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NOMENCLATURES 
 

AN  = aniline 

AOPs  = advanced oxidation processes  

CS  = construction sand 

2,6-DMA = 2,4-dimethyl--aniline  

n,n-DMA = n,n-dimethyl-aniline 

2,6-DMB  = 2,6-dimethyl-benzoquinone 

2,6-DMH = 2,6-dimethyl-hydroquinone 

2,6-DMN = 2,6-dimethyl-nitrobenzene 

2,6-DMP = 2,6-dimethyl-phenol 

M  = molar 

OT  = o-toluidine 

hr  = hour 

k   = rate constant 

mg/l  = milligram/liter 

min  = minute 

mM  =  millimolar 

ml  = milliliter 

μm  = micrometer 

 

 



CHAPTER I 

INTRODUCTION 

 

 
1.1 Research Rationale 

 

Nowadays, several chemicals which are highly persistent in the environment 

have been synthesized and used intensively and become hazardous wastes afterward. 

These chemicals cannot be degraded by traditional treatment processes due to their 

toxic and refractory property. Variation in the chemical composition leads to a need to 

develop a special and specific treatment method for each persistent pollutant. One 

group of the pollutants that is typically persistent and needs advanced treatment is the 

aromatic compounds. 

2,6-dimethyl-aniline (2,6-DMA) is a metabolite of the xylidine group of 

anesthetics including lidocaine and can also be produced by the reduction of certain 

azo dyes by intestinal microflora. It may also enter the environment through 

degradation of certain pesticides. 2,6-DMA has been commercially produced and 

widely used as a chemical intermediate to produce many products such as pesticides, 

dyestuffs, antioxidants, pharmaceuticals and other products. 2,6-DMA-contaminated 

wastewaters from these manufacturers can pose adverse impacts in receiving waters 

due to its biorefractory and highly toxic properties. 2,6-DMA has been classified by 

International Agency for Research on Cancer (IARC) as group 2B carcinogens. As a 

result, appropriate and effective treatment technologies are needed to purify or clean 

up these contaminated wastewaters prior to discharge to the environment. 

Advanced oxidation processes (AOPs) are one of the possible alternatives 

which can provide the destruction of refractory and hazardous organic compounds. 

Hydroxyl radicals (OH•), generated in the AOPs, are extremely reactive, short lived 

and unselective transient species which can readily oxidize organic/inorganic 

pollutants in water and wastewater and convert them into simple, relatively harmless 

substances.  A number of methods can lead to the generation of OH• including 
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H2O2/UV, O3/H2O2, O3/UV, TiO2/UV, and Fenton’s family which is of interest in this 

research. 

Fenton process has been intensively studied for the treatment of biorefractory 

organic contaminants in aqueous waste streams, soils, and groundwater. The Fenton 

process is normally initiated by the addition of ferrous (Fe2+) and   hydrogen peroxide 

(H2O2) so called “Fenton’s reagent”. Conventional Fenton process is typically simple 

and effective, and requires no costly capital investment. It has been proven to be 

effective in treating various organic contaminants such as nitrophenol, dye, aromatic 

amines, polycyclic aromatic, ethers, and photographic wastewater (Ewa et al., 1991). 

The Fenton’s reagent as an oxidant for wastewater treatment is attractive due to the 

facts that iron is a highly abundant and non-toxic element and H2O2 is easy to handle 

and kindly environmental making (Munter, 2001; Pignatello, 1992). This reaction is 

typically performed under an acidic condition to raise the iron solubility and to 

enhance the oxidative character of the OH•. A neutralization step is required after 

treatment to eliminate ferric ions by hydroxide precipitation and to comply with the 

effluent standard. This neutralization step can generate an enormous amount of ferric 

hydroxide sludge which requires further separation and disposal.  The use of 

fluidized-bed reactor can overcome or lessen this problem. Ferric ions resulted from 

the Fenton reaction can precipitate and crystallize onto the carriers’ surface; hence, 

significantly reducing the formation of iron puffy sludge (Chou and Huang, 1999).  In 

addition, it was also found that these crystallized iron oxides could catalyze the 

decomposition of H2O2 to generate OH• which further enhancing the removal of 

pollutant (Lin and Gurol, 1998). 

Although the oxidation of 2,6-DMA by OH• has been investigated previously 

by Ting et al. (2009) and Masomboon et al (2010), no intrinsic kinetic rate constant of 

the reaction between 2,6-DMA and OH• have been reported.  This constant is a very 

important and useful scientific and engineering parameter and is deserved to be 

investigated.  As a result, this research project focused on the determination of the 

intrinsic second-order rate constant between 2,6-DMA and OH•. In addition, this 

research also characterize the iron crystallization onto the carriers in a fluidized-bed 

reactor in order to provide a better understanding on iron removal mechanism in the 

fluidized-bed Fenton process which is very valuable in field practice. 
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1.2 Objectives 

 

The main objectives of this study are: 

1. To characterize the kinetics of 2,6-DMA oxidation by OH• using Fenton 

and fluidized-bed Fenton processes. 

2. To characterize the iron precipitation and crystallization in the fluidized-

bed Fenton process. 

The first objective led to the determination of the intrinsic kinetic rate constant 

between 2,6-DMA and OH• and the oxidation pathway of 2,6-DMA. The second 

objective provided the fundamental understanding on the characteristics of iron 

crystallization onto the carrier’s surface in the fluidized-bed Fenton process as well as 

the catalytic ability of iron-coated media on H2O2 decomposition to generate OH•.  

 

1.3 Hypotheses 

 

1. Oxidation of 2,6-DMA by OH• is a second-order reaction. 

2. 2,6-Dimethyl-aniline decomposition by ordinary and fluidized-bed Fenton 

processes depends on system pH and chemical dosages. 

3. Metal oxide can effectively serve as a medium for iron crystallization in 

the fluidized-bed Fenton process. 

4. Iron concentration as well as 2,6-DMA and its intermediates have an effect 

on iron crystallization in fluidized-bed Fenton process. 

 

1.4 Scope of the Research 

 

1. Using lab scale reactors of 1.35 liter for the fluidized-bed Fenton and 0.5 

liter for the ordinary Fenton. 

2. Using a synthetic wastewater. 

3. For the fluidized-bed Fenton process, the carriers were either silica 

dioxide, aluminum oxide, or construction sand. 

4. Working at 25°C under room condition. 

5. Operating in both batch and continuous modes. 
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1.5 Obtained Results 

 

1. Intrinsic kinetic rate constant for 2,6-DMA oxidation by OH•. 

2. Intermediates and pathway of 2,6-DMA oxidation by OH•. 

3. Characteristics of iron crystallization onto the carriers’ surface in the 

fluidized-bed Fenton process. 

4. Catalytic ability of iron-coated media on H2O2 decomposition to generate 

OH•. 

 

 

 



 CHAPTER II  

THEORIES AND LITERATURE REVIEWS 
 

 

2.1 2,6-Dimethyl-aniline 

 

 2.1.1 General Information 

 

2,6-dimethyl-aniline (2,6-DMA) is one of the six dimethyl-aniline isomers of 

which their molecular formula are (CH3)2C6H3NH2. 2,6-dimethyl-aniline has two 

methyl groups positioned on both sides of the amino group on the benzene ring (at 

both ortho-positions) as shown in Figure 2.1. 2,6-dimethyl-aniline can be either 

obtained as a by-product in the fractional distillation of the coal tar or synthesized by 

heating aniline hydrochloride with methanol at 220 °C. Furthermore, 2.6-DMA is a 

metabolite of the xylidine group of anaesthetics including lidicaine and is produced by 

the reduction of certain azo dyes by intestinal microflora. It may also enter the 

environment through degradation of certain pesticides. 2,6-dimethyl-aniline is an 

aniline homologue and has similar properties of aromatic amine. 2,6-dimethyl-aniline 

is sparingly soluble in water but miscible with ethanol and diethyl ether and is 

sensitive to air and light and tends to darken on storage. 2,6-dimethyl-aniline is used 

to manufacture many products including pesticides, dyestuffs, antioxidants, 

pharmaceuticals and other products. 

2,6-dimethyl-aniline damages hemoglobin, a protein that normally transports 

oxygen in the blood, so that oxygen cannot be transported to cells and tissues causing 

them to lack oxygen for their metabolisms. This condition is known as 

“methemoglobinemia”. Methaemoglobinemia causes headache, cardiac arrhythmia, 

blood pressure drop, dyspnoea, spasms, and cyanosis (blue coloration of the blood). 

Sensitization with allergic manifestations in predisposed persons. Direct contact with 

2,6-DMA can also produce skin and eye irritation. 2,6-dimethyl-aniline is released 

into the environmental primarily from industrial uses, and may cause long-term 

adverse effects in the aquatic environment (NTP, 2002).   
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NH2 

CH3 CH3 

Figure 2.1 Structure of 2,6-DMA. 
 

 

2.1.2 Physical and Chemical Properties 

 

 Physical state and appearance of 2,6-DMA is in a liquid form, colorless to 

reddish-yellow, clear liquid. It has a melting point of 11.2 °C and a boiling point of 

216 °C. 2,6-dimethyl-aniline is slightly soluble in water and freely soluble in ether 

and alcohol. The density is 0.979 g/cm3 at 20 °C. The substance has a flash point of 91 

°C. 2,6-dimethyl-aniline is quite stable in the environment except under excessive 

heat exposure or contact with incompatible materials such as oxidizing agents and 

acids including acid chlorides, halogens, acid anhydrides, hypochlorite, and 

chloroformates. Addition physical and chemical properties of 2,6-DMA are presented 

in Table 2.1 

  

2.1.3 Toxicology 

  

 Human can expose to 2,6-DMA via many routes. 2,6-dimethyl-aniline can be 

absorbed through skin, dermal contact, eye contact, inhalation and ingestion. It may 

cause skin irritation, eye irritation, and respiratory tract (nose and throat) irritation 

with coughing and/or shortness of breath. It causes gastrointestinal tract irritation with 

nausea, vomiting and diarrhea. Exposure through skin, inhalation and ingestion 

induces methemoglobinemia which affects behavior/central nervous system (CNS 

depression), respiration, heart, urinary system (kidneys), and blood. Symptoms of 

methemoglobinemia include hypoxia, apnea, cyanosis (a bluish discoloration of the 

skin due to deficient oxygenation of the blood), headache, fatigue, dizziness, 

weakness, lethargy, loss of coordination, dyspnea, coma, and death. Additional signs  
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Table 2.1 Physical and chemical properties of 2,6-DMA. 

Property Data 

Molecular formula C8H11N 

Molecular weight 121.18 g/mol 

Appearance 
Yellow liquid, with characteristic odor and turn 

brown on exposure to air 

Density 0.979 g/cm3 

Boiling point 216 °C 

Melting point 11.2 °C 

Water solubility 35 g/l @ 25°C 

Specific gravity 0.9842 @ 20°C 

Vapor pressure < 0.1 kPa @ 20 °C 

Ignition temperature 520°C 

Flash point (closed cup) 91°C 

Octanol/water partition 

Coefficient (log Kow) 
1.96 

 

and symptoms of exposure may include photophobia, visual disturbances, sluggish 

pupillary reaction, tinnitus, speech disturbances, anorexia, nausea, colicky pain, 

muscle pain, faintness, paresthesias of the extremities, tremor, seizures, 

cardiacarrhythmias, tachycardia, and heart block. Urinary signs and symptoms may 

include painful micturition, hemoglobinuria, methemoglobinuria, hematuria, oliguria, 

and renal insufficiency, and chocolate-brown blood. In case of chronic potential 

health effects, a Heinz-body hemolytic crisis may follow the development of 

methemoglobinemia. Heart, kidney, and liver damage may occur, possibly as 

secondary effects of hemolysis (NTP, 2002). In addition, 2,6-DMA may also cause 

mutagenic effects for bacteria and/or yeast; however, there is currently no solid 

evidence that 2,6-DMA is human mutagen. 2,6-DMA has been classified as group 2B 

carcinogens (possible for human) by International Agency for Research on Cancer 

(IARC). 
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2.1.4 First Aid Measures 

 

In case of eye contact, immediately flush eyes with plenty of water for at least 

15 minutes by warm water and get medical attention if irritation occurs. For the skin 

contact, wash with soap and water and cover the irritated skin with an emollient. If 

irritation develops or becomes worsen, the patient needs to seek for medical care. If 

inhaled, remove to fresh air. If not breathing, give artificial respiration. If breathing is 

difficult, give oxygen supply. In case of ingestion, do not induce vomiting unless 

directed to do so by medical personnel. Never give anything by mouth to an 

unconscious person. If large quantities of this material are swallowed, call a physician 

immediately. Loosen tight clothing such as a collar, tie, belt or waistband. 

 

2.2 Advanced Oxidation Processes 

 

Advanced oxidation processes (AOPs) have been known since the 1970's. The 

widely accepted definition for AOPs came from Glaze et al. (1987) which stated 

“advanced oxidation processes are defined as those which involve the generation of 

hydroxyl radicals (OH•) in sufficient quantity to affect water purification”. Hydroxyl 

radicals is one of the most active oxidant known, it is nonselective for oxidizing 

compounds and able to operate at normal temperature and pressure (Tchobanoglous et 

al., 2003). 

There are many processes able to generate the highly reactive OH• species 

including heterogeneous photocatalytic, photo and non-photocatalytic homogeneous 

processes. In heterogeneous photocatalysis, OH• is generated at the surface of a 

semiconductor (usually TiO2) in the presence of UVA. Ozone/UV, O3/H2O2/UV and 

H2O2/UV are common photocatalytic combinations which can also generate OH•.  

The non-photocatalytic processes include “peroxone” (H2O2/O3) and Fenton process 

(H2O2/Fe2+) (Rodger and Bunce, 2001); however, this study emphasized on the latter.  
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2.3 Fenton Process 

 

Fenton’s reagent was discovered in 1894 by its inventor Henry J. Fenton, but 

its application as an oxidizing process for destroying toxic organics was applied in the 

late 1960s (Huang et al., 1993). Fenton reaction is one kind of AOPs used to generate 

OH• for degradation of pollutants. This reaction involves chemical reagents called 

“Fenton’s reagent”, which are the combination of hydrogen peroxide (H2O2) and a 

ferrous ion (Fe2+). Fenton’s reagent is an effective and simple oxidant of various types 

of organic contaminants. 

 

2.3.1 Hydrogen Peroxide 

 

Hydrogen peroxide is an aqueous solution which has clear, colorless, water-

like in appearance, and can be mixed with water in any proportion. It is miscible with 

cold water and is soluble in alcohol and ether. At high concentration, it has a slightly 

pungent or acidic odor. The chemical formula is H2O2 and it has a molecular weight 

of 34.015 g/mole and is non-flammable at any concentrations. Hydrogen peroxide is a 

diprotic acid with KA1 and KA2 equal to 10-11.8 and <10-14, respectively. 

Although pure H2O2 is fairly stable, it significantly decomposed into water and 

oxygen when heated above about 60°C or in the presence of reducing agents. 

Aqueous solution of H2O2 is mainly used for oxidation reactions, including bleaching 

process, chemical syntheses, and for water and wastewater treatment. In drinking 

water purification, Hydrogen peroxide is used to pre-oxidized organic constituents 

and to eliminate iron and manganese ions. Furthermore, by dissociation into oxygen 

and water, H2O2 can also supply oxygen to microorganism in biological treatment 

facilities and in the bioremediation of contaminated sites. It can be used as a 

disinfecting agent in the control of undesirable biofilm growth. Since the oxygen 

concentration is generally limiting factor during the in-situ biodegradation of organic 

contaminants, many applications using injection of H2O2 into the subsurface have 

been successfully applied to enhance the biodegradation activity. The decomposition 

of H2O2 to water and oxygen can be toward enzymatic and non-enzymatic routes. 
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Hydrogen peroxide also catalytically decomposes in the presence of numerous 

catalysts, e.g., most transition-metal ions such as Fe2+, Cu+, Cr2+, Co2+, or UV 

irradiation via different route to form a highly-oxidative OH•.  

 

 2.3.2 Ferrous 

 

 Iron (Fe) is the most abundant element on Earth and is the cheapest and most 

important of all metals. Iron is used to manufacture steel and other alloys important in 

construction and manufacturing. It also plays a vital role in the functioning of living 

organisms by transporting oxygen in blood via the hemoglobin molecule (an iron-

complex organic compound). Its oxidation number varies from -2 to +6; however, 

most general states typically found in the environment are ferrous (Fe2+) and ferric 

(Fe3+). Iron exists in the ferrous state under reducing conditions such as those in 

anaerobic environment. Ferrous iron will be rapidly oxidized to ferric state when 

exposed to oxidizing agents; hence, it is not stable in the atmospheric environment 

where oxidative oxygen gas is present (21% by volume).  

 As mentioned previously that several transition-metal ions can catalyze the 

decomposition of H2O2 to form OH•, Fe2+ is the most preferred and environmental 

friendly among all transition-metal catalysts. Iron(II) sulfate is the most common form 

of ferrous salt commercially available in the market and can be found in various states 

of hydration; however, the heptahydrate or so called “green vitriol or copperas” 

(FeSO4·7H2O) is the most common. This greenish crystalline compound is used as a 

pigment, fertilizer, medicine in the treatment of iron deficiency, coagulant for 

coagulation process, and catalyst in the Fenton process. 

 

2.3.3 Hydroxyl Radicals 

 

Hydroxyl radical is extremely reactive, short-lived, and non-selective transient 

species. It is a strong oxidant which has a very high oxidizing capacity equaling 2.8 V 

(Prengle, 1978; Masten and Davies, 1994). Table 2.2 shows the oxidation potential of 

OH• compared to other oxidants (Parsons, 2004). It can be seen that OH• is the second  
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Table 2.2 Oxidation potential of common oxidizing species. 

Oxidant Oxidation Potential (V) 

Fluorine 3.03 

Hydroxyl radical 2.80 

Ozone 2.07 

Hydrogen peroxide 1.78 

Potassium permanganate 1.68 

Chlorine dioxide 1.59 

Chlorine 1.36 

 

strongest oxidant, which is inferior only to fluorine. Hydroxyl radical can decompose 

the organic compounds relatively unselective with the rate constants ranging from 

109-1010 M-1s-1 (Buxton, et al., 1988). 

 Hydroxyl radical is generated among various AOPs in the reaction mixture 

and has been used for achieving the treatment of a myriad of contaminated waters and 

industrial wastewaters. Hydroxyl radical can react in aqueous solution by different 

types of reactions (Eqs. 2.1 to 2.4) depending on target compounds, wastewater 

composition, and environmental conditions (Hoigné, 1998): 

 

Electron transfer reaction:  OH• + Mn   Mn+1 + (OH-)(aq) (2.1) 

Hydrogen abstraction: OH• + R-H  R• + H2O   (2.2) 

Electrophilic addition:  OH• + R2C=CR2  •CR2-C(OH)R2           (2.3) 

Radical interaction: OH• + OH •  H2O2   (2.4) 

 

For complex or large aliphatic hydrocarbons, OH• will oxidize via electrophilic 

addition to form carbon-center radicals which immediately further react in a 

bimolecular reaction with dissolved oxygen to produce peroxyl radicals and 

sequentially stable oxidation products. On the other hand, OH• tends to react with 

small aliphatic compounds by the hydrogen abstraction mean in which carbon dioxide 

can be formed as the final product (complete mineralization). The oxidation of 

aromatic compounds by OH• is more complex than aliphatic hydrocarbons and could 
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involve hydrogen abstraction, electrophilic addition, and radical interaction. Direct 

electron transfer normally occurs with inorganic pollutants. In addition, OH• itself can 

react with another OH• to combine or to disproportionate to form a stable product 

(Peres et al., 2003). 

 

2.3.4 Fenton Reaction 

 

Fenton process and its modified versions are being increasingly used in the 

treatment of contaminated water and soil.  The conventional “dark” Fenton process 

involves the use of an oxidizing agent (usually H2O2) and a catalyst (usually Fe2+) to 

generate highly reactive OH•. Once the Fenton’s reagent is combined together, its 

sequential reactions are very complicated but well specified as shown in Eqs. (2.5) to 

(2.16) (Pignatello, 1992; Lu et al., 1999; Chen et al., 2001). 
 

 Fe2+ + H2O2 → Fe3+ + •OH + OH-; k1 = 76 M-1s-1  (2.5) 

 H2O2  ↔ HO2
- + H+;  K2 = 1.59×10-12 M (2.6) 

 Fe3+ + H2O2 → Fe2+ + HO2
•;  k3 = 0.02 M-1s-1 (2.7) 

 HO2
•  ↔ O2

•- + H+;  K4 = 1.6×10-5 M (2.8) 

 Fe2+ + •OH → Fe3+ + OH-;  k5 = 4.3×106 M-1s-1 (2.9) 

 Fe2+ + O2
•- → Fe3+ + O2

-;  k6 = 1×107 M-1s-1 (2.10) 

 Fe2+ + HO2
• → Fe3+ + HO2;  k7 = 1.2×106 M-1s-1 (2.11) 

 H2O2 + •OH → HO2
• + H2O;  k8 = 2.7×107 M-1s-1 (2.12) 

 HO2
• + HO2

• → H2O2 + O2;  k9 = 8.3×105 M-1s-1 (2.13) 

 •OH + •OH → H2O2;   k10 = 5.3×109 M-1s-1    (2.14) 

RH + •OH → RH• + OH- → → → products or CO2 + H2O (2.15) 

 Fe3+ + 3OH- → Fe(OH)3(s);  Ksp = 4×10-38             (2.16) 

 

Although Fe2+ is acting as a catalyst in the Fenton reaction series, it can be 

seen that the consumption rate of Fe2+ in Eq. (2.5) is almost 3,800 times faster than 

the regeneration rate of Fe2+ from Fe3+ in Eq. (2.7). As a result, the pollutant 
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degradation in Fenton process typically proceeds in two sequential steps.  In the first 

step, the pollutant disappears rapidly under sufficient Fe2+ leading to the OH• 

excessive environment whereas, in the slower second step, the oxidation rate of the 

pollutant is controlled by Eq. (2.7) which is known as “Fenton-like process” (Lunar et 

al., 2000).  After treatment with Fenton process, the mixture is typically neutralized to 

comply with the effluent standard and the ferric hydroxide will precipitate out as 

illustrated in Eq. (2.16). This ferric hydroxide sludge will cause a burden for further 

separation and disposal which is a major drawback for ordinary Fenton process. 

 

2.4 Fluidized-bed Fenton Process 

 

As mentioned previously, the major disadvantage of Fenton process is the 

production of a substantial amount of iron precipitation. To overcome and/or ease this 

problem, the fluidized-bed reactor (FBR) is one of the possible alternatives. The ferric 

ion generated from Eq. (2.5) can precipitate and crystallize onto the carriers’ surface 

in the form of iron oxide; hence, reducing the production of puffy ferric hydroxide 

sludge. In FBR, several important and complicated processes occur simultaneously 

including: 1) homogeneous chemical oxidation (H2O2/Fe2+); 2) heterogeneous 

chemical oxidation (H2O2/ iron oxide); 3) fluidized-bed crystallization; and 4) 

reductive dissolution of iron oxides. Factors influencing iron oxide crystallization on 

the surfaces of fluidized-bed carriers operated in FBR are pH, specific iron loading, 

H2O2/Fe2+, and superficial velocity (Chou, et al., 2004). Figure 2.2 illustrates the 

fluidized-bed Fenton mechanisms in details. The Fenton’s reagent can produce the 

non-selective oxidant OH• via homogeneous reaction (a). Then, this strong oxidant 

attacks the aromatic hydrocarbon to initiate ring opening as reaction (b). After that, 

the intermediate products from previous reaction appears, these lead into further 

oxidation (reaction (c)). From this Fenton’s reaction, Fe3+ is form (reaction (d)). The 

Fe3+ can be converted back to Fe2+ and initiate Fenton reaction further as in reaction 

(h). However, in the presence of solid carriers, the ferric hydrolysis product of 

Fenton’s reaction can also crystallize and grow on the surface of the carriers 

(reaction(e)); hence, decreasing the precipitation of puffy ferric hydroxide forms  
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Figure 2.2 Fluidized-bed Fenton reactions. 

