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CHAPTER1

INTRODUCTION

1.1 Problem statement

Oily wastewater generated from various industries such as oil refinery, petrochemical
plants and similar facilities have been produced wastewater containing various pollutants.
This prevents oxygen dissolved into water and aquatic life lack of oxygen. In addition even
very low concentration is toxic to microorganisms, so that biodegradation is eventually
inhibited (Lersjintanakarn, 2008). In oily wastewater treatment, two types of oil, free oil and
emulsified oil are needed to-be removed. Emulsified oil category is generally found in
wastewater effluent with concentration may be up.to. 1000 ppm and emulsified oil droplet
size is 50 um in diameter-approximately. This causes the problem to conventional techniques.
Thus two or more treatment approaches are necessary 0 combine.

Cutting oil which'is also/called S(;.luble oil and rapid emulsification in water are
intensively used in metalworking processes:(e.g. as rolling, mills, and metal workshop)
(Portela et al, 2001). Cutting/oil is vapidly emillsijﬁed in water due to the basic composition of
cutting oils consisted of mineral oils*(40-80 wt %), emulsifiers, coupling agents, and
disinfectants (20-60 wt %) (Rios et él, ‘1998). -ﬁ;l.ed:soluble cutting oils have both properties of
lubrication and cooling and are rapidly emulsiﬁ%& it}lwater becoming very stable emulsion (Li
et al, 2007). However, it loses ‘lubricating eﬁd?lzzooling properties after used. It causes
environmental problems due fo their dissoc'i‘;t.i_é'i.{/‘ breakdown of cutting fluid at high
temperature, water pollution-and-soil-contamination-during diSposal (Xavior and Adithan,
2009). Moreover, cuttingloil used in pipelines set up could-contaminate drinking water as
uncommon but possible (Rella et al, 2002).

Several _alternative methods haye_been proposed. to.be. mainly oily wastewater
treatment system, [fer | example, |adsorptiony flocctlation, | electrocoagulation, flotation
(Zoiboulis and Avranas, 2000), ultrafiltration (Hu et.al, 2002). The quantity of cutting oil
contairning n: wastewater is"very; low concentration, incineration might not be the properly
disposal approach (Portela et al, 2001). Consequently, salts containing cutting oils formula
should be carefully considered as the cause of furnace lining corrosion (El Baradie, 1996)b.
Gravity settler and cyclone approach are preferable to non-dissolved oil removal for many
industries. Heavy crude oils, which have density nearly water, are difficult to treat by this
method. The difference of density and buoyancy between two phases of oil and water is small
and results in ineffective performance. Because they are tending to form stable emulsions

with water; therefore, gas flotation becomes effective method (Moosai and Dawe, 2003).



Due to oil emulsion can be removed effectively whereby flotation process which
generates bubble to attach suspended particles and float up to the surface (Lersjintanakarn,
2008). Therefore it has become crucial process in oily wastewater treatment with several
advantages, for instance, great potency, compact size and low capital cost. To obtain a good
performance, oil droplets dispersed in emulsion should be destabilized by coagulation before
separated by flotation. Coagulation is the process that addition of chemical to reduce
repulsion between dispersed particles and allows them agglomerate resulting in increasing
size of floc, and effective approach to use together with induced air flotation (IAF)
(Meyssami and Kasaeian, 2004).

Oily flotation is one of development of flotation process has been applied. It has been
primary improved from gas. flotation in order to.mcreasing recovery product in processing
ores and demonstrated the selective proper-{ies on farget mineral particles by control surface
properties from coating type of'chemical. Qily flotation which is the usage of bubbles coated
with oil (oily bubble) has been primary improved from gas flotation in order to increasing
product recovery in pro¢essing ores, The previous study is reported that kerosene (reactive oil
model) was successfully @Sed in particles-eollection of bitumen extraction and showed shorter
induction time of bubble-particles atfachme}lt J(Li et al, 2006). Therefore, the concept of
reactive oil-bubble is interested to be included-:i'r;)- this study in order to improve oil droplet and
bubble adhesion in the attachment step by theit Jiydrophobicity interface.

A4

1.2 Objectives ‘ T .
The main objective of this research was tb study performance of induced air flotation
(IAF) process cornbined with coagulation processes called modified induced air flotation

(MIAF) on synthetic cutting oily-wastewater treatment. The specific objectives were:

1. To study feasibility of gas bubble, coated with kerosene with IAF process on
cutting oily wastewater treatment;

2. To determine the optimal operating conditions for coagulation and MIAF
processesssuch.as initialypHyychemical, concentrationy~gas=tflow jrate and bubble
hydrodyinamic parameter;

3. To extend operating condition and improve overall treatment efficiency of
continuous MIAF process for cutting oily wastewater treatment;

4. To investigated the effect of liquid flow regime on treatment efficiency of

continuous MIAF process by analyzing Residence Time Distribution (RTD).



1.3 Scope

This research was conducted in batch (IAF, coagulation and MIAF) and continuous
processes (MIAF) for treating the cutting oily-wastewater at department of Environmental
Engineering, Chulalongkorn University. The following details can be summarized:

1. This research was conducted by using concentrated cutting oil (Castrol cooled

BI) mixed with tap water at concentration 1g/L as synthetic oily wastewater. The
oil concentration was selected from intermediate value from Chooklin, 2004.

2. Two sizes of 2 m height column were used which diameter are 4.2 and 10 cm.

These two columns equipped lifferent gas diffusers. Small column was

equipped with ri as diffuser/w large column equipped with flexible
membrane diffuser. Sampli 4d at 20 cm and 90 cm above gas
- E——

distributor fo

3. Kerosene (S bubble and alum was used as
coagulant in ¢ esses.

4. Bubble hydrod . 11 be investigated and presented
in terms of oci adient (a/G)

AUEINENINYINg
ARIANTUNRINYINY



CHAPTER IT

THEORETICAL BACKGROUND

2.1 Physical characteristics of oily wastewater (Aurelle, 1985)

Selection of proper approach to treat oily wastewater depends upon characteristics of
pollutant forms that possibly caused from various factors. Oily wastewater attribute can be
defined in 4 different categories. The characteristics of oily waste from various industries are

shown in Table 2.1 which indicates that emulsified oil attribute is difficult to treat.

1. Dissolved oils
Hydrocarbons are not totally dissolved in.water. The solubility depends on molecular
weight and polarity, the -solubility increases -as—the~molecular weight decreases. Low

molecular weight hydrocarbons which'are easily volatized are also soluble hydrocarbons.

2. Oils emulsions im'absent of surfactants

Wastewater effluents from industrial processes are frequently found in emulsion form
which can be caused by centrifuigal pump; Vel_aturi, and elbow joint. This oil in water (O/W) is
produced by both of agitation to disperse llydTogarbons in water and during the phenomenon
of biphasic condensation. Thesg emulsions j'c__an..- be divided into primary and secondary

emulsions. ¥

Primary emulsions have droplet diamé%@r’sgj"ymore than 100 microns and the micro-
droplet can be visible with naked eyes. Secondai"y“GmMSions have droplet diameters less than

20 microns and can be visible as milky trait.

3. Oils emulsions in present of surfactants

Emulsions of oil and water with the presence of Surfactants are mostly found in
industrial effluent; and their interaction, (O/W.and ,surfactants).. The presence of surfactants
results in decreasing-of|interfacial (tension offoill in water lemulsion. Under this condition
(within stripped area), emulsion is verystable (stabilized emulsion), the 0il phase presented in

emulsion spontancously?

4. Film layer of oils

Oily layer is usually floated on the oil-air interface and this form can be quickly
separated gravity (Da Rosa and Rubio, 2005). Small amount of oil is sometimes covered wide
spread of water surface as a monolayer film. Spontaneous monolayer of oil film can be
created by small amount of oil. The densities of hydrocarbons that are lower than water make

them easily collected at the surface.



Table 2.1 Characteristics of oily waste from industries (Adapted from Wang et al, 2004)

Source Industries Characteristics
Alkaline and acid Metal fabrication, iron, and steel, Normally highly emulsified
cleaners metal finishing industrial due to surfactants; difficult to

treat
Machine coolants Metals manufacturing machining Normally emulsified and

difficult to treat

Vegetable and animal | Edible oil, detergent manufacture, Both free and emulsified
fats splitting, refining, | fish processing, textile (wool oils; difficult to treat
rendering scouring), tank car washing
Petroleum oils Petroleum refining), Petroleum Both free and emulsified
drilling oils; difficult to treat
|‘
2.2 Cutting Fluids : &

Firstly, the cutting fluid actions-are ;feported as coolants by Taylor in 1907 (Xavior
and Adithan, 2009). Cutting fluids are.the rhatérial used in machining process to improve
tribological characteristics of work ‘piece-t;jol-system (Sokovic and Mijanovic, 2001).
Turning process, the mineral from the Sutface of rotating cylindrical workpiece is removed by
cutting tool. Mineral removed is called:“chip”. fl;hé’_.Sliding of chip on the tool surface affects
in creation of high shear stress and friction c_défficjcnt during chip formation (Xavior and
Adithan, 2009).

The cutting fluids can decrease heat at the cutting area by flooding over the tool chip
and work piece. Cutting fluids act as cooling and lubricating agents at the cutting zone.
During metal machining operation, the contact of interface between chip/workpiece and tool
produce heat inlevery cutting speed caused by wear rate, shear strength and friction. These
problems lead te ymachine materials corrosion and workpiece distortion. The high speed
cutting required cooling effects whereas the lubricating action_is more_ important at the lower
speed. Coolant properties must be high thermal conductivity, high specifi¢_heat capacity and
high heat of vaporization. Water, one of the best media known, can be composed of partly
constituent to perform this requirement. However, water is not a good lubricant and can be
corrosive to ferrous metal. Moreover, water tends to wash lubricant in rotating and sliding of
machine and leads to machine corrosion. Sometimes, extreme pressure (EP) agents are added
when used in severe machining operations. The mixture properties are combined cooling and
anti-corrosion action. Cutting fluids have become desirable solution and provided more
benefit for manufacturers. In case they have been used or selected in optimal manner, cutting

fluids result in increasing of productivity, reducing costs by making higher cutting speeds,




higher feed rates and more depths of cut possible. In addition cutting fluids can also increase
tool life, reduce surface roughness, extend dimensional accuracy, and decrease energy
consumed by mainly characteristic cooling and lubricating actions (El Baradie, 1996)a.
However, environmental problems caused from cutting fluid applications may occur due to
their dissociation/ breakdown of cutting fluid at high temperature, water pollution and soil

contamination during disposal (Xavior and Adithan, 2009).

Classification of cutting fluids

The cutting fluids can be categorized according to various criteria. Herein the main
group of cutting fluids is categorized according to its composition. Three categories are
water-soluble fluids (water miscible), neats cutting oils and gasses. Classification of
metalworking fluids and their'composition before bemg dispersed in water is shown is Figure
2.2

1. Water-soluble fluids (water miscible)

“Soluble oils” do uot referred fo dissolve in water but are mineral oils blended with
emulsifier. Mixing blended in water disperseloﬂ droplet in continuous phase of water and then
become oil in water emulsion. The original z-}i)glications of water soluble fluids are used for
high speed cutting machining operation beéguée they have better cooling capabilities in
thermal reduction of tool paits. Water- 501ub1e"ﬂi1ias are mixed with water to perform various
dilutions that the proportions depend-on type 6‘f‘operat10n Classification of soluble cutting
fluids (Figure 2.1) can be divided-in 3 types, emuls1ﬁable oils (soluble oil), chemical
(synthetic) oils and seml-chemlcal-(seml-synthetlc} fluids. Types and general characteristics
of them are shown in‘Table 2.2.

2. Neat Cutting Oils

Neat cutting oils.are used in undiluted form. They de.not have to be totally consisted
of mineral oils, but they oftenzinclude high percent of additives. These cutting fluids are very
suitable for very high cufting pressure operation because they are notable in lubricating
action. The major groups of neat cutting oils are mineral oils, fatty oils. Neat cutting oils
formula“canibe blendad, andproportion with extreme pressute additiyes;sulphur and chlorine.
Mineral oils consisted” of mineral oils without additives, have poor lubricating properties but
they are low cost. These oils are stable and suitable for light operations, for example, the
machine operation of aluminum, magnesium, brass, and sulphurized or lead free machining
steels. Fatty oils are obtained from lard and rape (seed of rape plant) oil. They are once widely
used but they are difficult to gain today. Fatty oils are very polar, high “oiliness” anti friction
performance, but they have poor anti weld characteristics. They are also easily oxidized and

caused odors.



Table 2.2 Water Soluble (Water Miscible) Fluids (El Baradie, 1996a)

CLASS

TYPE

GENERAL CHARACTERISTICS

Emulsifiable Oils

1) General purpose
soluble
oils

» Used at dilutions between 1:10 and 1:40 to
give a milky emulsion.
» Used for general purpose machining.

2) Clear type soluble
oils

» Used at dilutions between 1:50 and 1:100.

» Their high emulsifier content results in
emulsions which vary from translucent to
clear.

> Used for grinding or light duty machining.

3) Fatty.soluble-oils

» Used at similar concentrations to 1) and of
similar appearance.

> Theii-fat content makes them particularly
go0d for general machining operations on
nonferrous metals.

4) EP soluble oils

» Generally contain sulphurized or
chlorinated EP additives.

> Used at dilutions between 1:5 and 1:20

. where a higher performance than that given
" by 1),2) or 3) is required.

Chemical
(Synthetic) fluids

1) Trug solutions

g

> Essentially solutions of chemical rust

inhibitors in water.

> “Used at dilutions between1:50 and 1:100

. for grinding operations on iron and steel.

2)-Surface active
chemical
fluids

> Contain mainly water soluble rust

" inhibitors and surface active load carrying
additives.

> Used at dilutions between 1:10 and 1:40
for cutting and at higher dilution for
grinding.

> Most are suitable for both ferrous and
nonferrous metals,

3) EP surface active
chemical fluids

» Similar in characteristics to 2) but
containing EP additivés'to give higher
machining performance when used with
ferrous metals.

» Used at dilutions between 1:5 and 1:30.

Semi-chemical
(Semi-synthetic)
fluids

» Essentially a combination of a chemical
fluid and a small amount of emulsifiable
oil in water forming a translucent, stable
emulsion of small droplet size.

> EP additives are usually included
permitting their use for moderate and
heavy duty machining and grinding

applications.




3. Gasses

Air can be considered to be another cutting fluid and has attractive results in prolong
tool life. Even gaseous lubricant does inefficiency to us as coolant due to its lower cooling
capacity than liquids, there was report that employment of cool air promotes 400 percent
increasing of tool life in milling operation. Gaseous that was considered to use as cutting

fluids are carbon dioxide and nitrogen.

;\Q:: A ‘. J;V «Mineral oils

S = 1 _«Emulsifiable oils in water

| *Chemical fluids

organic and/or other materials)
er

NONE OF MINERAL OILS)

Water soluble
fTuids

emical fluids
*Emulsifiable oils in water

ater Soluble Fluids

f1g)

Me!afworld’?‘g fluids
Tark

Synthetic

\

[Joil M Additives []Emulsifiers [ Water

Figure 2.2 Classification of metalworking fluids and their composition before being

dispersed in water (Benito et al, 2009)



2.3 Physico-chemical treatment of oily wastewater

Various oily treatment technologies have been reported based on physical and
chemical processes. Due to biocides, for example, heterocyclic sulfur and nitrogen
compounds, containing in cutting oils, biodegradation has become less important for oily
wastewater treatment processes, whereas these chemicals prevent their degradability
(Cafiizares et al, 2008). However, physical cooperated with chemical treatments can provide a
good performance for oily wastewater treatment. Chemicals are firsly used to destabilize
colloid state of emulsion by reducing of repulsion between surface active and dispersing
medium (Bensadok et al, 2007) and physical methods which are enabling to separate oil from

water are gravitation, filtration, flotation and centritugation.

The primary treatment.of oily wastewater-is-normally removal of free oil by physical
process. The secondary 1S dealing” with breaking oil-water emulsion and soluble oil using
chemicals process, and separation by, physic|al process later. The tertiary treatment associates
finishing process to complete oily Wastewatér treatment. Oily waste water treatment approach

can be briefly summarized.as follows (Lersjinj[p'nakarn, 2008).

Decantation: The floatable free oil ﬁsiﬁg up to water surface is natural phenomena
and simple to handle at primary treatment of (}i_ly..wastewater. This method separates free oil
without modified original® oil/ characteristic' by, means of stokes law application. Thus,
decantation does not applicable to Smail oil droplets removal because small oil droplets take
very long time to rise up to water surfac_é?qgl_il_sing the larger tank construction and

uneconomical.

Coalescence: This method accelerates increasing size-of oil droplets based on Strokes
Law parameters. The rising velocity is proportional to droplets size square so that it affects on

increasing of oily emulsion‘separation, the secondary treatment.

Flotation: This process applied stokes law by increasing different density between oil
and water by injection of gas bubbles into water phase in order tospick up oil droplets
dispersed | in iwater andsrise” up together at the surface. The agglomeration of oil and gas
bubbles rapidly rise up due to gas or air has lower density than water. There are two types of
flotation in general classification, induced air flotation (IAF) and dissolved air flotation

(DAF).

Chemical process: The purpose of chemical utilization is for destabilization of stable
oil emulsion. This method is mainly used for stable emulsified oil containing wastewater.
Chemicals destabilized oil droplet stability first, and then destabilized oil droplets tend to
coalesce and floc formation. The fundamental of this process is based on knowledge of

electrical properties at colloids surface, not stokes law.
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2.4 Colloids and Stability

The term coagulation herein is referred to overall process of particle aggregation
which is both particle destabilization and particles transport. Flocculation is applied for
describe particle transport step (Weber, 1972) using external energy input to induce the floc

formation.
2.4.1. Colloids

Turbidity in effluent wastewater is the result of dispersion of colloids which is very
fine particles with a diameter between 10°-10°.m..Colloid is a type of mixture which one
substance is immiscible dispersed throughgut another:"Colloid system consists of 2 phases
which are dispersed phase andscontinuous phase. The different property that distinguishes
colloid from true solution isdighisscaticring causing by the light beam passes through colloid
and light is reflected by celloidiunlike pasdéing through true solution resulting in little light
scattering. This phenomenonfis khown as Tyndall effect. Another the specific characteristic of

colloids is the Brownianimotion, which keep. ﬁar:c_icles diffused in random fashion.
),

2.4.2. Stability of colloids -

The stability of colloidal particles, which is the results of the interaction of electric
surface charge between colloids, allows them dispersed in suspension or prevents them from
aggregation. This electrical interaction may-be a&r_a_Qtjye or repulsive forces depend upon type
of charge positive or negative that colloids carry. Like charges repel each other. Mostly the
particles dissolved in watgf have a negative charge repel each other and allow them disperse

in water following with their turbidity present.

1) Electric double layérTheory

Due to 'their"small' size and' mass, they-cannot-be settling by gravitational force and
are difficult to separate from water. Its' buoyancy and=kinetic energy isivery low to conquer
the repulsive force. However, smaller size particles have high surfaces/area and bring about to
form double layer. The ions attract to unlike charges at the particle surface forming a first
inner layer by accumulation of counter ions, stern layer. The next stern layer is diffused layer
containing the opposite charges of surrounding colloidal particles accumulation. This layer
cannot be regularly removed by external velocity gradient since it bound to the particles as the
shear plane. Thus, diffused layer does not affected by fluid motion. The distribution charge of

electric double layer is illustrated in Figure 2.3.
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2) Zeta potential

The electrostatic potential generated from the accumulation of surrounding ion of
colloidal particles is indicated by zeta potential. Zeta potential is an indirect measure the
different electrical potential between shear plan and bulk fluids of solution. The electric
potential around colloidal particles correlated with distance from particles surface is shown in

Figure 2.4.

