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PREFACE

Ultrafiltration of oil-water emulsions is a very promising application. Although it is a
new subject for Turkey, this application has already draw great attention in the world
and seems to be one of the areas that will see the greatest growth in the immediate
future. | 1
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: Mass transfer coefficient
: Boundary layer thickness
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: Molecular weight
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: Virial coefficients
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: Membrane resistance

: Cake layer resistance

- Viscosity

: Valves

: Pure water flux

: Flux decline
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SUMMARY

ULTRAFILTRATION OF OIL-WATER EMULSIONS

Contamination of water sources by discharging industrial effluents containing waste
oils is a problem arising from metal working and finishing industries. Such industries
generate wastewaters as oil in water emulsions containing ionic and nonionic
surfactants. Discharging of these wastewaters is strictly regulated all over the world.
Classical oil-water emulsion breaking system is chemical treatment which involves
first the acidification and coagulation and subsequent separation of oil by air
floatation, centrifugation, filtration or suitable agglomeration techniques. These
processes are expensive and at the same time inadequate to meet the new
environmental regulations. Ultrafiltration utilizing suitable membranes can be used to
concentrate the oil in the oily wastewaters which can either be reused in the industry
or discharged into public waterways with no harmful effect on the environment.

The objective of this study is to investigate the potential use of several membranes in
treating oil-water emulsions by ultrafiltration and to understand the behaviour of
these membranes under various operating conditions. Commercially available
membranes supplied from PCI Membrane System Ltd. are used to separate oil-water
emulsions prepared with cutting oils utilizing an Armfield ultrafiltration/reverse
osmosis unit. Effect of different operating pressures and feed flow rates are
investigated in terms of permeate flux and retention (rejection) values. Fouling, one
of the most important phenomena in ultrafiltration of oil-water emulsions treatment is
also determined in terms of pure water fluxes. Different cleaning methods are applied
to both new and fouled membranes and cleaning effenciency is investigated.

It is shown that oil-water emulsions can be separated succesfully via ultrafiltration
generating permeates with oil content below discharge limits of 1988-Water Pollution
Control Regulation when a suitable membrane is used. Highest retention values has
been obtained for polyethersulphone membranes with a MW cut-off value of 4000.
Polysulphone membranes with a MW cut-off value of 8000 showed the lowest
retention producing permeates not suitable for direct discharge indicating high pore
density and wide pore size distribution. Polyacrylonitrile and polyethersulphone
membranes with a MW cut-off value of 25000 has exhibited suitable retention values
at some feed flow rate and pressure difference values. Polyethersulphone (MW cut-
off 25000) and polysulphone (MW cut-off 8000) membranes seems to be highly
fouled and show considerable flux decline after emulsion experiments as determined
by pure water flux measurements. Both acid and caustic cleaning has not been
succesfull in cleaning the fouled membranes used in separation of oil-water emulsions.



OZET

YAG-SU EMULSIYONLARININ ULTRAFILTRASYON IiLE AYIRILMASI

Evsel ve endiistriyel atiklanin gevreye yayilmas: ile olusan kirlilik, hava, toprak ve su
kalitesinin korunabilmesini énemli bir sorun haline getirmigtir. Insanoglu yasam,
endiistriyel uygulamalan ve tanmsal faaliyetleri igin temiz suya ihtiyag duyar. Aym
zamanda, bu temiz su ihtiyacina ragmen, tanimsal, evsel ve endiistriyel atik sulan ve
¢oplitk alanlarindaki sizint1 sularini, su kaynaklarina degarj ederek s6z konusu yeraltt
ve yeriistii kaynaklarin siirekli kirletmektedir.

Su kalitesinin korunmas: ve dogan problemlerin ortadan kalkmasi i¢in hem kullamian
sular hem de desarj edilen akimlar 6zellikleri ve amaglarina uygun olarak aritilmalidir.
Ozellikle endiistriyel atik sular, dayanilmaz kokusu ve gériintiisii olan, yangin gibi bazi
giivenlik tehlikeleri olugturabilen ve su kaynaklanindaki oksijen miktarinin azalmasina
yol agan degisik konsantrasyonlarda yagh maddeler igermektedir. Bu yagh atik sular,
petrol rafinerileri, metal ve metal igleme, gida, tekstil, boya, yiizey kaplama ve
yapistirict, yag, sabun, ve deterjan, miirekkep ve deri endistrileri ile benzin
istasyonlaninda tagitlanin yikanmast ve sanayi tipi camagirhaneler tarafindan
olusturulmaktadir. Ozellikle metal isleme sanayiinde uygulanan pek ¢ok islemde
sofutma ve aym zamanda koruma amagh yag emiilsiyonlan biiyitk miktarlarda
kullamlmakta ve bu oldukga kararh emiilsiyonlar igeren akimlar desarj edilerek ¢evre
kirliligine biiyiik katkilarda bulunmaktadirlar.

Cevre sorunlanmin Oneminin artmast hem diinyada hem de Tiirkiye'de gevre
kanunlarinin olugturulmasina sebep olmugtur. Tiirkiye'de "1988- Su Kirliligi Kontroli
Yonetmeligi"ne gore metal isleme sanayiinde maksimum desarj edilebilir yag ve gres
miktan1 20 mg/l'dir. Ozellikle orta ve kiigiik 6lgekli isletmelerde kontrollerin artmast
ve boylece mevcut kanunlarin uygulanabilmelerinin saglanmasi dofanin ve insan
sagligimin daha fazla zarar gérmesini engelleyecektir.

Yagh atik sularda yag, serbest halde veya mekanik dispersiyonlar, kimyasal
emiilsiyonlar, ¢oziinmiig yag ve yag ile 1slanmug katilar geklinde bulunabilir. Mevcut
yagh atik su aywrma yontemlerinin iginden uygun olamin segiminde en 6nemli faktor,
yagin atik sularda bulundugu hal, emiilsiyonlagma derecesi ve sekli ile
konsantrasyonudur. Genel olarak yagl atik su antim yéntemleri agirhk esasina gore
ayirma, kimyasal olarak emiilsiyonu kirma ve membran prosesleri ile biyolojik antim
ve adsorpsiyon olarak siralanabilir. Agirhik esasina gore aywrma, en basit ve sik



kullanulan yontem olup, ayirma 6zgiil afirhk farkliliklanna dayanarak saglamr ve API
(American Petroleum Institue) separatorleri, koaleserler, hava ile yiizdiirme ve
santrifiij gibi islemleri kapsar. Bu yontemler serbest haldeki yaglan ve yag ile 1slanmug
katilan aymnr. Kimyasal olarak emiilsiyonu kirma, membran proseslerine gore daha
eski bir yontem olup, emiilsiyonun genellikle asit ile kinimasi ve koagiilasyonu ve
bunu takiben flokulasyonu gibi basamaklan igerir. Bu yontem ile baz yag-su
emiilsiyonlarim ve mekanik dispersiyonlan ayirabiliriz. Bir membran ayirma prosesi
olan ultrafiltrasyon ise ¢ok dayamkli yag-su emiilsiyonlarim ayirabilen fiziksel bir
ayirma metodudur. Burada segici gegirgen olan membranin gézeneklerinden siiriicii
gii¢ olan basing farki yardimiyla su molekiilleri gecerken, yag ve katki maddeleri gibi
makromolekiiller geri ¢evrilmektedirler. Membran proseslerinde, kimyasal olarak
emiilsiyon kirmada oldugu gibi ilave iglemlere ihtiya¢ duyan akimlar ortaya gikmaz.
Atik suya uygun, dogru Ozelliklerde membramn segilmesiyle bu yéntem ¢ok avantajh
hale gelebilir. Giiniimiizde yagh atik sularin antilmast igin membran tireten pek ¢ok
firma vardir ve bu yontem gin gectikce daha ¢ok isletme tarafindan tercih
edilmektedir.

Gozenekli ve asimetrik yapiya sahip ultrafiltrasyon membranlan, membranin
alikoyacaf varsayillan makrogoziinenin molekiil agirhi demek olan, "aynlabilen
molekiil aguhig” ile simflandinlirlar,  Aynlabilen molekiil aguhf kaba bir gekilde
membranin gozenek biiyiikliikleri hakkinda fikir verir.

Bir uygulama i¢in membramin davramimmn belirleyen ve incelenmesi gereken iki 6zellik
gecen akimin akisi ve geri gevirme oramdir. Geri ¢evirme oram membranin ayirma
kapasitesini ve gegen akimn safliinu belirtir ve asagidaki gibi ifade edilir:

Burada ® geri gevirme oram, C, gegen akim konsantrasyonu, C, ise kalan akim
konsantrasyonudur. Birim zamanda, birim alandan gegen madde miktan olarak
tanumlanan aki, siriicii gii¢ olan basing farki ile orantihdir. Saf su akisi bu duruma
gore goyle belirtilebilir:

J=K.AP

Burada oran sabiti K, membramn direncinin (Ry) hesaplanabildigi hidrodinamik
gegirgenlik, J, saf su akisi, AP ise basing farkidir. Ak, uygulanan basing farkimn
artmastyla orantih olarak énce artacak, ancak bir noktadan sonra artmasi duracaktir.
Yani basing farki ne kadar arttinbrsa artsin, aki degeri defismeyecektir. Bu degere
akinin sinir degeri denir ve konsantrasyon polarizasyonu ile kirlenme/tikanma
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nedeniyle gergeklesir. Konsantrasyon polarizasyonu, ¢oziinen maddelerin membran
yiizeyinde daha yogun olarak bulunmasi, kirlenme ise, bu ¢oziinen maddelerin
membranda  birikmesidir. Kirlenme gé6zeneklerin tikanmasi, ¢6ziinenlerin
gozeneklerde adsorplanmasi veya bir jel katmammn membran yiizeyinde olugmastyla
olur. Akmn smrlandif bu bélge igin defisik yaklapimlarla aki modelleri
olusturulmustur, Bu modellerden bashcalan film modeli, jel modeli, direng modeli ve
osmotik basing modelidir.

Bu tezin amaci, Kkararlh yag-su emilsiyonlanimn ultrafiltrasyonla aynlmasimn
aragtinlmasidir. Metal isleme sirasinda olugan yagh atik sulan temsilen bir ¢oziinebilir
yag olan Klora bor yag: yaklasik %3.9 konsantrasyonunda olacak sekilde seyreltilerek
model yag-su emiilsiyonlan hazirlanmigtir. PCI Membrane Systems Ltd'dan temin
edilen dort farkh ticari ultrafiltrasyon membram yag-su emiilsiyonlarm ayirmak igin
Armfield FT18 ultrafiltrasyon-ters ozmoz {initesinde incelenmistir. Bu dért membran
ES625, AN620, ES404 ve PU608 kodlu ve sirastyla polietersiilfon, poliakrilonitril,
polietersiilfon ve polisiilfondan yapilmus tiip seklinde membranlardir. Uretici firma
olan PCI Membrane Systems Ltd'den edinilen bilgilere goére kullamlan bu dort
membranin aynlabilen molekiil agirhklari ES625 igin 25000, ES404 igin 4000, AN620
i¢in 25000 ve PU608 igin 8000dir.

