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CHAPTER I
INTRODUCTION

1.1 Research Rationale

Nowadays, several chemicals which are highly persistent in the environment
have been synthesized and.usedsintensively and become hazardous wastes afterward.
These chemicals.eannot be degraded by traditional treatment processes due to their
toxic and refractorypropesty. Variation in the chemical compesition leads to a need to
develop a special andfspegifi¢ treatment method for each persistent pollutant. One
group of the pollutants that is typically persistent and needs advanced treatment is the
aromatic compoundsy ) .

2,6-dimethyl-aniline /(2,6-DMA) is:'-_a_ metabolite of the xylidine group of
anesthetics including idocaine and+can alspfpe .produced by the reduction of certain
azo dyes by intestinal microfiora. It ma_)'(','a'_lso enter the environment through
degradation of certain pestiCides. 2,6-DMAéhé;"-.been commercially produced and
widely used as a chemical-intermediate 1o prédtjc‘;exmany 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 thesg 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 an@ hazardous organic ‘€ompounds.
Hydroxy! 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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H,0,/UV, O3/H,0,, 0O3/UV, TiO,/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 (Fe?*) and hydrogen peroxide
(H207) so called “Fenton’s reagent”. Convenuonal Fenton process is typically simple
and effective, and requires-no costly capital ifivestment. It has been proven to be
effective in treating varigus-erganic cor;taminants such as nitrophenol, dye, aromatic
amines, polycyclic aromatic, ethers, and photographic wastewater (Ewa et al., 1991).
The Fenton’s reagent asran exidant for wastewater treatment is attractive due to the
facts that iron is ashighly@abundant and npnf_'[oxic element and H,0, is easy to handle
and kindly environmentalimaking (Munter,..'2001; Pignatello, 1992). This reaction is
typically performed under an acidic coﬁaition 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 hydrokide*precipitation and to comply with the
effluent standard. This neutralization step €an generate an enormous amount of ferric
hydroxide sludge which requires . further 'se'péuiation and disposal. The use of
fluidized-bed reactor can overcome or Iessenjhis problem. Ferric ions resulted from
the Fenton reaction can précipitate and cryéfél-l_i:z‘je’ onto the carriers’ surface; hence,
significantly reducing.the formation of 1ron puffy studge (Chou and Huang, 1999). In
addition, it was“also found that these crystallized iron oxides could catalyze the
decomposition of H,O, to generate OH® which further enhancing the removal of
pollutant (Lin and Gurol, 1998).

Althdugh theloxidatiornof 2,6<DMAhY ©OH"® has! been +fivestigated previously
by Ting et al. (2009) and-Masombean et al (2010), no-intrinsic’kinetie rate constant of
the reaction between 2,6-DMA and’OH® have been reported. This constant is a very
impartant 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.



1.2 Obijectives

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. 2
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 theffundamental understanding on the characteristics of iron
crystallization onio the carrigr’s surface ln tp_e fluidized-bed Fenton process as well as

the catalytic ability of irop-coated media 011 i—|202 decomposition to generate OH".
1.3 Hypotheses {4

1. Oxidation of 2,6-DMA by OH® ls-é second-order reaction.

2. 2,6-Dimethyl-aniline decompositibﬁ by"ordinary and fluidized-bed Fenton
processes depends on system pH and ch_emlcal dosages.

3. Metal, oxide can effectlvely serve as a medium. forsiron crystallization in
the fluidized-bed Fenton process.

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

on iron erystallization in fluidized-bed Fenton pracess.
1.4 Scope of the Research

1. Using lab scale reactorsof 1.35 liter for the fluidized-bed Fenten;and 0.5

liter for-the ordinary-Fenton.

no

Using a synthetic wastewater.

w

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.

o

Operating in both batch and continuous modes.



1.5 Obtained Results

1. Intrinsic kinetic rate constant for 2,6-DMA oxidation by OH".
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CHAPTER Il
THEORIES AND LITERATURE REVIEWS

2.1 2,6-Dimethyl-aniline
2.1.1 General Information

2,6-dimethyl-aniline«(2,6-D\A) is one of the six dimethyl-aniline isomers of
which their molecular formula are (CHs),CsHsNH,. 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:shewn in Figuie 2.1. 2,6-dimethyl-aniline can be either
obtained as a by-product in the fractional ‘qistillation of the coal tar or synthesized by
heating aniline hydrochloride with methaho_l at 220 °C. Furthermore, 2.6-DMA is a
metabolite of the xylidine group of anaestheti’és i'hcluding lidicaine and is produced by
the reduction of certain azo dyes by mtes‘tmal microflora. It may also enter the
environment through degradation of certain pestlmdes 2,6-dimethyl-aniline is an
aniline homologue and has slmllar propertle_s_-of_’grgmatlc amine. 2,6-dimethyl-aniline
is sparingly soluble in water but miscible Witr: ethanol and diethyl ether and is
sensitive to air and-light-and tends to darken on storage. 2,6-aimethyl-aniline is used
to manufacture —many products Including pesticides, -éyestuffs, antioxidants,
pharmaceuticals and other products.

2,6-dimethylsaniline damages hemoglobin, a protein that normally transports
oxygen in the bload, so that 0xygen cannot be transported to cells and tissues causing
them to, laCk™ oxygen™ for ‘their metabolisms.” This condition™ is known as
“methemoglobinemia”. Methaemoglobinemia causes.headache, cardiaciarrhythmia,
blood pressure drop, dyspnoea, spasms, and cyanosis| (blue colaration il 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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Figure 2.1 Structure of 2,6-DMA.

2.1.2 Physicakand Chemical Properties

Physical stateqand appearance of 2,6-DMA is in a liquid form, colorless to
reddish-yellow, clear liguids 1t/has a melting point of 11.2 °C and a boiling point of
216 °C. 2,6-dimethyl-aniling is slightly. sbluble in water and freely soluble in ether
and alcohol. The density is'0.979'g/cm” at.20 °C. The substance has a flash point of 91
°C. 2,6-dimethyl-aniling is quite stable in the _(_anvironment except under excessive
heat exposure or contact with incempatible _rm;'iterials such as oxidizing agents and
acids including acid chlorides, halogerié',: -acid anhydrides, hypochlorite, and
chloroformates. Addition physical and chemical plr"operties 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 skingsdermal 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



Table 2.1 Physical and chemical properties of 2,6-DMA.

Property Data

Molecular formula CgH1aN

Molecular weight 121.18 g/mol

Appearance Yellow liquid; with characteristic odor and turn
brown on exposure to.air

Density 0.979 gicm”

Boiling point 216 °C

Melting point #V2rQ

Water solubility 350/ @ 25°C

Specific gravity 0:9842-@ 20°C

Vapor pressure <0.1 kPa_@ 200°G

Ignition temperature A20°C -7 4

Flash point (closed cup) 913@ A

Octanol/water partition ' g

Coefficient (log Kow) e lla

and symptoms of exposure may .include ph(ijphgbia, visual disturbances, sluggish
pupillary reaction, -tinnitus, 7speech disturbahc;e—é, anorexia, mausea, colicky pain,
muscle pain, -igintness;~——paresthesias=——of —the=—extremities,. tremor, seizures,
cardiacarrhythmias, tachycardia, and heart block. Urinary signs and symptoms may
include painful migturition, hemoglobinuria, methemoglobinuria, hematuria, oliguria,
and renal insufficiency,, and chocolate-brown, blood. In case of chronic potential
health (effects, 'a' Heihz-body hemolytic “erisis; may follow the=development of
methemaoglobinemia. Heart, Kidney, "and tiver damage may “occur, possibly as
secondary effects of hemolysis (NTP, 2002). In addition, 2,6-DMA may also cause
mutagenic efiects  for bacteria® and/or yeast; however, there_is “currently ‘'no solid
evidence that 2,6-DMA is human mutagen. 2,6-DMAhas been classified as group 2B
carcinogens (possible for human) by International Agency for Research on Cancer
(IARC).



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 paticat needs to seek for medical care. If
inhaled, remove to fresh air..If not breatping, giveartificial 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 guantities of this material are swallowed, call a physician
immediately. Loosen tight clething such as zfl_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 caméjffiom Glaze et al. (1987) which stated
“advanced oxidation processes. are defined as,‘thgse which involve the generation of
hydroxyl radicals (OH®) in sufficient quantit'y‘fTQ z;lffect water purification”. Hydroxyl
radicals is one.of the most active oxidant"l';ﬁéi/?-/r_l,' it is.nonselective for oxidizing
compounds and able to operate at normal temperature and pressuie (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.. I Het€rageneous /pheatocatalysis,."OM* listigéneratedatthe surface of a
semiconductori{usually FiO3) in the presence of UVA«=Ozone/UV, O3/H,0,/UV and
H,0,/UV are common photocatalytic combinations.which can also generate OH®.
The non-phaiocatalytic proeesses include “‘peroxone” (Hx0,/03) and Fenton process
(H,0,/Fe*") (Rodger and Bunce, 2001); however, this study emphasizedon thelatter.



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 invelves chemical reagents called
“Fenton’s reagent”, which are the combination-ef hydrogen peroxide (HO.) and a
ferrous ion (Fe®"). Fenton’sreagent is an effectiveand simple oxidant of various types

of organic contaminants:
2.3.1 Hydrogen Peroxide

Hydrogen peroxide s an aqueousxéolution which has clear, colorless, water-
like in appearance, and can he mixed with 'Water In any proportion. It is miscible with
cold water and is soluble in‘alcoholand ether. At high concentration, it has a slightly
pungent or acidic odor. The chemical formula is H,O; and it has a molecular weight
of 34.015 g/mole and is non-flammable at any Com_'_centrations. Hydrogen peroxide is a
diprotic acid with Ka; and Kap équal to 10™+% and.<10"**, respectively.

Although pure H30; is fairly stable, it significantly.decomposed into water and
oxygen when+-heated._above _about 60°C_or_in_the _presenee~of reducing agents.
Aqueous solution of H,0; 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.Furthermere, by,dissociation into oxygen
and water, H7O, can also supply-oxygen to microorganism in biological treatment
facilities ‘and in the bioremediation of contaminated sites. It can be used as a
disinfecting /20ent.in" the“control of fundesirable)biofilm growth.”Since ithe oxygen
concentration'is generally limiting-factor during the in-situ biodegradation of-erganic
contaminants, many applications using injection of H,O, into the subsurface have
been successfully applied to enhance the biodegradation activity. The decomposition

of H,0O, 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 Fe**, Cu*, Cr®*, Co*, 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. lrons used to manufacture sieel and other alloys important in
construction and manufaeturing. It also plays a vital role in the functioning of living
organisms by transporting oxygen in blood via the hemogiobin molecule (an iron-
complex organic.eompound). s oxidati_onﬂnumber varies from -2 to +6; however,
most general states ypically found in thé;énvironment are ferrous (Fe?*) and ferric
(Fe*"). Iron exists in the ferrous state u;]der- reducing conditions such as those in
anaerobic environment. Ferrous iron wiII":_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 previgusly .that several ’tr&a.psition-metal ions can catalyze the
decomposition of H,0, to form OH®, Fe* i;the most preferred and environmental
friendly among-all transition-metal catalysts.- irr'c-)_ﬁ(-.lxl)rsulfate is the most common form
of ferrous salt.commercially.availablein.the market and.canbe found in various states
of hydration; however, the heptahydrate or so called “green vitriol or copperas”
(FeSO4:7H,0) 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“catalystin the Fenton process:
2.3.3 Hydroxyl Radicals

Hydrexyl radical is ‘extrémely ‘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 oxidaniywhichdis inferior only to fluorine. Hydroxyl radical can decompose
the organic compounds relatively unselefxzti\/e with the rate constants ranging from
10°-10" M*s™ (Buxton, et al., 1988). !

Hydroxyl radical'is generated amOn_g 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/t0-2.4) depending on target compounds, wastewater

composition, and environmental conditions (Hqigr_lé, 1998):

Electron transfecieaction:—OH"+-i" A (OH ) g (2.1)
Hydrogen abstraction: OH® + R-H = R*+H,Q (2.2)
Electrophilic addition: OH®+ R,C=CR;> *CR,-C(OH)R; (2.3)
Radical interaction: OH*+OH°® = H,0, (2.4)

For complex or large aliphatic hydrocarbons, OH® will oxidize via electrophilic
addition to form carbon-center ‘radicals which dimmediately furtherreact 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 madified versions are being increasingly used in the
treatment of contamipaied water and soil. The conventional “dark™ Fenton process
involves the use of an.exidizing agent (usually H-0,) and a catalyst (usually Fe*") to
generate highly reactiverOH®. Once ihe Fenton’s reagent is combined together, its
sequential reactions.are very complicated put well specified as shown in Egs. (2.5) to
(2.16) (Pignatello, 1992; L u et al.; 1999; Cr!]enet al., 2001).

Fe?* +H,0, & § Fe*+°OH+OHY ki=76M"s" (2.5)
H,0, oL HO MY U K= 159x102 M (2.6)
Fe +H,0, —  EPaHOS gm0 Mt (27)
HO,* o 0T HTY S eK, = 1.6x10° M (2.8)
Fe? +°OH« —»  Fe’ +OH; | ks =4.3x10° M'st  (2.9)
Fe®*+ 057 >  Fe+0;; ke = 1x10°M's*  (2.10)
Fe?* +HO;" —  Fe* + HOy; ky=1.2x10°M's?  (2.11)
H,0,+°OH —  HO," +H,0; ks = 2.7x10" Mst  (2.12)
HO," + HO," 5%  H,Q, + Oy; ke =8.3x10°M's*  (2.13)
‘OH+0H @ - | H.0;; kio = 5.3x10° M7 st  (2.14)
RH+°'OH — RH® + OH" — — — products or CO; + H,0 (2.15)
Fe¥* #80Hi = s~ Fe(OH)z); Kep 714%10;% (2416)

Although Fe®* is acting as a catalyst in the Fenton reaction series, it can be
seen that the consumption rate of Fe®* in Eq. (2.5) is almost 3,800 times faster than

the regeneration rate of Fe** from Fe** 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 Fe** 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 progess, the mixture is typically neutralized to
comply with the effluent standard and the ferue hydroxide will precipitate out as
illustrated in Eq. (2.16). This ferric hydgoxide sludge will cause a burden for further

separation and disposal whieh'is a major drawback for ordinary Fenton process.
2.4 Fluidized-bed Fenten Process

As mentioned previously, the ma‘j& disadvantage of Fenton process is the
production of a substantial amount of ironxbrepipitation. 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 precipitatéaand' crystallize onto the carriers’ surface
in the form of iron oxide; hence, reducing the production of puffy ferric hydroxide
sludge. In FBR, several Impariant and complica.@_ed processes occur simultaneously
including: 1) homogeneous. chemical oxiaétion (H,0,/Fe®); 2) heterogeneous
chemical oxidation (H20,/ iron oxide); 3) ':fl'ﬁ-idized-bed crystallization; and 4)
reductive disselution of iron oxides, Factors mnfluencing tron exide crystallization on
the surfaces of fluidized-bed carriers operated in FBR are pH, Specific iron loading,
H,0,/Fe**, 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® wiashemogeneous’ reaction (&)~ 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
oXidatiof"(re&btion)(c)) Frorthis Fefitdn’s feattion, Fe fis form/(feaction (d)). The
Fe¥ can be converted back-to Fe*" 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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)
> Fe'" + H,0,
(2)
v& y l @
. F OH
b
. H,0, l ©
OH J Organic compound

Eutrther oxidation

Figure 2.2 Hluidized-bed Fenton reactions.

(Chou and Huang, 1999). At the same timf;_: the crystallized ferric oxide can also serve
as a catalyst for hydrogen peroxide decq?ppdsition 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/b_(-"_h_eterogeneous reaction (f) to form Fe®".
However, these reactions which are similar to,EQ.‘J,(Z.?) are still slower than Eq. (2.5)
(Pignatello, 1992). Key factors in the des@?ofj fluidized-bed Fenton process are:
selection of carrier, including the material, 's'i-aéf:if'i(': gravity, and. particle size; design
of bed expansioas; 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 ' thistresearch{ the intrinsic secand-order| rate constantsof the reaction
between 2,6-DMA and OH® was determined by using a technique of competitive
kifietics'betwten, 2,6-DMA-and a reférefcé Compound ifl the présence«0f OH"! This
reference compound has to'fave 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 4.8x10° M™sec™ (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

M @11)

dt
d[AN]
T (2.18)
Eq(2.16)  _ _[.OH'] (2.19)
Eq(2.17)
#d[Z,G
[2,6,DMA] (2.20)
—d[AN]
[AN]
) [2,6,DMA] DMA] y (2.21)
[AN]d[ﬁ]
(2.22)
LHEDR nizu ;wm mn ¢
- 26 DMA (2 23)

in LANT:
[AN]o
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In[[2’6_ DMA]i] _ Ky 6_oma i [AN] (2.24)

[2.6—-DMA], Koo  [AN],

where [2,6-DMA]o, [AN]o, 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; ko e.oma, Kan are the rate constants of @H .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 In([2,6-DMAJi/[2,6-DMA]o) versus
In([AN]i/[AN]o) should result in a linearirelationship and the slope will represent the
ratio of the rate constant between aniline anq- 2,6-DMA.