Shear Zeta
Plane 2 potential

T
Plane of shear =

]
|
."f i \ ('.i.\ | -g E)islance from particle surface ——
|‘ Colloidal O g 5
. 3 3
\ Particle | ('b G\ [ . ;;
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\ — | i g E b
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Lgier “'_ Distance from particle surface ——

Figure 2.3 Electric double layer  Eigure 2.4 fntensity of zeta potential variation in
~différent dist'_ég-c’e’ from particles surface (a) before

= —and’(b) afterr‘fc-_dagulants addition (Sastaravet, 2008)

2.5 Coagulation

Coagulation 'i§' the physicochemical destabilization process increasing size of floc
formation from small suspended particl€s in water to separate from mixture up to the surface.
The method link to;'elimination of this ¢clectrostatic barrier is-coagulation-flocculation. The
process destabilizes colloid charge by coagulants addition is chemical coagulation.
Additionally, surfactant is used to alter its characteristics whereby absorb the surface of
colloid. To separate colloids from water, destabilization of colloids charges is needed by
neutralization of its charge first. When the charge layer is removed, these particles tend to be
agglomerate, then settled and further disposed by other mechanisms. Alum and ferric chloride
are generally used as mainly available in commercial coagulants in water supply and other

industrial proceeding.
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2.5.1 Destabilization of colloids mechanisms

Different chemical addition affects on different colloids destabilization mechanism. It
is up to condition used, some materials function as coagulant or coagulant aids, and some can
destabilize colloids more than one mechanism. The destabilization of colloids is carried out
through four different methods: (1) Diffuse layer compression; (2) adsorption to produce
charge neutralization; (3) enmeshment in a precipitate; and (4) adsorption to permit

interparticle bridging.

1. Double layer compression

This mechanism is the purely electrostatic interaction between some coagulant
species and colloidal particles. lon of the opposite.eharge increases counter ions and results in
diffuse layer is compressed when high. eoncentration of electrolyte is introduced. The
distances of repulsive interaction”between similar colleidal particles are reduced. The
effective of coagulation im'Wastewater freatment is determined in jar test which the coagulant

|
dosage is varied and turbidity remained after appropriate stirring and settling (Weber, 1972).

Counter-ions addifion (opposife chaige ion to particle) into the wastewater reduces
the diffused layer thickness#This effect resul‘g'g in reduction of Zeta potential. For general oily
wastewater and cutting oil Wastewat_er,_drople:t“é‘g_.ha)ﬂ/e negative charges. So, the counter ions in
these cases are positive charges, for example, JA}+ The counter-ions can be added until the
system reaches iso-electric condition (potential #-':O)i:,AHowever, this mechanism cannot reverse

the droplet charges, no matter how many ions a@dﬁcd (Lersjintanakarn, 2008).

2. Sweep coagwlation (Enmeshment in a precipitate)

Enmeshment of colloids in precipitation is generally called sweep coagulation. Metal
hydroxide precipitates, <Al(OH);, or Fe(OH);, will be gemerated when introduced alum
(Al,(SOy4);) and ferric chlotide (FeCl;) witho'high enough concentration interact with
hydroxides (OH"). The particles are then entrapped i precipitates formation (Wang et al,
2005). In case of colloidal particles dispersed in water present in low concentration (low
turbidity)y ¢oagulation; accomplishment! requites’ large aniount of ‘coaguilant more than water
containing high content of colloids, whereas it is low possibility that coagulants can contact
with colloids. Sweep coagulation is pertinent in this case whereby the excess coagulant is
added into the water to enhance contact probability of coagulants and colloids, and form

entrapped a sticky insoluble precipitate (Weber, 1972).

3. Adsorption and charge neutralization

Some chemical species that carry the opposite charge to colloids are capable of being
adsorbed at the surface of colloidal particles. A destabilization phenomenon of colloids by

chemical coagulation is combined of various mechanisms. Typically coagulants which
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function of adsorption and electrostatic neutralization are the long-chain organic amines. The
positive charged of organic amine molecules (R-NH"") are rapidly attach negatively charged
of colloids. The charge on particles is neutralized and the electric repulsion is eliminated or
minimized causing destabilization and therefore agglomeration. The organic amines are
hydrophobic since lacking of interaction between CH, containing in their R-chain and
enclosing water. Consequently, these positive charged ions are driven out in water and
coming close to absorbed on particle interface. However, an over dose of R-NH*" counter
ions bring about charge reversal from negative to positive and return to be dispersion

(restabilization) system.

In cast using metal salts as coagulants, dissociated metallic ions undergo hydrolysis
and form positively charged metallic hydioxyoxide complexes. Trivalent salts of aluminum
and iron create various speeies due‘to hydrolysis products'which tend to polymerize to give
polynuclear metallic hydroXides: The over, dose of metallie salts is the similar manner of
organic amines in which gesultsdin charge reézersal and restabilization of particles (Wang et al,
2005). Reduction of surface charge by a&g&rption is a much different mechanism than
reduction by double layer compression. ;
1. The sorbable species are capable of:q,es_@abilizing colloids is used at much lower

dosage than the nonsorbable used in "dgplole layer compressing" ions.
2. Destabilization by adsorption.- is stoic‘hiq',metric. Thus, the required dosage of

coagulant increases as the concentration of ¢olloids increases.

3. It is possible'ito overdose a systefn with an adsorbable species and cause

restabilization asAa result of a charge reversal on the collgidal particle.

4. Adsorption to permit interparticle bridging

Macromolecules..can-be .also. used..as-destabilizing agents,. for example, cellulose,
starch including synthetic.'organic polymer. This' high.molecular fweight polymer may be
positive charge, negative charge or neutral. However,_anionic polymer is noted that is the
most eeonomical | imy wastewater treatment “although | dispersed particles. have negatively
charged also. The chemical groups which located in polymer molecule interact with colloidal
surface. Some of this group adsorb on surface of particle and leave extending molecule into
the solution. If a second particle contacts the vacant site of this extended part, it will be
attached (Weber, 1972). There are several commercial chemical products that can be used as
destabilizing agents. Their molecule structure and properties may attach oil droplets by the

extended remainder (Lersjintanakarn, 2008).
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2.5.2. Influencing coagulation factors

Several factors affect significantly coagulation process and are present in the

following discussion described below (Wang et al, 2005).

1. Colloid concentration

Colloid concentration is gather impact to either dosage required or coagulation
efficiency. The required dosage in coagulation is stoichiometrically involving dispersed
colloidal particle concentration in solution. The rate of coagulation is slow for dilute colloidal
systems consist of low number of colloidal particles in suspension. In case of low colloids
concentration present, improvement could be used ecoagulant aid or applied a large coagulant
dose to suspension. However, applied overdosesconeentration could results in enhancing

restabilization of colloids opportunity.

2. Coagulant dosage

The effect of aluminum andiron coagulant dose was studied and evaluated as the four
relationships zone; first low.dosage zone, increasing the dosage progressively to the highest
dosage divided in zone four. 1 4
Zone 1: Insufficient coagulant dosage:"‘go destabilization of colloids
Zone 2: Sufficient coagulant hasbeen introduced to allow coagulation occur
Zone 3: Excess coagulant leading to cﬁa}ge reversal and restabilization of particles
Zone 4: Oversaturation allow metal hydféii’&e precipitate entraps colloidal particles

and create sweep-coagulation effieiently

3. Zeta potential

Zeta potential 1s-stand for the net charge of colloidal particles. Higher value of zeta
potential is greater magnitude of repulsive force between colloids. Consequently, colloidal
system stability is enhanced! The zeta potential’ is measured by electrophoretic of particle

mobility in electri¢ field.

4. Affinity of colloids for water

Hydrophilic', (water-loving) . colloids are very. stable,"due to. theitr hydration shell,
chemicals' cannot easily replace sorbed water molecules. Hence, they are difficult to
destabilize by coagulation and remove from suspension. Hydrophobic stability depends upon
their electrostatic charge and the more of their water-loving. The suspension containing such
hydrophilic particles needs 10-20 times of coagulant when compared with normally dose for
destabilization of hydrophobic particles. Conversely, hydrophobic (water-hating) the metal
oxide can be easily destabilized or coagulated. The bulk colloidal particles of turbid water
contain the mixture of hydrophilic and hydrophobic in suspension coming with the

intermediate in the degree of their difficulty to coagulate.
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5. pH value

pH value is represent of value measured of H and OH™ ion concentration. Isoelectric
point is referred to the pH value that charge is the most nearly neutralized. At high pH value
above isoelectric point, the particles charge become more negative charge or less positive
leading to reverse effect take place. The Isoelectric point of alum is generally about pH 8§, but
it varies in pH range 7 to 9. The greatest adsorption take place at the pH range provided the

minimum solubility.

6. Anions in solution

The restriction of restabilization colloids and charge reversal is concerned when using
alum and iron as coagulants. Nevertheless the behavior could be restrained in present of high
concentration of anions like sulfate, silicate-and phosphate. The ability to prevent
restabilization is worked whens{SO,” | is excess up to-10-14 mg/L. Using alum as coagulant
causes several species ofposifively charged of aluminum hydroxyoxides. Aluminum
hydroxide has lowest solubility at isoelectljic point located on pH range 7-9. Increasing of
alum while maintained thissgpH range initiates’ sweep coagulation take place and aluminum
hydroxide precipitation./Conyersely, at the lojy;&/edr_‘ pH range (5 - 7), increasing of alum dosage
brings about promoting of positively chargeii_ élum species that can adsorbed on particles

surface, and hence charge reversal and restabilization occurred. Moreover, this similar idea is
4,
able to adapt for iron coagulation. ==
i '.J’g

7. Cations in solution =

Divalent cations, for example, Ca’' andli'/[é”, have sbeen recommended in which
helpful and necessary to coagulation of is negatively charged clay particles with the three
effects. :

(1) Double layer compression

(2) Minimization.of repulsive force between negatively.charged of colloids

(3) ReductionofirepulSive barrier betwéen adsorbed polymeis

8. Temperature

Coagulationunder the low temperature using metallicisalts affects/in converse effect.
The suggestion of switch to iron salts is recommended when working under the low
temperature. Enhancing the rate of coagulation at higher temperature can be done by the
following:

(1) Increasing kinetic energy or molecule velocity

(2) Promote chemical reaction rates

(3) Reduction of flocculation time

(4) Decreasing water viscosity

(5) Modity floc formation into larger agglomeration
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9. Gradient velocity (G)

In addition of known appropriate type and coagulant dosage, gradient velocity (G) is
another important parameter indicating turbulent level process and energy consumption in
coagulation. The approach developing to control this process except jar test could be zeta
potential control, residual coagulant analysis. In case of velocity gradient occurred from
aeration or pneumatic mixing, power could be determined by following equation (Sastaravet,

2008):

<P=QQGM4?+CEJ Eq. 2.1
C2

P = Power consamption (Nm/s)

C, = Constant =3904

Cy*="Constant = 10.33

H = Deptiof diffuser (n)

Q¢ = Air ﬂé)w rate (m*/min)
2.6. Flocculation process

The complete designicoagulation unit'? has to consider both particle destabilization and

particle transport. Two step process involvi;rg chemical and physical aspects is based on
colloids chemistry and fluid mechanics, Destét-;;‘ili;ation is evaluated in jar test to determine
proper coagulant type and dosage. The partid?{ transport on flocculation to produce inter
particle contacts is the next considered. Floccﬂa_;i,‘(l)n is provided for interparticle contacts.
The general contacts-is performéd by orthokiliéﬁ'é floeculation that is colloidal particles
collide with each other:Caused-from-velocity-gradients-produced by fluid mechanical means.
Design of flocculation unit is associated with wvelocity gradient selection, reactor
configuration, detentiontime to produce aggregations of* suitable size for removal in
subsequent unit (Weber, 1972)" The term_coagulation herein is.referred to overall process of
particle aggregation which is both particle destabilization and particles transport. Flocculation

is applied for describe particle transport step (Weber, 1972) using external energy input to

induce ‘the floc formation:

2.7 Flotation Process

The flotation is associated with surfaces chemistry of separated material which
natural hydrophobic materials are mainly ideal material and this process involves several
physical phenomena (Zoiboulis and Avranas, 2000). As theoretical predict, the collection
efficiency is therefore depending on droplet size and bubble size (Zoiboulis and Avranas,

2000; Moosai and Dawe, 2003).
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2.7.1. Flotation process category
The flotation processes frequently mentioned in wastewater treatment area are
induced air flotation (IAF) and dissolved air flotation (DAF) according to different in air

injection methods (Moosai and Dawe, 2003).

1) Induced air flotation (IAF)

Air injection into liquid is able to perform by both mechanical type which bubbles is
relatively coarse in ranged 2-5 mm and blowing air through porous material by rotating
impeller. This type of flotation can induce atmospheric air without requirement of blowers or
compressors, which is why it has known as “induced air flotation” in water treatment industry
(Jameson, 1999). The role of TAFE for treatment ofswastewater discharged from steel mills,
dairy factories and remediation of soil cofitaminated with petroleum was demonstrated that
IAF is successfully used for sepatation of algae and phosphorus compounds from sewage
effluent plant. IAF procCessgtises gas bubble size between 40-1000 um and turbulent

hydrodynamic conditions: Thefretention time. is generally lessthan 5 min. (Rubio et al, 2002).

2) Dissolved air flotation' (DAF)

/

The DAF process is much more com@qn}y used in water treatment than IAF. Water
stream saturated with air raised pressure up to,4 atm is injected into flotation tank. Small
bubbles are produced while the pr;essured Jls_ %creased from value of pressurized to
atmospheric pressure. For this reaéon, small bu‘tﬁés‘. produced via DAF make water treatment
beneficial. Nevertheless, the residence time of | sma_l'l bubbies is relatively long causing large
flotation cell constructiefi (Jameson, 1999). The DAF process utilizes the microbubbles size
between 30-100 pm and quiet. The retention time is longer than IAF process; therefore, DAF

does not suitable for large volume effluent treatment. (Rubio et al, 2002)

2.7.2. Flotation efficiency

The flotation is associated with surfaces chemistry of separated material which
natural shydnephebic-materials are .mainly ideal imaterialy ands thisyprocess finvolves several
physical phenomena“(Zoiboulis and“Avranas, 2000). The performance of flotation process is
relied on capability of bubbles to collect particles and carried them to the surface where the
sludge forms. The particles is transformed to hydrophobic or non-wetting first, and then
attached to bubbles, this is called collection mechanism. As theoretical predict, the collection
efficiency is therefore depending on droplet size and bubble size and distribution (Zoiboulis
and Avranas, 2000; Moosai and Dawe, 2003), oil-bubble contacts, oil-air bubble
hydrodynamics, interfacial properties between oil, air and water, temperature and viscosity

(Moosai and Dawe, 2003).
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2.8. Stokes Equation

The droplet rise velocity is the major factor in air flotation. The terminal rise velocity,
Up for rigid spheres under lamina flow is given in Stokes equation (Eq.2.2). The rising
velocity is dependent on bubble/droplet diameter and density difference. Thus, oil droplet size
is very important. Increasing density difference enhances rising rate of oil-water
agglomerates. Stokes equation is describe reasonable well for the solid sphere in the rank 10 <
d <200 um, and for the similar size of gas bubbles when surfactant is present in water. The
Stokes equation can be assumed that it is valid when applied with oily wastewater since the
surfactant is normally present. The surfactants plays a role in rigidify gas bubble and water
interface.

_d°ghp

) = Eq.2.2
B T8 q

where, U, terminal velo€ity (rising or settling) of particles, d; diameter of dispersed phase
!
particles, g; gravitational'acceleration, Ap; difference in density between dispersed and

continuous phase, p; continious phase viscosity.

2.9 Modified Induced Aip Flotation (MIAF)"J |

Modified Induce Air Flotation (MIAF) 1s the physicochemical process developed
from combination of the use of chemicals to dé:sfakijlize oil droplet and gas flotation process
to remove destabilized oil out of water. MIAI"fié ,-'created for the purpose of improve oily

wastewater treatment efficiency.

Soluble cutting oil is normally consisted of surfactants; therefore, oily wastewater
polluted by cutting oil is very easily mixed and become yery stable emulsion rapidly. In
general, the diameter of oil droplets in presence of surfactants (oil-water emulsion) is less
than 10 pm that cannot'be sreated, by |Stokes:based proeessesy This size is classified into
colloidal range"which" is“very stable“dispersed in the“liquid phase affected by Brownian
motion and electrostatic repulsion. The particles is #very small size, theé electrostatic force
intensityis stronger effect than gravity.force. Thus, colloidal particles cannot settle by gravity
force and'drain out through decantation. Even though this oil drops can be settling, it takes

very long time.

For MIAF process, the solution for emulsified oil separation from water is needed to
destabilize dispersed oil droplet first by elimination or minimization of repulsive barrier
(diffused layer) that blocks oil droplet to coalesce. The latter step required is physical process
to separate destabilized oil in form of floc such as flotation. So MIAF is classified in two

major steps consisted of coagulation-flocculation and induced air flotation.
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Step 1: The mainly approach to destabilize oil droplets present in stable emulsion
(coagulation). Coalescence or aggregation of destabilized oil droplets (flocculation) is

then occurred due to the repulsive barrier thickness is already removed or minimized.

Step 2: Flotation process has been become acceptable method to remove fine
particles and applied with oily wastewater treatment present in form of stable
emulsion. The gas bubbles, normally air, introduced by flotation process are

entrapped within floc leading to increasing of density difference between floc and air.

2.10 Bubble hydrodynamic Parameters

1. Bubble diameter (Dg)

Bubble diameter is important parameter which-determines gas hold up, rising velocity
and air dispersion in flotation.system. The-bubble sizes-is also related with particle removal
potency and have strong affect forflotation rate constant (k) when it is described by the first
order rate equation. However, for mechanicgl flotation cell and turbulent conditions, flotation
constant is less dependent’on bubble dlameter (Grau and Heiskanen, 2005). Bubble diameter
is determined by image amalysis technlque usmg high speed camera (100 images/s). The
average diameter (d,.) ismeasured from -{,150—200 bubbles and calculated by Eq. 2.3.

Zd
SAdag = '_fl\/ Eq.2.3

'
7/
S A4

2. Bubble rising velocity (Tg) EEe
The bubble rising velocities “have been ealeulated by using the image analysis
technique. The terminalivelocities of bubbles produced in most frequent diameter will be used
to calculate by measuring distance between two frames ‘and variation of Eq. 2.3.

(Painmanakul et al., 2005).

Us= <X Eq.2.4
Lframe
Where Us = Bubble.rising velocity
AD = Distance between two frames
thame = Acquisition time frame

Additionally, bubble rising velocities can be determined by plot correlation between
terminal rising velocities versus bubble diameter as obtained in experimental curved of Grace

and Wairegi (Painmanakul et al, 2004).



20

3. Bubble formation frequency (fg)

A number of bubbles generated through air diffuser per unit of time are referred to
bubble bubbles formation frequency (fg). It can be determined by Eq. 2.5 (Painmanakul et al.,
2004).

fp=—"F Eq. 2.5
B v, q
Where fp = Bubble formation frequency, s
Q. = Gas flow rate (m?/s)
Vs = Bubble volume, m*

The relationship of bubble frequenéy and aic flow rate is correspondingly when one
of them is changed. Inwease of~increased air flow rate influence on promoted bubble

frequency, this brings abeut intweduction of collision probability .