Ultrafiltrasyon iinitesinde, gegen akimin besleme tankina gonderilmesiyle saglanan
sabit besleme konsantrasyonunda gapraz akiy durumunda ayirma deneyleri yapilmugtir.
Membranlann ayirma o6zellikleri olan gegen akim akisina ve geri g¢evirme oramna,
basing farki ve besleme akig hizimin etkileri incelenmis ve membranlarin kirlenme
davrammlan aragtinlmugtir. Geri ¢evirme yiizdesinin hesaplanmasi igin bilinmesi
gereken yag konsantrasyonlannin belirlenmesinde ise tiirbidimetri ve gravimetrik
yontem kullamlmigtir. Bunun igin oncelikle membranlann biinyelerindeki koruma
¢ozeltilerinin  degisik temizleme yontemleriyle uzaklagtinlmasi saglanmg ve
membranlarin karakterize edilmeleri igin saf su akilan belirlenmigtir.  Degisik
operasyon kosullarinda (basing farki ve besleme akig hiz1) membranlanin davramimlan
(gegen akim akist ve geri gevirme yiizdesi olarak) incelendikten sonra kirlenme
etkilerinin belirlenmesi igin tekrar saf su akilan 6lgiilmiig ve daha sonra membranlar
farkli yontemlerle temizlenmistir. Temizlemenin etkisine aki geri kazamm degeri
incelenerek bakilmgtir.

J -
Ala Geri Kazammy = —52=228

J pwf kirli

Asidik veya kostik temizleme yontemlerinin bu koruma gozeltilerinin
uzaklagtinlmasindaki bagansiun incelenmesi i¢in saf su akilan odlgilerek
karsilastirlmgtir. Asidik yikamada nitrik asit ¢ozeltisi, kostik ytkamada ise Henkel P3
Ultrasil 10’a sodyum hidroksit ilave edilmesi ile hazirlanan gozeltiler kullamlmugtir.
AN620 membram igin kostik yikama sodyum lauryl siilfat (SLS) ilave edilmigtir.
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Asidik yikamamn PU608 membranin yapisimun bozulmasma yol agtifn gorilmistiir.
Hem bu membran hem de ES404 ic¢in ontemizleme islemleri istenilen sonuglan
vermemis, koruma ¢ozeltilerinin asidik veya kostik yikama yardimiyla uzaklagtirilmas
yeterince verimli olmamigtir. Bunun yaninda benzer 6n yikama AN620 ve ES625
membranlarinda akida artiglara sebep olmugtur. Diger iki membran igin daha uygun

yikama yéntemleri gelistirilmelidir.

Yeni membranlanin saf su akian ve aynlabilen molekil agirhfn degerleri
kargilagtinlarak karakterizasyonlan yapilmistir. ES625 ve AN620 en buiyiik gozenekli
iki membran olmalarina ragmen oldukga farkli saf su akisi degerlerine sahiptirler.
AN620 membranmn daha disik saf su akis1 gostermesi, gozenek yogunlugunun az
olmasiyla agiklanabilir. PU608 aynlabilen molekiil agirhg: degerine oranla daha fazla
akiya sahiptir. Bu davramg benzer gekilde gozenek yogunlugunun yiiksek olmasiyla
agiklanabilir. ES404 daha yogun yapisiyla en diisiik aki degerlerini vermektedir.

Yukanda da belirtildigi gibi degisik operasyon kosullarinda yani degisik basing fark:
(4-10 bar) ve besleme akig hizi (9-30 I/dak) degerlerinde, emiilsiyon ayniminin
etkinligini incelemek igin gegen akim hizi ve geri gevirme oranlan bulunmus ve
incelenmistir. Bunun igin her deney parametresinde yatiskin hale ulagildiktan sonra
minimum 10 6lgiim yapilmg ve verilerin tekrarlanabilirligi saglanmustir. Bundan sonra
her kosul igin ortalama bir deger hesaplanms ve degerlendirmeler buna gore
yapilmgtir.

' ES404 her kosulda yiiksek geri ¢evirme oranlan gostermistir. Gegen akimdaki yag
konsantrasyonu desarj limitlerinin altindadir. Diger membranlarla karsilagtirlldiginda
gozenek ozelliginden dolayr daha digiik aki degerlerine sahiptir, Daha ytiksek
basinglarda gahgilarak bu membranin verimliligi arttinlabilir. ES625 bazi basing ve
besleme akis luz1 degerlerinde desarj edilebilir kalitede gegen akumlar vermektedir. Bu
membran 6 bar ve 30 V/dak'da hem uygun geri gevirme oranmna hem de oldukea yiiksek
akiya sahiptir. ANG620, poliakrilonitril membran ise ES625 'e benzer ozellikleri 6 bar
ve 15 Vdak'da veya 10 bar ve 30 Vdak'da gostermektedir. PU608 membraniysa
ayrilabilen molekiil agrh@ degerine gore yiksek gozenek yogunlugundan
kaynaklanabilecek yiiksek aki degerlerine sahip olsa da, gok diisiik geri gevirme
oranlan gostermektedir. PU608 membranin gosterdigi disik geri gevirme oraninn,
dolayisiyla yitksek yag gegirgenliginin nedeni membramin gdzenek boyutu dagihmmn
yitksek olmasi olabilir. Daha kesin bulgular igin cryo-SEM gibi metodlar yardimyla
yiizey ozelliklerinin incelenmesi yalnizca bu membran igin degil aym zamanda digerleri
i¢inde yararh olabilir.

Membranlar karsiastinldiginda 6zellikle ES625'in gegen akim akisinn, besleme akis
hizmn  diigmesiyle diger memranlara oranla ¢ok daha fazla diiis gosterdigi
goriilmektedir. Bu durum membranin konsantrasyon polarizasyonundan etkilendigini
gostermektedir. Hidrofilik bir yapiya sahip olan AN620 ise digilk besleme akig
hizlarinda en yiksek gegen akim akisina sahip membran olarak gdziikmektedir.
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Emiilsiyon deneylerinden sonra ise kirlenme ve temizlemenin diigiiy gosteren aki
degerlerine etkisi incelenmigtir. Biitiin membranlann akilaninda emiilsiyon aynmindan
sonra diigme goriilmiigtiir. Bagta ES625 olmak tlizere AN620 harig biitiin membranlar
kirlenmeden ¢ok etkilenmis ve fazla aki azalmasi gostermiglerdir.  AN620'nin
hidrofilik yapisi, akida bu diigmenin gonilmemesine sebep olmaktadir. Kirlenme daha
az oldugu i¢in hem asidik hem de kostik temizleme bu membranda ¢ok iyi sonuglar
gostermektedir.  ES625'in temizleme ile diisen aki degerini 6nemli 6lgiide
kazanabildigi goriilmiistiir. Yine de hem ES625 hem de diger iki membran olan
ES404 ve PU608 igin daha verimli temizleme yontemleri aragtinimalidir. Kirlenmenin
nasil bir mekanizma ile gergeklestifi onem tagimaktadir ve bu yolda yapilacak
aragtirmalar aki geri kazamim limitlerinin daha iyi anlagiimasina yardim edecektir.



CHAPTER 1

INTRODUCTION

In recent decades, over population and increasing level of industrialization resulted in
environmental pollution in terms of soil, water and air sources [1]. Water quality
preservation became a major problem arising from contamination by discharging
domestic wastewater and industrial effluents into the environment. The need of
protecting the quality of water sources in the world forced us to standardize the
discharging methods of wastewaters into the environment. Therefore, varying
regulations according to regions were adapted and applied to different industrial

sectors [2].

In Turkey, an environmental law was prepared in 1983 and followed by some changes
in 1988. Considering these changes, a new "Water Pollution Control Regulation" was
published in order to protect all water sources in Turkey and ensure their effective
use. Although the existence of plants in Turkey which has water treatment facilities
to process wastewaters before discharge is a promising fact, the number of such
plants is still below the desired level. One of the most important environmental
problems in Turkey is the direct discharge of domestic and industrial effluents to
water sources. The “Water Pollution Control Regulation” forbids direct discharge of

wastewaters and mandates application of feasible technologies as treatment methods

[3].

Among several methods that can be used in wastewater treatment, membrane
processes have promising potential due to their low energy consumption, improved
separation properties, continuous operation under mild conditions and compactness.
Pressure driven processes like microfiltration, ultrafiltration, nanofiltration, and

reverse osmosis, and pervaporation and electrodialysis are the membrane processes



that offer many opportunities in treating the food processing, dairy, agricultural,
textile, pulp and paper, power plant, electroplating, petrochemical, metal working and
finishing wastes. Membrane technology can be implemented in the field of
environment not only as cleaning technology but also as clean technology since the
regulatory focus is now shifting from end-of-pipe treatment to pollution prevention

and resource recovery [2].

Oily wastewaters are almost the common waste in aforementioned industries.
Especially in metal working industry, large amounts of wastewaters containing stable
oil-water emulsions are generated during several mechanical operations such as
grinding, rolling, cutting, drawing, etc. The use of enormous quantities of cutting oils
and drawing oils in metal working industry has resulted in a difficult oily wastewater
disposal problem. These oils are usually mineral oils combined with a variety of ionic
and nonionic surfactants. The cutting oil is usually diluted for use as coolant during
metal working. The drawing oil sticking to the surface of the metal parts is removed

by subsequent rinsing with water.

Classical methods to treat stable oil-water emulsions involve first destabilization of the
emulsion by acidification and coagulation and subsequent separation of oil by air
floatation, centrifugation, filtration or suitable agglomeration techniques. These
processes are not only expensive but also are generally inadequate to meet the new
environmental requirements of practically negligible oil content in the final effluents.
Ultrafiltration utilizing suitable membranes can be used to concentrate oil in the oily
wastewaters which can either be reused in the industry or discharged into public
waterways with no harmful effect on the environment. The concentrated oil resulting
from ultrafiltration can either be upgraded, reutilized, or incinerated with no additional
fuel [4].

The objective of this study is to investigate the potential use of several membranes in
treating oil-water emulsions by ultrafiltration and to understand the behavior of
membranes under various operation conditions. The organization of the thesis is as

follows: Membrane processes and ultrafiltration are summarized briefly in Chapter 2.



The sources of oily wastewaters, related environmental regulations and methods used
in treating oily wastewaters are presented in Chapter 3. Chapter 4 covers the
experimental setup and the method applied in this study, whereas Chapter 5 covers
the results and discussion. Finally, conclusions and recommendations are presented in

Chapter 6.



CHAPTER 2

MEMBRANE PROCESSES AND ULTRAFILTRATION
2.1. MEMBRANE PROCESSES

Membrane processes are becoming competitive separation technologies in many ways
although they had appeared during the last three decades. Main advantages of
membrane processes over conventional separation technologies are less energy
consumption, no requirement of additives, easy up-scaling, continuous separation as
well as being suitable for hybrid processes that can be carried out under mild
conditions. There are still some drawbacks that have to be mentioned like flux

decline, limited life time of the membrane and sometimes low selectivity [1,5].

