., Emna H. & Ridha A., 2012)

The trend ratio in Figure 2.8.6 below shows that the solar Photo-Fenton
system required lesser time and lesser H,O, concentration to reach the same COD
percent removal when compared with Fenton system. In the calculated results, the
optimum experimental conditions prove that solar photo-Fenton process requires a
H.O, dose of 50% lower than that required in Fenton process to remove 90% of
COD measurement. As shown in the smaller graph, Kap, gradient for solar Photo-
Fenton system is much steeper than the Fenton system.

2 Fenton

1.0+ O  Solar photo-Fenton
“wp 30 y=106x
0.8+ = R =0.9913
g 20
S S
- =0.50
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Figure 2.8.6: Fenton and Solar Photo-Fenton towards COD measurement
(([H202]1=120mg/min, [Chlorpyrifos]; = 1330 mg/L,
[Fe?*], = 5.0mM, pH; = 3, T,= 35°C)
(Youssef S., Emna H. & Ridha A., 2012)
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The optimized condition is concurred as the following Table 2.8.1:-

Table 2.8.1: Optimized conditions (Youssef S., Emna H. & Ridha A., 2012)

No. Parameter Conditioning
1 | Concentration of H,O,(mg/min) 120
2 | Concentration of chlorpyrifos (mg/L) 1330
3 | Concentration of Fe** (mM) 5
4 | pHvalue 3
5 | Temperature (°C) 35
6 | System process Solar Photo-Fenton

The next cross reference is almost similar in terms of achieving the efficiency
of Diisopropanolamine (DIPA) degradation with different light intensities under
Photo-Fenton oxidation process (Ritchie L. L. Z., 2013). The research emphasized on
setting constant variables such as ferrous reagent (Ferrous sulphate heptahydrate,
FeS0,4.7H,0) at 0.1M, pH value at 3, temperature at 25°C and time of 60 minutes.
The manipulating variable consists of concentration of H,O, which ranges from
0.1M to 1.0M, concentration of light intensity ranging from none to 500 Watt, and
concentration of DIPA ranging from 100ppm to 500 ppm. The order of optimized
manipulation variable will be set after each phase.

The process started with the optimization parameter for the constant variable,
concentration of H,O, as shown in Figure 2.8.7. The plot clearly shows the best
condition where 1.0M H,0O, achieves nearly 50% COD removal when compared
with the H,O, concentrations of 0.1M and 0.01M respectively. This is due to the
production of more hydroxyl radicals and the selectivity.
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Figure 2.8.7: Effect of concentration of H,0, towards COD removal (%) at 500Watt
(Ritchie L. L. Z., 2013)

After the optimization for the constant variables, the methodology is preceded

with the manipulation in different concentrations of DIPA towards COD removal (%)

at 500Watt light intensity. The graph in Figure 2.8.8 clearly shows that the 300 ppm

achieves the highest degradation standard for the corresponding factors.
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Figure 2.8.8: Effect of concentration of DIPA towards COD removal (%) at 500Watt
(Ritchie L. L. Z., 2013)
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The next parameter of study (Figure 2.8.9) is the light intensity at 300Watt, in
which the concentration of H,O, is then reexamined for the optimum conditioning.
The H,0, concentration of 1.0M achieves the highest COD removal (%) followed by
H.O, concentrations of 0.1M and 0.01M respectively. The results showed similar

optimization during the light intensity of 500Watt.
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Figure 2.8.9: Effect of concentration of H,0, towards COD removal (%) at 300Watt
(Ritchie L. L. Z., 2013)

Later onwards, the concentration of DIPA towards COD removal (%) at
300Watt is studied as shown in Figure 2.8.10. The overall results showed that
500ppm of DIPA has the highest COD removal (%) which coincides with the
inference that increment of initial DIPA concentration will relatively lead to a higher
degradation standard. The low performance for degradation of 500ppm DIPA in
500Watt happened due to the possible evaporation of reaction solution as high heat
energy is emitted through 500Watt of light intensity. The results also proved that the
reaction rates for the degradation of 300ppm DIPA in 300Watt before 30 minutes are
higher when compared with the 500ppm of DIPA in 300Watt before 30 minutes.
However, the hypothesis depends on the study of reaction kinetics and determination

of activation energy for better justification.

23



=]
=}

|

\

I
L=}

/ ¥ s0oeem
== 100ppm

0 10 20 30 40 50 60 70
Time (mins)

w
L=}

COD removal (%)

P
=

=
[=]

L=}
|

Figure 2.8.10:Effect of concentration of DIPA towards COD removal (%) at 300Watt
(Ritchie L. L. Z., 2013)

The Figure 2.8.11 clearly shows the differences in trend line between the
reaction systems with and without light radiation. The responding variable results are
in terms of COD removal (%) with DIPA degradation under Photo-Fenton and
Fenton oxidation process respectively. Both the 300ppm and 500ppm DIPA
concentration under light source are much higher in COD removal (%) compared
with both the 300ppm and 500ppm DIPA concentration without any light source.
The significant figures prove an average of 30% COD removal. Hence, the Photo-
Fenton oxidation process is evidenced to be more effective compared with the

Fenton oxidation without any light source.
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Figure 2.8.11: Comparison plot for systems with and without light
(Ritchie L. L. Z., 2013)
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3.0 METHODOLOGY

3.1 Experimental Approaches

The research project revolves five general approaches starting from the
preparation of standard solutions such as Diisopropanolamine (DIPA), hydrogen
peroxide (H20,), ferrous reagent (FeSO,.7H,0), sodium hydroxide (NaOH) and
sulphuric acid (H,SO,4). The model approach then provides for the calibration of
DIPA concentration curve and later onwards, move into the screening test for
methodology examination. The fourth approach is the experimental design which
reviews and calculates the kinetic reaction of each manipulated variable. The final
approach is regarding the optimization according to the order of highest kinetic

parameter variable towards the lowest kinetic parameter variable.

Preparation

of Standard Screening Design of

Solution Test Experiment

Figure 3.1.1: Experimental approaches for experimental research
3.2 Materials

The following representation exhibits the type of materials used in the

conduction of research project:-

a) Type of amine waste : Secondary amine (Diisopropanolamine, DIPA
, MERCK)

b) Oxidizing agent : Hydrogen peroxide (H,O,, 30 %, R&M
Chemicals)

c) Type of ferrous reagent : Ferrous sulphate heptahydrate (FeSO,.7H,0)

d) Base solution : Sodium hydroxide (NaOH, MERCK)

e) Acid solution - Sulphuric acid (H2SO4, 98%, MERCK)

f) Water : Deionized water

g) Bath Fluid : Silicon oil (350mm?.s™® at 25°C, R&M

Marketing-Essex U.K.)
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3.3 Preparation of Standard Solutions

The classification of materials accordingly with the different preparation
methods are deliberated. The materials such as DIPA solution, ferrous sulphate
heptahydrate (FeSO,.7H,0), sodium hydroxide (NaOH), acids such as hydrogen
peroxide (H,0;) and sulphuric acid (H2SO,) are prepared with different calculations

and procedures.

3.3.1 Preparation of Amine Solution

The preparation of different concentration of DIPA solution is necessary for
the calibration requirement and identification of optimum DIPA concentration for

better degradation rate.

The methodology in producing different concentrations of DIPA is focused
on the dilution equation, which can be divided into either the serial dilution or
dilution factor. Standard solution of 1000ppm is generally prepared for the dilution
cases according to the respective desired concentration. Since the concentration of
1000ppm is equivalent to 1000mg/L, 1000mg in mass of DIPA will be diluted with
1000mL (1Litre) of deionized water. The procedure is firstly preceded with the
measurement of 1.0g (1000mg) of DIPA solids using an electronic weighing
machine and later onwards, being dissolved with deionized water in the beaker. After
the completion in dissolution of DIPA within the deionized water, the solution is
then transferred into a 1Litre capacity of volumetric flask for further dilution up until
1000mL. The volumetric flask is shaken well to ensure uniform distribution of

particles inside the flask.

Concentration (ppm) of DIPA solution required:-

1000ppm =1000mg/L

= 1000mg/1000mL
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Using the serial dilution and dilution factor method, the calculation for
1000ppm of standard DIPA solution is shown as the following equation:-

M1V = M2V (3.3.1.1)
Where,
M;  =initial molarity of amine standard solution before dilution (ppm)
Vi = initial volume of amine standard solution required for dilution (mL)
M,  =final molarity of amine standard solution after dilution (ppm)
V, = final volume of amine standard solution at desired concentration (mL)

Final Desired Volume (mL)

Dilution Factor = (3.3.1.2)

Initial Required Volume (mL)

Table 3.3.1.1: Distribution of desired DIPA concentration with respective volume

Initial Initial Final Desired
: : : Final Desired L
Concentration Required Concentration Dilution
Volume, V,
M, Volume, V; M. Factor
(mL)

(ppm) (mL) (ppm)
1000 350 700 500 1.43
1000 250 500 500 2.00
1000 200 400 500 2.50
1000 150 300 500 3.33
1000 100 200 500 5.00
1000 75 150 500 6.67
1000 50 100 500 10.00
1000 25 50 500 20.00
1000 15 30 500 33.33
1000 5 10 500 100.00
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3.3.2 Preparation of Ferrous Reagent Solution (FeSO4.7H,0)

In the Photo-Fenton process, ferrous sulphate heptahydrate (FeSO,4.7H,0)
serves as the ferrous reagent which is responsible in creating hydroxyl radicals from
oxidizing agent (hydrogen peroxide) for the degradation of DIPA model waste with
assistance of visible light. In the design of experiment, the ferrous reagent solution
ranges from 0.1M to 1.0M. With the desired range of concentration, the calculation
for preparation of ferrous reagent can be done with molecular weight. The molecular
weight of iron (II) sulphate heptahydrate is 278.015 g/mol. The formula for
concentration calculation is shown as the followings:-

Moles (mol) = Concentration, M, (mTOI) x Volume, V; (L) (3.3.2.1)

The amount of FeSO,.7H,0 solid particles which are required are calculated
with the following equation:-

Mass of FeS0,. 7H,0 (g) = moles (mol) x MO&@Z?&?& () (3.3.2.2)

mol

Table 3.3.2.1: Distribution of FeSO,4.7H,0 calculation

Desired Required Mass of
: Volume Moles
Concentration FeSO,4.7H,0
(L) (mol)
(mol/L) (9)
1 1 1 278.015

3.3.3 Preparation of Sodium Hydroxide (NaOH)

Sodium hydroxide (NaOH) serves as the base solution for titration after the
experimental procedures. The titration is done to filter the iron precipitates
(impurities) from the after-solution for the examination of COD measurement.
Moreover, the molecular weight for NaOH is 39.997 g/mol. The methods for
calculation are the same as the ferrous reagent in which the molarity of NaOH will be
tabulated as follows:-
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Table 3.3.3.1: Distribution of NaOH calculation

Desired Required Mass of
: Volume Moles
Concentration NaOH
(L) (mol)
(mol/L) (9)
1 1 1 39.997

3.3.4 Preparation of H,O, and H,SO4

The standard solution of H,O, and H,SO, are acidic in nature and will be
differently prepared when compared with other standard solutions. The procedure
will be using a burette and slowly inserting the acid into the volumetric flask (filled
with deionized water) with precise calculation of volume. This is due to the higher
density of acid and strong dissociation when acid reacts with water. The method of
calculation is based on the serial dilution equation (3.3.1.1). The calculations will be

summarized in the following table:-

-
. mol Density (7)
Total Concentration (—) = - (3.3.4.1)
L Molecular Weight (=°-)
Actual moly _ Total Concentration MOl Concentrated
Concentration'Ml ( L ) - at 100% L ) X Percentage %) (3-3-4-2)
M,V
y, = 22 (3.3.1.1)
M,

Table 3.3.4.1: Information for hydrogen peroxide and sulphuric acid

Molecular Total Actual . X .
. . Concentrated . Required Desired Final
. Density Weight, Conc. at Concentration, .
Material Percentage Volume, | Concentration, | Volume,
(g/L) MW 100% M,
(%) Vi (L) M; (mol/L) Va(L)
(g/mol) (mol/L) (mol/L)

Hydrogen 1840 98.079 18.760 97 18.198 0.05495 1.00 1.00
Peroxide

Sulphuric 1450 34.010 42.635 30 12.790 0.07818 1.00 1.00

Acid
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3.4 Equipment and Apparatus

3.4.1 Hach DRB 200 Digester

Figure 3.4.1.1: Hach DRB 200 Digester

The equipment used to digest the samples before the measurement of COD
value is Hach DRB 200 Digester. The concept procedure is the pre-heating condition
until temperature of 150°C and the vials (2mL of injected solution) are placed into
the digester for COD digestion process under the duration of 120 minutes. The

specifications and manuals will be presented in Appendix (A).