 

(Chou and Huang, 1999). At the same time, the crystallized ferric oxide can also serve 

as a catalyst for hydrogen peroxide decomposition in a heterogeneous reaction (i) 

(Chou et al., 2003). Considering iron oxide on the surface carriers, it can re-dissolve 

via reductive dissolution (reaction (g)) and/or heterogeneous reaction (f) to form Fe2+. 

However, these reactions which are similar to Eq. (2.7) are still slower than Eq. (2.5) 

(Pignatello, 1992). Key factors in the design of fluidized-bed Fenton process are: 

selection of carrier, including the material, specific gravity, and particle size; design 

of bed expansions; superficial velocity; feed mode and dosage of Fenton’s reagent; 

and size, configuration, and recycle ratio of reactor. 

 

2.5 Reaction Rate Constant Determination 

 

 In this research, the intrinsic second-order rate constant of the reaction 

between 2,6-DMA and OH• was determined by using a technique of competitive 

kinetics between 2,6-DMA and a reference compound in the presence of OH•.  This 

reference compound has to have the intrinsic rate constant with OH• reported. Buxton 

et al. (1988) have compiled many rate constants between various organic compounds 

and OH• some of which were used in this study. Aniline (AN) was selected as the 

reference compound with the rate constant with OH• of 4.8×109 M-1sec-1 (Buxton et 
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al., 1988). The competitive kinetics as described later is a very useful yet simple tool 

to estimate the unknown rate constant of a compound without any complexity in 

experimental setup and equipments.  It is well established that OH• will react with any 

compound in a second-order manner. Hence, the reaction rate in a batch operation 

could be written as shown in Eqs (2.17) and (2.18) and could be further derived for 

the competition reaction manner as illustrated below: 

 

dt
DMA]d[2,6−  =   (2.17) ]DMA][OH[2,6k DMA2,6

•
− −−

dt
d[AN]   =     (2.18) ][AN][OHkAN

•−
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Eq(2.16)        =      
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where [2,6-DMA]0, [AN]0, and [2,6-DMA], [AN] are concentrations of 2,6-DMA, 

AN before and after the reaction, respectively; [OH•] is concentration of the hydroxyl 

radical; k2,6-DMA, kAN are the rate constants of OH• reacting with 2,6-DMA and AN, 

respectively. This final equation is similar to the one used by Shen et al. (2008) in the 

determination of the rate constant between p-chloronitrobenzene and OH•. According 

to the Eq. (2.24), the plot between ln([2,6-DMA]i/[2,6-DMA]0) versus 

ln([AN]i/[AN]0) should result in a linear relationship and the slope will represent the 

ratio of the rate constant between aniline and 2,6-DMA.  

In addition to the batch study, this research also determined the intrinsic rate 

constant of 2,6-DMA in the continuous mode in order to confirm the results. The 

reaction rate equations between 2,6-DMA and OH• under the continuous mode could 

be derived as follows: 

 

   =  

  

         (2.25) 

[ ]
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where [2,6-DMA]in, [AN]in, and [2,6-DMA]out, [AN]out are influent and effluent 

concentrations of 2,6-DMA, AN at the steady state, respectively; [OH•] is 

concentration of the hydroxyl radical; k2,6-DMA and kAN are the rate constant of OH• 
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reacting with 2,6-DMA and AN, respectively; and Q is the flow rate in and out of the 

reactor. 

 

2.6 Precipitation and Crystallization 

 

2.6.1 Rational 

 

Precipitation phenomenon is very important in both water and wastewater 

treatment processes. It is the formation of a solid in a solution and involves several 

physical and chemical processes. Reverse process of precipitation is called 

“dissolution.” Since these two processes are reversible but sometimes progress very 

slowly, both equilibrium and kinetics considerations are important. Knowledge of 

equilibrium relationships permits the calculation of equilibrium concentrations of 

cation(s) and anion(s) from the dissolution/precipitation of any salts. Nonetheless, in 

some heterogeneous systems, the equilibrium calculation may only provide the 

boundary conditions of the system rather than the situation that truly exists because 

the equilibrium is slowly established. In such cases, the kinetics consideration which 

is more complicated will play a major role in predicting the system behavior. 

 

2.6.2 Nucleation 

 

Once the product of cation(s) and anion(s) according to the solubility equation 

exceeds the dissociation constant, the solution will be oversaturated and a solid phase 

will be simultaneously formed. Various processes are involved in the solid formation; 

however, only three steps are believed to control the overall process. The first step is 

the interaction between ions or molecules leads to the formation of a critical cluster or 

nucleus or so called “nucleation” as shown in Eqs. (2.29) to (2.32). These nuclei can 

serve as the centers from which spontaneous growth of crystals can occur. The 

nucleation process determines the size and distribution of crystal produced. The 

second step is the formation of crystallites (crystal growth) as a result from sequential 

deposition of material on the nuclei formed from the first step as shown in Eq. (2.33). 
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The last step is the formation of large crystals from the crystallites by a process called 

“ripening” as shown in Eq. (2.34) 

X + X     ↔ X2    (2.29) 

X2 + X    ↔ X3    (2.30) 

Xj-1 + X  ↔ Xj (critical cluster)  (2.31) 

Nucleation:   Xj + X     ↔ Xj+1    (2.32) 

Crystallite formation:   Xj + X     ↔ Xj+1  → crystal growth  (2.33) 

Crystal formation:  Xj+1 + X  ↔ Xj+1  → crystal ripening (2.34) 

Nucleation can be divided into two types, i.e., homogeneous and heterogeneous 

nucleation, depending on the number of phases during the initial step of solid 

formation. Figure 2.3 shows the schematic solubility isotherm of a solid electrolyte, 

where “S” is the saturation ratio (a/a0), “a” is the actual concentration, and “a0” is the 

concentration at solubility equilibrium of the solutes that characterize the solubility. 

Line “S = 1” divided the graph into two areas, i.e., undersaturated (no precipitation 

occurs) and oversaturated zones (precipitation should occur theoretically). Within the 

oversaturated zone, “SM” is the minimum supersaturation ratio in which the 

precipitation could occur simultaneously without a need for the surface-catalytic seeds 

which called “homogeneous nucleation.” In other word, solid precipitation will 

proceed spontaneously within the labile zone (above the “SM-line”). Between the 

unsaturation and labile zones is a metastable zone where the nucleation rate is 

virtually zero or extremely slow even though the solution is already oversaturation; 

hence, the solutes can be stable for long periods without precipitation. 

 

 2.6.2.1 Homogeneous Nucleation 

 

If the concentration of a solution is gradually increased until exceeding the 

solubility product with respect to a solid phase, the new solid phase will be 

theoretically formed. Nonetheless, in real practice, the new solid phase will not be 

formed within a specific amount of time until a certain degree of supersaturation has 

been achieved and accelerate the precipitation process. This phenomenon can be 

explained by chemical thermodynamics principle. 
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Figure 2.3 Schematic solubility isotherm of a solid electrolyte (Adapted from Stumm 

and Morgan, 1996).  

 

A nucleus will be formed if total Gibb’s free energy of the system decreases as 

a result from the formation of a new solid phase from an aqueous phase. In other 

word, the change in free energy of the formation of a nucleus (ΔGf) has to be 

negative. The “ΔGf” is the summation of free energy in the system which has two 

parts, i.e., free energy from bulk phase (ΔGbulk) and free energy from solid phase 

(ΔGsurface). The “ΔGbulk” is a function of supersaturation degree in the aqueous phase 

and is always negative for a supersaturation solution. On the other hand, the 

“ΔGsurface” is related to the interfacial energy between the surface of the solid being 

formed and the solvent; hence, is always positive. Then, the “ΔGf” will be negative if 

the negative quantity of “ΔGbulk” is greater than the positive quantity of “ΔGsurface” 

and; thus, the nucleus formation can be thermodynamically favorite. As a result, a 

large supersaturation must be exceeded before the pure solid nucleus can be formed 

from the homogeneous oversaturated solution by itself or so called “homogeneous 

nucleation”. 
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2.6.2.2 Heterogeneous Nucleation 

 

 Heterogeneous nucleation is in many cases the predominant formation process 

for crystals in natural waters. In the presence of foreign solid particles, the “ΔGsurface” 

is reduced due to the interference of the interfacial energy of the external seeds 

(should match well with the crystal to be formed), thus reducing the formation free 

energy, and sequentially allow the nucleation to proceed more easily (Figure 2.4). In 

other words, these foreign solids are serving as the catalyst to reduce the energy 

barrier of the nucleation process similar to chemical catalysts which reduce the 

activation energy for chemical reaction. Theoretically, with proper matching between 

the foreign solid and the crystal to be precipitate, the nucleation may take place at a 

lower saturation ratio (in the metastable zone in Figure 2.3) on the solid surface than 

in solution (homogeneous nucleation). 

In fluidized-bed Fenton process, the media, normally SiO2 or construction 

sands, will be fluidized in the reactor and serve as the foreign solids on which the iron 

oxide can precipitate; hence, the nucleation process follows the heterogeneous 

mechanism. According to the nucleation principle mentioned previously, to optimize 

iron crystallization onto the media in fluidized-bed Fenton process, the saturation ratio 

has to be maintained within the metastable zone of Figure 2.3.  

 

2.6.3 Crystal Growth 

 

After the nucleation process (i.e., the initial formation of solid nuclei), 

spontaneous growth of crystal will occur. The attachment of a molecule/nucleus to 

another nucleus to form a solid lattice which includes the transportation of materials 

to the surface of these nuclei and surface deposition will become very important and 

should follow the mechanism of solid-solution interface at the molecular level. Four 

steps are believed to get involve in the attachment of solutes/nuclei to the solid 

surface of foreign particles or other nuclei as shown in Figure 2.5: 1) diffusion 

through the bulk solution and the water layer adjacent to nuclei (bulk diffusion); 2) 

adsorption-desorption reaction on the solid surface; 3) migration on the surface to or  



 21

 homogeneous 

heterogeneous 

j, number of ions 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 Schematic representation of the ability of a solid substrate to catalyze the 

nucleation (Stumm and Morgan, 1996).  
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Figure 2.5 Attachment and detachment of an ion or molecule to and from a solid 

lattice (Morel and Hering, 1993).  
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from a step edge (surface diffusion); and 4) migration along a step edge to or from a 

kink (edge diffusion). Considering on the precipitation part, the ion or molecule will 

be more stable (lower free energy) as it embeds deeper into the solid matrix: a < b < c 

< d < e < f. If step 1 only is limiting, the kinetics are said to be diffusion or transport 

controlled. In this case, there is a concentration gradient in a liquid layer adjacent to 

the solid surface as shown in Figure 2.6. The liquid-film thickness depends on the 

mixing condition. On the other hand, if step 2, 3 and/or 4 only are limiting, the 

kinetics are said to be surface-interaction control and there will be no concentration 

gradient in the liquid adjacent to the solid surface. If the growth of crystal is 

controlled by the surface interaction; then, a zero-order rate law could be applied if 

the steady-state conditions at the surface prevail (Stumm and Morgan, 1996): 

A k-      dt
dC

S=      (2.35)  

where “kS” is the surface-reaction rate constant normalized to solid surface area and 

“A” is the surface area of the solid. On the other hand, for transport control 

mechanism, Stumm and Morgan (1996) proposed a parabolic rate law for the 

diffusion at the solid interface at the ionic or molecular level as: 

 

   2
1

p  tk-      
dt
dC −

=      (2.36) 

where kp is the rate constant. Integrating equation (2.36) will yield: 

2
1

p0  tk 2C      C −=      (2.37) 

 

Since, this research used a 0.22-μm membrane filter to differentiate the soluble 

species from the particulate species, the solutes may not be in the molecular level but 

can be in the colloidal particles with the diameters less than 0.22 μm. In other word, 

due to the limitation in measurement procedure, the iron particles with the sizes less 

than 0.22 μm such as the crystallites would be considered as soluble iron. According 

to literatures, diameters of colloids can vary from 0.001 to 100 μm which also cover 

the range of crystallite size. Therefore, the agglomeration or reduction of these  
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Figure 2.6 Concentration gradient in liquid phase for extreme cases of diffusion 

control and surface-interaction control (Morel and Hering, 1993). 

Figure 2.6 Concentration gradient in liquid phase for extreme cases of diffusion 

control and surface-interaction control (Morel and Hering, 1993). 

  

crystallites during the crystal growth stage as a result from colloidal transport and 

collision could be described by the second-order rate law as proposed by O’Melia and 

Tiller (1993), who studied on the aggregation of colloids as follows:  

crystallites during the crystal growth stage as a result from colloidal transport and 

collision could be described by the second-order rate law as proposed by O’Melia and 

Tiller (1993), who studied on the aggregation of colloids as follows:  

2
a Nk-      

dt
dN

=      (2.38) 

or   tk N
1     N

1
a

0
+=      (2.39) 

 

where “N” is the number concentration of particles in suspension at time “t” and “ka” 

is a second-order rate constant which is a function of physical and chemical properties 

of the system including mass transport coefficient and collision efficiency factor. The 

second-order rate law of Eq. (2.38) is comparable to the very well-known rate of 

change in the concentration of colloidal particles during the flocculation process both 

in perikinetic (random diffusion control) and orthokinetic (movement of solvent or 

velocity gradient control) manners. 

 In this study, both transport equations (Eqs. (2.36) and (2.38)) were used to 

characterize the behavior of crystal formation in order to provide a better 

understanding on the crystallization process. 
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2.7 Literature Reviews 

 

2.7.1 Competitive Kinetics Technique 

  

 Leitner and Roshani (2010) determined the rate constant of benzotriazole (BT) 

by the reaction of direct ozonation and OH• at different pH. They accessed the 

kinetics information by 2 approaches, i.e., the log-reduction of BT in the case which 

ozone was present in excess (1st-model) and the competition kinetic technique in the 

case which a reference compound was co-existed (2nd–model). The results showed 

that the 2nd order rate constant of BT with molecular ozone at pH 2 by the 1st-model 

was 36.4±3.8 M-1s-1 as compared to 18.4±0.8 M-1s-1 for the 2nd-model. With the 2nd-

model, the 2nd order rate constant at pH 5 was found to be 22.0±0.2 M-1s-1. In a 

second stage, the reaction of BT and OH• was carried out by using the 2nd–model 

involving 2 probe compounds during the ozonation at pH values ranging from 2 to 

10.2. They found that the 2nd order rate constant of BT and OH• were found to vary 

from 6.2×109 M-1s-1 at pH 10.2 to 1.7×1010 M-1s-1 at pH 2. 

 

Balci et al. (2009) investigated the kinetic and mechanism of atrazine 

degradation by in-situ electrochemically generated Fenton’s reagent. They found the 

intrinsic rate constant of the reaction between atrazine and OH• by competition 

kinetics technique to be 2.54±0.22×109 M-1s-1. The atrazine disappearance rate and 

solution mineralization efficiency were very rapid at the beginning of the reaction, but 

became slow down as the reaction proceeded. High mineralization rate of 82% was 

obtained by TOC and IC analysis. The oxidation pathway of atrazine degradation by 

OH• was also proposed. 

 

Kwon et al. (2009) determined the second order rate constants of OH• with 14 

organics and inorganic solutes such as chloride, carbonate, sulfate, bromide, etc., by 

using a simple competitive kinetics in a continuous flow system in the UV/H2O2 

process. p-Nitroso-dimethyl-aniline (PNDA) was selected as the reference probe. 

They found that the OH• rate constants obtained for 14 solutes selected in this study 
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were consistent with values reported in the literatures using the more complicated 

pulse radiolysis method. 

 

Shen et al. (2008) investigated the kinetics and mechanism of p-

chloronitrobenzene (pCNB) degradation by ozone. With reference compounds, 

nitrobenzene (NB) and chlorobenzene (CB), the reaction rate constants of pCNB with 

O3 and OH• were measured by means of competition kinetics (mixture of pCNB and 

NB, or pCNB and CB) and found to be 1.6×109 and 2.6×109 M-1s-1, respectively. The  

increases in chloride and nitrate concentrations nearly equaled to the decrease in  

pCNB concentration. The degradation pathway for the ozonation of pCNB was also 

proposed. 

 

 Mazellier et al. (2007) investigated the degradation of fenuron by hydroxyl 

and carbonate radicals in aqueous solution by using the competitive method. 

Photolysis of H2O2 at 254 nm was used to generate OH• and carbonate radicals were 

generated by the photolysis of Co(NH3)5CO3
+ at 254 nm. Atrazine was used as the 

reference compound for both processes. The results found that the 2nd order rate 

constant of fenuron with OH• and carbonate radicals were found to be 7±1×109 M-1s-1 

and 7-12±3×106 M-1s-1, respectively. The intermediates of fenuron oxidized by 

hydroxyl and carbonate radicals were also identified by LC-MS.   

 

 Einschlag et al. (2003) determined the rate constant of a set of nitroaromatic 

compounds with OH• using competition experiment in the UV/H2O2 process. For a 

given pair of substrates S1 and S2, the relative reactivity β (defined as kS1/kS2) was 

calculated from the slope of the plot between ln[S1] VS ln[S2]. This method allows a 

better estimation of the relative reactivity than the plot of ln[S1] and ln[S2] against 

time. The rate constants of nitroaromatic substrates with OH• were found to be in 

between 0.33×109  and 8.6×109 M-1s-1.  

 

Spanggord et al. (2000) examined the kinetics of aminodinitrotoulenes (2-

amino-4,6-dinitrotoluene (2-ADNT) and 4-amino-2,6-dinitrotoluene (4-ADNT)) by 
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using the competition kinetics in a peroxone (ozone and H2O2) oxidizing system 

where both OH• and ozone are important oxidants. The results found that the rate 

constant of 2- and 4-ADNT with ozone by using resorcinol as a reference compound 

were around 1.45×105 and 1.8×105 M-1s-1, respectively. For OH• oxidation, 

determined using p-nitoracetophenone (PNAP) as the reference compound, the rate 

constants were found to be 1.6×109 and 1.9×109 M-1s-1 for 2-, and 4-ADNT, 

respectively. Although rate constants for OH• oxidation were much higher than those 

for ozone, the kinetics modeling revealed that ozone was the dominant oxidant for 

ADNTs oxidation in the peroxone mixture, except when the ADNTs were below 1 

μM (200 ppb). 

  

2.7.2 Degradation of 2,6-Dimethyl-aniline by AOPs 

 

Masomboon et al. (2010) determined the oxidation of 2,6-DMA be electro-

Fenton process at pH 2. They found that 1 mM of Fe2+, 20 mM of H2O2 and current 

density of 15.89 Am-2 were the optimum operating parameters for completely 

degrading 1 mM of 2,6-DMA. Furthermore, the degradation pathway of 2,6-DMA 

was also proposed.  

 

Masomboon et al. (2009) investigated the effect of reaction conditions 

including the dosages of Fenton’s reagent and initial pH on 2,6-DMA degradation and 

COD removal. They found that 70% removal efficiency was achieved under the 

optimum conditions of 2 mM of Fe2+, 20 mM of H2O2 and pH 2 after 3 hrs. Moreover, 

they also proposed the intermediates and pathway of 2,6-DMA degradation. 

 

Ting et al. (2009) investigated the kinetics of 2,6-DMA oxidation by 

photoelectron-Fenton process using different electrochemical cells. Effect of initial 

pH, Fe2+ concentration, H2O2 loading, and current density were explored to validate 

the kinetics model. The results showed that when pH was higher than 2, amorphous 

Fe(OH)3(s) was generated and the degradation of 2,6-DMA increased with increasing 

of Fe2+ and current density from 1.0 to 1.5 mM and 3.5 to 10.6 A/m2, respectively, 
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and the optimal H2O2 concentration for 2,6-DMA oxidation under the studied 

condition was 25 mM. 

 

2.7.3 Removal of Organic Compounds in Heterogeneous Catalysis by  

         H2O2 

 

Flores et al. (2008) demonstrated that H2O2 could be activated in the presence 

of a heterogeneous catalyst (Fe3+-containing ashes) to generate a powerful radical 

oxidant. The result from leaching test indicated that more of the 99 % by weight of 

the iron ion still stayed in the solid catalysts and the presence of H2O2 did not alter 

this relation. It is concluded that radical species (HO2•) are formed and could be 

further transformed to OH• when the H2O2 was activated by the immobilized Fe3+. 

The results showed that it was possible to oxidize reactive black 5 dye using a 

stoichiometric amount of H2O2. After 2 hours of treatment, reactive dye solutions 

were effectively decolorized and 80% of the original COD was removed. 

 

Zelmanov and Semiat (2008) investigated the catalytic behavior of iron-based 

nano-catalysts on ethylene glycol and phenol treatment in the advanced oxidation 

processes. The results showed that the Fenton-like reaction using iron (III) oxide-

based nano-catalysts in the presence of H2O2 could degrade both substances 

efficiently. 

 

Dantas et al. (2006) evaluated the use of new composites as the adsorbents 

and/or heterogeneous catalysts for Fenton process to treat textile wastewater. The 

efficiency of the process was explored as a function of the experimental parameters: 

pH, H2O2 concentration and iron oxides content. The composites with high iron oxide 

content could effectively adsorb the contaminants in textile wastewater, and the 

adsorptive capacity increased with the iron content. These solids were also applied as 

the catalyst in the heterogeneous Fenton reaction and found to be very effective at pH 

3.0 with the consumption of H2O2 lower than those required by the homogeneous 

Fenton process. 
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Baldrian et al. (2006) used the heterogeneous catalysts based on magnetic 

mixed iron oxides to decolorize several synthetic dyes. All the catalysts could 

catalyze H2O2 to produce highly reactive OH• which able to decolorize the synthetic 

dyes effectively. The most effective catalyst was FeO.Fe2O3 which provided more 

than 90% decolorization. The fastest decomposition proceeded during the first hour of 

the reaction. In addition to dye decolorization, all the catalysts also caused a 

significant decrease in COD. These catalysts were active in the pH range of 2–10 

depending on their structures and able to perform sequential catalytic cycles with low 

metal leaching. 

 

Christopher et al. (2005) studied Fenton-mediated oxidation in the presence 

and absence of oxygen. The experiment showed that the oxidation of formic acid 

could occur effectively under a variety of experiment conditions by Fenton process. 

The intermediates generated during formic acid oxidation were found to increase the 

oxidation efficiency, especially at high initial organic concentrations, by contributing 

in the redox cycling of iron. In the presence of oxygen, however, such improvement 

was attenuated through competition for the organic intermediates. 

 

Lu et al. (2002) investigated how surface dissolution of goethite affected 2-

chlorophenol oxidation in the goethite/H2O2 process. The results showed that ligand 

and reductant could enhance the dissolution rate of goethite which was a surface-

controlled mechanism. Furthermore, the result from this study indicated that 2-

chlorophenol could be effectively degraded by Fenton-liked reaction using the 

goethite as a catalyst at acidic pH. The extent of 2-chlorophenol degradation increased 

with increasing goethite dosage which providing more surface sites for the reductive 

dissolution. 

 

Huang et al. (2001) examined the catalyzed decomposition of H2O2 and 2-

chlorophenol in the presence of iron oxides. The catalytic activity for H2O2 

decomposition was the highest for ferrihydrite, less for goethite, and much less for 

hematite based on mass and surface area basis. However, hematite exhibited the 
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highest activity in catalyzing 2-chlorophenol oxidation. The oxidation efficiency of 2-

chlorophenol corresponded with the inverse sequence of specific area and pHpzc of the 

iron oxides. 

 

Lu (2000) investigated the effect of goethite particle size, goethite dosage, 

Fe2+ and Fe3+ concentrations on the 2-chlorophenol oxidation. It was found that 2-

chlorophenol could be decomposed with H2O2 catalyzed by goethite and the oxidation 

rate increased with decreasing goethite particle size. 2-Chloropheol degradation was 

almost retarded with 0.8 g/l of goethite because Fe2+ could not be produced at this 

condition. Addition of Fe2+ and Fe3+ can enhance the oxidation efficiency in the 

presence of goethite and H2O2. In conclusion, the essential mechanisms of goethite 

catalyzing H2O2 to decompose 2-chlorophenol may be due to the catalysis of ferrous 

ion and goethite surface. The reaction mechanisms are shown in Eqs. (2.40) to (2.42): 

  O2HO2
1Fe OH2

1  2H FeOOH-α 22
II

 22 (s) ++→++ +  (2.40) 

   OH OH  Fe  OH Fe  -III
22

 II ++→+ •     (2.41) 

     2HFeOOH-α OH  OH Fe  
(s)

 -
2

 III ++→++    (2.42) 

  

Chou and Huang (1998) studied on the oxidation of benzoic acid (BA) via 

Fenton-liked reaction using an innovative supported γ -FeOOH catalyst. Oxidation of 

BA by H2O2 was performed to understand the effects of initial pH and H2O2 dosage. 

