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ABSTRACT

ADVANCED OXIDATION TECHNIQUES FOR THE REMOVAL OF
REFRACTORY ORGANICS FROM TEXTILE WASTEWATERS

Erol, Funda
Ph.D., Department of Chemical Engineering
Supervisor: Prof. Dr. Tilay A. Ozbelge

September 2008, 400 pages

Ozonation is an efficient method to degrade refractory organics in textile wastewaters.
In recent years, catalytic ozonation is applied to reduce ozone consumption and to
increase “chemical oxygen demand” and “total organic carbon” (TOC) removal

efficiencies.

The ozonation of two industrial dyes, namely Acid Red-151 (AR-151) and Remazol
Brilliant Blue R (RBBR) was examined separately both in a semi-batch reactor and also
in a fluidized bed reactor (FBR) by conventional and catalytic ozonation with alumina
and perfluorooctyl alumina (PFOA) catalysts. The conventional and catalytic ozonation
reactions followed a pseudo-first order kinetics with respect to the dye concentration.
The highest COD reductions were obtained in the presence of the catalysts at pH=13,
with alumina for AR-151 and with PFOA for RBBR. *“Residence time distribution”
experiments were performed to understand the degree of liquid mixing in the reactor.
The behaviour of the FBR was almost equivalent to the behaviour of one or two

completely stirred tank reactors in series in the presence of the solid catalyst particles.

The volumetric ozone-water mass transfer coefficients (k.a) were found at various gas

and liquid flow rates and catalyst dosages in the FBR. A model was developed to find



k.a in the reactor by comparing the dissolved Oz concentrations in the experiments with
the model results. k_a increased significantly by the increase of gas flow rate. Higher
catalysts dosages at the fluidization conditions yielded higher k a values indicating
higher rates of mass transfer.

Dye ozonation experiments without catalyst and with alumina or PFOA catalyst were
conducted at different conditions of the inlet dye concentration, gas and liquid flow
rates, inlet ozone concentration in the gas, catalyst dosage, particle size and pH. The dye
and TOC removal percentages were increased with the increase of gas flow rate and
with the decrease of both the liquid flow rate and inlet dye concentration. The addition
of the catalyst was beneficial to enhance the TOC degradation. The ozone consumed per
liter of wastewater was much lower when the catalyst was present in the reactor. In
terms of TOC removal and Oz consumption, the most efficienct catalyst was PFOA.
According to the organic analysis, the intermediate by-products were oxalic, acetic,

formic and glyoxalic acids in RBBR and AR-151 ozonation.

The dye and dissolved ozone concentration profiles were predicted from a developed
model and the model results were compared with the experimental results to obtain the
enhanced k.a values. The presence of the chemical reaction and the catalysts in the
FBR, enhanced the k a values significantly. The enhancement factor (E) was found as
between 0.97 and 1.93 for the non-catalytic ozonation and 0.96 and 1.53 for the
catalytic ozonation at pH = 2.5. The dimensionless number of Hatta values were
calculated between 0.04-0.103 for the sole ozonation of RBBR and AR-151 solutions.
According to the calculated Ha values, the reaction occurred in the bulk liquid and in
the film being called as the “intermediate regime” in the literature.

Keywords: Ozonation, Catalytic Ozonation, Alumina, Perfluorooctyl Alumina (PFOA),
Textile Wastewaters.
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TEKSTIL ATIKSULARINDA BULUNAN KARARLI ORGANIKLERIN
ILERI OKSIDASYON TEKNIKLERI iLE ARITIMI

Erol, Funda
Doktora, Kimya Miihendisligi Bolimii
Tez Yoneticisi: Prof. Dr. Tiilay A. Ozbelge

Eyliil 2008, 400 sayfa

Ozonlama, tekstil atiksularinda bulunan kararli organiklerin aritiminda etkili bir
yontemdir. Son yillarda katalitik ozonlama, ozon sarfiyatinin diisiiriilmesi ve kimyasal
oksijen ihtiyaci ve “toplam organik karbon” (TOK) giderim yiizdelerinin arttirilmasinda

uygulanmaktadir.

Asit Kirmizi-151 (AR-151) ve Remazol Mavisi (RBBR) olarak adlandirilan iki farkli
endstriyel boyanin arittimi1 ayri ayri konvensiyonel ozonlama ve alumina veya
perflorooktil alumina ile katalitik ozonlama ile yari-kesikli ve akigkan yatakli reaktorde
(AYR’de) gerceklestirilmistir. Konvensiyonel ve katalitik ozonlama prosesi boya
konsantrasyonuna gore sahte-birinci derece reaksiyon kinetigi izlemistir. En yiiksek
KOI giderimleri pH’nin 13 oldugu sartlarda, AR-151 icin alumina ve RBBR icin de %
100 PFOA varliginda gergeklesmistir. “Alikonma Zamani Dagilimi” deneyleri
reaktorde sivi fazi karisma seviyesinin anlasilmasi i¢in yapilmistir. AYR’nin reaktor
olarak davranist bir veya iki “siirekli karigan tank reaktor”{in davranisina esit olarak

bulunmustur.

AYR’de, volumetrik ozon-su kiitle transfer katsayisi (k a), farkli gaz debisi, sivi debisi

ve katalizér dozlar1 icin bulunmustur. Deneysel bulunan ¢6ziinmiis ozon

vi



konsantrasyonlar1 model sonuglari ile karsilastirilarak k a’nin bulunmasi i¢in bir model
gelistirilmistir. ki a’nin degeri gaz debisinin artmasi ile artmistir. Akigkanlastirma
sartlarinda, yiiksek miktardaki katalizor dozlart yiiksek kiitle transfer hizlar ile k a’nin

yiiksek olmasini saglamistir.

Farkli giris boya konsantrasyonu, gaz ve sivi debileri, giris ozon konsantrasyonu,
katalizor dozu, katalizor parcacik boyutu ve pH sartlarinda boya ozonlama deneyleri
katalizorsiiz ve alumina veya PFOA varliginda yapilmistir. Boya ve TOK giderimleri
gaz debisinin artmast ve sivi debisi ile giris boya konsantrasyonunun azalmasi ile
artmistir. Reaktore katalizor eklenmesi TOK gideriminin artmasinda yararli olmustur;
TOK giderimi katalizor dozunun artmasi ile artmigtir. Reaktorde katalizor
bulundugunda, ¢oOzeltinin birim hacmi basina harcanan ozon c¢ok daha diisiik
bulunmustur. TOK giderimi ve O3 sarfiyatina bakildiginda en etkili katalizor PFOA
olmustur. Organik analizi sonuglarma goére, RBBR ve AR-151 ozonlanmasinda yan

tirtinler okzalik, asetik, formik ve gliokzalik asitler olmustur.

S1v1 igindeki boya ve ¢oziinmiis ozon konsantrasyonlart modelden tahmin edilmis ve ve
model sonuglari deneysel sonuglarla kimyasal tepkime varhiginda kia degerlerinin
bulunmasi i¢in karsilastirilmistir. Kimyasal tepkimenin ve katalizorlerin AYR’de
bulunmasi kia degerlerini 6nemli derecede arttirmistir. Artis faktorii (E) pH=2.5’de
katalizOrsiiz ozonlama icin 0.97 ve 1.93, katalizorlii ozonlama icin 0.96 ve 1.53
araliginda bulunmustur. Birimsiz bir say1 olan Hatta degerleri RBBR ve AR-151
¢ozeltilerinin konvensiyonel ozonlanmsinda 0.04 ile 0.103 arasinda hesaplanmistir.
Hesaplanan Ha degerlerine gore, tepkime literatiirde “ara rejim” denilen rejimde

gerceklesmistir.

Anahtar kelimeler: Ozonlama, Katalitik Ozonlama, Aliimina, Perflorooktil Aliimina

(PFOA), Tekstil Atiksulari.
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CHAPTER 1

INTRODUCTION

1.1 Characteristics of textile wastewaters

Textile industry plays an important role for the economies of Fareast countries, USA
and Turkey. In Turkey, 13 percent of the total industrial production has been realized by
textile industry [1]. Due to the increasing investment on textile production, new textile
plants in Kayseri, Manisa, Eskisehir and Corum were constructed besides those in

Istanbul, Bursa and Adana.

Textile industry is based on the conversion of polymers into fibers and yarns. The
common fibers used in Turkey are cotton, wool and synthetic fibers such as nylon,
polyester and acrylics [2]. Then, fabrics are produced from yarns with several
operations. The production of textiles is constituted of several “Wet Processes” such as
cleaning, bleaching, dyeing and finishing of fibers and yarns; in each step, high amount
of water is used in addition to different types of organics and inorganics [3,4]. As a
result, textile industry wastewater is accepted as one of the most pollutant sectors to the
environment due to its discharge volume, organic/inorganic content and intensity of
color. In addition, most of the textile effluents are intolerable for the environment with
high “Chemical Oxygen Demand” (COD), “Biological Oxygen Demand” (BOD),
“Total Organic Carbon” (TOC) and “Total Suspended Solids” (TSS).

The characteristics of textile wastewaters show great variety depending on the types of
inorganic/organic compounds used in the processes. The wastewater mainly contains
high level of color coming from the dyes in the dyeing process, high level of TOC and
COD due to the used organics such as dyes, surfactants, dye auxiliaries, and some heavy
metals being in the dye structure. In addition, some chemicals including salts, acids,
bases and buffers can be used for the regulation of pH. Textile effluent is generally

alkaline; it has a BOD value between 700-2000 mg/L, and a COD value between 1400-



10000 mg/L [5]. The BOD/COD ratio (< 0.1) is considerably low showing the non-
biodegradability of most organics [6]. BOD, suspended solids and oil values can be
much higher in the wool processes. In contrast to wool wastewaters, cotton processes do
not contain oil but excessive color may be found. The organic/inorganic content of the
textile wastewaters need to be removed from the wastewaters in appropriate treatment
plants to meet the environmental legislations. Table 1.1 summarizes the characterization
of a wastewater taken from a textile plant in Bursa and the standards to meet for the

environment.

Table 1.1. The characterization of the wastewater taken from a textile plant in Bursa [7].

Parameter Unit Measured Value Standard
pH - 74403 6.5-8.5
COD 131.0 £17.7 -
TSS 1 75.0 £13.2 20
SO, ms 2443 + 451 192
Cl 1281.7 £ 190.0 142
Conductivity (uS/cm) 3590 +£311.9 250
436 nm m’ 9.6+3.3 7
DFZ | 525nm m’ 83+29 5
620 nm m’! 42+13 3

The amount of wastewater produced in textile plants increases from year to year due to
the increase in capacity and number of textile plants. A research realized in an
“Organized Industrial Region” of Turkey showed that the textile wastewater amount
increased from 7.5x10" m® to 10.8x10” m’ by the years 2000 to 2002, respectively [7].
Only 66% treatment efficiency of such wastewaters indicated that the treatment

methods and/or treatment plants were insufficient in Turkey.

In textile industry, dyeing process is made to give color to the fiber. At the end of the
process, most of the dyes applied remain in the wastewater without being used and
those dyes result in the increase of color. The characterization of the wastewaters, in
which reactive dyes were used, showed that 30% of the applied dyes remained in the

water being unused [8]. The unused dyes were found to constitute 24 to 35% of the



COD and 90 to 95% of the color in the wastewaters. The suspended and colloidal

colored compounds accounted for the remaining small fraction of the color [9].

In textile plants, used dyes show a wide variety; azo, anthraquinone, sulfur, and indigoid
derivatives are mostly employed. The dyes are classified according to their
chromophore groups, an aromatic group giving color, according to the types of groups
on the chromophore such as acidic, basic, direct, disperse or reactive, and according to
their application area. The most common of the chromophore groups are azo and
anthraquinone groups. Azo type constitutes 60-70% of the textile dyestuff produced
[10]. In acid dyes, an acidic functional group such as nitro, carboxyl or sulfonic group is
bound to the chromophore and the dye becomes a water-soluble anionic dye. Similarly,
basic dyes are cationic type with amino groups in the structure. Direct and reactive dyes
are highly water-soluble salts of acidic azo dyes, reactive dyes can bind to textile fibers
easily via covalent bonds [6]. According to the application area, acid, reactive, vat,

disperse or sulfur dyes become varied.

Synthetic dyes are toxic to the environment. It was shown that azo dyes in the
wastewater could produce carcinogenic aromatic amines [11, 12]. They show resistance
to self purification in the environment since they are produced in chemical stability for a
long term usage in the industries. Besides aesthetical problems, color resulted from the
dyes has an influence on the filtration of sunlight in the rivers and on the decay of food

chain.

The color in textile effluents, is represented by ADMI color unit, absorbance unit or
DFZ (Durchsichtsfarbhzahl) unit. ADMI (American Dye Manufacture Institude) color
unit is a measurement method according to American Standard Method 2120 [13]. The
absorbance unit determines the absorbance of the wastewater at the maximum
wavelength of absorption [14,15]. DFZ is a color unit in Germany based on the color
standart of ISO 7887. The DFZ of the dyed wastewater measures the absorbances of the
dye at the wavelengths 436 nm, 525 nm and 620 nm, then, the sample absorbances at
these wavelengths are compared with the standard values of 7, 5 and 3 m™, respectively.
Although, the color standards are changed from region to region or country to country,
color removal generally more than 99% is required to meet the color standards of the

wastewaters. In Turkey, the standards of TS 11825 and TS 11826 define the limit values



of cotton and wool textile industry wastewaters, respectively [16]. However, no
standardization exists for the color parameter of the industrial wastewaters. The
government is planning to develop a standard for the color level of the industrial

wastewaters during European Community Progression.

In many studies, artificial (synthetic) wastewaters were used in the investigation of the
efficiency of treatment technologies. In such cases, the content of the wastewater was
completely known with a constant dye composition. Then, the color of the solution was
represented by the dye concentration. However, in real wastewaters, the description of
textile effluents by its ADMI unit or absorbance value is more useful since such real

wastewaters include dye mixtures rather than one type of dye.
1.2 Treatment technologies for textile wastewaters

Many methods have been applied for the treatment of the wastewaters containing
synthetic dyes such as coagulation, membrane filtration, chemical oxidation or
microbial decomposition [6]. The reduction in the color of the wastewater is the main
target of the treatment technologies. The color of water is reduced by the cleavages of
some bonds such as —C=C- or/and -N=N- in the dye molecules by oxidation or by the

adsorption of the dyes onto a support, membrane or microorganism.

Carbon based supports were used as the adsorbent to get simple solution. By this
method, both cationic and anionic dyes were removed from the solution. However,
carbon support preparation was an energy consuming operation. In recent years, some
other inorganic supports such as silica or clay or organic supports like microbial waste
were proposed instead of carbon. However, in such cases, inorganic/organic supports
need to be regenerated and during regeneration, the resulting dye solution creates
environmental problems. Additionally, ultrafiltration of wash water may be needed.
Also, according to the type of the support, the system may not be advisable in

economical point of view.

In industry, activated sludge treatment is the most widely used method to treat textile
wastewaters but the inefficiency of the method is observed. The method is limited to

low degradation of color and surfactants because of the low BOD/COD ratio, which



means low biodegradability of such wastewaters. Only a few bacteria or fungi such as
manganese peroxidases, manganese laccases, lignolytic fungi and white rot fungi were
shown to decolorize dye aerobically [17]. Especially, the high solubility of reactive dyes
in water makes their removal difficult with active sludge process [18]. Also, dye
molecules hardly pass through biological cells of microorganisms due to high molecular
weights. O’neill et al. [19] showed that only 10% of the azo dye molecules were
adsorbed into the biological cell. The anaerobic method is more successful in
decolorization but the reduction rate of dyes is limited to sulfonation of them and dye
permeation into the cells. As a result, anaerobic treatment methods are not generally

used.

In full-scale and pilot scale operations, coagulation, precipitation, ozonation and
chlorination methods are the chemically extended methods. The treatment efficiency
can be increased easily by the change of chemical or its dose in the operation. With
coagulation and precipitation, part of the COD and dye can be removed from the
wastewater. Alum was practiced as a coagulant in the treatment and gained success as
the first-stage treatment. Gahr et al. [8] reported coagulation as the most widely used
treatment type in Germany. However, a large amount of harmful sludge containing
heavy metals, is produced and it requires another application to be disposed such as
combustion. Also, in some studies, toxic products were found after the lime coagulation
of a textile wastewater [20]. In addition, some reactive or acid dyes were observed to
resist to coagulation, giving a maximum 20% color removal. Therefore, coagulation is
continued with another treatment process such as biological treatment or oxidation.

With the two-stage operation, up to 95% BOD removal can be achieved [5].

Membrane technology is a new technology for the dye removal from wastewaters.
Nanofiltration, reverse osmosis or ultrafiltration methods are available. Yet, the
treatment capacity of the membranes is limited because of the excessive waste

generation. Also, treatment with a high wastewater flow rate requires more money.

In electrochemical methods, electrical current is passed through the electrodes to result
in some chemical reactions. At the same time, the dye molecules are oxidized by
oxidation agents such as Cl, and O;. The method achieves high percent of dye removal

but COD and TOC removals are limited. The dye degradation is accomplished by the



cleavage of azo link producing smaller molecules. But, the degradation of these small

molecules by electric current is hard.

The biodegradability of the wastewater can be increased by chlorination. The efficiency
of the process depends on the type of the dye, chlorine dosage and pH. Optimum
operating conditions must be applied for a satisfactory treatment. In chlorination,
chlorine or sodium hypochlorite molecule breaks up the azo group of the dye.
Generally, high treatment results are achieved for acid and direct dyes but more
application time is needed for the degradation of reactive dyes [21]. The main
disadvantage of chlorination is the production of halogenated carcinogen organics such
as chloroanilines and chloronitrobenzenes during treatment. Therefore, a second

treatment stage such as incineration is needed before the disposal of the residue.

In addition to those methods, electrolysis is applied to the wastewaters containing acid
dyes and by the sorption on to the precipitated iron electrod, reduction of the dye is
achieved [22, 23]. The method is used in the laboratory scale; as a pilot scale operation,
combined method with the coagulation and biological treatment is encouraged due to
the high cost of electrolysis. Table 1.2 shows the treatment methods for the textile

industry wastewaters.

Table 1.2. Treatment methods for textile wastewaters

Types Processes Examples
Physical Membrane Nanofiltration
Flotation Electroflotation
Electrohemical Oxidation/reduction Electro-coagulaﬁon, electro-
oxidation
Coagulation/precipitation Iron/aluminium/lime
Chlorination/ozonation Cl,, NaOCl, O3
. Adsorption Carbon or polymeric materials
Chemical Wet air oxidation High pressure and temperature
Fenton reagent oxidation H,0,/Fe(1l)
Ion exchange Anion exchange resin
Photocatalytic UV/H,0, UV/H,0,, UV/TiO,, UV/O3
Biological Anaerobic, aerobic, anoxic Activated sludge, fungi




In the Fenton’s reagent process, hydrogen peroxide is the main oxidant and used with
iron salts [6, 21, 24]. The oxidation efficiency of hydrogen peroxide is activated with
Fe(IT) or Fe(Ill). The method is advantageous in COD, color and toxicity removals but
the transformation of substances from wastewater to sludge creates a problem. In such a
case, the mechanical separation of the Fenton sludge can be applied. For the dyes,

reactive, direct, disperse and metal complex, the method was shown to be suitable [24].
1.3 Use of ozone in wastewater treatment processes

Most dyes are decolorized by ozone successfully. It is known as a powerful oxidant
with 2.07 V oxidation potential. The complex dye molecules are degraded by the
oxidation with ozone producing smaller, more polar and hydrophilic molecules, and
easily biodegradable organics. More than 90% color reduction is achieved with
moderate COD and TOC reductions since the produced organics such as dicarboxylic
acids and aldehydes show resistance to the further oxidation with ozone. The treatment
plants built in Europe reduced successfully the color content and surfactants from the
textile wastewaters but capital costs were high in addition to the unwanted by-products.
Therefore, ozonation was applied as a final treatment method after coagulation and
active sludge methods. In England, a full-scale ozone process was built and operated for
color removal successfully. However, some newly-formed by-products such as oxalate

remained in the solution [25].

The limited (insufficient) degradations of TOC and COD in the wastewater is the main
disadvantage of ozonation. The introduction of some catalysts to the ozonation process
may help to increase the TOC and COD removals, and thus the ozone utilization
efficiency. In recent years, ozonation studies in the literature were concentrated on the
usage of homogeneous or heterogeneous catalysts in the process. Besides, in some
cases, ozonation was followed by the biological treatment for the removal of aldehydes

and carboxylic acids [26,27].

Ozonation in textile wastewater treatment has the advantage of producing no hazardous
chemical sludge. However, the treatment efficiency mainly depends on the ozone dose
and the wastewater characteristics. The increase of ozone dose is advisable for

especially higher COD and TOC reductions but this brings out an economical



deficiency. The ozonation reactions are realized in simple systems such as bubble
columns. Yet, the half life of ozone in the solution is short decomposing to some
radicals. Its half life is affected by the water characteristics such as pH and the presence
of some salts and organics. At alkaline pH, the decomposition of ozone occurs

decreasing the concentration of ozone in the liquid phase.

Advanced Oxidation Processes (AOPs) have been used in wastewater treatment
recently. These techniques, including UV/H,0,, Os/catalyst, O3/H,O, methods, are
based on the production of high oxidative radicals such as hydroxyl radicals. The
decolorization achieved is often followed by a noticeable COD, TOC reductions and
mineralization to carbon dioxide and water. Ozonation in the presence of an active

catalyst can initiate the radical reactions in water realizing more organic degradation.
1.4 Aim and scope of the study

As being one of the advanced oxidation techniques, catalytic ozonation gives many
advantages. By catalytic ozonation, not only dyes but also the ozonation by-products
can be removed from wastewater. Additionally, the needed ozone consumption in the

treatment can be decreased by the presence of the catalyst in the medium.

Aim of the present study is to investigate the degradation of two industrial dyes with
ozonation in the presence and absence of the catalyst particles in a fluidized bed reactor
(FBR). The selected dyes are an azo dye, namely Acid Red-151 (AR-151) and an
antraquinone dye, Remazol Brilliant Blue R (RBBR), which are commonly used dyes in

the textile industry.

In recent studies, alumina has been applied as a support and a catalyst in ozonation of
industrial wastewaters. High treatment efficiency in ozonation was observed by using
alumina due to its high surface area, mechanical and thermal stabilities [28-30].
Alumina was used as a support material for many studies in which metal oxides such as
titanium dioxide (TiO;) or iron oxide (Fe,Os) was impregnated on the alumina surface

[30,31]. Therefore, alumina was selected as one of the catalysts used in this study.



Perfluorinated hydrocarbons, compounds in which all hydrogens are replaced by
fluorines, have been used in environmental applications due to their high stability and
low reactivity [32]. These chemicals have found a wide application area in ozonation as
a means of enhancing molecular ozone reactions. Ozonation with perfluorinated
chemicals is based on two mehods: two phase ozonation and catalytic ozonation in the

presence of perfluorinated alumina phase [32].

Organic pollutants are extracted from aqueous solution to organic perfluorinated phase
in two phase ozonation. The perfluorinated phase is saturated with ozone so that organic
pollutants are oxidized subsequently by ozone in the perfluorinated phase.
Perfluorinated hydrocarbons enhance the solubilization of ozone due to the low polarity

of ozone [32].

Catalytic ozonation in the presence of perfluorinated alumina phase is another method.
In this method, perfluorinated hydrocarbon is impregnated onto the alumina surface by
forming non-polar perfluorinated alkyl chains. Non-polar alkyl chains on the alumina
surface are active towards ozone and organics [32]. Perfluorooctanoic and
perfuorooctadecanoic acids are the mostly used hydrocarbons on alumina. In many
studies, it was found that perfluorinated alumina catalysts might be very effective in the
ozonation of organic pollutants [32-35]. Hence, perfluorooctyl alumina (PFOA) was

selected as another catalyst in the ozonation process.

In the study, at first, the kinetics of ozonation and catalytic ozonation were investigated
for the determination of reaction rate constants of AR-151 and RBBR in a semi-batch
reactor. In addition the efficiency of catalytic ozonation process was evaluated using

alumina and PFOA for the treatment of the dyes.

The hydrodynamic characteristics of the continuous gas-liquid reactor in the absence
and presence of the particles were important to be determined before the modeling of
the reactor used. Then, the modeling of the reactor can be realized for non-catalytic and
catalytic ozonation processes by understanding the dispersion in the reactor, the
minimum fluidization velocities in the presence of the particles and the ratios of gas,

liquid and solid hold-up values. To determine the residence time distributions and



mixing characteristics in the reactor, a tracer (stimulus-response) technique was used.

Then, gas, liquid and solid phase hold-up values were determined in the column.

In ozonation process, the mass transfer of ozone from gas to liquid phase occurs and the
organic pollutants are oxidized by ozone in the liquid bulk phase. A precise knowledge
of volumetric gas-liquid mass transfer coefficient (k a) is essential to operate the
ozonation reactor under the most beneficial conditions in the respect of dye degradation.
A low rate of ozone mass transfer provides a decrease in oxidation of dye molecules. In
the next step, ozone absorption experiments were conducted in the FBR to determine
the k a values under different operating conditions of gas and liquid flow rates and
catalyst dosages. A mathematical model was devised to obtain ka values by
numerically solving two model equations written as mass balances of ozone in the gas
and liquid phases at the steady state. The experimentally determined concentration
profile of ozone in the liquid phase along the column-height was used to get the best fit
to the theoretical values. The axial dispersion coefficient and mass transfer coefficient at
each operating condition of different gas and liquid flow rates were estimated by this

computational method.

Finally, the ozonation processes of AR-151 and RBBR in the gas-liquid reactor, in the
presence and absence of alumina or PFOA particles were examined. The main operating
parameters were gas and liquid flow rates, inlet dye concentration, inlet ozone
concentration in the gas phase, gas to liquid volume ratio, catalyst dosage and catalyst
particle size. As a result, concentration profiles of the dyes, dissolved ozone, and TOC
with respect to axial direction were determined for different conditions in the reactor.
The applicability and effectiveness of catalytic ozonation with respect to the dye and
TOC removals and O3 consumption were compared with conventional ozonation for the
treatment of AR-151 and RBBR. The ozonation by-products were determined and the
ozonation mechanisms for both of the dyes were developed with a reaction sequence in

ozonation and catalytic ozonation.

The mathematical representation of the dye ozonation process requires an evaluation of
several parameters such as the reaction rate constants, the enhanced volumetric mass
transfer coefficients, and the axial dispersion coefficients at the studied flow conditions.

A mathematical model was developed to represent the gas-liquid and in the catalytic
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case, the gas-liquid-solid phases dye and ozone mass balances. The enhanced mass
transfer coefficients due to the chemical reaction were found in the dye ozonation
experiments by solving the gas and liquid phase ozone and dye concentration equations.
As a result, ozone concentration in the gas and liquid phases and dye concentration
profiles along the column-height at the steady state were found. The theoretical and
experimental concentration profiles were compared to predict the enhanced k a values

at the studied conditions.
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CHAPTER 2

LITERATURE SURVEY

2.1 Ozonation process

Ozone and ozonation process have been used for public and industrial wastewater
treatments since early 1800’s. The ozonation technology and the studies on its usage
have been developed for the treatment requirements. Its technology was advanced by
the foundation of ozone generating tubes in 1857 [36]. Then, ozonation has become one
of the most successful methods for the decolorization of textile wastewaters besides for

other industrial wastewaters containing organic compounds at high concentrations.
2.1.1 Ozonation chemistry

Ozone (0O3) is a strong oxidant with an electrical potential of E®=2.07 V and degrades
most of the organic compounds effectively in aqueous solution [37]. Its structure is
triatomic form of oxygen. The & electrons are equally shared by the three oxygen atoms
making ozone molecule hybrid and this structure gives ozone an ability to react
electrophilically [38]. O; is produced from oxygen in ozone generators by electrical
discharge method. In the ozone generator, the oxygen molecules (O;) are separated to
oxygen atoms (O) and one oxygen atom combines with one oxygen molecule producing

0s.

At normal temperature and pressure, O; exists as a gas in the atmosphere. Then, the
reactions of O3 in aqueous phase is realized first by the mass transfer of Oz molecules
from the gas to the liquid phase. In the aqueous phase, the reaction of O3 with organics
or inorganics occurs by either molecular ozone or through a radical mechanism initiated

by the decomposition of ozone [39-44].

At acidic pH, the decomposition of ozone into the radicals is negligibly small in

aqueous solution. Therefore, all ozone dissolved in water is used to oxidize
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organics/inorganics. Molecular ozone reacts with the compounds present in water as

expressed in Equation (2.1). Sometimes, the reaction between ozone and organic may

yield hydroxyl radical HO® [45].

O, + Organics — By — products+ H,0 + CO, (2.1)

O, +Organics - HO® + By — products+ H,O + CO, (2.2)

The reactions in Equations (2.1) and (2.2) are the direct reactions of ozone with the
organics since it reacts directly with them without being decomposed to active radicals.
If dye molecules are the target compounds to be degraded, ozone attacks the
chromophore group of the dye breaking it up [46, 47]. Hoigne and Bader [48, 49]
investigated the rate constants of reaction between many organics and molecular ozone.
Those studies showed that the organics such as amines, phenols, aromatic compounds
were reacted with ozone readily. On the other hand, many carboxylic acids, aldehydes
and alcohols were observed to hardly undergo a reaction with molecular ozone. The
resultant second order rate constants of organics with direct ozonation lied in the range
between 107 to 10° mmol/(L.s) [48, 49]. Then, the rate of molecular ozone reactions are
said to be dependent on the chemical structure of the target compounds. The destruction
of azo dyes was shown to be fast with a second order rate constant of 10°-10" L/(mol.s)

[50].

The direct reaction of ozone with organics is selective. In these reactions, Os attacks the
target compounds as an electrophile or nucleophile [51]. When electron donor groups
such as —OH, -NH, are in the structure, the compounds are oxidized by ozone
electrophilically (electrophilic reactions). The electrophilic attack of ozone occurs with
N, P, O atoms having a negative density [52]. In nucleophilic reactions, ozone attacks
the nucleophilic centers (centers where electron density is high) such as -C=C-, -N=N-
groups. However, in these centers, the existed C=0, COOH, Cl and NO, groups cause
the decrease in activity of organic substances toward ozone [53]. The addition of ozone
molecule to a double bond, called 1-3 cycloaddition, breaks up the double bond creating
carbon-carbon double bonded unstable molecules [54]. Similarly, alkenes with electron-

withdrawing substituents are ozonated via 1,3- dipolar cycloaddition [55].
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Sulfonic group in the chemical structure of the target organic ensures the deactivation of
aromatic ring to bacterial and electrophilic attack [56]. This is because electron density
of aromatic ring decreases due to the electron-withdrawing sulfonic groups causing the
deactivation of the ring [57]. On the other hand, the presence of amino groups equip the

molecule with an ability to break up faster by ozone [47].

Decomposition of Os is initiated by the reaction of hydroxyl ions (OH ") with O;. The
decomposition proceeds in the aqueous phase and some radicals with a high oxidation
potential such as HO® are produced. Numerous studies showed major importance of
HO® in the oxidation of organic compounds when pH exceeded 5 [58, 59]. Similarly,
Oyama et al. [53] and Poznyak et al. [47] stated that at a low pH, below 7, organic
compounds are reacted principally with molecular Os;. The oxidation potential of
hydroxyl radicals (2.80 V) is higher than the oxidation potential of ozone (2.07 V) and
that property results in greater reactivity of HO®[60]. The rate constant of reactions
between some organics and hydroxyl radicals was shown to be higher than that of
reactions between those organics with ozone in the literature [44, 48]. As a comparison,
the rate constants of reactions between some organics with ozone and with HO®

radicals are given in Table 2.1.

Table 2.1. Rate constants of some organics with ozone [44, 48] or with HO® [62].

Organic Ko, » mmol/(L.s) Ko » mmol/(L.s)
Benzene 2+0.4° 7.8%10°
Nitrobenzene 0.09+0.02° 3.9x10°
Formic acid 545 1.3x10°
Oxalic acid (< 4x10%)° 1.4x10°
Acetic acid (< 3x107°)? 1.6x10’
Succinic acid (<3x107)° 3.1x10°
Salicyclic acid (< 500)* 2.2x10"

* Acidic pH, in the presence of a scavenger for HO®
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The mechanism of radical reactions in ozonation was proposed mainly by Staehelin and

Hoigne [41]. According to the mechanism, at basic pH, Oz goes through the following

reaction with "OH :

O,+ OH — HO;+ 0} (2.3)

The Equation (2.3), was shown to be the slowest one being most probably the rate
determining step [61]. It is obvious that more radicals are produced at basic pH due to
the higher concentration of "OH . In other words, at high pH, the radical pathway will
be dominant because of the self decomposition of ozone abundantly [52]. Then, the
following reactions occur in aqueous solution enabling the production of the strong

oxidant, HO"®:

0, +0,-0; +0, (2.4)

"O; +H" - HO; - HO® +0O, (2.5)

O, +HO® - HO; +0O (2.6)

Organics+ (HO*,”O;, O;) — By — products + CO, + H,0O (2.7)

Free radicals such as HO®and HO, can act as chain carriers [41]. The radicals in
ozonation were classified by Legube et al. [63] according to their activities toward

organic compounds. It was found that HO, was inert to organics while "O; and ~O;

were active. The most active radical was HO". According to Chen [64], the ozonation
of methyl orange was realized by HO® significantly. However, increasing pH from 8 to
11 did not yield any remarkable increase in the decolorization rate. They emphasized
that both "OH and H "ions promoted the production of HO® radicals. The optimum
reaction pH at which more HO® radicals were produced, was to be determined to get

the most efficient dye decolorization.

Several compounds in water are able to initiate, promote or inhibit the radical reactions.
Hydrogen peroxide, formate ions, humic substances are well-known initiators whereas

some alcohols, formate ions and humic substances can promote the reactions. While
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e e + .. .
some initiators such as Fe*" may originally be present in the raw water, others such as

formate ions can be produced during ozonation [41, 65]. Promoters are known to react
with HO® to propagate the chain by producing active radicals such as HO,
continuously [41, 45]. Tertiary alcohols and carbonates are the main inhibitors
(scavengers) of radicals [42, 49, 59, 66, 67]. Also, the phosphate ions in the medium
were demonstrated to act as scavengers for HO®[68]. The inhibitors or scavengers
terminate the chain by consuming the important oxidative radicals [38]. The products

from these reactions do not react further with ozone.

In the ozonation of organic molecules, both direct ozonation and radical oxidation can
be important mechanisms for dye and TOC degradations [54, 69]. At high pH, there
exists a competition between the molecular ozone and the radical components to oxidize
the organics; the contribution and importance of each mechanism in the oxidation
depend on the type of the organic. The azo groups of azo dyes are mainly bonded to
benzene and naphthalene rings and most of the dyes include aromaticity in their
structures [70]. It is known that the aromatic ring of dye molecules can easily be broken
by ozone and even by hydroxyl radicals in the aqueous phase [71]. However, Beltran et
al. [30, 72] proposed that direct oxidation by ozone was negligible in the ozonation of
compounds without a double bond or nucleophile. Then, for those compounds,
ozonation is realized by the contribution of radical mechanism at high pH mainly. As
shown in Table 2.1, the degradations of many carboxylic acids are achieved by

hydroxyl radicals [48, 49].

The degradability of a dye molecule with O3 depends mainly on the components in its
structure. Dyes with more azo links were shown to be degraded more by ozone than
mono-azo dyes [73]. The breakage of the dye molecule having more azo groups was
easier than that of the molecule with one azo group. Similarly, Lopez-Lopez et al. [46]
found that the reaction rate constants of mono-azo dyes were higher than those of di-azo
dyes. Acid dyes possessing only naphthalene rings in their structures undergo faster
decolorization than the dyes with the combination of benzene and naphthalene rings.
The sulphonic acid group in the dye structure ensures its solubility in water. However,
those groups make the molecule non-biodegradable and hardly destructable by

ozonation [74-77].
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2.1.2 Effect of pH on ozonation process

Since oxidation of organics by radical mechanism becomes important at alkaline
conditions, the effect of pH in the ozonation of dyes and textile wastewaters have been
investigated in many studies [13, 78, 79]. For the ozonation of dyes and textile
wastewaters, the effect of pH showed some contradictory results in view of dye
degradation efficiency. First of all, the stability of ozone was decreased by the increase
of pH which was a main disadvantage for the dyes preferentially oxidized by molecular
ozone according to direct mechanism [80]. Snider and Porter [78] could not found a
certain rule showing the effect of pH on the treatment of textile wastewaters by ozone.
Koyuncu and Afsar [80] however observed higher degradation rates of several dyes at
pH = 9 than those at pH = 2. Similarly, the change of pH from 2 to 12 decreased the
decolorization time of Isma Fast Red 8 B dye by 32% providing an advantage to the
process [81]. In some cases, neutral pH was the optimum pH for the complete
decolorization of the dyes [80]. At neutral pH, some dyes were oxidized by both

molecular Oz and also by radicals with a greater efficiency.

The fact that the increase of reaction pH affecting the dye degradation rate positively or
not, depends mainly on the type of the dye to be ozonated. For some dyes, radical
reactions occurring at alkaline pH, may oxidize the dye molecules less efficiently
resulting in lower dye removals than those obtained by the direct mechanism at acidic
pH. For example, azo dyes can be degraded by direct ozone at acidic pH voluntarily
[50]. Chen [64] observed little influence of pH on the ozonation of methyl orange, an
azo dye. In addition, the oxidation of dyes by HO" radicals may produce some radical
scavengers such as Cl~ or SO; ions due to the cleavage of the chlorinated or
sulfonated group in the dye molecule. Those scavengers inhibit the radical reactions by
reacting with some oxidizing radicals such as HO® [82]. At acidic pH, the ozone
decomposition is negligibly small so that more molecular ozone will be available to
degrade the dye molecules. Neamtu et al. [83] pointed out that hydrogen peroxide
(H20;) was produced during the oxidation of some reactive azo dyes and excess H,O,
in the medium caused to inhibit the radical reactions. As a result, in some studies, more
efficient dye removals were observed at the lower pH values (pH=2) than those at the

higher pH levels (pH=5 or 9) [82].
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Chu and Ma [70] reported the positive effect of pH increase on the removal of azo dyes
with ozonation. Interestingly, acidic pH was observed to provide higher dye removal
rates than those of alkaline pH for anthraquinone dyes. Kornmiiller et al. [79] found a
critical pH value (pH=7.8) for the ozonation of cucurbituril (a reactive dye) so that the
oxidation of the dye was influenced by the radical mechanism in addition to the
oxidation by molecular ozone. At the lower pH values than that critical pH, there was

no remarkable oxidation of the dye.

Solution pH is an important parameter for the degradation of COD and TOC contents of
the wastewaters. Alaton et al. [59] emphasized that color could be removed by both
direct and radical mechanisms of ozonation; but for a high TOC removal, the solution
pH had to be at least 7 to increase the contribution of radical reactions. That was
confirmed by the observation of 28% and 17% TOC removals at pH = 7 and 3,

respectively.

Balcioglu and Arslan [84] observed 86% COD removal at pH =11, in the ozone
treatment of textile dyestuff. At pH of 2, the COD removal was only 65%. The
decolorization rate constant was shown to increase by a factor of two compared to the
value at pH = 2. Sarayu et al. [85] observed an increase in COD removal (ACOD/COD;)
from 0.2 to 0.8 by the increase of pH from 5 to 10 in the ozonation of commercial azo

dyes. Moreover, 90% color removal was found at pH = 10. Garcia-Montano et al. [86]

stated that at alkaline pH (pH=10), the produced HO® radicals oxidized both aromatic
compounds and also the aliphatic by-products in the ozonation of Cibacron Red FN-R
providing 83 % of mineralization. The faster mineralization results were obtained at the

higher pH values in the ozonation of Mordant Black 11 azo dye [87, 88].

The amounts of ozone consumed in ozonation at alkaline pH values were found to be
higher than those consumed at the lower pH values in many cases [59, 84, 89]. That was
due to the increase in ozone decomposition producing oxidative radicals; the presence
of those radicals resulted in higher mineralization levels in the solution.

2.1.3 Effect of wastewater characteristics on ozonation process
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The chemical content of a wastewater plays a significant role on ozonation process due
to the presence of inorganic and organic compounds effective in the production of
ozonation chain radicals [45]. Some inorganics present in water such as Fe*" acts as an
initiator for the radicals [41]. Some scavengers of the radicals such as carbonate and
phosphate ions are used as buffers in the dyeing and finishing processes [90, 91]. The
kinetic interpretation of ozone reactions in the presence of carbonate or phosphate ions
showed some differences compared to that of ozonation reactions without buffers. For
example, the order of ozone decomposition reaction was changed from 1 to 2 or 3/2
with respect to O3 concentration in the absence or presence of those ions, respectively
[44, 92]. Yurteri and Giirol [93] developed a model for ozone decomposition kinetics
showing the contributions of initiator, promoter and scavenger concentrations in clean
and naturally occurring waters. The apparent value of decomposition rate constant was
found to be a function of pH and the composition of the water matrix. According to that
model, the presence of initiators or promoters yielded a first order kinetics of ozone

decomposition with respect to O3 concentration [94].

Besides buffer ions, other chemicals may be introduced in textile preparation steps.
Salts are extensively used in the application of dyes on textiles, as exhausting and
retarding agents. Sodium chloride (NaCl) and sodium sulfate (Na,SO,4) are the most
applied salts in textile industry. The effect of salts on decolorization efficiency was
investigated in many studies [8, 14]. The decolorization time changed as a result of the
salt type and quantity of the salts [14]. The presence of NaCl and Na,SO4 generally
yielded longer decolorization time. NaCl salt in solution consumed ozone at both acidic
and alkaline pH by reacting O; and HO®. Na,SO, contrarily, did not affect the

ozonation at acidic pH but at alkaline pH it consumed HO®. In another study, it was

shown that the production of Cl* radicals during ozonation of the dye was attributed to

the cease of dye oxidation [95].

Arslan and Balcioglu [96] investigated the effect of some dye auxiliaries such as NaCl,
acetic acid and sodium carbonate (Na,CO3). NaCl and acetic acid concentrations did not
affect the dye ozonation rate; however, the presence of Na,CO; retarded the oxidation

of the dye seriously. Some studies showed that at high alkalinity conditions (presence of

HCO; and CO;”ions in water), the radicals produced from HCO; or CO;” degraded

19



the dye molecules by cleaving chromophoric or aromatic groups [58]. Also the pH

increase, when HCO; or CO; ions were present, promoted the decomposition of

ozone and generated additional OH ° radicals in the solution [94, 97].

The other compounds present in the textile wastewaters yielded diverse effects on dye
ozonation. Low level of surfactans was demonstrated to enhance dye degradation by
decreasing surface tension of the solution [97]. Because, the dissolved O3 concentration
in the liquid was increased. Ethylenediaminetetraacetic acid (EDTA) and defoaming
agents consumed more ozone and caused higher ozonation time for complete color
removal as comparing ozonation with no agent [98]. Addition of chelating agents
retarded color removal since they were preferentally oxidized by ozone, instead of dye

[94].
2.1.4 Mass transfer effects in ozonation

Until the early 2000’s, the main target of ozonation studies was to determine the
kinetics of ozone decomposition and chemical reaction between the organic pollutant
and ozone. Ozone self-decomposition reaction was found to be first order with respect
to ozone concentration, with the decomposition rate constant (Kg) being a function of

pH [99-102].

The kinetics of reactions between organic pollutant and ozone were investigated by
neglecting the mass transfer effect in the reactions [70, 103-105]. The reaction between
an organic and ozone followed a second order reaction, being first order with respect to

both O3 and organic pollutant (dye) concentrations [65, 104, 106, 107].

In an ozonation process, ozone gas diffuses toward the liquid phase through the gas-
liquid interface as a first step. Therefore, the design and modeling of ozone reactors are
mainly based on the accurate contribution of mass transfer for the process and the
determination of gas-liquid mass transfer coefficient (k.a) [108]. The transfer rate of
ozone from gas to liquid phase is described according to the two-film theory [109]. This
theory assumes a film at the surface of the gas bubble next to the liquid. The bulk liquid
is kept uniform in composition by agitation. The concentration at the gas-liquid

interface changes linearly in the film according to the following equation:

20



H= kLa(C(*)3 - CO3,L) (2.8)

where p is the transfer rate, ki a is the gas-liquid volumetric mass transfer coefficient,
CZ;} is the equilibrium concentration of O; at the gas-liquid interface and Cg | is the
concentration of Oj; in the bulk liquid. The concentration of Os at the gas-liquid

interface is related to the ozone concentration in the gas phase according to the Henry’s

Law as follows:

Co, =—" (2.9)

here H is the Henry’s Law constant and C,,  is the gas phase Os concentration. In

literature, correlations to determine the Henry’s Law constant at different pH and

temperature can be found [110-112]. Mass transfer coefficient of O3, (kLa)03 , In a given

reactor is generally found from the determination of the mass transfer coefficient of O,,

(kLa)o2 , at the unsteady-state condition (Eqn. 2.11) [111]:

dcC,, .
dt

= (k.a),, (C5, ~Co,.) (2.10)

where ng and C, , are the concentrations of O, in gas-liquid interface and in the bulk

liquid, respectively.

Then, (k a), is found by using the diffusivities of Os (Diff, ) and of O, (Diff,,)

according to the Dankwerts theory [109]:

(kea), =(k.a), === (2.11)

In a gas absorption with a chemical reaction system, the reaction can occur in the liquid

film, in the bulk of the liquid or in both zones at the same time according to the relative

21



rates of the chemical reaction and mass transfer. For slow and very slow reactions, the
reaction develops in the bulk being the rate limiting step as seen in Figure 2.1 [113,
114]. Compounds undergo a reaction in the liquid film when fast or instantaneous
reactions are considered; in that case, mass transfer phenomenon is the rate limiting
step. In intermediate rate reactions, the reaction may develop both in the liquid film and

in the bulk liquid [115].
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Figure 2.1. Kinetic regimes in a gas-liquid reaction [114].

As being a very strong oxidant, ozone reacts very fast with most of the organic
pollutants, especially with dyes in the liquid phase. Also since ozone is known as a
sparingly soluble gas in water, mass transfer of ozone into the liquid phase is the rate-

limiting step in its reactions mostly [107; 116, 117].

Fast reactions of ozone in liquid leads to the enhancement of mass transfer significantly.
The O; concentration in bulk is approximately zero in most cases showing fast
consumption of ozone in the liquid. The driving force for mass transfer increases due to
the fast chemical reaction of O; with the organics. The criterion showing the

enhancement of mass transfer coefficient is shown by Hatta number (Ha) and
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Enhancement Factor (E). Hatta number is a dimensionless parameter that compares the
maximum possible reaction rate in the gas-liquid film to the maximum rate of physical
absorption defined by Levenspiel [113] for a second order reaction (the reaction
between dye and ozone):

[kC,.Diff
Ha=Y"°>"9° (2.12)

kL

where k is the reaction rate constant between dye and ozone in M's™, Cp is the dye

concentration in M, Diff, is the ozone diffusivity in m®/s and k_ is the mass transfer

coefficient in m/s.

The magnitude of Hatta number provides a general idea about the reaction zone in the
system. When Ha is small, the chemical reaction is slow and occurs in the liquid bulk
solution, whereas the reaction is in the film when Ha is sufficiently large (Table 2.2).
Enhancement factor was defined by Dankwerts [109] for an irreversible chemical

reaction as follows:

amount of absorbed reactant in a given timein a reacting liquid

2.13

amount of absorbed reactant if there were no reaction ( )
Ha E-E
E -1

E= (2.14)

Here E; is the enhancement factor for an infinitely fast reaction and is found from the

following equation:

E 14 Diff,.C,

> 2.15
' r.Diff, C, @)

where Diffp is the diffusivity of the dye in m*/s and rs is the stoichiometric mole ratio

between dye and ozone, in mole dye/mole ozone. As noted, the enhancement of mass
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transfer coefficient is highly affected by Ha and E;. The kinetic regime and
enhancement of mass transfer in the system change as a function of Ha as shown in

Table 2.2.

Table 2.2. The kinetic regime and enhancement factor as a funtion of Ha for a second
order reaction [113].

Kinetic regime Condition Reaction zone E
Very slow Ha < 0.02 Liquid bulk 1
Slow 0.02 <Ha<0.3 Liquid bulk 1
Moderate 03<Ha<3 Both bulk and film E>1
Very fast 3<Ha Film E>1
3 <Haand .
Pseudo first order Cp is constant E=Ha
Ha<E2
Mass transfer
Instantaneous 3 < Ha and Ha>10E; E=E
control

The mass transfer coefficients in ozonation systems were investigated widely and some
correlations relating ki a to gas and liquid flow rates were found for the studied reactors
[46, 118]. Mitani et al. [118] reported the following correlation for overall liquid phase
mass transfer coefficient (K a) in a microporous diffuser contactor (continuous reactor
in both gas and liquid phases) in the absence of chemical reaction changing with gas

flow rate (Qg in m’/s) and liquid flow rate (Q, in m’/s):

K, a=3.96x10°(Q, )" (Qs )" (2.16)

Velasquez and Ramirez [119] studied the ozonation of landfill leachates in a bubble
column. Volumetric mass transfer coefficient was found in the presence or absence of a
chemical reaction. Remarkable enhancement of kia in the absence of the chemical
reaction was observed with the increase of superficial gas velocity (Ug) and superficial
liquid velocity (u.) as shown in Eqns. (2.17). The superficial liquid velocity (up)
affected ki a in the presence of the chemical reaction insignificantly while the effect of

Us was noteworthy [Eqn. (2.17)].
k.a=1.35(ug )" (u, )" (2.17)
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Ek,a=12.3(ug )" (u )" (2.18)

Zhou and Smith [120] showed gas flow rate as the most important factor affecting the
mass transfer of ozone into the liquid phase. Mass transfer coefficient (k @) increased
with the increase of gas flow rate. The presence of catalyst particles in a gas-liquid
reactor was shown to enhance the mass transfer from gas to liquid phase since the bulk
concentration of gaseous reactant decreased due to the adsorption onto the catalyst
surface. The adsorption process resulted in the increase of driving force between gas

and liquid phases.
2.2 Ozonation studies in wastewater treatment

Generally, a successful ozonation process for organic pollutants requires the
achievement of almost 100% conversion of organics by oxidation to carbon dioxide
(CO,), nitrogen gas (N,) and water (H,O) (complete mineralization). Then, in addition
to 100% dye degradation, high TOC and COD removals are achieved. Ozonation is very
effective in the cleavage of unsaturated bonds of dye molecules, giving high efficiency
in color removal and the reactions generally are completed in a short time [78, 121].
Over 90% color removal was obtained in many researchs studies of dye ozonation [64,
85, 122, 123]. Hsu et al. [123] observed a very fast reaction of textile effluent with
ozone; half of the color was removed in the first minutes of the reaction. However, the
complete color removal was achieved in 60 min. According to Sarayu et al. [85],
percent color removal was a function of the dye type; for example almost 100% color
removal was obtained for Remazol Blue, but 80% of the color was removed in Remazol

Yellow by ozonation.

The reaction of O3 with dyes and textile wastewaters has been extensively studied in the
recent years [85]. The mechanism of ozonation reactions in addition to the main factors
affecting the mechanism was investigated in detail. Percent color and COD (and/or
TOC) removals and biodegradability grade shown by BOD/COD ratio, were the

important parameters which show the success of ozonation in wastewater treatment.

The dependency of decolorization time on the initial dye concentration is evident. By

the increase of intial dye concentration, the organic load of the wastewater to be treated
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by ozone increases. Therefore, inlet dye concentration was investigated as an operating
variable in many studies [37, 81, 85, 87, 88]. At lower concentrations of dyes, the color
removal was very fast; but when the dye concentration increased to 200-500 mg/L,
more ozonation times were needed [85]. The degradation rate of COD and TOC was
also high at the low dye concentration. Hsu et al. [87] investigated the effect of initial
dye concentration on the ozonation of Mordant Black 11. They observed that 10 min of
ozonation was sufficient to get 90% decolorization at the initial concentration of 200
mg/L whereas 500 mg/L of dye required 22 min to yield the same decolorization
efficiency. Konsowa [81] found a linear relationship between the decolorization time

and the initial dye concentration.

Ozone consumption per liter of liquid was shown to increase by the increase of inlet dye
concentration [37] since more ozone was required for the oxidation of dye molecules at
higher concentrations and higher amounts of ozonation by-products were accumulated

in the solution.

Aplied ozone dosage was observed to be a very important factor affecting the reaction
time for complete color removal. Koch et al. [124] decolorized Reactive Yellow 84
completely in 60 min at the high ozone dosage and in 90 min at the low dosage. Sevimli
and Sarikaya [89] observed the increase of color, COD and dissolved organic carbon

(DOC) removal percentages by the increase of ozone dose.

By sole ozonation, TOC and COD removal percentages were quite low achieving only
limited mineralization [83, 122]. Removal of COD in the ozonation of dye effluents was
limited to 50 % [78]. Mostly, higher values of COD removal were achieved than TOC
removals in the process. Wang et al. [69] obtained 65% COD removal with 25% TOC

removal in the ozonation of Remazol Black 5.

During ozonation and catalytic ozonation, intermediates and by-products are obtained as
a result of the dye degradation. The types of by-products and intermediates mainly
depend on ozone dose, reaction time, dye chemical structure and the presence of the
catalyst. Chen [64] impressed the possible competition between the dye molecules and
ozonation by-products for ozone in the solution. The yield of such products decreased

the decolorization efficiency of the dyes, by accumulating in water.
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COD and TOC removals were also affected by the applied O3 dose and the reaction
time. Giil et al. [125] found that COD reduction was increased by the applied O3 dose.
They stated that the complete conversion of organics to CO, and H,O was not feasible
economically since it required a large amount of ozone. Soares et al. [37] obtained 5 to
19% TOC removals for several dyes for the Oj; concentrations of 6.25x10™ and
12.5%x10™* mol/L gas (30 and 60 g/m’ gas), respectively. But, contradictory results were
also found. Singer [126] stated that even excess ozone in the medium did not result in
complete mineralization. Similarly, Szpyrkowicz et al. [127] observed the increase of
COD removal up to 1.04x10° mol/L gas (0.5 g/m’ gas) ozone concentrations but a

further increase of O3 concentration did not affect the COD removal.
2.3 Advanced oxidation processes for wastewater treatment

Ozone in principle should be able to oxidize organic compounds to carbon dioxide and
water. However, in actual practice, it is quite selective in its oxidation reactions [39-41,
128]. Therefore, it may be favorable to utilize HO® which is non-selective and is
produced as a result of the ozone decomposition reactions in aqueous phase at alkaline
pH. In recent years, the processes generating HO® in aqueous phase called “Advanced
Oxidation Processes” (AOPs) have been developed to accelerate the oxidation reactions
[129]. AOPs have been achieved generally by adding some oxidizing agents such as
H,0,, ultraviolet (UV) light, or some catalysts to ozonation process [130-132]. Those
oxidation agents or metal oxides can initiate the production of HO® in the solution

apart from the O3 decomposition reactions [133].

By AOPs, the effectiveness of ozonation can be increased. H,O,/O3 system was applied
to many organics with high removal efficiency [133-138]. The initiation of O;
decomposition in AOPs was indicated to be more rapid than that with HO™ ions [134].
Volatile organic carbons (VOCs) for example, were oxidized to CO, and H,O

completely by H,0,/O3 process [133]. The production of HO® from H,O, and O; have
been reported in several studies [39, 133, 135]:

H,0, +0, > HO® + HO; + 0O, (2.19)

27



H,O, +20, — 2HO" +30, (2.20)

The oxidation of organics with produced HO® is fast [133]. This suggests shorter
contact time of organics with the oxidants in AOPs than that in sole ozonation. The ratio
of the reactants may affect the process efficiency. Bellamy et al. [133] stated that
H,0,/05 ratio was an important parameter in the oxidation of organics and excess H,O,

would act as a scavenger in the ozonation process.

Acar and Ozbelge [137] studied the ozonation of Acid Red-151 in the presence of H,O,.
The addition of H,O; into the system increased the decomposition of ozone at the
studied pH range of 2.5-10. Besides, the ozonation was applied at different initial
concentraion ratio of HyO; to O3 (r = [H20,]/[O3]). The highest dye and COD removal

percentages were found to be at the r ratio of 0.5.

In some cases, the addition of H,O, to the system did not affect the rate of the process.
Balcioglu and Arslan [84] could not observe an increase of dye removal efficiency in
peroxone (H,0,/03) system. Conversely, ozonation at alkaline pH (pH=11) was more
effective than H,0,/O3 peroxone process yieldind 100% color, 75% COD and 15%

TOC removals.

When the solution is irradiated with UV light (UV/O; system), HO® radicals are

produced in the solution via the following reactions [135]:

O, +H,0+hv—>H,0,+0, (2.21)

H,0, + hv — 2HO" (2.22)

UV/O; system also called photo-ozonation was applied to the treatment of such
organics which were hardly degradable by ozone [139-142]. However, in some cases it
was revealed that photo-ozonation produced toxic intermediates [139]. In addition, the
TOC removal by photo-ozonation was low although the degradation of the target
compound (chloroethylenes, chloroethanes and some ethers) was quick. In that case,

longer photoozonation times were advised to reach total mineralization.

In the AOP reactions, HO® reacted through three different mechanisms [141, 143]:
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- hydrogen abstraction
RH +HO" - R*+H,0 (2.23)
- electrophilic or radical addition

PhX + HO® — HOPhX * (2.24)

- electron transfer

HO® + RX >*RX* + HO" (2.25)

Here RH and RX show the aliphatic compound to be treated whereas PhX is the
aromatic compound. Hence, both aliphatic and aromatic compounds were degraded in
an advanced oxidation process producing lower concentrations of by-products and

achieving higher mineralization levels.

Fazzini and Young [140] compared the efficiency of Oz, UV and UV/Os processes for
the treatment of refractory organics in landfill leachate. UV/O; process indicated a small
improvement in organic removal compared to O3 alone. Appreciable amounts of TOC
(34%) and COD (61%) were removed as opposed to the results in the study of Skorska
and Davis [139]. Sauleda and Brillas [143] observed total mineralization of aniline and
4-chlorophenol by UV/O; system. In addition, the biodegradability of refractory
organics was increased in UV/O; system showing that the UV/O; system combined
with biological treatment could be efficient and economically feasible. Similarly,
Ledakowicz et al. [145] found the increase of biodegradation level of textile wastewater

by UV/H,0, treatment.

Advanced Oxidation Processes were used for the degradation of dyes and textile
effluents [141, 146, 147]. The treatment of some azo and anthraquinone dyes was
realized be UV/H,0O; process (photolysis of H,O,) [141]. In almost 3 h, over than 90%
mineralization was obtained. While without irradiation no change in TOC was
observed, UV/H,0, achieved a remarkable TOC removal. Sadik and Nashed [145]
applied UV/H,0, process for the treatment of Acid Alizarine Violet N dye. An increase

in decolorization rate with the increase of H,O, concentration was noticed. As an AOP,

Sadik and Nashed [145] also used UV/periodate (10, ) combination to oxidize the dye

since periodate in the presence of UV produced highly reactive radicals including HO®
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radicals. They stated that UV/10Q, process was better than UV/H,0, in the degradation
of the dye.

Gomes de-Moraes et al. [143] treated textile effluent by Os, TiO,/UV and O3/TiO,/UV
methods. The most efficient method was O3/TiO,/UV method, giving 95% color
removal. At the same conditions, the color removal was only 60% with Os. 60% of
TOC was removed by O3/TiO,/UV method in comparison with no significant TOC

degradation by sole ozonation.
2.4 Evaluation of catalytic ozonation

The oxidative properties of Oz can be enhanced by the addition of a catalyst into the
ozonation process. Recent studies on ozonation were concentrated on the use of
homogeneous or heterogeneous catalysts for wastewater treatment. The enhancement of
ozonation was realized by metals in solution, by metal complexes on supports or by

non-polar organics creating a second phase in solution or on alumina support.

The effect of catalysts in ozonation of organics can be observed by producing free

radicals or enhancing the reaction by adsorption. Some catalysts have been shown to

have a promoting result in the generation of HO® radicals [52, 147, 148]. Giil et al.
[149] investigated the effect of granular active carbon (GAC) on the treatment of
Reactive Red 194 and Reactive Yellow 145 solutions by ozonation. The presence of the
active carbon in ozonation catalyzed the decompositon of ozone to hydroxyl radicals.
Hence, the consumption of ozone was increased when the active carbon was present in
the solution. Additionally, the increase of the catalyst dose from 10 to 30 g in ozonation
decreased the TOC removal efficiency of both dyes. This result supported the idea that
the reaction between the dye and ozone occurred in the bulk phase rather than on the
catalyst surface, and the GAC particles had an effect only on catalyzing ozone
decomposition reactions. The solution pH was almost constant at neutral pH when the
GAC was present in the process meaning that the adsorption of acidic by-products took

place on the GAC surface.

Similarly, an enhancement of dissolved organic carbon (DOC) removal was explained

by the production of HO® radicals on CuO/Al,O; catalyst surface in the ozonation of
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oxalic acid [28]. Also, the formation of HO® was observed in the usage of Fenton’s

reagent (Fe”" salt + hydrogen peroxide) or TiO, [77].
2.4.1 Use of metal ions/complexes in ozonation

Ozone may be activated by several metal ions such as Fe, Mn, Ni, Cu in solution. Some
complex ions may be produced due to the reaction between the metal and ozone; as a
result, highly oxidative radicals such as hydroxyl radicals may be observed. Wu et al.
[151] ozonated Reactive Red 2 (RR2) and Acid Orange 6 (AO6) solutions in the
presence of MnO; in the solution. They observed the acceleration of dye removal rate
by the addition of MnO; in the ozonation process. The change of MnO, dose affected
the removal of oxalic acid, existed as a by-product in ozonation. The consumed amount
of ozone was decreased by the presence of MnO, markedly. However, the catalytic
ozonation was effective at low ozone doses mainly; the increase of ozone dose had a
minor effect on dye decolorization rate. It was stated that the catalytic activity of MnO,
could be realized by the formation of manganese-dye complex on the catalyst surface.

Then, the ozonation of manganese-dye complex occurred.

Solution pH can be an important parameter even for catalytic ozonation reactions for

both enabling the production of HO® and influencing the surface properties of the
catalyst [152]. Sometimes the used catalysts can be efficient at both acidic and alkaline
pH. Ferral, a combination of catalysts Fe,O; and Al,Os;, was used a catalyst in the
ozonation of several dyes including RBBR and it was demostrated that the catalyst had
the greatest activity for both color and COD removals at acidic pH [31]. Ferral
increased the color removal efficiency for all dyes except chromium complex acid dye.
Here, the negative effect of chromium ions in ferral-catalyzed ozonation was pointed
out. The efficiencies of ferral-catalyzed ozonation and ozonation+ferral coagulation
processes were compared with each other resulting that ferral catalyzed ozonation had a
better efficiency in color and COD removals. Hereby, the activity of ferral as a catalyst
was understood apparently. In the case of Congo Red ozonation with Cu(NOs),, the
enhanced activity of the catalyst was observed at neutral and alkaline pH [153].
However, the decolorization rate was not improved by the catalyst at the acidic pH.

Leitner and Fu [152] achieved high TOC removal percentages at pH = 3.6 and 10.0

using Ru on CeO,/TiO; catalyst. The relationship between pH and ozone consumption
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(mmol O3 consumed/L liq) differed in ozonation and catalytic ozonation. While in
catalytic ozonation, ozone consumption was minimum at pH = 5, it was increased by

the increase of pH in conventional ozonation.

Andreozzi et al. [102] used MnSO,4 solution as the homogeneous catalyst in the
ozonation of glyoxalic acid. The experiments at pH=2.0 pointed out that the presence of
Mn®" jons in the medium increased the degradation of glyoxalic acid compared to
ozonation alone. Difference in reaction by-products of catalytic and non-catalytic
ozonations was observed indicating a change in the reaction mechanism with the
catalyst. The interactions of Mn”" ions with glyoxalic acid molecules gave rise to an
oxidation reaction which further achieved almost complete mineralization (oxidation to

carbon dioxide and water).

In catalytic ozonation, ozone molecules can interact with the active sites of the catalyst
creating oxidation centers/species. Delanoe et al. [154] proposed ruthenium as the active
site in the catalyst Ru-CeO,/TiO,. The characteristics of the active site was mainly

affected by the change of pH.

The adsorption of organics and/or ozone on the catalyst surface is an important
mechanism in catalytic ozonation. Metal oxides like titania, alumina, zirconia carry
Bronsted and Lewis acid sites on their surface. This is why the catalyst surface is
affected by the change in pH. A property called “pH of point zero charge” (pHpzc)
characterizes the surface charge of the catalyst at a certain pH; pHpzc shows the pH at
which the surface net charge of the catalyst is zero [152, 155]. In acidic pH with a value
much lower than the pH of “Point of Zero Charge” (pHpzc) of the catalyst, the catalyst
surface became positively charged. Hence, the adsorption of negatively charged ions
such as carboxylic acid anions occurred. For pH higher than pHpzc, the catalyst surface

was negative, adsorbing positive ions [155].

Ozone molecule has an electron density on one of its oxygen atoms; as a result it may

be absorbed on the Lewis acid site of the catalyst surface [156]. Leitner and Fu [152]

claimed that there was a remarkable competition between HO® and active sites of the

catalyst surface for the organics at basic pH. Hence, higher mineralization was achieved
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with catalytic ozonation than sole ozonation because of the organic degradation both in

aqueous phase and on the catalyst surface.

Another important factor is the pKj, value of the dissolved organic pollutant which is a
sign of the ionic state of the organic affecting the charge of the organic. A pH higher
than the pKj of the organic results in the organic to be in ionic form in the solution.
Uncharged organic molecules are present in the medium when pH is lower than the pK,
of the organic. As understood, both the charge of the organic and surface characteristic
of the catalyst are important in the adsorption of organics to the catalyst surface. Leitner
and Fu [152] showed that the adsorption process was the limiting step in catalytic

ozonation in most cases.

Alumina can be used as a catalyst and catalyst support in wastewater treatment
processes. As an adsorbent, several organics can be adsorbed on alumina and removed
from the wastewater. The acid-base properties of alumina are the main reason of its
wide usage. The synthesis of the types of alumina used in water treatment are obtained
by the dehydration of gibbsite, bayerit or boehmite which are different forms of
Al(OH);. Recently, alumina has been applied in ozonation as a catalyst alone or the
support for metal oxides and non-polar organics [32-35, 157-160]. Bandara et al. [161]
observed more adsorptive and catalytic activity of y-alumina (Al,O3) type than other
types of alumina. In pilot-scale and laboratory usage y-alumina has been widely applied

to wastewater treatment.

In industry, mostly used two groups of alumina are [155]:

- low temperature alumina [Al,O; . nH,O (0<n<6)]. This group belongs to
P, %, N and y-Al,O3; which are named according to their crystal structure.
The dehydration of low temperature alumina is applied at temperatures
not exceeding 600°C.
- high temperature alumina [k, 0 and 5-Al,Os]. Nearly unhydrous alumina
is obtained between 900-1000°C.
The crystal structure of all alumina types is close-packed oxygen lattice with aluminium

ions. Low temperature aluminas show cubic-close packing oxygen lattices, but high
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temperature aluminas are hexagonal close-packed lattices [155]. High temperature
alumina is less active than low temperature alumina. It has lower surface area and larger
particle size, different population of surface active sites. Low temperature transition
alumina is used as both catalyst and adsorbent in water treatment technology [155].

Some ozonation studies in the presence of alumina are given in Table 2.3.

Table 2.3. The ozonation studies that used alumina as the catalyst.

Particle Surface Pore
Reference Reactor Organic Size area volume
(mm) | (m¥g) | (em’lg)
Pi et al. [68] Stirred glass benzene 2-5 119 0.758
Bandara et - chlorophenols - 170 -
al. [161] p 16
N eﬁ‘éghen sem-baich | 5 chlorophenol | 0.06-02 | 120190 | -
Einaga and
Futamura - Benzene - 170 -
[163]
Vo[lfg] al : Fulvicacid | 1525 : :
Kasprzyk
Hordern et - Humic acids 0.25 190.4 0.23
al. [34]
Kasprzyk Stirred semi-
Hordern et batch, Several ethers 0.25 190 0.23
Semi- 3x5 mesh 196 0.42
al. [35] .
continuous
BeltI;I} ]et al. Agitated tank Oxalic acid 23:;8 139
Ernst et al. 2::31113 Oxalic acid - 139.9 -
[29] - 144
continuous

The groups on the alumina surface determine its acidity or basicity in different
solutions. In aqueous solution, there exists a chemisorption process between AI’" ions
and hydroxyl ions ("OH ) of water creating hydroxyl (HO) groups on alumina [32,
155]. If dehydration is applied to alumina, the surface characteristics may change since
HO groups react with each other to form oxygen bridges. The hydroxyl groups and

oxygen bridges were shown to be responsible for the adsorption of organic molecules
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on alumina surface. Kasprzyk-Hordern [155] highlighted that the some complex
alumina surface groups were created in the presence of water molecules. Also, it was
stated that the surface hydroxyl groups of alumina showed an amphoteric character with
respect to acidity-basicity and, the surface of alumina was affected by its pHpzc and

reaction pH, similar to other metal oxides (Figure 2.2).