I
4

4. Interfacial area (a) /. i

The interfacial awea, a' considerable ‘para_lmeter related with flotation efficiency, is
defined as the ratio between the bubbie surfa?;?su(SB) and the total volume in reactor (Vo).
The interfacial area is able © experimentally determine using the number of bubbles (Ng)
which is calculated from the tefminal sising Bﬁﬁbl_e velocities (Ug) and the bubble formation

frequency (fg) as expressed in Eq.2.6. e

Wi = firx iy s Eq. 2.6
Us
Hence, the inte?fa'cial area can be calculated from the Eq 2.7 below
a=Nsx % = fBx He X 7Dy Eq.2.7
Vioii UB'\ “AHi'+ NaVs

Where a = Interfagial area, m™
Ni = Number of bubbles/generated
Sy = Total bubble surface, m*
Viotal = Total volume in reactor, m’
s = Bubble formation frequency, s
Hp = Liquid height, m
Up = Bubble rising velocity
Dg = Bubble diameter, m
A = Cross-sectional area of reactor, m*

Vi = Bubble volume, m®



21

2.11 The concept of reactive oily bubble

Reactive oily bubble herein is referred to bubbles covered by a thin layer of oil
containing oil soluble collectors (surfactants) which are added into oil phase in order to turn
particles into hydrophobic state. Reactive oily-bubble flotation was developed from the
concept of oil flotation which is able to collected fine particles with small oil droplets instead
of gas bubbles in flotation column due to small oil droplets are easier generated than air
bubbles.

In conventional flotation, fine particles have small inertia in following the liquid
stream line since their Kkinetics energy is/ insufficient for particle-bubble attachment
mechanism. Large amount of fine bubbles were usc.as the flotation carrier to increase both of
surface area flux and to enhanee eollision efficienicy-"However, generation of small bubbles to
enhance much more carrying-eapacity is more difficult than making of small oil droplets.
These small oil droplets with0.5.40 50 um in diameter can be produced by emulsification.

For conventional oil flogatien, oil drl)plets were used as the carrier to collect particles.
It has been demonstrated in'the'laboratory scale that it has capability for recovery the fine
particles less than 10 pm. The fine partlcles- arga more easily collected at oil-water interface
when compare with air-water interface.due tq strong attractive force of molecule interface.
However, it has been considered as uneconom%cal for commercial scale because large amount
of oils requirement in operation, oils ’récoveryf"dj;ig: rpcycling stage. This is the reason why the
use of bulk oil carrier in hydrophoﬁic Iianicles cglleréitlon could not be remained.

Collector is inferred o~ chemical :ﬂééi';génts which_make the target particles
hydrophobic in liquid. ]_Smulsiﬁcation of oily collecto;_e_nhanc{és ‘a number of oil droplet and
oil droplet distributiéns .and hence improves flotation Kinetic. For reactive oily bubble
flotation, the selectivity-of particles can be controlled by type-and concentration of additional

collector in oil phase. The .different oil-assisted flotation processes are illustrated in the

Q® 2 LI

\/V\u 4 \.(\ \/\'/\" @ | hneral
] ] !

& & L®—
\/ {

(a) (®) (e (d)

Figure 2.5.

Figure 2.5 Reactive oily bubble flotation in comparison with oil-assisted flotation
system: (a) conventional oil flotation where oil droplets are used to lift mineral and collectors
are added in aqueous phase, (b) emulsion flotation which oil droplets are used to lift mineral

but collector are added in oil phase, (c) oily bubble flotation which used air bubble covered
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with thin oil film to lift mineral and collectors are added in aqueous phase, (d) reactive oily
bubble flotation which is similar to (c) but collectors are added in oil phase and decrease oil
amount (Liu et al, 2002).

The conventional oil flotation as shown in Figure 2.5a, collector is added into
aqueous phase and present on mineral surface later. Without the direct contact between oil-
water interfaces and particle surfaces, the attachment process would be retard. The modified
oil flotation process as shown in Figure 2.5b, the collector is added in oil phase and also
mentioned to emulsion flotation. This technique can carry out partly of conventional oil
flotation. However, it is not only required large amount of oil and collector but led to face the
problem of collector transfer into aqueous phase also. The conventional oily bubble flotation
as shown in the Figure 2.5¢c, the drawback of conventional oil flotation process is remained
but only small amount of collector1s needed to-add into aqueous phase. The reactive oily
bubble as shown in Figure.2.5d; it has been developed from modified emulsion and
conventional reactive oil flotation‘together o obtain a good beneficial from both approaches
(small amount of oil and collgetor addition). « +

In conventional il fletation practice;*a collector is introduced into water phase, but
reactive oily bubble flotation is the process :-‘th;t collector is introduced into oil phase and
giving the following advantages: 3 :

(i) reduce additional ‘collector: and dfs distribution in aqueous phase, causing
undesirable gangue particles activation;, 2

(i1) avoid unnecessary interaction bet\;_e‘e_:_fjl_ collector frother and other chemicals
present at the surface of‘mineral/water,

(iii) high collecting power from high concentration of collector at oil/water interface,

(iv) the specificity of reactive oily bubble will capture only target particles according
to the use of specific chemieal and interaction between collector and target mineral active site.

The chémicals addition to modified ‘bubble or particles ‘surfaces can be served as
alternative tool teselective separation. Kerosene is also used in the same manner to modified
bubble surface.in order to improve collection efficiency emulsified oil droplets in this study.

That is why the usediof hydrophobie surface bubble collect dispersed oil droplets is likely to

acquire a better performance in emulsified oily wastewater treatment (Liu et al, 2002).

2.12 Reactor design concept
The operation system of reactor can be roughly used to classify the reactor types in to

three models; batch, and continuous (Roberts, 2009).

Batch operation: There is neither inflow nor outflow of reactants or products while
reaction is occurred. It used for small scale operation, for testing new process (feasibility

testing step), and for production of expensive products. The advantage of batch operation is
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high conversion by the reactants leaving in reactor for long time periods. However, the
disadvantages are appeared as high labor costs per unit production, difficult to operate at large

scale.

Continuous operation: The continuous stir tank reactor (CSTR) is commonly used
in several industrial processes because it is suitable for large production scale. CSTR is
usually operated at steady state and used for the well mixed requirement. The temperature and
concentration in exit stream is the same as element elsewhere in the tank. It is easy to
maintain temperature, conditions for production including less labor cost but it has lower
conversion in comparison to batch operation, Hor ideal system, well-mixed model can be
applied whereas the highly non-ideal flow, thesmeodcling techniques such as residence time

distribution is used instead.

2.13 Residence time distribution (RTD) (Fogler, 1992)

For continuous operation, the informative tool to acquire knowledge of fluid
dynamics of the real reactorsfand it'is used in the reactor design and scale-up to achieve the
desired flow characteristies is the residence time distribution (RTD). The ideal CSTR concept
is inferred to the composition of the efﬂuent:"isdbsimilar to the composition in the reactor. In
practice CSTR (or mixed reagtor), the unifom{ content and the composition at the exit stream
do not follow the ideal concept/ CSTR! concept.: The flow pattern regularly presents in the inter
behavior between perfectly mixed'and plug flp&l.—f’l}{TD is also applied to find out how the
flotation tank works and the results will be f_grther used to improve its design and
performance.

The residence-time is how long the elements stay in.the reactor once entering. In
continuous process, the products are gradually with minimal interruptions through a series of
operations. Products stream is continuously withdrawn from the reactor while some parts
maybe remain ifvthe reactor (stagnant' region).” The material stay at'stagnant region spent more
time than materials stay in other region or it can be said that elements use different time to
stay in reactors. The.incompletely. mixed elements.may leave out of reactor before react with
other chemicals. This directly relates: to the*flow behavior and process efficiency.

Efficiency of dynamic process such a flotation is directly related to time material
spends in the tank. The RTD function is best analysis tool for indication of the flow in vessel.
The most important throughput from RTD experiments is determination of mean residence
time. The relationship between experimental measured and expected mean residence time is
the easiest-to- obtain the hydrodynamic of flotation vessel. However, only RTD measurement
is insufficient in reactor design, other parameters should be additional considered case by case

in particular reactor.
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2.14 Literature review

1. Cutting oil toxicity

The metal workers are easily exposed the carcinogenic N-nitrosodiethanolamine
(NDELA) containing in of synthetic cutting fluids at the working place. This chemical was
considered as the genotoxic, the DNA damaged substance which the level of DNA damage
depends on the concentration in the work places (Fuchs et al, 1995). Besides, cutting oil could
be probably contaminated drinking water as uncommon from the misuse in pipelines set up.
The unpleasant tasted and odors are the results of the volatile and semi volatile chemicals

such as xylenes, diphenyl ether and bornyl acetate (Rella et al, 2002).

2. Destabilization oil droplet

Destabilization of commereial sollible cutting oil using CaCl, and AICl; inorganic
salts as coagulant was studiedsthe effect of electrolytes on stability of aqueous emulsions. The
major factor suggested in this'tfreatmentis soluble cutting oil formula. The destabilization rate
is decreasing with tim¢ dug'to the reducing of number of droplets. However, the final
turbidity remained in aqueousphase is between 100-200 NTU indicated that oil content is still
high, but dispersed oil can be remove further by ;.iltraﬁltration (Rios et al, 1997).

3. Flotation ‘)

Induced air flotation (TAE) has a numl;(._-er‘ oJfJ advantages when compared to dissolved
air flotation (DAF) even larger bubble geﬁéfaféd. IAF has been extensively used in
wastewater treatment to, removal fine particle and _I“Ai“F'can be provided a great potential when
used corporate with opumal-pH-and-flocculants:-Moreover, IAF is successfully used for
separation of algae and phosphorus compounds from sewage eftluent plant. The smaller
bubbles size (10-100pm) produced in DAF process (10-100fim) by pressurized saturated air
in water. These small bubbleS-:petformed a good collection of fine particles but they also have
small terminal velocities... Therefore, [the lequipment, for this process has to be used in the

larger size. The used of larger bubble is the reason is.the reason why the,IAF system can be

developed in the compact size and strface chemistry are paid more attention.(Jameson, 1999).

The previous study about MIAF was conducted for clean-up synthetic oily
wastewater containing surfactants to determine optimal operating conditions. Palm oil and
lubricants were selected as the oil model by Sastaravet and Lersjintanakarn respectively. The
three different kind of surfactants used in oil emulsion preparation are SDS, CTAB, and
Tween 20, alum (Aly(SO,);) and ferric chloride (FeCl;) were used as coagulants. In
coagulation process, the highest treatment efficiency was obtained when alum is applied for
lubricant oily wastewater containing SDS (Lersjintanakarn, 2008). However, ferric chloride is

more appropriate for wastewater synthesized from palm oil (Sastaravet, 2008). The IAF
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experiments investigated that the highest efficiency was obtained with using SDS surfactants
for both of lubricant and palm oil treatment. Therefore, SDS was selected to study in MIAF
for more details in term of kinetics and bubble hydrodynamics characteristics. The results of
MIAF process revealed the better performance of oil removal efficiency when compared with
IAF at operating conditions of 0.3 L/min air flow rate, 30 min aeration time. Additionally, the
ratio of interfacial area (a) and gradient velocity (G) was justified as an important parameter
applied to controlling flotation efficiency by using linear equations (Lersjintanakarn, 2008;

Sastaravet, 2008).

4. Reactive oily flotation process

A newly concept of reactive oily bubble as the carrier in flotation was demonstrated
by using kerosene as the model of reactive oil. The collectors (surfactant) which were
introduced into the oil phase were-anionicl and cationic surfactants. The fine particles were
agglomerated by the susface offreaciive oily bubble and this thin film oil could be easily
controlled by types and cencentration of coll’lectors. The selective attachment was carried out
based on the characteristic of electroKinetic o{lI(erosene droplet in aqueous collector solution.
The surface charge is rclated the surface proiaert_-ies of oil droplet (Liu et al, 2002). Bitumen
extraction was developedby using oily bubblés_ (bubble coated with oily thin film) in flotation
stage. These oily bubbles affect on -inc‘reasingi(-::c‘)r;'tiact angle leading to reducing of induction
time for bubble-bitumen attachment C}ue to tﬁé:;m:face properties oily bubble is controlled.
Kerosene coated oily bubbles was‘investigated*&s%;v,"ell improvement in bitumen recovery (Li

et al, 2006). - ol =

5. Residence tirﬁe distribution (RTD)

RTD data was used to roughly describe mixing conditions of columns. Materials
which are reported to tailing and concentrate were traced by liquid radioactive tracer. Large
and small tank-in-series'and’ N perfect mixers™in ‘serics. were the best models to present the
flow pattern of diquid transferred to tailing and concentrate, respectively. However, the
presence. of. vertical baffles affect on mixing,conditions .of industrial .columns was close to
well mixed ones. In¢reasing gas'flowiratevaffects increasing of mixing degree, whereas the
mean residence times of liquid transferred to both tailing and concentrate streams were

reduced at the same time (Massinaei et al, 2007).

The world wide annual usage of metalworking fluids is estimated to exceed 2x 10° L;
however, the wastes could be up to ten times of spending since they have to be diluted before
use (Cheng et al, 2005). A large amount of emulsified wastewater is discharged and cannot be
treated by common method. Thus, it is required advance separation technologies to handle the

treatment processes into appropriate manners for minimization of great impacts on human and
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environment. Advance separation processes raising up vertical velocity of oil droplets is
flotation or it is also known as an alternative approach which treat oily wastewater based on
the difference of density between bubbles and water phases in transferring bubble-oil droplet
rising up. IAF process accelerates oil droplets velocity via blowing air at atmospheric
pressure into oily wastewater. However, using IAF alone cannot treat effluent water meeting
the standard since; the shortcomings of using flotation alone in water treatment field are not
only low separation efficiency but also resources intensive from bubble generation. Therefore,

hybrid process such induced air flotation (IAF) process combined with coagulation process

vz is studied in order to improved treatment

L.

called modified induced air ﬂotation

efficiency in this study.

AU INENTNEINS
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CHAPTER 111

MATERIALS AND METHODS

3.1 Overview of research
This research mainly consists of 4 parts. The first part related with batch studies

beginning with cutting oily-wastewater preparation and analysis. The second part studies the
oily-wastewater treatment by IAF process, reactive oily flotation, coagulation process (Jar
Test) and MIAF process. Moreover, in the third part, the effect of bubble hydrodynamic and
mixing condition parameters on overall treatment efficiency was investigated and also applied
in order to propose the prediction model. Note that'the objectives of the first 3 parts were to
obtain optimal condition and understanding abeut.treatment mechanisms. The final parts
aimed at extend operating condition from batch to continuous process including analysis of an
influential flow behavior occutsed in flotation column by using residence time distribution

(RTD) diagnostic.

Wastewater Preparation (1.0 g/L)

;

Coagulation

4

Bubble Hydrodynamic Parameters

andia/G pnrediction Model

Obtained best conditions:
Air flow rate and Alum dose

Continuous Process

b

Residence Time Distribution (RTD)

P
S e ==

Figure 3.1 Overview of research
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3.2 Experimental set-up

A =
o Flexible diffuser
4—
B
7 [
1 .
somping pont b Rigid diffuser
(Batch): 20 cm 4—
e
8 Fs
)
1
C
Clamp
Flexible membrane
Air diffuser
(A) Schematic of otatlon atus 1 = Air compressor
o i3 V sm's B Ak b
(C) High speed carnera 3= Reactlve oil cha@})er (same with D)
b U BURIER) EIJ 1A W]

(D) Reactive oil chamber 5 = Effluent tank

6 = Floatation column

7 = High speed camera (Basler)
8 = Computer for data analysis
9 = Air diffuser

10= Water flow meter

Figure 3.2 Experimental set-up and components




Table 3.1 Description of small and large columns
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PARAMETER SMALL COLUMN LARGE COLUMN
Inner diameter (cm) 4.2 10.0
Height (m) 2.0 2.0
Gas diffuser type Rigid Flexible membrane

The experiments set-up illustrated in the Figure 3.2 were conducted by using two

sizes of clear acrylic column (6), 0.042 m and 0.10 m.in diameter and 2.0 m in height. The

compressed air from air compressor (1) was regulated and measured by air flow meter (2),

(0.2-2.0 L/min, New Flow); and then passed through rigid air diffuser (9) into the small

column (6). For large column, modified industrial flexible membrane was used as air flexible

diffuser. An air diffuser apparatus was sho"wn in Figure 3.2D. Bubble configurations were

photographed by high speed camera (7) €100 ’i‘mages/sec, Basler) as shown in Figure 3.2C,

and analyzed by computer software (8). 2.7 L and 15 L of pre-adjusted pH of synthetic oily-
4

wastewater were filled ins8mall and large flotation column (6) in each batch. For continuous

process, oily wastewater was injected igto ﬂoﬁaitioh tank via water pump and controlled feed

rate by water flow meter (10) (2.5-25 L/hr; Nei‘x{_‘flpyv, and 10-100 L/hr; New Flow).

3.3 Chemical agents and equipments. o o =

Chemicals

0 N _ O I bW N~

. Cutting oil Coéled BI: Castrol)

. Alum (AL (SO4)3#18H,0): Ajex Finchem PIt Ltd
. Sodium Hydroxide (NaOH): J.1. Baker'Chemical Co:

. Potassium Dichromate Digestion (K,Cr,O7): Ajax Finechem Ptl Ltd.

. Ferrous Ammonium Sulfate (Fe(NH4),(S04),6H,0),: Ajax Einechem Ptl Ltd.
. Sulfuric acid (H,SQ,)Merek Chemical Co.

. Silver sulfate (Ag,SO,): Merck Chemical Co.
. 1-10 phenantroline : Ajax Finechem Ptl Ltd.
10. Mercury (II) sulfate (HgSO,): Merck Chemical Co.
11. Kerosene (Shell)




Equipments

. JR-6D, M-LAB, Thailand.

. pH meter, Extech

Water pump, Pioneer, Japan

. Air Pump, Tiger, Thailand.
. Optical Microscope, Nikon YS2-H
. Flow monitor, New Flow

. Clear acrylic cylindrieal column: ¢;, 4.2

. Tensiometer K10T, Kruss, Germany.

. High speed camera, Basler, Germany

1
2
3
4
3.
6
7
8
9

cmy 2 m height

10. Clear acrylic cylindrical column: @, 10.0°¢m; 2 m height

11. Peristaltic pump

3.4 Preparation of synthetic cutting oily wastewater

1g/L  synthetic™ cutting-oily . Wastegvatgr was prepared by addition of 1.1ml
concentrated /
homogeneous cutting oil emulsion ‘was Obta-ifl‘ljéd-l:by mixing under 125 rpm of mechanical
stirring for 20 min as briefly, shown 1n Figur_l_e‘,';iﬁ (adapted from Leasjintanakarn, 2008).
Samples were taken to measure oil drc;plets diamet_éi surface tension, and viscosity by optical

microscope (Nikon Y S2-H), Tensiometer, and viscometer (Brookfield) respectively.

cutting oil'into tap water-and adjusts final volume of emulsion into 1L;

Add 1.1 ml Cutting oil

'

Tap water (adjusted final volume 1)

\ 4

Mechanical Stirring £0r 20" minutes

\4

Analysis of synthetic

wastewater properties

Figure 3.3 Wastewater Preparation
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3.5 Batch induced air flotation (IAF) process

The IAF process was conducted in clear acrylic cylindrical column with 2 m height,
0.042 m diameter for small column and 0.10 m diameter for large column. The various air
flow rate were regulated by flow meter in range 0.3-1.0 L/min and 0.3-2.0 L/min for small
and large column respectively. The bubble configurations were captured by high speed
camera (100 images/s; Basler). The samplings were performed at 20 cm above the top of
diffuser at 0-40 min and 0-60 min for small and large column respectively. COD, bubble

hydrodynamic parameters were analyzed.