3.4.2 Hach® DR3900 Spectrophotometer

Figure 3.4.2.1: Hach® DR3900 Spectrophotometer

After the cooling down of samples which are taken out from the Hach
DRB 200 Digester, the COD value is then measured by Hach® DR3900
spectrophotometer. The results such as concentration, absorbance and transmittance
can be obtained. The specifications of Hach® DR3900 spectrophotometer are

tabulated in Appendix (B) while the user manual is listed in Appendix (C).
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3.5 Screening Test

In this approach, the screening test classifies the parameters into the
manipulated and constant variable. Various series of experimental work are
conducted several times to understand the importance of each parameter variable and
the effect of parameter towards the degradation standard through Photo-Fenton
process under visible light. Table 3.5.1 indicates the listed types of variable and their

classifications.

Table 3.5.1: Parameter classifications into manipulated and constant variables

Variables Parameter

a. Concentration of hydrogen peroxide solution
: b. Concentration of ferrous reagent

Manipulated
c. Temperature

d. Intensity of light

a. Concentration of DIPA
Constant b. Reaction time

c. pH value

3.6 Design of Experiment

Design of experiment calculates the most effective parameter towards the
photo-degradation standard of DIPA solution in Photo-Fenton process. The analysis
involves the array of formulation ‘power factor of 2° where parameters represent the
power factor. Thus, there will be 16 different samplings (2%) for the experimental
conduct. Each sample will be given different conditioning to achieve the concept of
modification with ‘-1' being the minimum range indication and ‘1’ being the

maximum range indication.

Table 3.6.1: Low and high range of factor experimentation

Parameter Unit | Low (-1) | High (1)
Concentration of hydrogen peroxide solution (A) | mol/ L 0.1 1.0
Concentration of ferrous reagent (B) mol/ L 0.1 1.0
Temperature (C) °C 25 35
Intensity of light (D) Watt 300 500
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Table 3.6.2: 2* Factorial Design Experimentation

Order Factor A Factor B Factor C Factor D
1 -1 -1 -1 -1
2 1 -1 -1 -1
3 -1 1 -1 -1
4 1 1 -1 -1
5 -1 -1 1 -1
6 1 -1 1 -1
7 -1 1 1 -1
8 1 1 1 -1
9 -1 -1 -1 1
10 1 -1 -1 1
11 -1 1 -1 1
12 1 1 -1 1
13 -1 -1 1 1
14 1 -1 1 1
15 -1 1 1 1
16 1 1 1 1

3.7 Summarized Methodology Process

500ppm of DIPA solution is prepared through dilution factor while different
conditionings for the other four parameters are set at different values depending on
the experimental approach. Silicon oil is used to stabilize the surrounding
temperature accordingly before the beginning of Photo-Fenton process. Few drops of
1.0M H,SO, are added into the model waste sample to provide an acidic condition.
5ml of H,O, and FeSO,.7H,0 reagent solutions are later added with respective
concentrations and placed under visible light source to undergo Photo-Fenton
degradation process as shown in Figure 3.7.1. Samples are collected and monitored

for COD measurement after a specified reaction time of 60 minutes.

Collected samples are titrated with NaOH solution to form ferrous
precipitates and the heterogeneous mixture is then boiled to remove excess oxygen

content. After that, precipitates are removed by filtration method to obtain clear
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samples. 2mL of filtrated samples are transferred into COD reagent (High
Concentration, HR) vials before shifting into 2 hours of digestion process through

Hach DRB 200 Digester. Finally, digested samples are cooled to room temperature

and measured for COD value using Hach® DR3900 spectrophotometer.

Fanton

pH Value Controller

= = |- = = = Silicen Oil
— 1 — = = =|=— - DIPA Solution {100 ppm)

[O[:J

/ Hot Platz

@\

,:mee Controller H Magns

tic Stimer \}tl

Figure 3.7.1: Schematic diagram of experimental setup

Table 3.7.1 summarizes the major types of equipment used for the

experimental research with their respective

function.

Table 3.7.1: Equipment usage with respective function

No. Equipment Function
1 | Hot Plate To provide the functions of both
temperature system and stirrer system
2 | Temperature System (Temperature | To control and to maintain the
Controller and Thermometer) temperature of the degradation system
3 | Stirrer System (Magnetic Stirrer and | To ascertain uniform mixing of the
Magnetic Stirrer Bar) degradation system
4 | Halogen Lamp To provide visible light irradiation for
Photo-Fenton process
5 | Opaque Acrylic Sheet To maintain ambience from
surrounding light irradiation
6 | Table Fan To cool the halogen lamp
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3.8 Overall Methodology Process

Screening of seven parameters
I INITIAL PROCESS
. o Analysis
Design of » Optimization » 4 »
™ of

Experiment Experimentation Results PRIMARY
| 1 PROCESS
\ 4 y 0 @ @
v
Preparation of apparatus and materials
v
100mL of DIPA (500ppm) waste sample is placed in a beaker
v
pH value (3) is measured using pH meter
v
Droplets of H,SO, are added for pH value selection
v

5mL of H,O, and 5mL of FESO,4.7H,0 are
measured and transferred into the reactor system
v
The reactor is placed under the radiation light inside a circulating bath
system (silicon oil). A table fan is used for cooling and ventilation.
Well mixing is ensured by placing a magnetic stirrer inside the reactor

v

Bath fluid temperature is monitored using heater
v

Recordation for system and bath fluid temperature after 60 minutes

v

50mL of sample is taken from the reaction system
v

Sample is titrated with 1.0M NaOH to form iron precipitates

v

Sample is boiled to remove excess oxygen content
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v

Boiled sample is cooled to room temperature

v

Filtration is done to remove precipitated residues from sample

v

2mL of filtrate is transferred into COD reagent vial and shaken well

v
Samples is heated in a COD digester at 150°C for 2 hours

v

Digested sample is cooled to room temperature

v

COD value is measured for the degraded waste sample

YES YES

Complete Optimized?

Repetition of secondary process

SECONDARY PROCESS
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3.9 Gantt Chart

FYP FYP 11
Week
No. 1 2 3 4 5 6 7 8 9 |10 11|12 |13 (14| 1 2 3 4 5 6 7 8 9 |10 |11 |12 | 13| 14
Description 1312027 | 3 |10 |17 |24 | 3 |10 | 17 |24 |31 | 7 |14 19|26 | 2 9 |16 (23 (30| 7 |14 | 21| 28| 4 | 11 | 18
R {RB B | BB |MB|M4|4 ||/ |66 |6 |6 |6 /77| /T]|/[7]|/8]|I/18]1I8
A Preliminary
Research Work
Preparation of
2 Standard Solution
DIPA Sample
: Calibration Curve
4 | Screening Test
2 Level Factorial
> Design
Optimization
° Parameter 1
Optimization
! Parameter 2
Optimization
8 Parameter 3
Optimization
? Parameter 4
1 Analysis of Data

and Conclusion
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4.0 RESULTS

4.1 DIPA Sample Calibration Curve

With the serial dilution of Diisopropanolamine (DIPA) into various
concentrations (ppm), the sample solutions are taken for Chemical Oxygen Demand
(COD) testing using the Hach® DR3900 spectrophotometer. The calibration curve is
plotted based on different DIPA concentrations with the respective results of COD
measurement (mg/L), absorbance (abs) and transmittance (%). The purpose of the
calibration curve is to compare the initial raw concentration of samples with
concentration subsequent to Photo-Fenton treatment through different types of
reaction system as well as reaction kinetics. The results from the measurement of
various concentrations are summarized accordingly to their COD value, absorbance
and transmittance in the Table 4.1.1. Overall, DIPA concentration of 500 ppm will be

emphasized in this research project due to literature review and its significance factor.

Table 4.1.1: Distribution of calibration in various DIPA concentrations

DIPA COD
: Absorbance | Transmittance Dilution
Concentration | Measurement
(Abs) (%) Factor
(ppm) (mg/L)
700 1741 0.774 16.8 1.43
500 1302 0.578 26.4 2.00
400 1031 0.458 34.9 2.50
300 759 0.337 46.1 3.33
200 487 0.216 60.8 5.00
150 353 0.157 69.7 6.67
100 253 0.112 77.2 10.00
50 115 0.051 88.9 20.00
30 47 0.021 95.3 33.33
10 13 0.006 98.6 100.00
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The Figure 4.1.1 indicates the relationship between the COD measurement

(mg/L) and the DIPA concentration (ppm). The trend line shows that the increment

in DIPA concentration (x-axis = manipulated variable) will result in an almost

similar increment in COD measurement (y-axis = responding variable). The concept

is due to the increased availability for the amount of organic pollutants in the model

waste which will eventually increase the concentration level where more oxygen will

be consumed accordingly with the indication of COD value. In terms of proficiency,

the regression R? of 0.9984 approaching value 1; provides a significant accuracy and

consistency.

2000

~ 1800
1600
1400
1200
1000
800
600
400
200
0

COD Measurement (mg/L

y =2.526x
R2 =0.9984 A
0 200 400 600 800
DIPA Concentration (ppm)
== COD measurement =~ —— Linear (COD measurement)

1000

Figure 4.1.1: Calibration plot of COD measurement versus DIPA concentration

The calculation for future experimental work will be in accordance with the

linear expression equation:-

y = 2.5246 X
Where,
y = DIPA concentration (ppm)
X = COD measurement (mg/L)
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The Figure 4.1.2 represents the relationship of absorbance (y-axis =
responding variable) against the DIPA concentration (x-axis = manipulated variable).
The trend line shows a linear expression where an increment in DIPA concentration
will increase the absorbance level (abs). Absorbance is defined as the index of
refraction while the concept of reasoning is the same as the increment in DIPA
concentration. In terms of proficiency, the regression R? of 0.9985 approaching value

1; provides a significant accuracy and consistency.

1
0.9
0.8 y =0.0011x
- R® = 0.9985
207 ~

&
2 0.6
"
o .
-2 0.3 //
0.2

0.1 ~
0 '/ T T T T 1
0 200 400 600 800 1000
DIPA Concentration (ppm)
— Absorbance (Abs) = ——Linear (Absorbance (Abs))

Figure 4.1.2: Calibration plot of absorbance versus DIPA concentration

The calculation for future experimental work will be related with the

following linear expression equation:-

y =0.0011 x (4.1.2)
Where,
y = DIPA concentration (ppm)
X = absorbance (abs)

The transmittance (%) value is related with absorbance where calculations are

exactly similar with the following equation:-
T(%) = 10-@P) x 100% (4.1.3)
Where,

abs  =absorbance (abs)
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4.2 Design of Experiment

Effect for significance study is carried out with different values consisting of
maximum and minimum values. The experimental design are divided into several

sections of analysis due to the wide range of structures.

4.2.1 Multiple Samples for Standard Order

With 16 standard orders for the examination of four different manipulating
variables in Photo-Fenton process, the COD measurement(mg/L), COD removal
(mg/L) and removal percentage (%) for each samples are tabulated in Table 4.2.1.1.
Each parameter (Concentration of H,O,, concentration of FeSO,.7H,O reagent,
temperature and light intensity) are labelled with maxium and minimum range which
varies differently according to different standard orders. COD removal represents the
value where the COD measurement obtained with different standard orders are
subtracted from the raw COD measurement (1302mg/L) obtained by 500ppm DIPA
concentration in Table 4.1.1. Highest COD removal measurement was achieved by
sample run 14 which is 662 mg/L (50.84% removal) while the lowest COD removal

measurement was achieved by sample run 3 which is 32mg/L (2.46% removal).

Table 4.2.1.1: Multiple Samples for Standard Order of Experimental Design

Concecr)lftration Concecr)lftration Temperature Ligh_t coD cob Per(égnlt)age

e H0, FeSO,.7H,0 C) '”tg;\‘,s)'ty Me?;‘gf:)‘e”t R(fnrg‘/’g" Removal
(mol/L) (mol/L) (%)

1 0.1 0.1 25 300 1164 138 10.60
2 1.0 0.1 25 300 828 474 36.41
3 0.1 1.0 25 300 1270 32 2.46
4 1.0 1.0 25 300 892 410 31.49
5 0.1 0.1 35 300 1031 271 20.81
6 1.0 0.1 35 300 710 592 45.47
7 0.1 1.0 35 300 1233 69 5.30
8 1.0 1.0 35 300 800 502 38.56
9 0.1 0.1 25 500 1042 260 19.97
10 1.0 0.1 25 500 806 496 38.10
11 0.1 1.0 25 500 1255 47 3.61
12 1.0 1.0 25 500 878 424 32.57
13 0.1 0.1 35 500 966 336 25.81
14 1.0 0.1 35 500 640 662 50.84
15 0.1 1.0 35 500 1210 92 7.07
16 1.0 1.0 35 500 759 543 41.71
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4.2.2 First Order Factorial Design

1% Order Factorial Design defines the basic and separable self-interaction
among factors such as concentration fo H,O, (Factor A) concentration of
FeSQO,.7H,0 (Factor B), temperature (Factor C) and light intensity (Factor D). Based
on the plotting of data through the standard orders formed in experimental design,
the effect size of single factor parameter is recorded and tabulated in Table 4.2.2.1.
Positive results of effect size convey increment in COD removal (mg/L) while the
negative results convey decremental rate in COD removal (mg/L). Under the
advancement of +maximum values, individual factors A,C and D displays
incremental positive COD removal (mg/L) while factor B shows decremental
negative COD removal (mg/L).