In addition &0 the 'batch study, thié; gesearch also determined the intrinsic rate
constant of 2,6-DMA‘INn the continuous .I;nod'e in order to confirm the results. The
reaction rate equations between 2,6-DMAfand OH® under the continuous mode could
be derived as follows: . =

. /
o Y

M = Ky DMAIZE" DMA][CSE 140 ([2.6-DMAJ,, —[2,6-DMAy )
foei (2.25)
d[AN] = =K, [ANJ[OH"]+ Q(IAN], —[AN], ) (2.26)
dt
At steady state = d[ZG_—DMA] =0, M= 0
dt dt
Kaoougl6 T DMAIIOHTT I/ | = | Q([263DMAL,~[26-BMAL) , ,7)
ke[AN][OH"] Q(AN], =[AN],,,) |
K, s_oma _ ([2.6-DMA], -[2,6—DMAT: ). . [AN] (229
Ky ] ([AN],, —[ANL,,.) [2,6=DMA] /™

where [2,6-DMAJin, [AN]in, and [2,6-DMA]Jow, [AN]ouw are influent and effluent
concentrations of 2,6-DMA, AN at the steady state, respectively; [OH®] is

concentration of the hydroxyl radical; k;.oma 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 imporiant in both water and wastewater
treatment processes. It issthe formation of a solid in a solution and involves several
physical and chemical® processes. Reverse process of precipitation is called
“dissolution.” Sinee these two processes are reversible but sometimes progress very
slowly, both equilibrium and kinetics con.-éiderations are important. Knowledge of
equilibrium relationships permits the calxéulation of equilibrium concentrations of
cation(s) and anion(s) fram the dissolutior{/precipitation of any salts. Nonetheless, in
some heterogeneous systems;: the equilibr'i,um: 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 ﬁfedi-cting the system behavior.

2.6.2 Nuecleation

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 formeds Various proeessessaresinyvolved.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, se*ealled “nucleation’, as shown in Egs. (2:29) to (2.32)-T'hese nuclei can
serve'as the centers: from.which. spontaneous growth lof crystalscan‘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 Eqg. (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 o X (2.29)

Xo+ X 0 Xs (2.30)

Xj1+ X <> 2% (critical cluster) (2.31)

Nucleation: KB X SR (2.32)
Crystallite formation: Xt X & Xa—=>.LChystal growth (2.33)
Crystal formation: Xitpt X > Xj — crystal ripening (2.34)

Nucleation can be_divided«inio two types, 1.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/ag), “aiiis the actual concentration, and “ap” is the
concentration at solubility. equilibrium of‘f;he"solutes that characterize the solubility.
Line “S = 1” divided the graph into two ér_eas, I.e., undersaturated (no precipitation
occurs) and oversaturated zonés (precipitatidﬁ should occur theoretically). Within the
oversaturated zone, “Sy” is the minimm{ﬂ-supersaturation ratio in which the
precipitation could occur simutianecusly Witﬁigtutt 'é;-"need for the surface-catalytic seeds
which called “homogeneous nueleation.” _I_hi__qt’h,er word, solid precipitation will
proceed spontaneously within the labile zoné (;bove the “Sy-line”). Between the
unsaturation ane-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 Homaogeneous Nucleation

If the concentration of a solution is gradually. increased until exceeding the
solubility 'preduct” 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 Sf a solid electrolyte (Adapted from Stumm
and Morgan, 1996). _’" |

A nucleus will'be formed if total GiﬁQ{g free energy of the system decreases as
a result from the formation of a.new solid jphég,? from an aqueous phase. In other
word, the change in free energy of the fﬁﬁtion of a nucleus (AGy) has to be
negative. The “AG¢”.is the summation’ of f.ré-e'-r-é'r'-]érgy in.the system which has two
parts, i.e., free ehergy-from-bulk-phase-(AGpy)-and-fiee-energy from solid phase
(AGsurface). The “AGyuui” is a function of supersaturation degree in the aqueous phase
and is always negative for a supersaturation solution. ©On the other hand, the
“AGauriace” 1S relatedsto_the interfacial energy between the surface of the solid being
formed and the solvent; hence, is always positive: Then, the “AG¢”“will be negative if
the negative quantity of “AGpy™ 1S greater than the positive quantity of “AGsyrface”
and; thus, the nucleus formation ¢an be thermodynamically favorite. As.a result, a
large supersaturation imust be exceeded before the pure solid Aucleus 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 “AGsyrtace”
is reduced due to the interference of the interfacial energy of the external seeds
(should match well with the erystal 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” precess similar to chemical catalysts which reduce the
activation energy for chemical reaction. Theoretically, with proper matching between
the foreign solid.and thescrystal to be preciipitate, the nucleation may take place at a
lower saturation rati@ (in the metastable z’oﬁe in Figure 2.3) on the solid surface than
in solution (homoegenegus nucleation). \

In fluidizedsbed Fenton process, t'he media, normally SiO, 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 pririciﬁl_g_-mentioned previously, to optimize
iron crystallization onto the media-in fluidized__?bed Fenton process, the saturation ratio

has to be maintained within the metastable zbhé_éf i:i'gure 2.3.
2.6.3 Crystal Growth

After the nucleation process (i.e., the initial formation of solid nuclei),
spontaneoausrgrowth jof-erystal, will joecur. ;Fherattachment-of.aymelecule/nucleus to
another nucleus to.formia salid lattice which includes.the transportation of materials
to the surface of these nuclei and surface deposition will become very important and
should follovrthe mechanism.ofysalid-solutionsinterface 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
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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 Ifstep 1only 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 liguid-film thickness depends on the
mixing condition. On the ether hand, if step 2,+8"and/or 4 only are limiting, the
kinetics are said to be surfaee=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 surfage Interaction; then, a zero-order rate law could be applied if
the steady-state conditions atthe surface pre\_/ail (Stumm and Morgan, 1996):

o,

dt

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

- (2.35)

“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 or1rh6l,ecular level as:
# F I

1 i ol
%—f = -k, t 2 (2.36)

where K, is the.raie constant. Integrating equation (2.36) will yield:

N

C = Cp-2Kk,t (2.37)

Since, 'this research used a 0.22-um memhbrane! 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 léss than 0.22 um. In‘other word,
due o the limitation in measurement procedure, the iron partieles with the sizes less
than 0.22 um such as the crystallites would be considered as soluble iron. According
to literatures, diameters of colloids can vary from 0.001 to 100 um which also cover

the range of crystallite size. Therefore, the agglomeration or reduction of these



23

N 7
C C
N 2
Solid ? E Solution ‘?) i
’é @ JSOlid é Solution
(a) diffusion control . (b) surface-interaction control

Figure 2.6 Congcentration gradient in liquid phase for extreme cases of diffusion
control and surface-interagtion control (Morel and Hering, 1993).

crystallites during the crystal growith stag’g 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 aggregatidg-"_oj colloids as follows:

N —-,

e u ol

——___ g : 2 - -
it kN = (2.38)
or N = N—0+ kat (239)

where “N” is the number concentration of particles in suspension at time “t” and “k,”
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, faw of EqQ. (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 (Egs. (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) determinedthe 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 leg=reduction of BT in the case which
0zone was present in excess (15‘—modelj and the competition kinetic technique in the
case which a reference.e6mpound was co-existed (2"-model). The results showed
that the 2" order rate cofstant of BT with molecular ozone at pH 2 by the 1%-model
was 36.4+3.8 M's™ as gompargd fo 18.4+0.8 M's" for the 2'-model. With the 2"-
model, the 2" ordef rate’constant at pH;E'; was found to be 22.0+0.2 M's™. In a
second stage, the reagtion of BT and OHI' was carried out by using the 2"-model
involving 2 probe e¢ompounds during the ‘Ao_zonation at pH values ranging from 2 to
10.2. They found that.the 2™ order rate constant of BT and OH* were found to vary
from 6.2x10° M5 at pHI10.2 te 147x10%° Mttt at pH 2.

L

Balci et al. (2009). investigated th_éj._kjh,eﬂc and mechanism of atrazine
degradation by in-situ electrdchemically generéte—d Fenton’s rgagent. They found the
intrinsic rate constant of the feaction between atrazine and OH® by competition
kinetics technique to be 2.54+0.22x10° M s, The atrazine disappearance rate and
solution mineralization efficiency were very rapid at the beginning of the reaction, but
became slow down @s the reaction proceeded.”High mineralization rate of 82% was
obtained’hy TOC and 1C analysis. The oxidation pathway of atrazine degradation by

OH®* wasalso 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/H,0;
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 Kkinetics and mechanism of p-
chloronitrobenzene (pCNB) degradation by. ozone. With reference compounds,
nitrobenzene (NB) and chlorobenzene (CB); the geaction rate constants of pPCNB with
O3 and OH" were measured-by means of compeiution Kinetics (mixture of pPCNB and
NB, or pCNB and CB) and-found to be 1.6x10° and2.6x10° M's™, respectively. The
increases in chloride _and niirate concentrations nearly equaled to the decrease in
pPCNB concentration. The degracation pathway for the ozonation of pCNB was also

proposed.

Mazellier et als (2007) investigatexd the degradation of fenuron by hydroxyl
and carbonate radicals /In aqueous solt;tion by using the competitive method.
Photolysis of H,O, at 254 amawas used to gfe‘ne‘fate OH"and carbonate radicals were
generated by the photolysis of Co(NHz)sCOg'uat 254 nm. Atrazine was used as the
reference compound for both processes. The fe_éults found that the 2" order rate
constant of fenuron with OH* and carbonate}r;d’ical_s were found to be 7+1x10° M's™
and 7-12+3x10% M?s?, respectively. The ihte;mediates offenuron oxidized by

hydroxyl and carbonateradicals-were-also-identified by C=MS:

Einschlag-et al. (2003) determined the rate constant.of a set of nitroaromatic
compounds with OH® using competition experiment in the UV/H,0, process. For a
given pair of substrates S; and Sj, the relative reactivity B (defined:as ksi/ksy) was
calculated from the slope of the plot between In[S;] VS In[S;]. This method allows a
better estimation of the relative reactivity than thesplot of In[S;] and IA[S;] against
time. The rate coenstants of nitroaromatic substrates with OH* were found to be in
between 0.33x10° and 8.6x10° M's™,

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 H,0O,) 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 1.45x10° and 1.8x10° M™s™, respectively. For OH® oxidation,
determined using p-nitoracetophenone (PNAPR) as the reference compound, the rate
constants were found to be 1.6x10° and 1.9%10%M™s? for 2-, and 4-ADNT,
respectively. Although rate constants for OH" exidation were much higher than those
for ozone, the kineticssmodeling revealed that 0zone was the dominant oxidant for
ADNTSs oxidation in.ihe peroxone mixture, except when the ADNTs were below 1
uM (200 ppb).

2.7.2 Degradation of 2,6-Dimethjl-ani|ine 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 Fe?*, 20 mM of H,0, and current
density of 15.89 Am™ were the optimu'mi operating parameters for completely
degrading 1 mM of 2,6-DMA: Furthermorerg' ;Hé,-'degradation pathway of 2,6-DMA
was also proposed. ;

Masomboen—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 @f 2.mM of Fe®*, 20 mM,of H,0, 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
bH, Fe** concentration, H,O, loading, and current density were explored to Validate
the kinetics model. The results showed that when pH was higher than 2, amorphous
Fe(OH)s) was generated and the degradation of 2,6-DMA increased with increasing
of Fe®* and current density from 1.0 to 1.5 mM and 3.5 to 10.6 A/m?, respectively,
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and the optimal H,O, concentration for 2,6-DMA oxidation under the studied
condition was 25 mM.

2.7.3 Removal of Organic Compounds in Heterogeneous Catalysis by
H20,

Flores et al. (2008) demonstrated__ that H2Oseould be activated in the presence
of a heterogeneous catalyst (Fe3+—cont¢;1ining ashes) to generate a powerful radical
oxidant. The result fromeleaching test indicated that more of the 99 % by weight of
the iron ion still stayeddin the solid catalysts and the presence of H,O, did not alter
this relation. It iss€oncluded that radical species (HO,¢) are formed and could be
further transformed t6 OH* wheh the Hzo;' was activated by the immobilized Fe*.
The results showed that it was possible; 4to,.oxidize reactive black 5 dye using a
stoichiometric amount of H;O,. After 2 ﬁ_ours of treatment, reactive dye solutions
were effectively decolorized and 80% of the-original COD was removed.

: F

Zelmanov and Semiat (2008) investigatedjlphe catalytic behavior of iron-based
nano-catalysts on ethylene glycol-and phenﬁ,treatment in the advanced oxidation
processes. The.results showéd that the Fenton-like reaction using iron (I11) oxide-
based nano-catalysts in_the presence of H,O, could degrade both substances
efficiently.

Dantas et al. (2006) evaluated the use of new composites as the adsorbents
and/or heterogeneous catalysts for jRentonsproeess to treat textileswastewater. The
efficiency of the processiwas explored as a/function of the experimental parameters:
pH, H,O; Concentration and iron oxides content. The composites with high iron oxide
contentsCouldeffectively-adsorb the) contaminants “in(textile Wwastewater fand the
adsorptive capacity increased with.the‘fron'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 H,O, 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 H,O, to produce highly reactive OH® which able to decolorize the synthetic
dyes effectively. The most effective catalyst was FeO.Fe,O3 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 structuresand able to perform sequential catalytic cycles with low

metal leaching.

Christopher et al¢(2005) studiediFt_a_nton-mediated oxidation in the presence
and absence of oxygen. The experiment‘s.ﬁowed that the oxidation of formic acid
could occur effectively under a variety 01’T rexperiment conditions by Fenton process.
The intermediates generated during formic acid oxidation were found to increase the
oxidation efficiency, especially at.-high initiél'organic concentrations, by contributing
in the redox cycling ©f irgn. In the presence of oxygen, however, such improvement
was attenuated through eompetition for the ofganig- intermediates.

Lu et al, (2002) investigated how surface dissolution of goethite affected 2-
chlorophenol ‘exidation in the goethite/H.O; process. The resulis showed that ligand
and reductant ‘eould 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 arcatalystiat-acidic pHaThesextent-ofr2:chlerophenol-degradation increased
with increasing goethiteidosage which providing more.surface sitesifor the reductive

dissolution.

Huang et al. (2001) examined the ‘catalyzed'decomposition'of.H,Oz-and 2-
chlorophenol in the presence of iron oxides. The catalytic activity for H,0,
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 pHy, of the

iron oxides.

Lu (2000) investigated the effect of goethite particle size, goethite dosage,
Fe?* and Fe** concentrations on the 2-chlorophenol oxidation. It was found that 2-
chlorophenol could be decomposed with__Hzoz Catalyzed by goethite and the oxidation
rate increased with decreasing goethiteiparticle size. 2-Chloropheol degradation was
almost retarded with 0.8+0/1 of goethite because Fe*" could not be produced at this
condition. Addition of Fe*" .and Fe** can enhance the oxidation efficiency in the
presence of goethite"andH,0>./In conclusion, the essential mechanisms of goethite
catalyzing H,O, to decompose 2-ch|orophe..r'1.ol may be due to the catalysis of ferrous

ion and goethite stirface. The reaction mec,hanjsms are shown'in Egs. (2.40) to (2.42):

o-FeOOH &+ 20" #1/ H,0, SFe" + 370, +2H,0 (2.40)
Fe" +H,0, #Fells OH +0H -, (2.41)
Fe'' +H,0+OH" »u-FeOOH +2H", (2.42)

Chou and Huang (71'998) studied on 'tH-ézéf(idation of benzoic acid (BA) via
Fenton-liked reaetion. using.an.innovative supported 2 -EeOOH eatalyst. Oxidation of
BA by H,0, was performed to understand the effects of initial pH and H,O, 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 y -
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 dug to iron dissolution of the catalyst.

