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ABSTRACT

With the rapid expansion dhe oil sands exploitation in Northern Alberta
over the past decade, oil sands pro@dtected wateOSPW management has
become a significant issul this study, he use ofa submerged microfiltration
was propose@s a potential process for meating OSPWSuspendedolids in
OSPW were removed bynmodified ceramicmembrane andiO, and TiO;
modified ceramicmembrane The direct coagulatieflocculation (CF) and
increasing feed water plduccessfullyreducedfouling of unmodified ceramic
membrane. Further studies conducted on surface modified membrane
demonstrated thamembranesurface charge was hte main factor to ceramic
membrane fouling behaviotn addition membrane surface roughness ldso
shown a significant impact ofouling accumulationHowever,the removals of
components in OSPW (with more th@8% removal ototal suspendesdolids and
less than 15% removal of organicg®mained the same all filtration runs

regardless of CF, pH anembranamaterials
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CHAPTER 1: INTRODUCTION

1.1 0il Sands andOil Sands Processaffected Water

The oil sands in Northern Albert&€anadaare te thirdlargest oil reserve
sources in the worldAlberta Department of Energy, 2010)he Athabasca oll
sands deposit is the largest deposit in Northern Albertasatiee closest to the
groundobés surface to cover anetas ©pao o f
19% of the bitumen contenisaccessed bthe surface mining processes (Alberta
Department of Energy, 2010). Bitumen recovery through surface mining is
achieved by the Clarke hot water extraction process, which mixes hot fresh water
with dry oil sands after its remaVfrom the groundby truck and shovel (Sanders
et al, 2000). This operation processes conssimdarge volume of watethat
eventually results in a considerable amount of oil sands praffessed water
(OSPW) (Tingley, 1992).0SPW is a complex mixture of suspended and
dissolved solid, salts, and harmful organic compounds that are extremely toxic to
the aquatic ecosystem if directly dischatgeto the environment (Allen, 2068
Therefore, without treatmefitOSPW needs to beosed atthe mine sites in
tailings ponds (Allen, 20G8. Currently,marketable oil production from Canadian
oil sandsis 1,617,600 barrels per day in 2011, representing 73% of the total crude
bitumen productiorfAlberta Government, 2002 This number is pjected to rise
to 3.5 million barrels per day by 2020, correspondingly an increase in the need of
water (Alberta Energy2012). Given the increasing trend tife fresh water
consumption during extraction process and cumulative OSPW deposition at site,
oil sands producers currently recycle OSPW withire bitumen operation
processesAllen, 200&). However, OSPW without any treatments causes low
bitumen recovery, fouling, corrosion and scaling problemghat extraction
facilities (Allen, 2008). As a resli, a series of OSPW treatments are necessary

before recycling or environmental release of this water.

mor e



Because of the complexity of OSP Wb s

usually consists of several steps including physical, chemical and biological
treatmeirs (Gamal EDin, 2012). The hypothetical OSPW treatment train
generally starts with a physieahemical treatment focusing on suspended solids
and oil removal, followed by dissolved solids/organic removal including chemical
oxidation and ultrafiltration (UF) (Oluwaseunet al, 20@). The residual
organics/solids andalts are eventually dealt with in the final treatment using
biological treatment and nanofiltration (NF)/reverse osmosis (@Qwaseuret

al, 20@). Suspended solidare removed first, beasgse they can cause severe
membrane fouling in desalination process or can disturb the advanced oxidation
treatment by scattering UV lighPourrezaei et al., 201ZZaidi et al, 1992;
Legrini et al, 1993). Physical and physicochemical treatments of tepesuled
solids include gravity separation, centrifugal settling, granular media filtration,
membrane filtration and coagulatidiocculationsedimentationCFS) (Zaidi et

al, 1992). Among these treatments, low pressure membrane filtration, such as
microfiltration (MF), is advantageourecause ois relatively low cost and energy
consumptionn comparisorwith ultrafiltration, and its generation of high quality
effluent (Singhet al, 2011). Although studies have demonstrated the effectiveness
of MF for removing suspended solids tme oil field-produced water (Allen,
2008&; Ebrahimiet al, 2010), MF pretreatment has not been examined for OSPW

treatment.

Traditionally, microfiltration and ultrafiltration for oil field produced water
have been accomplishedsing polymeric materials. However, polymeric
membrane can be broke down by harsh organic species in the water and
membrane fouling is less effectively recovered after chemical cledBiggko,

2009. Ceramic membranes have high resistance to mechaaolmhical and
thermal stresses and cleaning agents (Meiser, 2001; Zaidi et al., TB8g2)can
also operate under high pressure differentials (Zaidi et al., 19B2@se
advantages enabke sustainableeramic membrane filtration under unfavorable
environnent and operational conditipnand thereby extend the ceramic

membransdlife span(Benko, 2009)But due to the limited pores sizvailability;

co
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the ceramic materiaé most oftenrmanufactured as MF and UF membranes. In
addition, ceramic membranes havaigher capital cost and lower life cycle cost
compared to polymeric membran@senko, 2009).