Table 3.2 Variable of study the optimal air flow ratc.and aeration time of IAF process

Fixed Variables . || Parameler—
Volume of oily wastewates 2.7 L (Small column), 15 L (Large column)
pH From jar test

Independent Variables' / / [ [ - Ea‘i:‘ameter )

Air flow rates: 0'3-10 L/min (Small column)
0.:“'31-2'.0 L/min (Large column)

Aeration time = 0-40 min: small column, 0-60 min: large column
F F A A T

Dependent Variables I r . Pzi.]g:meter \

Residual oil concentration COD_'Jﬁﬂrbidity

Bubble hydrodynamic parameters .- a, Dg; g, Up

3.6 Reactive oily bubblg IAF

Reactive oily bubble.concept was applied with conventional IAF by using kerosene
as oil model and collector containing cutting oil| formula is uséd instead of additional
collector. Kerosene is fully filled into stainless steel bottom chamber as show in the Figure
3.2B before; equipped. witheelear-acenylicaflotationstank, and then~the~experiment is similar
conducted to TAF experiment in' batch process as' briefly 'shown in“Figure 3.4. The Oily
bubbles are generated by bubbling air through the air diffuser and oil phase respectively, then
passing through a flexible membrane into wastewater. Eventually, air bubbles coated with
thin oily film are obtained. The best air flow rate obtained from batch reactive oily bubble

IAF will be further performed in continuous experiments.
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Reactive oily IAF

\ 4

Added oily W/W (pre-adjusted optimal pH)

l <4+—— Added kerosene

Varied Qg: 0.3-2.0 L/min

v

Sampling time: 0-60 min

F
7

Obtained optimal Qg dose and operating time

5
'

Figures:3 Reactive oily bubble TAF procedure
- \

F.

3.7 Determination of th?tﬂqal condition of coagulation process

The appropriate 74 .als'*that slg)uid be used as coagulant for wastewater

treatment can be determine by usmg resufts from jar tests. The jar test experiment was

conducted 2 steps by jar test apparatus (Flglf f 3 5) to determine optimal pH and optimal

dosage.

Figure 3.5 Jar Test apparatus (JR-6D, M-LAB)

3.7.1 Determination of optimal pH

The synthetic cutting-oily wastewater was used to determine optimal pH and dosage
of coagulation. The initial pH of 1000 ml wastewater was adjusted by 1 N H,SO4 or 1 N
NaOH solutions varied at 4, 6, 7, 8, 9, and 10. Alum (Al,(SO,);.18H,0) was used as
coagulant. The 50, 100, 150 mg/L coagulant concentration were added. Samples were stirred
at 100 rpm (1 min) and 30 rpm (30 min). A 30 min of rest time were allowed for flocculation

before taking samples to measure COD.
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3.7.2 Determination of optimal coagulant dosage

The synthetic wastewater was adjusted at optimal pH and then Alum was introduced
in 1000 ml with dosage 25, 50, 100, 150, 200, 250, 300, 350, 400, and 450 mg respectively.
These samples were stirred at 100 rpm (1 min) and the 30 rpm (30 min) before taking samples

to measure COD. Optimal dose was considered within 30 min of rest time.

Table 3.3 Variable of study the optimal pH values

Fixed Variables (I@{Pﬁ‘ger

Synthetic cutting oily wastewater volume | 1L

Independent Variables ... o Parafeter..
Coagulant dose (Aly(SO4)3) 50, 100, and- 150 mg/L
pH values 4,6,7,8,10

Dependent Variables m /i [ﬁ_ | Parameter

Residual oil concentration . .COD

dd

Table 3.4 Variable of study the oﬁtifnal coﬁéé}lt?ation of Aluminum sulfate (Al,(SO4)3)

Fixed Variables ’ P ‘mteﬂ
11 L jf.-

Synthetic cutting oily wastewater volume

pH values pHv"frmehe previous study
Independent Variabhl_é& Parameter [ 4
Coagulant dose (AL(SO%)3) 25-450 mg/L
Dependent Variables — Parameter

Residual oil concentration

COD, turbidity

3.8 Batch modified induced air flotation (MIAF) process

The expeniment,was similarly conducted to TAF. Coagulations ‘are performed at the
optimal conditions of pH and dose. Alum dosage was varied in range smaller and larger
optimal dosage between 75-175 mg/L. Air flow rates were set at 0.1-2.0 L/min, optimal pH
was adjusted; coagulant was added. The samplings were performed at 20 cm above the top of
diffuser during 0-60 min. COD, bubble hydrodynamics, and turbidity was then analyzed.
Batch IAF and MIAF experiments procedures were shown in Figure 3.6. The best air flow
rate and coagulant concentration obtained from batch MIAF was further studied in continuous

MIAF experiments.
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Table 3.5 Variable of study the optimal air flow rate, aeration time and optimal
concentration of coagulant for MIAF process.

Fixed Variables

Parameter

Volume of oily wastewater

2.7 L (Small column), 15 L (Large column)

pH

obtained from Jar test

Independent Variables

Parameter

Air flow rates

0.3-1.0 L/min (Small column)
0.3-2.0 L/min (Large column)

Aeration time

0-40 min: small column, 0-60 min: large

column
Alum dose 75- 175, mg/L: small column
100-225mg/L: large column
Dependent Variables .. _Par{mﬁ;-
Residual oil concentration "CoD
Bubble hydrodynamic parametess a, Dg, f5, Up
|
, Batch MIAF

¥

g

Added oily- W/W (pré—%djﬁsted optimal pH)

) S

Varied Q:+ 0.1-150 L/min €0.3-2.0 L/.min
~ for small & laree columns

Varied alum doses:
75-175 mg/l f
100, 150, 225 mg/L.  (large column)

(small column)

A 4

Sampling time: 0-60 min (20 cm over column bottom)

h 4

COD analysis

!

Obtained optimal Qg , dose and operating time

Figure 3.6 Batch MIAF experiments
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3.9 Study the treatment of cutting oily-emulsion in continuous process

The continuous process study was divided into 3 parts as the following; (1) study
performance at different feed rate (Qr) in small and large column, (2) diagnose of residence
time distribution (RTD) and (3) flocculation-settling study. Wastewater was fed continuously
at desired flow rate (Qr) which varied from 5 and 11 L/hr (low and high level) for small
column and 15, 30 and 45 L/hr for large column. The applied feed rates were roughly
considered by the proper operating time from batch process and head power of pump
performance. Alum was also continuous entered into column by using peristaltic pump at the
same time of wastewater, and then gas flow rate (used each optimal value from batch studies)
was injected. Sampling was performed at sampling point located at the height that provided
the lowest turbidity along the column at 0260 min during operation. The particular study of
RTD was separately described in.next paragraph. After rapid mixing (continuous operation),
the rest time was providediin floeculation-settling study forallowing floc formation. The brief
of experimental procedures of continuous MiAF study are illustrated in the Figure 3.7.

4 W
b

.-‘ ";‘ d
Table 3.6 Variable of sitidy the €ontinuous MIAF process.

Fixed Variables F [ ) %221 Parameter

Air flow rates = From baich MIAF
Initial pH of oily wastewater (optimal) _Q'B’féined from Jar test
Independent Variables ¢ | Parameter

Feed rate (Qr): small column 5,11 L/hr

Sampling time: small cotamn— 1 0-60 min .
Feed rate (Qy): large column 15,30,45 Lihr
Sampling time: large column 0-60 min

Dependent Variables Parameter

Residual oil concentration | Tﬁrbidity
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MIAF Continuous Experiments

l

Feed wastewater continuously

! Feed alum continuously

Varied Q;: 5, 11 L/hr (small column)

v
Varied Qy: 15, 30, 451 /hr (large column)

v
Adjusted optimall Q¢ (chosen from batch)

A 4

Safhpling' 05,105 20, 30, 40, 50, 60 min

.‘} l y

Determine

Treatment efficiéncy (%)

¥

¥l hd

Obtained treatment effﬁénpy, Kinetics data

Figure 3.7 Continuous- MIAF experiments procedure

3.10 Residence time distribution (RTD)

A real reactor may, not have uniform flow patterns for each liquid flow rate which
affect on liquid dynamicg inside teactor! Thusimeasurénment, of tesidence time distribution at
whatever liquid'flow rate-assists in evaluation of the'real flow characteristic in reactor. RTD
was studied by tracer injection method by injectionsof tracer at the ilet system, and then
sample from'the outlet of system was . taken to measure tracer concentration as a function of

time.

After the air flow rate, feed rate were adjusted and system reach the steady state, 5 N
NaOH, which was used as a tracer, was quickly injected by pulse injection method at the inlet
of system (30 cm above column bottom). The outlet tracer concentration was measured in
term of conductivity (mS). The residence time distribution function E(t),and mean residence
time (t) were analyzed. The brief of experimental procedure for RTD study was illustrated in

the Figure 3.8.



Table 3.7 Variables of RTD diagnostic.
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Fixed Variables Parameter
Air flow rates Best value from batch MIAF
Tracer 10 mL of 5 N NaOH
Independent Variables Parameter
Feed rate (Qr) : small column 5,11 L/hr
Sampling time: small column 0-60 min
Feed rate (Qp): large column 15, 30, 45 L/hr
Sampling time: large column 0-60 min
Dependent Variables r 'K%mjter
NaOH concentration at outlet-system . Conduetivity (uS)

’

. 4RTD

L4

) %
Added Tap water

A J

Adjusféd air flow rz;t@ ﬂnd water feed rate

i

T

Varied Q,: 5 and 11 L/ (smaffcotumn)

A 4

Varied Qr: 15, 30, 45 L/hr (large-eolumn)

!

10 ml SN NacCl pulse injection

!

Conductivity measturement

)

Obtain RTD curve

Figure 3.8 RTD experimental diagrams
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3.11 Analytical parameter

e COD
Initial and residual oil concentrations were analyzed in term of COD value by using
standard close reflux-tritimetric method according to APHA, AWWA, and WEF,
1998.

e Qil droplet diameter

Optical microscope model Nikon YS2-H equipped with digital camera was used to
analyze oil droplet size. Average size of oil droplet was determined from measuring
100-150 oil droplets as representative samples.

J
e Removal efficiency (%Eff):

The efficiency of treatment processiis determined by Eq. 3.1.

I
4

... (COD, —COD, )
%oF) i 2 %100 Eq.3.1
= =00, 1
:;‘ &
e Velocity gradient -

The power required for miiiné can b(;: éitber provided by mechanical and pneumatic
means. The mixing level was mdlcated by Velomty gradient, G, which is function of
the power input into water, It could stald that velocity gradient (G) is another
important parameter 1ndlcat1ng turbulent fevel process-and energy consumption in
coagulation (Sastaravet;2008)-in-case-of velocity gradlent of pneumatic mixing can
be determined by equation Eq. 2.1 (Reynolds and Richards 1996) while velocity
gradient from meéchanical mixing can be determined by Eq.3.2 (Wang et al, 2005).

P=0C,0, log(h UAE j Eq. 2.1
C2
6 satr
[ Eq.3.2

where
P = Power input (watt, J/s)
C,; = Constant = 3904
C, =Constant=10.33
h = Depth of diffuser (m)
Qg = Air flow rate (m’/min)
p = dynamic (absolute) viscosity of water (N.m/s)

V = water volume (m®)
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Bubble hydrodvnamic parameters

For bubble clusters analysis, the series of digital image were required. The camera
was programmed at 100 images/s. Advantages of using high speed camera is that the
bubbles dynamic can be observed entire the experiment. The bubble hydrodynamic
parameters, from previous studies were determined for better understanding on
bubble characteristic effect on obtained treatment efficiency. The bubble sizes (Dg),
rising velocities (Ug), bubble formation frequencies (fg) were experimental
investigated and interfacial areas (a) was calculated from Eq.2.7. The schematic of
bubble hydrodynamics analysis was illustrated in Figure 3.9. The measurement of
the air bubble size distribution in the' stidied flotation column is carried out by
photographic method. Images of the ait-bubbles were taken by using a high speed
camera (Basler). One hundred images were taken at a time interval of 1 s. To obtain
sufficiently representative.bubble diameter, 100-150 bubbles were evaluated by the
computer. '

RTD _

The residence time distribution (RTD) was determined by pulse injection method by
using 10 ml of SN.NaOH (Analytical “"gr;de, Ajex) as a tracer. Tracer concentration at
the outlet was measured as:the functidh:o-f time by using conductivity meter (Eutech

Instruments, CON11&CON L10). t A

Synthetic cuttiﬁg-oily wastewater

A 4

Pre-adjusted optimal pH-(obtamedsfrem Jar Test)

|
v v

LAF experiments MIAF experiments

!

Adjusted air flow rate; 0.3- 2.0 L/min

'

Determination of bubble diameters (Dg),
Rising velocities (Ug), and
Bubble formation frequencies (fg)

\4

Calculation of interfacial area (a) (Eq. 2.7)

v

Analysis correlation of treatment efficiency (%Eff)
and interfacial area (a)

Figure 3.9 Analyzing methods for bubble hydrodynamic parameters.



40

The analytical methods determination was summarized in Table 3.8.

Table 3.8 Summary of analytical parameters and equations

Equations Parameters
% EFF: treatment efficiency (%)
COD, —COD
Y%Eff = ( 5 ) x100 COD;,: COD before treated
co in COD,,: COD after treated

G= P G: velocity gradient (s™) P: Power input (watt, J/s)

w u: viscosity of water (N.m/s)  V: water volume (m”)

h+C P : Power input (watt, J/s) C; = Constant = 3904
P =CQ; log C2 = Constant = 10.33 h = Depth of diffuser (m)
2 ¢ =Air ﬂow rate (m*/min)
\ ’ l[/, i il area (m™), Ng: Number of bubbles generated,
a= Nax B — fax H. % - e surface (m?), Viowr: Total in reactor volume (m?),
total Us 3 VB fp: B -tﬂ' nation frequency (s™), Hr: Liquid height (m),
. “r (m), A: Cross-sectional area of reactor(m )
Q g B N frequency, s
g A .

fr =— G

AD
Us = o frames

tframe

.'
ﬂ‘NEJ’JV]EJ‘VIﬁWEJ'lﬂ‘i
’QW']ﬂ\ﬂﬂ‘iﬂJ UA1AINYA Y



CHAPTER IV

RESULTS AND DISCUSSIONS

The results and discussions obtained in this research were divided into 6 parts as the
following; 1) oily wastewater analysis and Induced Air Flotation (IAF), 2) reactive oily
bubble flotation, 3) treatment of oily wastewater by coagulation process (Jar Test), 4) IAF
combined with coagulation processes called Modified Induced Air Flotation (MIAF), 5)
bubble hydrodynamic parameters and predlctlon model and 6) the study of continuous MIAF
process and residence time dlStrlbutlof\* W
4.1 Oily wastewater Analys& Pl;gces e

The characteristi CM 'ly ulsﬁm\\;‘:}’ mixing concentrated cutting
: ‘appearance luted cutting oil with tap water

oil with tap water was p ,
i 1 and dro size photograph was shown in

ulsion (viscosity and surface tension)

including data comparison wi 0i ( wastey \\ﬁnmanzed in Table 4.1.

was shown in the Figur

i\

)

Figure ﬁ The appearanc a#ﬂdiluted cutting oil
|

o Q/

Figure 4.2 Droplet size of cutting-oily wastewater (40X)

It can be noted that, very small droplet size of cutting oily-wastewater ( = 1.3 um as
seen in Figure 4.2), the lowest removal efficiencies can be obtained from decantation due to

this small size has very small effect by gravity force and this is also refers to small settling
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velocity. Even if it can be settled, it required very long time in comparison with the droplet
size of lubricating and palm oil. Thus, the efficiencies obtained by decantation were to palm
oil >> lubricating oil > cutting oil as in Table 4.1. Moreover, the droplet size can also affect
the colloid density presence in liquid phase and thus turbidity condition of different
wastewaters: highest turbidity was observed with cutting oily-wastewater. This corresponds to
larger droplet size of lubricating and palm oily-wastewater which have 2 and 5 pum of oil
droplet size, respectively (Lersrijintanakarn, 2008 and Sastaravet, 2008). Moreover, it can
also be observed that surface tension and viscosity properties can affect to treatment
performance: this will be described in more detail later. Therefore, in order to improve
velocity of separation process, flotation, which is the process based on increasing density
difference between oil and water and leading to-premote oil rising velocity, should be applied

as presented in Figure 4.3.

Table 4.1 Charactexistics of 1.0 g/L synthetic cutting-oily wastewater

2
Parameter / / / Mtt_in‘g oil Lubricating oil* Palm oil*

Oil concentrations (g/L) 1 0.3 5
Droplet size (um) s J 2 2 5
COD (mg/L) 2,846{4 1,010 10,190
Turbidity (NTU) s 1350000 & 265 71.17
Viscosity (cps) DTS 19.8 19.7
Surface tension (mN/m) = 479255 ilj-, 47.39 31.2
Decantation Efficiency (%) = 3 31.25

* data was obtained from Sastravet, 2008 aﬁd'ﬁér‘sjintanakam, 2008

Figure 4.3a and b present the study of cutting oily. wastewater treatment by IAF
process using gas flow rate varied between 0.3-1.0 L/min for small column and 0.3-2.0 L/min
for large column. As compared with the removal efficiency from decantation process, the
removal efficiencies obtained) with [TAE. process were | greater, than those obtained from
decantation one.gThese results confirmed that the generated bubbles interact with the oil
droplets_and act _like “rising parachutes” for oil droplets_(Painmanakul et al, 2009). The
maximum removal efficiencies were achieved at 0.3 L/min gas flow rate equal to 7.0% at 30
min aeration time for small column and 5.4 % at 20 min for large column. However, the
obtained treatment efficiencies from IAF process in both columns were very low when
compared to other oily wastewaters. Figure 4.4 presents the removal efficiency versus gas
flow rates with IAF process for different types of oily wastewaters obtained with small
column. It can be noted that, at 0.3 L/min gas flow rate, the highest removal efficiencies were
again observed and equal to 7.0 %, 33.96%, and 69.28 % for cutting oil, lubricant and palm

oil, respectively.



43

Figure 4.4 Removal cfficiency of 1AF procesé for

i

flotation column Y )
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Figure 4.3 Treatment efficiency.of IAF process
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different types of oily wastewater in small

By comparing the kinetic of removal efficiency obtained with different types of oily

wastewater as in-Figure4.5, 4t can-besstated, that, espeeiallysin-ease-of palm oily-wastewater,

three kinetic zones (ffee 'surface, attachment'and breaking zones) can be clearly found on the

variation of the removal efficiency with operating time.(Painmanakul et al, 2009). However,

these kingtic studiesiindicated that lower oil/bubble aggregates formed in the attachment zone

due to their oil-phase characteristics as in Table 4.1 (very small droplet size of cutting-oily

droplets) and thus the destabilization mechanism providing low amount of aggregated

oil/bubble particle formation can be thus slightly affected by the breaking phenomena

occurred at the surface of flotation column. Therefore, it is not necessary to operate at high

gas flow rate and elongate operating time in practice. The steady-state of operating time at 30

min should be thus chosen in case of palm and lubricant oily-wastewater, whereas this cannot

be clearly concluded in case of cutting oily-wastewater at present.
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% Remove
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Figure 4.5 Variation of kineti¢ data of [AF processes for different oily wastewaters for small

column

In conclusion, it can be stated that t]L‘le removal efficiencies relate with the oil-droplet
size presence individually of gach'types, of 011)1‘, wastewater: this cause some limitation on the
application of IAF process, especially“ in catse of cutting oily wastewater. Therefore, other
additional techniques, suchfas feactive oilylhﬂéiation, coagulation, should be employed in

dd

order to enhance the process performance.

iid =¥/
4.2 Reactive oily bubble flotation = £

In this part, the reactivé'o‘il'yAbubble céncé‘ﬁt‘ was, performed by using kerosene for
generating the reactivei‘,e&y—babbles—m—efder—te—mapfeve thé- fAF process of cutting oily-
wastewater treatment. These experiments were conducted onIy;iln large flotation column due
to the equipment installation (see Figure 3.2). The experiments were operated for 30 min and
gas flow rate was varied at'0.3,%0.5, 1.0 and 2.0 T/min. Removal efficiency was determined by
turbidity measurement instead:COD due to kerosene was flammable chemical and can cause

the experimental error based on COD measurement.

