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ABSTRACT

Organic fouling in reverse osmosis (RO) has beenlied using model
hydrocarbons such as hexane and diesel. A largd&uat countries that use reverse
osmosis to obtain drinking water also are produesis exporters of hydrocarbons.
This makes seawater RO units particularly suscleptdbdamage from oil spills. This
project is focused on the repercussions of sucim@dent on the performance of the
above-mentioned modules. The study has concentoatéige lower molecular weight
hydrocarbons present in contaminated seawaterdeeaddcan be safely assumed that
organics of higher molecular weight will have atfgdeen dealt by passage through
the RO pre-treatment processes.

The organic foulants chosen for investigation aiesel (a likely constituent
arising from spillages) and hexane (chosen as aemdbmv-molecular-weight
hydrocarbon). The study has investigated the effexft the presence of these
contaminants in both water-soluble and emulsiomfofrhe membranes tested are
brackish water membranes and seawater membramg$enént structures polyamide
based and CTA (cellulose triacetate). These membrarere tested in saline water
mainly at the salinity, 5500 ppm NacCl.

The performance of the RO unit, in terms of sakgage and permeate flux
through the membranes, were assessed before and@iting. These results have
been correlated with microscopic examinations & #surface of the membranes.
Substantially different effects of exposure to loghrbons have been monitored
between different membranes and also in termsefttive and support layers of a

particular membrane.
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Chapter 1: Introduction

CHAPTER 1 INTRODUCTION

1.1  Setting the Scene

Water is crucial for human survival and developtn#re human body is made
up of a very high proportion of water. In a modsaotiety water is needed not only
for consumption and agriculture but also for matheoindustrial processes.

There are numerous sources of fresh water sucves, lakes, underground
sheets and also manmade reservoirs and dams. Hfedepend on rain to be
replenished. Rain is due to solar energy evapa atiater from oceans, lakes, soil and
vegetation surfaces. The water then condensesrnodimuds that return the water to
the surface in the form of rain and snow. This allgorocess is referred to as the

water cycle and is depicted in Figure 1-1.
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This cycle under ideal circumstances should pmead adequate source of
fresh water to the whole of the earth’s inhabitakisfortunately the distribution of
rain and fresh water bodies is not uniform. Thisangethat some parts of the planet
receive very little rain and have no other readisilable fresh water sources. These
countries have to turn to other means of obtainuager if they want to sustain a

viable economic development Figure 1-2.

Most of the earth’s water is locked in the formseawater in the oceans; these
cover approximately 75 % of the earth’s surfaceniaf the dry regions have
borders with the sea, so finding a way to procassseawater at a reasonable cost

would partially if not completely solve their wafg@roblems.
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1.2  Why the Work is being Done

The process by which seawater or brackish waterisessed to produce fresh
water which is suitable for human consumption ifedadesalination. This result can
be achieved by numerous methods ranging from fingezilistillation to reverse
osmosis. The World Health Organisation recommenahectimum total dissolved

solids (TDS) in water for human consumption is pp@n.

A number of countries that suffer from a shortafgesh water are located in
oil rich parts of the world. This increases thekrieg an oil spill. Any other coastal
region could also be affected by an oil spill, dscarrying tankers have been known
to have shipwrecks and send many thousands of $asfrgetroleum product into the
sea. This is then carried to the shores and tlaxentdf any desalination plants that
may be nearby. Fortunately the heavier fractioedikely to be taken care of by pre-
treatment. The only fractions that would be expgd¢teget through to the membrane
would most likely be in the form of dissolved hydaobons and emulsions with the
seawater.

This takes us to the need to investigate the cegsions of such products on
the performance of the plant. The type of plant thabeing concentrated on is the
reverse 0Smosis one.

Reverse osmosis is the process by which freshrwatges from a solution of
higher salt concentration to one of lower concédiutna the two being separated by a
semi-permeable membrane. This is achieved by applytessure on the more saline
side with higher pressure to overcome the osmaéssure to force the water to flow

in the opposite direction that it would normally fl@o pressure was applied.
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The part of this process that is most prone toafbected by any form of
contamination is the membrane. In the researchribescin this thesis a number of
membranes were tested to access their performaebt@® and after being exposed to
different hydrocarbons. This should help model whetuld happen in such an

incident in reality.

The overall objective was to study the effect afliiog on commercial reverse
osmosis membrane when exposed to hydrocarbon b#ses. The detailed
objectives were as follows:-

» To compare the performance, in terms of, water #na salt rejection, before
and after exposure to hydrocarbons of varying coinagons.

* To focus on the effects of a model hydrocarbonahexbut some attention is
directed to the effect of fouling in a diesel eoviment.

* To investigate the susceptibility to hydrocarboulifag of a range of
commercial reverse osmosis membranes: a polyareaigeader membrane, a
polyamide brackish water membrane and a cellulisestate brackish water
membrane.

* To ascertain the mechanism of any fouling phenomgpioncipally by the

use of light optical and scanning electron micr@sco
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1.3 Outline of the Thesis

This thesis will look at desalination in geneaat will include an over view of
the desalination methods that are available just. ridhese can be classified in two
categories, thermal processes and membrane precé§¥be membrane processes
are a relatively new (50 years) invention, thermadcesses have been around for
centuries. There even are references to thermaépses in the bible.

Membrane processes are considered in more dethiespecially the process
of reverse osmosis. Special attention is giveret@nse osmosis membranes and to
the two following types:

a) Asymmetric Membrane

b) Thin film Composite (Cellulose TriAcetate)

The thesis then goes on to consider the suscefytimf reverse osmosis
membranes to different types of fouling. The m@ategories of fouling are colloidal
and organic. This part of the thesis includes aewewf the literature on organic

fouling by hydrocarbons.

There follows a description of the experimentaitpcol used in this study of
fouling of reverse osmosis membranes by hydrocarbdrhe main series of
experimental findings are then presented; thesserméte the effects of fouling on the
performance of the membranes in terms of changiux and salt passage. The
discussion of the experimental results includes esoabservations made by
microscopy aimed at identifying the fundamental hagism of any deterioration

processes.
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The thesis concludes with a summary of the maidifigs and their relevance
to operational aspects of hydrocarbon fouling thgetwvith some recommendations

for future work.
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CHAPTER 2 DESALINATION PROCESSES

2.1  The Availability of Water

Earth, or the blue planet as it has been callederg rich in water, this factor
has enabled life to flourish on its surface. Theeslze of water on the other planets
has made them inhospitable for any life form. Watdhe very essence of life and is
part of every living organism. Not only has wateakled this planet to sustain life
but as we can see it has also enabled this life rmace particularly mankind to
evolve. Throughout the ages the location of hunedtiesnent has been guided by the
availability of fresh water. Therefore it is no wa@r that many important cities of the
developed world are located on the banks of rigereear to a fresh water source.
That has allowed man to develop a growing agricaltsector and with easy access to
water, thus in time man has been able to develdpsiny and advanced technologies.
The growth of human civilisation has been dependentthe reliability of water
sources. Throughout history it can be seen howligaions have evolved and
prospered while they had plenty of water but wheatew became scarce this such
prosperous civilisation suffered a sharp decline.

However much modern man has progressed and nthsteueh of the
environment, we are still very dependent on watar dur survival and future
advancement. So it makes sense that we manageetiie Wwater resources we have
and also look for new ways of guaranteeing reliat¢er sources for the future. As
the world population increases, the available wegsources, if not expanded, will be
stretched more and more to cater for that popuiataching points where the lack of

water will hamper further development.
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Even though it may ncseem to be the case in the western world, fresbn
is a scarce resource in many s of the world but on the other hand seawat
plentiful even in regionslescribed as aritFigure 2-1 belows an indication of hov

water can be found on the plal

Global Water Distribution
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Figure 2-1 Global Water Distribution.®

Seawater is a plentiful resource, about 7of the planet is covered by it. Tt
is also where most of the surface water is trappedortunately this water is n
usable as is, as on average it is constitutedso¥%3by mass of dissolved mineral s
It makes sense that humans find ways to taf this large reserve. The water cycle
a way by which nature performs desalination, theewis heated up by the sun an
evaporates leaving the r-volatile salts behind. This evaporated water fooosids,

which in turn fall, as rain. Unfortunatehnly a very small percentage (about 1 %
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that rain falls on land. This rainfall, if evenlyisttibuted, may be adequate for
mankind. That is not the case, which means thatsatmbited regions of the planet
receive little or no rain at all. The lack of watarother uninhabited regions means
that humans cannot settle there, hence reducingabs&bility of expansions in these
areas, which in turn may adversely affect the egonof that region, thus the need
for an alternate source of fresh water. The mosh@mical and reliable alternative
must be found. In regions that are within reasamabhge of sources of brackish

water or seawater, desalination turns out to bialaleroption.

2.2  Summary of Historical Development of Desalinain

Desalination is the removal of salt from fluids su&s brackish water and seawater.

The concept of producing fresh water from seawigteather antique. There
are some allusions to water treatment in the Biloléhis writings Aristotle explains
how Greek Sailors from the 4th century BC evaparatawater. H&also speculates
"If one plunges a water-tight vessel of wax into the ocean, it will hold, after 24 hours,

a certain quantity of water, which filtered into it through the waxen walls, and this
water will be found to be potable, because the earthy and salty components have been
sieved off”.

This could not be achieved at that time becauséheflogistics involved;
vessel capable of withstanding a great deal ofspresand it would have to be
immersed to depths of approximately 500m.

Other ingenious methods were devised usually dgrsavho were faced with
the threat of thirst on their voyages. One suchhotkivas to place a sponge over a jar

of boiling seawater to collect the steam.
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There is another mention of desalination in the &htury AD by an Arab
scholar and so on. 1869 saw the award of thegasgnt for desalination in England.
The first commercial still was built in Aruba, neé&enezuela, in 1939.

In the 20th century AD, the two main commerciaamation processes to be

developed and refined are thermal processes andraamprocesses.

2.3  Thermal Desalination Processes

2.3.1 Introduction

The available thermal processes involve changiegs#awater from one state

to another. There are two choices
1. Evaporation- Condensing.

2. Freezing- Melting.

Evaporation is more obvious as while water evaporates at aively low
temperature salts do not, the steam thus obtamdtien condensed to form pure
water. This is referred to astillation .

Freezingis the crystallisation of water by cooling. In tk@me way as above
when the seawater is cooled to a low temperat@wdons. The ice is virtually free
from salt. An example of this in nature is the ieep It is in theory more efficient
than boiling, and corrosion and scaling are lessnasue. But it takes more time and
is not as practical on a large scale due to thecdlify involved in separating liquid
and ice mixtures. The other problem that arisdbas of keeping the process at such

low temperatures, as these plants would mainlypbatéd in rather hot regions.
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2.3.2 Distillation

There are a number of distillation methods thatehagen developed but the two
predominant ones are
» Multi effect evaporation

» Multi-stage flash distillation (MSF)

MULTI EFFECT EVAPORATION (ME)

Multi effect evaporation was developed to be usgdhe chemical industry
and was also used in the production of sugar. & the first process to be used to
produce water from the sea on a large scale. Tleithad of distillation remains an
important desalination process but, for the largelsints, it has been largely
superseded by Multi-stage flash distillation (MSF).

The Multi effect evaporation process consistsvap®rating seawater to form
vapours which are in turn passed into a condemg®@ch also serves as a secondary
evaporator. This can be repeated, and each suthsuralled an effect. For this to
work, pressure and hence the boiling temperatutbeoecond evaporator cannot be
the same as the first, this is achieved by conmgctihe second evaporator to a
vacuum pump.

As the number of effects is increased the volumgater produced per unit of
the initial steam also increases proportionallyudlly up to 20 effects are used for an

optimum yield.
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MULTI-STAGE FLASH DISTILLATION (MSF)

Multi-stage flash distillation (MSF) is a very gwhe process. It consists of
causing seawater to evaporate and condense inea sérchambers, hence the term
multi. Seawater is heated up and then introducea amamber at a lower pressure,
this causes some of the water to evaporate (flaghy vapour then condenses on
cooler tubes which contain the feed seawater thktbe heated even more as it
passes in the heater. A plant will be made up oumber of such units that are
connected in series and have progressively lessyme The feed seawater input is
connected to the last unit where the temperatuce @essure are lowest and it
progresses toward the hottest unit thus being Heate¢he way. The rest of the heat is
imparted to it in the heater. The product watet tedormed on the cooler tubes is
trapped on trays that are installed under the tubles salt exits with the remaining
un-evaporated water. This method of desalinationas efficient, for example an
evaporation of 7.1 % of the water causes the teatper to drop from 108C to 60°C
i.e. by 40°C. However this method has a very simple desigrichwmakes it rather

attractive where larger plants are required.
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SOLAR DISTILLATION

Solar radiation is a very abundant source of enexgg is more particularly so
in dry coastal regions where it can be used toaektfresh water from seawater
throughout the year. Solar distillation has beeedu®r more than a thousand years
though in the early applications it was to prodsak rather that water. The principle
is very simple, solar energy is used to heat thevater or brackish water and make it
change to vapour which is then collected and sttodx used.

For an efficient process the unit must be ablactueve a high temperature for
the feed and there must be as high as possiblmpetature difference between the
feed and the condensing surface. It is also vesgrralde to have very low or no
vapour leakages.

To achieve a high feed temperature, a large amaiutfite solar energy needs
to be absorbed by the water, this can be achieyeawing a good radiation absorbing
base and low radiation absorbing glazing. The le¥@later must also be kept low.

Having a low absorbing glazing also ensures tmatcondensing surface is at

a low temperature.
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2.4 Membrane Processes

241 Introduction

Separation processes involving selectively perneeait#@mbranes of one sort
or another have become quite popular during theé pasyears. Membrane based
processes have numerous advantages. For one theserenuch less enerdywhich
reflects well on the cost of production considerihg rising cost of energy. The
underlying technology is also rather simple.

The selectively permeable membrane is the hearthefprocess, and its
properties determine the result of the process. Mleenbrane acts as a selective
barrier and theoretically allows only certain sabses to pass. This selective
behaviour depends on the type of membrane usedchieve this some membranes
use pore sizes whilst others use electric chargmeSmportant membrane processes

are listed below

Micro-filtration
» Ultra-filtration

* Nano-filtration
» Electrodialysis

* Reverse Osmosis

Electrodialysis produces separation on the basishafge. Micro-filtration, Ultra-
filtration, Nano-filtration, and Reverse Osmosie all pressure driven processes. The
main difference is in the size of the particlesytalow through. Figure 2-2 (based on
‘The Osmonics Filtration Spectrum) is an indication of what they can be used to

remove and the sizes of the particles that ardatetigh.
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2.4.2  Electrodialysis

Electrodialysis is an electrically driven membrammecess. It makes use of an
electric field to drive ions through ion-exchangembranes as depicted in Figure 2-3.
A single cell contains two selective membranes,tbaeallows cations through while
the other only allows anions to pass. When a curierapplied to the cell the
positively charged ions will flow in one directicand through a cation exchange
membrane while the negatively charged ion will ratgrin the opposite direction and
through the anion exchange membrane. The restiftaisthe solution in the initial
chamber will be depleted of ions. The adjacent dem will contain the
concentrated liquids of anions and the other aboat Electrodialysis is favoured in

situations where a high recovery rate of the fea@quired.
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///_ S i ™ o
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Anion Exchange ﬁatlokr)l Exchange
Membrane Product embrane
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» Anions

Figure 2-3 Electrodialysis
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2.4.3 Micro-filtration and Ultra-filtration

Micro filtration and ultra filtration both use tleame principles except for the
fact that the pores in an ultra filtration membrane much tighter. These membranes
(Figure 2-4) act as physical selective barriers #ray only allow particles of sizes
smaller that the pores to pass. Suspended soldisméeroorganisms together with
dissolved solids will be retained on the surfacéhee membranes. Larger dissolved

organics are also rejected by ultra filtration meanies.

Process Pore sizeMicron/um
Microfiltration 0.1to 10
Ultrafiltration 0.1t0 0.01

Table 2 Membrane Pore si%e.

Thin Permselective Layer

Porous
backing
Layer of
increasing
porosity

Figure 2-4 Cross-section of a typical Ultra-filtration Membrane

The extent to which suspended solids, turbiditg amicro organisms are
removed is determined by the size of the porekémtembranes. Substances that are

larger than the pores in the membranes are fulhoked. Substances that are smaller

17



Chapter 2: Desalination Processes

than the pores of the membranes are partially rechodepending on the formation of
a gel layer on the membrane during filtration.

Micro filtration and ultra filtration are pressudependent processes, which
remove suspended solids and other substances feden to a lesser extent than nano

filtration and Reverse Osmosis.

MICRO FILTRATION

Membranes with a pore size of 0.1 — 10 um perfonierorfiltration. Micro
filtration membranes will remove all bacteria. Paftthe viral contamination is
caught up in the process; this is because evergkthouuses are smaller than the
pores of a micro filtration membrane, viruses cdach themselves to bacterial
biofilm.
Examples of micro filtration applications are:

» Cold sterilisation of beverages and pharmaceuticals

Clearing of fruit juice, wines and beer

» Separation of bacteria from water (biological wastker treatment)
» Effluent treatment

» Separation of oil/ water emulsions

* Pre-treatment of water for nano filtration or Resgee©smosis

» Solid-liquid separation for pharmacies or food isitlies

18
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ULTRA FILTRATION
Ultra filtration will remove viruses completely. &hpores of ultra filtration

membranes can remove particles of 0.01 — 0.1 pum fhaids.

Examples of fields where ultra filtration is appliare:
* The dairy industry (milk, cheese)
* The food industry (proteins)
* The metal industry (oil/ water emulsions separatpgaint treatment)

* The textile industry
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2.4.4  Nano filtration (NF)

The nano filtration is a technique mainly used tfog removal of molecules
(divalent ions e.g. G4 Mg®*, (SQ)% ) and the larger single ions such as heavy
metals. Nanofiltration membranes are charged, whielans the ions rejected by the
membrane depend to some extent on their chargs.t@thnique is often described as
a coarse reverse 0Smosis process.

Because nano filtration uses less fine membrares,féaed pressure of the nano
filtration system is generally lower compared teerse osmosis systems. Importantly

the fouling rate is lower compared to reverse ossmostems.

Process Pore sizeMicron

NF, REVERSE OSMOSIS§ 0.001 (theoretical)

Table 3 Membrane Pore siZe.

Examples of fields where nanofiltration is appleréd:
» Hardness removal
e Colour removal

» Demineralise cheese (salt removal)
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2.45 Reverse Osmosis (RO)

Reverse Osmosis (RO) uses a semi-permeable meenboaseparate and
remove dissolved solids, organics, pyrogens, sulmmicolloidal matter, viruses, and
bacteria from water. Reverse Osmosis is capablerabving 95-99% of the total
dissolved solids (TDS) and 99% of all bacteria,stippoviding safe and pure water.
Pressure, 4000-8000 kPa (40-80 bars), is appliethéoseawater and it is passed
through the semi-permeable membrane (Figure 2Hig, grocess allows only the
solvent to pass and not the dissolved solids.

Seawater is pumped into a closed vessel wherg@iessurized against the membrane.
As a portion of the pure water passes through thealonane, the remaining feed water
now has a larger salt content. This because tbdess water to contain the same total
amount of dissolved solids (salt). At the same tim@ortion which varies between
20% and 70% of this feed water is discharged witlpassing through the membrane.
Without this controlled discharge, the pressuriZedd water would continue to
increase in salt concentration, creating problemghs as precipitation of

supersaturated salts and increased osmotic pressuss the membranes.

Pressure

Feed Flow ] P @ Rejected solution

o >

—>

Y

® ® ] [ ]
PY @
Semi perfmeable

membran @ © ® °

Figure 2-5 Cross Flow filtration v Permeate
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Since this project focuses on Reverse Osmosis,ntam features of this

process are described in more detail in Chapter 3.
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CHAPTER 3 REVERSE OSMOSIS

3.1  Principle of Osmosis/Reverse Osmosis

Osmosis denotes the spontaneous flow of pure rat@ran agueous solution
of low salt concentration to a solution of highaift £oncentration, provided the two
solutions are divided by a semi-permeable membrahe. driving force for this
process is the difference in chemical potentiaHgD, un 0, between the dilute and
more concentrated regions. As the pure water paamdghrough the membrane the
pressure in the dilute region drops and that imtleee concentrated region rises. This
flow will continue until there is an equilibrium tveeen the fluids on each side of the
membrane. Osmosis is seen in nature, for examplatpkoots use this method to
absorb water from the ground.

