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ABSTRACT

INVESTIGATION OF THE PERFORIANCES OF CERAMIC
MICRO/ULTRAFILTRATION MEMBRANES IN STABLE OIL IN
WATER EMULSION PURIFICATION

Increasing water scarcity is an important threat to the whole world. The use of too
much water during the production processes and the insufficient levalsd of this
water and the increasing quantities of oil containing waste generated in many industrial
activities cause dangerous consequences for the environment. Highly concentiated oll
water emulsions are very harmful for aquatic life, soil, atmospéwedehuman health.
Traditional treatment methodse not effective in the removal of emulsified oil droplets
which have less than 20 Om of droplet s
have been explored and developed in recent years due tougheiros advantages in oll
containing water treatment/purification.

The aim of this MSc study was to produce tubular ceramic micro/ultrafiltration
membranes for the removal of oil from stable oil in water emulsions. The prepared
emulsions with about-6 m(f droplet sizes were fed to the crossflow filtration system
and the effects of experimental parameters such as transmembrane pressure (TMP),
crossflow velocity (CFV) and temperature on membrane performance/permeate flux was
investigated. Titania, zircaen and neodymium doped polymeric sols were prepared and
coated on the MF layer in order to investigate coating/surface modification on probable
permeate flux enhancement and separation ability of the membrane. The reduction of the
total suspended solid (B3 and turbidity were determined as 100 %. A stable permeate
flux with a lower extent of membrane fouling and concentration polarization was obtained
with 1 m/s of CFV and 2 bar of TMP.
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CHAPTER 1

INTRODUCTION

The freshwaterdemand ohumairity has been dramatically increasing because of
the increasingworld population(Eslamian 2016)Climate change, ineffective eif
existing waer resources and insufficient level whter reusein industry however is
creatinga significant threat for humankind@he recycling of used water will be a vital
issuefor the environmendue to the present very high levels of oil containing wastewater
generatedespeciallyin the metal, food and tdile industries Wastewaters with about
2x10* mg/l and 1.4x16 mg/l oil contents are produced imetal and food industries,
respectivel{f Coca, Guti ®rrez, and Benito 2011)

Metal and food industrie Turkey used 755x1¢ and 132x1¢ m® of water
annuallyandreused47% and 26% of wastewater tineir processes, respectiveljon-
recycled wastewater Isowevera serious problem to the environment if no treatment is
applied because dts high oil content. @anic compounds such as hydrocarbons,
nitrogen sulphur oxygen, aliphatic and aromatic compounds and fatty(Beidski et al.
2015, Cheryan and Rajagopalan 1998 present in oily waterThese organic
compounds change normatygen transfer mechanism wfater and destroy the food
chain from beginningp the end by affecting thegda which constitutthe basigrimary
step of that vitathain. Oil containing wastewater pollutes not only drinking and ground
water resources but altee atmosphere artde soil (Yu, Han, and He 2013b, Padaki et
al. 2015) Discharge criteria are applied all around the world in order to protect the
environment and it is forbidden to discharge wastewater with an oil content of above 10
15 mg/l without any treatment.

There ar&eompaniesnvolved in thecollection of oily wastewater from industries
generatingoil containing wastewater in their processes. ofiesite treatmenby these
collectioncompanies arasuallynot costeffective consideringhe high amourd of oily
wastewater. Companies usually install and their own wastewater treatment units
based on their wastaterstream characteristies cost effective solutiofsKr i gan Mi
et al. 2013)



Traditional treatment methods such as gravity and skimming, flotation and
coagulation are very common to remove free oil whichchaso p| et si zes abo\
Traditional treatment methods are ceffective and easy to haledbut they can be
harmful to the environment due to sludge formatime working principle oftraditional
methods mostly afeased on density differer&@hich commonly necessitates the use of
chemical additives for increasitige density difference bet@entheoil and watephases
(Cheryan and Rajagopalan 1998)

Membrane technology isow commonly accepted to be the best availalle
promisingtechnology for oil containing wastewategatment. Oitan be emulsified and
madesolublein waterwith the addition osurfadans. Theseemulsified and soluble oils
are very stable and have smaller oi |l dr o]
technology has superior advantages sudieagyhighly automated, small foot print, low
operational cost and high efficiaas for the removal of thesstable oil dropletsrom
wastewater streamghe absence of the useatfemical additivein membrane treatment
prevents theladgeformationproblens encountered in conventional treatmé@iseryan
and Rajagopalan 1998nhorganic membranes such asareic membranes are the most
preferred treatment methods in recent years bedheyeanalsobe operated at high
temperatureand pressuge Ceramiomembranes are durable for a wilé rangg(Hsieh
1996b, Buekenhalt 2008) Membrane technology has many excellent features but it also
has some limitations sudms membrane fouling red concentration polarization which
makes membrane cleaning@ry importanissuefor along life cycle of the membrane.
Cleaning procedwes of ceramic membranes are simptbéan polymeric membranes
because ceramic membranes are durable to the organic solvents and ch€erigalis
membranesvith high mechanical, thermandchemical stabilitiesre producedn the
form of porousasymmetic multilayer structurgin order to obtain high permeate flesc
with desired selectivitieBurggraaf 1996, Tsuru 2008, Hsieh 1996b)

Microfiltration and ultrafiltration ceamic membranes are effective in the realo
of smaller oil dropletérom water stream@badi et al. 2011, Lee et al. 200Zhe most
important operational parameters suchcesss flow velocity (CFV), transmembrane
pressure (TMP), temperature and ptHhe feed solution are usually controlledorder
to attainhigh permeate flues and oil removal efficiencie€oncentration polarization
and membrane fouling atee most important limitations for micro andtrafiltration
ceramic membrane performanc®&anc-coating modification for increasing the

hydrophilicity of themicrofiltration membrane surfacdsmve been investigadin recent
2



yeass towardgrevening membrane foulingn addition to the research conducted on the
effects ofoperational parametefan o s tAk@s,&rOgand TiQ coating have been
developed to redudie interactiors between oil droplets artthe membrane surface by
increasinghydrophiicity of the membrane surfag¢€hang et al. 2010, Zhou &t 2010,
Chang et al. 2014)

The aim of this MSc studwas theinvestigation of thelevelopnentof ceramic
microfiltration(MF)/ultrafiltration(UF) membranesvith/without surface modifications
by using three nanocoatings(pure titania, zirconia and neodram dopeditania of the
MF membranes) and the determination of their oil retention abilities in the treatment of
stable oil in wger emulsions. The droplet sizes of the stable emulgiemared bysing
Tween-80 surfactant and edible oil were deteredby using Zetasizer DL$article size
distributiors andoptical microscop@nages. Crossflow filtration system was used for the
determination ofiltration performances of ceramic membranes. Effetoperational
parameters such &8FV, TMP and temperatarwere explored in ordeo enhance
membrane performanseTurbidty and total suspended solids of the permeata® we
measured by spectrophotometerorderto determine the oil retention abilities of the
ceramic membranes

This chapteris followed by Chaptes 2, 3 and 4 where brief reviews oil
containing water, emulsions and traditional treatment methods canelucted,
respectively General information basic classification and history of the inorganic
membranes are included in ChapterRecent reseah on oily wastewater/emulsion
treatment by usingicrofiltration, ultrafiltration and modified microfiltration membranes
are summarized in Chapter 6. Preparation of ceramic membranes witlsaleetive
layers, emulsion preparation and characterizadioth the results of this MSc study are
explained in Chaptsi7 and 8 The importantonclusiors of this work is stated i€hapter
9.



CHAPTER 2

OIL CONTAINING WATER

Developments and expandingroduction activitiesin industries such as
petrochental, metal, textile and food industriensequently increases the oily
wastewater generation annua(lyu, Han, and He 2013b, Gupta et al. 201These
industries, their sources, nature of the oil amadrtbil concentrations are givein Tables
2.1. and 2.2Wastewaters with highil contents are generat@dmetal industry during
metal processing and finishing, hot and cold rolling, aluminum rolling and can
production Metal working fluids (MWFs) are commonly usas cooling and lubrication
agens to enhance life cycle of tookspeciallyin cutting and rolling processesligh
amouns of oily wastewater with highoil concentrations are produced during these
proceses Food industry is the other major industry whproduces hidlg concentrated
oily wastewaterWWastewaters witb00-14000 mg/I oilcontents areroduced during food
processing( Co c a, Gut i ®r r e z Palmeaoih droduBtemfor texamp2 0 1 1)
generates wastewaters with00 mg/l o content The wastewaters generated by these
processes with high oil contents have relativégjhibiochemical oxygen demand (BOD)
and chemical oxygen demanddD) valuegKajitvichyanukul, Hung, and Wang 2011)

Over 37500 ni liquid waste wa producd from over 7000 plants daily in USA
and high amount of wastewater was reused in industry with primary and secondary
treatment but remaining liquid waste included high concentstibpollutans such as
oil and greas€Cheryan and Rajagopalan 199&nnual vegéable oil productiorwas
about 21.83 metric tonnes in Europe generating a very large amobatafdas oily
waste along th@rocess( Ger e g e.tMetal hnd fod OntiBtjieannually used
7.55x1@ and 132x1¢ m? of waterin Turkey howeveonly 47 and 284 of water were
reused in thesmdusties, respectively. The high oil contents of the -necycled water
make the treatment a very viiakue for the environment duettee presence of organic
compoundsn oily water.Oily water can containrganic compundssuch asliphatics,
aromatis, nitrogen sulphur oxygenNSO) and asphaltene and sonoé these
hydrocarbons, phenoleompounds, surfactants and fattyds in the oily sludgare very

harmful forthe environmen{Padaki et al. 2015, Cheryan and Rajagopalan 1998)

4



Table2.1 Sourcs of oily wastes from industries
(Source: Yu et al2013)