0 0 0]
A +
Al — OH,, == Al —OH, ¢ * N gy == Al O%ui + 2H (g
H
0 0 8]
/ / /
acidic pH point of zero charge basic pH

positive charge negative charge

Figure 2.2. The surface charge of alumina changing with pH [155].

The typical activated alumina used in water treatment are 28x48 mesh (0.3 to 0.6-mm
diameter) mixtures of amorphous and y-alumina prepared by low temperature
dehydration of AI(OH)s. They have surface areas of 50-300 m*/g. The pHpyc values of
different alumina types were investigated in the literature and Kasprzyk-Hordern [155]

listed those values in Table 2.4 to give an idea about the surface charge of alumina at

different pH.

The surface characteristics of alumina determine the type of organics that will be
adsorbed on the surface. Kasprzyk-Hordern [155] stated that small molecular weighted
organics were not adsorbed on oxide surfaces of alumina. Only, the substances
containing functional groups such as carboxylic or amino groups were attached to the
surface since those groups created complexes replacing the hydroxyl group of alumina
on the surface. Also, the adsorption of non-ionic hydrophobic chemicals was hard on

alumina due to the competition between water molecules and those chemicals for the
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surface. Due to its ionic character, water molecules were preferentially attached to the

surface.

Table 2.4. The pHpzc values of different alumina types [155].

Material pHpzc
o-AlL O3 8.4-9.2
'Y-A1203 8.0-9.0
5-Al,04 7.3
v-AIOOH 7.7-9.4
Al(OH); 7.7-9.4

The studies about catalytic ozonation of the dyes and dyehouse effluents are limited.
The used catalysts were generally in metallic form such as MnSO,4, FeSO4 and TiCls.
Hassan and Hawkyard [165] studied the effect of several catalysts including carbon,
ferral, Fe,03-Si0,, and hydrated alumina (Al(OH);) on the color removal of several
dyes. 63% of COD was reduced in ozonation with ferral compared to 7.9% COD
reduction in ozonation only. They concluded that the positive effect of ferral in
ozonation was from its catalytic activity because ozonation with ferral showed higher
dye and COD removal efficiencies than both adsorption with ferral and sole ozonation.
Hydrated alumina-catalyzed ozonation was superior to remove color among all the other
catalysts. Using hydrated alumina, the highest color removals were obtained at acidic
pH (pH=4) and at basic pH (pH=10), showing the lowest efficiency at pH of 7. The
increase of removal efficiency was explained by the formation of HO" radicals during
catalysed ozonation. Additionally, hydrogen peroxide (H,O,) was observed in the
system and a complex oxidation system including Os;, H,O, and AI(OH); was

considered to have importance in color removal.

Trapido et al. [166] studied several metal oxide catalysts such as MnQO,, Fe,O; and
Al,O3 to understand the catalyst efficiency in the ozonation of m-dinitrobenzene (M-
DNB). The presence of those transition metals in ozonation increased the degradation
rate of M-DNB for all catalysts used except V,0s. The ozonation rate of m-DNB was
decreased in the presence of V,0s. In those experiments, dissolved ozone

concentrations in the liquid phase were found to be lower in catalytic ozonation
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compared to those in ozonation only. Lower dissolved ozone concentrations indicated
that more ozone was decomposed in catalytic ozonation enabling the production of
reactive radicals according to Trapido et al. [166]. Hence, the removal of COD was
increased with the addition of the catalysts. Comparing all catalysts, the most efficient
catalysts were found as Al,O3; and Ni;Os in view of COD removal efficiency. The
higher efficiencies of those catalysts were explained by the enhanced degradation of

ozonation intermediates with AlLO; and Ni,Os.

The superiority of catalytic ozonation for the TOC removal of several dissolved organic
pollutants was observed in several studies [162, 167, 168]. Using catalyst in ozonation
achieved higher TOC removal than those attained in sole ozonation. Al-Hayek et al.
[169] observed 90% TOC reduction by applying Fe*"/AL,O; catalyst in ozonation of

phenol. With sole ozonation, the TOC removal was less than 40%.

Ni and Chen [162] used y-alumina as the catalyst in the ozonation of 2-chlorophenol
and they observed that the TOC removal was increased more than two times in the
catalytic ozonation compared to that in ozonation alone. The level of TOC removal was
a factor of catalyst dosage, it increased with the ozone dosage up to 2 g Os/L, then
remained unchanged. Ni and Chen [162] proposed that the reaction between the organic
and ozone occurred both in the bulk liquid phase and solid phase simultaneously. On the
alumina surface, ozone molecules were converted to O° radicals and the reaction on the

surface was catalyzed by those radicals.

Ernst et al. [29] observed the remarkable efficiency of y-alumina in the ozonation of
refractory organics such as acetic, oxalic and salicyclic acids. However, the usage of
phosphate buffer caused a decrease in the removal rate since phosphate ions were

adsorbed on the catalyst surface deactivating it.

Einaga and Futamura [163] investigated the ozonation of benzene in the presence of
alumina supported manganese oxide. The evolution of CO, and CO on the catalyst
surface was an indication of surface reaction between ozonation intermediates and

ozone. The oxidation of intermediates on the catalyst surface produced CO, and CO. A
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competition between benzene and intermediates for the catalyst surface was observed

since the presence of benzene inhibited CO, formation.

Titanium dioxide (TiO,) was another catalyst in the ozonation processes [62].
Hernandez-Alonso et al. [62] used TiO, for the ozonation of cyanide, and their FT-IR

analysis on used TiO, demonstrated that O3 adsorption on the catalyst surface occurred

generating ~O; and HO" radicals. Those radicals enhanced the degradation of cyanide

in the bulk.

Beltran et al. [71] used powdered TiO, in the ozonation of oxalic acid, a hardly
degradable compound by molecular ozone. The removal rate of the target compound
was increased effectively with the catalyst. They suggested a mechanism including the
adsorption of ozone and the production of free radicals on the catalyst surface. Also,

oxalic acid adsorption was assumed in the mechanism.

In another study by Beltran et al. [30], the catalyst was the TiO, impregnated on y-
alumina spherical pellets for oxalic acid removal. Ozone dissolution kinetics was not
affected by the presence of the catalyst showing that ozone adsorption on the catalyst
surface did not occur. As a result, ozone was assumed to be in water phase only. Beltran
et al. [30] found that gas flow rate higher than 24 L/h did not affect the removal
efficiency of oxalic acid in catalytic ozonation. Therefore, the experiments were carried
out at 24 L/h gas flow rate to obtain a chemically controlled regime. The effect of the
particle size was investigated also. For the particle sizes equal or lower than 1.6-2 mm,
the removal rate of oxalic acid remained unchanged therefore internal mass transfer
resistance in the particles was neglected. The higher removal rates observed at the
higher catalyst doses indicated that the reaction occurring on the catalyst was

significant.

Even in catalytic ozonation, ozone dosage and contact time between the target solution
and ozone are important parameters. In some studies, the catalytic effect was more clear
with longer contact times [68]. Additional TOC reduction was obtained with sufficient

ozone dosage in catalysed ozonation [170].
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Generally, catalytic ozonation studies have shown that the efficiency of the catalyst in
the ozonation process was dependent on the compound type to be ozonated and the
treatment conditions such as pH, ozone to catalyst dose ratio and the surface
characteristics of the catalyst [166]. The ozone utilization rate was increased by the
presence of the catalyst in the process. Trapido et al. [166] supported the idea that the
performance of the catalysts in ozonation was compound-selective. In most cases, the
presence of the catalysts deteriorates or does not affect the removal efficiency of the
target compound but it helps the degradation of intermediates and/or final products of

ozonation enabling the decreases of TOC and COD.

Fontanier et al. [171] found a linear relationship between COD and TOC in ozonation in
the presence of metal oxides as the catalysts. They pointed out no remarkable relation of
COD with TOC in non-catalytic case. From this observation, it was highlighted that the

organic matter in solution was oxidized to complete mineralization in one step.

Catalytic ozonation is supposed to give a lower ozone consumption than that in sole
ozonation [32, 35, 158]. Balcioglu et al. [172] conducted the treatment of pulp and
paper effluents with granular active carbon catalyzed ozonation. Lower O; consumption
per mg of COD removal was declared in catalytic ozonation as a result of the
remarkable contribution of the radical reactions. On the contrary, the consumed ozone

was increased by the presence of CuO/Al,O; catalyst in phenol ozonation [173].

According to Fontainer et al. [171] whatever the target compound, ozone consumption
remained almost constant at about 50% of the applied ozone in catalytic ozonation.
Even when the mineralization kinetics changed, the consumption rate was constant
showing that ozone interacted with the catalyst surface producing an oxide on the
surface; then, afterwards the targeted compound was mineralized on the catalyst surface

by the reaction with the produced oxide.

Besides catalytic ozonation, sole adsorption process of the dyes onto a catalytic surface
has been utilized to remove color from the textile effluents. However, adsorption has
been shown not to be very effective for the dye removal, the adsorbents are to be
disposed or their regeneration is required. Problems associated with the regeneration

become significant. During regeneration, some chemicals and energy are used.
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Ni and Chen [162] studied the adsorption of 2-chlorophenol (2-CP) on alumina under
different pH. The highest adsorption of 2-CP was observed at pH=2 with 2.2% in 60
min. This showed the insignificant removal of 2-CP by the adsorption on alumina.
Similarly, Ma et al. [174] found only 5% nitrobenzene removal with the adsorption on

granular activated carbon (GAC).

Beltran et al. [30] stated that although adsorption on TiO,/Al,O3 catalyst was an
important mechanism in oxalic acid treatment, it was not sufficient to remove the
required high levels of oxalic acid. In several studies, the adsorption capability of
alumina towards organic compounds has been extensively investigated [25]. Most of the
alumina types used were impractical for the treatment of textile industry effluents. Also,

it was shown that the adsorbents were insufficient to remove disperse and vat dyes.

2.4.2 Non-polar catalytic ozonation for wastewater treatment

The application of perfluorinated compounds (compounds in which all hydrogens are
replaced with fluorines) gained much attention in wastewater treatment. These
compounds are widely used in the molecular ozonation to increase the reaction rate.
Due to the presence of fluorine atom with an electronegativity of 4.0 V, the compound
has a characteristics of having higher oxidized state carbons with a high chemical
stability [175, 176]. Therefore, the perfluorinated compound shows a resistivity toward
oxidation by ozone. The resistivity of compound was proven by the FT-IR studies of
perfluorooctanoic acid bonded alumina. It was seen that C-F bonds adsorbed on the
alumina surface were not oxidized by ozone [158]. The hydrophobic character of those
compounds as a result of the low polarizability of fluorine atom, has been reported

[158].

The treatment of organics from the wastewater with perfluorinated hydrocarbons is
made by two methods: the application of two-phase ozonation with perfluorinated
hydrocarbons and catalytic ozonation with perfluorinated alumina bonded phase [158].
Two-phase ozonation, is based on the diffusion of organic pollutant from the water
phase to the organic phase (saturated with ozone, nonpolar perfluorinated hydrocarbon
solvent) and then, the oxidation of the organic pollutant by molecular ozone in the

hydrocarbon solvent. Because, in this case, ozone at low polarity also diffused to the
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hydrocarbon phase. The diffusion of ozone to the organic phase increases its stability
and solubility in the organic phase. It was proven that the solubility of ozone in the
organic hydrocarbon solvent phase was 10 times higher than its solubility in water
phase [30]. Also, the efficiency of perfluorinated hydrocarbons in the ozonation of

organic pollutants was shown [33-35, 157-160].

Alumina is known to possess a high adsorption capacity especially toward
perfluorinated surfactants. That is the reason why the usage of bare alumina in water
treatment processes can be profitable [155]. Catalytic ozonation based on pefluorinated
hydrocarbon fixed on alumina is the second method in treatment of wastewaters; here
ozone or organic pollutant is adsorbed on the surface of the alumina impregnated with
non-polar perfluorinated hydrocarbon. Pefluorinated hydrocarbon is fixed on the
alumina surface producing a monolayer and this prevents its passage back to the water
phase. The -COOH group of perfluoro acids makes a bond with the —-HO group of the
alumina [158]. Non-polar perfluorinated alkyl chains on the alumina surface are very
active towards ozone and dissolved organic pollutants in wastewater. The low polarity
of O3 with a dipole moment of 0.46 debye (D) provides its high affinity towards PFOA
surface [34].

Perfluorooctanoic and perfuorooctadecanoic acids are mostly used hydrocarbons on
alumina [32]. Kasprzyk-Hordern et al. [33, 34, 157-160] used perfluorooctyl alumina
(PFOA) mostly in their studies and they applied PFOA/O3; method to the treatment of
aromatics like benzene, toluene; ethers like methyl tert-butyl; humic acids (HA) and
natural organic matter (NOM) [33-35, 157-160]. They proposed a mechanism showing
PFOA catalyzed ozonation [Figure 2.3]. According to that mechanism, both O3 and the
organic pollutant were adsorbed on the surface of PFOA; the oxidation reaction between
them occurred on the surface and then, the hydrophilic by-products were desorbed from
the catalyst into the liquid phase. The treatment efficiency of the aromatics was
increased by 24-43% compared to ozonation alone [158]. In another study, the removal
efficiency of methyl tert-butyl ether was 22.7% by ozonation with PFOA whereas by
ozonation alone it was only 10.6% [35]. Also, the high affinity of Natural Organic
Matter (NOM) towards PFOA enabled higher removal rates of NOM in PFOA

catalyzed ozonation [34].
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Figure 2.3. The mechanism of ozonation with PFOA according to Kasprzyk-Hordern et
al. [155].

The application of perfluorooctanoic acid on alumina enhanced the stability of ozone in
the system. Kasprzyk-Hordern et al. [158] showed that PFOA/O3 system was more
effective at acidic pH and no decomposition of O3 occurred in the presence of PFOA.
They concluded that direct ozonation mechanism was responsible for oxidation of the
organic pollutants with PFOA/O3 system. The use of lower ozone dosages in PFOA/O;
system was observed with equal or greater removal efficiency of the organic compared

to the non-catalyzed ozonation. Contrarily, the adverse effect of high Os; dosages was
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seen due to the possible blockage of PFOA sites with ozonation by-products. High O;
dosages provided the oxidation of the organic in the bulk of the liquid also producing

some compounds such as carboxylic acids which were active towards PFOA surface.

In literature, the use of perfluorinated alumina catalysts is limited. In addition, there is
no study about the removal of industrial dyes by the ozonation in the presence of
perfluorinated alkyl alumina. By this method, the treatment efficiency of the dyes which
are resistant to ozonation may be increased. Especially, non-polar disperse dyes may be
removed from the wastewater effectively. Also, since several by-products such as
aldehydes and carboxylic acids are produced after the ozonation of dyes, these

undesired by-products may be removed by catalytic ozonation.
2.5 Ozonation by-products

According to the dye structure, the ozonation intermediates and by-products show a
variety. Generally, it is known that ozonation of dyes yields two types of by-products,
namely aldehydes and carboxylic acids. Since the dyes used in industry were mainly
azo and anthraquinone dyes having aromatic structures (phenol and naphthalene rings),
the ozonation of phenol and phenol-like substances was investigated to understand the

basic reaction steps and the types of formed by-products [54, 177, 178].

In the degradation of aromatic structure of any molecule, aromatic ring is opened by
oxidation with ozone and intermediates containing —C=C- bonds are formed (Figure
2.4). The ozonation products of phenol were classified in three groups according to Zhu
et al. [177]: (i). primary products (catechol, resorcinol, hydroquinone), (ii). more
oxidized products (maleic acid, oxalic acid), (iii). final products (CO, and H,0O). The
primary products contained mostly carbon-carbon double bonds and such compounds
were quickly oxidized to oxalic acid due to the unsaturated bonds they had. In other
words, oxalic acid was found to be the main by-product of phenol at the studied
experimental conditions. They stated that oxalic acid had to be a certain product of
ozonation since it was symmetrical and each carbon was stable with carboxyl groups.
Then, a reaction mechanism was proposed for phenol ozonation throughout the oxalic
acid and carbon dioxide. Zhang et al. [54] claimed that benzene and naphthalene rings

were opened to produce formic and oxalic acids.
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Figure 2.4. The stages of ozonation of organics

The breakage of a long-complicated dye molecule is achieved by the oxidation of other
groups such as azo or sulfonate group besides the aromatic groups during ozonation. In
the azo dye structure, due to the cleavage of -N=N-, nitrogen gas and/or nitrate ions
(NOy3") are produced [166]. The last studies on the ozonation of azo dyes proved that azo
group in the structure was converted to mainly nitrogen gas instead of another
compound containing nitrogen [8]. The source of nitrate ions was due to the oxidation
of amino (NH,) groups in the structure. Also, ammonium ions were detected due to the

oxidation of NH, group. Trapido et al. [166] observed NOs ions in the ozonation of
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nitrobenzene throughout the reaction and they concluded that nitro groups were
converted to NO;3™ ions. Zhang et al. [54] postulated that nitrogen was removed from the
structure of the azo dye, Reactive Red 120, as nitrogen gas preferentially but small
amounts of nitrate and ammonium ions were also observed in the medium. Similarly,

the sulfonic groups in the dye structure were oxidized to sulfate ions.

Phenol and phenol-like intermediates can be found in the ozonation of dyes. Zhang et
al. [54] observed phenol, 1,2-dihydroxysulfobenzene and 1-hydroxysulfobenzene as the
reaction intermediates of Reactive Red 120. They considered that the reaction was
initiated by the replacement of hydroxyl group with amino group in the dye structure.
Azo linkages were hydrogenated, the azo bonds were broken giving benzene and

naphthalene derivatives.

Aldehydes were primarily seen as the by-products of many dyes. Lopez et al. [179]
specified the final products of the ozonation of azo dyes as formaldehyde, acetaldehyde,
glyoxal, aceton, acetic acid, formic acid, oxalic acid and carbonic acid. Dabrowska et al.
[180] demonstrated that formaldehyde and acetaldehyde were the main by-products in
water comprising 80% of all aldehydes. The aldehyde concentration produced during
ozonation was observed to increase by the increase of O; dose [180]. Can and Giirol
[181] noticed that the structure of ozonated organics could be a determining step for
aldehyde formation. Formaldehyde production reached a peak level and then, its
concentration began to decrease. They stated that aliphatic organics probably had a
tendency to produce more formaldehyde than aromatic organics. Contrary to
Dabrowska et al. [180], Can and Gurol [181] pointed out that at low O3 dose,
formaldehyde was accumulated in the system but its concentration was decreased at

high O3 dose.

Song et al. [182] listed the main by-products of Direct Red 23 as nitrate, sulfate, formic,
acetic and oxalic acids. Interestingly, no aldehyde was found. Mascolo et al. [183] and
Miltner et al. [184] confirmed this case by the fact that at the higher ozone doses, the
oxidation of aldehydes to corresponding carboxylic acids occurred. As a result, instead
of formaldehyde, acetaldehyde and glyoxal, formic, acetic and oxalic acids were
detected. In the study of Liakou et al. [73], oxalate, formate and benzenesulfonate ions

were the main products resulting from the ozonation of Orange II dye.
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Demirev and Nenov [185], found oxalic acid and nitrate ions in the ozonation of
Schwarz GRS azo dye, and only oxalic acid in the ozonation of Orange Acid 8 in 30
min. In Schwarz GRS dye, there was an amino group (NH,) withdrawing electrons.
Instead, in Orange Acid 8, there was a methyl group (CHj) increasing the
electronegativity of the molecule. Then, Orange Acid 8 was shown to degrade by ozone

more due to its higher electronegativity.

The presence of a catalyst in ozonation was shown to affect the reaction mechanism.
First of all, the mineralization ratio was increased with the catalyst in ozonation
observed by the increase of TOC removal percentage. Therefore, the types and quantity
of by-products are expected to alter in catalyzed ozonation. The studies on the by-
products of catalytic ozonation of organics were limited. Qu et al. [186] observed more
denitration (mineralization of nitrogen) and cleavage of the aromatic ring in the
Cu/Al,O5 catalyzed ozonation of alachlor compared to sole ozonation. Kasprzyk-
Hordern et al. [33-35, 157-160] aimed to find main ozonation by-products in their
several studies in the presence of PFOA. They ozonated several ethers in the aqueous
medium and observed the by-products of formic, acetic and oxalic acids (main),
formaldehyde and aceton [35]. The concentration of oxalic acid was increased in the
catalytic ozonation case using PFOA compared to that in ozonation only. On the
contrary, the amounts of formic acid and formaldehyde were decreased when the

catalyst was added to the ozonation.

In another study [159], a wastewater containing Natural Organic Matter (NOM) was
ozonated in the presence of PFOA and the most important products were found as
formaldehyde and acetone. It was stated that acetone was produced only in the case of

catalytic ozonation.

Faria et al. [187] ozonated sulfonated aromatic compounds in the presence or absence of
activated carbon. The concentration of accumulated oxalic acid in the solution was
found to be lower in the presence of activated carbon than that in sole ozonation. The
enhancement of mineralization by the catalyst was obvious. Alvarez et al. [188]
detected acetic acid as the main reaction product of pyruvic acid ozonation when
Co/Al,0O;5 catalyst was used in the process. Interestingly, a negligible amount of oxalic

acid was found in contrast to the case in sole ozonation.
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Both conventional and catalytic ozonations resulted in the degradation of high
molecular weight compounds to low molecular weight compounds according to
Fontanier et al. [171]. However, the metal oxide catalyst resulted in the degradation of
produced low molecular weight compounds to CO, and H,O. Udrea and Bradu [173]
observed malonic acid as a product in the CuO/Al,O3 catalyzed ozonation of phenol in
addition to propionic, glycolic and acetic acids. The last three compounds were also
detected in conventional ozonation. Manganese-catalyzed ozonation of glyoxalic acid

formed methanoic acid, a different product not observed in sole ozonation [102].
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CHAPTER 3

MODELING OF SEMI-BATCH AND CONTINUOUS OZONATION
PROCESSES

3.1 The determination of reaction rate constants in semi batch process

for catalytic and non-catalytic ozonations

Data taken from the semi-batch reactor were analyzed for both AR-151 and RBBR dyes
to determine the reaction rate constants in the presence and absence of the catalyst
particles. The data available were the dye concentrations measured as a function of

ozonation time and they were used in the rate analysis by Differential Method [189].

The reaction between ozone and dye molecule follows a second order Kkinetics with
respect to both ozone and dye concentrations [103]. The rate law for the reactant dye is

interpreted by the following equation [113,189]:

—1rp =kCq . Co (3.1)

where —r, is the reaction rate for dye in mol/(L.s), k is the reaction rate constant in
L/(mol.s), C, is the Os concentration in the liquid phase in mol/L and C, is the dye

concentration in mol/L. In a constant volume semi-batch reactor, the measure of

reaction rate of dye is given by the rate of change of the dye concentration with time:

dc
= dtD (3.2)

Here, t is the time in s. The reaction in Equation (3.1) can be simplified for the semi-
batch reactor by taking the O3z concentration in the liquid phase constant, now the rate
law becomes pseudo-first order which is the order of a reaction when the concentration

of one of the reactants being much larger than the concentration of the other which does
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not change appreciably during the reaction. In the semi-batch experiments, the liquid
phase O3 concentration was accepted as constant since the solution was ozonated to
reach the equilibrium concentration of ozone so that O3 concentration in the aqueous
phase was almost uniform during the ozonation of dye molecules. Therefore, at the
uniform dissolved ozone concentration, the concentration of ozone in the aqueous phase
at any time was assumed to be equal to the equilibrium concentration of ozone

corresponding to the used operating conditions in the experiment.

C03,L(t)= CO3,e (3.3)
ry = dgtD ~KC,o .o =K'C, (3.4)
K =KkCq., (3.5)

where K is the pseudo-first order rate constant in s™ and Co,e Is the equilibrium

concentration of O3 in mol/L.

The pseudo-first order rate constant (k') can be found by the integration of Equation

(3.4) as follows:

Cp t
j dCy =k.j dt (3.6)
&, Co 0
C
In| =2 | =kt 3.7
(Cj @)

Here, C,; is the initial dye concentration in mol/L. The slope of the line in “ In(C—D]
D,i

vs. t” graph gives the pseudo-first order rate constant. Then, the overall rate constant (k)

can be determined by k= . The results of the semi-batch experiments were

0;.e
evaluated to find k' and k for the ozonation and catalytic ozonation of both AR-151 and

RBBR, separately.
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3.2 Determination of axial dispersion coefficient (D) and Péclet
number (Pe) from tracer experiments in continuous gas-liquid and gas-

liquid-solid reactors

The residence time distribution (RTD) of a chemical reactor is a probability distribution
function that describes the amount of time a fluid element spends inside the reactor.
Chemical engineers use the RTD data to characterize the mixing and flow within
reactors and to compare the behavior of real reactors to their ideal models. To determine
the residence time distribution in a reactor, tracer experiments are conducted by
injecting a non-reactive tracer with a known initial concentration into the reactor and by
measuring its output concentration with respect to time. Then, total tracer input injected

and tracer output are found from the following equations:

Total tracer input =V,; xC (3.8)
Total tracer output = QLJ'CT (t)dt (3.9)
0

Here, Vi, is the tracer injection volume in L, Cr is the inlet tracer concentration in mg/L,
Cq (t) is the concentration of the tracer at any time after its injection into the reactor in
mg/L and Q is the liquid flow rate in L/h. In a pulse tracer experiment, the integral in

Equation (3.9) is calculated numerically by evaluating the area under C.(t) versus t

graph according to the Simpson’s Rule [189].

0

[cr(t)dt = >.Cr it (3.10)

0

Then, residence time distribution function, E(t), can be found by the division of the
tracer concentration at any time to the area under the concentration versus t curve. E(t)

shows the exit age distribution with a unit of s™.

E)=——r (3.11)
[[eROL:
0
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The mean residence time of the reactor, tm, can be described by distribution functions,
the mean value of the variable is equal to the area under the “tE(t) vs. t” curve. The
mean residence time is the first moment of the residence time distribution function. The

area under the “tE(t) vs. t” curve is found from Simpson’s rule numerically [189].
t, = [tE)dt (3.12)
0

D t.Cr AL

tn = SC, AL,

(3.13)

The second moment of the residence time distribution function is called variance (o), it
is the square of the standard deviation and shows the degree of dispersion around the
mean. Variance is calculated by the area under “(t-tn)?E(t) vs. t” curve in Equation
(3.14).

o’ = T(t —t,)? E(t)dt (3.14)

Z(ti _tm)z CT| AL
o2 = (3.15)

ZCT,i AL

The calculation of mean residence time and variance enables the determination of Péclet
number (Pe.), a dimensionless number relating the rate of convective mass transfer to

the rate of mass diffusion.

o? 2 2 o
o _ — 1-e ™ (3.16)
tm2 PeL PeLZ ( )
pe = WHr (3.17)
DL

where ug is the superficial liquid velocity in m/s, Ht is the column height from the

injection point of the tracer to the point where tracer discharge is measured in m, D, is
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the liquid axial dispersion coefficient in m?/s. After calculating Pe;, D, can be found
from Equation (3.17) for a given liquid velocity. Ncsrr represents the number of
“Continuously Stirred Tank Reactors” (CSTRs) in series equivalent to model the non-
ideal reactor. It is calculated from the ratio between the mean residence time and the

variance.

t2
Nesir = —5 (3.18)

2
(o2

3.3 Modeling of ozone absorption into water in continuously operated

bubble column

Ozone absorption into water resulted from the gas-liquid mass transfer with the
simultaneously occurring ozone decomposition reaction. Additionally, the non-ideal
flow in the reactor was considered by adding a term showing the axial dispersion of
ozone in the liquid phase. The equations were written for the concentrations of O3 in the

gas and liquid phases at the steady state.
3.3.1 Model assumptions

In the reactor, ozone absorption was modeled considering the following assumptions:

e The reactor behaves according to the Axial Dispersion Model.

e Absorption process is realized at the isothermal condition so that all temperature
dependent properties such as liquid density, liquid viscosity, are constant.

e Superficial gas and liquid velocities are constant along the z-direction of the
column.

e Ozone gas is an ideal gas.

e In gas phase, there is no reaction of Os.

e Gas flows ideally in the gas phase.

e Henry’s Law is applied for the equilibrium concentration of ozone [190].

e Mass transfer resistance in the gas film is negligible [191,192].

e Atacidic pH (pH=2.5), the decomposition of ozone is negligible [193,194].

The equilibrium concentration of dissolved ozone, (C* ) was calculated according to

0,,L
Henry’s Law by the following equation [192]:
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CoL= ——Cos,G (3.19)

Here, p,and MW, are the water density in kg/m® and molecular weight of water, in
kg/kmol, respectively. C,_  is the gas phase Os concentration. H, is the Henry’s Law

constant calculated from the correlation of Sullivan [190].

(3.20)

Ho, =3.84x10’ [OH ‘]0'035 exp(_ 2428)

where [OH] is the concentration of hydroxyl radicals in mol/L and T is the temperature
in K.

3.3.2 Model equations

Model equations in Equations (3.21) and (3.22) were written in gas and liquid phases

for ozone concentrations, respectively:

dc )
Q_A(\;% - —kalcy  -C,..) (3.21)
dC d’C .
—?&' _diL =-D, dz%yL + kLa(C03,L _Cog,L) (3.22)

Here, C,, , is the Oz concentration in the liquid phase and ki a is the volumetric liquid

phase mass transfer coefficient. The following boundary conditions were applied in

solving these equations:

atz=0,
Co,c =Co, 6in (3.23)
Co,. =0 (3.24)

atz=H,
% =0 (3.25)

where C, ¢, is the inlet Oz concentration in the gas phase.
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3.3.3 Estimation of D, and k,a from modeling

The equations (3.21) and (3.22) included the unknowns D, and k a, which were to be
found or estimated. The RTD experiments enabled the evaluation of D, at different flow
conditions. In the modeling, the D, values calculated from the results of the RTD
experiments were used as the initial guesses of the axial dispersion coefficients at the
corresponding operating conditions. However, during the evaluation of the numerical
solution, a small modification of the D, value was needed to fit the experimental and

theoretical results satisfactorily.

The liquid phase ozone concentrations along the column measured in the ozone
absorption experiments were used to determine the “modified D ” and k a values
according to the model. The solution procedure in the model is given in Appendix G1.
The most appropriate D, and k, _a values were selected in the numerical solution giving
a good match between the experimentally and theoretically determined liquid phase
ozone concentrations along the column. In the numerical solution, the gas phase ozone
concentrations were found by making a simple iteration for a height increment of 0.1 m.
The dissolved O3 concentrations in the liquid phase were determined by solving linear
simultaneous equations with a tridiagonal coefficient matrix. The computer program

and the algorithm for the model are given in Appendix G1.

3.4 Modeling of dye ozonation process

Dye ozonation was modeled considering the mass transfer of ozone from gas to liquid
phase and the reaction in the liquid phase. In catalytic ozonation, also the transfer of

both the dye and ozone from the liquid phase to the catalyst surface was considered.

3.4.1 Sole ozonation

In the modeling of dye ozonation process, three equations namely, for gas phase O3
concentration, liquid phase O3 concentration and liquid phase dye concentration were
written. In the liquid phase equation, a term related with the chemical reaction between
the dye and O3 was added. Also, the mass transfer coefficient (k.a) was written in the
enhanced form [(k.a)g] due to the chemical reaction. The modeling equations were
written at steady state condition.
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3.4.1.1 Model assumptions

The same assumptions as in Section 3.1 were applied in the modeling of dye ozonation.
In addition, the following assumptions were used:
e The reaction occurs between dye molecules and ozone. The reaction between
ozonation by-products and ozone is not included in the liquid phase equation.
e The dyes are not volatile so that an equation is written only for the liquid phase

dye concentration.

3.4.1.2 Model equations

Model equations of (3.26) and (3.27) were written in gas and liquid phase ozone
concentrations, respectively; besides, Equation (3.28) was for the liquid phase dye

concentration:

Q. dCy .
Nt =-ka)lc, o) (3.26)
dc d’C . n
% dozayL =B dz%’L +(kLa)E.(C03 _Cova)_ KCp Co,1 ~koCo, Coy  (3.27)
dc d’C
Q_Atd_ZD =D, S 2-1kCo Co,l (3.28)

Here, r, is the stoichiometric mole ratio between ozone and dye in the unit of (mole of

dye/mole of ozone). kp is the decomposition rate constant of ozone in the liquid. The

term related with the ozone decomposition was added for the experiments at pH = 7 and

10. The terms for the values of (kp C[‘OH) group in the ozone decomposition term at pH

= 7 and 10 were determined by observing the dissolved O3 concentrations with respect

to time in a batch reactor previously by the author [195]. Those values (kp C?OH) were

found as 3.5x10™ s™ at pH = 7 and 15.3x10™ s™ at pH = 10. The following boundary

conditions were applied in solving the Equations (3.26-3.28):

atz=0,
COS,G = CO3,G,in (3.29)
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Co =0 (3.30)

C, = CD’in (3.31)
atz=H,
dc
= (3.32)
dz
aC _y (3.33)
dz

where C, ;. is the inlet dye concentration in the liquid phase.

3.4.1.3 Estimation of (k_a)e from modeling

The equations (3.26) to (3.28) were solved simultaneously in the model. The procedure
for the numerical solution, the computer program and the algorithm are given in

Appendix G2. The stoichiometric ratio between the dye and ozone as mole basis (r,)

was determined for RBBR and AR-151 dyes from the simple mass balance in the gas-
liquid reactor. r values were found as 0.1 mole dye/mole O3z for RBBR and 0.17 mole
dye/mole O; for AR-151. The reaction rate constant values were found as seen in
Section 5.1.2 of this thesis, from the kinetic evaluation of semi-batch dye ozonation
experiments conducted for RBBR and AR-151. The enhanced k, a values were obtained

from the numerical solution by fitting the liquid phase dye and ozone concentrations

calculated from the model equations to the experimentally measured ones.
3.4.2 Catalytic ozonation

The reaction of ozone with dye molecules in a three phase catalytic system can be
considered by the physical (mass transfer) resistances between gas, liquid phases and
catalyst particles and the chemical resistances. The sketch showing the resistances
involved in the ozonation of an organic molecule (dye) on the catalyst surface is shown
in Figure 3.1.
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By considering the overall steps and resistances in the modeling, the rate of absorption
of O3 from gas phase to liquid interface and to the bulk of the liquid is shown in
Equations (3.34) and (3.35):

p=kea (R, -F;) (3.34)
u=kalcy -C,,.) (3.35)

Here, u is the rate of the ozone absorption; ks and k_ are the mass transfer coefficients
in the gas and liquid phases, R, and P(;; are the partial pressures of O3 in the gas phase
and at the gas-liquid interface, respectively. The relation between the partial pressure of

O3 and the concentration of Os at the gas-liquid interface is found from the Henry’s Law
relation as stated in Equation (3.36) [196].

Fo, =Ho,Co, (3.36)
Solid
G Ke " resistance Catalyst
as gas v . pellet
film I.|q. Liquid (bulk)
film
PO3
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CO3,L
Decomp. Coss
n

Lig. Phase rxn

Figure 3.1. The resistances involved in the ozonation process in the three phase FBR.

In the bulk liquid phase, ozone reacts with organic molecules by a second order reaction
with respect to both dissolved O3 concentration and organic concentration in the liquid
phase as shown in Equation (3.37) [94,103,195]. Besides, at alkaline pH, ozone
decomposes to radicals with Equation (3.38) [97,190]. Finally, the diffusion of
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dissolved O3 in the liquid phase onto the catalyst surface occurs [Equation (3.39)]. The
total O3 absorption rate is the addition of steps (3.37) to (3.39).

4, =kCq  Cy (3.37)
#; = koCo, C". (3.38)

ps =kamCy  —Cy ) (3.39)
p=kCqo, Cp +kCq C" +kam(Cs  ~Co ) (3.40)

In Equation (3.38) n is the order of hydroxyl ion concentration in the rate equation. The
value of n mainly depends on the solution pH. In literature, different values of n were
found; Sullivan and Roth [190] proposed n as 0.12 for the pH 0.5-10, whereas Stumm
[97] used a value of 0.75 for n for pH 7.6-10.4. Here, ks is the liquid-solid mass transfer
coefficient, as is the external surface area of the catalyst particles and m is the solid

loading per unit volume of the continuous reactor.

On the catalyst surface, a catalytic reaction between O3 and dye molecules occurs. Since
O3 is the relatively slightly absorbed reactant from the gas to the liquid and then to the
solid phase, it would be acceptable to consider the organics (the dyes) in excess
concentration on the catalyst surface. Therefore, the reaction on the catalyst surface was
assumed as a pseudo-first order reaction with respect to the Oz concentration [Equation
(3.41)].

u1=kemCy Cp s =kgmCy ¢ (3.41)

Here, kg is the reaction rate constant between the dye and ozone on the catalyst surface.
On the catalyst surface, the diffusion rate of O3 [Equation (3.39)] is equal to the surface

reaction rate [Equation (3.41)]. Then, C, , is found as a function of C, , in Equation

(3.43).
k‘RmCO3,s = ksasm(cog,l_ - Cog,s) (3.42)
C
Co3,s = Ll; (3.43)
1+ R
kSaS



n 1
u=|kCpy +k,CI_, + 1 1 Co,.
—+—
kam kim
P,
H=F 7
1 . Ho, . Ho, :
+
| ksaim  Kgm |

(3.44)

(3.45)

(3.46)

In the modeling of dye ozonation process with the catalyst, the equations were similar to

those in the dye ozonation process without the catalyst. One additional term including

the mass transfer of both the dye and ozone to the catalyst surface was written in the

corresponding liquid phase equation for each reactant. Here, it was assumed that there

was no diffusion of gaseous ozone onto the catalyst surface.
3.4.2.1 Model equations in FBR

Mass balance for gaseous ozone

Q dCo, ¢

A dz = _(kLa)E'(C(;g - Cog,L)

Mass balance for liquid phase ozone

Q dC ’ d*C » * n
KL% B _DL dz(; L +(kLa)E'(C03 _Cova)_ k'CD'CO3vL N kDCO3'LC7OH

- ks.as.m(Cos,L - CO3,S)
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Mass balance for the dye in the liquid phase

QdS, _ , d'Cy

A dz dz’

—1,kCpCo, . —k,a.M(Cy ~Cy,) (3.49)

Equations (3.48) and (3.49) include the terms, dye and ozone concentrations at the

catalyst surface, namely C,  and C, .. Those equations were simplified by

substituting Equation (3.44) into Equation (3.48). Also, the mass transfer of dye
molecules from the liquid phase onto the catalyst is arranged by equating the mass

transfer rate to the reaction rate on the catalyst surface [Equation (3.50)].

. . C r.C
ksasm(CD _CD,S): rski:zrn(:03,3 =rkem 03; 1 : OSYLl (3.50)
R _
1+ ka, kem kam

dC d’C
&& =-D %L +(kLa)E.(C;3 _CO3,L)_ k-CD 'CO3,L - kDCO:,;,LC[]o

A dz b dZ H
CO3,L
-t (35D
e
kem Kkam
Qudc, . dc, ~ rCou
= DL ko Co 5 (3.52)
k.-m kam

Two different cases can be considered in the modeling:

(i) Rapid reaction on the catalyst surface

C
1 « 1 andthe term———%t
kem ~ kam 1 N 1
kem kam

ST's

becomes almost equal to k.a,mC, | .

(i) Slow reaction on the catalyst surface

C
1 ) L andthe term———%t
kem ~~ kam 1 N 1
kem kam

ST's

becomes k,mC, | .
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The boundary conditions of the model equations for catalytic dye ozonation are the

same as those of the non-catalytic dye ozonation modeling.
3.4.2.2 Estimation of (k_a)s from modeling

The equations (3.47), (3.51) and (3.52) were solved simultaneously in the model. The
procedure for the numerical solution, the computer program and the algorithm are given
in Appendix G3. The reaction rate constant values were found from the Kkinetic
evaluation of semi-batch catalytic dye ozonation experiments conducted for RBBR and
AR-151 (Section 5.1.2). The equations were solved by considering fast reaction of the
dye and ozone molecules on the catalyst. In literature, the reaction of ozone with the dye

molecules was shown to be fast in the bulk liquid phase. [46, 103]. The enhanced k, a

values were found in the numerical solution to match the theoretically and
experimentally determined dye and dissolved O3 concentrations in the liquid phase. For
the determination of liquid-solid mass transfer coefficient (ks), the correlation proposed
by Ohashi et al. [197] was used. This correlation was a good prediction of the liquid-
solid mass transfer by calculating Sherwood number [Equation (3.53)]; then, ks was
found from Equation (3.54):

0.59
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Dog,D
= D” (3.55)
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3,

where $h is the Sherwood number, e is the energy dissipated per unit mass of liquid, Sc
is the Schmidt number, 44 and p_ are the liquid viscosity and density, respectively,

Do, o Is the diffusivity of Os into dye solution, and v is the kinematic viscosity of the

liquid. The energy dissipated was calculated from Equation (3.56) for three phase
fluidized beds:

o= [(UG +U, ngps +& P +5GPG)_ULPL _uepe]g (3.56)
ELPL
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CHAPTER 4

MATERIALS AND METHODS

4.1 Materials

Acid Red-151 (AR-151) and Remazol Brilliant Blue R (RBBR) are the dyes used in the
sole ozonation and catalytic ozonation experiments. AR-151 and RBBR dyes were
obtained from Aldrich Chemical Company (Milwaukee, USA) and Acros Organics
(New Jersey, USA), respectively and used without further purification. The other
chemicals were used for the regulation of pH, for the determination of gas and liquid
phase Os concentrations, for the preparation of the perfluorooctyl alumina (PFOA)
catalyst and for the analysis in High Performance Liquid Chromotograph (HPLC). All
the chemicals except used in HPLC analysis, were reagent grade and supplied from
Aldrich Chemical Company or Acros Organics. The chemicals in HPLC analysis,
HPLC grade chemicals were used. The water in the experiments was distilled and
deionized water and for HPLC analysis, HPLC grade water was utilized. Alumina, in
the from of y-alumina, was used as the catalyst and the support for the PFOA catalyst.
y-alumina particles were received from Damla Kimya Limited Sti, Ankara; those
particles were composed of different sizes so that they were sieved and the desired sized

alumina particles were selected before using.

4.1.1 Specifications of AR-151 and RBBR dyes

AR-151 is an azo dye containing two azo groups (-N=N- group) and one sulfonate group
(-SO3;Na). RBBR has no azo group, it is an anthraquinone dye with two sulfonate
groups, one of which is carbonated (-SO,CH,CH,OSO;Na). The chemical structure of
the dyes are represented in Figure 4.1. The maximum light absorption wavelengths of
the dyes were 512 nm and 591 nm for AR-151 and RBBR, respectively. Calibration
curves describing the linear relationships between the dye concentration and absorbance
at the maximum wavelength were obtained for these dyes and these curves are given in

Appendix A.
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Figure 4.1. The chemical structures of the dyes used in the experiments

4.2 Apparatus

Throughout the study, two different types of reactors, namely a semi-batch reactor and a
fluidized bed reactor were used. The kinetics of both AR-151 and RBBR dyes in the
presence and the absence of the catalysts were studied in the semi-batch reactor. Also,
the efficiency of Alumina and PFOA catalyst in the dye ozonation process was
investigated in the semi-batch experiments. Hydrodynamic studies and dye ozonation

experiments at steady state were conducted in the fluidized bed reactor.
4.2.1 Semi-batch reactor

The experimental set-up used consists of 1 L rounded bottom glass reactor with several
input/output ports for ozone gas inlet, and outlet, sampling, pH electrode and a
mechanical stirrer [106]. The experimental set-up is shown in Figure 4.2. Ozone fed to
the reactor is produced from dry air in the semi-batch experiments. Therefore, ozone gas
inlet is attached to the Fischer type OZ-502 generator producing O; from dry air. The
gas flow rate is monitored by a flow meter on the generator and a rotameter is placed
between the ozone generator and gas inlet of the reactor. After the flow meter, a three
way valve is placed to measure O3 concentration in the inlet gas composing a mixture of
O; oxygen and nitrogen. For this purpose, before sending Os/air mixture to the reactor,

by changing the direction of flow in the three-way valve, the gas flow is sent to the gas
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washing bottles which contain 2% potassium iodide (KI) solution. The temperature
during the semi-batch experiments is kept at 25°C using a water bath. During the
experiments, the reactor with its support part is placed into the water bath. The produced
Os/air gas mixture diffuses into water through a stainless steel tube entering into the
bottom of the reactor. A mixer with high speed at the bottom of the reactor, provides the
uniform distribution of gas bubbles throughout the reactor. Gas washing bottles with 2%
KI solution are placed to the outlet of the gas exiting from the reactor and they are used

to determine the ozone concentration in the off-gas, by the KI method [198].

=il

O

air

1. Dry air tube, 2. O; generator, 3. Os inlet, 4. O; outlet, 5. KI traps, 6. Reactor,
7. Water bath, 8. pH electrode, 9. Sampling point, 10. Stirrer, 11. Three way-valve, 12. Gas flow

meter, 13. Mixer

Figure 4.2. The semi-batch reactor

4.2.2 Fluidized bed reactor

The fluidized bed reactor is a cylindrical plexiglass column with an inside diameter of 8
cm, wall thickness of 0.5 cm and a total height of 150 cm. All of the components of the
reactor and experimental system are made of plexiglass, teflon or stainless steel to

prevent corrosion by ozone. The liquid phase is fed to the column from just the bottom.
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O3 is produced from dry air or pure oxygen using Fischer OZ 502 or Ozomax 2VTTL
types of ozone generators, respectively. A gas flow meter controls the flow rate of the
gas. After the ozone generator, the gas flow is separated to two ways, one going to a gas
flow meter controlling the flow rate of the gas to the reactor and the other going to a gas
washing bottle collecting the excess gas. A ball valve is used to regulate the flow rate of
the excess gas. After the flow meter, a three way valve is placed to determine the inlet
gas phase O3 concentration. As in the semi-batch system, the gas is sent to the KI traps

by changing the direction of gas flow with the help of the valve.

Os/air or Os/oxygen mixture is the gas phase introduced to the reactor via a gas
distributor 9 cm above the liquid entrance. Gas and liquid phases flow co-currently
upward in the reactor. The gas distributor is composed of three glass discs. The
configuration of the discs is shown in Figure 4.3. For the gas distributor, porous fritted
discs with a diameter of 3 cm and a pore size of 40-50 um are used. The overall height
of the distributor with its tubes and discs is 4 cm. The gas flows into the discs separately
from each other and the flow going to each disc is regulated by the valves placed before
each disc. Inside the column, the fritted discs are placed in such a way that their
distances from the sides of the column and from each other are equal forming an
equilateral triangle. By this way and with the help of the valves, uniformity of gas flow
is ensured in the column. In the catalytic ozonation experiments, the catalyst particles
were filled into the column above a sieve positioned just above the gas distributor. The
sieve is stainless steel with the openings of 0.5 mm and is placed 2 cm above the gas

distributor.

Figure 4.3. The configuration of the gas fritted discs.
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The liquid storage tank has a capacity of 65 L. The liquid is pumped from the storage
tank into the column by a Baldor type centrifugal pump with a power of 5 hP and
pumping rate of 1725 rpm. At the exit of the pump, there is a by-pass valve to regulate
the flow rate of the liquid. The pump working flow rate is in the range of 30-300 L/h.
After the pump, the liquid flow is controlled by a liquid rotameter placed before the
reactor. The liquid entering the reactor is distributed via a specially designed distributor
for its uniform dispersion in the column. The liquid distributor is placed 3.5 cm above
the liquid entrance. A schematic diagram of the liquid distributor is shown in Figure 4.4.
It is a triangular pitch type perforated plate made of stainless steel. The distributor
contains 613 evenly distributed holes with 1-mm diameter. The holes on the perforated
plate are placed in configuration of 3 mm distance from center to center of the holes.

The plate thickness is 0.8 mm.

Figure 4.4. The configuration of the liquid distributor

Along the column height, there are some ports for manometer inlets, manometer outlets,
liquid sampling, catalyst loading and liquid outlet. The pressure drops in the column are
measured by two U-tube manometers along the column. The places of the manometer

inlets and outlets are shown in Figures 4.5 and 4.6. These two manometers measure the
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overall pressure drop along the column. U-tube manometers are filled with carbon
tetrachloride (CCly) as manometer liquid. The injection port placed 44 cm above the

liquid entrance enables the loading of catalyst particles into the column.

There are eight sampling ports along the column. Samples are taken from the ports by
the help of teflon stopcocks connected. Two of the ports are at the point where the gas
distributor ends and they are situated on the opposite side of the column. The other two
are positioned at 12 cm above the end of the gas distributor on the same side of the
column as the other two. The other two sampling points lie 32 cm above the gas
distributor and the last ones are at 88 cm above the liquid entrance. The configuration of

the overall system is shown in Figure 4.5.

12

...................

A
L'_

14

Figure 4.5. The schematic diagram of the overall fluidized bed system (un-scaled): 1-
dry air tube, 2-ozone generator, 3-gas flowmeter, 4-ozone inlet, 5- liquid inlet, 6- liquid
reservoir, 7-centrifugal pump, 8-liquid distributor, 9-gas distributor, 10-PFOA catalyst,
11-manometer taps, 12-ozone outlet, 13-liquid outlet, 14-KI traps, 15-liquid outlet tank.
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At 100 cm above the liquid entrance, there is an outlet for the liquid stream. The liquid
stream 1is sent from the outlet to a 50 L waste tank via a two way valve. The section
between the liquid outlet and the top of the column is called “disengaging section”, in
which only gas flows through the gas outlet. This section prevents the overflow of
liquid stream into the gas outlet tubes. The gas stream flows from the top of the reactor
through the teflon tubes connected to the washing bottles for the collection of unreacted
ozone. The entrained particles are kept in the column by a screen placed just before the
liquid outlet. The scaled drawing of the column with the other parts is given in Figure

4.6. Also, a photograph of the fluidized bed reactor can be seen in Figure 4.7.
4.3 Characterization of the catalysts

In the catalytic ozonation experiments, two different types of catalyst were used: one of
them was alumina and the other one was PFOA.The PFOA catalyst was prepared from

alumina.
4.3.1 Specifications of alumina and perfluorooctyl alumina (PFOA)

The particles taken from Damla Kimya Ltd. Sti. are composed of activated gamma
alumina (y-Al,O3). Its main properties are shown in Table 4.1. The alumina was a
mixture of different sized particles therefore the particles were sieved through wire
mesh sieves of ASTM scales. After the particle size was investigated, the differential
screen analysis was performed. Table 4.2 presents the results of the screen analysis. The
particles of the size 1.6-2.4 mm (those remained on 8/10 mesh sieve) were collected and
selected as the alumina catalyst and catalyst support in the preparation of perfluorooctyl

alumina (PFOA).

Table 4.1. The main properties of activated alumina.

A12032 93.6
Content, % Fsgzo(;;:069022
Nay0: 0.35
Loss on ignition, % 6
Crushing strength, kg 18.6
Abrasion loss, % 0.4
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Figure 4.6. Schematics of the fluidized bed column (Scale 1:3, the column is scaled).
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Figure 4.7. The photograph of the fluidized bed column.
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Then, the density of alumina particles was determined by weighing a small amount of
alumina and measuring its volume. After the preparation of PFOA particles, their
density was calculated also. The average density of alumina and PFOA particles were

found as 2570 kg/m’ and 1250 kg/m’, respectively.

Table 4.2. Differential screen analysis of alumina particles.

Mesh AD, Ocat, mm Ocat ave, mm
4/6 0.513 3.327 4.013
6/8 0.385 2.362 2.844
8/10 0.096 1.651 2.006

10/14 0.006 1.168 1.410

Alumina and PFOA catalysts were analyzed for the catalyst surface area and pore size
distribution. The surface characterization analyses were made in the Central Laboratory
of MLE.T.U. The surface areas of the catalysts were determined by physical adsorption
of nitrogen on the solid surface using the BET method. The pore volume and pore size
distribution were determined by the nitrogen adsorption/desorption method. The
nitrogen desorption isotherm was used for the calculation of pores and average pore
size. The characterization data are presented in Table 4.3. It was observed that alumina
had the highest surface area, and the surface area decreased with the increasing amount
of PFO acid in alumina. Since AR-151 had an acidic character, the dye molecules could
be adsorbed easily on the acidic alumina, whereas the adsorption on PFOA might be

limited due to both its lower surface area and the hydrophobic surface characteristics.

Table 4.3. The characterization of alumina and PFOA.

Type of the catalyst Aggr, m/g d,, A° V7, cc/g
Alumina 276.6 50.51 0.349
25% PFOA 209.6 50.27 0.263
50% PFOA 195.8 51.42 0.252
100% PFOA 140.8 49.53 0.174
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The surface properties of alumina and PFOA catalysts before and after the dye
ozonation process were characterized by the Surface Electron Microscopy (SEM)
analysis realized in Metallurgy and Materials Engineering and and Fourier Transform

Infrared (FT-IR) Spectroscopy analysis realized in Central Laboratory of M.E.T.U.

4.3.2 Preparation of perfluorooctyl alumina (PFOA)

Perfluorooctyl alumina (PFOA) catalyst was prepared according to the procedure given
in the patent of Wiesermann et al. [199] and Kaspryzk-Hordern et al. [35]. As the
product supplied from Damla Kimya, the particles were in different sizes in the mixture;
therefore, firstly 2-mm alumina particles were obtained by sieving as explained before.
Secondly, these alumina particles were calcined at 600°C in the calcination oven at least
6 hours to achieve y-alumina type. Then, calcined alumina particles were used in the

preparation of PFOA catalyst.

The PFOA catalyst was prepared with the impregnation of perfluorooctanoic acid on
alumina particles. Perfluorooctanoic acid interacted with the hydroxyl groups on the
alumina surface. For the preparation of PFOA called 100% in semi-batch experiments,
first 6.48 g of perfluorooctanoic acid monohydrate (96% purity) was weighed and added
to 100 mL of deionized water in a flask to make 0.15 M PFO acid solution. The solution
was mixed with a magnetic stirrer at least half an hour to attain a homogeneous
emulsion. Then, 10 grams of calcined alumina was weighed and added into the PFO
acid solution. The PFO acid solution containing alumina was placed in a shaker whose
temperature and shaking speed were previously regulated to 60°C and 400 rpm,
respectively. The reaction between PFO acid and alumina required 4 hours at 60°C in
the shaker. After the reaction was completed, the mixture was taken from the shaker and

was cooled to the room temperature.

The filtration of the particles from the solution was an important process. First, the
remained solution was separated from the particles by filtration in a vacuum filtration
unit. Then, the particles were washed with 100 mL of 0.1 M NaHCOs solution at least 1
hour to remove the unreacted perfluorooctanoic acid molecules from the surface of the
particles. The particles were filtered and washed with 200 mL of deionized water for 1

hour. Finally, the particles were dried at 60°C in an oven for 6 hours.
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The other types of PFOA (25% (w/w) PFO on alumina and 50% (w/w) PFO on
alumina) were also prepared by the reaction of different amounts of PFO acid with 10 g
of alumina. For the preparation of 50% PFOA, 100 mL of 0.075M PFO acid was used
with 10 g of alumina. Similarly, 25% PFOA was prepared by the reaction of 100 mL of
0.0375 M PFO acid with 10 g of alumina. Otherwise the amount of PFO acid to be
reacted with alumina, all the procedure remained the same with that in the preparation

of 100% PFOA.

4.4 Experiments in semi batch reactor

The efficiency of catalytic ozonation and the kinetics of the catalytic ozonation process

were investigated in the semi-batch reactor continuously operating gas phase.
4.4.1 Preparation of the dye solutions

For an experimental run, a dye solution at the desired concentration was prepared by
dissolving the required amount of the dye in 50 mL of deionized water for semi-batch
experiments. To ensure complete dissolution of the dyes, the solution was mixed about
half an hour on a magnetic stirrer at 40°C. The high temperature enabled the complete
dissolution of the dyes in water, especialy AR-151 which was harder to dissolve. Then,

the solution was cooled to the room temperature.

4.4.2 Experimental procedure

The reactor was operated in a semi-continuous mode by feeding ozone gas continuously
into the reactor containing the dye solution at the desired initial concentration, at a
chosen pH and at a temperature of 25°C. Buffer solutions of K;HPO4/KH,PO4/H3PO4
were used for the adjustment of pH to 2.5 and 7 in the reaction medium. For pH = 13,
sodium hydroxide (NaOH) was utilized. The pH values of the prepared solutions before
and after ozonation were measured by using a WTW 3301 pH-meter set. Before using,
the pH-electrode was cleaned with 3 M KCl solution and the pH-meter was calibrated

with the buffer solutions.

First, ozonation was applied to 950 mL of aqueous solution of which pH was regulated.

For this purpose, the aqueous solution to be ozonated was prepared by adding 900 mL
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of deionized water and 50 mL of buffer solution at the desired pH into the reactor. For
the experiments at pH of 13, 4.5 g of NaOH was added into 950 mL deionized water to
prepare the solution to be ozonated. The buffered solution in the reactor was ozonated
for about 20 min to reach an equilibrium concentration of ozone at the operating
conditions in the aqueous solution. The time to reach the equilibrium concentration of
dissolved O3 was controlled by taking some aqueous samples from the reactor and
analyzing them for dissolved O3 concentration. After 20 min of ozonation, 50 mL of dye
solution of which preparation procedure being given in 4.4.1, was added into the reactor
while continuously ozonating the contents of the reactor. For the analyses of COD, dye
concentration and O3 concentration in the liquid phase, the samples at specific time
intervals were withdrawn from the reactor into the sample bottles operated under
vacuum in order to prevent the escape of Os into the gas phase. One mL of 0.025 M
sodium thiosulphate (Na,S,03) solution was added into each sample bottle in order to
remove any residual ozone in the sample for preventing the further reaction in the
bottle. The reaction pH, types of catalysts, types of dyes, initial dye and ozone
concentrations, and ozone dose were the independent variables in the experiments. The
ranges of these variables are shown in Table 4.4. The gas flow rate, temperature, stirrer
rate and catalyst dosage were kept constant at 150 L/h, 25°C, 300 rpm and 5 g,

respectively.

Table 4.4. The variables in the semi-batch experiments.

Parameter Value
Cp,i, mg/L 100, 200, 400
Dos, mmol/h 24.38, 35.42,46.04
pH 2.5,7.0,13.0
Dye type AR-151, RBBR
Qg, L/h 150
Stirrer rate rpm 300
Catalyst type Alumina, (25%, 50%, 100%) PFOA
COD;, mg/L AR-151: 200; RBBR: 232
T, °C 25
Meat, 5
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The same procedure was followed also in the catalytic ozonation experiments. Only,
before starting to ozonate the aqueous solution, the desired amount of catalyst was
added into the reactor, which formed a heterogeneous phase in the system. The received
samples from the reactor were kept waiting about an hour to ensure the settling of the

turbid portion in the samples; thus, the accuracy in the results was guaranteed.

4.5 Experiments in fluidized bed reactor (gas-liquid-solid)

In the fluidized bed reactor, tracer experiments for the determination of liquid
dispersion in the reactor, Oz absorption experiments for the calculation of gas liquid
mass transfer coefficient, experiments to specify the reactor hydrodynamics and dye
ozonation experiments were conducted. The water used in all the experiments was
distilled water. The dye solutions were prepared according to the procedure given
before. However, the required amount of the dye was dissolved in 1 liter of distilled
water instead of 50 mL deionized water. Again half an hour mixing at 40°C was needed
to have a completely dissolved dye solution. Then, the prepared 1-liter solution was

added to about 60-liter distilled water and was placed in 65-liter capacity storage tank.

In the fluidized bed experiments, ozone concentration in the gas phase was adjusted by
the dose regulation button on the Fischer 502 ozone generator in which ozone was
produced from dry air. For the experiments in which oxygen was the ozone producing
gas, the gas phase ozone concentration was constant at the value of 0.903 + 0.088 mmol

Os5/L gas (43.30 = 4.22 mg O3/L gas).

The experiments were conducted at the room temperature. The room temperature was
18.6 £ 1.2°C for the winter and 24.8 £ 1.4°C for the summer. Liquid samples were
periodically taken from the column until the steady state was reached. Then, the
experimental run at the steady state was continued by taking liquid samples along the

height of the column.
4.5.1 Tracer experiments

The tracer experiments were conducted to determine the ideality of the flow distribution
in the liquid phase. A tracer stimulus-response technique was used for studying the

mixing characteristics of the reactor. The experiments were conducted at different gas
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and liquid superficial velocities in the presence or absence of the particles. Tracer
experiments in the presence of particles were conducted by the addition of 150 g PFOA

into the column.

In general, the process model of the reactor is based on ideal plug flow. But, in small
tubular reactors, a non-ideal pattern referred as ‘“axial dispersion” is observed [29].
Tracer or “residence time distribution” experiments are conducted to find the axial
dispersion level of the reactor. In the tracer experiments, a non-reactive tracer is injected
into the reactor with a syringe at the inlet. The concentration of the tracer is changed
according to a know function and the response of the function is found by measuring the
tracer concentration at the outlet. The tracer can be given to the reactor as pulse or step
input, by injecting a small volume of the tracer as a pulse or introducing it along the
time, respectively. The dispersion in the liquid is a function of gas and liquid superficial

velocities in the reactor.

In the tracer experiments, the gas phase was dry air whereas distilled water was the
liquid phase. RBBR was selected as the tracer injected into the column since its
concentration was followed easily by measuring its absorption at 591 nm in UV/visible
spectrophotometer and it was an unreacted material with air. The injection was like a
pulse input by the help of an injector. The injector was placed 8.5 cm above the liquid
entrance. The tracer (RBBR) at a concentration of approximately 4 mg/L (corresponding
to an amount of 76.3 mg tracer), was injected into the reactor and the distribution of the
dye concentration was observed. From the sampling point at the top (sampling point 80
cm above the injector), samples were withdrawn at different time intervals and the
samples were analyzed for RBBR concentration. In other words, the column height
between the injection point and liquid outlet was 80 cm. For the tracer experiments, the
variables were superficial gas and liquid velocities; gas velocity was varied between
3.3x10” m/s (corresponding to gas flow rate of 60 L /h) and 11.1x10” m/s (Qe=200
L/h), while the superficial liquid velocity was varied within the range of (1.7-19.4) x107
m/s, corresponding to liquid flow rates within the range of (30-350 L/h), respectively.
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4.5.2 Ozone absorption experiments

Gas-liquid volumetric mass transfer coefficient (k a) has an importance in ozonation
reactions and its magnitude is strongly dependent on the reactor type, hydrodynamics,
gas and liquid flow rates in the system and the presence of a chemical reaction.
Therefore, the determination of k a in the FBR at different flow conditions and in the
presence and absence of the catalyst was needed. For this purpose, the absorption of
ozone into the liquid phase was realized firstly in the absence of a chemical reaction;
thus, the dye was not added in these experiments. Also, the decomposition reaction of
O3 in the liquid phase was neglected by studying the absorption at the acidic pH of 2.5.
Because the rate of ozone decomposition was known to be insignificant at acidic pH

[39,44].

In the experiments, the FBR was operated by using distilled water at pH = 2.5 as the
liquid phase and air/O; or oxygen/O; mixture as the gas phase. Ozone was produced
from dry air or oxygen. About 60 L of distilled water was placed in the liquid storage
tank. 1000 mL of 0.1 M H,SO, solution was added to regulate its pH to 2.5. After the
preparation of the solution to be ozonated, ozonation started by operating the ozone
generator regulated to required Oz dose and gas flow rate. The gas flow was sent to the
gas washing bottles to measure the inlet O3 concentration in the gas before sending to
the FBR. Then, the gas flow to the reactor was started by changing the three way valve
direction. Meanwhile, the solution in the storage tank was pumped into the reactor.
Afterwards, manometer taps were opened quickly to measure the pressure drop along
the column. Samples were withdrawn from the sampling ports along the column and at
different time intervals into 100-mL flask which containing a known volume of Indigo
reagent solution to measure the residual (dissolved) ozone concentration. Ozone
concentration in the outlet gas was determined by sending the off gas into gas washing

bottles during the reaction [198].

The variables in the experiments are given in Table 4.5. Ozone concentrations in the gas
at the inlet and outlet of the reactor, residual O3 concentrations in the liquid phase were
determined. The experiments were conducted until the time of the steady state and
steady state concentrations of ozone in the liquid phase were measured for different gas

and liquid flow rates, bed heights and catalyst dosages. In the catalyzed experiments, the
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required amount of the catalyst (alumina or PFOA) particles was filled into the reactor
and the experiment was started. These experimental results were used to predict the
liquid axial dispersion coefficients (D) and gas-liquid mass transfer coefficients (k_a)
from the modeling study according to the numerical method used which was given later

in the thesis.

Table 4.5. Independent variables of the ozone absorption experiments in the FBR.

Experimental Parameters Values
Qg L/h 45,70, 100, 125, 150
Q..L/h 30, 80, 110, 150, 200, 250
Cos.c,in, mmol O3/L gas 0.306 £0.017
pH 2.55+0.3
Particles Alumina, PFOA
Meat, € 25, 35, 50, 75, 100, 125, 150, 175
Ocat, mm 2.0

4.5.3 Hydrodynamic experiments in the reactor

The successful modeling and operation of a gas-liquid-solid fluidized bed system
depend on the determination of reactor hydrodynamics at different operation conditions.
Knowledge of minimum fluidization velocity enables the operation of the reactor at the
fluidized conditions which brings its advantages increasing mass and heat transfer in the
bed [200]. Therefore, the fluidization conditions were investigated at different gas and

liquid flow rates in the presence of alumina or PFOA particles.

The minimum fluidization velocity is the superficial liquid velocity at which the
particles begin to fluidize at the given superficial gas velocity [201]. The minimum
liquid flow rate or velocity to fluidize the particles is found by observing the pressure
drop increase along the column with the increase of liquid flow rate at a constant gas
flow rate. When fluidized, the pressure drop across the bed no longer alters with
increasing liquid flow rate. The liquid flow rate at which pressure drop starts to remain
constant, corresponds to the minimum fluidization velocity at the studied gas flow rate

[201].
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The experiments to determine minimum fluidization velocity were carried out by using
oxygen as the gas phase and distilled water as the liquid phase. The studied gas
velocities were changed between 1.66x10° m/s (Qg=30 L/h) and 8.30x107 m/s
(Qe=150 L/h) whereas the liquid velocity was changed between 1.66x107 m/s (Q =30
L/h) and 13.8x10° m/s (Q.= 250 L/h). Alumina or PFOA particles (25-125 g) were
filled into the reactor. Gas flow was introduced to the reactor at a constant rate. The
initial static bed height of the particles was 7.2 cm. Distilled water feed was started to
the column with a constant flow rate and the pressure drop along the column was
measured by the help of the U-tube manometers. Then, the liquid flow rate was
gradually increased and the pressure drops were continuously measured. The minimum
fluidization velocity was found by plotting pressure drop versus superficial liquid
velocity at a given gas velocity. The liquid velocity at which the pressure drop began to
not change any more with the increase of superficial liquid velocity corresponded to the

minimum fluidization velocity.

In the column, the gas hold-up was evaluated with the height measurements from

Equations (4.1) and (4.2).

Ah(1-¢,) = Ah, (4.1)
fo=1-1b (42)

where, h is the height of the aerated liquid in the column and hg is the original liquid
height before the gas flow. For the gas-liquid system, the total of gas and liquid hold-up

values is equal to one, as shown in Eqn. (4.3).

&g te =1 (4.3)

Similarly the hold-up values were found for the three phase system according to
Equation (4.4). Now, the solid hold-up (loading) was found from the relationship given
in Equation (4.5) between the catalyst loading amount (mMe), catalyst density (ocar),

reactor cross-sectional area (A) and expanded bed height (Hg).