Figure 3-1 below shows a laboratory demonstratforsmosis in action

Flow of pure
water
Semi-permeable

membrane

—_—

Figure 3-1 Osmosis
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As HyO flows from left arm to the right arm, the watevél falls and rises in the two
arms and equilibrium is attained (i.e,®H flow ceases) when the differential water
level has attained a certain value which is knownh& osmotic pressure differential

between two solutions (Figure 3-2).

—

Osmotic
Pressure

Figure 3-2 Osmotic Pressure

Now, consider the original situation with the twater levels equal, if a pressure
equal to the osmotic pressure differential is auplin the right column until the
pressure in both columns were the same, this wakdipce an equilibrium, so the net

flow of water from one side of the membrane todtteer would be zero (Figure 3-3).
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Pressureequal to
osmotic pressure
of dilute column

I

No Flow
Eauilibrium

>

Semi-permeable
membrane

Figure 3-3 Equilibrium

Pressuregreater than
osmotic pressure
dilute column

Flow of pure

water Semi-permeable

«-— membrane

Figure 3-4 Reverse Osmosis

When pressure greater than that of the osmotgspre differential is applied
to the right column the flow of pure water will gothe opposite direction to that of
the first case. This reversal of pure water flowcaled reverse osmosis. This

phenomenon can be used to extract pure water feanveger.
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For any given solution the osmotic pressure isindef as the pressure
necessary required to stop the osmotic flow throagbemi permeable membrane

separating the solution from pure solvent.

3.2 Development of Reverse Osmosis as a Techniquidesalination.

This technique was conceived and named by Reiaeatniversity of Florida
in the 1950s. Reid experimented with a number oithstic polymeric films and
found some of them to be selectively permeableatmes solution. He came across
cellulose acetate and obtained very good salttrejecusing it under reverse 0smosis
conditions. The salt rejections were up to 98.L@et. For his experiments he used
isotropic membranes and was able to manufacturebmsras no thinner thangn.
But even at this low thickness the permeate fluxs wao low for commercial
application.

At around the same time at the University of @ahfa, Los Angeles
Sourirajan was experimenting with commercially &fge porous cellulose acetate
sheets. Here again the permeate flux was quite later he was joined by Loeb and
they repeated the experiments using porous celudagtate sheets from Schleicher
and Schuell C8.These sheets gave high fluxes but no salt rejecBat when these
same sheets were heated to 80°@0 in water the results obtained were very
promising. The salt rejection of these membranéih, avthickness of around 1Q@n
was of the order of 90 % and a much higher permi@atehat which Reid obtained.
The big difference between the membranes was likabdries used by Soorirajan were

anisotropic (asymmetric).
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Reverse osmosis was first successfully appliedesalinate brackish water.
The late 1960s saw the appearance of large scahsplDuring the next ten years
new and higher performance membranes were develapdch were suitable for
seawater desalination as they had higher saltti@pscwith higher permeability and
can be operated at higher pressures.

By the 1980s reverse osmosis became a serious etibonpto classical
desalination techniques. Further advances in memebtachnology have produced
membranes that can be operated at lower pressmeksstdl produce the same
permeate flux as the older membranes that wereatgzbrat high pressures. For
instance the pressures required for seawater eewsraosis were in the order of 120
bar for the earlier membranes but now seawater meamb operate at around 50-70
bar and brackish membranes at 20 bar.

Examples of fields where reverse osmosis is applied
+  Seawater desalination
«  Effluent water reuse from various industries suglel@emical, mining, paper
« Production of ‘ultra pure’ water for the integrateircuit manufacturing
industry
+  Food processing — soft drinks, beer and wine pribolucdairy processing
+  Fermentation products recovery and purification.
«  Production of drinking water.
+  Humidification.
+ Ice making
+ Rinse waters
«  Photography

. Pharmaceuticals
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Kidney dialysis

Chemical process water
Cosmetics
Semi-conduction industry

Waste water treatment

Chapter 3: Reverse Osmosis
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A typical layout of a commercial reverse osmosanplis shown in Figure 3-5

Coagulant
o pH control agent
| Sr.:alnz inhibilor  T-CVETSE 0SMOSIS
mmodul e .
Raw i Disinfectant
’ K ngh prcsmre
> | 2’13;* i S R T
Low-pressure  Mixed media - i ==T - water
pump  filier e )
Concentrated water Forwarding
pump

Figure 3-5 Commercial Reverse Osmosis Plant

In an ideal case the only energy required for i&@®smosis to occur is the
pressure applied to overcome the osmotic presstiheo seawater. This would
require an ideal membrane, which only allows tloevfbf pure water. Unfortunately
in real life such membranes do not exist, what weig a membrane that allows a
constant amount of salt to pass independent ogpresapplied and pure water to pass
proportionally to the pressure applied. The mininpm@ssure required to produce any
water is the osmotic pressure, but the productide is infinitely low and it will not
yield water of good quality; so the higher the puee applied the better the water

quality. The maximum pressure is determined bysthength of the membrane.

29



Chapter 3: Reverse Osmosis

3.3 Reverse Osmosis Membrane Materials

There are a number of different reverse osmosisbrngnes available today;
each type has some different properties that makeie appropriate to be used in a

particular situation.

The characteristics that are looked for in memlsare the following:
+ Good salt rejection (allows negligible amountsait through)
«  High water flux (allows water to flow though witlomsiderable ease)
+ Resistant to a large range of environmental camsti(physical, chemical and
thermal)
+ Resistant to high pressures and wear (is durable)
+ Inexpensive and easy to manufacture

+ Resistant to fouling

The earlier membranes were made using cellulostac(CA), which is still

used even now. Other materials such as celluloseetate and a number of

polyamides are also being used now.
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3.3.1 Cellulose Acetate
Cellulose acetate (CA) performed adequately wheatihg brackish water,
but not with seawater because unfortunately the lon@ne suffered compression at
the higher pressures that were required. Nowadags more, its pH, temperature and
performance limitations have reduced its overadl. A membranes are limited to an
upper operating temperature of approximately 3%t@wever, it is interesting to note
that CA has a superior chlorirf® and fouling resistance. This makes it quite useful

for certain applications.

3.3.2  Cellulose Triacetate
Cellulose triacetate (CTA) is an improvement on ¢e#ulose acetate membrane, it
was very popular in home plants and was also usedlustry.
The main reason for CTA membranes becoming so pojuithe home market is the
fact that they are comparatively cheap and reaalgilable. Generally, domestic
CTA membranes are used on chlorinated water sgpplith a total dissolved solid
content below 800 pprit. Furthermore they are fairly tolerant to oxidisiclgemicals
such as chlorin& This is particularly relevant as chlorine is ugeddisinfect and
treat drinking water in most of the world.
CTA membranes unfortunately have some major dis#dgas. They only have a low
flux. Flux is defined as the volume of water thahde passed through unit area of
membrane. This means that a larger area of memhsameeded to produce a
comparable flux as a thin film membrane.
CTA membranes also have a low tolerance to highlfplded water pH is higher than
8.5, CTA membranes begin to quickly degrade and total dissolved solids (TDS)

rejection performance. When this happens, the CBfnbrane is said to hydrolyze, a
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condition characterized by high output and pooea#pn. Lastly, CTA is more
sensitive to high feed water temperatures. A typi€8A-RO system has an upper
limit of 30°C for feed water temperature. And fegdter temperatures approaching

40°C are not uncommon in many parts of the world.

3.3.3 Polyamide
During the 1980s when the thin flm membrane wasemted, it provided a
means to achieve flux and salt rejection suitabteseawater desalination. Typically
composite membranes are made up of two layers; aonery thin layer (e.g.
polyamide) and the second a tougher supportive ligyecally made of polysulfone.
For cases where higher durability and performansenéeded three layered

membranes can be used. Figure 3-6 shows the lajthe different layers.

Polyamide

Active Surface

Polyester Support Web

13)

Figure 3-6 Detail of Layers of Polyamide Membrane (based on
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Thin film membranes have other useful charactesstirhey have a good
resistance to environmental factors such as temyerand pH, but have poor
tolerance to oxidizing environments particularlyas chlorine is concerned.

Thin Film composite membranes (TFM) are ideallyduse non chlorinated water
supplies with a higher TDS content. They are al#dwon chlorinated supplies where
a faster water production is required or a highatewpurity is needed. When used on
chlorinated water supplies it is crucial to inclmeneans to remove the chlorine prior
to it entering the membrane. The part of the cheahstructure of the polyamide layer
is shown in Figure 3-7 below; the exact chemicalcitre is a close guarded

industrial secret.

Q ¢ H
‘w-o@n-w@w —t
G0
NH

- & —Ix = —y

Figure 3-7 Partial chemical structure of membrane showing cross-linked polyamide

containing carboxylate groups.**
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CHAPTER 4 REVIEW OF FOULING PHENOMENON IN MEMBR ANE
PROCESSES

4.1  Overview of all types of Membrane Fouling

The main ailment® that membranes suffer from in operation is fouliAg the
membranes are the determining component of theratiga process it is important
that their health is a priority. Any fouling issuegh the membrane will reduce their
useful lifespan. Fouling will lead to a loss of nmmane performance, this often
results in the reduction of flow and the increasealt passage and eventually leads to

ruination of the membrane.

Fouling is the term used to describe the accunaraif unwanted material on
the surface of the membranes. Fouling is seenangsses involving fluids (gas and
liquid) and foulants are diverse. These can beanous forms such as suspended
matter, dissolved solids, living organisms, chemarad other substances present in
the flow. They form deposits on the membrane thatetimes damage the membrane

but mostly interfere with the proper operationtuf process.

In certain, highly specialised circumstané&gouling is actually encouraged:;
for example in waste water treatment processeslm®fare utilised. In all other
cases, including the ones studied in this projémijing of any kind is counter

productive.

Fouling in the separation process is due to maniofa. Depending on the
composition of the liquid there is sometimes priatpn of dissolved solids or the
deposition of suspended solids. These suspendeld sohy be already present in the

feed or be the result of the corrosive effect effiéed particularly on steel parts of the
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system. The membranes also provide a surface faromand macro biological
organisms to thrive. Eventually the build up ofagdr of foulant will interfere with

the flow across the membrane.

The different agents in water that can be involwvetthe fouling of a membrane are:
» Particulates including colloids.
e Low solubility salts such as CaGO
» Biological organisms.
e Corrosion products.
* Organic Substances including
i. Humic Acids.

ii. Hydrocarbons.

The focus of this project has been on organic fglhence the other types of fouling

are only briefly summarised below.

4.2 Particulates

This involves'’ the formation of a thin layer of particulates twe surface of
the membrane which causes the plugging of the §.orEhis layer consists of
suspended solids, and colloids. This layer affdotspassage of water through the
membrane. This accumulation can be removed by aegléaning of the membrane

or the setup of an adequate pre-treatment stage.
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4.3 Low Solubility Salts

Low solubility salts are usually of inorganic naurfor example CaCf
CaSQ and SiQ. Figure 4-1 is a photograph of a reverse osmo&mbrane with
calcium carbonate (CaGpdeposits. These minerals are present in mostr vieges.
They form hard scales as they precipitate on théase of the membrane. Scale
formation depends on crystallisation and hydrodyinanansport mechanisms. There
are two ways for crystallisation to occur, these H'° surface (heterogeneous)
crystallisation and bulk (homogeneous) crystalisatHeterogeneous crystallisation
is the more harmful of the two. The energeticshef ¢rystallisation process are such
as to favour the nucleation of a solid on the siafas opposed to the bulk of the
water. The consequences are reduced permeate &mvand also damage to the

membrane surface.

Figure 4-1 Calcium Carbonate Scale Deposition on Reverse Osmosis Membrane
(Courtesy Dr. T. Hodgkiess)

36



Chapter 4: Review of Fouling Phenomenon in Membrane Processes

4.4  Biological Organisms

Fouling caused by biological organisiiss usually described as biofouling.
The organisms can be of different sizes and spear&$ can be plants or animals.
Some examples are :

Bacteria, Fungi, Algae, Mussels, Barnacles, andrbigs®*

But membranes are mostly prone to fouling from é&@a&t fungi and algae. The bigger
organisms tend to affect other parts of the deat@din plant such as the pipe work
and pre-treatment processes.

Unlike the other types of fouling discussed abdwefouling cannot be totally
prevented by pre-treatment. Even chlorination widt completely get rid® of the
micro organisms that are responsible of biofoulihbis is even more so in reverse
osmosis plants as chlorine cannot be present iriette to the membrane as it will
damage many types of commercial membranes. For@gamo9 % of these micro
organisms have been killed or removed in the gatinent stage, the remaining 1 %
will start multiplying again feeding on any form biodegradable substance they can
find in the system and form a new colony. As thermiorganisms travel in the pipe
work they eventually reach the membranes and atthem forming a biofilnf®
This biofilm has very adverse effects on both themranes durability and
performancé?

The first effect of the biofilm will be to resttithe flow of water in the system
as the biofilm layer will increase the surface rongss of the system, this will mean
that more power will be required to achieve the esdlowrate. As the microbial
colony grows, the effect will be more acute and esentually lead to the plugging of

the membrane causing severe drop in permeate flux.
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Secondly, increasing pressure applied acrossngmabrane to counteract the
effect of increased surface roughness will redineelifespan of the membranes as
they are not designed to withstand excessive pre$suextended periods of time.

The third effect is a decrease in salt rejectidhis occurs because the
roughness of the biofiilm on the membrane surfacemptes concentration
polarisation.

And finally the worse that can happen is thatrthiero-organisms can attack
the membrane itself. Figure 4-2 shows bacteria gr@wn a hollow fibore membrane.
As part of their metabolisms, micro-organisms etecigcids and enzymes, some of
which can corrode the membrane or its support.uldslé acetate is particularly

vulnerable to these sorts of attack.

Figure 4-2 SEM of Biofouling of Hollow Fibre (Courtesy Dr. T. Hodgkiess)
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45 Corrosion Products

These are usually the product of water becomingpimact to various metal objects.
During that time depending on the pH of the watet @nic content there are varying
degrees of corrosion that occur. As the water iecied and treated, the metal ions
can be deposited on the membrane. This will oatwonditions where corrosion is
prevalent. The only way to stop this from happensip use corrosion resistant metal
or materials. The cost of such modifications canuiséfied as they result in a longer
membrane life. This factor results in very exteasiuse of polymer material

throughout the pre-treatment system of the revess®osis plant.

4.6  Organic Substances

According to the literaturé® available from the manufacturer of the SW 30
membranes the adsorption of organic substancelseosutrface of the membrane will

cause a loss in flux that can be irreversible niosis cases.

In this thesis, organic substances involved inifmublre divided into two categories,
these are :
* Humic acids (since these represent the major ptgpoiof natural organic
substances present in natural water.)
* Hydrocarbons. (since these represent a particyter of organic substance that
can be introduced into water as a pollutant andethierm the basis of the

experimental work undertaken in this project.)
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46.1 Humic Acid

Humic substances can be
found pretty much anywhere. They
are the products of both chemical and -
biological breakdown of plant and
animal residues and the by-products
of micro-organisms synthesis?’.
Figure 4-3 is a picture of a humic acid

seen under a scanning electron M

microscope.

Figure 4-3 Humic Acid (Approx 2000x)%°

Humic substances form a large proportion of thal iissolved organic matter
of any aquatic systefi?® Very often they are present in equal or even large

proportions than inorganic ions in aquatic systeoh as rivers and lakés.

Humic substances can be divided in three main oat=gy

* Fulvic acids tend to be between light yellow antloye brown in colour. They
are soluble in water irrespective of pH. They contiaoth aliphatic and aromatic
functional groups?

*  Humic acids are the fraction of humic substances #éne not soluble in water
under acidic conditions (pH < 2) but are solublehigher pH valued? These are
usually obtained from the soil.

Humic acids are the major extractable componesbdfhumic substances. They are

dark brown to black in colour.
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Humic acids have a negative charge as they areafigtoxidized. In Figure 4-4 the
humic acid has attached itself to a sugar moleatieh is delimited by the red box.
* Humins are black in colour and make up the fracbbmumic substances that

are not soluble in water of any p£f**

|
(HC-OH)y | (sugar)

COCH
R CH H=0
;i
CH-CH;
Q Q

(|3—O (pepticde]
MH

COOH

Figure 4-4 Model structure of Humic Acid.*

Humic substances can interact with a large numbetemnents (approx 50). As seen
in Figure 4-5, they also give an unpleasant cotmuto the water and induce photo-
chemical transformation of both chemical compouadd trace metaf€. A major
concern is the fact that humic substances reabthalogens to produce carcinogenic
substancé’ such as chloroform and bromoform. These would @rimvbe a serious

health hazard if found in the drinking water suppy’
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Humic Substances
(Pigmented Polymers)

|
v v

Fluvic Acid Humic Acid Humin
Light Yellow
Yellow Brown

Increase in Intensity of Colour ——— =

Increase in Degree of Polymerization —————

2000——  Increase in Molecular Weight ———300 000 ?
45%——  Increase in Carbon Content ——— = 62%
48%——— — Decrease in Oxygen Content———=30%
1400 ———  Decrease in Exchange Acidity— 500

Decrease in Degree of Solubility ——

Figure 4-5 Properties of Humic Substances.*

Humic substances have structuféshat can vary between rigid spherocolloidal and
flexible linear. These molecules (humic acid anldifuacid) have a compact form in
the following conditions: high sample concentratibow pH and if an appreciable
amount of neutral electrolyte is present.

These molecules will have a relatively linear simwe when ionic strength is
relatively low, pH is neutral to alkaline and thésea low sample concentration.

These organic substances are extremely complex Rigeee 4-4) with molecular
weights*? of humic acid varying between 700 and more thatd?g/mol and that of
fulvic acid less than 1000 g/mol. The weighted ager molecular mass of

commercially available Aldrich humic acid is 50 0§fénol**
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More studies of fouling by humic acids of micrafiition and ultrafiltration
membranes have been undertaken than of nanofilirétj’>*® and reverse osmosis
membrane&! For example, ultrafiltration membranes were fodfido experience
humic acid fouling from drinking water and this sad significant reduction in water
flux.

Some researchers have considered the influendeaofie interactions on humic acid
fouling of membranes. One stutfyon the interaction between humic acids and ultra-
filtration and reverse osmosis membranes repods When these membranes are
exposed to humics they become more negatively edar@his phenomenon is
observed over a wide range of pH. This leads tatmelusion that humics are easily
adsorbed by the membrane surface and the negatiiahged functional groups of
the humic acids give the membrane surface its rewge. Humic acids with higher
molecular weights are more readily adsorbed by dindace. In contrast, another
paper*° has discussed the potential limitation (by elestatic charge repulsion) of
humic acid fouling on those membranes that exinkgative surface charge. Addition
of divalent cations is saftf,>® to promote adsorption of the humics.

Experiments’® indicated that asymmetric cellulose acetate mengsravere mostly
unaffected by humic acid. The performance droph otterms of flowrate and salt
passage, of these membranes, was almost indisieeriioit when a thin film
composite polyamide membrane was exposed to the $amic acids it suffered
from a drop in water flux. This indicates that hanacids affect the polyamide
membranes. This fouling behaviour can be explamethe affinity of humic acids to
bond with multivalent ions forming a gel layer dmetmembrane which causes a

reduction in the flux. This layer fortunately canmpass through the pores and cause

irreversible damage to the membrane, though iftteeiccumulate this cake layer will
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greatly affect the flux. This layer should be cledrto restore the properties of the
membrane.

Another work *> demonstrated that polyamide hollow fibre membramesre
vulnerable to fouling in circumstances where thenttuacid coagulates out of the

seawater.

4.6.2 Hydrocarbons

Hydrocarbons are found in fossil fuel reserves unthe earth’s surface.
Hydrocarbons are made of carbon and hydrogen atbaisbond together to form
chains, for example hexane, or cyclic moleculesef@mample benzene. These chains
can be either straight or branched.