Source Industries Nature

Alkaline and acid Metal fabrication, iron ~ Normally highly emulsified due tc
cleaners and steel, metal surfactants; difficult to treat
finishing, industrial

laurdries

Floor washes All industries Mixture of various types of oils
from spills of hydraulic and
cutting fluids, oil mists from
spraying/coating etc.; Can be
present in both free and emdisd
forms stabilized by dirt and debri

and solvents

Machine coolants  Metals manufacturing, Normally emulsified and difficult

machining to treat
Vegetable and Edible oil, detergent Both free and emulsified oll;
animal fats splitting, manufacture, fish difficulty of treatment varies

refining, rendering  processingtextile (wood
scouring), leather (hide

processing), tank car

washing
Petroleum oils Petroleum refining, Both free and emulsified oil;
petroleum drilling difficulty of treatment varies

Small amouns of oily water can be very harmful fahe environment. Oily
wastewater discharge above the set limits affectgtibendwater resources.ribking
water resources and aquatic lifeth can therefore be seriouslgmage becase normal
transfer mechasm of oxygen inwater changes witthe disposal obily wastewater.
Dissolved oxygen content vital fdood chainchanges drastically when oily water
containing variousconcentrated contaminants dischargd. Algae is asignificant
initiator in thefood chainand high levelsf dissolved oxygen changgsowth behaviour

of algae sinc& mg/l of oxygen is very critical to maintathe aquatic life cycle. The
5



increasing level of oxygein waterhowever causes a higher consumption rate of oxygen
by algaeandother microorganiss Thefood chain isconsequenthaffected and aquatic
life is destroyed because living conditions of anaerobic creatusdly tthange because

of shift in equilibrium balance. Water pollution which is caused by releasing oily
wastewagr also affectcrop production. Theily wastewater covers the soil in time
which becomes an oily sludge cloggiihg pores of the soil. This harmhily sludge can

be absorbed in the pores presergaoil. The plants growing in these soilncno longer
grow sufficiently and normally. Ae ground cover disappears over time, and the growing
plants become unhealthy food sourfm@diving creatures consuming these plants. Thus,
the effects starting from the lowest layer of the food chain reach peoplenMavater

and soil pollution but also air pollutiogarts. The balance of the environment is

completely remove@Yu, Han, and He 2013a, Padaki et al. 2015)

Table2.2 Sources of oily effluents
(Source: Cocateal., 2011)

Industrial Process Oil Concentration (mg/l)

Petroleum refining 20-4000
Metal processing and finishing 10020000
Aluminum rolling 500050000
Copper wire drawing 100010000
Food processing (fish and seafood) 50014000
Edible oil refining 400066000
Paint manufacturing 100062000
Cleaning bilge water from ships 30-2000
Car washing 50-2000
Aircraft maintenance 500-1500
Leather processing (tannery effluent 200-40000
Wool scouring 150612500
Wood preservation 50-1500




There are satil content limits which are applied in different countries around the
world onthedischarge oéxcessivly produced oily water duigs harmful effect onthe
environment. Discharge criteria of oilyateroil contentgyenerally varies in th&0 to 15
mg/l range(Lu et al. 2@6). 10 mg/l of discharge criteria is appliedChina(Yu, Han,
and He 2013b)while someother countries enforcgery tight rules for oily water
discharge and they approve under 5 mg/l of digghariteria(Lu etal. 2016) Discharge

criteria can be extended to @680 mg/l for syntheticoils Kr i gan Mi Li | et

2.1.Types of Ol

Oily water can be classified as free (floating) oil, dispersed oil, emulsified oil and
dissolved oil according to its contents. These four groups and their droplet sizes are
represented in TabR3. Free oils are visible on water surface with higher tharQL80
of droplet diameter. Dispersed oil is stathlee toelectrical chargenteractions/repulsions
This type of oi} water is surfactant free and the aibgle size usually is in the broad
range of 2 Q The onostlimpdrtar® difference between dispersed oil and
emulsified oil isthe presence dfurfactarg. Different types of surfactantseaused to
obtain stable oil in water emulsiongi t h | es s tdi aroplet2dBimeterm o f
Dissd ved oil which has |l ess than 5 Om of
Treatment methods which will be discussed in chapter four are chosen by considering oil
types and their droplet sigeBmnulsified oil properties will be explaed in the next
chapter sincerecent research on emulsified oil treatment will be discussethe
following chaptersn more detail

Table2.3. Types of oil and droplet size in @il-water mixtures
(Source: Coca et al., 2011)

Type of oil Droplet diameter, D, (Gm)
Free oil O 150
Dispersed oil 20-150
Emulsified oil O 20
Dissolved oil O 5




CHAPTER 3

EMULSIFIED OIL

Emulsion appearto have a homogeneous and stable structiseally but it
contains one omore immiscible liquids &eterogeneous structur@il droplets in such
stable emulsiosicollide and merge to each other slowly which caodesd water phase
separation in timerhe speed of this phaseparation icloselyrelated tahe surfactant
type/contentised asn emulsifier for formation of thetableemulsion. Emulsiosican be
prepared by thredifferent routesThe application of mechanical forces is the first route
which is conducted througbumping and mixig processesSurfactants/emulsifiers are
added to these processes in the second routedustrial processs surfactants are used
for the preparation adtable emulsions. The last route involvesaing since increased
temperature can modifysome chmicals in the formation cémulsiors. Microemulsions
with 5-100 nm of droplet sizeare also asubgroup of emulsions and they are visually
transparenfKajitvichyanukul, Hung, and Wang 2011)

Emulsiors areclassified as oiln-water (O/W) andvaterin-oil (W/O) based on
the continuous phase ashematically showm Figure 3.1.The emulsion is called as
O/W if water is used higher th880 % as a continuous phase and oil is dissatveadter
homogeneoug. On the other hand, W/O emulsion is obtained, if water is less than 25 %

and water dropletare trappedh the continuous oil phase.

(’ \ O © I'f " ‘\,: () O
/ \I \_/ Ir"“\
'O _J Il j x_jl
' “\I N -
_/ o \_/ o
O/fwW W/0

Figure3.1. Different types of emulsions a# dropletsin water and water droplets in
oil. White and gray areas represent water and oil, respectively.
(Source: Kajitvichyanukul et al., 2011)



Stability of emulsios and droplet size can be controlgdsurfactarg. Normally,
oil and water phaseseparate if there is nexternal factor such as heat or energy.
Surfactants are added to oil and water mixture to obtain a stable emulsion. These
surfactants with significantly larger molecular structures decreaseitfaEe tensio of
water and oil miture upon their additioto the mixture(Nair et al. 2003) Figure 3.2.

shows the structure of Twe&0® surfactant.

HOCHOH ) (OCHCHAOH

0" "CHIOCHCH),OH ﬁf
CHED'[CHEGHEO)I.FCHECHEO'C'CHﬂCHgECHgCH:CHCHE[CHg}ﬁcHg
Sumofw+x+y+2 =20

Figure 3.2. Molecular structure of Twe8&0 surfactant
(Source: Nair et al., 2003)

A surfactant consists o hydrophilic head and hydrophobic chain. Hydrophilic
head can be either jao or ionic The hydrophilic head anithe hydrophobic chain of a
surfactanis schematically shown iRigure 3.3. Hydrophilic head is water soluble. On
the other Bnd, hydrophobic chain has weak interactions because of London dispersion
force. Long hydrocarbon chain is known as hydrophobic chain of the surfactant.
Surfactants are classified as anionic, cationic, amphoteric anamicnwith respect to
thehydrophiic group property. Anionic surfactant is composed of negative head whereas
cationic surfactant consists of negative head as opposed to anionic surfactant. Sodium
dodecyl sulfate (SDS) and cetyl trimethyl ammonium bromide (CTaf)the most
commonexamplesof anionic and cationic surfactants, respectiv8lgth positive and
negaive charges are preseintamphoteric surfactants such as cocamidopropyl betaine
(CAPB). Nornionic surfactantsvith no charged heads in their structure such as Tween
80 are commonlysed in the preparation emulsiors.



Hydrophobic chain AIR
CR

OIL

INTERFACE
-_—

Hydrophilic head WATER

Figure 3.3. Molecular structure of a surfactant and its orientation at the interface.
(Source: Coca et al., 2011)

Critical micelle concentration (CMC) is one of the minsportant propertiesf
the emulsios because above CMGsurface tension remains constant. Surfactant
molecules have nassociation tendency and henceonentation below CMC. O/W and
W/O surfactantsabove CMC that form micellastructure are shown in Figure 3.4.
Temperature, surfactant propest and conentration are the parameters affecting the
micelle structure Hydrophobic and hydrophilic character of the emulsion can be
estimated by hydrophilitpophilic balance (HLB) equation;

006 — (3.1)

Mnand M represents hydrophilic mass and total mass of surfactant, respectively. HLB
scale changes from 0 to 20. If HLB equals to zero, surfactant molecule has completely
hydrophobic structure. On the contrary, completely hydrophilic structure is obtained
when HLB equals to 200/W emulsions argenerally prepared with HLP values in
between 10 and 20 becausetludir hydrophilic structur§ Co ¢ a , Guti ®rr ez,
2011)
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Qil-in-water (O/W) Water-in-oil (W/O)

Figure 3.4. Surfactant stabilized micelles.
(Source: Coca et al., 2011)

3.1.Characteristics of O/W Emulsions

O/W emulsions can be characterized by surface and interfaciabriemsintact
angle, zeta potential and droplet simeasurementsSurface and interfacial tension are
commonly measured by du No¢gy ring met hod
decreases surfaead interfacial tension which makes the preparatiatadfe emulsiors
possiblel Coca, Gut i ®r r eBEenito et al.d20jpvestigated the Qsk &f)
nortionic, anionic and cationic surfactantResults of this studyave shown that
increasing the emulsifier concentration above CMC decreasednteefacial tension
dramatically as shown in Table 3.1. Especially cationic stafd has significant effect
in reducinginterfacial tension.