Table 4.2.2.1: Effect size for factor A, B, C and D

Factor Sign Average Value | Effect Size
) A- (low) 155.625 | -178.625
H,0O, Concentration (A) :
A+ (high) 512.875 178.625
B- (low) 403.625 69.375
FeSO,4.7H,0O Concentration (B) B+ (high) 564875 269375
C- (low) 285.125 -49.125
Temperature (C) i
C+ (high) 383.375 49.125
) _ D- (low) 311.000 -23.250
Light Intensity (D) :
D+ (high) 357.500 23.250

Figure 4.2.2.1 displays the trend line for the incremental range from lowest
range (-1) to highest range (+1) for each factors. The minimum values (blue notation)
represent the COD removal obtained when standard orders are presented at minimum
range while the maximum values (red notation) represent the COD removal obtained
when standard orders are presented at maximum range. The green notation signifies
the average values from respective maximum and minimum range. In accordance to
the plotted graphs, factor A has the highest incremental rate followed with C and D;
lastly, a decremental rate with B.

With such arrangement, the graphs clearly divide the factors individually for
further interpretation where Annova Table will be used.
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Figure 4.2.2.1: Overall graph of COD removal with (a) H,O, concentration factor,
(b) FeSO4.7H,0 concentration factor, (c) temperature factor and
(d) light intensity factor

4.2.3 Second Order Factorial Design

The relation and interaction between two different factors are studied and
listed in Table 4.2.3.1. Table 4.2.3.1 shows the effect size for six different
evaluations between two factors by means of -- minimum range or ++ maximum
range. Under the advancement of ++ maximum values, factor AB displays the
highest positive effect size changes, followed with AC and CD; while factors AD,
BC and BD shows negative effect size changes. The most significant influence is
factor AB with the highest amount of effect size (£26.250); followed with factor
AC (£12.750), BC (+12.500), BD (+11.625), AD (+4.875) and lastly, CD (+1.625).
This reasoning shows that the interaction phase also depends on respective value in
1% Order Factorial Design; where factor A has the highest significant value. However,
if the value of the opposite interaction is high, the effect size will be cancelled out

due to both the opposite signs in values of interaction factor.
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Table 4.2.3.1: Effect size for factor AB, AC, AD, BC, BD and CD

Factor Average Effect Factor Average Effect Factor Average Effect
Value Size Value Size Value Size
A-B- 251.25 26.250 A-C- 119.25 12.750 A-D- 127.50 -4.875
A+B- 556.00 -26.250 A+C- 451.00 -12.750 A+D- 494.50 4.875
A-B+ 60.00 -26.250 A-C+ 192.00 -12.750 A-D+ 183.75 4.875
A+B+ 469.75 26.250 A+C+ 574.75 12.750 A+D+ 531.25 -4.875
Average Effect Average Effect Average Effect
Factor Value Size Factor Value Size Factor Value Size
B-C- 342.00 -12.500 B-D- 368.75 -11.625 C-D- 263.50 1.625
B+C- 228.25 12.500 B+D- 253.25 11.625 C+D- 358.50 -1.625
B-C+ 465.25 12.500 B-D+ 438.50 11.625 C-D+ 306.75 -1.625
B+C+ 301.50 -12.500 B+D+ 276.50 -11.625 C+D+ 408.25 1.625

Figure 4.2.3.1 demonstrates the relation between two factors in the COD

removal (mg/L) rate. The values (blue notation) represent the COD removal obtained

when the 2" factor is presented at minimum range while the values (red notation)

represent the COD removal obtained when the 2™ factor is presented at maximum

range. The graphs move from the left (-1, minimum values) to the right (+1,

maximum values) stating the values obtained for first factor (x-axis). The different

interactions prove that the effect size of the research will varies accordingly with

different factors. Therefore, the graphs elaborate more on the average differences

between two interaction factors rather than the true effect size.
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Figure 4.2.3.1: Overall graph of COD removal with (a) factor AB, (b) factor AC,
(c) factor AD, (d) factor BC, (e) factor BD and (f) factor CD

4.2.4 Third Order Factorial Design

The relation and interaction between three different factors are analyzed in
Table 4.2.4.1. Table 4.2.4.1 displays the effect size for four different evaluations
between three factors by means of --- minimum range or +++ maximum range.
Under the advancement of +++ maximum values, factor ACD displays the highest
positive effect size changes, followed with ABD, ABC and BCD. All four
interactions provide positive effect size changes due to the high effect of factor A;
with minor reasoning due to the small positive factors of C and D. However, if the
value of the opposite interaction is high, the positive effect size will be reduced due
to both the opposite signs in values of interaction factor. The most significant
influence is factor ABD with the highest amount of effect size (x7.750); followed
with factor ABD (x7.000), ABC (+3.375) and lastly, BCD (£2.750). Graphical
diagrams are not producible because of complicated three dimensional interaction
points among three factors.
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Table 4.2.4.1: Effect size for factor ABC, ABD, ACD and BCD

Factor Average Effect Factor Average Effect

Value Size Value Size
A-B-C- 199.0 [ -3.375 A-B-D- 204.5| -7.000
A+B-C- 485.0| 3.375 A+B-D- 533.0 7.000
A-B+C- 395| 3.375 A-B+D- 50.5 7.000
A-B-C+ 303.5| 3.375 A-B-D+ 298.0 7.000
A-B+C+ 80.5| -3.375 A-B+D+ 69.5| -7.000
A+B+C- 417.0| -3.375 A+B+D- 456.0 | -7.000
A+B-C+ 627.0 [ -3.375 A+B-D+ 579.0 [ -7.000
A+B+C+ 522.5 3.375 A+B+D+ 483.5 7.000
racor | A | Efe o | Aot | e
A-C-D- 85.0 ( -7.750 B-C-D- 306.0 | -2.750
A+C-D- 442.0| 7.750 B+C-D- 221.0 2.750
A-C+D- 170.0 | 7.750 B-C+D- 4315 2.750
A-C-D+ 1535 7.750 B-C-D+ 378.0 2.750
A-C+D+ 214.0 [ -7.750 B-C+D+ 499.0| -2.750
A+C+D- 547.0 [ -7.750 B+C+D- 2855 -2.750
A+C-D+ 460.0 | -7.750 B+C-D+ 2355 -2.750
A+C+D+ 602.5| 7.750 B+C+D+ 3175 2.750

4.2.5 Fourth Order Factorial Design

Four factor variables are correlated in accordance with effect size and the
interactions were listed in Table 4.2.5.1. Under the advancement of ++++ maximum
values, factor ABCD shows positive effect size changes while factor ABCD shows
negative effect size changes under the advancement of ---- minimum values. The
effect size is £5.375 showing that the consequence is not significant enough for the
change when compared with the First (1) Order, Second (2"®) Order and Third (3"
Order of Factorial Design. Therefore, the statistical analysis of 1% Order Factorial
Design is enough to prove the effect of significance for the research project in

comparison with other factorial design.
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Table 4.2.5.1: Effect size for factor ABCD

Factor Average Value | Effect Size
A-B-C-D- 138 -5.375
A+B-C-D- 474 5.375
A-B+C-D- 32 5.375
A+B+C-D- 410 -5.375
A-B-C+D- 271 5.375
A+B-C+D- 592 -5.375
A-B+C+D- 69 -5.375

A+B+C+D- 502 5.375
A-B-C-D+ 260 5.375
A+B-C-D+ 496 -5.375
A-B+C-D+ 47 -5.375
A+B+C-D+ 424 5.375
A-B-C+D+ 336 -5.375
A+B-C+D+ 662 5.375
A-B+C+D+ 92 5.375
A+B+C+D+ 543 -5.375

4.3 Statistical Analysis

According to average factor tabulation, Table 4.3.1 displays the standardized
effect, sum of squares and the percentile effect for the respective interactions.
Interaction A shows the highest standardized effect, followed by factors B, C, AB, D,
AC, BC, BD, ACD, ABD, ABCD, AD, ABC, BCD and finally, CD. Standardized
effect defines the effect size to be doubled with both the positive/negative signs when
undergoing the incremental (+, maximum) value sign. The subsequent value proves
the rate whether factors have positive or negative effect to the Photo-Fenton
degradation rate of DIPA. Positive standardized effect shows incremental value
while negative standardized effect shows decremental value; both for COD removal
in Photo-Fenton. Moreover, the ranking order is relevant to the sum of squares which
are the advancement calculation for each amount of standardized effect. Higher
standardized effect will increase the sum of squares which will later be converted

into percentile effect.
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Table 4.3.1: Standardized effect, sum of squares and percentile effect for

corresponding factors

Interaction Standardized Sum of Squares | Rank Percentile
Effect (%)

A 357.25 5.105E'5 | 15 77.820

B - 138.75 77006.25 | 14 11.740

C 98.25 38612.25 | 13 5.890

D 46.50 8649.00 | 11 1.320

AB 52.50 11025.00 | 12 1.680

AC 25.50 2601.00 | 10 0.400

AD -9.75 380.25| 4 0.058

BC - 25.00 2500.00 | 9 0.380

BD -23.25 2162.25| 8 0.330

CD 3.25 4225| 1 |6.441E3

ABC 6.75 182.25| 3 0.028

ABD 14.00 784.00 | 6 0.120

ACD 15.50 961.00 | 7 0.150

BCD 5.50 121.00 | 2 0.018

ABCD - 10.75 462.25| 5 0.070

The Figure 4.3.1 shows the categorized percentile effect for all 15 interaction
factors with factors. This proves that the individual 1* Order Factorial Design has the
most important impact for Photo-Fenton research and will further be used for

analysis.
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Figure 4.3.1: Percentile effect for corresponding factors
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4.4 Annova Table

Based on the listings of 1% Order Factorial Design, the significant effect of

individual factors are determined in Table 4.4.1. The residual represents the other

remaining interaction factors that are calculated for comparison.

Table 4.4.1: Annova Table for 1% Order Factorial Design; factor A, B, C and D

source | Degree of Mean i Probability>F
Squares Freedom Square Value

Overall 6.348E'5 4 1587E'5 | _82.26 | <0.0001
A 5.105E"5 1 5.105E'5 | 264.62 | <0.0001
B 77006.25 1 77006.25 39.92 <0.0001
C 38612.25 1 38612.25 20.01 0.0009
D 8649.00 1 8649.00 4.48 0.0578

Residual 21221.25 11 1929.20

Total 6.560E'5 15

Hypothesis  : All factors are equal.

Inference . Since the overall (Probability>F) of factors A, B, C and D are

<0.0001, which is lower than 0.05, the hypothesis is rejected.

Confirmation : All factors are not equal.

Statement : A, B and C are significant terms since their (Probability > F) is
smaller than 0.05. D is the probable significant term with
(Probability > F) smaller than 0.1 but larger than 0.05.

Deduction . Order of significant effect is arranged from highest value starting

from A; closely followed with value of B, C and finally, D.
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4.5 Optimization Study

With the arrangement order from highest significance towards lower
significance, the optimization study are listed starting from concentration of H,0O,
towards concentration of FeSO,.7H,0, temperature and light intensity. The most
efficient range will be optimized accordingly in each parameter study beginning from

the minimum conditioning onwards.

4.5.1 Optimization for Concentration of H,O,

In the varying parameter for concentration of H;O,, the minimum
conditionings for all other parameters include 0.1M concentration, 25°C temperature
and 300Watt light intensity. Based on the Table 4.5.1.1, the raw calibration of
500ppm DIPA indicates the before-experimental material while the changing
concentration of H,O, directs different COD measurement. The increment in
concentration of H,O, until a maximum range of 1.0M provides higher COD
removal (mg/L). The COD measurement (mg/L) is indirectly proportional to both
COD removal (mg/L)
conditioning for concetration of H,0, is at 1.0M while achieving percentage removal

and COD percentage removal (%). The optimized
of 37.56%; differences of 25.66% between percentage removal of highest range and
lowest range which is higher than 5% differences efficiency ratio. H,O, acts as an
oxidizing agent where any increasing concentration signifies increment in production

rate of «OH radicals, which are essential in Photo-Fenton process.