In all membrane processes membrane is the main part of the system which can be
defined as a thin barrier, between two bulk phases, that permits transport of some
components while retaining others under a driving force. A schematic drawing that

represents a typical membrane separation process is shown in Figure 2.1 [5].

driving force

feed permeate

membrane

Figure 2.1. Schematic drawing illustrating a membrane separation process [6].



Classification of membrane processes can be made according to the driving force or
on the basis of separation mechanism. A general overview and the classification of
membrane processes are summarized in Table 2.1. If size is the separation
mechanism, membranes act as filters which separate components in a feed solution
because of a difference in solute size. Membranes can also act as barriers in which
feed materials selectively are dissolved and transported through the membrane which

has been mentioned as affinity in Table 2.1 [6, 7].

Table 2.1 Overview of membrane processes [6].

Membrane driving feed permeate separation

_process force state state mechanism
microfiltration (MF) AP liquid liquid size
ultrafiltration (UF) AP liquid liquid size
nanofiltration (NF) AP liquid liquid size / affinity
reverse osmosis (RO) AP liquid liquid size / affinity
piezodialysis (PD) AP liquid liquid affinity
gas separation (GS) AP gas gas affinity / size
pervaporation (PV) AP liquid gas affinity
dialysis (D) AC liquid liquid size
osmosis (O) AC liquid liquid affinity
liquid membranes AC liquid liquid chemical nature
electrodialysis AE liquid liquid charge
thermo-osmosis AT, Ap liquid liquid vapor pressure
membrane distillation (MD) AT, Ap liquid liquid vapor pressure

The driving force that is necessary for the transport through the membrane may be a
transmembrane pressure gradient (AP), a concentration or activity gradient (AC or
Aa), an electrical potential gradient (AE), or a temperature gradient AT. The first
four processes mentioned in Table 2.1, microfiltration, ultrafiltration, nanofiltration

and reverse osmosis utilize a hydrostatic pressure difference as the driving force [5].



Microfiltration, ultrafiltration and reverse osmosis differ principally in the size of the
particles separated by the membrane. Ultrafiltration begins (MF ends) at the point
where the size of the solute particle is 10-fold greater than the size of the solvent
molecules. In reverse osmosis solutions of low MW and high concentration are
treated where osmotic pressure is appreciable, whereas ultrafiltration treats solutions
that have high MW and low concentration so that osmotic pressure is negligible [8].

Pressure-driven membrane processes are summarized in Table 2.2.

Unlike pressure-driven processes, in electrodialysis charged membranes are used to
separate ions from aqueous solutions under the driving force of an electrical potential
difference. Anion and cation exchange membranes allow anions and cations,
respectively. The chief function of the ED process is the removal of inorganic ions,
which leave bacteria, viruses and neutral organics in the dilute stream. The principal

application of electrodialysis is the desalting of brackish groundwater [2,9].

Table 2.2. Comparison of pressure-driven liquid phase membrane processes [5]

Process Pore size Materials Materials Pressure
(nm) retained passed (bar)

MF > 50 particles (bacteria, water, salts <2
yeasts etc) macromolecules

UF 1-100 macromolecules, water, salts, sugars  1-10
colloids, lattices solutes
MW > 10000

NF =1 solutes water, sugars, 5-20
MW >500,di- and monovalent ions
multivalent ions

RO not all dissolved and water 15-80

relevant suspended solutes
(salts, sugars)

Basic principle of gas separation is passing of a mixed feed gas at an elevated pressure
across the surface of a membrane that is selectively permeable to one component of
the feed. Gas separation systems with polymeric membranes is a developing process

which already has current applications like separation of hydrogen from nitrogen,



argon and methane in ammonia plants, the production of nitrogen from air and the

separation of carbondioxide from methane in natural gas operations [9].

Pervaporation is a membrane process in which a liquid mixture contacts one side of a
membrane and the permeate is removed as a vapor from the other side by the
difference in partial pressure between the liquid feed solution and the permeate vapor.
The low vapor pressure existing on the permeate side can be achieved by employing a
carrier gas on using a vacuum pump. It is used to separate mixtures of dissolved
solvents. Dehydration of organic- solvents, removal of organic components from
water and separating of some non-aqueous mixtures are the main application of

pervaporation [6].

The other membrane processes mentioned in Table 2.1 are mostly in the development
stage and they will not be discussed here since they are beyond the scope of this

thesis. Interested readers should refer to the excellent reviews in the literature on

membrane processes [6,9,10,11,12,13,14].

Module configuration has a direct effect on the efficiency of membrane systems. An
ideal module should ensure a sufficient flow rate so as to limit as much as possible the
formation of concentration polarization layers and to avoid dead spots. It should be
as compact as possible with easy membrane replacement, easy cleaning, good
chemical compatibility, pressure resistance, low cost and high packing density. There

are four different configurations with different advantages and disadvantages.

Plate and frame module design has its origins in the conventional filter-press.
Membrane feed spacers and product spacers are layered togethér between two end
plates. Prefiltration is often needed for this type of module and membrane
replacement is difficult. These units are also expensive and leaks caused by the many

gasket seals are a serious problem.

In tubular modules the membrane is inserted into a tubular support or cast directly

onto its internal surface. The pressure support is a perforated stainless steel or fiber-



glass tube. This type of modules are now used in applications where the benefit of
resistance to membrane fouling because of good fluid hydrodynamics overcomes the

problem of their high capital cost.

Although there is a number of spiral-wound module design, the first and simplest one
consists of a membrane envelope wound around a perforated central collection tube.
The wound is placed inside a tubular pressure vessel and feed is circulated axially
down the module across the membrane envelope, permeating into it and exiting via
the collection tube. In spiral-wound modules generally prefiltration is necessary, leak
detection is difficult and covers high area per module. They are much more

commonly used in low pressure or vacuum gas separation applications.

The hollow fiber module consists of fibers which feed under high pressure, flows over
the outside surface of them. The permeated stream then flows out through the base
of the fibers and is collected as product. The advantages of this configuration is a
large membrane area per unit volume and the possibility of operating with pressure for
flushing the module. In hollow fiber modules prefiltration is necessary and the

. strength of the fibers limits operating pressures [10,11].

2.2 ULTRAFILTRATION
2.2.1 General

Ultrafiltration is a pressure driven membrane process that can be grouped with
microfiltration, reverse osmosis and nanofiltration. In all of these processes, the liquid
being treated is circulated under pressure in contact with a membrane through which
some molecules pass and some others retain [11].  Ultrafiltration separates
macromolecules (like proteins) where reverse osmosis separates low MW solutes
(salt) and macrofiltration separates particles (bacteria, yeasts). The separation
mechanism is in fact a sieving mechanism in which molecules are distinguished

according to their size and shape in both micro and ultrafiltration. In reverse osmosis,



the chemical affinities of the solute molecules also play an important role in
separation. Furthermore, the osmotic pressure effects are important, where it is
negligible in ultrafiltration and microfiltration which results in lower operating

pressures for ultrafiltration [6,12].

Most ultrafiltration processes operate in cross flow mode that is tangential filtration.
The dead end flow mechanism exists only in laboratory devices and in a few industrial
applications [12]. Ultrafiltration will be discussed in detail in the following sections.

2.2.2 Historical Devélopment

Ultrafiltration first appeared at the end of the last century and was for a long time
used as a concentration and purification technique in laboratory preparations. These
membranes were away from maintaining chemical and mechanical resistance and high
permeability which is required for industrial applications. In the early 1960's Loeb
and Sourirajan's development of the first asymmetric reverse osmosis membranes with
reasonably high water flux and excellent salt rejection was the major technological
breakthrough. Ultrafiltration using asymmetric membranes is a result of research in
developing reverse osmosis membranes for specific applications. Although the
cellulose acetate membranes had a fairly low resistance to chemical attack, their
sufficiently high hydraulic permeability made industrial application of ultrafiltration
worthwhile. After it was found that other more inert polymers could be used in
determining the asymmetric structure instead of cellulose acetate, commercially
available ultrafiltration membranes became available. One recent development has
been the appearance of inorganic membranes capable of withstanding high

temperatures and pressures [7, 8].
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2.2.3 Ultrafiltration Membranes

Ultrafiltration membranes have asymmetric structure where a porous top layer exist

on a porous support. The top layer thickness in ultrafiltration membrane is generally

less than 1 p [5].

Membranes used in ultrafiltration are generally polymeric although some inorganic
(ceramic) membranes are also being used. Polysulphone, polyethersulphone,
polyvinylidene fluoride, polyacrylonitrile, cellulosics, polyimide and aliphatic
polyamides are some of the polymers that are used to prepare ultrafiltration
membranes. These polymeric ultrafiltration membranes are often prepared by
immersion - precipitation process. For this purpose, a polymer solution is cast as a
thin film and immersed in a coagulation bath that contains a non-solvent for the
polymer. Solvent starts to diffuse out of the homogeneous liquid polymer film,
whereas non-solvent diffuses into the film. Due to the presence of the non-solvent,
phase separation takes place in the polymer film and the polymer precipitates as a
solid phase to form a porous asymmetric membrane structure [5,6].

Although the properties of the membranes must be specific for each application,
general requirements from every membrane is high retention, high flux and a long life.

This is strongly related with the membrane properties that generally depends on

preparation method [11].

Ultrafiltration membranes are typically rated by molecular weight cut-off (MW cut-
off), a convenient but fictitious value giving the molecular weight of a hypothetical
macrosolute that the membrane will just retain and is given in Daltons. A convention
to define MW cut-off was set by Amicon in the 1960s as the molecular weight of the
globular protein which is 90% retained by the membrane. Although this is an upper
molecular weight limit for solute passage as the "90% point"is quite arbitary and there
are some complications about proteins, the marker (like adsorption or different

molecular shapes), the membrane could have transport capacity above the cut-off

[9,11,13].
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2.2.4 Flux and Retention ( Rejection )

An important property of an ultrafiltration membrane is its flux, which is defined as
the permeate mass (or volume) flow through the membrane per unit time and per unit

membrane area and can be shown as

dt 2.1

where m is the total mass of the permeate during a time t, and A is the membrane area

[71.

Fluid flow through microporous membranes in ideal situation (where membrane has
uniformly distributed equally sized pores, there is no fouling and concentration
polarization) can be described with Hagen-Poiseuille law for stream-line flow through
channels. One form of the model useful in ultrafiltration assuming laminar flow,

constant density, steady state conditions, newtonian fluid and negligible end effects is

er’ P

ANy (2.2)

J

where J is the flow through the membrane, r is the mean pore radius, P is the applied
transmembrane pressure, p is the viscosity of the fluid permeating the membrane,
Ax is the length of the channel and ¢ is the surface porosity of the membrane. It is
difficult to get independent measurements of €, r and Ax for use in this form of
equation but these characteristics are incorporated in the membrane permeability.
According to the model, flux is directly proportional to the applied pressure and
inversely proportional to the viscosity. The flux of pure water at room temperature

per unit pressure drop is

K.AP. 2.2)

—
|
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where K, the proportionality constant is the hydrodynamic permeability of the

membrane [14,15].