The effect of oil spills on the performance of Mugitage flash distillation plants have
received some consideratidhlt was reported that seawater polluted by oil woul
cause a number of negative effects that would dvenpact the performance and
efficiency of the plant.

What is of specific interest to the present worlwigether hydrocarbons can affect the
different reverse osmosis membranes and, if thiiteiscase, what kind of the impact
do they have on the performance of the membrane.

There have been previous studies that have lookesbme effects of different
hydrocarbons on reverse osmosis membranes, wi&¥sohave investigated if such
membranes could be used to remove different hydoooa from contaminated water.
In one of these former studigsthe effect of passing oily water through a polydeni
membrane on the permeate flux was investigated. dilhesed in the mixture was

Iranian crude oil which contains long chain hydrbcsms and the membrane was a
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FilmTec FT 30 polyamide membrane. The following rfgaarameters were varied
during the experiment

(a) Transmembrane pressure

(b) Oil concentration

(c) Temperature

(d) Crossflow velocity

The findings are summarised in the table below.

Increasing Impact on Permeate Flux
Pressure Increase

Oil concentration Decrease

Temperature Increase

Velocity Increase

Table 4 Impact of Parameters on Permeate Flux

The authors concluded that fouling occurred maithrough concentration
polarisation and the formation of a gel layer or thembrane as opposed to the

blocking of the membrane pores by the oil molecules

Another study’ that was closely related to the current work lablé two different
polyamide membranes. Membrane samples were exmosedth sides to crude oil,
diesel, hexane and emulsions of the mentioned &ubst and water. Diesel
contamination is especially dangerous with a capdoireduce membrane fluxes to
zero if present in large concentrations for evesrtgheriods of time. Hexane, which is
one of lighter crude oil fractions also causedaesideterioration of the performance

of reverse osmosis membranes when in contact ie puremulsified form. The
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damage was worse in more concentrated hydrocarbotures and at longer
exposure times. Within the scope of the experimeaatsducted in this previous
project, hydrocarbons retained in solution in wateere not found to exhibit
damaging effects of the performance of the revessmosis membranes. The
damaging effects of the hydrocarbon contaminante i@ind to be different on the
two types of membrane studied. The brackish watembrane suffered substantial
reductions in flux and roughly proportionate in@es in salt passage. The seawater
membrane underwent larger deleterious effects din psssage and much lower
reductions in permeate flux. It appears that thenatge caused by exposure to
hydrocarbons is difficult to reverse. The study didt differentiate between the
effects of hydrocarbons on the upper and lower nmang surface and was largely
focused on the performance characterization anchdidjield any clear evidence of
the mechanisms of the fouling phenomena.

Another study®® was on nanofiltration membranes rather than reversmosis
membrane but it is still relevant. The membranesius the experiments were NF 70
from Dow and UTC-20 from Toray Ind. Inc. and thegr& contaminated using a
wide range of hydrocarbon derivatives. The memlganere more susceptible to
some compounds than others and the UTC-20 membvegresmore robust. On the
whole the authors concluded that molecular sizén@fcompound played a large role
on the flux decline. This was due to the fact tiase molecules were adsorbed on
the surface of the membrane or inside the porete@fmembranes. Also the flux
decline was said to be due to the following twatdesz The molecules were a size
that filled the membrane pores and the adsorptias exacerbated by the fact that the

component was hydrophobic.
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It is clear that not much work has been done offifects of hydrocarbons on reverse
osmosis membranes. Without such knowledge it igpossible to predict what would
happen if contamination by hydrocarbon was to oaturne of these facilities. The

work done in this project is aimed at increasing khowledge and understanding in

this specific fouling topic.
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je

e

Operating Fouling _ )
Concentration | Time Impact on Membrane
Parameters Procedure
Membrane BW 30°° SW 30%°
polyamide with polyamide with polysulfone
Material polysulfone backing backing
b 5h Flux 90 % V¥ and % salt Flux 87 %V and % salt
ure
Hexane passage 3XA passage 5XA
ForBW 30 — 30 bar 50
Diesel at 25°C Pure . Zero flux Zero flux
mins
o Flux 87 % V¥ and % salt
passage 5XA
30 Flux 89 % V¥ and % salt| Flux - 60 % and % salt passa
. For SW 30 — 65 ba 1:100
Diesel water mins passage 4XA 12X A
at 30°C
Flux 5 % V¥ and % salt passag
Hexane
solution 1.8X A
Emulsified No measurable effect on flux
. 1:3 6 days
Crude Ol % salt passage 0.2K

Table 5 Tabulation of Membrane Susceptibility todiHycarbons.
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D

Operating Fouling _ )
Concentration | Time Impact on Membrane
Parameters Procedure
52 | Nanofiltration membran# SR-90> Sulphate
Membrane FT 30* _
(NF-70, NF-45, UTC-20, NTR-7450) Reducing membrane
_ _ _ _ _ polyamide with
Material polyamide, polypiperazine amide .
polysulfone backing
_ present in 100 | 80 % fall
Crude Oil | 20°C/ 13 bar 5 % Vol _ _
flux mins in flux
Active layer Flux 64 %V
Hexane 20°C / 20 bar Pure 6 days
Both layer No Flux
o Flux ¥ (9-27%) membrane
Pesticide
dependent
A - Increase

V¥V — Decrease

Table 5 Contd.

* Note FT30 is a generic name for a range of séawharackish water and tap water membranes froriVDDetail type not stated in paper.
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CHAPTER S EXPERIMENTAL PROCEDURES

51 Introduction

The focus of this thesis is to look at the effégtdrocarbons have on reverse osmosis
membranes.
Two model hydrocarbons were selected for the erparis. These were Hexane and
Diesel. Also a variety of membranes were selectadl subjected to a number of
fouling treatments as described below. The thremionanes used for the experiments
were :

1. Polyamide brackish water membrane Filmtec BW 30.

2. Polyamide seawater membrane Filmtec SW 30.

3. Cellulose triacetate membrane Ametek CTA B - 2 -HEO
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5.2  Membranes under Investigation.

The polyamide membranes came in large sheets fr@mmanufacturer, while the
cellulose triacetate one came in the form of a nedlhe membranes-containing
module was bought from Fileder Filter Systems. &beial membrane was obtained
after disassembling an Ametek CTAB2-10 cartridgegfe 5-1). This was done

carefully in many steps as described below.

SLOETEN CTAB—2—10 HF

Figure 5-1 Membrane Module and Module Cross Section.

The module was placed on a clean work top andttibetare on the left was pulled

out. Then the protective and sealing skin was peate This reveals a spiral wound

membrane that is wrapped around a central contlirapped together with the

membrane is a plastic spacer which allows the feeshter the membrane when the
module is in normal use. The membrane wrap conefst@o membranes that have
had three of their edges glued together to fornemrelope. The fourth side is left

open and connected to the conduit via a slit mnathe filtrate to be collected.

Figures 5-2 and 5-3 show the module from the side.
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Figure 5-2 Side view of Module and Plastic Spacer

In Figure 5-3, which is a cross section of the ntedilne red arrows show the flow of

the feed and the blue arrow shows the flow of #eneate.

Figure 5-3 Membrane Packing and Water Flow in Membrane Unit
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A purpose built hollow circular punch shown in Figub-4 was used to stamp out
samples of membranes. A mechanical press was oggduide a high enough impact

to produce a clean cut.

Cutting Edge

Figure 5-4 Hollow Circular Punch

This method was used to obtain samples of bothapalye and cellulose triacetate

membranes.

The membranes samples (Figure 5-5) were thusnctda disks to fit in the

desalination rig. The disc has a diameter of 5 nthaf an area covering 19.63 tm

Figure 5-5 Membrane Disk
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5.3  Fouling Procedure

The experimental protocol in this study comprisgposing membrane samples
to various hydrocarbon-containing liquids for s&delcperiods of time, followed by

measuring their performances in the Reverse OsrRigis

5.3.1  Seawater / Hydrocarbon Mixture

The membranes were exposed to a hydrocarbon seawiatere using either of two
apparatus depending on whether one or both surfsicdee membrane were being
exposed.

The very simple apparatus shown in Figure 5-6 vgasl fior exposing both membrane
surfaces, it consisted of a glass jar containingagnetic stirrer. The jar was filled

with a seawater and hydrocarbon mixture, these wettee 10:1 ratio.

Glass Jar

S N

A

Hydrocarbon layer

{ Seawater +

- Hydrocarbon
l solution
r—|

Membrane
% Magnetic Stirrer

Figure 5-6 Apparatus for Fouling of Both Surfaces
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Table 6 shows the respective solubility of hexame diesel in water.

Hydrocarbon Solubility in water, g/100 ml at 20°C
Hexane 0.001%
Diesel 0.0005°

Table 6 Solubility of Hydrocarbons

The solubility of these hydrocarbons is very low,is a 10:1 seawater, hydrocarbon
mixture two distinct layers can be observed. A leper consisting of the less dense
hydrocarbon and a main lower layer consisting sdlation of seawater and dissolved
hydrocarbon.

In some experiments the membrane was kept in the fower layer during the
exposure period as shown in the above diagram.

In a number of experiments the stirrer was switcbedThis turned the two layers

into just one layer of emulsion.

A different apparatus was used in the experimerttergv only one layer of the

membrane was exposed to the fouling substancerd=gy@ shows the layout of this

apparatus.
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/ Hydrocarbon layer

i Seawater +
Hydrocarbon

/ solution
Stirrer

/ Membran

Figure 5-7 Apparatus for Fouling of Single Membrane Surface

The membrane lies at the bottom of a column ofidigthe membrane is sandwiched
between two o-rings to make sure that there iseatdge of the liquid around the
edges of the membrane. In this apparatus only ¢éseetl surface is exposed to the
fouling agent. Thus it can be determined what ¢ftee hydrocarbon is having on

either the active surface or the backing (passayer.
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5.3.2  Pure Hydrocarbon

In some experiments where the membrane is onlysdgoo the hydrocarbon, the
liquid is replaced by the pure hydrocarbon eithexame or diesel, hence there is no
need for stirring. For the experiments where battets of the membrane are exposed
to the pure hydrocarbon, the membrane sample =@lan a sealed jar with the
liquid. When only one side of the membrane needsetexposed to the hydrocarbon,
the apparatus in Figure 5-7 is used without theestwith the relevant side of the

membrane facing the hydrocarbon.
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5.4 Rig Layout

The main experiments were carried out on a purgmsk Reverse Osmosis rig
(Figures 5-8 to 5-17) in the laboratory. The stnoetand working of the rig is
described below.
The rig is made up of five different sections tleae interlinked. They can be
described as

1. Storage

2. Pumping

3. Control

4. Membrane Test Cells

o

Monitoring
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Figure 5-8 Rig



09

Heating Coll

Figure 5-9 lllustration of the Layout of the Rig
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5.4.1  Storage
The storage section contains the feed solutioncandists of a 200 litre tank (Figure
5-10) that is fitted with a cooling device and atiey element. These two thermal
devices are used to maintain the contents of thdifgptank at a predetermined
temperature. The temperature of the liquid in #nktis measured with a thermometer
that is also in the tank. The thermometer is p&érthe monitoring section. The
rejected flow from the rig is also returned to thatding tank. Considering that the
volume of permeate is very small this does notcaffee short term salinity of the

tank water which is checked before and after eanh r

Figure 5-10 Holding Tank
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5.4.2 Pumping
This section is made up of two pumps and an infitber. The first pump is a low
pressure pump that takes liquid from the holdimd tand passes it through the inline
filter to the high pressure pump that is respoesibt feeding the membrane process

section. The pumping module can produce presswranas of 85 bar.

Low Pressure Pump  High Pressure Pump

5 micron

Media Filter )
Figure 5-11 Pumps
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5.4.3  Control
The control section is split into three parts.
The first part is the thermal devices in the hajdiank that are used to maintain the
temperature of the liquid in the rig.
The second part consists of a three way valve daatbe adjusted to regulate the
pressure and flow rate of the liquid that is thedfdo the bulk of the membrane
process.
And the third one consists of two pressure tapsqme before and after each
individual membrane pressure cell (Figure 5-12)eskh are used to control the

pressure and flow rate of the liquid through eaemirane.

Pressure Cell

\
X
_&
I
b3

Pressure taps

Figure 5-12 Layout of Pressure Taps
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5.4.4 Membrane Test Cells.
The membrane process encompasses six identicalupeesells that are in a parallel

configuration (Figure 5-13 and 5-14). Each pressetkconsists of six distinct sets of

components.

Figure 5-13 Shows 6 Pressure Cells

£
V4

Figure 5-14 Pressure Cell Opened

64



Chapter 5: Experimental Procedures

- The base, made of stainless steel, allows th&dli¢gp come in and leave in a

crossflow pattern (Figure 5-15).

5“ | Distribution base

. Flow out
Flow in

Figure 5-15 Flow in Cell

- The distribution base that shapes the incomiggjdi for maximum flow against the

membrane surface.

Sintered Disk

Membrane

Figure 5-16 - Membrane Disc in Pressure Cell

- The membrane
The membrane disc has a diameter of 5 cm and afesncovering 19.63 én
The membrane shown in Figure 5-16 is a Filmtec S\Wwi@dnbrane. Under optimal

conditions it can yield a permeate flow rate of8%d.
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- A porous metallic disk that acts as backing ssgftor the membrane while allowing
the filtrated liquid to pass through.

- A pair of O-rings to make the cell water tightsdewn in Figure 5-15.

- The cover made of stainless steel that provilestap part of the cell. This cover
has a small tube in the middle that allows theffiliquid to be collected.

And finally four bolts that are used to seal theéband the cover together. turning the

device into a pressure cell.

5.4.5  Monitoring
This section provides the data from the experimeatsed out on the rig. There are

four types of data that are produced in this madule

- Pressure. There are 8 different readings here. fGnthe pump module, one after
the three way valve for the membrane process aothansix, one for each individual
pressure cell. The first two readings are themaadaitor the health of the various parts

of the rig they are attached to and are not usedperimental calculations.

- Flowrate. There are six meters to read from, doe every pressure cell

(Figure 5-17).

-Volume. This is the volume of filtrate collected burettes (Figure 5-18) for each

pressure cell. That is six values.

-Temperature. This is from the thermometer in tblkeling tank (Figure 5-10), it gives

the temperature of the liquid flowing in the rig.
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Figure 5-18 - Permeate collection in burettes
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5.5  Calibration and Rig Commissioning
EXPERIMENTS
To start with, the conductivity meter was calibdatesing five different known

concentrations of NaCl. A concentration curve whxt@d over the range of values

obtained.
NacCl 50 ppm| 100 ppm| 300 ppm| 2 000 ppm| 10 000 ppm 35 000 ppm
Conductivity| 0.13 0.24 0.655 3.80 16.55 50.3

Table 7 Results of Calibration experiment

This concentration curve can be used to find threesponding salt concentration for

each conductivity reading taken.
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Concentration Curve for NaCl
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v
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y =0.00% - 0.0049

Figure 5-19 Calibration Curve for NaCl

y = 0.00% - 0.0049

This equation is used in the spreadsheet to camttha calculationsy represents
conductivity in mS/cm ang is the concentration in ppm.
The curve above in Figure 5-19 is now used foruwaton and can be approximated

to the above linear equation.
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5.6 Rig Integrity

Four samples of the same membrane were used fdoltbeiing experiment to re-

check the integrity of the rig and also determine &ctive surface of the membrane.

The active surface was found by alternating thepsesnsuch that 2 cells would have
the membrane with a particular surface facing kv ind the other 2 would have the
other face in contact with the flow.

The results of the experiment are as follows:

Conductivity of Filtrate

3.5

2.5 i

mS/cm

15 i

05 - - -

Cell 2 Cell 3 Cell 4 Cell 5

Figure 5-20 Conductivity of filtrate

CELLS Cell 2 Cell 3 Cell 4 Cell 5

Conductivity mS/cm | 0.65 2.55 0.67 3.10

Table 8 Conductivity of Cells 2-5
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From table 8 it can be seen that cells 2 and 4 lmaver conductivity compared to the
two others, so this test confirmed which surfaces wWae active surface in the
membrane sheet. It turned out that the glossy sfdine membrane is the active
surface.

The next experiment was used to check for leakshawe an idea of the working of
the rig. Miscellaneous membranes were used indjudinanofiltration membrane and
three reverse osmosis membranes with differentfaceg the flow.

The results from that experiment are summariseoMbahd in Figure 5-21.

Time Conductivity in Cell mS/cm

2 3 4 5
1250 8.79 1.24 0.61 0.52
1415 8.70 1.12 0.58 0.51
1515 8.63 1.07 0.54 0.48

Table 9 Conductivity in Cells
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10

Conductivity Change after 3 hours

L 4

¢
3

mS/cm
(6]

1

—l— |

0

O—
—
T

—< X

12:28

12:57 13:26 13:55 14:24 14:52 15:21 15:50

Time

—o—Cell2 —m—Cell3 —A—Cell4 —<-Cell5

Figure 5-21 Conductivity in Cells after 3 hours

The cells, which had the higher filtrate flux, wddlave the samples in the proper set-

up. From the two sets of experiments performedai \&scertained which surface of

the membrane was the active one and needed toplosexkto the flow.
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For the rest of the experiments the following prhoes were used unless stated

otherwise.

The tank was filled with 150 litres of 5500 mg/l Glaand distilled water solution.
This was achieved by weighing and adding 825 g NaGhe tank containing 150

litres of distilled water

A spreadsheet was created to perform the routiloellesion and graph plotting. The
spreadsheet produced values for the following:

Salinity of the filtrate in ppm

b -k -k -k

- Percentage salt passage

- Percentage salt rejection

The following is an example of the formula used dne calculation made by the

spreadsheet.

Typical results from a polyamide brackish water rheame

Molecular weight of water =18 kg
Molecular weight of salt =58.5 kg
Concentration of salt =2 x g/l
Volume of solution in tank =150 |
Measured conductivity = 4.2 mS/cm
Temperature of feed =298 K
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1 kg of solution contains 0.998 kg of® and 2 x 10 kg of NaCl.

Hence

No. of kmoles of HO = mass/ molar mass
=0.998/18
=5.54 x 16

No. of kmoles of NaCl = mass / molar mass
=2x10°/58.2
=3.42x 108

Mole fraction of salt X =3.42x10/(5.54 x 1G + 3.42 x 10)
=6.16 x 1¢

Area of membrane Hr?
=11 (2.5¥
=19.63 crh

Osmotic pressure of feedI; =VRTXs/ vy

=2x8.314x298x6.16 x101.8 x 10
=170 KJ/m

= 1.70 x 1HKN/m?

= 1.70 x 1ON/m?

II; =1.70 bar
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Pressure differential across the membrandP =(P-R)
=30-1
AP =29 bar
Permeate Conductivity =306
Salt concentration in Permeate =60 ppm
=60 mgl/l
So

1 kg of Permeate contains 0.9994 kg e®+and 6 x 10 kg of NaCl.

No. of kmoles of HO = mass/ molar mass
=0.9994 /18

=5.56 x 18

No. of kmoles of NaCl = mass / molar mass
=6x 10 /58.2

=1.026 x 16

Mole fraction of salt X =1.026 x 16/ (5.56 x 1G + 1.026 x 18)

=18.48 x 10
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Osmotic pressure of permeatdl, =vRTXs/ vy

=2x8.314x298 x 18.48 x101.8 x 1¢

=5.08 KJ/m
=5.08 KN/m
= 0.0508 x 10N/m?