Ceramic membrane sealing is a very important membrane technology for
those applications of ceramic membranesnstantly operatingunder high
temperature (>900jBasile and Nunes; 2011)or these applications, sealing
process must yield a gaght membrane structure without significantly
influencing the membranésmechanical andchemical properties(Basile and
Nunes; 2011) Inappropriate sealing marisk the fabication of a ceramic
membrane For example, excessive radial pressure with compressive seals will
cause the damage of a ceramic tube; high temperature seals may lead to a low
thermal cycling capacityThese issues associated with membrane sealing point
out the fact that decreasing tlsealing area to membrane area will reduce the
possibility of failure of membrane/seal interfg@asile and Nunes; 2011)

The fundamental limitation of MF ithe oilfield-produced water treatment
application is the phenomena flux degradation, resulting from the adsorption
or accumulation ofoil and suspended solids on the surface or inside the
me mb r aparess(daidiet al, 1992). OSPW contains high concentration of
suspended solids that can deposit on membrane surfameasing hydraulic
resistance and thus tramembrane pressure (TMP)but relatively low
concentration of oil As a result, operational expenses, chemical cleaning costs
and maintenance costs are increased and membrane lifetime is ultimately
shortened (Kin et al, 2011). Feed water chemistry modification dpagulation
flocculation CF) process can advance the efficiency of membrane filtration
through decreasing membrane fouling, as it does not only enlarge $tiek,
but also decreasé¢he attractiorbetween the particles and the membrane surfaces
(Mueller et al, 1997; Zhonget al, 2003). CF treatment before membrane
filtration has been reported to decrease membrane fouling rate of a UF and elevate
the flux rate of the crude oil wastewater (Tarseal., 1995). It was found that

colloidal particles after preoagulabbn tended to form a layer of reversible



fouling on the membrane surface rather than spreading out into membrane pores
causing severe irreversible fouling (Tanselal, 1995). The low asts and high
effectiveness of aluminum sulfate octadecahydrate (aluraéS®J)sA 1 8OH
makes it the most widely used coagulant in water and wastewater treatment
processes (Alfredo, 2012). In a previous OSPW treatment study, alum coagulation
was applied bere the high-pressure membrane filtratip@nd it significantly
increased membrane permeability and desalination efficiencies in nanofiltration
(NF) and reverse osmosis (RO) (Kenal, 2011).

1.2 Objectives

In this study, we investigated the removal ofgended solids in OSPW
which wastreated by a submerged ceramic MF membrane and preliminary
examined the membrane fouling reduction with the direct CF before MF treatment.
The CFMF system operational parameters of interest were the TMP, the removal
of sdids andorganic and inorganicompoundsas well aghe membransurface
fouling characterizationsEight membrane filtrationruns were operated in this
study. Different conditions of CF process and three types of ceramic membranes
were investigated to d¢imize the membrane system and to minimize the
membrane fouling.The types of membrane used wememodified ceramic
membrane angilicon oxide (SiQ) and titanium oxide (Tig) modified ceramic
membranesRO treatment was performed once using MF pernmteatemonstrate
the applicability of the MF-RO process for the treatment OSPWie conditions

of ceramic membrane system operation are listed in Table 1



Table 1-1 Operational conditions of submerged MFaraic membrane system.

Pre- OSPW pH Post
OSPW treatment adjustment MF treatment treatment
Suncor Submerged systen
Runl1l Energy Inc. n/a n/a + unmodified n/a
Pond 7 ceramic membrane
Suncor , Submerged systen
Run2 Energy Inc. CF with PAC n/a + unmodified n/a
20 mg/L .
Pond 7 ceramic membrane
Suncor , Submerged systen
Run 3 Energy Inc. CF with alum n/a + unmodified n/a
10 mg/L .
Pond 7 ceramic membrane
Suncor , Submerged systen
Run 4 Energy Inc. ?(,:cl):r\;wt/hl_alum n/a + unmodified n/a
Pond 7 9 ceramic membrane
Suncor , Submerged systen
Run5 Energy Inc. CF with alum pHat 10 + unmodified n/a
10 mg/L .
Pond 7 ceramic membrane
Suncor , Submerged systen
Run 6 Energy Inc. CF with alum pHat 10 + unmodified RO
10 mg/L .
Pond 7 ceramic membrane
Suncor , Submerged systen
Run7 Energy Inc. CF with alum n/a + SiO,-modified n/a
10 mg/L .
Pord 7 ceramic membrane
Suncor , Submerged systen
Run 8 Energy Inc. CF with alum n/a + TiO,-modified n/a
10 mg/L .
Pond 7 ceramic membrane

n/a; not available

After comparing Runs I 5 using unmodied ceramic membranethe
optimal condition was selected fahe combination with RO to estimate the
feasibility of a MFRO combinedtreatmen (Run 6). Permeate water quality was
explored by testing the following: pH, electrical conductivity, turbiditytat
suspended solids (TSS), total dissolved solids (TDS), silt density index)(SDI
total organic carbon (TOC), chemical oxygen demand (C@D#ange ofanions
and cations, thacid extractable fractioAEF) andnaphthenic acidsNAs). The
fouling layes on the ceramic membrane surfaces were observéelsganning
electron microscopy (SEM) and enerdigpersive Xray spectroscopy (EDX)

analysisand atomic forcenicroscopy(AFM).