Table 4.5.1.1:Optimization results for different concentrations of H,O,

Concentration | Concentration Light coD coD COD
Ho(f) = SOOf7H 0 Temrgtgature Intensity | Measurement | Removal Plgrcentagle

20, 220y (C) (Watt) (mg/L) (mg/L) | Remova

(mol/L) (mol/L) (%)
Raw Calibration (500 ppm DIPA) 1302 - -

0.1 0.1 25.0 300 1147 155 11.90

0.3 0.1 25.0 300 1053 249 19.12

0.5 0.1 25.0 300 968 334 25.65

0.8 0.1 25.0 300 889 413 31.72

1.0 0.1 25.0 300 813 489 37.56
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Figure 4.5.1.1 shows the graph where optimization is done for different
concentrations of H,O,. The red graph bar indicates the raw calibration of 500ppm
DIPA (mg/L), the blue graph bar indicates the treated Photo-Fenton process for
DIPA (mg/L) and the yellow-black line represents the COD precentage removal (%).
It can be seen that increasing H,O, concentration produces lower COD concentration
(mg/L) while the COD removal percentage (%) increases. Optimization for the
following graph is highest when concentration is at 1.0M H,0, (813mg/L, 37.56%).
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Figure 4.5.1.1: Optimization graph for different concentrations of H,O,

4.5.2 Optimization for Concentration of FeSO,.7H,0

The next parameter of optimization will be concentration of FeSO,.7H,0
where concentration of H,O, is already optimized at 1.0M; while minimum
conditioning of temperature and light intensity are at 25°C and 300Watt respectively.
Table 4.5.2.1 shows the varying parameter for concentration of FeSO,4.7H,0 ranging
from minimum range of 0.1M to maximum range of 1.0M. In comparison with the
raw calibration of 500ppm DIPA, 0.5M FeSO,.7H,O acheives the lowest COD
measurement of 650mg/L and highest COD removal percentage of 50.08%. The
concentration of FeSQO,4.7H,0 is directly related with specific concentration of H,O,

under regulating ratio (1:2) where production of *OH radicals are best adjusted.
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Table 4.5.2.1: Optimization results for different concentrations of FeSO,4.7H,0

Concentration | Concentration . COD
Light COD COD
i & Tem%erature Intensity | Measurement | Removal AR
H,0, FeS0O,.7H,0O (°C) (Watt) (mg/L) (mg/L) Removal
(mol/L) (mol/L) (%)
Raw Calibration (500 ppm DIPA) 1302 - -

1.0 0.1 25.0 300 815 487 37.40
1.0 0.3 25.0 300 710 592 45.47
1.0 0.5 25.0 300 650 652 50.08
1.0 0.8 25.0 300 712 590 45.31
1.0 1.0 25.0 300 884 418 32.10

According to Figure 4.5.2.1, red graph bar indicates the raw calibration of

500ppm DIPA (mg/L), the blue graph bar indicates the treated Photo-Fenton process

for DIPA (mg/L) and the yellow-black line represents the COD precentage removal
(%). A specific amount of ratio (0.5M:1.0M, 1:2) between FeSO,.7H,0 and H,0; is

the reason for achieving highest COD percentage removal of 50.08% (650mg/L).
The values of 1.0M H,0, and 0.5M FeS0O,.7H,0 are taken for the next optimization

parameter consisting of temperature.
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Figure 4.5.2.1: Optimization graph for different concentrations of FeSO4.7H20
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4.5.3 Optimization for Temperature

In varying temperature parameter, both concentrations of H,0O, and
FeS0O,.7H,0 are optimized at 1.0M and 0.5M respectively while light intensity is at
minimum range of 300Watt. With reference to Table 4.5.3.1, the increasing
temperature brings an increment in COD percentage removal (lower COD
measurement, mg/L). The optimized condition is set at 35°C where COD
measurement is obtained at 531mg/L and COD percentage removal is acquired at
59.22%; differences of 8.91% between percentage removal of highest range and
lowest range which is higher than 5% differences efficiency ratio. Generation of «OH
radicals through oxidation process are promoted with increasing reaction temperature.
The maximum range of temperature (35°C) is set due to literature review and
unfavourable conditioning towards poor stability of H,O, which later affects poor

*OH radicals production.

Table 4.5.3.1: Optimization results for different temperatures

Concentration | Concentration Light cob coD COD

H(:(sz FeSOT?HZO Tem(p())(g;:l alie Intensity | Measurement | Removal P;reizg?ege
(mol/L) (mol/L) (L) (mg/L) (mg/L) %)
Raw Calibration (500 ppm DIPA) 1302 - -

1.0 0.5 25.0 300 647 655 50.31
1.0 0.5 27.5 300 619 683 52.46
1.0 0.5 30.0 300 589 713 54.76
1.0 0.5 325 300 558 744 57.14
1.0 0.5 35.0 300 531 771 59.22

Based on the Figure 4.5.3.1, the raw calibration of 500ppm DIPA (mg/L) is

denoted with red graph bar, treated Photo-Fenton process (mg/L) is designated for
blue graph bar and the COD percentage removal (%) is signified by yellow-black
line. The trend line shows an incremental gradient towards increasing temperature.
Temperature conditioning of 35°C complements the local average temperature where
experimental setup is conducted. Therefore, the current optimization is adjusted to
1.0M concentration of H,O,, 0.5M concentration of FeSO,.7H,0 and temperature
of 35°C.
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Figure 4.5.3.1: Optimization graph for different temperatures

4.5.4 Optimization for Light Intensity

The final optimization parameter is light intensity where range varies from
300 to 500 Watt; meanwhile other parameters are optimized at 1.0M concentration of
H,0,, 0.5M concentration of FeS04.7H,0 and temperature of 35°C. From Figure
4.5.4.1, the increasing light intensity produces increasing COD percentage removal
(lower COD measurement, mg/L). Through results obtained, optimized condition is
set at 300 Watt which achieves 59.22% (531mg/L) due to reason that differences of
3.38% between percentage removal of highest range and lowest range which is lower
than 5% differences efficiency ratio. Therefore, cost towards effectiveness ratio of

increasing light intensity to 500Watt is not liable .

Table 4.5.4.1: Optimization results for different light intensities

Concentration | Concentration Light coD coD COD
@i ol eSS Intensity | Measurement | Removal AT

H,0, FeSO,.7H,0 (°C) (Watt) (mg/L) (mg/L) Removal

(mol/L) (mol/L) (%)
Raw Calibration (500 ppm DIPA) 1302 - -

1.0 0.5 35.0 300 531 771 59.22

1.0 05 35.0 350 519 783 60.14

1.0 0.5 35.0 400 507 795 61.06

1.0 05 35.0 450 496 806 61.90

1.0 05 35.0 500 487 815 62.60
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Figure 4.5.4.1 shows the red graph bar which represents the raw calibration of
500ppm DIPA (mg/L) , the blue graph bar which denotes the treated Photo-Fenton
process (mg/L) and the yellow-black line which signifies the COD percentage
removal (%). Regardless of the incremental trend line growth, the cost towards
effectiveness ratio is not sufficient for optimization increment from range 300 to 500
Watt. Overall, the optimum conditioning is set at 300 Watt where COD measurement

is recorded at 531mg/L (59.22% COD percentage removal).
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Figure 4.5.4.1: Optimization graph for different light intensities

4.5.5 Overall Optimization

In accordance with the order arranging from concentration of H,O, towards
concentration of FeS04.7H,O, temperature and finally, light intensity, the
optimization process is finally adjusted at its finest conditioning. With each range,
the inference states the reasoning of choice especially in terms of cost, efficiency and
difference in COD percentage removal of 5% between highest range and lowest
range. Table 4.5.5.1 represents the overall optimization for Photo-Fenton process

after following the parameter order resulting from design of experiment.
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Table 4.5.5.1: Overall Optimization for Photo-Fenton process

Factor Parameter Condition | COD Removal Inference
) Higher concentration of
Concentration o )
813 mg/L oxidizing agent increases
A of HzOz 1.0 .
(37.56 %) production rate of <OH
(mol/L) )
radicals
) Ratio of FeSO,4.7H,0 will
Concentration ) )
be directed with
of 650 mg/L _
B 0.5 concentration of H,O, for
FeSO,4.7H,0 (50.08 %)
better efficiency of *OH
(mol/L) )
radicals
Moderate temperature
c Temperature 35 531 mg/L provides a  suitable
(°C) ' (59.22 %) degradation environment
for Photo-Fenton process
Higher increment of 500
] _ Watt did not provide
Light Intensity 531 mg/L o )
D 300.0 efficient growth in
(Watt) (59.22 %) ) _
degradation rate prior to
cost effectiveness
Optimized 531 mg/L
Condition (59.22 %)

4.6 Comparison for Significance of Temperature and Light Intensity

Figure 4.6.1 shows the comparison graph for Photo-Fenton process with the

significance in presence or absence of temperature and light intensity. Fenton

reagents denote the presence of H,O, and FeSO,4.7H,0 solution within experimental

conduct. The blue graph bar indicates the presence of all parameter (having the same

results as optimization data) which achieves highest COD percentage removal of

59.22% (531mg/L COD measurement). Meanwhile, the green graph bar indicates the

presence of Fenton reagents and temperature without visible light which achieves

second highest COD percentage removal of 50.00% (651mg/L COD measurement).

The purple graph bar represents the presence of Fenton reagents and visible light
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without temperature which achieves lower COD percentage removal of 31.41%
(893mg/L COD measurement); while the pink graph bar denotes the presence of
Fenton reagents without temperature and without visible light which achieves lowest
COD percentage removal of 22.81% (1005mg/L COD measurement). The results
prove that Photo-Fenton with all the parameters can achieve the best COD removal
rate while the presence of light intensity is more important compared with the
presence of temperature. The difference in terms of effect size and presence/absence
between light intensity and temperature is temperature plays a bigger role in varying
range within presence of visible light but the presence of light intensity is the larger
contributor in absence/presence conditioning. This phenomenon of comparison is
labeled Photo-Fenton and Fenton process where Fenton process is conducted without

the presence of visible light. Absence of both temperature and light are significant.

Table 4.6.1: Significance results of temperature and light intensity

Concentration | Concentration . COoD
of of Temperature Ingh_t M o RCOD | Percentage
H,0, FeSO,.7H,0 ) ntensity easur/ement emc;va Removal
(mol/L) (mol/L) (L) (mg/L) (mg/L) %)
1.0 0.5 35.0 300 531 771 59.22
1.0 0.5 - 300 651 651 50.00
1.0 0.5 35.0 - 893 409 31.41
1.0 0.5 - - 1005 297 22.81
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Figure 4.6.1: Significance graph of temperature and light intensity
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4.7 Errors In Experimental Procedure

VI.

Random error. DIPA tends to easily absorb water vapour from the
surrounding atmosphere. During experimental conduct in preparing standard
solution, weight of DIPA solids will then be affected by the presence of water
content. Therefore, concentration of the solution will be inaccurate and

inconsistent.

Random error. Constant light irradiation from light source, continuous
temperature from hot plate and surrounding temperate atmosphere fluctuates

the efficiency and accuracy of experimental setup.

Random error. 60 minutes of reaction time without any time-interval in

between will not show the true degradation rate for Photo-Fenton proces.

Random error. Short distance between light source and reaction system
causes Vvaporization to happen which then leads to an increment in

concentration as visible light exerts a certain amount of heat.

Systematic error. COD measurement (mg/L) measured by Hach® DR3900

spectrophotometer is not consistent for the same experimental setup.

Systematic error. The experimental setup is restricted due to limitations of

apparatus where highly accurate measurement could not be taken.
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4.8 Recommendations in Experimental Procedure

VI.

For better accuracy and consistency, measurement for weight of DIPA solids
should be conducted in a fume hood with proper air ventilation. This is to
prevent DIPA solids from absorbing water vapour.

Better temperature monitoring should be placed into the experimental setup
for effective temperature controlling. Black box which fully encompasses the
reaction system should be installed to reduce influence from random

surrounding fluctuations.

Advanced factorial design of experiment should be suggested for calculating
other constant parameters instead of just manipulating parameters. More

interval in reaction time should be taken for better monitoring control.

Visible light source should be relocated at a calculated distance away from

reaction system for prevention of vaporization.