Another important characteristic of a membrane is selectivity. This can be expressed

as the retention or rejection which is defined as

R=1-=F (2.3)

where the ratio of the permeate to retentate or feed concentration, C,/Cs is the sieving

coefficient. When solutes are completely retained by the membrane the membrane has

a retention of ®=1.

2.2.5 Concentration Polarization and Fouling

Ultrafiltration is a pressure driven process and the flow of solvent through the
membrane increases linearly with pressure. However, during actual ultrafiltration,
only at low pressure range and for moderated pressures a non-linear relation is
observed. The linear region is called the filtration region as shown in Figure 2.2. At
high pressure range the permeate flux remains constant with transmembrane pressure
increase which is called the limiting flux region. This decline of flux in time leads to a
loss of performance of the process. The reason for this flux decline is related to the

concentration polarization and fouling phenomena [16].

During a separation process, while solute is retained by the membrane, solvent will
permeate through the membrane under a driving force. The retained solute therefore,
tends to accumulate at the surface of the membrane due to a convective transport
causing a reduction in the driving force, due to an increase in the osmotic pressure of
the feed solution or the formation of a gel layer in front of the membrane. The

increased concentration at the membrane surface will be counterbalanced by a back
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Figure 2.2. Ultrafiltration sketch: permeate flux (J) versus transmembrane pressure
difference (AP). Three distinct regions: (a)filtration,(b)non-linear,(c)limiting flux [16].

diffusion in to the bulk and consequently a concentration gradient is formed in the
boundary layer. This phenomenon which is shown schematically in Figure 2.2 is called
concentration polarization and constitutes a supplementary barrier opposing resistance

to the passage of the solvent [7].

It should be noted here that the retention defined by the Equation (2.3) is the
observed retention. In order to take into account the effect of concentration

polarization, a true rejection coefficient (®* ) is defined as

C
®*=1-—L (2.9

m

@)

where C,, is the concentration at the membrane-solution interface.

Concentration polarization is reversible and will disappear when the driving force is
removed. Concentration polarization results in rapid flux decline and eventually in

adsorption, precipitation or gelation of the solutes on the membrane surface
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(blocking) can occur. This long- term flux decline is known as fouling and contrary to

concentration polarization can be irreversible.

Fouling is defined as the deposition of retained particles or solutes on the membrane.
This includes adsorption, pore narrowing, pore blocking and cake formation which
represent different fouling mechanisms as seen in Figure 2.3. Different types of fouling
may occur depending on the ratio between the solute diameter and the pore diameter
of the membrane. In ultrafiltration generally the pores are very small in comparison to
the solute diameter so the formation of a cake layer is favorable. If pores are of about
the same size as the solutes, complete or partial pore blocking can occur. In the first
few seconds of ultrafiltration, this mechanism plays an important part. The biggest
pores get plugged, resulting a steep flux decline. Internal fouling of the membrane

structure leads to pore narrowing [7, 8].

000 (- (v ao

Dynamic membrane Complete pore blocking Partial pore blocking Internal fouling

Figure 2.3. Different fouling mechanisms [7]

It is known that largest molecular weight compounds in the multicomponent feed
mixtures can block the largest membrane pores resulting in a steep flux decline in the
first few seconds of filtration. Apart from this, these largest molecular weight
compounds can act as seeds are catalysts for the formation of a cake layer on top of
the actual membrane resulting in lower fluxes. Removing large molecular weight

compounds from feed by prefiltration will improve the permeate flux.

Membrane fouling depends on a lot of factors which can be divided into feed solution,

membrane and process related factors.
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Membrane related factors are either material related like hydrophobicity and charge or
structure related like roughness, pore size, pore size distribution and porosity. The
first fouling on a membrane is usually due to the interacts between the feed solute and
the membrane material. It is known that hydrophobic materials show a stronger
interaction with most solutes than hydrophilic materials. Therefore hydrophilic
membranes have a lower fouling tendency and higher permeate fluxes compared to
hydrophobic membranes. Hydrophilic membranes usually have limited thermal and
chemical stability so modified (with chemical reaction, UV-irradiation, adsorption
coating etc.) hydrophobic membranes are generally used. The presence of charge
affects flux and retention behavior of membranes because of electrostatic repulsion

and attraction.

If the membrane roughness increases, the flux decline and the degree of fouling is also
observed. Extreme surface roughness hinders the formation of a complete cake layer
because solutes have to fill and bridge irregularities on the surface. In general the
membrane fouling is more severe with increasing pore size because of degree of
internal fouling increases. At the same time initial permeate fluxes increase and initial
retention decrease with increasing pore size. Due to the low porosities of
ultrafiltration membranes, solvent will have to follow streamlines to the opening of
isolated pores and this will cause high local polarization and fouling effects at the pore

entrances.

The extent of membrane fouling is also affected by process related factors such as
temperature, transmembrane pressure and cross-flow velocity. Increasing the
temperature generally leads to an increase in the flux due to a lowering of the
viscosity and an increase in the diffusivity while decreases retention because of an
increase in concentration. In general increasing the transmembrane pressure results in
an increase in the permeate flux. However, if the solubility limits of the solutes during
filtration is reached, a gel or cake layer is formed. If pressure is increased when a gel
or cake layer is established a temporary flux increase causes the gel or cake to thicken
which results again in a decrease of the flux to its original value. This is the limiting

flux phenomena as described earlier. Increasing the cross-flow velocity, the last
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process related factor, results in a flux improvement owing to a reduction in

concentration polarization and fouling.

It can be concluded here that to prevent or diminish flux decline suitable membranes
and suitable conditions should be chosen for a specific application considering the

factors described above [7].

2.2.6 Flux Models

During ultrafiltration and microfiltration due to concentration polarization and
fouling, flux decline is observed as described in Section 2.2.5. In the literature, there
are several models describing this observed flux decline and there are several reviews
in the literature concerning these flux models [7, 14, 16, 17, 18] and a short summary
of some of these models will be presented in this section. There are many other
models developed in the literature to describe the anomalies between the calculated

fluxes and experimental fluxes but will not be reviewed here.

2.2.6.1 Film model

Concentration polarization with low molecular weight solutes without precipitation at
the membrane surface can be mathematically described by the so-called film model as
schematically shown in Figure 2.4. It is assumed that a laminar boundary layer is
established adjacent to the membrane surface in which longitudinal mass transport is
negligible. Therefore mass transport within the boundary layer (film) can be regarded
one dimensional. A steady state situation is reached as a result of the balance between
convective transport of solutes towards the membrane surface and diffusive back

transport of retained solutes into the feed solution.
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Figure 2.4. Schematic drawing of the concentration profile in the feed solution and in
the permeate, illustrating the concentration polarization phenomenon and the
convective and diffusive transport terms [7].

A material balance for the solute in a differential element of the film is given by
Equation (2.5)

d
J. C=DE§+J.C,, 2.5)

where C is the concentration in the boundary layer at a certain distance from the
membrane surface (/m’), C, is the concentration of the permeate (n/m’), x is the
distance from the membrane surface (m), D is the diffusion coefficient (m?/s), J is the
convective flux (m/s). Both the diffusion coefficient and the convective flux are
assumed constant. This equation is integrated over the boundary layer in which
concentration build up is assumed to take place with the boundary conditions, C = C¢
(feed concentration) at x = 0 and C = C,, (concentration at the membrane surface) at

x= 3 _. After integration,

-C

C.-C,
J=knln (—C—f—-_—é—p'] 2.6)
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is found as the film model relation in which

D
ko = 5 vX))

Here C, is the concentration at the membrane surface, Cr i the uniform bulk

concentration, ky, is the mass transfer coefficient,d _ is the thickness of the boundary

layer.

The film model can be used to study the effect of some characteristic filtration
parameters on the permeate flux during reverse osmosis where fouling is not a serious
problem. If the cross-flow velocity increases, the model predicts higher fluxes,
because of an increase in the mass transfer coefficient. A temperature rise increases
the diffusion coefficient and as a result flux increases. These can be observed in

practice.

There are some drawbacks of this model. For example, the concentration at the
membrane surfaces is not limited contrary to the fact that all solutes have an upper
solubility limit. Other simplifications are the assumption of a steady state situation, no
mass transport parallel to the membrane surface due to concentration or density

gradients and a fully developed velocity profile in the turbulent flow regime [7).

2 2.6.2 Gel Model

In ultrafiltration, simple film model is not applicable because of a low diffusive back
transport of macromolecules into the feed solution and a high transmembrane flux
compared to reverse osmosis. If the diffusive back transport can not counterbalance
the convective transport towards the membrane surface, the solute concentration at
the membrane surface exceeds its solubility or gel concentration and this will result in

formation of a gel layer on the membrane surface as shown in Figure 2.5.
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As the gel layer is formed, increasing the transmembrane pressure will first result in an
temporary increase in flux but as the solute deposition and thickening also increase,
the flux will decrease to its original value. This is again the limiting flux phenomena
and means that the transmembrane flux will be independent of the transmembrane

pressure as the gel layer is formed. The gel model can be expressed by

J.. =k 1(C‘)
im = K. 1N C.. (2.8)

whereJ . is the limiting membrane flux, k, is the mass transfer coefficient,C is the

gel concentration, C, is the concentration in the feed solution.

gellayer membrane

perm.

Y

feed | bog;cé?ry permeate

Figure 2.5. Schematic drawing illustrating the concentration polarization with solutes
which form a gel layer [7).

This model, known as gel mode! has been used by many researches in dead-end and
cross-flow filtration. A drawback of this model is that it can not be applied to solutes

which do not precipitate or gelate [7].
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2.2.6.3 Osmotic pressure model

The flux behavior of solutes which do not show gel formation can be described by an
osmotic pressure model. The osmosis pressure difference across the membrane has
been neglected in the previous models because macromolecular weight solutes have a
very low osmotic pressure contrary to low molecular weight solutes. The effect of
osmotic pressure can no longer be neglected due to accumulation of solutes near the

membrane. The basis for the osmotic pressure model is the flux equation:
I=K.(AP - AIl) (2.9)

Here APis the transmembrane pressure, AIlis the osmotic pressure difference over

the membrane and equal to (IT,, ~I1, ) and K is the hydrodynamic permeability.

The magnitude of the osmotic pressure depends on the type of the solute and on the
concentration at the membrane surface. The relation between these parameters is

expressed in the Van't Hoff equation for dilute solutions:

RT
M

w

(c+B,C* +B,C*+..) (2.10)

Il =

in which C is the concentration of solutes, M, is the molecular weight of solutes, T is
the temperature, R is the gas constant and B, and B; are the second and third virial
coeflicients specific for the kind of the solute respectively.

The osmotic pressure model also predicts the occurrence of a limiting flux. As the
transmembrane pressure increases, the accumulation on the membrane surface also
increases which leads to an increase in the osmotic pressure difference counteracting
the transmembrane pressure. These two counteracting phenomena leads to a limiting

flux. A drawback of this phenomena is, in most cases, osmotic pressure is negligible

in ultrafiltration and microfiltration [7].
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2.2.6.4 Resistance Model

The flow through porous media such as UF membranes can be characterized by

Darcy's law [16):

J= (2.11)

AP
HR

where J is the membrane flux (m/s), AP is the transmembrane pressure (Pa), | is the

solution viscosity ( kg/m.s), R is the resistance (1/m).