Lin and Gurol (1998) described the Kinetics, mechanism, and implication on
the catalytic decomposition of H,O, with granular size goethite (occ-FeOOH) particles
in aqueous solution. The results showed that the decomposition rate of H,O, over

goethite surface can be explained by the 2"-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 H,O, to the surface. The reaction mechanism for the
decomposition of H,O, on goethite surface was proposed on the basis of the
fundamental reactions explaining the surface complexation chemistry for iron oxide

and interaction of H,O, with the surface sites as shown in Egs. (2.43) to (2.47):

=Fe'"'OH + H,0, <5 (H,0,), (2.43)
(H,0,), —»=Fe"" H,05HO; (2.44)
=Fe" +Hy0, > =Fe'' OH + OH° (2.45)
HO, — HFr O3 (2.46)
= Fe" OH #HO 0 # = Fe" +-H,0/0H + 0, (2.47)

Lin et al. (1996 nvestigated on the possibility of using mixture of H2O, and
iron oxide (goethite,  c.-FeOOH) particles és-a chemical oxidant for wastewater
treatment by using BuCl as a Studied corh’po'l)nd. The oxidation rate of BuCl was
closely related with degradation rate of szz. The results showed that BuCl was
oxidized effectively by OH generated from the interaction of H,O, 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 reaetor' (FBR), as a‘“catalyst Tor| 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 bysUVA (@ 3651nm). The effects of the molar concentrationsof H.O,, 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 H,0,, under 15W UVA.

Chou et al. (2004) determined the effect of operational pH, superficial
velocity, specific iron loading, and influent'HzO, concentration on the crystallization
efficiency of FeOOH. Two types of FeOOH catalysts were synthesized: FeOOH | was
prepared at pH 3.5 (70% amorphous FeQOH and.-30% vy-FeOOH), and FeOOH Il was
formed by aging FeOOH_Lai-pH 13 (310% amorphous FeOOH and 70% y-FeOOH).
The results demonstrated™ that all these parameters were found to significantly
influence the crystallization efficiency: The FeOOH Il catalyst presented higher
reactivity to wardH;0, but lover stoichiometric efficiency in oxidizing benzoic acid
than FeOOH 1, similar to/the result from’tHe commercial goethite. Furthermore, the

performance of ‘catalytic exidation wasiéig,nificantly depended on the crystalline
property.

Chou et al. (2001) applied.a novel supported y-FeOOH catalyst to oxidize
benzoic acid (BA) in a circulaiing fluidized-bed Er_g_actor by H,0, and to determine the
effects of homogeneous and heteregeneous cé_T%il,yéis. They found that the degradation
rate of H,O, was proportiohal to its concentration-and the. BA decomposition
depended on=boith BA and H,O,. 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 Fe** on the catalytic
oxidation' of benzoic acid (BA) in the FBR applying supported y-FeOOH as the
carrier. They found that both mineralization of ordafics and crystallization of Fe**
were\simultaneously well performed under proper condition. Moreover,.the réductive
and the crystallization of y-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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Tai (1999) studied the erystal grow ics of a two-step growth process in
liquid fluidized-bed crystallizers. A reliable method has been proposed to determine
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CHAPTER Il
METHODOLOGY

3.1 Materials and Chemicals
3.1.1 Chemicals

2,6-DMA, pgmedimethyi-aniline. (n,n-DMA), aniline (AN), 2,6-dimethyl-
phenol  (2,6-DMP)y 2,6-direthyl-nitrobenzene — (2,6-DMN),  2,6-dimethyl-
benzoquinone (2,6-DMB), FeS0O4+7H,0,: Hz0;, and all chemical substances used in
this work were analytical reagent grade.:FIuidized media were quartz sand (SiOy),
construction sand (CS), and aluminum oXide' (Al,O3). Except stated otherwise, the
diameter sizes of SIO, and CS were0.42 Ee_0.59 mm by using the sieves #30 & #40
(passing #30 but retained on #40) whereas the size of Al,O; was 2.5 mm which was
the smallest size commer€ially -available. All media were soaked in HCI solution at
pH 1 for 24 hours, washed with de-ionized Wfiéﬁ ﬂhtil the solution pH was 7, and then
oven dried at 103°C (Lo and Chen; 1997). Dé;jgni;ed water from a Millipore system

with a resistivity'of 18.2 M Q /cm was used for preparing all.solutions.
3.1.2 Bateh Reactor

For the batchiexperiments both for 2,6:DMA degradation kinetics study and
iron preeipitation/crystallization 'study, 'a 0.5-liter Pyrex ‘beaker lin“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 Reactar
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
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bed expansion was kept constz Nt at 50% from the original bed level by adjusting the

. . . {"EF"‘,»‘":I; . . . .
internal recirculation rate. The FBR was control 0.2°C by air recirculation

from 2 air conditioner:

ﬁﬂﬁ“ﬁ%‘ﬂ“ﬁ WEN?

3 .1.1 Completely Mixed I?actor

Q RAAIDIUNAIANLNAL,.,

eagent grade chemicals diluted with de-ionized water to the desired concentration. A
calculated amount of FeSO,4+7H,0 was added as the source of Fe?*. 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 H,SO,4. H,0, 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-um cellulose acetate
membrane filter to separate precipitated. ironsbefore analysis. Solution pH was
controlled constantly by the-addition q__f 1+3 HsSO; or 1 or 6 N NaOH whenever
necessary. All experimentalactivities are described-in.Figure 3.2.

For the continuous study, the synthetic wastewater with Fe** dissolution and
H,0, solution were separately, but continuously and equally (18 ml/min), fed into the
0.5-liter beaker by a peristaltic pump. Thg_ effluent characteristics were monitored
until the steady stateshas peen reached. All Sther procedures were similar to the batch
study. Y

3.2.1.2 Fluidized-bed Reactor

: F

For fluidized-bed Fenton experiment, ’the_f_.-synthetic wastewater with desired
Fe?* concentration was prepared-in a beaker Efore 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 solutton ana suspend the carrier at
50% bed expansion. The pH was adjusted to 3.0£0.1 by 1+3 H,SO,. Next, H,0,
solution was added and the reaction was simultaneously started. Solution pH was
controlled constantly, by the addition of 1+3 H,SO4 or 1 or 6 N NaOH whenever
necessary: At seleeted time dnterval jan appropriatejamount-of aliquotwas taken from
the FBR for analysis. Prétreatment.step wasSimilar ta.the case of Fenton experiment.

Experimental steps are summarized.in Figure 3.2.
3.2.2'Jron 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.
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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 inifingic2™-order rate constant between 2,6-
DMA and OH® to ensure the accuragy of the-obfained values. For mechanism
determination, several exiraexperiments were performed using the initially identified
aromatic intermediatesy 1.4 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.erystallization onto the media in the FBR was investigated.

3.3.1 Kinetics of 2,6-Dimethyl-aniline Degradation
d

To determine the intrinsic 2"-order rate constant between 2,6-DMA and OH",
6 experimental scenarios (Scenarios B to G').ai'ALere set up and carried out. In addition,
one control experiment was also performed fdf"'sys_',tem control (Scenario A).
Scenario A

Determination-of-the-effect-of-volatilization-and-H>G, 0n-the disappearance of
2,6-DMA, n,n-dimethylaniline, and aniline in a batch reactor tnder the conditions as
shown in Table 3.1. This experiment was conducted to observe the reactivity of all
target compounds with H,O, as well as their_ability to volatile to the atmosphere

under the studied conditions.

Table 3.1 Conditions for the determination of H,O, oxidation and volatilization of

targar compaunds:

2,6-DMA AN n,n-DMA H,03
(mM) (mM) (mM) (mM)

pH

1 1 1 20 3
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Scenario B
Determination of the effect of H,O, 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 H,O.—resistivity of the o-toluidine which was used as an internal standard

/ OX|dat|on by H,0..

for GC analysis.

Table 3.2 Conditions ination o

o-toluidine (mM) 4 pH
0.1 11
JWIM\
Scenario C -:i e Y
Verifications@ detitive r: e techni In a batch reactor with the
conditions as shown fab 33 [Ti)-l p‘ imed to verify the feasibility and
accuracy of the competition rate temmq jedin det |__ ing the reaction rate constant
by using two organics F‘*iﬁgr] n-DA .I' IA of ich the rate constants with OH*
have been already reported. ..:..r’*: e
.uj.. -e - !-I' or e g
Table 3.3 Conditions for veri f-the eompetitive rate technique.
EWQ;I;H _h_r_:___‘_ g
n,n-DMA Il' AN Number
(mM) 7 - Ve (V) UTTHVE) -’ Of run
1 3
Scenario D

V1208 (a2
reactor absence of soli h the conditions as shown in Table 3.4. This

part aimed to determine the 2"_ordér rate constant between 2,6-DMA and OH* by the

FRARIFIWUAIIHY IR Y



39

Table 3.4 Conditions for the rate constant determination under the batch operation.

2,6-DMA AN Fe®* H,0, pH Number
(mM) (mM) (mM) (mM) of run
1 1 & 20 3 3
0.5 1 ‘“” JITE 3 1
1 0.5 ‘&W@- 3 1
0.5 0. la E . 3 1
1 2150 30 K 1
T APANESL ™ |
9 474 AN
Scenario E , a2\ '
Determination of intri ]&rafé:' y ordinary Fenton process in the

s as shown in Table 3.5. This

presence of SiO, inthe batck eactﬁ L .
' s AT e
i . e disappearance rate and rate

\

0
part aimed to investigate t '”“'. adia on tf
el 0

constant of 2,6-DMA simulatin 0Se 06e dt

uidized-bed Fenton process.

P T A
CF L R R

Table 3.5 Conditions for the rate cor nation in the presence of solid

g

media.

(mM) oA

Pl ol :
;"'.‘ pH SiO,
T (9/l)

1 L)

20 i.P 3 37.04

- o/
Rk ASLEL L LELLT)
ermination 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

PRI TUERIVTRE IR Y
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Table 3.6 Conditions for rate constant determination by the fluidized-bed Fenton

process.
2,6-DMA AN pH CS Number
(mM) (mM) (o) of run
1 1 3 230.77 2
Scenario G e
Determination. \ n dinary Fenton process in the

continuous mode with nditions as shown in Table 3.7. The objective of this part
was similar to those ¢ era as changed from a batch

mode to continue

under the continuous

\\

Table 3.7 Conditions fo!

operation.
2,6-DMA pH Number
(mM) of run
1 3 2

To detern-me the oxidation pathway of 2,6-DMA by@-(', the Fenton reaction
of 2,6-DMA and its i)mial intermediates was'studied in the batch reactor.

AUSIENTHENT

Determination of the mechﬁism of 2,6-DMMidatiorEbi OH°* with the

AR ANINETR Y

Scen



Table 3.8 Conditions for oxidation pathway determination.
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2,6-DMA | 2,6-DMB | 2,6-DMN | 2,6-DMP Fe?* H,0, pH
(mM) (mM) (mM) (mM) (mM) (mM)
10 - - ' - 10 200 3
- 10 o '\“U/ 5 100 3
1,;__:!:.."'1," =T - alr
- N e [
- 100 3
3.3.31ron B
Since t olid particles occur

Scenario |

ded to investigate all the

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

. . -"ﬂ.,.:-' i & o 3+ - .-
shown in Table 3.9. Since-Fe="is one of the Fe eagent and Fe™ is the oxidize
product from Fenton reaction, it is important to determine 1

both iron t{* er

dissolve in the Wﬁ' and

Ef""*' ueous solubility of
,J."'-'EIE ed could completely

he undﬂtood.
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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 Fe?* and Fe** in aqueous phase.

I".

Table 3.10 Conditions for the i"n- '

Iron NaClO,4 (M)
1&2mM Fe*
0.1
)
Scenario K
Determination of Fe(O )3 rystallization with nditions as shown in

Table 3.11. The behavior of Fe rysth i - onto  solid media under
supersaturated was investigate '--'l hich can d 0 a better understanding
on the removal of iron'in fImd@-@ = onp 0 2SS

‘ . .,F,q..i ;',J 'r_ |
Table 3.11 Conditions for the ,---__-=;=--- /St ation characterization in FBR.

Fe¥ @f’fn S SiO Al20s
(mM) (/)
1 N -
-
1 2077 :
1 ¢ 2 "o - 230.77
Scenarlo L

T HERR SRR e

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.



Table 3.12 Conditions for the crystallization in fluidized-bed Fenton process.
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Fe?* H,0, pH CS SiO,
(mM) (mM) (9/1) (9/1)
230.77 -
1 20 3 4 230.77
230.77 (passing#30) -
Scenario M

Determination of eifect:oi Fe(OH)s crystallites on erystallization process with
the conditions as shown inTable2,13.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 crystaklization for 3 hours (1-hr pre-CMR+FBR). This
scenario was different from previous.in te:nm ‘of the crystallite formation. In previous
scenario, the iron crystallites were forméd.an_d the crystallization onto the sand
surface occurred simultaneously. bn the oiﬁér Hand, the erystallites were allowed to
ripen for 1 hour (the crystals became larg.é'i:r)fbefore the crystallization in the FBR

e Al

could happen. =e

iy

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

Fe®* “H,0; pH CS | Operating
(mM) (mM) (a/l) 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 Fe?* 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.

Fe?* H,0, pH cS Operating
(mM) (mM) 7 (a/) Mode
1 20 fully FBR

1-hr pre-CMR+FBR

fully FBR
2 40 3 : 230.77
1-hr pre-CMR+FBR
{ fully FBR
3 60 L
' 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 aifmed to provide a better understanding on the

mechanism of crystallite formation and cryst’avl g’rt)"v(/th.

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

Fe** (mM) pH Operating Conditions

Purging with air in cylinder

Purging with O, in cylinder

Purging with N, for 15 min and kept in BOD bottle

Fenton process

Scenario P
Determination of effect of organo-ferric complex on Fe** 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 f ‘ ’)‘nplex on Fe**
solubility/crystallizati e —
Fe®* Formic acidejwAcetic aci ie-aci pH CS
(mM) (MM . (9/n)
.0 ; '
1 : 3 230.77
) 24
Table 3.17 Conditions for the effe t‘é:: ano-ferri lex on Fe**
solubility/crystallizatio _dyrlaﬂﬁ ;  in fluidized-bed Fenton process.
2,6-DMA AN F ' oy Operating
b ’{r ,
(mM) (mM) M) _t4niviy| g/l) Mode
o LR
——— fully FBR
0.1 0.1 T T
oA 1-hr pre-CMR+FBR
A SEE——r]  fully FBR
1
., ~2=hr pre-CMR+FBR
bt
v j
Scenario Q

conﬁoﬂﬂ“l” 1133 1l 14304 e

CSto ser as the fluidized medlurgrfor iron crystalli ﬁatlon

ammnimwﬂwmaa



Table 3.18 Conditions for the reusability of iron-coated CS for iron crystallization.
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Fe®* H,0, pH CS

(mM) (mM) (230.77 g/l)
1 20 Cycle 1% — Cycle 5"
2 40 Cycle 6™ - Cycle 101%

Scenario R

Determinaw ic

in comparison with the

goethite in Fenton \ \" 1S .\"'l-., 1.in Table 3.19. Since iron

oxide can serve as I rocess, this. stt -\v.,{ aimed to determined
the catalytic acti ; I S 0 :\'f ed frc e fluidized-bed Fenton

process and com

he test was performed in a

Table 3.19 Experime ‘ ] /. of iron-coated construction

2,6-DMA
(mM) (mM)

Catalyst

75 g/l iron-coated CS

0,075 g/l goethite

ﬂ 0.75 g/l goethite

1.0 g/l goethite

AUE AINENIN I

ARIAINTU NI INGINY
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3.4 Analytical Methods

3.4.1 Measurement of Aromatic Compounds

ition and filtered by cellulose acetate

ipitated iron, the sample was
r&sdiates by using a GC-17A
zation detector and HP-5 capillary
iameter and 15-m length. Exactly
ne column temperature was
r minute to 200°C and
inutes. Injector and detector
o uidine was used as the

..\n«- ds used in this study is

initially set at 85
maintained at thi
temperatures we
internal standard.

shown in Figure 3.3 and the'stan 7 Urves \ 1 Appendix B.

Chromatogram *** Fji
mV

\

[

Figure 3.3 Gas chromatography chromatogram.
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3.4.2 Measurement of Iron

Concentration of iron species, Fe?*, soluble and total iron, were performed
immediately after sampling without alkaline addition in order to prevent the
precipitation of Fe(OH),. 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 samiples were digesied by concentrated hydrechloric acid (HCI) and
hydroxylamine as the reddctant to transform Fe®" to Fe?". Then, the samples were
formed a colored complex with 1,10-pheriaﬁt'hroline following to the ferrous analysis.