Egté teg=1 (4.4)
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My
Eg = m (4.5)
For the gas hold-up measurement, the reactor was filled with the distilled water in the
absence of gas flow. Then, the liquid flow was stopped and the static (original) liquid
height was measured. Afterwards, the gas was sent to the reactor at a constant flow rate;
the aerated liquid height due to the gas flow was determined. For the reactor filled with
the catalyst particles, the same procedure was applied; however in that case, 125 g of
the particles were fed to the reactor and then, the liquid heights before and after the gas
flow were measured. The solid hold-up was found from Equation (4.4) by measuring

the expanded bed height during the experiment.
4.5.4 Dye ozonation experiments

The fluidized bed experiments were conducted operating the column in co-currently
continuous mode for gas and liquid flows entering at the bottom. Runs were performed
with different values of catalyst dosage, particle size, gas and liquid flow rates and pH.
In dye ozonation experiments, the same procedure used in the ozone absorption
experiments was followed. Bubble and fluidized bed column experiments were carried
out mainly at the acidic pH of 2.5 to eliminate the ozone decomposition reactions.
Several experiments were done at pH 7.6 and 10.5 to understand the effects of pH on
the ozonation and catalytic ozonation processes. The initial pH of the dye solution was
adjusted by 0.1 M H,SO, solution to the pH of 2.5. For initial pH values of 7.6 and
10.5, 1 M NaOH and 0.1 M H,SO, solutions were used as needed to prevent the adverse
effects of buffers on ozonation. Because it was known that phosphate buffer acted as a

scavenger in ozonation process [39,41].

Similar to the ozonation experiments in the semi-batch reactor, the gas leaving the
column was collected in a 600 mL washing bottle filled with 550 mL KI solution and
the ozone concentration at the outlet gas was determined by the iodometric titration

method [198].
The required amount of dye solution (65 L) was prepared as explained in the procedure

of semi-batch experiments. The experiment was started by introducing the ozone gas

mixture to the system. The gas flow rate and the ozone dosage were regulated. Before
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feeding into the column, the ozone concentration in the inlet gas was determined by
sending to the gas into a washing bottle containing 200 mL of KI solution. Then, the gas
flow was started into the column by changing the direction of the gas from the washing
bottle to the column. After a while, the liquid was from the column by operating the

pump and its flow rate was regulated. The pressure taps were opened.

During operation, the samples were withdrawn from the sampling ports at different
column heights and at different times until the steady state was reached in the column
and the run at the steady state was started. The steady state was reached in 7.5 min after
the begining of the run and the complete run continued about 20 min. In one sampling
point two samples were withdrawn: One sample was taken into 50 mL erlenmayer
containing 1-mL of 0.025 M sodium thiosulfate solution to quench the residual Os in the
sample. This sample was analyzed for the TOC, the dye concentration, and the by-
product concentrations. The other sample was added into a 100-mL volumetric flask in
which Indigo reagent was placed and the dissolved O3 concentration in the sample was
measured. The pressure drop along the column was determined from the height

difference of the manometer liquid.

For the catalytic ozonation experiments, the column was filled with the desired amount
and size of alumina or PFOA particles. In these experiments, the expansion of the bed
was recorded. In non-catalytic and catalytic experiments gas and liquid flow rates, gas
phase O3 concentration, inlet dye concentration, pH, catalyst type, catalyst dosage and
catalyst size were the studied experimental variables. The experimental values are listed

in Table 4.6.
4.6 Analytical methods

Samples taken from the semi-batch or fluidized bed reactor were analyzed for dye
concentration, dissolved ozone concentration, COD, TOC, ozonation by-products and

for gaseous ozone concentration.
4.6.1 Determination of dye concentration

Samples taken from the semi-batch or fluidized bed reactor were analyzed for the dye

concentration. To find the dye concentration in a sample, calibration curves showing the
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dye concentration versus the dye absorbance were obtained for AR-151 and RBBR dyes
at their maximum absorption wavelenghts of 512 nm and 591 nm, respectively. The
absorbance measurements of the dyes at different concentrations were accomplished in
Hitachi U-3010 type UV-visible spectrophotometer. After measuring the absorbances of
the dye samples taken from the reactor in the spectrophotometer, the concentrations

corresponding to the measured absorbances were found from the calibration curves.

Table 4.6. Variables for non-catalytic and catalytic ozonation experiments in FBR.

Parameters Values
Ozone produced gas Dry air, oxygen
Qg, L/h 30, 70, 150
Q, L/h 30, 70, 150, 250
T, °C 25
pH 2.5,7.6,10.5
Coszc,in, mmol/L gas 0.336, 0.435, 0.525, 0.611, 0.986, 1.410
Dye RBBR, AR-151
for RBBR 4.8,9.6,14.4,19.2
_ 2
Coin > 107, mmol/L for ARI51 | 6.6, 132, 19.8, 26.4
Catalyst Alumina, PFOA
Meat, 8 0, 25, 75,125
Ocat, mm 1.5,2.0,2.8

4.6.2 Determination of dissolved O3 concentration

In acidic solution, ozone rapidly decolorizes indigo dye; the decrease in the absorbance
of the dye is linear with increasing concentration of ozone. In this reaction, 1 mol indigo
reacts with 1 mol of ozone. In the experiments of semi-batch or fluidized bed reactor,
ozone concentration in the aqueous phase was determined by the Indigo method

[198,202,203].
Indigo stock solution and indigo reagent used in the experiments were prepared

according to the following procedure: 770 mg of potassium indigo trisulfonate with 0.5

mL H3;PO4 was dissolved in 1000 mL distilled water to obtain indigo stock solution.
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Then, indigo reagent was prepared by mixing 100 mL of indigo stock solution, 10 g

NaH,PO4 and 7 mL H3PO, in a 1000 mL volumetric flask and by diluting to 1000 mL.

To each of a series of 100 mL volumetric flasks, 10 mL of indigo reagent was added.
For the samples at high dissolved Os concentrations, 20 or 30 mL of reagent was put.
For blanks, one or more flasks were filled to the 100 mL-mark with distilled water.
Samples of the ozone -containing water were transferred to the remaining test flask of
the series. After adding the samples, a slightly blue color remained. Each of the test
flasks was filled to the 100 mL-mark with water. After mixing, the residual absorbance
of the ozone-containing samples and of the blank were measured at 600 nm in Hitachi
spectrophotometer. The concentration of residual indigo was found from the indigo
calibration curve, “indigo concentration versus absorbance” graph. The reacted indigo
amount as mol basis, equivalent to residual ozone in the sample, was determined from

the difference between the concentration of blank indigo and residual indigo.
4.6.3 Chemical Oxygen Demand (COD) analysis

Chemical Oxygen Demand (COD) analysis is applied widely for the wastewater
characterization purposes. It determines the organic content in the sample by measuring
the oxygen demand of the organics. The COD test uses a strong oxidant in an acid
solution and heat to oxidize organic carbon to CO, and H,O. The most commonly used
oxidant is potassium dichromate (K,Cr,O7). The oxidant is prepared in the sulfuric acid
(H2S0,) solution with a silver catalyst and a mercuric compound is used to reduce the

interference with chloride ions.

In the present experiments COD analysis was performed according to the Standart
Methods [198]. COD reagent was prepared by dissolving 6 g K,Cr,O7, 6 g Ag,SO4 and
3.6 g HgSO4 in 500 mL of 95-98% concentrated H,SO4. In the preparation, the
compounds were added to H>SOj4 slowly to achieve the dissolution of them in the acid.
Then, the solution was mixed at least 24-h on a magnetic stirrer for a complete

dissolution.

The digestion procedure was as follows: 2 mL wastewater sample of which COD would

be measured, was added into 3 mL of COD reagent in a 10 mL glass COD vial. A blank
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was prepared by adding 2 mL of deionized water to the COD reagent (3 mL). Then, the
vials were shaken at several times and placed in the WTW CR-3000 thermoreactor
which was heated to 150°C before. The vials were heated in the thermoreactor at 150°C
for 2 hours. The vials were removed from the reactor and they were cooled to the room
temperature. The COD of the samples were determined with Hach DR-2010 portable
spectrophotometer at a wavelength of 620 nm. COD of the blank was set to 0 mg/L
COD; then, COD of the samples were measured directly in the unit of mg COD/L.

4.6.4 Total Organic Carbon (TOC) analysis

Total Organic Carbon (TOC) analysis was accomplished in Schimadzu Vcpy type TOC
analyzer. The TOC was found by measuring Total Carbon (TC) and Inorganic Carbon
(IC) of the sample and then substracting the IC value from the TC value. Before
analyzing, the samples were filtrated through a 0.45 um filter cartridges to eliminate
from any residual in the samples. Additionally, high colored samples were diluted for

the maintenance of the instrument.

4.6.5 Determination of O3 concentration in the gas phase

The potassium iodide (KI) solution in the gas washing bottles reacts with the gaseous
ozone absorbed into the KI solution and iodine (I,) is liberated. Then the titration of I, is
realized by sodium thiosulfate and O3 concentration in the gas phase is determined

[198].

For the determination of O3 concentration in the inlet and off gas, first KI solution (2%)
was prepared by dissolving 20 g KI in 1000 mL distilled water which was freshly boiled
and cooled. This solution was used for the low Oj; concentrations in the gas. For
moderate and high O3 concentrations, 60 g (6%) and 120 g (12%) of KI were dissolved
in 1000 mL distilled water, respectively. 200 mL of prepared solution was placed in a
washing bottle at the inlet of the gas and 550 mL of solution was put at the gas outlet.
Then, the solution was ozonated; afterwards 10 mL and 27.5 mL of 0.5 N H,SO,4
solutions were added to the ozonated 200 and 550 mL of KI solutions, respectively. The
subsequent solutions were titrated with 0.1 M sodium thiosulfate pentahydrate
(NaxS,03.5H,0) and the spent thiosulfate was recorded. For high O; concentrations
instead of 0.1 M, 0.3 M thiosulfate solution was used.
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4.6.6 HPL.C method for analysis of ozonation by-products

HPLC analysis was made to identify and measure carboxylic acids and aldehydes in the
ozonated solutions. For the organic acids, the HPLC column used was Waters C18
Spherisorb 250 x 4.6 mm organic column. As the mobile phase 80% (v/v) 20 mM
pH=2.5 KH,PO4/ H3PO4 buffer and 20% 95/5 (v/v) acetonitrile/water mixture was
used. The used detector was UV detector and the analysis was made at a wavelength of

200 nm. The flow rate of the mobile phase was 1 mL/min.

For aldehyde determination a method by Takeda et al. [204] was used. The direct
determination of the aldehydes cannot be achieved in HPLC. Derivatization with some
compounds was needed. In this respect, the derivatization of the aldehydes was applied
by using 2.4-dinitrophenylhydrazine (DNPH) reagent and the derivatives were separated
in HPLC by UV- absorption at 365 nm. Acetonitrile and methanol were the mobile
phases of the system. First, the derivatization reagent was prepared. For this purpose,
DNPH was recrystallized from acetonitrile and 20 mg of this recrystallized DNPH was
dissolved in 15 mL solution mixture containing 12 M HCI, water and acetonitrile in the
ratio of 2:5:1 (v/v/v). Then, 2 mL carbon tetrachloride was added into 15 mL-reagent
solution. The solution was shaken 5 min and placed in a centrifuge (2000 rpm) to
separate the phases. The solution was kept in the dark and used in two-weeks time

[205].

The stock solutions were prepared by dissolving a certain amount of the aldehydes in an
acetonitrile/water solvent (75/25 v/v). Then, 10 mL of sample was transferred into a 50
mL erlenmayer containing 4 mL DNPH reagent, and was sealed tightly until the HPLC
analysis. For the samples containing glyoxal, 1 mL DNPH reagent was sufficient. Then,
the samples were shaken and waited for at least 1 h at room temperature before the

HPLC analysis.

The separation of the aldehydes was achieved by using Symmetry C18 reverse-phase
column. The detector was UV and operated at 365 nm. Two mobile phases were used:
(A) HPLC grade water/methanol mixture (7/3 v/v) and (B) 90% acetonitrile in HPLC
grade water. The program was gradient as follows: isocratic at 90% A for 6 min, 90% to
60% A in 24 min, 60% to 0% A in 10 min and isocratic at 100% B for 10 min (total 50

min/sample).
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CHAPTER S

RESULTS AND DISCUSSION

5.1 Non-catalytic and catalytic ozonation experiments in semi-batch

reactor

The ozonation of AR-151 and RBBR separately was realized in the semi-batch reactor in
the presence and absence of alumina or PFOA particles. The kinetics of ozonation and
catalytic ozonation processes were investigated. The effect of the stirrer rate on the
absorption of ozone into water was studied previously (Figure C.1 in Appendix C).
According to the results of these experiments, the stirrer rate was regulated to 300 rpm

(the optimum value) in the semi-batch experiments.
5.1.1 Dye and COD removals in AR-151 or RBBR aqueous dye solution

AR-151 and RBBR solutions were ozonated at different conditions. The dye and COD
removals were obtained and the most efficient conditions resulting in the highest dye

and COD removal were determined.
5.1.1.1 Ozonation Experiments

Ozonation experiments, without using catalysts, were carried out at different pH. At the
acidic pH (pH 2.5), direct reaction of ozone with the dye molecule is dominant, since
the concentration of HO™, one of the most significant initiators of radical reactions, is
low. At alkaline pH (pH=13), O3 molecules are decomposed into ions and radicals,
therefore ozonation of dye molecules takes place mainly by radical reactions. Also,
direct ozonation might be important with the undecomposed Os; as well. The
contribution of direct and radical reactions at pH of 7 causes a complicated status since

the concentrations of both the O; and HO™ concentrations are lower [39, 110].

More than 90% dye removals were achieved in 30 min by the ozonation of AR-151 or

RBBR solution at the all studied pH values (Figure 5.1). The overall dye removal
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efficiency after 30 min of reaction time, did not depend on solution pH significantly.
The initial reaction rate of dyes showed differences from pH 2.5 to 13 as an indication
of the contribution of direct or radical reaction mechanism. For AR-151, the initial rate
was almost the same at pH 2.5 and 13, but a much lower initial rate was observed at pH
7. It was understood that both direct and radical reaction mechanisms were important in
the ozonation of AR-151, giving high initial rates at pH 2.5. In RBBR ozonation, the
highest initial dye removal rate occurred at alkaline pH showing that the radical

reactions played a relatively more significant role in the oxidation mechanism.
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Figure 5.1. Dye removal values with ozonation at different pH values. Conditions:
Cp,i=200 mg/L, T=25°C, stirrer rate =300 rpm, Qg =150 L/h, Do3 =46.04 mmol/h,

reaction time =30 min. Bold shapes: AR-151; apparents: RBBR.

The effects of pH on COD removals in the ozonation of AR-151 or RBBR are presented
in Figure 5.2, where the highest COD removals were observed at pH 13 in concordance
with the results of dye removal efficiencies (Figure 5.1). For RBBR, COD removal
increased with the increasing pH. The increment was linear and it showed that the COD
removal was mainly due to the radical reactions in the ozonation of RBBR. For AR-151,

the COD removal showed a slight decrease at pH 7 compared to that at pH 2.5 for AR-
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151, then increased again with the increasing pH. At pH of 7, both the dissolved O3 and

radical concentrations were low causing a decrease in COD removal.

5.1.1.2 Catalytic ozonation experiments

The catalytic ozonation experiments with AR-151 or RBBR were conducted in the
presence of Al,O3, 25%, 50%, and 100% PFOA; as a result the most efficient conditions
were determined according to the dye and COD removal percentages. Ozonation of the
aqueous solutions of each dye in the presence of alumina, or PFOA catalysts containing
different amounts of PFO acid provided dye removal efficiencies up to 98-99%,

depending on the catalyst type and solution pH (Table 5.1).

Thermogravimetric Analysis (TGA) was performed to understand the amount of carbon
loading on the prepared PFOA types. The results of the TGA are given in Appendix [.2.
According to the TGA, it can be said that the amount of carbon loaded on 100% PFOA
was almost 35% higher than that loaded on 25% PFOA. The amount of hydrocarbon
(perfluorooctanoic acid) affected the efficiency of the PFOA type.

In the ozonation with alumina, the adsorption of the dye molecules on the catalyst
seemed to be an important mechanism. Since AR-151 had an acidic character, its
adsorption on the alumina surface became easier at pH = 2.5 and 7 which were the
lower pH values than the pHpzc of alumina which was explained before in Section 2.4.1
(Table 2.4); similarly, the protonation of RBBR molecules at acidic pH made the
adsorption of these molecules on the alumina surface easier [32,155,206]. The
observation of red- or blue-dyed catalyst particles at the end of 30 min of the reaction at
pH 2.5 and 7 was a strong sign of adsorption of AR-151 or RBBR, respectively.
Therefore, at a pH of 2.5, the dye removal occurred by direct ozonation and adsorption,
in the ozonation with alumina. The intensity of the color decreased with the increase of
PFO acid amount in the PFOA catalyst. It can be said that the effect of adsorption on

dye removal in catalytic ozonation with PFOA was not very significant.

At pH 13, adsorption of the dye molecule on alumina was low; lower intensity of the
blue or red color on the catalyst particles was observed. The adsorption of both RBBR
and AR-151 was easier at pH = 2.5 due to the protonation and acidic character of RBBR
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and AR-151, respectively. At pH = 13, radical reactions played a significant role in the
ozonation of the both dyes since the concentration of molecular ozone decreased by the
decomposition reactions, and most of the dye molecules were degraded by the radicals.
The decreasing effect of adsorption seemed to be compensated by the increasing
contribution of radical reactions at pH 13; thus the overall dye removal efficiency
became almost the same as that at pH 2.5 for both of the dyes with each catalyst type.
Thomas et al. [206] showed that hydroxyl radicals were produced on the alumina
surface at basic pH, enabling radical reactions to occur both in the liquid phase and also

on the catalyst surface.
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Figure 5.2. COD removal values obtained in ozonation of AR-151 or RBBR at different
pH values. Conditions: Cp; = 200 mg/L, T = 25°C; stirrer rate = 300 rpm; Qg = 150 L/h,
D03 = 46.04 mmol/h, reaction time = 30 min.

In the catalytic ozonation of AR-151 with PFOA, the total dye removals in 30 min were
found to be lower at pH 7 than those obtained at pH 2.5 and 13. However for RBBR, the
dye removal at pH 7 was higher than those at pH 2.5 and pH 13. RBBR molecules were
known to be more rigid and hydrophobic than AR-151 due to its aromatic anthraquinone

structure highly stabilized by resonance [208].
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Table 5.1. Dye removal percentages for AR-151 and RBBR for different pH values and
catalyst types. Conditions: Cp;j = 200 mg/L, T = 25°C, stirrer rate = 300 rpm, Qg = 150
L/h, Dy, = 46.04 mmol/h, reaction time = 30 min.

Treatment pH Dye Removal, %
AR-151 RBBR
2.5 98.8 99.3
O; only 7 98.0 99.4
13 99.7 99.5
2.5 97.4 97.5
Os+alumina 7 94.9 98.1
13 95.5 98.3
2.5 96.2 97.3
O3+ 25% PFOA 7 91.3 99.6
13 96.3 98.4
2.5 96.1 97.6
03+ 50% PFOA 7 90.3 99.0
13 97.9 97.7
2.5 98.3 97.6
O3+ 100% PFOA 7 94.8 99.4
13 97.0 97.4

At pH 13, the total dye removal percentage was found to be less than those found with
ozonation alone for all the catalysts used. The percent dye removal was increased by the
change of the catalyst from alumina to 100% PFOA for AR-151. This indicated that the
use of PFOA containing higher amounts of PFO acid would be more advantageous in
the ozonation of AR-151. On the contrary, alumina and PFOA containing lower
amounts of PFO acid were observed to give higher dye removal efficiencies for RBBR
at pH 13. The results showed that ozone molecules oxidized RBBR with a higher

efficiency than in the case of AR-151 removal.

For the studied pH range, the COD reduction increased with the addition of each
catalyst type compared to the ozonation alone as seen in Figure 5.3. For pH 2.5 and 7,
the COD removal percentage increased with the increase of PFO acid amount in the
catalyst, and the highest removal was observed at the condition where 100% PFOA was
used. For RBBR, COD removal increased linearly with the PFO acid amount on alumina
at pH 2.5 and 7. The most efficient PFOA type was found as 100% PFOA in removing
COD from AR-151 or RBBR solutions at pH values of 2.5 and 7.
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Due to the adsorption of the dye molecules on alumina, there would be a competition
for the surface active sites among the dye molecules and the ozonation by-products. For
the alumina catalyst, the adsorption of AR-151 or RBBR dye was more dominant than
those of the by-products causing lower COD removals than those achieved by the
PFOA types. This behavior explained the increase in COD removal with the increase of
PFO acid amount. Some ozonation intermediates or by-products non-polar in nature
were adsorbed onto the surface of 100% PFOA more easily than that of polar dye
molecules. As a result, the degradation of those organics occurred on the catalyst
surface in addition to their partial oxidation in the liquid bulk phase. The degradation of
such organics in the bulk phase by molecular ozone was limited because most of the

ozonation by-products were hardly degradable by ozone in the liquid phase [49].
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Figure 5.3. The change of COD removal from the dyes by catalytic ozonation.
Conditions: Cp;j = 200 mg/L, T = 25°C; stirrer rate = 300 rpm; Qg = 150L/h, Do, =

46.04 mmol/h, reaction time = 30 min. Bold shapes: AR-151; apparents: RBBR.

Another important result was the increase of COD removal percentage with the increase
of pH. Solution pH 7 was more effective than pH 2.5 for the removal of ozonation by-

products in the RBBR or AR-151 ozonation. The highest COD removal percentages

were observed at pH 13 in accordance with the existence of more HO® radicals. At pH
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13, no significant color change of the catalyst particles due to the adsorption of the
RBBR or AR-151 molecules, was observed for either alumina or any type of PFOA. This
meant that the dye molecules were degraded in the aqueous phase only at that pH, but
the ozonation by-products might possibly be degraded both in the aqueous phase and on

the catalyst surface.

Higher COD reduction percentages were observed in the ozonation of RBBR solutions
compared to those of AR-151. The limited effect of PFO acid amount on COD removal
efficiency at pH 2.5 and 7 suggested that a relatively higher percentage of the reaction
occurred in the aqueous phase rather than on the catalyst surface. At pH 13, the
reduction of COD was more efficient especially in the case of RBBR than those at the

lower pH values.

The effect of ozone dose (D, ) on dye and COD removals in the catalytic ozonation

(with 100% PFOA catalyst) was investigated while keeping the gas flow rate constant.
The results showed that all the chosen ozone doses were sufficient to complete the
removal of each dye with almost 100% efficiency so that it would be possible to
observe the extent of by-product oxidation by measuring the total COD removals
achieved in 30 min of ozonation. As seen in Figure. 5.4, the slowest dye removal cases
are observed at the lowest ozone dose for both of the dyes. But, in 30 min of ozonation,
the overall dye removal percentage is almost independent of the ozone dose. The dye
removal rate increased with the ozone dose, except the initial ozonation rate of both AR-

151 and RBBR, which showed a low dependency on the ozone input.

COD reduction efficiency increased with the ozone dose, because of the higher amount
of ozone being available for the degradation of ozonation by-products (Table 5.2).
However, the increase of ozone dose from 24.38 mmol/h to 35.42 mmol/h showed a
small improvement on the COD reduction for AR-151. During ozonation of dye
molecules, double bonds and aromatic structure are broken first to yield smaller
structured organics such as aldehydes. These organics also have a remarkable COD.
Therefore in the second step, these aldehydes needing more ozone may be converted to
carboxylic acids and may be partly transformed into gaseous products by further
oxidation. Occurrence of relatively lower improvement on COD reduction, with the

increase of ozone dose from 24.38 mmol/h to 35.42 mmol/h, may be due to the
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oxidation of dye molecules to intermediates having different molecular weights. In the
case of RBBR ozonation contrary to the case of AR-151, COD reductions were increased

considerably with the increasing amount of dissolved O3 in the reactor.
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Figure 5.4. The effect of ozone dose on the dye removal. Conditions: catalyst = 100%
PFOA, Cp; = 100 mg/L, T = 25°C; stirrer rate = 300 rpm; Qg = 150L/h, reaction time =
30 min. Bold shapes: AR-151, pH 2.5; apparents: RBBR, pH 7.

Table 5.2. COD removals (%) of AR-151 or RBBR by ozonation with 100% PFOA
catalyst. Conditions: T=25°C; stirrer rate=300 rpm; Qg=150 L/h, reaction time=30 min.

Type of the dye Do, » mmol/h Cp,, mg/L COD Removal, %

24.38 100 44.9

3542 100 48.3

46.04 200 53.0

400 15.0

24.38 100 32.1

3542 100 46.9

RBBR 100 65.6
46.04 200 61.4

400 35.2
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Figure 5.5 shows the effect of initial dye concentration on percent dye removals for both
of the dyes in the catalytic ozonation process. It was observed that the effect of initial
dye concentration was considerable after the first minute of the reaction. In the
ozonation of RBBR, the overall dye removal percentages after a reaction time of 30 min
decreased slightly with the increasing initial dye concentration (Figure 5.5). The COD
reduction, after 30 min of reaction time, decreased significantly when the initial dye
concentration was increased. Because an increase in the initial dye concentration
corresponded to an increase of by-product concentration in the solution. Then, the
available ozone started to be consumed both for oxidation of intermediates and also for
the continuing degradation of the original dye. Thus, this caused a decrease in the
degradation rate of the dye in time, yielding a lower overall dye removal in 30 min of

ozonation than that of the case with a lower initial dye concentration.
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Figure 5.5. The effect of initial dye concentration on the dye removal. Conditions:
catalyst =100% PFOA, Do3=46.04 mmol/h, T=25°C, stirrer rate =300 rpm, Qg

=150L/h, reaction time =30 min. Bold shapes: AR-151, pH 2.5; apparents: RBBR, pH 7.

5.1.2 Kinetics of non-catalytic and catalytic ozonation-determination of reaction

rate constants

The reaction kinetics of ozonation at pH 2.5, 7 and 13 were investigated for AR-151 and
RBBR, respectively. In(Cp/Cp;) versus t curves (Figures 5.6 and 5.7) were found to be
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linear indicating a pseudo-first-order reaction at the equilibrium concentration of ozone
in the aqueous phase at each pH (for the studied pH range) for both of the dyes. The
values of pseudo-first-order and overall kinetic constants for the ozonation of AR-151
and RBBR separately are summarized in Table 5.3. The overall kinetic constants (k)
were found to increase with the increase of pH from 2.5 to 13 for both of the dyes

showing the effect of radical reactions on the dye ozonation kinetics.

The reaction kinetic was investigated for the catalytic ozonation process in the presence
of alumina or the PFOA types prepared. Catalytic ozonation followed a pseudo-first-
order reaction (Figures 5.8 and 5.9). But, the presence of the catalyst changed the
pseudo-first order and overall reaction kinetic constants (Table 5.3). The effect of the
catalysts on pseudo-first order and overall reaction kinetic constants depended on the
pH; but as a general observation, the kinetic constants decreased by the addition of the
catalyst into the system, especially at pH 13. A slightly higher kinetic constant of 2.20
mM ™" min~' was obtained in the catalytic ozonation of RBBR with 100% PFOA at pH
2.5. This might be attributed to the higher affinity of RBBR molecules, having relatively
lower polarity due to their dipole moment of 3.3 Debye [209], to the organic phase
saturated with molecular ozone on the surface of PFOA where the oxidation reaction
took place. The higher kinetic constant in the removal of RBBR by sole ozonation at pH
13 showed that more powerful hydroxyl radicals degraded the dye molecules faster,
while PFOA/O; system was based on molecular ozone reactions occurring at a slower

rate; because ozone decomposition reactions were inhibited by PFOA [158].

At pH 2.5, the values of the pseudo-first order and overall kinetic constants were higher
in the presence of 100% PFOA compared to the cases of using alumina and the other
types of PFOA catalysts, showing that the most effective catalyst was 100% PFOA for
AR-151 and RBBR ozonations (Table 5.3).

The pseudo-first order and overall kinetic constants were found at different initial dye
concentrations by keeping ozone concentration in the aqueous phase constant (Table
5.4). The pseudo-first order and overall kinetic constants were decreased with the
increasing initial dye concentration. The reaction rates were affected by the change of
Cp, strongly in AR-151 ozonation, whereas the decrease in the constants with the

increase of Cp; was smaller in the case of RBBR.
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Figure 5.6. The pseudo-first order kinetic constants for AR-151. Conditions: ozonation
only; Cp;j =200 mg/L, D03 = 46.04 mmol/h, Qg = 150 L/h, T = 25°C, stirrer rate = 300

rpm.
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Figure 5.7. The pseudo-first order kinetic constants for RBBR. Conditions: ozonation
only; Cp; = 200 mg/L, Do3 = 46.04 mmol/h, Qs = 150 L/h, T = 25°C, stirrer rate = 300

rpm.
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Figure 5.8. The pseudo-first order kinetic constants for AR-151 at different treatment
methods. Conditions: Cp; = 200 mg/L, Do3 =46.04 mmol/h, Mx=5¢g, Qec=150L/h, T

= 25°C, stirrer rate = 300 rpm.
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Figure 5.9. The pseudo-first order kinetic constants of RBBR at different treatment
methods. Conditions: Cp; = 200 mg/L, D03 =46.04 mmol/h, mx=5¢g, Qc=150L/h, T

= 25°C, stirrer rate = 300 rpm.
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The pseudo-first-order rate constant k', being equal to the multiplication of overall

kinetic constant (k) with the equilibrium concentration of ozone in the liquid phase

(Cose), increased with the increasing ozone dose, since the dissolved ozone

concentration increased; but the overall kinetic constant, k, decreased. Therefore, the

highest overall kinetic constant was found at the lowest Dosz (24.38 mmol/h).

Afterwards, k value did not change significantly by the slight increase in Dog.

Table 5.3. Pseudo-first order and overall kinetic constants for AR-151 and RBBR, in
cases of sole ozonation and catalytic ozonation. Conditions: Cp; = 200 mg/L, D03 =

46.04 mmol/h, M= 5 g, Qe = 150 L/h, T = 25°C, stirrer rate = 300 rpm.

Type of thedye  pH Catalyst K, min" k, M~ min™
- 0.159 1.81
Alumina 0.125 1.42
2.5 25% PFOA 0.121 1.38
50% PFOA 0.126 1.43
100% PFOA 0.150 1.70
- 0.128 2.16
Alumina 0.101 1.71
AR-151 7 25% PFOA 0.080 1.36
50% PFOA 0.085 1.43
100% PFOA 0.090 1.52
- 0.210 5.99
Alumina 0.136 3.86
13 25% PFOA 0.128 3.64
50% PFOA 0.130 3.72
100% PFOA 0.132 3.75
- 0.168 1.91
Alumina 0.135 1.53
2.5 25% PFOA 0.161 1.83
50% PFOA 0.181 2.06
100% PFOA 0.194 2.20
- 0.172 291
Alumina 0.135 2.28
RBBR 7 25% PFOA 0.194 3.28
50% PFOA 0.158 2.67
100% PFOA 0.168 2.84
- 0.190 5.41
Alumina 0.132 3.77
13 25% PFOA 0.152 4.32
50% PFOA 0.155 4.41
100% PFOA 0.158 4.50

98



Table 5.4. Effect of ozone dose and initial dye concentration on kinetic constant in
catalytic ozonation of AR-151 or RBBR. Conditions: Qg = 150 L/h, T = 25°C, stirrer rate
=300 rpm.

Dye Do, ,» mmol/h Cp,, mg/L k', min” k, mM"' min™’
24.38 100 0.109 2.45
35.42 100 0.140 1.88
AR-151 100 0.175 1.99
46.04 200 0.150 1.70
400 0.062 0.70
24.38 100 0.134 4.96
3542 100 0.172 3.25
RBBR 100 0.197 3.33
46.04 200 0.168 2.84
400 0.135 2.27

5.2 Residence time distribution studies in fluidized bed reactor

The levels of liquid mixing in the absence and the presence of catalyst particles were
investigated by the tracer technique [189] to determine the “residence time distribution
(RTD) functions at different gas and liquid flow rates in a co-currently operated

fluidized bed column.
5.2.1 Effects of gas and liquid flow rates on RTD distribution

The dispersion in the fluidized bed represents the ideal or non-ideal flow characteristics
of the column. The large value of axial dispersion coefficient, D. shows a completely
mixed flow and plug flow occurs at small D; values. The concentration profiles of
ozone in the reactor will be affected by the non-ideal flow condition of the liquid phase.
Therefore, the mixing level of the liquid phase needs to be determined for an

appropriate modeling of the reactor.

The flow characteristics of the liquid phase was investigated by conducting tracer
experiments. For this purpose, first, the reactor was operated without the catalyst
particles as a bubble column to determine the degree of liquid mixing. Using the data of
the tracer experiments, Péclet number (Pe.), axial dispersion coefficient (D.), and the

approximate number of CSTRs (Ncsrrs) in the column were determined at different gas
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and liquid velocities. The representative residence time distribution curves at different

liquid velocities are shown in Figure 5.10.

At the highest liquid velocity, the “residence time distribution” (RTD) curve was the
narrowest one with the highest peak. The RTD curves were shifted to the right with the
decreasing liquid velocity and the peak height was decreased. The RTD curves became
narrower by the change of liquid velocity from u_ = 8.3 x 10~ m/s to 19.4 x 10~ m/s. It
seemed that liquid velocity had an important effect on the dispersion characteristics of
the column. The pulse response of the tracer at u. = 19.4 x 10~ m/s resembled to the
pulse response of the tracer in a single CSTR. However, this trend was changed by the

decrease of liquid velocity since the mixing was better at the higher liquid flow rates.

The results of the RTD experiments are given in Table 5.5. A higher gas or liquid
velocity produced a higher Dy, indicating that the reactor was much closer to one CSTR
condition. The calculated Peg_enabled the determination of the Ncsrrs Which represented
the equivalent number of tanks in series to model the reactor. According to the results, it
can be said that the number of CSTRs to model the bubble column decreased with the
increasing Ug and U.. This is because of the turbulence in the reactor which increased
causing an increase in the degree of mixing within the column. As seen from Table 5.5,
the column could be modeled as two CSTRs in series for all the studied gas and liquid
velocities except at Ug = 3.3x10™ m/s for u_ = 8.3x10” and 11.1x107* m/s. At that gas
velocity, the modeling of the reactor became closer to three CSTRs in series since the

calculated numbers of CSTRs were 3.1 and 2.8.

Similarly, Péclet number decreased with the increase of superficial liquid velocity. The
effect of liquid velocity was seen more obviously at Us = 3.3 x10™ m/s. At the higher
gas velocities, Péclet number was almost independent of the liquid velocity especially at
Us = 8.3 x 10~ m/s. As the liquid velocity increased, the holdup of liquid in the bed
increased. This created more turbulence in the system increasing the mixing. From the
calculated values, a correlation between D and u_. was obtained (Figure 5.11). The
relationship between D| and u_. was found to be linear for all the studied gas velocities.
D, was increased with the increase of U.. The slope of “Dy vs. u_” linear curve increased

with the increase of Ug.
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Figure 5. 10. The effect of superficial liquid velocity on the residence time distribution
without the catalyst particles (ug=5.5x10" m/s), Conditions: Tracer = RBBR, tracer

concentration = 4 mg/L, T =20.3°C.
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Table 5.5. Calculated results from the data. Conditions: Tracer = RBBR, tracer
concentration =4 mg/L, T=20.3°C. .
ux10’, m/s | ugx10’, m/s 2. 2 D.x10°,
(Qu L/h) (Qa, L/h) Qe/Qu | tms | otm | PEL| 7 o) Ncstrs
2.5 (45) 1.5 |617.8|0.683 | 1.27 1.07 1.5
3.9 (70) 2.3 6874 | 0.747 | 0.94 1.45 1.3
1.7 (30) 5.5 (100) 33 ]1682.6| 0.824 | 0.61 2.23 1.2
7.0 (125) 42 15500 0.871 | 0.43 3.16 1.1
8.3 (150) 3.0 6422|0913 |028 | 4.86 1.1
6.1 (110) 5.5 (100) 0.9 |188.1| 052 |235]| 2.08 1.9
3.9 (70) 040 |148.5]| 0.32 |5.01 1.33 3.1
8.3 (150) 5.5 (100) 0.66 |146.2 | 0.500 | 2.56 | 2.59 2.0
8.3 (150) 1.00 [150.9| 0.511 |2.46| 2.70 2.0
3.9 (70) 0.30 | 87.8 | 0.363 | 4.23 | 2.10 2.8
11.1 (200) 5.5 (100) 0.50 | 93.3 | 0.450 | 3.06 | 2.90 2.2
8.3 (150) 0.75 | 91.0 | 0.523 | 2.36 | 3.76 1.9
3.9 (70) 024 | 81.5 | 0421 {399 | 2.77 2.4
13.8 (250) 5.5 (100) 040 | 73.3 | 0.440 | 3.17 | 3.48 2.3
8.3 (150) 0.60 | 71.7 | 0.539 | 2.22 | 4.97 1.9
3.9 (70) 0.20 | 61.0 | 0.480 | 3.73 3.56 2.1
16.6 (300) 5.5 (100) 033 | 61.7 | 0441 | 3.17| 4.19 2.3
8.3 (150) 0.50 | 653 | 0545 |2.18| 6.17 1.8
3.9 (70) 0.17 | 55.0 | 0.413 | 3.51 4.42 2.4
19.4 (350) 5.5 (100) 0.28 | 559 ] 0485|270 | 5.75 2.1
8.3 (150) 043 | 51.7 | 0.552 | 2.12| 7.32 1.8
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Figure 5.11. Effect of superficial liquid velocity on axial dispersion coefficient, D| in
the gas-liquid system. Conditions: Tracer = RBBR, tracer concentration = 4 mg/L, T =
20.3°C.

5.2.2 Distribution behavior in the presence of the catalyst

The liquid phase mixing was investigated in the presence of catalyst particles in order to
compare the gas-liquid and gas-liquid-solid systems in terms of D and Pe . The typical
RTD curves at different liquid velocities are shown in Figure 5.12. By the increase of
liquid velocity, the tracer tended to exit more quickly from the reactor exhibiting a
better mixing compared to the lower liquid velocity conditions. At different gas and

liquid velocities, the results of the RTD experiments were obtained (Table 5.6)

The value of D; was found to be higher at the higher gas and liquid velocities because
of the enhanced mixing with the flow. In addition, more turbulence was created in the
reactor with the catalyst particles resulting better liquid mixing and this resulted in
higher D, values compared to those in the gas-liquid system. The calculated Ncsrrs Was
close to two especially at the low liquid velocities (U= 8.3x107 to 13.8 x 10 m/s). At
the higher velocities, the behaviour was closer to one CSTR. For the gas-liquid-solid
reactor, Ncsrrs was around 1.4 and 2.0. This meant that at higher gas and liquid

velocities, the reactor could be modeled as according to the one CSTR equation.

102



0.02

u, x 10° m/s

0.016 - o194
—m- 166
A 138
0.012 - ——11.1

083

0 200 400 600 800 1000

Figure 5.12. The effect of superficial liquid velocity on the residence time distribution
with the catalyst particles (Ug=5.5x10" m/s). Conditions: Tracer = RBBR, tracer
concentration = 4 mg/L, T =20.3°C.

Table 5.6. Calculated results from the residence time distribution data. Conditions:
Tracer = RBBR, tracer concentration =4 mg/L, T =20.3°C.

3 3

ot | o | QelQ tms | it e | DxI0 ms | Nesre

5.5 (100) 0.66 | 185.1|0.497|2.58 2.57 2.0

8.3 (150) 8.3 (150) 1.00 ] 196.2 | 0.553 | 2.11 3.15 1.8

11.1 (200) 1.34 |200.2 | 0.579 | 1.92 3.46 1.7

5.5 (100) 0.50 | 112.30.538 | 2.23 3.98 1.9

11.1 (200) 8.3 (150) 0.75 | 116.6 | 0.570 | 1.98 4.48 1.8

11.1 (200) 1.00 | 112.0 | 0.588 | 1.85 4.80 1.7

5.5 (100) 0.40 | 93.3 | 0.562 | 2.05 5.39 1.8

13.8 (250) 8.3 (150) 0.60 | 91.5 | 0.610 | 1.71 6.46 1.6

11.1 (200) 0.80 | 82.9 | 0.622 | 1.63 6.77 1.6

5.5 (100) 033 | 74.0 | 0.576 | 1.94 6.85 1.7

16.6 (300) 8.3 (150) 0.50 | 67.4 |0.629|1.59 8.35 1.6

11.1 (200) 0.67 | 78.1 | 0.650 | 1.46 9.10 1.5

5.5 (100) 0.28 | 61.1 | 0.583 | 1.89 8.21 1.7

19.4 (350) 8.3 (150) 043 | 63.2 | 0.674 | 1.32 11.76 1.4

11.1 (200) 0.57 | 64.0 | 0.722 | 1.07 14.50 1.4
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The relationship between the liquid velocity and the axial dispersion coefficient is
shown in Figure 5.13. At the lowest gas velocity (Ug = 5.5 x 10~ m/s), axial dispersion
coefficient changed linearly with the liquid velocity similar to the case of two phase
system. However, at the higher liquid velocities, the relationship between D, and u, was
exponential as seen in Figure 5.13, and the rapid increase of the dispersion coefficient
with the liquid velocity showed that the presence of solids increased the mixing in the

system and yielded efficient fluidization of catalyst particles.

0.016
Ug X 10%, m/s A= 0.0012¢2057
R?=0.9945
0012 - | ©37 -
W83 / y=0.0012¢""7
= " R2=0.9967
Alll
E__] 0.008 - - ° y=0.3991x
m) R*=0.9482
0.004 |
0
0 0.005 0.01 0.015 0.02 0.025

u, m/s

Figure 5.13. Effect of superficial liquid velocity on axial dispersion coefficient, D| in
the gas-liquid-solid system. Conditions: Tracer = RBBR, tracer concentration = 4 mg/L,
T=20.3°C.

5.3 Reactor hydrodynamics

In the three phase reactor, solid particles are fluidized with the co-current flow of gas
and liquid phases. The determination of main hydrodynamic properties of the reactor is
important to realize the performance of the reactor at different operating conditions.

Therefore, the hydrodynamic characteristics of the three phase (gas-liquid-solid) reactor
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were studied to determine the minimum fluidization velocity (U_ min), the hold-up values

of gas, liquid and solid phases and the behaviour of gas bubbles.
5.3.1 Minimum fluidization velocity in the column

The minimum fluidization velocity is the value superficial water velocity at which the

particles begin to fluidize at a constant superficial air velocity. The u,_, . at different gas

flow rates were determined in the column filled with catalyst particles. Because of the

density difference between alumina and PFOA particles, the u, ., values at different

Qg values were measured for both catalyst types separately. As seen in Figures 5.14 and

5.15, the u_ .. decreased as the gas velocity increased. Higher gas velocities enabled

the fluidization of particles more giving additional force to fluidize them. The minimum
fluidization velocities are given for PFOA catalyst in Table 5.7 at the studied gas flow
rates. The pressure drop and minimum fluidization velocity for a given Ug, were
increased in the case of alumina compared to those for PFOA. Higher liquid flow rates

were needed to fluidize alumina.
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Figure 5.14. Pressure drop versus superficial liquid velocity data for different superficial
gas velocities. Catalyst= PFOA, Mg =25 g, dege = 2.0 mm.
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Figure 5.15. Pressure drop versus superficial liquid velocity data for different superficial
gas velocities. Catalyst = alumina, Mg = 25 g, dege = 2.0 mm.

As seen in Table 5.7, the U min at Qg = 150 L/h was found at around 6.1x% 107 m/s QL=
110 L/h). At the same Qg, the U_ iy for alumina was around 7.2x10° m/s (QL =130
L/h). At lower liquid velocities than the u_mn at a constant Qg, it was certain that the
bed behaved like a packed bed. Contrarily, at higher liquid velocities, the reactor could
be accepted as a fluidized bed reactor and the better fluidization occurred at the higher

liquid velocities.

Table 5.7. Minimum fluidization velocities at the studied gas velocities.
Catalyst=PFOA, M= 25 g, degr= 2.0 mm.

ugx 10°, m/s

(Qe. Lih) o X10, Qi L
1.66 (30) 9.39 170
3.85 (70) 7.46 135
5.50 (100) 6.90 125
8.83 (150) 6.08 110

Then, the effect of catalyst dosage was investigated on the minimum fluidization
velocity. Figures 5.16 and 5.17 present the pressure drop curves at different catalyst

dosages for PFOA and alumina, respectively. The effect of catalyst dosage on minimum
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fluidization velocity was insignificant. For the studied particle dosages, the liquid
velocity to fluidize the particles was the same. That result was also shown in the
literature [201]. The forces applied to the particles during fluidization are gravitational
force, buoyancy force and drag force. These forces and minimum fluidization velocity

are not influenced by the catalyst dosage.
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Figure 5.16. Pressure drop versus superficial water velocity data for different catalyst
dosages. Qz= 150 L/h, catalyst = PFOA, dcg = 2.0 mm.

5.3.2 Determination of hold-up values for gas, liquid and solid phases

In the column, the gas hold-up was evaluated with the height measurement. The gas,
liquid and solid phase hold-up values were obtained for different values of catalyst
dosage, gas and liquid flow rates. Table 5.8 presents the hold-up values for the gas-
liquid two-phase system. At a constant liquid flow rate, the gas hold-up increased with
the increase of gas flow rate. It was observed that the bubble velocity and the number of
bubbles per unit reactor volume increased with the increase of Qg resulting in higher

& - Increasing Qp decreased &g significantly. Jena et al. [201] and Safoniuk et al. [210]
reported that the liquid flow rate had a minor effect on the change of &5 in two or in
three phase reactors. However, in this study the observed effect of QL on &5 was

significant.

107



7000

6000 | M cat» @
s 5000 | T 25|
< 4000 | 075
a —A— 125
2 3000 |
O 2000 |

1000 |

0

0 0.0025  0.005  0.0075 0.01 0.0125

u,, mfis

Figure 5.17. Pressure drop versus superficial liquid velocity data for different catalyst
dosages. Qg = 150 L/h, catalyst = alumina, dcg = 2.0 mm.

Table 5.8. The calculated gas and liquid hold-up values for the experiments. A = 5.02 x
107 mz, Peat: 1300 kg/m3 for PFOA, pcat: 2580 kg/m3 for alumina.

Qc, L/h Q, L/h & a
70 0.036 0.964
100 30 0.057 0.943
150 0.073 0.927
70 0.020 0.980
100 150 0.035 0.965
150 0.049 0.951

The effect of catalyst dosage on the hold-up values was investigated in order to evaluate
the importance of the particles on holdups. The results obtained at different gas flow
rates showed that the solid phase hold-up increased with the increasing catalyst dosage
(Table 5.9). However, gas and liquid hold-up values were decreased. That was due to
the increase of turbulence with the higher amount of solids in the reactor. The increase
of turbulence in the column probably caused the increase of interaction between gas,

liquid and solid phases. In the three phase system, increasing Qg positively affected the
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gas hold-up. The effect of catalyst dosage on &;was more remarkable at the higher gas

flow rates.

Table 5.9 The calculated gas, liquid and solid-phase hold-up values under different
operating conditions.

Catalyst Meat, € Qg, L/h QL L/h & & &s
25 0.012 0.887 0.101
Alumina 75 0.011 0.867 0.122
125 0.011 0.862 0.127
25 30 200 0.012 0.938 0.050
PFOA 75 0.011 0.929 0.060
125 0.011 0.925 0.064
25 0.019 0.880 0.101
Alumina 75 0.018 0.860 0.122
125 0.018 0.855 0.127
25 70 150 0.020 0.930 0.050
PFOA 75 0.017 0.923 0.060
125 0.016 0.920 0.064
25 0.027 0.872 0.101
Alumina 75 0.025 0.853 0.122
125 0.024 0.849 0.127
25 100 150 0.029 0.921 0.050
PFOA 75 0.027 0.913 0.060
125 0.025 0.911 0.064
25 0.045 0.851 0.104
Alumina 75 0.042 0.836 0.122
125 0.042 0.832 0.126
25 150 150 0.047 0.901 0.052
PFOA 75 0.045 0.894 0.061
125 0.043 0.894 0.063

The performance of the two or three phase reactor depends on the flow conditions in the
reactor. Zhang et al. [211] reported the flow regimes as schematics and graphs for gas-
liquid and gas-liquid-solid systems. According to the graphs by Zhang et al. [211], the
flow in the studied two or three phase reactor fitted to the “homogeneous bubbling
regime”. At all the studied gas and liquid flow rates, it was observed that the gas phase
uniformly flowed through the liquid phase with homogeneous bubbles. The bubble
photographs were taken at different conditions during the experiments. These

photographs are given in Appendix I.1. The calculations for the approximate bubble
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sizes were performed using the definition of mean Sauter diameter [200]. According to
the calculations of bubble diameter, it can be said that the size of the bubbles around the
distributor was relatively smaller than those in the upper regions. Bubble size was
enhanced while the gas flowed upward through the reactor. In the reactor, the
coalescence of the bubbles around the distributor was not observed because of the high
turbulence around the distributor. However, with the increase of the reactor height, the

bubble size was increased due to the bubble coalescence.

The size of the bubbles was higher at the higher gas flow rates due to the increase of the
bubble velocity whereas increasing the liquid flow rate decreased the bubble size
enabling more turbulence in the column. Higher liquid flow rate (Q. = 150 L/h) resulted
in more uniform bubbles compared to the slug flow of them at a lower Qp (QL = 30
L/h). At Q. =30 L/h, the aggregates of the bubbles appeared especially on the top of the

column.

The distribution of particles in the column was uniform while gas and liquid were
flowing. At high gas and liquid velocities, a small amount of particles was carried to the
top of the column (1 m), but most of them distributed homogeneously in the fluidized

bed section.

The increase of gas flow rate increased the expansion of the bed. At the constant liquid
flow rate of 150 L/h, the expanded bed height (Hg) was 10.3-10.5 cm for Qz=70 L/h,
whereas at a flow rate of Qz=150 L/h, 13.2-13.5 cm of Hg was observed. With the static
bed height of 7.5 cm, the bed expansion ratios (Hg/Hs) for Qz=70 and 150 L/h, were
calculated as 1.39 and 1.79, respectively. This was a good operation range for a three
phase fluidized bed compared with the expansion ratios reported in the literature

[200,201].

5.4 Ozone absorption experiments in the fluidized bed reactor

The absorption of ozone in pure water includes the physical mass transfer process of
ozone from gas to liquid phase. However during absorption, ozone may be decomposed
into some radicals at especially alkaline pH, because of the unstability of ozone [44,61].

At acidic pH, the contribution of ozone decomposition to the absorption process is
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negligibly small. Therefore, the mass transfer of ozone is generally studied at acidic pH

in order to prevent the decomposition of Os.

The accurate design and modeling of ozone bubble columns and fluidized beds are
based on the accurate determination of gas-liquid mass transfer coefficient, k a at the
operating conditions. In order to find k &, ozone absorption experiments were conducted
with and without the catalyst particles (alumina or PFOA). Each experiment required a
start-up period of approximately 7.5 min to reach the steady-state concentration of
dissolved Os in the liquid phase (Coszy) but the reactor was operated until 20 min after

the steady-state, as a total operation period.
5.4.1 Ozonation experiments without particles at different gas and liquid flow rates

The effect of gas or liquid flow rate on the absorption of 0zone was investigated without
alumina or PFOA particles in the reactor. Figure 5.18 represents the variation of Coz
with the bed height (Z) and gas flow rate (Qg) in the column. Since the fluidized bed
reactor was operated co-currently by feeding both the gas and liquid phases at the
bottom, the steady-state ozone concentration in the liquid phase, Co3z\, increased with
the increase of the bed height for all the studied conditions. Also, it was clear that

steady-state Coz increased with the increasing gas flow rate (Figure 5.18).

As seen in Figure 5.18, the absorption rate of O; up to 0.21 m of column height was
high and then Cpg, increased almost linearly but with a slower rate by the increase of z.
The concentration of O; in the liquid phase increased significantly around the gas
distributor. At the higher bed heights, the mass transfer rate of O; from gas to liquid

phase decreased because of the decreasing concentration driving force (ACogz).

The effect of liquid flow rate (Q.) on the Cpz. is shown in Figure 5.19. The higher
liquid flow rate caused a lower Cpz\ in the column. The applied gaseous amount of O3
per liter of liquid was decreased at the higher Q.. Also, the contact time between the gas
and liquid phases decreased by the increase of Q.. Consequently, the time needed for O;
molecules to transfer from gas to liquid phase was less at the higher Q. than that at the
lower Qp resulting in lower Oz absorption. The hydraulic retention time of the liquid
(7.) was smaller at the higher Q, as seen in Table 5.10; as a result, a longer retention

time of the liquid phase resulted in the increase of ozone transfer.
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Figure 5.18. Steady-state C,, | at different gas flow rates. Conditions: Q=30 L/h, T =
(22.0+0.9)°C, Cq 6, =(0.306 + 0.017) mmol Os/L gas, particles = none.

Table 5.10. Hydraulic retention time of liquid in the reactor at different Q.. Effective
reactor volume, Vger=5.02 L.

QL L/h 7L, min
30 10.0
70 4.3
150 2.0
200 1.5
250 1.2
300 1.0
350 0.9

The liquid phase ozone concentrations measured in the experiments were used to

determine D, and Kk a values according to the model. At most conditions, the model
predictions for Cog, fitted well to those obtained experimentally for modified D, and
predicted k a. Figure 5.20 shows the comparison of experimental and theoretical liquid

phase ozone concentrations at Q=150 L/h and Q=30 L/h. The model predicted gas

phase ozone concentrations, Cozcout, as a function of column height. Since it was hard
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to collect gaseous samples at different bed heights experimentally, only the predicted
Coscout Values were compared with the experimental Cozgou values. The model and
experimental Cozcout results were close to each other within an error margin between
1% and 22%, as shown in Table 5.11. As expected, Cozcou decreased by the increase

of the column height.

Co3’|_, mmol O3/L ||q
)
e

0 0.2 0.4 0.6 0.8 1

Z,m

Figure 5.19. C, | at different liquid flow rates. Conditions: Qg=100 L/h, T=(22.0 +
0.9)°C, Cq, 6 =(0.306 £ 0.017) mmol O3/L gas, particles = none.

Generally the model predicted higher gas phase ozone concentrations than those of the
experimentally obtained ones. In the model, ozone decomposition reaction term was
neglected since the absorption experiments were conducted at acidic pH. The lower gas
phase ozone concentrations might result from the minor amount of ozone

decomposition.
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Figure 5.20. The comparison of theoretical and experimental steady state liquid phase
ozone concentrations for the best fit of D, and Kk a values. Conditions: Qg = 150 L/h,

QL =30 L/h, T =23°C, Cy ¢;,= 0.298 mmol Os/L gas, catalyst = no, D = 1.2x107
m/s, k,a=9.6x 1075

Table 5.11. Experimental and theoretical outlet gas O; concentrations at different gas
and liquid flow rates. Conditions: T=(22.0 + 0.9)°C, C; ;;,= (0.306 + 0.017) mmol

Os/L gas, catalyst = none.

Co. gou» mmol Os/L | Cg i » mmol O3/
Qc, L/h | Q, L/ S ] S ) Error, %
gas, theoretical gas, experimental
100 30 0.170 0.219 223
100 110 0.154 0.190 18.9
100 150 0.136 0.137 0.7
100 200 0.095 0.099 4.0
100 250 0.076 0.067 13.4
45 30 0.119 0.104 14.4
70 30 0.135 0.162 16.7
70 80 0.137 0.124 10.5
70 110 0.130 0.145 10.3
70 150 0.129 0.121 6.6
70 200 0.125 0.103 213
125 30 0.179 0.155 15.5
150 30 0.187 0.172 8.7
70 250 0.127 0.153 17.0
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From the predicted k a values, it can be revealed that ozone mass transfer was mainly
dependent on the gas flow rate (Table 5.12). Increasing Qg resulted in higher k a values
since smaller bubbles were produced at the higher Qg, enhancing the surface area, a. In
literature, the strong dependence of a on the gas velocity was reported [212,213].
However, the value of k a was not affected by the liquid flow rate, considerably. The
dependency of ki a on the gas velocity was investigated at Q =30 L/h by drawing In(k_a)
versus In(Ug) graph as shown in Figure 5.21. Equation (5.1), relating the k a of the gas-

liquid reactor and Ug was found. At Q =30 L/h, the Reynolds number (ReL = M)
H

was 7266.
k a=0.544x(ug )" (5.1)

Here, k. a is in the unit of min"' and Ug 1s in the unit of m h'. The equation was
compared with the equation found by Roustan et al. [212]. They found a similar
relationship between ki a and Ug in the same units in a bubble column as shown in

Equation (5.2).
k,a=0.110x(ug )" (5.2)

Table 5.12. D_ and k.a values predicted at different gas and liquid flow rates.
Conditions: T = (22.0 + 0.9)°C, C;, 5;, = (0.306 + 0.017) mmol Os/L gas, catalyst =

none.

Qg, L/h Q. L/h Qd/QL D.x10°, m"/s k.ax10%, s
100 30 3.33 1.3 6.4
100 110 0.91 1.8 5.0
100 150 0.67 2.0 4.9
100 200 0.50 6.1 5.0
100 250 0.40 9.2 4.9
45 30 1.50 3.1 4.2
70 30 2.33 3.6 4.8
70 80 0.88 4.0 3.7
70 110 0.64 4.5 3.3
70 150 0.47 5.2 2.6
70 200 0.35 5.9 2.1
125 30 417 1.5 7.3
150 30 5.00 12 9.6
70 250 0.28 6.5 1.4
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Equation (5.2) was applicable for the turbulent flow of Re_between 1912 and 2985. The
difference between the constants of Equation (5.1) and (5.2) was probably due to the
higher turbulence created in the studied column at Q =30 L/h.

2
1o
16 | In(k_a)=0.661In (ug) - 0.62
R*=0.94
~ 12 }
©
3 o
£ 08 |
04
0
0 1 2 3 4
In (U(_;)

Figure 5.21. The relationship between k a and ug at Q=30 L/h in the gas (O3)-liquid

(water) system.

5.4.2 Ozonation experiments with particles at different catalyst dosages

Generally, the presence of the particles in a gas-liquid reactor enhances gas-liquid mass
transfer [212]. Therefore, dissolved ozone concentrations are higher in the reactor. The
effect of catalyst addition was investigated by conducting some experiments in the
presence of alumina or PFOA particles at different catalyst dosages. Then, k a values
were found at every condition by comparing the model and experimental Cog, results.
Figure 5.22 shows the model-predicted gaseous ozone concentrations and the model-
predicted and experimental liquid phase ozone concentrations for the condition Qg =150

L/h, Q.=30 L/h, catalyst =alumina and Mgz =25 g.

Model-predicted and experimental Cpg; results fitted well to each other at most
conditions for the determined ki a values. As seen in Table 5.13, although the increase

of catalyst dosage resulted in a small increase of ki a, the presence of the particles in the
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column affected the k a value insignificantly. The operating conditions of the fluidized
bed affected the efficiency of the catalyst on kia. Most probably, at the studied
conditions of Qg=150 L/h and Q= 30 L/h, the column was operated in the unfluidized

condition; the enhancement of k a by the catalyst was not observed.

0.35 & o QGas, theoretical
0.30 fs, —o— Liquid, theoretical
°°°
4 025 F A Gas, experimental
= Q\Qm.“
g 020 | y 4
E 015 |
3
O 0.10
@ @croooo)
0.05 ‘/).&““'"
0.00 .
0 0.2 04 0.6 0.8 1

Fig. 5.22. The comparison of theoretical and experimental steady state liquid phase
ozone concentrations for the best fit of D, and Kk, a values. Conditions: Qg = 150 L/h,

QL=30L/h, T=23°C, CQQ’in = 0.298 mmol O;/L gas, Catalyst=Alumina, Mgx=25 g,
D, =0.98 x 10° m%s, k. a=9.8 x 10%s™",

Table 5.13. D, and ki a values for different catalyst loadings. Conditions: Qg =150 L/h,
QL =30 L/h, T=(22.0 + 0.9)°C, Cq, ¢;,=(0.306 + 0.017) mmol O3/L gas, no dye in the

medium, un-fluidized bed, UL in=130 L/h for alumina, u_mn=110 L/h for PFOA.

Catalyst Alumina PFOA

Meat, 9 D.x10°, m?/s | k.ax10% s D.x10°, m?/s | k,ax10? s*
0.0 1.20 9.6 1.20 9.6
25.0 0.98 9.8 1.20 9.8
35.0 0.99 9.8 1.00 10.0
50.0 0.99 9.85 1.20 9.98
75.0 1.02 10.2 1.27 11.0
100.0 1.03 9.9 1.32 10.7
125.0 1.13 9.9 1.35 10.5
150.0 1.21 9.83 1.15 9.96
175.0 1.25 9.78 1.25 9.84
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Afterwards, the effect of catalyst dosage (M) on the ozone absorption was studied at
the fluidized condition of Qg=150 L/h (u(;=8.33><10'3 m/s) and Q=150 L/h
(u=8.33x10" m/s). The calculated k_a values for each condition are given in Table
5.14. It was observed that the dissolved ozone concentration was increased by the
increase of catalyst dosage at every column height for both alumina and PFOA (Figures

5.23 and 5.24).

Table 5.14. D, and ki a values for different catalyst dosages. Conditions: Qg =150 L/h,
QL =150 L/h, pH = 2.5, T =(22.0 = 0.9)°C, CO3,G,in =(0.90 £+ 0.029) mmol Os/L gas, no

dye in the medium, ey =2.0 mm, fluidized bed, U min=130 L/h for alumina, U_min=110
L/h for PFOA, He=13.4 cm, Hs=7.5 cm.

Figure 5.23. Dissolved ozone concentration curves for different catalyst dosages in the
column. Qg = 150 L/h, Q_ = 150 L/h, catalyst = alumina, pH = 2.5, T = (22.0 £ 0.9)°C,

Catalyst Alumina PFOA
Meat, 9 D.x10°, m/s | k,ax10% st | D.x10°, m%s | k.ax10% s*
0.0 2.70 6.7 2.70 6.7
25.0 2.92 7.3 2.92 7.6
75.0 3.21 8.9 3.21 8.4
125.0 3.57 10.2 3.57 10.6
200
2 160
<
2 120
S
S 80
x
S 40
0
0 0.2 0.4 0.8 1
z,m

C03 Gin= (0.90 £ 0.029) mmol O3/L gas, no dye in the medium, deg = 2.0 mm.
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The effect of particles on k a values was more significant at the fluidized condition of
the column due to the increase in turbulence. In fluidized bed column, k a increased
with the increase of catalyst dosage for alumina and PFOA particles. At 125 g of
particles, alumina and PFOA increased kia 1.52 and 1.58 times, respectively. Therefore,
it can be concluded that the fluidization conditions had an important effect on the

enhancement of ki a in the fluidized bed column.

CosL X 10%, mmol/L lig

Figure 5.24. Dissolved ozone concentration curves for different catalyst dosages in the
column. Qg = 150 L/h, Q. = 150 L/h, catalyst = PFOA, pH = 2.5, T = (22.0 £ 0.9)°C,
Co3 cin=(0.90+0.029) mmol O3/L gas, no dye in the medium, deg = 2.0 mm.

5.5 Dye ozonation experiments in the fluidized bed reactor

The experiments performed for the ozonation of RBBR and AR-151 solutions in the bed
can be classified as ozonation experiments in the gas-liquid system and catalytic
ozonation experiments with alumina or PFOA particles. In the sole ozonation
experiments inlet dye concentration (Cpjn), gas flow rate (Qg), liquid flow rate (Q.),

inlet gas phase O; concentration (C, ;,) and Qg/Qu ratio were the main studied

parameters. In catalytic ozonation experiments however, the effects of Cpjn, QL,

Co, c.in» catalyst dosage (Mear), catalyst particle size (dear) and pH were investigated.
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5.5.1 Ozonation experiments

Aqueous solutions of AR-151 and RBBR dyes were ozonated to determine the dye, TOC

removal values and ozone consumption during the continuous operation in the FBR.

5.5.1.1 Effects of gas and liquid flow rates and inlet dye concentration on ozonation
efficiency of AR-151 or RBBR dye without catalyst

Inlet dye concentration is an important parameter in order to evaluate the efficiency of
ozonation process in terms of dye and TOC removals and ozone consumption per liter
of liquid. Higher amount of dye consumes more ozone and certainly ozonation by-
products are in higher amounts in the reaction medium. Therefore, the inlet dye

concentration was selected as a predominant factor affecting the ozonation of the dyes.

The dye solutions at different inlet dye concentrations (Cpjn) were ozonated in the
fluidized column reactor operating without catalyst particles. The dye and O;
concentrations in the liquid phase were determined along the column at steady state.
Dye concentration decreased with the increase of the column height for RBBR and AR-
151 dyes (Figures 5.25 and 5.26). Since both the dye solution and gaseous O; were fed
to the reactor at the bottom, ozone started to oxidize the dye molecules just at the top of
the gas distributor and the degradation of the dye molecules continued with the increase
of the column height. The rate of dye removal was significantly high at initial heights
around the distributor (from reactor entrance to 0.21 m of the column) showing that the
dye removal mainly occurred within the gas distributor. Then, the dye concentration
decreased slowly. At the operating conditions of the gas-liquid reactor (Qz = 150 L/h
and QL = 30 L/h in Figure 5.25 or Qg = 70 L/h and Q. = 30 L/h in Figure 5.26), the
reactor can be modeled as very close to one CSTR as represented in Table 5.5 indicating

well mixing of the liquid within the reactor.
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Figure 5. 25. Cp/Cpin and CO3,L at different Cp;n,. Conditions: Qg = 150 L/h, Q. = 30

L/h, pH = 2.54, T = 22.3°C, Cosg,n= 0.306 = 0.017 mmol Os/ L gas, no catalyst. Solid
lines: Cp/Cpin, dashed lines: C,, | , (a): RBBR, (b): AR-151.
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Figure 5. 26. Cp/Cp i and Coz’L at different Cp j. Conditions: Qg = 70 L/h, Q. =30 L/h,
pH=2.54,T=223°C, Cy, ;,= 0.306 + 0.017 mmol O3/ L gas, no catalyst. Solid lines:
Co/Cp,in, dashed lines:, C,, | , (a): RBBR, (b): AR-151.
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Ozone concentration in the liquid phase (C,, | ) increased with the column height due to

greater absorption of O3 molecules in liquid, while the reaction between the dye and O;
was taking place. The consumption of O3 in the liquid phase during the reaction resulted
in the increase of the driving force for O3 mass transfer. Therefore, it can be revealed
that the mass transfer of O3 was enhanced by the presence of the chemical reaction.

However, the C, | values were much smaller in the dye ozonation experiments

compared to those in the O3 absorption experiments because of the consumption of O;

in the reaction.

By the increase of Cpjn, the dye and TOC removals were decreased. The obtained
percent dye removals for AR-151 were much smallar than those of RBBR. It seemed that
the change of Cp;, had a more significant effect on the ozonation of AR-151 (Figure

5.25-b).

The gas flow rate could be an important parameter in ozonation of organics since
applied O3 amount was increased with the gas flow rate keeping ozone dosage in the

gas, Cy g, constant. Also, it was important for the reactor hydrodynamics by giving

higher turbulence to the contents of the reactor. Hence, the effect of Qg for constant

Co,cin and constant Q_ was investigated for different Cpjn of RBBR and AR-151,
separately. Figure 5.26 shows the dye removal and C, | at Qg =70 L/h and Q.= 30

L/h. The dye concentrations in the column at these conditions (Figure 5.26) were
remarkably higher than those obtained at the conditions of Qg = 150 L/h and Q. = 30
L/h (Figure 5.25) for especially AR-151. The C, | values at the lower Qg decreased

also. The drastic effect of Qg on the dye removal was observed especially at high Cpn
(19.2 x 10 mmol/L for RBBR and 26.4 x 10 mmol/L for AR-151) as seen in Figure
5.27.

It was shown that the change of Qg was important on the TOC removal for both of the
dyes since a dramatic decrease of the TOC removal percentage by decreasing Qg was
observed (Figure 5.27). In this case, it was better to define a parameter “Applied O;

dose” (Appl,, ) to represent the amount of Os spent from the gas phase per liter of

liquid. This parameter is calculated by Equation (5.3):

123



Applo, = Co, 0 2 (53)

L

where Appl,, is in mmol/L-liq, Cg_ g, 1s in mmol/L-gas, and Qg and Q, are in L-gas/h

and L-lig/h, respectively.

At a lower Qg, keeping Q constant, the applied O3 dose per liter of liquid was smaller
as shown in Table 5.15. This meant that at a lower Qg, the amount of O; to oxidize the
dye molecules was decreased. Additionally, ki a, which increased with Qg, was smaller

showing a lower rate of mass transfer. At Qz=30 L/h, the C, , was close to zero

throughout the column showing that ozone was consumed immediately when absorbed
into the liquid phase and ozone became the limited reactant. Therefore, the higher dye
and TOC removal percentages could be achieved with the application of higher O;
doses in the gas. However, this implies a disadvantage for conventional ozonation of

dye solutions from economical point of view.

At the lower Qg (Qg = 30 L/h), the TOC removal percentages were much lower being
between 2.3% and 17.9% for RBBR and between 6.7% and 22.4% for AR-151, although
the dye removals were considerably higher. This demonstrated that the sole ozonation
without the catalyst was not sufficient to achieve the desired high levels of TOC
removal. As known from literature, the obtained TOC removal values were low since
the ozonation by-products showed high resistance to oxidation by ozone and the process

was not able to achieve complete mineralization to CO, and H,O [54,83].