The resistance, R is the sum of several resistances which are assumed to be additive
and independent of each other. Reversible and irreversible resistances can be
distinguished. A well-known model based on the resistances in series approach is the

cake layer model :

J= S ALE. (2.12)

u(R,+R,)
Here R _isthe membrane resistance andR  is the cake layer resistance.

This theory assumes that the diameter of the solutes is larger than the pore diameter
of the membrane so that no internal fouling can occur and a cake layer can be formed
on top of the membrane. Membrane resistance can be obtained from experiments with
pure solvent. This resistance can be assumed constant if no modifications in the
membrane characteristics are observed during the ultrafiltration process. There are

many approaches to calculate the cake layer resistance which are discussed in detail in

the literature [7, 16].
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2.2.7 Applications of Ultrafiltration

Some advantages like recovery of high-value products, recycling of the permeate,

pollution control and energy savings when the permeate that can be recycled is hot

make ultrafiltration a very attractive process. The main applications of ultrafiltration

are summarized in Table 2.3.

In addition to the applications presented in Table 2.3, one possible application is

phase separation on the end of solvent extraction process which in spite of extensive

studies in the last years, is not fully solved [19].

Table 2.3 Applications of ultrafiltration [11]

Industry Existing Emerging
Metal finishing Electropaint Spray paint
Oil/water emulsions
Metal working Oil/water emulsions Spent lubricating oils
Dairy Whey proteins, Milk Protein hydrolysis
Pharmaceutical ~ Enzymes, Vaccines Membrane reactors
Plasma proteins, Antibiotics Pyrogens
Food Potato starch, Egg white Blood (abattoirs)
Gelatin, Juice clarification Vegetable oils
Textile Sizing chemicals
Indigo, Wool scouring
Pulp/paper Lignin compounds
Chemicals Waste latex In-process and
In-process latex waste polymers
Leather working Tannery wastes
Sewage Sewage treatment for buildings Municipalities
Water Water purification
-for various industries
-for RO pretreatment

In other potential applications, ultrafiltration can be combined with other processes

and this will convert ultrafiltration from being a simple concentration process to a

process capable of fractionation [11].



CHAPTER 3

OILY WASTEWATERS
3.1 SOURCES AND PROPERTIES OF OILY WASTEWATERS

Many industries produce large volumes of oily wastewaters that need to be treated
before discharge to municipal sewage systems. Oil discharged into the environment
have deleterious effects. Oily waste discharges may have toxic effect on marine life
and cause undesirable taste in fish, as well as causing undesirable appearance. Oils
also have more serious effects like creation of potential fire hazard and consumes
dissolved oxygen necessary to forms of life in water and limits oxygen transfer due to

the blanketing of the surface by the thin oily film [20].

Oils is the general name given to various liquid products such as vegetable oils,
mineral oils and light hydrocarbons which may be present in wastewaters as free oil
mechanical or chemical emulsions, dissolved oil or oil-wet solids. Free oil rises
quickly to the water surface when given a short settling period. Mechanical
dispersions are distributions of fine oil droplets ranging in size from microns to
fractions of a milimeter and having stability due to electrical charges and other forces
but not due to the presence surface active materials. Chemically stabilized emulsions
are distributions of oil droplets similar to mechanical dispersions but they have
additional stability due to chemical interactions typically caused by surface active
agents present at oil-water interface. Dissolved oil is that which is truly dissolved in a
chemical sense plus that oil is dispersed in such fine droplets that removal by normal
physical means is impossible. The oil that adheres to the surface of particulate

materialsis referred to as oil-wet solids [20,21].
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Petroleum refining, metals manufacturing and machining, and meat and food
processing are the three major industries which produce oily waste. Other industries
that have potential oily wastewater problem are, textiles, paints, surface coatings and
adhesives, oils, fats and waxes, soaps and detergents, dyes and inks, transportation

operations and the leather industry.

Much of the oil released from industries and residences is emulsified by detergents and
soaps used for removing oil [22]. Furthermore, especially the metal working
industry, uses and discharges enormous quantities of lubricating and cutting oils
which are used for a variety of reasons such as improving tool life, reducing work
piece thermal deformation, improving surface finish and flushing away chips from the
cutting zone. These cutting oils are emulsions of oil droplets in water, prepared by
diluting a so-called soluble oil to the desired extent with water. When formulating a
cutting oil, one or more emulsifiers must be chosen that will disperse components
such as mineral oil, chlorinated paraffin, sulfurized lard oil and numerous secondary
ingredients. This choice of the emulsifier is determined by the chemical nature, ionic

nature, hydrophilic-lipophilic balance (HLB) and quantity used [22,23,24].

An emulsion is a colloidal dispersion and is defined as an opaque, heterogeneous
system which consists of two immiscible liquid phases, usually an 'oily' phase and a
‘water' phase, in which one of the phases is dispersed as droplets in the other phase.
Two types of emulsions are commonly found, oily wastewater (oil emulsified in water
or O/W emulsions) and waste oil emulsions (water emulsified in oil or W/O
emulsions) as shown in Figure 3.1. Water-in-oil emulsions are viscous, concentrated
substances formed when oil comes into contact with water and solids. Metal particles
and other solids may be coated with surfactants in such a manner that they are
prefentially wetted by the oil rather than the water. In circumstances where agitation
is present, the water becomes dispersed in the oil as a fine emulsion and these small
water droplets together with the oil-coated solids maintain the stability of the
emulsion. Qil-in-water or oily waste emulsion in which oil is dispersed in the water
phase, contain any of various types of oil in a wide range of concentrations and will be

the main concern in this thesis.
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(a) Qil in water emulsion (b) Water in oil emulsion

Note: Emulsifier moiecule shown in simplified form: o—
Water soluble end ”  ™Oil soluble end

Figure 3.1. Chemical stabilization of emulsions by surfactants having hydrophilic and
lipophilic groups [22].

Oil-water emulsion stability is maintained by physical and chemical mechanisms. One
stabilizing mechanism is ionization by addition of surface-active agents such as
organic materials and cleaners which usually carry an electrical charge and seek out
the oil/water interface of the emulsified interface of the emulsified droplet. Here the
accumulated charges cause the emulsion to be stabilized through repulsion of the
commonly charged droplets. Non-ionic surfactants can also stabilize an emulsion,
since these molecules are bifunctional, one end soluble in water and the other in
hydrocarbon, so the molecule bridges the interface and stabilizes it. Most emulsifiers
are surfactants having either anionic or nonionic polar groups and disperse oil droplets
in the water phase because they have an affinity for both water and oil because of their
both hydrophilic and lyophilic groups. Fine, solid particles may also stabilize an-
emulsion if they are of correct size and abundance. Friction between the oil and water

phases created by mechanical or physical agitation can also lead to stabilization [22].



26

3.2 WASTEWATER DISCHARGE REGULATIONS

After the industrial revolution, environmental pollution became an important problem
for the world which led to the development of environmental laws and discharge

standards.

The Federal Clean Water Act of 1977 (CWA) mandates the regulation of the
discharge of pollutants from nonpoint sources, point sources or contaminated storm
waters to any waters of the U.S.A. The CWA directs the U.S. EPA to regulate
industrial discharges and municipal treatment plants. EPA has the authority to
enforce the National Pollution Discharge Elimination System (NPDES), which
requires that all industrial and municipal wastewater and contact storm water comply
with permit limitations. The EPA has authorized most states to manage the NPDES
program for discharges in their jurisdiction. But in U.S. the regulatory requirements
do vary from state to state and from one local jurisdiction to another. In Tennessee,
for example, the discharge is regulated under an NPDES permit and here NPDES
water quality based limitations for oil and grease permits an average discharge value
of 26 mg/1 and daily maximum value is 52 mg /l . Also, again in U.S. according to the
local limits developed by the Washington State King County Department of
Metropolitan Services, the non-polar (petroleum based like motor oil, diesel oil, axle
grease) FOG (fat, oil and grease) concentrations must not exceed 100 mg/1 [25,26].

In the literature, a discharge value for oil, according to the 1980 Marine Discharge
Standards and to the discharge standards of MARPOL (International Maritime

Organisation) 75/78, is recorded as 15 mg/lt [18,27].

In order to be able to use efficiently and preserve the water sources in Turkey, Water
Pollution Control Regulations (Su Kirliligi Kontrolu Yoénetmeligi) has been arranged
on 4.9.1988. According to this regulation, 16 industrial sectors covering different
industries are formed and discharge limitations of each industry is given in terms of
composite sampling (2 and 24 hours). Composite sampling is taken samples in

predetermined intervals over a selected time period. During inspection of waste
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streams of industries, 2 hours-composite sampling values are taking into consideration
and in metals sector, in metal working industries this maximum allowable discharge

value of oil and grease is 20 mg/lt [3].

3.3 TREATMENT METHODS OF OILY WASTEWATERS
3.3.1 General

In many industrial effluents, oils are present either in a free state or as highly stable
and unstable emulsions. The appropriate treatment technology can be selected once
oil droplet size distribution, emulsification state and concentration of oil in the
wastewater is known. Although a number of physical and chemical wastewater
treatment technologies including gravimetric separation, chemical emulsion breaking,
membrane separation are used for the removal of oil, the most important point is
applying the most suitable technology. Free oil can be readily removed by gravity
separation which includes mechanical separation devices that use gravitational forces
as the driving force. Unstable oil-water emulsions like mechanical emulsions can be
mechanically or chemically broken rather than gravity separated. Highly stable
emulsions like dissolved oil or chemical emulsions require more sophisticated
treatment methods like chemical emulsion breaking or membrane processes.
Biological treatment and carbon adsorption are two other alternative treatment
methods which can remove trace quantities of oil. Biological treatment systems are
only effective if suitable pretreatment and high dilution can be achieved and carbon
adsorption require large capital investment for carbon inventory and regeneration.
These two techniques did not find widespread use and will not be discussed here.

This section will give a brief overview of gravimetry separation, chemical emulsion

breaking and membrane processes [14,20,22,].
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3.3.2 Gravity Separation

Gravity separation is the simplest form of wastewater treatment. It can be used to
remove floating oils which are large enough to settle out. Gravimetric techniques
include simple American Petroleum Institute (API) separators as well as enhanced
techniques such as coalescence, air flotation and high speed centrifugation. These
techniques separate free (unemulsified or dispersed) oil from the water on the basis of

differences in specific gravity [26].

API separators are designed to remove oil droplets down to 150 microns in size. The
typical effluent concentrations achieved are greater than 100 ppm. API separators are
difficult to cover for smell reduction purpose, must be cleaned out periodically and

sludge removal from the bottom is impractical [21,22].

Coalescing plate interceptors (CPI) are typically designed to remove droblets down to
60 microns. They can attain effluent concentrations down to 10 to 20 ppm. CPIs'
coalescing plates which have improved efficiency by helping small oil drops to touch

each other and grow large enough to rise quickly.