II, =0.051 bar

Difference in osmotic pressure across the membrandl =1l - I
=1.70 - 0.051
AIl  =1.65 bar
Calculations for J; and k;
Permeate flow =3.8x fls
Membrane area =19.63 tm
Water flux through the membrane J = ( Density x Water flowrate ) / Area

=1 g/cmix 0.038 cn¥s / 19.63 crh

J1 =1.94x10 glenfisec

Ji =k (AP -AIl)
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Water permeability constant of the membrane k =J/ (AP -AIl)
ky =1.94x 10/ (29-1.65)
ki  =7.08x 10 glcnf/sec/bar

Calculations for J, and ko

Permeate flow = 3.8 x fl/s
Salt concentration in feed tad = 2315 ppm
Salt concentration in permeate fl&vy =60 mg/l
Salt concentration across the membranaCsg =(G-G)

= 2316 - 60

= 2255 mg/l

ACs =2.26 x 10 g/cnt
1 litre of permeate is collected in =1/(3.80¢)s
=2.63 x 1bs

1 litre of permeate contains 60 mg of NaCl

Therefore 60 mg of NaCl passes through the membire2&3 x 18 s

Salt flux through the membrane 3} =k, (ACs)

J, =(60x10)/(2.63x106x19.63)

Jo =1.16 x 10 g/cnf/sec



Salt permeability constant of the membrane k

ko

The percentage salt passage of membrane

The percentage salt rejection of membrane

Chapter 5: Experimental Procedures

=X/ (ACs)
=1.16 x 18/ (2.26 x 15)

=5.15x 10-5 cm/s

= {OCy ) x 100
= (60 /2315) / x 100

=2.59 %

=1000C, - C4) 1 Gy
=100 x (2315-60) /2315

=97.4 %
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The following set of experiments (Cells 1 to 5 afperiment BW/1) was used to
investigate the effect of different feed pressures.

The 5 membranes used in this experiment are all3Whembranes provided
by Filmtec. They were used to process a watergsdltion of 8.81 mS/cm (approx 44
mg/l). The experiment was used to find out the progs of that membrane and how
they changed with an increase in pressure. The mearab were run at three different

pressures 10, 20, and 30 bar.

The pressure in the individual cells was distriduss follows.

Pressure in Cells

40

30

20

N IIIIIII_
0 ‘ ‘ ‘ ‘

Cell1 Cell 2 Cell 3 Cell4 Cell5

bar

Figure 5-22 Pressure in Cells

Cell1 - 30bar

Cells2 - 20 bar
Cells3 > 20 bar
Cells4 > 10bar

Cells5 > 10bar
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The conductivity of the product water was measua¢ddifferent time intervals

Chapter 5: Experimental Procedures

depending on the volume of permeate collected. Bk Conductivity of feed is

8.81 mS/cm (approx 44 mg/l) and all readings weikenn at a feed temperature

of 20°C

The table below shows the conductivity of the peatadlux. These were measured

using the conductivity meter.

Cell 1 2 3 4 5
Pressure(bar) 30 20 20 10 10
Time Conductivity of Product From Cell (mS/cm)
1140 Start Start Start Start Start
1210 0.655 1.03 0.91 1.42 1.755
1240 0.51 0.61 0.64 0.90 0.91
1340 0.51 0.57 0.60 0.90 0.88
1440 0.50 0.55 0.59 0.90 0.88
1510 0.50 0.54 0.58 0.90 0.88
1540 0.50 0.54 0.58 0.85 0.88
1640 0.49 0.54 0.58 0.83 0.87
1710 0.49 0.54 0.58 0.83 0.87

Table 10 Conductivity of Product Water fr@ualls
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The Figure 5-23 below shows the trend for the cohdity against time.

Conductivity of Product from Cells

18 | | | | | | |
\ | —e—Celll —m—Cell2 Cell 3 Cell4 —*—cell5 |

N
NI
\

10 -n\ \\_—/—k | .
08 .

mS/cm

<4
0.6 \
O —— = .
0.4
11:40 12:10 12:40 13:10 13:40 14:10 14:40 15:10 15:40 16:10 6:4D
Time

Figure 5-23 Conductivity of Product Water from Cells 1 to 5

The results are displayed in the following graphie results show that at higher
pressures the membrane performs better. This ineprewnt in performance is seen in
both permeate flux and percentage salt passage.

The increase in permeate flux is very visible bhe pressure increases.
Whereas for percentage salt passage there is notuak improvement when the
pressure is increased from 20 bar to 30 bar. Bup#rcentage salt passage drops by
about 4 % when the pressure is increased from A0 bar.

Overall it was observed that, as expected, aease in pressure improves the
performance of the membrane as indicated in tHeviig graphs Figures 5-24 and

5-25.

81



Chapter 5: Experimental Procedures

Permeate Flux in Cells 1to 5
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Figure 5-24 Permeate Flux in Cells 1-5

Percentage Salt Passage in Cells 1to 5
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Figure 5-25 Percentage Salt Passage in Cells 1-5
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From this set of experiments a number of factorsrged.
1. It takes three hours for the rig to stabilise armblpce a constant flow rate and
salt rejection.
2. It takes 30 minutes for the cell to produce a reabte volume of water.
3. The expected trend of increasing performance waairsad with increasing

operating pressure.

In summary, the work described in this chapter wmagcessful in the
familiarisation with the equipment and this enaltled initiation of the main project

investigation described in the following chapter.
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CHAPTER 6 RESULTS: HYDROCARBON FOULING OF POLYA MIDE

MEMBRANES

6.1 Introduction

The experiments on polyamide membranes can beedivitto the following two sets
as two distinct types of membranes were used.
1. Seawater membrane polyamide SW 30.

2. Brackish water membrane polyamide BW 30.

Each experiment involved utilising a new set of rbesme samples under the

following parameters.

Feed TDS 5500 ppm NacCl
Pressure 30 bar
Temperature 23+%C

The experimental protocol was generally as follows.
« Two membranes samples tested in the Reverse Osmgswithout prior
exposure to hydrocarbon contaminated liquid.
* Other membranes samples investigated as follows
o Tested in Reverse Osmosis rig
o Then removed from Reverse Osmosis rig, placed pars¢e vessels
(see 5.3.1) and exposed to various hydrocarboragonated liquids
per selected periods of time
o Then returned to the Reverse Osmosis rig to meashedr

performance to assess any effect of the hydrocagkpasure.
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6.2 Seawater Membrane Polyamide SW 30

6.2.1  Summary of Experiments Undertaken

Table 11 provides a summary of the experiments tete carried out on the

Seawater membranes polyamide SW 30.

Experiment| Cells

Bulns
(4) uogredsoipAy
0} alnsodxa

JO uoneinqg

Membranes exposure to hydrocarbon-

contaminated liquid.

ExpSW/1 | 1&2 | - -

None (Control)

3&4 |'Y 24

Both sides of the membrane were expose

a hexane water mixture

] to

5&6 | Y 1

Both sides of the membrane were expose

a Diesel water mixture

| to

Exp SW/2 | 1&2

None (Control)

3&4 | Y 24

Both sides of the membrane were expose

a hexane water mixture

] to

5&6 | Y 2

Both sides of the membrane were expose

a Diesel water mixture

| to

ExpSW/3 | 1&2

None (Control)

5&6 N 1

Both sides of the membrane were expose

Pure Diesel

] to

Table 11 Experiments on SW 30 Polyamide Membranes.
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] to

| to

D

=N w)
< X &
=85
. ®W| 8 @ = | Membranes exposure to hydrocarbon-
Experiment| Cells| 5| 8 £ § _ o
5| o ® 5 | contaminated liquid.
Q g o —
s
ExpSW/4| 1&2 None (Control)
Both sides of the membrane were expose
3&4 |Y 3 _
a hexane water mixture
Both sides of the membrane were expose
5&6 | N 1
Pure hexane
ExpSW/5| 1&2 None (Control)
The active side was exposed to a hexane
3&4 | Y 3 _
water mixture
The active side was exposed to a Diesel
5&6 | Y 3 _
water mixture
ExpSW/6| 1&2 None (Control)
The active side was exposed to a hexane
3&4 | Y 3 _
water mixture
The active side was exposed to a Diesel
5&6 | Y 6 _
water mixture
ExpSW/7| 1&2 None (Control)
The passive side was exposed to a hexan
3&4 | Y 3 _
water mixture
Both sides of the membrane were expose
5&6 | N X

the agueous phase of a hexane water mix

| to

fure

Table 11 Contd.
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6.2.2  Results of Experiments on SW 30 Membrane

EXPERIMENT SW/1

The layout of this experiment was as follows:

Cells 1 & 2 no exposure to hydrocarbon (Control)

Cells 3 & 4 --> 24 hours exposure in a hexane Ewatixture (1:10) with stirring and
both sides of the membrane exposed.

Cells 5 & 6 --> 1 hour exposure in a Diesel / watexture (1:10) with stirring and

both sides of the membrane exposed.

Figures 6-1 to 6-6 show a comparison of the floerahd percentage salt passage
before and after treatment for each pair of cells.

Note that the captions ‘Before’ and ‘After’ in Figu 6-1 simply relate to the
performance of the control samples when monitorethé Reverse Osmosis Ring at
the same times as the other samples before andlatéydrocarbon exposure of the

latter.

Cells1&2
As expected, there was some minor experimentalesdait no significant difference

in the fluxes and salt passages in the two phdgestmng.

Cells3 &4
The membranes of cells 3 and 4 were completelykblib¢.e. no permeate flux was

detectable. They were left in the rig for 3 hounsl ghat did not change. So it can be
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seen that long exposure to a hexane water mixasalisastrous consequences for the

SW 30 membrane.

Cells5&6
The membranes of cells 5 and 6 were exposed tdi¢isel water mixture for only one
hour. Their performance showed some deteriorafldvere was a reduction in flux

and also an increase in salt passage.

88



Chapter 6: Results: Hydrocarbon Fouling of Polyamide Membranes

Permeate Flux in Cells 1 & 2
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Figure 6-2 Percentage Salt Passage in Cells 1 & 2 of Exp. SW/1
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Permeate Flux in Cells 3& 4
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Figure 6-3 Permeate Flux in cells 3 & 4 of Exp. SW/1
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Figure 6-4 Percentage Salt Passage in Cells 3 & 4 of Exp. SW/1
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Permeate Flux in Cells 5 & 6
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Figure 6-5 Permeate Flux in cells 5 & 6 of Exp. SW/1
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EXPERIMENT SW/2

The detailed graphical results can be found in Agpel

The layout of this experiment is as follows

Cells 1 & 2 no exposure to hydrocarbon (Control)

Cells 3 & 4 --> 24 hours exposure in a hexane Ewatixture (1:10) with stirring and
both sides of the membrane exposed. (i.e. rephicati experiment 1)

Cells 5 & 6 --> 2 hours exposure in a Diesel / wateture (1:10) with stirring and

both sides of the membrane exposed.

Cells1&2
As expected, there was some minor experimentalesdauit no significant difference

in the fluxes and salt passages in the two phdgesting.

Cells3 &4

These produced the same behaviour as in Experiinéftteir measured fluxes were
about 2.5 x1d gcmi®s® and percentage salt passage about 2% in thepfiegte of
testing prior to hydrocarbon exposure but, aftex llexane / water treatment the
membranes of cells 3 and 4 were found to be coedgldtiocked (zero permeate
production over the 3 hour monitoring period) sary to what was seen in cells 3
and 4 of experiment 1. This confirmed that longasyre to a hexane water mixture

has disastrous consequences for the SW 30 membrane.
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Cells5&6

The membranes of cells 5 and 6 provided the usuaffopmmances (flux
3.2 x10* gcm®s?, percentage salt passage 1.6%) in the first phiase test but, after
being exposed to the diesel water mixture for twarh this time, they were rendered

completely unusable. They were completely blocksid permeate production).

93



Chapter 6: Results: Hydrocarbon Fouling of Polyamide Membranes

EXPERIMENT SW/3

The detailed graphical results can be found in Agpel

The layout of this experiment is as follows:
Cells 1 & 2 no exposure to hydrocarbon (Control)
Cells 5 & 6 --> 1 hour exposure to Pure Diesel withstirring and both sides of the

membrane exposed.

Cells5 &6

The membranes were exposed to pure diesel to pottiat it is not just the mixture
but diesel that causes the damage to the membrasexpected from the indications
in the previous experiment, the membrane was reddenusable (i.e. zero permeate

production) after having been in contact with pdiesel for just one hour.
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EXPERIMENT SW/4

The detailed graphical results can be found in Agpel

The layout of this experiment is as follows:

Cells 1 & 2 no exposure to hydrocarbon (Control)

Cells 3 & 4 --> 3 hours exposure to a hexane waigture (1:10) with stirring both
sides of the membrane exposed with stirring

Cells 5 & 6 --> 1 hour exposure to Pure hexane authstirring both sides of the

membrane exposed.

Cells1&2
As expected, there was some minor experimentalesdauit no significant difference

in the fluxes and salt passages in the two phdgesting.

Cells3 &4

The membranes in cells 3 and 4 were exposed tbdgkane 1:10 mixture for just 3
hours this time as opposed to 24 hours in the pusvexperiments. Even though the
time of exposure was considerably less, the negatesult was the same. The

membranes were totally blocked (zero permeate utah).

Cells5 &6
The membranes in cells 5 and 6 were exposed tohaxane this time to confirm that
it is not just the mixture but also hexane thatsesuthe damage to the membranes. As

expected from the indications in the previous expent, the membrane was rendered
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unusable after (zero permeate production) havieg e contact with pure hexane for

just one hour.
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EXPERIMENT SW/5

The layout of this experiment is as follows:

Cells 1 & 2 no exposure to hydrocarbon (Control)

Cells 3 & 4 --> 3 hours exposure to a hexane / m@i&ture (1:10) with stirring and
only the active side of the membrane exposed wirthing

Cells 5 & 6 --> 3 hours exposure to a diesel / wateture (1:10) with stirring and

only the active side of the membrane exposed.

Figures 6-7 to 6-12 show a comparison of the fléevi@nd percentage salt passage

before and after treatment for each pair of cells.

This set of experiments involved the exposure dy ¢ime active surface, as in most
cases it is the only surface that will be affedgdany fouling. This is because the
fouling agent which has larger molecules than watdlr be stopped by the active

surface and will not get to the backing material.

Cells1&2
As expected, there was some minor experimentalesdauit no significant difference

in the fluxes and salt passages in the two phdsesting.

Cells3 &4
The membranes of cells 3 and 4 were exposed tbekane water mixture for three
hours. Their performances showed an increase imgse flux and percentage salt

passage. There was a reduction in flux and alsnaease in salt passage
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Cells5&6

The membranes of cells 5 and 6 were exposed tdigsel water (1:10) mixture for
three hours. Their performances showed small clsaimgpermeate flux and increase
in salt passage. There was an increase in sakgasthough in this case the flux did

not seem to suffer.

The following graphs (Figures 6-7 to 6-12) showaanparison of the flowrate and

percentage salt passage before and after treatarezdch pair of cells.
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Permeate Flux in Cells 1 & 2
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Figure 6-7 Permeate Flux in Cells 1 & 2 of Exp. SW/5
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Permeate Flux in Cells 3& 4
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Permeate Flux in Cells 5 & 6
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Figure 6-11 Permeate Flux in Cells 5 & 6 of Exp. SW/5
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Figure 6-12 Percentage Salt Passage in Cells 5 & 6 of Exp. SW/5
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EXPERIMENT SW/6

The layout of this experiment is as follows:

Cells 1 & 2 no exposure to hydrocarbon (Control)

Cells 3 & 4 --> 6 hours exposure to a hexane / m@i&ture (1:10) with stirring and
only the active side of the membrane exposed wirthing

Cells 5 & 6 --> 6 hours exposure to a diesel / wateture (1:10) with stirring and

only the active side of the membrane exposed.

Cells1&2
As expected, there was some minor experimentalesdauiit no significant difference

in the fluxes and salt passages in the two phdsestmng.

Cells3to 6

As in the experiment 5 (cells 3-6) only the actsugface was exposed to the fouling
agent. This time the length of the exposure wasldouto six hours. But this did not
cause any substantially greater effects on the mamelperformance than the shorter
exposures in that, again there were small increasdkix and in percentage salt

passage.

Figures 6-13 to 6-18 show a comparison of the fadeviand percentage salt passage

before and after treatment for each pair of cells.
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Permeate Flux in Cells 1 & 2
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Permeate Flux in Cells 3 & 4
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Permeate Flux in Cells 5 & 6
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EXPERIMENT SW/7

The layout of this experiment is as follows:

Cells 1 & 2 no exposure to hydrocarbon (Control)

Cells 3 & 4 --> 4 weeks fouling in the aqueous gha$ a hexane water mixture
without stirring and only the both sides of the nbeame exposed

Cells 5 & 6 --> 3 hours fouling in a hexane watextore (1:10) with stirring and

only the passive side of the membrane exposedsuiiting.

Cells1&2
As expected, there was some minor experimentalesdauit no significant difference

in the fluxes and salt passages in the two phdgesting.

Cells3 &4
The membranes of cells 3 and 4 were exposed tagheous phase of a hexane water
mixture for four weeks. The result was a chang@erformance. The salt passage

increased. The permeate flux also showed a veglitshcrease.

Cells5 &6

From the previous experiments it was observed tatdamage to the membranes
were not as pronounced when the passive (backimigce was not exposed to the
fouling agent. To confirm the susceptibility of thassive surface to fouling in this

experiment only that particular surface was exposed
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Chapter 6: Results: Hydrocarbon Fouling of Polyamide Membranes

As suspected the membranes from cells 5 and 6 e@mpletely blocked after the
membranes’ passive surface was contaminated. Thiowssthat the material that is
used as the backing surface does not tolerate bgon fouling.

The following graphs (Figures 6-19 and 6-20) shosomparison of the flowrate and

percentage salt passage before and after treaforasdlls 3 and 4.
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Chapter 6: Results: Hydrocarbon Fouling of Polyamide Membranes

6.3 Overview of Result of Tests on SVBO Membranes

Table 12 represents a summary (on several pagesheofindings from all the
experiments on the Seawater polyamide membranes8@Whose described in this

chapter and those presented in Appendix I.
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Exposure to

Duration of treatment/

Experiment Cells Surface Exposed _ Change in Performance
hydrocarbon Stir
SW 30 Hours % Salt passage Flux (x10?) [% change]
Exp SW/1 1 Control 12-0¥9 3.65-3.86 [6%A]
2 Control 12-1. 3.41-3.49 [2%A]
3 No flux No flux
Hexane water
_ Both 24 hrs + Stirring
mixture (1:10)
4 No flux No flux
5 _ 15-3.24A| 3.04-194 [36 9]
Diesel water
_ Both 1 hrs + Stirring
mixture (1:10)
6 2.8-7.6A| 3.02-1.40 [54 9¥ ]

Table 12 Results of Experiments on SW 30 Polyarividmbranes.
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Exposure to

Duration of treatment/

Experiment Cells Surface Exposed _ Change in Performance
hydrocarbon Stir
SW 30 Hours % Salt passage Flux (x10*) [% change]
Exp SW/2 1 Control 1.0-0% 279-291 [4%A]
2 Control 1.2-1.00 3.25 -3.53 [9 %A
3 No flux No flux
Hexane water
. Both 24 hrs + Stirring
mixture (1:10)
4 No flux No flux
5 _ No flux No flux
Diesel water
. Both 2 hrs + Stirring
mixture (1:10)
6 No flux No flux

Table 12 Contd.
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) Exposure to Duration of treatment/ _
Experiment Cells Surface Exposed ) Change in Performance
hydrocarbon Stir
SW 30 Hours % Salt passage Flux (x10?) [% change]
Exp SW/3 1 Control 1.0-0Y9 3.12-3.86 [24 Y]
2 Control 0.6 -0.Ga 3.18-354 [11%A]
5 No Flux No Flux
Pure Diesel Both 1 hr +NO Stirring
6 No Flux No Flux
Exp SW/4 1 Control 09-0% 3.49-394 [13%A]
2 Control 09-0.¥ 3.02-3.42 [13%A]
3 No flux No flux
Hexane water o
. Both 3 hrs + Stirring
mixture (1:10)
4 No flux No flux

Table 12 Contd.