Repetition of experiment should be conducted more than three times to
reconfirm the accuracy and consistency of the results. Hach® DR3900

spectrophotometer should be calibrated first before usage.
Advanced equipment should be employed for better research results.

Laboratory equipments and tools should be calibrated and studied before

each usage.
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5.0 CONCLUSION

5.1 Overall Conclusion

Photo-Fenton oxidation process utilizes light source with specific chemical
products to increase generation rate of «OH radicals. With reference towards
reviewing Photo-Fenton oxidation process, the optimization study of DIPA
degradation is evaluated using design of experimentation. The objectives of the
research are achieved successfully by finding the effect significance of respective
parameters and the conditions governing the optimization effect. The four major
manipulating parameters are listed as concentration of H,0O,, concentration of
FeSO,.7H,0, temperature and light intensity; while the three other constant variable
are listed as concentration of DIPA (500ppm), pH value (3) and reaction time
(60 minutes).

First experimental section explains the blank sample calibration of DIPA in
which the value of raw COD measurement is 1302 mg/L. In design of
experimentation, the maximum optimization value is achieved by sample run 14
which is 662 mg/L COD removal (50.84% removal) while the lowest optimization
value is achieved by sample run 3 which is 32mg/L COD removal (2.46% removal).
The conditions for sample run 14 are 1.0M concentration of H,O,, 0.1M
concentration of FeSO,4.7H,0, temperature at 35°C and light intensity of 500W while
the conditions for sample run 3 are 0.1M concentration of H,O,, 1.0M concentration
of FeS0,4.7H,0, temperature at 25°C and light intensity of 300W. The optimization
arrangement relating to the order from highest to lowest measurement is calculated to
be concentration of H,O, (Factor A), followed by concentration of FeSO,.7H,0
(Factor B), temperature (Factor C) and finally, light intensity (Factor D). It can be
concluded that maximum range should be used for concentration of H,O,
temperature and light intensity; while minimum range should be used for

concentration of FeS0O,4.7H,0.

In accordance to optimization process, the adjusted condition is set at 1.0M
concentration of H,O,, 0.5M concentration of FeSO4.7H,0, temperature at 35°C and
light intensity of 300Watt. The specific sample achieved COD measurement of
531mg/L (771 COD removal, 59.22% removal). Through literature review and

theories, concentration of H,O, increases the production rate of «OH radicals which
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eventually enhances Photo-Fenton process. Besides that, the concentration of
FeSO,.7H,0 is proportionally directed with concentration of H,O, to achieve a
certain optimized ratio while temperature at 35°C acts as a suitable cultivation for
production of *OH radicals. These three optimized parameters achieved a value
higher than 5% for differences in COD percentage removal between highest range
and lowest range. The final parameter consisting of light intensity did not achieve
such requirement such as cost to effiency ratio. Therefore, the light intensity is set at
300Watt.

Comparison section explains the significance effect of temperature and light
intensity towards Photo-Fenton process. With the presence of both temperature and
light intensity, optimization is achieved at highest peak results while the absence of
both the parameter could only achieved lowest COD removal rate of 22.81%
(297mg/L COD removal, 1005mg/L COD measurement). Presence of light intensity
is more significant in comparison with temperature due to the comparison between
Photo-Fenton and Fenton process while temperature is just a variable in reaction
kinetics. However, optimization process proves that temperature plays a more
important role for effect size in varying range of values but the absence/presence of

temperature is not literally effective.

Overall, conclusion regarding Photo-Fenton could be drawn in regards for its
effective and efficient oxidation process in comparison with Fenton process. The
concept of Photo-Fenton in the degradation of DIPA especially among the natural
gas department could be useful for future treatment. Main factors considering cost,
efficiency and effectiveness could be maximized and capitalized in industrial usage.
Finally, the inferences for Photo-Fenton oxidation process could be validated through

literature review and theories where similar evidence is proven.
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5.2 Relevancy to Objective

In accordance with experimental layout, the efficiency of degradation
standard for DIPA can be determined based on several methodology stages. Before
the start of experimental analysis, different raw DIPA calibrations have been
conducted for COD measurement. Firstly, four major manipulating variables such as
concentration of H,O,, concentration of FeSO,4.7H,0, temperature and light intensity
are being studied through design of experimentation to obtain effect size. Later
onwards, each parameter study is evaluated and arranged accordingly from highest to
lowest effect size significance. Optimization for the best COD removal rate in Photo-
Fenton process is asserted with results which removes more than half the initial COD
concentration. The inferences for each Photo-Fenton experimental data is validated
through literature review and studies of reaction Kkinetics. Comparison for
significance of temperature and light intensity is the important factor for differences
between Photo-Fenton and Fenton processes collaborating with the most important
reaction kinetic (temperature). Therefore, the utilization of research project
emphasizes on enhancing Photo-Fenton oxidation process as well as to maximize

cost to efficiency ratio.

5.3 Recommendation for Future Work

The research project can be extended for further optimization range (higher
range and lower range conditioning) for each parameter such as concentration of
H.0,, concentration of FeSO,.7H,0, temperature and light intensity. The Photo-
Fenton oxidation process can eventually design experimental parameter which
includes constant parameter as a varying parameter of study. However, the cost and
budget for the equipments and conditioning should be improved for such cases. The
application of utilizing higher concentration of DIPA can be implemented for
industrial usage. Despite the methodology background, better laboratory equipments
and tools would increase the examination standard for Photo-Fenton oxidation
process. Moreover, better experimental setup should be conducted in a special and
suitable environment. Finally, wider exploration regarding Photo-Fenton process
should be conducted on other chemical products to make a comparison for similarity

or differences among results.

61



REFERENCES

AES Arabia Ltd. (2013). Advanced oxidation plants. Retrieved 3" July, 2014 from

http://www.aesarabia.com/advanced-oxidation-plants/

Al-Juaied M. A. (May 2004). Carbon dioxide removal from natural gas by
membranes in the presence of heavy hydrocarbons and by Aqueous
Diglycolamine®/Morpholine, PhD thesis, pp. 1-424, The University of Texas
at Austin, Texas.

Andreozzi R., Caprio V., Insola A. & Marotta R. (1999). Advanced Oxidation
Processes (AOPs) for water purification and recovery. Catalyst Today, 53,
51-59.

Binay K. D., Sabtanti Harimurti, ldzham F. M. A., Sampa Chakrabarti & Davide
Vione (2010). Degradation of Diethanolamine by Fenton’s reagent combined
with biological post-treatment. Desalination and Water Treatment 19, 286-
293, 1994-3994/ 1994-3986.

Bolton J. R., Bircher K. G., Tumas W. & Tolman C. A. (2001). Figures-of-merit for
the technical development and application of Advanced Oxidation Processes.
Pure Appl.Chem., v.73, n.4, p.627-637.

Bossmann S. H., Oliveros E., Gbéb S., Siegwart S., Dahlen E. P. & Payawan Jr. L.
(1998). New evidence against hydroxyl radicals as reactive intermediates in
the thermal and photochemically enhanced Fenton reactions. J. Phys Chem A.
102(28):5542-50.

Chemspider (2014). Diisopropanolamine. Royal Society of Chemistry, ChemSpider
ID: 7624. Retrieved 12" February, 2014 from

http://www.chemspider.com/Chemical-Structure.7624.htmi
Dunn C. L. (1964). Hydrocarbon process. Pet. Refiner, 43, 150.

Duran A., Monteagudo J. M. & Amores E. (2008). Solar Photo-Fenton degradation
of Reactive Blue 4 in a CPC reactor. Applied Catalysis B: Environmental 80,
42-50.

62



European Commission (2007). CO, capture and storage projects. Retrieved 3™ July,
2014 from http://ec.europa.eu/research/energy/pdf/synopses_co2_en.pdf

Fisch E. J. (1977). Shell Oil Co. U.S. Pat. 4, 025, 322.

Ghaly M. Y., Hartel G., Mayer R. & Haseneder R. (2001). Photochemical oxidation
of p-chlorophenol by UV/H,0, and Photo-Fenton process. A comparative
study, Waste Management, v.21, p.41-47.

Glaze W. H., Kang J. W. & Chapin, D. H. (1987). The chemistry of water treatment
involving ozone, hydrogen peroxide and ultraviolet radiation. Ozone Science
& Engineering, vol 9, no 4, p 335-342.

Goar B. G. & Arrington T. O. (1979). Guidelines set for handling sour gas- part 1 of
sour gas treating, sour gas processing and sulfur recovery. Petroleum

Publishing.

Gogate P. R. & Pandit A. B. (2004). A review on imperative technologies for
wastewater treatment 1. oxidation technologies at ambient conditions.

Advances in Environmental Research, vol 8, p 501-505.

Hach; (2004). DRB 200 digester: Dry Thermostat Reactor Data Sheet. Lit 2462.
Retrieved 4™ July, 2014 from
http://www.hach.com/drb200-digital-reactor-block-9-x-16-mm-vial-wells-2-
x-20-mm-vial-wells-115-vac/product-downloads?id=7640453261

Hach, (2010). Hach® DR3900™ UV-VIS spectrometer: DR/3900
Spectrophotometer Data Sheet. Lit 2667.
Retrieved 4™ July, 2014 from
http://www.hachco.ca/dr-3900-benchtop-spectrophotometer-with-rfid-
technology/product-downloads?id=14534083396&callback=pf

Hachs (2014). Hach® DR3900™ UV-VIS spectrometer: Oxygen Demand, Chemical
-Reactor Digestion COD Method 8000, TNTPLUS™,
Retrieved 4™ July, 2014 from
http://www.hachco.ca/dr-3900-benchtop-spectrophotometer-with-rfid-
technology/product-downloads?id=14534083396&callback=pf

63



Hazel Mercantile Limited (2007). Di-isopropanolamine — Material Safety Data Sheet.
Retrieved 14™ February, 2014 from
http://hmlindia.com/MSDS/Diisopropanolamine.pdf

Huang C. P., Dong C. & Tang Z. (1993). Advanced chemical oxidation: its present
role and potential future in hazardous waste treatment. — Waste Management,
vol 13, p 361-377.

Hullu J. D., Maassen J. I. W., Van Meel P. A., Shazad S., Vaessen J. M. P., Bini L.
& Reijenga J. C. (2008). Comparing different biogas upgrading techniques.
Interim Report, Dirkse Milieutechniek, Eindhoven University of Technology.

Huston P. L. & Pignatello J. J. (1999). Degradation of selected pesticide active
ingredients and commercial formulations in water by the photoassisted
Fenton reaction. Water Research, Vol. 32, No. 2, pp. 489-497, ISSN 0043-
1354.

Hwang, Yun Whan Kang & Kyung-Yub (2000). Effects of reaction conditions on the
oxidation efficiency in the Fenton process. Wat. Res., 34(10), 2786-2790.

Jordi Bacardit, Isabel Oller, Manuel I. Maldonado, Ester Chamarro, Sixto Malato &
Santiago Esplugas (2007). Simple Models for the Control of Photo-Fenton by
Monitoring H,O,. J. Adv. Oxid. Technol, 10(2), 219-228.

Kim, Vogelpohl A. & S. M. (2004). Advanced Oxidation Processes (AOPS) in
wastewater treatment. Ind. Eng. Chem, 10(No.1), 33-40.

Klemes J., Bulatov I. & Cockerill T. (2005). Techno-economic modeling and cost

functions of CO, capture processes. Comput, Aided Chem. Eng., 20, 295-300.

Kochany J. & Bolton J. R. (1992). Mechanism of photodegradation of aqueous
organic pollutants. 2. Measurement of the primary rate constants for reaction
of OH radicals with benzene and some halobenzens using an EPR spin-
trapping method following the photolysis of H,O, — Environmental Science
and Technology, vol 26, p 262-265.

Kohl A. L. & Nielsen R. B. (1997). Gas Purification (5" edition), Gulf Professional
Publishing, ISBN 978-0-8841-5220-0, Texas.

64



MacGregor R. J. & Mather A. E. (1991). Can. J. Chem. Eng., 69, 1357-1366.

Mckinsey Zicari S. (2003). Removal of hydrogen sulfide from biogas using
cow-maure compost. Thesis (M.S.)- Cornell University, Jan 2003.

Montserrant Pérez, Francesc Torrandes, Xavier Doménech & Jose Peral (2002).
Fenton and Photo-Fenton oxidation of textile effluents. Water Research, 36,
2703-2710.

Moraes J. E. F., Quina F. H., Nascimento C. A. O., Silva D. N. & Chiavone-Filho O.
(2004). Treatment of saline wastewater contaminated with hydrocarbons by
the Photo-Fenton process. Environ Sci Technol 2004(a); 38 (4): 1183-7.