According to Figure 4.6a, ¢il removal can be abserved at lowgas flow rates. The low
efficiency (3% approximately) were obtained with 0.3-0.5 L/min gas flow rate and similar to
the experimental values obtained with conventional IAF process: this was related to the same
bubble generation phenomena obtained with the IAF study. However, the removal
efficiencies were decreased at the high gas flow rate (Qg> 0.5 ml/s): this corresponds with the
kerosene property that can be dissolved in organic solvent inducing the reduction of cutting-
oily droplet size, and also the turbulent condition at the high gas flow rate that can break oil
droplet into smaller size. Additionally, the aeration mixing aid kerosene partially mixed with

cutting oily wastewater resulting in turbidity values increased. For residual kerosene, this was
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insoluble in cutting oily wastewater, it separately present in a layer over the water surface as
shown in Figure 4.6b. Besides, low attractive performance, using of kerosene coated bubble
also recovered shortcomings such as giving strong bad characteristic odor and rubber part
destruction on equipment, like membrane sparger, pipeline for inlet and chemical feed. Note
that, kerosene adsorbed on rubber membrane made this membrane surface more soft and
flexible condition and thus easily broken during the operation. Therefore, other processes like
chemical destabilization should be applied with IAF processes (called MIAF) to enhance

cutting oily-wastewater treatment.

% Remove
100 1
80 1
60 |
a0 |
20 {

Qg (L/min)
i

2 : u

, E S T W) o
' JEI .

‘f o

Figure 4.6 (a) Treatment ¢ 1041_66'?&‘ :

)

oily wastewater by reactive oily bubble

Figure 4.6 (b) Kerosene layer at surface of reactive-oil flotation column

4.3 Treatment of oily wastewater by coagulation process (Jar Test)

As discussed previously, the cutting oily wastewater was unsuccessfully treated by
decantation, IAF and also reactive oily bubble flotation. In order to achieve the attractive

performance for treating the cutting oily wastewater, the combined IAF with coagulation
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processes (MIAF) was emphasized. However, the successful coagulation is attained by using
optimal pH and suitable coagulant concentration. In accordance with the zeta potential of
cutting oily droplet is negatively charged (Chooklin, 2004), alum was selected for
effectively destabilization of cutting oily wastewater due to its highly positively charged
and also inexpensive in this study.

Thus, the jar test was firstly required in order to determine the optimal conditions. In this
work, the initial pH values (4-10) and coagulant dosages (Alum) 25 — 450 mg/L were

investigated.

4.3.1 Optimal initial'pH 2

Figure 4.7 presents thesoilrtemoval efficiency at different initial pH values. The
highest removal efficiency 57:31%. 76.61% and 91.23% were remarkably obtained at pH 7
(neutral) by using 50, 100 and'150 mg/L ahm}, respectively. The positively charge alum floc
Al **, AI(OH)™, AI(OH); can/be r)rodu*gp;d sufficiently at a neutral pH leading to
neutralization of negatively,charged cutting éil -droplet and increasing size of oil droplets in
liquid phase. On the other hand, the negatrvely charged (OH") ion can be formed at higher pH
(base) resulting in increasing of nega‘uv‘ehy charged species presented in waster.
Consequently, the amount of posltlvely charged ﬁr,om the low alum dosages (50 and 100
mg/L) were also used in order to react with th1s negatlvely charged, and thus not enough to

destabilize the cutting 0il- droplets compared with hlgher aluny doses This phenomenon can

be confirmed due to the oil removed obtained with 150 mg/L We_re greater than those obtained
with the lower dosages at high pH values (pH > 8).

% Remove
100
A
ap 7 Y
60 |
a0 1 ;
L ,.‘.':'-.
20 T . - Sy . 0 :
L 4 pH
0 t & . 3 . " . t . {
0 2 4 6 8 10 12
..... %50 mg/L alum coeec - 100 mg/L alum ceeeeoheees 150 mg/L alum

Figure 4.7 Treatment efficiency of coagulation by using alum at different initial pH
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Figure 4.9 Treatment efficiency of coagulation process with different alum doses
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In comparison of coagulation of cutting oil to lubricating oil and palm oil results as
shown in Figure 4.10. At optimal pH value, the suitable alum concentration should be 150,
400, and 800 mg/L for cutting oil, lubricating oil, and palm oil, respectively. These results can
be possibly related with the values of MW, droplet size, colloid density and thus turbidity as
shown in Table 4.1. In addition, for the concentrations higher than suitable alum doses in
case of cutting and lubricating oily wastewater, there is a significant decrease in the removal
efficiency indicating that the solution has gone through the point of net electrical charge.
Moreover, the added alum has increased the positive charge of the emulsions (Charge
reversal); however, this was not clearly occurred in case of palm oil. Therefore, it can be
concluded that the adsorption or ehaige neutralization'was the main treatment mechanism for

very small oil droplet (cutting 0il and lubricating oil)-and sweep-floc coagulation was the

main treatment mechanismfor palm.oil respectively (Renault et al, 2009).

. &
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60
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0 + t |
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''''' &=+ Cutting oil (C)  +----@---== Lubricating oil (L) --::#---- Palm oil (P)

Figure 4.10 Remoyal cfficiency,versus alum concentration for.optimal pH values

In conclusion, the crucial parameters, which affect on the, obtained removal
efficiengies, ae 1) phl value which control complex 1on species form-after. adding alum into
water and 2) alum dosage which involves amount of generated positive ion present in
wastewater. Again, the suitable condition for coagulation (Jar-Test) of 1.0 g/L cutting-oily

emulsion was present at initial pH 7 with 150 mg/L alum concentration.

According to the comparison of the performance obtained between IAF process and
coagulation-flocculation process from jar test, it can be observed that the treatment
efficiencies obtained with coagulation process are obviously greater than those obtained with
the IAF process. Additionally, it can be stated that the obtained removal efficiencies related

with the oil-droplet size and also some chemical contaminants presence cutting oily-
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wastewater: this causes some limitation on the application of IAF process that is only based
on the physical separation mechanism by modifying Stoke's law concept. However, the
disadvantage of the chemical process is long operation time requirement (rapid/slow mixing
and sedimentation) and restriction of the optimum dosage of alum and pH value. Therefore,
process performance improvement by using IAF incorporated with coagulation called MIAF
process was included in the next part. Note that this optimal condition from jar test was

applied further in MIAF study.

4.4 Treatment of cutting-oily wastewater by Modified Induced Air Flotation (MIAF)

process

J
The objectives of this part-were to determine-the optimal air flow rate, aeration time

(operating time) and chemical'dosage in order to obtain the highest treatment efficiency. Note
that the influence of diameter of flotation cc;llumn was also investigated for providing a better
understanding on the relation Jof! associated: bubble generation phenomena and overall
treatment efficiency. The air flow rate VarieT‘d bf:tween 0.3-1.0 L/min for small column and
0.3-2.0 L/min for large columun. In this part, ?t}e bperating time 0-40 min and 0-60 min were
observed in small and large ¢olumns, respecti_\'f_é-ly:iDue to the previous experiments, the alum
dosage was thus chosen and varied i #ange 7}5-"1'—, 175 mg/L and 100-225 mg/L for small and
large columns, respectively. The removal effic@;fgs obtained experimentally of cutting-oily
wastewater by MIAF process at different airfﬂés&—mtes were shown in Figure 4.11 and

Figure 4.12. These tests were carried out in small and large ﬂotation columns. Note that, an

initial pH was adjusted‘to the optimum value obtained previously from jar test experiments

and the effect of chemical dosage was also analyzed.
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According to Figure 4.11 and Figure 4.12, it can be noted that, the removal
efficiencies, obtained with MIAF process in both small and large columns, were greater that
those obtained with the decantation and IAF processes. The treatment efficiencies increased
rapidly with time in the beginning (within first 10 min), then slightly increased, and finally
reached to steady state due to the presence of three variation zones as illustrated in Figure

4.13.

Third zone

~

Figure 4.13 Three zones occurred-in MIAF process depending on operating time

First zone: at the beginning, most oil"édnt'ent can be separated rapidly within first 10
minutes for all applied alum doses: thisis due tt; jthe_t high available free surface of oil droplet
present in liquid phase and alum désage. Conségu-'éﬁtly, the rapid mixing (destabilization) of
oil droplets and slow mixing (fleceulation) can ‘ok;éur in order to form the lager oil-droplet

aggregates, and then separated by the generated bubbles.

Second zone: the oil- removal rate was slightly increased due to the low amount of
alum remained in liquid phase for low interacting and destabilizing the suspended oil
droplets. Moreoyer, it can be_obseryed that,. for large flotation column, this second zone was
longer than that for|small flotation column. These results can be gpossibly related with the
complicated fluid-flow regime occumred in large column. It can .negatively affect on
destabilizing imechamsm “between alum doses jand cutting' oil-droplets loccurred slowly and

thus longer aggregated particle formation time.

Third zone: in this zone, the treatment efficiencies reached to the steady state of
treatment operation, or there were very small amount of remained alum for interacting oil
droplet in liquid phase at the end of experiments. Therefore, some cutting-oily droplets
remain in liquid phase and thus result on the roughly constant values of COD and turbidity in
this zone. However, at the high gas flow rate, the longer operation time can cause floc
breaking phenomena which serve the particle re-dispersion (Al-Shamrani, 2002: Meysaaami

and Kasaeian, 2005). Moreover, there were some cases that the generated bubbles can support
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and carry this breaking floc up to the surface again. Thus, the final removal efficiencies were
roughly stable, especially in case of large flotation column. It can be stated that column
dimension and bubble distribution system should be responsible for these results. Note that

this complex should be discussed, in detail, for next part.

Moreover, the highest removal efficiencies obtained with MIAF processes from both
small and large flotation columns were closed to those obtained with jar test experiments.
These results confirm that bubbles can perform either rapid mixing for destabilization or slow
mixing for floc formation mechanisms. Moreover, the gas flow rate was proven to be less
important than the chemical dosage (destabilization mechanism) for very small oil droplet
size as cutting oily-droplet particle presence in wastewater. Due to the influence of chemical
dosage, bubble hydrodynamic and.fitid flow regime on the everall treatment efficiency, these
parameters should be well considered /in ‘order to provide a better understanding on the

|
treatment and scale-up design of cutting oily-wastewater by MIAF process.

: -

As shown in Figure .14, ‘thevoptimal condition was summarized be considering
within 30 min, even if the actual highést efﬁéieﬁcies were achieved at longer operating time.
Because the removal efficiengies obtained by :(;ﬁerating MIAF process for only 30 min can be
kept treatment efficiency at high performanéé";(,? 80 % for best value). Additionally, the

selection of 30 min for MIAF opération was based on the concept for avoiding floc breaking

phenomena that occurs when _opecrate proce§s_-_'_t:o.n long time as discussed previously.

Therefore, the operating time at 30 minutes will be applied, in.further study, for calculating

the overall treatment-efficiency and also for carrying on the continuous system in this

research.
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Regarding to the chesen operating ﬁme at 30 min, Figure 4.15 and Figure 4.16
confirm that increasing alim concentration éan“ affect the chemical destabilization and the
treatment efficiencies of very small o‘il—dropl“;{:-’c' size with both columns compared with the
conventional IAF process. The highest removérl:{gfﬂciencies obtained with small columns by
using alum dose 75, 100, 125, 156, and 175 n;gfjlif'lwere 60%, 50%, 64%, 95%, and 82%
respectively. The maximum values weie found:’é’t’.h'rgh gas flow rate varied between 0.7-1.0
L/min. For large columi, the highest removal efficiencies obtained at 2.0 L/min gas flow rate
were 55%, 77%, and 83%, approximately by applying alum dosage at 100, 150, and 225 mg/L
respectively. Note that under the increase of gas flow rates, the mixing degree was reaching to
turbulent condition which aceelerates the oil and.alum collision phenomena and thus provide
not only the rapid [floc-formation but also the oil/bubble attachment and separation by
flotation (Lersjintanakarn, 2008). However, higher gas flow rates were not also necessary, in
practice;"due o the aSsociated operating costand feduction-tefidency ¢f;the overall treatment
efficiency, ‘especially’ in ‘case “of" 'small " flotation ‘Column~operated ‘with lower alum
concentration compared with large column: floc-particle stability obtained with this small

coagulants should be responsible for these results.

In case of higher alum concentration required in large column experiments, it can be
noted that the overall treatment efficiencies were lower than those obtained with small
column. Therefore, column dimension was one of the important factors for flotation
operation: higher gas flow rate is necessary for distributing or interacting completely among

the oil-droplets, bubbles and alum dosage presence in large flotation column. Nevertheless,
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due to this high gas flow rates injected through flexible membrane, the bubble dispersion,
turbulent condition and flow regime can be significantly difference. In addition, the bulk
liquid located in large cross section area was more affected by the up-flow of bubble
dispersions, and then exposed in different momentums which lead to water and floc
circulation stream (Pareek et al, 2001) as illustrated in Figure 4.17. Note that these
phenomena can probably relate with the unsuitable flocculation condition, breaking of floc
size, and thus increase of small oil-droplets presence in liquid phase. Therefore, from this
limitation of bubble dispersion regime, 225 mg/L alum dose was thus required instead 150
mg/L in large column to achieve nearly treatment efficiency obtained with small flotation

column.
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The results in Figure 4.18 show'the reémoval efficiencies obtained with MIAF process

|| #*

for different types of oily WastéWater dE suitable conditions (Sastravet, 2008 and
Lersjintanakarn, 2008). According.to .Various---ﬁmounts of alum doses required for different
types of oily wastewater, this confirms the irfhﬁ'er)ce of chemical destabilization (adsorption
or charge neutralization) on the tréhtirent of Vce_i;'L:-.-‘é;fr‘;iall oil-droplet size of cutting oil-droplets
presence in cutting oily wastewater, whereas sw?eep;ﬂoc coagulation mechanism corresponds

with the others. The hlghest removal efficiencies obtained with both IAF and MIAF processes

were found at 0.3 L/mia’ of air flow rate. The optimal chemical dOSage and associated removal
efficiencies were 150 mg/L — 91.43%, 300 mg/L - 75.68% and 800 mg/L — 89.38% for

cutting oil, lubricant and palm.oil, respectively.

% Remove
100"+
_______ .
----- .........00""
80 — \i -~ — —e
[o/o/o\o—o
60 A
40 -
+ee+@--+ (C-small column) 150 mg/L —O— (L)) 400 mg/L
20 T —e— (P)800 mg/L —— (C-large column) 225 mg/L
LPM
0 - t - t - t - t - t - t - t - t - .QG( - !
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

Figure 4.18 Treatment efficiency of MIAF versus gas flow rate for different types of oily

wastewater
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The optimal conditions of MIAF process that provide most attractive performance are

summarized in Table 4.2.

Table 4.2 Summary of optimal operating conditions of MIAF process for small and large

columns
Parameter Small column Large column
Air flow rate (L/min) 1.0 2.0
Alum dose (mg/L) 150 225
Operating time (min) 30 30
Treatment efficiency (%) 94169 82.97

Note that, in practice, the lower dosage-obtained from the jar test experiments can be

possibly applied in order to achicve the reasonable removal efficiencies. In addition, the

operation time for the MIAEsproeess (< 30 min) was shorter than that for the chemical

treatment process (40—60 min). Apatt from shorter process time, MIAF process has also the

advantages of lower miXing enecrgy and -smaller equipments size. It can be concluded that

treatment efficiency of MIAF jprocess in-this-study depends on gas flow rate, chemical dose,

operating time, and also column'dimension as describe below.

> Gas flow rate: Treatment efﬁ_éiengies increase with the given flow rate (0.3-

2.0 L/min) due to, the sui'fg;ble chemical mixing, floc formation and

floc/bubble attachment conditions. However, too high value of air flow rate

can not only break the aggreg_ajt—cd__"ﬂqc (oil become re-disperse in solution),
but alsoirelate directly to operating cost.

ChemicaT “condition: In this work, the chemical destabilization was
investigated as the main mechanism for cutting oily wastewater treatment
(very small.oil droplet presence). The coaguiant concentration has to restrict
for ‘controlling amount coagulant species, and \pH. value is another factor
involving  particular coagulant species formed. In addition, this also
associates with the flow behavior o¢eurred in reactor:=for the complex or
fluctuatesflow pattern,.the ehemical dosage may be added more than usual.
Operating time: Removal efficiencies increase with time until they reach to
steady state, then fall down. Because of floc breaking phenomena can occur
at long operating time.

Column dimensions (¢): The turbulent condition and bubble dispersion
strongly influence on fluid flow behavior depending on velocity variation in
different column dimension. Water and also floc circulation easily take place
in large column with large cross section area due to there is the greater stream

of fluid.
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For more understanding of treatment mechanisms and also flow behavior occurred
during MIAF operation, the bubble hydrodynamic and mixing condition parameters were
studied in next section. Note that, even the chemical destabilization was proven as the main
cutting oily wastewater treatment mechanism; the proper bubble generation and mixing
condition should be also investigated in order to understand and operate the flotation process

with reasonable concept in terms of removal efficiency and operation cost.

4.5 Bubble hydrodynamic and mixing condition parameters
4.5.1 Bubble size, formation frequency;, rising velocity, interfacial area

For providing a better understanding” on” variation of removal efficiencies with
different gas flow rates, the bubble hydrodj;namic parameters and mixing condition obtained
with IAF and MIAF processswereranalyzed in this part. The bubble size, bubble formation
frequency and rising velogity, .and thus interfacial area (a) were determined as bubble
hydrodynamic parameters, whereas, velocity gradient (G) as mixing condition parameter.
Note that the presence of alum for MIAF process, even in the large quantities, has small

effects on the bubble size generated in the flotation process (Painmanakul et al, 2009).

As shown in Figure 4.19 the bubble diarﬁeters varied between 1.2 to 1.5 mm while
gas flow rate were changed between 0.3 to 16 ‘I{/!min for small column. For large column,
bubble diameter varied between 0.8 t6 1.5 mm Whilje gas flow rate change between 0.3 to 2.0
L/min for large columny At the low gas flow rafe.,‘gﬁﬁble size was regulated by gas distributor
characteristics providing the controlling size is approximately-0.9 mm and 1.2 mm for rigid
and flexible diffuser (Painmanakul et al. 2005). Either Dy Values detached from rigid gas
diffuser equipped in small column or flexible membrane installed in large column increased
with gas flow rate applied in this-study.;Althoughsgas flow-rate-is increased, the liquid phase
properties and turbulemnce-are still'the'same in both columns.! Therefore, the generated bubble
sizes obtained at higher gas flow rate is the consequenee of bubble breakup and coalescence

phenomena (Rainmanakul, 2009): the trend of bubble size variation o¢curred in large column

is more obviously found than small column (Dg = 1.4 mm).