Exposure to

Duration of treatment/

Experiment Cells Surface Exposed ) Change in Performance
hydrocarbon Stir
SW 30 Hours % Salt passage Flux (x10?) [% change]
Exp SW/4 5 No flux No flux
1hr+
Pure Hexane Both o
NO Stirring
6 No flux No flux
Exp SW/5 1 Control 0.7-0A 248 -2.71
2 Control 0.7-1.& 2.65-2.80
3 0.6-1.0A 2.06 — 2.63
Hexane water . o
. Active 3 hrs + Stirring
mixture (1:10)
4 1.2-3.1A 2.08 — 2.65
5 _ 1.0-7.2A 2.33 - 2.67
Diesel water . o
. Active 3 hrs + Stirring
mixture (1:10)
6 1.3-43A 2.12-2.01

=TT

-~
-

Table 12 Contd.
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Exposure to

Duration of treatment/

Experiment Cells Surface Exposed _ Change in Performance
hydrocarbon Stir
Sw 30 Hours % Salt passage Flux (x10%) [% change]
Exp SW/6 1 Control 09-1A 257-2.85 [11%A]
2 Control 10-1.Aa 252-273 [9%A]
3 1.0-3.2A 1.87-220 [18%aA]
Hexane water
_ Active 6 hrs + Stirring
mixture (1:10)
4 1.8-3.0A 235-2.72 [15%A]
5 _ 1.4-1.6A 244 -2.70 [11%A]
Diesel water
_ Active 6 hrs + Stirring
mixture (1:10)
6 0.8-2.4A 243-2.49 [3%4A]

Table 12 Contd.
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_ Exposure to Duration of treatment/ .
Experiment Cells Surface Exposed _ Change in Performance
hydrocarbon Stir
Sw 30 Hours % Salt passage Flux (x10%) [% change]
Exp SW/7 1 Control 1.0-0Y¥ 3.12 -3.86 [24 YA ]
2 Control 0.6-0.&a 3.18-354 [11%A]
3 aqueous phase of 0.7-2.3A 3.68-4.19 [14%A]
Long term
a hexane watern Both
4 weeks
4 mixture 1.0-1.3A 2.68-341 [27 YA]
5 No flux No flux
Hexane water
. Passive 3 hrs + Stirring
mixture (1:10)
6 No flux No flux

A — Increase

V¥ — Decrease

Note: in the ‘Change in Performance’ columns xmeans that the value changes from x

Table 12 Contd.
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Chapter 6: Results: Hydrocarbon Fouling of Polyamide Membranes

6.4  Brackish Water Membrane Polyamide BW 30

This is a summary of the experiments that wereiezhrout on the Brackish water

membranes polyamide BW 30.

N2LY
= | QT =S
: 51038
Experiment Cells @ |gco Treatment
592
507
=
Five samples were used with pressure
Exp BW/1 1to5 - - increasing from 10 to 20 and then B0
bar
Exp BW/2 1&2 - - Control
Both sides of the membrane wdre
3&4 N 17
exposed to hexane water mixture
Both sides of the membrane wdre
5&6 Y 17
exposed to hexane water mixture
Exp BW/3 1&2 - - Control
Both sides of the membrane wdre
3&4 Y 14 + 21
exposed to hexane water mixture
The active side was exposed to hexpne
5&6 Y 14 + 21

water mixture

Table 13 Experiments on BW 30 Polyamide Membranes
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Chapter 6: Results: Hydrocarbon Fouling of Polyamide Membranes

Experiment BW/2

In this set of experiments, in between phases 1af the tests the membranes

were divided as follows.

Feed TDS 5500 ppm
Pressure 30 bar
Temperature 23+%C

Cells 1 & 2 --> Dipped in a sample of reverse osmteed solution for 17 hours.
Cells 3 & 4 --> Kept in container with tank solutiand hexane 10 : 1 proportion
without stirring, both sides of the membranes exposed fdrours.

Cells 5 & 6 --> Kept in container with tank solutiand hexane 10 : 1 proportion

with stirring, both sides of the membranes expdeed7 hours.

The results are shown in Figures 6-21 to 6-26
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Permeate Flux in Cells 1 & 2
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Figure 6-22 Percentage Salt Passage in Cells 1 & 2 of Exp. BW/2
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Permeate Flux in Cells 3& 4
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Permeate Flux in Cells 5 & 6
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Chapter 6: Results: Hydrocarbon Fouling of Polyamide Membranes

The BW 30 membranes were affected by the foulwadfy layouts; stirring and
no stirring. The permeate flux was seen to incredmeincrease was slightly more in
the case where stirring was applied. The data oceptage salt passage was mostly

inconclusive.
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Chapter 6: Results: Hydrocarbon Fouling of Polyamide Membranes

Experiment BW/3

In the next set of experiments all membranes vimtally exposed for 14

hours

Feed TDS 5500 ppm
Pressure 30 bar
Temperature 23+%C

The membranes were divided as follows:

Cells 1 & 2 --> Dipped in a sample of tank solution

Cells 3 & 4 --> Kept in container with tank solutiand hexane 10 : 1 proportion
with stirring. Both sides of the membranes are ¢peiwntaminated.

Cells 5 & 6 --> Kept in container with tank solutiand hexane 10 : 1 proportion

with stirring. Only the active sides of the meml@suare being contaminated.

The membranes were dipped for a further 21 hours

The additional 21 hours of fouling was done to endéthke effects of fouling
more visible.

The permeate flux was seen to increase, but thingphas a comparatively
more negative effect on the salt passage. Thepaaltage increased in both layouts
i.e. when both sides of the membrane were exposddvhiere only the active side

was exposed.
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Chapter 6: Results: Hydrocarbon Fouling of Polyamide Membranes

6.5 Overview of Result of Tests on BVB0 Membranes

Table 14 is a summary of the results obtainedHerexperiments carried out on the

Brackish water membranes polyamide BW 30. The ketajraphical results can be

found in Appendix Il
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Membrane

Cells

Exposure to

Surface Exposed

Duration of
Treatment / Stir

Change in Performance

ZA»

mixture (1:10)

Stirring

hydrocarbon
BW 30 Hours % Salt passage Flux
_ _ _ _ Percentage Salt )
Five samples were used with pressure increasimg 1@ to 20 and Flux increased as
Exp BW/1 1to5 passage decreased jas _
then 30 bar . pressure increased
pressure increased
Exp BW/2 1 95-8¥ 22 %A
2 9.2-8.0v 57 %A
3 Hexane water Both 17 hours + No
0) — 0
mixture (1:10) Stirring 8.7-1.9v 150 o4
Hexane water 17 hours + No
4 Both 9.2 -9.3A 50 %A

Table 14 Results of Experiments on BW 30 PolyanM@enbranes
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Exposure to Duration of .
Membrane Cells Surface Exposed _ Change in Performance
hydrocarbon treatment / Stir
BW 30 Hours % Salt passage Flux
Hexane water
Exp BW/2 S . _ Both 17 hours + Stirring 95-8X% 180 %A
mixture (1:10)
5 Hexane water Both
0 irpi _ 9
mixture (1:10) 17 hours + Stirring 9.1-8% 183 %A
14 9.4-8.4v 18 %A
Exp BW/3 1
21 9.1-8.2v 21 %A
14 8.5-8.4v 20 %A
2
21 8.5-8.0v 24 %A
Hexane water 14 hours + Stirring 8.2 - 8 74 %A
3 . Both
mixture (1:10) o
35 hours + Stirring 8.2-84& 91 %A

Table 14 Contd.




2CT

Exposure to Duration of _
Membrane Cells Surface Exposed _ Change in Performance
hydrocarbon treatment / Stir
BW 30 Hours % Salt passage Flux
14 hours + Stirring 85-8¥% 45 %A
Exp BW/3 4
35 hours + Stirring 8.5-8A4 100 %A
14 hours + Stirring 79-8A 80 %A
5
Hexane water 35 hours + Stirring 79-84 110 %A
_ Active
mixture (1:10) o
14 hours + Stirring 8.8-94 58 %A
6
35 hours + Stirring 8.8-9A 70 %A
A - Increase

V - Decrease

Note: in the ‘Change in Performance’ columns xmeans that the value changes from x to y

Table 14 Contd.




Chapter 7: Results: Cellulose Triacetate Membrane

CHAPTER 7 RESULTS: CELLULOSE TRIACETATE ( CTAB2 -10 )

MEMBRANE

7.1 Test Protocol

Each experiment involved utilising a new set of rbesme samples under the

following parameters.

Feed TDS 5500 ppm
Pressure 30 bar
Temperature 23+%C

7.1.1 Protocol for Tests on Control Membranes

For the experiments carried out in cells 1 anch&,mhembranes were not exposed to

hydrocarbon.

Step 1
The membranes were placed in the cells at the begjrof the experiment. For the
first three hours the rig and membranes were allbiwestabilise, the next four hours

were used to record the properties of the membranes

Step 2

After the first stage, the membranes were remox@u the rig. The membranes were
stored in a container filled with salt water frohetfeed tank so that they would not
dry up. This was done for the duration that theeptimembranes i.e. from cells 3-6

were being exposed to hydrocarbon.

127



Chapter 7: Results: Cellulose Triacetate Membrane

Step 3

The membranes were put back in the rig. The sameeps as the one at the
beginning, i.e. step 1, was repeated. The rig lasved to stabilise for three hours
and the next four hours were used to obtain th@egites of the membranes. The
volume of permeate collected every 30 minutes weasured and the conductivity of
the collected permeate was measured every hour.

In two of the experiments there was an additiome@attment after step 3, this is

described below.

Step 4
This is the same as step 2, the membranes wereveenfimm the cells and stored in

salt water from the tank.

Step 5
Step 5 is the same as step 3. The membranes webaguin the rig and allowed to
stabilise for three hours and tested for anothem foours where the flux and

conductivity of the permeate were recorded.
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7.1.2  Protocol for Tests on Membranes exposed to Hyocarbons

For most of the experiments carried out, the mendgan cells 3 to 6 were exposed

to hydrocarbons, either hexane or diesel.

Step 1
The membranes were placed in the cells at the begjrof the experiment. For the
first three hours the rig and membranes were allbiwestabilise, the next four hours

were used to record the properties of the membranes

Step 2

After those two stages the membranes were remawed the rig. The membranes
were then carefully transferred into a vessel doirtg the hydrocarbon. There were
different methods of exposure. The membrane coalk Hboth sides or just one
surface in contact with the hydrocarbon. This wasedwith or without stirring. The
stirring was to make the hydrocarbon / water flumd an emulsion. The membranes

were left in the fouling mixture for a predetermdneumber of hours.

Step 3

When the pre-determined time per hydrocarbon exposaatment was over, all the
membranes were put back in the rig. The same pg@ethe one at the beginning, i.e.
step 1, was repeated. The rig was allowed to sgaldibr three hours and the next four
hours were used to obtain the properties of the Inn@nes. The volume of permeate
collected every 30 minutes was measured and theuctimity of the collected

permeate was measured every hour.
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In two experiments there was an additional treatnadter step 3, this is described

below.

Step 4
This is the same as step 2, the membranes wereveenitom the cells and treated

with the hydrocarbon containing mixture.

Step 5
Step 5 is the same as step 3. The membranes webaguin the rig and allowed to
stabilise for three hours and tested for another foours where the flux and

conductivity of the permeate were recorded.

Steps 4 and 5 are only done in some of the expatsrte accentuate any effects of

the contact with the hydrocarbon.
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7.2 Overview of Tests on CTA Membranes

Table 15 is a summary of the experiments that veareied out on the cellulose

triacetate membranes (CTA).

Q12X
: _Q‘--D bl
: 5|83 &
Experiment| Cells | @ | § £ © | Treatment
23
50 ™
=
Membrane with passive surface against flow
Exp CTA/1 | 1 -
for 1 hour*
) The membrane was checked for compacfion
by being in the operating rig for 30 hours
Both sides of the membrane were exposefd to
384 |Y |16 _
a 1:10 hexane / water mixture
The active side was exposed to a 110
5&6 |Y |16 _
hexane / water mixture

* Note : This was the only test in which the membrane was positioned in the Reverse
Osmosis rig with the passive surface against the feed. In all other tests including those on

the polyamides (chapter 6) the membranes were tested in the Reverse Osmosis rig in the

correct configuration, i.e. the active surface facing the feed.

The membrane was checked for compaction

Exp CTA/2 | 1 by being in the operating rig for 4 intervdls

of 7 hours each

The membrane was checked for compac}ion

2

by being in the operating rig for 30 hours

Both sides of the membrane were exposed to
3&4 |Y |16

a 1:10 hexane / water mixture

The active side was exposed to a 110
5&6 |Y |16

hexane / water mixture

Table 15 Experiments on CTA Cellulose Triacetaterideanes
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IS
: %'CS -
_ 5|38 =
Experiment| Cells Q| o £ 8 | Treatment
523
507
=
Exp CTA/3| 1&2 Control

Both sides of the membrane were exposefd to
3&4 Y |14 +21 _
a 1:10 hexane / water mixture

The active side was exposed to a 110
5&6 Y |14 +21 _
hexane / water mixture

Exp CTA/4| 1 Control
2 Empty
Both sides of the membrane were exposefd to
3&4 Y |2 . .
a 1:10 diesel / water mixture
Both sides of the membrane were exposed to
5&6 Y |1 . .
a 1:10 diesel / water mixture
Exp CTA/5| 1 Control
2 Empty
Both sides of the membrane were exposefd to
3&4 Y |21 . .
a 1:10 diesel / water mixture
The membranes were left in the aquepus
5&6 N | X phase of a 1:10 hexane / water solution f@r 6

weeks

Table 15 Experiments on CTA Cellulose Triacetatenimanes.
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QLT
: _Q‘--D bl
_ 5|S@z2
Experiment Cells | € | § € g | Treatment
23
507
=
Exp CTA/6| 1&2 Control
Both sides of the membrane were exposed to
3&4 N |2 the aqueous phase of a 1:10 diesel / water
solution
Both sides of the membrane were exposed to
5&6 Y |2 . .
a 1:10 diesel / water mixture
Exp CTA/7| 1&2 Control
Active surface of the membrane was exposed
3&4 Y |6 _ _
to a 1:10 diesel / water mixture
Both sides of the membrane were exposed to
5&6 N |6 .
pure diesel

Table 15 Contd.
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7.3  Aspects of Basic Performance of CTA Membranes

7.3.1 Experiment CTA/1 Cells 1 and 2
The following experiment was used to find out howg fparticular membrane reacts in

different situations.

In Cell 1 the membrane was used with the passiviaifacing the flow. After an
hour it was turned back to the proper configuration

During the first hour, when the membrane in celwas placed with the passive
surface facing the flow, the membrane did not shepsalt passage and it offered very
little resistance to the permeate flow. This waselto find out what would happen if
the membrane was accidentally reversed. This wioelldery unlikely in practice as in
most cases these membranes come in a sealed prebdsd module. Nevertheless it
is interesting to see how this membrane works chsan abnormal condition. After
one hour in this configuration the membrane wagratut of the pressure cell and
put back in the proper configuration i.e. the aetside facing the flow and the

performances in this phase of the test are showigures 7-1 and 7-2.

In Cell 2 the membrane was left in the cell forc@®secutive hours. A reason for this
‘compaction test’ was that cellulose acetate memdsaare known to be relatively
vulnerable to compaction and it was important teeas if the CTA membrane is
subject to compaction during the entire time fravhthe experiments (including tests
involving exposure to the hydrocarbons). In thestdhat have been carried out a
membrane would be in the operating rig for a maxmaf 21 hours, i.e. the

membrane was placed in the rig for three intereélseven hours. The first interval
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would be to check the behaviour of the membranetl@mdext two intervals would be
after exposing the membrane to a hydrocarbon aantaliquids. Figures 7-1 and 7-2

show the performance during the final, three hairgal in the reverse osmosis rig.

During the hour when the passive side of the mengwmas against the feed in Cell
1, it did not stop the passage of salt and theewsay little resistance to the flux. The
membrane was then put back in the proper configurafhe results in the graphs
(Figures 7-1 & 7-2) show that the performance ef trembrane has been noticeably
impacted upon. The permeate flux showed a 50 %easer compared to an expected
value from cell 2 and the percentage salt passageoivthe order of 75 % when it
was expected to be about 4 %. Though with timg#reneate flux seems to return to

the expected value the percentage salt passag@adoesover.

Note: The test in cell 1 was completed after a f@urs, but the test using cell 2 had
still many hours to go. So for the sake of efficgm new membrane was inserted in

cell 1. This is the membrane used in exp CTA/2 tell

Explanations of the Legend of Figures 7-1 and 7-2.

Cell 1 A — First run for Cell 1 with unused membgan
Cell 1 B — Run after the membrane has been inpleeating rig for 1 hour with the
back surface facing the feed for Cell 1.

Cell 2 R — First run for Cell 2 with unused meml&an

U)

Cell 2 T — Run after the membrane has been ir2eedlthe operating rig for 30 hour
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Permeate Flux in Cells 1 & 2
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7.3.2  Experiment CTA/2 Cells 1 and 2

Cells 1 and 2 of experiment CTA/2 further testsrevdone to check for

compaction.

The membrane in Cell 1 was obtained from cell ®xgeriment CTA/1 (the second

membrane used in that experiment) i.e. this tgstes=nted an extended period of
exposure to the saline solution.

The membrane in Cell 2 was left in the cell conbusly for 30 hours under operating

conditions. The aim was to find if there was angnpaction.

Explanations of the Legend of Figures 7-3 and 7-4

Cell 1 R — First run for Cell 1 with unused memigan

Cell 1 T — Run after the membrane has been inlcellthe operating rig for 4
intervals of 7 hours each.

Cell 2 R — First run for Cell 2 with unused memigan

Cell 2 T — Run after the membrane has been ir2cedlthe operating rig for 30 hour

U)
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Figures 7-3 and 7-4 show a comparison of the fleaveand percentage salt passage

before and after treatment for each pair of cells.
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The membrane used in cell 1 was taken from theiqueexperiment (CTA/1). It was
the second membrane used in cell 1 and in expeti@€A/1 it was exposed to the
feed for two separate 7 hours intervals and it m@ssubjected to any fouling. In the
current experiment the membrane was placed inighfer a further two intervals of 7
hours.

In total the membrane was in the active rig fori2firs. The result here is a very
small increase of 7 % in the permeate flux and wmall decrease in salt passage.
This indicates that the performance of the membian@ot being degraded by the
normal operation of the rig; so we can concludé tltacompaction of the membrane

occurs during the experiment.

The membrane in cell 2 was left in the cell for theation of the experiment which
was a total of thirty continuous hours. Even thotigd parameters for cell 2 were
slightly different, the membrane was exposed to fotervals of 7 hours, the results
mirrored the one obtained in cell 1: small increat8& % in the permeate flux and
very small decrease in salt passage. This confil@isno significant compaction of

the membranes occurred during the experiments.
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7.4  Effects of Hydrocarbon Exposure on performanceof CTA

Membranes

As outlined in Table 15, a number of experimenfBAQ to CTA/7, were carried out

to investigate the effects of hydrocarbon exposamethis membrane. The detailed
results are shown in Appendix Ill and are summadriseTable 16, but the results of
one experiment (CTA/6) are displayed as a typigah®ple in Figure 7-5 to 7-10 and

described below.

Cells 1 & 2 no exposure to hydrocarbons

Cells 3 & 4 --> 2 hours exposed to a diesel wateture (1:10) without stirring, both
sides of the membrane exposed.

Cells 5 & 6 --> 2 hours exposed to a diesel watexture (1:10) with stirring, both

sides of the membrane exposed.

During the two hours the membranes from cells 3 twere being exposed, the
control membranes from cells 1 & 2 were stored wessel containing feed water (see

7.1.1).

The permeate flux in cell 1 displayed a 2 % inceeldstween the initial run and the
second run. While the percentage salt passageaseunlefrom 2.8 % to 3 % during
that same period. In cell 2 the permeate flux slibwel % increase and the

percentage salt passage increased from 3.1 % #5.3.2
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After exposure to the hydrocarbon, the permeate fiucell 3 showed a 0.2 %
increase and the percentage salt passage incrzase®.1% to 3.7%. In cell 4 the
permeate flux increased by 3% and the percentdgpassage increased from 3.0%

to 3.8 %.

The permeate flux in cell 5 showed an increaséofa®d the percentage salt passage
increased from 3.2% to 3.9%. In cell 6 the permdlate decreased by 3% and the

percentage salt passage increased from 3.1% #.4.3

The results in this experiment for cells 3 to 6 egatly indicated that there are no
substantial effects on the membrane from exposuhgdrocarbons either in the case

of aqueous solution or the emulsion.