Another important parameter in the ozonation of dyes was related to the amount of O;

that was consumed per liter of liquid. It is called “O3 consumption” (Cons,, ) and found

from Equation (5.4):

Cons,, (mmol /L lig) = (C03 ein—Co, .o )x % (5.4)
L

The increase of Cons,, by the increase of Cp;, and Qg was clearly observed. When the

Coi, Wwas increased, the concentrations of ozonation by-products also increased
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resulting in higher O3 consumptions. At the constant applied Oz dose, O3 consumption
was an indication of O3 usage efficiency. It meant the amount of needed ozone from the
gas per liter of wastewater in a treatment process. In economical view, the increase of

the Cons,, resulted in more O3 usage. Therefore, at lower Qg , even though the dye and

TOC removals were lower, the consumption of less O3 from the gas phase by lowering

the gas flow rate could be advised in order to reduce the ozonation expenses.

Table 5.15. Ozone doses applied in the experiments. C,, ;,= 0.306 + 0.017 mmol Os/
L gas.

Qc, L/h Q, L/h Qe/QL Appl, , mmol Os/L lig.
30 30 1.0 0.306
70 30 23 0.715
150 30 5.0 1.531
70 70 1.0 0.306
70 250 0.3 0.085

Some other parameters were evaluated to understand the actual efficiency of the

ozonation process. A parameter called “Os; consumption rate” (R, ) shows the

percent ratio of Oz consumed from the gas to the Os entering in the gas (Equation (5.5)).

In addition, the utilization ratios of ozone for the dye removal (U, (dye))and TOC

removal (U, (TOC)) were found from Equations (5.6) and (5.7).

Co.cin—C
Rconsjo3 =( 0,;,Gin 03,G.out)><100 (55)

C03,G,in

(CD,in - CD,out )X QL

0,,Gin CO3,G,out )X Qs

U, (dye)= ( (5.6)

(TOCin — TOCout )X QL

UO3 (T100)= (Co3 ,Gin _CO3,G,out)X Qs

(5.7)
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Figure 5.27. The effect Qg on dye and TOC removals and O; consumption at different

Co,in. Conditions: Q. = 30 L/h, pH = 2.51, T = 22.0°C, C; 4 ;,= 0.306 + 0.017 mmol
O3/ L gas, z=0.88 m, particles= none, (a): RBBR, (b): AR-151.
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As seen from Tables 5.16 to 5.18, R, was increased by the increase of Cp,in and by

the decrease of Qg. The highest efficiency in terms of consumption was achieved at the
lower Qg due to the increase of residence time of the gas in the reactor. Higher values of

Ruonso, at the lower Qg showed that O; applied in the gas was consumed more

efficiently for the degradation of the dye molecules and TOC. Similar results were
obtained in the literature; Soares et al. [35] found that the highest O; consumption rate
was at the lowest applied O3 dose. However, it has to be highlighted that at a lower Qg,
the fluidization degree in the reactor decreased resulting in lower mass transfer rate of

Os to the liquid phase. Also, at Qg = 30 L/h, the Appl, was very low resulting in
smaller U, values for both the dye and TOC, due to the limitation in the available

dissolved Os; concentration in the reactor (Table 5.18). It is understood that at this

condition process is controlled by the mass transfer of ozone.

Table 5. 16. Calculated R, and U for the dyes. Qe=150 L/h, Q=30 L/h. Appl, =
1.531 mmol/L liq.

Dye  Cp,nx107, Roonso, %0 U, (dye),mmol U, (TOC), mmol
mmol/L

from gas dye/mmol O; TOC/mmol O3

4.8 35.6 0.099 0.344

9.6 57.0 0.097 0.290

RBBR 14.4 67.8 0.121 0.275
19.2 87.3 0.121 0.264

6.6 423 0.104 0.566

13.2 48.8 0.115 0.552

AR-151 19.8 55.1 0.132 0.533
26.4 55.7 0.125 0.503

The gas-liquid system utilized O3 more efficiently as mmol dye degraded per mmol O;
consumed when the inlet dye concentration was higher. That was probably due to the

higher degradation rate of the dye with the higher Cj; even though the consumed

amount of ozone was also increased. The increase in the degradation of dye molecules

was compensated with the increase in Cj,, causing a decrease in % dye removal. As

Cp,n increased, the amount of TOC in the solution increased so that lower U, (TOC)
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values were achieved, this indicated that more Os; was required to reach complete

mineralization at the higher Cp n.

Table 5.17. Calculated R, and Ug for the dyes. Qe=70 L/h, Q=30 L/h. Appl, =
0.715 mmol/L liq.

Dye  Cpinx107, Ronso, %0 U, (dye),mmol U, (TOC), mmol
mmol/L from gas dye/mmol O; TOC/mmol O;
4.8 56.3 0.109 0.318
9.6 81.9 0.140 0.353
RBBR 14.4 92.0 0.165 0.292
19.2 99.3 0.181 0.118
6.6 64.3 0.154 0.648
13.2 62.7 0.138 0.585
AR-151 19.8 64.7 0.193 0.634
26.4 68.5 0.220 0.689

Table 5.18. Calculated R, and Ug for the dyes. Qe=30 L/h, Q=30 L/h. Appl, =
0.314 mmol/L liq.

Dye  Cpinx107, Ronso, %0 U, (dye),mmol U, (TOC), mmol
mmol/L from gas dye/mmol O3 TOC/mmol O;
4.8 82.2 0.134 0.104
RBBR 19.2 99.4 0.107 0.065
6.6 93.9 0.073 0.272
AR-151 26.4 94.7 0.068 0.201

The liquid flow rate was effective in the ozonation process in terms of contact time
between the gas and liquid phases and the applied O; dose per liter of solution.
Eventually, the experiments were performed to evaluate the change of Q. for RBBR or
AR-151 degradation by ozone at Qz=70 L/h. The dye and TOC removal values were
decreased significantly by the increase of Q.. In fact, no remarkable TOC removal was
observed at that condition. The increase of liquid flow rate caused lower residence time
of liquid reducing the contact time between the dye solution and the gas phase.
Therefore, the time for ozone to dissolve in the liquid phase and thus, the time for the

ozonation reaction in the liquid phase was shortened. In addition, the applied ozone
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dose was lowered by the increase of Q_ at the constant Qg as seen in Table 5.15.
Although it was advantageous to feed the ozonated solution with a higher flow rate,
higher Q_ brought about the decrease in efficiency in terms of both dye and TOC
removals. As seen in Figure 5.28, the consumed O3 amounts were reduced significantly

showing that the process could not use the applied O3 with a higher percentage.
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Figure 5.28. The effect of liquid flow rate on dye and TOC removals and O3

consumption. Conditions: Qg =70 L/h, pH = 2.51, T = 22.0°C, C;, ¢ ;,= 0.306 + 0.017
mmol O3/ L gas, z= 0.88 m, no catalyst, (a): RBBR, (b): AR-151.
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The TOC removal percentages and consumed O3 values from the gas in the experiments
are represented in Table 5.19. For the highest liquid flow rate (Q =250 L/h), the TOC
removal percentages were between 0.9% and 5.9% for RBBR and between 1.9% and
8.2% for AR-151. To get high dye and TOC removals it is advised to operate the reactor
at the low liquid flow rates such as Q. =30 L/h.

The utilization for the dye and TOC degradations was remarkably increased at the
higher liquid flow rates comparing the results in Tables 5.17, 5.20 and 5.21. Because the
decreases in the degraded amounts of both the dye and TOC was accompanied with the

decreases in consumed amounts of Os.

Table 5.19. % TOC removals and Oz consumption values at different gas and liquid
flow rates. Conditions: pH =2.51, T=22.0°C, Cq ¢ ;,= 0.306 + 0.017 mmol O3/L gas, z

= 0.88 m, particles= none.

Co,in x 10%, TOC Cons,, ,
Dye Qo, L/h Q. L/h mmol/L Removal, % | mmol/L liq
4.8 17.9 0.493
9.6 13.7 0.908
150 14.4 9.8 1.080
30 19.2 9.5 1.366
4.8 13.3 0.442
9.6 11.3 0.639
RBBR 14.4 7.2 0.736
20 19.2 2.3 0.819
4.8 5.9 0.073
9.6 3.1 0.082
250 14.4 1.7 0.083
19.2 0.9 0.088
6.6 224 0.681
13.2 13.5 0.750
150 19.8 9.8 0.804
30 26.4 7.2 0.858
6.6 17.3 0.502
13.2 10.1 0.505
AR-151 19.8 7.4 0.531
20 26.4 6.7 0.555
6.6 8.2 0.063
13.2 5.3 0.075
250 19.8 4.1 0.078
26.4 1.9 0.081
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Table 5.20. Calculated R, and Ug for the dyes. Qe=70 L/h, Q=70 L/h. Appl, =
0.306 mmol/L liq.

Dye  Cpinx107, Ronso, %0 U, (dye),mmol U, (TOC), mmol
mmol/L from gas dye/mmol O; TOC/mmol O;
4.8 90.6 0.145 0.276
RBBR 19.2 95.9 0.271 0.527
6.6 92.8 0.150 0.440
AR-151 26.4 96.3 0.253 0.494

Table 5.21. Calculated R, and U for the dyes. Qe=70 L/h, Q=250 L/h. Appl, =
0.085 mmol/L liq.

Dye  Cpinx107, Rons.o, » 70 U, (dye),mmol U, (TOC), mmol
mmol/L from gas dye/mmol O; TOC/mmol Os
48 92.7 0.301 0.835
9.6 99.1 0.304 0.742
RBBR 14.4 99.7 0.363 0.571
19.2 99.1 0.440 0.436
6.6 69.6 0.444 2.044
13.2 85.4 0.340 2.000
AR-151 19.8 87.2 0.403 1.815
26.4 87.3 0.461 1.387

5.5.1.2 Effect of inlet ozone concentration on ozonation of AR-151 or RBBR dye

With the increase of inlet ozone concentration (C,, ¢, ), the applied Os dose per liter of
liquid increased (Equation (5.3)). Cq, s, exerted a positive effect on the dye conversion

and by-product removal at the studied conditions.

The increase in Cg, ;, shows its effect by increasing the rate of mass transfer of Os.
The driving force for O; was increased with the higher C, ;, giving an increase in
Co,. and the rate of dye oxidation consequently. The increases in dye and TOC
removals were more significant in the case of high C,; (Table 5.22). However, as
shown in Table 5.23, the dye removal was gradually increased by the increase in Cg, g,

at the lower inlet dye concentration since the amount of available Os in the system was
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sufficient to remove most of the dye molecules and the by-products from the solution.

As aresult, a remarkable increase in TOC removal was observed with Cq, -

Table 5.22. The effect of inlet ozone concentration in the gas on dye removal, TOC
removal and Cons03 . Qe= 70 L/h, Q=30 L/h, Cpjn=19.2 x 102 mmol/L for RBBR,

Cbiin= 26.4 x 10 mmol/L for AR-151, pH=2.5.

Dye Co, 6in> Dye removal, | TOC removal, Cons,, ,
mmol/L gas Vo % mmol/L lig
0.317 78.9 23 0.819
RBBR 0.861* 98.9 9.6 1.273
0.307 45.8 6.7 0.555
ARLSL 0.913* 84.4 17.5 2.124

* These experiments were conducted by producing ozone from pure oxygen.

Table 5.23. The effect of inlet ozone concentration in the gas on dye, TOC removal and
05 consumption. Qg= 70 L/h, Q.= 30 L/h, Cpin = 4.8 x 10> mmol/L for RBBR, Cp,n =

6.6 x 10 mmol/L for AR-151, pH=2.5.

Co, Gin> Dye Removal, | TOC Removal, Cons,, ,
Dye '* 0 0 .
mmol/L gas /0 /0 mmol/L liq
0.336 97.4 13.3 0.442
0.435 100.0 20.8 0.718
RBBR 0.525 100.0 24.8 0.861
0.611 100.0 27.9 0.973
0.986* 100.0 29.0 1.818
0.334 91.5 17.3 0.501
0.418 94.0 18.6 0.749
AR-151 0.497 97.2 20.4 0.813
0.943* 99.2 24.8 1.870

* These experiments were conducted by producing ozone from pure oxygen.

5.5.1.3 Effect of Qg/Q. ratio in ozonation of AR-151 and RBBR dyes

The increase of the gas and liquid flow rates in the same ratio in order to keep Qc/QL
ratio equal to 1, the dye and TOC removals were changed. At the highest gas and liquid
flow rates (150 L/h), the dye and TOC removals were higher as well as O3 consumption
(Figure 5.29 and 5.30). Applied Os dose (or inlet O3 concentration in the gas) instead

was constant. The increase of Qg and Q. at the same ratio, keeping Qgs/Qy constant and
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equal to 1, resulted in the decrease of the contact time between gas and liquid phases.
Therefore, it would be expected that decreases of TOC and dye removals would occur
by the increase in Qg and Q.. However, this did not happen due to the higher turbulence
in the reactor at the higher gas and liquid flow rates; the mass transfer of ozone from gas
phase to the liquid phase increased and more ozone was available to degrade more dye
and TOC. As presented before, the mass transfer coefficient was mainly affected by the
gas flow rate while liquid flow rate had a minor influence. In other words, the increase
of the gas flow rate in the system affected the system performance more significantly
than the change of the liquid flow rate in terms of O3 mass transfer to the liquid phase.
The dissolved O; concentrations were found to be higher at the higher Qg and Q_

indicating the absorption of more O; into the liquid phase.

The TOC removals and O3 consumptions are given in Table 5.24. Ozone consumption
was increased with the increasing gas and liquid flow rates although O3 consumption
rate remained almost constant and over 90% of the entering O3 in the gas was spent for
the degradations of the dye and TOC (Tables 5.25 and 5.26). The ozone consumption
rate was an important parameter for the economical consideration of the ozonation
process. Here, in only ozonation process the ozone consumption rate was found be close
to 100%, which meant higher costs from the economical point of view because of the

inefficient use of gaseous ozone.

As shown in Tables 5.25 and 5.26, the utilization ratios for dye and TOC were increased
by the increase of Qg and Q.. In other words, operation of the reactor at the higher gas
and liquid flow rates, keeping Qg/QL constant was advantageous. Although the applied
O3 dose was the same at the studied flow rate conditions, dissolved Oz was utilized with

higher efficiencies in dye and TOC removals at the higher Qg and Q.
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Figure 5.29. Cp/Cpjn ratio for different Qg and Q. Conditions: Qs/QL = 1.0, Dye =
RBBR, pH = 2.54, T = 22.3°C, Cy ¢;,= 0.306 + 0.017 mmol Os/L gas, no catalyst.

Solid lines: for Cpjn = 4.8x10% mmol/L, dashed lines: for Cpjn= 19.2x10 mmol/L.
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Figure 5.30. Cp/Cp jn ratio for different Qg and Q.. Conditions: Qs/QL = 1.0, Dye = AR-
151, pH =2.54, T=22.3°C, C;, 5;,= 0.306 + 0.017 mmol O3/ L gas, no catalyst. Solid

lines: for Cpj, = 6.6% 10 mmol/L, dashed lines: for Cpjn = 26.4x 10”2 mmol/L.
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Table 5.24. The effect of Qg and Q. on TOC removal and O3 consumption. Conditions:
Qc/QL = 1.0, pH = 2.51, T=22.0°C, COS’G,m= 0.306 = 0.017 mmol O3/ L gas, z= 0.88

m, particles= none.

Co,in x 10%, TOC Cons,, ,
Dye Qc, L/h Q. L/h mmol/L removal, % mmol/L- lig
30 30 6.9 0.243
70 70 4.8 7.6 0.270
150 150 8.3 0.290
RBBR 30 30 2.0 0312
70 70 19.2 3.8 0.301
150 150 4.4 0.375
30 30 5.4 0.277
70 70 6.6 9.9 0.302
150 150 13.9 0.322
AR-151 30 30 1.1 0.297
70 70 26.4 2.7 0.218
150 150 3.8 0.232

Table 5.25. Calculated R, and U, at different Qg and Q.. Conditions: Qa/Q.= 1.0,
Dye = RBBR, pH = 2.54, T = 22.3°C, C, ;,= 0.306 + 0.017 mmol Os/L gas, no
catalyst, Cpjn = 4.8% 102 mmol/L.

Qe L/h | OL L/ Roeo, » % U, (dye),mmol | U, (TOC), mmol
dye/mmol O; TOC/mmol O;
30 30 82.2 1.74 0.026
70 70 90.6 1.89 0.069
150 150 90.8 2.10 0.075

Table 5.26. Calculated R, and U, at different Qg and QL. Conditions: Qs/Q.= 1.0,
Dye = AR-151, pH = 2.54, T = 22.3°C, Cg 5;,= 0.306 + 0.017 mmol Os/ L gas, no
catalyst, Cpjn = 6.6% 10”2 mmol/L.

Qo L | QL L Roneo, » % U, (dye),mmol U, (TOC), mmol
' dye/mmol Os TOC/mmol Os
30 30 93.9 0.683 0.068
70 70 92.8 1.42 0.11
150 150 94.6 1.85 0.13
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5.5.1.4 By-products of dye ozonation

According to the detailed HPLC analysis, it was possible to determine the main organic
by-products of the ozonated dye solutions. First, the by-products were investigated for
the non-catalytic ozonation. The inlet dye concentration, inlet gas ozone concentration,
gas and liquid flow rates were the main parameters affecting the produced amounts of
the by-products. The main by-products of RBBR and AR-151 degradation were found to
be oxalic acid (OA), acetic acid (AA) and glyoxalic acid (GA). The analysis made for
the determination of aldehydes showed that the produced amount of aldehydes were

considerably small and they were not detected in the solution mostly.

In the ozonation of AR-151 and RBBR solutions, first the chromophore (color-giving)
group of the dye was broken by ozone giving much smaller molecules of ozonation
intermediates. The quick removal of the dye was an indication of that breakage. Then,

these intermediates were degraded to more stable by-products such as carboxylic acids.

Figure 5.31 shows the concentration of the by-products as a function of axial direction
(2) and inlet dye concentration. The OA and GA concentrations were increased with the
increasing Z (height) of the reactor. This meant the continuous production of such
carboxylic acids during the ozonation process. AA concentration was increased up to a
point in the column and then a decrease was observed. Therefore, acetic acid was
produced in the solution and then it was degraded by ozone resulting in the decrease of

its concentration.

Higher inlet dye concentrations produced more ozonation by-products. The
concentrations of all three species were increased by the increase of Cpjn. That was due
to the oxidation of more dye molecules at the higher Cp jn resulting in the production of
more ozonated products. In literature, oxalic acid was shown to be one of the main by-
products of the dye ozonation [178,181]. Due to the symmetrical structure, the carbons
on oxalic acid were stable. The degradation of oxalic acid by ozone was difficult; as a

result, it was found as the main ozonation by-product of RBBR and AR-151 degradation.

Acetic acid and glyoxalic acid were produced in the solution in high amounts. This

showed that the oxidation by sole ozonation was insufficient to remove such organics
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from the dye solutions. The products resulted in considerable amount of TOC;
therefore, the TOC reductions by sole ozonation was low. The reduction of these
organics did not lead to complete mineralization; in other words, the formation

efficiency of CO, and H,O from the further oxidation of these organics was low.

The effect of gas flow rate on the by-product concentrations was studied. As seen in
Figure 5.32, the concentrations of OA and GA were increased with the increasing Qg.
At a constant inlet O3 concentration, the increase of Qg meant the increase in applied O;
to the solution. Therefore, the addition of more O; to the system caused more

degradation of ozonation intermediates giving higher concentrations of OA and GA.

The concentration of AA decreased with the increasing Qg (Figure 5.32b). That was due
to the degradation of acetic acid in the solution by the additional ozone. Acetic acid in
the presence of higher O3 dose was converted into carbon dioxide and water lowering
the TOC of the solution. Fontainer et al. [168] also showed that the mineralization

required more ozone dose for a given organic solution.

According to Fontainer et al. [168], generation of carbon dioxide from ozonation of
acetic acid proceeded through the formation of formaldehyde and formic acid.
However, they stated that the oxidation of formaldehyde and formic acid was easy so
that they were not observed in the medium as the final products. That was probably the
main reason of for the un-detected formaldehyde and formic acid at the studied

ozonation conditions of AR-151 and RBBR dyes.

Similarly, the effect of Q_ was investigated for the formation of organic species as by-
products. At the studied Q. conditions, the observed glyoxalic concentration was very
low that could not be detected. At the higher Q_ conditions, the applied O3 doses per
liter of liquid were small so that O; was not sufficient to produce glyoxalic acid. The
OA concentrations were lowered by the increase of Q. (Figure 5.33). Contarily, AA
concentrations were higher at the higher values of Q. showing that AA was produced
more at the lower ozone doses. From the results of the experiments at different Qg and
QL, it can be said that the degradation of AA in the solution was responsible for the

removal of TOC (Figure 5.28, Table 5.19).
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Figure 5.31. The by-products at different Cpjn. Conditions: Qg = 150 L/h, Q. = 30 L/h,

pH =2.54, T =22.3°C, Cosg,in= 0.306 + 0.017 mmol O3/L gas, no catalyst. Solid lines:
RBBR, dashed lines: AR-151, (a) OA, (b) AA, (c) GA.
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Figure 5.32. The by-products at different Qg. Conditions: Cpjn = 4.8x10”> mmol/L for
RBBR, Cpjn = 6.6x102 mmol/L for AR-151, QL =30 L/h, pH = 2.54, T = 22.3°C,
Coscin= 0.306 £ 0.017 mmol Os/ L gas, no catalyst. Solid lines: RBBR, dashed lines:
AR-151, (a) OA, (b) AA, (c) GA.
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Figure 5.33. The by-products at different Q.. Conditions: Cpjn = 4.8x102 mmol/L for
RBBR, Cpn = 6.6x102 mmol/L for AR-151, Qe = 70 L/h, pH = 2.54, T = 22.3°C,

Cosin= 0.306 = 0.017 mmol Os/ L gas, no catalyst. Solid lines: RBBR, dashed lines:
AR-151, (a) OA, (b) AA.
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The ozone concentration in the inlet gas was an important process parameter such that
more dye molecules were oxidized in the presence of higher O; concentrations in the
gas phase. As presented in Figure 5.34, it affected the by-product concentrations.
Higher OA and GA concentrations were achieved with more Os;. At the lower O;
concentration, ozone provoked only the degradation of the dye molecules. The lower
TOC removals indicated that the degradation of ozonation-by-products to CO, and H,O
was low. The organics produced as a result of the oxidation were partially degraded to
OA and GA so that their concentration in the liquid phase was low. At the higher O;
concentrations however, the organic intermediates were degraded by ozone to smaller

organics suc as oxalic and acetic acids as stated in the literature [171,178-180].

Finally, the by-products were investigated at different Qg and Q. values for Qg/Q,=1.0.
By the increase of gas and liquid flow rates, keeping Qg/Q. constant, the concentration
of by-products were changed. The increase of Qg and Q, resulted in higher turbulence
in the reactor enhancing the dye and TOC removals as shown in Figures 5.29, 5.30 and
Table 5.24. As a result, OA concentration increased by the increase of Qg and Q. and

AA concentration decreased.

Most of the aliphatic compounds such as aldehydes, ketones and carboxylic acids react
with molecular ozone slowly [49]. That was probably the reason of carboxylic acid
accumulation in the solution by sole ozonation. Ozone concentration was sufficient to
oxidize the aldehydes such as formaldeyhde, acetaldehyde and glyoxal to the
corresponding carboxylic acids and as a result, no aldehyde was found. Glaze et al.
[129] and Miltner et al. [184] found that when the O; dosage was high, aldehydes

reacted with Os to produce carboxylic acids.
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Figure 5.34. The by-products at different Cozgjn. Conditions: Cpjn = 4.8x102 mmol/L
for RBBR, Cpn= 6.6x107> mmol/L for AR-151, Qz =70 L/h, Q.=30 L/h,pH=2.54, T
=22.3°C, no catalyst. Solid lines: RBBR, dashed lines: AR-151, (a) OA, (b) AA, (c) GA.
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Figure 5.35. The by-products at different Qg and Q. Conditions: Cpi=4.8x107
mmol/L for RBBR, Cpin= 6.6x10"2 mmol/L for AR-151, Cosgin= 0.306 = 0.017 mmol

05/ L gas, pH = 2.54, T = 22.3°C, particles = none. Solid lines: RBBR, dashed lines:AR-
151, (a) OA, (b) AA.
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5.6 Dye ozonation in the presence of catalysts

The use of alumina and PFOA catalyst individually in the ozonation of RBBR and AR-
151 dyes separately was investigated in the fluidized bed reactor. The catalyst dosage
was considered to be a significant parameter influencing the performance of the dye
ozonation. Therefore, as a first step in the catalytic ozonation, each dye was ozonated

using different alumina or PFOA dosages in the column.
5.6.1 The effect of catalyst dosage on dye ozonation

The effect of catalyst dosage on the ozonation of RBBR and AR-151 dyes is shown in
Figures 5.36 to 5.39 for alumina and PFOA catalysts. To compare the effects of the
catalyst at the low and high organic loading conditions, the dye solutions at a lower
(Cp.ir=4.8x10 mmol/L for RBBR and Cp ;=6.6x10? mmol/L for AR-151) and a higher
inlet dye concentrations (CDyin=l9.2X10'2 mmol/L. for RBBR and C|3,in=26.4X10'2
mmol/L for AR-151) were ozonated in the presence of the catalyst particles. Since the
ozone concentration was sufficient to degrade most of the dye molecules in the reactor,
the increase of catalyst dosage did not affect the dye removal significantly at the low
inlet dye concentrations. However, at the high inlet dye concentration of each dye, the
presence of the alumina or PFOA particles did not improve the dye removal. Even, the
dye removal was decreased by the presence of the catalysts. Consequently, lower dye
removals were obtained with the increase of alumina or PFOA dosage in the reactor at
especially high inlet dye concentrations. As observed from Figures 5.36 to 5.39,
ozonation of RBBR and AR-151 dyes without the catalyst was more feasible to degrade

the dye molecules in the solution.

The obtained dissolved ozone concentrations were lower in the presence of the catalysts
and decreased by the increase of the catalyst dosage. Generally, at acidic pH, ozone
molecules were stable and were not decomposed to oxidation radicals. However, several
studies including the ozonation of some organics in the presence of alumina showed that
even at acidic pH, alumina catalyst caused a decrease in dissolved ozone concentrations
enabling the decomposition of ozone considerably [155,159]. The surface active groups
on alumina were reported to react with dissolved O3 on the catalyst surface to produce
O° radicals [152]. The catalyzing effect of alumina was due to the enhancement of

oxidation by the produced radicals in the solution.
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Figure 5.36. The effect of catalyst dosage on the dye removal and dissolved O;
concentration. Conditions: Qg = 150 L/h, Q_ = 150 L/h, Dye =RBBR, pH=2.5, CosG,in
=0.92+0.09 mmol/L gas, catalyst =Alumina, ez = 2.0 mm, (a) for Cpjn = 4.8x10
mmol/L, (b) for Cpjn = 19.2x107 mmol/L, u_mn=130 L/h, He=12.6 cm, Hs=7.5 cm.
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Figure 5.37. The effect of catalyst dosage on the dye removal and dissolved O;
concentration. Conditions: Qg = 150 L/h, Q. = 150 L/h, Dye = RBBR, pH=2.5, Co3Gin=
0.92+0.09 mmol/L gas, catalyst = PFOA, der = 2.0 mm, (a) for Cpjn = 4.8x107
mmol/L, (b) for Cpjn = 19.2% 10 mmol/L, U min=110 L/h, He=13.4 cm, Hs=7.5 cm.
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(b)

Figure 5.38. The effect of catalyst dosage on the dye removal and dissolved O;
concentration. Conditions: Qg = 150 L/h, Q. = 150 L/h, Dye = AR-151, pH= 2.5,
Cosgir= 0.92+0.09 mmol/L gas, catalyst = Alumina, degx = 2.0 mm, (a) for Cpjn =

6.6x102 mmol/L, (b) for Cpjn = 26.4x10° mmol/L, U_min=130 L/h, He=12.6 cm,
Hs=7.5 cm.
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Figure 5.39. The effect of catalyst dosage on the dye removal and dissolved O;
concentration. Conditions: Qg = 150 L/h, Q_ = 150 L/h, Dye = AR-151, pH= 2.5,
Cosgin= 0.92+0.09 mmol/L gas, catalyst = PFOA, dcg; = 2.0 mm, (a) for Cpjn = 6.6 10
mmol/L, (b) for Cpjn = 26.4x 10? mmol/L, U =110 L/h, He=13.4 cm, Hs=7.5 cm.
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To understand the effect of alumina on ozone decomposition to radicals, several
experiments were conducted in the semi-batch system by ozonating AR-151 or RBBR
dye solutions in the presence of alumina catalyst using a radical scavenger, namely
carbonate ions. The removals of dye and TOC in the presence of the scavenger were
compared with those obtained in the experiments without the scavenger. The compared

results are shown in Figures 5.40 and 5.41 for RBBR and AR-151, respectively.
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Figure 5.40 The comparison of dye and TOC removals in the presence or absence of a
radical scavenger. Dye = RBBR, T = 25°C, Scavenger = Carbonate, Cp;j = 0.16 mmol/L,
catalyst = Alumina, mex= 10 g, pH = 2.5, reactor=Semi-batch.

As seen from the results, the presence of a scavenger in the ozonation catalyzed by
alumina affected the TOC removal significantly. With the scavenger, the TOC removal
was decreased. This meant that alumina-catalyzed ozonation even at acidic pH resulted
in the degradation of TOC by the radical reaction mechanism mainly. Otherwise, no
influence of the radical scavenger would be observed at the acidic pH. However, the
influence of the scavenger on the dye removal was small indicating that in the presence
of alumina catalyst; the dye removal occurred mainly by the direct reaction of molecular

ozone with the dye molecules. The results of such experiments showed that alumina
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caused the decomposition of ozone in the system at acidic pH and TOC was

significantly degraded by the radicals produced during ozone decomposition.
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Figure 5.41. The comparison of dye and TOC removals in the presence or absence of a
radical scavenger. Dye = AR-151, T = 25°C, Scavenger = carbonate, Cp; = 0.22
mmol/L, catalyst = Alumina, mgx= 10 g, pH = 2.5, reactor = Semi-batch.

The presence of alumina or PFOA was advantageous for TOC removal compared to the
non-catalyzed ozonation. Both alumina and PFOA were effective in breaking up the
organic pollutant molecules to small sized molecules and finally to carbon dioxide and
water. As seen in Figures 5.42 and 5.43, the TOC removals were increased by the
presence of alumina or PFOA catalyst. The increase of TOC reduction by alumina in
ozonation was largely due to the generation of oxidative radicals. Since non-catalytic
ozonation was not efficient in removing high percents of TOC from the solution as
explained before, alumina could be offered as a good catalyst capable of reducing the
TOC at a great extent in the catalytic ozonation. However, alumina was shown to be

less effective than PFOA giving smaller TOC removals.
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Figure 5.42. The effect of catalyst dosage on the dye removal, TOC removal and O;
consumption. Conditions: Qg = 150 L/h, Q. = 150 L/h, Dye = RBBR, Cp, = 4.8x107
mmol/L, pH= 2.5, Cg 5 ;,= 0.924+0.09 mmol/L gas, Oeat = 2.0 mm, reactor = FBR, Hs
=7.5 cm. (a) for catalyst = Alumina, U_min =130 L/h, Hg =12.6 cm, (b) for catalyst
=PFOA, u_mn=110 L/h, He=13.4 cm.
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Figure 5.43. The effect of catalyst dosage on the dye removal, TOC removal and O3
consumption. Conditions: Qg = 150 L/h, Q. = 150 L/h, Dye = AR-151, Cpjp = 6.6%10
mmol/L, pH= 2.5, CO_%G’m: 0.92+0.09 mmol/L gas, dear = 2.0 mm, reactor =FBR, Hs

=7.5 cm, (a) for catalyst = Alumina, U_pin =130 L/h, Hg =12.6 cm, (b) for catalyst
=PFOA, u_min=110 L/h, He=13.4 cm.
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As it was apparent, the dosage of alumina and PFOA had an important influence on
TOC removal. An increase in TOC removal was observed with the increasing alumina
and PFOA dosage. The results clearly indicated that the catalysts improved the
degradation of ozonation intermediates or by-products rather than the dye molecules
since the dye removal was decreased with the increasing catalyst dosage for both of the
dyes and both of the catalysts. The increase of TOC degradation by the increase in
amount of alumina and PFOA was probably due to the increasing number of active sites

on the catalyst surface to enhance the reaction.

With 125 g PFOA, the TOC reductions (%) were increased 2.8 times and 4.5 times in
the ozonation of RBBR solutions with the initial dye concentration of 4.8x102 mmol/L
and 19.2x10 mmol/L, respectively compared to those achieved in the ozonation alone.
In the ozonation of AR-151 solutions with the Cpjp 6.6x102 mmol/L and 26.4x1072
mmol/L, the increment ratios were 3.8 times and 5.6 times, respectively. PFOA/O3

system was the most efficient system for the removal of TOC from the dye solution.

Similar to the alumina-catalyzed ozonation, the dissolved Os concentrations in the
presence of PFOA were lower than those achieved in the sole ozonation. The PFOA
catalyst enhanced the ozone solubility in the solution, therefore more ozone was
available to be spent also for the degradation of ozonation by-products removing the
TOC furthermore efficiently compared to the case of conventional ozonation. Thus,
TOC removal was enhanced; as a result, the dissolved O3 concentration in the liquid

was decreased.

Consumed amount of O3 from the gas phase was calculated per liter of liquid for the
non-catalytic and catalytic ozonation. With the increase of the catalyst dosage, the O3
consumption was decreased by using both catalysts, alumina and PFOA as seen in
Figures 5.42, 5.43 and Table 5.27. Ozonation alone required a considerably higher
ozone amount in the gas phase to achieve the same % dye and TOC removals. The use
of catalysts resulted in lower O3 amounts spent from the gas for the equal or greater dye
and TOC removals. The dye solution to be ozonated required less ozone for the
degradation of dye molecules and even for the TOC removal in the presence of the

catalysts.
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High ozone consumption from the gaseous ozone mixture with a low wastewater
treatment efficiency means that ozone transfer efficiency to the liquid phase is low; as a
result, some ozone is wasted from the gas phase without being used in the oxidation
reactions. When a catalyst is used, firstly the ozone transfer efficiency into the
wastewater is increased due to the better mixing in the reactor (turbulence created by the
particles), secondly the decomposition of ozone into radicals, having oxidation
potentials higher than that of ozone is enhanced, thirdly, the reaction becomes faster on

the active sites of the catalyst surface.

Table 5.27. Dye and TOC removal percentages with inlet ozone consumptions at
different catalyst dosages. Qg = 150 L/h, Q. = 150 L/h, pH= 2.5, C, ¢;,= 0.92+0.09

mmol/L gas, degt = 2.0 mm, reactor =FBR, Hs=7.5 cm, (a) for catalyst = Alumina, U_min
=130 L/h, He=12.6 cm, (b) for catalyst =PFOA, u_min=110 L/h, He=13.4 cm.

5 Dye TOC
Co,inx107, Cons,,
Dye Catalyst Meat,g L Removal, | Removal, ‘ ‘
mmo o v mmol/L liq
- - 89.1 5.0 0.791
25 75.6 13.1 0.701
Alumina 75 63.2 17.8 0.581
RBBR 125 19.2 63.0 24.9 0.610
25 68.4 9.8 0.691
PFOA 75 67.0 15.7 0.662
125 65.1 22.5 0.556
- - 52.8 5.6 0.710
25 69.2 14.2 0.681
Alumina 75 54.3 24.7 0.579
AR-151 125 26.4 55.5 25.8 0.554
25 74.5 17.7 0.636
PFOA 75 53.7 23.4 0.583
125 62.7 28.9 0.588

In the presence of PFOA catalyst, even less ozone was wasted; the decrease in
consumption of Oz from the gas, meaning the decrease in the consumed electric during
the O3 production, will give an advantage to PFOA-catalyzed ozonation. Also, the
increase of TOC removal while decreasing O3 wastage from the gas may be attributed to
the enhancement of ozone utilization rate in the respect of TOC removal. To understand

the positive effect exerted by alumina and PFOA, O3 consumption rates and utilization
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ratios for the dyes were calculated. The results are shown in Table 5.28. The results
suggested that the percent O3 consumptions from the inlet gas for the attained dye and

TOC removals were less in the presence of the catalysts.

Table 5. 28. O3 consumption rates and utilization ratios at different catalyst dosages. Qg
= 150 L/h, Q. = 150 L/h, pH= 2.5, Co3,e,m= 0.92+0.09 mmol/L gas, degr = 2.0 mm,

reactor =FBR, Hs=7.5 cm, (a) for catalyst = Alumina, U_mn=130 L/h, HE=12.6 cm, (b)
for catalyst =PFOA, u_nin=110 L/h, He=13.4 cm.

rrba C . X102 RCO UO3 (dye)5 UO3 (TOC)’
Catalyst v Dye Din" e mmol mmol
g mmol/L %
dye/mmol O3 | TOC/mmol O;
4.9 71.6 0.070 0.202
i i RBBR 18.1 80.1 0.204 0.238
7.3 71.4 0.098 0.235
ARIS] 25.4 72.1 0.195 0.443
4.8 71.1 0.069 0.266
Alumina | 25 RBBR 18.6 71.8 0.200 0.758
ARI51 6.8 71.3 0.091 0.346
27.4 71.8 0.279 1.260
5.0 71.6 0.070 0.358
PFOA 75 RBBR 18.6 71.8 0.184 0.578
ARI51 7.2 71.7 0.099 0.699
31.2 70.9 0.365 1.862
5.0 62.0 0.085 0.458
Alumina | 75 RBBR 18.7 62.6 0.203 1.287
ARI5] 59 62.2 0.093 0.746
28.0 62.2 0.263 2.562
5.0 68.3 0.076 0.493
PFOA 75 RBBR 18.7 62.7 0.215 1.073
ARI51 6.0 62.6 0.091 0.852
28.2 62.6 0.259 2.317
5.1 65.1 0.079 0.555
Alumina | 125 RBBR 18.0 65.7 0.186 1.514
ARI51 6.4 62.1 0.104 0.725
26.2 60.1 0.263 2.575
5.1 63.3 0.083 0.691
PFOA 125 RBBR 18.3 62.2 0.215 1.709
ARI5] 5.5 61.9 0.088 0.880
25.5 62.5 0.272 2.791
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The decrease of O3 consumption rate by the presence of PFOA in ozonation showed that
ozone that was transferred to the liquid phase with a higher efficiency in the presence of
PFOA, was used in less amount but more efficiently than that in sole ozonation in a
certain treatment time and for the same treatment efficiency obtained. Especially, at the
higher doses of the catalysts, the consumption rate remained almost constant at around
62% indicating that the catalytic ozonation system consumed O3 from the gas phase at
almost the same percentage, but yielding higher TOC removal percentages with the

increasing dosage of each catalyst.

The utilization ratios for TOC in the non-catalytic ozonation were low but increased
with the increasing of inlet dye concentration. The presence of the catalyst increased the
utilization for TOC considerably, and this ratio was increased by the increasing catalyst
dosage. However, utilization for the dye in the catalytic ozonation was almost the same
or slightly lower than that in the non-catalytic ozonation. The catalyst favored the

utilization of O3 for the TOC removal rather than for the dye removal.

The adsorption process of the dyes on alumina and PFOA was investigated to
understand the importance of adsorption during ozonation. Figure 5.44 presents the
effect of adsorption on the removal of RBBR and AR-151 dyes. As observed, the
adsorption of RBBR and AR-151 dyes on alumina at acidic pH was important. Due to
the hydrophobic nature of PFOA, the adsorption of the dye molecules on PFOA was
limited. At the acidic pH, the dyes were in ionic form, being prevented from adsorption

on PFOA.

Probably, due to the ionic character of the dye molecules at acidic pH, the dye
degradation in PFOA/O; system was slowed down. Non-polar intermediates or by-
products were preferentially adsorbed on the PFOA surface as the dye molecules
continued to be ozonated in the bulk solution simultaneously [158,160]. The adsorption
of non-polar organic species on the PFOA surface occurred filling the active sites.
Therefore, the catalyst dosage was important enabling the increase of active sites.
Ozone with a low polarity of 0.46 D (dipole moment) had an affinity to be adsorbed on
the PFOA surface [32,35]. As a result, the reaction between O3 and organic species

occurred on the non-polar surface of PFOA.
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Figure 5.44. The adsorption of RBBR and AR-151 dyes on alumina or PFOA. pH=3.6,
Cp, =15 mg/L, T=25°C, mex=2 g, reactor = Semi-batch.

The adsorption of the dye molecules on the alumina surface was more probable than

those of ozonated by-products. At the acidic pH, the dye molecules were positively
charged and the polar functional groups ("HO and ~SO, groups) of AR-151 and RBBR

resulted in the adsorption on the alumina surface.
5.6.2 The effect of catalyst particle size on dye ozonation

The particle size of the catalyst may affect the rate of dye ozonation due to the change
of internal mass transfer resistance in the catalyst pores. The internal mass transfer
resistance becomes larger with the increasing particle size and the internal effectiveness
factor (1) showing the ratio of “actual overall rate of reaction in the pores” to “rate of
reaction on the catalyst surface” is decreased [189]. Therefore, several experiments
were conducted by changing the particle size in order to observe the effect of internal

mass transfer.

The effect of catalyst particle size is presented in Figures 5.45 to 5.47. As deduced from
these figures, particle size did not affect the dye removal rate significantly for both
alumina and PFOA catalysts. Hence, the effect of internal mass transfer was almost
negligible in the ozonation of dyes on the alumina or PFOA surface. The internal mass

transfer did not limit the dye removal rate at the studied particle size conditions.
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Figure 5.45. The effect of catalyst particle size on the dye removal. Conditions: Dye =

RBBR, Qz= 150 L/h, Q_= 150 L/h, pH= 2.5, CO3,G,in = 0.92+0.09 mmol/L gas, catalyst

= alumina, (a) Cpjn = 4.8x1072 mmol/L, (b) Cpjn = 19.2x107 mmol/L; solid lines with
dark marks: for Cp/Cp in; dashed lines with light marks: for Co3,|_ .
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Figure 5.46. The effect of catalyst particle size on the dye removal. Conditions: Dye =
RBBR, Qz= 150 L/h, Q.= 150 L/h, pH = 2.5, CO3,G,in = 0.92+0.09 mmol/L gas, catalyst

= PFOA, (a) Cpjn = 4.8x10 mmol/L, (b) Cojn = 19.2x10 mmol/L; solid lines with
dark marks: for Cp/Cp jn; dashed lines with light marks: for CO3,L .
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Figure 5.47. The effect of catalyst particle size on the dye removal. Conditions: Dye =
AR-151, Qz= 150 L/h, Q.= 150 L/h, pH = 2.5, C¢ 5;, = 0.9240.09 mmol/L gas, Cp,in=

6.6x107 mmol/L; (a) catalyst = alumina, (b) catalyst=PFOA, solid lines with dark
marks: for Cp/Cp,in; dashed lines with light marks: for Cg, | .
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TOC removal was slightly increased by the decrease of particle size (Table 5.29). The
internal mass transfer resistance might be important in the case of further oxidation of
the by-products on the catalyst surface. However, the slight change of the TOC enables
to neglect the internal resistance compared to the effect of other resistances. Therefore,

in the reaction modeling it would be acceptable to take the effectiveness factor as 1.0.

Table 5.29. Dye and TOC removal percentages with ozone consumption at different
particle sizes. Qg = 150 L/h, Q. = 150 L/h, pH= 2.5, Cy, = 0.92+0.09 mmol/L gas,

rrl';at = 125 g

Dye Catalyst | e, mm | Cpjnx 10, TOC Cons,, ,
mmol/L | removal, mmol/L lig
%
1.5 31.7 0.553
Alumina 2.0 30.3 0.608
2.8 48 29.2 0.596
1.5 ' 35.9 0.588
PFOA 2.0 35.7 0.592
2.8 33.2 0.575
RBBR 1.5 26.4 0.645
Alumina 2.0 24.9 0.610
2.8 24.5 0.620
1.5 19.2 24.8 0.591
PFOA 2.0 22.5 0.556
2.8 29.0 0.603
1.5 32.9 0.614
Alumina 2.0 32.6 0.569
2.8 6.6 29.5 0.542
1.5 ' 40.6 0.569
PFOA 2.0 39.9 0.574
2.8 37.8 0.608
AR151 1.5 26.7 0.623
Alumina 2.0 25.8 0.554
2.8 28.7 0.613
1.5 26.4 30.5 0.597
PFOA 2.0 28.9 0.588
2.8 31.1 0.575
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5.6.3 Reproducibility of the experiments

The reproducibility of the experiments was examined by conducting several repeated
experiments at the same conditions with or without the catalyst particles. As a
representative example, Tables (5.30) and (5.31) show the dye removal, TOC removal
and O3 consumption results for RBBR and AR-151 ozonation. The reliability of the data

is ensured by the repeated experiments.

Table 5.30. Reproducibility of the experiments as dye removal, TOC removal and O;
consumption. Dye = RBBR, pH=2.5, Qg = 150 L/h, Q.= 150 L/h, Cpj, = 6.6 X 102
mmol/L, Cq o = 0.92 +0.02 mmol Os3/L gas, z = 0.88 m, no catalyst.

) Cons, ,
Experiment date Dye removal, % TOC removal, % ’
mmol/L liq
14.04.2008 100.0 12.7 0.702
21.06.2008 99.1 11.3 0.694
10.07.2008 98.6 14.5 0.699

Table 5.31. Reproducibility of the experiments as dye removal, TOC removal and O3
consumption. Dye = AR-151, pH = 2.5, Qg = 150 L/h, Q.= 150 L/h, Cpjn = 26.4 x 10
mmol/L, Cy, o = 0.92+ 0.02 mmol Os/L gas, z= 0.88 m, no catalyst.

. Cons, ,
Experiment date Dye removal, % TOC removal, % 5
mmol/L liq
20.04.2008 52.8 5.6 0.710
28.06.2008 50.4 59 0.692
15.07.2008 55.3 5.6 0.707

In addition, the stability of the catalyst was investigated by conducting three
consecutive runs by reusing the same particles of alumina or PFOA catalyst. After each
use, the catalyst was washed by passing distilled water through the column. Table 5.32
presents the results of these repeated. Dye and TOC removal differences were below
5%. It reveals that the activity of the reused catalyst was not reduced during the repeated
runs. However, the same catalysts were used at most twice consecutively in the other

experiments to ensure reliability.
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Table 5.32. Reproducibility of the FBR experiments as dye removal, TOC removal and
Os consumption. pH = 2.5, Qg = 150 L/h, Q.= 150 L/h, Cy 5, = 0.92 + 0.02 mmol

Os/L gas, z=0.88 m, M= 125 g, dear= 2.0 mm.

Cons, ,

Experiment Catalyst Dye CD’inxloz’ ren?(})lsal regl(())\(f:al o

date Y Y mmol/L o loval, | mmol/L

%0 /0 lig

27.042008 | FFOA 438 96.6 357 | 0592
(fresh)

28.04.2008 | FFOA 438 94.8 331 | 0.604
(used once)

PFOA | REBR

30.04.2008 : 19.2 62.7 206 | 0.584
(used twice)

02.05.2008 | LFOA 19.2 65.1 25 | 0556
(fresh)

04.052008 | FFOA 6.6 92.1 399 | 0574
(fresh)

06.05.2008 |  PFOA 6.6 89.3 364 | 0.585
(used once)

e oree) | AR-151

06.05.2008 : 26.4 58.4 262 | 0.602
(used twice)

11.05.2008 | PFOA 26.4 62.7 289 | 0.588
(fresh)

5.6.4 Effect of Q. on catalytic ozonation

The effect Q. on the dye ozonation process without catalyst particles was explained in
Section 5.3.1. In the FBR, the degree of mixing is an important factor for the dye and
TOC degradations in the solutions. The increase in mass transfer coefficient in the
presence of particles at the fluidized condition was impressive. However, as shown
before, the increase of Q. caused a decrease in both the dye and TOC removals because
of the lower O; doses applied and the shorter contact times between gas and liquid
phases. Consequently, the study of Q. in catalytic ozonation was important to compare

the reaction efficiency at the packed bed and fluidized bed conditions.

Tables 5.33 and 5.34 show the dye and TOC removals for low and high inlet dye
concentrations of RBBR and AR-151 at two different Q_ values. The dye and TOC
removals decreased with the increasing Q.. It seemed that the increase of Q,
consequently fluidization level, did not yield an improvement on the catalytic ozonation

efficiencies of the dye and TOC removals. However, it would be better to compare the
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process efficiency of catalytic ozonation with non-catalytic ozonation at the same Q_
conditions. That would provide a more beneficial observation for the enhancement of

the process efficiency.

For this purpose, the ratios showing the increase in the TOC removals were calculated
at the constant Q_ values. TOC removal increase was the ratio of “TOC removal
obtained in catalytic ozonation” to “that in non-catalytic ozonation” at the same Q.. The
results are shown in Table 5.35. As seen, the increase of Q. resulted in higher “TOC
removal increase” in catalytic ozonation, and the TOC removal was enhanced more

with the presence of PFOA particles at the higher Q. (Q =230 L/h).

Table 5.33. The effect of Q. on dye and TOC removals. Conditions: Qg = 150 L/h, pH =
2.5, Co, gin= 0.9240.09 mmol/L gas, Cp,in = 4.8x10” mmol/L for RBBR, Cpn = 6.6

%102 mmol/L for AR-151, My = 125 g, dear = 2.0 mm, reactor =FBR, Hs =7.5 cm, at
QL=230 L/h, (a) for catalyst = Alumina, U pyin =130 L/h, HE =15.9 cm, (b) for catalyst
=PFOA, u_min=110 L/h, He=17.2 cm.

QL L/h Dye Catalyst Dye rgmoval, TOC rfmoval,
% %

- 100.0 30.9
30 Alumina 98.6 45.7
PFOA 99.8 48.7
RBBR - 88.0 8.3
230 Alumina 58.0 27.6
PFOA 70.1 324
- 96.6 33.9
30 Alumina 93.1 428
PFOA 93.6 45.6
AR-151 - 86.0 8.9
230 Alumina 84.7 30.7
PFOA 87.5 37.5
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Table 5.34. The effect of Q. on dye and TOC removals. Conditions: Q=150 L/h, pH=
2.5, CO3,G,in: 0.92+0.09 mmol/L gas, Cpjn = 19.2x1072 mmol/L for RBBR, Cpn =

26.4x1072 mmol/L for AR-151, M5 =125 g, deat =2.0 mm, reactor =FBR, Hs=7.5 cm, at
QL =230 L/h, (a) for catalyst = Alumina, U_min =130 L/h, HE=15.9 cm, (b) for catalyst
=PFOA, u_min=110 L/h, He=17.2 cm.

Qu, L/h Dye Catalyst Dye removal, | TOC removal,

% %

- 100.0 16.1
30 Alumina 90.5 30.0
PFOA 81.4 33.1

RBBR - 72.8 3.5
230 Alumina 51.7 15.6
PFOA 60.9 17.3
- 89.8 21.3
30 Alumina 92.0 32.6
PFOA 79.0 35.5

ARISL - 25.8 4.2
230 Alumina 36.7 19.3
PFOA 29.3 224

Table 5.35. The effect of Q. on “TOC removal increase” in catalytic ozonation.
Conditions: Qg = 150 L/h, pH = 2.5, = 0.92+0.09 mmol/L gas, Mg = 125 g, dear = 2.0
mm, reactor =FBR, Hs=7.5 cm, at Q_ =230 L/h, (a) for catalyst = Alumina, U_in=130
L/h, HE=15.9 cm, (b) for catalyst =PFOA, u_mn=110 L/h, He=17.2 cm.

Qu, L/h Dye Cp,inx107, Catalyst TOC removal
mmol/L increase
48 Alumina 1.48
30 ' PFOA 1.58
192 Alumina 1.86
RBBR PFOA 2.06
438 Alumina 3.33
730 PFOA 3.90
192 Alumina 4.46
’ PFOA 4.94
6.6 Alumina 1.26
30 ' PFOA 1.35
6.4 Alumina 1.53
AR-151 PFOA 1.67
6.6 Alumina 345
230 PFOA 4.21
26.4 Alumina 4.60
PFOA 5.33
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5.6.5 Effect of pH on catalytic ozonation

The study of the effect of pH was important to find the possible contribution of radical
reactions in the ozonation of dyes. Therefore, its effect was investigated by conducting
ozonation experiments at pH=7 and 10 with and without the catalyst particles. The
effect of pH on dye removal, TOC removal and Oz consumption is presented
graphically in Table 5.36 and Figures 5.48 and 5.49. For catalytic and non-catalytic
ozonations, the highest dye removal was observed at pH=2.5 showing that the dye
degradation was mainly due to the direct ozonation. The dye removal was observed to
decrease with the increasing pH from 2.5 to 7 and then increased from pH 7 to 10. That
was because the AR-151 and RBBR dyes were preferentially degraded by molecular
ozone and at neutral pH, O; concentration decreased due to the radical reactions and the
concentration of radicals were not sufficiently high to degrade the dye molecules.

However, TOC removal was increased with the increasing pH.

More ozone was consumed at the higher pH in the catalytic or non-catalytic ozonation
processes. Especially, in alumina-catalyzed ozonation, the ozone consumption of the
process was remarkably increased at pH=7 and 10. Probably, the increase of radical
reactions of ozone in the presence of alumina caused this behaviour. The degradation of
TOC was increased by the increase of pH. TOC removals in the ozonation of RBBR and
AR-151 solutions with PFOA were almost 1.5 times of those obtained in ozonation with
PFOA at pH=2.5. Even with alumina catalyst, the enhancement of TOC removals with
the increase of pH 2.5 to 10 was observed. At pH=10, due to the radical reactions in the
bulk phase and even on the catalyst surface, the higher TOC removals were achieved in

alumina-catalyzed ozonation.

As stated before, at a pH higher than pHpzc of alumina, alumina surface became
negative by the increase of “OH ions. Therefore, at a pH of 10 (higher than pHpzc),
ozone was adsorbed on the alumina surface reacting with those "OH ions to produce
hydroxyl radicals. These powerful radicals having oxidation potentials higher than that
of ozone removed organics from the solution so that an effective amount of TOC was
removed at pH=10 in the presence of alumina. The generation of hydroxyl radical has

been shown as an important route in many catalytic ozonation reactions [155].
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The dye removal at pH=10 was close to that found at pH=2.5 in the case of PFOA
catalyzed ozonation. At pH=10, the stabilization of O3 partially in the bulk solution with
PFOA resulted in higher dye removal than that obtained in alumina catalyzed ozonation.
The PFOA particles adsorbing non-polar O3 molecules on the catalyst surface prevented
their decomposition in the liquid bulk phase stabilizing them. TOC was enhanced at
pH=10 compared to that at pH=2.5 because of the reaction with the stabilized O3 and

oxidative radicals produced at the very beginning of the operation.

Higher TOC removal at pH=10, was an indication of the effect of radical reactions;
otherwise, the TOC removal obtained at pH=2.5 and 10 would be almost equal to each
other and no enhancement of the degradation of TOC would occur. Therefore, it can be
said that at pH=10, both the reaction of radicals in the bulk and the reaction of ozone on

the PFOA surface, with the organics were important.

Table 5.36. The effect of pH on the R, and U, for the dyes. Conditions: Qz=150
L/h, Q=150 L/h, C, ;,= 0.924+0.09 mmol/L gas, Cp,in = 19.2x10™ mmol/L for RBBR,

Cpjn=26.4x 10”2 mmol/L for AR-151, M5 =125 g, deg; =2.0 mm, reactor =FBR, Hs=7.5
cm, for catalyst = Alumina, U_min =130 L/h, Hg =12.6 cm, for catalyst =PFOA, UL min
=110 L/h, He=13.4 cm.

R | Uo@e. [ Uo (100,
pH Catalyst | Dye Zn/s’os mmol mmol
0 dye/mmol O; | TOC/mmol O;
70 RBBR 92.7 0.165 0.279
’ AR151 83.8 0.180 0.675
10.0 i RBBR 96.1 0.167 0.339
' AR151 92.4 0.154 0.615
70 RBBR 95.0 0.095 1.285
Alumina AR151 91.5 0.134 1.848
10.0 RBBR 97.1 0.112 1.526
AR151 96.3 0.138 2.008
70 RBBR 66.7 0.180 2.118
) PFOA AR151 69.7 0.216 3.053
10.0 RBBR 69.1 0.172 2.327
AR151 70.1 0.228 3.341
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Figure 5.48. The effect of pH on dye removal, TOC removal and O; consumption.
Conditions:Dye =RBBR, Qg =150 L/h, QL =150 L/h, C, ;,=0.92+0.09 mmol/L gas,

Cp,jn=19.2x 10 mmol/L, My =125 g, deat =2.0 mm,(a) no cat., (b) alumina, (c) PFOA,
reactor =FBR, Hs =7.5 cm, for catalyst = Alumina, U_min =130 L/h, He =12.6 cm, for
catalyst =PFOA, UL in=110 L/h, H=13.4 cm.
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Figure 5.49. The effect of pH on dye removal, TOC removal and O; consumption.
Conditions: Dye =AR-151, Qs =150 L/h, Q=150 L/h, C, ;;,=0.92+0.09 mmol/L gas,

Cbiin =26.4x10? mmol/L, M =125 g, dear =2.0 mm, (a) no cat., (b) alumina, (c) PFOA.
reactor =FBR, Hs =7.5 cm, for catalyst = Alumina, U_min =130 L/h, He =12.6 cm, for
catalyst =PFOA, U_in=110 L/h, HE=13.4 cm.
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The decrease of the dye removal in the presence of alumina or PFOA particles for
especially RBBR dye can be explained by considering two possible reasons: First, O3
concentration in the liquid phase was limited so that O3 was spent for the degradation of
ozonation by-products rather than the dye molecules in catalytic ozonation reducing the
dye removal efficiency. Second, Os; was in sufficient amount but the dye oxidation
reaction competed with the side reactions of ozone. Hence, several experiments were

conducted at a higher inlet gas concentration of ozone (Cq_ g ;,=1.42 mmol/L gas) and

in the presence of alumina or PFOA catalyst at different catalyst dosages to understand
whether ozone was limited in the liquid. The inlet dye concentration was kept high
(Cpiin = 22.4x10 mmol/L for RBBR, Cp;n = 26.4x10” mmol/L for AR-151) in order to

observe the dye removal change clearly.

The results revealed that the dye removal was not affected significantly by the change of
catalyst dosage; only a slight decrease was observed with the presence of alumina or
PFOA (Figure 5.50). This indicated that the dye degradation by O3 mainly occurred in
the bulk solution since the catalyst dosage did not affect the dye removal rate
significantly. But, as stated before TOC removal was enhanced with the increase of the
catalyst dosage (Table 5.37) and this proved the occurrence of reaction between the

ozonation by-products and ozone on the catalyst surface [33-35].

The utilization ratio for the RBBR and AR-151 dyes was increased with the increasing
catalyst dosage (Table 5.38). In other words, the catalyst resulted in lower amount of O3
to be needed to attain a specific dye conversion. That was probably due to the
improvement of oxidative properties of ozone by adding solid catalyst to the system.
The presence of alumina was shown to be responsible for the production of highly
oxidative radicals, such as O° radicals at acidic pH and OH “radicals at alkaline pH
[155,159,160]. These radicals were not selective to oxidize the organics; an efficient
degradation of the organics was achieved by consuming Os through only radical
production. Also at acidic pH, some organics such as carboxylic acids containing
dissociated groups were adsorbed on the positively charged alumina surface. The
adsorption of carboxylic acids on alumina was shown to be very strong. Anions of
organic acids were replaced by the surface hydroxyl groups of alumina. The removal of

such organics by the adsorption on the alumina surface enhanced their degradation.

170



The lower O3 consumption from the gas phase by the use of PFOA in ozonation was
also shown in literature [155]. Kasprzyk-Hordern et al. [155] stated that PFOA
catalyzed ozonation required 25 times lower ozone dosage than sole ozonation. The
consumption of less Os; was due to the use of O3 with a greater efficiency in the
presence of PFOA. The ozonation by-products were more resistant to oxidation by
ozone only than the dye molecules so that the TOC removal was low in the non-
catalytic ozonation. PFOA enhanced the reaction rate of by-products with ozone on the
PFOA surface. Also, the non-polar catalytic phase increased the stability of Os in the
aqueous solution preventing it from the decomposition [32,35]. Then, PFOA favoured
the direct reaction of ozone with the organics in the bulk phase and on the catalyst

surface.

Table 5.37. The effect of catalyst dosage on the TOC removal and Cons,, . Conditions:
Qe = 150 L/h, Q.= 150 L/h, pH = 2.5, C,, ;, = 1.42+0.13 mmol/L gas, Cp,in = 22.4x

10? mmol/L for RBBR, Cp;n = 26.4x10 mmol/L for AR-151, reactor =FBR, Hs =7.5
cm, for catalyst = Alumina, U_min =130 L/h, Hg =12.6 cm, for catalyst =PFOA, UL min
=110 L/h, He=13.4 cm.

TOC Removal, Cons,,

Catalyst | Meat, g Dye o, mmol Oy/L lig
RBBR 7.3 1.309
) ) AR-151 8.7 1.256
55 RBBR 17.6 1.148
AR151 16.3 1.021
. RBBR 213 0.993
Alumina |75 prey 283 1.132
125 RBBR 26.2 0.959
AR151 32.6 1.062
55 RBBR 16.1 1.181
AR151 21.7 1111
RBBR 18.4 1.150
PFOA 73 AR151 33.2 1.100
15 RBBR 23.0 1.021
AR151 38.5 1.091
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Figure 5.50. The effect of catalyst dosage on the dye removal. Conditions: Qz=150 L/h,
Q=150 L/h, pH=2.5, Cy ¢;, =1.4240.13 mmol/L gas, Cpjn = 22.4x10”% mmol/L for
RBBR, Cp;n = 26.4x10 mmol/L for AR-151, (a) alumina, (b) PFOA, reactor =FBR, Hs

=7.5 cm, for catalyst = Alumina, U_min =130 L/h, Hg =12.6 cm, for catalyst =PFOA,
UL,nin=1 10 L/h, HE=13.4 cm.
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Table 5.38. Calculated Ry, and U values for the dyes. Conditions: Qz =150 L/h, Qu
=150 L/h, pH= 2.5, Cy 5, =1.42+0.13 mmol/L gas, Cpin =22.4x10% mmol/L for

RBBR, Cpn =26.4x10"> mmol/L for AR-151, reactor =FBR, Hs=7.5 cm, for catalyst =
Alumina, U_min =130 L/h, He =12.6 cm, for catalyst =PFOA, U_ min =110 L/h, He=13.4
cm.

R, Uy, (dye), Uo, (TOC),
Catalyst | Mea, g | Dye (:)n/s’q ’ mmol mmol
0 dye/mmol O3 | TOC/mmol O;
RBBR 91.0 0.135 0.262
] ] AR-151 | 87.6 0.142 0.404
75 RBBR 77.2 0.137 0.743
AR151 73.6 0.136 0.973
Alumina 75 RBBR 69.8 0.170 0.992
AR151 80.1 0.143 1.466
125 RBBR 67.9 0.174 1.318
AR151 76.2 0.174 1.903
75 RBBR 85.4 0.130 0.644
AR151 77.9 0.162 1.147
RBBR 82.5 0.136 0.736
PFOA 73 AR151 77.6 0.186 1.888
125 RBBR 75.9 0.169 1.090
AR151 77.8 0.200 2.283

Kasprzyk-Hordern et al. [33-35] reported also that the effect of PFOA was small on the
degradation of some organics which showed less resistivity toward oxidation by ozone.
In this study also, in the presence of PFOA catalyst, the dye removal was lower but
TOC removal was higher than those obtained in sole ozonation (Figures 5.42 and 5.43,
Table 5.27). It can be concluded that the sole ozonation was beneficial for the
degradation of organics which could be easily oxidized by ozone such as dye molecules
while the PFOA catalyzed ozonation showed its efficiency on the resistant organics
toward Os such as most of the ozonation by-products. According to Kasprzk-Hordern et
al. [33-35], PFOA was capable of adsorbing both ozone and resistant organics onto its
surface and the oxidation of such organics occurred on the catalyst surface mainly.
Since ozone was more stabilized on the PFOA surface, the oxidation efficiency of
organics resistant to ozone was higher on the non-polar phase of PFOA. Also, the
higher solubility of O3 in non-polar phase than in polar phase such as water resulted in

more degradation of the resistant organics toward ozone.
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5.6.6 Catalyst properties

The surface properties of alumina and PFOA catalysts before and after the dye
ozonation process were characterized by the Surface Electron Microscopy (SEM)
analysis realized in Metallurgy and Materials Engineering at M.E.T.U and and Fourier
Transform Infrared (FT-IR) Spectroscopy analysis realized in the Central Laboratory of
M.E.T.U.

The FT-IR spectra of the fresh calcined alumina and fresh PFOA are shown in Figures
5.51 and 5.52. On the surface of the fresh calcined alumina, there were peaks at 1379,
1394, 1505 and 1624 cm™'. The peak at 1637 cm™ could be attributed to the presence of
moisture in the sample. The peaks at 1379, 1394 and 1505 cm™ might include several
bands of OH strectching of surface groups [158, 214].

On the surface of PFOA prepared from calcined alumina, there were peaks at 1205,
1244 cm™ showing C-F streching bonds, and peaks at 1313, 1358, 1398 cm™ coming
from the calcined alumina [158]. Also, a peak at 1661 cm’ was observed and that band
could represent C=0 vibration on the PFOA [158]. Additionally, a peak at 1145 cm™
showed the C-C bond on the PFOA surface. Since, PFO acid contained C-F, C-C and
C=0 groups, those observed peaks represented the impregnation of PFO acid onto

alumina surface.

The used catalysts were analyzed after the dye ozonation process. There was a peak at
2848 cm’' probably showing C-H streching bond. This peak came from a surface
adsorbed ozonation intermediate. A sharp peak at 1700-1800 cm™ might be due to the
C=0 vibrations on the alumina surface, resulting from a carboxylic acid produced on

the alumina surface [158].
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Figure 5.51 FT-IR spectra of fresh calcined alumina.
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Figure 5.52 FT-IR spectra of fresh PFOA.
The FT-IR studies were realized for the used PFOA also. The spectra of used PFOA in
RBBR ozonation is shown in Figure 5.53. The spectra contained peaks at 1143, 1151,

1367 cm™', showing C-F streching vibrations. In addition, the peak at 1637 cm™ was

attributed to the C=0O vibration coming both the PFO acid and the carboxylic acid by-
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product of dye ozonation on the PFOA surface. New peak was appeared at 2331 cm™
after using the PFOA in the RBBR ozonation process. That peak represented OH
streching of organic intermediates produced during RBBR ozonation. The same peak
was observed at 2342 cm™ in the ozonation of AR-151 solution although the peak
intensity was lower than that in PFOA used for RBBR ozonation (Figure 5.54).
Therefore, on the PFOA surface, some by-products or intermediates containing OH
streching groups were produced. They were probably, carboxylic types of by-products.
The C=O0 streching peaks of those carboxylic groups were interfered with the peaks of
PFO acid.

The spectrum of PFOA after ozonation experiments showed that during ozonation no
change of the peaks representing the PFOA occurred (Figures 5.53 and 5.54). It can be
concluded from the FT-IR studies, ozonation did not deactivate the PFOA catalyst. The
existence of C-F bonds on the used PFOA indicated that ozone did not oxidize C-F
bond.

5.6.7 The effect of catalyst dosage on the concentrations of ozonation by-products

The by-products of AR-151 and RBBR ozonation were investigated in the presence of
the catalysts at different catalyst dosages. Figures 5.55 and 5.56 show the change of
oxalic acid (OA), acetic acid (AA), and formic acid (FA) concentrations with the
catalyst dosage. Contrary to the sole ozonation results, glyoxalic acid (GA) was not
produced during alumina- or PFOA-catalyzed ozonations. Instead, FA was produced
during the catalytic ozonation process. As seen in Figures 5.55¢ and 5.56c, FA was
observed at the higher catalyst dosages of 75 and 125 g, especially (15 and 25 g/L). The
disappearance of glyoxalic acid from the solution and formation of formic acid revealed
that probably some GA was oxidized to FA in the presence of the catalysts. Also, the
reduction of GA concentration in parallel to the TOC degradation showed that some GA

was mineralized to CO; and H,O in the process with the presence of the catalyst.