3.4.3 Measugement of Hydregen Pefoxide Residual

Similar to Fe”"analysis, the sample \}'v'as":analyzed for H,0, immediately after
sampling. The concentration of “hydrogen’ peroxide residual was determined by
standard iodometric method.in which the pf'gtaééi'um iodide and sodium thiosulfate

were used as the reactant and fitrant, 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-Vcpy (Japan). Before the analysis, the Fenton
reactionswas stopped by 6°N NaOH"at the'ratio of 1:10 (20*mI"NaOH to 200 mi
sample), .and’then the solution was filtered with 0.22-um microfilter to separate iron

sludge from the solution.
3.4.5 Identification and Measurement of Carboxylic Intermediates

Carboxylic acids were determined by the lon Chromatograph (SHIMADSU)
equipped with SCL-10A VP system controller, DGU-20A; degasser, LC-20AD VP
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liquid chromatograph, CTO-20A column oven, CDD-10A VP conductivity detector,
Shim-pack 1C-GA3 guard column and Shim-pack IC-A3 analytical column (4.6 mm
¢x15 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™ and 40 °C, respectively. Exactly 10 ul of the alkaline sample after

NaOH addition was injected Into the injecting'port.
3.4.6 ldentificatiomof Aramatic Intermediates

To identify the aromaticintermediates 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 a=hexane./The tube Waig lthen shaken by hand 100 times, followed
by 15 minutes of soni€ation, and then centrifuged at 4,000 rpm for 5 minutes. The
upper-layer of n-hexane was withdrawn éls_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 thir(i-'bxtraction, the upper-layer of n-hexane
was pulled out and filled the analyzing tube up tothe 5-ml mark. A small amount of
anhydrous Na;SO4 was added to remove quUre_ before GC analysis. One pl of the
extraction solvent .into the ' Agilent Techn-o'l_o:éi;aé 6890N MNetwork GC System
equipped with a.d&W-DB=5iviS-captiiary-cotumn=(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™ ramp t0.280 °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
J
4.1.1.1 2,6-Dimethyl-anitine, n,n-Dimethyl-aniline and Aniline
Oxidaiion bysH,0,and Volatilization
|
This experimenial part (Seenario A).l.aimed to determine the oxidation of 2,6-
dimethyl-aniline (26-DMA), n,n-dimethil—aniline (n,n-DMA) and aniline (AN) by
H.0O, as well as their yolatilization. The r%;sults demonstrated that H,O, 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 éx'"lper,imental period. From these results, it
believed that the target compound (2,6-DMAﬁﬁd}the reference compounds could not
be degraded effectively and rapidly witho_u_f_gn'_ involvement of hydroxyl radicals
under the studied,conditions. =

4.1.1.2 o-Toluidine Oxidation by H;0,

In this study;” o-toluidine (OT) was, used as the internal standard for gas
chromategraph analysis to “obtain accurate~concentrations of the ‘campounds. As a
result, it.Is necessary to assure ‘that o-toluidine would not be "degraded under the
conditions in GC vial in which thegpH was adjusted.te 11 to stop Fentongeaction and
the sample wes diluted 10°times (Scenario B). Figure ‘4.2 exhibits that o-toluidine
concentration was not significantly decreased in the presence of H,O,, So it means

that o-toluidine can serve very well as the internal standard.
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Figure 4.1 Control @xperimen _.. 1 tion and volatilization with the
initial conditions as fo ) A and AN, 20 mM of H,0,
at pH 3 and 25°C.
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Figure 4.2 Control experiment for direct H,O, oxidation of the internal standard (OT)
with the initial conditions as follows: 0.1 mM of OT, 2 mM of H,O, 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 4.8x10° M™sec™ in the presence of n,n-DMA of which its second-order
rate constant with OH" is also known (2.9x10? \M#*secit) as shown in Scenario C. Data
repeatability and reliability were also copducted-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.ebtained irom three different runs with similar conditions were
almost the same; hepnee, wverifving the consistency of experimental set up and
procedure. Considering en the aniline and n,n-DMA removal efficiencies from Figure
4.3(a), it can been sgen that aniline was refr]éved faster than n,n-DMA because aniline
molecular structure was simpler .than n,r;,-DMA which has a dimethylamino group
attached to a phenyl greup. This is in aéreement with the reported rate constants
where the second-order rate constant with dH' of aniline was greater than n,n-DMA.
Figure 4.3(b) is the plot between ln([n,n-D‘MA]ﬁ/[n,n—DMA]o) versus In([AN]/[AN]o)
shows a linear relationship and:the stope will febr_f_esent the ratio of the rate constants
between aniline and n,n-DMA. The average?lrope of 0.65 was obtained which was
very close to the theoreticélr value of 0.60; f-lén-(;éj ihris competitive Kinetics technique

employed in thisteseareh-is-valid:

4.1.3 Intrinsic Rate Constant of 2,6-Dimethyl-aniling with Hydroxyl
Radical

4.1.3.1 Bateh Study in the-Absence of Media

The inlrinsic rate constant of'2,6-DMA was determined by using: the similar
procedure’ ina 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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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 Fe®*, 20 mM of H,0,, pH 3, and 25°C were quite steady with an average of
3.61. The rate constants were estimated to besin the range of 1.65x10™ to 1.80x10"
M™sec™ as shown in Table 4.1. Furthermore; under_other conditions as described in
Scenario D, the rate constants between 2;6-DMAand OH" in the Fenton reaction were
found to be quite steady-betWeen 1.59x10% and 1.80%10'° M sec™ as summarized in
Table 4.1 (graphical determinations are shown in Appendix E). By averaging the
values in Table 4.1, the segond-order intrinsic rate constant between 2,6-DMA and
OH" obtained from the batchstudy without media was 1.71x10%° Msec™.

4.1.3.2 Batch Study'inthe Presence ofiMedia

In this section; the intrinsic rate ‘constant. of 2,6-DMA with OH® was
determined in a silica-suspensien-hatch réa‘ét@r to simulate a fluidized-bed reactor
(Scenario E). Figure 4.5(a) shows the time Efdfﬂés of aniline and 2,6-DMA in the
presence of SiO,. As compared.to. ordinary Eehton process without SiO, (Figure
4.4a), it can be seen.that both removal rate and éff—iciency in the'presence of SiO, were
significantly lower:=This is-possibly due to-the limitation of #e> in the presence of
SiO; suspension as a result from surface complexation which-should be similar to the
condition which @gcurs in the fluidized-bed Fenton reactor..Certain portion of added
Fe?* was adsorbed onto.the surface of SiO,; hence, reduced the amount of free Fe’* to
catalyzersthe“decomposition-of H;O; 10 generate the' pawerful*\OH"“As a result, the
disappearance rates of aniline and 2,6-DMA were decelerated as compared to in the
absence of SiO,. Nonetheless, theiresults showed that the ratio of the raterconstants
betvveen 2,6-DMA and aniline ‘obtained froam the SiOj-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 1.6x10™° M™ sec™ (Table 4.1) was

comparable to the results from previous part.
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Table 4.1 Intrinsic rate constants of 2,6-DMA obtained from various experimental

conditions.
- 2’6- 2+ -

Operating AN Fe H,0O; Media k
. DMA ' L
Condition (M™sec™)
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|gure 4.5 Intrinsic rate constant determination between 2,6-DMA and OH® in a
SiO,-suspension reactor with following conditions: 1 mM of AN, 1 mM of 2,6-DMA,
1 mM of Fe?*, 20 mM of H,0,, 37.04 g/l of SiO, 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 1.71x10'%M™ se¢™ (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 cérried 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 c0n5|st€ncy 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 experimentscould /he determined: by following Eq«2,28 and found to be
with the average of-1.71x10" Mi'sec™ as shown in Table 4.1. In adidition, since the
influent flow rates were also known, the concentrations of OH® at the,steady state
could be estimated-and weére found to-be in the rande 0f'4.85x10™"? to 6:82x10"° 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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Figure 4.7 Time-profile of 2,6:-DMA and AN in contintous mode with the initial
conditions as follows: & mM of AN, 1 m,M of 2,6-DMA, 1 ' mM of Fe**, 20 mM of
H,0; at pH 3 and 25°C.

4.1.3.5 Overall Rate Constant and Confidence Interval

Average intrinsic second-order rate co?étant between 2,6-DMA and OH® from
14 runs was 1.70x 102N sec as shown in Table 4.1%An attempt has been made to
determine the confidence-interval-for-this-rate-constani-fean. 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 calculationfresult revealed that the average'and 95 percent confidence interval of
the intrinsic”"second-order’ rate= constant’ between+ 2,6-DMA “and OH® was

1.7040.04x10" M sec™.
4.1.4 Effect of Fenton’s Reagent on Organic Degradation

Concentrations of the Fenton’s reagent, Fe’* and H,O,, 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 Fe**:H,0O, ratio was kept constant
at 1:20, the disappearance rate of both target compounds increased as the
concentration of Fenton’s reagent increased. Fhis implies that, for the 2,6-DMA and
AN solution at 1 mM each, the amounts of &é*.and H,0, being added in this study
were still under

1 Fe* s O
——1 mMM: 20 mM
0.8 —&—1.5mM:30 mM
j —0—2 MM :40 mM
0.6 .=6—1 mM: 30 mM

2,6-DMA concentration (C/Co)
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Tirme (min)

Fe2  HOn
——1 mM:20 mM

—— 1.5 mM: 30.mM
—— 2 mM: 40 mM
—6—1 mM:30 mM

0.8
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0.4+

Aniline-toncentration (C/Co)
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0 10 20+ 30 40 " 50 60" 70
Time (min)
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 Fe** and H,O, was minimal.
Decreasing the Fe?":H,0, ratio from 1 mM : 20 mM to 1 mM : 30 mM did not
provide any significant impact on the degradation process indicating that H,O, was
not the limiting recipe under the studied conditions; however, increasing the
Fe?*:H,0, ratio from 1 mM :.30 mM to 1.5.mM : 30 mM notably accelerated the

oxidation rate. This indicates that Fe*" was the'prin€ipal variable in this case.
4.1.5 Degradation latermediates and Pathway

The mechanismgof 2,6-DMA oxidation by OH® was also investigated in this
study (Scenario H). The cencentrations qf 2,6-DMA and Fenton’s reagent were
increased 10 times in order o raise the ’irﬁermediate concentrations to a level that
could be accurately identified by the (iE:/MS and IC. In addition, several extra
experiments were alSo performed using tﬁg 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,'.-Z',E;gfgimethyl-hydroquinone (2,6-DMH),
2,6-dimethyl-nitrophenol, and 2,6-dimethyl-f_?hydroxy-benzoquinone as shown in
Table 4.2. According to the MSDS, only 26D'I\/IP 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 ringwas less sensitive to

Table 4.2. Identified aromatic intermediates of 2,6-DMA oxidation by OH®.

Retention Time (min) /Chemicalformula Q% (%)
8.000 CgHsO; (2,6-dimethyi-benzoquinone) 83
8.097 CgH100 (2,6#dimethyl-phenol) 97
8.943 CsHoNO, (2,6-dimethylnitrobenzene) 98
9.046 CgHgO3(2,6-dimethyl-3-hydroxy-p-benzoquinone) ‘80
10.046 CgH100- (2,6-dimethyl-hydroquinone) 81
10.674 CgHgNO3 (2,6-dimethyl-nitrophenol) 90

®Q 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).0r Dy.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.ether sites around the benzene ring of 2,6-DMA (either at
the amine or hydrogen pasitions) 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 chloroxyler;loi by electrochemical advanced oxidation
processes. They found'OH* attacked at the chlorine position to form 2,6-DMH, which
was further oxidized 0 2,6-DMB and” several carboxylic acids similar to the
observation in this study. Moreover, the r:'i'ng'i-cleavage C-3 or lower compounds
identified in this work were corresponding \'/é';'y well with the reaction network for the
catalytic wet air oxidation of maleic acid prop;l);séd-'by Oliviero et al. (2001).

The time profiles of the major produets :a}re illustrated in Figure 4.10(a), which
reveals that the concentrations of the aromatic-int—ermediates were very low (i.e., less
than 0.015 mivi)—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-BMR. 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 priorfto conversion te=CO,, were accumulated in the
solution. Thisyimplies that under the studied conditions within 60 minuteg of reaction
time, 2,6-DMA could not be completely mineralized to CO,. 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 CO,. 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 Fe** and 200 mM of H,0, at pH 3 and
25 °C.
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4.2 Iron Crystallization

4.2.1 Iron Solubility

In this section, the a e’* and Fe** which are the major

iron species in water range of 2 and 12 with the

conditions mentioned shows that Fe?" dissolved

very well in water when_the-pH was less than 5 but became less soluble as the pH
increased toward pH 1 (pe --,;ﬂ:‘ in the form of Fe(OH),.
140 N ,
\ Fe” 1 mM with NaClOx4
120 - -
. A 0 ‘- mM without NaClO4
S 100 - ] '
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Figure 4.11 Effect of ionic strength and pH on iron solubility at 25°C.
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On the other hand, Fe** which was the product from Fe?" oxidation by H,0O, in Fenton
reaction was much less soluble than Fe?*, 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 Fe** should continuously precipitate out in the form of Fe(OH)s during the Fenton
reaction at pH greater than 3 since the concéniration of Fe?* 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 Whin__) representing the concentrations of various
ferric-hydroxo complexes.as-a functio}l of pH are calculated based on theoretical
principle of ferric-hydrexo cemplexes and ferric hydroxide precipitation at 25°C in
ideal solution (neglecting the'ionic strength). Details for the calculation are shown in
Appendix F. Thepoints were the solubility data observed from the experiments. The
difference might be due tg the effect of io’nié strength in the real solution. The data at
pH greater than 8 could not be detected agcurately because they were lower than the
detection limit of the Phenanthroling methci'g.

In order to ensure that!the“solid fef-riC*phase precipitated out was Fe(OH);
rather than other ferric oxide species, & test was performed in the absence of oxygen
gas by purging with nitrogen gas-during the 'dis_fs_olution and placing into the BOD
bottle (Scenario O). The resulis—in Figure?;ls show that the solubility of Fe**

gradually decreased with time and the soluble Fe** wasapproaching the value
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Figure 4.12 Theoretical Fe** solubility in an ideal solution.
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Figure 4.13 Ferrics pregipitation under different dissolved oxygen levels and
turbulence condition (purging with O; e;nd air versus stagnant condition in BOD

bottle) with the initial conditions as followsf;_ 1 mM of Fe*"at pH 3 and 25°C.

obtained from the solubility test under O, gas and air purging (Scenario O) indicating
that oxygen did not directly. involve in '.-thé_;_fprecipitation process. These iron
precipitates should have a potential to cryste{_lifi'ze onto the solid particles existing in
the fluidized bed reactor under proper envi-r(')h-r_ﬁé;ﬁté. Nonetheless, it is important to
note that the physical appearance of ferric precipitates at aciaic-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/colar might be~due to the pH dependeney of the-erystalline:formation rate.
At low pH, thetOH_conceentration.is veryilow, resulting.in a slower cystallization 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 pH3 4nythe'BOD) bottle gradually changed
from ‘dark'yellow to orangé and red similar to those'of pH'7at-the end of 19-hours.
This observation supports the statement that the color of the Fe(OH); 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 seluiions prepared at pH 2 to 12 would
significantly have different.ionic strength due-toacid/alkaline addition for pH
adjustment. The difference.n-ionic strength might affect the solubility of iron due to
activity dissimilarity. Asaresult, another test (Seenario 1) was conducted by buffering
the ionic strength of the solutions at different pH with 0.1 M of NaClO, Figure
4.11(a) shows that'the effectsof ianic strength on ferrous solubility. Between pH 5.4
and 5.8, the ionic Strengths of Fe* sd-f.ution with and without NaClO, were
approximately 2:0x10 2 (mainly from SO}) jand 1.0x10™* M (mainly from Na* and
ClOy), respectively. It gan be seen that'!the effect was diminutive and could be
neglected even though the lonic strengths of these solutions were almost 50 times
different. This was possible due to,ihe accuracy of the phenanthroline method at very
low Fe®* concentration; i.e., the remaining Fe** co_'pcentration might be lower than the
detectable limit for 1 cm light path: Nonethelésé, the ionic strength of the solution was
buffered by 0.1.M NaCIO; in‘the case of Fe*"solubility test.