Explanations of the Legend of Figures 7-5 to 7-10

Cell 1 Before — Initial Run for Cell 1.
Cell 1 After — Second run of Cell 1, after membraras stored in a container of feed
water while membranes from cells 3 to 6 were bexygpsed to hydrocarbon fluid.
Cell 2 Before — Initial Run for Cell 2.

Cell 2 After — Second run of Cell 2, after membraras stored in a container of feed
water while membranes from cells 3 to 6 were beixygposed to hydrocarbon fluid.
Cell 3 Before — Initial Run for Cell 3.

Cell 3 After — Second run of Cell 3, after membraras exposed to hydrocarbon
fluid under the parameters specified in the expenin

The legend for cells 4 to 6 follows the same pattex cell 3.
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Permeate Flux in Cells 1 & 2
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Figure 7-5 Flux in Cells 1 & 2 of Exp.CTA/6
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Figure 7-6 Percentage Salt Passage in Cells 1 & 2 of Exp. CTA/6
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Permeate Flux in Cells 3& 4
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Figure 7-8 Percentage Salt Passage in Cells 3 & 4 of Exp. CTA/6
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Permeate Flux in Cells 5 & 6
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7.5 Overview of Result of Tests on CTA Membranes

Table 16 is a summary of the results obtained Herexperiments carried out on the
cellulose triacetate membranes (CTA). Although mh&in focus of this table is to
reveal the effects of exposure to hydrocarbon, fimelings from the basic

performance of membranes (section 7.2) are aldodad for completeness.
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WT

Exposure to

Duration of treatment /

Experiment Cells Surface Exposed ) Effect on
hydrocarbon Stir
CTA Hours % Salt passage Flux (x10%) [% change]
Exp CTA/L 1 Passive surface facing
xp feed for 1 hour
Ran for 30 hours to checkremains _
2 ¢ . Slight Increase
or compaction constant
3 Hexane water 38-45A| 4.78-3.93 [13 9]
mixture (1:10) Both 16 hours + Stirring
4 3.6-3.5¥| 5.68-4.62 [14 %]
mixture (1:10) Active 16 hours + Stirring
6 34-4.4A| 5.02-2.98 [40 9]

Table 16 Results of Experiments on CTA Cellulosadatate




Experiment

Cells

Exposure to

Surface Exposed

Duration of treatment /

Effect on

hydrocarbon Stir
CTA Hours % Salt passage Flux (x10™) [% change]
Exp CTA/2 Compaction

Ran for 22 hours to che

for compaction

Hexane water 3.2-16.0A 5.03-5.58 [12 %A ]
mixture (1:10) Both 16 hours + Stirring

48—-13.0A| 596-6.72 [13 %]

Hexane water 38-9.4A| 543-531 [3.6 %]
mixture (1:10) Active 16 hours + Stirring

50-6.2A| 5.72-6.24 [12 %A ]

LvT

Table 16 Contd.




14"

Exposure to

Duration of

Experiment Cells Surface Exposed _ Effect on
hydrocarbon treatment / Stir
CTA Hours % Salt passage Flux (x10%) [% change]
Exp CTA/3 14 57-4.7v 3.67-4.16 [14 %A
Control -
21 47—-554| Overall 3.67-3.78 [7 %]
14 4.6 -3.9v 2.60 - 3.27 [24 YA ]
Control -
21 3.9-3.6¥| Overall2.60-2.39 [79%]
mixture (1:10) Both
21 49-75A| Overall3.54-3.60 [29%]

Table 16 Contd.




Exposure to

Duration of

Experiment Cells Surface Exposed _ Effect on
hydrocarbon treatment / Stir
CTA Hours % Salt passage Flux (x10%) [% change]
Exp CTA/3 Hexane water 14 41-3.1v 3.63-4.62 [5.7 YA ]
mixture (1:10) Both
21 40-3.2¢| Overall3.63-3.86 [6%]
mixture (1:10) Active
21 55-5.94 | Overall3.54-4.17 [18°%%]
mixture (1:10) Active
21 7.0-9.0a4 | Overall 3.15-2.20 [30%%]

ST

Table 16 Contd.
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Exposure to

Duration of treatment /

Experiment Cells Surface Exposed _ Effect on
hydrocarbon Stir
CTA Hours % Salt passage Flux (x10%) [% change]
Exp CTA/4 1 Control 44-4.24 5.63 - 6.05 [5 %A
mixture (1:10) Both 2 hours + Stirring
4 57-6.0A| 6.56-5.83 [11 9]
mixture (1:10) Both 1 hour + Stirring
6 4.5—-49A 6.02 - 5.48 [5 %V ]

Table 16 Contd.




Exposure to

Duration of treatment /

Experiment Cells Surface Exposed _ Effect on
hydrocarbon Stir
CTA Hours % Salt passage Flux (x10%) [% change]
Exp CTA/5 1 Control 44-4.24 5.63-6.23 [5%]
mixture (1:10) Both 19 + 2 hours + Stirring
4 57-6.7A 6.56 — 5.62 [14 W]
hexane / water Both 6 weeks
6 3.6 —4.5A 5.93-4.92 [18 W]

Table 16 Contd.
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Exposure to

Duration of treatment /

Experiment Cells Surface Exposed _ Effect on
hydrocarbon Stir
CTA Hours % Salt passage Flux (x10%) [% change]
Exp CTA/6 1 Control 28-34 5.40-5.51 [2 %]
2 Control 31-3.Aa 5.00 - 5.07 [1%A]
mixture (1:10) Both NO Stirring
4 3.0-3.8A 5.31-5.38 [S39%]
mixture (1:10) Both 2 hours + Stirring
6 3.1-4.3A 5.13-5.01 3]

Table 16 Contd.




. Exposure to Duration of treatment /
Experiment Cells Surface Exposed _ Effect on
hydrocarbon Stir
CTA Hours % Salt passage Flux (x10%) [% change]
Exp CTA/7 1 Control 3.7-4.4 542 -5.33 [4 W]
2 Control 3.6-4.1A 5.21-5.06 [4 W]
mixture (1:10) Active 6 hours + Stirring
4 34—-44A| 568-494 [14 W]
5 3.8—-4.4A| 516-474 [13MW]
Pure Diesel Both 6 hours + no Stirring
6 42 —-7.7A 5.57-4.85 [14 W]
A - Increase Note: in the ‘Effect on columns’ x — y means ttia value changes from x to y
V¥ - Decrease

=GT

Table 16 Contd.




Chapter 8: Microscopy

CHAPTER 8 MICROSCOPY

8.1 Introduction

The major impetus of this project was to invesgghe effects of exposure to
hydrocarbons upon the operating performance ohgea@f commercial membranes.
In addition, attempts were made to see if microm@dpgexamination of membranes
would provide any evidence of the mechanisms byclvitie hydrocarbons might be

affecting the performance.

8.2  Light Optical Microscopy

8.2.1  Polyamide Membranes
The three distinct parts of the SW 30 membranebeaseen in Figure 8-1 where the
polyester support web has been pealed from theofélse membrane. Examination of
the active surface of the polyamide (SW 30 and B¥/ rBembranes under the light
microscope did not reveal any distinguishing feadupnoth before and after exposure
to hydrocarbons. This is due to the low magnifmatfactor provided by the light

microscope.
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- Polyamide
o Active Layer

Microporous
Polysulfone
Interlayer

Support Web

s

Figure 8-1 Three Layers of SW 30 Membrane

However the structure of backing support web oséhmembranes was visible under
this microscope. Figure 8-2 is a photograph oftiheking support web of a SW 30

membrane.

Figure 8-2 Support Web of SW 30 Membrane
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8.2.2 Cellulose Triacetate Membranes

The CTA membrane-containing cartridge was bougbinfi=ileder Filter Systems.
The actual membrane was obtained after disassegnialim Ametek CTAB2-10

cartridge.

Figure 8-3 is a photograph of the CTA membranshtws the active layer and the
support web and the porous CTA where a sectiohefttive layer has been peeled

off.
Active layer Porous CTA Support Web

.........

------------

M,
. LR

P R R o i

Figure 8-3 Three Layers of CTA Membrane
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Initially the active surface afinused CTA membranes was examined under
the light microscope at different magnificationgv8ral samples of the membrane

were examined and Figures 8-4, 8-5 and 8-6 shoiwalymembrane landscapes.

0.5mm ——— | 0.1 mnm

Figure 8-4 Active side of Unused Figure 8-5 Active side of Unused
CTA Membrane CTA Membrane

0.05 mm }_{
Figure 8-6 Active side of Unused CTA
Membrane
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It can be observed from the Figures 8-4, 8-5 atd!&at the active surface of
the CTA membrane is not totally flat. There is gular cellular-like pattern of
depressions on the surface and what looks likeaatthe bottom right of Figure 8-4
Is in fact a regular indentation that is all oviee tmembrane. It was probably made
during the rolling and assembling of the cartridgegure 8-5 is a photo of another
part of the same membrane at the same magnificatdnshows the same kind of
landscape as in Figure 8-4. Figure 8-5 and 8-6aarkigher magnifications from
which not much can be distinguished.

The next set of pictures is taken from anotherpdaraf the CTA membrane.

0.1 mm

0.5mnm ——

Figure 8-7 Underside of Unused Figure 8-8 Underside of Unused
CTA Membrane CTA Membrane

Figures 8-7 & 8-8 are of the passive surface demiht magnifications. The criss-
cross pattern is that of the supportive web beliiedCTA membrane and it is clearly
the impression of this web that is visible on th®tgraphs of the active surface

(Figures 8-4, 8-5)
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Figure 8-9 is a photograph of the back of the CTémbrane.

Figure 8-9 Back of CTA Membrane
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The membrane from cell 1 in experiment CTA/3 wasoakxamined under
microscope. It had only been exposed to saline fesdr. The aim was to see if there

were any distinct changes caused by exposure tofdbé solution at elevated

pressure.

Figure 8-10 Active side of Used CTA Figure 8-11 Active side of Used

Membrane CTA Membrane

Figures 8-10 to 8-12 reveal that, except
for a more pronounced impression of
the support web, the texture of the
membrane has not much changed from
the original state when compared to

Figures 8-4, 8-5 and 8-6.

0.05 mn|—

Figure 8-12 Active side of Used CTA
Membrane

160



Chapter 8: Microscopy

The membrane from experiment CTA/1 cell 1 was tleramined under the

microscope, Figures 8-13 and 8-14 show what was. see

-
Figure 8-13 Active side of Used CTA Figure 8-14 Active side of Used CTA
Membrane placed against the feed Membrane placed against the feed

The texture of the surface is very different toaivivas expected (e.g. Figure
8-10) this indicates that the membrane sustainetestamage; the texture seen here
has many similarities to the texture of the sirdemeetal disk that is used as backing
surface. The active layer was probably compacteihagthe uneven surface of the
sintered disc and detached from the passive surfdue probably caused micro-tears
to form on the active layer. When the membrane \wked in the proper
configuration these tears were partially closed ugne compaction effect caused by
the pressure of the feed inducing a gradual impraré in performance. But the

membrane was irrevocably damaged.
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Membranes that had experienced contact with hydoocafluid were also examined
under the light microscope. Figures 8-15 to 8-1@wsthe membrane from cell 4 of
experiment CTA/1 involving exposure to a hexaneatew emulsion. In Figures 8-15
and 8-16 a distinct pitting can be seen on theaserbf the depressions.

Figures 8-18 and 8-19 show the membrane from celhie Figures 8-20 and 8-21
show that of the membrane in cell 4 in both casesing from experiment CTA/5
exposed for 2 hours to a diesel / water emulsiorkigures 8-18 to 8-21 the pitting is
more widespread and can be seen on the whole ghémebrane surface rather than

only in the depressions as in the case of expdeute hexane / water emulsion.

This pitting effect is not present on used memksgfegures 8-10 and 8-11) that have
not been exposed to any hydrocarbon. This is aicatidn that the hydrocarbons are
having a physical effect on the surface of the Giémbranes. From the results of the
experiments it can be concluded that those chadge®ot have any bearing on the
membranes at the level of exposure used in theriexgets. It may be the case that if
the CTA membrane is exposed for a longer periotineé (6 months) there may be

noticeable effects on the performance of the mengbra
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Cell 4

0.5 mn|—| | 0.1 mn H

Figure 8-15 Active side of Used CTA Figure 8-16 Active side of Used CTA
Membrane exposed to hexane water Membrane exposed to hexane water
mix mix

0.05 mn —
Figure 8-17 Active side of Used CTA

Membrane exposed to hexane water

mix
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0.5 mm }—{
Figure 8-18 Active side of Used CTA
Membrane exposed to diesel / water

mix

Cell 4

0.5 mm |——

Figure 8-20 Active side of Used CTA

Membrane exposed to diesel / water

mix

Chapter 8: Microscopy

Figure 8-19 Active side of Used CTA
Membrane exposed to diesel / water

mix

Figure 8-21 Active side of Used CTA

Membrane exposed to diesel / water

mix
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8.3  Scanning Electron Microscopy

The three types of membranes were examined undeanitroscope. The following is

what was observed.

8.3.1 Initial Examination
Initial microscopical investigation utilised a Hitda S4700 Scanning Electron
Microscope. New membranes were examined under ntigsoscope. The active
surface of the SW 30 membrane revealed a distinobutpr structure, see

Figure 8-22.

Figure 8-22 Active surface of SW 30 membrane at 70 000 magnification
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The active surface of the CTA membrane, however \Wagely featureless

Figure 8-23.

[
S4700 1.0kV 6.5mm x60.1k SE(U) 10/5/01 16:53 500nm

Figure 8-23 Active surface of CTA membrane at 60 000 magnification

Additional study of the membranes on this SEM weevented by the microscope
going out of service at the times relevant to tpisject. Consequently, further
scanning electron microscopy was undertaken onlaQJeianta 200F Environmental
SEM and the output from the examination on thigetamicroscope is described in

sections 8.3.2 and 8.3.3.
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8.3.2 Cellulose Triacetate Membranes

The cellulose triacetate brackish water membraoggut to be very sensitive to the
electron beam from the microscope. At low magnifaas the membrane was not
damaged but there were no surface feature thatdcbal observed. At higher

magnifications the electron beam created small gnitshe surface of the membrane
almost instantly. This meant that the surface efritembrane could not be observed

at high magnifications.

8.3.3  Polyamide Membranes

The polyamide brackish water membrane (BW30) ttéerdhe electron beam much
better than the CTA membrane. Unfortunately theygrmide membrane did not
possess very distinguishable surface features. @fdyv photographs were obtained.
Figures 8-24 & 8-25 are an example, the rest atbarAppendix IV. Furthermore the
polyester web backing material could not be sepdritbm the back of the membrane
shown in Figure 8-26. So the surface of the inyeraf the membrane could not be

examined.
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150kV] 30 |90 mm 10000x[1352m| |

Figure 8-24 Active surface of BW 30 membrane (not exposed to

hydrocarbons) at 10 000 magnification

15.0kV| 3.0 /9.9 mm|30000x|4.51 pm

Figure 8-25 Active surface of BW 30 membrane (not exposed

to hydrocarbons) at 30 000 magnification
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15.0kV| 3.0 [8.8 mm|106x 1.27 mm

Figure 8-26 Backing support web of BW 30 membrane

The seawater polyamide membrane (SW 30) on the btrel provided much
more interesting results. Photos of the active amafwere taken at different
magnifications. The membrane was successfully Hethérom the web-like backing
support which is shown in Figure 8-2. It looks vemych like the one used in the BW

30 membrane in Figure 8-26.

This allowed the back of the interlayer as weltlees active surface of the membrane
to be examined. Membrane samples were mostly exahimplan. The cross section
of the membrane was also looked at but unfortupake¢ to the delicate nature of the
membrane, cutting caused damage to the membrame.obkcured some details of
the membrane structure (Figure 8-27 and 8-28). Hfuthe following photographs

Figures 8-29 to 8-42 are those resulting from thdysof SW 30 membranes in plan.
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| Det | Mag | 11/30/2005
LFD|500x| 3:44:17 PM|0.27 mm

Figure 8-27 Cross Section of new SW 30 membrane at 500 magnification

Active Surface

Depression

Interlayer Surface

Translucent layer
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Det| Mag |11/30/2005
LFD[1200x]3:50:28 PM|0.11 mm

Figure 8-28 Cross Section of new SW 30 membrane at 1200 magnification

Active Surface

Depression

Interlayer Surface

Translucent layer
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15.0kV| 3.0 [11.0 mm | LFD|5000x|27.04 pm

Figure 8-29 Active surface of new SW 30 membrane at 5 000

magnification

Figure 8-30 Active surface of SW 30 membrane at 30 000

magnification
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15.0 kV| 3.0 |9.8 mm|30000x|4.51 m 15.0 kV| 3.0 [15.4 mm|30000x| 4.51 um

Figure 8-31 Active surface of SW 30 membrane at 30 000 Figure 8-32 Active surface of SW 30 membrane at 30 000
magnification after exposure to Hexane magnification after exposure to Diesel
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Figures 8-29 and 8-30 show the active surface ®fSW 30 membrane which
has not been exposed to any hydrocarbons. Thetwgteuof the surface is well
defined, all the edges are sharp and are distinct.

In Figures 8-31 and 8-32 the active surface ofSké 30 membrane has been
exposed to hydrocarbons, the one in Figure 8-3tfexane and the one in Figure 8-32
to diesel. The change in surface structure of teenbrane that has been exposed to
hexane is not immediately apparent but when therEgare closely compared the
fouled membrane show a surface structure thatdgs &harp. The edges of that
structure have lost some definition.

In Figure 8-32 the difference is even more apparAhtthe surface details
have started to merge and this gives the membrduezg appearance. These go to
show that the membranes are actually susceptibléytrocarbon fouling at a

molecular level.

Figures 8-33 through 8-36 show the bottom surfdd@e interlayer of a new
SW 30 membrane at different magnifications. It namediately apparent that this
material is much more porous than that used foratttere surface. Detail of that
structure can already be distinguished at much dawagnifications. The material
looks honeycombed with pores. The surface of thenlbbnane sample (Figures 8-33
and 8-34) has the largest pores, and when the fofctie microscope is changed the
interior of the large pores (also visible in cregstion as depression in Figure 8-28)
comprises (Figures 8-35 and 8-36) of a lattice-teicture composed of smaller

pores.
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Surface of interlayer

Figure 8-33 Surface of interlayer of new SW 30 membrane at 40

magnification

Figure 8-34 Surface of interlayer of new SW 30 membrane at

500 magnification
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15,0 kv| 3.0 |10.1 mm | 2000x|67.60 pm

Figure 8-35 Surface of interlayer of new SW 30 membrane at 2000

magnification

15.0kV|[ 3.0 [10.1 mm|5000x|27.04 pm

Figure 8-36 Surface of interlayer of new SW 30 membrane at

5000 magnification
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Figures 8-37 to 8-42, show the bottom surface efittterlayer of the membrane after
it has been exposed to hydrocarbons. Here, as egptus the active layer, the
difference between clean and fouled surface is nmgte visible. This can be most
readily seen in the case of hexane by comparingr&i§-34 to 8-37 and Figure 8-35
to 8-39, or in the case of diesel Figure 8-35 #Wl8nd Figure 8-36 to 8-42. Most of
the honeycomb structure has been obliterated,dgai a massive reduction in the
amount of space allowing the water from the aclayer to pass. This obviously is

very detrimental to the good running of the dessdion process.
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Figure 8-37 Surface of interlayer of SW 30 membrane exposed to

Hexane at 500 magnification

Figure 8-38 Surface of interlayer of SW 30 membrane exposed

to Hexane at 500 magnification
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Det | Mag |11/30/2005
LFD|2000x|4:33:53 PM|67.60 um

Figure 8-39 Surface of interlayer of SW 30 membrane exposed to

Hexane at 2 000 magnification

Figure 8-40 Surface of interlayer of SW 30 membrane exposed

to Hexane at 5 000 magnification
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Figure 8-41 Surface of interlayer of SW 30 membrane exposed to Figure 8-42 Surface of interlayer of SW 30 membrane exposed

Diesel at 2 000 magnification to Diesel at 5 000 magnification
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CHAPTER 9 DISCUSSION

91 SW30

9.1.1 Tests on Clean Seawater Membranes

Figures 9-1 and 9-2 summarise the scatter in pg&genflux change and change in
percentage salt passage for uncontaminated SW3Mrares from experiments SW/1 to
SW/7 described in detail in Chapter 6.2. The raoigthe scatter is relatively small in both
cases. This indicates that the results for the raxeats involving this membrane should be
mostly consistent throughout. The average percemagneate flux change is about 5%, and
the average change in percentage permeate fluwbasta.2. These changes are small
compared to the equivalent ones measured on spegirtteat have been exposed to

hydrocarbon (Figures 9-3 and 9-4) and discusséueimext section.
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25

20

15

% Flux Change

10

Cell 2

Figure 9-1 Percentage Flux Change for Uncontaminated SW30 Membranes
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Figure 9-2 Change in Percentage Salt Passage for uncontaminated SW30 Membranes
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91.2 Tests on Contaminated Seawater Membranes

Figures 9-3 and 9-4 present a summary of the revamosis performances with respect to
flux and salt passage of membranes exposed tothedarbon containing fluids. These
Figures, and those (Figures 8-26 to 8-42) obtaifrech the microscopy observations

presented in Chapter 8, are used as basis foollba/ing discussion.