In a flotation unit, air is dissolved under pressure (40 - 70 psig) in the liquid to be
treated. As the pressure is released, small bubbles (10 - 100 microns in diameter) form
and make the particle rise to the surface. There it combines with other particles or
float and can be removed by mechanical skimmers. Flotation systems are capable of
removing droplets down to 5 microns. They are usually used for secondary treatment

and can produce effluent concentrations of 1 to 25 ppm [25,28].

Centrifuges enhance separation by placing wastewater under high acceleration and
mostly used for off-shore applications. The effluent concentrations that centrifuges
produce are down to 70 ppm. Their main disadvantage is high energy and

maintenance requirements [22].
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3.3.3 Chemical Emulsion Breaking

Chemical emulsion breaking is one of the most widely used industrial wastewater
treatment methods. In breaking emulsions, the stabilizing factors must be neutralized
to allow the emulsified droplets to coalesce. In fact, all potentially applicable methods
of chemical treatment involve deﬁtabilizing or breaking the oil emulsion to allow some

type of gravimetric or physical separation to be effective.

The treatment is normally divided into two steps:
1. Coagulation: This is the destruction of the emulsifying properties of the
surface active agent or neutralization of the charged oil droplet.

2. Flocculation: This is agglomeration of the neutralized droplets into large,

separable globules.

The effectiveness of a chemical to destabilize an emulsion is dependent on the
emulsifier and the emulsified oil. Anionic emulsions can often be destabilized by pH
depression using an acid (normally sulfuric acid). Chemical coagulating agents, such
as iron or aluminum salts, can be used in place of acid, with the additional benefit that
these aid in agglomeration of the oil droplets. However, the aluminum or iron forms
hydroxide sludges that are difficult to dewater. Acids generally break emulsions more
effectively than coagulant salts but the resultant acidic wastewater must be neutralized
after oil/water separation, Organic demulsifiers (polyamines, polyacrylates and their
substituted copolymers) are extremely effective emulsion breaking agents, giving

more consistent results and producing better effluent quality [22,26].

Chemical treatment results in a sludge in which dirt, floc and trapped water remained
with the oil phase. This sludge always require further stabilization before disposal.
The water phase from chemical treatment needed additional treatment to meet

environmental standards for discharge into a sewer which is the main drawback of this

treatment method [14]
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3.3.4 Membrane Processes

Membranes offer a simple and reliable approach for solving most oily wastewater
problems based on oil in water emulsions. As membranes are selective barriers, oil in
water emulsions break by passing of water through the pores of the membrane while
rejecting oil, additives and dirt contaminants. Membrane processes can be classified
as physical treatment methods which results in many advantages such as being simple,

reliable, no requirement of chemical addition [22].

In membrane processes, a water phase that can usually be discharged to a sewer with
no posttreatment and an oil phase which can be incinerated, upgraded or reutilized are

produced [14].

Ultrafiltration is a membrane process that is commonly used in treatment of oil water
emulsions arising from several different industries. As more complex cutting oil
formulas (an important source of oil contamination in water) are developed which can
not be destabilized by traditional chemical emulsion breaking method, ultrafiltration
became more popular. In spite of all these advantages, ultrafiltration may not be
feasable because of regular cleaning requirements and periodically replacement due to
plugging depending on the characteristics of both the wastewater and membrane
itself. It is known that many commercially available membranes are used for oily

wastewater treatment in many industries effectively [29].

3.4 REVIEW OF STUDIES ON ULTRAFILTRATION OF OIL-WATER
EMULSIONS

This section will give a brief overview of the studies in the literature concerning
ultrafiltration of oily wastewaters. Sources of oily wastewater vary from metal
cutting, metal rolling and drawing to car and truck wash, industrial laundries. Studies
under the title of oily wastewaters or oil-in-water emulsions include all of these oils

that have different backgrounds. In most of these studies, a model feed solution
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formulation is chosen either as a commercially available soluble oil or laboratory

prepared emulsion.

The early studies involve application of cellulosic membranes for treating oily waters
in various configurations. Later studies of development of suitable membranes for oil-
in-water emulsions are mostly patented work. Harris et al. in their studies with turbine
lubricating oil and bilge oil, showed that noncellulosic tubular membrane provide
higher flux than the cellulosic types and permeates containing less than 10 mg/l oil

could be obtained even in the presence of detergents [30].

Bhattacharyya et al. studied the ultrafiltration characteristics of oil-nonionic
detergent-water systems with non-cellulosic tubular membranes. The water flux
characteristics and fouling behavior are explained in terms of mathematical models
[18].

Kutowy et al. developed tubular cellulose acetate reverse osmosis membranes for oily
wastewaters’ ultrafiltration treatment which were commercialized as Electrohome
ultrafiltration modules with high rejection capabilities. The development program,
specification and typical performance of these membranes are discussed in their paper
in detail [31].

One of the later studies was done by Pia Lipp et al. to determine the factors affecting
both flux and rejection. In this study, coalescing in the polarized layers and even
within the membrane was proved. However, oil rejections were high enough and
permeate flux generally followed gel polarized film model. Fouling was observed and

most easily reversed when cellulosic membranes were used [32].

Cleaning of ultrafiltration membranes is generally an important concern of researchers
studying ultrafiltration of oily wastewaters. Lindau et al. investigated influences of
different types of cleaning agents on polysulphone ultrafiltration membranes which
were used in ultrafiltration of oily wastewater treatment. The influence of five

different cleaning agents on the fluxes were investigated. It was shown that the acidic
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cleaning agents had the ability to dissolve inorganic deposits on the membrane, and
hence for oil-water emulsions this cleaning resulted in time dependent flux. Alkaline
cleaning agents dissolved organic deposits and had a positive effect on the membrane
itself [33].

One of the recent studies involve the investigation of ultrafiltration and microfiltration
in treating lube oil and heavy fuel oil in water emulsions in terms of Reynolds number,
transmembrane pressure and feed concentration. In this study, Re de Paolini et al.
found out that ultrafiltration performed better than microfiltration in separating this
kind of oily emulsions [34].

Recently, Balkacem et al. developed a model for calculating the steady state flux of
organic ultrafiltration membranes in the case of treatment of cutting oil emulsions.
The model gives the resistance of polarization layer in terms of the pressure drop
across the membrane, the velocity of the feed fluid in the membrane module, the
viscosity and the density of the emulsion. The model gives a basis for estimating the

optimal parameters for ultrafiltration operations [35].

Finally, Karakulski et al. studied treatment of bilge water with a hybrid ultrafiltration
and photocatalytic processes. Ultrafiltration experiments using different membranes
indicated that ultrafiltration is suitable for the treatment of bilge water. Further
treatment is done with the photocatalytic process which results in complete
decomposition and conversion of organic pollutants into organic materials. Karakulski

et al’s work shows that applications of ultrafiltration can be broadened by hybrid

processing [27].



CHAPTER 4

EXPERIMENTAL
4.1 MATERIALS

4.1.1 Membranes

In this study four commercially available ultrafiltration membranes were used for
characterization of their performance in treating oil-in-water emulsions. These tubular
membranes were supplied by PCI Membrane Systems Ltd. and the specifications of

these membranes obtained from the manufacturer are presented in Table 4.1.

Two polyethersulphone membranes with different pore sizes, one hydrophilic
polyacrylonitrile membrane with a relatively high molecular weight cut-off value and a
tighter membrane made from polysulphone are the membranes that are chosen for our

application from PCI’s large product range.

The polyacrylonitrile used for AN620 membranes is said to be resistant in its’ bulk
form to most common organic solvents such as alcohols, ethers, ketones, esters,
aliphatic and aromatic hydrocarbons and chlorinated hydrocarbons. This polymer
however swells or dissolves when in contact with highly polar substances and
concentrated solutions of some organic salts like dimethylacetamide,

dimethylformamide, dimethylsulphoxide and ethylenecarbonate.

Polysulphone and polyethersulphone polymers are resistant to aliphatic hydrocarbons
(n-hexane, n-pentane, cyclohexane), aromatic hydrocarbons (benzene and toluene),
aliphatic alcohols (methanol, ethanol, isopropanol, n-propanol, n-butanol, n-pentanol,

isobutanol, cyclohexanol), aromatic alcohols (benzyl alcohol, phenol), some ethers
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(diethyl ether, di-sopropyl ether), glycols ( ethylene glycol, di-ethylene glycol,
glycerol) and some halogenated hydrocarbons (Freon TF and Genosolu D),
formaldehyde, kerosene, turpentine and vegetable oils.

4.1.2 Chemicals

Oil-in-water emulsions are prepared by adding a certain amount of water to Klora
brand cutting oil, a soluble oil used as cutting fluid which contains mineral oil,

emulsifiers and additives.

Chemicals which are used in determination of oil concentration by partition-
gravimetric method are sodium sulphate, anhydrous crystal (Carlo Erba), n-hexane
(Atabay), methylterbutylether (Merck), HCI (Carlo Erba).

In acid cleaning of membranes, nitric acid (Carlo Erba) solutions and in caustic
cleaning of membranes P3 Ultrasil 10 (Henkel) and sodium lauryl sulphate (Zohar
Detergent Factory) are used. Membranes are preserved in 0.25%sodium

metabisulphite (Carlo Erba) solutions.

4.2 EQUIPMENT

The Armfield FT18 reverse osmosis-ultrafiltration unit designed specifically for
laboratory scale testing is used in conducting ultrafiltration experiments. A schematic
illustration of the unit is presented in Figure 4.1. The unit is designed to operate in
the crossflow mode in a continuous manner. Feed solution, placed in feed tank, is
circulated through the membrane module which contains two tubular membranes in
series. The total membrane area is 0.024 m*. The tubular membranes are 1.25 cm in

diameter and 32 cm in length. The retentate leaving the module passes
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through a back pressure valve (V1) which is used to create the desired system
pressure together with the bypass valve V2 and a plate heat exchanger and is recycled
back to the feed tank while the permeate, the material passing through the membrane,
drains by gravity into the permeate tank. This design can be changed in order to
maintain constant feed concentration by also returning the permeate into the feed
tank. The flowrate through the membrane is adjusted to 9 I/min, 15 /min,18 I/min
and 30 V/min by cﬁanging both the motor speed and position of two triple plunger
positive displacement pumps. Work done on the fluid by the pumps causes an
increase in temperature in time. This temperature increase is controlled by pumping

the fluid through a plate and frame heat exchanger.

Four semi-conductor temperature sensors that measure the temperatures at different
points are installed into the system. System pressure is detected by a pressure sensor.

Both temperature and pressure values are indicated digitally on the controle console.

4.3 PREPERATION OF EMULSIONS

Oil water emulsions to model the oily waste waters generated in the metal working
industry are prepared by diluting a soluble cutting oil to the desired extent with water.
Oily waste waters from the metal finishing industry generally vary in oil concentration
from 0.5 to 10 vol. %. The manufacturer of the cutting oil recommends a dilution of
1:20 oil / water for use as a cutting fluid. The oil-water emulsion used as the feed

solution for the ultrafiltration experiments contains 3.9 vol. % cutting oil in distilled

water.