The removal efficiency of BA at an initial pH of 3.2 was higher than at initial pH of 

6.0 and 10.0; this result can be partly explained by reductive dissolution of γ -

FeOOH. Therefore, the extent of heterogeneous catalysis was evaluated and found 

that the majority of mineralization of BA takes place on the catalyst surface while 

some occur in the aqueous phase due to iron dissolution of the catalyst. 

 

Lin and Gurol (1998) described the kinetics, mechanism, and implication on 

the catalytic decomposition of H2O2 with granular size goethite (∝-FeOOH) particles 

in aqueous solution. The results showed that the decomposition rate of H2O2 over 

goethite surface can be explained by the 2nd-order kinetic expression and the apparent 
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reaction rate was dominated by the intrinsic reaction rates on the oxide surface rather 

than the mass transfer rate of H2O2 to the surface. The reaction mechanism for the 

decomposition of H2O2 on goethite surface was proposed on the basis of the 

fundamental reactions explaining the surface complexation chemistry for iron oxide 

and interaction of H2O2 with the surface sites as shown in Eqs. (2.43) to (2.47): 

 

      )O(H  OH OHFe s2222
 III ↔+≡      (2.43) 

  HOOH Fe  )O(H 22
II

s22
•++≡→      (2.44) 

        OHOHFe  OH Fe  III
22

 II •+≡→+≡     (2.45) 

        OH   HO
-

2
 

2
•+• +→       (2.46) 

      OO/OHHFe   /OHO OHFe 2
-

2
 II-

22
 III ++≡→+≡ ••   (2.47) 

 

Lin et al. (1996) investigated on the possibility of using mixture of H2O2 and 

iron oxide (goethite, α-FeOOH) particles as a chemical oxidant for wastewater 

treatment by using BuCl as a studied compound. The oxidation rate of BuCl was 

closely related with degradation rate of H2O2. The results showed that BuCl was 

oxidized effectively by OH• generated from the interaction of H2O2 with FeOOH 

particles. 

 

2.7.4 Iron Crystallization in Fluidized-bed Fenton Reactor 

 
Hsueh et al. (2006) used a novel supported iron oxide, prepared in a fluidized-

bed reactor (FBR), as a catalyst for the heterogeneous photo-assisted Fenton 

degradation of azo-dye Reactive Black 5 (RB5). This catalyst was much cheaper than 

Nafion-based catalysts, and could markedly accelerate the degradation of RB5 under 

irradiation by UVA (@ 365 nm). The effects of the molar concentration of H2O2, the 

pH of the solution and the catalyst loading on the degradation of RB5 were 

elucidated. A simplified mechanism of RB5 decomposition which was consistent with 

the experimental findings for a solution with the pH of up to 7.0 was proposed. 

Approximately 70% decolorization was obtained and 45% of the total organic carbon 
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was eliminated on the surface of the iron oxide at pH 7.0 after 480 minutes in the 

presence of 0.055 mM RB5, 5.0 g iron oxide/L, 29.4 mM H2O2, under 15W UVA. 

 

Chou et al. (2004) determined the effect of operational pH, superficial 

velocity, specific iron loading, and influent H2O2 concentration on the crystallization 

efficiency of FeOOH. Two types of FeOOH catalysts were synthesized: FeOOH I was 

prepared at pH 3.5 (70% amorphous FeOOH and 30% γ-FeOOH), and FeOOH II was 

formed by aging FeOOH I at pH 13 (30% amorphous FeOOH and 70% γ-FeOOH). 

The results demonstrated that all these parameters were found to significantly 

influence the crystallization efficiency. The FeOOH II catalyst presented higher 

reactivity to ward H2O2 but lower stoichiometric efficiency in oxidizing benzoic acid 

than FeOOH I, similar to the result from the commercial goethite. Furthermore, the 

performance of catalytic oxidation was significantly depended on the crystalline 

property. 

 

Chou et al. (2001) applied a novel supported γ-FeOOH catalyst to oxidize 

benzoic acid (BA) in a circulating fluidized-bed reactor by H2O2 and to determine the 

effects of homogeneous and heterogeneous catalysis. They found that the degradation 

rate of H2O2 was proportional to its concentration and the BA decomposition 

depended on both BA and H2O2. Conclusively, although heterogeneous catalysis 

contributed primarily to the oxidation of BA at pH 4.4-7.0, the homogeneous catalysis 

was of increasing importance below pH 4.4. 

 
 Chou and Huang (1999) investigated on the effect of Fe2+ on the catalytic 

oxidation of benzoic acid (BA) in the FBR applying supported γ-FeOOH as the 

carrier. They found that both mineralization of organics and crystallization of Fe3+ 

were simultaneously well performed under proper condition. Moreover, the reductive 

and the crystallization of γ-FeOOH as well as the oxidation of BA was proposed 

based on the experiment results. The reaction mechanism is shown in Figure 2.7 
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Figure 2.7 Reaction mechanism of benzoic acid (BA) oxidation by the fluidized-bed 

Fenton process: (A) reductive dissolution: reactions a, b, and c; (B) synthesis of 

Fe(III) hydroxide: reactions d and e; (C) oxidation of BA: reactions f, g, and h; 

BAx(5) denotes the surface complex of BA and γ-FeOOH (Chou and Huang, 1999). 

 

Tai (1999) studied the crystal growth kinetics of a two-step growth process in 

liquid fluidized-bed crystallizers. A reliable method has been proposed to determine 

the parameters of the two-step growth. For sparingly soluble salts, the growth process 

was more complicated, but the two-step model could still be applied successfully 

under a similar environment of pH, ionic strength, and species ratio. 



  CHAPTER III 

METHODOLOGY 
 

 

3.1 Materials and Chemicals 

 

3.1.1 Chemicals 

 

2,6-DMA, n,n-dimethyl-aniline (n,n-DMA), aniline (AN), 2,6-dimethyl-

phenol (2,6-DMP), 2,6-dimethyl-nitrobenzene (2,6-DMN), 2,6-dimethyl-

benzoquinone (2,6-DMB), FeSO4•7H2O, H2O2, and all chemical substances used in 

this work were analytical reagent grade. Fluidized media were quartz sand (SiO2), 

construction sand (CS), and aluminum oxide (Al2O3). Except stated otherwise, the 

diameter sizes of SiO2 and CS were 0.42 to 0.59 mm by using the sieves #30 & #40 

(passing #30 but retained on #40) whereas the size of Al2O3 was 2.5 mm which was 

the smallest size commercially available. All media were soaked in HCl solution at 

pH 1 for 24 hours, washed with de-ionized water until the solution pH was 7, and then 

oven dried at 103°C (Lo and Chen, 1997). De-ionized water from a Millipore system 

with a resistivity of 18.2 M /cm was used for preparing all solutions. Ω

 

3.1.2 Batch Reactor 

 

 For the batch experiments both for 2,6-DMA degradation kinetics study and 

iron precipitation/crystallization study, a 0.5-liter Pyrex beaker in a water bath for 

temperature control at 25±0.2°C was used as the reactor (as shown in Appendix A). 

 

3.1.3 Fluidized-bed Reactor 

 

A 1.35-liter glass-cylinder reactor with an inlet, outlet, and a recirculation 

pump as shown in Figure 3.1 was used as the fluidized-bed reactor (FBR). The carrier 

used in this study was either quartz sand, construction sand, or aluminum oxide. The  

 



 34

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Carriers 

Figure 3.1 Fluidized-bed reactor.  

 

bed expansion was kept constant at 50% from the original bed level by adjusting the 

internal recirculation rate. The FBR was controlled at 25±0.2°C by air recirculation 

from 2 air conditioners. 

 

3.2 Experimental Procedures 

 

3.2.1 Kinetics of 2,6-Dimethyl-aniline Degradation 

 

3.2.1.1 Completely Mixed Reactor 

 

For the batch study, the synthesis wastewater was prepared in the beaker using 

reagent grade chemicals diluted with de-ionized water to the desired concentration. A 

calculated amount of FeSO4•7H2O was added as the source of Fe2+. Next, the stirrer 

was turned on to mix the solution and completely dissolve the ferrous salt. After that, 
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the pH was adjusted to 3.0±0.1 by 1+3 H2SO4. H2O2 solution was added and the 

reaction was simultaneously started. At selected time interval, an appropriate amount 

of aliquot was taken from the reactor for analysis. To stop further Fenton reaction, an 

appropriate amount of 0.1 N NaOH was added to the sample to raise the pH to 

alkaline range. After that, the solution was filtered by a 0.22-μm cellulose acetate 

membrane filter to separate precipitated iron before analysis. Solution pH was 

controlled constantly by the addition of 1+3 H2SO4 or 1 or 6 N NaOH whenever 

necessary. All experimental activities are described in Figure 3.2. 

For the continuous study, the synthetic wastewater with Fe2+ dissolution and 

H2O2 solution were separately, but continuously and equally (18 ml/min), fed into the 

0.5-liter beaker by a peristaltic pump. The effluent characteristics were monitored 

until the steady state has been reached. All other procedures were similar to the batch 

study. 

 

3.2.1.2 Fluidized-bed Reactor 

 

For fluidized-bed Fenton experiment, the synthetic wastewater with desired 

Fe2+ concentration was prepared in a beaker before pouring into the FBR. After that, 

300 gm (300 g per 1.3 L) of carriers was filled into the reactor. The internal 

recirculation pump was switched on to mix the solution and suspend the carrier at 

50% bed expansion. The pH was adjusted to 3.0±0.1 by 1+3 H2SO4. Next, H2O2 

solution was added and the reaction was simultaneously started. Solution pH was 

controlled constantly by the addition of 1+3 H2SO4 or 1 or 6 N NaOH whenever 

necessary. At selected time interval, an appropriate amount of aliquot was taken from 

the FBR for analysis. Pretreatment step was similar to the case of Fenton experiment. 

Experimental steps are summarized in Figure 3.2. 

 

3.2.2 Iron Crystallization 

 

All experimental procedures and setup for completely mixed reactor and 

fluidized-bed reactor in this part were similar to those in the kinetics study. 



 36

 

 

  
 Filling with synthetic wastewater and Fe2+/Fe3+ solution into the 0.5 L beaker 

(completely mixed reactor) and 1.35 L FBR (fluidized-bed reactor) 

 

 

 

 

 

 

 

 

 

 

 

Filling the carriers into the reactor (fluidized-bed reactor) 

Turning on the stirrer (completely mixed reactor) or the recycle pump to 
suspend the carriers and mix the solution (fluidized-bed reactor) 

Adjusting pH by 1+3 H2SO4 or 1 or 6 N NaOH 

 

 

 
 Adding H2O2 to the solution and start the reaction (Fenton experiment) 

 

 

 
Taking the sample to analyze (At selected time interval) 

 

 

 

 

 

pH measurement 
H2O2 residual 
Ferrous ion 

Soluble iron analysis 
Total iron analysis 

GC analysis 
TOC analysis 
IC analysis 

Intermediate identifications 

Adding 0.1 N NaOH 

 

 

 

Figure 3.2 Experimental scheme for Fenton and fluidized-bed Fenton processes. 
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3.3 Experimental Scenarios 

 

 This research study was divided mainly into two parts. The first part aimed to 

determine the kinetics and mechanism of 2,6-DMA degradation by OH•. Various 

experimental scenarios, including batch and continuous modes, with and without solid 

media, were performed to determine the intrinsic 2nd-order rate constant between 2,6-

DMA and OH• to ensure the accuracy of the obtained values. For mechanism 

determination, several extra experiments were performed using the initially identified 

aromatic intermediates, i.e., 2,6-DMP, 2,6-DMN and 2,6-DMB, as the target 

compounds for cross-checking purpose. In the second part, the behavior of the iron 

precipitation and crystallization onto the media in the FBR was investigated. 

 

3.3.1 Kinetics of 2,6-Dimethyl-aniline Degradation  

 

 To determine the intrinsic 2nd-order rate constant between 2,6-DMA and OH•, 

6 experimental scenarios (Scenarios B to G) were set up and carried out. In addition, 

one control experiment was also performed for system control (Scenario A). 

 

Scenario A 

Determination of the effect of volatilization and H2O2 on the disappearance of 

2,6-DMA, n,n-dimethylaniline, and aniline in a batch reactor under the conditions as 

shown in Table 3.1. This experiment was conducted to observe the reactivity of all 

target compounds with H2O2 as well as their ability to volatile to the atmosphere 

under the studied conditions. 

 

Table 3.1 Conditions for the determination of H2O2 oxidation and volatilization of 

target compounds. 

2,6-DMA  

(mM) 

AN 

(mM) 

n,n-DMA 

(mM) 

H2O2 

(mM) 
pH 

1 1 1 20 3 

 



 38

 

Scenario B 

Determination of the effect of H2O2 on the degradation of o-toluidine in a 

batch reactor with the condition as shown in Table 3.2. This experiment aimed to 

verify the H2O2–resistivity of the o-toluidine which was used as an internal standard 

for GC analysis. 

 

Table 3.2 Conditions for the determination of o-toluidine oxidation by H2O2. 

o-toluidine (mM) H2O2 (mM) pH 

0.1 2 11 

 

Scenario C 

Verification of the competitive rate technique in a batch reactor with the 

conditions as shown in Table 3.3. This part aimed to verify the feasibility and 

accuracy of the competition rate technique in determining the reaction rate constant 

by using two organics, i.e., AN and n,n-DMA of which the rate constants with OH• 

have been already reported. 

 

Table 3.3 Conditions for verification of the competitive rate technique. 

n,n-DMA 

(mM) 

AN 

(mM) 

Fe2+ 

(mM) 

H2O2 

(mM) 
pH 

Number 

of run 

1 1 1 20 3 3 

 

Scenario D 

Determination of intrinsic rate constant by ordinary Fenton process in a batch 

reactor in the absence of solid carriers with the conditions as shown in Table 3.4. This 

part aimed to determine the 2nd-order rate constant between 2,6-DMA and OH• by the 

competitive rate technique using AN as a reference compound. 
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Table 3.4 Conditions for the rate constant determination under the batch operation. 

2,6-DMA 

(mM) 

AN  

(mM) 

Fe2+  

(mM) 

H2O2  

(mM) 

pH Number 

of run 

1 1 1 20 3 3 

0.5 1 1 20 3 1 

1 0.5 1 20 3 1 

0.5 0.5 1 20 3 1 

1 1 1.5 30 3 1 

1 1 2 40 3 1 

1 1 1 30 3 1 

 

Scenario E 

Determination of intrinsic rate constant by ordinary Fenton process in the 

presence of SiO2 in the batch reactor with the conditions as shown in Table 3.5. This 

part aimed to investigate the effect of solid media on the disappearance rate and rate 

constant of 2,6-DMA simulating of those occurred the fluidized-bed Fenton process. 

 

Table 3.5 Conditions for the rate constant determination in the presence of solid 

media. 

2,6-DMA 

(mM) 

AN  

(mM) 

Fe2+  

(mM) 

H2O2  

(mM) 

pH SiO2 

(g/l) 

1 1 1 20 3 37.04 

 

Scenario F 

Determination of intrinsic rate constant by fluidized-bed Fenton process with 

the conditions as shown in Table 3.6. This part aimed to investigate the effect of FBR 

operation on the oxidation rate and rate constant of 2,6-DMA. 
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Table 3.6 Conditions for rate constant determination by the fluidized-bed Fenton 

process. 

2,6-DMA 

(mM) 

AN  

(mM) 

Fe2+  

(mM) 

H2O2  

(mM) 

pH CS 

 (g/l) 

Number 

of run 

1 1 1 20 3 230.77 2 

 

Scenario G 

Determination of intrinsic rate constant by ordinary Fenton process in the 

continuous mode with the conditions as shown in Table 3.7. The objective of this part 

was similar to those of Scenario D; however, the operation was changed from a batch 

mode to continuous mode. 

 

Table 3.7 Conditions for the rate constant determination under the continuous 

operation. 

2,6-DMA 

(mM) 

AN  

(mM) 

Fe2+  

(mM) 

H2O2  

(mM) 

pH Number 

of run 

1 1 1 20 3 2 

 

 

3.3.2 Mechanism of 2,6-Dimethyl-aniline Oxidation  

 

To determine the oxidation pathway of 2,6-DMA by OH•, the Fenton reaction 

of 2,6-DMA and its potential intermediates was studied in the batch reactor. 

 

Scenario H 

Determination of the mechanism of 2,6-DMA oxidation by OH•  with the 

conditions as shown in Table 3.8.  
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Table 3.8 Conditions for oxidation pathway determination. 

2,6-DMA 

(mM) 

2,6-DMB  

(mM) 

2,6-DMN 

(mM) 

2,6-DMP 

(mM) 

Fe2+  

(mM) 

H2O2  

(mM) 

pH 

10 - - - 10 200 3 

- 10 - - 5 100 3 

- - 10 - 5 100 3 

- - - 10 5 100 3 

 
 
 
 3.3.3 Iron Precipitation and Crystallization 

 

 Since the precipitation and crystallization of solid particles occur 

simultaneously and simultaneously, this research decided to investigate all the 

conditions involving in these two processes. 

 

Scenario I 

Preliminary study on the effect of pH on iron solubility with the conditions as 

shown in Table 3.9. Since Fe2+ is one of the Fenton’s reagent and Fe3+ is the oxidize 

product from Fenton reaction, it is important to determine the aqueous solubility of 

both iron species. This can ensure that all FeSO4•7H2O being added could completely 

dissolve in the water and the precipitation of Fe3+ can be understood. 

 

Table 3.9 Conditions for iron solubility study. 

Iron (mM) pH NaClO4 (M) 

- 
1 mM of Fe2+ 1-12 

0.1 

1 mM of Fe3+ 1-12 0.1 
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Scenario J  

Determination the effect of iron concentration on iron solubility at different 

pH with the condition as shown in Table 3.10. This part aimed to provide a better 

understanding in the solubility behavior of Fe2+ and Fe3+ in aqueous phase.  

 

Table 3.10 Conditions for the effect of iron concentration. 

Iron pH NaClO4 (M) 

1 & 2 mM Fe2+ 

1 & 2 mM Fe3+ 
1-12 0.1 

 

Scenario K  

 Determination of Fe(OH)3 crystallization with the conditions as shown in 

Table 3.11. The behavior of Fe(OH)3 crystallization onto solid media under 

supersaturated was investigated in this part which can lead to a better understanding 

on the removal of iron in the fluidized-bed Fenton process. 

 

Table 3.11 Conditions for the Fe(OH)3 crystallization characterization in FBR. 

Fe3+  

(mM) 

pH CS 

(g/l) 

SiO2 

(g/l) 

Al2O3 

(g/l) 

1 7 230.77 - - 

1 7 - 230.77 - 

1 7 - - 230.77 

1 3 230.77 - - 

 

Scenario L  

 Determination of crystallization under Fenton reaction with the conditions as 

shown in Table 3.12. This part aimed to determine the natural behavior of iron 

crystallization in the fluidized-bed Fenton process in the absence of organic matters. 
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Table 3.12 Conditions for the crystallization in fluidized-bed Fenton process. 

Fe2+  

(mM) 

H2O2 

(mM) 

pH CS 

 (g/l) 

SiO2 

(g/l) 

230.77 - 

- 230.77 1 20 3 

230.77 (passing #30) - 

 

Scenario M  

 Determination of effect of Fe(OH)3 crystallites on crystallization process with 

the conditions as shown in Table 3.13. In this part, the Fenton reaction was allowed to 

proceed in a completely mixed reactor (CMR) for 1 hour without any medium before 

transferring into the FBR for crystallization for 3 hours (1-hr pre-CMR+FBR). This 

scenario was different from previous in term of the crystallite formation. In previous 

scenario, the iron crystallites were formed and the crystallization onto the sand 

surface occurred simultaneously. On the other hand, the crystallites were allowed to 

ripen for 1 hour (the crystals became larger) before the crystallization in the FBR 

could happen. 

 

Table 3.13 Conditions for the effect of Fe(OH)3 crystallites. 

Fe2+  

(mM) 

H2O2 

(mM) 

pH 

 

CS 

 (g/l) 

Operating 

Mode 

fully FBR 
1 20 3 230.77 

1-hr pre-CMR+FBR 

3 60 3 230.77 5-min pre-CMR+FBR 

 

Scenario N  

 Determination of effect of iron concentration on iron crystallization with the 

conditions as shown in Table 3.14. As the iron concentration increased, the 

supersaturated condition became more prevailed even though the pH was the same; 

hence, the effect of supersaturation on iron crystallization could be obtained without 
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compromising the effect of pH. In this part, various Fe2+ concentrations were used to 

observe the behavior of iron crystallization both under the typical FBR mode and 1-hr 

pre-CMR+FBR mode. 

 

Table 3.14 Conditions for the effect of iron concentration on crystallization. 

Fe2+  

(mM) 

H2O2 

(mM) 

pH 

 

CS 

 (g/l) 

Operating 

Mode 

fully FBR 1 

 

20 

 1-hr pre-CMR+FBR 

fully FBR 
2 40 

1-hr pre-CMR+FBR 

fully FBR 
3 60 

3 230.77 

1-hr pre-CMR+FBR 

 

Scenario O 

 Determination of effect of mixing on crystal growth with the conditions as 

shown in Table 3.15. This part aimed to provide a better understanding on the 

mechanism of crystallite formation and crystal growth. 

 

Table 3.15 Conditions for the effect of mixing on crystal growth. 

Fe3+ (mM) pH Operating Conditions 

Purging with air in cylinder 

 Purging with O2 in cylinder 

Purging with N2 for 15 min and kept in BOD bottle 
3 

 

3 

 
Fenton process 

 

Scenario P  

Determination of effect of organo-ferric complex on Fe3+ solubility and 

crystallization in FBR. This scenario consisted of 2 parts. The first part studied under 

constant organo-ferric complex concentration without Fenton’s reagent in FBR (Table 
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3.16), the type and concentration of carboxylic acids being used simulated from the 

conditions found during the oxidation of 1 mM of 2,6-DMA. The second part aimed 

to investigate under the dynamic condition in the fluidized-bed Fenton process (Table 

3.17).  

 

Table 3.16 Conditions for the effect of organo-ferric complex on Fe3+ 

solubility/crystallization in FBR. 

Fe3+ 

(mM) 

Formic acid 

(mM) 

Acetic acid 

(mM) 

Oxalic acid 

(mM) 

pH 

 

CS 

 (g/l) 

2.0 0.5 2.0 
1 

- - - 
3 230.77 

 

Table 3.17 Conditions for the effect of organo-ferric complex on Fe3+ 

solubility/crystallization under dynamic state in fluidized-bed Fenton process. 

2,6-DMA 

(mM) 

AN 

(mM) 

Fe2+  

(mM) 

H2O2 

(mM) 

pH 

 

CS 

 (g/l) 

Operating 

Mode 

fully FBR 
0.1 0.1 

1-hr pre-CMR+FBR 

fully FBR 
1 1 

1 20 3 230.77 

1-hr pre-CMR+FBR 

 

Scenario Q  

Determination of the reusability of iron-coated CS for iron crystallization with 

the conditions as shown in Table 3.18. This part aimed to investigate the capability of 

CS to serve as the fluidized medium for iron crystallization. 
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Table 3.18 Conditions for the reusability of iron-coated CS for iron crystallization. 

Fe2+  

(mM) 

H2O2 

(mM) 

pH 

 

CS 

 (230.77 g/l) 

1 20 Cycle 1st – Cycle 5th  

2 40 
3 

Cycle 6th – Cycle 101st 

 

Scenario R  

Determination of the catalytic ability of iron-coated CS in comparison with the 

goethite in Fenton reaction with the conditions as shown in Table 3.19. Since iron 

oxide can serve as a catalyst in Fenton process, this study part aimed to determined 

the catalytic activity of the iron-coated CS obtained from the fluidized-bed Fenton 

process and compared with the commercial goethite. The test was performed in a 

batch mode due to the cost limitation of expensive goethite. 

 

Table 3.19 Experimental scenarios for the catalytic ability of iron-coated construction 

sand on the oxidation of 2,6-DMA and AN. 