When both sides of the membrane are exposed tonbgexéhether in pure form or as an
emulsion, it can be seen that the flux is reducedero. A similar situation pertains after
exposure of both sides to pure diesel or diesedteEmemulsion. As summarised in Table 5,
these findings are in good agreement with relepagtious work in this laboratory. These
studies revealed that a very substantial redudtiomater flux occurred when both sides of
SW 30 membranes were exposed to hexane or diasgheF confirmation of the potential
effect of hydrocarbon fouling on membranes has beswvided by a brief study® on
Filmtec™ SR90 sulphate reducing membranes which also apihargilize a polysulphone
backing materiaf’ This work >® also revealed total blockage of the membrane wiwth
sides had been exposed to a prior period in hekahenuch less deterioration in properties

when just the active surface was contaminated.

In the present study, additional experiments weettaken in which only the active surface
was exposed to hydrocarbons. A completely diffesuation arises when only the active
side of the membrane is exposed to the above mmemtibydrocarbon contaminants. In the
case of hexane / water emulsion an increase oftabdu- 22 % in flux was measured
together with a small increase in the percentaljgpaasage. After exposure of the active side

of the membrane to diesel / water emulsion the oredsflux changes were rather similar to
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those of the control tests and increases in peagensalt passage were observed but with a
wider scatter than in the former tests.

Another study®® has found that after exposure to bilge water dnimg hydrocarbons the
permeate flux obtained from a SW 30 membrane fglabout 23%. In this stud$* the
contaminated water was fed through the membranerymgssure (transmembrane pressure
of 0.4 MPa {4 bar}) thereby possibly causing a dnahount of hydrocarbons to pass
through the active layer of the membrane. This daaluse the interlayer to then be exposed
to this tiny amount of hydrocarbon leading to aaréasing fall in permeate flux the longer

the experiment is carried out.

Microscopical examination was undertaken in anngteto detect any structural changes on
the membrane. Figures 8-22, 8-29 and 8-30 (Ch&ptare photographs of the active surface
of a membrane that has not been exposed to thedarhon fluid and Figures 8-31 and 8-32

are those of membranes that have been exposedxéméne@nd diesel respectively. When

compared to the photographs of uncontaminated nemabr Figures 8-31 and 8-32 show
very little difference except for a slight coalexgiof the ridges present on the surface. This
agrees with the findings of the reverse osmosigexyents and demonstrates that the active
surface of the SW 30 membrane undergoes only nthanges under the experimental

conditions to which it has been subjected.

On the other hand, on a membrane sample which &dbth sides exposed to hexane or
diesel, examination of the bottom surface of thésudphone interlayer revealed drastic

changes in the structure. After exposure to pureame and diesel, the pores on the
contaminated membrane have been either fused ®ygath completely obliterated

(Figures 8-37 to 8-42). This is in stark contraet the open-pore structure of an
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uncontaminated sample (Figures 8-33 to 8-36). iftdgates that the more susceptible part

of the membrane is the polysulfone interlayer.

The aqueous solution of hexane produce the oppeitdet, that is an increase in flux which,
at 20 - 40 %, is considerably greater than the @lnanges 3 - 8%, (Figure 9-1) recorded in
the control experiments. The percentage salt pasafigr exposure to the hexane / water
solution, is seen to increase by 0.2 and 1.2 %he ttvo experiments as compared to
measured changes, between -0.1 to +0.3 % in th&otdests. It is clear that the low
solubility of hexane in water (0.0013 g/100 ml d°Q) >’ does not cause significant
deterioration in the membrane properties; indeeapiears to produce an increase in water

flux and a possible small increase in percentaljgpaasage.
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9.1.3 Comments on Mechanisms of Deterioration

The major observation was that exposure of the naybr polysulphone of the SW 30
membrane to pure hexane, hexane / water emulsidrpare diesel render the membrane

completely unusable in that the membrane was cdeiplelocked with zero water flux.

Chemical resistance tablés®® were consulted to find out if and how industrigtisoduced
polysulphone reacted to hexane and diesel. Thedahtlicated that polysulphone has a good
chemical resistance to both hexane and diesel. ®ads to the deduction that the
polysulphone interlayer of the SW 30 membrane i$ Ieing significantly chemically
affected but the change could be mainly physichaé &xposure to the hydrocarbons could be
causing the polysulphone to soften, then when teenlbmane is put back in the cell and
exposed to pressure, the porous structure of tleelager is compacted and the pores are

blocked.

In this respect some authdfshave postulated on the effect of hexane in causivejling of

polysulphone membranes.

Another instance of severe degradation of polysaiehhas been reported, but this time
after contact with sodium hypochlorite, in whichstance substantial effects on the

polysulphone structure including chain scissionenecorded.
Although the detailed characteristics of reversmass membranes are difficult to identify

due to commercial secrecy, apparefitlynany composite membranes utilise polysulphone as

the support layer.
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Replacing the polysulphone interlayer with a moesigtant material would make the
membrane more resistant to hydrocarbon fouling wb@e. Though in practice the backing
surface would not be directly in contact with thgltocarbon which would mostly be stopped

by the membrane, some would still get though legattiran overall loss of 4 flux.

As regards the much less-substantial effects ofrdogdtbon contact with the polyamide
active layer, it is likely that hydrocarbon-contaign emulsions will form a film on the surface
of the membrane and thereby interfere with the regjoa process. There may also be more
direct effects of hydrocarbons on the membrane ma&t@nd, in this respect, it is relevant to
consider the two main models of separation in BY@smosis, i.e. the pore model and the
solution diffusion model.

If the second model is considered, a reasonabliarxipon for what is being observed would
be that the hydrocarbons are causing structuralifroaions which have resulted in an
increase in the diffusion rates of bothkHmolecules and the ionic solutes.

In relation to the pore model, the following suggass can be presented:

The membrane ‘pores’ are loosened causing an iseliegoermeate flux and also an increase
in percentage salt passage. This again pointsysiqai damage to the membranes.

These results suggest that, even though the ‘pa@es’being loosened, only the ionic
components of the feed was getting through. Given extremely small thickness of the
active layer and the exposure times to the hydbmrartogether with their high
concentrations, it would appear that the activeedagemains essentially impervious to
hydrocarbon molecules even under the influence oéwerse osmosis plant operational

pressure driving force.
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Furthermore it should be noted that the membraesed in this study were not exposed to
the hydrocarbon under pressure. Consider the caseewthe hydrocarbon is present as a
contaminant in the pressurised seawater feed t®mbrane module. The result might be
somewhat different and take longer to happen. it lsa speculated, considering what has
been observed, that the hydrocarbon will take stme to damage the active layer. This
damage will be in the form of loosening the acBueface structure allowing the hydrocarbon
to pass through. When the hydrocarbon starts tom¢ete the active layer, it will be in direct
contact with the sensitive substrate and damagk ithe module the feed will be under
pressure, so instead of just fusing the substgether it will obliterate its structure and
undermine its strength causing it to start peehifigThese bits of substrate will then flow out
with the product water further contaminating it.eTheverse osmosis module uses a spiral
bound configuration for efficiency, and this layast particularly prone to blockage, so
having loose bits of material floating in the maawill be bound to cause blockages. After
prolonged exposure the backing layer will fail cdet@ly and the active layer will not have a

support anymore causing a total failure of the mamé module.

9.1.4 Relevance to Operation of Seawater Reverser@ssis Plants

Although the cleaning of membranes, that have li@aled by organics, is feasible in
some circumstances, this is less likely to be ssfoe if the effects of such fouling are
severe. For instance, a polyamide-membrane manwéact® advised that cleaning of
membranes that have been fouled by hydrocarbonsomigybe possible so long as the flux
has not fallen by more than 15%.

Constant monitoring the intake of seawater willlgasthat any hydrocarbon contamination
of the feed is detected before it reaches the idesan plant. If it is only a minor

contamination pre-treatment can take care of iecip attention needs to be paid to the
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location of and type of intake. This should encgeréhe inclusion of multiple intake points
to be located apart from each other, or at leastb@mtkup intake to provide feed water to the
plant in case of an emergency. This is particulaglgvant in oil rich regions that heavily
depend on seawater reverse osmosis as a souraestf Water. At least one of these
countries®” has setup an early warning system to detect anditonoits waters for the
occurrence of an oil spill or the presence of kidks. Though the main concern should be an
in depth analysis of the sites where the intakeukhde located. Analysis of the risks
emanating from pollution and navigation is alsecevaht. The greatest risk of hydrocarbon
spillage will come from either a shipwreck or theiblerate discharge of waste water from a
ship. Therefore the ideal location for intakes vdobe in a region of the sea with constant
water quality, no pollution and little or no naviga and where the general impact of the
seawater intake will be minimal on the environment.

An obvious solution to this problem is to estableéinobust pre-treatment of the feed water
supply. The pre-treatment plant should have thigybe remove any hydrocarbon present in
the water before it reaches the reverse osmosm. plais will provide a safeguard for the
membrane modules.

As this work has demonstrated, the main sourceoaibte arises with oil / water emulsion
whilst salt water containing dissolved hydrocarhaatsleast for short periods, is much less

hazardous.
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9.2 BW30

Less attention was devoted in this work to the BW Bembrane; for instance no tests
involving diesel were undertaken.

The polyamide brackish water membrane, BW 30, eehdtifferently than SW 30 to
exposure to hexane / water emulsion. During the itewas observed that there was an
increase in the flux of the filtrate accompaniedabgise in the percentage salt passage. It is
suspected that the hydrocarbon has had the effeopening up the active layer of the
membrane making it easier for the filtrate to gootigh. As this is a gradual process the
deleterious effect on percentage salt passage wasnmediately felt. Also it should be
noted that said damage to the membrane structuyédbenpermanent, cleaning the membrane
may not restore the initial performance of the meme.

These observations are different than those thae vebtained in a previous study
summarised in table 5, where exposure of this man#to hexane / water emulsion resulted
in (non-catastrophic) decrease in water flux. asts to possible influences on the detailed
hydrodynamic conditions on such fouling phenomenon.

Another important feature of this membrane is thate was no evidence of drastic damage
to the polysulphone interlayer. The Dow/Filmteei#ture implies that the interlayer backing
material is the same (polysulphone) in both SW 3@ BW 30 “polyamide” membranes. It
has been argued in the previous section that timrage to the polysulphone interlayer in SW
30 membranes is of a physical rather than chemataire. It may therefore be postulated that
the polysulphone interlayer in the BW 30 membrasieofi a different physical structure
(which is apparently more resistant to hydrocarpdhan on SW 30. This difference in
design may be due to the fact that the BW 30 doeseed to perform under the same higher

pressures as the SW 30 membranes.
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93 CTA

Results from the experiments on CTA membranes ame&rised in Figures 9-5 to 9-10.

There was wide scatter in the results- even irctivrol experiments; this scatter was much
greater for water flux than for change in perceataglt passage. Despite this scatter, in fact
there were some systematic trends in the changernrentage salt passage in that, a small
overall increase in percentage salt passage caedyeparticularly when the membrane was

exposed to diesel; rather less evident after expdsuhexane.

The CTA membrane was examined under a light miojps@nd no major change could be
observed between clean samples and those expoded toydrocarbon fluids. Use of the
SEM proved inconclusive as the electron beam fio@mnticroscope altered the surface of the

membrane.

Overall this CTA membrane is very resistant to ogilby hydrocarbon; even changing
parameters like stirring during the membrane faulkid not have a profound effect on the
results. It was also seen that the results remaimedame when only the active surface was
subjected to fouling. This indicates that the bagkmnaterial of the membrane, which is the

same chemically, is not affected by hydrocarbotifgLeither.

From this study it can be deduced that the celutogcetate membrane is more resistant to

the effects of the exposure to hydrocarbon.
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CHAPTER 10 CONCLUSIONS

The SW 30 polyamide membrane is particularly sesestio exposure to hexane
and diesel. Diesel is a more aggressive foulathaslamage happened faster. It
was also observed that the failure of the membraappened in the pure
hydrocarbon.

o The most harm was done to the polysulphone interjay was observed
microscopically that the pores of the above memtibitayer were fused
together causing a complete blockage of the mensbran

o The active polyamide layer of the SW 30 membrane m@t as susceptible
and prolonged exposure caused a relatively smalease in water flux and
salt passage.

0 An aqueous solution of hexane in water was not dotm be significantly

damaging to the SW 30 membrane.

The BW 30 polyamide membrane was more robust thanSW 30 membrane.
The polysulphone interlayer did not fail when itsaexposed to the water / hexane
emulsion; a small increase in the percentage saligge and a larger increase in

permeated flux were observed.

The cellulose triacetate membrane has shown thé mesiience to hydrocarbon
fouling, when exposed to both hexane and dieselaconated brackish water.
Furthermore, even when treated with the hydrocarbdhe pure state, the fall in
performance of the membrane has been relativelyl.shine effects on percentage

salt passage were about the same for all the fpuigimes i.e. an increase by an
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average of 1.3 % throughout. The most damage, rinsteof reduction of the
permeate flux was seen when the membrane was ekpm$lee aqueous phase of
hexane for a long period of time, an exposure ofeeks leading to a 17%
reduction in flux. This leads to the conclusionttlfze fall in CTA membrane
performance will be felt on the flux and prolongedposure to dissolved
hydrocarbons in the feed water may result in a iogmt reduction in

performance of the plant.
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10.1 Suggestions for Further Work

1) The rig that was used to conduct the experimenmsbeamodified to find out
more about the effect of fouling on the membrafiéss can be achieved by directly
pumping contaminated feed water to the desalinatétis. This will need the addition
of two more cells. They can be added in paralletdlts 5 and 6. The hydrocarbons
fluid can then be constantly injected in the feé@an at point A in Figure 10-1
making sure that the exact proportion of hydrocarlboming in contact with the
membrane can be recorded; this would also ensatéftére is no loss of hydrocarbon
by evaporation. The performance of the membrane tban be monitored for a
number of hours. For this to be practical the flaerof the feed must be much lower
than that of the rest of the cells. This can beieagld by using smaller tubes and
smaller cells. This is because the rejected feemhatabe re-circulated as it would
contaminate the rest of the rig as it will be alimogpossible to completely remove all
the hydrocarbon that might be still present. Furtiee as this experiment will take a
long time, a much larger holding tank for that feeil be required. This method of
contamination will give a more precise indicatios ta how long it would take for

observable, if any, effects to start taking place.
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Figure 10-1 Additional branch for the rig.
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This part of the rig setup will be separate frora thst making sure that there is no
accidental contamination of the rest of the rig amhove the need for cleaning the

whole rig before a new run.

2) Further investigation of the different fouling befaur of BW 30 and SW 30
polysulphone backing material can be undertakeh thi¢ help of microscopy.

This can be achieved by developing an easier metiioekamining the different
layers of the membrane using the scanning eleaticroscope (SEM).

Atomic force microscopy (AFM) can also be employedmprove the understanding
of the surface characteristic of the membrane befnid after it has been exposed to

the hydrocarbons.

3.) An oil pollution incident might lead to the seawmatcontaining dissolved
hydrocarbons for a prolonged period after the ‘iclap” of the major contamination.
Thus experiments to simulate the long-term (mangksgexposure of the membranes

to aqueous solution of hydrocarbon in seawater avbaluseful.
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Appendix I: Graphs for experiments on SW 30 membranes

APPENDIX |

Graphs for experiments on SW 30 membranes

Experiment SW/2
Cells 1 & 2 no exposure to hydrocarbon (Control)
Cells 3 & 4 --> 24 hours exposure in a hexane Ewatixture (1:10) with stirring and
both sides of the membrane exposed. (i.e. repbicati experiment 1)
Cells 5 & 6 --> 2 hours exposure in a Diesel / watéxture (1:10) with stirring and

both sides of the membrane exposed.

Experiment SW/3
Cells 1 & 2 no exposure to hydrocarbon (Control)
Cells 5 & 6 --> 1 hour exposure to Pure Diesel withstirring and both sides of the

membrane exposed.

Experiment SW/4
Cells 1 & 2 no exposure to hydrocarbon (Control)
Cells 3 & 4 --> 3 hours exposure to a hexane waigture (1:10) with stirring both
sides of the membrane exposed with stirring
Cells 5 & 6 --> 1 hour exposure to Pure hexane authstirring both sides of the

membrane exposed.
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Appendix I: Graphs for experiments on SW 30 membranes
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Cells 3 & 4 --> 24 hours exposure in a hexane Ewatixture (1:10) with stirring and

both sides of the membrane exposed. (i.e. rephicatf experiment 1)
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208



Appendix I: Graphs for experiments on SW 30 membranes

Cells 5 & 6 --> 2 hours exposure in a Diesel / wateture (1:10) with stirring and

both sides of the membrane exposed.
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Appendix I: Graphs for experiments on SW 30 membranes
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Appendix I: Graphs for experiments on SW 30 membranes

Cells 5 & 6 --> 1 hour exposure to Pure Diesel withstirring and both sides of the

membrane exposed
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Appendix I: Graphs for experiments on SW 30 membranes
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Appendix I: Graphs for experiments on SW 30 membranes

Cells 3 & 4 --> 3 hours exposure to a hexane waigture (1:10) with stirring both

sides of the membrane exposed with stirring
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Appendix I: Graphs for experiments on SW 30 membranes

Cells 5 & 6 --> 1 hour exposure to Pure hexane authstirring both sides of the

membrane exposed
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Appendix II: Graphs for experiments on BW 30 membranes

APPENDIX II

Graphs for experiments on BW 30 membranes

Experiment BW/3

In the next set of experiments all membranes vigtmally exposed for 14
hours
The membranes were divided as follows.
Cells 1 & 2 --> Dipped in a sample of tank solution
Cells 3 & 4 --> Kept in container with tank soluti and hexane 10 : 1 proportion
with stirring. Both sides of the membranes are ¢peimntaminated.
Cells 5 & 6 --> Kept in container with tank soluti and hexane 10 : 1 proportion

with stirring. Only the active sides of the meml@siarebeing contaminated.

The membranes were dipped for a further 21 hours

The additional 21 hours of fouling was done to endlke effects of fouling

more visible.

Explanations of the Legend
Clean — Initial Run for Cell 2.
After —Run after Treatment
2nd XP — Run after additional 21 hours Treatment.
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Appendix II: Graphs for experiments on BW 30 membranes
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Appendix II: Graphs for experiments on BW 30 membranes
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Appendix lll: Graphs for experiments on CTA membranes

APPENDIX IlI

Graphs for experiments on CTA membranes

Experiment CTA/1

Cells 3&4 Both sides of the membrane were exposedlt10 hexane / water
mixture for 16 hours with stirring
Cells 5&6 The active side was exposed to a 1:1@hex water mixture for 16

hours with stirring.

Experiment CTA/2

Cells 3&4 Both sides of the membrane were exposedlt10 hexane / water
mixture for 16 hours with stirring
Cells 5&6 The active side was exposed to a 1:1@mhex water mixture for 16

hours with stirring

Experiment CTA/3

Cells 1&2 Control

Cells 3&4 Both sides of the membrane were exposedlt10 hexane / water
mixture with stirring for a first interval of 14 kios then a further one of 21 hours
Cells 5&6 The active side was exposed to a 1:1@hex water mixture with

stirring for a first interval of 14 hours then ather one of 21 hours.