Moraes J. E. F., Silva D. N., Quina F. H., Chiavone-Filho O. & Nascimento C. A. O.
(2004). Utilization of solar energy in the photodegradation of gasoline in
water and of oil-field-produced water. Environ Sci Technol 2004(b);
38(4): 3746-51.

Murrieta-Guevarra & et al. (1994). Fluid Phase Equilib., 95, 163-174.

Ollis D. (1993). Comparative aspects of advanced oxidation processes. Emerging
Technologies in Waste Management 1I, ACS Symposium Series 518.
Washington, DC, p. 18-34.

Oppenlander T. (2003). Advanced Oxidation Processes (AOPSs): Principles, reaction
mechanisms, reactor concepts: Wiley VCH, Weinheim. ISBN 3-527-30563-7.

Pascoli S. D., Femia A. & et al. (2001). Natural gas, cars and the environment.
A (relatively) ‘clean’ and cheap fuel looking for users. Ecological Economics,
Vol. 38, No.2, pp.179-189.

Pera-Titus M., Garcia-Molina V., Bafios M. A., Giménez J. & Esplugas S. (2004).
Degradation of chlorophenols by means of Advanced Oxidation Processes: A

general review. Applied Catalysis B: Environmental, v.47, p.219-256.

Pérez-Moya M., Graells M., Delvalle L. J., Centelles E. & Mansilla H. D. (2007).
Fenton and Photo-Fenton degradation of 2-chlorophenol: Multivariate
analysis and toxicity monitoring. Catalysis Today, v.124, p.163-171.

65



Pignatello J. J. (1992). Dark and photoassisted iron (3+)-catalyzed degradation of
chlorophenoxy herbicides by hydrogen peroxide. Environ Sci Technol; 26(5):
944-51.

Ritchie L. L. Z. (2013). Efficiency of Diisopropanolamine (DIPA) degradation with
different visible light intensitities under Photo-Fenton Oxidation. Project
Dissertation: Universiti Teknologi PETRONAS.

Ritter, J. A. and Ebner A. D. (2007). Carbon Dioxide Separation Technology: R&D
Needs for the Chemical and Petrochemical Industries, In: Recommendation
for future R&D, 22.06.11. Available from: http://www.chemicalvision
2020.0rg/pdfs/CO2_Separation_Report_\V2020_final.pdf

Ruppert G., Bauer R. & Heisler, G. (1993). The Photo-Fenton reaction — An effective
photochemical wastewater treatment process. Journal of Photochemistry and
Photobiology A: Chemistry, Vol. 73, No. 1, pp. 75-78, ISSN 1010-6030.

Ryckebosch E., Drouillon M. & Vervaeren H. (2011). Techniques for transformation
of biogas to biomethane. Journal of Biomass and Bioenergy 35 1633-1645.

Sabtanti Harimurti, Abul Aziz Omar, Anisa Ur Rahmah & Thanpalan Murugesan
(2011). The degradation mechanism of Wastewater Containing MDEA using
UV/H,0, Advanced Oxidation Process. 978-1-4577-1884-7/11/$26.00©2011
IEE.

Safarzadeh-Amiri A., Bolton J. R. & Cater S. R. (1997). Ferrioxalate-mediated
photodegradation of organic pollutants in contaminated water. Water
Research, v.31, n.4, p.787-798.

Siemens (2011). Tertiary Wastewater Treatment. Retrieved 17" February, 2014 from
http://www.water.siemens.com/en/applications/wastewater_treatment/

metals-removal/Pages/default.aspx

Simmonds M., Hurst P., Wilkingson M. B., Watt C. & Roberts C. A. (2002). A study
of very large scale post combustions CO, capture at a refining &
petrochemical complex. Proc. 6™ Int. Conf. on Greenhouse Gas Control
Technologies, Kyoto 39-44.

66



Sorensen J. A., Fraley R. H., Gallagher J. R. & Schmit C. R. (1996). Background
report on subsurface environmental issues relating to natural gas sweetening
and dehydration operations. Gas Research Institute, Technical Report, March,
1996.

Stasinakis A. S. (2008). Use of selected advanced oxidation processes (AOPs) for
Wastewater Treatment — A mini Review. Global NEST Journal, 10 (3),
376 -385.

Thomas C. (2012). Overview of heat exchanges for amine gas treating application.
Hydrocarbon Engineering: Tranter International AB, Sweden, 2012.
Available  from  http://www.tranter.com/literature/markets/hydrocarbon-

processing/Hydrocarbon-Eng-A-Sweet-Treat.pdf

Ullmann’s (1991). Encyclopaedia of industrial chemistry. Germany: VCH
Verladsgesellschaft, 5" ed., p 415-419.

U.S. EIA (2010). International energy outlook 2010. Washington, DC.
Retrieved 5™ July, 2014 from http://www.eia.doe.gov/oiaf/ieo

Will 1. B. S., Moraes J. E. F., Teixeira A. C. S. C., Guardani R. & Nasimento C. A. O.
(2004). Photo-Fenton degradation of wastewater containing organic

compounds. Sep Purif Technol; 34:51-7.

Yang Hongjun, Fan Shuanshi, Lang Xuemei, Wang Yanhong & Nie Jianghua (2011).
Economic comparison of three gas separation technologies for CO, capture
from power plant flue gas. Separation Science and Engineering- Chinese
Journal of Chemical Engineering, 19(4), 615-620.

Yogish K. (1990). Can. J. Chem. Eng., 68, 511-512.

Youssef S., Emna H. & Ridha A. (2012). Fenton and solar Photo-Fenton processes
for the removal of chlorpyrifos insecticide in wastewater. ISSN0378-4738.
Available from: http://dx.doi.org/10.4314/wsa.v38i4.8

Zhang A. L. & Fang D. (1996). Greenhouse gas CO, control and recovery, China
environmental science press, Beijing.

67



APPENDICES

Appendix A: Specifications of Hach DRB 200 Digestor (Hach;, 2004)

DRB 200 Dry Thermostat Reactor

Easzy fo Use and Fast

Thea Hach [AB 200 Ory Thermasiat Rsactor ides
unigue one-key operation. Programs for Haoh procedunes
with digastion ar praprogrammed imto the instnumant.
And it's fast—the block heats fom 2010 180T in less
tham 10 minutes.

Zafe to Operata

Tha fully imsulatad heater biock of tha DRB 200 macior
maans thers can be no skin contact with $ha haalar block

Tﬂ'l#:am:n safeguards ane provided to
e ing. Tha kds ars tansparent and lock do dater
pramature checking of tha progress of the reaction. And tha

reactor will amit an awdible signal and automatically
shutdown at the end of the nun.

Versatile

Lz tha DIAB 200 reasctar for digestions for matals analysis,
digestions for nuinents analysis, or culiure biological
samplas. Contml femperatures in the reactar fom 37 1o
188°C in 17C inoramants. In addiion to praprogrammead
digestion methods, use the reectar to program and siore up
ta thres custam methods.

Accommadates Most Test Vials

Thea DFE 200 reactar can heat sclutions in round vials of
two differemt sizas. Small, 10-mm diametor vial walls arm
suitabiks for Hach COD, UniCell™, TOC, and Tasi ‘N Tube
vials. Lamar, 20-mm diametar wial wals are intendad for
sampla preparation reaction vessels using tha Matals
Prap Sat.

oy [

=
G
=,
=]
=3

Haoh's DRE 200 Dry Tharmostal Reacror is ¥ simpio
=olution for stamoard and' special oigestions. B i
praprogrammad for af stamdard digesiions and can bo omer
programmed for ofor digasfions. Excaliorf
& azmwnd becausa of it lemporadiorn stabilty. Omodcy
oparation for sandard Fgustons makes ¥ sasy fo usa

Optlonal Dual Block for Simultaneous Digesilons

Taa haat bliooks in the DRE200 racior give the operator
indepandent controd of tav tem poralures and durations.
Usa this oplion bo nun twa programs at tha sama time.

Appiications
Tamparatura [C) Tima [minutas)
ooD 150 120
TOC 105 120
BO-TOC
Matals, suspanded and'or compleead. 100 80
{laad, cadmium, coppsr, iron, mickal, zing)
Total Chromium 100 o0
Total Nitragan 100/ 105" D20
Total 100/ 105" oian
Trihaloganmathars 100 B
Usgr-specific programs a7 to 105 11o 480
“Tigustion semparafurs and fma dapand on les! mathod and reagants sakacfod
DW. deinking watar PAY . powlosator mudioios P . pues o ooser - -

W« rdustr! p2ier B asdmonoents

mlectiorw M. food and everspe
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Programmahlo Tomparature Range Humbar of Vial Weiis

37 1o 165G (3% ta 329°F) Singk block:
8 18-mm and 2 20-mm ar 15 18-mm

Oparating Tomparatura
10 1o 45 °C (B0 to 192°F) OD DDG'
Programmabla Timer Ramga %
0 1 450 minutes m
Haating Rafa
20 1o 150°C in 10 minutes SO0 coo
Temparaturs Stability Duusal blosck:
+ 1" 21 10-mm and 4 20-mm
Stored Programs QOO
CoD 150°C 120 minutes DOD DO
TOCG 105G 120 minutes o000 OO
Fied 100, 105, 30,00,

150, 168°C 120 minutes Q0O | OO0
Powar Raquiremants QOO0 | Q00
100 1o 240 Vac, 500 He, 800 WA

Wit

Complianca Singls block: 2 kg (4.4 b
GE, G3, cTlNus i 2.5!-.% u"' I:-%
Dimemsions
250% 14.5% 310 om Warraaty
{98 % 5.7 % 12.2 in Twc-yaar

"Bpeoiicafions subject 1o changa wmout nofica

The digastion reactor shall be a 5. The instrumant shal b= equipped
banch 1op instrumant for heating with siored digestion programs.
praparsd sampkes to temperaiura for o COD: 150G; 120 minutss

tha dasigratod timo for tha tost. b. TOC: 1057C; 120.minutes

Tha instrumant shall kv a c. Fiwad: 100, 105, 150, 1850;
programmakla femparaturs range of 30, 60, 120 minutas

&7 fo 16570 8. Tha insirumaent shall accommodats

-

a

3. Thainstruman shall ha a 1t-mm and or 20~mm viaks.
Egélg“m::himw range of 0 ta 7. Tha powar . s of the
. - instrument shall be 100-240 Viac,

[

Tha instrumant shall havo a heating

B0 He.
rata of 20 1o 1507 in 10 minutes. a

. The instrumant shall ba Modal
CAE 200 Dry Thermostal Feactor
manufacturad by Hach Campany.

Ordaring information
LTVDE283.3004  DAB zo0-1, single block, 9 18-mm and 2 20-mm vial wels
LTVOEZ 03 400H [DAB 200-1, singla block, 15 18-mm vial wols

LTV0E253 420 [DAB z00-2, dual blsdk, 21 18-mm and 4 20-mm vial wells

Lat. Mo 462
0K Privded n ULSA
in e intewx’ o improvRg BT opaieing 1 epuipTend | Hach T

At Hagh, it's abowt loarning
from our oustormors and
prowdng tha right answors.
It's mora than ansuring tha
quality of wator—it's about
ansuring tha ity of Fia.
— =
that towoh owr lves... .

Koap it pura.
Mako it simpia.

HACH + LAMGE Europe

Dr: Brunci Langs GmbH & Co. KG
Wil=attersirala 11

D449 Dossaldor?

GEFRMANY

Tak +#3 [0} 211 52880

EII:-IJ! [[EII‘I m143
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Appendix B: Specifications of Hach® DR3900 Spectrophotometer (Hach,, 2010)

DR 3900™ SPECTROPHOTOMETER

Applications
* Baworage

« Wassowator
e Food QCLa
« Power

Prevent measurement errors...simply.