The ontact angle betweehe solid surface and oik an important property for
the determination ofettability. The increaseimo nt act a nlgneravettability ¢ a u s €
and nonrstable emulsioiormation Lower contactangle betweethe oil and surfae is
more preferable becaustable emulsiosm with and higher wetting surfacecan be
preparedFigure 3.5. represents contact angle configuration betweratal and solid

surface.
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Table3.1 Effect of surfactant concentration on interfacial tension
(Source: Benito et al., 2010)

Concentration Interfacial Tension (mMN/m)
(times CMC) Non-ionic  Anionic Cationic
0.00 19.6 19.6 19.6
0.25 5.0 11.9 3.4
0.50 5.2 9.2 2.1
0.75 4.8 9.1 1.9
1.0 3.9 9.0 1.2
15 3.0 7.7 1.1
2.0 2.3 7.5 1.2
10 2.3 7.7 1.2
g <9 054
Water Water
oi Oil

Nl sl

Figure 3.5. Wettability and contact angle.
(Souce: Coca et al., 2011)

Stablity of O/W can be correlatedtbe t a p o measutements through the
measurementf the velocities of emulsion droplets in a certain electrical field. Higher
val ue of 3 regardl ess o fceswhb erulbian stabifite. goawt i v e
interfacial tension and high stability are provided by surfactants at high zeta potential
value. Droplet size distribution is an important parameter which is analyzed by
microscopic techniques to select appropriate separatid treatment technique of O/W
emulsions( Co c a , Gut i ®r r e.zTable 812.dshoBsepodgsible tredintedt 1 )

technologies based on emulsion tyf@snito et al. 2010)
12



Table 3.2Process to removeldrom oily waters
(Source: Benito e al., 2010)

Oily Waste Removal Process

Free oil Mechanical separations: settling, centrifugation,
hydrocyclones

Emulsified oil Membrane separations (UF, RO)

Vacuum evaporations

Chemical treatment (destabilization) toagulation anc
flocculation

Flotation

Filtration/adsorption

Coalescence in packed beds

Deep bed filtration

Electrical methods: electrocoalescence, electroflotat

electrocoagulation

Dissolved oil and  Vacuum evaporation

additives

Distillation
Membraneeactors

Biological treatments

13



CHAPTER 4

CONVENTIONAL TREATMENT METHODS FOR OIL
CONTAINING WATER

The necessity of purification of oil containing water arises by considering the high
amount and concentration of oily water and its harmfelaffor the environment. There
are specialized companies which receoik containng water for offsite treatment.
However, agreements with these companies are expensive because the price increases
with the amount of waste. Onsite treatment methods dter liean offsite treatment in
terms of coseffectiveness by considering excessive amounts of oil containing water
which are produced by lots of industriegr i gan Mi lLil et al. 2013
Treatment methods are categorized into three groups as primary, secondary and
tertiary according to oil types and their stabilities as shown in Figure 4.1. Primary
methods are more traditional techniques which are suitablérde oils. Secondary
treatment methods are used to remove stable O/W emulsions and dispersed oil. Tertiary
treatment methods are very effective to remove emulsified oils and solub{€ ada,
Guti ®rez, and Benito 2011)

TERTIARY | FINAL
TREATMENT [cee yeNT

RAW PRIMARY
SEWAGE | TREATMENT

SECONDARY
TREATMENT

oW » Oily sludge
(Oit removal)  Free ol Dispersed oil Emulsified and
{up to40 yum) (up to-5 um) soluble oil

FREE OIL i DISPERSEDOIL | EMULSIFIED O.‘J;LSOLHELE oL

< {) () >
150 um Opm 20pm apm
REMOVALEY | REMOVALEY REMOVAL BY MEMBRANEFILTRATION
APl SEPARATOR | FLOTATION | OR CARBECN ADSORFTION

Figure 4.1 Oily wastewater treatment process according to types.of oil
(Source: Coca et al., 2011)
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4.1. Primary Treatment Technology

Primary treatment technology is preferred when oil droplet size isriggoe 150
Om which is called as free oil. This physi
in density. Gravity sepaiah is suitable for removingree oil which have higher than
150 Om droplet size. The oieltodensitydifferencewat er
This layer is skimmed from the water. APl (American Petroleum Institute) separator
which consists of solid separation part at the bottom and oil skimming part on the water
surface is commonly used as a gravity separation methbentatic diagram of API
separator is shown in Figure 4.2. Efficiency of API separator is directly related to
viscosity, density and concentration of oil, amount of surfactant and stability of olil
contaminated water, droplet size of oil and flowrate. APhsa#pn isa cost effective
method for the removal cdolid particles and free oil droplets. It can be also used in
primary treatment technology Co c a, Guti ®rrez, and Benit

Rajagopalan 1998)

Skimmed oil

Foed

Aqueous effluent
B E—

Qily sludge

Figure 4.2 Schematic diagram of API separator
(Source: Coca et al., 2011)

Centrifugalseparation equipment such @ntrifuges and hydrocyclonesan be
used inprimary separation method. Centrifugal separation is a transition method before

coagulaton. Centrifugation i more effective method than gravityased separatian

15



termsof time efficiencyand small foot print. While oil containing water flows fram
circular rotating device, water which is heavier than oil passes from the circularteegion
outer region with the centrifugal force and oil is removed from the vortex region. The
working principle of hydrocyclone is based on circular motion. Feed which is composed
of oil and water is fed to the hydrocyclone systenslaswnin Figure 4.3. Waters
collected from the bottom because it is tieavier phase and oil is removed from the top
of the hydrocyclone unit. Hydrocyclones are commonly used in metalworking industry

because of high efficiency and low capital cost to rentbgeil and solids.

Oily effluent

Aqueous
effluent

Figure 4.3 Schenatic diagram of a hydrocyclone
(Source: Coca et al., 2011)

4.2. Secondary Treatment Technology

Secondary treatment methods are used to reraibfeom O/W emulsions and
dispersed oil with chemical, physical and electrical methd@dsagulation and
flocculation are chemical treatment methods duthéoaddition of chemical® the oil
contaminated water. Coagulatisaccomplishedy coagulard which aid in forming
larger oil doplets which can beemowed by gravity settling Chemcal coagulants such
as AICB, FeCs, CaCl and FeS@are used to destabilize O/W emulsoAdding these

16



coagulants decrease the zeta potential and increase the interfacial interaction between oll
andwatef Coca, Gut i ®r r eThe oil @modal efieigncy vavies Yith thé )
coagulantype and chemical properti€Soagulationbased treatment methods however
causesludge formation andndesiredsecondary pollutiolYu, Han, and He 2013b)

Flotation is a physicehemical methotb remove emulsified oiRelatively small
densitydifferences between oil and watgrhasess increased byhe attachment dine
air bubblesAir bubbles attaclio the surface of the oil droplets as shown in Figure 4.4.
Air bubbles and oil droplets agglomerate and riseards which makes their removal
from the watemphase significantly easieFhe most common flotation type is dissolved
air flotation (DAF) which involves the use cbmpressed air. Compressed air dissolves
in oil contaminated water under pressure. Flotation causes the formatemetain
density difference between water andraih phasesAir is furtherremovedin flotation
tank bydecreasing pressuefter the separation procedsigh removal efficienciesan
be obtained by dissolved air flotation but this separation method may become inadequate
for treatment due to the problems related with chemical addition, sludge ifmrraat

high operatingcost{ Kr i gan Mi LLil et al. 2013)

a b

Oil droplet

Air bubble

Figure 4.4 Interaction mechanism between gabbles and oil droplets during
flotation. (Source Coca et al., 2011)



Traditional methods such as gravity, flotation and coagulation areetfestive
for oil removalfrom wastavater streamswith low cost andthey areeasy to handle.
However, there are some limitations of traditional mdthoChemical agents must
generally beused to enhancine density diference between oil and water rich phases
which generatesludgeformation problemsTraditional methods are not sufficiently
automated and require wathined operatorsCorrosion problems may occur because of
acidification. Traditional mods may be inadequate in satisfythg discharge criteria
in the treatment adil containing water when thegh amound of oily watemproduced by
many industriesare also taken into consideratig6heryan and Rajagopalan 1998)
Membrane technologyan therefore be used for the removabibfrom oily wastevater
as a secondarfreatment methodlue toits superior advantages. High efficiency is
provided by membrane technology with lowesational cost. There is no need to
chemical additionduring the treatmentvhich prevents sludge formatiorHighly

automated membrane technoldmgs small foot print area.

4.3. Tertiary Treatment Technology

Tertiary treatmenteichnology is suitable for Rtle waste oil. €rtiary treatment
methods such asvaporation, activated carbon adsorption and biologicalntexdtare
generally not prefeedfor oil containingwastevater.The water discharge criteria can be
met by membrane separation based treatmEntgporation is commonly used for small
amouns of waste because evaporatimgressitates high levels of energy wherdithed
wasteis heaed for the evaporation of theolatile liquid. Oil contaminated waste is
removed after evaporation. Evaporation is conducted by mass transfer. Water rises to the
upward of the liquid sample. Thin layer is formed by repulsive forces of the oil droplets
as n Figure 4.5. Water transports from this thin layer with mass transfer. Thin water layer
is formed and water transforms to the vapor phase. Evaporation rate change with stability
of O/W and type of the surfactant. Evaporation method is not sufficientwyiéimy other
treatment method because it decreases volume of the waste but oil contaminants are not

totally removed. Disposal cost can be decreased by evaporation.
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Vapor phase | Thin water film

Qil film

Figure 4.5 Schematic process of evaporation
(Source: Coca et al., 2011)

Activated carbn adsorption is the final stage after primary and secondary
treatment. Remaining organic compounds after the secondary treatment are removed by
adsorption. Adsorption modification is preferred to increase efficiéncyo c a, Gut i ®r r
and Benito 2011)Biological treatment is conducted by microorgarssihis a very
useful method foobtairing high COD and TOC removal efficiency with low cost.

However, it is very difficult process ietms of operation because temperature and pH

directly affect microorganism efficiency. Microorganisms can die at high temperature

or lowpH( Yu, Han, and He 2013b, C.oTeb&#e ,4.1.Gut i ®r
sumnarizes some of the treatment procegsesil removal from oily wasteateralong

with their advantages and disadvantages.