4.2.2 Fe(OH); Crystallization in Fluidized-bed Reactor

In this part (from Scenario K), Fe** was precipitated out in the form of
Fe(OH)sat pH 7 in thesabsence of H.Qstosimulate theneutralization condition after
Fenton [treatment.. Undef this ¢ondition, the concenttation product of Fe** and OH
was much" higher than the solubility product of Fe(OH); implying a supersaturated
solution:"It was very«interesting to! faund that Fe(QH); very poarly crystallized onto
the' fluidized-media including-SiOy, "Al;03, and 'CStas shown-in Figure 4.14. It is
believed that the formation of Fe(OH); at pH 7 is very rapid; hence, the mechanism
mainly followed the homogeneous crystallization rather than the heterogeneous
crystallization. Fe(OH); 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.
lII '

form crystallites which sequentially ripening.'to:form crystals. The role of fluidized-
bed media was minute by the overwhelmirfg,—l'y_,nucleus formation. In other word, the
Fe(OH)s crystals could be &ffectively forrﬁe’d%@nd grown by themselves without
foreign solids. This suggests that crystalli?_;ft'ijon of iron in fluidized-bed Fenton
process could not performed rapidly and effectively after neutralization. In order to
verify this hypethesis, Fe™ 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 10* times lower than at pH 7; hence,
the preeipitation eccurred withinsthesmetastable zone where foreign- particles could
effectively stimulate thelcrystallization by providing their surface for heterogeneous

nucleation.
4.2.3'Fe(OH)3 Crysiallization in Fluidized-bed Fenton-Process
From previous section, it was found that Fe** 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). Fe?* and H,O, were added



71

simultaneously into the FBR with either CS or SiO; 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-ento the SiO, eventhiough'the iron removal efficiencies at
180 minutes were comparable: This may be due-to the impurity on the CS surface
and/or surface property.ef the'CS. To verify this hypothesis, CS with different size
distribution, i.e., passing Sieve #30 but retained on sieve #40 (0.42 mm < ¢ < 059
mm) versus passing sieve #30 (b < 059 mrr_!)_, were tested and the results were shown
in Figure 4.15. It can be seen that the iron f:rystallization rate and efficiency of both
sets were comparablesindicating. that thex size of CS did not have any significant
impact on iron crysiallization under. the stu!died conditions. It is well documented that
most of Fe* is simultaneously transformed-ﬁto Fe®" after the initiation of the Fenton
reaction. Data from this study confirmed with, this statement as shown in the Table
D.30, i.e., Fe*" disappeared instanily within the first 5 minutes to form Fe**. Most of

—A—"SiO2 pass #30 retained #40
—&—CS pass #30

—6—CS pass #30 retained #40 Run #1
—H—CS pass #30 retained #40 Run#2
—}¥— Fenton-like

0.6 1

04 {88,

IroR’concentration (C/Co)

0.2 -

0 40 80 120 160 200
Time (min)
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 Fe* or Fe3*, 20 mM
of H,0,, 230.77 g/l of media at pH 3 and 25 °C.
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Fe** being formed precipitated out and sequentially crystallized onto the CS surface
leaving only a small portion of soluble Fe** 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 Fe** and similar H,O, concentration was comparable
to those of Fenton process as shown In Figure 4.15. This implies that H,O, did not
play a major role on iron crystallization, instead. the species of iron and its
precipitation/crystallization-environment prifasily “controlled the crystallization

process.
4.2.4 Effect of Ee(OH); Crystallites

To better understand the crystallizat.-i.on mechanism occurred in the fluidized-
bed Fenton process, a sét of experiment V\;éS performed. Fenton reaction was allowed
to proceed in a completely mixed reactc;r (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)s crystallites should be formed prior
to contact with sand whereas, in-real fluidized-bed reactor, the Fe(OH); nuclei were
formed and simultaneously contact with sana.’ Tk-1e results for 1 mM of Fe?* and 20
mM of H,O, were shown in Figure 4.16(a) iﬁdi’caii'ng that the crystallization rate was
faster in the real-fluidized-bed reactor than in the 1-hr pre-CMIR+FBR run although
the iron removai‘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-shownyinsFigures 4,16(b) and4.16(c)s Fhissisibecause the-formation of the
crystallites and crystals: became_ripened @and ripened as the irgn concentration
increased resulting in more homogeneous crystallization than heterogeneous pathway.
Thistimplies~that snewly formed, nucleijcould adserb, andicrystallize onto gthe 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-hed reactor.
4.2.5 Effect of Iron Concentration

As mentioned earlier; the (;rystallization onto the sand surface or
heterogeneous crystallization. will occur primarily within the metastable zone. Thus,
to optimize the iron remeval performance, a low saturation ratio on a solid surface has
to be maintained, Fherefore it can be expected that when'the iron content increases,
the solution would® move /toward inter;'se supersaturated condition since the
concentration product would be, much Higher than the solubility product of the
concerned solid phase. The results of this ﬁgrt (Scenario N) are summarized in Figure
4.17. It can be seen that total iron remaih_ing: at 180 minutes was quite constant
regardless on initial iron goncentration. This ebservation is understandable since the
solubility of Fe(OH); was mainly controlled b)}j_,@_he solution pH. Since the pH was
maintained constantly at 3.0, the solublefTr’or; should also be constant at the
equilibrium as governed by the solubility prdd-u'éf.‘jl’n addition, the soluble irons at 30
minutes of allithiee runs were almost the same regardiess on tnitial 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(QH)s, Jwes, increased ;fe’*sand .OHconcentration~tespectively. This is
because in thisipart the iron concentration was increased only 3 times as compared to
an increase of 10* times in OH™ concentration when pH increased from 3 to 7. In
addition;aceording tosthe=solubilityy product sfarmtula; *OH riconcentrationshas the
power of thrée whereas thé. Fe¥" has(only the poweriof one; hence, thé influence of
OH’ concentration is much more drastic than those of Fe**. 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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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.; theqinitial formation of solid nuclei),
spontaneous growth of erystal will oceyr. The attachment of a molecule/nucleus to
another nucleus to form a.sehd lattice which includes the transportation of materials
to the surface of these nuelei.and surface deposition will become very important and
should follow the mechanism of solid-Solution interface at the molecular level. To
understand the meehanism of iron crystal_liza_ltion, a set of experiment was performed.
Ferric solution at 1 mM was prepared at pH 3 and vigorously purging with either air
or O, (Scenario ©). The results show thatgoluble iron decreased at the same pace for
both conditions as shownn Figure 4.19. Ir{gddition, the reduction of soluble iron in

0.8 1

06 - —&— O20as

—e— Air

04 —=—BOD bottle

Iron concentration (C/Co)

0.2 - —o—Fenton experiment’

0 40 80 120 160 200
Time (min)

Figure 4:19,Ferri¢yprecipitatiormunder turhulence condition by purging=withs O, and
air, and stagnant canditiontin BOD bottle (replotted ‘'of Figure.4.13 for.180 minutes)
with the initial conditions as follows: 1 mM of Fe** at pH 3 and 25°C as compare to
those in Fenton experiment with the initial conditions as follows: 1 mM of Fe®*, 20
mM of H,0, at pH 3 and 25°C.
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the Fenton experiment performed in a beaker with sufficient mixing with Fe?*
concentration of 1 mM also followed the similar pattern. It is important to note that
Fe?* should be rapidly transformed to Fe®* by Fenton reaction (measured residual Fe**
was negligible). However, if in the stagnant environment where no mixing was
provided (1 mM Fe** solution in the BOD bottles and sacrificed one bottle per
sampling), the soluble iron decreased very slow!y.as seen in Figure 4.19. These results
indicated that when the mixing was suffi__ciently provided, the agglomeration of nuclei
resulting in the crystal growihwas simiilar regardiess 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 proeess was net gontrolled 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 iro,ﬁ concentration and the square root of time
(plot of C vs t“2) was shownin Figure 4.2@_(a). It can be seen that only the data from
the BOD-bottle experiment under a stagnani—_,condition had a linear relationship. This
indicates that the molecular/nucleus diffusion step controlled the crystallization
process in this case whereas-was not the 'ratégl__imiting step under the turbulence
condition (either in the O,-supplied, air-supE_T{i'ed-, or Fenton experiment). This was
understandable.since the mixing would horht-)déh;iie the.iron oxide molecules in the
solution and eliminate the concentration gradient at the-moteculat/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 ws'time) was constructed-as; shown-in Figure+4:20(b) .and feund 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;“thererystallization=should be controlled, by~orthokingtic sflocettation fin the
case of turbulence environment whereas by perikingtic' flocculation 1n ‘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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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, acetie,-and formic acids-which have been identified as the
intermediates from 2,6-DIMA"oxidation in Section 4.1.5 were added into the Fe**
solution at pH 3 to deiefmine Fe”* solubility (Scenario P). The data as shown in
Figure 4.21 indicatingsthat the ‘solubility of Fe™ significantly increased in the
presence of volatile Tatty acids/and as a re‘s_ult the crystallization of iron on the CS
became minimal. The results from this pa'rt. 'supported with the hypothesis mentioned
above. In addition, the experiments und-ér true fluidized-bed Fenton process also
confirmed with thisiobservation. Figure 4.22 shows that iron removal was the best in
the absence of organic matters:followed by:i-n-the presence of 0.1 and 1.0 mM of both
2,6-DMA and AN, respectively. It isvery irigﬁrgsting 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 Fe®*, 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.



81

1 —&— Free org.
—— Organics 0.1mM Run #1
08 —— Organics 0.1mM Run #2

—&— Organics

e
N-‘.l.-,:“‘:; "“.-Wff -

Iron concentration (C/Co)

20(

omcentration (C/Co)

ﬂUﬂ?ﬂﬂﬂ@Wﬂ”lﬂ“ﬁ

‘(b) Total iron

Qﬂ?ﬁﬂ NSUURNANENALL..

enton process in the presence of 2,6-DMA and AN with the initial conditions as

follows: 1 mM of Fe**, 20 mM of H,0,, 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 absencesof organics followed by 0.1 and 1.0
mM of both 2,6-DMA and AN, respect_ively. Anoether interesting point regarding on
the effect of organics is the comparisor{ 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-he'pre-CMR+FBR allowed the Fenton reaction to proceed
in a batch reactorfor'1 hotr before switching to FBR mode. In this manner, 2,6-DMA
and AN were more_gompletely transforme& to several products including the ferric-
complexable species. Hence, very. Iimitedii*ron_was crystallized onto the sand surface.
On the other hand, when the System was dperated in fully EBR mode, it can be seen
that total iron decreased in the«first 60 m_inutes due to crystallization onto sand
surface; however, as'the reaction period proceeded, the ferric-complexable organics
were formed and sequentially deteriorated the cry,g_tallization process. Observing from
the trend, it can be expected that the total ?On,-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.ft implies that the removal
of iron via crystallization will be promising if the Fenton reactien could remove most
of the volatile fatty acids. Or in other word, tron removal will follow the organic
removal efficiency. It also implies that fluidized-bed Fenton process is suitable for
diluted wastewater,or usingfor;the polishing-purpese. By this way, the process will be

very effective.for both pellutant and iran removals

42.8/Reusability ef*lren-coated Construction Sand for lron
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 4.25 Reusability of iron-coated cs-for iron crystallization with the initial

conditions as follows: 230. 27 g/l of CS, plﬂ-1 3.at 25°C and 1 mM of Fe®*and 20 mM
of H,0, for cycle 1,40 5 and 2mM of Fe** f:\pd 40 mM of H,0- for cycle 6 to 101.

It can be seen that the iron crystallizationfgfficiency in 1 hour decreased gradually
from 80% in the first cyele to 65% in.the 1OIfF'cy§|e. This is believed to be due to the
decreasing in the crystallization-rate of irori‘__csrystallites onto the interaction sites on
the iron-coated. CS as the Fe(OH); accumulating on-the surface. Exhaustion of
effective sites-for_crystallization was not believed to be the maih cause because the
reduction in iron'still proceeded after 3 hours as shown in the profile plot of the 101"
cycle as compared to the first cycle (Figure 4.26). It is very interesting to observe that
the reduction of soluble iron in the 101* cycle was more rapid than those in the first
cycle whereas thereduetionrofitotal iren-turned toitheroppesite«direction. This implies
that the Fe(QH); coated:on the CS'cauld sémehow 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 revealithat/the .irancrystallization
performance.in the'real fluidized-bed Fenton reactor ‘will"be gradually ceteriorated 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 101¥-cycle CS sample was analyzed by the XRD analyzer to determine
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Figure 4.26 Comparison of iton-profile between the 1°- and 101* —cycles with the
initial conditions ag'follow: 2 mM of Fe2+,f’4_0 mM of H,O5, 230.77 g/l of CS at pH 3
and 25°C. - =

the iron oxide species coated. on the surface. T hé‘}‘esult from XRD analysis as shown
in Figure 4.27 revealed that only SO, was detected According to the calculation of
iron removal from agueous phase the amount of iron coated onrthe CS surface should
be more than 3:5%-by-weight-and-its-catatytic-activity-was observed as will be
discussed in the next part. Physical appearance between fresh CS and the 101%-cycle
iron-coated CS was very distinguished from each other as shown in Figures A5 and
AB, respectively. Despite of that, it can be expected that the iron oxide coated on the
surface/ of CS should ‘be, Fe(QH)s sitice the. results from the solubility study were
consistent withthe-values calculated based on the presence of Fe(OH); precipitates. In
addition, Homanee (2005) characterized the iron oxide which crystallizedyon the SiO,
in‘the fluidized-bed Fentonprocess at'pH 6.5 within'5 hriand found to be.Fe(OH)s.

4.2.9 Catalytic Activity of Iron-coated Construction Sand

Iron oxides in various forms are believed to have catalytic activity which can

stimulate H,O, decomposition to generate OH®. The objective of this part was to
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Figure 4.27 XRD analysis of tﬁg{l_pl“-cycle iron-coated CS.

#e43 44
determine the catalytic actiVity of iron-co?téd.f CS and compare with those of
commercial goethite (Scenario R). The restilts sHow/ithat, the 75 g of the 101%-cycle
iron-coated C8-had the catalytic activity approximately_edtivalent 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
m?/gm) which miéht affect the catalytic activity of these tWo iron oxides since the
reactions«involveg, surface sinteraction. An spite, of surface, difference, other factors
such as iron oxide species should have moretimpact on the catalytic activity since the
difference”in surface area between_these two iron oxides was only 1.6 time but the
difference, in~reactivityywas+enormous, i.e:, (75°g/l,0f ironsceated~CS seauldiremove
only 30 and 40% of 1. mM of AN and'2,6-DMA, respectively, at.180 miautes.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 101°-

cycle iron-coated CS as compared to goethite (a.-FeOOH).
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Certain amounts of iron in the forms of Fe?* and Fe** 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. w\ 5'( as nce compound as shown in Figure

4.30 (as an example plot , he S is the ratio of ky6.pma t0 Kan, OF
1.2725. This value was significantly di ereé_average of 3.5462 obtained
from previous part wherg ection 4.1. This indicates

: T/ added as il ed in
that the degradation meeha of 2,6 l‘w d A -. he heterogeneous Fenton

reaction was different from -4/ ho \\ eactlon As proposed by
Lin and Gurol (1998), acomg "_‘ \ i the iron oxide surface.

#ﬁ AN '1\ 1 -"g,\*ax reaction might
: different \~ l- constant from those of

Hence, the oxidation
involve the surface re

homogeneous reacti@
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14

—A— Goethite 0.075 g/l
—o— Goethite 0.75 g/l
—a— Goethite 1 g/l

—o— Goethite 7.5 g/l

—B— Goethite 75 g/l

—&— Iron-coated CS 75 g/I

\

= o —"‘“‘

. Garr e :‘ﬁm o 1\“\31‘\

Fe”* concentration (mg/l)

30 1
y - e Goethite 0.075 g/l
25 - g e - e— Goethite 0.75 g/
i / Goethite 1 g/l
20 - —&— Goethite 7.5 g/I
—&— Goethite 75 g/l
15 4

—— Iron-coated CS 75 g/I

10 1

Soluble iron concentration (mg/l)

(2 i:r‘ -
2 g
\_/

0 o -ﬁ‘;“;‘ 373 X A
0 40 80 120 160 200
¢ A%Time (min)

AUE 'VIEL‘iﬂﬁWﬂ’m‘i
?lf ﬁ'] STy TAEIS BN 0 3

MA 1 mM of AN, 20 mM of H,O, at pH 3 and 25 °C.



91

-0.6

-0.5 -

-0.4 1

.\

"

.0215

. 11
i
[ !
o, ., L
e

P i

In[2,6-DMAJ/[2,6-DMA]o
o
w

Figure 4.30 Relationshif \ DMA]0) versus In([ANJ/[AN],)

using the data from iron-coated CS with the

initial conditions as fo Sl A ] e.;‘i A, 20 mM of H,0, at pH

3 and 25 °C.