4.4 EXPERIMENTAL PROCEDURE

Two tubular membranes are first inserted into the module, sealed and carefully placed
to its place on the unit. The feed tank is filled with oil-water emulsion of the

appropriate concentration. The cooling water supply of the heat exchanger is opened
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and the flow of cooling water is adjusted with a variable area flowmeter in order to
maintain the required temperature since the temperature increases due to the friction
between the unit and the circulated fluid. Before starting the pumps, V1 and V2
valves which are used in establishing the required system pressure difference must be
fully opened. Appropriate feed flow rate is adjusted by first changing the number of
pumps in use. After feed solution is sent to the module and no leakage is observed
the speed of the pumps in use is adjusted. The pressure difference is set by turning

V1 back pressure valve clockwise and closing V2 by-pass if required.

In all experiments conducted in thesis, the permeate was recycled back to.the feed
tank as well as the retentate to keep the concentration in the close loop constant. In

order to characterize the membranes before and after emulsion filtration experiments,

- . —————
H;0 OUTLET

RO/UF MODULE

Figure 4.1. Schematic drawing of Armfield FT18 RO/UF unit.
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pure water fluxes are determined at a transmembrane pressure of 6 bar, 30 I/min for
about 30 minutes to two hours. The flux recovery value is calculated as the ratio of

the pure water flux after and before the emulsion filtration experiments.

The permeate flux is measured throughout the whole experiment and 4 samples of
permeate are taken to determine the oil concentration. The oil concentration in the
feed tank is also measured at different time intervals in order to calculate the retention
and also to check if there is any increase that may occur because of permeate
sampling. At the end of the experiment, the shutdown of the equipment is done by

doing the reverse of the start-up procedure.

4.5 DETERMINATION OF OIL CONCENTRATION

There are several methods which can be used in determination of oil concentration
such as refractometry, total organic carbon measurements, partition-infrared and

partition-gravimetric methods and turbidity measurements.

Refractometers are only capable of giving a general idea about concentration but not

suitable for qualitative determination.

In total organic carbon measurements, organic carbon is converted to carbondioxide
by catalytic combustion or wet chemical oxidation and the CO, formed is measured.
Data based on total carbon content do not differentiate between oil, surfactants and

other additives in the sample.

There are five different methods recommended for oil and grease in “Standard
methods for the examination of water and waste water” [36] but only three of them
may be suitable for liquid samples. These are the partition-gravimetric method,
partition-infrared method and Soxhlet method. In all of these methods, “oil and
grease” is defined as any material recovered as a substance soluble in the solvents, so

the determined concentration will be the concentration of these soluble materials in
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the solvent. The Soxhlet method is ruled out at the first step as it is the method of
choice when the levels of nonvolatile greases may challenge the solubility limit of the
solvent. The other two methods, the partition-gravimetric and partition-infrared, are

suitable for use in this study.

Partition-gravimetric method is a very common method and it has been chosen for the
determination of feed concentration in this study. However, for low levels of oil

(~10mg/1) this method do not provide the required precision.

Turbidimetry is recommended in the literature for low levels of oil concentration.
Turbidity refers to the characteristic optical properties of dispersions and may be
taken as the ratio of light reflected to that incident upon a dispersion. A limitation to
turbidimeter measurements, is that the concentration must not exceed 100 mg/l but
under this value a calibration of turbidity reading as a function of oil concentration is
linear and gives results with high precision. This is the method of choice for our
permeate oil concentration determination. Since partition-gravimetric method is
chosen for the feed concentration determination and turbiditimetry is chosen for the
permeate concentration measurements, these two methods will be discussed here in

more detail.

4.5.1 Partition-Gravimetric Method

A sample with a known volume, is first acidified with HCI to pH 2 or lower and than
extracted with 30 ml of solvent (80% n-hexane and 20% methyl-tetrabutylether) for 3
subsequent times. In each step, solvent layer is collected in a tared distilling flask
passing through a funnel containing Na,SO,. After combing all extracts and rinsing
solvent, the ‘solvent is distilled out and the flask is cooled in a desiccator and

weighted. The oil concentration is determined according to the formula given below :

Total gain in weight
mi sample

mg oil and grease/1= x1000 4.1)
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4.5.2 Turbidimetry

The turbidimeter used in the study is Jenway 6035 model and the standard solution of
5 NTU turbidity is supplied from Jenway Ltd. company. Turbidity values are given in
NTU. A calibration curve is prepared by measuring turbidity of oil-in-water emulsion

of known concentrations as shown in Figure 4.2.

turbidity (NTU)
o

10
5 .
0 . , A . |
0 20 40 60 80 100

oil concentration {(ppm)

Figure 4.2. Calibration of turbidity measurement as a function of oil concentration
(Klora cutting oil) in water.

4.6 EXPERIMENTAL PARAMETERS

During all experiments, feed concentration and temperature are assumed to be kept
constant. Temperature during all experiments were between 21-28°C and in each
experiment, at the first minutes a steep increase is observed because of friction. But
later, the heat exchanger manages to keep the temperature constant at a certain level.

An oil concentration of 3.9 % vol. is kept constant for the feed in all experiments.

The parameters investigated are membrane material, pressure and feed flow rate:
Four membranes made from three different materials are tested. Feed flow rate values

are limited with the module configuration. Two pumps operating together or only one
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at high or low speed results in feed flow rates of 9 /min, 15 /min, 18 /min and 30
Vmin. Feed flow rates are chosen 9 //min, 15 V/min and 30 V/min in this study. The
maximum pressure difference that can be applied with ultrafiltration-reverse osmosis
unit is 55 bar. As ultrafiltration operates at low pressures, generally below 10 bar;
three different pressures 4 bar, 6 bar and 10 bar are chosen in this study. However,
there is an upper pressure limit of 6 bars for one of the membranes used, namely
PUG608 polysulphone membrane, therefore only, 4, 5 and 6 bars are used for this

particular membrane.

4.7 MEMBRANE PRESERVATION AND CLEANING

Membranes are preserved in a 0.25% v/v solution of Proxel GXL (by Zeneca
Biocides) plus 18% v/v of Glycerol (98% reagent grade) provided by PCI Membrane
Systems Ltd., the manufacturer of the membranes. According to their instructions,
0.25% w/w solution of sodium metabisulphite can also be used and this method is

chosen for membrane preservation in our studies.

According to the instructions of PCI Membrane Systems Ltd., a standard clean should
be given to each membrane before first use for removal of this preservation liquid. As
concentration polarization and fouling are the two phenomena that limit the
performance of ultrafiltration membranes, the membranes should be cleaned regularly

to get back their initial separation quality.

A list of cleaning agents suitable for each membrane is provided by the manufacturer.
Although more than one cleaning procedure is available to each membrane,

appropriate one must be chosen for each application.

Acid cleaning with nitric acid or Henkel P3 Ultrasil 75 to give a solution of pH 1.8 is
suitable for all of the membranes. Although acid or caustic cleaning is appropriate to
each membrane, different cleaning procedures must be applied according to
membranes properties. ES625, ES404, PU608 membranes are cleaned by
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recirculating 0.25% Henkel P3 Ultrasil 10 plus sodium hydroxide solution for about
one hour at 50-55°C. This solution has a pH of 12 which is over the tolerance pH
limit of AN620 (pH<10). Caustic cleaning of AN620 is done by either circulating
only 0.08% Henkel P3 Ultrasil 10 solution or circulating 0.08%Henkel P3 ultrasil 10
plus 0.25% sodium lauryl sulphate (SLS) as adviced by the manufacturer. The effect
of cleaning is investigated for both initial (before first use) cleaning and after-use

cleaning in terms of pure water fluxes.



CHAPTER S

RESULTS AND DISCUSSION

5.1 PURE WATER FLUX

Membranes are produced with differing pore sizes, pore densities and pore size
distributions and can be characterized by measuring pure water flux through the
membrane. The membranes used in this study are first characterized by their pure

water fluxes.

A preservation liquid is present in the structure of each PCI membrane which has to
be removed before initial use. The preservation liquid that the manufacturer uses is a
mixture of Proxel GXL and glycerol. Removal of this preservation liquid will directly
effect the flux and performance of the membranes. From different cleaning methods
which are adviced by the manufacturer, first, acid cleaning is applied to each
membrane. After the effect of acid cleaning is determined by comparing the pure
water flux values of the membranes before and after cleaning, the membranes are
again preserved in sodium metabisulphite solution for further investigation.
Furthermore, membranes were also given a suitable caustic cleaning and pure water
flux values are compared to those of acid cleaning to determine the effect of cleaning
methods in removing the preservation liquid. The pure water flux values obtained are
presented in Table 5.1. All pure water flux values are measured at 28°C, 30 1t/min.

feed flow rate and 6 bar pressure difference for about two hours.

ES625 polyethersulphone (PES) membrane with a MW cut-off value of 25000
presented the highest pure water flux. The other PES membrane ES404 with a MW
cut-off value of 4000 gave a pure water flux value almost on third of the PES
membrane with the higher MW cut-off. This seems to be logical since lower MW cut-
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off value means smaller pores in the membrane. Pure water flux values obtained for
the polyocrylonitrile (PAN) membrane AN620 is the lowest in Table 5.1, although
PAN is a hydrophilic polymer and this membrane has a high MW cut-off value
(25000) same as ES625. Pore size is not the only factor determining the flux, pore
density is also important. AN620 has a lower pore density and this may be the reason
for the low pure water flux value. Polysulphone PU608 (8000 MW cut-off)
membranes gave relatively high pure water flux values compared to ES625 which has
a higher MW cut-off value (25000) and again this may be due to higher pore density
of PU608 membranes or PU608 may have a broader pore size distribution

Acid pretreatment has improved pure water flux values of ES625 and AN620 which
means that removal of preservation liquid is accomplished. ES404 membrane showed
a slight decrease in its pure water flux value with acid cleaning whereas PU608
showed a considerably decreased pure water flux value with acid cleaning. This
important decrease in pure water flux of PU608 membrane means that acid
pretreatment causes changes in the membrane material and different cleaning methods
should be used. Caustic cleaning is another method which is adviced by the
manufacturer. After preservation of membranes again, suitable caustic cleaning

methods are applied to each membrane.

Generally ES625, ES404 and AN620 did not exhibit major differences in pure water
flux values between acid cleaning and caustic cleaning. Pretreatment was able to
improve pure water fluxes of ES625 and AN620. For ES625, acid pretreatment
seems to be a better choice while for AN620 two types of cleaning (acid cleaning and
SLS added caustic cleaning) have nearly the same influence. For ES404, pure water
fluxes for treated membranes are slightly lower than those of untreated membranes.
For PU608, although the pure water flux value after caustic cleaning was higher than
the pure water flux value after acid cleaning, the highest pure water flux value for this
membrane has been obtained when this membrane is used as received without any
further cleaning. Obviously both cleaning methods are not suitable for PU608 and

flushing with pure water gives much better results in term of pure water flux value.
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As addition of SLS has improved pure water flux of AN620 in caustic cleaning, pure
water flux values of other membranes may be improved by addition of SLS which can

be a subject for further investigations.