Table4.1 Advantages and Disadvantages of Oily Wastewater Treatments
(SourceMilic, 2013)

Treatment Advantages Disadvantages

Gravity Effective for removing free oil Not effective in removing

separation anc and suspended particles smaller oil droplets and

skimming Low cost emulsions

Dissolved air  High oil removal efficiency High investment and

flotation operation costs

(DAF) Difficult in terms of operatior
Sludge problem and chemice
needed

(Cont. on next page)
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Table 4.1. Cont.

Treatment Advantages Disadvantages
Chemical Low cost and availability of  Cormrosion problem
coagulation coagulants Low efficiency
and Natural coagulants Corrosion
flocculation Easy to handle Recontamination
Hazardous activated sludge
Coalescence No chemical additives Low efficiency due to
Simple device requirement  emulsifier
Low investment cost Decrease in@alescence
Long operation cycle lifetime
High removal efficiency Poisoning and loss of
effectiveness
Adsorption No chemical additives Cannot be used for high oil an
Low capital cost emulsifier concentrations
High COD removal efficiency Difficult in terms of operation
Regeneration of spent
absorben
Biological Low investment costs and Difficult in terms of operation
Process operating costs Inhibition of the biological
activities
Slow process
Membrane No chemical additives Required backwashing
Filtration Low investment and Fouling problem

operational costs

Rarely difficult in terms of
operation

Small space occupancy

High COD removal efficiency
and oil removal efficiency
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CHAPTER 5

INORGANIC MEMBRANES

Semipermeable membrargeparation is an important and highly preferred
technologywhich allows the passage of desired components with a certain driving force
such as pressure, chargeconcentratior{Hsieh 1996h)The most important factors for
membrane systeapplicationsaretheirlowerenegy requirementssmall foot printeasy
operation andthe use of considerably lower additional chemical®ijn 2004)
Membranes can be classified polymeric or inorganic. Polymeric membranes are
commonly used in many areas but thermal and pH resistance ofgr@ynembranes
are not as high as inorganic membranes. The most important membateras, their
separation applications and operating conditions are summarized in TabfeEganic
membranes can be operated at high temperatures and haye chemicatesistancet
high and low pH(Hsieh 1996b, Buekenhoudt 2008)nlike polymeric membranes,
inorganic membranes are durable to orgaoivents and other chemicals which makes
cleaning procegsmuch easier. In adiion to the thermal and pH stability of inorganic
membranes, mechanical strength is very Iigsieh 1996h)Inorganic membranes can
be used ahigh transmembrane presssireligh permeatiomatescan be achieved with
multi-layer inorganianembranes and molecular cut@felscan be adjusted throughin
selectivelayer structure contro(Levanen 2004)These very important advantages of
inorganc membranes have attracted an important level of research interest on these

materialsin the last couple of decades

5.1. History of Inorganic Membrane

Membrane technology has come into prominence in the recent yeastandive
R&D on membrane technology @irrently conducted globally. The investigations on
membrans and the relevaritarsport phenomena started in th@" century and thee
studiescontinue untilup today(Lee 2013) Technological developmenwere initiated
by Thomas Graham with dense metal membranes especially pall@dgien 1996a)

The technological developments up to 2000s are listed in Table 5.2. Commercially
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porous membrane filtenserediscovered by Zsigmondy itme beginning of 1900s and
used in microbiology. Microporous porcelain and Vytgre glass membranes were
developed in 194080rous silver membranes wezemmercially used in 1960s in small

Sizes/area.

Table5.1 Commoty used membrane materials and their properties
(Source: Hsieh1996)

Material Application(s) Approximate pH range
maximum working

temperature (LC)

Cellulose acetates RO, UF, MF 50 3-7
Aromatic polyamides RO, UF 60-80 3-11
Fluorocarbon RO, UF, MF 130150 1-14
Polyimides RO, UF 40 2-8
Polysulfone UF, MF 80-100 1-13
Nylons UF, MF 150180

Polycarbonate UF, MF 60-70

Polyvinyl chloride 120-140

PVDF UF 130150 1-13
Polyphosphazene 175200

Alumina (gamma)  UF 300 5-8
Alumina (alpha) MF >900 0-14
Glass RO, UF 700 1-9
Zirconia UF, MF 400 1-14
Zirconia (hydrous) DM (RO, UF) 80-90 4-11
Silver MF 370 1-14
Stainless steel (316) MF >400 4-11

The first large scale application started with gaseous diffusion in 1940s to produce
nuclear weapons bgnriching uranium. Fissionable uranitfiffU and norfissionable
Uranium 238 isotopes constitute uranium with weight percent of 0.72 and 99 %,
respectively. Uranium structure is completed with trace amoufildf The minimum
23 requirement for producgnnuclear weapons is 90% and gaseous diffusion is one of
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the most effective methotbr the enrichment of*®U. Composite membranes were
developed in France in order to increase mechanical strength and permeability of thin
layer with increasing thickness tife selective thin layer. Porous inorganic membrane
developments were sustained by US, Soviet Union, China, England and Sweden.
However, gas centrifuging and atomic vapor laser isotope were developed to enrich
uranium instead of porous membrane separatmhthese recent technologies caused a
competition. Membrane technology was recognized for liquid phase microfiltration and
ultrafiltration during the uranium enrichment process at the end of 1970s. In the next
studies, zirconium hydroxide and polyacrydicid mixture was precipitated on porous
support in order to obtain stronger dynamic membranes. These dynamic membranes
consisted of metal oxides and were developed by Union Carbide to use in large scale
applications such as eliminating of contaminant frpolp and paper industry and
removing of polyvinyl alcohol in textile industry. Oily wastewater treatment with
membrane technology began in 19%alahi, Abbasi, and Mohammadi 2010)

Table5.2. The historical milestones of membraeehnological develpment
(pre2000s) (Source: Lee, 2013).

Year Development/Discovery Scientist(s)

1748 Discovery of osmosis phenomenon A. Nollet

1833 The law of gaseous diffusion T. Graham

1855 Phenomenological laws of diffusion A. Fick

186&0- Semipermeable membranes:osmotic M. Traube, W.

1880s pressure Pfeffer, J.W. Gibbs,
J.H. vanot

19071920 Porous membrane filters R. Zsigmondy

1920s Research on reverse osmosis L. Michaelis, E.
Manegod, J.W.
McBain

1930s Electrodialysis membranes T. Teorell, K.H.

Meyer, J.F. Sievers

(Cont. on next page)
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Table 52. Cont.

Year Development/Discovery Scientist(s)
1950s Electrodialysis, microand ultra Many
filtration, hemodialysis and ien
exchange membranes
1963 Defectfree, high flux, asymmeti S. Loeb, S. Sourirajar
reverse osmosis membranes
1968 Spiral wound RO membranes J. Westmorland
1977 Thin film composite membranes J. Cadotte
19701980 Membrane and process improvement Many
1980s Industrial membrane gas separation J.M.S. Hers, M.K.
process Tripodi
1990s Hybrid and novel membrane processt Many

5.2. Classification @ Inorganic Membranes

Inorganic membranes can be classified according to operation mode, size, driving

force and structural characteristidriving force can be presge, concentration and

voltage but pressure driven inorganic membranes are generally used in filtration

processes Table 5.3. gives a summary of inorganic membrane classific@tsieh

1996b)
Table5.3. Inorganic membrane classification
(Source: Hsieh, 1996)
Separation Type Separation Process

Driving force

Pressure, concentration, voltage

Operation mode Deadend filtration, crossflow filtration

Structure

Dense, Porous

Size

Microfiltration, ultrafiltration, nanofiltration, revers

0SMosis
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5.2.1.0peration Mode Base Classification

Operation mode is classified as deadl and crossflow filtration based on feed
stream direction. &ed and permeate streams flperpendicular tdhe permselective
membranan deadend whilethe feed flovs parallel to the membrane surfanecross
flow filtration. Crossflow filtration is commonly used because membrane can be
protected from concentration polarization and fouling by preventing accumulation so
deadend filtraion is limited tolaboratoryR&D work (Hsieh 1996h)

Feed—— .+ +vg'tet 0. — . Retentate

: — 0 (Concentrate)

Permselective
Membrane

Carrier —— S S s T » Permeate
(Filtrate)

Figure 5.1. Schematic diagram of a crossflow filtration mode
(Source: Hsieh, 1996)

Permselective

Membrane \

Tyt e, = Permeate

Figure 5.2. Schematic diagram of a desud filtration mode
(Source: Hsieh, 1996)
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5.2.2.Structural Based Classification

Membranes can be produced wibnse or poroustructures The separation
mechanisms of these membranes aohematially shown in Figure 5.3 Dense
membranes are also known as noopsrmembranes and mass transporichieved
through diffusion. Driving fece of diffusion can be pressure or concentrafioffusivity
and solubilityof one of the components present in a mixture in the membetaemine
thetransport rate afhat diffusing specie@Baker 2012) There are n@ores and voidi
densemembranesSeparation abilityof the dense membrane is directly relatedh®
membrane materiainddiffusivity of components through thisembranéHsieh 1996h)
Metal films are generally used with palladium support for hydrogen and oxygen
separation. Permeation of hydrogetursthrough the thin metal membrabg diffusion
(Levanen 2004, Tsur2008)

Porous membranes are composed of metal, oxide or glass porous top layer and
porous support which is generally produced from metades. Porous meiorane can be
produced fronteramic materials such as alumina, zirconia or titania with singleowall
multilayered structurgBurggraaf 1996) These metal oxide selective layeran be
prepared by seyel techniqus Separation efficiency ofhe porous membrane is
determinedby the pore size distribution and nanoscglere size in thel nm to 50 nm
rangecan beobtainedoy sotgel techniqueand they are very vital in determiniagfinity,

permeability and adsorption abilifsuru 2008)

Porous membranes Nonporous membranes
] o T N
N N o
molecular sieving solution-diffusion
diffusion

A 4

AN .