2,6-DMA 

(mM) 

AN 

(mM) 

H2O2 

(mM) 

pH 

 

Catalyst 

75 g/l iron-coated CS 

0.075 g/l goethite 

0.75 g/l goethite 

1.0 g/l goethite 

7.5 g/l goethite 

1 1 20 3 

75 g/l goethite 
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3.4 Analytical Methods 

 

3.4.1 Measurement of Aromatic Compounds 

 

After raising the pH by 0.1 N NaOH addition and filtered by cellulose acetate 

membranes with 0.22 μm pore size to separate precipitated iron, the sample was 

analyzed for residual organic compounds and its intermediates by using a GC-17A 

gas chromatograph equipped with a flame ionization detector and HP-5 capillary 

column (Hewlett-Packard) with 0.53-mm in inside diameter and 15-m length. Exactly 

1.0 μl of sample was injected into the injection port. The column temperature was 

initially set at 85°C for 3 minutes, then increased by 65°C per minute to 200°C and 

maintained at this temperature for the final 5 minutes. Injector and detector 

temperatures were set at 250 and 280°C, respectively. o-toluidine was used as the 

internal standard. Chromatogram of all aromatic compounds used in this study is 

shown in Figure 3.3 and the standard curves are shown in Appendix B. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 Gas chromatography chromatogram. 

 

AN 

OT 2,6-DMA
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3.4.2 Measurement of Iron  
 

Concentration of iron species, Fe2+, soluble and total iron, were performed 

immediately after sampling without alkaline addition in order to prevent the 

precipitation of Fe(OH)2. For ferrous analysis, the sample was analyzed by light 

absorbance measurement at 510 nm after being complexed with 1,10-phenanthroline 

using UV-vis spetophotometer (Genesys 20, ThermoSpectronic, USA) following the 

Standard Methods (APHA, 1992). The DI water mixed with the sample without 

phenanthroline was used as a blank for every sample. For total and soluble iron 

analysis, the samples were digested by concentrated hydrochloric acid (HCl) and  

hydroxylamine as the reductant to transform Fe3+ to Fe2+. Then, the samples were 

formed a colored complex with 1,10-phenanthroline following to the ferrous analysis. 

 

3.4.3 Measurement of Hydrogen Peroxide Residual 
 

Similar to Fe2+ analysis, the sample was analyzed for H2O2 immediately after 

sampling. The concentration of hydrogen peroxide residual was determined by 

standard iodometric method in which the potassium iodide and sodium thiosulfate  

were used as the reactant and titrant, respectively, as described in Appendix C. 

 

3.4.4 Measurement of Total Organic Carbon  

 

Mineralization of the effluent was determined by a mean of total organic 

carbon using SHIMADZU TOC-VCPH (Japan). Before the analysis, the Fenton 

reaction was stopped by 6 N NaOH at the ratio of 1:10 (20 ml NaOH to 200 ml 

sample), and then the solution was filtered with 0.22-μm microfilter to separate iron 

sludge from the solution. 

 

3.4.5 Identification and Measurement of Carboxylic Intermediates 

 

Carboxylic acids were determined by the Ion Chromatograph (SHIMADSU) 

equipped with SCL-10A VP system controller, DGU-20A3 degasser, LC-20AD VP 
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liquid chromatograph, CTO-20A column oven, CDD-10A VP conductivity detector, 

Shim-pack IC-GA3 guard column and Shim-pack IC-A3 analytical column (4.6 mm 

φ×15 cm). The mobile phase was 8.0 mM p-hydroxybenzoic acid and 3.2 mM bis(2-

hydroxyethyl)iminotris(hydroxymethyl)methane. The flow rate and temperature were 

set at 1.2 ml min-1 and 40 °C, respectively. Exactly 10 μl of the alkaline sample after 

NaOH addition was injected into the injecting port. 

 

3.4.6 Identification of Aromatic Intermediates 

 

 To identify the aromatic intermediates from 2,6-DMA oxidation by OH•, 4 ml 

of the sample after stopping Fenton reaction was injected into an extraction tube 

containing 2 ml of n-hexane. The tube was then shaken by hand 100 times, followed 

by 15 minutes of sonication, and then centrifuged at 4,000 rpm for 5 minutes. The 

upper-layer of n-hexane was withdrawn as much as possible into a 5-ml analyzing 

tube. The remaining mixture in the extraction tube was then re-extracted twice more 

following the same procedure. At the third extraction, the upper-layer of n-hexane 

was pulled out and filled the analyzing tube up to the 5-ml mark. A small amount of 

anhydrous Na2SO4 was added to remove moisture before GC analysis. One μl of the 

extraction solvent into the Agilent Technologies 6890N Network GC System 

equipped with a J&W DB-5MS capillary column (0.25 mm × 30 m) and connected 

with the 5973 Network Mass Selective Detector. The GC temperature program was as 

follows: 40°C for 2 min, followed by a 15 °C min-1 ramp to 280 °C, then hold for 5 

min. 

 

3.4.7 Solid Characterization 

  

 Iron oxide coated media were characterized for their surface properties, 

including specific surface area, pore volume, and pore size, and iron oxide species by 

BET surface analyzer (Autosorb-1 from Quantachrome) and XRD analyzer (D8 

Discover from Bruker AXS.), respectively. 

 



CHAPTER IV  

RESULTS AND DISCUSSION 
 

4.1 Kinetics of 2,6-Dimethyl-aniline Degradation 

 

4.1.1 Experimental Control 

 

4.1.1.1 2,6-Dimethyl-aniline, n,n-Dimethyl-aniline and Aniline  

Oxidation by H2O2 and Volatilization 

 

This experimental part (Scenario A) aimed to determine the oxidation of 2,6-

dimethyl-aniline (2,6-DMA), n,n-dimethyl-aniline (n,n-DMA) and aniline (AN) by 

H2O2 as well as their volatilization. The results demonstrated that H2O2 did not have 

any significant impact on degradation of these three compounds as shown in Figure 

4.1 (raw data are shown in Appendix D). In addition, volatilization of these three 

compounds could be neglected within the experimental period. From these results, it 

believed that the target compound (2,6-DMA) and the reference compounds could not 

be degraded effectively and rapidly without an involvement of hydroxyl radicals 

under the studied conditions. 

 

4.1.1.2 o-Toluidine Oxidation by H2O2 

 

In this study, o-toluidine (OT) was used as the internal standard for gas 

chromatograph analysis to obtain accurate concentrations of the compounds. As a 

result, it is necessary to assure that o-toluidine would not be degraded under the 

conditions in GC vial in which the pH was adjusted to 11 to stop Fenton reaction and 

the sample was diluted 10 times (Scenario B). Figure 4.2 exhibits that o-toluidine 

concentration was not significantly decreased in the presence of H2O2, so it means 

that o-toluidine can serve very well as the internal standard. 
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Figure 4.1 Control experiment for direct H2O2 oxidation and volatilization with the 

initial conditions as follows: 1 mM of 2,6-DMA, n,n-DMA and AN, 20 mM of H2O2 

at pH 3 and 25°C. 
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Figure 4.2 Control experiment for direct H2O2 oxidation of the internal standard (OT) 

with the initial conditions as follows: 0.1 mM of OT, 2 mM of H2O2 and pH 11. 
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4.1.2 Verification of Competitive Kinetics Technique 

 

 A preliminary study was conducted to verify the accuracy of this competitive 

kinetics technique by monitoring the degradation rate of aniline with the rate constant 

with OH• of 4.8×109 M-1sec-1 in the presence of n,n-DMA of which its second-order 

rate constant with OH• is also known (2.9×109 M-1sec-1) as shown in Scenario C. Data 

repeatability and reliability were also conducted as shown in Figure 4.3 as an example 

case in which the Fenton experiment was carried out in triplicate. It can be seen from 

the figure that the data obtained from three different runs with similar conditions were 

almost the same; hence, verifying the consistency of experimental set up and 

procedure. Considering on the aniline and n,n-DMA removal efficiencies from Figure 

4.3(a), it can been seen that aniline was removed faster than n,n-DMA because aniline 

molecular structure was simpler than n,n-DMA which has a dimethylamino group 

attached to a phenyl group. This is in agreement with the reported rate constants 

where the second-order rate constant with OH• of aniline was greater than n,n-DMA. 

Figure 4.3(b) is the plot between ln([n,n-DMA]/[n,n-DMA]0) versus ln([AN]/[AN]0) 

shows a linear relationship and the slope will represent the ratio of the rate constants 

between aniline and n,n-DMA. The average slope of 0.65 was obtained which was 

very close to the theoretical value of 0.60; hence, this competitive kinetics technique 

employed in this research is valid. 

 

4.1.3 Intrinsic Rate Constant of 2,6-Dimethyl-aniline with Hydroxyl  

         Radical 

 

4.1.3.1 Batch Study in the Absence of Media 

 

 The intrinsic rate constant of 2,6-DMA was determined by using the similar 

procedure in a batch reactor similar to the case of technique verification, Data 

repeatability was repeatedly obtained as shown in Figure 4.4 as an example case. 

Figure 4.4(a) showed that the removal efficiency of aniline was slower than 2,6-

DMA. It can expected that the second order rate constant of 2,6-DMA with OH• will  
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(a) Profile of AN and n,n-DMA  
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Figure 4.3 Verification of competitive technique with the initial conditions as  

follows: 1 mM of AN, 1 mM of n,n-DMA, 1 mM of Fe2+, 20 mM of H2O2 at pH 3 and  

25°C. 
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y = 3.4296x - 0.0058
R2 = 0.9407

y = 3.6452x + 0.2386
R2 = 0.9852

y = 3.7532x + 0.4497
R2 = 0.9883

-4

-3.5

-3

-2.5

-2

-1.5

-1

-0.5

0
-1.2-1-0.8-0.6-0.4-0.20

ln [AN]/[AN]0

ln
[2

,6
-D

M
A

]/[
2,

6-
D

M
A

] 0

RUN 1

RUN 2

RUN 3
 

 

 

 

 

(b) Relationship between ln([2,6-DMA]/[n2,6-DMA]0) versus ln([AN]/[AN]0) 

 

Figure 4.4 Intrinsic rate constant determination of 2,6-DMA in batch mode with the  

initial conditions as follows: 1 mM of AN, 1 mM of 2,6-DMA, 1 mM of Fe2+, 20 mM 

of H2O2 at pH 3 and 25°C. 
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be greater than aniline. Following the experimental triplications from Figure 4.4(b), 

the results showed that the ratios of the rate constant between 2,6-DMA and aniline 

by the Fenton process under the condition of 1 mM of 2,6-DMA, 1 mM of aniline, 1 

mM of Fe2+, 20 mM of H2O2, pH 3, and 25°C were quite steady with an average of 

3.61. The rate constants were estimated to be in the range of 1.65×1010 to 1.80×1010 

M-1sec-1 as shown in Table 4.1. Furthermore, under other conditions as described in 

Scenario D, the rate constants between 2,6-DMA and OH• in the Fenton reaction were 

found to be quite steady between 1.59×1010 and 1.80×1010 M-1 sec-1 as summarized in 

Table 4.1 (graphical determinations are shown in Appendix E). By averaging the 

values in Table 4.1, the second-order intrinsic rate constant between 2,6-DMA and 

OH• obtained from the batch study without media was 1.71×1010 M-1sec-1.  

 

4.1.3.2 Batch Study in the Presence of Media 

  

In this section, the intrinsic rate constant of 2,6-DMA with OH• was 

determined in a silica-suspension batch reactor to simulate a fluidized-bed reactor 

(Scenario E). Figure 4.5(a) shows the time profiles of aniline and 2,6-DMA in the 

presence of SiO2. As compared to ordinary Fenton process without SiO2 (Figure 

4.4a), it can be seen that both removal rate and efficiency in the presence of SiO2 were 

significantly lower. This is possibly due to the limitation of Fe2+ in the presence of 

SiO2 suspension as a result from surface complexation which should be similar to the 

condition which occurs in the fluidized-bed Fenton reactor. Certain portion of added 

Fe2+ was adsorbed onto the surface of SiO2; hence, reduced the amount of free Fe2+ to 

catalyze the decomposition of H2O2 to generate the powerful OH•. As a result, the 

disappearance rates of aniline and 2,6-DMA were decelerated as compared to in the 

absence of SiO2. Nonetheless, the results showed that the ratio of the rate constants 

between 2,6-DMA and aniline obtained from the SiO2-suspension reactor which 

simulating the fluidized-bed Fenton reactor of 3.34 (Figure 4.5(b)) which is 

corresponding to the value of the rate constant of 1.6×1010 M-1 sec-1 (Table 4.1) was 

comparable to the results from previous part. 

 



 56

Table 4.1 Intrinsic rate constants of 2,6-DMA obtained from various experimental 

conditions. 

Operating 

Condition 

AN 

(mM) 

2,6-

DMA 

(mM) 

Fe2+ 

(mM) 

H2O2 

(mM) 

Media 

(g/l) 

k 

(M-1sec-1) 

1 1 1 20 - 1.65×1010 

1 1 1 20 - 1.75×1010 

1 1 1 20 - 1.80×1010 

1 0.5 1 20 - 1.73×1010 

0.5 1 1 20 - 1.59×1010 

0.5 0.5 1 20 - 1.59×1010 

1 1 1.5 30 - 1.74×1010 

1 1 2 40 - 1.77×1010 

1 1 1 30 - 1.76×1010 

Batch 

without 

media 

average 1.71×1010 

Batch with 

media 
1 1 1 20 

37.04 

(SiO2) 
1.60×1010 

1 1 1 20 
230.77 

(CS) 
1.67×1010 

1 1 1 20 
230.77 

(CS) 
1.75×1010 

Batch in 

fluidized-

bed Reactor 

average 1.71×1010 

1 1 1 20 - 1.70×1010 

1 1 1 20 - 1.71×1010 

Continuous 

without 

media average 1.71×1010 

                         Overall average 1.70×1010 
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(a) Profile of AN and 2,6-DMA 
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(b) Relationship between ln([2,6-DMA]/[n2,6-DMA]0) versus ln([AN]/[AN]0)  

 

Figure 4.5 Intrinsic rate constant determination between 2,6-DMA and OH• in a 

SiO2-suspension reactor with following conditions: 1 mM of AN, 1 mM of 2,6-DMA, 

1 mM of Fe2+, 20 mM of H2O2, 37.04 g/l of SiO2 at pH 3 and 25°C. 
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4.1.3.3 Batch Study in the Fluidized-bed Reactor 

 

In this experiment, the second-order rate constants of 2,6-DMA with OH• was 

determined in the real fluidized-bed Fenton process (Scenario F). From Figure 4.6(a), 

the data repeatability of the fluidized-bed Fenton process was also confirmed. It can 

be seen that the data obtained from two different runs with similar conditions were 

almost the same; thus, it can verify the consistency of experimental set up and 

procedure. The outcomes for the slopes of Figure 4.6(b) found that the average rate 

constant was 1.71×1010 M-1 sec-1 (Table 4.1) which was very close to the results from 

previous two cases. This could verify the reliability of the rate constant obtained in 

this study. 

 

4.1.3.4 Continuous Study in the Absence of Media 

  

 The continuous study was also carried out to examine the intrinsic rate 

constant of 2,6-DMA (Scenario G). From Figure 4.7, the repeatability of the 

continuous study was also assured. It can been seen from the figure that the data 

obtained from two different runs with similar conditions under the steady state were 

almost the same; hence, verified the consistency of experimental set up and 

procedure. Moreover, the oxidation of aniline was slower than 2,6-DMA similar to 

the batch study. The concentrations of aniline and 2,6-DMA reached the equilibrium 

within 30 minutes. It means that within the experimental period for 2.5 hours, both of 

these compounds were quite steady. The second-order intrinsic rate constant from this 

continuous experiment could be determined by following Eq. 2.28 and found to be 

with the average of 1.71×1010 M-1sec-1 as shown in Table 4.1. In addition, since the 

influent flow rates were also known, the concentrations of OH• at the steady state 

could be estimated and were found to be in the range of 4.85×10-10 to 6.82×1010 mM. 

Due to its high reactivity and short lifetime the concentration of OH• in aqueous 

solution can be expected as very low depending on the presence of reactants, 

scavengers, organic compounds, and environmental conditions. 
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(b) Relationship between ln([2,6-DMA]/[n2,6-DMA]0) versus ln([AN]/[AN]0)  

 

Figure 4.6 Instrinsic rate constant determination between 2,6-DMA and OH• in a 

batch fluidized-bed reactor with following conditions: 1 mM of AN, 1 mM of 2,6-

DMA, 1 mM of Fe2+, 20 mM of H2O2, 230.77 g/l of CS at pH 3 and 25°C. 
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Figure 4.7 Time-profile of 2,6-DMA and AN in continuous mode with the initial 

conditions as follows: 1 mM of AN, 1 mM of 2,6-DMA, 1 mM of Fe2+, 20 mM of 

H2O2 at pH 3 and 25°C. 

 

4.1.3.5 Overall Rate Constant and Confidence Interval 

 

Average intrinsic second-order rate constant between 2,6-DMA and OH• from 

14 runs was 1.70×1010 M-1 sec-1 as shown in Table 4.1. An attempt has been made to 

determine the confidence interval for this rate constant mean. By assuming that the 

measured data were normally distributed and the population variance was unknown, 

the confidence intervals had to be estimated by using the “t-distribution” instead of 

the “standard normal distribution” since the data size was less than 30 (Daniel, 1991). 

The calculation result revealed that the average and 95 percent confidence interval of 

the intrinsic second-order rate constant between 2,6-DMA and OH• was 

1.70±0.04×1010 M-1 sec-1. 

 

4.1.4 Effect of Fenton’s Reagent on Organic Degradation 

 

Concentrations of the Fenton’s reagent, Fe2+ and H2O2, have a major impact 

on Fenton reaction not only because they generate the OH• but also act as the 

scavengers for OH•. It is interesting to investigate the effect of Fenton’s reagent on 
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the degradation of 2,6-DMA and AN (using the data obtained from Scenario D). 

Figure 4.8 shows the degradation profiles of 2,6-DMA and AN concurrently present 

in the Fenton process. It can be seen that when the Fe2+:H2O2 ratio was kept constant 

at 1:20, the disappearance rate of both target compounds increased as the 

concentration of Fenton’s reagent increased. This implies that, for the 2,6-DMA and 

AN solution at 1 mM each, the amounts of Fe2+ and H2O2 being added in this study 

were still under 
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Figure 4.8 Effect of Fenton’s reagent on the degradation of 2,6-DMA and AN in a 

batch mode without media with the initial conditions as follows: 1 mM of AN, 1 mM 

of 2,6-DMA at pH 3 and 25°C. 
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the optimum doses; hence, scavenging effect from Fe2+ and H2O2 was minimal. 

Decreasing the Fe2+:H2O2 ratio from 1 mM : 20 mM to 1 mM : 30 mM did not 

provide any significant impact on the degradation process indicating that H2O2 was 

not the limiting recipe under the studied conditions; however, increasing the 

Fe2+:H2O2 ratio from 1 mM : 30 mM to 1.5 mM : 30 mM notably accelerated the 

oxidation rate. This indicates that Fe2+ was the principal variable in this case. 

 

4.1.5 Degradation Intermediates and Pathway 

 

 The mechanism of 2,6-DMA oxidation by OH• was also investigated in this 

study (Scenario H). The concentrations of 2,6-DMA and Fenton’s reagent were 

increased 10 times in order to raise the intermediate concentrations to a level that 

could be accurately identified by the GC/MS and IC. In addition, several extra 

experiments were also performed using the identified aromatic intermediates as the 

target compounds to identify their respective oxidation products in order to cross-

check the results. The aromatic intermediates found with 80% matching quality or 

greater were 2,6-DMN, 2,6-DMP, 2,6-DMB, 2,6-dimethyl-hydroquinone (2,6-DMH), 

2,6-dimethyl-nitrophenol, and 2,6-dimethyl-3-hydroxy-benzoquinone as shown in 

Table 4.2. According to the MSDS, only 2,6-DMP is more toxic than the mother 

compound, 2,6-DMA; nonetheless, its toxicity could be neglected as will be discussed 

later. This indicated that the methyl group on the aromatic ring was less sensitive to  

 

Table 4.2. Identified aromatic intermediates of 2,6-DMA oxidation by OH•. 

Retention Time (min) Chemical formula Qa (%) 

8.000 C8H8O2 (2,6-dimethyl-benzoquinone) 83 

8.097 C8H10O (2,6-dimethyl-phenol) 97 

8.943 C8H9NO2 (2,6-dimethyl-nitrobenzene) 98 

9.046 C8H8O3 (2,6-dimethyl-3-hydroxy-p-benzoquinone) 80 

10.046 C8H10O2 (2,6-dimethyl-hydroquinone) 81 

10.674 C8H9NO3 (2,6-dimethyl-nitrophenol) 90 
aQ is the matching quality when compared with the mass spectrum in the Wiley7n 

database. 
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OH• attack than amine- and nitro-functional groups. In addition to the aromatic 

intermediates, several carboxylic acids were also detected; including maleic, lactic, 

oxalic, acetic, and formic acids. The pathway of 2,6-DMA oxidation by OH• is 

proposed as shown in Figure 4.9. The proposed mechanism is quite similar to those of 

aniline oxidation by OH• either in the Fenton processes (Brillas et al., 1998) or in the 

catalytic ozonation (Sauleda and Brillas, 2001) or by oxygen in the wet air oxidation 

(Oliviero et al., 2003). This is understandable since the methyl group on the aromatic 

ring of 2,6-DMA was not susceptible to OH• attack as mentioned previously; 

therefore, OH• would attack other sites around the benzene ring of 2,6-DMA (either at 

the amine or hydrogen positions) as if it was AN. In addition, several identified 

species obtained from this study were also in agreement with Skoumal et al. (2008) 

who studied the oxidation of chloroxylenol by electrochemical advanced oxidation 

processes. They found OH• attacked at the chlorine position to form 2,6-DMH, which 

was further oxidized to 2,6-DMB and several carboxylic acids similar to the 

observation in this study. Moreover, the ring-cleavage C-3 or lower compounds 

identified in this work were corresponding very well with the reaction network for the 

catalytic wet air oxidation of maleic acid proposed by Oliviero et al. (2001). 

The time profiles of the major products are illustrated in Figure 4.10(a), which 

reveals that the concentrations of the aromatic intermediates were very low (i.e., less 

than 0.015 mM) even though 80% of 10 mM 2,6-DMA have been already 

transformed. This indicates that the aromatic ring was rapidly ruptured to form open-

chain products. Hence, the toxicity impact of these aromatic intermediates could be 

neglected since 2,6-DMP which is more toxic than 2,6-DMA was accumulated at the 

very low concentrations of around 0.014 mM or less and disappeared rapidly when 

the oxidation process proceeded. Acetic and formic acids, which are the most 

successive organic products prior to conversion to CO2, were accumulated in the 

solution. This implies that under the studied conditions within 60 minutes of reaction 

time, 2,6-DMA could not be completely mineralized to CO2. This is in agreement 

with the total organic carbon profile as shown in Figure 4.10(b) in which only 35% of 

initial organic carbon was converted to CO2. Considering the carbon balance at the 

end of the reaction period, it can be seen that approximately 70% of the organic 

carbon could be quantified from the identified intermediates. 
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Figure 4.9 Proposed reaction pathway for the mineralization of 2,6-DMA by OH•. 
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Figure 4.10 Intermediate products and TOC profiles of 10 mM of 2,6-DMA 

degradation by Fenton reaction with 10 mM of Fe2+ and 200 mM of H2O2 at pH 3 and 

25 °C. 
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4.2 Iron Crystallization  

 

4.2.1 Iron Solubility 

  

In this section, the aqueous solubility of Fe2+ and Fe3+ which are the major 

iron species in water was determined within the pH range of 2 and 12 with the 

conditions mentioned in Scenarios I and J. Figure 4.11(a) shows that Fe2+ dissolved 

very well in water when the pH was less than 5 but became less soluble as the pH 

increased toward pH 12. The precipitation was expected to be in the form of Fe(OH)2. 
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 (b) Fe3+ solubility 
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Figure 4.11 Effect of ionic strength and pH on iron solubility at 25°C. 