5.2 SEPARATION OF OIL-WATER EMULSIONS

5.2.1 Typical Results

Permeate flux and permeate oil concentration for each membrane are determined at
constant temperature and feed concentration for different transmembrane pressures
and feed flow rate values. Typical results obtained in these experiments are presented
in Figures 5.1, 5.2, 5.3 and 5.4.

In Figure 5.1 and 5.2. permeate fluxes are presented as a function of time at constant
feed flow rate for different transmembrane pressure (TMP) values and at constant
TMP for different feed flow rate values respectively. Permeate fluxes flactuate a little
at the beginning of all experiments but a steady state value is reached in a short while
and stayed fairly constant throughout the rest of the experiment. This mean value is
taken as the characteristic permeate flux of the membrane for emulsion filtration

experiments.

The permeate concentration change in time at constant feed flow rate and constant
TMP are presented in Figures 5.3 and .5.4 respectively. In all experiments permeate
oil concentration is slightly higher at the beginning of the experiment but reaches to a
lower mean value at longer times. The slight decrease in permeate concentration may

be due to the concentration polarization phenomena.

The mean permeate concentration values are used to calculate retention values
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Figure 5.1 Permeate flux versus time values at constant feed flow rate of 30 I/min
for three different transmembrane pressure differences.
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Figure 5.2 Permeate flux versus time values at constant transmembrane pressure
difference of 4 bar for three different feed flow rates.
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according to the following equation:
% R =100 (1- C,/Cx). ;.1

where R is retention (%), C, is mean permeate concentration (ppm) and Cy is the feed

concentration (ppm).

5.2.2 Effect of pressure difference and feed flow rate

Figure 5.5 presents, the permeate flux as a function of pressure difference at different
feed flow rates for each membrane. An increase in permeate flux is expected with
increasing pressure difference until the limiting flux is reached. All membranes exhibit
an increase in permeate fluxes with increasing pressure difference. The rate of flux
increase, however, generally decreases as the pressure difference is increased

indicating that a limiting value will be reached.

For all membranes, except ES404, higher feed flowrates generally results in higher
flux values due to enhanced mass transfer and hence a thinner polarized layer. ES404
is the membrane that has the lowest MW cut-off and probably flow rates used were
not high enough to remove or sweep away the polarized layer. A linear increase can
be observed in permeate flux of ES404 membrane with increasing pressure difference

indicating that limiting flux region has not been reached yet.

PUG608 shows a linear increase with increasing pressure difference like ES404 but has
higher permeate fluxes due to its pore characteristics. Although it seems is that
working at higher pressures may improve permeate flux, there is an upper operating
pressure limit of 6 bar for this membrane as recommended by the manufacturer. The
unusual increase at 30 I/min may be due to experimental error since at high feed flow

rates determination of permeate flux is rather difficult.
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AN620 membrane exhibits a linear increase with increasing pressure difference at 30
V/min flow rate. However at the other two feed flow rates, 9 and 15 I/min, increasing
pressure difference beyond 6 bars does not increase in permeate flux which means that
the limiting flux value is reached. The same limiting flux phenomena is also observed

for ES625.

In Figure 5.6, the retention behaviour of four membranes are presented as a function
of pressure difference at three different feed flow rate values. The horizontal line
shows the retention value calculated according to 20 mg/l the upper discharge limit of
oil and grease in Turkey. Membranes having retention (%) values above this line is
desired. ES404 is the only membrane that exhibits the desired retentions at every feed
flow rate and pressure difference values tested. Other membranes let oil pass into the
permeate resulting in lower retentions at some conditions. There are some missing
data points in the retention plot of PU608 membranes. These missing data points are
due to very high oil concentrations which are over the range of turbidimeter and far
away from discharge standarts. The oil contamination in the permeate has been
noticable with naked eye in these experiments. Other two membranes ES625 and
ANG620 have high oil concentrations and low retentions especially at lower (9 /min)

feed flow rates. This is related to the concentration polarization phenomena.

Although PU608 has relatively lower MW cutoff, it has the lowest retentions which
means that this membrane can not be used for oil-water emulsion separation. AN620
and ES625, two membranes with 25000 MW cut-off is suitable, according to
discharge standarts, at high feed flow rate values. [ES625 can be used at
approximately 30 I/min and 6 bars where AN620 can be suitable at 10 bars and 30
/min or 15 I/min and 6 bars. Long term behaviour should also be investigated for
more definitive conclusions. Also effective cleaning and flux recovery should be

investigated in determining the right membrane.

A comparison of membranes can also be made by plotting the same data in a different

manner as shown in Figures 5.7 and 5.8. Figure 5.7 and 5.8 presents the permeate
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flux and retention (%) values of the four membranes tested in this study as a function

of pressure difference respectively.

The highest flux value is obtained for ES625 and the lowest flux value is obtained for
ES404. This is expected as ES404 is the membrane with the smallest MW cut-off and
ES625 is the membrane with the biggest MW cut-off. ANG620, although has MW cut-
off value of 25000, showes fluxes Iower than PU608 and ES625 because of its lower
pore density. The plot in Figure 5.7 (a) is for 30 I/min, the highest feed flow rate, so
fouling effects are less. In the other two plots in Figure 5.7 (b) and (c) again ES404,
the membrane with the smallest MW cut-off gives lower permeate fluxes as expected.
However in case of ES625 polyethersulphone membranes, exhibit lower fluxes when
feed flow rate is decreased to 15 /min and 6 /min. This unexpected decline may be
due to fouling. AN620 becomes the membrane with the highest permeate flux at
lower feed flow rates indicating that AN620 membranes are not fouled. This
membrane is very hydrophillic compared to the other membranes and hydrophillicity
may be the reason of not being fouled. Although PU608 has lower MW cut-off than
ES625 and AN620, the passage of oil through PU608 is higher. This may be due to

swelling of the polymer or due to wider pore distribution.

Effect of feed flow rate can also be understood better by plotting the same data in a
different manner. Figure 5.9 and 5.10 shows permeate flux and retention (%) values
for the four membranes tested as a function of feed flow rate respectively. As the
feed flow rate increases, an increase in the permeate flux at constant pressure
difference is also observed in these plots for all membranes. An increase with feed
flow rate increases the turbulance and reduces the thickness of the concentration

polarization layer which results in a flux increase.
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5.3 FOULING OF MEMBRANES

Fouling of membranes are determined in terms of pure water fluxes measured before
and after emulsion filtration experiments. Although fouling includes different
mechanisms like pore narrowing, cake layer formation, pore blocking and adsorption,
the fouling analysis in terms of pure water fluxes will not differ between these
mechanisms and is a macroscopic approach to fouling as mostly done in the literature.
Fouling can be overcome by adopting cleaning procedures. The efficiency of a
cleaning procedure is generally evaluated by pure water flux measurements although

this comparison gives no information on the surface properties of the membrane.

Pure water flux values of ES625, ES404, AN620 and PU608 membranes before and

after emulsion experiments are used to calculate flux decline values as follows:

J
Flux decline (FD) =220 5.1

Jpwf ,before

Similarly flux recovery value can be calculated using pure water flux values before

and after cleaning procedure as follows:

T put s
Flux Recovery (FR):M;“— (5.2)

J pwl ,mhﬁd

Flux decline values of all membranes and the effect of acid and caustic cleaning on the

flux recovery of fouled membranes are presented in Table 5.2,

All membranes showed flux loss after emulsion experiments. This phenomena is more
prominent for ES625 where there is an important decrease in puré water flux resulting
in a very low flux decline value indicating high fouling. Although AN620 has a lower
initial ﬂﬁx, it has the highest flux recovery which means that fouling is less effective
for this membrane. AN620 polyacrylonitrile membrane is hydrophillic. This property

favors passage of water while avoiding oil-membrane interactions.
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It has been concluded in section 5.1 that acid cleaning damages PU608 polysulphone
membrane so this type of cleaning is omitted for PU608. Acid cleaning has decreased
the pure water fluxes of each membrane except AN620. As there is little fouling for

ANG620 membrane, acid cleaning does not make much difference.

Caustic cleaning improved all fluxes except ES404 as this type of cleaning has ability
“to clean organic materials. Caustic cleaning with the addition of sodium lauryl
sulphate (SLS) is preferred for all membranes. Addition of SLS results in improved

fluxes as shown in Table 5.3.

Table 5.3 Effect of SLS addition in caustic cleaning

Membrane Pure water flux after | Pure water flux after SLS
caustic cleaning added caustic cleaning
(Vmin*m®) (Vmin*m?)
ES625 v 0.07 1.25
ES404 0.04 0.16
PU608 0.13 0.51

Both acid and caustic cleaning results in nearly the same flux recoveries for AN620.
The highest flux recovery between the other three membranes belongs to ES625
which is followed by AN620 and PU608 with nearly the same flux recovery values.
Both caustic and acid cleaning of ES404 caused even more decline in pure water flux
compared to the flux value after emulsion experiments indicating that ES404 is

damaged by both cleaning procedures.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

Four commercially available ultrafiltration membranes are used in this thesis to separate
oil-water emulsions of 3.9 vol % oil concentration. Furthermore, the effect of pressure
difference and feed flow rate on the flux and retention values of the membranes has been

investigated.

This study has demonstrated that oil-water emulsions can be separated succesfully
generating permeates with oil content below discharge limits (20 mg/l) of 1988-Water

Pollution Control Regulation when a suitable membrane is used.

Highest retention values has been obtained with polyethersulphone membrane with a MW
cut-off value of 4000 which is the lowest cut-off value within the membranes used.
Polysulphone membranes with a MW cut-off value of 8000 shows the lowest retention
values producing permeates of undesired quality, although its MW cut-off value is fairly

low indicating high pore density and wide pore size distribution.

Polyethersulphone and polyacrylonitrile membranes with the same MW cut-off value
(25000) exhibited different flux values because of differences in their pore densities. On
the contrary polysulphone membrane (8000 MW cut-off) gives high fluxes conSider'mg its
MW cut-off value indicating high pore density. The polyethersulphone membrane with

4000 MW cut-off value is a tighter membrane and hence it has relatively lower fluxes.
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Polyethersulphone membrane with a MW cut-off value of 25000 and the polysulphone
membrane of 8000 MW cut-off value are the two membranes which are highly fouled and
exhibit considerable flux decline. Polyacrylonitrile membrane (MW cut-off 25000) is less
influenced from fouling and has exhibited vey little flux decline.

Acid cleaning affects membrane structure of the polysulphone membrane and damages it.
Polysulphone and polyethersulphone membrane (MW cut-off 4000) are the membranes
that both acid and caustic cleaning has not been succesfull while caustic cleaning seems to
improve the flux properties of polyacrylonitrile (MW cut-off 25000) and
ﬁolyethersulphone (MW cut-off 25000) to a certain extent. Better cleaning methods for
both new and fouled membranes needs to be found. Addition of sodium lauryl sulphate

to caustic cleaning may be worthwhile to try.
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