It can be stated that, the larger cross section area may receive smaller affect from
turbulence due to larger volume operated at the same gas flow rate values compared to the
smaller one. Consequently, lower bubble breaking-up and total increasing size of bubble are
obviously presented. Additionally, different gas diffuser characteristic generates different
detached bubble sizes. Moreover, the rigid gas diffuser is used for general bubbling proposes

such as using in fish-aquarium tank while the flexible membrane is especially produced for
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aeration propose in wastewater treatment processes. Therefore, the selection of gas distributor

is not only very affect to the bubble size but also other bubble hydrodynamic parameters.
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Figure 4.19 The variation offthc detached bubble diameter (Dp) with respect to gas flow rate
for the IAEvand MIAF proclfbsses for cutting oily wastewater
According to Figure 4:20; the ;mallﬁi}“ference observed on comparison of this result
to other oily wastewater types was the Dy \I'}‘g]ﬁ'es detached from rigid gas diffuser passing
through lubricating oil and palm 0il were roﬁéhly: constant, especially at low gas flow rates
before increase at the high gas ﬂowlre}‘_cé; HOWG;Y;E:I;, at low gas flow rate, bubble diameter from
rigid gas diffuser is directly associatc the force ba_‘_lé_]qce between surface tension and buoyancy

forces during bubbles growth and detaéhment (P?irimanakul et al, 2009).
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Figure 4.20 The variation of the detached bubble diameter (Dg) with respect to gas flow rate
for the IAF and MIAF processes for different types of oily wastewater studied in small

column.

Moreover, due to Laplace,s equation (Painmanakul et al, 2005), the bubble diameter,
especially at low Qg values, was related to surface tension as presented in Table 4.1. By

comparing with the experimental data obtained from various studies concerning to the effect
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of liquid phase viscosity, the bubble size formed in low-viscosity liquids (p from 1 to 20 cps)
are dependent on gas flow rate under certain critical values (Qcr) (Bondarev and Romanov,
1973). Therefore, in this study, it can be stated that the influence of surface tension of liquid
phase has more pronounced than that of viscosity of liquid phase on the generated bubble

size.

Due to the measured bubble size, the bubble formation frequency (fz) and their rising
velocity (Ug) can be then determined by the analytical technique as previously described in
chapter 3. Therefore, the highest fg value can be obtained with the lowest gas flow rate which
corresponds to the smallest bubble size and’ thus®volumes generated in bubble column.
Moreover, over entire range 0f bubble diameter-obtained in this study, the bubble terminal
rising velocities (obtained experimentally) were increasing due to bubble enlarged at higher
air flow rate and presenecomespondingly within the range of the Ug values of the
contaminated systems of Grace and Wairegil'*(1986). Then, by using the Eq. 2.7, the values of
Dg, fz and Uy were appliedifor/calculating the interfacial arca (a) as shown in Figure 4.21.
Noted that the obtained & values gorrespond \X;lth the number of generated bubble and thus the

surface is available for interacting with oil droplets in water phase.
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Figure4.21:The, variationof interfacial arearajwith respectitoigasflowrate for the IAF and

MIAF processes for cutting oily wastewater

In this study, the values of vary between 190-340 m™ for gas flow rates varying
between 0.3 — 1.0 L/min for small column while the values between 310 - 560 m™ obtained
from large column under 0.3-2.0 L/min of gas flow rate. It can be noted that the values of a in
cutting oily wastewater study conducted in small column equipped with rigid gas diffuser
increase linearly with the gas flow rates and then become slowly increase at higher gas flow

rate. Additionally, gas flow rate defied in an interfacial area equation (Eq.2.7) presents as
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crucial controlling variable on consistent a values of both columns equal to 290 m™ at the
high gas flow rate This result of cutting oil as shown in Figure 4.22 is similar to the

lubricating oily wastewater studied in small column.

However, the decreasing trend line was clearly shown in case of palm oily-
wastewater: the associated Dy values, which increase sharply at higher gas flow rates as
presented in Figure 4.20, should be responsible for these results. Moreover, for a given gas
flow rate, the interfacial areas obtained with palm oily-wastewater was greater than those
obtained with other liquid phases. Conversely, a values exponential decrease with gas flow
rate passing through flexible membrane present in large column. The difference was less
pronounced at high Qg values due to the shampsinercased bubble size and thus lower bubble
formation frequency from bubble break up and coalescence phenomena occurred in large

column as shown in Figure4.19.
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Figure 4.22 The variation-of interfacial area a.with respect to gas flow rate for the IAF and

MIAF processes fon different types of oily wastewater studied in small column.

4.5.2 Mixing'parameters (G) and ratio between interfacial area and velocity

gradient'(a/G)

The calculated velocity gradient (G) at various different gas flow rate of cutting oil by
using Eq. 3.2 was shown in Figure 4.23. The values of G herein directly depends on gas flow
rate and working volume increase linearly with gas flow rate leading to turbulent mixing
condition occurred in flotation column. For large column, the velocity gradient slowly
increases with gas flow rate. Since the larger working volume was used but small increased
gas flow rate was injected in large column so that G obtained with small column has greater

values than obtained with the large one.
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This result is similar to the results obtained from lubricating oil and palm oil also
(Figure. 4.24). It can be stated that, due to the lowest viscosity of cutting oily wastewater, the
highest G values can be thus obtained: this result affects not only the mixing condition
occurred in liquid phase, but also the interaction between the generated bubbles and oil
droplet particles. This fact conforms to the lowest removal efficiency obtained with IAF

process for treating the cutting oily wastewater (Figure 4.3).

Due to the liquid phase properties in both columns are the same, the turbulence
causing from enhanced gas flow rate in large column over the value used with small column
still gives lower mixing power (lower G). Thus, alum dosage required for destabilization in

large column have to be much more than used.in small column to compensate this lower

mixing power input. -
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Figure 4.23 Velo_Eity gradient (G) versus gas flow rate fgi_i_(‘:utting oily wastewater
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Figure 4.24 Velocity gradient (G) versus gas flow rate for different types of oily wastewaters
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In order to take into account the available bubble surface and also the mixing
condition occurred in the flotation process, the ratio of interfacial area (a) to velocity gradient
(G) was determined and presented in Figure 4.25 and 4.26. It can be found that the maximum
of the a/G values can be found at the gas flow rate equal to 0.3 L/min which correspond to the
Qg value that provides the highest removal efficiency obtained with both IAF and MIAF
processes as shown in Figure 4.15 and 4.18. Therefore, the a/G ratio can be used as one of
important parameter in order to select the optimal operating condition of the flotation process.
Note that, the optimal chosen a/G ratio will relate to the gas flow rates that generate, not only
high interacting opportunity/surface between o1l droplets and bubbles, but also proper mixing
condition between generated bubbles, oil droplets.and applied chemical agents in the flotation

J
processes (IAF and MIAF), and thus the highest oily wastewater treatment efficiency.
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Figure 4.26 Ratio of interfacial area and gradient velocity (a/G) versus gas flow rate for

different types of oily wastewaters
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The Figure 4.27 are confirmed that MIAF process for treatment of cutting oily
wastewater is independent on a/G ratio or physical parameters such as bubble hydrodynamics
and velocity gradient due to the limitation on the interaction between oil droplets and generate
bubbles, but depends on chemical destabilization. In contrasted to the results obtained from
larger oil droplet sizes of lubricating oil and palm oil that a/G ratio has been proved to be the
important parameters for wastewaters treatment by IAF and MIAF processes as present in
Figure 4.28.

However, even highest and lowest a/G values in case of palm and cutting oily-
wastewaters respectively, the highest remowval efficiency can be observed with cutting oily-
wastewaters by using MIAF process. Thus, chemical.destabilization mechanism related with
different oil droplet propertics should be also“takeén in account together with the bubble
hydrodynamic and mixing condition in or-éer to obtain the optimal operating condition for
treating each stabilized oily-wastewater. Moreover, consideration of Figure 4.25 on large
flotation column, a/G ratio clearly presents i‘}igher values than small column especially at low
gas flow rate. Therefore, it'is very intefcsting for applying this process to other oily
wastewaters that has larger oil drop than cuﬁtlng o1l because greater a/G values at low gas
flow rate offer very high everall fermoval efﬁmency and cost saving. Another benefit from

operation at low gas flow rate'is that ﬂoc breaka;gelat water surface is avoided.
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Figure 4.27 Treatment efficiency of cutting oily wastewater vetsus a/G ratio
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Figure 4.28 Treatment efficiency of different types of oily wastewater versus a/G ratio
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In accordance with the preliminary study, except the chemical destabilization
mechanism, the column dimension affect especially on an interfacial area, velocity gradient
and turbulence at the high gas flow rate, and then treatment efficiency. Besides, the complex
flow regime as mentioned before is another important factor that should be taken into an
account for MIAF operation in the future. However, the study of continuous process in the
next section is performed for adaptation in the real world and also provides better
understanding on the effect of the different flow regime within the two different column

dimensions in term of both process performance and residence time distribution function.

4.6 Continuous MIAF process study

In practice, the continuous process is typical used for wastewater treatment of large
volume generated from industrial sectors. In orderto €xtend operating condition of MIAF
process, the continuous MIAF-systemn should be performed for providing the information
related with process scale.up infuiture. Note that the operating conditions performed in this
section was applied from batch MIAF proeess (1.0 L/min gas flow rate with 150 mg/L alum
dose and 2.0 L/min gas flow rate with 225_ri'ig/L alum dose for small and large columns,
respectively). The wastewater feed rate was \?élrided at 5 and 11 L/hr for small column and 15,
30, 45 L/hr for large column. Under thesé,._aésociated ranges of liquid flow rates, the
theoretical residence time (time material spenf"iﬁ réactor, 7= working volume/water flow rate)
were 36 min and 16.36 min for smatll columh":w'afn_d_ 62 min, 31min and 20.67 min for large
column. In this work, feed rates were chosen.adu!g to the kinetic test results as described

previously in batch system and also-the available value of the pump equipment in practice.

For results obtained with small column (Figure: 4.29), the average removal
efficiencies of both 5 and 11 L/hr of influent feed rates were up to 76% and 80%
approximately. This is due to the excess amount of oil content injected into small column
with higher veloeityyprowiding, the wellymixing-condition. Moreover, at higher feed rate (11
L/hr), the shorter opetating time spent-for ‘achieving maximum efficiency was also remarked.
However, the greater collision frequency between increased amount of eil/droplets and excess
alum atfinitial operating'time (high loading of 0il and chemicaldosage)ishould be considered
as the important factor on rapid destabilization mechanism. In opposite to the results obtained
with large column, the overall oil removal efficiencies were 45%, 24% and 31% for
wastewater feed rate at 15L/hr, 30 L/hr and 45 L/hr, respectively. It can be noted that the
increase of oil and chemical loading cannot enhance the treatment efficiencies: floc-breaking
phenomena, bubble dispersion and water recirculation occurred in large column should be
responsible for these results. In comparison to batch MIAF results, the continuously fed water

has been proven to affect the different momentum or force field, and thus cause the higher
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possibility of water circulation occurred in large cross section area. Therefore, in practice, the

effect of column dimension should be well considered.

% Remove Continuous process
100

80 -

60 |

a0 +
20 1
0 - - :
(S)5 L/hr \ ' (L) 30 L/hr (L) 45 L/hr
Figure 4.29 Treat tlnuous MIAF processes
As mention in previ ng about the effect of flow
regime on floc breaki circulation and eventual obtained treatment

efficiency, the study of

-. 2 B Jf o
of small and large flotation cells fet-lff?lol:eL rstanding of mechanism occurring during

operation. The experiments were: 'f:erl“arme(@se mjection method using 10 ml of 5N
NaOH as a tracer. The effect ofaaera;tfe')'ﬁ (b}(%as included to investigate the variation

of flow dynamic. Ther&) £ZD experiment was the same

as the conditions of continuous MIAF proces d instead of oily wastewater

erating conditi

i

Firstly, the conductivity profile obtained experimentally is converted to RTD function

(E-curve) by HSﬁ %4&] (%ﬂ(l E)sz ‘j W EJ q ﬂ i

By =—0

RN TUURIINYIRY

where E(g is the fraction of tracer amount with residence time between t and t+dt whereas

to avoid interference dugg conduct1v1

Eq. 4.1

C(t) is tracer concentration measured at effluent stream at time t. The mean residence time (%)

and variance can be calculated from E(t) by using Eq. 4.2 and Eq.4.3 below.

= [tE(t)d Eq. 4.2

(=]

= [¢E@dt Eq. 4.3
0
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However, the function E(t) is normally presented in term of the normalized RTD

(dimensionless function: E(8)) which can defined from Eq.4.4.
E(@)=tE(¢) Eq. 44

The variable t (time) can be transformed into the dimensionless (0) by divided by

mean residence time t as given by

0= Eq. 4.5

N~

Even if using dimensionless time () instead of the actual time, the E(t)dt is still
referred to the same meaning. This normalized" distribution function aids in compared the

performance of the different sizes of reactor.

Mostly, the real equipment s desig)ned base.on 2 ideal fluid flow models which are
very different behavior, plugflow.and completely mixed flow. However, the real flows of the
equipment always deviate fgom these ideal patterns. To diagnosis the real flow that deviates
from the two ideal flow models plug flow and completely mix, models with one parameter
are adequate to represenithis system. The single parameter model used to fit the experimental
RTD data in this study is Tanks-In-Series-MSdeil which based on a series of perfectly mixed
tanks and can be used to represent .the deviati;)ns from plug flow and also represent the real
stir tanks (C.G.C.C. Guitierrez, 2010):" The B (B) function for the model used in this parted

Ad

are summarized as followed;

CSTR: () Eq. 4.6

n(ng)"" o1

Tanks-In-Series: E@©6) =
(n=1!

Eq. 4.7

The n represents the=number of tanksyin series determined from Eq. 4.7. As the

number or series’(n)/become very large, the behavior of the system approaches of plug flow.

B=on Eq. 4.8

A 4

|
1
1
1
|
|
|
A4
|
1
1
1
|
|
|

Figure 4.30 Tanks-In-Series
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If the m tanks are connected to n more tanks (all of the same size), then the means are

additive, or

Il
o~
+
o~

Eq. 4.9

m+n m n

Because of this property we can join the streams with recycle streams. Thus, this
model becomes useful for treating recirculation systems. The series of n tank present in

Figure. 4.30 show independence of stages.

As shown in Figure 4.30, the Tanks-Tn-Series.Model shows reasonably good fit to
RTD results for whatever condition performed in small column. The deviation on RTD data at
the low feed rate 5 L/hr to-this'model was observed. Number of series (n) decrease when flow
rate of liquid phase increases. Concerning to the flow through tanks in series in Figure 4.30,
less n tanks inferred to lew reeirculation-and the fluid flow tends to be close ideal CSTR.
Furthermore, the effect of aeration incr'éasesk%l"'i)arameter resulting in liquid circulation which
the flow pattern change closely to -lplu_g ﬂgwg;regime and thus high treatment efficiency
(Figure 4.31). ) %

This parabolic velocity, proﬁl_é;of lani:iﬁag flow may response to this result hindering
sign of the stagnant backwaters/ Although thené‘ was stagnant region occurred during
operation, this becomes the beneficial ‘for MI_[??E.__Q}*QQess by supporting available space and

adequate contact time fd_r floc aggregation along 2 m height of:f?:qlumn before exit the reactor.

Additionally, this pr(')p_{:)sed model corresponds to very att_féw‘tive performance of MIAF

process as described in pr_evious section (Figure 4.29).

E(6) E(0)
1.80 +e20--- 5L/hr w/o aeration 1.80 +s+ O¢+2. 5 L/hr with aeration
1.60 ?. Tank in'series model (n=11) 1.60 TanKin series model (n=4)
1.40 : 1.40
1.20 1.20
1.00 1.00
0.80 0.80
0.60 0.60
0.40 0.40

0.20 0 0.20

(a) 5 L/hr without aeration (b) 5 L/hr with aeration
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(¢) 11 L/hr without aeration

E(0) E(0)

1.80 eeede+- 11 L/hrw/o 1.80 eee-++ 11 L/hr aeration

1.60 Tank in series model (n=8) 1.60 Tank in series model (n=6)
1.40 1.40

1.20 o 1.20

1.00 1.00

0.80 0.80

0.60 0.60

0.40 0.40

0.20 0.20

0.00 0.00

0 1 2 3 4 0 1 2 3 4 5

(d) 11 L/hr with aeration

Figure 4.31 RTD curves,of small'¢olumn at different feed rates

For large column in abséntof acration, the Tanks-In-Series Model still the best fits
for 15 L/hr and 30 L/hr feed.rates as showi} i Figure 4.31 (a), (c). Series (n) was reducing
due to the liquid flow rate changing from 15L/hr to 30 L/hr. Also increasing of gas velocity in
small column reduces conformation of plug:ﬂow behavior and tends to close ideal CSTR.
Then, particle separating zone was"‘indisth;'f_gui':shable present in less treatment efficiency

dd

attained in Figure 4.32.

Increasing of feed rate up to 45 L/hr,r"d:ituﬁqqnot be identifying accurately flow model
which are intermediate between ‘l‘i'“dea-l CSTR *;:ll;}.c-irjf’;anks—in—series models as present in the
Figure 4.31 (e). On the other hand, flow behai\;iblf"t')’b‘viously presents closely to ideal CSTR
in the presence of aeration-foi-feed-for-whatevei-as-seen-in-Figure 4.31 (b), (d), (f). It can be
stated that the effect of aeration shifts the flow behavior chan’g’élclosely to ideal CSTR. As a
result, the perfect mixing occurred throughout the large cofumn corresponding to the floc
breaking phenomena. Becausésthere is no area'allowing for aggregation for destabilized oil

droplet, and thus lower treatment efficiencies as-shown in Figure 4.32.

Additionally, the random fashion of bubble“dispersion through' large bulk fluid in
cylindrical column seems [to provide the' flow regime| closely to ‘air lift reactor; water
circulation around draft tube. Due to the geometry and dimension of reactor used in this study
is cylindrical and water flow condition is laminar; Re varied from 4.6 to 17.4 is indicated in
lamina flow. There is variation of velocity from axial to the wall of pipe so that the central of
fluid moves with greater velocity than the fluid near the wall as shown in Figure 4.33. In
present of aeration, bubble population is one factor aid in fluid movement upward and then
liquid circulation in column center and the downward circulation near column wall (Kantarci

et al, 2005).
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Figure 4.32 RTD curves of large column at different feed rate
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Fipe Fipa

Laminar Flow Turbulent Flow

Figure 4.33 Velocity profile of fluid flow through pipe
(Laminar: Re'<,2000; Re = pvd/p)

With respect to fluid dynamic, the RTD" cxperiments can be applied in order to
describe the different MIAFE piocess pe;llcormances obtained from both small and large
column. The experimental RFD sesults oﬁ small flotation column are well described by a
number of perfect mixers_ it serics for wltlatever operating conditions, whereas the three
different flow models was #ound jdn large® eolumn flotation consisted of tanks-in-series
mpodel, intermediate configuzation between rdeal CSTR and tanks-in-series models, and very
close ideal CSTR model. This dlrectly assoc1a‘tes with the floc breaking phenomena and water
recirculation which are critical ‘drawback or limitation of MIAF process and lacking of
suitable flocculating area. To carry ouﬁfhis 1iﬂf1-i‘£a.t_ion, the settling stage should be considered
and performed in the next section. J-.:No‘t'e that, thé.‘ ﬂﬁ%cura‘te data collection can cause from the
peristaltic pump used in this work and also 1ndpce3-a weak pulse injection and broad tracer

detecting time interval- (6 min). This should be taken into an account to attain more accurate

data, in future. wd v

Table 4.3 Summary RTD data of small column study

Experimental mean Theoretical mean
Feed rate : residence times residénce time: 7
(min) (min) Flow Model
Qu (L/h) e 4 '
t:th(t)dt r=—o
0 0,
5 L/hr (w/o aeration) 35.23 36 Tanks in series 11
5 L/hr (with aeration) 25.38 36 Tanks in series 4
11 L/hr (w/o aeration) 14.75 16.36 Tanks in series ]
11 L/hr (with aeration) 11.71 16.36 Tanks in series 6
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Table 4.4 Summary RTD data of large column study

Experimental mean Calculated mean
Feed rate : residence time: 7 residence time: 7
(min) (min) Flow Model n
Q. (L/hr) o vV
i = [tE@)di r=—0
0 O,
15 L/hr (w/o aeration) 43.05 62.00 Tanks in series 6
15 L/hr (with aeration) 15.91 62.00 Tanks in series 2
30 L/hr (w/o aeration) 33.90 31.00 Tanks in series 6
30 L/hr (with aeration) 12.02 31.00 CSTR -
45 L/hr (w/o aeration) 15.09 | 20.67 Tanks in series 2
45 L/hr (with aeration) 1271 20.67 CSTR -

4. 8 Continuous MIAE=Setiling process .