O —>

%

dissolve desorb

I‘ﬂ_'l '_Y_J'
\ feed membrane permeate |
\ RN feed membrane permeate Yy

Figure 5.3. Separation mechanism of porous and nonporous membranes
(Souce: Tsuru, 2008)
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Inorganic membrarseecan be produced symmetric or asymmetric structsre
Symmetric membrane is also called as isotropic memlaadexhibitsa homogeneous
distribution throughouthe membrane with highanechanical strength ashownin
Figure 5.4 Membrane thickness design have a determining effect on perfiovatate.
Membrane is mechanically strong if the thickness is too much, but at the same time flow
rate is low.Mechanical strengthecomes loweif the thickness iseduced in ater to
increase flow through the thin lay@tsieh 1996h)

)
OO
&0 o)
0 oé’@%ﬁob
O KD
o Re®ssle

sV 0

Figure 5.4. Schematic diagram of porous and nonporous symmetric membranes.
(Source: Baker, 2012)

Asymmetric membraa structuresire appropriate solutisrfor obtairing higher
fluxes througlthin layes possessing desired selectivitiBsymmetric membranes are
formed from a number of layers with gradually decreasing pore. #ineSEM photo of
an norganic asymmetric membrane structigrgiven inFigure 5.5 Support layer haa
larger pore igze andprovides high mechanical strength. Support is generally produced by
extrusion or slip casting method froatumina (AkOs), titania (TiQ) and zirconia (Zr@)
powders Support layer mainly providesstrong surfacéor the following comsiderably
thin selectivelayers. Intermediate layers are formbdforethe top layer for gradually
reducing theore size. Intermediate layers are prepared bygalmethod with desired
pore size and applied on support layer by dip coating technign Tayer which has
the tightest selective capacity coated on intermediate layerryihg and thermal
treatment is applied in ord&r obtain stabland strongnembrandayer structure. Sol-
gel parameters and heat treatment conditions raaély closely controlled for

designing/obtaining the desired laypore size (Buekenhoudt 2008, Hsieh 1996bD,
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Burggraaf 1996) Asymmetric membrargeare superior tsymmetric membrarsesince
they providehigher permeate flugs aad mechanicallystronger structuge Asymmetric

membranes are better developed smath more commonly usd€gijn 2004)

surface

Separation
Iayer“*‘j

intermediate ¢
layer

Support <

Figure 55. Crosssectional SEM photo of porous ceramic membrane
(Source: Tsuru, 2008)

5.2.3.Size Based (&assification

Membrans can beclassified as microfiltration (MF), ultrafiltration (UF),
nanofiltration (NF) and reverse osmosis (RO) accordinipeo pore size in pressure
driven separationdVlicrofiltration membranes whichha®0 nm t o Besaf@ém por e
preferred forthe filtration of particles andmacromolecules such as proteir®olid
particlesandnac r omo|l ecul es are retained since the
while the solution passes through the pof@suru et al. 2001, Rijn 2004Aqueous
solution containing thedissolved species is called as tlpermeate stream for
microfiltration while suspended particles stay in te&entatestream Microfiltration is
an effective process which is widelged as préreatment especially in the food industry.
Microfiltration has a great advantage in food industry as well as pharmaceutical,

biotechnology and water treatment applicati@tsieh 1996h)
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Ultrafiltration is used in food and ebwerage industry, pharmaceutical,
biotechnology, crude oil separation from water and oily wastewater treatment
applications with 5 to 50 nm pore size range. Biologicals such as viruses or dissolved
substances of bacteria, colloided macromolecules areraentrated in theetentate
Molecular weight of the retained molecular species varies ih@860 to 500000 Dalto
range Waer and salts pass through the pores and are present pertheatestream
(Hsieh 1996b, Rijn 2004 he nature of solids/molecular and ionic speciesgmtin the
permeate and the retentate streamdtnafiltration and microfiltratiorare schematically
shown in Figure 5.6

membraneg
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Figure 56. Separation processof ultra and microfiltration membranes
(Source: Rijn, 2004)

Eriksson is the first researaghavho introduced nanofiltration term in 1988.
Research onanofiltrationmembrane separationdich isrelatively new when compared
with microfiltration and ultrafiltratiorbased separations is currently attracting significant
interest Nanofiltration memlrane pore sizes lie ibetween ultrafiltration and reverse
osmosis (1 to 10 nmpembrane pore sizéRijn 2004) Smaller species with about 200
20000 Daltormadlecular weight are separated from solutions and are retshobematic
representation of nanfiltration based separation is shownFigure 5.7 Nanofiltraton
membranes can l#ania zirconia, silicaz i r ¢ o n-alaminabasgéd and are used in
the separation afrganic compounds and ions from aqueous solutions such as wastewater
(Tsuru et al. 2001, Rijn 2004Y1aterialsused in porous membnra structures along with
theirpore size are schematically shown in Figure.SN&rofiltration is generally used in
the separation dfalts from dye especially in tgtile industry and in acid removélom

sugar.
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Figure 5.7 Separation processes ohoféiltration membranes.
(Source: Rijn, 2004)
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Figure 5.8 Materials and pore sizes of porous membranes.
(Source: Tsuru, 2008)
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Reverse osmosimembranepore size are smaller than 1 nm and they are

generally used in the monovalent ion removal fronutsmhs with high pressure driving

forces(10-70 ba). Reverse osmosis can be used in desalination of seawaterfand

industry.An overallsummary of microfiltration, ultrafiltration, nanofiltration and reverse

osmosismembrangroperties and their apppationsis presented in Table 5.4

Table5.4. Filtration process types, their properties and applications
(Source: Rijn, 2004 and Hsieh 1996)

Filtration Pore size Separation Pressure Application
Process Capability (bar)
Microfiltration 50 nm5 O Bacteria and Prefiltration in water

colloid retention, 0.5-3
suspended
materials,

protozoa

treatment, dye
industry, food and
beverage industry,
screening of bacteria

Ultrafiltration 5-100 nm

Bacteria and

colloid retention,
macromolecules 0.55
with molecular

weight range:
10006500000

Daltons

Dairy industry,
beverage industry,
pharmaceutical
industry, separation o
water from crude oil,
separation of fruit and
vegetable extracts,

waste water treatmen

Nanofiltration 1-10 nm

Permeation of

small substances

such as salt 5-25
Molecular weight
range: 2020000

Daltons

Purification of sugal
from acids, salts fron
dyes, water treatmen

desalination

Reverse <1 nm

0SMOosis

All suspended 10-70
and dissolved

materials

Desalination, food an

beverage
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CHAPTER 6

MEMBRANE TECHNOLOGY FOR OIL CONTAINING
WATER

Microfiltration and ultrafiltration studies have increased over the past years as
conventional treatment methods lead to inadequate treatment technology for smaller oil
droplets. Microfiltration and ultrafilation ceramic membranes have great bendfie to
less chemical additive us@dlower cost than theonventional treatment metho@sbadi
et al. 2011, Lee et al. 200NIF and UF membranes dveth investigatedh oil-in-water
treatment by using various operational parameters in order to dlighirflux because
concentration polarization and membrane fouling are one of the most important
limitations of thesemembranes. Narcoating modified MF membranes medevéoped
to enhance hydrophilic structure of the membrane surface without chatiggng
separation layerNane i z eAkOs, ZrOz and TiQ coating have been tadied by
researchers to decreasteractiors between oil droplets and membrane surdaneecent
years(Chang et al. 2010, Zhou et al. 2010, Chang et al. 2014)

6.1.Microfiltration for Oil in Water Emulsions

The effects obperating conditionsn tubular ceramic microfiltration membrane
performance was ingtigated by ee et al. (2002)Alpha aluminasupport (48 % porosity
and 500 bar mechanical stigth) which was produced by extrusion method was coated
withl. 8 Om p a-aluminastspensiobyzsig cdsting method as an intermediate
layer for MF membrane preparatiomntermediate layer was dipped iraa U-alumina
slurry(0. 4 Om me a n fopl@30s. Theek differenit sole conten(l0, 20, B
wt %) and dipping time(10, 20, 30 s) were investigatedorder to determinéhe best
MF thickness for high flux and crack free layjermation Low solids content levels
caused micrarack formation while high levetgsulted ira thickness of 5600 m wi t h
lower fluxes The results of this work indicated tH&@ wt % solig content with 20 s of
dipping time werdghe optimumMF layer formation parameterBigure 6.1. shows SEM

images of the intermediate layer and MF which represents their thickiass3@sand 35
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Om, respectively. S o | u mulgon drepkettsiee was filteredvh i ¢ h
with this membrane dhree different crossflow velocities (1, 1.5, 2 m/s) to obtaitebet

flux and low levels omembrane fouling and concentration pdation. The resuthave
shownthat flux increases withcrossflow velocity (CFV) and135 I/nth of flux was

achieved with 2 m/s of CFV.

Figure 6.1. Cross section SEM micrographs of MF membrane.
(Source: Lee et al., 2012)

Abadi et al. (2011) investigated the effect operation conditions like
transmembrane pressure (TMP), crossflow velocity (CFV) and temperature on permeate
flux, removal efficiency of tofeorganic carbofTOC) and fouling behavioraf u b u-I ar U
al umi na cer amAlscerenittmerabnase. hadl9 channels (OD=4 mm)
and 0.2 Om supporiths porosity of Aigher than 33 % had atidubar
of mechanical strengtfEmulsionsvthlesstan 20 Om dr opl throughs i ze w
thesemembrans at0.751.75 bar of TMP. Their resulteave showithat increasing TMP
increased permeate flux up to 1.25 bar. After 1.25 bar the oil droplets clogged the pores
with the effect of high TN® whichcaused accumulation of oil droplets on the membrane
surface and concentration polarization. T@@oval efficiency decreased on the other
hand at higher TMP because oil dropkteted taleform angass through the membrane
pore structure along ithh the permeatestream. Abadi et al. determin®¥.8 % TOC
removal efficiency with approximately 250 Him flux. The results ofAbadi et al.
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confirmed Lee et al. lmause Abadi et al. studied in 0§52.25 m/s CFfangeand they

found that increasing GFincreasedhe permeate fluxThey stag¢d that higher CFV
caused turbulent flow and incredsmass transfer coefficient close to the membrane
surface which preventeconcentration polarization and membrane fouling. However,
after 2.25 m/s, TOC removal &ffency decreased. Aatural organic layewasformed

on the membrane surface causfagling at low CFV. After 2.5 m/s this layer became

very thin and some of the organic matter passed through the membrane pores and
decreased TOC removal efficiency. Abadlal. also increased titemperature from 25

t 0o 4 0d thegfouad that the observed flux increaséo(@ increase)was directly

related tahe increase itemperaturgluetol ower vi scosity. However
removal efficiency started to desase with increasing operational cost. On the other hand,
Abadi et al. achieved decreasing oil content, total suspended solid (TSS) and turbidity as
85, 100 and 98.6 % efficiency, respectively.