 67

On the other hand, Fe3+ which was the product from Fe2+ oxidation by H2O2 in Fenton 

reaction was much less soluble than Fe2+, i.e., only 10 mg/l dissolved at pH 3 and 

became lessen as the pH increased as shown in Figure 4.11(b). These results suggest 

the Fe3+ should continuously precipitate out in the form of Fe(OH)3 during the Fenton 

reaction at pH greater than 3 since the concentration of Fe2+ being used was typically 

higher than 10 mg/l. These results are in agreement with the theoretical principle as 

shown in Figure 4.12. The lines which representing the concentrations of various 

ferric-hydroxo complexes as a function of pH are calculated based on theoretical 

principle of ferric-hydroxo complexes and ferric hydroxide precipitation at 25°C in 

ideal solution (neglecting the ionic strength). Details for the calculation are shown in 

Appendix F. The points were the solubility data observed from the experiments. The 

difference might be due to the effect of ionic strength in the real solution. The data at 

pH greater than 3 could not be detected accurately because they were lower than the 

detection limit of the Phenanthroline method. 

In order to ensure that the solid ferric phase precipitated out was Fe(OH)3 

rather than other ferric oxide species, a test was performed in the absence of oxygen 

gas by purging with nitrogen gas during the dissolution and placing into the BOD 

bottle (Scenario O). The results in Figure 4.13 show that the solubility of Fe3+ 

gradually decreased with time and the soluble Fe3+ was approaching the value  
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Figure 4.13 Ferric precipitation under different dissolved oxygen levels and 

turbulence condition (purging with O2 and air versus stagnant condition in BOD 

bottle) with the initial conditions as follows: 1 mM of Fe3+ at pH 3 and 25°C. 

 

obtained from the solubility test under O2 gas and air purging (Scenario O) indicating 

that oxygen did not directly involve in the precipitation process. These iron 

precipitates should have a potential to crystallize onto the solid particles existing in 

the fluidized bed reactor under proper environments. Nonetheless, it is important to 

note that the physical appearance of ferric precipitates at acidic pH was significantly 

different from those precipitated at neutral pH. At low pH, the solids were dark 

yellow with discrete particle appearance whereas were orange to red with agglomerate 

puffy-floc appearance at neutral pH (See Figure A.7). The difference in crystalline 

structure/color might be due to the pH dependency of the crystalline formation rate. 

At low pH, the OH- concentration is very low, resulting in a slower crystallization rate 

than at high pH where OH- is dominated. It is very interesting to observe that the 

color of iron particles in the solution at pH 3 in the BOD bottle gradually changed 

from dark yellow to orange and red similar to those of pH 7 at the end of 19 hours. 

This observation supports the statement that the color of the Fe(OH)3 precipitates 

depends largely on the ripening or aging period of the crystals. According to Stumm 

and Morgan (1996), there is a metastable zone within which the crystal 

formation/growth is possible at a lower saturation ratio on a solid surface than in 
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solution. The crystallization can occur without the concomitant nucleation stage if the 

solution is seeded with crystallites or foreign particles which could provide their 

surfaces for nucleation or so called “heterogeneous nucleation”. These differences in 

solid properties also impacted the crystallization onto fluidized-bed media as will be 

discussed later. 

It is important to note that the iron solutions prepared at pH 2 to 12 would 

significantly have different ionic strength due to acid/alkaline addition for pH 

adjustment. The difference in ionic strength might affect the solubility of iron due to 

activity dissimilarity. As a result, another test (Scenario I) was conducted by buffering 

the ionic strength of the solutions at different pH with 0.1 M of NaClO4.  Figure 

4.11(a) shows that the effect of ionic strength on ferrous solubility. Between pH 5.4 

and 5.8, the ionic strengths of Fe2+ solution with and without NaClO4 were 

approximately 2.0×10-6 (mainly from SO4
2-) and 1.0×10-1 M (mainly from Na+ and 

ClO4
-), respectively. It can be seen that the effect was diminutive and could be 

neglected even though the ionic strengths of these solutions were almost 50 times 

different. This was possible due to the accuracy of the phenanthroline method at very 

low Fe2+ concentration; i.e., the remaining Fe2+ concentration might be lower than the 

detectable limit for 1 cm light path. Nonetheless, the ionic strength of the solution was 

buffered by 0.1 M NaClO4 in the case of Fe3+ solubility test. 

 

4.2.2 Fe(OH)3 Crystallization in Fluidized-bed Reactor 

 

In this part (from Scenario K), Fe3+ was precipitated out in the form of 

Fe(OH)3 at pH 7 in the absence of H2O2 to simulate the neutralization condition after 

Fenton treatment. Under this condition, the concentration product of Fe3+ and OH- 

was much higher than the solubility product of Fe(OH)3 implying a supersaturated 

solution. It was very interesting to found that Fe(OH)3 very poorly crystallized onto 

the fluidized media including SiO2, Al2O3, and CS as shown in Figure 4.14. It is 

believed that the formation of Fe(OH)3 at pH 7 is very rapid; hence, the mechanism 

mainly followed the homogeneous crystallization rather than the heterogeneous 

crystallization. Fe(OH)3 cluster or nucleus was rapidly formed from the 

supersaturated solution and serving as nuclei for further material deposition to  
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Figure 4.14 Effect of pH and fluidized-bed material on total iron removal with the 

initial conditions as follows: 1 mM of Fe3+, 230.77 g/l of media at 25 °C. 

 

form crystallites which sequentially ripening to form crystals. The role of fluidized-

bed media was minute by the overwhelmingly nucleus formation. In other word, the 

Fe(OH)3 crystals could be effectively formed and grown by themselves without 

foreign solids. This suggests that crystallization of iron in fluidized-bed Fenton 

process could not performed rapidly and effectively after neutralization. In order to 

verify this hypothesis, Fe3+ solution at pH 3 was circulated in the FBR with 

construction sands under the same operating conditions. The result revealed that iron 

could efficiently crystallize onto the sand surface with the removal efficiency of 78% 

in 3 hours. At pH 3, the OH- concentration was 104 times lower than at pH 7; hence, 

the precipitation occurred within the metastable zone where foreign particles could 

effectively stimulate the crystallization by providing their surface for heterogeneous 

nucleation.  

 

4.2.3 Fe(OH)3 Crystallization in Fluidized-bed Fenton Process 

  

From previous section, it was found that Fe3+ could effectively crystallize onto 

the sand surface at pH 3. This section investigated into more details by simulating the 

real fluidized-bed Fenton process (Scenario L). Fe2+ and H2O2 were added 



 71

simultaneously into the FBR with either CS or SiO2 serving as the fluidized materials 

at pH 3. In this scenario, the experiment with CS was duplicated to determine the 

reliability and repeatability of the experimental setup and procedure. It can be seen 

from Figure 4.15 that these two duplicated runs provided very close results which 

implied that the experimental setup and procedure were reliable and accurate. 

Regarding on the type of fluidized material, it was found that the iron crystallization 

onto the CS was faster than onto the SiO2 even though the iron removal efficiencies at 

180 minutes were comparable. This may be due to the impurity on the CS surface 

and/or surface property of the CS. To verify this hypothesis, CS with different size 

distribution, i.e., passing sieve #30 but retained on sieve #40 (0.42 mm < φ < 059 

mm) versus passing sieve #30 (φ < 059 mm), were tested and the results were shown 

in Figure 4.15. It can be seen that the iron crystallization rate and efficiency of both 

sets were comparable indicating that the size of CS did not have any significant 

impact on iron crystallization under the studied conditions. It is well documented that 

most of Fe2+ is simultaneously transformed to Fe3+ after the initiation of the Fenton 

reaction. Data from this study confirmed with this statement as shown in the Table 

D.30, i.e., Fe2+ disappeared instantly within the first 5 minutes to form Fe3+. Most of  
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Figure 4.15 Total iron removal in the fluidized-bed Fenton process with various solid 

materials and sizes with the initial condition as follows: 1 mM of Fe2+ or Fe3+, 20 mM 

of H2O2, 230.77 g/l of media at pH 3 and 25 °C. 
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Fe3+ being formed precipitated out and sequentially crystallized onto the CS surface 

leaving only a small portion of soluble Fe3+ in the solution as representing by the 

soluble iron concentration. It is also interesting to observe that iron reduction in the 

Fenton-like process with 1 mM Fe3+ and similar H2O2 concentration was comparable 

to those of Fenton process as shown in Figure 4.15. This implies that H2O2 did not 

play a major role on iron crystallization, instead the species of iron and its 

precipitation/crystallization environment primarily controlled the crystallization 

process. 

 

4.2.4 Effect of Fe(OH)3 Crystallites 

 

To better understand the crystallization mechanism occurred in the fluidized-

bed Fenton process, a set of experiment was performed. Fenton reaction was allowed 

to proceed in a completely mixed reactor (CMR) in the absence of sand for 60 

minutes before switching to the fluidized-bed reactor using CS as the media (Scenario 

M). By doing this, significant amount of Fe(OH)3 crystallites should be formed prior 

to contact with sand whereas in real fluidized-bed reactor, the Fe(OH)3 nuclei were 

formed and simultaneously contact with sand. The results for 1 mM of Fe2+ and 20 

mM of H2O2 were shown in Figure 4.16(a) indicating that the crystallization rate was 

faster in the real fluidized-bed reactor than in the 1-hr pre-CMR+FBR run although 

the iron removal efficiencies were comparable. As the iron content increased from 1 

mM to 2 and 3 mM (Scenario N), the crystallization rate in the 1-hr pre-CMR+FBR 

mode became worsen and worsen, respectively, when compared to those of real FBR 

mode as shown in Figures 4.16(b)  and 4.16(c). This is because the formation of the 

crystallites and crystals became ripened and ripened as the iron concentration 

increased resulting in more homogeneous crystallization than heterogeneous pathway. 

This implies that newly formed nuclei could adsorb and crystallize onto the sand 

surface more rapidly and effectively than the matured crystallites. To determine the 

impact of ripening time on crystallization, another experiment was performed in the 

CMR for 5 minutes before switching to the fluidized-bed reactor and the results are 

shown in Figure 4.16(c). As compared to the 1-hr pre-CMR+FBR, it was found that  
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Figure 4.16 Comparison between fully FBR and pre-CMR+FBR operations on total 

iron removal with the initial conditions as follows: 230.77 g/l of CS at pH 3 and 25°C. 
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the crystallization rates were comparable indicating that the ripening step happened 

very fast and should mainly depend on iron concentration. The results from this part 

suggest that for crystallization optimization in field practice, the crystallization should 

begin as soon as possible in the fluidized-bed reactor. 

 

 4.2.5 Effect of Iron Concentration 

 

 As mentioned earlier, the crystallization onto the sand surface or 

heterogeneous crystallization will occur primarily within the metastable zone. Thus, 

to optimize the iron removal performance, a low saturation ratio on a solid surface has 

to be maintained. Therefore, it can be expected that when the iron content increases, 

the solution would move toward intense supersaturated condition since the 

concentration product would be much higher than the solubility product of the 

concerned solid phase. The results of this part (Scenario N) are summarized in Figure 

4.17. It can be seen that total iron remaining at 180 minutes was quite constant 

regardless on initial iron concentration. This observation is understandable since the 

solubility of Fe(OH)3 was mainly controlled by the solution pH. Since the pH was 

maintained constantly at 3.0, the soluble iron should also be constant at the 

equilibrium as governed by the solubility product. In addition, the soluble irons at 30 

minutes of all three runs were almost the same regardless on initial iron concentration. 

This implies that the rate of crystal growth increased as the initial iron increased from 

1 mM to 2 and 3 mM, respectively. This observation was opposite to those in the 

study of pH effect even though both scenarios increased the degree of supersaturation 

of the Fe(OH)3, i.e., increased Fe3+ and OH- concentration, respectively. This is 

because in this part the iron concentration was increased only 3 times as compared to 

an increase of 104 times in OH- concentration when pH increased from 3 to 7. In 

addition, according to the solubility product formula, OH- concentration has the 

power of three whereas the Fe3+ has only the power of one; hence, the influence of 

OH- concentration is much more drastic than those of Fe3+. The phenomenon 

happened in the FBR was similar to those in the case of 1-hr pre-CMR before FBR 

(Scenario N) as shown in Figure 4.18. The soluble irons at 30 minutes for all three  
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Figure 4.17 Effect of Fe2+ concentration on iron removal in the fluidized-bed Fenton 

process under constant Fe2+:H2O2 ratio scenario with the initial conditions as follows: 

230.77 g/l of CS at pH 3 and 25°C. 
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Figure 4.18 Effect of Fe2+ concentration on iron removal in the 1-hr pre-CMR+FBR 

under constant Fe2+:H2O2 ratio scenario with the initial conditions as follows: 230.77 

g/l of CS at pH 3 and 25°C. 
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initial iron concentrations were comparable indicating that the rate of crystal growth 

also increased with iron concentration. 

 

4.2.6 Effect of Turbulence 

 

 After the nucleation process (i.e., the initial formation of solid nuclei), 

spontaneous growth of crystal will occur. The attachment of a molecule/nucleus to 

another nucleus to form a solid lattice which includes the transportation of materials 

to the surface of these nuclei and surface deposition will become very important and 

should follow the mechanism of solid-solution interface at the molecular level. To 

understand the mechanism of iron crystallization, a set of experiment was performed. 

Ferric solution at 1 mM was prepared at pH 3 and vigorously purging with either air 

or O2 (Scenario O). The results show that soluble iron decreased at the same pace for 

both conditions as shown in Figure 4.19. In addition, the reduction of soluble iron in  
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Figure 4.19 Ferric precipitation under turbulence condition by purging with O2 and 

air, and stagnant condition in BOD bottle (replotted of Figure 4.13 for 180 minutes) 

with the initial conditions as follows: 1 mM of Fe3+ at pH 3 and 25°C as compare to 

those in Fenton experiment with the initial conditions as follows: 1 mM of Fe2+, 20 

mM of H2O2 at pH 3 and 25°C. 
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the Fenton experiment performed in a beaker with sufficient mixing with Fe2+ 

concentration of 1 mM also followed the similar pattern. It is important to note that 

Fe2+ should be rapidly transformed to Fe3+ by Fenton reaction (measured residual Fe2+ 

was negligible). However, if in the stagnant environment where no mixing was 

provided (1 mM Fe3+ solution in the BOD bottles and sacrificed one bottle per 

sampling), the soluble iron decreased very slowly as seen in Figure 4.19. These results 

indicated that when the mixing was sufficiently provided, the agglomeration of nuclei 

resulting in the crystal growth was similar regardless on mixing type and the oxygen 

gas did not chemically involved in the process. It is interesting to observe that the iron 

profiles in Figure 4.19 did not show a linear relationship implying that the 

crystallization process was not controlled by surface reaction as mentioned in Section 

2.6.3. Further analysis to verify the effect of molecular transport on the crystal growth 

by constructing a relationship between iron concentration and the square root of time 

(plot of C vs t1/2) was shown in Figure 4.20(a). It can be seen that only the data from 

the BOD-bottle experiment under a stagnant condition had a linear relationship. This 

indicates that the molecular/nucleus diffusion step controlled the crystallization 

process in this case whereas was not the rate-limiting step under the turbulence 

condition (either in the O2-supplied, air-supplied, or Fenton experiment). This was 

understandable since the mixing would homogenize the iron oxide molecules in the 

solution and eliminate the concentration gradient at the molecular/nucleus level. To 

determine the real mechanism other than the molecular/nucleus diffusion and surface 

reaction which controlling the crystallization process under turbulence condition, 

another plot of the reciprocal iron with time following the second-order kinetics (plot 

of 1/C vs time) was constructed as shown in Figure 4.20(b) and found to have the 

linear relationship for all cases. Hence, the crystallization was controlled by the 

transport/ collision of the crystallites/ crystals in the mixture via colloidal behavior. In 

addition, the crystallization should be controlled by orthokinetic flocculation in the 

case of turbulence environment whereas by perikinetic flocculation in the case of 

stagnant environment. This conclusion was in agreement with previous observation 

that the molecule/ nucleus transport was also the rate-controlled step under the 

stagnant environment. This is because the perikinetic flocculation will become more 

predominant as the size of colloids is smaller. 
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(b) Crystallite transport control 

 

Figure 4.20 Determination of the rate-limiting step controlling the crystallization 

process. 
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4.2.7 Effect of Organic Compounds 

 

Some organic intermediates from OH• oxidation such as oxalic acid can 

significantly form complex with ferric ion. These ferro-organic complexes will 

increase the solubility of iron in the system and sequentially deteriorate the iron 

crystallization process. To verify the effect of ferro-organic complexes on iron 

crystallization, oxalic, acetic, and formic acids which have been identified as the 

intermediates from 2,6-DMA oxidation in Section 4.1.5 were added into the Fe3+ 

solution at pH 3 to determine Fe3+ solubility (Scenario P). The data as shown in 

Figure 4.21 indicating that the solubility of Fe3+ significantly increased in the 

presence of volatile fatty acids and as a result the crystallization of iron on the CS 

became minimal. The results from this part supported with the hypothesis mentioned 

above. In addition, the experiments under true fluidized-bed Fenton process also 

confirmed with this observation. Figure 4.22 shows that iron removal was the best in 

the absence of organic matters followed by in the presence of 0.1 and 1.0 mM of both 

2,6-DMA and AN, respectively. It is very interesting to observe a re-emerging of total 

iron in the experiment with 1.0 mM organics, i.e., total iron decreased considerably in  
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Figure 4.21 Effect of organo-ferric complex on iron crystallization in FBR with the 

initial conditions as follows: 1 mM of Fe3+, 230.77 g/l of CS at pH 3 and 25°C, VFA 

consisted of 2 mM of formic acid, 0.5 mM of acetic acid and 2 mM of oxalic acid. 
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Figure 4.22 Effect of organo-ferric complex on iron crystallization in fluidized-bed 

Fenton process in the presence of 2,6-DMA and AN with the initial conditions as 

follows: 1 mM of Fe2+, 20 mM of H2O2, 230.77 g/l of CS at pH 3 and 25°C.  
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the first 60 minutes but increased again afterward. This can be explained that after 60 

minutes, the volatile fatty acids such as oxalic acid were generated which could form 

complex with ferric and increased the solubility of ferric in the solution. If the Fenton 

reaction was allowed to proceed for 1 hour before the FBR started (1-hr pre-

CMR+FBR), it still observed the similar trend as in the case of FBR, i.e., the iron 

could be removed most efficiently in the absence of organics followed by 0.1 and 1.0 

mM of both 2,6-DMA and AN, respectively. Another interesting point regarding on 

the effect of organics is the comparison between fully FBR and 1-hr pre-CMR+FBR 

as shown in Figures 4.23 and 4.24. These 2 runs were carried out under the same 

conditions except for the 1-hr pre-CMR+FBR allowed the Fenton reaction to proceed 

in a batch reactor for 1 hour before switching to FBR mode. In this manner, 2,6-DMA 

and AN were more completely transformed to several products including the ferric-

complexable species. Hence, very limited iron was crystallized onto the sand surface. 

On the other hand, when the system was operated in fully FBR mode, it can be seen 

that total iron decreased in the first 60 minutes due to crystallization onto sand 

surface; however, as the reaction period proceeded, the ferric-complexable organics 

were formed and sequentially deteriorated the crystallization process. Observing from 

the trend, it can be expected that the total iron would continuously increased and 

eventually should be at the same level as in the case of 1-hr pre-CMR+FBR. The 

results from this part are very valuable for FBR operation. It implies that the removal 

of iron via crystallization will be promising if the Fenton reaction could remove most 

of the volatile fatty acids. Or in other word, iron removal will follow the organic 

removal efficiency. It also implies that fluidized-bed Fenton process is suitable for 

diluted wastewater or using for the polishing purpose. By this way, the process will be 

very effective for both pollutant and iron removals 

 

4.2.8 Reusability of Iron-coated Construction Sand for Iron  

         Crystallization 

 

 This part aimed to evaluate the capability of CS to serve as media for iron 

crystallization in the fluidized-bed Fenton process (Scenario Q). The iron 

crystallization was performed for 101 cycles and the results are shown in Figure 4.25. 
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Figure 4.23 Effect of organo-ferric complex on iron crystallization of  1 mM of 2,6-

DMA and 1 mM of AN with the initial conditions as follows:, 1 mM of Fe2+, 20 mM 

of H2O2, 230.77 g/l of CS at pH 3 and 25°C.  
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Figure 4.24 Effect of organo-ferric complex on iron crystallization of 0.1 mM of 2,6-

DMA and 0.1 mM of AN with the initial conditions as follows: 1 mM of Fe2+, 20 mM 

of H2O2, 230.77 g/l of CS at pH 3 and 25°C.  
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Figure 4.25 Reusability of iron-coated CS for iron crystallization with the initial 

conditions as follows: 230.77 g/l of CS, pH 3 at 25°C and 1 mM of Fe2+ and 20 mM 

of H2O2 for cycle 1 to 5 and 2 mM of Fe2+ and 40 mM of H2O2 for cycle 6 to 101.  

 

It can be seen that the iron crystallization efficiency in 1 hour decreased gradually 

from 80% in the first cycle to 65% in the 101st cycle. This is believed to be due to the 

decreasing in the crystallization rate of iron crystallites onto the interaction sites on 

the iron-coated CS as the Fe(OH)3 accumulating on the surface. Exhaustion of 

effective sites for crystallization was not believed to be the main cause because the 

reduction in iron still proceeded after 3 hours as shown in the profile plot of the 101st 

cycle as compared to the first cycle (Figure 4.26). It is very interesting to observe that 

the reduction of soluble iron in the 101st cycle was more rapid than those in the first 

cycle whereas the reduction of total iron turned to the opposite direction. This implies 

that the Fe(OH)3 coated on the CS could somehow accelerate the formation of iron 

nuclei and crystallites; however, retard the crystallization rate of those crystallites 

onto the sand surface. The results from this part reveal that the iron crystallization 

performance in the real fluidized-bed Fenton reactor will be gradually deteriorated or 

decelerated with time. Hence, to maintain the high iron removal performance, it is 

wisely to continuously and constantly replace a portion of iron-coated CS in the FBR 

with the similar amount of fresh CS. To characterize the iron oxide coated on the CS 

surface, the 101st-cycle CS sample was analyzed by the XRD analyzer to determine  
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Figure 4.26 Comparison of iron profile between the 1st- and 101st –cycles with the 

initial conditions as follow: 2 mM of Fe2+, 40 mM of H2O2, 230.77 g/l of CS at pH 3 

and 25°C. 

 

the iron oxide species coated on the surface. The result from XRD analysis as shown 

in Figure 4.27 revealed that only SiO2 was detected. According to the calculation of 

iron removal from aqueous phase, the amount of iron coated on the CS surface should 

be more than 3.5% by weight and its catalytic activity was observed as will be 

discussed in the next part. Physical appearance between fresh CS and the 101st-cycle 

iron-coated CS was very distinguished from each other as shown in Figures A5 and 

A6, respectively. Despite of that, it can be expected that the iron oxide coated on the 

surface of CS should be Fe(OH)3 since the results from the solubility study were 

consistent with the values calculated based on the presence of Fe(OH)3 precipitates. In 

addition, Homanee (2005) characterized the iron oxide which crystallized on the SiO2 

in the fluidized-bed Fenton process at pH 6.5 within 5 hr and found to be Fe(OH)3.  

 

4.2.9 Catalytic Activity of Iron-coated Construction Sand 

 

 Iron oxides in various forms are believed to have catalytic activity which can 

stimulate H2O2 decomposition to generate OH•. The objective of this part was to  
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Library no. 38-0032> Fe(OH)3 Iron Hydroxide 

Figure 4.27 XRD analysis of the 101st-cycle iron-coated CS. 