Due to several problems occurred injarge flotation column as described previously,
the modified concept by adding continuous MIAF process with flocculation-settling step was
chosen in order to enhance MIAF continuousu-‘process. To prevent floc breaking phenomena
occurred in continuous MIAF process of larget‘m'olurnn, the settling step was required for floc
formation after rapid mixing. Theén, floc was séégﬂt’ted by reverse gravitational force due to
its less density than water. Moreover; due o th;-_influence of chemical treatment mechanism
on very small size of-cutting oily-droplet, the feasibility study for reducing the physical
flotation time was investigated. Note that, the removal efficiencies were determined in a
function of time. Therefore, the operating time (mixing time) of continuous process was

varied from 1 hr to 10 minutes, and then 2 hrs allowing for floc aggregation.

Flocculent-settling (Flocculent-sedimentation)

Floecunlent Scttling’is) one ‘of the  various’ way patticles| can scttle’ from suspension.
Particle sizes tend to increase as particles settle and hence, settling velocity increases. This
mechanism occurs when there is a greater solid and chemical alter particle surfaces to
enhance attachment. In flocculent-settling, individual particles agglomerate themselves and
formed floc tends to grow in size while settling. Therefore, the flocculent-settling the velocity
is not constant, but tends to increase. Since the flocculation occurs, there is greater chance to
contact another particle and agglomerate during travel through the column as seen in Figure
4.34. Consequently, the removal efficiency of flocculent settling is enhanced with the

depth/height and time (Marcos, 2007).
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Figure 4.36 (a) floc formation during settling time (b) floc accumulations at the water surface

According to Figure 4.35 - 4.37, the positive effect of increased settling time can be
observed on the overall treatment efficiency for whatever the experiments. For 1 hr
continuous operation, the highest removal efficiency was increased from 50 % up to 80%

approximately within first 5 min of settling time as shown in Figure 4.35. This may be
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described that the floc aggregation was allowed when there was reduced the turbulent
condition from hydrodynamic interaction. This is referred to the dissipation of interfere by
mixing mechanism was occurred and also the slow stirring intensity acts on less shear rate
(NAN Jun et al, 2009). This supports floc formation whereby the balance of floc aggregation
and floc breakage (Jarvis et al, 2005). Thus, the increase of aggregated size was possibly
occurred spontaneously due to the remaining energy from aeration, and then separated by

flocculent settling mechanism.

In this study, the floc attribute as shown in the Figure 4.36 (a) formed after the few
minutes of setting time was allowed. In case of the oily floc, the reversed settling occurred
and floc accumulated at the water surface finally as shown in Figure 4.36 (b). This result
clearly showed the severe effect of water, circtilation on floc breaking phenomena at the
surface of flotation column and*finally.on the overall efficiencies. However, 1 hr of operation
time is quite long in ordewto obtain §0%! oil removal efficiency. Therefore, an attempt to
reduce operating time withJkept.high femoval efficiency was performed by studying the effect
of mixing duration time vatied between 25 min and 40. min with 45 L/hr of feed rate. Figure
4.36 (a) and (b) present.the results of continuc?usdpombined with flocculation-setting at mixing

. . . : /Y
time duration at 40 min and 25/min, respectively.
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(a) 40 min mixing'duration time (b) 25 min'mixing duration time

Figure 4.37 Performance of combinedisettling time tescontinuous MIAF process for mixing

time

According to Figure 4.37, the result of feasibility study on mixing time reduction
showed the similar treatment efficiencies. This indicated that long mixing time was not
necessary for 80% removal efficiencies achievement, even the efficiencies before settling
stage was different values. Moreover, these results will be confirmed again by using 10 min
of mixing time for whatever influent feed rates as presented in Figure 4.38 in order to ensure
that only 10 minutes continuous mixing time was sufficient for well mixing mechanism

including confirmation of the essential of settling tank for continuous MIAF process.
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From the results in Figure 4.38, it can be observed that only 10 min of continuous
operation (mixing) time was enough for destabilizing and forming the floc of oil-droplet
particles: high loading of cutting-oil and alum feeds within this short period should be one of
the main reasons for these results. Figure 4.39 presents the comparison of different loadings
of cutting-oil and alum obtained with long and short operation (mixing) time. Another way it
can be state that used the same alum concentration but different injected period creates
different alum loading for each operating time resulting in effective treatment efficiency is

possible.

Moreover, according to Figure 4.35 -/4.38, it can be observed that the settling time
required for flocculation and floc separation was‘around 5 minutes for whatever feed rate: this
can provide same treatment efficiencies as obtaimned with small column. It can be stated that
the short settling time relates withancreasing size of floc due to the aggregation with another

floc along the height of eolumuns"Additionally, floc rising velocity increases with time which
!

_l
Fill

wastewater

(wW/w)

React -
with
chemical

&

is corresponding to flocculent settling mechanism as described previously.

-

Settle

Clarify
effluent is
discharge

Figure 4.40 Schematic of Batch "S'éf.liléncing Reactor Process

In conclusion, suitable amounts of oil-droplet and coagulant dose (loading) were
more important than the other physical parameters, like liquid flow rate or detention time,
bubble hydrodynamic and turbulent conditions; column dimenston, etc. Therefore, in order to
promote the overall treatment efficiency of cutting oily-wastewater in large column,
Sequencing.Batch Reactor (SBR) or.Completely Mixed' Stirred Tank (CSTR) combined with
settling tank was recommended in thisstudy. Note thaty wastewater treatment is achieved by a
timed sequence of operations which occur in the same SBR Tank, consisting of filling,

reaction (aeration), settling, decanting, idling, and sludge wasting (Figure 4.40).



CHAPTER V

CONCLUSIONS

The induced air flotation (IAF) process combined with coagulation process called
modified induced air flotation (MIAF) was studied and focused on determination of optimal
condition for coagulation and flotation processes by Jar test, performance study of cutting oily
wastewater treatment by IAF and MIAF processes, bubble hydrodynamics parameters,
feasibility study of reactive oily bubble for cutting oily wastewater treatment, and continuous
process study and also residence time distribution (RTD) analysis. Optimal conditions of

individual treatment process weie summarized in Fable5.1.

1. Oily wastewater Analysis and IAT Pro-cess

» Characteristic of the cutting oil-draplet size presence causes some limitation on the
|
application of degantation and TAF process due to oil droplet has very small size ( =

1.3 um) and small affect by gravity for’ée.

2. Reactive oily bubble flotations )

» An attempt to treat cutting oily-wasféwater by bubble coated with thin film of
kerosene in reactive oily flotation pf'é)eess was unsuccessfully. Since kerosene
properties can partial dissolve in cuttm;g:éjﬂy wastewater phase and mixing causes
dispersed oil droplet break-up-into smallér-éize resulting in turbidity increased.

> Besides, using of kerosene coated bubble also recovered shortcomings such as giving
strong bad characteristic odor and rubber part destruction on equipment, like

membrane sparget, pipeline for inlet and chemical feed.
3. Treatment of oily wastewater by coagulation process (Jar_ Test)

» The crucial” parameters,” which "affect on'the obtained “removal efficiencies in
coagulation process, are 1) pH' value which €ontrol complex ion species form after
adding alum, ‘inte water.and 2) alum/dosage which involyes, amount of generated
positive ion present in wastewater.

» The treatment efficiencies obtained with coagulation process are obviously greater
than those obtained with the IAF process. The suitable condition for coagulation (Jar-
Test) of 1.0 g/L cutting-oily emulsion was present at initial pH 7 with 150 mg/L alum
concentration.

» However, the disadvantage of the chemical process is long operation time
requirement (rapid/slow mixing and sedimentation) and restriction of the optimum

dosage of alum and pH value (chemical condition).



79

4. Treatment of cutting-oily wastewater by Modified Induced Air Flotation (MIAF)

process

» The investigated parameters directly influence on treatment efficiency of MIAF
process and thus flow regime in this study were gas flow rate, chemical condition,
operating time, and also column dimension.

» The effect of column dimension obviously showed negatively effect of floc breaking
phenomena and water circulation

» Nevertheless, due to this high gas flow rates injected through flexible membrane, the
bubble dispersion, turbulent condition, and flow regime can be significantly
difference.

5. Bubble hydrodynamic and mixing condition parameters

» The average bubble size'is controlled by physical characteristic and properties of gas
distributor at low_gas flow rate (ga§ velocity approximately less than 5 cm/s ) while
bubble break up amd coalescence blbcome predominant factors at the high gas flow
rate instead. Y

> Lower power diSsipation rate in, largé g;olumn can be well compensated by greater
alum loading consumption. | J,

6. Continuous MIAF process study -

» The continuous MIAF proceSs“ls only- dtﬁactwe for cutting oily wastewater treatment
operated in small column. However for_Iarge flotation column, the limitation of floc
breaking phenomena and water circulated similar to bat_ph process still remains.

» The column di_fnension effect to treatment p_e_rf_orm@ce causes the different flow
regime at thé‘ same gas velocity. Therefore, in pra‘(':tice, the effect of column
dimension should'be well considered. .

7. Study of Residence Tinie Distribution (RTD)

» For small flotation columhn, the experimental RTD data of are well described by a
number of tanks in series model for whatever operating conditions while three
different flot models wascfound ihflarge column’flotation £onsisted of tanks-in-
series ‘model, intermediate” configuration between ‘ideal CSTR and tanks-in-series
models, and very close ideal CSTR model.

» The tanks in series model and very close ideal CSTR experimentally obtained in this
study revealed the strong incidence of limitations of floc breaking phenomena and
water circulation.

8. Continuous MIAF — Settling process
» Operation of continuous MIAF process by using large column is not attractive due to

much more intense bubble dispersion throughout column.
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» The suitable amounts of oil-droplet and coagulant dose (loading) were more

important than the other physical parameters, like liquid flow rate or detention time,

bubble hydrodynamic and turbulent conditions, column dimension, etc.

Table 5.1 Summary of the best operating conditions for given treatment methods in this study

Process/Condition Small column Large column
Decantation
Operating time (min) 60 60
Treatment efficiency (%) 0 0
1AE
Gas flow rate (L/min) 073 0.3
Operating time (min) 30 20
Treatment efficiency (%) 7.0 5.4
Reactive oily bubble flotation
Gas flow rate (L/min) - 0.3
Treatment efficiency (%) . 2.76
Coagulation g
Initial pH 7
Alum dose (mg/L) 150
Treatment efficiency (%) 91.23
Batch MIAF* Jis
Alum dose (mg/L) 150 225
Gas flow rate (L/min) 1.0 2.0
Bubble size (mm) TES 1.5
Interfacial area: a (m) 304.527 213.168
Velocity gradient: G(8™) 106.27 63.76
a/G 2.528 3.343
Treatment efficiency-(%) 94.69 82.97
Continuous MIAE**
Influent feedirate'(L/hr) 11 45
Alum dose (mg/L) 150 225
Gas flow rate (L/min) 1.0 2.0
Flowmodel' (RTDR) Tanks=In-Series (closeftojideal) CSTR
Treatment efficiency (%) 80.65 48.52
Continuous-Settling
(Improvement of Large column)
Influent feed rate (L/hr) - 45
Alum dose (mg/L) - 225
Gas flow rate (L/min) - 2.0
Mixing time (min) - 10
Settling time (min) - 30
Treatment efficiency (%) - 82.33

(*considered at 30 min operating time; **considered at 60 min operating time)
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9. Recommendations

Due to the objective of this research was to studied performance of MIAF process for
cutting oily wastewater treatment. Regarding to some limitations such as the braking
phenomena, water circulation appeared in this study, the flocculent-setting, Sequencing Batch
Reactor (SBR) or Completely Mixed Stirred Tank Reactor (CSTR) combined with settling
tank, is recommended as the alternative choices response for the purpose of overall treatment

efficiency improvement.

ants and gas diffusers should be studied in

In future, the different types

order to extend operating conditi 0es. ound in large flotation column clearly
presents higher values tha : 3 low gas flow rate (0.3 L/min).
Therefore, it is very interesting fc ing this pro {0 other oily wastewaters, which oil

droplet size presence is lar
This will be very useful fo
ratio. Additionally, M

which their size varied 1
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APPENDIX A

CUTTING OILY WASTEWATER

1. Droplets size distribution of 1.0 g/L cutting oily wastewater

frequency Size distribution
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APPENDIX B

REACTIVE OILY BUBBLE FLOTATION

Table B1 Treatment efficiency of reactive oily bubble flotation (Large column only)

88

Turbidity (NTU)
Q¢ (L/min) 0 min Turbidity (NTU) % Remove
0.3 1195 1162 2.76
0.5 3.92
1.0 -8.24
2.0 -9.17
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APPENDIX C

COAGULATION PROCESS

1. Optimal initial pH

89

Table C1: Removal efficiency at different initial pH with 50, 100, and 150 mg/L alum

Alum concentration

pH 50 mg/L % ng/L 150 mg/L
COD % Removal | C 7 moval COD % Removal
" T
4 | 24740 788 | 3 , 2748.9 0.00
6 2231.6 3026 421y | =000 2431.6 0.00
—— e
7 1510.3 57.31 7.6/ ::% 310.3 91.23
8 | 2348.1 13.74 8 \\\@@\ 561.0 79.39
10 | 2576.1 34, .8 e 2400.0 38.76
W,
Y\
A2
2. Optimal dosage of Al l'imj)#l'-‘ itial
0.0
Table C2: Removal efficiency ofaluni dosa ied between 25-450 mg/L at an initial pH 7
el '
Alum dose (mg/L) 2 %t ) Treatment efficiency (%)
25 eSO RRY. 21.64
50 1310, 57.31
100 C 8276 . 76.61
150 = ) 9123
250 | - 86.61
300 i - i"i 85.96
350 457.1 82.95
o= 24104 | 10.08
101.M gn o P E o Y V-2
B 2576.6. "] 4 0.00

U ¢ N
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APPENDIX D

1. Removal efficiency of IAF processes at different gas flow rate

Table D1-1: Treatment efficiency of IAF process of small.eoluwmn

|

IAF AND MIAF PROCESSES

90

Qg 0.3 L/min f_0.5 L./min 0.7 L/min
Time (min) | Turbidity | COD % Remove Tupbidity’| - €OD % Remove Turbidity | COD % Remove

0 1235 2150.4 0.00 1560.0°. |7 2&70.f} 0.00 1369.0 2721.6 0.00
2 1229 2150.4 0.00 156405 |/.3036.8 0.00 1374.0 2678.4 1.59
6 1231 21504 0.00 15665 1 3016.0_ 0.00 13700 | 26784 1.59
8 1225 2150.4 0.00 1557.0 289;1?2 0.00 1379.0 3024.0 1.60
10 1224 2240.0 0.00 1567.0"‘“ 2955_36__‘- J 0.00 1373.0 2678.4 1.59
15 1220 2240.0 0.00 1566.0 301(&“‘-’*' 0.00 1359.0 2721.6 0.00
20 1222 2150.4 0.00 1567.0. 4 284»9\,6; s 0.72 1367.5 2851.2 0.00
30 1222 1702.4 7.00 1558.0 | 28288 145 1361.5 2721.6 0.00
40 1216 1344.0 5.00 1555.0 2912.0 Q.00 1357.0 2635.2 0.00

o

06



Table D1-2: Treatment efficiency of IAF process of large

column

91

Qg 0.3 L/min ——— 2.0 L/min
Time (min) | Turbidity | COD % Remove Y Turbidity | COD % Remove

0 1254.0 2715.84 0.00 1253 2567.6 0.00
2 1250.0 2646.96 2.53 1229 2548.0 0.76
6 1249.0 2587.92 4.71 1228 2557.8 0.38
8 1250.0 2558.4 5.80 1227 2567.6 0.00
10 1248.0 2528.88 6.88 1234 2567.6 0.00
15 1247.0 2538.72 6.52 1239 2528.4 0.00
20 1245.0 2568.24 543 1243 2567.6 0.00
30 1243.0 2568.24 543 1253 2567.6 0.00
40 1242.0 2568.24 543 1254 2567.6 0.00

AUEINENINYINT
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2. Removal efficiency of MIAF processes of small column @‘ V///

Table D2-1: Treatment efficiency of MIAF at 75 mg/L al

92

Qg 0.3 L/min 0.5 L/min 0.7 L/min
Time Turbidity COD I.(.*' ‘m Turbidity COD %
(min) (NTU) (mg/L) ng/ Remove (NTU) (mg/L) Remove
0 1212.0 2204.00 0.00 11515 2808 0.00
2 724.0 812.00 40.17 582.0 1176 58.12
6 751.0 928.00 38.46 597.0 1200 57.26
8 779.5 1206.40 38.46 603.5 1200 57.26
10 788.5 1136.80 41.03 603.5 1008 64.10
15 7725 881.60 4530 606.5 1104 60.68
20 7725 997.60 3248 611.0 1128 59.83
30 781.5 1020.80 40.17 614.0 1104 60.68
40 1212.0 2204.00 0.00 11515 2808 0.00

’ﬂW’]Mﬂ‘ﬁm UANINYAY
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Table D2-2: Treatment efficiency of MIAF at 100 mg/L alum
Qg 0.3 L/min 1.0 L/min
Time Turbidity COD % Turbidity COD %
(min) (NTU) (mg/L) Remove (NTU) (mg/L) Remove
0 1157.5 21424 0.00 1133.6 1934.4 0.00
2 966.0 1206.4 43.69 616.7 1008.8 47.85
6 918.0 1268.8 40.78 636.5 1019.2 47.31
8 889.0 1123.2 47.57 606.7 1133.6 41.40
10 893.0 1393.6 34.95 646.5 1071.2 44.62
15 893.0 1456.0 32.04 557.0 1040.0 46.24
20 889.5 1414.4 33.98 586.8 1060.8 45.16
30 879.5 1414.4 33.98 586.8 1060.8 45.16
40 875.0 1331.2 37.86 616.7 1102.4 43.01

AU INENINYINS
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Qg 0.3 L/min — 0. 1.0 L/min

Time Turbidity | COD % "cﬂ;ﬂ’.?ngo‘ Turbidity | COD %

(min) (NTU) (mg/L) Remove o (NTU) A (mg/L) (NTU) (mg/L) Remove
0 1146.5 | 1996.8 0.00 100907/ ) 28816 | 12410 | 2184.0 0.00
2 953.0 1040.0 47.92 Soolof [] . 8008 | 568.0 894.4 59.05
6 844.5 11232 43.75 ¢ Bu0S 804 586.0 873.6 60.00
8 745.0 1102.4 44.79 58690, (- 596.0 977.6 55.24
10 707.0 936.0 53.13 588.0 915.2 58.10
15 690.0 998.4 50.00 591.5 936.0 57.14
20 671.0 977.6 51.04 597.0 956.8 56.19
30 664.5 977.6 51.04 605.0 1206.4 4476
40 11465 | 1996.8 0.00 12410 | 2184.0 0.00