The proven technoliogy you have come to expect from Hach just got better. Built with the future of
water analysis in mind, the DR 3900 will give consistently accurate results in a simpler teting format

Guided Procedure

The DR 3900 guides you siep-Dy-step through e festing
pmocedure ke 3 GPS 50 you Can get the acouate resuls you
nead every Sme

Elimination of False Readings

Scrached, fawed or dirty gazswasm DRMEs 3 NoN “esue
when your machine takes 10 readings and ebminates owtlers
Hands Free Upd ates*

R%0 sechnology asomatically updates the pragam
calibation Sctors when you place 3 TNTpus box near the
machine

70

Flexible Connectivity

Sul with L ethernet and 3 USE ports, the DR 3300 easily
ConNects 10 your comauter and i programmaed 1o aasily
metice with Hach WIMS™ or any UMSsytem

Sample Tracking®

Sample borttes with smart tags can easly be 1acked with the

optomal Hach 9D sample- 10 system, elmimting Sample

mix-ups and povid ng better sample taceanilly

VHD rechroiogy curmadly sl b orly 1 U, An e, Armercen Sermos, Asrtreie,
B, Cormcie, Cloyrrm: ey, Colarrbue, Dormescmn Fpubic, B Sdbvacr,

Focdowiad Savr of Morosos, (s, Gustormds, Meshed (dexy N Jode,

Nexrhuary Marwers beber e, Py, P, Posers Ao, s LS

Be Right™



DR 3500™ Spectophotomeer

Specifications®
arating Mada TFaremizanoe (%), Mbsobace
Light S8ouma G diled Turg man (sl g
Optical Systam Pafaranca bearm , specral
Wawlangth Ranga ¥ 1100 rm
Wawlangth &ccuracy = 1.5m
imeioncth range 340 fa 900 nm)
Wiawlangth +0L1rm
[Rap e du cibhillity
Wawlangth Rasohtion 1 nm
‘Wawlangth Ay pomato
Calihmtion
Wawlongth Salection  Ausomiatc, bemed on metod
mdaciion
Bpectral Bandwidth Erm
Photamatric + 3.0 ik
Maasaring Ranga (wevekarirh ramge 340 8o 900 rm)
Photometric Acowracy S mibdes a2 0.0 50 05 Abs
1% & 05080 2.0 Abs
Photometric Linaarity < (0.5 %0 2 Aibe
w00 % a2 b with meurral
gamsat 540 rm
Stray Light < 0L % T ot 340 ren wish MaMOy
Désgilary TTFT
WAPVCA, (300 piox w4810 pix)
Principle of Operation
Hah's TMTpl s cham it ries and
rotomesa s ane mada to
ok manmlasa y vith each other.
= My of tho losls o
E comypliand
# Over 35 tants avaibib induding
thano popuir EF A provoved
Feramaders:
= Ammoms
200
« Cionne
« Chrormim
'Ilrm
« it
« it
« Mitrogan
« Pwepborus
» Bt
hach.com

Data Logger

P progmmmad
Mathaods

LUsar Progmms
ks Call
Compathility

Dimansions
HxW=zD)

Oparating Condiions
Somga Condiions
Enclosum Ratng
Powar Supply

Powar Raquiramants
[atags)

Posar Ra quiramants

Intarfa ces

Wamanty

2000 meamrad wahuos
Diata, Trma, Sampia 10, [u)]
= 240

100

13 rorm roard . 4G rem rourd,
1 cm & & anrectanguiar, 1 rourd,

1 g
EQinx138inx10in

{151 mm x 350 mm x 255 )
025 b (4.2 k)

108 40°5C

<X B1°C

IF30

Biandhi op Fower Supply

10 240V AC

B0 He
LIEE mypa A
Eh-:rﬁFF

12 marthe
Vg @ changs wrfouf o

LEB ypa B,
rrl\:l\:i.l--;n“:‘ﬂ
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Hew THTplus Works

1 Barcads Recognizn
Simply denp i T vl aed god eoulls immedially
won sdnamulee rrasldse owlacin

& Ralarancs Dehabor
Wpriiors. and womparashbes for opboo| Such;slice s,
3 10X lvaremmrent ard Dulficr Efminaiten
Doy, wisrilthuiad, o Tinsiad glasacar, e bidlng
Hragarpeinds, b 0o kel an s ue—irsbramond
s 10 WA e T o e
4 JalwGartsinad Packsqinge
RBrngents [raide Saaled Gae
Fuawchpwsn agmimadm B g hverrbeal p—ras s B
St Rl End ae ki glindaeihn
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DR I500™ Spec trophotometer

Available Tests

Thia fol owing tablo i amlabic tosts and ovardl ranges. for tha Hach DR 3900 BoncH op Sp actro photomatas. Tha
regr @sent mone than ore availablo e brthe retument. Cormlt
Cafalo g, or tha Hadh web miie o wwwhachuoom fbor complete detads of ol aa

Hach

range My

ative, Cusoma Sorvice, theHach Mamar
e for this i efrumani.

THTplus THTplus
Paramatar Ranga Test Paramwater Range Tast
Alzchior 0.1 10 0.5 ppb, restokd Lead T gLz 20 mgil .
Alkalinity, Total 2512400 mgd ' Manganese 1006 2o 20.0 mgil
dluminum 0002 1o 1500 mgL 3 Merury 11 mZ5pgl
Ammonia, Nitrogen 105 % 500 maL 3 Methyleityketcame |WERD) 1540 1000 pgil.
Arsenic 0270 1o 1.700 mgL Molytdenum, Molybdate 00712 4000 mgl
Abrazine 05 10 3.0 ppb, Hreshold Hickel U006 B mgl 0
Barium 20 100 mgll Hitrale, Nitrogen 00142 35 mal .
Benzuiriazale 100 160 mgl Hitrite, Hitragen TLO02 ta 250 malL 0
fom T2 m10mgl Fitrogen, Gmpliied Toid Kjelall Toioegl =
Bramine 005 1o 850 mgl Wilragen, Total 115 ba 150 mgll .
Cadmiem Tpalie 03] ngl . Hitragen, Total Inorganic 10 b 25.0 mglL
Carbohydraside 5 ta 600 parL Witragen, Total Kjeidzhl Tio 150 mgiL
Chizramine, Mono 0 1o 10.0 mglL lzone 007 42 1.50 mgL
Chiaride 010250 mgl PCE (Palychicrizated iphemyis) 110 5 ppm, Breshold
Chiarine Dicxide 01 to 1000 mglL Phenals 0002 b 0200 gL
Chiaring, Fres 07 1o 10.0 mglL . Phesphonaies 007 2 125.0 mgll
Chiarine, Total ZpoLio 100 mgl . Phasphorus, Acid Hydrolyzzhke L0 = 1000 mglL
Chromium, Hexzwalent I T 100 mglL . Phosphons, Reactiee [ibqphontae] 19pglimil00mgl  «
Chromium, Total 0 to 070 mglL . Phasphorus, Tatzl L0 = 1000 maglL '
Cobah 01 to 200 mgl Patassium 11 ;70 mgl
Color 3t 500 unils fuatrrnary Ammeniem Compounds 12 0 5.0 mglL
GO0 [Themical Cheygen Demand) 0.7 1o 15,000 maL . Eelenium 00742 1.00 mgl
Copper 1 pol i B0 mgl . Silica 3 gL 1= 100 mgL
Cymide 07 10 0240 mgL Biwer 0005 8 0700 mglL
Cymuric Acd & ta 50 mglL Bufe Tto 000 gL .
DERE (Disthylrydrazyzming) Tea A0 parl Eulfids B io B0 parL
Dissahved Drygen Epol io &1 mgl Surfactants, Emicaic 0002 b 0275 mgL
Eryhorbic Boid (sascerbicacd] | 1342 1600 pglL Suspended Sokds Bio 750 mgiL
Flusside 007 to 200 mglL Taanin and Lignin 01 e 9.0 mgl
Formaldefryde Tt 500 parll TG (Total Grganic Carbon] 1 b 700 mgll
Hardness, Total Tpa o 400 mgl Tolyitriazcle 1.0 o 20,0 mglL
[Calciem andl Magresiom as Cally) Toxicity 0 tp 100 Inbibsian
Hydrazire 4o B0 pol. TTHM [Thalometanes, Taizl) 10 600 gl
Hydraguinane 8o 1000 pgil TPH [Tatal Petroizum Fysrocarbons] 2 o 200 ppm, threshold
lodine L7 o 7.00 mgl ‘Valatile Acids 7 10 ZB00 mgil .
Iran, Fermmes .02 tn 300 mgl. Tinc 00742 %00 mgl
fran, Total 0008 10 6.0 mglL .

hach.com
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At Haoh, it's abowt laarning
from our oustomers and
widing the right answars.
fum than ansuring tho
quality of watar—it's abowt
anmiing tho of ifa.

Ordering information

DRs000-03  CR sooo LALYis Spectrmohatomalar 100-240 Var incledas mufti-cel
holdar, nstrument manual, power cords (1184 and 230V, 1-in.
matched glazss sample calls, 1 cm matched quartz samph cells

Optional Accassones

that touoch our vos. ..
LIvarh Carcusal Sampla Charger; holds up to sevan 1 om square -
sampks cals Koap it pura.
LZV4Bs Sippar Modulg; includes 1 om square quariz cel Mako it simpio.
LEWarh Pour-Thru Coll Kit, 1.in.
LEZvTan Pour-Thru Coll Kit, 1 cm
LEWa2 Cal Adapler for 10 cm x 1 o ractangular cals
LZ¥Z74 DxaTars™ Sotware
Hach DataTrans Soltware transiers measurmmant outpet from Hach - b
DA =700, DA 2800, or DR 5000 spactrophatomelars 2o 2 PC wa USE part. technical support, and ordaring
This direct om puter fila input s fima and elminaies koying amors. assistancae, contact the Hach
Diata can b transfamed 10 an Encel spraadsheet o o LIME. Tha softwam office or distributor sarvng
alsa displays wavelength scan and ST coursa graphs, and undarhying raw FOUF area.
cala panls can bo sas :lg:!ﬂnd 1o Encal & saarch function
albows cusiomarn to sort I'l:para.rﬁnrl Datg fangal. Cperaiar,
Instrumant {ypa, serial numbar], T, Typed, an0 Samipla nama In tha Lintad Sames, contact:
For recuring searchas, usars may a -:rmm cusiom saarch programs
and s Urdir Separa NATGE. mwwmmm
LIvesd Em}.ﬂrﬂ P‘ackﬁ Cal BO630-E
%‘ﬂ)ﬁq mpackagnudnﬂgm na for browarnias USA
ullu:rg tha Hach = upgrads cantzins
12 spacific browsry a that comvaniantly ug;::l wallSEwalRsoon  Tekephome S00-227-4304
k:..:n.*s ane basad on ad o ing matheds ac Farec @70 BO0-203
nchude procedunas for: = Arthooyanogens = Iron = Steam volatile phanoks E-mal: orders@hachcom
= &ar olor # Iso-alpha- acn:ls-!'li:m] pak nds-- Ertiamess unis wwwwe hach.com
* Phatometnic indimg = Thickarbiaunic ac
= Frag amino nitrogen = Reductonas « 'ﬁ:lru] diketonas = E .
LZVsIT  Cartfind Tast Fitar Sal e
Consists of s fllars for checking e absorbance acouracy, sty light, Latin Amanca, sub-Saharan Afica, Ass,
and wansshorgth accuracy. Designed for usewith the standard 1omm ol and Australa/New Jesiand, contact:
hodder. Tha sai & supphad in a2 sturdywoodan casa. For icantfication IACH COMPANY Word Hazdq
Furpcsﬂs ta filter rama, sat remibar and part numiber am printed an sach PI:I.BGE:.'BD s
ibar mount. Tha absorbanca walues and’or tion wavala of
sach flter are quoted in the acoompanying E:jfmpl‘:; |:.=|'1F|A:al-a“Erh-= UL"MM"“'-E“““ BOE2D-0350
2961H 00 Cizen P-24 Printar Package Talophane: G70-6H0-3050
Includes printar, unrarsal powar supply, 115V oo, battary Far Q704013000
pack, LIZH cable, R3232 cabla with gender adapier, and ona roll of E-mai: irfik@hadhcom
tharmal paper. S —

To complete your laboratory In Europ, tho Mickdke East, and

analytical instrumentation, choose Maghtamanaan Afca, rontact:
i i HA&CH LANGE GmbH
from these new chemistries... : o
mna e Didsscldo
THTplus™ Reagent WVials

Hach THTphus reagent vials are bar-coded for aulomatic Tk 440 o) 211 sz8s-0

mathod debection when usad with the: DR G000
Spacina omieher 10 sy fima, mnimize armors, and

reduca bboratony costs. 10-fold maasurement and refaction

ol cutiiers allows for improvad accuracy and precision.
{Complete list of avaibbla paramelers on page 2.)

L Mo 3473 Hae 4
HED Priziss in L&

Bttech Compamy, 3HQ A righta resanveed.

it e o o g and spdeing i Ui, Ak Canzany rcanves e gt £3 sler cpeoilofo T 0 e B
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Farc +40 |0) 211 m258-143
E-mal: irio&rachlanga.da
www hach-fanga.com
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Appendix C: User Manual of Hach® DR3900 Spectrophotometer (Hachg, 2014)

Oxygen Demand, Chemical PREHE ST
USEFPA!' Reactor Digestion Method® Method 8000
3 to 150 mgiL COD (LR) THTplus™ B21/822

20 to 1500 mg/L COD (HR)
Scope and appllcation: For water, wastewater, dlgastion Is required.