 

determine the catalytic activity of iron-coated CS and compare with those of 

commercial goethite (Scenario R). The results show that the 75 g of the 101st-cycle 

iron-coated CS had the catalytic activity approximately equivalent to 3 g of goethite 

in terms of AN and 2,6-DMA oxidations as shown in Figure 4.28. It is important to 

note that goethite had higher BET surface than iron-coated CS (8.63 versus 13.51 

m2/gm) which might affect the catalytic activity of these two iron oxides since the 

reactions involved surface interaction. In spite of surface difference, other factors 

such as iron oxide species should have more impact on the catalytic activity since the 

difference in surface area between these two iron oxides was only 1.6 time but the 

difference in reactivity was enormous, i.e., 75 g/l of iron-coated CS could remove 

only 30 and 40% of 1 mM of AN and 2,6-DMA, respectively, at 180 minutes whereas 

the same amount of goethite could completely remove both compounds in just 15 

minutes. It was well documented that Fe(OH)3 has much lower catalytic activity than 

goethite and this should be the main contribution to poorer performance of the 101st-

cycle iron-coated CS as compared to goethite (α-FeOOH). 
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Figure 4.28 Catalytic activity of iron-coated CS on organic degradation in 

heterogeneous Fenton process as compare to commercial goethite with the initial 

conditions as follows: 1 mM of 2,6-DMA, 1 mM of AN, 20 mM of H2O2 at pH 3 and 

25 °C. 
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Certain amounts of iron in the forms of Fe2+ and Fe3+ were leaching out into 

the mixture as shown in Figure 4.29 indicating that the reductive dissolution of iron 

oxide also happened in the mixture as suggested by Lu (2000). Nonetheless, further 

analysis for the determination of the rate constant between 2,6-DMA and OH• by 

using competitive rate kinetics with AN as a reference compound as shown in Figure 

4.30 (as an example plot) provided the slope, which is the ratio of k2,6-DMA to kAN, of 

1.2725. This value was significantly different from the average of 3.5462 obtained 

from previous part where Fe2+ was added as illustrated in Section 4.1. This indicates 

that the degradation mechanism of 2,6-DMA and AN in the heterogeneous Fenton 

reaction was different from those in homogeneous Fenton reaction. As proposed by 

Lin and Gurol (1998), the decomposition of H2O2 occurred at the iron oxide surface. 

Hence, the oxidation of 2,6-DMA and AN in the heterogeneous Fenton reaction might 

involve the surface reaction resulting in different apparent rate constant from those of 

homogeneous reaction. 
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Figure 4.29 Iron leach ability of iron-coated CS and commercial goethite during the 

heterogeneous Fenton process with the initial conditions as follows: 1 mM of 2,6-

DMA, 1 mM of AN, 20 mM of H2O2 at pH 3 and 25 °C. 
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Figure 4.30 Relationship between ln([2,6-DMA]/[2,6-DMA]0) versus ln([AN]/[AN]0) 

using the data from the experiment with 75 g/l of 101st-cycle iron-coated CS with the 

initial conditions as follows: 1 mM of AN, 1 mM of 2,6-DMA, 20 mM of H2O2 at pH 

3 and 25 °C. 

 

 

 



CHAPTER V 

CONCLUSIONS 

 
5.1 Conclusions 

 

5.1.1 Kinetics of 2,6-Dimethyl-aniline Degradation 

 

The reaction between 2,6-DMA and OH• has been investigated by using 

Fenton reaction under various conditions, i.e., batch versus continuous operations,  

presence versus absence of solid media, and different Fenton’s reagent. The following 

conclusions could be drawn from this part: 

• Under the studied conditions, Fe2+ was the limiting reagent for organic 

oxidation. 

• Competitive kinetics technique was proven to be an efficient and reliable 

method to determine the rate constant between organic compounds and 

hydroxyl radicals. 

• Intrinsic 2nd-order rate constants between 2,6-dimethyl-aniline and hydroxyl 

radicals under various conditions were in between 1.59×10  and 1.80×1010 

M−1 s−1 with an average and 95% confidence interval of 1.70±0.04×10 M−1 

s−1. 

10

10

• Intermediates from 2,6-DMA oxidation by hydroxyl radicals were 2,6-

dimethyl-nitrobenzene, 2,6-dimethy-phenol, 2,6-dimethyl-nitrophenol, 2,6-

dimethyl-hydroquinone, 2,6-dimethyl-benzoquinone, 2,6-dimethyl-3-hydroxy-

benzoquinone, maleic, lactic, oxalic, acetic, and formic acids. The degradation 

pathway of 2,6-DMA was also proposed in this study. 

 

5.1.2 Iron Crystallization  

 

Iron precipitation and crystallization mechanisms were thoroughly 

investigated which could provide a better understanding on iron removal in the 
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fluidized-bed Fenton process. The outcomes of this part could be concluded as 

follows: 

• Solubility of ferric is much less than those of ferrous; hence, after the initiation 

of Fenton reaction, ferric from ferrous oxidation should precipitate out in the 

form of ferric hydroxide even in the acidic solution. 

• Saturation degree is the major factor controlling the precipitation process. 

Solid phase will be formed via the homogeneous nucleation if the precipitation 

occurs in the labile zone; iron removal in the fluidized-bed Fenton reactor will 

be sequentially unimpressive because the crystallization rate of iron onto 

fluidized media is very slow. On the other hand, if the precipitation happens 

within the metastable zone, heterogeneous nucleation will become 

predominate and the removal of iron in the fluidized-bed Fenton reactor will 

be rapid and exceptional.  

• Newly formed crystallite has higher affinity with the foreign solid surface than 

aging or ripening crystallites; hence, the crystallization should occur 

simultaneously with the Fenton reaction in the fluidized-bed reactor in order to 

obtain the highest iron removal rate. 

• Under the studied conditions, the crystallization process was controlled by the 

transport step rather than the surface-interaction step. Rate of crystal growth 

under turbulent condition followed the 2nd-order rate with respect to iron 

concentration (orthokinetic flocculation). In contrast, the growth rate under 

stagnant condition could be sufficiently explained by the transport mechanism 

both at the molecular and crystallite (perikinetic flocculation) levels. 

• Presence of organic compounds/intermediates which can form complex with 

ferric such as oxalic acid will increase the solubility of ferric; hence, 

deteriorate the crystallization process. As a result, to obtain the significant iron 

removal in a full-scale fluidized-bed Fenton reactor, the oxidation reaction 

should proceed intensively toward complete mineralization. 

• The rate of iron crystallization in the fluidized-bed Fenton reactor will 

gradually decrease with time; hence, to maintain the crystallization rate, a 

portion of coated-media has to be continuously replaced with fresh media. 
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• Catalytic activity of 75 g of the 101st-cycle iron-coated construction sands 

(>3.5% iron by weight) was approximately equivalent to 3 g of commercial 

goethite in term of aniline and 2,6-dimethyl-aniline degradation.  

 

5.2 Recommendations for Further Studies 

 

• Determine the rate constant of 2,6-dimethyl-aniline with hydroxyl radicals by 

using the competitive kinetics technique with different reference compounds 

and compare with the values obtained from this study. 

• Determine the rate constant of 2,6-dimethyl-aniline with hydroxyl radicals by 

using other advanced oxidation processes such as TiO2/UV, H2O2/UV and 

O3/UV and compare with the values obtained from this study. 

• Determine the effect of pH on the rate constant between 2,6-dimethyl-aniline 

and hydroxyl radicals and compare with the values obtained from this study. 

• Determine the effect of temperature on the rate constant between                 

2,6-dimethyl-aniline and hydroxyl radicals via Arrhenius equation so that the 

rate constant can be applied in field practice for every required temperature. 

• Investigate into more details on the factors affecting iron crystallization in the 

fluidized-bed Fenton process such as bed expansion, upflow velocity, pH, and 

temperature to obtain necessary information for scale up the fluidized-bed 

reactor for real application. 

• Optimize the fluidized-bed Fenton process in term of organic and iron 

removals and compare the outcomes with the proposed mechanisms in this 

study. 
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APPENDIX A 

Experimental Figures 
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Figure A.1 Fenton experiment in the batch mode operation for determination of 

intrinsic rate constant of 2,6-DMA and OH•. 

 

 

 

 

 

 

    

 

 

 

 

 

Figure A.2 Fenton experiment in the continuous mode operation for determination of 

intrinsic rate constant of 2,6-DMA and OH•. 
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Figure A.3 Fluidized-bed Fenton experiment. 

 

 

 

 Iron-coated 75 g/l Goethite 0.75 g/l 
 

 

 

 

 

Goethite 1 g/l Goethite 7.5 g/l 

 

Figure A.4 Treated effluents from heterogeneous Fenton reaction under various 

catalytic conditions with the initial conditions of 1 mM of AN, 1 mM of 2,6-DMA, 20 

mM of H2O2 at pH 3 and 25 °C. 
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Figure A.5 Physical appearance of the fluidized materials. 

 

 

 

 

 

 

 

 

 

 

Figure A.6 Physical appearance of the iron-coated construction sand after 101-cycle 

crystallization. 
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Purge O2 gas Purge air Purge N2 gas 

  

 

 

 

 

 

 

 

 

 

 

(a) Fe3+ = 1 mM and pH = 3 

 

  Neutralization to pH 7 
after Fenton reaction 

Fenton-like process 

  

 

 

 

 

 

 

 

 

 

(b) Fe2+ = 1 mM and      (c) Fe3+ = 1 mM and  

                   H2O2 = 20 mM and pH = 3       H2O2 = 20 mM and pH = 3 

 

Figure A.7 Ferric precipitation under various turbulence conditions at 25°C. 
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Figure A.8 UV-visible spectrophotometer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.9 Gas chromatography (GC-FID). 
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Figure A.10 Ion chromatography (IC). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.11 Total organic carbon analyzer. 
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Figure A.12 Gas chromatography mass spectrometry (GC-MS). 
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APPENDIX B 

Standard Curves of Gas Chromatography 
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Figure B.1 Standard curve for 2,6-DMA. 
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Figure B.2 Standard curve for n,n-DMA. 
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Figure B.3 Standard curve for aniline. 
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APPENDIX C 

Analytical Hydrogen Peroxide by Means Standard Iodometric 
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C.1 Principle 

 

Hydrogen peroxide oxidized iodine to iodine in the presence of acid and 

molybdate catalyst. The iodine formed is titrated with thiosulfate solution, 

incorporating a starch indicator as demonstrated in the following equation: 

 

H2O2 + 2KI + H2SO4               I2 + K2SO4 + 2H2O       (C.1) 

 

I2 + 2Na2S2O3               Na2S4O6 + 2NaI    (C.2) 

 

C.2 Interferences 

 

Other oxidizing agents will also produce iodine, whereas reducing agents (and 

unsaturated organics) will react with the liberated iodine. The contribution from other 

oxidizing agents can be determined by omitting the acid and molybdate catalyst. 

 

C.3 Reagents 

 

1. Potassium iodine solution (1% w/v): dissolve 10 g of KI into 1 liter of DI water 

2. Ammonium molybdate solution: dissolve 9 g of ammonium molybdate in 10 ml of  

    6 N NH4OH, add 24 g of NH4NO3 and dilute to 100 ml with DI water. 

3. Sulfuric acid solution (1+3 H2SO4): carefully add one part H2SO4 98% to three  

    parts DI water. 

4. Starch indicator: 2 g of starch and dilute to 100 ml by DI water. 

5. Sodium thiosulfate solution (0.0125 N) 

 

C.4 Apparatus 

 

1. Analytical balance (+/- mg/l) 

2. Small weighing bottle (<5 ml) 

3. 250 Erlenmeyer flask 

4. 50 ml burette (class A) 
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C.5 Procedure 

 

1. Transfer sample to Erlenmeyer flask. 

2. Add 50 ml of DI water to Erlenmeyer flask. Next, 10 ml of sulfuric acid solution  

    and 15 ml of potassium iodide were added. Then two drops ammonium molybdate  

    solution was added. 

3. Titrate with 0.0125 N sodium thiosulfate to faint yellow or straw color. Swirl or stir  

    gently during titration to minimize iodine loss 

4. Add about 2 ml starch indicator, and continue titration until the blue color just  

    disappears. 

5. Repeat steps 2-4 on a blank sample of water. 

6. Note ml of 0.0125 N Na2S2O3 for samples and blank analysis. 

 

C.6 Calculation 

 

   = mg/l,2O2H
sampleml

100017NB)(A

⋅

×××−  

Where: 

 A  = ml of ml of Na2S2O3 for sample 

 B = ml of Na2S2O3 for blank 

 N = Normality of Na2S2O3 for sample 
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APPENDIX D 

Raw Data 
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D.1 Kinetics of 2,6-Dimethyl-aniline Degradation 

 

D.1.1 Experimental Control 

 

Table D.1 Disappearance of AN, 2,6-DMA, and n,n-DMA by direct H2O2 oxidation 

and volatilization. 

Organic concentration (C/C0) Time 

(min) Aniline 2,6-DMA n,n-DMA 

0 1.0000 1.0000 1.0000 

30 0.9774 1.0122 0.9758 

60 0.9827 1.0138 0.9633 

Note:  1 mM of AN, 1 mM of 2,6-DMA, 1 mM of n,n-DMA, 20 mM of H2O2 at  

pH 3, and 25 °C. 

 

Table D.2 o-toluidine oxidation by direct H2O2.  

Time (min) o-toluidine (C/C0)

0 1.0000 

30 0.9863 

60 1.0023 

Note:  0.1 mM of OT, 2 mM of H2O2 at pH 11. 
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D.1.2 Verification of Competitive Kinetics Technique 

 

Table D.3 Competitive oxidation of aniline and n,n-DMA by Fenton reaction (Run 

No. 1).  

Organic concentration (C/C0) Time 

(min) Aniline n,n-DMA 

0 1.0000 1.0000 

0.5 0.6442 0.7663 

1 0.6138 0.7323 

5 0.2956 0.4515 

Note: 1 mM of AN, 1 mM of n,n-DMA, 1 mM of Fe2+, 20 mM of H2O2 at  

pH 3 and 25 °C.  

 

Table D.4 Competitive oxidation of aniline and n,n-DMA by Fenton reaction (Run 

No. 2).  

Organic concentration (C/C0) Time 

(min) Aniline n,n-DMA 

0 1.000 1.000 

0.5 0.678 0.740 

1 0.662 0.711 

1.5 0.654 0.708 

2 0.629 0.675 

3 0.580 0.649 

4 0.512 0.564 

5 0.372 0.515 

7.5 0.129 0.256 

10 0.000 0.071 

20 0.000 0.017 

Note: 1 mM of AN, 1 mM of n,n-DMA, 1 mM of Fe2+, 20 mM of H2O2 at  

pH 3 and 25 °C.  
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Table D.5 Competitive oxidation of aniline and n,n-DMA by Fenton reaction (Run 

No. 3). 

Organic concentration (C/C0) Time 

(min) Aniline n,n-DMA 

0 1.0000 1.0000 

0.5 0.6480 0.7212 

1 0.6117 0.7125 

1.5 0.5843 0.6874 

2 0.5293 0.6352 

3 0.4666 0.5367 

4 0.3750 0.4832 

5 0.3167 0.4229 

7.5 0.0868 0.1909 

10 0.0000 0.0476 

20 0.0000 0.0167 

Note: 1 mM of AN, 1 mM of n,n-DMA, 1 mM of Fe2+, 20 mM of H2O2 at  

pH 3 and 25 °C.  
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D.1.3 Intrinsic Rate Constant of 2,6-DMA with Hydroxyl Radical 

 

D.1.3.1 Batch Study in the Absence of Media 

 

Table D.6 Competitive oxidation of aniline and 2,6-DMA by Fenton reaction in the 

batch reactor without media (Run No. 1). 

Organic concentration (C/C0) Time 

(min) Aniline 2,6-DMA 

0 1.0000 1.0000 

0.5 0.8362 0.5833 

1 0.8824 0.5880 

2 0.8711 0.5697 

5 0.7542 0.4581 

10 0.7611 0.4109 

15 0.7592 0.3625 

20 0.6792 0.2818 

25 0.6561 0.2301 

30 0.6305 0.1796 

60 0.0000 0.0000 

Note: 1 mM of AN, 1 mM of 2,6-DMA, 1 mM of Fe2+, 20 mM of H2O2 at 

pH 3 and 25 °C.  

 

 

 

 

 

 

 

 

 

 

 



 121

Table D.7 Competitive oxidation of aniline and 2,6-DMA by Fenton reaction in the 

batch reactor without media (Run No. 2). 

Organic concentration (C/C0) Time 

(min) Aniline 2,6-DMA 

0 1.0000 1.0000 

0.5 0.7960 0.5330 

1 0.7931 0.5557 

2 0.7726 0.5141 

5 0.7661 0.4655 

10 0.7086 0.3948 

15 0.6759 0.3365 

20 0.6747 0.2904 

25 0.6766 0.2523 

30 0.5736 0.1817 

45 0.4220 0.0534 

60 0.0882 0.0000 

Note: 1 mM of AN, 1 mM of 2,6-DMA, 1 mM of Fe2+, 20 mM of H2O2 at 

pH 3 and 25 °C.  
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Table D.8 Competitive oxidation of aniline and 2,6-DMA by Fenton reaction in the 

batch reactor without media (Run No. 3).  

Organic concentration (C/C0) Time 

(min) Aniline 2,6-DMA 

0 1.0000 1.0000 

0.5 0.7788 0.5459 

1 0.7277 0.4847 

2 0.7027 0.4587 

5 0.6992 0.4229 

10 0.6898 0.3725 

15 0.6591 0.3168 

20 0.6315 0.2622 

25 0.5793 0.2057 

30 0.5050 0.1468 

45 0.3554 0.0292 

60 0.0000 0.0000 

Note: 1 mM of AN, 1 mM of 2,6-DMA, 1 mM of Fe2+, 20 mM of H2O2 at 

pH 3 and 25 °C.  

 

Table D.9 Competitive oxidation of aniline and 2,6-DMA by Fenton reaction in the 

batch reactor without media (Run No. 4).  

Organic concentration (C/C0) Time 

(min) Aniline 2,6-DMA 

0 1 1 

0.5 0.8126 0.4607 

1 0.7879 0.4283 

2 0.7410 0.3799 

5 0.7407 0.3157 

10 0.6341 0.1917 

Note: 1 mM of AN, 0.5 mM of 2,6-DMA, 1 mM of Fe2+, 20 mM of H2O2 at 

pH 3 and 25 °C.  
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Table D.10 Competitive oxidation of aniline and 2,6-DMA by Fenton reaction in the 

batch reactor without media (Run No. 5). 

Organic concentration (C/C0) Time 

(min) Aniline 2,6-DMA 

0 1.0000 1.0000 

2 0.8788 0.5652 

5 0.8774 0.5276 

10 0.8221 0.4488 

15 0.8067 0.4024 

20 0.7653 0.3499 

25 0.7593 0.3089 

30 0.7312 0.2721 

45 0.6681 0.1646 

60 0.4638 0.0701 

Note:  0.5 mM of AN, 1 mM of 2,6-DMA, 1 mM of Fe2+, 20 mM of H2O2 at 

 pH 3, and 25 °C.  

 

Table D.11 Competitive oxidation of aniline and 2,6-DMA by Fenton reaction in the 

batch reactor without media (Run No. 6). 

Organic concentration (C/C0) Time 

(min) Aniline 2,6-DMA 

0 1.0000 1.0000 

0.5 0.7363 0.3720 

1 0.7636 0.3711 

2 0.7163 0.3329 

5 0.7320 0.2782 

10 0.6489 0.1831 

20 0.4793 0.0818 

25 0.3999 0.0000 

Note:  0.5 mM of AN, 0.5 mM of 2,6-DMA, 1 mM of Fe2+, 20 mM of H2O2 at  

pH 3, and 25 °C.  
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Table D.12 Competitive oxidation of aniline and 2,6-DMA by Fenton reaction in the 

batch reactor without media (Run No. 7). 

Organic concentration (C/C0) Time 

(min) Aniline 2,6-DMA 

0 1.0000 1.0000 

0.5 0.7629 0.4585 

1 0.7531 0.4394 

5 0.6738 0.3145 

10 0.6004 0.2079 

15 0.5265 0.1181 

20 0.3760 0.0361 

25 0.1485 0.0000 

Note:  1 mM of AN, 1 mM of 2,6-DMA, 1.5 mM of Fe2+, 30 mM of H2O2 at 

pH 3, and 25 °C.  

 

Table D.13 Competitive oxidation of aniline and 2,6-DMA by Fenton reaction in the 

batch reactor without media (Run No. 8). 

Organic concentration (C/C0) Time 

(min) Aniline 2,6-DMA 

0 1.0000 1.0000 

0.5 0.6519 0.3523 

1 0.6392 0.3188 

2 0.5702 0.2484 

5 0.5083 0.1552 

10 0.3026 0.0211 

15 0.0302 0.0000 

Note:  1 mM of AN, 1 mM of 2,6-DMA, 2 mM of Fe2+, 40 mM of H2O2 at 

pH 3, and 25 °C.  
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Table D.14 Competitive oxidation of aniline and 2,6-DMA by Fenton reaction in the 

batch reactor without media (Run No. 9). 

Organic concentration (C/C0) Time 

(min) Aniline 2,6-DMA 

0 1.0000 1.0000 

0.5 0.8410 0.5621 

1 0.8278 0.5521 

5 0.7922 0.4735 

15 0.7198 0.3397 

20 0.6770 0.2831 

25 0.6584 0.2259 

30 0.6226 0.1872 

60 0.0228 0.0000 

Note:  1 mM of AN, 1 mM of 2,6-DMA, 1 mM of Fe2+, 30 mM of H2O2 at 

pH 3, and 25 °C.  
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D.1.3.2 Batch Study in the Presence of Media  

 

Table D.15 Competitive oxidation of aniline and 2,6-DMA by Fenton reaction in the 

batch reactor with media. 

Organic concentration (C/C0) Time 

(min) Aniline 2,6-DMA 

0 1.0000 1.0000 

2 0.8434 0.6254 

5 0.8340 0.6085 

10 0.8159 0.5935 

15 0.8220 0.5825 

25 0.8023 0.5546 

30 0.7986 0.5456 

45 0.7988 0.5216 

60 0.7889 0.4880 

Note:  1 mM of AN, 1 mM of 2,6-DMA, 1 mM of Fe2+, 20 mM of H2O2, 37.04 g/l of 

SiO2 at pH 3, and 25 °C.  
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D.1.3.3 Batch Study in the Fluidized-bed Reactor 

 

Table D.16 Competitive oxidation of aniline and 2,6-DMA by fluidized-bed Fenton 

process (Run No. 1). 

Organic concentration (C/C0) Time 

(min) Aniline 2,6-DMA 

0 1.0000 1.0000 

1 0.7433 0.5904 

2 0.7269 0.5471 

5 0.6966 0.4732 

10 0.6193 0.3755 

15 0.6173 0.3295 

20 0.5805 0.2746 

25 0.5454 0.2186 

30 0.5208 0.1771 

45 0.3906 0.0629 

60 0.2228 0.0000 

Note:  1 mM of AN, 1 mM of 2,6-DMA, 1 mM of Fe2+, 20 mM of H2O2, 230.77 g/l 

of CS at pH 3, and 25 °C. 
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Table D.17 Competitive oxidation of aniline and 2,6-DMA by fluidized-bed Fenton 

process (Run No. 2). 

Organic concentration (C/C0) Time 

(min) Aniline 2,6-DMA 

0 1.0000 1.0000 

1 0.7553 0.5919 

2 0.7499 0.5500 

5 0.7218 0.4695 

10 0.6602 0.3696 

15 0.5955 0.3004 

20 0.5736 0.2334 

25 0.5411 0.1853 

30 0.5196 0.1450 

45 0.3632 0.0389 

60 0.1484 0.0000 

Note:  1 mM of AN, 1 mM of 2,6-DMA, 1 mM of Fe2+, 20 mM of H2O2, 230.77 g/l 

of CS at pH 3, and 25 °C. 

 

D.1.3.4 Continuous Study in the Absence of Media 

 

Table D.18 Competitive oxidation of aniline and 2,6-DMA by Fenton reaction in the 

continuous reactor without media (Run No. 1). 

Organic concentration (C/C0) Time 

(min) Aniline 2,6-DMA 

0 1.0000 1.0000 

30 0.3594 0.1589 

60 0.3401 0.1384 

90 0.3692 0.1489 

120 0.3624 0.1447 

150 0.3750 0.1559 

Note:  1 mM of AN, 1 mM of 2,6-DMA, 1 mM of Fe2+, 20 mM of H2O2 at 

pH 3, and 25 °C.  
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Table D.19 Competitive oxidation of aniline and 2,6-DMA by Fenton reaction in the 

continuous reactor without media (Run No. 2). 

Organic concentration (C/C0) Time 

(min) Aniline 2,6-DMA 

0 1.0000 1.0000 

30 0.3516 0.1437 

60 0.3547 0.1444 

90 0.3578 0.1437 

120 0.3651 0.1440 

150 0.3647 0.1435 

Note:  1 mM of AN, 1 mM of 2,6-DMA, 1 mM of Fe2+, 20 mM of H2O2 at 

pH 3, and 25 °C.  
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D.1.4 Effect of Fenton’s Reagent on Organic Degradation 

 

Table D.20 Co-oxidation of aniline and 2,6-DMA under various Fenton’s reagent. 