In the catalytic ozonation, especially with PFOA, the produced concentration of OA
was observed higher than those found in the non-catalytic ozonation. The OA
concentration increased with the increasing catalyst dosage for both of the catalysts.

Therefore, the production of OA was enhanced by the presence of the catalysts. Since
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OA was also found as a by-product in the sole ozonation of RBBR and AR-151 dyes and
its concentration changed with the catalyst dosage, the production of oxalic acid in the

catalytic ozonation case occurred both in the bulk phase and on the catalyst surface.
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Figure 5.53 FT-IR spectra of PFOA used in RBBR ozonation in the FBR.
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Figure 5.54 FT-IR spectra of PFOA used in AR-151 ozonation in the FBR.
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Figure 5.55. The by-products at different catalyst dosages. Conditions: Qg = 150 L/h,
QL =150 L/h, pH =2.54, T=22.3°C, dye = RBBR, Coz = 0.902 £ 0.017 mmol O3/ L
gas, Cpin= 4.8 x 10~ mmol/L, (a) OA, (b) AA, (c) FA, reactor =FBR, Hs=7.5 cm, for
catalyst = Alumina, U_ min =130 L/h, HE=12.6 cm, for catalyst =PFOA, U_mn=110 L/h,
He=13.4 cm.
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OA was produced in significant amounts in the presence of PFOA. This suggested in
PFOA-catalyzed ozonation led to stable by-products such as OA. That was also shown
in the literature. Kasprzyk-Hordern et al. [35] observed the increase of by-product
concentration with PFOA catalyzed ozonation. However, they highlighted that OA,
having two polar carboxylic groups, on the PFOA surface might cause the decrease of
the hydrophobicity of PFOA. But, the high polarity of OA might also result in the
desorption of it from the PFOA surface to the bulk liquid. The desorption of OA from
the PFOA surface probably caused the increase of its concentration in the bulk. Then, a
slight decrease of OA concentration was observed. Some OA molecules were oxidized

by ozone during the catalytic ozonation process.

Acetic acid concentration increased at the initial heights of the column, where the dye
and ozone molecules were encountered and then, tended to decrease. The formation rate
of AA was higher than the elimination rate at the beginning but it reversed at the higher
column heights since the elimination rate was increased due to the oxidation of AA by
ozone and formation rate was lower due to the increased concentrations of AA. The
oxidation of AA required the cleavage of C-C bond and that resulted in the degradation
of AA molecule to CO, and H,O as stated Fontainer et al. [171]. As a result, the
reduction in TOC was observed during this degradation. Besides, the production of CO,

and H,O, Fontainer et al. [171] showed that AA might produce FA during its oxidation.
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Figure 5.56. The by-products at different catalyst dosages. Conditions: Qg = 150 L/h,
QL =150 L/h, pH = 2.54, T =22.3°C, dye = AR-151, Coz,in= 0.902 = 0.017 mmol Os/
L gas, Cpin= 6.6 x 10 mmol/L, (a) OA, (b) AA, (c) FA, reactor =FBR, Hs=7.5 cm, for

catalyst = Alumina, U_ min =130 L/h, HE=12.6 cm, for catalyst =PFOA, U_ min=110 L/h,
He=13.4 cm.
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5.7. Modelling results of the dye ozonation experiments

The ozone absorption with simultaneously occurring chemical reaction between ozone
and dye was modeled according to the modeling procedure explained in section 3.4 for
the non-catalytic and catalytic ozonation processes. From the comparison of the
predicted dye and ozone concentrations in the liquid phase with those obtained from the
experiments, the enhanced volumetric mass transfer coefficient [(k a)g], enhancement

factor (E) and Hatta number (Ha) were obtained.
5.7.1 Non-catalytic ozonation

The enhanced k.a values were found for the experiments at different inlet dye
concentrations, gas and liquid flow rates. As shown previously, the change of Qg and
Q. affected k a values significantly in ozone absorption process. The mass transfer rate
was higher at the higher Qg and lower Q. yielding the higher k a values. These results
showed the possible effect of mass transfer in the dye ozonation process at different

operating conditions.

The calculated (k a)g values are presented in Tables 5.39-5.41 at different conditions.
The presence of the chemical reaction enabled higher ki a compared to ozone absorption
only. Therefore, it can be said that mass transfer was enhanced by the presence of
chemical reaction in the column. The enhancement was more remarkable with the
increase of Q_ (comparing the E values in Tables 5.40 and 5.41). At the condition in
which Q. = 250 L/h, ozonation of the RBBR molecules was limited compared to the
experimental conditions at Q_ = 30 L/h, and the dye molecules were in excess compared
to ozone molecules. Due to the higher dye concentrations in the column, the effect of

reaction kinetics was more dependent on the mass transfer.

Inlet dye concentration in gas-liquid operations played an important role in the
enhancement of mass transfer [113]. Hatta number, a dimensionless parameter that
compares the maximum possible reaction rate in the gas-liquid film to the maximum
rate of physical absorption, represented the level f the enhancement. For a second order
reaction like ozonation of organics, Hatta number (Ha), was a function of the reactant
concentration (dye concentration) and since the reactant concentration changed along

the column height, Hatta number changed with z also. For this reason, the Ha values
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were calculated for the average dye concentrations in the column. As shown, E and Ha
were increased with the increase of inlet dye concentration as a result of the dependency
of Ha to the inlet dye concentration (Equation 2.12). The rate of chemical reaction was
increased by the increase of inlet dye concentration in the case of dye ozonation. Ha
was calculated between 0.04-0.103 for RBBR and AR-151 ozonation. This showed that
especially at the higher inlet dye concentrations, the mass transfer of ozone from gas to

liquid phase was enhanced by the chemical reaction.

Table 5.39. The determined enhanced ki a and E values at different conditions. No
catalyst, Qz= 150 L/h, Q. =30 L/h, Qs/QL =5.0.

CO‘;,G,in H CD,in X 3
DL x10°, (kia)e x

Dye 10%, E Ha
Yy mmol/L m%s 102’ §!
gas mmol/L
- 0.306 0.0 1.2 9.6 - -
0.277 4.8 1.2 9.3 0.97 0.040
0.319 9.6 1.2 9.8 1.02 0.057
RBBR
0.319 14.4 1.0 10.9 1.14 0.069
0.313 19.2 0.9 12.6 1.31 0.080
0.323 6.6 1.6 10.1 1.05 0.046
0.306 13.2 1.4 13.6 1.43 0.065
AR-151
0.292 19.8 1.0 14.6 1.52 0.079
0.308 26.4 1.0 15.2 1.58 0.092

It is known that if Ha < 0.02, the reaction is very slow and occurs in the bulk; if 0.02 <
Ha < 2, reaction is in intermediate level compared to mass transfer, can occur both in
the bulk and in the film and if Ha > 2, the reaction is a fast reaction occurring in the film
[113,114]. According to the calculated Ha values, the ozonation reaction in the column
was carried both in the bulk and in the film. The reaction at those conditions was in the
intermediate regime. Both of the kinetic and mass transfer resistances were found
significant in the results modeling of the ozonation process. The comparison of the
predicted and experimental results at several conditions is shown in Figures 5.57-5.60.

The graphs at the other conditions are presented in Appendix H.

182



Table 5.40. The determined enhanced kia and E values at different conditions.
catalyst, Q=70 L/h, Q_ =30 L/h, Qe/QL = 2.3.

C03,G,in >

CD,in X

D Lo? DL x 10°, (ke £ H
ye I/L ) a
mmo m?/s 102, s!
gas mmol/L
- 0.296 0.0 3.6 4.8 - -
0.336 4.8 3.5 5.1 1.06 0.038
0.334 9.6 3.8 5.5 1.15 0.042
RBBR
0.343 14.4 3.6 5.8 1.21 0.055
0.354 19.2 3.2 7.6 1.58 0.076
AR-151 0.334 8.3 3.0 5.4 1.13 0.044
0.345 13.2 3.2 6.0 1.25 0.051
0.351 19.8 3.7 6.4 1.33 0.062
0.347 26.4 3.2 7.5 1.56 0.087

Table 5.41. The determined enhanced kia and E values at different conditions.

catalyst, Qc= 70 L/h, Q_ =250 L/h, Qsz/QL = 0.28.

No

No

C03,G,in H

CD,in x

Dye mmol/L 10%, . Xz 10 (kLza)E 1 E Ha
L m°/s 10, s
gas mmo
- 0.281 0.0 6.5 1.4 -
RBBR 0.332 4.8 6.5 1.5 1.07 0.058
0.298 9.4 6.2 1.7 1.21 0.074
0.317 14.4 5.8 2.3 1.64 0.088
0.343 19.2 5.9 2.7 1.93 0.103
AR-151 0.324 6.6 7.2 1.3 0.93 0.041
0.312 13.6 6.8 1.5 1.07 0.069
0.318 19.8 6.9 1.9 1.36 0.085
0.330 26.4 6.7 2.2 1.57 0.098
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Figure 5.57 The comparison of theoretical and experimental steady state liquid phase
ozone and dye concentrations for the best fit of D, and k a values. Conditions: Qg =

150 L/h, Q. = 30 L/h, Dye = RBBR, Cpjn = 17.8x10 mmol/L, T = 23°C, Co,6in=
0.313 mmol Os/L gas, no catalyst, D, = 0.9%107 mz/s, k,a=12.6x 102 s,
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Figure 5.58 The comparison of theoretical and experimental steady state liquid phase
ozone and dye concentrations for the best fit of D, and k a values. Conditions: Qg =

70 L/h, Q. =30 L/h, Dye = AR-151, Cp j,= 8.3 102 mmol/L, T = 23°C, Co, 6in=0.334
mmol Os/L gas, no catalyst, D, = 3.0x107 m?%/s, k,a=5.4x 102 s,
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Figure 5.59 The comparison of theoretical and experimental steady state liquid phase
ozone and dye concentrations for the best fit of D, and k a values. Conditions: Qg =

70 L/h, Q. = 250 L/h, Dye = RBBR, Cpjn=9.4x10" mmol/L, T = 23°C, Co,6in= 0.332
mmol O3/L gas, catalyst =no, D, = 6.2x10° m%/s, k. a=1.7x 107"
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Figure 5.60 The comparison of theoretical and experimental steady state liquid phase
ozone and dye concentrations for the best fit of D, and k a values. Conditions: Qg =

70 L/h, Q. = 250 L/h, Dye = AR-151, Cpn, = 13.6x10% mmol/L, T = 23°C, Co,6in=
0.298 mmol Os/L gas, no catalyst, D, = 6.8x107 mz/s, k,a=1.5x 102 s
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5.7.2 Catalytic ozonation

The modeling equations were written for the catalytic dye ozonation in the presence of
alumina or PFOA catalyst. For alumina catalyst, an additional ozone decomposition
term was added to the mass balance equation for ozone in the liquid phase. This term
was included also in the modeling of experiments at pH=7 and pH=10. The enhanced

k a values were found for the experiments at different catalyst dosages and pH.

The calculated (k a)e values are presented in Tables 5.42 and 5.43 at different catalyst
dosages for AR-151 and RBBR dyes. In the experiments with the catalyst addition, it
was found that the (kia)e was enhanced compared to non-catalytic conventional
ozonation. In the conventional ozonation the calculated E values were 1.04 and 1.08 for
the dye RBBR at Cpin = 4.8x10”2 mmol/L and 19.2x107 mmol/L, respectively. For AR-
151, those values were obtained as 0.96 and 1.01 at Cpjn = 6.6 x 10 mmol/L and
26.4x10” mmol/L, respectively. Those values were increased to 1.42 and 1.45 for
RBBR; 1.45 and 1.53 for AR-151 in the presence of 125 g PFOA catalyst. The
enhancement factor was increased by the increase of the My mainly due to the increase

of (k.a)e as presented before in Table 5.11.

Table 5.42. The determined enhanced k.a and E values at different conditions. Dye=
RBBR, pH = 2.5, Qe= 150 L/h, Q.= 150 L/h, Qe/Q = 1.0, D_ = 3.15 x 10~ m%s,
Co, cin = 0.969 mmol/L gas, kia= 7.6 x 107 s

Cﬁi;nzligz’ Catalyst Meat, & (kea)e x 10%, s E
4.8 i i 7.9 1.04
19.2 % 103
149;?2 Alumina 25 2‘7‘ } Ll;
149;?2 Alumina 75 gg } (1)2
149'.82 Alumina 125 g; }gg
S e | w e
SR ==
T I I e
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Table 5.43. The determined enhanced k a and E values at different conditions. Dye=
AR-151, pH = 2.5, Qe= 150 L/h, Q_ = 150 L/h, Qs/QL = 1.0, D = 3.15 % 10° mz/s,
Co, cin = 0.969 mmol/L gas, kia=7.6 x 107 s,

Cﬁi&zl}gz, Catalyst Meat, & (kea)e x 10% s E
6.6 i i 7.3 0.96
26.4 7.7 1.01
266'.64 Alumina 25 ;? } 82
266'2 Alumina 75 2‘9‘ }};
266'2 Alumina 125 190- .15 } ;g
LU NS
| v | we o
i ros [ S

The enhancement was more remarkable with the PFOA catalyst. Since PFOA had a
lower density, the fluidization of the PFOA particles was easier than alumina particles
and the mass transfer coefficient was enhanced by the presence of PFOA greatly. The
effect of initial dye concentration had a slight effect on the enhancement factor,
therefore it can be said that the effect of chemical reaction on the enhancement of the

mass transfer rate was insignificant.

The increase of mass transfer rate due to the presence of the catalysts showed its effect
on the TOC degradation significantly. More Oj; transferred to the bulk solution was
consumed for the other organic pollutants such as ozonation by-products instead of the
dye molecules. In other words, catalytic ozonation enhanced the degradation of

ozonation intermediates by increasing the mass transfer rate of ozone.

The comparison of the predicted and experimental results at several conditions is shown
in Figures 5.61-5.62. The experimental and modeling results of the dye and dissolved
O3 concentrations seemed to fit acceptably well. But, the dye and dissolved O3
concentrations obtained from the model were slightly higher than those of experimental

values. In the modeling, the dye concentration on the catalyst surface was accepted to be
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equal to the dye concentration in the bulk solution since it was assumed that the dye
concentration in the bulk was much higher than the dissolved O; concentration.

However, this fact did not happen at especially low concentrations of the dye.

1.2 2.5
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o .r“mu u 2 OO
- . ) 5'2
% 0.8 9 : ‘ « CO3,G, theoretical 115 X
£ 06| E M CO3,L, experimentall =)
S; . “‘A %'%"""o. + CO3,L, theoretical 11 é
S 041 'm e 3
02 |- 1os ™
O - T T T T T 0
0 0.2 0.4 0.6 0.8 | 1.2
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N 0.045 @ CD, experimental
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E 003 o
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Figure 5.61. The comparison of predicted and experimental dye and O3 concentration
values in dye ozonation. Conditions: Dye= RBBR, pH = 2.5, Qg= 150 L/h, Q. = 150
L/h, Qo/QL = 1.0, DL =3.15 x 10° m%s, Cy g, = 0.969 mmol/L gas, Cpjn=15.0 x 10

mmol/L, catalyst = PFOA, Mg =25 g, (kia)e = 10.6 x 1072 5™, (a) Cp, (b) Cos.
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The enhancement of ki a was found for the catalytic ozonation experiments at pH 7 and
10. The results are presented in Table 5.44. The enhancement was much higher at pH=7
and 10 in the presence of alumina than that obtained at pH=2.5. That was probably due
to the enhancement of ozone decomposition by the increase of pH even with alumina.
The enhancement values with PFOA-ozonation were not affected by the pH change
significantly. With PFOA, ozone decomposition was limited and ozone was stabilized

partially even at pH = 7 and 10. Therefore, the effect of ozone decomposition was

negligible.
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Figure 5.62. The comparison of predicted and experimental dye and O3 concentration
values in dye ozonation. Conditions: Dye= AR-151, pH = 2.5, Qs= 150 L/h, Q. = 150

L/h, Qe/QL = 1.0, D = 3.15 x 107 m’/s, Cq g, = 0.966 mmol/L gas, Cpjn = 7.2 x 10
mmol/L, catalyst = PFOA, mex= 25 g, (kia)e =9.3 x 1025, (a) Cp, (b) Cos.
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Table 5.44. The determined enhanced k a and E values at different conditions. Qg =150
L/h, QU =150 L/h, Q/QL =1.0, D =3.15x107 m?/s, Cy g;, =0.969 mmol/L gas, Mezt =

125 g, kka=7.6 x 107%™

k.a)e x 10°
Coin x 10%, ( ok
Dye pH mmol/L Catalyst g
7.0 7.7 1.01
RBBR 10.0 19.2 ] 8.5 1.12
7.0 7.1 0.93
AR-151 10.0 26.4 8.1 1.07
7.0 9.2 1.21
RBBR 10.0 19.2 Aluming 10.5 1.38
AR1EL 7.0 6.4 10.2 1.34
10.0 : 10.9 1.43
RBER 7.0 192 10.0 1.32
10.0 11.2 1.47
7.0 PFOA 11.1 1.46
AR-151 10.0 264 11.0 1.45

The values used in the modeling of catalytic ozonation reations are given in Tables 5.45
and 5.46 for alumina and PFOA. The order of magnitude analysis were performed for
the non-catalytic and catalytic ozonation reactions to find the importance of the mass
transfer kinetic resistances. The results of the order of magnitude analysis are given in
Appendix 1.3. In the non-catalytic ozonation, the effect of the order of the mass transfer
of ozone between the gas-liquid phase was the highest comparing the effects of other
constituents. This showed that the transfer of ozone from gas to liquid phase occurred
fast. The order of the magnitude of the chemical reaction affected the process almost
(1/10) of the order of the gas-liquid mass transfer. The decrease of gas flow rate and
increase of liquid flow rate resulted in the decrease of the effect of the gas-liquid mass

transfer on the process. Meanwhile, the effect of chemical reaction gained importance.

In the catalytic ozonation, the order of the magnitude of liquid-solid mass transfer was
calculated as much more higher than the orders of other resistances. This meant that the
transfer of ozone from liquid to solid phase occurred very fast yielding no significant

resistance. The other resistances were almost in the same order.
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Table 5.45. The values used in the modeling of catalytic ozonation reactions.
Conditions: Qg =150 L/h, Qu =150 L/h, T =(22.0 + 0.9)°C, C; ;,=0.969 mmol Os/L

gas, catalyst =Alumina, Uy min=130 L/h, D_ = 3.15x10~ m?/s.

Dye Crﬁﬁ;xlmz’ Mear, | M, k'R3 x10°, ksa3$X104, (kLa)E_lxmz,
ol/L g g/m m’/(g.s) | m/(gs) S
o7 1 25 | 500 g 548 g5
RBBR 149'?2 75 | 15000 ﬁgg 6.17 gg
o ] o
S Lo e [
AR-151 266’_64 75 | 15000 é;?‘; 6.17 2:‘9‘
266'3 125 | 25000 égg‘; 8.90 19()"15

Table 5.46. The values used in the modeling of catalytic ozonation reactions.
Conditions: Qg =150 L/h, Q. =150 L/h, T =(22.0 + 0.9)°C, C; 5;,=0.969 mmol Os/L

gas, catalyst =PFOA, Uy mn=110 L/h, D_ = 3.15x10~ m%s.

Dye Crﬁﬁ;xlmz’ Mo, | M, k'R3 x10°, ksa3$X104, (kLa)E_lxmz,
ol/L g g/m m’/(g.s) | m/(gs) S
o5 | 25 | 5000 i 360
RBBR 149'?2 75 | 15000 ;g;z 4.70 }8:3
o5 | 125 | 25000 20— 508 1
Ty i s T B
AR-151 266’_64 75 | 15000 ;igf 4.70 196.72
266'3 125 | 25000 ;igf 5.08 } 12
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CHAPTER 6

CONCLUSIONS

In this study, ozonation and catalytic ozonation of Acid Red-151 (AR-151) and Remazol
Brilliant Blue-R (RBBR) dyes were examined in a semi-batch and a fluidized bed
reactors with or without alumina and perfluorooctylalumina (PFOA) catalysts. The
effect of operating variables such as gas flow rate, liquid flow rate, inlet dye
concentration, inlet ozone concentration, pH, catalyst dosage and catalyst particle size
on the dye removals, chemical oxygen demand/total organic carbon (COD/TOC)
removals, and ozone (O3) consumption per liter of wastewater were investigated.
Models were developed for the ozone absorption and non-catalytic or catalytic dye

0zonation processes.

Following conclusions were drawn according to the results obtained in the semi-batch

studies:

1. Ozonation of the RBBR and AR-151 aqueous solutions in the presence of alumina,
or PFOA catalysts containing different amounts of perfluorooctanoic (PFO) acid
resulted in dye removals up to 98-99%, depending on the pH and catalyst type.
Catalytic ozonation with alumina or PFOA was a very effective method to remove
both the dye and COD from the wastewaters containing textile dyes. Increasing the
amount of PFO acid in PFOA catalyst enhanced its catalytic activity producing
more alkyl chains on the alumina surface.

2. Ozone decomposition was enhanced by alumina at pH=13, yielding the highest
COD removal for AR-151 in the semi-batch reactor. For RBBR, the most efective
catalyst was PFOA at pH=13 with respect to COD removal.

3. The non-catalytic and catalytic ozonations with alumina or PFOA followed a
pseudo-first order reaction kinetics with respect to dye concentration. The pseudo-
first order kinetic contants depended on the reaction pH and decreased generally by
the addition of the catalysts into the ozonation system. The reaction rate constant

was significantly affected by the increase of inlet dye concentration (Cp;) in AR-151
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ozonation, whereas the rate constants decreased slightly with the increase of Cp; in
the ozonation of RBBR solutions.

4. At pH=13, the dye ozonation rate was lower in the presence of PFOA since ozone
decomposition reactions were inhibited by PFOA

5. PFOA was found as a more effective catalyst for the ozonation of the RBBR dye due
to the lower polarity of this dye than that of the AR-151 dye.

The experiments in the FBR revealed the following conclusions:

1. The number of CSTRs to model the fluidized bed column in the absence and
presence of the particles decreased with the increase of ug and u_ due to the
increasing turbulence in the column. The relationship between D, and u_ was linear
for all the studied gas velocities in non-catalytic process. In the catalyzed process,
the relationship between D, and u,_ was exponential at the higher liquid velocities.

2. The column behaved almost as 2 or 3 CSTRs in series depending on the gas and
liquid flow rates in the absence of the catalyst particles. The presence of the catalyst
particles in the column resulted in higher axial dispesion coefficients showing a
better mixing of the liquid phase. The column could be modeled with its behavior
close to that of one-CSTR or two-CSTRs in series depending on Qg and Qy, in the
presence of the particles.

3. Higher gas velocities enabled the fluidization of particles more giving additional
force to fluidize them. The pressure drop and minimum fluidization velocity for a
given ug, were increased in the case of alumina compared to those for PFOA.
Higher liquid flow rates were needed to fluidize alumina.

4. At lower liquid velocities than the u, . at a constant Qg, the bed behaved like a

packed bed. Contrarily, at higher liquid velocities, the reactor could be accepted as
fluidized and the better fluidization occurred at the higher liquid velocity. the
U, i 8t Qg = 150 L/h was found at around 6.1x10°° m/s (Qu = 110 L/h). At the same

Qc, the u, . for alumina was around 7.2x10° m/s (Q. = 130 L/h). At lower liquid

L,min

velocities than the u at a constant Qg, it was certain that the bed behaved like a

L,min
packed bed. Contrarily, at higher liquid velocities, the reactor could be accepted as

fluidized and the better fluidization occurred at the higher liquid velocity.
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10.

11.

Based on the developed model for ozone absorption process, k a values at different
gas and liquid flow rates and catalyst dosages were obtained where k.a values
increased with the increasing Qg.

The effect of catalyst dosage was dominant at the fluidized conditions of the
column. At Q.= 30 L/h, k.a did not change significantly by the change of catalyst
dosage, whereas at a higher Q. (150 L/h), for fluidized conditions, k a increased
remarkably with the increasing dosage of alumina or PFOA. At the catalyst dosage
of 125 g (alumina and PFOA) increased kia 1.52 and 1.58 times, respectively
compared to those obtained in non-catalytic ozonation.

The volumetric mass transfer coefficient was mainly dependent on the gas flow rate.
Increasing Qg resulted in higher k a values whereas an increase in Q. decreased k_a
slightly.

Without the catalyst particles, the dye and TOC removals obtained in the FBR were
affected by the change of Qg and Q.. Higher dye and TOC removals were achieved
at the higher Qg and lower Q.. The applied O3 dose and gas-liquid phase contact
time were the significant parameters to yield higher dye and TOC removals in the
absence of the catalysts.

Dye and TOC removal percentages were high at low inlet dye concentrations. In
addition, more Oz was consumed for higher Cp;. At Qs=150 L/h, Q =30 L/h, sole
ozonation achieved 99.4% dye removal of RBBR and 96.5% of AR-151 for the
lowest Cp . At those conditions, TOC removals were obtained as 17.9% for RBBR
and 22.4% for AR-151.

Conventional ozonation without using alumina or PFOA catalyst was not effective
to get high levels of TOC removals. Both the dye and TOC removals were
positively affected by the increase of inlet O3 concentration at the high inlet dye
concentrations.The increase of inlet Oz concentration was advantageous in the
enhancement of dye and TOC removal percentages. However, O3 consumption was
increased in such cases requiring more O3 to be produced, which would not be
economical.

The increase of catalyst dosage did not affect the dye removal significantly at the
low and high inlet dye concentrations [Cpin = (4.8-19.2)x10 mmol/L for RBBR and
Coin = (6.6-26.4)x102 mmol/L for AR-151). However, the alumina or PFOA
catalyzed ozonation was more effective for the TOC removal compared to the non-

catalyzed ozonation. The use of alumina or PFOA in ozonation resulted in
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degradation of large sized organic pollutant molecules to smaller sized molecules
and finally to carbon dioxide and water.

12. The forces applied to the particles during fluidization are gravitational force,
buoyancy force and drag force. These forces and minimum fluidization velocity
were not influenced by the catalyst dosage.

13. The increase of TOC removal by the increase in catalyst dosage suggested that
adsorption process on the alumina or PFOA particles was important during catalytic
ozonation.

14. The presence of alumina decomposed ozone in the system at the acidic pH and the
TOC was removed significantly by the degradation of organic molecules by the
radicals produced due to the catalytic effect of alumina on the ozone decomposition.

15. The addition of alumina or PFOA significantly reduced the consumed O3 amount
per liter of solution. PFOA-catalyzed ozonation yielded much lower O3
consumptions than those achieved in alumina-catalyzed ozonation.

16. The sole ozonation was beneficial for the degradation of organics which could be
easily oxidized by ozone such as dye molecules while the PFOA catalyzed
ozonation showed its efficiency on the resistant organics toward O3 such as most of
the ozonation by-products.

17. The effect of internal mass transfer was almost negligible in the ozonation of dyes
on the surface of alumina or PFOA catalyst, since the catalyst particle size did not
change the degradation rate of the dyes or TOC. Therefore, the effectiveness factor
was taken as 1.0 considering the reaction on the catalyst surface only.

18. The degradation of AR-151 or RBBR dye by O3 mainly occurred in the bulk solution
since the catalyst dosage did not affect the removal rate of the dye significantly.

19. The oxidative properties of ozone were improved by adding solid catalyst to the

system. Alumina resulted in the production of O° radicals in the solution at the

acidic pH and OH °radicals at the alkaline pH during ozonation increasing the
efficiency of the system, whereas PFOA enhanced the stability and solubility of O3
both in the non-polar alkyl phase and in the aqueous phase.

20. The enhanced k_a values were found for the non-catalytic dye ozonation. The results
showed that k a values were enhanced by the chemical reaction between ozone and
dye molecules. The reaction occurred in both the bulk solution and at the gas-liquid

interface according to the calculated Hatta values.
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21. The reaction occurred in both bulk solution and at the gas-liquid interface according
to the calculated Hatta values.

22. By the addition of the catalyst into the system, the liquid hold-up changed
significantly. From the flow characteristics observed in the column, it can be said
that the gas phase was dispersed in the liquid. The liquid phase was the continuous
phase.

23. The agreement between experimental and predicted results from this modeling study

was found to be satisfactory.
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CHAPTER 7

RECOMMENDATIONS

The primary objective of this study was to realize the catalytic ozonation of AR-151 and
RBBR solutions in the presence of alumina and PFOA catalysts and to obtain an
efficient treatment process of dye ozonation in terms of higher dye removal, higher
TOC removal and lower ozone consumption than conventional ozonation. The prepared
dye solutions were synthetic solutions which did not represent the real textile
wastewaters accurately. Since ozonation efficiency is strongly influenced by the
wastewater content, in terms of future research, the next step would be the ozonation of

real textile wastewaters in the presence of alumina or PFOA catalyst.

Another consideration as the future work would be the optimization of the process
parameters in terms of higher mass transfer of ozone, higher dye and TOC removals and
lower ozone consumptions from the applied gas. Lower liquid flow rate was beneficial
to get higher dye and TOC removals but as shown, the fluidization degree of the FBR,
decreased by lowering Q.. In other words, the fluidized bed reactor in which catalytic
ozonation would occur, must be constructed such that the fluidization of the particles
would be realized at the lower Q. values than those studied in this work. In this respect,
the inside diameter so the crossectional area of the reactor must be lowered to obtain

higher liquid velocities.

In the models developed for this study in the non-catalytic and catalytic ozonation
processes, the consumption of dissolved ozone in the liquid phase for the oxidation of
ozonation by-products was underestimated. In the models, only the change of dye
concentration with respect to axial direction was considered. However, as in especially
catalytic ozonation, the oxidation of some by-products occurred. In a more developed
model, a mass balance for the main ozonation by-products would give a better

comparison of the experimental and theoretical results.
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APPENDIX A

CALIBRATION CURVES OF AR-151 AND RBBR DYES
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Figure A.1. The concentration versus absorbance values for AR-151 at pH=2.5.
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Figure A.2. The concentration versus absorbance values for AR-151 at pH=7 and 10.
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Figure A.3. The concentration versus absorbance values for RBBR at pH=2.5, 7 and 10.
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218



4000000

2500 -
y =0.00047x - 130.41

2000 - R? = 0.9994
-
5, 1500 -
S
C)% 1000 -

500 A

0 T T T 1
0 1000000 2000000 3000000
Area, microV*sec

Figure A.5. The calibration curve of glyoxylic acid in HPLC.
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Figure A.6. The calibration curve of formic acid in HPLC.
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Figure A.7. The calibration curve of oxalic acid in HPLC.

2500
y = 5E-05x -1.618
2 _

2000 - R% = 0.9982
|
> 1500 |
£
5 1000 |

500 |-

0.E+00 1.BE+07 2.E+07 3.E+07 4.E+07 5.E+07

Area, microv*sec

Figure A.8. The calibration curve of acetic acid in HPLC.
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APPENDIX B

SAMPLE CALCULATIONS

B.1.The Calculation of Ozone Production

The determination of ozone concentration in the gas phase- KI Method

KI method can be used for the determination of ozone in air by adsorption of ozone in
iodide solution. Ozone liberates iodine from 2% potassium iodide (KI) solution. After
immediate acidification, the liberated iodine (Rxn. B1) is titrated with standard 0.1 M
sodium thiosulfate (Na,S,03) using starch indicator.

2Kl + O3+ H,O — I, + 2KOH + O, (B1)

| 2+ 25,032 — 21"+ S40¢7 (B2)

Calculation Procedure

Let’s take the molarity of Na,S,03; as M. The volume of thiosulfate solution spent for

the determination of ozone is

AV = Vihio-Vithio plank (B3)

where Viniointet IS the titrant spent for the sample and Vinio piank 1S the titrant for the blank.

The amount of S,03 as mole:

1L
1000mL

mole (B4)

Ns205 > = Minio [Mole/L] x (Vinio-Vinioplank) [ML] x = (Vinio-Vihioplank) X M x 107
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Since 1 mole of ozone spends 2 moles of S,037 in the reaction, the amount of ozone in

the sample is,
1 3
No, e =5 X% (Vthio —Vinio blank )X M 4, 10~ mole ozone (BS)

The ozone dose is calculated for t (min) of ozonation:

D. = Nos,c _ (1/2) x (Mo —Viniopiank ) X Mo x107° y 60 min
%t t(min) 1h

(B6)

D03 =0.03 x (Vthio'Vthio,bIank) X Mthio mole Og/h (B?)

Equation (B7) is multiplied by 10° to convert the unit of Do, from mole Os/h to mmol

Oas/h.

- 30 (Virio —Vinio) XM
o t(min)

D o mmol Oz/h (B8)

Inlet ozone concentration (mmol Os/L gas) in the gas can be calculated from ozone dose

and volumetric gas flow rate:

Dy, (mmol Os/h)

0= "L gasin) (®9)

Ozone concentration in the inlet gas can be calculated by determining the inlet ozone
dose with Equation (B8).

Do, (mmol Os/h)

Cosgin = B10
03,G, QG(L gas/ h) ( )

Ozone concentration in the outlet gas can be calculated by determining the outlet ozone
dose with Equation (B8).
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Do, o (MMol Os/h)

C = Bl11
03,G,out QG (L gas/ h) ( )

B.1.1 Sample Calculation

For the ozonation experiment in the fluidized bed reactor at pH=2.5, Dye = RBBR, Cp;n,
= 4.8x10-2 mmol/L RBBR, Qg = 150 L/h, Q. = 30 L/h, no catalyst, ozone

concentrations in the inlet gas and outlet gas were calculated (Appendix F, run 1):

Inlet gas;

Minio = 0.1 M
Vinio = 27.8 mL
Vithioblank = 0.1 mL
t=2min

30% (Vinio _\/thio,blank) XM o - 30x(27.8-0.1)x0.1

- =41.55 mmol Oz/h
t(min) 2

Dos =

Ozone concentration in the inlet gas:

Doain(mmol Os/h) 43 55 mmol /h
CosGin = = = 0.277 mmol O3/ L gas
Qs (L gas/h) 150 L gas/h

Outlet gas;

Mo = 0.1 M
Vinio = 178.6 mL
Vihioplank = 0.1 mL
t =20 min

30 Mirio ~Vinioanc) X Muio _ 30x(178.6-0.1)x0.1
t(min) 20

=26.78 mmol Oz/h
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Ozone concentration in the outlet gas:

C = oz (10 Oa/h)_ 26.78 mrnOI/h—0179 mmol Os/ L gas
03,G,out — QG(L gas/ h) - 150 L gas/h - 3 Lg

B.2 The calculation of dissolved O3 concentration in the liquid phase

In order to determine the dissolved Oz concentration in the liquid phase (C,, , ), Indigo

method is used as explained in Section 4.6.2. First, the calibration curve of indigo is
obtained by measuring the absorbance of indigo reagent at different indigo

concentrations.
Coy =4.97x107%x A4 (B12)

where Cing is the indigo concentration as mmol/L and Aiq is the absorbance of the

indigo in cm™.
Then, the concentration of the indigo blank is calculated:

C, =4.97x107%x (B13)
b

Here, C, is the indigo blank concentration in mmol/L and Ay, is the blank absorbance in
cm™. Since both blank and samples are diluted to 100 mL (0.1 L), the number of moles

of indigo and blank may be found:

Ny =Cig x0.1=4.97x10° x A, (B14)

n, =C,x0.1=4.97x103x A, (B15)

Here, n,, is the mole of indigo in mmol and n, is the mole of blank in mmol. The

number of indigo reacted with ozone is calculated by substituting n,, fromn,.
nind,reacted =4.97 X1073 X (Ab - And) (816)
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Then, as stated by Hoigne and Bader [1981], C, , is calculated from the stoichiometric

ratio of ozone reacting with indigo dye. One mole of O; reacts with one mole of indigo.
No, = M reacted = 4.97x107 x (Ab - And) (B17)

The concentration of ozone in the reactor is calculated after dividing the moles of Os
reacted by the sample volume taken. The sample volume is found from the difference of

total indigo volume (V7) and blank indigo volume (Vy):

n 4.97x107° x(A - A)
C _ 0; _ nd B18
St (Vo =V, )x107° (V, -V, )x10°° (B18)
4.97%(A - Ay)
Co L= n (B19)
ot (VT _Vb)

Here, C, , isin mmol/L and since Vr and Vj are in the units of mL so that a conversion

factor of 10 is added to the denominator of Equation (B18).
B.2.1 Sample calculation

For the ozonation experiment in the fluidized bed reactor with pH=2.5, dye = RBBR,
Co,in = 4.8x10-2 mmol/L, Qg = 150 L/h, Q.= 30 L/h, no catalyst,C, , was calculated

for t =10 min, z=0.09 m (Appendix F, run 1, Table B2):

A,=0.174 cm™
Aing = 0.099 cm™
Vr=40.0 mL
Vp=10.0 mL

_4.97x(A - Ay) _ 497x(0.174-0.099)

=12.43x10"° mmol/L
v, -V,) (40.0-10.0)

C03,L
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B.3 The calculation of concentrations of AR-151 and RBBR dyes

The concentration of AR-151 or RBBR dye is calculated by using the dye calibration
curve of each dye. For the concentration of AR-151 in the experiments at pH=2.5, the

Equation in Figure Al is used:

C, (AR-151) =0.101x Ay e, (B20)

Here, Cp (AR-151) is the concentration of AR-151 in mmol/L and Aaris1 IS the
absorbance of AR-151 in cm™, at pH=2.5. For the concentration of AR-151 in the

experiments at pH=7 and 10, the Equation in Figure A2 is used:

C, (AR-151) =0.0637 x A,x ;e (B21)

For the concentration of RBBR in the experiments, the Equation in Figure A3 is used:

C, (RBBR)=0.1153x% Agen (B22)

B.3.1 Sample calculation

* For the ozonation experiment in the fluidized bed reactor with pH = 2.5, dye = RBBR,
Cobin = 4.8x102 mmol/L, Qg = 150 L/h, Q=30 L/h, no catalyst, Co (RBBR) was
calculated for t = 10 min, z=0.09 m (Appendix F, run 1, Table B1):

Argsr= 0.023 cm™

C, (RBBR) = 0.1153x Aoggg = 0.1153x0.023 = 0.27 mmol/L

* For the ozonation experiment in the fluidized bed reactor with pH=2.5, dye=AR-151,
Cojin = 7.3x10% mmol/L, Qg = 150 L/h, Q. = 30 L/h, Co, cin= 0.322 mmol/L gas, no

catalyst, Cp (AR-151) was calculated for t = 10 min, z = 0.09 m (Appendix F, run 5,
Table B):
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C, (AR-151) =0.101x A5 ¢, = 0.101x0.122 =1.23 mmol/L

* For the ozonation experiment in the fluidized bed reactor with pH=10.0, dye=AR-151,
Coin = 27.0x102 mmol/L, Qg = 150 L/h, Q. = 150 L/h, Co, cin= 0.950 mmol/L gas,

catalyst = PFOA, Cp (AR-151) was calculated for z = 0.52 m (Appendix F, run 89,
Table B):

C, (AR-151) =0.0637 x A,s ;, = 0.0637x2.419 =15.41 mmol/L

B.4 Calculation of dye, TOC removals, Oz consumption, O;

consumption rate and utilization ratios

The dye and TOC removals as the percentage are calculated from Equations (B23) and
(B24).

C,..—-C
Dye removal (%) = —"—2% 100 (B23)
D,in
TOC,, - TOC,,

TOC removal (%) = x100 (B24)

TOC,

n

Then, the consumption of ozone and consumption rate (%) are calculated from the inlet
and outlet gaseous ozone concentrations found in Section B1. Also the applied ozone is

calculated from inlet gaseous O3 concentration.

Cons,, (mmol /L 1i6) = (Co, o 1~ Co, 6.0 )x% (B25)
L

C.. -C
R;ons’o3 — ( 0;,G,in 03,G.out)X100 (826)

Cog,G,in

C )
Applied O, (mmol /L lig) :%XQG (B27)
L
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The utilization ratios of dye and TOC concentrations to the consumed Oz from inlet gas
are calculated from Equations (B28) and (B29):

(B28)

_ (CD,in - CD,out )X QL
UO3 (dye) - (CO3,G,in - COS,G,out )X QG

(TOC,, —TOC,, )x Q.
(C03,G,in - C03,G,out )X Qs

U, (TOC)= (B29)

B.4.1 Sample calculation

For the ozonation experiment in the fluidized bed reactor with pH = 2.5, dye = RBBR,
Coin = 4.87x102 mmol/L RBBR, Qg = 150 L/h, Q. = 30 L/h, no catalyst, the values

were calculated for t = 20 min, z=0.88 m (Appendix F, run 1):

Co.n =4.87x107 mmol / L
Cp .o =0.03x107 mmol / L
TOC,, =11.26 mg/L

TOC,, =9.24 mg/L
Co,cin =0.277 mmol /L gas
Co, 600 =0.179 mmol /L gas

C. -C -2 -2
Dye removal (%):MxlOO:A"87><10 O'?S’Xlo x100 = 99.4%
Coin 4.87x10
TOC, ~TOC,, 11.26-9.24

TOC removal (%) =

x100 = ———x100=17.9%
TOC 11.26

in

Cons,, =(Co,0m—Co, 01 )x% =(0.277- 0.179)x% = 0.490 mmol /L lig

L
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(Co,cm —c:ogm,t)x1 00 (0:277-0.179)
CO3,G,in 0.277

%100 = 35.6%

Rvons,03 =

Co,6in*Qs _ 0.277x150

Applied O, = 0
L

=1.385 mmol /L liq

(Com—Couou)¥Q _ (4.87x107 ~0.03x102)x30 _ 0.09g MOl dye

U, (dye)= _ |
o e TG eu Qe (0.277-0.179)x150 mmol O,
(1126-9.24) o
U, (TOC)= (TOCin _TOCout)X Q _ 12 0344 mmol TOC
> (Co.om—Co oo )xQs _ (0.277-0.179)x150 mmol O,

B.5 Calculation of Henry’s Law constant at different pH values

Henry’s Law constant is calculated from the correlation of Sullivan [190]. Then, the

equilibrium concentration of O3 is found from Equation (B31):

(B30)

Ho, =3.84x107[OH [ exp(_ 2428)

Here, H is the Henry’s Law constant as Atm, OH" is the hydroxyl ion concentration as

mol/L, and T is the temperature in K.

Co,L =————"Cosc (B31)

where p,, is the density of water as kg/m3, MW, is the molecular weight of water as

kg/kmol, R is the gas constant as 0.0821 atm/(mol.K).
B.5.1 Sample calculation

The Henry’s Law constant and the equilibrium relationship is calculated for T = 20°C
and pH = 2.5.
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[OH] = 10™* mol/L
T=20°C=293 K

p,, =997 kg/m’
MW, = 18 kg/kmol

Ho =3.84x10" x (Lot fe exp[%j =3828.0 atm

o997 (kg/m3j 0.0821 (atmL/(mol.K))x293 K 103 ol 1 m>
Co,. =15 (kg Tkmol )" 3828.0 atm 1T kmol 103 |
=0.35 C, ¢

Henry’s Law constants at pH=7 and 10 were calculated as 5501.3 atm and 7006.0 atm,

respectively. The equilibrium constants in front of the symbol C, , were calculated as

0.244 and 0.191, for pH = 7 and 10, respectively.

B.6 Calculation of by-product concentration from their calibration

curves

In the HPLC, the peak areas of the by-products were obtained from the analysis. Then,
the concentration of the by-products were calculated from their corresponding
calibration curves as “Concentration vs. Peak area” calibration curves given in

Appendix A.
B.6.1 Sample calculation

The following peak area values of the by-products were obtained in the fluidized bed
reactor with pH = 2.5, dye = RBBR, Cp, = 4.87x102 mmol/L RBBR, Qg = 150 L/h, Q.
=30 L/h, no catalyst, the values were calculated for t = 20 min, z= 0.88 m (Appendix F,

run 1). At this run, no formic acid was observed in the HPLC analysis.

Peak area (oxalic acid) = 1232156 uV.s
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Peak area (acetic acid) = 34979 uV.s
Peak area (glyoxylic acid) = 333417 uV.s
MWoa = 90 mg/mmol

MWga = 74 mg/mmol

MWaa = 60 mg/mmol

Con = 3x107° x peak area (oxalic acid) +0.0978 (B32)

Con = 3x107°x1232156 +0.0978 = 3.794 mg OA/L = 4.22 x 10 mmol OA/L

Cen = 4.7x107 x peak area (glyoxylic acid) -130.41 (B33)

Con = 4.7x10™ x333417 —130.41= 26.30 mg GA/L = 35.5 x 102 mmol GA/L

C,, =5.0x107° x peak area (acetic acid)-1.618 (B34)

C, =5.0%x10°x34979-1.618=0.131 mg AA/L = 0.218 x 10 mmol AA/L

B.7 The determination of main parameters in tracer experiments

The area under C(t) versus t graph is determined by Trapezoidal rule, Simpson’s one-

third rule, Simpson’s three-eighths rule, and general numerical integration rule [189].

Trapezoidal rule (two-point)
X1 h
| f(x)dx:E[f (Xo)+ f(X1)] (B35)
Xo
when h = X; — X
Simpson’s one-third rule (three-point):
X2

f f(x)dx:g[f(x0)+4f(x1)+ F(X2)] (B36)

Xo

when h = X2-Xo

Simpson’s three-eighths rule (four-point):
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when h =

Xff (x)dx=§h[f (Xo)+3f (X1)+3f(X2)+ f(X3)]

X3—Xo

General numerical integration rule: For N+1 points, where N is even,

XN

Xo

when h =

XN— Xo

jf(x)dx:g[f(x0)+4f(x1)+zf(x2)+4f(x3)+zf(x4)+

(B37)

Table B.1. Data for tracer experiment of Qs = 100 L/h, Q_= 200 L/h, no catalyst.

Time,s | Abs, cm™ | C(t) mg/L E(t) tE(t), s t-tm (t-tn)°E(t)
0 0 0.000 0 0.000 -93.28 0.00
6 0.005 0.493 0.00039 0.002 -87.28 2.96

16 0.040 3.943 0.00311 0.050 -77.28 18.56
26 0.108 10.646 0.00839 0.218 -67.28 37.99
36 0.123 12.125 0.00956 0.344 -57.28 31.36
46 0.118 11.632 0.00917 0.422 -47.28 20.50
56 0.108 10.646 0.00839 0.470 -37.28 11.66
66 0.091 8.971 0.00707 0.467 -27.28 5.26

76 0.086 8.478 0.00668 0.508 -17.28 2.00

86 0.077 7.590 0.00598 0.515 -7.28 0.32

96 0.068 6.703 0.00528 0.507 2.72 0.04

106 0.062 6.112 0.00482 0.511 12.72 0.78

116 0.056 5.520 0.00435 0.505 22.72 2.25

126 0.050 4.929 0.00389 0.490 32.72 4.16

136 0.043 4.239 0.00334 0.455 42.72 6.10

146 0.038 3.746 0.00295 0.431 52.72 8.21

156 0.032 3.154 0.00249 0.388 62.72 9.78

166 0.028 2.760 0.00218 0.361 72.72 11.51
176 0.023 2.267 0.00179 0.315 82.72 12.23
200 0.017 1.676 0.00132 0.264 106.72 15.05
220 0.012 1.183 0.00093 0.205 126.72 14.98
250 0.008 0.789 0.00062 0.155 156.72 15.27
270 0.006 0.591 0.00047 0.126 176.72 14.56
290 0.005 0.493 0.00039 0.113 196.72 15.04
310 0.003 0.296 0.00023 0.072 216.72 10.95
330 0.001 0.099 7.8E-05 0.026 236.72 4.36
350 0.000 0.000 0.000 0.000 256.72 0.00
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For the data,
j C(t)dt =1268.36 mg.s/L
0

Then, E(t) and tE(t) values are calculated. tE(t) values are drawn against time and the
area under the curve is calculated by the numerical integration with the same methods

given above. The area under the graph gives the mean residence time:
j tE(t)dt =tm=93.3 s
0

Mean residence time value is used to calculate the variance. (t-tn)’E(t) values are
calculated; those values are drawn against t and the area under the curve is calculated to

find the variance.
j (t—tm)2E(t)dt = 0% =3917.4 §?
0

2

Péclet numbers at these conditions are found from the ratios, ta—z.
m

1-e

tm? (9337  Pe Pa?

o’ _ 89174 g 22 h-eve)

From the ratio, the Péclet number for these experimental conditions is calculated as
3.06. The axial liquid dispersion coefficient is found. Here, Ht is the column height
from the injection point of the tracer to the point where tracer discharge.

QL

Dc?
4

=11.1x10"% m/s

u. =

-3
pe —3.06- WhHr (11.1x107x08
DL DL

D, = 2.90x 10° m%/s

NCSTPS 2
(e
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APPENDIX C

SEMI-BATCH EXPERIMENTS DATA

Table C.1. Initial COD values of the initial dye concentrations used for AR-151 and
RBBR.

Dye Cp,, mg/L COD;, mg/L
100 89
AR-151 200 200
400 360
100 96
RBBR 200 232
400 460

Table C.2. Cp at different time. Conditions: Dye: AR-151, Cp;=200 mg/L, T=25°C,
stirrer rate=300 rpm, Qe=150 L/h, pH=2.5, D, =2.21 g/h.

Time, min Absorbance, cm™ Cp, mg/L In (Cp/Cpy)

0 4.232 200.00 0.00
0.5 3.448 162.97 -0.20
2.5 2.804 132.53 -0.41
5.0 1.986 93.87 -0.76
7.5 1.433 67.70 -1.08
10 0.963 45.50 -1.48
15 0.322 15.22 -2.58
20 0.138 6.52 -3.42
25 0.064 3.03 -4.19
30 0.051 2.41 -4.42
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Table C.3. Cp at different time. Conditions: Dye: AR-151, Cp ;=200 mg/L, T=25°C,

stirrer rate=300 rpm, Q=150 L/h, pH=7.0, D, =2.21 g/h.

Time, min Absorbance, cm™ Cp, mg/L In (Cp/Cp;)
0 2.576 200.00 0.00
0.5 2.184 169.57 -0.17
2.5 1.929 149.77 -0.29
5.0 1.560 121.12 -0.50
7.5 1.220 94.72 -0.75
10 0.957 74.30 -0.99
15 0.509 39.52 -1.62
20 0.214 16.61 -2.49
25 0.074 5.75 -3.55
30 0.052 4.04 -3.90

Table C.4. Cp at different time. Conditions: Dye: AR-151, Cp ;=200 mg/L, T=25°C,

stirrer rate=300 rpm, Qe=150 L/h, pH=13.0, D, =2.21 g/h.

Time, min Absorbance, cm™ Cp, mg/L In (Cp/Cp;)

0 2.576 200.00 0.00
0.5 2.091 162.35 -0.21
2.5 1.489 115.61 -0.55
5.0 0.809 62.81 -1.16
7.5 0.446 34.63 -1.75
10 0.232 18.01 -2.41
15 0.078 6.06 -3.50
20 0.039 3.03 -4.19
25 0.011 0.85 -5.46
30 0.008 0.62 -5.77

Table C.5. Cp at different time. Conditions: Dye: AR-151, Cp ;=200 mg/L, T=25°C,
stirrer rate=300 rpm, Qe=150 L/h, pH=2.5, D, =2.21 g/h, Catalyst=Alumina,mc,=5 g.

Time, min Absorbance, cm™ Cp, mg/L In (Cp/Cp)
0 4.232 200.00 0.00
0.5 3.596 169.95 -0.16
2.5 2.788 131.76 -0.42
5.0 2.131 100.70 -0.69
7.5 1.552 73.37 -1.00
10 1.009 47.67 -1.43
15 0.646 30.51 -1.88
20 0.335 15.84 -2.54
25 0.199 9.39 -3.06
30 0.110 5.20 -3.65
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Table C.6. Cp at different time. Conditions: Dye: AR-151, Cp ;=200 mg/L, T=25°C,
stirrer rate=300 rpm, Q=150 L/h, pH=7.0, D, =2.21 g/h, Catalyst=Alumina,mc.=5 g.

Time, min Absorbance, cm™ Cp, mg/L In (Cp/Cp;)
0 2.576 200.00 0.00
0.5 2.241 173.99 -0.14
2.5 1.929 149.77 -0.29
5.0 1.557 120.89 -0.50
7.5 1.256 97.52 -0.72
10 0.966 75.00 -0.98
15 0.541 42.00 -1.56
20 0.324 25.16 -2.07
25 0.197 15.30 -2.57
30 0.131 10.17 -2.98

Table C.7. Cp at different time. Conditions: Dye: AR-151, Cp ;=200 mg/L, T=25°C,
stirrer rate=300 rpm, Qe=150 L/h, pH=13.0, D, =2.21 g/h, Catalyst=Alumina,mcs=>5 g.

Time, min Absorbance, cm™ Cp, mg/L In (Cp/Cp;)

0 2.576 200.00 0.00
0.5 2.092 162.42 -0.21
2.5 1.685 130.82 -0.42
5.0 1.182 91.77 -0.78
7.5 0.824 63.98 -1.14
10 0.621 48.21 -1.42
15 0.348 27.02 -2.00
20 0.168 13.04 -2.73
25 0.100 7.76 -3.25
30 0.041 3.18 -4.14

Table C.8. Cp at different time. Conditions: Dye: AR-151, Cp ;=200 mg/L, T=25°C,
stirrer rate=300 rpm,Qg=150 L/h, pH=2.5, D, =2.21 g/h,Catalyst=25% PFOA,Mca=5 g.

Time, min Absorbance, cm™ Cpb, mg/L In (Cp/Cp,)

0 4,232 200.00 0.00
0.5 3.263 154.19 -0.26
2.5 2.791 131.91 -0.42
5.0 2.052 96.97 -0.72
7.5 1.544 72.98 -1.01
10 1.086 51.32 -1.36
15 0.529 25.00 -2.08
20 0.274 12.97 -2.74
25 0.227 10.71 -2.93
30 0.159 7.53 -3.28
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Table C.9. Cp at different time. Conditions: Dye: AR-151, Cp ;=200 mg/L, T=25°C,
stirrer rate=300 rpm,Qs=150 L/h, pH=7.0, D, =2.21 g/h,Catalyst=25% PFOA mc.=>5 g.

Time, min Absorbance, cm™ Cp, mg/L In (Cp/Cp;)

0 2.576 200.00 0.00
0.5 2.139 166.07 -0.19
2.5 2.000 155.28 -0.25
5.0 1.687 130.98 -0.42
7.5 1.429 110.95 -0.59
10 1.189 92.31 -0.77
15 0.834 64.75 -1.13
20 0.531 41.23 -1.58
25 0.336 26.09 -2.04
30 0.223 17.31 -2.45

Table C.10. Cp at different time. Conditions: Dye: AR-151, Cp ;=200 mg/L, T=25°C,
stirrer rate=300 rpm,Qg=150 L/h,pH=13.0, D, =2.21 g/h,Catalyst=25%PFOA,Mca=5 g.

Time, min Absorbance, cm™ Cp, mg/L In (Cp/Cp;)
0 2.576 200.00 0.00
0.5 2.305 178.96 -0.11
2.5 1.674 129.97 -0.43
5.0 1.043 80.98 -0.90
7.5 0.663 51.48 -1.36
10 0.462 35.87 -1.72
15 0.196 15.22 -2.58
20 0.165 12.81 -2.75
25 0.136 10.56 -2.94
30 0.095 7.38 -3.30

Table C.11. Cp at different time. Conditions: Dye: AR-151, Cp ;=200 mg/L, T=25°C,
stirrer rate=300 rpm,Qg=150 L/h, pH=2.5, D, =2.21 g/h,Catalyst=50% PFOA,Mca=5 g.

Time, min Absorbance, cm™ Cpb, mg/L In (Cp/Cp,)

0 4,232 200.00 0.00
0.5 3.401 160.71 -0.22
2.5 2.857 135.02 -0.39
5.0 2.052 96.97 -0.72
7.5 1.495 70.65 -1.04
10 1.099 51.94 -1.35
15 0.527 24.92 -2.08
20 0.279 13.20 -2.72
25 0.245 11.57 -2.85
30 0.166 7.84 -3.24
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Table C.12. Cp at different time. Conditions: Dye: AR-151, Cp ;=200 mg/L, T=25°C,
stirrer rate=300 rpm,Qs=150 L/h, pH=7.0, D, =2.21 g/h,Catalyst=50% PFOA mc.=5 g.

Time, min Absorbance, cm™ Cp, mg/L In (Cp/Cp;)
0 2.576 200.00 0.00
0.5 1.947 151.17 -0.28
2.5 1.731 134.39 -0.40
5.0 1.479 114.83 -0.55
7.5 1.226 95.19 -0.74
10 1.03 79.97 -0.92
15 0.686 53.26 -1.32
20 0.45 34.94 -1.74
25 0.28 21.74 -2.22
30 0.251 19.49 -2.33

Table C.13. Cp at different time. Conditions: Dye: AR-151, Cp ;=200 mg/L, T=25°C,
stirrer rate=300 rpm,Qg=150 L/h,pH=13.0, D, =2.21 g/h,Catalyst=50%PFOA,Mca=5 g.

Time, min Absorbance, cm™ Cp, mg/L In (Cp/Cp;)
0 2.576 200.00 0.00
0.5 2.322 180.28 -0.10
2.5 1.839 142.78 -0.34
5.0 1.283 99.61 -0.70
7.5 0.965 74.92 -0.98
10 0.814 63.20 -1.15
15 0.385 29.89 -1.90
20 0.154 11.96 -2.82
25 0.106 8.23 -3.19
30 0.054 4.19 -3.87

Table C.14. Cp at different time. Conditions: Dye: AR-151, Cp ;=200 mg/L, T=25°C,

stirrer rate=300 rpm, Qe=150 L/h, pH=2.5, D, =2.21 g/h,Cat=100% PFOA ,mcs=5 g.

Time, min Absorbance, cm™ Cpb, mg/L In (Cp/Cp,)

0 4,232 200.00 0.00
0.5 3.532 166.93 -0.18
2.5 2.799 132.30 -0.41
5.0 1.853 87.58 -0.83
7.5 1.227 58.00 -1.24
10 0.820 38.74 -1.64
15 0.296 13.98 -2.66
20 0.161 7.61 -3.27
25 0.112 5.28 -3.63
30 0.074 3.49 -4.05
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Table C.15. Cp at different time. Conditions: Dye: AR-151, Cp ;=200 mg/L, T=25°C,
stirrer rate=300 rpm, Qs=150 L/h, pH=7.0, Do, =2.21 g/h, Cat=100% PFOA, mcs=>5 g.

Time, min Absorbance, cm™ Cp, mg/L In (Cp/Cp;)

0 2.576 200.00 0.00
0.5 2.221 172.44 -0.15
2.5 2.000 155.28 -0.25
5.0 1.684 130.75 -0.43
7.5 1.43 111.03 -0.59
10 1.208 93.79 -0.76
15 0.84 65.22 -1.12
20 0.465 36.10 -1.71
25 0.284 22.05 -2.21
30 0.133 10.33 -2.96

Table C.16. Cp at different time. Conditions: Dye: AR-151, Cp ;=200 mg/L, T=25°C,
stirrer rate=300 rpm, Qe=150 L/h, pH=13.0, D, =2.21 g/h,Cat=100% PFOA, Mcs=5 g.

Time, min Absorbance, cm™ Cp, mg/L In (Cp/Cp;)

0 2.576 200.00 0.00
0.5 2.196 170.50 -0.16
2.5 1.768 137.27 -0.38
5.0 1.188 92.24 -0.77
7.5 0.813 63.12 -1.15
10 0.596 46.27 -1.46
15 0.356 27.64 -1.98
20 0.168 13.04 -2.73
25 0.097 7.53 -3.28
30 0.03 2.33 -

Table C.17. Cp at different time. Conditions: Dye: AR-151, Cp ;=100 mg/L, T=25°C,
stirrer rate=300 rpm, Qe=150 L/h, pH=2.5,D,, =1.17 g/h, Cat=100% PFOA,Mc=5 g.

Time, min Absorbance, cm™ Cpb, mg/L In (Cp/Cp,)

0 2.116 100.00 0.00
0.5 1.804 85.25 -0.16
2.5 1.452 68.63 -0.38
5.0 1.119 52.87 -0.64
7.5 0.815 38.51 -0.95
10 0.583 27.56 -1.29
15 0.310 14.67 -1.92
20 0.212 10.02 -2.30
25 0.136 6.44 -2.74
30 0.108 5.12 -2.97
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Table C.18. Cp at different time. Conditions: Dye: AR-151, Cp ;=100 mg/L, T=25°C,
stirrer rate=300 rpm, Q=150 L/h, pH=2.5, D, =1.70 g/h, Cat=100% PFOA,mcx=5 g.

Time, min Absorbance, cm™ Cp, mg/L In (Cp/Cp;)
0 2.116 100.00 0.00
0.5 1.718 81.21 -0.21
2.5 1.304 61.65 -0.48
5.0 0.854 40.37 -0.91
7.5 0.586 27.72 -1.28
10 0.337 15.92 -1.84
15 0.166 7.84 -2.55
20 0.113 5.36 -2.93
25 0.076 3.57 -3.33
30 0.074 3.49 -3.35

Table C.19. Cp at different time. Conditions: Dye: AR-151, Cp ;=100 mg/L, T=25°C,
stirrer rate=300 rpm, Qe=150 L/h, pH=2.5, D, =2.21 g/h, Cat=100% PFOA,Mc=5 g.

Time, min Absorbance, cm™ Cp, mg/L In (Cp/Cp;)
0 2.116 100.00 0.00
0.5 1.692 79.98 -0.22
2.5 1.285 60.71 -0.50
5.0 0.774 36.57 -1.01
7.5 0.396 18.71 -1.68
10 0.195 9.24 -2.38
15 0.146 6.91 -2.67
20 0.107 5.05 -2.99
25 0.066 3.11 -3.47
30 0.041 1.94 -3.94

Table C.20. Cp at different time. Conditions: Dye: AR-151, Cp ;=400 mg/L, T=25°C,
stirrer rate=300 rpm, Qe=150 L/h, pH=2.5, D, =2.21 g/h, Cat=100% PFOA,Mc=5 g.

Time, min Absorbance, cm™ Cpb, mg/L In (Cp/Cp,)

0 8.464 400.00 0.00
0.5 7.069 334.10 -0.18
2.5 6.190 292.55 -0.31
5.0 5.408 255.59 -0.45
7.5 5.016 237.03 -0.52
10 4,383 207.14 -0.66
15 3.470 163.98 -0.89
20 2.606 123.14 -1.18
25 1.842 87.03 -1.53
30 1.306 61.72 -1.87
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Table C.21. Cp at different time. Conditions: Dye: RBBR, Cp;=200 mg/L, T=25°C,

stirrer rate=300 rpm, Q=150 L/h, pH=2.5, D, =2.21 g/h.

Time, min Absorbance, cm™ Cp, mg/L In (Cp/Cp;)
0 2.200 200.00 0.00
0.5 1.779 161.73 -0.21
2.5 1.376 125.09 -0.47
5.0 0.972 88.36 -0.82
7.5 0.667 60.64 -1.19
10 0.433 39.36 -1.63
15 0.18 16.36 -2.50
20 0.091 8.27 -3.19
25 0.025 2.27 -4.48
30 0.015 1.36 -4.99

Table C.22. Cp at different time. Conditions: Dye: RBBR, Cp;=200 mg/L, T=25°C,

stirrer rate=300 rpm, Qe=150 L/h, pH=7.0, D, =2.21 g/h.

Time, min Absorbance, cm™ Cp, mg/L In (Cp/Cp;)
0 2.200 200.00 0.00
0.5 1.755 159.55 -0.23
2.5 1.437 130.64 -0.43
5.0 1.021 92.82 -0.77
7.5 0.706 64.18 -1.14
10 0.462 42.00 -1.56
15 0.209 19.00 -2.35
20 0.075 6.82 -3.38
25 0.021 1.91 -4.65
30 0.013 1.18 -5.13

Table C.23. Cp at different time. Conditions: Dye: RBBR, Cp,;=200 mg/L, T=25°C,

stirrer rate=300 rpm, Qe=150 L/h, pH=13.0, D, =2.21 g/h.

Time, min Absorbance, cm™ Cpb, mg/L In (Cp/Cp,)

0 2.200 200.00 0.00
0.5 1.503 136.64 -0.38
2.5 1.186 107.82 -0.62
5.0 0.790 71.82 -1.02
7.5 0.489 44.45 -1.50
10 0.298 27.09 -2.00
15 0.135 12.27 -2.79
20 0.036 3.27 -4.11
25 0.016 1.45 -4.92
30 0.011 1.00 -5.30
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Table C.24. Cp at different time. Conditions: Dye: RBBR, Cp;=200 mg/L, T=25°C,
stirrer rate=300 rpm, Q=150 L/h, pH=2.5, D, =2.21 g/h, Catalyst=Alumina,mc.=5 g.

Time, min Absorbance, cm™ Cp, mg/L In (Cp/Cp;)
0 2.200 200.00 0.00
0.5 1.786 162.37 -0.21
2.5 1.402 127.46 -0.45
5.0 0.97 88.18 -0.82
7.5 0.682 62.00 -1.17
10 0.466 42.36 -1.55
15 0.247 22.45 -2.19
20 0.163 14.82 -2.60
25 0.083 7.55 -3.28
30 0.056 5.09 -3.67

Table C.25. Cp at different time. Conditions: Dye: RBBR, Cp;=200 mg/L, T=25°C,
stirrer rate=300 rpm, Qe=150 L/h, pH=7.0, D, =2.21 g/h, Catalyst=Alumina,mc,=5 g.

Time, min Absorbance, cm™ Cp, mg/L In (Cp/Cp;)

0 2.200 200.00 0.00
0.5 1.964 178.55 -0.11
2.5 1.473 133.91 -0.40
5.0 1.043 94.82 -0.75
7.5 0.746 67.82 -1.08
10 0.529 48.09 -1.43
15 0.321 29.18 -1.92
20 0.185 16.82 -2.48
25 0.086 7.82 -3.24
30 0.042 3.82 -3.96

Table C.26. Cp at different time. Conditions: Dye: RBBR, Cp;=200 mg/L, T=25°C,
stirrer rate=300 rpm, Qe=150 L/h, pH=13.0, D, =2.21 g/h, Catalyst=Alumina,mca=>5 g.

Time, min Absorbance, cm™ Cpb, mg/L In (Cp/Cp,)
0 2.200 200.00 0.00
0.5 1.627 147.91 -0.30
2.5 1.224 111.27 -0.59
5.0 0.867 78.82 -0.93
7.5 0.618 56.18 -1.27
10 0.465 42.27 -1.55
15 0.272 24.73 -2.09
20 0.201 18.27 -2.39
25 0.101 9.18 -3.08
30 0.038 3.45 -4.06
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Table C.27. Cp at different time. Conditions: Dye: RBBR, Cp;=200 mg/L, T=25°C,
stirrer rate=300 rpm,Qc=150 L/h,pH=2.5, D, =2.21 g/h, Catalyst=25% PFOA mcs=5 g.

Time, min Absorbance, cm™ Cp, mg/L In (Cp/Cp;)
0 2.200 200.00 0.00
0.5 1.750 159.09 -0.23
2.5 1.296 117.82 -0.53
5.0 0.842 76.55 -0.96
7.5 0.537 48.82 -1.41
10 0.349 31.73 -1.84
15 0.131 11.91 -2.82
20 0.087 7.91 -3.23
25 0.063 5.73 -3.55
30 0.060 5.45 -3.60

Table C.28. Cp at different time. Conditions: Dye: RBBR, Cp;=200 mg/L, T=25°C,
stirrer rate=300 rpm,Qg=150 L/h,pH=7.0, D, =2.21 g/h, Catalyst=25% PFOA,Mca=5 g.

Time, min Absorbance, cm™ Cp, mg/L In (Cp/Cp;)
0 2.200 200.00 0.00
0.5 1.684 153.09 -0.27
2.5 1.242 112.91 -0.57
5.0 0.799 72.64 -1.01
7.5 0.489 44.45 -1.50
10 0.334 30.36 -1.89
15 0.126 11.45 -2.86
20 0.032 2.91 -4.23
25 0.015 1.36 -4.99
30 0.009 0.82 -5.50

Table C.29. Cp at different time. Conditions: Dye: RBBR, Cp,;=200 mg/L, T=25°C,

stirrer rate=300 rpm,Qg=150 L/h,pH=13.0, D, =2.21 g/h, Cat=25% PFOA,Mca=5 g.

Time, min Absorbance, cm™ Cpb, mg/L In (Cp/Cp,)
0 2.200 200.00 0.00
0.5 1.594 144.91 -0.32
2.5 1.226 111.46 -0.58
5.0 0.828 75.27 -0.98
7.5 0.567 51.55 -1.36
10 0.410 37.27 -1.68
15 0.214 19.45 -2.33
20 0.070 6.36 -3.45
25 0.044 4.00 -3.91
30 0.036 3.27 -4.11
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Table C.30. Cp at different time. Conditions: Dye: RBBR, Cp;=200 mg/L, T=25°C,
stirrer rate=300 rpm,Qc=150 L/h,pH=2.5, D, =2.21 g/h, Catalyst=50% PFOA mc.=5 g.