Hua etal. (2007)usedtubular ceramic membrane which formed by 19 channels
and total height and diameter were 425 mm and 30 mm, respectively. TMP was changed
from 0.5 bar td bar and 2 bar TMP was determined as optimum pressure because after
this point flux ad TOC removal efficiency decreased from 98.6 % to 92 % due to
concentration polarizatiof.21-1.68 m/s CFV range was used to understand the effect of
CFV on flux and TOC removal efficiencincreasing CFV enhanced flux and prevented
concentration polaraion because of lower viscosity and higher Reynold number. Too
high turbulent flow was undesirable for TOC removal efficiency. Therefqnaom
CFV was 1.68 m/s for this studQil concentration was the other parameter to enhance
permeate flux and TOGmoval efficiencyHigh oil concentration was not suitable for
filtration because oil droplets plugged membrane surface and reduced permeate flux.
However, Abadi et al. observed that TOC removal efficiency increased when oil
concentration increased from@&® 1000 mg/ISteady fluxwas affected from pH of oily
water. Permeate flux suddenly increased from 3.8 to 5.8 pH. However, Wwhem$
increased from 5.8 to 9.9, flux suddenly decreased from 163 to 1#1i. Hua et al.
explained that permeate flux ditéy related to feed property besides membrane surface
property.Figure6.2. shows the size and zeta potential of feed with changing pH value.
Size of droplets did not change too much with pH but stability demonstrated some
differencesHigher steady fluxvas achieved with higher pH because oil droplets became
more negative and int@lroplet repulsion increased. Therefore, accumulation of oil

droplets on the membrane surface and concentration polarization were avoided. Higher
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pH was required to achieve higkeady flux because TOC removal efficiency was not
affected from pH while steady flux increased with pHla et al. investigated the effect
of salt concentration on permeate flux and TOC removal efficiency. Their resmtedcsh
that higher salt concentrah caused low permeate flinat their results were inconsistent

with literature.
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Figure 6.2. Effect of pH on size and zeta potential of emulsion droplets.
(Source: Hua et al., 2007)

6.2. Ultrafiltration for Oil in Water Emulsions

Srijaroonrat et la (1996) studied with four different types dtibular ceramic
ultrafiltration membranes in terms of pore size, type of coating and hydrophilic or
hydrophobic charactefable6.1 summarize characteristics of membranegth water
They continued their stlies with backflushing and without backflushi¢®yijaroonrat,
Julien, and Aurelle 1999T heir studies proved that backflushing had great advantage for
steady higher fly. Srijaroonrat et al. studies showed that higher transmembrane pressure
enhanced flux for emulsion which was 11

410 I/rth when pressure increased from 1 to 3viieitout backflushingAfter 3 bar, flux
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startedto decreaseAccording to their studies the contact angle of the oil drop on the

membr ane og)unf acéatcdal

diameter (r) werd 6 0

ACc, 33.

t ens i ow)andavdragepera
7 dyne/ cm and 0.1

O
Om,

pressure wafound to be 14.16 bar. Applied pressures which were 1, 2, 3 and 4 bar were

less than capillary pressure. If the applied pressure was greater than capillary pressure,

membrane sualce could become fouled. Deformability of oil droplets causes passing of

oil from the membrane surface. Consequently, Srijaroonrat et al. did not observe any

contamination and oil in permeate.

Table6.1 Characteristics of the ceramic membranes
(SourceSrijaroonratet al., 1999)

Type of coating  Pore size (nm) Character Permeability (I/m 2h)
Hydrophobic 50 Zirconia 1042
Hydrophobic 100 Zirconia 3316
Hydrophobic 500 Alumina 5031
Hydrophilic 100 Zirconia 2200

Srijaroonrat et al. used three different CFV which were 0.47, 0.94 and 2.16 m/s in

order to understand the effedt ©FV on permeate flux. Their results were compatible

with literature since permeate flux increased with CFV. Steady flux approached to zero

when CFV was less than 0.5 m/s and permeate flux reached 460 With 0.94 m/s

CFV. Increasing permeate flux wasused by high shear rate on membrane surface at

higher CFV.Qil concentration was also significant parameter on permeate flux because

it was understod that higher oil concentration caused membrane foullizdple 6.1.

explained that higher pore size pided to obtain high flux. However, when emulsion

was passed from four different membranes, capillary pressure increased with decreasing

pore diameter. In fact that, if the pore diameter was 500 nm, capillary pressure was

calculated as 2.8 band this vales was less than applied pressure. As a result of

decomposition of oil droplets caused concentration polarization on membrane surface.

When the pore size of the selective layer was too large, oil droplets started to plug

membrane poreérijaroonrat et ainvestigated the effect of hydrophobic and hydrophilic

character on steady flux and membrane fouling behavior. Perhaps the most important

point of this study was that the hydrophilic membrane had higher flux than hydrophobic
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membrane as ikigure 6.3 Sinee oil and hydrophobic surface have stronger adhesion
force, oil droplets accumulate on hydrophobic membrane surface and concentration
polarization is observed. This study showed that accumulated oil droplets were started to
pass through the hydrophobiceaf bar while hydrophilic surface was stable until 3 bar.

1200 - — _ S

1000 ‘

800 ‘

600 |
i
400 4;

Steady state flux (/h.m?)

200 -

0 1 2 3 4 5

Pressure (bar)
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Figure 6.3. Effect of transmembrane pressure on surface modified membrane
(Source:Srijaroonratet al., 1999)

Lobo et al. (2006ktudied with tubular ceramic UF membranes which had two
different molecular weight cut of (MWCQO) as 50 and 300 kDa. Carbon supported
ZrO2/TiOz layer was used as selective UF lay@teeir experiments were carried out three
different CFVs (2.5, 3.4 and.2 m/s) under TMP range of ©45bar. Oilin-water
emulsion was prepared by anionic and 4mmmc surfactant with vegetable oil in a pH
range of 9. 3.4 m/s was chosen as optimum becalisedid not change significantly
after 3.4 m/s and operational cost started to incrézmeate flux of 300 kDa UF had
was higher than 50 kDa but 300 kDa had low capillary pressure due to high pore size
diameter so lower CFV caused membrane fouling andentration polarization for 300
kDa. It had been observed that COD retention did not change significantly with TMP and
CFV. Isoelectric point of Zr@TiO2 ceramic membrane was 4. Membrane surface
became positive charged when pH was less than pH 4. Quhtdehand, if the pH was
higher than 4, membrane surface had negative ch@ig@& water emulsion was not
affected by pH and 13.5 Om droplet size w:e
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a changes only membrane surface and adsorption mechaniem.piivalue was below
isoelectric point, positively charge membrane surface enhaanéthic surfactant
adsorption. Therefore, positively charged membrane sulatse hydrophilic tail of
emulsion which was made by anionic surfactamid hydrophobic tail s held by oily

water. Anionic surfactant increased adsorption with electrostatic interaction. Anionic
surfactant started to pass through the membrane surface and hydrophilic surface became
hydrophobic, consequently, increasingltophobicitydecreased fii On the other hand,

if pH value was higher than isoelectric point, membrane surface became positively
charged and membrane was prevented from surfactant adsorption. According to Lobo et

al. results, basic pH enhanced permeate flux and COD retention.

6.3. Modified MF Membranes for Oil in Water Emulsions

Changetal. (2010) nvesti gated t hat -AtzGsecategohect o0
ceramic microfiltration membrane with increasing hydrophilic structDezamic AbOs
microfiltration membranrewhi ch had 40% porosity @aaed 0. 2
coatedwith aluminium isopropoxide dimethyl benzene which was prepared by 1 wt. %
solution until saturation was completedoated membranes were washed by dimethyl
benzene. XRD r esul t sAlx®fstruttird was ashieved with smlallo w e d
particle size of alumina grainsThis alumina grains were formed by hydrolysis of
aluminium isopropoxide in dimethyl benzene solution angdOAmembrane surface
absorbed aluminium isopropoxide.e mper at ur e was helAdOsat 850
Because if the tempart ur e is higher than 1000 .AC, S 1
Chang et al. investigated that nasipedo-Al 203 modification was used to change surface
structure buthis modification did not changeherent structure®ore size was decreased
from .16 @ 14 Om after modification. The
caused decreasing of the flux, lputre wateflux increased from 369 to 505 Ifin This
could be caused by increasing of hydrophilic surface and changing contact angle of water
and membrane surfacB.he cont act angl eAlz@eoatingeaaseensn wi t h
Figure 6.4 Al2Os disk without nanec o at i ng had 33 AC and the
droplet and nano ADsc oat ed me mbr ane Idydroxylé@H gaup t o 22
density increased with narszed modification. Consequently, membrane surface

became more hydrophilic and contact angle decreased-ddatiog AbOs modification
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also increased surface roughness. On the other handcoarenl surfacencreasedBET
surface areand toughnes®ecreaing contact angle avoided membrane surface from
fouling because oil droplets started to move away from the-siaeocoated surface.
Although modified membrane had higher specific surface area, flux decline of modified
membrane was less than unmodifiednmbeane due to less interaction between oll

droplets and membrane surface.