AU INENINYINS
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Table D2-4: Treatment efficiency of MIAF at 150 mg/L alum dosage

'

95

Qg 0.3 L/min 0.5 L/min 0.5 L/min 1.0 L/min

Time Turbidity | COD % Turbidity | COD % Turbidity | COD % Turbidity | COD %

(min) (NTU) (mg/L) | Remove (NTU) (mg/Ly) Remove (NTU) (mg/L) Remove (NTU) (mg/L) | Remove
0 1554.0 3024 0.00 1329 2454 4 0.00 1369 22248 0.00 1303 2440.8 0.00
2 1795.0 2160 28.57 611 2246.4 847 o+ 665 1576.8 29.13 1182 1814.4 25.66
6 - - - 601 189248 2288 " 634.5 1209.6 45.63 924 1166.4 52.21
8 1604.0 1771.2 4143 438 1622 4 33.90" 554 1382.4 37.86 568 691.2 71.68
10 1400.0 1684.8 44.29 391 10400 |~ 57.63) 354.5 885.6 60.19 364 280.8 88.50
15 962.0 1468.8 51.43 291 873.6 64 .41°< 286.5 993.6 55.34 264 367.2 84.96
20 506.0 1123.2 62.86 180 395.2 ' 83905F W 2468 5184 76.70 170 129.6 94.69
30 297.0 388.8 87.14 147 7488 ‘_'_69.49",&*_.-‘ 232 410.4 81.55 134 237.6 90.27
40 249.0 259.2 91.43 119 3328 y7-786.44 i, 192 280.8 87.38 132 129.6 94.69

S6
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Qg 0.3 L/min
Time Turbidity COD %
(min) (NTU) (mg/L) Remove
0 1265.0 2329.60 0.00
2 1414.0 2215.20 491
6 857.0 1060.80 54.46
8 719.0 790.40 66.07
10 617.0 758.05 67.46
15 473.0 707.20 69.64
20 373.0 603.20 74.11
30 350.0 644.80 72.32
40 329.0 852.80 63.39

AU INENINYINS

T"‘H 1.0 L/min
: ~ % Turbidity | COD %
| emove (NTU) (mg/L) Remove
2246 %O 1204.0 | 237120 0.00
1987 \!%§ 46 762.0 1050.40 55.70
| 648. 15 500.0 904.80 61.84
v 648.0 1.15 379.0 748.80 68.42
e 321.0 582.40 75.44
301.0 613.60 74.12
286.0 530.40 77.63
282.0 457.60 80.70
283.0 436.80 81.58

ARIAN TN INYAE
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3. Removal efficiency of MIAF processes of large column <
Table D3-1: Treatment efficiency of MIAF at 100 mg/L alumdosage
\
Qg 0.3 L/min 1.5 L/min 2.0 L/min
Time Turbidity | COD % Time Tarbidity + COD % Time Turbidity | COD %
(min) (NTU) (mg/L) Remove (min) (NTU). | (mg/L) Remove (min) (NTU) (mg/L) Remove
0 1207 2481.6 0.00 0 1226, 1324816 0.00 0 1201 2480.0 0.00
5 1067.0 1494.6 39.77 5 932 1447.6 41.67 5 825 11454 53.81
10 995 1560.4 37.12 10 874 ;lw2l3332 42.05 10 788 1105.6 5542
15 966.0 1513.4 39.02 18 856 1325.4 46.59 18 781 1125.5 54.62
20 942.0 1428.8 42.42 23 1852 1400.6 43.56 23 786 1105.6 5542
25 932.0 1381.8 44.32 25 847 13254 46.59 25 786 1125.5 54.62
30 920.0 1381.8 44.32 30 ~ 848 13254 46.59 30 783 1105.6 5542
40 907.0 1372.4 44.70 40 848 13207 4678/ 40 796 1105.6 55.42
50 900.0 1480.5 40.34 50 _ 850 1334.8 46.24 51 807 1145.4 53.81
60 898.0 1508.7 39.20 60 | 853 1438.2 42.05 60 812.5 1185.2 52.21

L6



Table D3-2: Treatment efficiency of MIAF at 150 mg/L v —

98

Qg 0.3 L/min 0.7 L/mi L/min 2.0 L/min
Time | Turbidity | COD % Time | Turbidity | C i CODb % Time | Turbidity | COD %
(min) (NTU) (mg/L) | Remove | (min) (NTU) ve. | (mg/L) | Remove | (min) (NTU) (mg/L) | Remove

0 1258.0 2697.8 0.00 0 1250 2 - 2392.0 0.00 0 1205 2570.4 0.00
5 950.0 1222 54.70 5 746 1123.2 53.04 5 772 1009.1 60.74
10 716 1099.8 59.23 10 587 956.8 60.00 10 517 952.0 62.96
15 641.0 996.4 63.07 18 482 956.8 60.00 15 416 780.6 69.63
20 599.0 996.4 63.07 23 457 748.8 68.70 20 373 6474 74.81
25 574.0 9212 65.85 25 452 852.8 64.35 25 365 5522 78.52
30 551.0 9212 65.85 30 431 748.8 68.70 30 363 590.2 77.04
40 522.0 846 68.64 40 412 686.4 71.30 40 364 590.2 77.04
50 508.0 846 68.64 50 411 686.4 71.30 50 372 590.2 77.04
60 495.0 789.6 70.73 60 405 665.6 72.17 60 377 637.8 75.19

AUEINENINYINT
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Table D3-3: Treatment efficiency of MIAF at 225 mg/L alum dosage

99

o

Qg 0.3 L/min 0.7 L/min 1.5 L/min 2.0 L/min

Time | Turbidity | COD % Time | Turbidity | COD %, | Time Turbidity | COD % Time | Turbidity | COD %

(min) (NTU) (mg/L) | Remove | (min) (NTU) (mg/L) Remoye i (Qin) (NTU) (mg/L) | Remove | (min) (NTU) (mg/L) | Remove
0 1258.0 2697.8 0.00 0 1250 2460 0:00 - () 1235 2392.0 0.00 0 1205 2570.4 0.00
5 950.0 1222 54.70 5 746 1360 4472 '!" 5 856 1123.2 53.04 5 772 1009.1 60.74
10 716 1099.8 59.23 10 587 860 65.04 ) 10 634 956.8 60.00 10 517 952.0 62.96
15 641.0 996.4 63.07 18 482 820 66.67 . 5 574 956.8 60.00 15 416 780.6 69.63
20 599.0 996.4 63.07 23 457 740 6992 =0 53k 748.8 68.70 20 373 647.4 74.81
25 574.0 921.2 65.85 25 452 740 69.92 ':2',5_‘ 495 852.8 64.35 25 365 552.2 78.52
30 551.0 921.2 65.85 30 431 840 j163.85 0 431 748.8 68.70 30 363 590.2 77.04
40 522.0 846 68.64 40 412 720 (== 40 464 686.4 71.30 40 364 590.2 77.04
50 508.0 846 68.64 50 411 780 |- <6829 50~ 462 686.4 71.30 50 372 590.2 77.04
60 495.0 789.6 70.73 60 405 1 800 67.48 60 465.5, [| 665.6 72.17 60 377 637.8 75.19

66



1. Bubble hydrodynamic parameters of small column

Table E1 Bubble hydrodynamic parameters of small column

BUBBLE HYDRODYNAMIC PARAMETERS

APPENDIX E

100

QG DB fB UB k4 a G a/G
(L/min) (mm) (mm/sec)” (1/m) (1/sec) (m/sec)
0.3 1.2 9554 90, 190.329 58.21 3.924
0.7 1.4 8124 110 342.593 88.91 2.480
1.0 1.5 6482 150 304.527 106.27 2.528
2. Bubble hydrodynamic parameters of large column -
Table E2 Bubble hydrodynamic parameters of large cotumin
QG DB fB UB a G a/G
(L/min) (mm) (mm/sec) (1/m) (1/sec) (m/sec)
0.3 0.95 26001 90 560.970 24.695 22.715
0.7 1.2 12901 110 368.355 37.723 9.632
1.0 1.28 10630 130 288.239 45.087 6.393
1.5 1.4 8124 140 244.709 55.221 4.431
2.0 1.5 6605 150 213.168 63.763 3.343

001



1. Continuous process of small column

APPENDIX F

CONTINUOUS MAF PROCESS

Table F1-1 Treatment efficiency of continuous MIAF process at for 1 -hr operating tiime

101

5 L/hr 11
Time Turbidity % Remoye Time Turbidity % Remove
0 1204 0 ) 0 1080 0.00
2 632 47 .54 j 1 622 42.41
5 553 54.07 e 3 351 67.50
10 550 5432 ¥y 10 229 78.80
20 429 o437 " 21 227 78.98
30 294 75.58 31 226 79.07
45 268 77174 5 45 234 78.33
60 234 80.56 = 7, 60 223 79.35
2. Continuous MIAF process of large column _. -
Table F-1 Treatment efficiency of continuous MIAF process forl hr operating time
Feed rate (Q) 15 L/hr 30 L/hr 45 L/hr
Process Time (min) | Turbidity(NTU) | % Remove | Time (min) | Turbidity (NTU).| % Remove | Time (min) | Turbidity (NTU) | % Remove
0 1220 0.00 0 1177 0.00 0 1082 0.00
Continuous 15 418 6574 15 890 18.52 10 929 14.14
(1hr) 30 663 4566 30 778 24.38 30 740 31.61
45 639 47.62 45 700 33.90 45 551 49.08
60 618 49.34 60 270 40.53 60 557 48.52

101



3. Continuous-settling (Large column only)

Table E3-2 Treatment efficiency of continuous MIAF—settling process with 1 hr opetrating time and 225 mg/L alum

102

Feed rate (Q,) 15 L/hr J  30T/hr 45 L/hr

Process Time (min) | Turbidity(NTU) | % Remove Fime (imin) | Turbidity (NTU) | % Remove | Time (min) | Turbidity (NTU) | % Remove

0 1220 0.00 0 TINZ 0.00 0 1082 0.00

Continuous 30 663 45.66 15 \ 890 18.52 10 929 14.14

(1hr) 45 639 47.62 30 ¢ 778 24.38 30 740 31.61

60 618 49.34 45 = 700 33.90 45 551 49.08

15 351 71.23 60 _" HX70 40.53 60 557 48.52

30 328 73.11 10 B 20 82.16 10 232 78.56

Settling 45 233 80.90 30, 3 , 204 82.50 30 208 80.78

(2 hrs) 90 226 81.48 90 =, 206 82.58 90 207 80.87

120 221 81.89 120° 205 82.50 120 208 80.78

J i 2 Ji
Table E3-2 Treatment efficiency of continuous MIAF—settling proces"s-wifh 10 miri: Gﬁefﬁting time _and 225 mg/L alum
Feed rate (Q,) 15 L/hr 30 L/hr 45 L/hr

Process Time (min) | Turbidity (NTU) | % Remove | Time (min) | Turbidity (NTU) | % Remove | Time (min) | Turbidity (NTU) | % Remove

Continuous 0 1254 0 _ 0 1247 0.00 0 1194 0.00

(10 min) 10 1043 16.83 10 1047 16.04 10 1069 10.47

7 462 63.16 8 252 79.79 6 860 27.97

10 286 77.19 10 236 81.07 10 324 72.86

Settling 30 217 84.05 30 205 83.56 30 211 82.33

(2 hrs) 90 201 84.05 90 205 83.48 920 208 82.58

120 200 84:05 120 205 83.56 120 208 82.58

01



RESIDENCE TIME DSTRIBUTION

APPENDIX G

1. RTD data for small column

Table G1-1 Feed rate (Qr): 5 L/hr without aeration

103

Time Time E(t) E(0) E(9)
(min) 0 Experiment Experiment Tank in series
0 0.000 0.000. 0.000 0.000
5 0.142 000 0.000 0.000
10 0.284 07000 0.012
15 0.426 - | 0.142
20 0.568 | | SO0k, 0.531
25 0.710 07770 | 694 1.037
30 0.852 /NN 1.348
35 0.993 AR 1.321
40 1.135 AN\ 0924 1.054
45 1.277 - 53 0.719
50 1.419 M 4 3 0.433
55 1.561 7 iz, 59 0.235
60 1.703 0, 04, ':::‘_f» . 0.146 0.118
65 1.845 002 L9204 0 0.055
70 1.987 oy .045 0.024
75 2.129 ooryr:{: -2 0.024 0.010
80 2271 0.0005 . .| 0.005 0.004
85 2.413 | 0.000 = A - 0.002
90 2.555 | 0.000 — 0.004 2 0.001
95 2.697 0.000 0.000
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Table G1-2 Feed rate (Q): 5 L/hr with aeration
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Time Time E(t) E(0) E(0)
(min) 0 Experiment Experiment Tank in series

0 0.000 0.000 0.000 0.000
5 0.196 0.001 0.034 0.147
10 0.393 0.025 0.624 0.537
15 0.589 0.03 0.995 0.826
20 0.785 » 0.920 0.893
25 0.982 0.755 0.796
30 1.178 22 559 0.627
35 1.374 150 f 0392 0.454
40 1.570 oul | N 0.309
45 1.767 7 | 0185 0.201
50 1.9 05 . 0.126
55 2.159 ooﬂ' 30 0.076
60 2.35 0,002 - ‘ 0.045
65 2.552 0.001 0.026
70 2.748 20001 )7 0.015
75 2.945 )~ 0.008
80 3.141 4700 6—-. 0.005
85 3.337 0. 0.003
90 3.534 000/ 0.001
95 3.730 0.00 0.001
100 3.926 0.0 0.000
105 4127 0. O% 0.000
110 431 0.000 \ 0.0 0.000
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Table G1-3 Feed rate (Qr): 11 L/hr without aeration

Time Time E(t) E(0) E(0)

(min) 0 Experiment Experiment Tank in series
0 0.000 0.000 0.000 0.000
5 0.340 0.006 0.086 0.115
10 0.680 0.067 0.988 0.972
15 1.020 0.079 1.162 1.093
20 1.361 0.034 0.506 0.539
25 1.701 0.009 0.137 0.169
30 2.041 0.003.¢ 0.043 0.040
35 2.381 0.001 0.014 0.008
40 2.721 : 0.000 | 0.004 0.001
45 3.061 4" 0:000 ‘1 0.000 0.000

/
ey /N

& J sk Y dd

Table G1-4 Feed rate (Qr): 11 L/hr wﬁh aeration
s e

gy gy
=+

Time Time E(t) E@©) E(0)

(min) &:': Experiment Experini}xit Tank in series
0 0.000 0.000 0.000 0.000
5 0.424" 0.035 0.412 0.419
10 0.848 0.093 1.096 1.052
15 1272 0.047 0.559 0.627
20 1.696 0.017 0.200 0.207
25 2.120 0.006 0.072 0.050
30 2545 0.001 0.013 0.010
35 2.969 0.000 0.005 0.002
40 3.393 0.000 0.001 0.000
45 3.817 0.000 0.000 0.000




2. RTD data for large column

Table G2-1 Feed rate (Q): 15 L/hr without aeration
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Time Time E(t) E(0) E(0)
(min) 0 Experiment Experiment Tank in series
0 0.000 0.000 0.000 0.000
5 0.122 0.005
10 0.244 0.077
15 0.366 0.283
20 0.487 0.574
25 0.609 0.844
30 0.731 1.011
35 0.853 1.051
40 0.975 0.987
45 1.097 0.856
50 1.219 N 0.698
55 1.340 ol v 0.541
60 1.462 0009 .7~ 373 0.402
65 1.584 008 FF: 311 0.289
70 1.706 == 05 0.201
75 1.828 0.230 0.137
80 1.950 0 Ar;;;:'ﬂ..-gf. 162 0.091
85 2.072 | 0.003 Ve 0.059
90 2.194 ;; . 1 0.038
95 2315 = 0.00 c 0.024
100 2.437 U 0.001 0.037 0.015
105 2.559 _.0.000 0.000 0.009
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Table G2-2 Feed rate (Qr): 15 L/hr with aeration
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Time Time E(t) E(0) E(0)

(min) 0 Experiment Experiment Tank in series
0 0.000 0.000 0.000 0.000
5 0.314 0.092 0.873 0.670
10 0.629 0.073 0.688 0.715
15 0.943 0.0 : 0.519 0.572
20 1.257 0 AIJ'IL 0.354 0.407
25 1.571 0. 0.268 0.271
30 1.886 _ 0.174
35 2.200 ™ 0,0 0.108
40 2514 ™ 0000 L L h\\ug 6 0.066
45 2.828 4 A 0006 4 | 0.000 0.040
50 3.14 | 0.023
55 3.457 0.014
60 3.7 N £ Jowoor L 4 ) 0.008
65 2.085 A1 £ £ o.000 7 Il\\\\\ 0.005
70 4400 | | W ME L 0000 0.003
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Table G2-3 Feed rate (Q): 30 L/hr without aeration

Time Time E(t) E(0) E(0)
(min) 0 Experiment Experiment Tank in series
0 0.000 0.000 0.000 0.000
5 0.149 0.001 0.017 0.012
10 0.298 0.001 0.028 0.153
15 0.447 0.008 | 0.264 0.475
20 0.596 0.033 1.106 0.819
25 0.745 037 1.247 1.022
30 0.894 033 1.039
35 1.044 028 | 0.918
40 1.193 o0 0.732
45 1.342 4 0.539
50 1.49 09 . . 0.373
55 1.640 006 0. 0.246
60 1.78 0,004 1, _ ‘ 0.155
65 1.938 0.003° % 0.095
70 2.087 40,002 - )~ 0.056
75 2.236 ok 0.032
80 2.385 | ;000 1 T;'.' 0.018
85 2.534 5-0 0.010
90 2.683 G061/ _ 0.006
95 2.83: 0.00]1 : 0.003
100 2.982° 0.0 0.002
105 3.131 - 0. og 0.001
110 3.28 0.000 0.000
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Table G2-4 Feed rate (Q): 30 L/hr with aeration

109

Time Time E(t) E(0) E(0)

(min) 0 Experiment Experiment TanKk in series
0 0.000 0.000 0.000 0.000
5 0.416 0.070 0.843 0.671
10 0.832 0.054 0.646 0.770
15 1.248 0.036 0.428 0.498
20 1.664 0.018 0.218 0.254
25 2.080 0.012 0.147 0.114
30 2.496 0.008 J 0.101 0.047
35 2912 0.002 0.021 0.018
40 3.328 0,000 0:000 0.007

:
'ie
Al
23244
Table G2-5 Feed rate (Q,): 45 Lt without acrationii

Time Time E(t) E@®0) E(0)

(min) 0 Experiment Experimeht Tank in series
0 0.000 0.000 0.000 0.000
5 0.331 0.001 0.015 0.549
10 0.663 0.002 0.037 0.812
15 0.994 0.040 0.609 0.676
20 1.325 0.036 0:543 0.445
25 1.657 0.024 0.368 0.257
30 1.988 0.013 0.198 0.137
35 2.319 0.006 0.092 0.069
40 2.651 0.004 0.067 0.033
45 2.982 0.002 0.037 0.016
50 3.313 0.002 0.031 0.007
55 3.645 0.001 0.016 0.003
60 3.976 0.000 0.000 0.001




Table G2-6 Feed rate (Q): 45 L/hr with aeration
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Time Time E(t) E(0) E(0)
(min) 0 Experiment Experiment Tank in series
0 0.000 0.000 0.882 0.000
5 0.393 0.069 0.611 0.716
10 0.787 0.048 0.414 0.652
15 1.180 0.287 0.446
20 1.574 | 0.270
25 1.967 0.154
30 2.360 0.084
35 2.754 0.045
40 3.147 0.023
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