Organic concentration (C/C0) 

Fe2+1 mM 

H2O2 20 mM 

Fe2+1.5 mM 

H2O2 30 mM 

Fe2+2 mM 

H2O2 40 mM 

Fe2+1 mM 

H2O2 30 mM 

Time 

(min) 

AN 2,6-DMA AN 2,6-DMA AN 2,6-DMA AN 2,6-DMA

0 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 

0.5 0.7960 0.5330 0.7629 0.4585 0.6519 0.3523 0.8410 0.5621 

1 0.7931 0.5557 0.7531 0.4394 0.6392 0.3188 0.8278 0.5521 

2 0.7726 0.5141 - - 0.5702 0.2484 - - 

5 0.7661 0.4655 0.6738 0.3145 0.5083 0.1552 0.7922 0.4735 

10 0.7086 0.3948 0.6004 0.2079 0.3026 0.0211 - - 

15 0.6759 0.3365 0.5265 0.1181 0.0302 0.0000 0.7198 0.3397 

20 0.6747 0.2904 0.3760 0.0361 - - 0.6770 0.2831 

25 0.6766 0.2523 0.1485 0.0000 - - 0.6584 0.2259 

30 0.5736 0.1817 - - - - 0.6226 0.1872 

45 0.4220 0.0534 - - - - - - 

60 0.0882 0.0000 - - - - 0.0228 0.0000 

Note:  1 mM of AN, 1 mM of 2,6-DMA at pH 3, and 25 °C.  
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D.1.5 Degradation Intermediates and Pathway 
 

Table D.21 Time-profile of intermediate products from 2,6-DMA oxidation by 

Fenton process. 

Carboxylic acid 

concentration (mM) 

Organic intermediate  

concentration (mM) Time 

(min) Acetic 

acid 

Formic 

acid 

Oxalic 

acid 
2,6-DMA 2,6-DMNB 2,6-DMP 

0 0.000 0.000 0.000 10.000 0.000 0.000 

5 3.200 17.200 23.390 1.696 0.010 0.014 

10 4.000 20.000 17.940 1.273 0.008 0.013 

15 4.000 21.100 0.000 1.130 0.007 0.010 

20 3.900 22.200 0.000 - - - 

30 4.300 23.500 0.000 0.557 0.003 0.006 

45 4.600 30.800 0.000 - - - 

60 4.800 26.400 0.000 0.242 0.000 0.000 

Note:  10 mM of 2,6-DMA, 10 mM of Fe2+, 200 mM of H2O2 at pH 3, and 25 °C. 
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Table D.22 Time-profile of the calculated total organic carbon of the intermediate 

products from 2,6-DMA oxidation by Fenton process. 

Carboxylic acid 

concentration (mM) 

Organic intermediate 

concentration (mM) Time 

(min) Acetic 

acid 

Formic 

acid 

Oxalic 

acid 
2,6-

DMA 

2,6-

DMNB

2,6- 

DMP 

TOC 
calculated 

(mM) 

TOC 
Measured 

(mM) 

0 0.000 0.000 0.000 80.000 0.000 0.000 80.000 80.000 

5 6.400 17.200 46.780 13.568 0.080 0.112 84.140 - 

10 8.000 20.000 35.880 10.184 0.064 0.104 74.232 - 

15 8.000 21.100 0.000 9.040 0.056 0.080 38.276 72.508 

20 7.800 22.200 0.000 - - - 30.000 70.550 

30 8.600 23.500 0.000 4.456 0.024 0.048 36.628 66.308 

45 9.200 30.800 0.000 - - - 40.000 - 

60 9.600 26.400 0.000 1.936 0.000 0.000 37.936 55.000 

Note:  10 mM of 2,6-DMA, 10 mM of Fe2+, 200 mM of H2O2 at pH 3, and 25 °C. 
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D.2 Iron Crystallization  

 

D.2.1 Iron Solubility 

 

Table D.23 Effect of pH on Fe2+ solubility. 

Fe2+ 1 mM 

with NaClO4 

Fe2+ 1 mM 

without NaClO4 

Fe2+ 2 mM 

with NaClO4 

pH 
Sol. iron 

(mg/l) 
pH 

Sol. iron 

(mg/l) 
pH 

Sol. iron 

(mg/l) 

2.10 59.700 1.96 59.700 2.11 118.810 

2.93 59.858 3.09 60.684 3.01 117.100 

4.93 60.401 4.94 60.834 4.44 117.490 

5.24 16.592 5.35 6.134 5.11 111.420 

5.51 5.444 6.82 0.000 5.91 7.440 

6.75 0.000 7.17 0.000 6.80 0.000 

7.55 0.085 9.24 0.000 8.20 0.000 

9.12 0.000 10.54 0.000 9.22 0.000 

10.19 0.000 11.25 0.000 10.03 0.000 

11.15 0.000 12.05 0.000 11.03 0.000 

12.01 0.000 - - 12.03 0.000 

Note:  Operating at 25 °C. 
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Table D.24 Effect of pH on Fe3+ solubility. 

Fe2+ 2 mM Fe2+ 1 mM 

pH 
Sol. iron 

(mg/l) 
pH 

Sol. iron 

(mg/l) 

2.59 118.650 2.42 59.700 

2.64 115.799 2.64 51.769 

2.69 86.120 2.80 52.702 

2.78 33.470 2.96 42.344 

3.02 10.300 4.24 0.000 

3.32 0.082 5.18 0.000 

4.53 0.000 7.05 0.000 

5.23 0.000 9.06 0.000 

6.42 0.000 12.04 0.000 

7.11 0.000 

8.33 0.000 

8.98 0 

10.22 0 

11.12 0 

12.04 0 

Note:  1 and 2 mM of Fe3+ with 0.1 M of NaClO4 and operation at 25 °C. 
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Table D.25 Ferric precipitation under various turbulence conditions. 

O2 gas Air Stagnant (BOD bottle) 
Time 

(min) 
Tot. iron 

(mg/l) 

Sol. iron 

(mg/l) 

Tot. iron 

(mg/l) 

Sol. iron 

(mg/l) 

Tot. iron 

(mg/l) 

Sol. iron 

(mg/l) 

0 56.125 55.000 57.750 55.125 56.625 47.000 

5 0.000 43.875 0.000 45.250 - - 

10 0.000 39.250 0.000 38.625 - - 

15 0.000 34.875 0.000 33.125 - - 

30 52.500 21.500 57.125 22.125 55.500 42.375 

60 54.500 11.250 57.875 14.125 53.875 40.125 

120 55.000 7.625 56.875 8.500 55.375 34.750 

180 53.750 6.500 56.625 6.375 54.500 32.750 

1140 - - - - 0.000 15.875 

Note:  1 mM of Fe3+ at pH 3 and 25 °C. 

 

D.2.2 Fe(OH)3 Crystallization in Fluidized-bed Reactor (FBR) 

 

Table D.26 Effect of material type on ferric removal in the FBR at pH 7. 

Total iron at pH 7 (mg/l) Time 

(min) CS  Al2O3  SiO2  

0 56.850 57.250 56.250 

10 57.296 - - 

20 57.048 - - 

30 57.098 - 56.293 

40 54.866 - - 

50 54.816 - - 

60 55.411 53.696 55.139 

120 - 53.665 56.606 

180 - 53.619 55.225 

Note:  1 mM of Fe3+, 230.77 g/l of media at 25 °C. 
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Table D.27 Total and soluble iron removal in the FBR at pH 3 using construction 

sand as the media. 

Time 

(min) 

Tot. iron 

(mg/l) 

Sol. iron 

(mg/l) 

0 58.000 40.375 

5 34.125 19.750 

10 33.125 17.750 

15 28.625 17.125 

30 21.750 15.250 

60 18.125 12.375 

120 13.375 9.875 

180 11.250 9.250 

Note: 1 mM of Fe3+, 230.77 g/l of CS at 25 °C. 
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D.2.3 Fe(OH)3 Crystallization in Fluidized-bed Fenton Process 

 

Table D.28 Total iron removal in the FBR with different media. 

Time 

(min) 

SiO2  

pass #30 

remained #40 

(mg/l) 

CS  

pass #30 

(mg/l) 

CS  

pass #30 

remained #40

Run #1 

(mg/l) 

CS  

pass #30 

remained #40 

Run #2 

(mg/l) 

Fenton-like 

(mg/l) 

0 57.875 57.875 56.625 58.250 57.875 

5 52.250 24.875 23.125 25.000 40.375 

10 48.500 22.000 22.375 24.125 25.125 

15 44.125 19.000 17.750 21.500 21.250 

30 31.875 15.625 15.625 16.500 18.250 

60 21.500 11.750 11.750 13.000 17.000 

120 15.125 10.250 10.000 10.875 13.625 

180 10.625 9.625 9.000 9.125 12.750 

Note:  1 mM of Fe2+ (for Fenton) or Fe3+ (for Fenton-like), 20 mM of H2O2, 230.77 

g/l of media at pH 3 and 25 °C. 
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Table D.29 Soluble iron removal in the FBR with different media. 

Time 

(min) 

SiO2 

pass #30 

remained #40 

(mg/l) 

CS 

pass #30 

(mg/l) 

CS 

pass #30 

remained #40

Run #1 

(mg/l) 

CS 

pass #30 

remained #40 

Run #2 

(mg/l) 

Fenton-like 

(mg/l) 

0 57.750 57.875 58.375 58.125 54.875 

5 51.500 21.625 20.000 21.250 27.625 

10 43.375 19.375 19.125 20.750 16.250 

15 38.125 17.375 18.000 19.750 14.500 

30 25.000 17.000 11.625 14.375 12.750 

60 14.500 11.000 12.250 11.875 11.500 

120 9.750 9.375 9.250 9.500 9.000 

180 7.875 7.500 8.125 6.625 8.500 

Note:  1 mM of Fe2+ (for Fenton) or Fe3+ (for Fenton-like), 20 mM of H2O2, 230.77 

g/l of media at pH 3 and 25 °C. 

 

Table D.30 Ferrous removal in the FBR with different media. 

Time 

(min) 

SiO2 

pass #30 

remained #40 

(mg/l) 

CS 

pass #30 

(mg/l) 

CS 

pass #30 

remained #40

Run #1 

(mg/l) 

CS 

pass #30 

remained #40 

Run #2 

(mg/l) 

Fenton-like

(mg/l) 

0 56.750 57.875 56.625 56.875 - 

5 0.375 0.750 0.500 0.875 - 

10 0.250 0.375 0.500 0.000 - 

15 0.625 0.625 0.875 0.000 - 

30 0.375 0.875 1.250 0.000 - 

60 0.000 1.000 1.000 1.000 - 

120 0.000 0.000 0.500 1.125 - 

180 0.875 0.625 0.375 1.250 - 

Note:  1 mM of Fe2+ or Fe3+, 20 mM of H2O2, 230.77 g/l of media at pH 3 and 25 °C. 
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Table D.31 Hydrogen peroxide remaining in the FBR with different media. 

Time 

(min) 

SiO2 

pass #30 

remained #40 

(mg/l) 

CS 

pass #30 

(mg/l) 

CS 

pass #30 

remained #40

Run #1 

(mg/l) 

CS 

pass #30 

remained #40 

Run #2 

(mg/l) 

Fenton-like

(mg/l) 

0 680.200 680.200 680.200 680.200 680.200 

5 523.077 513.423 537.755 553.220 654.966 

10 523.077 530.537 503.061 553.220 628.767 

15 505.641 504.866 477.041 527.288 602.568 

30 401.026 462.081 442.347 484.068 558.904 

60 348.718 393.624 364.286 397.627 489.041 

120 322.564 316.611 277.551 276.610 349.315 

180 270.256 222.483 190.816 181.525 244.521 

Note:  1 mM of Fe2+ or Fe3+, 20 mM of H2O2, 230.77 g/l of media at pH 3 and 25 °C. 

 

D.2.4 Effect of Fe(OH)3 Crystallites 

 

Table D.32 Total and soluble iron removal in the FBR under various concentrations 

of Fenton’s reagent. 

Total iron (mg/l) Soluble iron (mg/l) 
Time 

(min) 
Fe 2+:H2O2  

1:20 mM 

Fe 2+:H2O2 

2:40 mM 

Fe 2+:H2O2 

3:60 mM 

Fe 2+:H2O2 

1:20 mM 

Fe 2+:H2O2  

2:40 mM 

Fe 2+:H2O2 

3:60 mM 

0 56.625 111.750 172.000 58.375 117.000 173.500 

5 23.125 63.000 112.750 20.000 56.500 39.500 

10 22.375 52.500 102.250 19.125 42.750 31.250 

15 17.750 45.000 92.000 18.000 31.000 26.000 

30 15.625 28.500 80.000 11.625 17.250 16.250 

60 11.750 16.250 64.750 12.250 7.750 10.500 

120 10.000 11.500 39.750 9.250 3.750 7.500 

180 9.000 7.750 18.000 8.125 3.500 6.750 

Note: 230.77 g/l of CS at pH 3 and 25 °C. 
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Table D.33 Ferrous and hydrogen peroxide remaining in the FBR reactor under 

various concentrations of Fenton’s reagent. 

Fe2+ (mg/l) H2O2 (mg/l) 
Time 

(min) 
Fe2+:H2O2  

1:20 mM 

Fe2+:H2O2 

2:40 mM 

Fe2+:H2O2 

3:60 mM 

Fe2+:H2O2 

1:20 mM 

Fe2+:H2O2  

2:40 mM 

Fe2+:H2O2 

3:60 mM 

0 56.625 114.750 175.500 680.200 1360.400 2040.600 

5 0.500 1.500 1.750 537.755 1060.949 843.885 

10 0.500 - - 503.061 1005.109 788.849 

15 0.875 - - 477.041 856.204 742.986 

30 1.250 - - 442.347 949.270 697.122 

60 1.000 1.250 1.750 364.286 725.912 614.568 

120 0.500 1.500 2.500 277.551 614.234 495.324 

180 0.375 1.250 1.500 190.816 521.168 476.978 

Note: 230.77 g/l of CS at pH 3 and 25 °C. 
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Table D.34 Total and soluble iron removal by 1-hr pre-CMR+FBR under various 

concentrations of Fenton’s reagent.  

Total iron (mg/l) Soluble iron (mg/l) 
Time 

(min) 
Fe 2+:H2O2  

1:20 mM 

Fe 2+:H2O2 

2:40 mM 

Fe 2+:H2O2 

3:60 mM 

Fe 2+:H2O2 

1:20 mM 

Fe 2+:H2O2  

2:40 mM 

Fe 2+:H2O2 

3:60 mM 

0 56.875 113.750 172.500 57.500 115.500 172.750 

5 - - - 37.875 43.000 24.750 

10 - - - 29.750 31.500 16.500 

15 - - - 24.500 21.750 13.250 

30 57.000 114.250 172.250 15.375 14.000 8.750 

60 57.500 114.750 172.750 8.750 9.000 6.000 

65 45.125 114.250 165.500 3.375 6.250 4.000 

70 37.250 107.750 163.250 3.625 6.750 5.250 

75 31.125 100.000 159.000 3.375 7.500 3.750 

90 22.375 90.750 150.500 4.000 6.000 4.000 

120 16.125 81.250 137.250 4.500 9.000 5.000 

180 9.750 64.000 123.250 3.750 5.750 4.750 

240 7.500 42.500 111.250 3.875 9.250 4.750 

Note: 230.77 g/l of CS at pH 3 and 25 °C. 
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Table D.35 Ferrous and hydrogen peroxide remaining in the 1-hr pre-CMR+FBR 

under various concentrations of Fenton’s reagent. 

Fe2+ (mg/l) H2O2 (mg/l) 
Time 

(min) 
Fe2+:H2O2  

1:20 mM 

Fe2+:H2O2 

2:40 mM 

Fe2+:H2O2 

3:60 mM 

Fe2+:H2O2 

1:20 mM 

Fe2+:H2O2  

2:40 mM 

Fe2+:H2O2 

3:60 mM 

0 58.625 116.250 173.500 680.200 1360.400 2040.600 

5 1.625 0.500 0.750 577.007 1154.015 1706.115 

60 1.125 1.750 0.750 428.102 912.044 1449.280 

120 1.625 1.750 1.250 381.569 763.139 1265.827 

180 2.500 1.250 1.000 325.730 595.620 1155.755 

240 1.875 2.000 1.250 260.584 595.620 1082.374 

Note: 230.77 g/l of CS at pH 3 and 25 °C. 

 

Table D.36 Total and soluble iron removal by 5-min pre-CMR+FBR  

Time 

(min) 

Total iron 

(mg/l) 

Soluble iron 

(mg/l) 

0 172.000 173.000 

5 172.000 22.750 

10 162.750 22.000 

15 156.000 11.000 

20 152.000 9.750 

35 141.250 7.750 

65 125.500 6.500 

125 105.250 6.250 

185 76.500 5.500 

Note: 3 mM of Fe2+, 60 mM of H2O2, 230.77 g/l of CS at pH 3 and 25 °C. 
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Table D.37 Ferrous and hydrogen peroxide remaining in the 5-min pre-CMR+FBR. 

Time 

(min) 

Fe2+  

(mg/l) 

H2O2  

(mg/l) 

0 171.750 2040.600 

5 0.750 1687.770 

65 0.750 1375.899 

125 0.750 1192.446 

185 0.750 1155.755 

Note: 3 mM of Fe2+, 60 mM of H2O2, 230.77 g/l of CS at pH 3 and 25 °C. 

 

D.2.5 Effect of Iron Concentration (all the raw data used in the discussions of this 

part are similar to those of “D.2.4 Effect of Fe(OH)3 Crystallites”) 

 

Table D.32 Total and soluble iron removal in the FBR under various concentrations 

of Fenton’s reagent. 

Total iron (mg/l) Soluble iron (mg/l) 
Time 

(min) 
Fe 2+:H2O2  

1:20 mM 

Fe 2+:H2O2 

2:40 mM 

Fe 2+:H2O2 

3:60 mM 

Fe 2+:H2O2 

1:20 mM 

Fe 2+:H2O2  

2:40 mM 

Fe 2+:H2O2 

3:60 mM 

0 56.625 111.750 172.000 58.375 117.000 173.500 

5 23.125 63.000 112.750 20.000 56.500 39.500 

10 22.375 52.500 102.250 19.125 42.750 31.250 

15 17.750 45.000 92.000 18.000 31.000 26.000 

30 15.625 28.500 80.000 11.625 17.250 16.250 

60 11.750 16.250 64.750 12.250 7.750 10.500 

120 10.000 11.500 39.750 9.250 3.750 7.500 

180 9.000 7.750 18.000 8.125 3.500 6.750 

Note: 230.77 g/l of CS at pH 3 and 25 °C. 
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Table D.33 Ferrous and hydrogen peroxide remaining in the FBR reactor under 

various concentrations of Fenton’s reagent. 

Fe2+ (mg/l) H2O2 (mg/l) 
Time 

(min) 
Fe2+:H2O2  

1:20 mM 

Fe2+:H2O2 

2:40 mM 

Fe2+:H2O2 

3:60 mM 

Fe2+:H2O2 

1:20 mM 

Fe2+:H2O2  

2:40 mM 

Fe2+:H2O2 

3:60 mM 

0 56.625 114.750 175.500 680.200 1360.400 2040.600 

5 0.500 1.500 1.750 537.755 1060.949 843.885 

10 0.500 - - 503.061 1005.109 788.849 

15 0.875 - - 477.041 856.204 742.986 

30 1.250 - - 442.347 949.270 697.122 

60 1.000 1.250 1.750 364.286 725.912 614.568 

120 0.500 1.500 2.500 277.551 614.234 495.324 

180 0.375 1.250 1.500 190.816 521.168 476.978 

Note: 230.77 g/l of CS at pH 3 and 25 °C. 
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Table D.34 Total and soluble iron removal by 1-hr pre-CMR+FBR under various 

concentrations of Fenton’s reagent.  

Total iron (mg/l) Soluble iron (mg/l) 
Time 

(min) 
Fe 2+:H2O2  

1:20 mM 

Fe 2+:H2O2 

2:40 mM 

Fe 2+:H2O2 

3:60 mM 

Fe 2+:H2O2 

1:20 mM 

Fe 2+:H2O2  

2:40 mM 

Fe 2+:H2O2 

3:60 mM 

0 56.875 113.750 172.500 57.500 115.500 172.750 

5 - - - 37.875 43.000 24.750 

10 - - - 29.750 31.500 16.500 

15 - - - 24.500 21.750 13.250 

30 57.000 114.250 172.250 15.375 14.000 8.750 

60 57.500 114.750 172.750 8.750 9.000 6.000 

65 45.125 114.250 165.500 3.375 6.250 4.000 

70 37.250 107.750 163.250 3.625 6.750 5.250 

75 31.125 100.000 159.000 3.375 7.500 3.750 

90 22.375 90.750 150.500 4.000 6.000 4.000 

120 16.125 81.250 137.250 4.500 9.000 5.000 

180 9.750 64.000 123.250 3.750 5.750 4.750 

240 7.500 42.500 111.250 3.875 9.250 4.750 

Note: 230.77 g/l of CS at pH 3 and 25 °C. 
 

Table D.35 Ferrous and hydrogen peroxide remaining in the 1-hr pre-CMR+FBR 

under various concentrations of Fenton’s reagent. 

Fe2+ (mg/l) H2O2 (mg/l) 
Time 

(min) 
Fe2+:H2O2  

1:20 mM 

Fe2+:H2O2 

2:40 mM 

Fe2+:H2O2 

3:60 mM 

Fe2+:H2O2 

1:20 mM 

Fe2+:H2O2  

2:40 mM 

Fe2+:H2O2 

3:60 mM 

0 58.625 116.250 173.500 680.200 1360.400 2040.600 

5 1.625 0.500 0.750 577.007 1154.015 1706.115 

60 1.125 1.750 0.750 428.102 912.044 1449.280 

120 1.625 1.750 1.250 381.569 763.139 1265.827 

180 2.500 1.250 1.000 325.730 595.620 1155.755 

240 1.875 2.000 1.250 260.584 595.620 1082.374 

Note: 230.77 g/l of CS at pH 3 and 25 °C. 
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Table D.36 Total and soluble iron removal by 5-min pre-CMR+FBR  

Time 

(min) 

Total iron 

(mg/l) 

Soluble iron 

(mg/l) 

0 172.000 173.000 

5 172.000 22.750 

10 162.750 22.000 

15 156.000 11.000 

20 152.000 9.750 

35 141.250 7.750 

65 125.500 6.500 

125 105.250 6.250 

185 76.500 5.500 

Note: 3 mM of Fe2+, 60 mM of H2O2, 230.77 g/l of CS at pH 3 and 25 °C. 

 

Table D.37 Ferrous and hydrogen peroxide remaining in the 5-min pre-CMR+FBR  

Time 

(min) 

Fe2+  

(mg/l) 

H2O2  

(mg/l) 

0 171.750 2040.600 

5 0.750 1687.770 

65 0.750 1375.899 

125 0.750 1192.446 

185 0.750 1155.755 

Note: 3 mM of Fe2+, 60 mM of H2O2, 230.77 g/l of CS at pH 3 and 25 °C. 
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D.2.6 Effect of Turbulence (some raw data used in the discussions of this part are 

similar to those of “D.2.1 Iron Solubility”) 

 

Table D.25 Ferric precipitation under various turbulence conditions. 

O2 gas Air Stagnant (BOD bottle) 
Time 

(min) 
Tot. iron 

(mg/l) 

Sol. iron 

(mg/l) 

Tot. iron 

(mg/l) 

Sol. iron 

(mg/l) 

Tot. iron 

(mg/l) 

Sol. iron 

(mg/l) 

0 56.125 55.000 57.750 55.125 56.625 47.000 

5 0.000 43.875 0.000 45.250 - - 

10 0.000 39.250 0.000 38.625 - - 

15 0.000 34.875 0.000 33.125 - - 

30 52.500 21.500 57.125 22.125 55.500 42.375 

60 54.500 11.250 57.875 14.125 53.875 40.125 

120 55.000 7.625 56.875 8.500 55.375 34.750 

180 53.750 6.500 56.625 6.375 54.500 32.750 

1140 - - - - 0.000 15.875 

Note:  1 mM of Fe3+ at pH 3 and 25 °C. 