VGO0 ranges 3150 mgil and) 20— 1500 gl SO0 are USERA, approreed (5220 ) for washirwaier analyies, Fedenal Reganer, spri 30
1980, £5{TE), 281 1-25812
I AW Caner, M, Anakteal Chematey, 1075, 4705 1307

|_T\|_| Test preparation

Instrument-specific information

Table 1 shows all of the Instruments that hawe the program for this Sest. The Bble also
=hoas the adapter and lignt shield requirements for the applcabie Instruments that can
use THTplus Wials.

To use Me tadle, select an Instrument, then read a&ross o ind the applicalbie Informaton

for this test.
Table 1 Ingtrument-specific Infermation for THTpluz vials
Ingtrument Adapters Light chiald
DR E000. DR 5000 — —
DR 3500 - LTwE4E
DR 3800, DR 2800 — LTWELE
DR 1500 5503500 or 503800 (A) —

Before starting

DR 3500, OR 3800, DR Z200: inskall the Ight shizid In Cell Compariment £2 before s fest s staried.

SiEview T safety Infommabion and the expiration date on the package.
The recommendsd =mperature for sampies and reagents k& 15-25 "C {(S8-T77 "F).
The rscommendsd =mperaturs for reagent siorage Is 15-25 °C (5277 "F)

The reagent that ks used 0 this best i comoshve and foxic. Use protection for eyes and skin and be prepared o fAush any
splls &Eh running waker.

Spllied reagent wil affect st sccuracy and i hazardous o skin and offer makerials. B2 prepared B0 wash splls with uening
walEr

The reagents Faf are used in s lest cortain mercury. Solect the neacied samples for proper disposal.

Fiun one blank Wi &ach setof samples. Aafer 1o Blanks for colofdmetric detemination on page 2. Run all 1=s8s (e
sampies and the blank) win the same (ot of wlals. The ot number &5 on &= conlainer [abel.

Feep urased (Ight sensitve) vials In a closed box.

o= e DRB reachor with 13-mm wells for the digesdon. If the reacior has 16 wels, nser adapier skeeves Inbo e wels.

DR 1500 Go o AN Programs=L CK or THNTpks Methods=0Options i seject e THTRkes number for the test Other
Instrurmenis automaficaly select the method from e bancodes on the vial.

REview B Saftety Data 3neets (MEDSIEDE) for e chamicals that are usad. Uise the recommended personal prodective
Equipment
Dispose of reached sokfions according bo local, shabe amd f=deral reguilations. Refer o the Safety Data Shests for dsposal

Infermation “or unused reagents. Reter bo the ervironmental, health and =xfety s@ff for your facllEy andior kecal regulatony
ap=ncies Tor further disposal informabion.
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ltems to collect

Degoription

auantity

Blereder, I-speed

Test ibe rack

COD0 THTRius © Reagent Set, LR or HR

CRE3M reacior with 13-mim wells

Pip2t, adpstabie volume, 9050 mil
Pipat Hps, for 1.0-5.0 mL pipet

Referio Consumabies and replacsment (lems on page £ for onder informabion.

Sample collection and storage

Test procedurs

1. Bafthie DRE 200 reachor
pormer B0 o Jaf e
permpErature 1o 150 *C.

Colect =amples In clean giass batties. Lse plastic baltles only I Mey ane known 0 be
freg af arganic contaminatian.

Tast miologizally acive s3mples 35 5000 36 POSSIDE.
Homaogenize samples Mat contaln salids bo get a regressntative sample.

Ta preserve 5aMpies for later analysls, agjust e sample pH 10 1265 tan 2 wih
concentrated sulfuriz ack (approxmately 2 mL per liter). Mo acid agdition Is
necagsary If the samoie |5 1esed Immediasly.
¥eep he preserved samples at 2-5 "C (3643 "F) for a maximum of 25 days.
Comest the 1e51 resull for the diution saused by the volume adglions.

2. Measure 100 mL of
sample In a biznder. 2lend
for 0 saconds or undl
homogenized.

If the: sampis does not have
susperded sollds, gnore
thiz step.

2. Powr the homogenized
sample Indo a 250l
beaker and stir dowly wina
miagnetic stir plabe

T the sample does not have
suspended solds, ignore
this sh=p.

4. Inwem & test vial several
Hmes bo mibr

Dxygen Cemand, Chemical, Reactor Digastion THTpIUE Method |
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6. Use a pipst bo add 2.0 E. Hold the vial by e cap, T. Inser fe vial in the 8. Kesp the vial in e
mlL of sampie io the est owera sink. Invert gentiy preheaied DREI00 reachor. reacior for 2 hours.
vial, several imes o mik. The Close the kd.
wlal gate very hot guring
mnilximg.
8. When the Smer sxpines, 10. Hold the vial by = ap 11. Put the wial n a =st 12. Cl=an the vial.
st the nexchor power o of. and Irrreri gentiy several bube rack. Let the
Lt the temperatune Eimes whils the vial ks =31l emperature of e wlal
decrease for about ot decrease o rsom
20 minutes o 120 "C or Emperature.
less.
Start
13. DR 1900 only: Seiect 14, Inzerl the visl inlo the
program B2 (LR or 822 cefl Roider. DA 1900 oniy:
[HR)L Feter to Before Fush READ.
starting on page 1. FRiesuits sFow Im gl SO0,

Blanks for colorimetric determination
Replace the sampie with delonized water In the test procedure S detenmine the reagent
[Mank valuge. Subiract the reagent blank value fom the sampie results auomatically wih
e reagent blank ad|ust option. Use the olank 3gain for other measwremeants with the
s=ame lot of vials. For storage, keep Me blanks In a dank locatlon. Monfor the
decomposkion of the blanks by perodically measuring It concentration. Measure the

reagent biank walwe when a new ot of reagent |s usad.
To suobrac the valwe of the Dlanks from 3 senes of Measurements:

Dygen Demand, Chemical, Reactor Digestion THTDIE: Method [muRFangs: 150, 1500 mgiL)
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Replace the sampie with delonized water In the test procadure o delermine the
reagent biank wvalwe. Clean the vial, than put It in the call halder. Close the lid.
et the reageant biank function to on. The maasurad value of e r2agent Hank Is
Shoan.

Nodu: 45 an afemative, recoed or smder e reagent blank value of 3 oferent fme. Push the
highilghted reagent Siank box and use the Keypad fo enfer the raime.

Interferences
Chioride Is the primary Interference In Tis test method and results in a poshive
Interference. Each ©OD vial contains mercuric sufate that will eliminaie chiorde
Interference o a maximum of 2000 mg'L Cr.
Accuracy check
Standard aclution method—LR
Utse the standard solution method to valldate the test procesuns, the reagents and the
Instumant
Ibems to codlect:
« (0D Standard Soiution, 1000-mgl COD
* 1DOHmML volumeic iask, Class A
*  10uJ-ml volumedic pipet, Class A and plpet filier safety buln
*  Delonized water
1. Prepare 3 100-mg'L SO0 standand solution 3s Tollows:
4. Use3dpipet o add 10.0 mL of a 1000-mg/L COD standard solution inbo the
volumEtric Nask.
. Diute to the mark with delonized water. Mix well. Prepare this solution dally.
2. Use the test procegure 1 measure the concentralion of e prepaned sandard
solution.
3. Compare the expected result 1o hie aciual resuit.
No#n: The facfory cailbraton can be adusted sNghily Wit fhe standard adust cotion 50 that Me
Irstument shows e expecisd value of e gardl . The ajusied © Is e
wred for all fest resully, This adiusimend can increase e e accuraoy wien fere ane sipht
wariations i the meagents of insiruments.
Standard sclution method—HR
Use the standard solutlon method to valldate the test procadunz, the reagents and the
Instrumant
Ibems to codlect:
» (0D Standard Soiution, 300-mgiL, BO0-mg'L or 1000-mg'L SO0 or Oxygen Demand
Standard {contains §17-mgil COD) or Waslewaler Influani Standard Solution, Mixed
Parameler (contains SH0-mgiL DDDl
1. Use the test procedure o measure the concentration of the standard solution.
2. Compare the expacted result 1o Me 303ual raswt.
Nodo: The facfory cailbrmaion can be adivsied sNghily with e sfancard adivst cpdion so that he
irstament Shows Me expanied vl of e aard . The sojusted © I the
used for abl fest results. This adustmeant can incregse Me fe s accuvacy Wier there ans sight
variations i the reapents or insuments.
4 Oeygen Demand, Chemical, Reartor Digesion TMTpius Method {mult-range: 150, 1500 mg'L)
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Method performance
The method perfommance data hat folows was derlved from Bboratory tests that were
measured on @ spectrophotometer during ldeal test conditions. Users can get diferant
results under diferent test condifons.

Program Stamdard F [BE% T & anc ey
Irberwal) Conosniration ohangs per 0.010 Abc
ahangs
Earmoade (THTRlUs 221, LR) | 75 maL SO0 T2=T& mg'L COD —_
barcode (THTpius 822, HI) | 750 mgll COD TIE-TE54 mgiL COD —
Summary of Method

The mgiL COD resulis are definad 2= the myg of O consumed per Ier of sample under
conditions of this procadure. In this procedurs, Me sampls s heated for 2 hours with a
sinong coddizing agent, potassium dichromate. Cuidizabie OGaNIc COMPOUNGES a3,
reducing the dichramase fon (Cr:0y* ) bo green chromic lon [Gr* ). Wim Tils mefod, the
amaunt of yellpw Cré* that remains ks determined. The COD reagent also contains sliver
and mencury lons. Siver 15 a catalyst, and mercury Is used to complex chioride
Interfarances. The MEasurement Wavelengin s 420 nm for the LR or 520 nm for the HR.

Consumables and replacement items

Raquired raagants
Dscoription QuantttyTact Unit Ham nao.
COD THTphus © Reagent Set, LR, 3 o 150 maL SOD =2 vials Z=ipkg THTEZ1
SO0 THTpkes ™ Resgent Zet, HR, 20 o 1500 mgfL SOD =2 vials Z=ipkg THTEZ2
Required apparatus
Decoription Guantttydect LI 4 Hem no.
Blender, 2-speed, 120 VAZ opbon 1 =ach Xei5100
Blender, 2-speed, 240 VALC opbion i each 2518102
CRB 200 Reachor, 115 WAC option, 2 x 13 mm =+ 2 x 20 mim, 1 biock 1 each DRB2D001
DRB 200 Reschor, 230 WAC option, 9 1 13 mmi = 2 ¥ 20 mim, 1 black 1 ach DREZOCDS
Fipet, adjusiabie wolme, 1.0-5.0 mL 1 each BBFO&S
Fipet tps, for 1.0-5.0 mL pipet i Tsiphg BBFO&E
Light shi=id, DR 3800, DR 2800, DR ZNo0 1 =ach LZve4E
Light shi=id, D& 3900 1 ach LTwB4s
Recommended standards
Dscoription Whn i Hsm no.
SO0 Sandard Solution, 300-mgil. 200 il 12185259
COD Standard Solution, S00-MgIL 200 mil ZETIE29
SO0 Etandard Sodution, 1000-mgil. a0 mil IS
Cuygen Demand Sandard (BCD, SO0, TOC), 10-=il ampulkes 1s'pkg 2533510
\Wastewaber Effiuent 2tandand Soiution, Mxed Fammeter, for MHy-M, HOyN, PO,
oo, Eilf".TGG 500 mil 533240
Wiastewater Influsnt Standard Solution, MEed Paramster, for NH=-8, NO N, By

=00 ml TEIT149
COD, By TOS
Cxygen Demand, Chemical, Reactor Digestion TNTpiws Method [mulHanga: 150, 1500 mgiL) 5
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Optional reagsnts and apparatus

D oriprtion

Uni e mo.
Flask, volumetric, Class A, 100HmL glass each 1457442
Reacior sdapier skeeves, 16 mm o 12 mm dameter, for THTRius vials Sipkg 289580
Samplng boie with cap, low density pobyethyiens, S00-mL 12ipkg 2087075
Sufuric Arkd, concemtrated, AC2 500 mL 97549
Test lube rack, polyefyiene, for 13-mm OD vials, 90 hokes each 2437500
Waler, gsionkzed £L 27256

FOA TECHMICAL ASSISTANCE, PRICE INFORKATION AND OR ERINC: HACH COMPW Y

< InEi LS A, - Call toil-frea BOO-ZXT 24
Outsacka T LS A. -~ Conio! B HACH offioe o dheriSlar Benving youL
- 10 e Wiorthasda 'Wed: — Wi hectLoons:, E-mall - ischinal pit e huoarm

WOFLD HEADGUARTERS
Tabsphana: (9711 S60-3050
FAX.: (U7} SE0-2932
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