Explanations of the Legend
Clean — Initial Run with clean membrane.
After — Run after Treatment.

2nd XP — Run after additional 21 hours Treatment.
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Appendix lll: Graphs for experiments on CTA membranes

Experiment CTA/4

Cell1 Control

Cell2 Empty

Cells 3&4 Both sides of the membrane were exposedlt:10 diesel / water
mixture for 2 hours with stirring

Cells 5&6 Both sides of the membrane were exposedlt:10 diesel / water

mixture for 1 hour with stirring.

Experiment CTA/5

Cell1 Control

Cell2 Empty

Cells 3&4 Both sides of the membrane were exposedlt:10 diesel / water
mixture for 21 hours with stirring

Cells 5&6 The membranes were left in the aqueoas@lof a 1:10 hexane /

water solution for 6 weeks without stirring.

Experiment CTA/7

Cells 1&2 Control

Cells 3&4 Active surface of the membrane was exgdsea 1:10 diesel / water
mixture for 6 hours with stirring

Cells 5&6 Both sides of the membrane were exposeuite diesel for 6 hours

with stirring.
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Appendix lll: Graphs for experiments on CTA membranes
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Figure I11-30 Percentage Salt Passage in Cells 3 & 4 of Exp. CTA/7
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Appendix lll: Graphs for experiments on CTA membranes
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Figure IlI-31 Permeate Flux in Cells 5 & 6 of Exp. CTA/7
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Figure I1I-32 Percentage Salt Passage in Cells 5 & 6 of Exp. CTA/7
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Appendix IV: Microscopy

SCANNING ELECTRON MICROSCOPY

Hitachi S4700

Figure IV-1 Hitachi S4700 Scanning Electron Microscope

The Hitachi S-4700 FE-SEM is a cold field emission high resolution scanning electron
microscope. This SEM permits ultra high resolution imaging of thin films and semi-
conductor materials on exceptionally clean specimens. It is also suitable for
polymeric materials. The S-4700 is conFigured to detect secondary and
backscattered electrons as well as characteristic X-rays. The system is fully

automated and is operated via easy-to-use menu driven software.
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SW 30

Figure 1V-3 Active surface of SW 30 membrane at 11 000 magnification
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e =

Figure 1V-5 Active surface of SW 30 membrane at 70 000 magnification
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CTA

: T Lo
S$4700 1.0kV 6.5mm x9.00k SE(U) 10/5/01 16:52 5.00um

Figure 1V-6 Active surface of CTA membrane at 9 000 magnification

= - : T |. |
: _84700 1.0kV 3.8mm x10.0k SE{U) 10/5/01 1-7:037, -

Figure 1V-7 Active surface of CTA membrane at 10 000 magnification
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Lol e
S4700 1.0kV 6.5mm x11.0k SE(U) 10/5/01 16:53 5.00um

Figure 1V-8 Active surface of CTA membrane at 11 000 magnification

e -
 $4700 1.0kV 6.5mm x11.0k SE(U) 10/5/01 16:53 ~ 500um

Figure 1V-9 Active surface of CTA membrane at 11 000 magnification
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T | T Vl" '|>7' :
~ 500um

L e - _:. VVIIZV_'VI'-..V_'I.. )
~ S4700 1.0kV 3.8mm x11.0k SE(U) 10/5/01 17.02

Figure 1V-10 Active surface of CTA membrane at 11 000 magnification

1 1 i
3.00um

ol o
S4700 1.0kV 3.8mm x18.0k SE(U) 10/5/01 17:01

Figure 1V-11 Active surface of CTA membrane at 18 000 magnification
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(e e |
1.00um

5 : . : : =
$4700 1.0kV 6.5mm x40.0k SE(U) 10/5/01 16:52

Figure 1V-12 Active surface of CTA membrane at 40 000 magnification
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FEI Quanta 200F Environmental SEM
Installed in 2004, this state of the art instrument is one of the most sophisticated and

versatile electron microscopes in UK geoscience.

Figure IV-13 FEI Quanta 200F

Modes of operation

The Quanta has a Schottky field-emission source gun and three modes of imaging
and analysis:

« High vacuum for characterisation of conductive samples,

+ Low vacuum (<200 Pa), for analysis of non-conductive samples,

+ Environmental mode (<4000 Pa) for studying wet organic or inorganic

materials.
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ACTIVE LAYER OF SW 30 MEMBRANE

Clean

Figure 1V-14 Active surface of SW 30 membrane at 500
magnification

Figure 1V-15 Active surface of SW 30 membrane at 1 000
magnification
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15.0kV| 3.0 /9.7 mm|60000x|4.51 pm| |

Figure 1V-16 Active surface of SW 30 membrane at 60 000 magnification
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3¢

Hexane

15.0kV| 3.0 [9.8 mm|500x 0.27 mm

Figure IV-17 Active surface of SW 30 membrane at 500
magnification after exposure to Pure Hexane

Figure IV-18 Active surface of SW 30 membrane at 1 000
magnification after exposure to Pure Hexane
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15.0kV| 3.0 [10.4 mm | LFD|3:22:54 PM|5000x ES16—7 titanite

Figure 1V-19 Active surface of SW 30 membrane at 5 000
magnification after exposure to Pure Hexane

15.0 kV| 3.0 [15.4 mm|5000x 27.04 ym

Figure IV-20 Active surface of SW 30 membrane at 5 000
magnification after exposure to Pure Hexane
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15.0kV| 3.0 (9.8 mm|27061x|5.00 ym

Figure IV-21 Active surface of SW 30 membrane at 27 000
magnification after exposure to Pure Hexane

Figure 1V-22 Active surface of SW 30 membrane at 30 000
magnification after exposure to Pure Hexane



Appendix IV: Microscopy

15.0kV| 3.0 |9.8 mm 30000x|4.51 pm

Figure 1V-23 Active surface of SW 30 membrane at 30 000 magnification after
exposure to Pure Hexane
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Diesel

Figure 1V-24 Active surface of SW 30 membrane at 500
magnification after exposure to Pure Diesel

15.0 kV| 3.0 [10.6 mm . ES16-7 titanite

Figure 1V-25 Active surface of SW 30 membrane at 500
magnification after exposure to Pure Diesel
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ES'IG—.? titanite 15.0 kV| 3.0 [10.7 mm|LFD 1000x 0.14 mm

Figure 1V-26 Active surface of SW 30 membrane at 1 000 Figure 1V-27 Active surface of SW 30 membrane at 1 000
magnification after exposure to Pure Diesel magnification after exposure to Pure Diesel
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Figure 1V-28 Active surface of SW 30 membrane at 5 000
magnification after exposure to Pure Diesel

15.0 kV| 3.0 [10.7 mm|LFD 5000x 27.04 ym

Figure 1V-29 Active surface of SW 30 membrane at 5 000
magnification after exposure to Pure Diesel
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15.0kV|[ 3.0 [15.4 mm|5000x|27.04 pm

Figure 1V-30 Active surface of SW 30 membrane at 5 000
magnification after exposure to Pure Diesel

15.0 kV| 3.0 [10.7 mm|LFD|30000x| 4.51 m

Figure IV-31 Active surface of SW 30 membrane at 30 000
magnification after exposure to Pure Diesel
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Figure 1V-32 Active surface of SW 30 membrane at 30 000
magnification after exposure to Pure Diesel

15.0 kV| 3.0 [15.4 mm|30000x]4.51 ym

Figure 1V-33 Active surface of SW 30 membrane at 30 000
magnification after exposure to Pure Diesel



Figure 1V-34 Active surface of SW 30 membrane at 30 000
magnification after exposure to Pure Diesel

15.0 kV| 3.0 [10.7 mm|LFD 60000x|2.25 ym

Figure 1V-35 Active surface of SW 30 membrane at 30 000
magnification after exposure to Pure Diesel
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LFD/60000X 225 pm| |

Figure IV-36 Active surface of SW 30 membrane at 60 000 magnification after
exposure to Pure Diesel
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POLYSULPHONE INTERLAYER OF SW 30 MEMBRANE

Clean

Figure IV-37 Surface of interlayer of New SW 30 membrane at
160 magnification

15.0 kV| 3.0 [10.1 mm|30000x|4.51 ym

Figure 1V-38 Surface of interlayer of New SW 30 membrane
exposed to Hexane at 30 000 magnification
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Hexane

Det | Mag | 11/30/2005
15.0kV| 4.0 [10.9 mm|LFD| 40x |4:13:11 PM|3.38 mm

Figure 1V-39 Surface of interlayer of SW 30 membrane
exposed to Hexane at 40 magnification

Figure 1V-40 Surface of interlayer of SW 30 membrane exposed
to Hexane at 40 magnification
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WD | Det|Mag|11/30/2005
LFD| 40x |4:30:45 PM|3.38 mm

Figure 1V-41 Surface of interlayer of SW 30 membrane exposed
to Hexane at 40 magnification

Det | Mag | 11/30/2005
15.0kV| 4.0 [10.6 mm 80x 14:46:36 PM|[1.69 mm

Figure 1V-42 Surface of interlayer of SW 30 membrane exposed
to Hexane at 80 magnification
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Figure 1V-43 Surface of interlayer of SW 30 membrane exposed
to Hexane at 500 magnification

Figure 1V-44 Surface of interlayer of SW 30 membrane exposed
to Hexane at 500 magnification
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-

- F :. L - ’-“
pot| WD Det | Mag

150kv| 30 112 mm|LFD|500x/027 mm| |

TRV

Figure 1V-45 Surface of interlayer of SW 30 membrane exposed
to Hexane at 500 magnification

15.0 kV| 4.0 [10.1 mm|LFD| 500x]2:27:48 PM[0.27 mm

Figure 1V-46 Surface of interlayer of SW 30 membrane exposed
to Hexane at 500 magnification
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Figure 1V-47 Surface of interlayer of SW 30 membrane exposed
to Hexane at 2 000 magnification

15.0 kV| 4.0 [10.1 mm|LFD 2000x 2:30:43 PM|67.60 pm

Figure 1V-48 Surface of interlayer of SW 30 membrane exposed
to Hexane at 2 000 magnification
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Mag |11/30/2005
LFD|4000x 4:43:28 PM|33.80 pm

Figure 1V-49 Surface of interlayer of SW 30 membrane exposed
to Hexane at 4 000 magnification

Mag |11/30/2005
LFD|5000x|4:18:25 PM | 27.04 ym

Figure 1V-50 Surface of interlayer of SW 30 membrane exposed
to Hexane at 5 000 magnification
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15.0kV| 4.0 [10.0 mm | LFD|5000x|2:33:29 PM|27.04 um

Figure 1V-51 Surface of interlayer of SW 30 membrane exposed
to Hexane at 5 000 magnification

15.0 kV| 4.0 [10.1 mm|LFD 5000x 2:35:34 PM|27.04 pm

Figure 1V-52 Surface of interlayer of SW 30 membrane exposed
to Hexane at 5 000 magnification



Mag |11/30/2005
LFD|5000x 4:35:47 PM|27.04 ym

Figure 1V-53 Surface of interlayer of SW 30 membrane exposed
to Hexane at 5 000 magnification

Figure 1V-54 Surface of interlayer of SW 30 membrane exposed
to Hexane at 30 000 magnification
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HV  |Spot| WD | Mag | HFW
15.0 kv| 3.0 |9.9 mm|30000x|4.51 um

Figure 1V-55 Surface of interlayer of SW 30 membrane exposed
to Hexane at 30 000 magnification

11/30/2006| HFW
15.0 kV| 4.0 [10.0 mm|LFD 30000x|2:38:16 PM|4.51

Figure 1V-56 Surface of interlayer of SW 30 membrane exposed
to Hexane at 30 000 magnification
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11/30/2005| HFW
15.0kV] 4.0 9.9 mm|LFD|30000x|4:37:20 PM | 4.51

Figure IV-57 Surface of interlayer of SW 30 membrane exposed to Hexane at
30 000 magnification
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Diesel

15.0kV| 3.0 [10.1 mm

Figure 1V-58 Surface of interlayer of SW 30 membrane exposed
to Diesel at 40 magnification

Figure IV-59 Surface of interlayer of SW 30 membrane exposed
to Diesel at 160 magnification
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Figure 1V-60 Surface of interlayer of SW 30 membrane exposed
to Diesel at 2 000 magnification

15.0 kV| 3.0 [10.6 mm|2000x 67.60 ym

Figure IV-61 Surface of interlayer of SW 30 membrane exposed
to Diesel at 2 000 magnification
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15.0kV| 3.0 |10.6 mm|30000x|4.51 pm

Figure IV-62 Surface of interlayer of SW 30 membrane exposed to Diesel at 30 000
magnification
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CROSS-SECTION OF SW 30 MEMBRANE

Det | Mag | 11/30/2005
15.0kV| 4.0 [10.2 mm|LFD| 40x |3:15:03 PM|3.38 mm

Figure 1V-63 Cross Section of New SW 30 membrane at 40
magnification

Det | Mag | 11/30/2005
15.0 kV| 4.0 [10.2 mm|LFD|500x|3:16:43 PM[0.27 mm

Figure 1V-64 Cross Section of New SW 30 membrane at 500
magnification
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Det| Mag |11/30/2005
15.0kV| 4.0 [10.3 mm LFD|2000x|3:18:08 PM|67.60 um

Figure IV-65 Cross Section of New SW 30 membrane at 2 000
magnification

Mag |11/30/2005
15.0 kV| 4.0 [10.2 mm|LFD 2000x  3:46:03 PM|67.60 pm

Figure 1V-66 Cross Section of New SW 30 membrane at 2 000
magnification
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Det| Mag |11/30/2005
15.0kV| 4.0 [10.2 mm LFD|2000x|3:46:03 PM|67.60 um

Figure IV-67 Cross Section of New SW 30 membrane at 2 000
magnification

Mag |11/30/2005
15.0 kV| 4.0 [10.3 mm|LFD 5000x 3:22:49 PM|27.04 pm

Figure 1V-68 Cross Section of New SW 30 membrane at 5 000
magnification
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Det| Mag |11/30/2005
15.0kV| 4.0 [10.3 mm | LFD|5000x|3:24:26 PM|27.04 um

Figure 1V-69 Cross Section of New SW 30 membrane at 5 000
magnification

Mag |11/30/2005
15.0 kV| 4.0 [10.2 mm|LFD 5000x 3:48:35 PM|27.04 pm

Figure IV-70 Cross Section of New SW 30 membrane at 5 000
magnification



Det| Mag |11/30/2005
15.0kV| 4.0 [10.2 mm | LFD|5000x|3:51:44 PM|27.04 um

Figure IV-71 Cross Section of New SW 30 membrane at 5 000
magnification

Mag |11/30/2005
15.0 kV| 4.0 [10.2 mm|LFD 5000x 3:51:44 PM|27.04 pm

Figure IV-72 Cross Section of New SW 30 membrane at 5 000
magnification
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11/30/2005| HFW
15.0kV|[ 4.0 [10.3 mm|LFD|15000x|3:13:34 PM 9.01

Figure 1V-73 Cross Section of New SW 30 membrane at
15 000 magnification

11/30/2006| HFW
15.0 kV| 4.0 [10.3 mm|LFD 30000x|3:25:47 PM|4.51

Figure IV-74 Cross Section of New SW 30 membrane at
30 000 magnification



11/30/2005| HFW . 11/30/2006| HFW

15.0 kV| 4.0 [10.2 mm|LFD|30000x| 4:00:01 PM|4.51 15.0 kV| 4.0 [10.2 mm|LFD|40000x|3:58:45 PM{3.38pym| ]
Figure IV-75 Cross Section of New SW 30 membrane at Figure IV-76 Cross Section of New SW 30 membrane at
30 000 magnification 40 000 magnification
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11/30/2005| HFW —>500.0nm——
15.0kV| 4.0 [10.3 mm|LFD|60000x|3:27:14 PM|2.25 um

Figure IV-77 Cross Section of New SW 30 membrane at 60 000 magnification
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Cross-Section of SW 30 Membrane exposed to pureuiex

WD | Det | Mag | 11/30/2005
15.0kV| 4.0 [7.6 mm|LFD|500x|2:56:38 PM|0.27 mm

Figure 1V-78 Cross Section of SW 30 membrane exposed to
Pure Hexane at 500 magnification

Mag |11/30/2005
15.0kV| 4.0 |7.5 mm|LFD|1200x]2:54:39 PM[0.11 mm

Figure 1V-79 Cross Section of SW 30 membrane exposed to
Pure Hexane at 1 200 magnification
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Mag |11/30/2005
15.0kV| 4.0 |7.6 mm|LFD|2000x|3:00:18 PM

Figure 1V-80 Cross Section of SW 30 membrane exposed to
Pure Hexane at 2 000 magnification

Mag |11/30/2005
15.0kV| 4.0 |7.6 mm|LFD|5000x|3:06:12 PM|27.04 ym

Figure 1V-81 Cross Section of SW 30 membrane exposed to
Pure Hexane at 5 000 magnification
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Mag |11/30/2005

15.0 kV| 4.0 |7.6 mm|LFD|8000x|3:01:45 PM|16.

Figure 1V-82 Cross Section of SW 30 membrane exposed to
Pure Hexane at 8 000 magnification

11/30/2005| HFW
15.0 kV| 4.0 |7.6 mm|LFD|30000x 3:04:37 PM|4.51 ym

Figure 1V-83 Cross Section of SW 30 membrane exposed to
Pure Hexane at 30 000 magnification
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ACTIVE LAYER OF BW 30 MEMBRANE

15.0kV|[ 3.0 [9.8 mm|10000x|13.52 pm

Figure 1V-84 Active surface of BW 30 membrane at 10 000
magnification after exposure to Hexane

15.0 kV| 3.0 |9.8 mm|30000x/4.51 ym

Figure 1V-85 Active surface of BW 30 membrane at 30 000
magnification after exposure to Hexane
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APPENDIX V: MECHANISM OF DAMAGE.

As postulated in the discussion, it is though thatmechanism of damage to
the polysulfone layer of the SW30 seawater membranwdlves a softening
component as a result of exposure to the hydroocamvbich then leaves the
membrane vulnerable to dimensional changes (innghthe closure of the pores)
with subsequent contact with high pressure feedwate confirm this the following
test was carried out.

The fibrous backing layer was pealed from a new brame sample and
discarded. The remaining section of the membraméagwed the active (polyamide)
layer and the inter (polysulfone) layer. This saetwas then immersed in a container
of hexane and sealed for twelve hours.

The membrane was carefully removed and allowedryo The sample was
then mounted active surface down on a mountingepdaid the inter layer of the
membrane was then examined using a scanning aletiicyoscope. Figures V-1 and

V-2 are what was observed.

10.0 kV|10.3 mm| 40x | 3.0 |4:30:40PM|338mm| ___ SE |
Figure V-1 Surface of treated interlayer of SW 30 membrane at 40 magnification
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Figure V-2 Surface of treated interlayer of SW 30 membrane at 2000 magnification

It can be seen that the pores both small and lkyge more or less unaffected.
Though the membrane substrate looks more gelatiwbes compared to the sample
in Figure 8-34 where it has not been exposed todogibons. This slight change in
appearance could have been caused by the softemglipyg of the membrane
polymer.

In short the major visible damage only occurs wtienhigh pressure feed is
applied to the membrane. In real life this softgnah the membrane would occur over
an extended period as the membrane is only sligietigpneable to hydrocarbons. With
the hydrocarbon present in the feed the damagednbel gradual leading to the

destruction of the useful properties of the meméran
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ABBREVIATIONS

RO

SW

BW

TFC

CA

CTA

SEM

AFM

TOC

TDS

NaCl

ppm

Reverse osmosis

Sea Water

Brackish Water

Thin Film Composite
Cellulose acetate
Cellulose TriAcetate
Scanning Electron Microscope
Atomic Force Microscopy
Total Organic Carbon
Total Dissolved Solids
Sodium Chloride (Salt)

Parts per million

Table 17 Abbreviations

Abbreviations
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