 

Table D.38 Ferric precipitation under Fenton experiment. 

Time 

(min) 

Total iron 

(mg/l) 

Soluble iron

(mg/l) 

Fe2+ 

(mg/l) 

H2O2 

(mg/l) 

0 56.250 56.250 57.000 680.200 

5 57.125 45.750 0.750 567.637 

10 56.750 39.250 - 523.973 

15 56.750 33.125 - 523.973 

30 56.125 22.000 - 462.842 

60 56.500 12.375 0.375 401.712 

120 56.625 8.500 0.500 314.384 

180 58.125 6.125 1.000 279.452 

Note:  1 mM of Fe2+, 20 mM of H2O2 at pH 3 and 25 °C. 

 

 



 148

D.2.7 Effect of Organic Compounds 

 

Table D.39 Effect of organo-ferric complex on iron crystallization in FBR. 

Absence of VFA Presence of VFA 
Time 

(min) 
Sol. iron 

(mg/l) 

Tot. iron 

(mg/l) 

Sol. iron 

(mg/l) 

Tot. iron 

(mg/l) 

0 40.375 58.000 59.000 59.000 

5 19.750 34.125 56.500 59.000 

10 17.750 33.125 55.375 59.000 

15 17.125 28.625 55.375 59.375 

30 15.250 21.750 54.500 59.375 

60 12.375 18.125 54.125 59.375 

120 9.875 13.375 54.125 58.750 

180 9.250 11.250 53.625 58.625 

Note: 1 mM of Fe3+, 230.77 g/l of CS at pH 3 and 25 °C, VFA consisted of 2 mM of  

          formic acid, 0.5 mM of acetic acid and 2 mM of oxalic acid. 

 

Table D.40 Effect of organo-ferric complex on total iron removal in fully fluidized-

bed Fenton process. 

Total iron (mg/l) 
Time 

(min) Free org. 
Org. 0.1 mM 

Run #1 

Org. 0.1 mM 

Run #2 
Org. 1 mM 

0 56.625 57.250 57.250 57.375 

5 23.125 41.250 36.125 41.125 

10 22.375 38.500 34.750 34.125 

15 17.750 37.375 33.875 31.875 

30 15.625 36.625 33.125 28.750 

60 11.750 35.750 30.750 27.625 

120 10.000 34.375 28.250 42.250 

180 9.000 30.375 27.625 46.000 

Note: 1 mM of Fe2+, 20 mM of H2O2, 230.77 g/l of CS at pH 3 and 25 °C. 
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Table D.41 Effect of organo-ferric complex on soluble iron removal in fully 

fluidized-bed Fenton process. 

Soluble iron (mg/l) 
Time 

(min) Free org. 
Org. 0.1 mM 

Run #1 

Org. 0.1 mM 

Run #2 
Org. 1 mM 

0 58.375 57.250 57.375 59.625 

5 20.000 35.375 34.500 35.625 

10 19.125 35.500 32.375 34.000 

15 18.000 34.875 31.625 30.875 

30 11.625 33.250 30.000 27.500 

60 12.250 32.375 28.000 27.250 

120 9.250 29.750 26.000 41.250 

180 8.125 27.750 24.250 45.750 

Note: 1 mM of Fe2+, 20 mM of H2O2, 230.77 g/l of CS at pH 3 and 25 °C. 

 

Table D.42 Effect of organo-ferric complex on ferrous removal in fully fluidized-bed 

Fenton process. 

Fe2+ remaining (mg/l) 
Time 

(min) Free org. 
Org. 0.1 mM 

Run #1 

Org. 0.1 mM 

Run #2 
Org. 1 mM 

0 56.625 57.250 57.500 58.500 

5 0.500 1.750 3.000 11.625 

10 0.500 - - 10.125 

15 0.875 - - 9.500 

30 1.250 - - 7.250 

60 1.000 - 2.250 12.000 

120 0.500 - 1.500 7.500 

180 0.375 - 1.500 6.500 

Note: 1 mM of Fe2+, 20 mM of H2O2, 230.77 g/l of CS at pH 3 and 25 °C. 
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Table D.43 Effect of organo-ferric complex on H2O2 consumption in fully fluidized-

bed Fenton process. 

H2O2 remaining (mg/l) 
Time 

(min) Free org. 
Org. 0.1 mM 

Run #1 

Org. 0.1 mM 

Run #2 
Org. 1 mM 

0 680.200 680.200 680.200 680.200 

5 537.755 534.831 534.831 604.927 

10 503.061 467.978 458.427 558.394 

15 477.041 410.674 382.022 567.701 

30 442.347 305.618 257.865 530.474 

60 364.286 181.461 143.258 409.489 

120 277.551 57.303 38.202 46.533 

180 190.816 9.551 19.101 0.000 

Note: 1 mM of Fe2+, 20 mM of H2O2, 230.77 g/l of CS at pH 3 and 25 °C. 

 

Table D.44 Effect of organo-ferric complex on total and soluble iron removal in 1-hr 

pre-CMR+FBR. 

Total iron (mg/l) Soluble iron (mg/l) 
Time 

(min) 
Org. 

0.1 mM 

Org. 

1 mM 

Org. 

0.1 mM 

Org. 

1 mM 

0 57.875 57.125 57.875 57.125 

60 57.875 57.000 47.625 30.125 

65 42.000 53.625 38.750 26.875 

70 40.250 53.500 36.500 27.250 

75 38.625 54.500 28.875 30.250 

80 - 54.750 - 29.875 

90 32.750 53.875 27.375 31.000 

120 29.125 53.125 24.750 34.250 

180 23.125 55.125 20.500 37.500 

240 22.750 55.625 20.000 39.125 

Note: 1 mM of Fe2+, 20 mM of H2O2, 230.77 g/l of CS at pH 3 and 25 °C. 
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Table D.45 Effect of organo-ferric complex on Fe2+ removal and H2O2 consumption 

in 1-hr pre-CMR+FBR. 

Fe2+ remaining (mg/l) H2O2 remaining (mg/l) 
Time 

(min) 
Org. 

0.1 mM 

Org. 

1 mM 

Org.  

0.1 mM 

Org. 

1 mM 

0 58.125 58.250 680.200 680.200 

60 1.750 10.875 112.373 363.051 

65 0.000 0.000 112.373 259.322 

70 0.000 0.000 86.441 250.678 

75 0.000 7.875 77.797 216.102 

80 - 7.000 - 207.458 

90 0.000 6.500 60.508 146.949 

120 0.000 5.875 34.576 60.508 

180 0.000 4.750 8.644 25.932 

240 0.000 4.125 0.000 0 

Note: 1 mM of Fe2+, 20 mM of H2O2, 230.77 g/l of CS at pH 3 and 25 °C. 
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D.2.8 Reusability of Iron-coated Construction Sand for Iron Crystallization 
 
Table D.46 Reusability of iron-coated CS for iron crystallization. 

Cycle 
Total iron 
@ 60 min 

(mg/l) 
 Cycle

Total iron
@ 60 min

(mg/l) 
Cycle

Total iron 
@ 60 min 

(mg/l) 
 Cycle 

Total iron
@ 60 min 

(mg/l) 
1 9.875  26 33.500 51 37.500  76 40.000 
2 6.875  27 21.000 52 33.750  77 36.500 
3 7.875  28 22.500 53 40.250  78 37.000 
4 8.125  29 26.750 54 31.250  79 35.250 
5 9.250  30 29.750 55 30.750  80 37.750 
6 24.750  31 24.750 56 34.750  81 39.250 
7 30.250  32 28.750 57 38.000  82 41.250 
8 32.250  33 30.750 58 28.000  83 37.750 
9 28.500  34 35.750 59 32.750  84 35.000 
10 29.500  35 30.500 60 31.750  85 38.500 
11 27.750  36 31.750 61 31.000  86 44.750 
12 17.750  37 32.500 62 30.500  87 41.500 
13 20.750  38 34.000 63 30.500  88 45.500 
14 31.000  39 34.500 64 31.000  89 41.750 
15 21.500  40 31.250 65 30.750  90 46.500 
16 21.250  41 33.750 66 35.750  91 50.750 
17 25.500  42 26.750 67 29.750  92 35.500 
18 26.750  43 33.000 68 34.250  93 38.250 
19 26.250  44 29.000 69 38.250  94 33.750 
20 34.000  45 30.750 70 39.250  95 39.000 
21 27.500  46 33.250 71 41.250  96 35.500 
22 31.000  47 27.500 72 32.250  97 43.000 
23 25.250  48 24.500 73 31.750  98 39.750 
24 26.750  49 26.500 74 34.000  99 44.750 
25 26.250  50 34.750 75 36.500  100 44.750 
         101 44.250 

Note: 1 mM of Fe2+, 20 mM of H2O2 at Cycle 1st -5th 

          2 mM of Fe2+, 40 mM of H2O2 at Cycle 6th-101st , 230.77 g/l of CS   

          at pH 3 and 25 °C. 
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Table D.47 Comparison of total and soluble iron removal between the 1st cycle and 

101st cycle. 

Total iron (mg/l) Soluble iron (mg/l) Time 

(min) 1st cycle 101st cysle 1st cycle 101st cysle 

0 111.750 132.500 117.000 116.500 

5 63.000 102.500 56.500 14.250 

10 52.500 74.250 42.750 14.000 

15 45.000 69.500 31.000 10.000 

30 28.500 56.500 17.250 10.000 

60 16.250 44.250 7.750 5.000 

120 11.500 38.250 3.750 3.250 

180 7.750 31.500 3.500 3.500 

Note: 2 mM of Fe2+, 40 mM of H2O2, 230.77 g/l of CS at pH 3 and 25 °C. 

 

Table D.48 Comparison of Fe2+ removal and H2O2 consumption between the 1st cycle 

and 101st cycle. 

Fe2+ (mg/l) H2O2 (mg/l) Time 

(min) 1st cycle 101st cycle 1st cycle 101st cycle 

0 114.750 115.750 1360.400 1360.400 

5 1.500 0.500 1060.949 1069.930 

10 - - 1005.109 - 

15 - - 856.204 - 

30 - - 949.270 980.769 

60 1.250 0.250 725.912 838.112 

120 1.500 0.750 614.234 748.951 

180 1.250 0.500 521.168 677.622 

Note: 2 mM of Fe2+, 40 mM of H2O2, 230.77 g/l of CS at pH 3 and 25 °C. 
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D.2.9 Catalytic Activity of Iron-coated Construction Sand 

 

Table D.49 Aniline removal in the system with H2O2 and catalyst. 

Aniline concentration (C/C0) 
Time 

(min) 
Goethite 

0.075 g/l 

Goethite

0.75 g/l 

Goethite

1 g/l 

Goethite

7.5 g/l 

Goethite 

75 g/l 

Iron-coated CS

75 g/l 

0 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 

10 0.9901 0.9742 0.9524 0.7415 0.3294 0.9736 

20 0.9663 0.9611 0.9130 0.5534 0.0000 0.9784 

30 0.9814 0.9524 0.9222 0.4488 0.0000 0.9296 

40 0.9687 0.9688 0.9054 0.2951 0.0000 0.9272 

50 0.9881 0.9598 0.9048 0.2047 0.0000 0.8886 

60 1.0004 0.9615 0.9079 0.1498 0.0000 0.8754 

90 1.0080 0.9662 0.8697 0.0474 0.0000 0.8244 

120 1.0159 0.9356 0.8856 0.0000 0.0000 0.7516 

180 0.9919 0.9402 0.8477 0.0000 0.0000 0.6796 

Note: 1 mM of AN, 1 mM of 2,6-DMA, 20 mM of H2O2  at pH 3 and 25 °C. 
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Table D.50 2,6-DMA removal in the system with H2O2 and catalyst. 

2,6-DMA concentration (C/C0) 
Time 

(min) 
Goethite 

0.075 g/l 

Goethite

0.75 g/l 

Goethite

1 g/l 

Goethite

7.5 g/l 

Goethite 

75 g/l 

Iron-coated CS

75 g/l 

0 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 

10 0.9925 0.9910 0.9209 0.5299 0.0857 0.9653 

20 0.9709 0.9618 0.8833 0.2780 0.0000 0.9543 

30 0.9664 0.9464 0.8822 0.1467 0.0000 0.8874 

40 0.9581 0.9378 0.8833 0.0590 0.0000 0.8662 

50 0.9807 0.9293 0.8749 0.0249 0.0000 0.8387 

60 0.9779 0.9400 0.8519 0.0000 0.0000 0.8260 

90 0.9934 0.9245 0.8193 0.0000 0.0000 0.7732 

120 1.0040 0.8834 0.7987 0.0000 0.0000 0.6848 

180 0.9822 0.8542 0.7657 0.0000 0.0000 0.5963 

Note: 1 mM of AN, 1 mM of 2,6-DMA, 20 mM of H2O2  at pH 3 and 25 °C. 
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Table D.51 Soluble iron removal in the system with H2O2 and catalyst. 

Soluble iron (mg/l) 
Time 

(min) 
Goethite 

0.075 g/l 

Goethite

0.75 g/l 

Goethite

1 g/l 

Goethite

7.5 g/l 

Goethite 

75 g/l 

Iron-coated CS

75 g/l 

0 0.000 0.000 0.000 0.000 0.000 0.000 

10 0.625 - - - - 0.875 

15 - 2.750 - 8.125 8.750 - 

20 0.750 - - - - 1.625 

25 - - - - 14.500 - 

30 1.250 2.500 3.625 9.375 18.250 1.625 

40 0.125 - - - 23.250 2.500 

50 1.000 - - - 24.000 2.625 

60 1.000 3.000 2.875 10.125 23.500 2.500 

90 1.000 2.875 3.500 11.375 - 2.875 

120 0.000 2.750 3.625 10.625 - 2.125 

180 0.000 3.125 3.375 12.250 - 2.625 

Note: 1 mM of AN, 1 mM of 2,6-DMA, 20 mM of H2O2  at pH 3 and 25 °C. 
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Table D.52 Ferrous removal in the system with H2O2 and catalyst. 

Fe2+ (mg/l) 
Time 

(min) 
Goethite 

0.075 g/l 

Goethite

0.75 g/l 

Goethite

1 g/l 

Goethite

7.5 g/l 

Goethite 

75 g/l 

Iron-coated CS

75 g/l 

0 0.000 0.000 0.000 0.000 0.000 0.000 

10 0.375 - -  - 0.500 

15 - 1.500 - 8.500 10.250 - 

20 0.375 - - - - 0.875 

25 - - - - 11.875 - 

30 0.500 1.750 2.000 9.750 9.625 0.875 

40 0.500 - - - 7.625 1.000 

50 0.500 - - - 7.375 1.125 

60 0.500 2.125 2.500 10.000 7.375 1.375 

90 0.625 2.125 2.750 9.875 - 1.500 

120 0.750 1.875 2.625 9.125 - 1.750 

180 1.125 2.500 2.875 7.125 - 2.125 

Note: 1 mM of AN, 1 mM of 2,6-DMA, 20 mM of H2O2  at pH 3 and 25 °C. 
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Table D.53 Relationship between ln([2,6-DMA]/[n2,6-DMA]0) and ln([AN]/[AN]0) 

of the system with H2O2 and iron-coated CS. 

Organic concentration (C/C0) Time 

(min) Aniline 2,6-DMA 

0 1.0000 1.0000 

10 0.9736 0.9653 

20 0.9784 0.9543 

30 0.9296 0.8874 

40 0.9272 0.8662 

50 0.8886 0.8387 

60 0.8754 0.8260 

90 0.8244 0.7732 

120 0.7516 0.6848 

180 0.6796 0.5963 

Note: 1 mM of AN, 1 mM of 2,6-DMA, 20 mM of H2O2, 75 g/l of iron-coated CS at 

pH 3 and 25 °C. 

 



 159

 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX E 

Determination of the Rate Constant Ratio Using the Competitive Kinetics Technique 
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E.1 Verification of Competitive Kinetics Technique 
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Figure E.1 Relationship between ln([n,n-DMA]/[n,n-DMA]0) versus ln([AN]/[AN]0) 

(Run No. 1) with the initial conditions as follows: 1 mM of AN, 1 mM of n,n-DMA, 1 

mM of Fe2+, 20 mM of H2O2 at pH 3 and 25 °C.  
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y = 0.6193x - 0.0919
R2 = 0.9913
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Figure E.2 Relationship between ln([n,n-DMA]/[n,n-DMA]0) versus ln([AN]/[AN]0 

(Run No. 2) with the initial conditions as follows: 1 mM of AN, 1 mM of n,n-DMA, 1 

mM of Fe2+, 20 mM of H2O2 at pH 3 and 25 °C. 
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y = 0.6689x - 0.0483
R2 = 0.9925
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Figure E.3 Relationship between ln([n,n-DMA]/[n,n-DMA]0) versus ln([AN]/[AN]0) 

(Run No. 3) with the initial conditions as follows: 1 mM of AN, 1 mM of n,n-DMA, 1 

mM of Fe2+, 20 mM of H2O2 at pH 3 and 25 °C. 
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E.2 Intrinsic Rate Constant of 2,6-DMA with Hydroxyl Radical 

 

E.2.1 Batch Study in the Absence of Media 

 

 

y = 3.4296x - 0.0058
R2 = 0.9407

-2

-1.6

-1.2

-0.8

-0.4

0
-0.5-0.4-0.3-0.2-0.10

ln [AN]/[AN]0

ln
[2

,6
-D

M
A

]/[
2,

6-
D

M
A

] 0

 

 

 

 

 

 

 

 

 

 

 

Figure E.4 Relationship between ln([2,6-DMA]/[2,6-DMA]0) versus ln([AN]/[AN]0) 

(Run No. 1) with the initial conditions as follows: 1 mM of AN, 1 mM of 2,6-DMA, 1 

mM of Fe2+, 20 mM of H2O2 at pH 3 and 25 °C. 
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y = 3.6452x + 0.2386
R2 = 0.9852
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Figure E.5 Relationship between ln([2,6-DMA]/[2,6-DMA]0) versus ln([AN]/[AN]0) 

(Run No. 2) with the initial conditions as follows: 1 mM of AN, 1 mM of 2,6-DMA, 1 

mM of Fe2+, 20 mM of H2O2 at pH 3 and 25 °C. 
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y = 3.7532x + 0.4497
R2 = 0.9883
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Figure E.6 Relationship between ln([2,6-DMA]/[2,6-DMA]0) versus ln([AN]/[AN]0) 

(Run No. 3) with the initial conditions as follows: 1 mM of AN, 1 mM of 2,6-DMA, 1 

mM of Fe2+, 20 mM of H2O2 at pH 3 and 25 °C. 
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y = 3.5979x + 0.0011
R2 = 0.962
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Figure E.7 Relationship between ln([2,6-DMA]/[2,6-DMA]0) versus ln([AN]/[AN]0) 

(Run No. 4) with the initial conditions as follows: 1 mM of AN, 0.5 mM of 2,6-DMA, 

1 mM of Fe2+, 20 mM of H2O2 at pH 3 and 25 °C. 
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y = 3.3165x - 0.218
R2 = 0.9737
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Figure E.8 Relationship between ln([2,6-DMA]/[2,6-DMA]0) versus ln([AN]/[AN]0) 

(Run No. 5) with the initial conditions as follows: 0.5 mM of AN, 1 mM of 2,6-DMA, 

1 mM of Fe2+, 20 mM of H2O2 at pH 3 and 25 °C. 
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y = 3.3165x - 0.106
R2 = 0.9564
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Figure E.9 Relationship between ln([2,6-DMA]/[2,6-DMA]0) versus ln([AN]/[AN]0) 

(Run No. 6) with the initial conditions as follows: 0.5 mM of AN, 0.5 mM of 2,6-

DMA, 1 mM of Fe2+, 20 mM of H2O2 at pH 3 and 25 °C. 
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y = 3.6265x + 0.2297
R2 = 0.9984
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Figure E.10 Relationship between ln([2,6-DMA]/[2,6-DMA]0) versus 

ln([AN]/[AN]0) (Run No. 7) with the initial conditions as follows: 1 mM of AN, 1 

mM of 2,6-DMA, 1.5 mM of Fe2+, 30 mM of H2O2 at pH 3 and 25 °C. 
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y = 3.6856x + 0.5791
R2 = 0.9961
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Figure E.11 Relationship between ln([2,6-DMA]/[2,6-DMA]0) versus 

ln([AN]/[AN]0) (Run No. 8)  with the initial conditions as follows: 1 mM of AN, 1 

mM of 2,6-DMA, 2 mM of Fe2+, 40 mM of H2O2 at pH 3 and 25 °C. 
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y = 3.6756x + 0.098
R2 = 0.9901
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Figure E.12 Relationship between ln([2,6-DMA]/[2,6-DMA]0) versus 

ln([AN]/[AN]0) (Run No. 9) with the initial conditions as follows: 1 mM of AN, 1 

mM of 2,6-DMA, 1 mM of Fe2+, 30 mM of H2O2 at pH 3 and 25 °C. 
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E.2.2 Batch Study in the Presence of Media 

 

 

y = 3.3364x + 0.1176
R2 = 0.8806

-0.8

-0.6

-0.4

-0.2

0
-0.3-0.2-0.10

ln [AN]/[AN]0

ln
[2

,6
-D

M
A

]/[
2,

6-
D

M
A

] 0
 

 

 

 

 

 

 

 

 

 

 

Figure E.13 Relationship between ln([2,6-DMA]/[2,6-DMA]0) versus 

ln([AN]/[AN]0) (Run No. 10) with the initial conditions as follows: 1 mM of AN, 1 

mM of 2,6-DMA, 1 mM of Fe2+, 20 mM of H2O2, 37.04 g/l of SiO2 at pH 3 and 25 

°C. 
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E.2.3 Batch Study in the Fluidized-bed Reactor 
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Figure E.14 Relationship between ln([2,6-DMA]/[2,6-DMA]0) versus 

ln([AN]/[AN]0) (Run No. 11) with the initial conditions as follows: 1 mM of AN, 1 

mM of 2,6-DMA, 1 mM of Fe2+, 20 mM of H2O2, 230.77 g/l of CS at pH 3 and 25 °C. 
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y = 3.6527x + 0.5161
R2 = 0.9907
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Figure E.15 Relationship between ln([2,6-DMA]/[2,6-DMA]0) versus 

ln([AN]/[AN]0) (Run No.12) with the initial conditions as follows: 1 mM of AN, 1 

mM of 2,6-DMA, 1 mM of Fe2+, 20 mM of H2O2, 230.77 g/l of CS at pH 3 and 25 °C. 
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APPENDIX F 

Calculation for the construction of “log C - pH Diagram” for Fe3+ Solubility 
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Calculate for ideal solution at 25°C and neglecting the ionic strength 

Step 1: Species → H+, OH-, Fe3+, Fe(OH)2+, Fe(OH)2
+, Fe(OH)3(aq), Fe(OH)4

-, 

Fe(OH)3(s) 

Step 2: Equilibrium equation: 

 [H+][OH-] = Kw = 10-14   →   pH + pOH = 14 

][Fe(OH) i3
i
−  =    (F.1) (F.4) i3

i ]][OH[Feβ −+

1β  = 1011.81,  = 1022.33,  = 1028.40,  = 1034.30 2β 3β 4β

[Fe3+][OH-]3 = Ksp = 10-37.11 for Fe(OH)3(s)  (F.5) 

From (5) log[Fe3+]+3log[OH-]  = -37.11 

log[Fe3+]   = -3log[OH-]-37.11 

    = 3pOH-37.11 

    = 3(14-pH)-37.11 

log[Fe3+]   = -3pH+4.89  (F.6) 

log   =  log + log[Fe3+] + ilog[OH-] ][Fe(OH) i3
i
−

iβ

log   = log + (-3pH+4.89)-i(14-pH) ][Fe(OH) i3
i
−

iβ

    = (log +4.89-14i)+(i-3)pH iβ

∴ log   = (11.81+4.89-14)-2pH ][Fe(OH)2+

    = 2.7-2pH  (F.7) 

    log   = (22.33+4.89-28)-pH  ][Fe(OH)2
+

    = -0.78-pH  (F.8) 

    log   = (28.4+4.89-4.2) ][Fe(OH)0
3

    = -8.71   (F.9) 

    log   = (34.4+4.89-56)+pH ][Fe(OH)−4

    = -16.71+pH  (F.10) 
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