Figure 6.4. Shape of a water droplet on (A) deng®Adlisc, (B) the coating
(Source: Chang et al., 2010)

Due to high separation ability for oily water, Zirconia can be eh@s modified
material. Although high cost of zirconia material causes less usage, it can be used as
modified materials because of strong polar propeftyou et al. (2010)sed naneized
ZrO2 because of advantages of zirconia. TubulaOAkeramic membranes which was
made of AYOz microfiltration layer, 7 channels, 40 % porosity ar@0.Om por e di am
The mixture of ZrCl and absolute alcohol was used to modifyxG&l membrane.
Emul si on which was 1.79 Om of droplet si zc¢
Span 80.SEM images showed that nasized ZrQ coating was achieved unifofy.
Nanosized ZrQ coating took place on ADs surface. Adsorption equilibrium
determined the thickness of the nasiped modified surfac&igure 6.5 shows the TEM
image of ZrQ coating which is 100 nm of thicknesEhis coating increased hydroxyl
growp (-OH) on the membrane surface and increased hydrophilicity. On the other hand,
nanasized coating increased surface roughness as in Chang et al. study so reducing of
contact angle was achieved. Flux decreased from 44 llon 159 I/mh with non

modifiedmembrane and only 33% of the flux was reversible after cleaning. On the other
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hand, modified membrane had 506 3mat the beginning of the filtration and flux
decreased to 441 IAm Modified membrane was cleaned easily with 88 % because
removing of oilwhere was on the membrane surface was occurred without too much
effort because of hydrophilic structui&O2 nano coating avoided sharp flux declines

caused byoncentration polarization and pore blocking.

~100 nh/

200 nm

Figure 6.5. TEM image of modified ADs grain spitted from the modified membrane.
(Source: Zhou et al., 2010)

NancTiO2 modification is one of the most effective coating methdor
increasinghydrophilic nature of thestructure and decrease contact angle between oll
droplets and membrane surfaGhang et al. (2014phvestigated that the effect of nano
TiO2 modification on flux under different operational parameters such &5 Ti
concentration, CFV, TMP and oil concentratidfhree diferent T#* concentrations
which were 0.1, 0.2 and 0.4 mol/l were preparedhgymixture of Ti(S@):2 with mol
ratio of Ti(SQ)2: urea as 1:2. Tubular ADs MF membrane was saturated by the mixture
and heated at 85AC to r enamdobtaiuTiORGhanget t he |
al. (2014) obtained uniform nafamating with 30 nm without new separation lagsm
Figure 6.6 Modification of MF layer providé to change surface property with reducing
oil-surface interaction. This interaction was reducgddcreasing contact angle between
oil droplets and s urFgare6?Changenal SuBiesi010,0 8 /
this angle was r edu esiatl AHOocoatng.|Tlyis ifpfovedddt wi t h
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with nanesized TiQ provided to achieve lssinteraction between oil droplets and
membrane surfaceChang et al. studies showed that modified membrane with three
different Ti(SQ)2 concentration had higher initial flux than unmodified membrane with
30-40 % improvementHighest flux was achieved wit0.2 mol/l Ti(SQ)2 modified
membrane because of uniform nasiped coating.Flux of 0.3 mol/l Ti(SQ):
modification had less than 0.2 mol/l because high concentration caused increasing
thickness of modified layer, consequently, flux decredgesnbrane bannels saturated

with the mixture of TiQand urea when the concentration of the colloidal sol was high.

In addition, particle size of Tif€zoating started to increase from nastale so separation

layer property changed with high concentration of2TiO

%50, 0K Boana

Figure 6.6 SEM images of the cross section of (A) the unmodified membrane and
(B) the membrane modified with nai@02. (Source: Chang et al., 2014)

Figure 6.7. Contact angles of water on (A) dens©Atlisc and (B) nanoliO2 coated
on dense AlOs disc. (Source: Chang et al., 2014)
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Chang et alinvestigated the effects ekperimental parameteos permeate flux
increasewith 0.2 mol/l Ti(SQ)2modified membrane. Emulsion which was prepared by
hydraulicoil, Tween80 and Spa0 with 8/1/1 weight ratio was performed through the
modified membrane under 3,5 and 7 m/s of CF9sm/s caused concentration
polarization. 7 m/s caused oil deformation as a result less flux. 5 m/s provided to obtain
highest flux.According to Chan et al. studies deformation of oil droplets was observed.
When CFV was 3 m/s, oil concentration decreased sharply but oil deformation was not
observed only bigger oil droplets accumulated on the membrane surfaceCEMevas
increased, oilconcentration decreased because cake layer formed on the membrane
surface due to deformation of oil deformation. If the CVF was increased up to 7 m/s, cake
layer was increased continuously and second separation layer was fioriesl study,
effect of TMP was investigated that higher TMP increased flux but flux decline with time
also increased because of oil droplet deformation and cake layer formation. Hydrophilic
surface did not prevent the membrane from oil droplEesnperature had significant
effect on permeate flux. Increasing temperature provided high permeate flux but oll
droplet deformation was observed with lower oil viscosity. Unmodified membrane tended

to pore blocking at high temperature with respect to modified membrane.
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CHAPTER 7

EXPERIMENTAL

7.1.Materials

Thr ee ddal ueni-alads) polddergwith average particle sizes 015,
1. 3 an d,badehmie (AMOH)), kidroxypropyl methycellulosera glycerin were
used for the preparation of tubular alumswppors. The materials used in this work is
further tabulated in Table 7.1.

U-alumina powder¢0 . 5 Al@atsa nd 0 .Sun@iton® mowdersyolapix
which was used abe dispersant, polyvinyl alcohol (PVA) drdefoamer were used in
the prepaation of stablecolloidal sols used in thi®rmation ofmicrofiltration layers.

Two different ultrafiltration layers wenerepared. Theirfst UF layerwas formed
by using stable sols prepared by usilgpeal boehmite powdefl0 nm of crystallié size
and 180 /g BET surface aréa 65wt.% of nitric acid and polyvinyl alcohol (PVA). P2
boehmitepowder which was reported to havé.& nm of crystalli¢ size and 26en%/g
BET surface area by the supplier were used in the preparatibie sbls used for the
formation of hesecond UF layer.

Modified MF membranes were preparedusg polymeric sols prepared from
titanium (V) isopropoxide, zirconium (IV) propoxide and neodymium (llljraie
hexahydrate along withitric acid, ethanol and-propanol

Emulsiorswere pepared byisingedible oil(Orkide Sunflower Seed OjlTween
80 as surfactant and wat&eionizedwater was used in the membrane and emulsion

preparatios.

7.2.Method

T u b u talamina Beramic suppariverecoated by MF and UBelective layers
one by one to obtain wsmetric porous membrane structur&n the other hand,
modified layes which were prepared by titanium (IV) isopropoxide, zirconium (IV)

propoxide and neganium (111) nitrate hexahydrate weo®ated on MF layaito increase
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hydrophilicity. Drying and heat treatmeptocessesvere appliedor all layers to obtain

structure with desired thermal/chemical/mechanical stabilities

Table7.1 Materialsused in tle experiments and theirgperties

Materials

Property

0.180m al umi na
0.5
1. 3
5.2

Om al umina
Om al umi na

Om al umi na

99.8 % purity, AKP50, Sumitomo
99.8 % purity, CT 3000 SG, Almatis
99.8 % purity, CT 1200 SG, Almatis
99.8 % purity, CL 4400 FG, Almati

Boehmite (AIO(OH))

99.8 % purity, DisperadandP2, Sasol

Hydroxypropyl methycellulose
(HPMC)

Methocel F4M, The Dow Chemic:

Company

Glycerin (GHsOz)

99.5 % purity, Merck

Polyvinyl alcohol (PVA)

80 % hydrolyzed, MW= 900@00000 g/mol,
Aldrich

Dolapix CE 64

Eurokimya

Defoamer

Dajl ar Ki mya

Nitric Acid, HNOs

65 %, MW=63.01 g/mol, d=1.39 g/ém
Merck

Titanium (1V) isopropoxide (TTIP)

97 % purity, Sigma Aldrich

Zirconium (IV) propoxide (ZTP)

70 % purity, Aldrich

Neodymium (III) nitrate hexahydrat

99.99 % tracenetal basis, Aldrich

(Nd(NOg)3.6H0)

1-Propanol 99% purity, Merck
Ethanol 99.5 % purity, Merck
Tween80 Panreac Synthesis
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7.3.Preparation of Tubular Alumina Supports

Supports with a high mechani@@iemical/thermal stability andmooth inner
surfaces aranportant necessityor theformation of the defect free thin selectiagers.
Support preparation ste@se schematically shown Figure 7.1 Organic binder, three
di f f ealuminapowdiersvhi ch wer e 0. i6size(lhorBertaoptimizé . 2 Om
the pore structure and mechanical properti@s) inorganic binder which was boehmite
were mixed ina ball mill for 2 h. These powders wetaeacdkd by hand while adding a
waterflycerin liquid mixture Screw extruder was used to obtaihomogeneous paste
and fed tothe piston extruder to form thebular ceramic supp@twith 1625 mm
innerbuter diameteand200 mmin length Extruded tubwr ceamic supports were room
temperature driefbr a day ona roller for partial removal ofvater. Thesaubes were
furtherdried n an o v evarnightt DeBirdlinglv@s conducted atZHG 0 UC f or
the removal of organics/decomposition of inorganic birfdeehmite transformation to

o-alumina)andfinal heat treatmentwas condeci at 15250%éf mnz220a6

Organic binder U Alumina Inorganic binder
(Methocéd) (0.5, 1.3, 5.20m) (Boehmite)

Mixing for 2 h (Ball mill)

\4

Water » Kneading by hand < Glycerin
A\ 4
Kneading by R Extrusion by
screw extruder “|  piston extruder
Sinterin__g Debinding Drying in Drying
at 15250 C at oven at |e overnight
for2 h 250-350U C ooU C on roller

Figure 7.1. Flowchart di* Alumina support preparation
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7.4.Preparation of MF layers

Two types of MF layersvere formedb y - alumina and AKP50 colloidal sols
which haddifferentpowderparticle sizeand heat treated at different temperaturager
processing pcedure ischematicallyshownin Figure 7.2.