AULININTNEINS
ARIAIN TN INYINY



CHAPTER V
CONCLUSIONS

5.1 Conclusions

5.1.1 Kinetics of 2,6-Dimethyl-aniline Degradation
J
The reaction between”2,6-DMA and OHe has been investigated by using
Fenton reaction under vagous conditions, I.e., batch versus continuous operations,
presence versus absgnce ofsolid media, and different Fenton’s reagent. The following
conclusions could be drawn from this part: =
e Under thesstudied conditions; Fe2+ was the limiting reagent for organic
oxidation. ; .
e Competitive kingtics technigue wa§ proven to be an efficient and reliable
method to determine the rate cohsi}an't between organic compounds and
hydroxyl radicals VJ.':"_ '
e Intrinsic 2"-order rate cohstants be@eéf;fsz,G-dimethyl-aniIine and hydroxyl
radicals under varieus conditions were in between 1.59x10™ and 1.80x10™
Mtst with an average and 95% confidence intervalof 1.70+0.04x10°M*
st
e Intermediates from 2,6-DMA oxidation by hydroxyl radicals were 2,6-
dimethyl-nitrobenzene, 2,6-dimethy-phenol, 2,6-dirhethyl-nitrophenol, 2,6-
dimethyl-hydroguinone, 2,6-dimethyl-benzoquinone, 2,6-dimethyl-3-hydroxy-
benzoguinone, maleic, lactic, oxalic, acetic, and formic acids,The degradation

pathway of 2,6-DMA was also proposed in this study.
5.1.2 fron"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 sequentiallyunimpressive because the crystallization rate of iron onto
fluidized mediads very slow. On the other hand, if the precipitation happens
within  the™ metastable’ zone,  heterogeneous nucleation will become
predominate and the rlemoval of i'r'c‘>.r'1 in the fluidized-bed Fenton reactor will
be rapid and exeeptional. \ 7

Newly formed crystallite has highe'F affinity with the foreign solid surface than
aging or ripening: crystallites; héﬁcef,-‘ the crystallization should occur
simultaneously with the Eenton reacii,d_an the fluidized-bed reactor in order to
obtain the highest ironremoval rate. =

Under the studied conditions, the cry&%_iliztation process was controlled by the
transport,step rather than the surfacé’-.i-hrié'r'a{ciion step. Rate of crystal growth
under “furbulent-condition-followed=the—2--ordet=tate. ith 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.

Presencé of arganici.compounds/intermediates which ean, form complex with
ferrici'such-as oxalic "acid will' increase’ the solubility of ferric; hence,
deteriorate the crystallization process. As a result, to obtain the significant iron
removel in-a“full-seale-fluidized-bed Fenton reactar, the’oxidallon 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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e Catalytic activity of 75 g of the 101%-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@*}///

e Determine the of 2

ne with hydroxyl radicals by
using the com iti ics techni i erent reference compounds
and compare o _
e Determine the ethyl-anil with hydroxyl radicals by
using ot lation : 2/UV, H,0,/UV and

O5/UV and

removals an@-cgpare the outcomewith the proposed mechanisms in this

AUE ‘VIEJ‘V]iWEJ'Wﬂ‘i

awwmmmwnwmaﬂ
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....... ite 7.5 g/l | lron-coated 75 g/l

Goethite 0_73{951

ELEMH SnhE s,

M of H,O, at pH 3 and 25 °C.
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Figure A.6 Physical appearance of the iron-coated construction sand after 101-cycle

crystallization.
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Figure A.9 Gas chromatography (GC-FID).



108

w*‘:
_..I Al

Figure A.11 Total organic carbon analyzer.



'
\ ry (GC-MS).
L

. Al '
i .-‘f.-t‘st} ' B
- e s e

"ﬁr
.r.’v':!’
i

Pl

B 2
ﬂUﬂ’J'ﬂﬂ‘ﬂ‘ﬁWﬂ’m‘i

ammnimwﬂwmaa

109



AULININTNEINS
AR TUNNINGAY



111

Area

Area

2

DB ITIVIBG Favak:
AR aeAIaIE NN




112

70000

Y]

AULININTNEINS
AR TUNNINGAY



AULININTNEINS
AR TUNNINGAY



114

C.1 Principle

Hydrogen peroxide oxidized iodine to iodine in the presence of acid and

molybdate catalyst. The iodine forr is titrated with thiosulfate solution,

_ y)the following equation:
‘!é_ZHZO

incorporating a starch indicato

H,0, + 2KI + (C.1)

|2 + 2N32V , . |do ";:'5‘. s (C2)
C.2 Interferenc

Other oxidizi i 0.p e, whereas reducing agents (and
unsaturated organi i i .;. }‘\ e. The contribution from other
oxidizing agents can b v omitting the 3 ‘:\i' molybdate catalyst.

\

C.3 Reagents

1. Potassium iodine so into 1 liter of DI water
2. Ammonium.mao! |

6 N NH,OH; atld
3. Sulfuric acid s@tion 1+ 1) carefully add one par@gsm 98% to three

Rminsivgms
TRTANNTNUMNINYIA Y

1. Analytical balance (+/- mg/l)

m.molybdate in 10 ml of

L
th DI water.

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 Erlenme

er flask. Next, 10 ml of sulfuric acid solution
and 15 ml of potassium iodide we - two drops ammonium molybdate

solution was added. /
3. Titrate with 0.0125 | m thiosulfate toﬁx or straw color. Swirl or stir
e —

gently during titration to.minimize iodine loss -
4. Add about 2 ml starchi I continue titra “-'-- the blue color just
disappears. \
5. Repeat steps 2-4
6. Note ml of 0.012

C.6 Calculation

H202,mg/I

Where:

B b—lll-'l-I‘IIUDDL'R-I'I-'IIIIIILE F

A ) —_

] f {
AULININTNEINS
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D.1 Kinetics of 2,6-Dimethyl-aniline Degradation

D.1.1 Experimental Control

Table D.1 Disappearance of AN, 2,61 aQ -DMA by direct H,0, oxidation

(mir e OV ‘-qa._“
0 1° 777/ N
0| o /a0 | oerse |
60 ' lla’?&'l'\\mk\

Note: 1 mM of ANy 1 ) fn,n-DMA, 20 mM of H,0, at
pH 3, and 25 °C. J - \

Table D.2 o-toluidine

and volatilization.

Time

Time (min)

0

30
60 |y

Note: 0.1 mM .f-

3

ﬂumwﬂmwmm
Qﬁ”lﬁﬁﬂimﬂm'l’mﬁﬂﬁﬂ
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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).
Time Organic concen
sanic A NNY ;!M
(min) Aniline \\xﬂ 1,n-DM i""
0 1.00 i ;--""

= et
P /L
77/ s N

R

Note: 1 mM of £
pH 3 and 2

Table D.4 Competi [oF n-DMA by Fenton reaction (Run
No. 2). 2 :
Time
(min) iline ""7 i,
0 1000 . [
05 |
1
1.5

Note: 1 mM of AN, 1 mM of n,n-DMA, 1 mM of Fe?*, 20 mM of H,0, 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).

Time Organic concentration (C/Co)
(min) Aniline
0 1. 0000

0.5 0.6480
1 0.6 ﬁ“‘-

—

1.5 0

2
3
4
5

7.5

10 a4
20 0. ﬁk"“e 0] d

Note: 1 mM of AN,

oH 3 and 25 °C. J"ﬂ

0 a™, 20 mM of H,0, at

d

'F! : ir.l
|
W

i¥

ﬂ‘IJEI’JVIEWﬁWEJ’lﬂ‘i
ammnmumawmaa
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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 oxida
batch reactor without media ‘

Time

(min)

0

0.5

1

2

5

10

awr\\\
g /[ os \
%

15

ﬁﬁﬂ&\
N

\

A

0414\

20

-DMA by Fenton reaction in the
Organi =
o ] o
53t /1], s
R
ld=.0.28"

0w
06792 (.0 ‘

25

30

60

Note: 1 mM ofds

20mM Of H,0; at
N

pH3and 25 °C.

ll
]
W

ﬂumwﬂmwmm
Qﬁ”lﬁﬁﬂimﬂm'l’mﬁﬂﬁﬂ
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Table D.7 Competitive oxidation of aniline and 2,6-DMA by Fenton reaction in the

batch reactor without media (Run No. 2).

Time Organic concentration (C/Co)

- ‘{l. 7/

(min) Aniline
0 1. 0000
0.5
1

2

5
10
15
20
25
30
45
60
Note: 1 mM of AN, 1 mM 6f 2.6-DMIA, 1 62", 20 mM of H,0; at
pH 3 and 25 °C. TTITED '

1y

J
ﬂ‘IJEI’JTIEWlﬁWEI’m‘i
amaqmmumqwmaﬂ
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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).

Time Organic concentration (C/Cy)
(min) Aniline 246 ; A
0 1.0000
0.5
1
2
5)
10
15
20
25
30
45
60

Table D.9 Con q’ --------------------- i of aniline and 2 N ,ﬂ on reaction in the
batch reactor witheut me m
Time ©rganic concentration (C/Cy)

(min) Aniline 2,6-DMA

PIUEIVIRIVEAWEII1

1 0.7879 704283 | e Qs

2 oyt e 1 dVIE 6 2
T 0.7407 0.3157

10 0.6341 0.1917

Note: 1 mM of AN, 0.5 mM of 2,6-DMA, 1 mM of Fe?*, 20 mM of H,0, 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).

Time Organic concentration (C/Cy)

(min) Aniline
0 1.0000

2

5
10
15
20
25
30
45
60
Note: 0.5mM of A
pH 3, and 25 °C.

0 e ©, 20 mM of H,0, at
|

Table D.11 Competitive ox ):9 a ‘ﬂ‘ 5-DMA by Fenton reaction in the
batch reactor witho '

Time

(min)
0

#1173
AR IR NN Y

H 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 Fe?*, 20 mM of H,0, 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).

Time Organic concentration (C/Co)

(min) Aniline
0 1.0000
0.5
1
5)
10
15
20
25

Note: 1 mM of A
pH 3, and 25 °

ﬂ%&% |

d 2,6-DMA by Fenton reaction in the

Table D.13 Competitive |dat|em f ir
F“; ‘ S
batch reactor without media (F 0. 8).J

Time Orgamq o:r' '* ,-l.r-,
(min)
0 ;___? '
0.5 —10.6

- 0.6392

RS T A VR )

q 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).

Time Organic concentration (C/Cy)
(min) Aniline
0
0.5
1

5

= ——
s | e
G0 L N
GG /L TN NN

30 O ¥ V . U.16( k "'. H"‘ﬁ_'

oy | Y
60 ? te.  [0-00pos" "\ h
y 1 Tad\ R 0\
Note: 1 mM of Al A ¢ - -_7 ‘E;; W -\t M of H,0, at
pH 3, and 25 °C.

ﬂ‘IJEI’JVIEWlﬁWEJ’lﬂ‘i
Qﬁﬂﬁﬂﬂ‘immﬂﬂﬂmﬁﬂ
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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.

Time

Organic conce
(min) N
0
2
5
10
15
25
30
45
60

LA S

ﬂ‘IJEI’JVIEWlﬁWEJ’lﬂ‘i
ammnmumawmaa
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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).

Time

(min)

Organic concentra
Aniline | 2

0

Logoo—

1

2

5

10

15

20

25

30

45

60

: of 2,6-DMA, L o2
Note: 1 mM of AN, 1 mM fg”,:,-;fn"k “Tt ", 20 mM of H,0,, 230.77 g/l
of CS at'p! b

1y

J
ﬂ‘IJEI’JTIEWlﬁWEI’m‘i
amaqmmumqwmaﬂ
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Table D.17 Competitive oxidation of aniline and 2,6-DMA by fluidized-bed Fenton
process (Run No. 2).

Time Organic concentration (C/Co)

(min) Aniline
0 1.0000
1
2
5
10
15
20
25
30
45
60

Note: 1 mM of AN, 1 mM of 2 ﬁrm of Fe’
of CS at pH 3, and 25 : " - 48

20 mM of H,0,, 230.77 g/l

"'.i_::‘mf-f ;

D.1.3.4 Continueus .
| o 4
Y

- m enton reaction in the

Table D.18 Com ~
ithout media (Run No. 1).
Time Organig concentration (C/Cg)

A UERTERS NN

30 0.3594 0.1589

continuous react

INY1AY

150 0.3750 0.1559
Note: 1 mM of AN, 1 mM of 2,6-DMA, 1 mM of Fe2+, 20 mM of H,0, 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).

Time Organic concentration (C/Co)

(min) Aniline 2,6 l~ A

0 1.0000 )00

30 0.3516 " | W’f ‘:/ ,.-!

60 0. T,'-'"",‘: —

90

120

150

Note: 1 mM of A of H,0; at

pH 3, and

ﬂ‘IJEJ’J‘VIEWlﬁWEﬂﬂ‘i
ammﬂmumfmmaa
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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/Cy)
Time Fe”1 mM
(min) H,0, 30 mM
AN | 2,6-DMA
0 1.0000 | 1.0000
0.5 0.8410 | 0.5621
1 0.8278 | 0.5521
2 - -
5 0.7922 | 0.4735
10 - -
15 0.7198 | 0.3397
20 0.6770 | 0.2831
25 0.6584 | 0.2259
30 0.6226 | 0.1872
45 - -
60 0.0228 | 0.0000
Note:

AUEINENINYINS
RIAINTUNNINYIAL
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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

Time concentration (

(min) | Acetic
acid

0 0.000
5 3.200
10 4.000
15 4.000
20 3.900
30 4.300
45 4.600
60 4.800

°

vl

.’. T3 I

.J‘jnv ” ‘j

Note: 10 mM of 2,6-D A,

~ Organic intermediate
oncentration (mM)

2,6-DMP

0.000
0.014
0.013
0.010

0.006

0.000

ﬂ‘lJEl’J‘VIEWl‘iWEI’]ﬂ‘i
’QW’mﬁﬂ‘iﬂJ UAIINYA Y
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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.

Note: 10 mM of 2,6-DMA

..&fa?f"

D

e b L Z £ .:1

ol -

e

Iﬂ

Carboxylic acid Organic intermediate
Time concentration (mM) . concentration (mM) Toc Toc
calculated Measured
(min) | Acetic Formic |- .\J L/ 2,6- 2,6- M) | (mm)
acid r DMP
0 0.000 0.00C 000-{+0.000 | 0.000 | 80.000 | 80.000
5 6.400 ﬂ ﬁ: 0.080 | 0.112 | 84.140 -
10 | 8.000 / S / 1[\@*\'\‘ 0.104 | 74.232 -
15 8.000 m {; iEE\\\ 56| 0.080 | 38.276 | 72.508
20 7.80044 2 ﬁ(’f ﬁ ﬂ\’q‘\\\‘ 30.000 | 70.550
30 8.600 0.024 | 0.048 | 36.628 | 66.308
45 | 9.200 }‘F § a\‘i\:& 40.000
60 37.936 | 55.000

9.600 |/ 26. F m ‘@\\i | 0.000

‘\. ’1‘ 0, at pH 3, and 25 °C.

LY

8

ﬂ‘UEﬂ’WIHWﬁWEI']ﬂ‘i
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D.2 Iron Crystallization

D.2.1 Iron Solubility

Table D.23 Effect of pH on Fe?" solul

Note: Operating.at

Fe” 1 mM Fe” 2 mM
with NaClO, with NaClO4
Sol. iron..4 Sol. iron
PH o (mgh)
2.10 700 ‘f}' ;{!l ‘{\“ﬁo\\g‘\\ 118.810
2.93 D‘Elr\ ,&\k 117.100
4.93 ﬁ\, {\\h A4 117.490
5.24 \‘\ 111.420
5.01 7.440
6.75 0.000
7.55 0.000
9.12 0.000 19.22 0.000
10.19 0.000 10.03 0.000
11.15 ' 0.000
12.01 0.000

ﬂ‘lJEl’J‘VIEWl‘iWEI’]ﬂ‘i
’QW’mﬁﬂ‘iﬂJ UAIINYA Y




134

Table D.24 Effect of pH on Fe** solubility.

Fe” 2 mM Fe* 1 mM

pH

Sol. iron Sol. iron
pH
(mg/l) (mg/l)

2.59

118.650 “ , f;f

2.64

116799 | ’”"" Z;"

2.69

86 = E—-

2.78

—— |
BRe O A A

3.02

3.32

ﬁ lt:\\ —
//A’fﬂ E\\\\x
9 A7 K

4.53

5.23

6.42

7.11

8.33

8.98

10.22

11.12

12.04

i~

Note: 1and 1? ’ ];Z,"@ 25 °C.

.!I
]
l.