Time, min Absorbance, cm™ Cp, mg/L In (Cp/Cp;)

0 2.200 200.00 0.00
0.5 1.744 158.55 -0.23
2.5 1.285 116.82 -0.54
5.0 0.808 73.46 -1.00
7.5 0.486 44,18 -1.51
10 0.297 27.00 -2.00
15 0.128 11.64 -2.84
20 0.078 7.09 -3.34
25 0.049 4.45 -3.80
30 0.052 4.73 -3.74

Table C.31. Cp at different time. Conditions: Dye: RBBR, Cp;=200 mg/L, T=25°C,
stirrer rate=300 rpm,Qg=150 L/h,pH=7.0, D, =2.21 g/h, Catalyst=50% PFOA,Mca=5 g.

Time, min Absorbance, cm™ Cp, mg/L In (Cp/Cp;)
0 2.200 200.00 0.00
0.5 1.736 157.82 -0.24
2.5 1.270 115.46 -0.55
5.0 0.792 72.00 -1.02
7.5 0.482 43.82 -1.52
10 0.311 28.27 -1.96
15 0.168 15.27 -2.57
20 0.122 11.09 -2.89
25 0.044 4.00 -3.91
30 0.022 2.00 -4.61

Table C.32. Cp at different time. Conditions: Dye: RBBR, Cp;=200 mg/L, T=25°C,

stirrer rate=300 rpm,Qg=150 L/h,pH=13.0, D, =2.21 g/h, Cat=50% PFOA,Mca=>5 g.

Time, min Absorbance, cm™ Cpb, mg/L In (Cp/Cp,)
0 2.200 200.00 0.00
0.5 1.625 147.73 -0.30
2.5 1.241 112.82 -0.57
5.0 0.815 74.09 -0.99
7.5 0.551 50.09 -1.38
10 0.405 36.82 -1.69
15 0.184 16.73 -2.48
20 0.106 9.64 -3.03
25 0.058 5.27 -3.64
30 0.050 4.55 -3.78
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Table C.33. Cp at different time. Conditions: Dye: RBBR, Cp;=200 mg/L, T=25°C,
stirrer rate=300 rpm, Qs=150 L/h, pH=2.5, Do, =2.21 g/h, Cat=100% PFOA, mca=>5 g.

Time, min Absorbance, cm™ Cp, mg/L In (Cp/Cp;)

0 2.200 200.00 0.00
0.5 1.692 153.82 -0.26
2.5 1.194 108.55 -0.61
5.0 0.717 65.18 -1.12
7.5 0.441 40.09 -1.61
10 0.259 23.55 -2.14
15 0.126 11.45 -2.86
20 0.093 8.45 -3.16
25 0.054 4.91 -3.71
30 0.053 4.82 -3.73

Table C.34. Cp at different time. Conditions: Dye: RBBR, Cp;=200 mg/L, T=25°C,
stirrer rate=300 rpm, Qe=150 L/h, pH=7.0, D, =2.21 g/h, Cat=100% PFOA, Mca=5 g.

Time, min Absorbance, cm™ Cp, mg/L In (Cp/Cp;)
0 2.200 200.00 0.00
0.5 1.756 159.64 -0.23
2.5 1.312 119.27 -0.52
5.0 0.843 76.64 -0.96
7.5 0.524 47.64 -1.43
10 0.330 30.00 -1.90
15 0.130 11.82 -2.83
20 0.081 7.36 -3.30
25 0.046 4.18 -3.87
30 0.014 1.27 -5.06

Table C.35. Cp at different time. Conditions: Dye: RBBR, Cp;=200 mg/L, T=25°C,
stirrer rate=300 rpm, Qe=150 L/h, pH=13.0, D, =2.21 g/h, Cat=100% PFOA, mc=5 g.

Time, min Absorbance, cm™ Cpb, mg/L In (Cp/Cp,)
0 2.200 200.00 0.00
0.5 1.630 148.18 -0.30
2.5 1.224 111.27 -0.59
5.0 0.809 73.55 -1.00
7.5 0.541 49.18 -1.40
10 0.374 34.00 -1.77
15 0.197 17.91 -2.41
20 0.124 11.27 -2.88
25 0.069 6.27 -3.46
30 0.057 5.18 -3.65
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Table C.36. Cp at different time. Conditions: Dye: RBBR, Cp;=100 mg/L, T=25°C,
stirrer rate=300 rpm, Qs=150 L/h, pH=7.0, Do, =1.17 g/h, Cat=100% PFOA, mca=>5 g.

Time, min Absorbance, cm™ Cp, mg/L In (Cp/Cp;)
0 1.100 100.00 0.00
0.5 0.943 85.73 -0.15
2.5 0.707 64.27 -0.44
5.0 0.463 42.09 -0.87
7.5 0.299 27.18 -1.30
10 0.200 18.18 -1.70
15 0.129 11.73 -2.14
20 0.079 7.18 -2.63
25 0.062 5.64 -2.88
30 0.049 4.45 -3.11

Table C.37. Cp at different time. Conditions: Dye: RBBR, Cp,;=100 mg/L, T=25°C,
stirrer rate=300 rpm, Qe=150 L/h, pH=7.0, D, =1.70 g/h, Cat=100% PFOA, Mca=5 g.

Time, min Absorbance, cm™ Cp, mg/L In (Cp/Cp;)
0 1.100 100.00 0.00
0.5 0.955 86.82 -0.14
2.5 0.653 59.36 -0.52
5.0 0.379 34.45 -1.07
7.5 0.220 20.00 -1.61
10 0.138 12.55 -2.08
15 0.056 5.09 -2.98
20 0.039 3.55 -3.34
25 0.032 2.91 -3.54
30 0.030 2.73 -3.60

Table C.38. Cp at different time. Conditions: Dye: RBBR, Cp,;=100 mg/L, T=25°C,
stirrer rate=300 rpm, Qe=150 L/h, pH=7.0, D, =2.21 g/h, Cat=100% PFOA, Mc=5 g.

Time, min Absorbance, cm™ Cpb, mg/L In (Cp/Cp,)

0 1.100 100.00 0.00
0.5 0.909 82.64 -0.19
2.5 0.589 53.55 -0.62
5.0 0.315 28.64 -1.25
7.5 0.170 15.45 -1.87
10 0.090 8.18 -2.50
15 0.052 4,73 -3.05
20 0.034 3.09 -3.48
25 0.020 1.82 -4.01
30 0.010 0.91 -4.70
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Table C.39. Cp at different time. Conditions: Dye: RBBR, Cp;=400 mg/L, T=25°C,
stirrer rate=300 rpm, Qs=150 L/h, pH=7.0, Do, =2.21 g/h, Cat=100% PFOA, mca=5 g.

Time, min Absorbance, cm™ Cp, mg/L In (Cp/Cp;)

0 4.400 400.00 0.00
0.5 3.746 340.54 -0.16
2.5 3.132 284.73 -0.34
5.0 2.452 222.91 -0.58
7.5 1.715 155.91 -0.94
10 1.207 109.73 -1.29
15 0.541 49.18 -2.10
20 0.282 25.64 -2.75
25 0.126 11.45 -3.55
30 0.093 8.45 -3.86

Table C.40. Measured and corrected COD values for AR-151. T = 25°C, Stirrer rate =
300 rpm, Qg = 150 L/h, reaction time = 30 min.

pH | Dg, ,g/h Cb,, mg/L Cat. Type (r:n%?l_f
1.17 100 100% PFOA 49
1.70 100 100% PFOA 46
100 100% PFOA 38
- 112
2.5 Alumina 99
2.21 200 25% PFOA 104
50% PFOA 110
100% PFOA 94
400 100% PFOA 306
- 119
Alumina 95
7 2.21 200 25% PFOA 96
50% PFOA 93
100% PFOA 77
- 107
Alumina 43
13 2210 200 25% PFOA 59
50% PFOA 64
100% PFOA 49
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Table C.41. Measured and corrected COD values for RBBR. T = 25°C, Stirrer rate = 300
rpm, Qg = 150 L/h, Reaction time = 30 min.

pH| Dg.0/h | Cp;, mg/L Cat. Type (r:ncg)l?l_l
- 128
Alumina 133
2.5 2.21 200 25% PFOA 124
50% PFOA 111
100% PFOA 101
1.17 100 100% PFOA 65
1.70 100 100% PFOA 51
100 100% PFOA 33
- 110
7 Alumina 127
2.21 200 25% PFOA 108
50% PFOA 103
100% PFOA 39
400 100% PFOA 298
- 75
Alumina 40
13 2.21 200 25% PFOA 13
50% PFOA 10
100% PFOA 8

25
d 20 B
[
c 15 |
E
< 10
§ Stirrer rate, rpm
S 5 —e—200
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Figure C.1. The effect of stirrer rate on ozone absorption into water. Conditions:
T=25°C, Qg =150 L/h, Do, =46.04 mmol/h, reaction time =60 min.
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APPENDIX D

TRACER EXPERIMENTS DATA

Table D.1. Data for tracer experiment of Qz=70 L/h, Q =350 L/h.

Time,s | Abs,cm™ | C(t) mg/L E(t) tE(t), s t-t (t-tm)°E(t)
0 0.000 0.000 0.00000 | 0.0000 | -55.045 | 0.000
8 0.005 0.493 0.00064 | 0.0052 | -47.045 1.426
18 0.095 9.365 0.01224 | 0.2203 | -37.045 | 16.795
28 0.133 13111 | 0.01713 | 0.4797 | -27.045 | 12532
38 0.120 11.829 | 0.01546 | 05874 | -17.045 | 4.491
48 0.098 9.661 0.01262 | 0.6060 | -7.045 0.627
59 0.071 6.999 0.00915 | 0.5396 3.955 0.143
69 0.058 5.717 0.00747 | 0.5155 | 13.955 1.455
79 0.048 4,732 0.00618 | 0.4885 | 23.955 3.548
89 0.031 3.056 0.00399 | 0.3554 | 33.955 4.604
99 0.026 2.563 0.00335 | 0.3316 | 43.955 6.471

109 0.019 1.873 0.00245 | 0.2668 | 53.955 7.125
119 0.013 1.282 0.00167 | 0.1993 | 63.955 6.850
129 0.011 1.084 0.00142 | 0.1828 | 73.955 7.750
149 0.007 0.690 0.00090 | 0.1344 | 93.955 7.960
169 0.004 0.394 0.00052 | 0.0871 | 113.955 | 6.691
189 0.002 0.197 0.00026 | 0.0487 | 133.955 | 4.623
209 0.001 0.099 0.00013 | 0.0269 | 153.955 | 3.053
229 0.000 0.000 0.00000 | 0.0000 | 173.955 | 0.000

249




Table D.2. Data for tracer experiment of Qz=100 L/h, Q=350 L/h.

Time, s | Abs, cm™ | C(t) mg/L E(t) tE(t), s t-tm (t-tn)°E(t)
0 0 0.000 0.00000 0.0000 -55.852 0.000
6 0 0.000 0.00000 0.0000 -49.852 0.000

16 0.098 9.661 0.01192 0.1907 -39.852 18.931
26 0.137 13.505 0.01666 0.4332 -29.852 14.850
36 0.127 12.519 0.01545 0.5561 -19.852 6.088
46 0.097 9.562 0.01180 0.5427 -9.852 1.145
56 0.075 7.393 0.00912 0.5108 0.148 0.000
66 0.063 6.210 0.00766 0.5057 10.148 0.789
76 0.051 5.027 0.00620 0.4714 20.148 2.518
86 0.037 3.647 0.00450 0.3870 30.148 4.090
96 0.028 2.760 0.00341 0.3269 40.148 5.489
106 0.024 2.366 0.00292 0.3094 50.148 7.341
116 0.019 1.873 0.00231 0.2681 60.148 8.361
126 0.012 1.183 0.00146 0.1839 70.148 7.182
136 0.009 0.887 0.00109 0.1489 80.148 7.032
146 0.007 0.690 0.00085 0.1243 90.148 6.919
156 0.006 0.591 0.00073 0.1138 | 100.148 7.319
166 0.005 0.493 0.00061 0.1010 | 110.148 7.378
176 0.003 0.296 0.00036 0.0642 120.148 5.267
186 0.003 0.296 0.00036 0.0679 130.148 6.181
196 0.003 0.296 0.00036 0.0715 | 140.148 7.167
206 0.002 0.197 0.00024 0.0501 150.148 5.484
216 0.002 0.197 0.00024 0.0525 | 160.148 6.239
226 0.001 0.099 0.00012 0.0275 | 170.148 3.521
236 0.001 0.099 0.00012 0.0287 180.148 3.947
246 0.001 0.099 0.00012 0.0299 190.148 4.398
256 0.000 0.000 0.00000 0.0000 | 200.148 0.000
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Table D.3. Data for tracer experiment of Qz=150 L/h, Q. =350 L/h.

Time,s | Abs, cm™ | C(t) mg/L E(t) tE(t), s t-tm (t-tn)°E(t)
0 0 0.000 0.00000 0.0000 -51.710 0.000
8 0.028 2.760 0.00346 0.0277 -43.710 6.608

18 0.119 11.731 0.01470 0.2646 -33.710 16.703
28 0.135 13.308 0.01668 0.4669 -23.710 9.374
38 0.119 11.731 0.01470 0.5586 -13.710 2.763
48 0.092 9.069 0.01136 0.5455 -3.710 0.156
58 0.072 7.098 0.00889 0.5158 6.291 0.352
68 0.057 5.619 0.00704 0.4788 16.291 1.868
78 0.044 4.337 0.00543 0.4239 26.291 3.757
88 0.034 3.352 0.00420 0.3696 36.291 5.531
98 0.027 2.662 0.00334 0.3268 46.291 7.146
108 0.019 1.873 0.00235 0.2535 56.291 7.436
118 0.015 1.479 0.00185 0.2186 66.291 8.142
145 0.006 0.591 0.00074 0.1075 93.291 6.450
165 0.003 0.296 0.00037 0.0611 113.291 4.756
185 0.002 0.197 0.00025 0.0457 133.291 4.389
205 0.001 0.099 0.00012 0.0253 | 153.291 2.902
225 0 0.000 0.00000 0.0000 | 173.291 0.000
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Table D.4. Data for tracer experiment of Qz=70 L/h, Q =300 L/h.

Time,s | Abs,cm™ | C(t) mg/L E(t) tE(t), S ttn | (ttn)’E(t)
0 0.000 0.000 0.00000 | 0.0000 | -60.967 | 0.000
6 0.000 0.000 0.00000 | 0.0000 | -54.967 | 0.000
16 0.054 5.323 0.00621 | 0.0994 | -44.967 | 12.565
26 0.125 12.322 | 0.01438 | 0.3740 | -34.967 | 17.588
36 0.137 13505 | 0.01577 | 05675 | -24.967 | 9.827
46 0.117 11534 | 0.01346 | 06193 | -14.967 | 3.016
56 0.099 9.759 0.01139 | 0.6380 | -4.967 0.281
66 0.076 7.492 0.00875 | 0.5772 5.033 0.222
76 0.063 6.210 0.00725 | 0.5510 | 15.033 1.638
86 0.049 4.830 0.00564 | 0.4849 | 25.033 3.533
96 0.034 3.352 0.00391 | 0.3756 | 35.033 4.802

106 0.026 2.563 0.00299 | 0.3171 | 45.033 6.068
116 0.018 1.774 0.00207 | 0.2403 | 55.033 6.273
136 0.012 1.183 0.00138 | 0.1878 | 75.033 7.774
156 0.007 0.690 0.00081 | 0.1257 | 95.033 7.275
176 0.005 0.493 0.00058 | 0.1013 | 115.033 | 7.614
196 0.003 0.296 0.00035 | 0.0677 | 135.033 | 6.295
216 0.002 0.197 0.00023 | 0.0497 | 155.033 | 5.532
236 0.001 0.099 0.00012 | 0.0272 | 175.033 | 3.525
256 0.000 0.000 0.00000 | 0.0000 | 195.033 | 0.000

252




Table D.5. Data for tracer experiment of Qs=100 L/h, Q.=300 L/h.

Time,s | Abs,cm™ | C(t) mg/L E(t) tE(t), S ttn | (ttn)’°E(t)
0 0 0.000 0.00000 | 0.0000 | -61.731 | 0.000
6 0.002 0.197 0.00024 | 0.0014 | -55.731 | 0.740
16 0.072 7.098 0.00858 | 0.1373 | -45.731 | 17.941
26 0.128 12618 | 0.01525 | 0.3965 | -35.731 | 19.471
36 0.122 12.026 | 0.01454 | 05233 | -25.731 | 9.624
46 0.099 9.759 0.01180 | 05426 | -15.731 | 2.919
56 0.082 8.083 0.00977 | 05471 | -5.731 0.321
66 0.064 6.309 0.00763 | 0.5033 4.270 0.139
76 0.055 5.422 0.00655 | 0.4980 | 14.270 1.334
86 0.045 4.436 0.00536 | 0.4611 | 24.270 3.158
96 0.034 3.352 0.00405 | 0.3889 | 34.270 4758

106 0.03 2.957 0.00357 | 0.3789 | 44.270 7.005
116 0.022 2.169 0.00262 | 0.3041 | 54.270 7.720
126 0.018 1.774 0.00214 | 0.2702 | 64.270 8.859
136 0.015 1.479 0.00179 | 0.2431 | 74.270 9.858
146 0.012 1.183 0.00143 | 0.2088 | 84.270 | 10.154
156 0.009 0.887 0.00107 | 0.1673 | 94.270 9.530
166 0.007 0.690 0.00083 | 0.1385 | 104.270 | 9.068
176 0.006 0.591 0.00071 | 0.1258 | 114270 | 9.335
186 0.004 0.394 0.00048 | 0.0886 | 124.270 | 7.360
196 0.003 0.296 0.00036 | 0.0701 | 134.270 | 6.444
206 0.003 0.296 0.00036 | 0.0736 | 144.270 | 7.440
216 0.002 0.197 0.00024 | 0.0515 | 154270 | 5.671
226 0.001 0.099 0.00012 | 0.0269 | 164.270 | 3.215
236 0.001 0.099 0.00012 | 0.0281 | 174270 | 3.619
246 0.000 0.000 0.00000 | 0.0000 | 184.270 | 0.000
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Table D.6. Data for tracer experiment of Qz=150 L/h, Q. =300 L/h.

Time,s | Abs,cm™ | C(t) mg/L E(t) tE(t), S ttn | (ttn)’E(t)
0 0 0.000 0.00000 | 0.0000 | -65.312 | 0.000
6 0.007 0.690 0.00075 | 0.0045 | -59.312 | 2.641
16 0.087 8.576 0.00933 | 0.1493 | -49.312 | 22.689
26 0.136 13.406 | 0.01459 | 0.3792 | -39.312 | 22541
36 0.128 12.618 | 0.01373 | 04942 | -29.312 | 11.795
46 0.106 10.449 | 0.01137 | 05229 | -19.312 | 4.240
56 0.084 8.280 0.00901 | 0.5045 | -9.312 0.781
66 0.071 6.999 0.00761 | 0.5026 0.688 0.004
76 0.057 5.619 0.00611 | 0.4646 | 10.688 0.698
86 0.046 4,535 0.00493 | 0.4243 | 20.688 2.112
96 0.038 3.746 0.00408 | 0.3912 | 30.688 3.838

106 0.031 3.056 0.00332 | 0.3524 | 40.688 5.504
116 0.025 2.464 0.00268 | 0.3110 | 50.688 6.889
136 0.016 1.577 0.00172 | 0.2334 | 70.688 8.574
156 0.011 1.084 0.00118 | 0.1840 | 90.688 9.703
176 0.008 0.789 0.00086 | 0.1510 | 110.688 | 10.512
196 0.006 0.591 0.00064 | 0.1261 | 130.688 | 10.990
216 0.004 0.394 0.00043 | 0.0927 | 150.688 | 9.741
236 0.003 0.296 0.00032 | 0.0759 | 170.688 | 9.374
256 0.002 0.197 0.00021 | 0.0549 | 190.688 | 7.800
276 0.001 0.099 0.00011 | 0.0296 | 210.688 | 4.761
296 0.000 0.000 0.00000 | 0.0000 | 230.688 | 0.000
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Table D.7. Data for tracer experiment of Qz=70 L/h, Q =250 L/h.

Time,s | Abs,cm™ | C(t) mg/L E(t) tE(t), S ttn | (ttn)’E(t)
0 0 0.000 0.00000 | 0.0000 | -81.540 | 0.000
6 0.001 0.099 0.00009 | 0.0005 | -75.540 | 0.506
16 0.051 5.027 0.00452 | 0.0724 | -65.540 | 19.427
26 0.073 7.196 0.00647 | 0.1683 | -55.540 | 19.969
36 0.106 10.449 | 0.00940 | 0.3384 | -45.540 | 19.494
46 0.122 12.026 | 0.01082 | 04977 | -35.540 | 13.665
56 0.116 11435 | 0.01029 | 05761 | -25540 | 6.710
66 0.1 9.858 0.00887 | 0.5853 | -15.540 | 2.141
76 0.095 9.365 0.00842 | 0.6403 | -5.540 0.259
86 0.078 7.689 0.00692 | 0.5949 4.461 0.138
96 0.066 6.506 0.00585 | 0.5619 | 14.461 1.224

106 0.052 5.126 0.00461 | 0.4888 | 24.461 2.759
116 0.046 4,535 0.00408 | 0.4732 | 34.461 4.844
136 0.031 3.056 0.00275 | 0.3739 | 54.461 8.154
156 0.022 2.169 0.00195 | 0.3043 | 74461 | 10.817
176 0.015 1.479 0.00133 | 0.2341 | 94.461 | 11.869
196 0.01 0.986 0.00089 | 0.1738 | 114.461 | 11618
216 0.007 0.690 0.00062 | 0.1341 | 134.461 | 11.223
236 0.004 0.394 0.00035 | 0.0837 | 154.461 | 8.463
256 0.003 0.296 0.00027 | 0.0681 | 174.461 | 8.097
276 0.002 0.197 0.00018 | 0.0490 | 194.461 | 6.707
296 0.001 0.099 0.00009 | 0.0262 | 214.461 | 4.079
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Table D.8. Data for tracer experiment of Qz=100 L/h, Q.=250 L/h.

Time,s | Abs, cm™ | C(t) mg/L E(t) tE(t), s t-tm (t-tn)°E(t)
0 0 0.000 0.00000 0.0000 -73.386 0.000
6 0 0.000 0.00000 0.0000 -67.386 0.000

16 0.055 5.422 0.00511 0.0817 -57.386 16.822
26 0.119 11.731 0.01105 0.2873 -47.386 24.817
36 0.13 12.815 0.01207 0.4346 -37.386 16.876
46 0.124 12.224 0.01152 0.5297 -27.386 8.637
56 0.108 10.646 0.01003 0.5617 -17.386 3.032
66 0.091 8.971 0.00845 0.5578 -7.386 0.461
76 0.074 7.295 0.00687 0.5223 2.614 0.047
86 0.063 6.210 0.00585 0.5032 12.614 0.931
96 0.054 5.323 0.00502 0.4815 22.614 2.565
106 0.043 4.239 0.00399 0.4233 32.614 4.248
116 0.037 3.647 0.00344 0.3986 42.614 6.240
126 0.03 2.957 0.00279 0.3511 52.614 7.713
136 0.025 2.464 0.00232 0.3158 62.614 9.103
146 0.021 2.070 0.00195 0.2847 72.614 10.284
156 0.017 1.676 0.00158 0.2463 82.614 10.776
166 0.015 1.479 0.00139 0.2313 92.614 11.949
176 0.012 1.183 0.00111 0.1961 102.614 11.735
186 0.01 0.986 0.00093 0.1727 112.614 11.778
196 0.008 0.789 0.00074 0.1456 | 122.614 11.170
206 0.007 0.690 0.00065 0.1339 132.614 11.433
216 0.006 0.591 0.00056 0.1204 | 142.614 11.333
226 0.004 0.394 0.00037 0.0840 | 152.614 8.652
236 0.004 0.394 0.00037 0.0877 162.614 9.823
246 0.003 0.296 0.00028 0.0685 | 172.614 8.302
256 0.002 0.197 0.00019 0.0476 | 182.614 6.194
266 0.002 0.197 0.00019 0.0494 | 192.614 6.891
276 0.001 0.099 0.00009 0.0256 | 202.614 3.813
286 0.000 0.000 0.00000 0.0000 | 212.614 0.000
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Table D.9. Data for tracer experiment of Qz=150 L/h, Q.=250 L/h.

Time,s | Abs, cm™ | C(t) mg/L E(t) tE(t), s t-tm (t-tn)°E(t)
0 0 0.000 0.00000 0.0000 -71.707 0.000
10 0.022 2.169 0.00215 0.0215 -61.707 8.178
20 0.098 9.661 0.00957 0.1913 -51.707 25.578
30 0.127 12.519 0.01240 0.3719 -41.707 21.566
40 0.125 12.322 0.01220 0.4881 -31.707 12.268
50 0.109 10.745 0.01064 0.5320 -21.707 5.014
60 0.094 9.266 0.00918 0.5506 -11.707 1.258
70 0.081 7.985 0.00791 0.5535 -1.707 0.023
80 0.065 6.408 0.00635 0.5076 8.293 0.436
90 0.052 5.126 0.00508 0.4569 18.293 1.699
100 0.044 4.337 0.00430 0.4295 28.293 3.439
110 0.039 3.845 0.00381 0.4188 38.293 5.583
120 0.032 3.154 0.00312 0.3749 48.293 7.286
140 0.023 2.267 0.00225 0.3143 68.293 10.472
160 0.015 1.479 0.00146 0.2343 88.293 11.416
180 0.01 0.986 0.00098 0.1757 108.293 11.449
200 0.006 0.591 0.00059 0.1171 128.293 9.641
220 0.004 0.394 0.00039 0.0859 148.293 8.587
240 0.003 0.296 0.00029 0.0703 | 168.293 8.295
260 0.001 0.099 0.00010 0.0254 | 188.293 3.461
280 0.001 0.099 0.00010 0.0273 | 208.293 4.235
300 0.000 0.000 0.00000 0.0000 | 228.293 0.000
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Table D.10. Data for tracer experiment of Qz=70 L/h, Q_.=200 L/h.

Time,s | Abs, cm™ | C(t) mg/L E(t) tE(t), s t-tm (t-tn)°E(t)
0 0 0.000 0.00000 0.0000 -87.760 0.000
6 0 0.000 0.00000 0.0000 -81.760 0.000

16 0.051 5.027 0.00391 0.0626 -71.760 20.157
26 0.103 10.153 0.00791 0.2055 -61.760 30.154
36 0.124 12.224 0.00952 0.3426 -51.760 25.498
46 0.125 12.322 0.00959 0.4413 -41.760 16.731
57 0.119 11.731 0.00913 0.5206 -30.760 8.642
67 0.107 10.548 0.00821 0.5502 -20.760 3.539
77 0.096 9.463 0.00737 0.5674 -10.760 0.853
87 0.082 8.083 0.00629 0.5476 -0.760 0.004
97 0.07 6.900 0.00537 0.5212 9.240 0.459
107 0.061 6.013 0.00468 0.5010 19.240 1.733
117 0.056 5.520 0.00430 0.5029 29.240 3.675
137 0.039 3.845 0.00299 0.4101 49.240 7.258
157 0.029 2.859 0.00223 0.3495 69.240 10.671
177 0.021 2.070 0.00161 0.2853 89.240 12.836
197 0.015 1.479 0.00115 0.2268 | 109.240 13.739
217 0.01 0.986 0.00077 0.1666 | 129.240 12.820
237 0.007 0.690 0.00054 0.1273 | 149.240 11.967
257 0.006 0.591 0.00046 0.1184 | 169.240 13.190
277 0.004 0.394 0.00031 0.0850 | 189.240 10.995
297 0.002 0.197 0.00015 0.0456 | 209.240 6.721
317 0.001 0.099 0.00008 0.0243 | 229.240 4.033
337 0.001 0.099 0.00008 0.0259 | 249.240 4.768
357 0.000 0.000 0.00000 0.0000 | 269.240 0.000
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Table D.11. Data for tracer experiment of Qz=100 L/h, Q =200 L/h.

Time,s | Abs, cm™ | C(t) mg/L E(t) tE(t), s t-tm (t-tn)°E(t)
0 0 0.000 0.00000 0.0000 -93.277 0.000
6 0.005 0.493 0.00039 0.0023 -87.277 2.960

16 0.04 3.943 0.00311 0.0497 -77.277 18.565
26 0.108 10.646 0.00839 0.2182 -67.277 37.992
36 0.123 12.125 0.00956 0.3441 -57.277 31.362
46 0.118 11.632 0.00917 0.4219 -47.277 20.498
56 0.108 10.646 0.00839 0.4701 -37.277 11.664
66 0.091 8.971 0.00707 0.4668 -27.277 5.262
76 0.086 8.478 0.00668 0.5080 -17.277 1.995
86 0.077 7.590 0.00598 0.5147 -7.277 0.317
96 0.068 6.703 0.00528 0.5074 2.723 0.039
106 0.062 6.112 0.00482 0.5108 12.723 0.780
116 0.056 5.520 0.00435 0.5049 22.723 2.247
126 0.05 4.929 0.00389 0.4896 32.723 4.161
136 0.043 4.239 0.00334 0.4545 42.723 6.100
146 0.038 3.746 0.00295 0.4312 52.723 8.210
156 0.032 3.154 0.00249 0.3880 62.723 9.784
166 0.028 2.760 0.00218 0.3612 72.723 11.509
176 0.023 2.267 0.00179 0.3146 82.723 12.232
200 0.017 1.676 0.00132 0.2642 106.723 15.049
220 0.012 1.183 0.00093 0.2052 126.723 14.977
250 0.008 0.789 0.00062 0.1554 | 156.723 15.272
270 0.006 0.591 0.00047 0.1259 176.723 14.564
290 0.005 0.493 0.00039 0.1127 196.723 15.039
310 0.003 0.296 0.00023 0.0723 | 216.723 10.951
330 0.001 0.099 0.00008 0.0256 | 236.723 4.355
350 0.000 0.000 0.00000 0.0000 | 256.723 0.000
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Table D.12. Data for tracer experiment of Qz=150 L/h, Q =200 L/h.

Time,s | Abs, cm™ | C(t) mg/L E(t) tE(t), s t-tm (t-tn)°E(t)
0 0 0.000 0.00000 0.0000 -91.035 0.000
6 0.004 0.394 0.00029 0.0017 -85.035 2.062

16 0.066 6.506 0.00471 0.0753 -75.035 26.494
26 0.118 11.632 0.00841 0.2187 -65.035 35.584
36 0.131 12.914 0.00934 0.3362 -55.035 28.289
46 0.131 12.914 0.00934 0.4296 -45.035 18.943
56 0.123 12.125 0.00877 0.4911 -35.035 10.764
66 0.109 10.745 0.00777 0.5129 -25.035 4.871
76 0.098 9.661 0.00699 0.5310 -15.035 1.579
86 0.084 8.280 0.00599 0.5151 -5.035 0.152
96 0.071 6.999 0.00506 0.4860 4.965 0.125
106 0.062 6.112 0.00442 0.4686 14.965 0.990
116 0.055 5.422 0.00392 0.4549 24.965 2.444
126 0.048 4.732 0.00342 0.4312 34.965 4.184
146 0.035 3.450 0.00250 0.3643 54.965 7.539
166 0.027 2.662 0.00193 0.3196 74.965 10.818
186 0.02 1.972 0.00143 0.2652 94.965 12.860
206 0.015 1.479 0.00107 0.2203 | 114.965 14.135
226 0.012 1.183 0.00086 0.1934 | 134.965 15.585
246 0.008 0.789 0.00057 0.1403 | 154.965 13.697
266 0.006 0.591 0.00043 0.1138 | 174.965 13.096
286 0.005 0.493 0.00036 0.1020 | 194.965 13.551
306 0.004 0.394 0.00029 0.0873 | 214.965 13.179
326 0.002 0.197 0.00014 0.0465 | 234.965 7.873
346 0.002 0.197 0.00014 0.0493 | 254.965 9.270
366 0.001 0.099 0.00007 0.0261 | 274.965 5.391
386 0.001 0.099 0.00007 0.0275 | 294.965 6.203
406 0.000 0.000 0.00000 0.0000 | 314.965 0.000
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Table D.13. Data for tracer experiment of Qz=70 L/h, Q_.=150 L/h.

Time,s | Abs, cm™ | C(t) mg/L E(t) tE(t), s t-tm (t-tn)°E(t)
0 0 0.000 0.00000 0.0000 | -148.488 0.000
8 0.002 0.197 0.00010 0.0008 | -140.488 1.880

18 0.047 4.633 0.00224 0.0403 |-130.488 | 38.109
28 0.081 7.985 0.00386 0.1080 |-120.488 | 55.997
38 0.116 11.435 0.00552 0.2099 |-110.488 | 67.434
48 0.122 12.026 0.00581 0.2789 |-100.488 | 58.665
58 0.123 12.125 0.00586 0.3397 -90.488 47.960
68 0.121 11.928 0.00576 0.3918 -80.488 37.328
78 0.115 11.336 0.00548 0.4272 -70.488 27.210
88 0.109 10.745 0.00519 0.4568 -60.488 18.991
98 0.101 9.956 0.00481 0.4713 -50.488 12.260
108 0.091 8.971 0.00433 0.4680 -40.488 7.104

118 0.087 8.576 0.00414 0.4889 -30.488 3.851

128 0.082 8.083 0.00390 0.4998 -20.488 1.639

148 0.067 6.605 0.00319 0.4722 -0.488 0.001

168 0.054 5.323 0.00257 0.4320 19.512 0.979

188 0.045 4.436 0.00214 0.4029 39.512 3.345

208 0.039 3.845 0.00186 0.3863 59.512 6.577

228 0.033 3.253 0.00157 0.3583 79.512 9.935

248 0.028 2.760 0.00133 0.3307 99.512 13.204
268 0.024 2.366 0.00114 0.3063 | 119.512 16.324
288 0.02 1.972 0.00095 0.2743 | 139.512 18.537
308 0.018 1.774 0.00086 0.2640 | 159.512 21.810
338 0.015 1.479 0.00071 0.2414 | 189.512 25.654
368 0.012 1.183 0.00057 0.2103 | 219.512 27.535
398 0.009 0.887 0.00043 0.1706 | 249.512 26.682
428 0.007 0.690 0.00033 0.1427 | 279.512 26.043
458 0.006 0.591 0.00029 0.1309 | 309.512 27.371
488 0.005 0.493 0.00024 0.1162 | 339.512 27.445
518 0.004 0.394 0.00019 0.0987 | 369.512 26.008
548 0.003 0.296 0.00014 0.0783 | 399.512 22.802
578 0.002 0.197 0.00010 0.0550 | 429.512 17.570
608 0.001 0.099 0.00005 0.0290 | 459.512 10.055
638 0.000 0.000 0.00000 0.0000 | 489.512 0.000
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Table D.14. Data for tracer experiment of Qz=150 L/h, Q =150 L/h.

Time,s | Abs, cm™ | C(t) mg/L E(t) tE(t), s t-tm (t-tn)°E(t)
0 0 0.000 0.00000 0.0000 | -150.898 0.000
10 0 0.000 0.00000 0.0000 | -140.898 0.000
20 0.05 4.929 0.00216 0.0433 |-130.898 | 37.061
30 0.09 8.872 0.00389 0.1168 |-120.898 | 56.907
40 0.116 11.435 0.00502 0.2007 |-110.898 | 61.714
50 0.124 12.224 0.00536 0.2682 |-100.898 | 54.610
60 0.127 12.519 0.00549 0.3296 -90.898 45.394
70 0.126 12.421 0.00545 0.3815 -80.898 35.672
80 0.121 11.928 0.00523 0.4188 -70.898 26.311
90 0.116 11.435 0.00502 0.4516 -60.898 18.610
100 0.11 10.843 0.00476 0.4759 -50.898 12.328
110 0.103 10.153 0.00446 0.4901 -40.898 7.453
120 0.095 9.365 0.00411 0.4932 -30.898 3.923
130 0.091 8.971 0.00394 0.5118 -20.898 1.719
154 0.074 7.295 0.00320 0.4930 3.102 0.031
174 0.065 6.408 0.00281 0.4893 23.102 1.501
194 0.056 5.520 0.00242 0.4700 43.102 4.501
214 0.048 4.732 0.00208 0.4444 63.102 8.268
240 0.037 3.647 0.00160 0.3841 89.102 12.707
260 0.03 2.957 0.00130 0.3374 | 109.102 15.448
280 0.025 2.464 0.00108 0.3028 | 129.102 18.026
300 0.022 2.169 0.00095 0.2855 | 149.102 21.158
320 0.019 1.873 0.00082 0.2630 | 169.102 23.504
350 0.015 1.479 0.00065 0.2271 199.102 25.723
380 0.012 1.183 0.00052 0.1973 | 229.102 27.247
410 0.009 0.887 0.00039 0.1596 | 259.102 26.138
440 0.007 0.690 0.00030 0.1332 | 289.102 25.309
470 0.005 0.493 0.00022 0.1017 | 319.102 22.025
500 0.004 0.394 0.00017 0.0865 | 349.102 21.089
530 0.003 0.296 0.00013 0.0688 | 379.102 18.652
560 0.002 0.197 0.00009 0.0485 | 409.102 14.480
590 0.001 0.099 0.00004 0.0255 | 439.102 8.341
620 0.000 0.000 0.00000 0.0000 | 469.102 0.000
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Table D.15. Data for tracer experiment of Qz=200 L/h, Q =350 L/h. Cat=100% PFOA,

Mear=175 g.

Time,s | Abs,cm™ | C(t) mg/L E(t) tE(t), S ttn | (ttn)’E(t)
0 0.000 0.000 0.00000 | 0.0000 | -63.953 | 0.000
10 0.057 5.619 0.00630 | 0.0630 | -53.953 | 18.333
20 0.134 13.209 | 0.01481 | 0.2961 | -43.953 | 28.603
30 0.141 13.899 | 0.01558 | 0.4674 | -33.953 | 17.960
40 0.119 11.731 | 0.01315 | 05259 | -23.953 | 7.544
50 0.086 8.478 0.00950 | 04751 | -13.953 | 1.850
60 0.065 6.408 0.00718 | 04309 | -3.953 0.112
70 0.051 5.027 0.00564 | 0.3945 6.047 0.206
80 0.046 4,535 0.00508 | 0.4066 | 16.047 1.309
90 0.034 3.352 0.00376 | 0.3381 | 26.047 2.549

100 0.026 2.563 0.00287 | 0.2873 | 36.047 3.733
110 0.022 2.169 0.00243 | 0.2674 | 46.047 5.154
120 0.017 1.676 0.00188 | 0.2254 | 56.047 5.900
140 0.012 1.183 0.00133 | 0.1856 | 76.047 7.668
160 0.010 0.986 0.00110 | 0.1768 | 96.047 | 10.193
180 0.008 0.789 0.00088 | 0.1591 | 116.047 | 11.904
200 0.006 0.591 0.00066 | 0.1326 | 136.047 | 12.270
220 0.005 0.493 0.00055 | 0.1215 | 156.047 | 13.453
240 0.004 0.394 0.00044 | 0.1061 | 176.047 | 13.698
260 0.003 0.296 0.00033 | 0.0862 | 196.047 | 12.740
280 0.002 0.197 0.00022 | 0.0619 | 216.047 | 10.315
300 0.001 0.099 0.00011 | 0.0331 | 236.047 | 6.156
320 0.000 0.000 0.00000 | 0.0000 | 256.047 | 0.000
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APPENDIX E

OZONE ABSORPTION EXPERIMENTS DATA

Table E.1. Liquid phase ozone concentration. Conditions: Qg=150 L/h, Q=30 L/h,
Co,.cin= 0.298 mmol/L, Vpia=10 mL, Apan=0.202 cm™, t=25 min, Vinioin=29.7 mL,

Vinio,out=214.7 mL, catalyst=no.

z,m Time, min Vr, mL Aing, M Co, . mmol/L
0 0.0000
5 27.0 0.094 0.0433
0.09 10 30.9 0.067 0.0416
15 30.6 0.059 0.0442
20 34.0 0.045 0.0408
25 32.4 0.041 0.0446
0 0.0000
5 30.3 0.049 0.0473
0.21 10 31.0 0.031 0.0499
15 32.2 0.012 0.0515
20 32.7 0.007 0.0515
25 25.3 0.077 0.0536
0 0.0000
5 30.9 0.02 0.0528
0.52 10 31.5 0.006 0.0546
15 31.2 0.005 0.0556
20 27.6 0.046 0.0553
25 28.6 0.028 0.0572
0 0.0000
5 28.5 0.042 0.0537
0.88 10 27.9 0.038 0.0566
15 27.8 0.03 0.0592
20 27.5 0.037 0.0582
25 27.4 0.032 0.0600
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Table E.2. Liquid phase ozone concentration. Conditions: Q=100 L/h, Q.= 30 L/h,
Co,cin= 0.304 MmMOI/L, Vyau=10 ML, Apanc=0.197 cm™, t=20 min, Vinioin=20.3 mL,

Vinio,ou=145.8 mL. Catalyst=no.

zm Time, min Vr, mL Aing, cm™ Co, . MMol/L
0 0
2.5 31.1 0.061 0.0320
5 27 0.074 0.0360
0.08 7.5 26.5 0.072 0.0377
10 27.9 0.064 0.0369
15 28.3 0.067 0.0353
20 29.1 0.058 0.0362
0
2.5 26.2 0.06 0.0420
5 30.4 0.005 0.0468
7.5 29.9 0.02 0.0442
0.21 10 28.6 0.019 0.0476
15 32.3 0 0.0439
20 23.1 0.072 0.0474
0
2.5 28.9 0.03 0.0439
0.52 5 26.8 0.029 0.0497
' 7.5 27 0.031 0.0485
10 25.9 0.031 0.0519
15 28.3 0.011 0.0505
20 27.5 0.018 0.0508
0
2.5 28.1 0.018 0.0492
5 23.4 0.047 0.0556
0.88 7.5 26.9 0.011 0.0547
10 25.4 0.027 0.0549
15 25.4 0.031 0.0536
20 26.3 0.018 0.0546
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Table E.3. Steady state liquid phase ozone concentration. Conditions: Qs=100 L/h, Q =
150 L/h, Cq gin= 0.293 mmol/L, Vba=10 mL, Apan=0.141 cm™, t=20 min,

Vihio,in=19.5 ML, Vipio,ou=91.0 mL, catalyst=no.

z,m Vr, mL Aing, cm™* Co, . MMmol/L
0.00 - - 0.0000
0.09 26.9 0.070 0.0209
0.21 25.5 0.049 0.0295
0.52 25.8 0.017 0.0390
0.88 23.2 0.025 0.0437

Table E.4. Steady state liquid phase ozone concentration. Conditions: Qs=100 L/h, Q =
200 L/h, Cg gin= 0302 mmol/L, Vpan=10 mL, Apa=0.092 cm™, t=20 min,

z,m Vr, mL Aing, cm™? Co, . mmol/L
0.00 - - 0.0000
0.09 33.6 0.044 0.0101
0.21 32.0 0.016 0.0172
0.52 26.0 0.010 0.0255
0.88 25.3 0.002 0.0292

Table E.5. Steady state liquid phase ozone concentration. Conditions: Q=70 L/h, Q.=
30 L/h, Cy g0 =0.297 mmol/L, Vpian=10 ML, Agian=0.184 cm™, t=20 min, Vipioin=14.2

mL, Vinioou=91.1 mL. Catalyst=no.

Zm V7, mL Aing, cm’* Co, . MMol/L
0.00 - - 0.0000
0.09 23.0 0.051 0.0279
0.21 18.4 0.061 0.0373
0.52 23.7 0.000 0.0450
0.88 20.4 0.023 0.0483
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Table E.6. Steady state liquid phase ozone concentration. Conditions: Qs=100 L/h, Q =
110 L/h, Cq gin= 0.294 mmol/L, Vba=10 mL, Apan=0.169 cm™, t=20 min,

Vihio,in=19.6 ML, Viio,ou=126.8 mL. No catalyst.

z,m Vr, mL Aing, cm™* Co, . MMmol/L
0.00 - - 0.0000
0.09 31.0 0.010 0.0376
0.21 24.2 0.042 0.0445
0.52 19.5 0.079 0.0471
0.88 23.0 0.039 0.0497

Table E.7. Steady state liquid phase ozone concentration. Conditions: Qs=100 L/h, Q =
250 L/, Coeipn= 0291 mmol/L, Vopan=10 mL, Ayan=0.191 cm™, t=20 min,

Zm Vr, mL Aing, cm’? Co, . » mmol/L
0.00 - - 0.0000
0.09 29.3 0.167 0.0062
0.21 28.7 0.143 0.0128
0.52 25.8 0.130 0.0192
0.88 214 0.136 0.0240

Table E.8. Steady state liquid phase ozone concentration. Conditions: Qg=45 L/h, Q.=
30 L/h, Cq, 6n = 0.307 mmol/L, Voian=10 ML, Apiank=0.137 cm™, t=17.5 min, Vinioin=9.2

mL, Vinio,ou=24.7 mL. Catalyst=no.

Zm V7, mL Aing, cm’* Co,. » Mmol/L
0.00 - - 0.0000
0.09 24.9 0.081 0.0187
0.21 20.3 0.071 0.0318
0.52 21.2 0.055 0.0364
0.88 22.0 0.035 0.0422
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Table E.9. Steady state liquid phase ozone concentration. Conditions: Qg = 125 L/h, Q.
=30 L/h, Cog,G,in =0.305 mmoI/L, Voiank = 10 mL, Agak = 0.187 cm'l, t=20 min, Vthio,in

= 25.4 mL, Vinoou = 77.3 mL. Catalyst = no.

zm Vi, mL Aing, cm™ Co, . » mmol/L
0.00 - - 0.000
0.09 22.8 0.084 0.040
0.21 25.7 0.029 0.050
0.52 23.1 0.045 0.054
0.88 22.1 0.046 0.058

Table E.10. Steady state liquid phase ozone concentration. Conditions: Qg = 150 L/h,
Q=130 L/h, Cy gin= 0.324 mMOI/L, Viyark = 10 ML, Apianc = 0.213 cm™, t = 20 min,

Viniojin= 32.4 mL, Vinioout = 291.9 mL. Catalyst = alumina, me; = 25 g.

Zm Vr, mL Aing, cm’? Co, . » mmol/L
0.00 - - 0.000
0.09 26.8 0.041 0.051
0.21 225 0.055 0.063
0.52 24.6 0.019 0.066
0.88 234 0.024 0.070

Table E.11. Steady state liquid phase ozone concentration. Conditions: Qg = 150 L/h,
Qu=30 L/h, Cy ;= 0.314 mmol/L, Vpiank = 10 ML, Agiank = 0.218 cm™, t = 20 min,

Viniojin= 32.4 mL, Vihioout = 200.2 mL. Catalyst = alumina, me= 35 g.

Zm V7, mL Aing, cm’* Co,. » Mmol/L
0.00 - - 0.0000
0.09 245 0.082 0.0466
0.21 24.7 0.024 0.0656
0.52 25.2 0.012 0.0674
0.88 24.5 0.003 0.0737
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Table E.12. Steady state liquid phase ozone concentration. Conditions: Qg = 150 L/h,
Qu=30 L/h, Cy ;= 0.314 mmol/L, Vpiark = 10 ML, Apiank = 0.225 cm™, t = 19 min,

Vinioin= 31.4 mL, Vinioout = 196.2 mL. Catalyst = alumina, me;= 50 g.

zm Vi, mL Aing, cm™ Co, . » mmol/L
0.00 - - 0.0000
0.09 26.8 0.048 0.0524
0.21 235 0.040 0.0681
0.52 24.2 0.022 0.0711
0.88 22.2 0.037 0.0766

Table E.13. Steady state liquid phase ozone concentration. Conditions: Qg = 150 L/h,
Q=130 L/h, Cy g;n= 0.317 mMOI/L, Viyak = 10 ML, Apianc = 0.219 cm™, t = 19 min,

Vinioin= 31.7 mL, Vinioou = 196.2 mL. Catalyst = alumina, me;= 75 g.

Zm Vr, mL Aing, cm’? Co, . » mmol/L
0.00 - - 0.0000
0.09 27.5 0.038 0.0514
0.21 23.8 0.027 0.0691
0.52 215 0.045 0.0752
0.88 194 0.072 0.0777

Table E.14. Steady state liquid phase ozone concentration. Conditions: Qg = 150 L/h,
Qu=30L/h, Cq ;= 0.317 mmol/L, Vpiank = 10 ML, Agiank = 0.210 cm™?, t = 19 min,

Viniojin= 31.7 mL, Vinioout = 185.6 mL. Catalyst = alumina, mg= 100 g.

Zm V7, mL Aing, cm’* Co,. » Mmol/L
0.00 - - 0.0000
0.09 24.2 0.063 0.0515
0.21 21.0 0.062 0.0669
0.52 215 0.045 0.0713
0.88 20.0 0.055 0.0769
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Table E15. Steady state liquid phase ozone concentration. Conditions: Qg = 150 L/h, Q.
=30 L/h, Cog,G,in =0.339 mmoI/L, Voiank = 10 mL, Agank = 0.223 cm'l, t=19 min, Vthio,in

= 33.9 mL, Vinoou = 162.6 mL. Catalyst = alumina, mgy = 125 g.

zm Vi, mL Aing, cm™ Co, . » mmol/L
0.00 - - 0.0000
0.09 25.1 0.064 0.0523
0.21 22.6 0.045 0.0702
0.52 22.2 0.040 0.0745
0.88 20.3 0.058 0.0796

Table E.16. Steady state liquid phase ozone concentration. Conditions: Qg = 150 L/h,
Q=130 L/h, Cy g;n= 0.317 mMOI/L, Viyak = 10 ML, Apian = 0.222 cm™, t = 19 min,

Viniojin= 34.8 ML, Vinioout = 153.0 mL. Catalyst = alumina, mg = 150 g.

Zm Vr, mL Aing, cm’? Co, . » mmol/L
0.00 - - 0.0000
0.09 26.6 0.044 0.0533
0.21 20.8 0.065 0.0722
0.52 225 0.031 0.0759
0.88 20.9 0.045 0.0807

Table E.17. Steady state liquid phase ozone concentration. Conditions: Qg = 150 L/h,
Qu=30 L/h, Cq ;= 0.336 mmol/L, Vpjank = 10 ML, Agiank = 0.221 cm™?, t = 19 min,

Viniojin= 33.6 ML, Vinioout = 141.2 mL. Catalyst = alumina, me= 175 g.

Zm V7, mL Aing, cm’* Co,. » Mmol/L
0.00 - - 0.0000
0.09 25.2 0.051 0.0556
0.21 22.2 0.045 0.0722
0.52 22.0 0.033 0.0779
0.88 20.7 0.046 0.0813
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Table E.18. Steady state liquid phase ozone concentration. Conditions: Qg = 150 L/h,
Qu=30 L/h, Cq ;= 0.330 mmol/L, Vpiank = 10 ML, Agiank = 0.218 cm™, t = 20 min,

Vinioin= 33.0 mL, Vinioout = 272.3 mL. Catalyst = PFOA, me:= 25 g.

zm Vi, mL Aing, cm™ Co, . » mmol/L
0.00 - - 0.0000
0.09 24.8 0.080 0.0460
0.21 25.2 0.048 0.0556
0.52 23.7 0.052 0.0602
0.88 20.5 0.086 0.0625

Table E.19. Steady state liquid phase ozone concentration. Conditions: Qg = 150 L/h,
Q=130 L/h, Cy g;n= 0.338 mMOI/L, Viyark = 10 ML, Apianc = 0.230 cm™, t = 19 min,

Zm V1, mL Aing, cm’? Co, . » mmol/L
0.00 - - 0.0000
0.09 26.0 0.052 0.0553
0.21 23.8 0.041 0.0681
0.52 22.2 0.052 0.0725
0.88 20.1 0.070 0.0787

Table E.20. Steady state liquid phase ozone concentration. Conditions: Qg = 150 L/h,
Qu=30L/h, Cq ;= 0.346 mmol/L, Vpiank = 10 ML, Agiank = 0.227 cm™, t = 20 min,

Viniojin= 34.6 ML, Vinioout = 221.5 mL. Catalyst = PFOA, m:=50 g.

Zm V7, mL Aing, cm’* Co,. » Mmol/L
0.00 - - 0.0000
0.09 29.2 0.037 0.0492
0.21 23.2 0.039 0.0708
0.52 23.7 0.026 0.0729
0.88 20.8 0.054 0.0796
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Table E.21. Steady state liquid phase ozone concentration. Conditions: Qg = 150 L/h,
Qu=30L/h, Cy ¢;,= 0.336 mmol/L, Vpiank = 10 ML, Apiank = 0.232 cm™, t = 20 min,

Vihioin= 33.6 ML, Vinioout = 210.8 mL. Catalyst = PFOA, M= 75 @.

zm Vi, mL Aing, cm™ Co, . » mmol/L
0.00 - - 0.0000
0.09 30.0 0.037 0.0485
0.21 25.8 0.026 0.0648
0.52 24.2 0.038 0.0679
0.88 22.7 0.037 0.0763

Table E.22. Steady state liquid phase ozone concentration. Conditions: Qg = 150 L/h,
Q=130 L/h, Cy g;n= 0.314 mMOI/L, Viyak = 10 ML, Apianc = 0.255 cm™, t = 20 min,

Zm V1, mL Aing, cm’? Co, . » mmol/L
0.00 - - 0.0000
0.09 29.8 0.051 0.0512
0.21 25.0 0.055 0.0663
0.52 23.0 0.067 0.0719
0.88 22.0 0.064 0.0791

Table E.23. Steady state liquid phase ozone concentration. Conditions: Qg = 150 L/h,
Qu=30L/h, Cy ;= 0.328 mmol/L, Vpiank = 10 ML, Agiank = 0.235 cm™, t = 20 min,

Viniojin= 32.8 ML, Vinioout = 203.5 mL. Catalyst = PFOA, me:= 125 g.

Zm V7, mL Aing, cm’* Co,. » Mmol/L
0.00 - - 0.0000
0.09 27.5 0.065 0.0483
0.21 254 0.026 0.0675
0.52 23.1 0.043 0.0729
0.88 20.9 0.057 0.0813
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Table E.24. Steady state liquid phase ozone concentration. Conditions: Qg = 150 L/h,
Qu=30 L/h, Cy ;= 0.303 mmol/L, Vpiank = 10 ML, Agiank = 0.234 cm™, t = 20 min,

Vinioin= 30.3 mL, Vinioout = 198.7 mL. Catalyst = PFOA, me: = 150 g.

zm Vi, mL Aing, cm™ Co, . » mmol/L
0.00 - - 0.0000
0.09 29.9 0.071 0.0407
0.21 25.0 0.049 0.0613
0.52 26.4 0.027 0.0627
0.88 22.8 0.051 0.0711

Table E.25. Steady state liquid phase ozone concentration. Conditions: Qg = 150 L/h,
Q=130 L/h, Cy g;n= 0.306 MMOI/L, Viyark = 10 ML, Apian = 0.231 cm™, t = 20 min,

Vinioin= 30.6 ML, Vinioout = 212.0 mL. Catalyst = PFOA, me =175 g.

Zm V1, mL Aing, cm’? Co, . » mmol/L
0.00 - - 0.0000
0.09 27.0 0.079 0.0444
0.21 25.1 0.030 0.0661
0.52 23.8 0.035 0.0706
0.88 225 0.045 0.0740

Table E.26. Steady state liquid phase ozone concentration. Conditions: Qg = 70 L/h, Q.
=80 L/h, Cy, ;= 0.300 mmol/L, Vbiank= 10 mL, Apjank= 0. 236 cm™, t =19 min, Viniojn

= 14.0 mL, Vihoouw= 104.6 mL. Catalyst = no.

Zm V7, mL Aing, cm’* Co,. » Mmol/L
0.00 - - 0.0000
0.09 35.8 0.087 0.0288
0.21 29.2 0.103 0.0344
0.52 26.9 0.099 0.0403
0.88 24.1 0.105 0.0462
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Table E.27. Steady state liquid phase ozone concentration. Conditions: Qg = 70 L/h, Q.
=110 L/h, Cqg, g, = 0.298 mmol/L, Voiank = 10 mL, Apjank = 0.238 cm™, t = 19 min,

Vihioin= 13.9 mL, Vinioour = 100.1 mL. Catalyst = no.

zm Vi, mL Aing, cm™ Co, . » mmol/L
0.00 - - 0.0000
0.09 26.9 0.155 0.0243
0.21 27.1 0.128 0.0320
0.52 25.8 0.121 0.0368
0.88 23.6 0.129 0.0398

Table E.28. Steady state liquid phase ozone concentration. Conditions: Qg = 70 L/h, Q.
=150 L/h, Cq g;p= 0.311 mMMOV/L, Vijank = 10 ML, Aganc = 0.244 cm™, t = 19 min,

Zm Vr, mL Aing, cm’? Co, . » mmol/L
0.00 - - 0.0000
0.09 38.0 0.182 0.0110
0.21 29.9 0.154 0.0225
0.52 28.7 0.136 0.0287
0.88 25.2 0.148 0.0314

Table E.29. Steady state liquid phase ozone concentration. Conditions: Qg = 70 L/h, Q.
= 200 L/h, Cq, gjn= 0.315 mmol/L, Vpiank = 10 mL, Apiank = 0.231 cm™, t = 19 min,

Viniojin= 14.7 mL, Vinioout = 80.0 mL. Catalyst = no.

Zm V7, mL Aing, cm’* Co,. » Mmol/L
0.00 - - 0.0000
0.09 43.2 0.184 0.0070
0.21 32.2 0.167 0.0143
0.52 30.5 0.143 0.0213
0.88 25.4 0.150 0.0261
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Table E.30. Steady state liquid phase ozone concentration. Conditions: Qg = 70 L/h, Q.
= 250 L/h, Cg g;,= 0.294 mmol/L, Voiank = 10 mL, Apjank = 0.222 cm™, t = 20 min,

Vihioin= 29.4 mL, Vinioour = 193.6 mL. Catalyst = no.

zm Vi, mL Aing, cm™ Co, . » mmol/L
0.00 - - 0.0000
0.09 345 0.201 0.0043
0.21 36.7 0.172 0.0093
0.52 325 0.146 0.0168
0.88 33.2 0.127 0.0204

Table E.31. Steady state liquid phase ozone concentration. Conditions: Qg = 150 L/h,
Q=150 L/h, Cy g;p= 0.789 mmol/L, Vijank = 30 ML, Ayar = 0.568 cm™, t = 20 min,

Vihiojin= 24.9 mL, Vinioou = 94.0 mL. Catalyst = no. Mo = 0.3 M.

Zm V1, mL Aing, cm’? Co, . » mmol/L
0.00 - - 0.0000
0.09 477 0.279 0.0812
0.21 44.8 0.263 0.1024
0.52 44.2 0.260 0.1078
0.88 43.1 0.247 0.1218

Table E.32. Steady state liquid phase ozone concentration. Conditions: Qg = 150 L/h,
QL= 150 L/h, Cq, g;,= 0.862 mmol/L, Viiank = 30 ML, Apiank = 0.520 cm™, t = 20 min,

Viniojin = 86.2 ML, Vinioout = 92.1 mL. Catalyst = alumina, Mg=25 ¢, dear=2.0 mm. Mo
= 0.3 M for out.

zm Vi, mL Aing, cm™ Co, . » mmol/L
0.00 - - 0.0000
0.09 60.2 0.205 0.0519
0.21 45.1 0.112 0.1344
0.52 44.3 0.105 0.1442
0.88 43.1 0.101 0.1590
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Table E.33. Steady state liquid phase ozone concentration. Conditions: Qg = 150 L/h,
QL= 150 L/h, Cy g, = 0.904 mmol/L, Vijank = 30 ML, Apjank = 0.635 cm?, t = 20 min,

Viniojin = 90.4 mL, Vinioout = 86.2 mL. Catalyst = alumina, , Mg = 75 @, dear = 2.0 mm.
Minio = 0.3 M for out.

zm Vi, mL Aing, cm™ Co, . » mmol/L
0.00 - - 0.0000
0.09 69.1 0.314 0.0408
0.21 51.5 0.103 0.1230
0.52 49.8 0.045 0.1481
0.88 434 0.186 0.1665

Table E.34. Steady state liquid phase ozone concentration. Conditions: Qg = 150 L/h,
QL =150 L/h, Cy g;,=0.928 mmol/L, Vpiank = 30 ML, Apjank = 0.712 cm™, t = 20 min,

Viniojin = 92.8 ML, Vihioouwr = 94.3 mL. Catalyst = alumina, , Mg = 125 ¢, dear = 2.0 mm.
Minio = 0.3 M for out.

Zm V7, mL Aing, cm’* Co,. » MMol/L
0.00 - - 0.0000
0.09 58.6 0.396 0.0548
0.21 50.5 0.173 0.1307
0.52 52.2 0.031 0.1525
0.88 45.6 0.156 0.1771

Table E.35. Steady state liquid phase ozone concentration. Conditions: Qg = 150 L/h,
QL= 150 L/h, Cq g, = 0.953 mmol/L, Viiank = 30 ML, Apiank = 0.686 cm?, t = 20 min,
Vinioin= 90.0 mL, Viioour = 80.0 mL. Catalyst = PFOA, Mx=25 g, dear=2.0 mm, Myio =
0.3 M for out.

Zm V1, mL Aing, cm™ Co,. » Mmol/L
0.00 - - 0.0000
0.09 69.0 0.334 0.0449
0.21 52.0 0.164 0.1179
0.52 48.2 0.215 0.1285
0.88 47.3 0.137 0.1577
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Table E.36. Steady state liquid phase ozone concentration. Conditions: Qg = 150 L/h,
QL= 150 L/h, Cy g, = 0.938 mmol/L, Vijank = 30 ML, Apjank = 0.629 cm?, t = 19 min,

Viniojin= 93.8 ML, Vinioouw = 33.0 mL. Catalyst = PFOA, , M= 75 ¢, dear = 2.0 mm. Mo
= 0.3 M for out.

zm Vi, mL Aing, cm™ Co, . » mmol/L
0.00 - - 0.0000
0.09 65.8 0.301 0.0454
0.21 48.0 0.215 0.1142
0.52 48.2 0.108 0.1423
0.88 445 0.129 0.1714

Table E.37. Steady state liquid phase ozone concentration. Conditions: Qg = 150 L/h,
Q=150 L/h, Cy gy = 0.933 mmol/L, Vijank = 30 ML, Ayar = 0.666 cm™, t = 15 min,

Vinioin= 93.3 ML, Vihioouw= 84.6 mL. Catalyst = PFOA, Mgy = 125 ¢, dear = 2.0 mm. Mo
= 0.3 M for out.

Zm V7, mL Aing, cm’* Co,. » Mmol/L
0.00 - - 0.0000
0.09 60.2 0.285 0.0627
0.21 52.0 0.043 0.1406
0.52 46.4 0.130 0.1625
0.88 45,9 0.067 0.1872
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APPENDIX F

DYE OZONATION EXPERIMENTS DATA

Runl
Conditions: pH=2.5, Qz=150 L/h, Q=30 L/h, Cy ;;,=0.277 mmol/L gas, Cq g o=

0.179 mmol/L gas, t=20 min, Vioinet=27.7 ML, Viniooute=178.5 mL, Dye=RBBR,
Co,in=4.9x102 mmol/L, TOCi,=11.26 mg/L, A,=0.174 cm™, V,=10 mL, no catalyst.

Table F.1. Dye concentration change.

zm t, min Aresr, CM™ | C,x 10%, mmol/L
0.09 0 0.422 4.87
2.5 0.096 1.11
5.0 0.059 0.68
75 0.028 0.32
10 0.023 0.27
15 0.021 0.24
20 0.016 0.18
0.21 0 0.422 487
2.5 0.047 0.54
5 0.012 0.14
75 0.005 0.06
10 0.009 0.10
15 0.007 0.08
20 0.007 0.08
0.52 0 0.422 487
2.5 0.021 0.24
5 0.007 0.08
75 0.002 0.02
10 0.014 0.16
15 0.003 0.03
20 0.006 0.07
0.88 0 0.422 487
2.5 0.031 0.36
5 0.008 0.09
75 0.003 0.03
10 0.011 0.13
15 0.003 0.03
20 0.003 0.03
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Table F.2.Dissolved O3 concentration change.

zm t,min | Vg, mL Ang, cm™ Co,, % 10°, mmol/L
0.09 0 0.00
2.5 45.0 0.135 5.50
5.0 38.0 0.104 12.50
7.5 31.3 0.122 12.20
10 40.0 0.099 12.43
15 34.4 0.112 12.60
20 31.5 0.119 12.60
0.21 0 0.00
2.5 46.0 0.127 6.50
5 40.2 0.085 14.60
7.5 33.0 0.096 16.80
10 45.6 0.065 15.30
15 34.9 0.089 17.00
20 39.5 0.086 14.70
0.52 0 0.00
2.5 43.8 0.110 9.40
5 37.6 0.076 17.70
7.5 31.5 0.050 28.70
10 30.8 0.042 31.60
15 27.2 0.071 29.90
20 34.2 0.030 29.60
0.88 0 0.00
2.5 35 0.117 11.30
5 30.1 0.084 22.30
7.5 30 0.043 32.70
10 24.2 0.077 34.00
15 29 0.052 32.00
20 27 0.061 33.10

Table F.3.TOC change.

Zm TOC, mg/L
0.00 11.26
0.09 10.17
0.21 9.94
0.52 9.74
0.88 9.24
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Run 2
Conditions: pH=2.5, Qe=150 L/h, Q=30 L/h, C, ;;,=0.319 mmol/L gas, C, ¢ =

0.137 mmol/L gas, t=20 min, Vioinet=31.9 ML, Viioouter=137.2 mL, Dye=RBBR,
Cb,in=8.9x10 mmol/L, TOCi,=23.04 mg/L, Ains=0.185 cm™, no catalyst.

Table F.4. Dye concentration change.

zm t, min Abs,cm™ | C_x 102, mmol/L
0.09 0 0.773 8.91
2.5 0.232 2.68
5.0 0.122 1.41
7.5 0.114 1.31
10 0.068 0.78
15 0.076 0.88
20 0.089 1.03
0.21 0 0.773 8.91
2.5 0.17 1.96
5 0.06 0.69
7.5 0.049 0.57
10 0.036 0.42
15 0.025 0.29
20 0.038 0.44
0.52 0 0.773 8.91
2.5 0.096 1.11
5 0.022 0.25
7.5 0.009 0.10
10 0.012 0.14
15 0.008 0.09
20 0.009 0.10
0.88 0 0.773 8.91
2.5 0.087 1.00
5 0.022 0.25
7.5 0.008 0.09
10 0.013 0.15
15 0.011 0.13
20 0.007 0.08
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Table F.5. Dissolved O3 concentration change.

zm t,min | Vg, mL Ang, cm™ Co,, X 10°, mmol/L
0.09 0 0.00
2.5 37 0.167 3.30
5.0 25.2 0.175 3.10
7.5 32.4 0.163 4.80
10 41.5 0.152 5.20
15 33.2 0.162 4.90
20 37.5 0.158 4.90
0.21 0 0.00
2.5 34 0.164 4.30
5 39.9 0.147 6.30
7.5 35 0.150 7.00
10 44 0.135 7.30
15 43.2 0.135 7.50
20 49.1 0.129 7.10
0.52 0 0.00
2.5 36.9 0.154 5.70
5 33 0.141 9.40
7.5 36 0.113 13.70
10 38 0.086 17.70
15 40 0.084 16.70
20 38 0.095 15.90
0.88 0 0.00
2.5 28 0.148 10.10
5 30 0.138 11.70
7.5 29.8 0.114 17.90
10 30.8 0.090 22.70
15 30.9 0.084 23.90
20 30.9 0.090 22.60

Table F.6. TOC change.

Zm TOC, mg/L
0.00 23.04
0.09 22.62
0.21 21.65
0.52 20.39
0.88 19.88
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Run 3
Conditions: pH=2.5, Qe=150 L/h, Q=30 L/h, C, ;;,=0.318 mmol/L gas, C, ¢ o=

0.103 mmol/L gas, t=20 min, Vioinet=31.8 ML, Viioouter=128.1 mL, Dye=RBBR,
Cb,in=13.4x102 mmol/L, TOC;,=36.28 mg/L, Aing=0.230 cm™, no catalyst.