H20
heated t
PVA
Y
Cooling down to
room temperature
Al20s powder D_efoamer
>e Dispersant
Y

Treatment in an
Ultrasonic Bath (2h)

A 4

Dip coating (10 min)

A\ 4

Drying at room
temperature

\ 4

Heat treatrr]ent
(1006:1200AC)

Figure7.2. Flowchart of miasfiltration membrane preparation

PVA which was used as a binder and drying controllas addednto water.
Before adding PVA into distill eddmssaveer  , wa
PVA. Mixture of distilled water and PVA was cooled dotwnroom temperaturd. wt.

%0 . 5 U&wminapowder was added to the cooled mixture and stirred at constant
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speed.Dolapix was used as a dispersant agent to avoid agglomeratitre afumina
powder.Defoamer was added to this suspension in order to minimize the presence of air
bubbles dung the dipcoatingstage Suspension was treated in @trasonic bath for 2

hoursin orderto obtainastalle and weHdispersed colloidal soT'he suspension was kept
unstirredovernightso that large particles could settle to the bottom and the suspensi

was collected from upper side of the botillde bottom of the tubular ceramic support

was wrapped by a silicemubber filled with the stable suspensianddip coatedor 10

min. A small hole was opened in thiicone rubberby usinga neelle wherethe excess

of the suspension was slowdyaineal dropwise while creating smoothcoatingsurface.
Microfiltration layerc o a t- alamind) tubes were dried vertically abro temperature

for the removal ofvater.The MF coating was heat treated with thddwing schedule
furnace(Carbolite CWF 1300as heated to 110 AC with a
AC to 1000 AC at 2.7 AC/ mi dminaThid terhparaturea c e r ¢
was had for 60 min and then cooled tmom temperatureAKP-50 MF layer was
preparecsimilarly by usingd . 1 8 O m paavtienamd head treatedt 1 Oirtst@ad A C

of 1200C.

7.5.Preparation of Ultrafiltration Layers

Two different UF layers wer prepared and used to in thiéy wateremulsions
treatment/purificationPreparation of theifst UF layerwasconductediy heatingwater
t o 7similaAtGMF layer preparatioin orderto dissolve PVA .25 wt. % as shown
in Figure 7.3ThisPVA/watersolutionwas cooleadlownto room temperature and 0.8 wt.
% of disperal (bdemite) powder was added intiee cooled solutiod.15 wt. % HNQ
was added for peptizatido this powdesuspensionvhile stirringat room temperature
Suspension was treated in an ultrasonic bath for the preparation ofd@dispelised sol
Tubular MF nembranes were coated by UF sy dip-coating methodsimilar to the
above MF coatingfor 10 secondsA small hole was opened in the bottom of thieane
rubberby usinga neelle whereheexcess of the suspension was slowly diarepwise
while creaing asmoothcoatingsurface UF coated tubes were dried at room temperature
for 1 day to ensure removing most of tvater fromthetube body before heat treatment.
The heat treatmenprocedurevasas follows Furnace (Carbolite CWF 1300) was heated
fromr oom temperature to 200 AC with 2 AC/ mir
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1 AC/ min,
for 1 hourat60 A C

from 400
t hen ftauroom emperatare. ol e d

and

PVA

H20
heated t

»
>

\4

Boehmite
(disperal)

Cooling down to
room emperature

»ld
Lt

A

Figure 7.3. Flowchart of first ultrafiltration layer preparation

Treatment in an
Ultrasonic Bath

HNO3
(1M)

Dip coating (10 sec)

A 4

Drying at room
temperature

A 4

Heat tregtment
(6004C)

A C ting raté. P tubAsGvere dwtelled a

down

Second UF layefUF2) was prepared by addidg25wt. % P2 boehmite powder
into the stirred waterP2 boehmite sol was treated in altrasonic bath to obtaia

uniform, stableand vell-dispersedol. Second UF layer was coated on the first UF layer
(UF1) coated tube by dipoating method like MF and UF1 for 10 secands2 coated
tubes were driedt room temperature for 1 day before heat treatmentgs Heat
600 AC UBliheat freatmentThe UF2 layer

treatment was conductest

preparations schematically shown in Figure 74 additionalUF layer waslso coated
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on a UF2 membrangy using a sol witl0.625 wt. % PZontent with a similar procedure

to theUF2 layer.

water P2
\ / Boehmite

Stirring
at room temperature

v

Treatment in an
Ultrasonic Bath

A 4

Dip coating (10 sec)

A 4

Drying at room
temperature

A 4

Heat tregtment
(600AC)

Figure 7.4. Flowchart of the second ultrafiltration layer preparatio

7.6.Preparation of Modified MF Layers

First type ofmodified layer wa formedby using 1 wt.%pure TiQ polymeric sol
TTIP polymeric sol was preparedy with a 1:0.057:2:128 molar ratio of
TTIP:HNOs:H20:1-propanol. Alcoholwater solution andtabilized alkoxide solutions
were prepared separately a®aim in Figure 7.5. The controlled slow additionTofIP
was very critical for the preparationsthble alkoxid&lcahol solutions. Final polymeric

sol was stirred fo 90 min before coating. Tubes meecoated by dip coating method for 5
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minutesto saturate the tubes withe polymeric solsTubular membranes we driedat
room temperature overnight after the coating essc Heat treatment was conducted at
3005 0 0 A C condmtype of maglified MF layer wsaprepared bysingneodymium
doped(5 wt.%) 1 wt.%polymeric TiQ sol. The reodymium doped polymeric solas
prepared with the same procedure followed forpilne TiO2 polymeric sol. Neodymium
nitrate wa added tdahe alcohoiwater solution in the preparation méodymium doped
TiO2 polymeric sol. The tubular membranesreveoated by dyzoating method for 10
minutes for total saturation of the pore structdiiee thrd modified MF membrane 8a
prepared by using 20 wt zirconium (ZrQ) doped polymeric TiO2 sol. The
predetermined amount of zirconium propoxide was mixed with the titanium isopropoxide
for the preparation of thstabilized alkoxde solution and polymerisol was coated by
dip coating method for10minYal t rék 2017)

1-propanol HNOs H20 1-propanol TTIP
\ | / \ /
Alcohol-water solution Stabilized Alkoxide

15 min stirred 15 min stirred

Y

Polymeric sol
stirred for 90 min

Y

Dip coating
for 5 min

A 4

Drying at room
temperature

A 4

Heat treatment,
(300500 A

Figure 7.5Flowchart of themodified MFlayer geparation
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7.7.Preparation and Characterization of Emulsions

Emulsion was prepared ligingedible oil, TweerB0 and distilled wate he oil
content was set constant latwt. % and an 8:1 weight ratiowas used for theil and
surfactant ratio. Oil ashsurfactant were added to the water and mixed by using a blender
for 2.5 min to generatawell-mixed and stable emulsioRigure 7.6 shows preparation
process ofthe emulsion.Blender was used at high speed a&nel emulsion wa$old
undisturbed focoude of hours to obtaifoam-free emulsiorbefore membrane treatment

Prepared emulsienwerecharacterized byé&tasizer NanoZ# order todetermine
the droplet size distribution in the oil-in-water emulsion. Olympus CH30/CH40
biological microscope was u$do observe oil droplets and measure droplet size of
emulsion. Total suspended solid and turbidity of feed and pernst@amswere
determinedy Hach Lange DR 3900.

Oil Surfactant

Y~ .

Distilled water

A 4

Stirring by blender
for 2.5 min.

Figure 76. Flowchart of emulsion preparation

7.8.Filtration Experiments

Filtration experiments were performed &@gross flow filtration system shown in
Figure 7.7 Tubular membrane waaced into the stainless steel membrane moQule.
water was fed to the feed tank. CFV was changed from control panel as F nQigtien.
correspoding to each Fvalue are listed indble7.2 Four different F values which we
F 10, F 2 0 wereFstudied i thia wodk. TMP wa3 Set from needle valve
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and TMP wagalculated by usingaugereadings 1 and 2 bar TMP were studied for oily
water treatmenPermeate as collected for each treatmemd flix was determiedas a

function of time based on the membrane surface afefiect of temperature was
i nvestigated from room temper at uusieagaho

immersioncooler.

Figure 77. The filtration seup (1-pump, 2feed tank, 3recycle, 4gauge, Elowmeter,
6-crossflow membrane module)

Table 7.2. CFV ranges corresponding to F values

F value CFV (m/s)
5 0.15-0.20
10 0.30-0.35
15 0.40- 0.45
20 0.45- 0.50
25 0.55-0.65
30 0.70- 0.80
35 0.907 1
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CHAPTER 8

RESULTS AND DISCUSSION

8.1. Preparation of Support

Ceramic porous asymmetric suppontereproduced by extrusioof pastesvhich
were prepared by usirg2, 1.3 and 0.8m Al-Os powdes in size Caamic supports
were produced iubular slape with16/25 mm innerouter diameteand 200 mmin

length Tubular cerami@lumina supportsra shown irFigure 8.1

Figure 8.1 Tubular cerami@luminasupports

8.2. Emulsion Characterization

Emulsiors were prepared by edible oil, Twe&0 and distilled water with five
different al and surfactant weight ratioss 20:1, 14:1, 8:1, 4:1 and 21roplet size
distributions of theemulsionswith 20:1, 8:1 and 2:bil/surfactant weight ratiogregiven
in Figures 8.2, 8.3 and 8.42eak prticle skes of theemulsiors were aboub500 nm (5.5
Gm) for all weight ratiosSome of the oil droplets were less thabnin size Qil droplets
0.6, 0.5 and 0.16m in size were observed when silffactanweightratio was 20:1 as
seen inFigure 82.
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