ﬂ‘UEl’JTIEWIﬁWEHﬂ‘i
Qﬁqﬁﬂﬂimﬂlﬁﬂﬂﬁﬂaﬂ
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Table D.25 Ferric precipitation under various turbulence conditions.

i 0O, gas Air Stagnant (BOD bottle)
ime
(min) Tot.iron | Sol.iron | Tot.iron | Sol.iron | Tot.iron | Sol. iron
min
(mg/l) (mg/l) 19/1) (mg/l) (mg/l) (mg/l)
Y | 4
0 56.125 55, J 55.125 56.625 47.000
5 0.000 X i 250 - -
10 0.000 J).OO .625 - -
15 0.000 o747 10.00¢ - -
30 52.500 S 5 | 55500 | 42375
60 54.500 4 ! "\ A 53.875 40.125
120 5 [ ;_;f, . . 8.500 55.375 34.750
180 53.7 645( = Yk .37 54.500 32.750
1140 - ' % <) 0.000 15.875
Note: 1 mM of Fe™ at nd 25%°C: -
‘ iﬁ_{}{:fﬂ:_
Tzl |
D.2.2 Fe(OH); Crystallization in-Flui Reactor (FBR)
(T i ?‘-r
Table D.26 Effect of material;T*j_pﬁpm ferri in the FBR at pH 7.
Sl F N o
Time Total ironatpH 7
= o’ -gj
(min)
0 -l 56
I i
10 57.296 - P
20 57,048 - :
PV WEAT)
4b1‘| 54.866 - -
50 54.816 [ & - o/
o] Gy ] fd 3% IR ) 2
1120 - 53.665 56.606
180 - 53.619 55.225

Note: 1 mM of Fe**, 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 Sol. iron
(mg/l)

0

58.000 |

5

10

15

30

60

120

180

Note: 1 mM of Fe**

AULININTNEINS
AR TUNNINGAY
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D.2.3 Fe(OH); Crystallization in Fluidized-bed Fenton Process

Table D.28 Total iron removal in the FBR with different media.

CS
SiO; 430
ass
Time pass #30 P ined #40 Fenton-like
emaine remaine
(min) | remained #40 . (mg/l)
Run #2
mg/l)
0 57.875
5 40.375
10 25.125
15 21.250
30 18.250
60 17.000
120 13.625
180 .625 12.750
Note: 1 mM of Fe** (for Fe f‘“’ r ), 20 mM of H,0,, 230.77

e

!B 8

ﬂ‘lJEl’J'VIEW]‘iWEJ']ﬂ‘i
’QW?ENFI‘?EU UAIINYA Y



Table D.29 Soluble iron removal in the FBR with different media.

138

) CS CS
Si10,
) CS pass #30 pass #30 .
Time pass #30 ) ) Fenton-like
) ) pass #30 | remained #40 | remained #40

(min) | remained #40 (mg/l)

mall) (mgll) Rum #1 Run #2

mg

(g /) (mg/l)
0 57.750 5/.875 | , 58375 58.125 54.875
5 51.500 217625 20.000 21.250 27.625
10 43.375 191375 19.125 20.750 16.250
15 38.125 e | 18.000 19.750 14.500
30 25.000 17 000 . 11.625 14.375 12.750
60 14.500 14000 | 12250 11.875 11.500
120 9.750 9875 J 9.250 9.500 9.000
180 7.875 7.500 18.125 6.625 8.500

Note: 1 mM of Fe** (for Fénton) of Fe** (for Fenton-like), 20 mM of H,0,, 230.77
g/l of media at pH 3 and 25 °C. « i

%I
vk

#e gl Ad

Table D.30 Ferrous removal.in the FBR Withrl—qi_ffélr_ent media.

|

N €S £5
.SI.C)Z — . #30
- CS ass#30 | pass
Time pass#30 7 : Fenton-like
) el pass #30 | remained #40 | remained #40
(min) | remained #40 (ma/l)
( I’I-) (ma/l) Run #1 Run #2
mg
(mg/) (mg/l)

0 56.750 57.815 56.625 56:875 -

5 0.375 0.750 0.500 0.875 -
10 0.250 0.375 0.500 0.000 -
1.5 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 Fe** or Fe**, 20 mM of H,0,, 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.

_ CS CS
SiO,
] CS pass #30 pass #30 .
Time pass #30 ) ) Fenton-like
) ) pass #30 | remained #40 | remained #40
(min) | remained #40 (mag/l)
mall) (mgl/l) Rum #1 Run #2
mg
(rno/h) (mg/l)
0 680.200 680.200 | , 680.200 680.200 680.200
5 523.077 o823 534l 08 553.220 654.966
10 523.077 2l o8/ 503.061 553.220 628.767
15 505.641 504,866 \ 477.041 527.288 602.568
30 401.026 4624081 . 442.347 484.068 558.904
60 348.718 393.624 :3('54.286 397.627 489.041
120 322,564 316.611 74551 276.610 349.315
!
180 270.256 222.483 190.816 181.525 244521

Note: 1 mM of Fe?* of Fe®*, 20 mM of H205, 230.77 g/l of media at pH 3 and 25 °C.
A

D.2.4 Effect of Fe(OH); Crystallites

o Y

cud dd

Table D.32 Total and soluble;iron removal in the FBR under various concentrations

of Fenton’s reagent:

Time Total iron (mg/l) Soluble iron (mg/l)
.| Fe*:H50, | Fe ™:H,0, | Fe “":H,0; | Fe *:H,0q Fe *:H,0, | Fe *:H,0,
(min) 1:20mM ¢ 2:40mM | 3:60mM, | 1:20mM | 2:40mM | 3:60 mM
0 56.625 111750 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 174750 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.

Time Fe” (mg/l) H,0, (mg/l)
. | Fe"1H,0, | Fe*":H,0, Fe”":H,0, | Fe*":H,0, | Fe*":H,0,
(min) 1:20 mM :40 mM 3:60 Mg/ 20 mM 2:40 mM 3:60 mM
0 56.625 Y, 1360.400 | 2040.600
5 0.500 1060.949 | 843.885
10 0.500 —'f ,K 503,061 | 1005109 | 788.849
15 0.875 jy/r;“mk\:\ki 856.204 | 742.986
30 | 1250 | ,I/ﬁ!‘(\\{!&:‘ 949.270 | 697.122
60 1.000 "l jf Iﬁﬁ?\“\({iﬁx 725.912 614.568
120 0.500 " i’ 1 g\_ \\\‘Ek 614.234 495.324
180 | 0375 & 1250 ' 500 -II'N.‘\\ 521.168 | 476.978
Note: 230.77 g/l ofCS at'p and-ES t

ﬂ‘lJEl’J‘VIEWl‘iWEl']ﬂ‘i
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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.

Note: 230.77 g/l of C

e

V.

=

Time Total iron (mg/l) Soluble iron (mg/l)
| Fe®":H,0, | Fe *:H,0, | Fe 2*: ,0, | Fe #:H,0, | Fe **:H,0, | Fe *:H,0,
(miv) 1:20mM | 2:40 \\ H’! 1:20mM | 2:40mM | 3:60 mM
0 56.875 E ‘ ? 7 115500 | 172.750
5 43.000 24.750
10 31.500 16.500
15 21.750 13.250
30 | 57.000 |4 14.000 8.750
60 57.500 9.000 6.000
65 45.125 6.250 4.000
70 37.250 6.750 5.250
75 31.125 7.500 3.750
90 22.375 6.000 4.000
120 | 16.125 9.000 5.000
180 9.750 5.750 4.750
240 7.500 9.250 4.750

ED
ﬂﬁﬁ’ﬂ'ﬂﬂ‘ﬂ‘ﬁﬂﬁﬂ‘i
QW']&NﬂiELJ UAIINYA Y
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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.

Time Fe” (mg/l) H,0, (mg/1)
- | Fe®:H,0, | Fe**:H,0, | Fe*:H,0, | Fe**:H,0, | Fe*":H,0, | Fe**:H,0,
(min) 1:20mM | 2:40 1:20 mM 2:40 mM | 3:60 mM
0 58.625 .200 1360.400 | 2040.600
5 1.625 &750 .007 1154.015 | 1706.115
60 1.125 750 912.044 1449.280
120 1.625 25 9 763.139 1265.827
180 2.50 100 595.620 1155.755
240 1.8 T 4 25 595.620 1082.374
Note: 230.77 g/l o a d25°
NSV
Table D.36 Total and soltiblgiiron re 5-r~r'1t +FBR
Time Total irg ". E \
(min) mg/. ;t‘-ﬂ& % \
0 172.000 é:ﬂ-‘iﬁ‘
5 172.000 15 ) 22.
10 N
15 - -
20
35 +.1141.250 7.750 m
65 125:500 6.5000_
ah/! HYERIWE 1N
1351] 6.500

Note: 3 mM of Fe?*, 60 mM of HZJZ, 230.

ANTQ

4

ﬁll ofﬁat H 3and 25

ocu

N E
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Table D.37 Ferrous and hydrogen peroxide remaining in the 5-min pre-CMR+FBR.

Time Fe™* H,0,

(min) (ma/l) (ma/l)
0 171.750 2040.600

5 0.750 {‘\T“i 17 of

125 0,750 — 113244
185 0,750 - 11)575

Note: 3 mM of Fe**, 60 7f 4,05 230. at pH 3 and 25 °C.

e discussions of this

")

D.2.5 Effect of |
part are similar to th

Concentra

Eff-cﬁaé(
f Y.

Table D.32 Total and soluble iron rsiy\ ,-":' the

eo ';

arious concentrations

of Fenton’s reagent.

Soluble iron (mg/l)

Time - - -
) Fe “:H,0, dly Fe <:H,0, | Fe “":H,0,
(min) —] - —a
1:20 mM 0 /,3:60 MNEre. - 2:40mM | 3:60 MM
0 56 .000 | 17.000 173.500
5 | 23125—+—63:000 2750 | 20.00C 156, 39.500
10 22. 37E.ul - , - 31.250
15 17.750.° 18.000 .| 31.000 26.000

30 15.625 ¢ ﬁ8 500 80.000, » | 11.625 17.250 16.250

60 1.750" o4l Q1% JAlT 10.500
120 |40 11500 | 39.75 750 7.500
180 | 9.000 7750 | 18.000 | 48425 3500 0.  6.750

QJ\_IWI%O? I pH 3 and'2 L El
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Table D.33 Ferrous and hydrogen peroxide remaining in the FBR reactor under

various concentrations of Fenton’s reagent.

Time Fe” (mg/l) H,0, (mg/l)
. | Fe"1H,0, | Fe*":H,0, Fe”":H,0, | Fe*":H,0, | Fe*":H,0,
(min) 1:20 mM :40 mM 3:60 Mg/ 20 mM 2:40 mM 3:60 mM
0 56.625 Y, 1360.400 | 2040.600
5 0.500 1060.949 | 843.885
10 0.500 —'f ,K 503,061 | 1005109 | 788.849
15 0.875 jy/r;“mk\:\ki 856.204 | 742.986
30 | 1250 | ,I/ﬁ!‘(\\{!&:‘ 949.270 | 697.122
60 1.000 "l jf Iﬁﬁ?\“\({iﬁx 725.912 614.568
120 0.500 " i’ 1 g\_ \\\‘Ek 614.234 495.324
180 | 0375 & 1250 ' 500 -II'N.‘\\ 521.168 | 476.978
Note: 230.77 g/l ofCS at'p and-ES t

ﬂ‘lJEl’J‘VIEWl‘iWEl']ﬂ‘i
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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.

Time Total iron (mg/l) Soluble iron (mg/l)
.| Fe #:H,0, | Fe #:H,0, | Fe **:H,0, | Fe *:H,0, | Fe *:H,0, | Fe *:H,0,
(min) 1:20mM | 2:40 mM 3:60 mM 1:20mM | 2:40 mM 3:60 mM
0 56.875 113.750 172500 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 57.500 414,750 172.750 8.750 9.000 6.000
65 45.125 144.250 165§60 3.375 6.250 4.000
70 37.250 107.750 1631250, 3.625 6.750 5.250
75 31.125 100.000 159.890 3.375 7.500 3.750
90 22.375 90.750 150.500 " 4.000 6.000 4.000
120 | 16.125 81.250 137250 | 4500 9.000 5.000
180 | 9.750 64.000"| 123260 |1 3.750 5.750 4.750
240 7.500 42.500 111250 . 3.875 9.250 4.750

Note: 230.77 g/l'of CS at pH 3 and 25 °C.

Table D.35 Ferraus and hydrogen peroxide remaining in the 1-hr pre-CMR+FBR

under various concentrations of Fenton’s reagent.

Time Fe” (mg/l) H,0, (mg/l)
C aFefT R0, [Fe* i H,05 | Fe iH30, | 'Fe?:HJO; JRe*:H,0, | Fe*:H,0,
(min) 1:20mM 2:40mM™| 3:60 mM 1:20mM 2:40mM | 3:60 mM
0 58.625 116.250 { 173.500 680.200 | 1360.400 | 2040.600
3 1625 0.500 0.750 577.007 | 1154.045 |11706.115
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 Total iron Soluble iron

(min) (mgfl) (mgfl)
0 172.000 .000
5 172.000

10 162. ,
15 156. 000
20 9.750
35 1 78
65 1 6 0
125 5 -

185 D

Note: 3 mM of Fe", )

Table D.37 Ferrous a ogen’pe J‘
Time Y
(min) (mehl) SEEE (g

0 171750410

5)

65

125 :

185 E 0.750 1155.755

nd 25 °C.

) i 5-min pre-CMR+FBR

Note: 3 mM of Fe?*/60:mM of H,0,, 230.77:g/l of CS at pH 3 and 25 °C.

FAULINENTNEINT
RIAINTNUARINY QY
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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.

Time 0O, gas Air Stagnant (BOD bottle)
. Tot.iron | Sol.iron | Tot.iton Sok iron | Tot.iron | Sol. iron
(min) (mg/l) (mg/l) ng/l) (mo/l) (mg/l) (mg/l)
0 56.125 55.000 57.750 Baal25 56.625 47.000
5 0.000 434875 0.000 45,250 - -
10 0.000 39250 0.000 38,625 - -
15 0.000 34815/ - E).OQO 33.125 - -
30 52.500 21500 5?1l25 22.125 55.500 42.375
60 54.500 11.250 57,875 14.125 53.875 40.125
120 55.000 74625 56f8_75 8.500 55.375 34.750
180 53.750 P.o00% =1 56685  %6.378 54.500 | 32.750
1140 - - A ;-l'r:"-q_ - 0.000 15.875
Note: 1 mM of Fe** at pH 3.and 25 °C. _—i‘
Table D.38 Fer'rrirc precipita;tié;}\ Un}der Fentoniekp-;rir,nent. 7
Time | = Totaliron Solubleiron | Fe> . | H,0,
(min) (mg/l) (mg/l) (mg/— |  (mg/)
0 + 56.250 56.250 57.000- 680.200
5 57:125 45.750 0.750 567.637
10 56.750 39.250 1 523.973
15 56.750 33.125 - 523.973
30 56.125 22.000 - 462.842
60 $6.500 12.375 0.375 4014712
120 56.625 8.500 0.500 314.384
180 58.125 6.125 1.000 279.452

Note: 1 mM of Fe?*, 20 mM of H,0, at pH 3 and 25 °C.



D.2.7 Effect of Organic Compounds

Table D.39 Effect of organo-ferric complex on iron crystallization in FBR.

Time Absence of VEA Presence of VFA
(min) Sol. iron Tot. iron Sol. iron Tot. iron
(mg/l) (mg/l) (mg/l) (mg/l)
0 40.375 58.000 59.000 59.000
5 19,750 34.125 56.500 59.000
10 17450 28.125 OIS 59.000
15 17 285 28.625 STE 59.375
30 15.250 21.75.0 ¥ 54.500 59.375
60 373 18.122 l 54.125 59.375
120 9.875 18379 54.125 58.750
180 9.250 11.250;,_ 53.625 58.625

Note: 1 mM of Fe™", 280.77 g/t of CS at pH 8 and 25 °C, /FA consisted of 2 mM of

formic acid, 0.5 mM of aceti¢ acid arid-"!lz-mM of oxalic acid.

ey
Table D.40 Effect of orgaqq-ferric complex gﬁ_t_ot’gl jron removal in fully fluidized-

bed Fenton process.

_ R Total iron (mg/l)
Time : .
) . Org. 0.1 mM | Org. 0.1 mM
(min) Free org. Org. 1 mM
. Run #1 Run #2-.
0 56.625 57.250 57.250 57.375
8 23125 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 Fe**, 20 mM of H,0,, 230.77 g/l of CS at pH 3 and 25 °C.




Table D.41 Effect of organo-ferric complex on soluble iron removal in fully

fluidized-bed Fenton process.

Soluble iron (mg/l)

T|r-ne M | Org. 0.1 mM
(min) Free org RUN 2 Org. 1 mM
0 59.625
5 35.625
10 | 34.000
15 j /ZY \ \ _ 30.875
30 Il // 2 “\1&\. 000, 27.500
60 12. Il IM’[RV&- 27.250
= | AL TR N[
180 i l W ‘ : 45.750

Note: 1 mM of Fe’!

Table D.42 Effect of orgg

0 H202, 230,77 g/Io
‘ .-* -ﬁ: a'.hf
"“J“".I'
-fem or Ju____"

Sat pH 3 and 25 °C.