Table F.7. Dye concentration change.

zm t, min Abs,cm™ | C_x 102, mmol/L
0.09 0 1.163 13.41
2.5 0.487 5.62
5.0 0.254 2.93
7.5 0.207 2.39
10 0.208 2.40
15 0.179 2.06
20 0.181 2.09
0.21 0 1.163 13.41
2.5 0.406 4.68
5 0.173 2.00
7.5 0.138 1.59
10 0.166 1.91
15 0.122 1.41
20 0.132 1.52
0.52 0 1.163 13.41
2.5 0.309 3.56
5 0.099 1.14
7.5 0.045 0.52
10 0.034 0.39
15 0.035 0.40
20 0.036 0.42
0.88 0 1.163 13.41
2.5 0.298 3.44
5 0.09 1.04
7.5 0.043 0.50
10 0.024 0.28
15 0.032 0.37
20 0.03 0.35
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Table F.8. Dissolved O3 concentration change.

zm t,min | Vg, mL Ang, cm™ Co,, X 10°, mmol/L
0.09 0 0.00
2.5 33.2 0.232 0.00
5.0 35 0.228 0.30
7.5 34.1 0.227 0.60
10 34 0.226 0.80
15 36.1 0.227 0.60
20 32.2 0.226 0.80
0.21 0 0.00
2.5 35.3 0.221 1.70
5 42.2 0.216 2.20
7.5 43 0.199 4.70
10 43 0.201 4.40
15 44 0.197 4.90
20 41.5 0.197 5.10
0.52 0 0.00
2.5 37.2 0.210 3.60
5 39 0.202 4.80
7.5 31 0.201 6.90
10 44 0.175 8.10
15 33 0.191 8.40
20 42.5 0.174 8.50
0.88 0 0.00
2.5 29.1 0.209 5.40
5 26.2 0.204 7.90
7.5 32.1 0.180 11.20
10 34 0.172 12.10
15 32.2 0.173 12.80
20 35 0.165 12.80

Table F.9. TOC change.

Zm TOC, mg/L
0.00 36.28
0.09 34.84
0.21 33.03
0.52 32.91
0.88 32.72
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Run 4
Conditions: pH=2.5, Qe=150 L/h, Q=30 L/h, C, ;;,=0.313 mmol/L gas, C; ¢ o=

0.040 mmol/L gas, t=20 min, Viioinet=31.3 ML, Viiooute=39.8 mL, Dye=RBBR,
Cbin=17.8%x102 mmol/L, TOC;,=45.54 mg/L, Aing=0.238 cm™, no catalyst.

Table F.10. Dye concentration change.

zm t, min Abs,cm™ | C_x 102, mmol/L
0.09 0 1.545 17.82
2.5 0.826 9.53
5.0 0.585 6.75
7.5 0.435 5.02
10 0.37 4.27
15 0.335 3.86
20 0.389 4.49
0.21 0 1.545 17.82
2.5 0.736 8.49
5 0.48 5.54
7.5 0.363 4.19
10 0.309 3.56
15 0.222 2.56
20 0.217 2.50
0.52 0 1.545 17.82
2.5 0.694 8.00
5 0.429 4.95
7.5 0.235 2.71
10 0.16 1.85
15 0.117 1.35
20 0.116 1.34
0.88 0 1.545 17.82
2.5 0.699 8.06
5 0.415 4.79
7.5 0.228 2.63
10 0.162 1.87
15 0.111 1.28
20 0.114 1.31
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Table F.11. Dissolved O3 concentration change.

zm t,min | Vg, mL Ang, cm™ Co, . X 107, mmol/L
0.09 0 0.00
2.5 31.2 0.238 0.00
5.0 37.4 0.238 0.00
7.5 33.7 0.238 0.00
10 37.2 0.238 0.00
15 39 0.238 0.00
20 36.3 0.238 0.00
0.21 0 0.00
2.5 35.9 0.238 0.00
5 42.5 0.238 0.00
7.5 41.7 0.238 0.00
10 50 0.238 0.00
15 47 0.238 0.00
20 39 0.238 0.00
0.52 0 0.00
2.5 37.3 0.238 0.00
5 37 0.237 0.20
7.5 39.1 0.231 1.20
10 46 0.221 2.40
15 48 0.217 2.70
20 44.2 0.220 2.60
0.88 0 0.00
2.5 29.1 0.238 0.00
5 37.8 0.235 0.50
7.5 37.7 0.228 1.90
10 37.1 0.222 3.00
15 37 0.215 4.20
20 37 0.215 4.20

Table F.12. TOC change.

Zm TOC, mg/L
0.00 45.54
0.09 44.37
0.21 43.30
0.52 42.37
0.88 41.21
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Run5
Conditions: pH=2.5, Qe=150 L/h, Q=30 L/h, C, ;;,=0.322 mmol/L gas, C, ¢ o=

0.186 mmol/L gas, t=20 min, Viioinet=32.2 ML, Viniooutlet=185.8 mL, Dye=AR-151,
Cb,in=7.3x10 mmol/L, TOCi»=20.70 mg/L, Ains=0.224 cm™, no catalyst.

Table F.13. Dye concentration change.

zm t, min Anrist, cm™ | C, x 102, mmol/L
0.09 0 0.727 7.34
2.5 0.284 2.87
5.0 0.146 1.47
7.5 0.13 1.31
10 0.122 1.23
15 0.115 1.16
20 0.119 1.20
0.21 0 0.727 7.34
2.5 0.222 2.24
5 0.09 0.91
7.5 0.075 0.76
10 0.059 0.60
15 0.057 0.58
20 0.047 0.47
0.52 0 0.727 7.34
2.5 0.167 1.69
5 0.066 0.67
7.5 0.038 0.38
10 0.033 0.33
15 0.038 0.38
20 0.033 0.33
0.88 0 0.727 7.34
2.5 0.141 1.42
5 0.063 0.64
7.5 0.04 0.40
10 0.029 0.29
15 0.03 0.30
20 0.026 0.26
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Table F.14. Dissolved O3 concentration change.

zm t,min | Vg, mL Ang, cm™ Co, . X 107, mmol/L
0.09 0 0.00
2.5 35.3 0.149 14.70
5.0 41.5 0.154 11.00
7.5 32.5 0.171 11.70
10 37.1 0.142 15.00
15 40 0.139 14.10
20 33.5 0.158 14.00
0.21 0 0.00
2.5 42 0.140 13.00
5 45 0.114 15.60
7.5 40.3 0.116 17.70
10 41 0.111 18.10
15 43.5 0.104 17.80
20 42 0.111 17.60
0.52 0 0.00
2.5 36.8 0.147 14.30
5 37 0.115 20.10
7.5 34 0.115 22.60
10 36 0.092 25.20
15 35.5 0.101 24.00
20 35 0.104 23.90
0.88 0 0.00
2.5 31 0.164 14.20
5 32.2 0.128 21.50
7.5 34.3 0.106 24.10
10 33.2 0.120 22.30
15 31 0.128 22.70
20 32.1 0.116 24.30

Table F.15. TOC change.

Zm TOC, mg/L
0.00 20.70
0.09 18.32
0.21 17.21
0.52 16.61
0.88 16.07
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Run 6
Conditions: pH=2.5, Qe=150 L/h, Q=30 L/h, C, ;;,=0.307 mmol/L gas, C, ¢ o=

0.157 mmol/L gas, t=20 min, Viioinet=30.7 ML, Viniooutlet=157.0 mL, Dye=AR-151,
Cbin=13.5%x102 mmol/L, TOC;,=36.82 mg/L, Aing=0.257 cm™, no catalyst.

Table F.16. Dye concentration change.

zm t, min Abs,cm™ | C_x 102, mmol/L
0.09 0 1.338 13.51
2.5 0.927 9.36
5.0 0.707 7.14
7.5 0.599 6.05
10 0.506 5.11
15 0.415 4.19
20 0.382 3.86
0.21 0 1.338 13.51
2.5 0.872 8.80
5 0.645 6.51
7.5 0.504 5.09
10 0.436 4.40
15 0.312 3.15
20 0.309 3.12
0.52 0 1.338 13.51
2.5 0.809 8.17
5 0.569 5.75
7.5 0.39 3.94
10 0.322 3.25
15 0.251 2.53
20 0.197 1.99
0.88 0 1.338 13.51
2.5 0.799 8.07
5 0.569 5.75
7.5 0.382 3.86
10 0.311 3.14
15 0.228 2.30
20 0.165 1.67
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Table F.17. Dissolved O3 concentration change.

zm t,min | Vg, mL Ang, cm™ Co, . X 107, mmol/L
0.09 0 0.00
2.5 36.3 0.179 1.10
5.0 46.3 0.142 1.30
7.5 46.5 0.138 1.35
10 51.2 0.099 1.66
15 52.5 0.107 1.52
20 61.5 0.085 1.46
0.21 0 0.00
2.5 49.2 0.130 1.36
5 45.5 0.139 1.38
7.5 41 0.136 1.62
10 50.1 0.087 1.86
15 49.1 0.093 1.83
20 50.2 0.088 1.84
0.52 0 0.00
2.5 42.8 0.155 1.24
5 42.1 0.163 1.15
7.5 42.1 0.128 1.69
10 47.5 0.093 1.91
15 46.1 0.088 2.05
20 45 0.103 1.90
0.88 0 0.00
2.5 32 0.177 1.36
5 33 0.167 1.51
7.5 34.2 0.151 1.77
10 39.2 0.113 211
15 37 0.122 212
20 34 0.130 2.22

Table F.18. TOC change.

Zm TOC, mg/L
0.00 36.82
0.09 33.92
0.21 32.77
0.52 32.21
0.88 31.85
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Run7
Conditions: pH=2.5, Qe=150 L/h, Q=30 L/h, C; ;;,=0.292 mmol/L gas, C, ¢ o=

0.131 mmol/L gas, t=20 min, Vioinlet=29.2 ML, Viniooutet=131.9 mL, Dye=AR-151,
Cbin=19.7%x102 mmol/L, TOC;,=52.48 mg/L, Aing=0.189 cm™, no catalyst.

Table F.19. Dye concentration change.

zm t, min Abs,cm™ | C_x 102, mmol/L
0.09 0 1.95 19.72
2.5 1.43 14.47
5.0 1.17 11.81
7.5 0.87 8.78
10 0.75 7.57
15 0.72 1.27
20 0.69 6.97
0.21 0 1.95 19.72
2.5 1.24 12.52
5 1.03 10.40
7.5 0.79 7.98
10 0.64 6.46
15 0.63 6.36
20 0.60 6.06
0.52 0 1.95 19.72
2.5 1.26 12.76
5 1.05 10.63
7.5 0.76 7.67
10 0.59 5.96
15 0.58 5.86
20 0.55 9.55
0.88 0 1.95 19.72
2.5 1.26 12.70
5 0.91 9.19
7.5 0.70 7.07
10 0.58 5.86
15 0.52 5.25
20 0.51 5.12
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Table F.20. Dissolved O3 concentration change.

zm t,min | Vg, mL Ang, cm™ Co, . X 107, mmol/L
0.09 0 0.00
2.5 49.80 0.181 0.10
5.0 41.50 0.159 0.47
7.5 51.00 0.142 0.57
10 45.50 0.154 0.50
15 38.00 0.169 0.35
20 45.00 0.158 0.45
0.21 0 0.00
2.5 43.20 0.149 0.60
5 40.70 0.142 0.77
7.5 46.20 0.139 0.69
10 38.30 0.154 0.62
15 37.50 0.160 0.52
20 33.00 0.153 0.78
0.52 0 0.00
2.5 36.80 0.127 1.14
5 34.80 0.131 1.17
7.5 35.00 0.130 1.17
10 39.00 0.100 1.53
15 28.30 0.128 1.66
20 32.80 0.116 1.59
0.88 0 0.00
2.5 31.20 0.158 0.74
5 33.30 0.121 1.46
7.5 33.80 0.146 0.90
10 30.80 0.110 1.89
15 27.20 0.122 1.94
20 29.80 0.110 1.98

Table F.21. TOC change.

Zm TOC, mg/L
0.00 52.48
0.09 50.65
0.21 49.62
0.52 48.79
0.88 47.33
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Run 8
Conditions: pH=2.5, Qe=150 L/h, Q=30 L/h, C, ;;,=0.309 mmol/L gas, C, ¢ o=

0.137 mmol/L gas, t=20 min, Viioinet=30.9 ML, Viniooutlet=137.2 mL, Dye=AR-151,
Cb,in=26.0%x102 mmol/L, TOC;,=71.90 mg/L, Aing=0.187 cm™, no catalyst.

Table F.22. Dye concentration change.

zm t, min Anrist, cm™ | C, x 102, mmol/L
0.09 0 2.579 26.04
2.5 1.888 19.06
5.0 1.544 15.59
7.5 1.401 14.15
10 1.371 13.84
15 1.334 13.47
20 1.325 13.38
0.21 0 1.953 19.72
2.5 1.862 18.80
5 1.548 15.63
7.5 1.361 13.74
10 1.254 12.66
15 1.259 12.71
20 1.229 12.41
0.52 0 1.953 19.72
2.5 1.773 17.90
5 1.315 13.28
7.5 1.203 12.15
10 1.155 11.66
15 1.164 11.75
20 1.144 11.55
0.88 0 1.953 19.72
2.5 1.695 17.11
5 1.355 13.68
7.5 1.159 11.70
10 1.143 11.54
15 1.123 11.34
20 1.112 11.23
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Table F.23. Dissolved O3 concentration change.

zm t,min | Vg, mL Ang, cm™ Co, . X 107, mmol/L
0.09 0 0.00
2.5 39 0.187 0.00
5.0 41.2 0.186 0.02
7.5 42 0.185 0.03
10 52.5 0.186 0.01
15 48.1 0.185 0.03
20 45.5 0.185 0.03
0.21 0 0.00
2.5 36.5 0.167 0.38
5 38.1 0.162 0.44
7.5 35.8 0.160 0.52
10 43.2 0.155 0.48
15 33 0.164 0.50
20 35.5 0.163 0.47
0.52 0 0.00
2.5 28.3 0.163 0.65
5 26.3 0.158 0.88
7.5 31.3 0.151 0.84
10 31.7 0.147 0.92
15 34.1 0.146 0.85
20 31.8 0.149 0.87
0.88 0 0.00
2.5 29.5 0.156 0.79
5 32 0.144 0.97
7.5 32.5 0.141 1.02
10 35 0.138 0.97
15 36.2 0.138 0.93
20 33.4 0.142 0.96

Table F.24. TOC change.

Zm TOC, mg/L
0.00 71.90
0.09 69.35
0.21 68.52
0.52 68.04
0.88 66.72
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Run 9
Conditions: pH=2.5, Qe=70 L/h, Q=30 L/h, C, ;;,=0.336 mmol/L gas, C, ¢ o=

0.147 mmol/L gas, t=20 min, Viioinet=15.7 ML, Viiooute=68.6 mL, Dye=RBBR,
Cb,in=4.96x102 mmol/L, TOCi,=12.67 mg/L, Aing=0.210 cm™, no catalyst.

Table F.25. Dye concentration change.

z,m t, min Aresr, CM™ | C, x 10% mmol/L
0.09 0 0.43 4.96
5.0 0.093 1.07
75 0.077 0.89
10 0.07 0.81
15 0.039 0.45
20 0.056 0.65
0.21 0 0.43 4.96
5 0.052 0.60
75 0.038 0.44
10 0.018 0.21
15 0.008 0.09
20 0.014 0.16
0.52 0 0.43 4.96
5 0.037 0.43
75 0.012 0.14
10 0.012 0.14
15 0.01 0.12
20 0.007 0.08
0.88 0 0.43 4.96
5 0.024 0.28
75 0.013 0.15
10 0.007 0.08
15 0.011 0.13
20 0.012 0.14
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Table F.26. Dissolved O3 concentration change.

zm t,min | Vg, mL Ang, cm™ Co, . X 107, mmol/L
0.09 0 0.00
5.0 35 0.203 0.17
7.5 34.2 0.203 0.17
10 42.1 0.204 0.10
15 48.1 0.200 0.16
20 40 0.204 0.13
0.21 0 0.00
5 35.2 0.198 0.28
7.5 33 0.200 0.27
10 49 0.196 0.22
15 46.4 0.194 0.27
20 53 0.192 0.26
0.52 0 0.00
5 37.5 0.188 0.49
7.5 29 0.193 0.53
10 48 0.183 0.43
15 43.2 0.181 0.53
20 40 0.184 0.51
0.88 0 0.00
5 31.1 0.199 0.31
7.5 30.9 0.197 0.37
10 35.2 0.181 0.70
15 35.3 0.181 0.69
20 38.7 0.176 0.70

Table F.27. TOC change.

zZ,m TOC, mg/L
0.00 12.67
0.09 12.21
0.21 11.93
0.52 11.46
0.88 10.98
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Run 10
Conditions: pH=2.5, Qe=70 L/h, Q=30 L/h, C, ;;,=0.334 mmol/L gas, C, ¢ o=

0.061 mmol/L gas, t=20 min, Viioinet=15.6 ML, Viiooute=28.3 mL, Dye=RBBR,
Cb,in=9.40%102 mmol/L, TOC;,=12.67 mg/L, Aing=0.203 cm™, no catalyst.

Table F.28. Dye concentration change.

z,m t, min Aresr, CM™ | C, x 10% mmol/L
0.09 0 0.815 9.40
5.0 0.300 3.46
75 0.266 3.07
10 0.213 2.46
15 0.196 2.26
20 0.198 2.28
0.21 0 0.815 9.40
5 0.238 2.74
75 0.166 1.91
10 0.126 1.45
15 0.113 1.30
20 0.082 0.95
0.52 0 0.815 9.40
5 0.199 2.29
75 0.11 1.27
10 0.079 0.91
15 0.074 0.85
20 0.046 0.53
0.88 0 0.815 9.40
5 0.186 2.14
75 0.11 1.27
10 0.069 0.80
15 0.061 0.70
20 0.038 0.44
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Table F.29. Dissolved O3 concentration change.

zm t,min | Vg, mL Ang, cm™ Co, . X 107, mmol/L
0.09 0 0.00
5.0 36.3 0.203 0.00
7.5 35.1 0.203 0.00
10 39 0.203 0.00
15 38.1 0.203 0.00
20 39 0.203 0.00
0.21 0 0.00
5 40.3 0.203 0.00
7.5 40 0.201 0.03
10 44.2 0.200 0.05
15 48.2 0.201 0.03
20 43.3 0.200 0.05
0.52 0 0.00
5 32.5 0.203 0.00
7.5 39.2 0.199 0.07
10 34 0.197 0.15
15 47.1 0.195 0.13
20 45.1 0.195 0.13
0.88 0 0.00
5 35.1 0.203 0.00
7.5 29.2 0.197 0.17
10 36.1 0.194 0.21
15 39.3 0.193 0.21
20 43 0.192 0.20

Table F.30. TOC change.

zZ,m TOC, mg/L
0.00 24.02
0.09 23.58
0.21 22.94
0.52 22.25
0.88 21.31
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Run 11
Conditions: pH=2.5, Qe=70 L/h, Q=30 L/h, C, ;;,=0.343 mmol/L gas, C, ¢ o=

0.027 mmol/L gas, t=20 min, Viioinet=16.0 ML, Viiooute=12.7 mL, Dye=RBBR,
Cbin=13.86x10% mmol/L, Mic=0.1 M for out, TOCi;=35.78 mg/L, Vpan=10 mL,
Aing=0.258 cm™, no catalyst.

Table F.31. Dye concentration change.

zm Aresr CM™ | C, x 10% mmol/L
0 1.202 13.86

0.09 0.619 7.14

0.21 0.220 2.54

0.52 0.155 1.79

0.88 0.147 1.69

Table F.32. Dissolved O3 concentration change.

z,m Vi, mL Aing, cm™ Co, . X 10°, mmol/L
0 0.00

0.09 37.2 0.258 0.00

0.21 44.8 0.251 0.98

0.52 40.4 0.249 1.54

0.88 33.0 0.249 1.92

Table F.33. TOC change.

Zm TOC, mg/L
0.00 35.78
0.09 35.19
0.21 34.37
0.52 33.96
0.88 33.54
0.98 33.20
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Run 12
Conditions: pH=2.5, Qe=70 L/h, Q=30 L/h, C, ;;,=0.354 mmol/L gas, C, ¢ o=

0.003 mmol/L gas, t=20 min, Vioinet=16.5 ML, Vioouter=1.2 mL, Dye=RBBR,
Cbin=18.8x102 mmol/L, Mui,=0.1 M for out, TOC;i,=50.33 mg/L, Vpaw=10 mL,
Aing=0.259 cm™, no catalyst.

Table F.34. Dye concentration change.

z,m Aregr, CM™ | C, x 102 mmol/L
0 1.628 18.77

0.09 0.603 6.96

0.21 0.424 4.89

0.52 0.354 4.08

0.88 0.344 3.97

Table F.35. Dissolved O3 concentration change.

Z,m Vr, mL Aing, cm’™? Co, . X 10°, mmol/L
0 0.00

0.09 45.2 0.259 0.00

0.21 46.3 0.239 2.70

0.52 44.0 0.236 3.40

0.88 38.5 0.235 4.20

Table F.36. TOC change.

zZm TOC, mg/L
0.00 50.33
0.09 50.04
0.21 49.74
0.52 49.42
0.88 49.17

Run 13
Conditions: pH=2.5, Qz=70 L/h, Q=30 L/h, C, ;,=0.334 mmol/L gas, Cg g o=

0.119 mmol/L gas, t=20 min, Viioinlet=15.6 ML, Viniooute=05.7 mL, Dye=AR-151,
Cbin=8.3x102 mmol/L, Mgic=0.1 M for out, TOCi;=22.56 mg/L, Vpan=10 mL,

Aing=0.235 cm™, catalyst=none.
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Table F.37. Dye concentration change.

zm Anrist, cm™ | C, x 102, mmol/L
0 0.822 8.30

0.09 0.237 2.39

0.21 0.130 1.31

0.52 0.077 0.78

0.88 0.059 0.60

Table F.38. Dissolved O3 concentration change.

z,m Vi, mL Aing, M Co,. X 10°, mmol/L
0 0.00

0.09 39.2 0.185 8.52

0.21 40.8 0.152 13.40

0.52 40.3 0.111 20.29

0.88 36.0 0.110 23.90

Table F.39. TOC change.

Zm TOC, mg/L
0.00 22.56
0.09 22.14
0.21 21.38
0.52 20.12
0.88 18.66

Run 14
Conditions: pH=2.5, Qe=70 L/h, Q=30 L/h, C, ;,=0.345 mmol/L gas, C;, ¢ o=

0.129 mmol/L gas, t=20 min, Viioinet=16.1 ML, Viiooutet=60.1 mL, Dye=AR-151,
Cpin=13.1x10% mmol/L, Mui,=0.1 M for out, TOC;i=35.02 mg/L, Vpa=10 mL,

Aing=0.238 cm™, catalyst=none.

Table F.40. Dye concentration change.

zm Anrist, cm™ | C, x 102, mmol/L
0 1.293 13.06

0.09 0.822 8.31

0.21 0.678 6.84

0.52 0.622 6.28

0.88 0.603 6.09
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Table F.41. Dissolved O3 concentration change.

z,m Vr, mL Aing, cm’? Co, X 10°, mmol/L
0 0.00

0.09 37.5 0.215 4.23

0.21 35.2 0.173 12.81

0.52 35.7 0.143 18.35

0.88 30.8 0.154 19.98

Table F.42. TOC change.

zZ,m TOC, mg/L
0.00 35.02
0.09 34.45
0.21 33.85
0.52 33.04
0.88 31.48

Run 15
Conditions: pH=2.5, Qz=70 L/h, Q=30 L/h, C, ;,=0.351 mmol/L gas, Cg g o =

0.124 mmol/L gas, t=20 min, Viioinlet=16.4 ML, Viiooute=27.8 mL, Dye=AR-151,
Cbin=20.2x10% mmol/L, Muie=0.1 M for out, TOCi=54.61 mg/L, Vpaw=10 mL,

Aing=0.239 cm™, catalyst=none.

Table F.43. Dye concentration change.

zZ,m Asr 151, cm’™” C, 102, mmol/L
0 2.004 20.23

0.09 1.367 13.80

0.21 1.130 11.41

0.52 1.036 10.46

0.88 0.991 10.01

Table F.44. Dissolved O3 concentration change.

z,m Vr, mL Aing, cm’? Co, X 10°, mmol/L
0 0.00

0.09 37.0 0.232 1.29

0.21 40.1 0.187 8.59

0.52 40.0 0.169 11.60

0.88 32.1 0.175 14.39

301



Table F.45. TOC change.

zZm TOC, mg/L
0.00 54.61
0.09 53.85
0.21 52.29
0.52 51.48
0.88 50.57

Run 16
Conditions: pH=2.5, Qz=70 L/h, Q=30 L/h, C, ;,=0.347 mmol/L gas, Cq g o=

0.109 mmol/L gas, t=20 min, Viio,inlet=16.2 ML, Viioouter=20.9 mL, Dye=AR-151,
Cpin=26.6x10% mmol/L, Mu,=0.1 M for out, TOCi:=68.44 mg/L, Vpaw=10 mL,

Aing=0.240 cm™, catalyst=none.

Table F.46. Dye concentration change.

zZm Asr 151, cm’™” Cpx 102, mmol/L
0 2.646 26.62

0.09 1.839 18.57

0.21 1.684 17.00

0.52 1.576 15.91

0.88 1.435 14.49

Table F.47. Dissolved O3 concentration change.

z,m Vr, mL Aing, cm’? Co, X 10°, mmol/L
0 0.00

0.09 37.0 0.240 0.00

0.21 39.5 0.238 0.34

0.52 34.2 0.225 3.08

0.88 32.2 0.220 4.48

Table F.48. TOC change.

zZm TOC, mg/L
0.00 68.44
0.09 67.18
0.21 66.55
0.52 64.73
0.88 63.85
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Run 17
Conditions: pH=2.5, Qe=70 L/h, Q=250 L/h, C, ;;,=0.281 mmol/L gas, C, ¢ o=

0.021 mmol/L gas, t=20 min, Vioinet=13.1 ML, Viooute:=9.6 ML, Dye=RBBR,
Cbin=5.0x102 mmol/L, Mgic=0.1 M for out, TOCi;=12.28 mg/L, Vpa=10 mL,

Aing=0.210 cm™, catalyst=none.

Table F.49. Dye concentration change.

zm Aresr CM™ | C, x 10% mmol/L
0 0.429 4.95

0.09 0.386 4.45

0.21 0.333 3.84

0.52 0.288 3.32

0.88 0.239 2.76

Table F.50. Dissolved O3 concentration change.

z,m Vr, mL Aing, cm’? Co, % 10°, mmol/L
0 0.00

0.09 30.6 0.209 0.24

0.21 32.9 0.205 1.09

0.52 33.8 0.196 2.92

0.88 31.8 0.189 4.79

Table F.51. TOC change.

zZm TOC, mg/L
0.00 12.28
0.09 12.17
0.21 12.03
0.52 11.79
0.88 11.55

Run 18
Conditions: pH=2.5, Qe=70 L/h, Q=250 L/h, C; ;;,=0.296 mmol/L gas, C, ¢ o=

0.003 mmol/L gas, t=20 min, Viioinet=13.8 ML, Viooutet=1.3 ML, Dye=RBBR,
Cpin=9.4x102 mmol/L, Mgic=0.1 M for out, TOCi;=23.22 mg/L, Vpan=10 mL,

Aing=0.216 cm™, catalyst=none.
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Table F.52. Dye concentration change.

z,m Aresr CM™ | C, x 10% mmol/L
0 0.818 9.43

0.09 0.753 8.68

0.21 0.688 7.93

0.52 0.631 7.28

0.88 0.602 6.84

Table F.53. Dissolved O3 concentration change.

z,m Vi, mL Aing, M Co,. X 10°, mmol/L
0 0.00

0.09 37.7 0.208 1.40

0.21 33.8 0.204 2.48

0.52 32.7 0.202 3.01

0.88 33.5 0.200 3.33

Table F.54. TOC change.

Zm TOC, mg/L
0.00 23.22
0.09 23.06
0.21 22.95
0.52 22.59
0.88 22.49

Run 19
Conditions: pH=2.5, Qe=70 L/h, Q=250 L/h, C, ;;,=0.298 mmol/L gas, C, ¢ o=

0.001 mmol/L gas, t=20 min, Viioinet=13.9 ML, Viooutet=0.4 mL, Dye=RBBR,
Cpin=12.7x10% mmol/L, Mui,=0.1 M for out, TOCi=32.73 mg/L, Vpa=10 mL,

Aing=0.214 cm™, catalyst=none.

Table F.55. Dye concentration change.

zm Aresr CM™ | C, x 10% mmol/L
0 1.103 12.72

0.09 0.978 11.28

0.21 0.913 10.53

0.52 0.869 10.02

0.88 0.841 9.70
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Table F.56. Dissolved O3 concentration change.

z,m Vr, mL Aing, cm’? Co, X 10°, mmol/L
0 0.00

0.09 34.6 0.214 0.00

0.21 35.5 0.214 0.00

0.52 32.1 0.214 0.00

0.88 33.8 0.212 0.42

Table F.57. TOC change.

zZ,m TOC, mg/L
0.00 32.73
0.09 32.81
0.21 32.54
0.52 32.28
0.88 32.16

Run 20
Conditions: pH=2.5, Qz=70 L/h, Q=250 L/h, C; ;;,=0.317 mmol/L gas, Cq g o=

0.003 mmol/L gas, t=20 min, Vioinet=14.8 ML, Viooute=1.4 mL, Dye=RBBR,
Cpin=19.2x10% mmol/L, Muie=0.1 M for out, TOCi»=49.21 mg/L, Vpaw=10 mL,

Aing=0.210 cm™, catalyst=none.

Table F.58. Dye concentration change.

zm Aresr, €M™ | C_x 10% mmol/L
0 1.662 19.17

0.09 1.478 17.05

0.21 1.419 16.37

0.52 1.372 15.83

0.88 1.326 15.30

Table F.59. Dissolved O3 concentration change.

z,m Vr, mL Aing, cm’? Co, X 10°, mmol/L
0 0.00

0.09 32.9 0.210 0.00

0.21 38.7 0.210 0.00

0.52 31.6 0.210 0.00

0.88 39.6 0.209 0.17
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Table F.60. TOC change.

zZm TOC, mg/L
0.00 49.21
0.09 49.08
0.21 48.82
0.52 48.76
0.88 48.75

Run 21
Conditions: pH=2.5, Qz=70 L/h, Q=250 L/h, C; ;;,=0.324 mmol/L gas, Cq g o=

0.099 mmol/L gas, t=20 min, Viioinlet=15.1 ML, Viiooutet=46.2 mL, Dye=AR-151,
Coin=7.4x102 mmol/L, Mgix=0.1 M for out, TOC;;=18.86 mg/L, Vpa=10 mL,

Aing=0.215 cm™, catalyst=none.

Table F.61. Dye concentration change.

zZm Asr 151, cm’™” Cpx 102, mmol/L
0 0.730 7.37

0.09 0.569 5.75

0.21 0.505 5.10

0.52 0.478 4.83

0.88 0.452 4.56

Table F.62. Dissolved O3 concentration change.

z,m Vr, mL Aing, cm’? Co, X 10°, mmol/L
0 0.00

0.09 35.6 0.203 2.31

0.21 38.4 0.185 5.26

0.52 33.6 0.178 7.79

0.88 36.9 0.170 8.31

Table F.63. TOC change.

zZm TOC, mg/L
0.00 18.86
0.09 18.65
0.21 18.21
0.52 17.84
0.88 17.31
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Run 22
Conditions: pH=2.5, Qe=70 L/h, Q=250 L/h, C, ;;,=0.312 mmol/L gas, C, ¢ o=

0.045 mmol/L gas, t=20 min, Viioinet=14.6 ML, Viiooute=21.0 mL, Dye=AR-151,
Cbin=13.6x102 mmol/L, Mui,=0.1 M for out, TOCi,=33.78 mg/L, Vpaw=10 mL,

Aing=0.218 cm™, catalyst=none.

Table F.64. Dye concentration change.

zm Anriss, cm™ | C, x 102, mmol/L
0 1.347 13.60

0.09 1.216 12.28

0.21 1.164 11.75

0.52 1.130 11.41

0.88 1.095 11.06

Table F.65. Dissolved O3 concentration change.

z,m Vi, mL Aing, cm™ Co, . X 10° mmol/L
0 0.00

0.09 33.7 0.206 2.56

0.21 28.9 0.205 3.38

0.52 35.1 0.193 4.93

0.88 37.6 0.188 5.40

Table F.66. TOC change.

Zm TOC, mg/L
0.00 33.78
0.09 33.27
0.21 32.79
0.52 32.31
0.88 31.99

Run 23
Conditions: pH=2.5, Qz=70 L/h, Q=250 L/h, C; ;;,=0.318 mmol/L gas, Cq g o=

0.041 mmol/L gas, t=20 min, Viioinet=14.8 ML, Viioouter=19.1 mL, Dye=AR-151,
Cpin=20.6x10% mmol/L, Muj,=0.1 M for out, TOCi=54.37 mg/L, Vpaw=10 mL,

Aing=0.211 cm™, catalyst=none.

307



Table F.67. Dye concentration change.

zZ,m Asr 151, cm’™” Cp 102, mmol/L
0 2.036 20.56

0.09 1.856 18.74

0.21 1.799 18.16

0.52 1.762 17.79

0.88 1.726 17.43

Table F.68. Dissolved O3 concentration change.

Zm Vi, mL Aing, cmt Co, x 10°, mmol/L
0 0.00

0.09 31.5 0.208 0.69

0.21 30.6 0.202 2.17

0.52 37.8 0.194 3.04

0.88 33.0 0.195 3.46

Table F.69. TOC change.

zZm TOC, mg/L
0.00 54.37
0.09 53.80
0.21 53.13
0.52 52.85
0.88 52.68

Run 24
Conditions: pH=2.5, Qz=70 L/h, Q=250 L/h, C; ;;,=0.330 mmol/L gas, Cg g o=

0.042 mmol/L gas, t=20 min, Viioinet=15.4 ML, Viiooute=19.6 mL, Dye=AR-151,
Cpin=27.7%x10% mmol/L, Mui=0.1 M for out, TOCi,=70.28 mg/L, Vpaw=10 mL,

Aing=0.214 cm™, catalyst=none.

Table F.70. Dye concentration change.

zm Anrist, €M™ | C, x 102, mmol/L
0 2.740 27.67

0.09 2.518 25.42

0.21 2.444 24.68

0.52 2392 24.15

0.88 2.373 23.96
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Table F.71. Dissolved O3 concentration change.

z,m Vr, mL Aing, cm’? Co, X 10°, mmol/L
0 0.00

0.09 29.6 0.214 0.00

0.21 34.8 0.213 0.25

0.52 40.4 0.208 0.98

0.88 39.5 0.203 1.35

Table F.72. TOC change.

zZ,m TOC, mg/L
0.00 70.28
0.09 70.07
0.21 69.55
0.52 69.11
0.88 68.94

Run 25
Conditions: pH=2.5, Qz=30 L/h, Q=30 L/h, C, ;,=0.295 mmol/L gas, Cg g o =

0.002 mmol/L gas, t=20 min, Vmioine=2.9 ML, Viiooule=0.4 mL, Dye=RBBR,
Cbin=4.80%x10% mmol/L, Muic=0.1 M for out, TOCi»=14.05 mg/L, Vpaw=10 mL,
Aing=0.254 cm™, no catalyst.

Table F.73. Dye concentration change.

zm Aresr CM™ | C, x 10% mmol/L
0 0.413 4.76

0.09 0.231 2.66

0.21 0.172 1.98

0.52 0.162 1.86

0.88 0.132 1.52

Table F.74. Dissolved O3 concentration change.

z,m V1, mL Aing, cm™ Co, L X 10%, mmol/L
0 0.00

0.09 42.5 0.254 0.00

0.21 43.6 0.254 0.00

0.52 41.0 0.257 0.00

0.88 34.1 0.253 0.21
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Table F.75. TOC change.

zZm TOC, mg/L
0.00 14.05
0.09 14.01
0.21 13.85
0.52 13.26
0.88 13.08

Run 26
Conditions: pH=2.5, Qz=30 L/h, Q=30 L/h, C, ;,=0.315 mmol/L gas, Cq g o =

0.003 mmol/L gas, t=20 min, Vioinet=6.3 ML, Viiooute=0.6 mL, Dye=RBBR,
Cbin=18.6x10% mmol/L, Muj,=0.1 M for out, TOCi:=46.74 mg/L, Vpaw=10 mL,
Aing=0.181 cm™, no catalyst.

Table F.76. Dye concentration change.

zZ,m Arggr, cm™ C,x 102, mmol/L
0 1.610 18.57

0.09 1.390 16.03

0.21 1.338 15.43

0.52 1.331 15.36

0.88 1.326 15.30

Table F.77.TOC change.

Zm TOC, mg/L
0.00 46.74
0.09 46.69
0.21 46.24
0.52 46.12
0.88 45.82

Run 27
Conditions: pH=2.5, Qe=70 L/h, Q=70 L/h, C, ;,=0.298 mmol/L gas, C, ¢ o=

0.028 mmol/L gas, t=20 min, Vioinet=13.9 ML, Viiooute=13.1 mL, Dye=RBBR,
Cbin=4.70x10% mmol/L, Mui,=0.1 M for out, TOCi=12.33 mg/L, Vpa=10 mL,
Aing=0.250 cm™, no catalyst.
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Table F.78. Dye concentration change.

z,m Aresr CM™ | C, x 10% mmol/L
0 0.411 4.74

0.09 0.124 1.43

0.21 0.108 1.25

0.52 0.080 0.92

0.88 0.071 0.82

Table F.79. Dissolved O3 concentration change.

z,m Vi, mL Aing, M Co,. X 10°, mmol/L
0 0.00
0.09 44.3 0.250 0.00
0.21 43.9 0.250 0.00
0.52 45.8 0.239 1.53
0.88 33.0 0.241 1.94
Table F.80. TOC change.
Zm TOC, mg/L
0.00 12.33
0.09 9.96
0.21 9.73
0.52 9.66
0.88 9.40

Run 28

Conditions: pH=2.5, Qe=70 L/h, Q=70 L/h, C, ;,=0.302 mmol/L gas, C, ¢ o=

0.001 mmol/L gas, t=20 min, Vioinet=14.1 ML, Viooutet=0.4 mL, Dye=RBBR,
Cpin=18.1x10% mmol/L, Mui,=0.1 M for out, TOCi»=46.51 mg/L, Vpaw=8 mL,
Aing=0.122 cm™, no catalyst.

Table F.81. Dye concentration change.

z,m Aresr, CM™ | C, x 102 mmol/L
0 1.572 18.13

0.09 1.010 11.66

0.21 0.964 11.11

0.52 0.939 10.82

0.88 0.920 10.61

311



Table F.82. TOC change.

zZm TOC, mg/L
0.00 46.51
0.09 46.06
0.21 45.63
0.52 45.40
0.88 44.73

Run 29
Conditions: pH=2.5, Qz=150 L/h, Q=150 L/h, C, ;,=0.361 mmol/L gas, Cq g o =

0.071 mmol/L gas, t=20 min, Vioinet=36.1 ML, Viiooute=71.0 mL, Dye=RBBR,
Cpin=4.8x102 mmol/L, Mgic=0.1 M for out, TOCi;=12.99 mg/L, Vpan=10 mL,
Aing=0.209 cm™, no catalyst.

Table F.83. Dye concentration change.

zZ,m Arggr, cm™ C,x 102, mmol/L
0 0.420 484

0.09 0.178 2.05

0.21 0.100 1.15

0.52 0.017 0.19

0.88 0.015 0.17

Table F.84. Dissolved O3 concentration change.

z,m Vr, mL Aing, cm’? Co, x 10°, mmol/L
0 0.00

0.09 45.8 0.204 0.64

0.21 43.1 0.197 1.85

0.52 35.3 0.180 5.73

0.88 37.2 0.176 6.03

Table F.85. TOC change.

Zm TOC, mg/L
0.00 12.99
0.09 12.58
0.21 12.41
0.52 12.33
0.88 11.92
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Run 30
Conditions: pH=2.5, Qe=150 L/h, Q=150 L/h, C, ;;,=0.345 mmol/L gas, C, ¢ o=

0.005 mmol/L gas, t=20 min, Viioinet=38.0 ML, Viooutet=5.3 ML, Dye=RBBR,
Cpin=18.7x10% mmol/L, Mui,=0.1 M for out, TOCi»=48.20 mg/L, Vpaw=8 mL,
Aing=0.122 cm™, no catalyst.

Table F.86. Dye concentration change.

z,m Aregr, CM™ | C, x 102 mmol/L
0 1.621 18.69

0.09 1.082 12.48

0.21 0.939 10.82

0.52 0.724 8.35

0.88 0.692 7.98

Table F.87. TOC change.

Zzm TOC, mg/L
0.00 48.20
0.09 46.88
0.21 46.65
0.52 46.86
0.88 46.09

Run 31
Conditions: pH=2.5, Qe=30 L/h, Q=30 L/h, C, ;,=0.295 mmol/L gas, C, ¢ o=

0.018 mmol/L gas, t=20 min, Viioinet=5.9 ML, Viiooute=3.6 mL, Dye=AR-151,
Cpin=6.9x102 mmol/L, Mpixc=0.1 M for out, TOC;;=16.72 mg/L, Vpai=7 mL,
Aing=0.151 cm™, no catalyst.

Table F.88. Dye concentration change.

zZm Asr 151, cm’™ C,x 102, mmol/L
0 0.678 6.85

0.09 0.563 5.69

0.21 0.518 5.23

0.52 0.504 5.09

0.88 0.480 4.85
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Table F.89. Dissolved O3 concentration change.

z,m Vr, mL Aing, cm’? Co, X 10°, mmol/L
0 0.00

0.09 38.2 0.149 0.32

0.21 31.6 0.142 1.82

0.52 29.8 0.140 2.40

0.88 20.6 0.139 4.39

Table F.90. TOC change.

zZ,m TOC, mg/L
0.00 16.72
0.09 16.47
0.21 16.02
0.52 15.87
0.88 15.81

Run 32
Conditions: pH=2.5, Qz=30 L/h, Q=30 L/h, C, ;,=0.323 mmol/L gas, Cq g o =

0.026 mmol/L gas, t=20 min, Viioine=6.5 ML, Viiooute=2.2 mL, Dye=AR-151,
Cbin=26.7%x10% mmol/L, Mui,=0.1 M for out, TOC;i=68.53 mg/L, Vpaw=10 mL,
Aing=0.173 cm™, no catalyst.

Table F.91. Dye concentration change.

zm Anrist, cm™ | C,x 102, mmol/L
0 2.647 26.72

0.09 2.599 26.24

0.21 2.529 25.54

0.52 2.472 24.96

0.88 2.437 24.61

Table F.92. TOC change.

Zm TOC, mg/L
0.00 68.53
0.09 68.31
0.21 68.05
0.52 67.83
0.88 67.78
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Run 33
Conditions: pH=2.5, Qe=70 L/h, Q=70 L/h, C, ;,=0.326 mmol/L gas, C;, ¢ o=

0.023 mmol/L gas, t=20 min, Viioinlet=15.2 ML, Viiooute=10.9 mL, Dye=AR-151,
Coin=7.2x107 mmol/L, Mnic=0.1 M for out, TOCi;=15.88 mg/L, Vpai=8 mL,
Aing=0.174 cm™, no catalyst.

Table F.93. Dye concentration change.

zm Anrass, M | C, x 10%, mmol/L
0 0.711 7.18

0.09 0.417 4.21

0.21 0.356 3.60

0.52 0.296 2.99

0.88 0.260 2.63

Table F.94. Dissolved O3 concentration change.

Z,m Vr, mL Aing, cm’™? Co, . X 10°, mmol/L
0 0.00

0.09 38.5 0.138 5.86

0.21 31.1 0.143 6.70

0.52 32.7 0.131 8.65

0.88 30.5 0.122 11.49

Table F.95. TOC change.

zZm TOC, mg/L
0.00 15.88
0.09 15.41
0.21 14.63
0.52 14.37
0.88 14.31

Run 34
Conditions: pH=2.5, Qz=70 L/h, Q=70 L/h, C, ;,=0.304 mmol/L gas, Cg g o=

0.086 mmol/L gas, t=20 min, Viioinlet=14.2 ML, Viiooute=40.1 mL, Dye=AR-151,
Cpin=28.1x10% mmol/L, Mui=0.1 M for out, TOCi=72.56 mg/L, Vpaw=10 mL,
Aing=0.103 cm™, no catalyst.
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Table F.96. Dye concentration change.

zm Anrist, cm™ | C, x 102, mmol/L
0 2.7184 28.11

0.09 2.152 21.73

0.21 2.035 20.55

0.52 1.977 19.96

0.88 1.935 19.54

Table F.97. Dissolved O3 concentration change.

z,m Vi, mL Aing, M Co,. X 10°, mmol/L
0 0.00

0.09 33.6 0.103 0.00

0.21 36.8 0.103 0.00

0.52 32.1 0.103 0.00

0.88 35.6 0.102 0.10

Table F.98. TOC change.

Zm TOC, mg/L
0.00 72.56
0.09 72.13
0.21 71.68
0.52 71.05
0.88 70.60

Run 35
Conditions: pH=2.5, Qe=150 L/h, Q=150 L/h, C, ¢;,=0.340 mmol/L gas, C, ¢ o=

0.018 mmol/L gas, t=20 min, Viioinet=34.0 ML, Viiooutet=18.3 mL, Dye=AR-151,
Cpin=7.8x102 mmol/L, Mpixc=0.1 M for out, TOC;;=15.88 mg/L, Vpai=8 mL,
Aing=0.221 cm™, no catalyst.

Table F.99. Dye concentration change.

zm Anrass, M | C, x 10%, mmol/L
0 0.771 7.78

0.09 0.462 4.66

0.21 0.333 3.36

0.52 0.197 1.99

0.88 0.149 1.50

316



Table F.100. Dissolved O3 concentration change.

z,m Vi, mL Aing, cm™ Co, X 10°, mmol/L
0 0.00
0.09 44.0 0.159 9.06
0.21 37.9 0.142 14.07
0.52 37.0 0.122 18.22
0.88 34.2 0.121 20.54
Table F.101. TOC change.
zZ,m TOC, mg/L
0.00 15.65
0.09 15.08
0.21 14.21
0.52 13.89
0.88 13.67

Run 36

Conditions: pH=2.5, Qz=150 L/h, Q=150 L/h, C, ;,=0.338 mmol/L gas, Cq g o =

0.106 mmol/L gas, t=20 min, Viioinlet=33.8 ML, Viniooutlet=106.4 mL, Dye=AR-151,
Cpin=27.5%10% mmol/L, Mu,=0.1 M for out, TOCi=70.79 mg/L, Vpaw=10 mL,
Aing=0.095 cm™, no catalyst.

Table F.102. Dye concentration change.

Table F.103. Dissolved O3 concentration change.

zm Anrist, cm™ | C,x 102, mmol/L
0 2.723 27.49

0.09 2.102 21.22

0.21 2.014 20.34

0.52 1.887 19.05

0.88 1.840 18.58

z,m Vi, mL Aing, cm™ Co,. X 10°, mmol/L
0 0.00

0.09 30.2 0.094 2.85

0.21 24.7 0.072 7.62

0.52 25.9 0.043 16.38

0.88 22.9 0.050 17.35
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Table F.104. TOC change.

zZm TOC, mg/L
0.00 70.79
0.09 70.48
0.21 69.58
0.52 68.92
0.88 68.10

Run 37
Conditions: pH=2.5, Qz=150 L/h, Q=150 L/h, C, ;,=0.981 mmol/L gas, Cq g o =

0.279 mmol/L gas, t=20 min, Vioinet=32.7 ML, Viiooute=93.1 mL, Dye=RBBR,
Cpin=4.90x10% mmol/L, Mue=0.3 M for out, TOCi=13.34 mg/L, Vpaw=20 mL,
Aing=0.374 cm™, no catalyst.

Table F.105. Dye concentration change.

zm Aresr CM™ | C, x 10% mmol/L
0 0.425 4.90

0.09 0.060 0.69

0.21 0.011 0.13

0.52 0.003 0.03

0.88 0.000 0.00

0.98 0.000 0.00

Table F.106. Dissolved O3z concentration change.

z,m Vi, mL Aing, cm™ Co, . * 10°, mmol/L
0 0.00

0.09 48.1 0.286 15.6

0.21 43.3 0.271 21.9

0.52 39.3 0.129 63.2

0.88 36.2 0.111 80.7

0.98 40.1 0.041 82.5

Table F.107. TOC change.

zZm TOC, mg/L
0.00 13.34
0.09 12.47
0.21 12.08
0.52 11.88
0.88 11.81
0.98 11.64
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Run 38
Conditions: pH=2.5, Qe=150 L/h, Q=150 L/h, C, ¢;,=0.987 mmol/L gas, C, ¢ o=

0.196 mmol/L gas, t=20 min, Viioinet=32.9 ML, Viiooute=65.3 mL, Dye=RBBR,
Cbin=18.1x102 mmol/L, Mu,=0.3 M for out, TOCi=45.26 mg/L, Vpaw=20 mL,
Aing=0.438 cm™, no catalyst.

Table F.108. Dye concentration change.

z,m Abs,cm™ | C_x 102 mmol/L
0 1.566 18.1

0.09 0.818 9.4

0.21 0.603 7.0

0.52 0.248 2.9

0.88 0.227 2.6

0.98 0.170 2.0

Table F.109. Dissolved O3 concentration change.

Zm Vi, mL Aing, cmt Co, % 10°, mmol/L
0 0.00

0.09 46.0 0.438 0.00

0.21 445 0.438 0.00

0.52 41.6 0.417 4.92

0.88 41.6 0.403 8.15

0.98 45.1 0.430 8.79

Table F.110. TOC change.

Zzm TOC, mg/L
0.00 45.26
0.09 45.05
0.21 44.90
0.52 43.95
0.88 43.34
0.98 43.00

Run 39
Conditions: pH=2.5, Qe=150 L/h, Q=150 L/h, C, ¢;,=0.975 mmol/L gas, C, ¢ o=

0.279 mmol/L gas, t=20 min, Viioinet=32.5 ML, Viiooutet=92.9 mL, Dye=AR-151,
Cbin=7.34%x10% mmol/L, Muj,=0.3 M for out, TOCi=45.26 mg/L, Vpaw=20 mL,
Aing=0.437 cm™, no catalyst.
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Table F.111. Dye concentration change.

z,m Abs,cm™ | C_x 102 mmol/L
0 0.727 7.34

0.09 0.203 2.05

0.21 0.083 0.84

0.52 0.059 0.59

0.88 0.057 0.57

0.98 0.052 0.52

Table F.112. Dissolved O3 concentration change.

z,m Vr, mL Aing, cm’? Co, X 10°, mmol/L
0 0.00

0.09 41.5 0.272 38.15

0.21 47.9 0.203 41.69

0.52 43.0 0.099 73.04

0.88 37.5 0.133 86.33

0.98 34.0 0.169 95.15

Table F.113. TOC change.

zZm TOC, mg/L
0.00 18.45
0.09 17.68
0.21 17.01
0.52 16.82
0.88 16.61
0.98 16.49

Run 40
Conditions: pH=2.5, Qz=150 L/h, Q=150 L/h, C, ;,=0.952 mmol/L gas, Cg g o =

0.266 mmol/L gas, t=20 min, Viioinet=32.8 ML, Viiooute=91.5 mL, Dye=AR-151,
Cbin=25.4x10% mmol/L, Mu=0.3 M for out, TOCi=45.26 mg/L, Vpaw=20 mL,
Aing=0.437 cm™, no catalyst.
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Table F.114. Dye concentration change.

z,m Abs,cm™ | C_x 102 mmol/L
0 2.516 25.4

0.09 1.826 18.4

0.21 1.595 16.1

0.52 1.437 14.5

0.88 1.345 13.6

0.98 1.187 12.0

Table F.115. Dissolved O3 concentration change.

z,m Vr, mL Aing, cm’™? Co, . X 10°, mmol/L
0 0.00

0.09 41.9 0.329 23.42

0.21 44.3 0.303 26.29

0.52 38.0 0.321 30.52

0.88 36.1 0.318 35.04

0.98 55.0 0.163 38.19

Table F.116. TOC change.

zZm TOC, mg/L
0.00 64.82
0.09 64.04
0.21 62.05
0.52 61.79
0.88 61.23
0.98 61.17

Run 41
Conditions: pH=2.5, Qe=150 L/h, Q=150 L/h, C, ¢;,=0.970 mmol/L gas, C, ¢ o=

0.280 mmol/L gas, t=20 min, Viioinet=97.0 ML, Viiooute=93.2 mL, Dye=RBBR,
Cpin=4.8x102 mmol/L, Mgix=0.3 M for out, TOCi;=12.93 mg/L, Vpan=20 mL,
Aing=0.463 cm™, catalyst=Alumina, mx=25 g, dea=2.0 mm.

Table F.117. Dye concentration change.

z,m Abs,cm™ | C_x 102 mmol/L
0 0.418 4.82

0.09 0.224 2.60

0.21 0.018 0.21

0.52 0.010 0.11

0.88 0.009 0.10

0.98 0.008 0.09
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Table F.118. Dissolved O3 concentration change.

z,m Vr, mL Aing, cm’™ Co, x 10°, mmol/L
0 0.00
0.09 48.7 0.463 0.00
0.21 44.0 0.428 7.20
0.52 46.2 0.313 28.44
0.88 46.0 0.271 36.65
0.98 53.2 0.164 44.79
Table F.119. TOC change.
Zzm TOC, mg/L
0.00 12.93
0.09 12.85
0.21 11.52
0.52 11.46
0.88 11.14
0.98 10.73

Run 42

Conditions: pH=2.5, Qz=150 L/h, Q=150 L/h, C, ;,=0.977 mmol/L gas, Cq g o =

0.276 mmol/L gas, t=20 min, Viioinet=97.7 ML, Viiooute=92.0 mL, Dye=RBBR,
Cbin=18.6x102 mmol/L, Mu,=0.3 M for out, TOC;i,=48.80 mg/L, Vpaw=20 mL,
Aing=0.492 cm™, catalyst=Alumina, mw=25 g, dex=2.0 mm.

Table F.120. Dye concentration change.

Table F.121. Dissolved O3 concentration change.

z,m Abs,cm™ | C_x 102 mmol/L
0 1.611 18.58

0.09 1.262 14.55

0.21 0.621 7.16

0.52 0.529 6.10

0.88 0.479 5.52

0.98 0.393 4.53

z,m Vi, mL Aing, cm™ Co,. X 10° mmol/L
0 0.00

0.09 46.5 0.492 0.00

0.21 43.1 0.492 0.00

0.52 43.1 0.492 0.00

0.88 45.9 0.485 1.38

0.98 50.2 0.480 2.15
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Table F.122. TOC change.

zZm TOC, mg/L
0.00 48.80
0.09 45.36
0.21 44,94
0.52 44.10
0.88 43.04
0.98 42.42

Run 43
Conditions: pH=2.5, Qe=150 L/h, Q=150 L/h, C, ¢;,=0.983 mmol/L gas, C, ¢ o=

0.282 mmol/L gas, t=20 min, Viioinlet=98.3 ML, Viiooutet=93.9 mL, Dye=AR-151,
Cpin=6.8x102 mmol/L, Mgix=0.3 M for out, TOCi;=17.25 mg/L, Vpan=20 mL,
Aing=0.466 cm™, catalyst=Alumina, mx=25 g, dea=2.0 mm.

Table F.123. Dye concentration change.

zm Abs, cm™ C, x 10%, mmol/L
0 0.675 6.81

0.09 0.402 4.06

0.21 0.058 0.59

0.52 0.049 0.50

0.88 0.047 0.47

0.98 0.042 0.42

Table F.124. Dissolved O3 concentration change.

z,m Vr, mL Aing, cm’? Co, % 10°, mmol/L
0 0.00

0.09 49.5 0.424 7.08

0.21 46.9 0.256 38.79

0.52 44.0 0.207 53.63

0.88 41.7 0.204 60.00

0.98 39.2 0.231 60.83

Table F.125. TOC change.

zZm TOC, mg/L
0.00 17.25
0.09 16.83
0.21 15.02
0.52 14.67
0.88 14.63
0.98 14.34
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Run 44
Conditions: pH=2.5, Qe=150 L/h, Q=150 L/h, C, ;;,=0.948 mmol/L gas, C, ¢ o=

0.267 mmol/L gas, t=20 min, Viioinlet=94.8 ML, Viiooute=89.0 mL, Dye=AR-151,
Cpin=27.4%x10% mmol/L, Mu=0.3 M for out, TOCi»=71.60 mg/L, Vpaw=20 mL,
Aing=0.472 cm™, catalyst=Alumina, mw=25 g, dex=2.0 mm.

Table F.126. Dye concentration change.

z,m Abs,cm™ | C_x 102 mmol/L
0 2.718 27.44

0.09 2.350 23.73

0.21 1.176 11.87

0.52 1.094 11.22

0.88 0.975 9.84

0.98 0.838 8.46

Table F.127. Dissolved O3 concentration change.

z,m Vr, mL Aing, cm™ Co, . * 10°, mmol/L
0 0.00

0.09 47.0 0.453 3.54

0.21 47.2 0.350 22.31

0.52 39.3 0.367 27.13

0.88 37.7 0.365 30.04

0.98 44.2 0.314 32.50

Table F.128. TOC change.

zZm TOC, mg/L
0.00 71.60
0.09 68.94
0.21 65.35
0.52 63.28
0.88 62.57
0.98 61.40

Run 45
Conditions: pH=2.5, Qe=150 L/h, Q=150 L/h, C, ¢;,=0.969 mmol/L gas, C, ¢ o=

0.275 mmol/L gas, t=20 min, Viioinet=96.9 ML, Viiooute=91.6 mL, Dye=RBBR,
Cbin=5.0x102 mmol/L, Mgix=0.3 M for out, TOCi;=12.72 mg/L, Vpan=20 mL,
Aing=0.474 cm™, catalyst=PFOA, Mz=25 g, dez=2.0 mm.
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Table F.129. Dye concentration change.

z,m Abs,cm™ | C_x 102 mmol/L
0 0.429 4.95

0.09 0.254 2.93

0.21 0.021 0.24

0.52 0.013 0.15

0.88 0.009 0.10

0.98 0.008 0.09

Table F.130. Dissolved O3 concentration change.

z,m Vr, mL Aing, cm’? Co, X 10°, mmol/L
0 0.00

0.09 53.2 0.474 0.00

0.21 48.8 0.407 11.54

0.52 50.0 0.395 13.17

0.88 43.2 0.372 21.75

0.98 48.2 0.347 22.35

Table F.131. TOC change.

zZm TOC, mg/L
0.00 12.72
0.09 11.51
0.21 10.84
0.52 10.26
0.88 9.93
0.98 9.74

Run 46
Conditions: pH=2.5, Qz=150 L/h, Q=150 L/h, C, ;,=0.963 mmol/L gas, Cq g o =

0.272 mmol/L gas, t=20 min, Viioinet=96.3 ML, Viiooute=90.7 mL, Dye=RBBR,
Cbin=18.6x102 mmol/L, Mu,=0.3 M for out, TOC;i,=48.87 mg/L, Vpaw=20 mL,
Aing=0.470 cm™, catalyst=PFOA, Mx=25 g, dea=2.0 mm.
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Table F.132. Dye concentration change.

Table F.133. Dissolved O3 concentration change.

z,m Abs,cm™ | C_x 102 mmol/L
0 1.613 18.60

0.09 1.322 15.24

0.21 0.663 7.65

0.52 0.581 6.70

0.88 0.536 6.18

0.98 0.510 5.88

z,m Vr, mL Aing, cm’? Co, x 10°, mmol/L
0 0.00
0.09 48.6 0.470 0.00
0.21 43.0 0.470 0.00
0.52 46.5 0.470 0.00
0.88 41.2 0.470 0.00
0.98 51.2 0.469 0.67
Table F.134. TOC change.

Zm TOC, mg/L

0.00 48.87

0.09 47.93

0.21 46.71

0.52 45.00

0.88 44.50

0.98 44.08

Run 47

Conditions: pH=2.5, Qz=150 L/h, Q=150 L/h, C, ;,=0.966 mmol/L gas, Cg g o =

0.273 mmol/L gas, t=20 min, Viioinlet=96.6 ML, Viiooute=91.1 mL, Dye=AR-151,
Coin=7.2x102 mmol/L, Mgic=0.3 M for out, TOCi;=18.63 mg/L, Vpa=20 mL,
Aing=0.467 cm™, catalyst=PFOA, Mx=25 g, Jea=2.0 mm.

Table F.135. Dye concentration change.

z,m Abs,cm™ | C_x 102 mmol/L
0 0.716 1.22

0.09 0.382 3.86

0.21 0.053 0.54

0.52 0.049 0.50

0.88 0.038 0.38

0.98 0.036 0.36
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Table F.136. Dissolved O3z concentration change.

z,m Vr, mL Aing, cm’™ Co, x 10°, mmol/L
0 0.00
0.09 51.8 0.440 4.23
0.21 45.0 0.290 35.19
0.52 46.1 0.251 41.13
0.88 40.0 0.262 50.94
0.98 49.2 0.152 53.58
Table F.137. TOC change.

zZm TOC, mg/L

0.00 18.63

0.09 18.09

0.21 17.61

0.52 15.89

0.88 14.67

0.98 12.82

Run 48
Conditions: pH=2.5, Qz=150 L/h, Q=150 L/h, C, ;,=0.897 mmol/L gas, Cq ¢ o =

0.261 mmol/L gas, t=20 min, Viioinlet=89.7 ML, Viiooutet=86.9 mL, Dye=AR-151,
Cbin=31.2x102 mmol/L, Mu=0.3 M for out, TOCi=80.31 mg/L, Vpaw=20 mL,
Aing=0.438 cm™, catalyst=PFOA, Mx=25 ¢, dea=2.0 mm.

Table F.138. Dye concentration change.

zZm Abs, cm? C, x 10% mmol/L
0 3.090 31.20

0.09 2.485 25.09

0.21 1.110 11.21

0.52 0.954 9.63

0.88 0.875 8.83

0.98 0.788 7.96

Table F.139. Dissolved O3 concentration change.

z,m Vi, mL Aing, cm™ Co,. X 10°, mmol/L
0 0.00

0.09 47.2 0.350 16.06

0.21 42.3 0.336 22.71

0.52 45.2 0.288 29.54

0.88 37.2 0.318 34.67

0.98 60.2 0.131 37.94
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Table F.140. TOC change.

zZm TOC, mg/L
0.00 80.31
0.09 76.53
0.21 73.92
0.52 70.25
0.88 68.42
0.98 66.10

Run 49
Conditions: pH=2.5, Qe=150 L/h, Q=150 L/h, C, ¢;,=0.913 mmol/L gas, C; ¢ o=

0.347 mmol/L gas, t=20 min, Vioinet=91.3 ML, Viiooute=83.9 mL, Dye=RBBR,
Cbin=5.0x102 mmol/L, Mgix=0.3 M for out, TOCi;=13.74 mg/L, Vpan=20 mL,
Aing=0.426 cm™, catalyst=Alumina, Mx=75 g, dea=2.0 mm.

Table F.141. Dye concentration change.

z,m Abs,cm™ | C_x 102 mmol/L
0 0.432 4.98

0.09 0.266 3.07

0.21 0.033 0.38

0.52 0.024 0.28

0.88 0.015 0.17

0.98 0.014 0.16

Table F.142. Dissolved O3 concentration change.

z,m Vr, mL Aing, cm™ Co, . X 10°, mmol/L
0 0.00

0.09 47.0 0.426 0.00

0.21 45.0 0.399 5.40

0.52 46.3 0.387 7.35

0.88 45.0 0.362 12.67

0.98 61.2 0.306 14.50

Table F.143. TOC change.

zZm TOC, mg/L
0.00 13.74
0.09 12.46
0.21 12.05
0.52 11.28
0.88 10.84
0.98 10.63
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Run 50
Conditions: pH=2.5, Qe=150 L/h, Q=150 L/h, C, ;;,=0.928 mmol/L gas, C, ¢ o=

0.347 mmol/L gas, t=20 min, Viioinet=92.8 ML, Viiooute=86.8 mL, Dye=RBBR,
Cbin=18.7x10% mmol/L, Mu,=0.3 M for out, TOC;i»=50.37 mg/L, Vpaw=20 mL,
Aing=0.421 cm™, catalyst=Alumina, m=75 g, dea=2.0 mm.

Table F.144. Dye concentration change.

z,m Abs,cm™ | C_x 102 mmol/L
0 1.618 18.66

0.09 1.307 15.07

0.21 0.752 8.67

0.52 0.679 7.83

0.88 0.629 7.25

0.98 0.595 6.87

Table F.145. Dissolved O3 concentration change.

z,m Vi, mL Aing, M Co,. X 10°, mmol/L
0 0.00

0.09 44.4 0.421 0.00

0.21 41.3 0.421 0.00

0.52 45.1 0.421 0.00

0.88 42.3 0.421 0.00

0.98 56.2 0.418 0.40

Table F.146. TOC change.

Zm TOC, mg/L
0.00 50.37
0.09 47.83
0.21 44.48
0.52 42.09
0.88 41.72
0.98 41.40

Run 51
Conditions: pH=2.5, Qz=150 L/h, Q=150 L/h, C, ;,=0.935 mmol/L gas, Cq ¢ o =

Cpin=5.9x102 mmol/L, Mgic=0.3 M for out, TOCi;=15.34 mg/L, Vpan=20 mL,
Aing=0.467 cm™, catalyst=Alumina, me=75 g, dea=2.0 mm.
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Table F.147. Dye concentration change.

z,m Abs,cm™ | C_x 102 mmol/L
0 0.586 5.92

0.09 0.370 3.74

0.21 0.075 0.76

0.52 0.065 0.66

0.88 0.059 0.59

0.98 0.052 0.53

Table F.148. Dissolved O3 concentration change.

z,m Vr, mL Aing, cm’? Co, X 10°, mmol/L
0 0.00

0.09 47.6 0.382 15.31

0.21 49.0 0.268 34.10

0.52 48.2 0.247 38.77

0.88 42.1 0.284 41.15

0.98 51.5 0.201 41.98

Table F.149. TOC change.

Z,m TOC, mg/L
0.00 15.34
0.09 12.69
0.21 11.35
0.52 10.85
0.88 10.37
0.98 10.13

Run 52
Conditions: pH=2.5, Qe=150 L/h, Q=150 L/h, C, ¢;,=0.931 mmol/L gas, C, ¢ o=

0.352 mmol/L gas, t=20 min, Viioinlet=93.1 ML, Viiooute=88.0 mL, Dye=AR-151,
Cpin=28.0x10? mmol/L, M;jx=0.3 M for out, TOC;i,=72.18 mg/L, Vpai=20 mL,
Aing=0.432 cm™, catalyst=Alumina, =75 g, dea=2.0 mm.

Table F.150. Dye concentration change.

z,m Abs,cm™ | C_x 102 mmol/L
0 2.775 28.02

0.09 2.395 24.18

0.21 1.494 15.08

0.52 1.425 14.39

0.88 1.356 13.38

0.98 1.268 12.80
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Table F.151. Dissolved O3z concentration change.

z,m Vr, mL Aing, cm’™ Co, x 10°, mmol/L
0 0.00

0.09 44.6 0.361 14.40

0.21 47.8 0.329 18.40

0.52 45.0 0.299 26.42

0.88 38.2 0.314 32.25

0.98 42.80 0.275 34.29

Table F.153. TOC change.

zZm TOC, mg/L
0.00 72.18
0.09 65.73
0.21 61.55
0.52 58.62
0.88 56.29
0.98 54.38

Run 53
Conditions: pH=2.5, Qz=150 L/h, Q=150 L/h, C, .;,=0.933 mmol/L gas, Cq g o =

0.296 mmol/L gas, t=20 min, Vioinet=31.1 ML, Viiooute=74.0 mL, Dye=RBBR,
Cbin=5.0x102 mmol/L, Mgic=0.3 M for out, TOCi;=13.05 mg/L, Vua=20 mL,
Aing=0.430 cm™, catalyst=PFOA, Mea=75 ¢, Jea=2.0 mm.

Table F.154. Dye concentration change.

zZm Abs, cm? C, x 10% mmol/L
0 0.435 5.02

0.09 0.280 3.23

0.21 0.045 0.52

0.52 0.025 0.29

0.88 0.021 0.24

0.98 0.018 0.21

Table F.155. Dissolved O3 concentration change.

z,m Vi, mL Aing, cm™ Co,. X 10°, mmol/L
0 0.00

0.09 49.5 0.430 0.00

0.21 53.5 0.369 9.10

0.52 47.2 0.359 13.04

0.88 41.6 0.369 14.10

0.98 51.5 0.335 14.98
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Table F.156. TOC change.

Zm TOC, mg/L
0.00 13.05
0.09 11.95
0.21 11.26
0.52 10.37
0.88 9.83
0.98 9.28

Run 54
Conditions: pH=2.5, Qz=150 L/h, Q=150 L/h, C, ;,=0.930 mmol/L gas, Cg g o =

0.347 mmol/L gas, t=20 min, Viioinet=93.2 ML, Viiooute=86.7 mL, Dye=RBBR,
Cbin=18.7x10% mmol/L, Mu=0.3 M for out, TOCi=47.81 mg/L, Vpaw=10 mL,
Aing=0.225 cm™, catalyst=PFOA, Me=75 g, Jea=2.0 mm.

Table F.157. Dye concentration change.

zm Abs, cm? C, x 10% mmol/L
0 1.621 18.69

0.09 1.312 15.13

0.21 0.757 8.73

0.52 0.714 8.23

0.88 0.658 7.59

0.98 0.534 6.16

Table F.158. Dissolved O3 concentration change.

z,m Vr, mL Aing, cm’? Co, X 10°, mmol/L
0 0.00

0.09 33.5 0.225 0.00

0.21 35.3 0.225 0.00

0.52 38.0 0.225 0.00

0.88 32.1 0.225 0.00

0.98 41.1 0.222 0.42

Table F.159. TOC change.

Z,m TOC, mg/L
0.00 47.81
0.09 44.26
0.21 42.18
0.52 41.74
0.88 41.03
0.98 40.30
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Run 55
Conditions: pH=2.5, Qe=150 L/h, Q=150 L/h, C, ¢;,=0.940 mmol/L gas, C, ¢ o=

0.352 mmol/L gas, t=20 min, Viioinlet=94.0 ML, Viiooute=88.0 mL, Dye=AR-151,
Cpin=6.0x10 mmol/L, Mn,=0.3 M for out, TOCi,=15.65 mg/L, V,=20 mL, A,=0.435
cm™, catalyst=PFOA, M=75 g, dcz=2.0 mm.

Table F.160. Dye concentration change.

zm Abs, cm™ C, x 10°, mmol/L
0 0.591 5.97

0.09 0.396 4.00

0.21 0.077 0.78

0.52 0.068 0.69

0.88 0.065 0.66

0.98 0.059 0.59

Table F.161. Dissolved O3 concentration change.

z,m Vi, mL Aing, M Co,. X 10°, mmol/L
0 0.00

0.09 48.3 0.402 5.79

0.21 45.8 0.297 26.58

0.52 45.4 0.271 32.08

0.88 40.2 0.270 40.60

0.98 45.7 0.206 44.29

Table F.162. TOC change.

Zm TOC, mg/L
0.00 15.65
0.09 12.38
0.21 11.57
0.52 10.32
0.88 9.95
0.98 9.64

Run 56
Conditions: pH=2.5, Qe=150 L/h, Q=150 L/h, C, ¢;,=0.931 mmol/L gas, C, ¢ o=

0.348 mmol/L gas, t=20 min, Viioinet=93.1 ML, Viniooutet=86.9 mL, Dye=AR-151,
Cpin=28.2x10% mmol/L, Mu=0.3 M for out, TOCi»=69.29 mg/L, Vpaw=10 mL,
Aing=0.235 cm™, catalyst=PFOA, Me=75 ¢, Jea=2.0 mm.
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Table F.163. Dye concentration change.

z,m Abs,cm™ | C_x 102 mmol/L
0 2.792 28.19

0.09 2.427 24.50

0.21 1.510 15.25

0.52 1.446 14.60

0.88 1.422 14.36

0.98 1.294 13.07

Table F.164. Dissolved O3 concentration change.

z,m Vr, mL Aing, cm’? Co, X 10°, mmol/L
0 0.00

0.09 30.3 0.191 10.67

0.21 29.3 0.171 16.46

0.52 32.3 0.139 21.33

0.88 28.5 0.152 22.38

0.98 31.5 0.134 23.40

Table F.165. TOC change.

Z,m TOC, mg/L
0.00 69.29
0.09 64.82
0.21 60.58
0.52 57.26
0.88 55.14
0.98 53.08

Run 57
Conditions: pH=2.5, Qe=150 L/h, Q=150 L/h, C, ¢;,=0.934 mmol/L gas, C, ¢ o=

0.326 mmol/L gas, t=15 min, Vioinet=93.4 ML, Viiooute=81.4 mL, Dye=RBBR,
Cpin=5.1x102 mmol/L, Mgix=0.3 M for out, TOCi;=13.35 mg/L, Vpa=20 mL,
Aing=0.461 cm™, catalyst=Alumina, m=125 g, dex=2.0 mm.

Table F.166. Dye concentration change.

z,m Abs,cm™ | C_x 102 mmol/L
0 0.439 5.06

0.09 0.267 3.08

0.21 0.034 0.39

0.52 0.028 0.32

0.88 0.023 0.27

0.98 0.020 0.23
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Table F.167. Dissolved O3z concentration change.

z,m Vr, mL Aing, cm’™ Co, x 10°, mmol/L
0 0.00
0.09 53.5 0.461 0.04
0.21 52.1 0.423 5.96
0.52 48.1 0.346 7.21
0.88 46.2 0.398 11.90
0.98 49.3 0.389 12.17
Table F.168. TOC change.

zZm TOC, mg/L

0.00 13.35

0.09 12.06

0.21 11.36

0.52 10.75

0.88 10.04

0.98 9.30

Run 58

Conditions: pH=2.5, Qz=150 L/h, Q=150 L/h, C, ;,=0.928 mmol/L gas, Cq ¢ o =

0.318 mmol/L gas, t=15 min, Viioinet=92.8 ML, Viiooute=79.4 mL, Dye=RBBR,
Cbin=18.0x102 mmol/L, Mu,=0.3 M for out, TOCi=44.50 mg/L, Vpaw=10 mL,
Aing=0.216 cm™, catalyst=Alumina, m=125 g, dex=2.0 mm.

Table F.169. Dye concentration change.

Table F.170. Dissolved O3 concentration change.

zm Abs, cm? C, x 10% mmol/L
0 1.561 18.00

0.09 1.304 15.04

0.21 0.727 8.35

0.52 0.660 7.61

0.88 0.616 7.10

0.98 0.578 6.66

z,m Vr, mL Aing, cm’? Co, % 10°, mmol/L
0 0.00

0.09 40.5 0.216 0.00

0.21 38.3 0.216 0.00

0.52 37.2 0.216 0.00

0.88 35.1 0.216 0.00

0.98 36.2 0.214 0.40
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Table F.171. TOC change.

Zm TOC, mg/L
0.00 44.50
0.09 40.35
0.21 38.59
0.52 35.62
0.88 35.04
0.98 33.42

Run 59
Conditions: pH=2.5, Qz=150 L/h, Q=150 L/h, C, ;,=0.917 mmol/L gas, Cq ¢ o =

0.348 mmol/L gas, t=15 min, Viioinlet=91.7 ML, Viniooute=86.9 mL, Dye=AR-151,
Cbin=6.4x102 mmol/L, Mgic=0.3 M for out, TOCi;=15.18 mg/L, Vpa=20 mL,
Aing=0.472 cm™, catalyst=Alumina, m=125 g, dex=2.0 mm.

Table F.173. Dye concentration change.

zm Abs, cm? C, x 10% mmol/L
0 0.637 6.43

0.09 0.373 3.77

0.21 0.070 0.71

0.52 0.055 0.56

0.88 0.052 0.52

0.98 0.051 0.51

Table F.174. Dissolved O3 concentration change.

z,m Vr, mL Aing, cm’? Co, X 10°, mmol/L
0 0.00

0.09 48.3 0.417 9.67

0.21 48.8 0.367 18.10

0.52 45.0 0.355 24.06

0.88 43.2 0.354 25.23

0.98 42.0 0.352 25.71

Table F.175. TOC change.

Z,m TOC, mg/L
0.00 15.18
0.09 13.89
0.21 12.54
0.52 12.05
0.88 11.17
0.98 10.23
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Run 60
Conditions: pH=2.5, Qe=150 L/h, Q=150 L/h, C, ¢;,=0.922 mmol/L gas, C, ¢ o=

0.368 mmol/L gas, t=15 min, Viioinlet=92.2 ML, Viiooute=92.0 mL, Dye=AR-151,
Cbin=26.2x102 mmol/L, Mu=0.3 M for out, TOCi=66.36 mg/L, Vpaw=10 mL,
Aing=0.237 cm™, catalyst=Alumina, m.=125 ¢, de=2.0 mm.

Table F.176. Dye concentration change.

zm Abs, cm™ C, x 10°, mmol/L
0 2.598 26.23

0.09 2.309 23.31

0.21 1.414 14.28

0.52 1.325 13.38

0.88 1.229 12.41

0.98 1.156 11.67

Table F.177. Dissolved O3 concentration change.

z,m Vi, mL Aing, M Co,. X 10°, mmol/L
0 0.00

0.09 36.5 0.157 14.96

0.21 34.7 0.150 17.48

0.52 32.0 0.139 22.21

0.88 27.3 0.157 25.10

0.98 28.6 0.133 27.71

Table F.178. TOC change.

Zm TOC, mg/L
0.00 66.36
0.09 60.58
0.21 55.73
0.52 52.84
0.88 51.47
0.98 49.24

Run 61
Conditions: pH=2.5, Qz=150 L/h, Q=150 L/h, C, ;,=0.935 mmol/L gas, Cg ¢ o =

0.343 mmol/L gas, t=15 min, Vmioine=93.5 ML, Viniooule=85.7 mL, Dye=RBBR,
Cbin=5.1x102 mmol/L, Mgic=0.3 M for out, TOCi;=13.75 mg/L, Vpan=20 mL,
Aing=0.459 cm™, catalyst=PFOA, me=125 g, dex=2.0 mm.
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Table F.179. Dye concentration change.

z,m Abs,cm™ | C_x 102 mmol/L
0 0.441 5.09

0.09 0.275 3.17

0.21 0.039 0.45

0.52 0.027 0.31

0.88 0.017 0.20

0.98 0.015 0.17

Table F.180. Dissolved O3 concentration change.

Z,m Vr, mL Aing, cm’™? Co, . X 10°, mmol/L
0 0.00

0.09 52.0 0.456 0.42

0.21 50.7 0.412 7.63

0.52 50.2 0.395 10.54

0.88 45.1 0.391 13.42

0.98 46.1 0.379 15.29

Table F.181. TOC change.

zm TOC, mg/L
0.00 13.75
0.09 11.06
0.21 10.58
0.52 9.23
0.88 9.00
0.98 8.84

Run 63
Conditions: pH=2.5, Qe=150 L/h, Q=150 L/h, C, ¢;,=0.894 mmol/L gas, C; ¢ o=

0.338 mmol/L gas, t=15 min, Viioinet=89.4 ML, Viiooute=84.5 mL, Dye=RBBR,
Cbin=18.3x10% mmol/L, M,=0.3 M for out, TOCi=50.68 mg/L, Vpa=10 mL,
Aing=0.249 cm, catalyst=PFOA, Mzx=125 g, dcz=2.0 mm.

Table F.182. Dye concentration change.

z,m Abs,cm™ | C_x 102 mmol/L
0 1.589 18.32

0.09 1.292 14.90

0.21 0.782 9.02

0.52 0.708 8.16

0.88 0.665 7.67

0.98 0.554 6.39
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Table F.183. Dissolved O3 concentration change.

z,m Vr, mL Aing, cm’™ Co, x 10°, mmol/L
0 0.00

0.09 35.8 0.249 0.00

0.21 39.5 0.249 0.00

0.52 34.8 0.249 0.00

0.88 34.5 0.249 0.00

0.98 42.4 0.233 2.44

Table F.184. TOC change.

zZm TOC, mg/L
0.00 50.68
0.09 46.92
0.21 44.81
0.52 43.90
0.88 41.72
0.98 39.28

Run 64
Conditions: pH=2.5, Qz=150 L/h, Q=150 L/h, C, ;,=0.927 mmol/L gas, Cg g o =

0.353 mmol/L gas, t=15 min, Viioinlet=92.7 ML, Viiooute=88.3 mL, Dye=AR-151,
Cbin=5.5%107 mmol/L, Mgix=0.3 M for out, TOCi;=15.18 mg/L, Vua=20 mL,
Aing=0.445 cm™, catalyst=PFOA, me=125 g, dex=2.0 mm.

Table F.185. Dye concentration change.

zZm Abs, cm? C, x 10% mmol/L
0 0.544 5.49

0.09 0.396 4.00

0.21 0.061 0.62

0.52 0.049 0.50

0.88 0.046 0.46

0.98 0.043 0.43

Table F.186. Dissolved O3 concentration change.

z,m Vr, mL Aing, cm’? Co, X 10°, mmol/L
0 0.00

0.09 52.5 0.392 7.33

0.21 49.0 0.369 13.02

0.52 45.0 0.326 27.63

0.88 46.8 0.249 36.35

0.98 47.3 0.226 39.85

339



Table F.187. TOC change.

Zm TOC, mg/L
0.00 15.18
0.09 13.72
0.21 12.81
0.52 11.66
0.88 10.28
0.98 9.12

Run 65
Conditions: pH=2.5, Qz=150 L/h, Q=150 L/h, C, ;,=0.941 mmol/L gas, Cq ¢ o =

0.354 mmol/L gas, t=15 min, Viioinet=94.1 ML, Viiooute=88.4 mL, Dye=AR-151,
Cbin=25.5%10% mmol/L, Mu,=0.3 M for out, TOCi=68.13 mg/L, Vpaw=10 mL,
Aing=0.238 cm™, catalyst=PFOA, me=125 g, dex=2.0 mm.

Table F.188. Dye concentration change.

zm Abs, cm? C, x 10% mmol/L
0 2.523 25.47

0.09 2.221 22.43

0.21 1.217 12.29

0.52 1.141 11.52

0.88 1.049 10.59

0.98 0.941 9.50

Table F.189. Dissolved O3 concentration change.

z,m Vr, mL Aing, cm’? Co, X 10°, mmol/L
0 0.00

0.09 36.6 0.203 6.63

0.21 36.5 0.144 17.63

0.52 36.8 0.124 21.10

0.88 32.3 0.121 26.00

0.98 36.6 0.091 27.52

Table F.190. TOC change.

Z,m TOC, mg/L
0.00 68.13
0.09 60.73
0.21 55.79
0.52 52.94
0.88 51.63
0.98 48.44
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Run 66
Conditions: pH=2.5, Qe=150 L/h, Q=30 L/h, C; ;;,=0.940 mmol/L gas, C, ¢ o=

0.355 mmol/L gas, t=15 min, Viioinet=94.0 ML, Viiooute=88.7 mL, Dye=RBBR,
Cbin=5.2x102 mmol/L, Mgic=0.3 M for out, TOCi;=13.75 mg/L, Vpa=20 mL,

Aing=0.461 cm™, catalyst=no.

Table F.191. Dye concentration change.

zZ m Abs,cm™ | C,x 102 mmol/L
0 0.424 5.24

0.09 0.005 0.75

0.21 0.001 0.15

0.52 0.000 0.00

0.88 0.000 0.00

0.98 0.000 0.00

Table F.192. Dissolved O3 concentration change.

z,m Vi, mL Aing, M Co,. X 10°, mmol/L
0 0.00

0.09 48.8 0.131 56.98

0.21 36.1 0.167 90.75

0.52 36.3 0.020 134.46

0.88 34.0 0.043 148.40

0.98 33.9 0.023 156.52

Table F.193. TOC change.

Zm TOC, mg/L
0.00 13.75
0.09 10.20
0.21 9.75
0.52 9.41
0.88 9.33
0.98 9.22

Run 67
Conditions: pH=2.5, Qe=150 L/h, Q=30 L/h, C; ;;,=0.953 mmol/L gas, C, ¢ o=

0.340 mmol/L gas, t=15 min, Viioinet=95.3 ML, Viiooute=85.0 mL, Dye=RBBR,
Cpin=17.9x102 mmol/L, Muc=0.3 M for out, TOCi»=50.94 mg/L, Vpaw=20 mL,
Aing=0.464 cm™, catalyst=no.
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Table F.194. Dye concentration change.

z,m Abs,cm™ | C_x 102 mmol/L
0 1.553 17.91

0.09 0.153 1.76

0.21 0.072 0.83

0.52 0.003 0.04

0.88 0.000 0.00

0.98 0.000 0.00

Table F.195. Dissolved O3 concentration change.

z,m Vr, mL Aing, cm’? Co, X 10°, mmol/L
0 0.00

0.09 56.0 0.422 5.85

0.21 51.0 0.405 0.42

0.52 48.2 0.295 29.72

0.88 45.1 0.203 51.68

0.98 52.4 0.108 54.60

Table F.196. TOC change.

Z,m TOC, mg/L
0.00 50.94
0.09 48.62
0.21 45.72
0.52 44.81
0.88 43.58
0.98 42.74

Run 68
Conditions: pH=2.5, Qe=150 L/h, Q=30 L/h, Cy ;;,=0.917 mmol/L gas, C, ¢ o=

0.340 mmol/L gas, t=15 min, Viioinet=91.7 ML, Viiooutet=85.1 mL, Dye=AR-151,
Cpin=8.1x102 mmol/L, Mgix=0.3 M for out, TOCi;=17.98 mg/L, Vpa=20 mL,
Aing=0.471 cm™, catalyst=no.

Table F.197. Dye concentration change.

z,m Abs,cm™ | C_x 102 mmol/L
0 0.800 8.07

0.09 0.059 0.596

0.21 0.042 0.424

0.52 0.029 0.293

0.88 0.028 0.283

0.98 0.027 0.273
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Table F.198. Dissolved O3 concentration change.

z,m Vr, mL Aing, cm’™ Co, x 10°, mmol/L
0 0.00

0.09 442 0.215 53.02

0.21 40.8 0.197 65.48

0.52 39.3 0.117 92.44

0.88 38.0 0.121 96.65

0.98 41.2 0.034 102.44

Table F.199. TOC change.

zZm TOC, mg/L
0.00 17.98
0.09 15.63
0.21 14.51
0.52 12.84
0.88 12.02
0.98 11.88

Run 69
Conditions: pH=2.5, Qz=150 L/h, Q=30 L/h, Cy ;;,=0.954 mmol/L gas, Cq g o=

0.315 mmol/L gas, t=14.33 min, Viioinlet=95.3 ML, Viniooute=75.3 ML, Dye=AR-151,
Cbin=24.7x10% mmol/L, Mu=0.3 M for out, TOCi»=69.53 mg/L, Vpaw=20 mL,
Aing=0.468 cm™, catalyst=no.

Table F.200. Dye concentration change.

zm Abs, cm? C, x 10% mmol/L
0 2.446 24.70

0.09 0.647 6.53

0.21 0.380 3.84

0.52 0.273 2.76

0.88 0.250 2.52

0.98 0.225 2.27

Table F.201. Dissolved O3 concentration change.

z,m Vr, mL Aing, cm’? Co, % 10°, mmol/L
0 0.00

0.09 52.0 0.321 22.83

0.21 51.8 0.250 34.06

0.52 53.0 0.196 40.96

0.88 44.0 0.252 44,73

0.98 50.5 0.162 49.85
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Table F.202. TOC change.

Zm TOC, mg/L
0.00 69.53
0.09 65.85
0.21 62.38
0.52 59.04
0.88 56.84
0.98 54.72

Run 70
Conditions: pH=2.5, Qz=150 L/h, Q=30 L/h, C; ;;,=0.973 mmol/L gas, Cq g o=

0.344 mmol/L gas, t=14.33 min, Viioinlet=97.3 ML, Viniooute=91.7 ML, Dye=RBBR,
Cbin=5.3x102 mmol/L, Mgic=0.3 M for out, TOCi;=15.82 mg/L, Vpa=20 mL,
Aing=0.404 cm™, catalyst=alumina, mex=125 g, dex=2.0 mm.

Table F.202. Dye concentration change.

zm Abs, cm? C, x 10% mmol/L
0 0.459 5.29

0.09 0.138 1.59

0.21 0.043 0.50

0.52 0.041 0.47

0.88 0.025 0.29

0.98 0.007 0.07

Table F.203. Dissolved O3 concentration change.

z,m Vr, mL Aing, cm’? Co, X 10°, mmol/L
0 0.00

0.09 52.9 0.381 3.52

0.21 47.3 0.069 61.0

0.52 43.5 0.065 71.69

0.88 39.8 0.108 74.21

0.98 43.4 0.038 77.65

Table F.204. TOC change.

Z,m TOC, mg/L
0.00 15.82
0.09 12.36
0.21 10.19
0.52 9.01
0.88 8.81
0.98 8.60
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Run 71
Conditions: pH=2.5, Qe=150 L/h, Q=30 L/h, C, ;;,=0.967 mmol/L gas, C, ¢ o=

0.346 mmol/L gas, t=16 min, Viioinet=96.7 ML, Viiooute=92.2 mL, Dye=RBBR,
Cbin=18.2x102 mmol/L, Mu=0.3 M for out, TOCi=47.46 mg/L, Vpaw=20 mL,
Aing=0.462 cm™, catalyst=alumina, mex=125 g, dex=2.0 mm.

Table F.205. Dye concentration change.

zm Abs, cm™ C, x 10°, mmol/L
0 1.581 18.23

0.09 0.960 11.07

0.21 0.179 2.06

0.52 0.168 1.94

0.88 0.156 1.80

0.98 0.150 1.73

Table F.206. Dissolved O3 concentration change.

z,m Vi, mL Aing, M Co,. X 10°, mmol/L
0 0.00

0.09 50.2 0.462 0.00

0.21 51.0 0.462 0.00

0.52 53.5 0.430 4.75

0.88 49.5 0.418 7.42

0.98 58.8 0.399 8.13

Table F.207. TOC change.

Zm TOC, mg/L
0.00 47.46
0.09 43.26
0.21 40.72
0.52 37.61
0.88 34.85
0.98 33.22

Run 72
Conditions: pH=2.5, Qe=150 L/h, Q=30 L/h, C, ;;,=0.902 mmol/L gas, C, ¢ o=

0.359 mmol/L gas, t=15.5 min, Viioinet=90.2 ML, Viniooutet=92.7 mL, Dye=AR-151,
Coin=7.6x107 mmol/L, Mgic=0.3 M for out, TOCi;=19.55 mg/L, Vuam=20 mL,
Aing=0.467 cm™, catalyst=alumina, mex=125 g, dex=2.0 mm.
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Table F.208. Dye concentration change.

z,m Abs,cm™ | C_x 102 mmol/L
0 0.749 7.56

0.09 0.208 2.10

0.21 0.059 0.59

0.52 0.053 0.53

0.88 0.048 0.48

0.98 0.045 0.45

Table F.209. Dissolved O3 concentration change.

z,m Vr, mL Aing, cm’? Co, X 10°, mmol/L
0 0.00
0.09 56.5 0.390 10.48
0.21 50.0 0.289 29.48
0.52 56.1 0.212 35.10
0.88 51.2 0.222 39.02
0.98 50.1 0.150 40.29
Table F.210. TOC change.

Z,m TOC, mg/L

0.00 19.55

0.09 16.83

0.21 14.72

0.52 13.37

0.88 12.28

0.98 11.18

Run 73

Conditions: pH=2.5, Qe=150 L/h, Q=30 L/h, Cy ;;,=0.945 mmol/L gas, C, ¢ o=

0.353 mmol/L gas, t=15.5 min, Viioinet=96.9 ML, Viniooutet=91.3 mL, Dye=AR-151,
Cpin=23.8x10% mmol/L, M=0.3 M for out, TOCi=62.52 mg/L, Vpaw=20 mL,
Aing=0.463 cm™, catalyst=alumina, mex=125 g, dea=2.0 mm.

Table F.211. Dye concentration change.

z,m Abs,cm™ | C_x 102 mmol/L
0 2.356 23.79

0.09 2.003 20.22

0.21 0.775 7.83

0.52 0.712 7.20

0.88 0.674 6.81

0.98 0.656 6.61
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Table F.212. Dissolved O3 concentration change.

z,m Vr, mL Aing, cm’™ Co, x 10°, mmol/L
0 0.00

0.09 45.7 0.393 13.58

0.21 50.0 0.314 24.69

0.52 50.2 0.282 29.79

0.88 48.8 0.284 30.90

0.98 51.0 0.266 31.58

Table F.213. TOC change.

zZm TOC, mg/L
0.00 62.52
0.09 59.83
0.21 55.72
0.52 50.73
0.88 47.36
0.98 43.01

Run 74
Conditions: pH=2.5, Qz=150 L/h, Q=30 L/h, C; ;;,=0.969 mmol/L gas, Cg g o=

0.345 mmol/L gas, t=15.5 min, Vinioine=96.9 ML, Viiooute=91.9 mL, Dye=RBBR,
Cbin=5.1x102 mmol/L, Mgic=0.3 M for out, TOCi;=15.79 mg/L, Vpam=20 mL,
Aing=0.452 cm™, catalyst=PFOA, me=125 g, dex=2.0 mm.

Table F.214. Dye concentration change.

zZm Abs, cm? C, x 10% mmol/L
0 0.446 5.14

0.09 0.119 1.37

0.21 0.018 0.21

0.52 0.008 0.09

0.88 0.006 0.07

0.98 0.001 0.01

Table F.215. Dissolved O3 concentration change.

z,m Vr, mL Aing, cm’? Co, % 10°, mmol/L
0 0.00

0.09 48.2 0.441 2.02

0.21 50.0 0.305 24.42

0.52 52.0 0.285 25.52

0.88 47.0 0.278 32.02

0.98 49.0 0.252 34.21
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Table F.252. Dye concentration change.

z,m Abs,cm™ | C_x 102 mmol/L
0 1.660 19.14

0.09 1.505 17.35

0.21 1.286 14.83

0.52 0.899 10.37

0.88 0.828 9.55

0.98 0.801 9.24

Table F.253. TOC change.

zm TOC, mg/L
0.00 49.33
0.09 47.64
0.21 45.82
0.52 44.90
0.88 43.85
0.98 41.63

Run 89
Conditions: pH=2.5, Qe=150 L/h, Q=230 L/h, C, ;;,=0.989 mmol/L gas, C, ¢ o=

0.242 mmol/L gas, t=10.0 min, Vioinet=98.9 ML, Viiooutet= ML, Dye=RBBR,
Cbin=18.3x10% mmol/L, Mu,=0.3 M for out, TOCi=49.07 mg/L, Vpa=10 mL,
Aing=0.208 cm, catalyst=PFOA, Mx=125 g, dez=2.0 mm.

Table F.254. Dye concentration change.

z,m Abs,cm™ | C_x 102 mmol/L
0 1.583 18.26

0.09 1.381 15.92

0.21 1.105 12.74

0.52 0.877 10.11

0.88 0.748 8.63

0.98 0.619 7.14

Table F.255. TOC change.

Z,m TOC, mg/L
0.00 49.07
0.09 46.33
0.21 45.71
0.52 43.74
0.88 41.86
0.98 40.58
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Run 90
Conditions: pH=2.5, Qe=150 L/h, Q=150 L/h, C, ¢;,=1.439 mmol/L gas, C, ¢ o=

0.130 mmol/L gas, t= min, Vioinet=143.9 ML, Viiooute=21.7 mL, Dye=RBBR,
Cpin=22.4x10% mmol/L, Mu=0.3 M for out, TOC;i,=56.37 mg/L, Vpaw=10 mL,

Aing=0.210 cm™, catalyst=no.

Table F.256. Dye concentration change.

zm Abs, cm™ C, x 10°, mmol/L
0 1.942 22.40

0.09 1.107 12.77

0.21 0.875 10.09

0.52 0.549 6.33

0.88 0.455 5.25

0.98 0.413 4.76

Table F.257. Dissolved O3 concentration change.

z,m Vi, mL Aing, M Co,. X 10°, mmol/L
0 0.00

0.09 47.2 0.210 0.00

0.21 48.9 0.207 0.41

0.52 52.0 0.179 3.61

0.88 45.0 0.178 4.56

0.98 63.8 0.144 6.12

Table F.258. TOC change.

Zm TOC, mg/L
0.00 56.37
0.09 55.88
0.21 54.24
0.52 53.67
0.88 53.01
0.98 52.25

Run 91
Conditions: pH=2.5, Qe=150 L/h, Q=150 L/h, C, ¢;,=1.433 mmol/L gas, C, ¢ o=

0.177 mmol/L gas, t=10 min, Viioinet=143.3 ML, Viiooute=29.5 mL, Dye=AR-151,
Cbin=27.0x10% mmol/L, Mu=0.3 M for out, TOCi»=70.03 mg/L, Vpa=10 mL,

Aing=0.196 cm™, catalyst=no.
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Table F.259. Dye concentration change.

z,m Abs,cm™ | C_x 102 mmol/L
0 2,678 27.04

0.09 1.591 16.06

0.21 1.310 13.22

0.52 1.161 11.73

0.88 1.079 10.90

0.98 0.910 9.19

Table F.260. Dissolved O3 concentration change.

z,m Vr, mL Aing, cm’? Co, X 10°, mmol/L
0 0.00

0.09 37.4 0.172 4.33

0.21 37.0 0.162 6.28

0.52 38.1 0.152 7.71

0.88 33.0 0.155 8.78

0.98 42.5 0.127 10.59

Table F.261. TOC change.

Z,m TOC, mg/L
0.00 70.03
0.09 68.84
0.21 65.91
0.52 65.13
0.88 64.29
0.98 63.94

Run 92
Conditions: pH=2.5, Qe=150 L/h, Q=150 L/h, C, ¢,;,=1.487 mmol/L gas, C, ¢ o=

0.339 mmol/L gas, t=10 min, Viioinet=148.7 ML, Viniooulet=56.5 mL, Dye=RBBR,
Cpin=21.4x10% mmol/L, Mu,=0.3 M for out, TOCi=58.21 mg/L, Vpaw=10 mL,
Aing=0.202 cm™, catalyst=alumina, mex=25 g, dez=2.0 mm.

Table F.262. Dye concentration change.

z,m Abs,cm™ | C_x 102 mmol/L
0 1.857 2141

0.09 0.833 9.60

0.21 0.644 7.43

0.52 0.595 6.86

0.88 0.535 6.17

0.98 0.494 5.70
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Table F.263. Dissolved O3z concentration change.

z,m Vr, mL Aing, cm’™ Co, x 10°, mmol/L
0 0.00

0.09 46.4 0.202 0.00

0.21 45.0 0.164 6.56

0.52 42.7 0.147 9.56

0.88 40.0 0.135 12.46

0.98 57.2 0.067 15.04

Table F.264. TOC change.

zZm TOC, mg/L
0.00 58.21
0.09 55.38
0.21 52.29
0.52 48.75
0.88 48.11
0.98 47.97

Run 93
Conditions: pH=2.5, Qz=150 L/h, Q=150 L/h, C, ;,=1.388 mmol/L gas, Cq ¢ o =

0.367 mmol/L gas, t=9.17 min, Viioinlet=138.8 ML, Vinio oute=56.0 mL, Dye=AR-151,
Cbin=29.0x102 mmol/L, Muc=0.3 M for out, TOCi=58.21 mg/L, Vpaw=10 mL,
Aing=0.196 cm™, catalyst=alumina, me=25 g, dea=2.0 mm.

Table F.265. Dye concentration change.

zm Abs, cm? C, x 10% mmol/L
0 2.871 28.99

0.09 1.572 15.87

0.21 1.072 10.82

0.52 1.041 10.51

0.88 0.989 9.99

0.98 0.980 9.90

Table F.266. Dissolved O3 concentration change.

z,m Vr, mL Aing, cm’? Co, % 10°, mmol/L
0 0.00

0.09 43.5 0.196 0.00

0.21 40.5 0.195 1.35

0.52 43.3 0.182 3.10

0.88 34.0 0.181 4.50

0.98 43.2 0.136 10.02
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Table F.267. TOC change.

Zm TOC, mg/L
0.00 73.15
0.09 69.44
0.21 67.81
0.52 64.28
0.88 62.53
0.98 61.23

Run 94
Conditions: pH=2.5, Qz=150 L/h, Q=150 L/h, C, ;,=1.423 mmol/L gas, Cq g o =

0.430 mmol/L gas, t=9.5 min, Vioinet=142.3 ML, Viiooute=43.5 mL, Dye=RBBR,
Cbin=21.8x10% mmol/L, M=0.3 M for out, TOCi=55.47 mg/L, Vpaw=10 mL,
Aing=0.197 cm™, catalyst=alumina, mex=75 g, dez=2.0 mm.

Table F.268. Dye concentration change.

zm Abs, cm? C, x 10% mmol/L
0 1.893 21.83

0.09 1.490 17.18

0.21 0.835 9.63

0.52 0.695 8.01

0.88 0.566 6.53

0.98 0.433 4,99

Table F.269. Dissolved O3z concentration change.

z,m Vr, mL Aing, cm’™? Co, . X 10°, mmol/L
0 0.00

0.09 49.7 0.197 0.00

0.21 49.0 0.195 0.27

0.52 48.5 0.181 2.12

0.88 45.0 0.172 3.56

0.98 56.5 0.160 3.96

Table F.270. TOC change.

zZm TOC, mg/L
0.00 55.47
0.09 50.87
0.21 46.35
0.52 44.20
0.88 43.99
0.98 43.65
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APPENDIX G

COMPUTER PROGRAMS

G.1 Ozone absorption experiments

The ozone absorption process is described by the transfer of O3 from gas phase to liquid
phase in a co-currently operated column. Gaseous ozone (X) transfers to the liquid phase
(y) at steady state in addition to the axially dispersed liquid phase. The equations

describing the process are:

ich EG% = —
i (k a)(bx—y) (G.1)
Q dy . d’ _
A D, = +(k a)(bx-y) (G.2)

The boundary conditions for the species are:

atz =0, X=X, and y=0;
atz=H, ﬂ:
dz

where X is the inlet condition of gaseous ozone at z=0.

G.1.1 Solution of Equation (G.1)

¥ Albx-y) (63)

~(k.a)A

G

where A =

Then, discretization is applied to Equation (G.3)
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Ra=% _ A (ox-,) (G.4)

Az
X =% +A.Az(bx - ;) (G.5)
X, =+ A.Azb)x — A.Azy (G.6)

Fori=1 X =X, y, =0.0

G.1.2 Solution of Equation (G.2)

D d—y %d—y—(kLa).(bx— y)=0 (G.7)
d? d
-p, ¥ +Q—/§d—3z’+ (k.a)y—(ka)bx=0 (G.8)
d’y . dy
?4‘ BE+Cy: DX (Gg)

where B= ——% C=— (k) and D = — (k.a)b
AD, D, D,

The discretization for the first and second derivatives of y is applied.

Vi —2Y +VYiy +B Yiia — Yia

oF S+ 0y, = Dx (G.10)
By, + Fy, +Gy,,; = DX (G.11)
1 B 2 1 B
where E=———-— F=C-——,and G=——
(Az) 24z (Az) " (Az) oAz

At the boundary where i=N,
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yN+l B yN—l — 0 (GlZ)

Az
Ynot _(2:;;; Yni g yN+12;ZyN1 +Cy,, = Dx, (G.13)
Ynoa —(ZA yZ;2+ Yna Loy = Dx, (G.14)
HY\ .+ Fyy = Dy (6.19)
where H :@, and F :C—@

G.1.3 Fortran program

PROGRAM MAIN_1
IMPLICIT NONE
INTEGER N, I, ITER
PARAMETER (N = 101)
DOUBLE PRECISION X, Y, DZ, Al, B, C, D, AA, BB, CC, DD, P, Q, E,
1 F, G, H, Z, XNOLD, TOL
DIMENSION X(N), Y(N), AA(N), BB(N), CC(N), DD(N), P(N), Q(N)
C
DATA Al, B, C, D, X(1) / -12.015D0, -1.442D0, -86.609D0, -29.014DO0,
1 14.54D0 /
C
C
C... INITIALIZATION:
C
OPEN (6, FILE='RESULT7.DAT)
DZ = 1.0D0/ (N - 1)
E =1.0D0/DZ**2 - B/ (2.0*DZ)
F =C-20/DZ**2
G =1.0/DZ**2 + B/ (2.0DZ)

H =2.0/DZ**2
TOL = 1.0D-6
C
DO101=1,N
Y(I) = 0.0D0
10 CONTINUE
XNOLD = 0.0D0
C... LEFT BC:
C
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CC(1) = 0.0D0

AA(L) = 1.0D0
BB(1) = 0.0D0
DD(1) = 0.0D0

C

C... INTERNAL GRIDS:

C

DO 201 =2, N-1

cc(l) =-E
AA() = F
BB(I) = -G

20 CONTINUE

C

C... RIGHT BC:

C
CC(N) = -H
AA(N) = F
BB(N) = 0.0D0

C

C... ITERATION SECTION:

C

DO 60 ITER =1, 100
DO301=2, N
X(1) = (1.0D0 + A1*0.35*DZ) * X(I-1) — A1*DZ*Y(I-1)
30 CONTINUE
C
DO401=2,N
DD(I) = D*X(I)
40 CONTINUE
C
CALL TDMA (Y, AA, BB, CC, DD, N, P, Q)
C
IF (DABS(XNOLD - X(N)) .LT. TOL) GOTO 70
XNOLD = X(N)
60 CONTINUE
C
70 WRITE(6,*)' ITER =",ITER
WRITE(6,*) DABS(XNOLD - X(N))
C
Z=0.0D0
DO501=1,N
WRITE(8,%) Z, X(I), Y()
Z=2+DZ
50 CONTINUE
C
STOP
END
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Subroutine Program

C == == == —_ === == === ——————==—==

C

C THIS SUBROUTINE SOLVES A SYSTEM OF N LINEAR SIMULTANEUOS
C EQUATIONS

C HAVING A TRIDIAGONAL COEFFICIENT MATRIX.

C

C AHMET N. ERASLAN

C IOWA STATE UNIVERSITY

C AMES, IOWA 50011

C

C ARGUMENT LIST :

C _______________

C N : NUMBER OF SIMULTANEOUS EQUATIONS.

C

C PHI - SOLUTION VECTOR

C

C AB,C,D :COEFFICIENT VECTORS OF LENGTH N

C

C PQ : DUMMY VECTORS USED IN RECURRENCE RELATIONS
C

INTEGER I, K, M, N, NL
DOUBLE PRECISION A, B, C, D, DENOM, P, PHI, Q
DIMENSION A(N), B(N), C(N), D(N), P(N), PHI(1), Q(N)

EVALUATE P(1) & Q(1) :

OO0

P(1) =B(1)/ A(1)
Q(1) = D) /A1)

USE RECURRENCE RELATIONS TO FIND P(1), Q(I), 1 =2,3,...,N :

OO0

DO101=2,N
DENOM = 1.0/ (A(l) - C(I) * P(I-1))
P(1) = B(I) * DENOM

10 Q(I) = (D(I) + C(I) * Q(I-1)) * DENOM
PHI(N) = Q(N)

C
C BACK SUBSTITUTE P(l), Q(l), I = N-1,N-2,....,1 TO FIND PHI(N-1),
C PHI(N-2),.....PHI(L) :
C
NL=N-1
DO20K =1, NL
M=N-K
20 PHI(M) = P(M) * PHI(M+1) + Q(M)
RETURN
END
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Figure G.1. The flowchart of the computer program for absorption of ozone.
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G.2 Dye ozonation experiments

The reaction of ozone with an organic molecule (dye) is described in a co-currently

operated three phase reactor. First, gaseous ozone (x) is transferred to the liquid phase

(y) by convection and axial dispersion. Then, in the liquid phase it reacts with the

organic (p) according to the first order reaction with respect to both the dye and ozone

concentrations. The equations describing the process at the steady state are:

QB i
% B alibe-y)

2
Qdy_ D, d’y +(k a)lbx—y)-k.p.y— kp-Co, Y

A dz dz
Q. dp d’p
=L ==-D —-r.k.p.
Adz ‘“dZ# ° Py

The boundary conditions for the species are:

atz =0, X=X, y=0, P=Py;
atz=H, Q:O, @:0
dz dz

The solution of Equation (G.16) is the same applied in Section (G1.1.1).

G.2.1 Solution of Equation (G.17)

2
D M _&ﬂ — [(kLa)+ k.p— kDCf‘OH ]y+ (kLa).b.X =0

d’y dy —
B—+Cl(y).y=D
dz? " dzJr (¥).y=Dx

—(k.a)-k,C"_, and

where B = — SQIS , C1(y) = R+W.p for R=

"L L
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(G.17)

(G.18)

(G.19)

(G.20)

(G.21)



Yin _(iiﬁ);' Yia +B yi+12;Zyi—1 +C_1(y)y, — DXi (G.ZZ)
Eyi—l +ﬁ(3’)-yi "’GYi+1 = D)g (G.23)
1 B — — 2 1 B
where E= ———-——, FI(y)=Cl(Y)-—— and G= ——— +—
(Az)f  2Az () =Clly) (Az)f (Az)  2Az

At the boundary where i=N,

Ynia — Yna =0 (G.24)
Az
Y1 = 2Yn * Yo Y~ Yna |~
B +C1 .y, = Dx G.25
(AZ)Z + ZAZ (yN) yN N ( )
yN—l_ZyN2+ Yna +a—(YN)-YN = Dx, (G.26)
(Az)
Hy,_, + F1n.y, = DX, (G.27)
where H = —2 and F1 CL(y,) 2
—_ e— N o —_——
(Az)’ " (Az)
G.2.2 Solution of Equation (G.18)
Q. dp d’
=t T =D ——-r.k.p. G.28
S dZ L dzz s py ( )
d’p Q dp
D — ==X _rkpy=0 G.29
L dzz S dZ S py ( )
2 QR
4P, g%, cogy).p=0 (G.30)
dz dz
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-Q —-r.k

where B = , C2(y)=V.y for V=
D, L
Pi—2P + Py Pau—Pa , ~
B C1(y).p =0
(Az) i nz )-p
Epi—l+ﬁ(y)'pi +Gle =0
1 B — — 2 1 B

for E= -~ F2(y)=C2(y)——°— and G=—— +—>_
(Az)f 24z ) ) (Az)f (Az)f 24z

At the boundary where i=N,

pN+1 B pN—l =0
Az

|]Nfl 2 |]N |]N+l |CN+1 IcNfl
( )2 2 (yN) N

2(pN—l_ pN)+C_12(yN).pN -0

(az)

Hpy ., +EN.yN =0

2 — = 2
for H=——,and F2y =C2 -
(a2) v =C2) = 1y

G.2.3 Fortran program

PROGRAM MAIN_1
IMPLICIT NONE
INTEGER N, I, ITER

PARAMETER (N =101)

(G.31)

(G.32)

(G.33)

(G.34)

(G.35)

(G.36)

DOUBLE PRECISION X, Y, DZ, Al, B, D, AA, BB, CC, DD, PDUMMY, Q, E,

1 F, G, H, Z, XNOLD, TOL, R, W, V, C, P, PIN

DIMENSION X(N), Y(N), AA(N), BB(N), CC(N), DD(N), PDUMMY(N), Q(N),

1 P(N)

DATA Al, B, D, X(1) /-11.219D0, -2.632D0, -10.333D0, 0.966D0 /

DATA R, W /-29.524D0, -52.254D0 /
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DATA 'V, PIN /-261.270D0, 0.0722D0 /

C
C... INITIALIZATION:
C
OPEN (6, FILE='RESULT.DAT
DZ =1.0D0/ (N - 1)
E =1.0D0/DZ**2 - B/ (2.0*DZ)
G =1.0/DZ**2 + B/ (2.0*DZ)
H =2.0/DZ**2
TOL = 1.0D-7
C
Z=0.0D0
DO101=1,N
P(I) = -0.99*PIN*Z + PIN
Y(1) = 0.0D0
Z=7+DZ
10 CONTINUE
XNOLD = 0.0D0
C
C... LEFT BC:
C
CC(1) = 0.0D0
AA(L) = 1.0D0
BB(1) = 0.0D0
C
C... INTERNAL GRIDS:
C
DO 20 1 =2, N-1
cC(l) =-E
BB(I) = -G
20 CONTINUE
C
C... RIGHT BC:
C
CC(N) =-H
BB(N) = 0.0D0
C
C... ITERATION SECTION:
C

DO 60 ITER =1, 100
DO301=2, N
X(1) = (1.0D0 + A1*0.35*DZ) * X(I-1) — A1*DZ*Y(I-1)
30 CONTINUE
C
DD(1) =0.0D0
DO401=2,N
C =R+W*P()
AA(I) = C - 2.0/DZ**2
DD(1) = D*X(1)
40 CONTINUE
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CALL TDMA (Y, AA, BB, CC, DD, N, PDUMMY, Q)

C
DD(1) =PIN
DO411=2,N

C =V*Y()
AA(I) = C - 2.0/DZ**2
DD(I) = 0.0D0

41 CONTINUE

C
CALL TDMA (P, AA, BB, CC, DD, N, PDUMMY, Q)

C
IF (DABS(XNOLD - X(N)) .LT. TOL) GOTO 70

XNOLD = X(N)
60 CONTINUE
70 CONTINUE

C
WRITE(6,*) ' ITER ="ITER

WRITE(6,*) DABS(XNOLD - X(N))
C
Z=0.0D0
DO501=1,N
WRITE(6,100) Z, X(1), Y (1), P(I)
Z=2+DZ
50 CONTINUE

C
STOP

100 FORMAT(4(2X,F16.6))
END
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Figure G.2. The flowchart of the computer program for dye ozonation.



G.3 Catalytic dye ozonation experiments

In the liquid phase, in addition to the terms of mass transfer from gas to liquid phase,
axial dispersion, chemical reaction and ozone decomposition, the term of mass transfer
from liquid to solid phase was added to the equations [Eqgns. (3.50) and (3.51)]. The

equations describing the process at the steady state are:

% H_(a)lbx-y) (©37)

d d? n
QY _p —Z+(kLa).(bx— y)-k.py-k,C"  y-MLly (G.38)

Adz ‘dz
Q dp_ d’p
=L -D, —r.kpy-r.M1. G.39
Adg Dgg  eKpy-reMLy (G.39)
where Ml—;

1 1

- +

kem k,am

The boundary conditions for the species are:

atz =0, X=X, y=0, P=Py;
atz=H, ﬂzo, %:
dz dz

The solution of Equation (G.37) is the same applied in Section (G1.1.1).

G.3.1 Solution of Equation (G.38)

2
D M—&O'—3Z’+(I<La).(bx— y)-kpy—k, C"_ y-MLy=0  (G.40)

2
p, 3V QY [y a)ikp-k,C' ~Mily+(ka)bx=0 (G.41)

“dZ? Ad
2
d?’ BQ+CC(y)y Dx (G.42)
dz dz
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—(k.a)-k,C",, —M1

where B= — - C3(y) = RL+W.p for RL= and
SD, D,
W :__k, D= _M
DL DL
Vi —2Y + Vi Vi = Yia | ~5
+B +C3(y).y = Dx G.43
5 Ay (y).y; = Dx (G.43)
Ey, , + F3(y).y + Gy, = Dx (G.44)
1 B — — 2 1 B
where E= ———-—— F3(y)=C3(y)—— and G= ——+—
(Az) 2Az () =C30) (Az) (Az)  2Az
At the boundary where i=N,
Ynaa = Yna _ 0 (G.45)
AZ '
Yna — 2yN + Yna Yna ~ Yna | ~a
+B +C3 Yy = DX G.46
(AZ)Z ZAZ (yN) yN N ( )
Yn-1 _2yN2+ Yna "‘a’(ym)-ym = Dx, (G.47)
(A2)
Hy,_, + F3n.y, = DXy (G.48)
where H =—2 and F3 C3(y,) 2
—_— — N = [ —
(Az)’ " (azy
G.3.2 Solution of Equation (G.39)
Qdp . d
=t =D, —-r.kpy-r.M1. G.49
N Dlge  eKPY-reMly (G.49)
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2
p 4P QP by MLy=0 (G.50)

bdz2 S dz
‘3?+ng+cz(y).p—rsl\/|1.y:o (G.51)
where B=——— —Q C2(y) V.y for V= ok
D, ' DL
p|+l 2 pl + pl—l p| 1 pl—l
+B +C2 -rM1 G.52
T Ay (Y)-p Y, = (G.52)
Ep_,+F2(y).p, +Gp,, =r.ML1y, (G.53)
1 B 2 1 B
for E = , F2 C2 and G=—-5+—
(a2f 2z PW=CAN 0w azf " 2az
At the boundary where i=N,
Pns1 = Prs =0 (G.54)
Az
Pn-1 _2pN + Pnaa Pnia = Pna | ~5
B C2 .py =r.M1. G.55
(AZ)Z + ZAZ + (yN) pN S yN ( )
M_'_a(y'\‘).p'\l =r.MLly, (G.56)
(Az)
Hp,, + F2n.yy =1 M1y, (G.57)
for H=—2— and F2 c2(y,) 2
= s N = -
(Az)’ " (Az)

G.3.3 Fortran program

PROGRAM MAIN_1
IMPLICIT NONE
INTEGER N, I, ITER

PARAMETER (N = 101)
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DOUBLE PRECISION X, Y, DZ, AL, B, D, AA, BB, CC, DD, PDUMMY, Q, E,
1 F, G, H, Z, XNOLD, TOL, R1, W, V, C, P, PIN, M1
DIMENSION X(N), Y(N), AA(N), BB(N), CC(N), DD(N), PDUMMY (N), Q(N),
1 P(N)

DATA AL, B, D, X(1) / -11.219D0, -2.632D0, -10.333D0, 0.966D0 /

DATA R1, W, RS / -29.524D0, -52.254D0, 0.1D0 /

DATA V, PIN, M1/ -261.270D0, 0.0722D0, 0.0678D0 /

C
C... INITIALIZATION:
C
OPEN (6, FILE='RESULT.DAT)
DZ =1.0D0/ (N - 1)
E =1.0D0/DZ**2 - B/ (2.0*DZ)
G =1.0/DZ**2 + B/ (2.0*DZ)
H =2.0/DZz**2
TOL = 1.0D-7
C
Z=0.0D0
DO101=1,N
P(I) = -0.99*PIN*Z + PIN
Y(I) = 0.0D0
Z=2+DZ
10 CONTINUE
XNOLD = 0.0D0
C
C... LEFT BC:
C
CC(1) = 0.0D0
AA(L) = 1.0D0
BB(1) = 0.0D0
C
C... INTERNAL GRIDS:
C
DO 20 1 =2, N-1
cC(l) =-E
BB(l) = -G
20 CONTINUE
C
C... RIGHT BC:
C
CC(N) = -H
BB(N) = 0.0D0
C
C... ITERATION SECTION:
C
DO 60 ITER =1, 100
DO301=2 N
X(1) = (1.0D0 + A1*0.35*DZ) * X(I-1) — A1*DZ*Y(I-1)
30 CONTINUE
C
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DD(1) =0.0D0
DO401=2,N
C =RI1+W*P(l)
AA(I) = C - 2.0/DZ**2
DD(1) = D*X(I)
40 CONTINUE
CALL TDMA (Y, AA, BB, CC, DD, N, PDUMMY, Q)

C
DD(1) =PIN
DO411=2,N

C =V*Y(l)

AA(I) = C - 2.0/DZ**2

DD(I) = RS*M1*Y(I)
41 CONTINUE

C
CALL TDMA (P, AA, BB, CC, DD, N, PDUMMY, Q)

C
IF (DABS(XNOLD - X(N)) .LT. TOL) GOTO 70

XNOLD = X(N)
60 CONTINUE
70 CONTINUE

C
WRITE(6,*) ' ITER ="ITER

WRITE(6,*) DABS(XNOLD - X(N))

C

Z=0.0D0

DO501=1,N
WRITE(6,100) Z, X(1), Y(1), P(I)
Z=2+DZ

50 CONTINUE

C

STOP
101 FORMAT(4(2X,F16.6))

END
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Figure G.3. The flowchart of the computer program for catalytic dye ozonation.
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APPENDIX H

MODELING GRAPHS

H.1 Ozone absorption graphs

0.35

—o— Gas, theoretical

0.30

—o— Liquid, theoretical

0.25 A Liquid, experimental

0.20
0.15

Cos, mmol/L

0.10
0.05

000 k="
0.00 0.20 0.40 0.60 0.80 -

Z,m

Figure H.1. The comparison of theoretical and experimental steady state liquid phase
ozone concentrations for the best fit of D, and k a values. Conditions: Qg = 45 L/h,

Qu =30 L/h, T =23°C, Cq ;,= 0.307 mmol Os/L gas, catalyst = no, D, = 3.1x10°
m?s, k,a =4.2x 102 s™,
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0.30 —o— Gas, theoretical
—o— Liquid, theoretical
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Figure H.2. The comparison of theoretical and experimental steady state liquid phase
ozone concentrations for the best fit of D, and k a values. Conditions: Qg = 70 L/h,

QL =30 L/h, T =23°C, Cy ¢;,= 0.297 mmol Os/L gas, catalyst = no, D, = 3.6x10°
m?s, k,a =4.8x 102 s™,

0.35
0.30 —o— Gas, theoretical
—o— Liquid, theoretical
0.25 | au .
A Liquid, experimental

Cosz, mmol/L
o
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0 0.2 0.4 0.6 0.8 1

Z,Mm

Figure H.3. The comparison of theoretical and experimental steady state liquid phase
ozone concentrations for the best fit of D, and k a values. Conditions: Qg = 100 L/h,

Qu =30 L/h, T =23°C, Cq ;,= 0.304 mmol Os/L gas, catalyst = no, D, = 1.3x107
m?/s, k. a =6.4x 102 s™,
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Figure H.4. The comparison of theoretical and experimental steady state liquid phase
ozone concentrations for the best fit of D, and k, a values. Conditions: Qg = 125 L/h,

Qu =30 L/h, T =23°C, Cq ¢;,= 0.305 mmol Os/L gas, catalyst = no, D, = 1.5x10°
m?s, k,a =7.3x10%s™,

0.35
0.30 &
—o— Gas, theoretical
N 0.25 —o— Liquid, theoretical
E 0.20 A Liquid, experimental
S
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S
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0.05
0.00
0 0.2 0.4 0.6 0.8 1
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Figure H.5. The comparison of theoretical and experimental steady state liquid phase
ozone concentrations for the best fit of D, and k, a values. Conditions: Qg = 100 L/h,

Qu =110 L/h, T =23°C, C, ¢, = 0.294 mmol Os/L gas, catalyst = no, D, = 1.8x10°
m?s, k_a =5.0 x 102 s™,
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Figure H.6. The comparison of theoretical and experimental steady state liquid phase
ozone concentrations for the best fit of D, and k, a values. Conditions: Qg = 100 L/h,

Qu =150 L/h, T =23°C, C, ¢;,= 0.293 mmol Os/L gas, catalyst = no, D, = 2.0x10°
m?/s, k.a =4.9x 102 s™,
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Figure H.7. The comparison of theoretical and experimental steady state liquid phase
ozone concentrations for the best fit of D, and k, a values. Conditions: Qg = 100 L/h,

Qu =200 L/h, T =23°C, C, ¢, = 0.293 mmol Os/L gas, catalyst = no, D, = 6.1x10°
m?s, k,a =5.0 x 10°s™.
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Figure H.8. The comparison of theoretical and experimental steady state liquid phase
ozone concentrations for the best fit of D, and k, a values. Conditions: Qg = 100 L/h,

QL =250 L/h, T =23°C, Cqy, g, = 0.291 mmol Os/L gas, catalyst = no, D, = 9.2x10°
m?/s, k. a =4.9x10?s™,
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0.30 ° o Gas, theoretical
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Figure H.9. The comparison of theoretical and experimental steady state liquid phase
ozone concentrations for the best fit of D, and k a values. Conditions: Qg = 150 L/h,

Qu=30L/h, T=23°C, Cqy g;,= 0.324 mmol Os/L gas, catalyst = alumina, me=25 g,
D, =0.98x10° m?/s, k_a =9.8 x 107 5™,
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H.2 Dye ozonation graphs
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Figure H.10. The comparison of theoretical and experimental steady state liquid phase
ozone and dye concentrations for the best fit of D, and k a values. Conditions: Qg =

70 L/h, Q. = 30 L/h, Dye = AR-151, Cpj, = 13.1x10”% mmol/L, T = 23°C, Co,in=
0.345 mmol O/L gas, no catalyst, D, = 3.2x10° m?/s, k,a = 6.0 x 107 s,
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Figure H.11. The comparison of theoretical and experimental steady state liquid phase
ozone and dye concentrations for the best fit of D, and k a values. Conditions: Qg =

70 L/, Q. = 30 L/h, Dye = AR-151, Cpjn = 20.2x10°2 mmol/L, T = 23°C, Cq o=
0.351 mmol Os/L gas, no catalyst, D, = 3.7x10° m?/s, k, a = 6.4 x 107 s,
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Figure H.12. The comparison of theoretical and experimental steady state liquid phase
ozone and dye concentrations for the best fit of D, and k a values. Conditions: Qg =

70 L/, Q. = 250 L/h, Dye = AR-151, Cpjn= 27.7x10% mmol/L, T = 23°C, Cy g ,=
0.329 mmol O4/L gas, no catalyst, D, = 6.7x10° m?/s, k,a = 2.2 x 107 s,
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Figure H.13. The comparison of theoretical and experimental steady state liquid phase
ozone and dye concentrations for the best fit of D, and k a values. Conditions: Qg =

150 L/h, Q. = 30 L/h, Dye = AR-151, Cpjn= 26.4x10% mmol/L, T = 23°C, Cy ¢ ,=
0.308 mmol Os/L gas, no catalyst, D, = 1.0x10° m?/s, k a = 15.2 x 102 s™,
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Figure H.14. The comparison of theoretical and experimental steady state liquid phase
ozone and dye concentrations for the best fit of D, and k a values. Conditions: Qg =

150 L/h, Q. = 30 L/h, Dye = RBBR, Cpjn= 4.9x102 mmol/L, T = 23°C, C,, 4,,= 0.277
mmol Os/L gas, no catalyst, D, = 1.2x10° m?/s, k,a = 9.6 x 10? 5™,
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Figure H.15. The comparison of theoretical and experimental steady state liquid phase
ozone and dye concentrations for the best fit of D, and k a values. Conditions: Qg =

150 L/h, Q. = 30 L/h, Dye = RBBR, Co;n= 8.9x10% mmol/L, T = 23°C, C,, 4, = 0.319
mmol Os/L gas, no catalyst, D, = 1.2x10° m%s, k a =9.8 x 10%s™.
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Figure H.16. The comparison of theoretical and experimental steady state liquid phase
ozone and dye concentrations for the best fit of D, and k a values. Conditions: Qg =

70 L/h, Q= 30 L/h, Dye = RBBR, Cp,in=13.9x10 mmol/L, T = 23°C, C,, 5;,= 0.343
mmol Os/L gas, no catalyst, D, = 3.6x10° m%s, k a = 5.8 x 10%s™.
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Figure H.17. The comparison of theoretical and experimental steady state liquid phase
ozone and dye concentrations for the best fit of D, and k a values. Conditions: Qg =

70 L/h, Q = 30 L/h, Dye = RBBR, Cpjn= 18.8x10° mmol/L, T = 23°C, C, 4, = 0.354
mmol Os/L gas, no catalyst, D, = 3.2x10° m%s, k a = 7.6 x 10%s™.
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APPENDIX |

BUBBLE AND CATALYST PROPERTIES

1.1 Bubble size graphs

Figure I.1. The bubble behaviour in FBR at Qg =70 L/h, Q. =150 L/h, around the gas
distributor. Mean size bubble diameter = 1.74 mm.
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Figure 1.2. The bubble behaviour in FBR at Qg =70 L/h, Q. =150 L/h, in the middle of
the column. Mean size bubble diameter = 2.19 mm.

Figure 1.3. The bubble behaviour in FBR at Qg =70 L/h, Q. =150 L/h, on the top of the
column. Mean size bubble diameter = 2.73 mm.
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Figure 1.4. The bubble behaviour in FBR at Qg =150 L/h, Q_ =150 L/h, around the gas
distributor. Mean size bubble diameter = 2.16 mm.

Figure 1.5. The bubble behaviour in FBR at Qg =150 L/h, Q_ =150 L/h, in the middle of
the column. Mean size bubble diameter = 2.63 mm.
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Figure 1.6. The bubble behaviour in FBR at Qg =150 L/h, Q. =150 L/h, on the top of the
column. Mean size bubble diameter = 2.79 mm.

Figure 1.7. The bubble behaviour in FBR at Qg =150 L/h, Q. =250 L/h, around the gas
distributor. Mean size bubble diameter = 1.85 mm.

393



LEd4 e

L] ——

R i
CHE R R

Figure 1.8. The bubble behaviour in FBR at Qg =150 L/h, Q. =250 L/h, in the middle of
the column. Mean size bubble diameter = 2.31 mm.

Figure 1.9. The bubble behaviour in FBR at Qg =150 L/h, Q. =250 L/h, on the top of the
column. Mean size bubble diameter = 2.47 mm.
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1.2 Thermogravimetric Analysis (TGA) graphs

DITGA TGA SAMPLE-1 DTA
mg/min % uv
0.50 100.0r —
1 20.00
90.0r
Weight Loss -2.747mg
-11.445%
0.00-
4 0.00
80.0r
File Name: FEROL1-19-9-08.tad
Detector: DTG-60H
Acquisition Date 08/09/19
Acquisition Time 10:58:59(+0200) 4 -20.00
Sample Nar_ne: ORNEK 1 F. EROL
_0.50L 70-0'f\ﬁm§ix?'ght 24.002[mg]
0.0 100.0 200.0 300.0 400.0 500.0 600.0
Temp [C]
Figure 1.10. TGA of alumina.
OrTeA TGA SAMPLE-2 DTA
mg/min % uVv
0.50- 100.0-
4 20.00
90.0-
0.00r 1000
80.0r Weight Loss ~ -5.578mg
File Name: FEROL2-23-9-08.tad -19.060%
Detector: DTG-60H
hcquisition Date  08/09/23 277.03C 4 -20.00
Acquisition Time 10:50:43(+0200)
Bample Name: ORNEK 2 F. EROL
-0.501- 70.0Bample Weight:  29.266[mg]
Annotation: | ! . . ! L
0.0 100.0 200.0 300.0 400.0 500.0 600.0
Temp [C]

Figure 1.11. TGA of 25% PFOA.
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. TeA SAMPLE-4 DTA
mg/min % uVv
File Name: FEROL4-23-9-08.tafl
0.50r 100.0 Detector: DTG-60H
Acquisition Date 08/09/23
Acquisition Time 14:40:43(+0200)
Sample Name:  ORNEK 4 F. EROL
Sample Weight:  29.505[mg] 4 20.00
Annotation:
90.0f
0.00- 1 0.00
80.0r
Weight Loss -6.240 mg
-21.149 %
4 -20.00
274.74C
-0.50+ 70.0F
0.0 200.0 200.0 600.0
Temp [C]
Figure 1.12. TGA of 50% PFOA.
DITGA TGA SAMPLE-3 DTA
mg/min % uVv
File Name: FEROL3-23-9-08.tad|
0.501- 100.0; Detector: DTG-60H
Acquisition Date  08/09/23
Acquisition Time  12:47:04(+0200)
Sample Name: ORNEK 3 F. EROL
Sample Weight:  26.295[mg] 4 20.00
Annotation:
90.0F
0.00 4 0.00
80.0F
Weight Loss -6.349 mg_ -20.00
-24.145 %+
050k 70.0k 27252 C
0.0 1000 2000 _ 3000 _ 4000 _ 5000 _ 6000
Temp [C]

Figure 1.13. TGA of 100% PFOA.
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1.3 Order of magnitude analysis

Table 1.1. The “Order of magnitude” analysis in dye ozonation. Catalyst: none, Qg =
150 L/h, Q. = 30 L/h.

CD,ir21 X Order of lig. conv‘i Order of gas-lig. OJ?;T r?]];lslsq' reacgcr)ielii%fetics
Dye 107, mass transfer x 107, mass transfer x 4 4
mmol/L mmol/(L.s) 10*, mmol/(L.s) transfer x 107, x 10,

’ mmol/(L.s) mmol/(L.s)

4.8 4.59 90.2 3.32 4.24
9.6 5.29 109.4 3.83 9.77
RBBR 14.4 5.29 121.7 3.19 14.65
19.2 5.19 138.0 2.82 19.17
6.6 5.36 114.2 5.17 6.44
13.2 5.08 145.7 4.28 12.20
AR-151 19.8 4.84 149.2 2.92 17.46
26.4 5.11 163.9 3.08 24.56

Table 1.2. The “Order of magnitude” analysis in dye ozonation. Catalyst: none, Qg = 70
L/h, Q. =30 L/h.

CD,ig x Order of lig. convﬁ.1 Order of gas-lig. Odric#r ;gl;q' reacg(r)?]eliiﬁztics
Dye 107, mass transfer x 10°, | mass transfer x 4 4
mmol/L mmol/(L.s) 10°, mmol/(L.s) | transfer <10, x10,,

‘ mmol/(L.s) mmol/(L.s)
4.8 5.57 60.0 11.8 5.14
9.6 5.54 64.3 12.7 10.2
RBBR 14.4 5.69 69.6 12.3 15.8
19.2 5.87 94.1 11.3 21.7
6.6 5.54 63.1 10.0 6.7

13.2 5.72 72.4 11.0 13.8
AR-151 19.8 5.82 78.6 13.0 21.0
26.4 5.76 91.1 11.1 27.8

Table 1.3. The “Order of magnitude” analysis in dye ozonation. Catalyst: none, Qg = 70
L/h, Q. =250 L/h.

CD,ig X Order of lig. convz.1 Order of gas-lig. Odric:c?r r%];gsq' reac(t?(r)ﬁeliizztics
Dye 107, mass transfer x 10", | mass transfer x 4 4
mmol/L mmol/(L.s) 10%, mmol/(L.s) transfer x 107, x 10,
’ mmol/(L.s) mmol/(L.s)
4.8 45.9 17.4 21.6 5.1
9.6 41.2 17.7 18.5 9.1
RBBR 14.4 43.8 25.5 18.4 14.6
19.2 47.4 32.4 20.2 21.0
6.6 44.8 14.7 23.3 6.5
13.2 43.1 16.4 21.2 12.4
AR15L 19.8 44.0 21.2 21.9 19.0
26.4 45.6 25.4 22.1 26.3
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Table 1.4. The “Order of magnitude” analysis in dye ozonation. Catalyst: alumina, Qg =
150 L/h, Q. = 150 L/h.

Order of Order of Order of
lig conv. | Orderofgas- | i g | Orderof g colid
Coin X lig. mass reaction
" mass mass o mass
Dye 107, Meat, 0 transfer x kinetics x
transfer x 4 transfer x 4 transfer x
mmol/L 4 10 s 4 10 s 4
10% mmol/(L.s) 10% mmol/(L.s) 10%

mmol/(L.s) ' mmol/(L.s) ' mmol/(L.s)

4.8 25 8.04 28.49 3.05 1.48 1833.20

19.2 8.04 29.51 3.05 5.93 2386.50

4.8 8.04 27.81 3.05 1.48 5961.32

RBBR 19.2 » 8.04 28.83 3.05 5.93 7962.32
4.8 195 8.04 30.86 3.05 1.48 12398.35

19.2 8.04 33.58 3.05 5.93 18062.93

6.6 25 8.04 25.78 3.05 1.93 1965.34

26.4 8.04 27.47 3.05 7.73 2439.88

AR- 6.6 75 8.04 28.49 3.05 1.93 6429.91
151 26.4 8.04 30.18 3.05 7.73 8160.92
6.6 195 8.04 30.86 3.05 1.93 13638.66

26.4 8.04 35.61 3.05 7.73 18681.72

Table 1.5. The “Order of magnitude” analysis in dye ozonation. Catalyst: PFOA, Qg =
150 L/h, Q. =150 L/h.

Qrder of Order of gas- C_)rder_ of Order of Qrder 9f
lig. conv. X lig. diff. - lig-solid
Cojn X lig. mass reaction
5 mass mass S mass
Dye 107, Meat, O transfer x Kinetics x
transfer x 4 transfer x 4 transfer x
mmol/L 4 10 s 4 10 , 4
10, mmol/(L.s) 10, mmol/(L.s) 10,

mmol/(L.s) ' mmol/(L.s) ' mmol/(L.s)

4.8 25 8.04 35.95 3.05 1.48 1449.06

19.2 8.04 36.97 3.05 5.93 1661.16

4.8 8.04 34.59 3.05 1.48 5392.03

RBBR 19.2 & 8.04 36.29 3.05 5.93 6406.66
4.8 125 8.04 36.63 3.05 1.48 9550.17

19.2 8.04 37.31 3.05 5.93 11482.71

6.6 25 8.04 31.54 3.05 1.93 1463.87

26.4 8.04 34.59 3.05 7.73 1665.99

AR- 6.6 75 8.04 32.90 3.05 1.93 5460.55
151 26.4 8.04 34.59 3.05 7.73 6430.63
6.6 125 8.04 37.31 3.05 1.93 9679.25

26.4 8.04 39.34 3.05 7.73 11528.93
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