Fenton process. !_'51-4" s -__
Time _‘?:;EFe; maining (mg/)
(min) - Free org Org. 0.1 mM [ org. 1mM
R (|
0 58.500
> 11.625
10 €388 - - 10.125
' MK ! mj x .500
By 1.2 - = 250
60 1.000 [ . 2050 SR
g R AN e
i 180 1.500 6.500

Note: 1 mM of Fe®*, 20 mM of H,0,, 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 H,O, consumption in fully fluidized-

bed Fenton process.

H,0, remaining (mg/l)

Time
. Org.0.1 mM | Org. 0.1 mM
(min) Free org. Org. 1 mM
Run #1 Run #2
0 680.200 680.200 680.200 680.200
5 5308 534.831 534.831 604.927
10 503.064: 467.978 458.427 558.394
15 477,041 410.674 QOMQ02 567.701
30 442847 305.618 257.865 530.474
60 364.286 181.461 . 143.258 409.489
120 47 .S 57.303, 38.202 46.533
180 190i816 9.551'-;I 19.101 0.000

Note: 1 mM of Fe’#, 20 mM of H,0», 23077 g/l of CS at pH 3 and 25 °C.

-, _ .
Table D.44 Effect of organo-ferric'complex oniotal and soluble iron removal in 1-hr
pre-CMR+FBR.

# - f i’j‘.,l

] Total iron (mgo/l) Soluble iron (mg/l)
Time T
) Org. Oryg. Oryg. Oryg.
(min)
- 0.1mM 1 mM 0.1mM 1mM
0 5 7.815 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 531500 36.500 27.250
75 38.625 54.500 28.875 30.250
80 - 54.750 - 29.875
90 32.750 53875 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 Fe**, 20 mM of H,0,, 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 Fe** removal and H,O, consumption
in 1-hr pre-CMR+FBR.

i Fe®* remaining (mg/I) H,0, remaining (mg/l)
ime
) Org. Qrg. Org. Org.
(min)
0.1 mM N ' 0.1 mM 1 mM
0 58.125 "o B¢ ”r'f , 680.200
60 1. 363.051

65 0.000 - 259.322

7 0\ TN
& ﬁ/lﬂi\\\&\xx 216.102
60 LR ANN RN 20748
% UL S5 IR 1469
w1 o o SRANG, T
180 ’ 1 R\\ 25.932

== N
| 4 J li?% o\ % 0

Note: 1 mM of Fe?* VI of H50;, 230.] of CS at pH 3 and 25 °C.
Iﬂ{ o, -.1'

ZTF)5 778
=Tl g g

4

ﬂ‘lJEl’J‘VIEWIiWEI’]ﬂ?
’QWW&Nﬂ‘iﬂJ UAIINYA Y



152

D.2.8 Reusability of Iron-coated Construction Sand for Iron Crystallization

Table D.46 Reusabilit

of iron-coated CS for iron crystallization.

Total iron Total iron Total iron Total iron
Cycle | @ 60 min Cycle | @ 60 min Cycle | @ 60 min Cycle | @ 60 min

(mg/I) (ma/l) (mg/l) (mg/I)

1 9.875 26 33.500 5 37.500 76 40.000
2 6.875 21 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 38 30.750! 58 28.000 83 37.750
9 28.500 34 32.750% § 59 32.750 84 35.000
10 29.500 85 30.500™ 60 31.750 85 38.500
11 27.750 36 ,__31.‘750 { 61 31.000 86 44.750
12 17.750 ¥ 7325004 62 30.500 87 41.500
13 20.750 38 34:000 63 30.500 88 45.500
14 31.000 39 84500 1| V64 31.000 89 41.750
15 21.500 40 | 31250 4 fi, 65 30.750 90 46.500
16 21.250 1 733750 4= _;§‘>§ 35.750 91 50.750
17 25.500 42 26750 - 67 29.750 92 35.500
18 26.750 43,1 183,000 4"l "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 41250 96 35.500
22 31.000™ 47 27.500 72 32250 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 Fe®*, 20 mM of H,0, at Cycle 1 -5"
2 mM of Fe?*, 40 mM of H,®, at Cycle 6™-102%, 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 1% cycle and

101% cycle.
Time Total iron (mg/l) Soluble iron (mg/l)
(min) 1% cycle 101St V'S 1% cycle 101% cysle

0 111.750 “ j‘ '7 ’ 117.000 116.500
5 63.000 \w’ 00 14.250
10 52.500 ::" 4@0 50 14.000
15 45. 000w 000 10.000

30 28 Jﬁi‘“\\;\ , 10.000
60 ST LA AN, | 5
120 1. ﬂ?ﬁﬂ“&x 3.250

= | XS lﬂ\\% 3500
Note: 2 mM of Fe™*, 40 mM of H;0,) 230.77  at | \ and 25 °C.
Table D.48 Comparisen of! i c umption between the 1% cycle

and 101 cycle.

Time H,0, (mg/l)
(min) 1t _ eycle 101% cycle
0 W M 115750 | 0 /I~ 1360.400

T S S |
B o o 8| & mm—m— | E—— = & 8| = ¢ £ 7 ¢ e |
5 [ )+ 1069.930
10
7
856.204 -
949.270 980.769

10
15 - -




D.2.9 Catalytic Activity of Iron-coated Construction Sand

Table D.49 Aniline removal in the system with H,O, and catalyst.

154

ncentration (C/Cy)

Anili
Time
] Goethite | Goethi
(min)
0.075¢g/l | 0.
0 1.0000 1.0
10 0.9901 524
20 0.966 1
30 | 0.9814 |
40 | 09687 |00 <
50 0.988 5 )
60 1.0004 . 7
90 1.008 O il -
120 1.0159 6 :
180 0.9919 O}E Erb:
Note: 1 mM of AN, 1 mM of 2;6=
MY

J

Goethite | Iron-coated CS
75 g/l 75 g/l
+1.0000 1.0000
.3294 0.9736
00 0.9784
00 0.9296
.0000 0.9272
00 0.8886
0000 0.8754
.0000 0.8244
0.00 .0000 0.7516
0 0.0000 0.6796

H,O, at pH 3 and 25 °C.

8
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Table D.50 2,6-DMA removal in the system with H,O, and catalyst.

2,6-DMA concentration (C/Cy)

T|r-ne Goethite | Goethite | Goethite | Goethite | Goethite | Iron-coated CS
(min) 0.0759/l | 0.754¢/l '. It | 750/ 75 g/l 75 g/l

0 1.0000 | 1.0000 | W )! f}o 00 1.0000 1.0000

10 | 0.9925 ; 0.0857 0.9653

20 | 0.9709 |..0 -m— 0.278 A 0.9543

30 | 0.9664 s-" ).1467 |0:0C 0.8874

»-;‘,'Fjrfr' i \“ =
40 0.9581 ).9 Aé?ﬂ ‘K‘ 710.0000 0.8662

50 | 0.9807 ﬂ( E ‘ﬂ“.\\b’ 0.8387

60 | 0.977¢ "f jfr h W. ‘E\nc 0.8260

90 | 0.9934 4 0. il E’“ F“\‘i\\' )000 0.7732

120 | 1.0040 ﬁ' J _ g{\\ 0000 0.6848

180 | 0.9822 /" 0 ﬂ' A!;:;ba; M\\\ 0000 0.5963

Note: 1 mM of AN, f 2,6-DMA, 20 mM of H,0, at pH 3 and 25 °C.
.t"""r 2 P

i '.‘:l:J‘

ﬂ‘lJEl’WIEW]‘ﬁWEJ']ﬂ‘ﬁ
ammmm UAIINYA Y
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Table D.51 Soluble iron removal in the system with H,O, and catalyst.

_ Soluble iron (mg/l)
;rnlqr::; Goethite | Goethite | Goethite | Goethite | Goethite | Iron-coated CS
0.075g/l | 0.75¢g/1 | . ' | 7.5 g/l 75 g/l 75 g/l
0 0.000 0.000 - |- \ﬂ C , , /If 0 0.000 0.000
10 0.625 S 0.875
15 . = » 8.750
20 0.750 % 1.625
. 7 =
30 1.250 j"j’(f E IE\‘\ 3 \\‘\\b 50 1.625
40 0.12¢ 'II" L@ \‘\\\\L 3.250 2.500
50 1.000 l l r '\_‘{-\\k 2.625
60 1.000 I l ! : Tﬂx\\ 2.500
90 1.000 - 2.875
120 | 0.000 2.125
180 | 0.000 2.625

f H,0, at pH 3 and 25 °C.

ﬂ‘lJEl’J‘VIEWl‘iWEI’]ﬂ‘i
’QW’mﬁﬂ‘iﬂJ UAIINYA Y




Table D.52 Ferrous removal in the system with H,O, and catalyst.

157

_ Fe** (mg/l)
Tlr-ne Goethite | Goethite | Goethite | Goethite | Goethite | Iron-coated CS
(min) 0.075¢/l | 0.75¢/l . 4 I 7.5/ 75 g/l 75 g/l
0 0.000 0.000 - |- \m C , !//;' : 0.000 0.000
10 0.375 S 4 0.500
15 _‘ 8500l 0.250
20 0.375 J% 18 ‘-‘% 0.875
25 77// AN RSN
30 0.500 ﬂ(f ﬂ l& @E& 0.875
40 0.500 'I I " L@ _l\\“h 1.000
50 0.500 l l ﬁ "\"{\\ 1.125
60 0.500 ﬁ' l 500, ﬂ 1.375
90 0.625 1.500
120 | 0.750 1.750
180 | 1.125 2.125

f H,0, at pH 3 and 25 °C.

ﬂ‘lJEl’J‘VIEWl‘iWEI’]ﬂ‘i
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Table D.53 Relationship between In([2,6-DMA]/[n2,6-DMA],) and In(JAN]/[AN]o)

of the system with H,O, and iron-coated CS.

Time Organic concentration (C/Co)

(min) Aniline
0

10

20

30

40

50

60

90

120

180

Note: 1 mM of AN, 1 F 2,6-DMA, 20 m\ f Ha05, 75 g/l of iron-coated CS at
pH 3 and 25 °C. ' | : \\

ﬂ‘IJEI’JVIEWﬁWEJ’lﬂ‘i
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Determination of t ive Kinetics Technique
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E.1 Verification of Competitive Kinetics Technique

-1.2

In[n,n-DMA]/[n,n-DMA]o

-15

DEe

Figure E.1 Relationshi ndn | \ 1A]o) versus In([AN]/[AN]o)
(Run No. 1) with the initiz s as follgws: 1 M Of AN, 1 mM of n,n-DMA, 1

AULININTNEINS
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-1.6

=
N
1

In[n,n-DMA]/[n,n-DMA]o

-2.5

Figure E.2 Relationshi ‘betive f'f 1"{-"" ‘ ersus In([AN]/[AN]o
(Run No. 2) with thefinitial conditioris as f M of AN, 1 mM of n,n-DMA, 1

mM of Fe?*, 20 mM ofiH,0p atpH 8and
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{
N

=
(o]
Il

=
N
N

S
o0}
N

In[n,n-DMA]/[n,n-DMA]o

Figure E.3 Relationshi ‘betive 1 In([n,n4 Tn.r ‘ ersus IN([AN]/[AN]o)
(Run No. 3) with thefinitial conditioris as f M of AN, 1 mM of n,n-DMA, 1

mM of Fe*, 20 mM of H,0Q atpH 8
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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

<

P

e

©

el

<

P

e

©

ol

£

05

Figure E.4 Relationship between In( Alo) versus In([AN]/[AN]o)
(Run No. 1) with the |n|t|a| CO n..i.....-; 5 fo mM of AN, 1 mM of 2,6-DMA, 1

]
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-35

In[2,6-DMAJ/[2,6-DMA]o

Figure E.5 Relationship betwe 1In([2,6+ 1" ‘ ersus In(JAN]/[AN]o)
(Run No. 2) with thefinitial conditioris as f M of AN, 1 mM of 2,6-DMA, 1

mM of Fe?*, 20 mM ofiH,0p atpH 8and
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In[2,6-DMA]/[2,6-DMA]o

Figure E.6 Relationshi between In([2,6-DMAJ/[2,6-DMA]o) versus In([AN]/[AN]o)
(Run No. 3) with thefinitial conditioris as f M of AN, 1 mM of 2,6-DMA, 1

mM of Fe?*, 20 mM of H,0j atpH 8'a
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-1.6 1

In[2,6-DMA]/[2,6-DMA]o

Figure E.7 Relationship betiwe 1In([2,6+ 1" ‘ ersus In(JAN]/[AN]o)
(Run No. 4) with thefinitial conditioris as f £ AN, 0.5 mM of 2,6-DMA,

1 mM of Fe?*, 20 mM ),.atp -3 ,,
| A

- "'
=

AT )

S amm——
] U
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-3.2

-2.8 -

In[2,6-DMAJ/[2,6-DMAJo

Figure E.8 Relations ib befwe o A | ersus In([AN]/[AN]o)
(Run No. 5) with thefinitial conditioris as f of AN, 1 mM of 2,6-DMA,

1 mM of Fe?*, 20 mM ),.atp -3 ,,
| A

- "'
=

AT )

S amm——
] U
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-2.8

-2.4 1

In[2,6-DMAJ/[2,6-DMA]o

56

-0.8

ersus IN([AN]/[AN]o)
AN, 0.5 mM of 2,6-

Figure E.9 Relationshi 'beilve 1) f;{é 1'!{{&.*-;..,_“3'
(Run No. 6) with thefinitial conditioris as f ‘\i\
DMA, 1 mM of Fe", 20 m| ..:.-; @ and 25 ':Rx

i T 7

-
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In[2,6-DMAJ/[2,6-DMAJo

-1.2

Figure E.10 Relationsh ok '-;,: P o) versus
In(TANJ/[AN]) (Ruit No.7) with the initic s as follows: 1 mM of AN, 1
mM of 2,6-DMA, 1.5 1 and 25 °C.
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-4.2

-3.6 -

In[2,6-DMAJ/[2,6-DMAJo

-1.5

Figure E.11 Relationsh b h en ) v
In([ANJ/[AN]o) (RuNo,8) with the ini; litions as follows: 1 mM of AN, 1
mM of 2,6-DMA, 2 mM of Fe
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In[2,6-DMAJ/[2,6-DMAJo

Figure E.12 Relationsh o 2,6 H!'l AJ) versus
In([ANJ/[AN]o) (RuitNo,8) with the initic s as follows: 1 mM of AN, 1
mM of 2,6-DMA, 1 m\ of Fe d 25 °C.
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E.2.2 Batch Study in the Presence of Media

0.8
<
>
e
©
ol
<
P
e
«©
o,
£
0.3
Figure E.13 Relationship be i 2 AJ/[2, '\'% Alo) Versus
In([AN]/[AN]o) (Run'No. 10) wi :_;..‘;'.}_‘ ) ditl as follows: 1 mM of AN, 1
mM of 2,6-DMA, 1 mMiof F&*%, 20 M of 37.04 g/l of SiO, at pH 3 and 25

°C.
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E.2.3 Batch Study in the Fluidized-bed Reactor

In[2,6-DMAJ/[2,6-DMAJo

-1

Figure E.14 Relationship be i 2§ AJ/[2.6-DN Alo) versus
In([AN]/[AN]o) (Run'No. 11) wi 1_;y’ff'éf ) ditl as follows: 1 mM of AN, 1

mM of 2,6-DMA, 1 mM/of R, 20 mM of 230.77 g/l of CS at pH 3 and 25 °C.
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In[2,6-DMAJ/[2,6-DMAJo

-1.2

Figure E.15 Relationsk b h ) 7 y
In([ANJ/[AN]o) (Ru NoA2) with the init; litions as follows: 1 mM of AN, 1
mM of 2,6-DMA, 1 mM of Fe“’, 20'm ,4 )2, 230.77 g/l of CS at pH 3 and 25 °C.

¥
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Calculate for ideal solution at 25°C and neglecting the ionic strength
Step 1: Species — H" OH", Fe**, Fe(OH)**, Fe(OH),", Fe(OH)3qq), Fe(OH)4,

Fe(OH)3(
Step 2: Equilibrium equation:
[H][OH] = — pH+pOH = 14
[Fe(OH)"'] (F.1)>(F.4)
B, = 101181 B, = 102 . = 10240 B,
[Fe3+][0H']/ (F.5)

From (5)
(F.6)
9B, + log[Fe*] + ilog[OH]
log[F 4 (-3pH+4.89)-i(14-pH)
(logp, +4.89-14i)+(i-3)pH
. log[Fe(OH)*] - ,.«,_g,a 11.81+4.89-14)-2pH
0 T £ F7)
| Jog[Fe(OH);] 80-28)-pH
0.78-p LIJ (F.8)
Iog}FﬁH)g] 'L (28.4+4.89-4.2)
AUEANYUNINELDT
a Fe(OH), ] (34:4-+4.89-56)

71+pH o(F.10)

ARIAINTUNNINGIAY
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