CHAPTER 2: LITERATURE REVIEW

2.1 0il Sands and OSPWChallenges

Oil sandsarea thick, molassedike, viscous mixture of sand, clay, water and
bitumen (ordaan, 2012 Two technologies are currently available for bitumen
extraction from the oil sands: surface mining andsitu techniques(Jordaan,
2012) For the deeper depth oil sands d&{® bitumen is extracted through ihe
situ process in which steam is injected to heat and melt bitumen so that it can flow
into the lower well and subsequently be pumped to the surface. The shallow oil
sand deposits are assessable via the surfacegmminhich oil sands are removed
by the shovebndtruck operationsBitumen is separated from the sand and clay
by Clarke hot water extraction process that involves oil sands with water, heat and
surfactants (Kasperski, 2003). The water after the bitureetmaction and
upgrading contains a variety of toxic chemicals, including heavy metaNAsgd
which are fatal to aquatic animals, birds and wildlife (Royal Society of Canada,
2010). Therefore, the concern owre environmental impacts associated with
OSPW storage is of great importance. In addition, OSPW recycling has become
increasingly significant due to a large quantity of water required for the bitumen
extraction. Already, about 80%85% of the water usage in extraction process

relies on recycled OSK fromthetailing ponds Allen, 20083.

However, OSPW recycled without any treatments would result in a-bpild
of dissolved ions and suspended solids that cause a series of operational problems
such as low bitumen recovery, scaling and fouling at etima facilities and
boiler (Beier et al., 2009). Studies have shown that divalent cations can cause an
increase in the adherence of bitumen to clay and sands, a decline in the adherence
of bitumen to air bubbles, surfactants neutralization and clays labiaguby
which bitumen recovery is reduced (Kasperski, 2003). Besides, the bitumen
recovery can also be interfered by the high concentration of hardaessg ions
and sodium chlorideAflen, 2008a) Extraction infrastructure scaling is usually

caused B carbonate, sulphate, and phosphate ions and iron oxides in the water,



while the suspended solidfiardness and higlalkalinity are the common
components that lead to the facility fouling (Allen, 2008a).

The oil sands comp#sd goak are to reduce the raount of fresh water
withdrawal ando increase the usage of tailings water to the greatest €xtamy,
20118). With the OSPW remediation being the first priority, novel technologies
associated witthe OSPW treatment afgeingdeveloped.

2.2 Treatment Technologies for OSPW

Currently, the available technologies for the treatment of OSRiMde
physim-chemical treatment, such as CFS, membrane filtrgttfn, UF, NF and
RO), adsorption, advandeoxidation, biological treatmentbioremediation and
natural wetands (Gamal EiDin, 2011; Allen, 2008b). The emerging treatment
technologies tend to be hybrid treatment systems that are either iefggysical
and biological treatments or chemical and biological treatments (GariahEl
2011). The selection of threatment technigsas largely dependent on the target
components in OSPW, cost, the demands of the oil sands operators for the water
and the relevant regulations associated with the OSPW management. As a result, a
combination of traditional or/and advattechnologies is more likely to achieve
all the challenging goals. Several possible water treatment technologies for OSPW

remediation are described in tBectiors 2.2.1 to 2.2.6.

2.2.1 Coagulationflocculation

CF is a low cost and widely used treatmenteémave suspended solids and
colloidal particulates that are too small to settle outthwy gravity within a
reasonable time (San&t al, 2012). ltcanalso reduce the concentration of the
high molecular weight organic species in the wastewater. Due tadbverse
impacts of the suspended solids and some insoluble hydrocarbons on the

treatment processes, such as -bAsed advanced oxidation, membrane and



biological treatmerg the removal of these pollutants is expected to be dealt firstly

In a series of pteeatments (Santet al, 2012). Fine particles in watean bevery

stable andirenot easilysedimentedlue to the formation of electrical double layer
(EDL) around particles (Crittenden, 2008aturally, the positive counteons are
accumulated andghtly bound to the surface of the negatively charged particles
by electrostatic and adsorption forces. The layer of adsorbed cations is known as
the fixed charged layerGrittenden, 2006 To maintain the electric equilibrium

with the solution, an exces$ cations and anions move around the fixed charged
layer, diffusing into the bulk solution. This layer of ions that surrounded fixed
charge layer is called diffuse layer. Added together these two layerthare
electrial double layer (EDL). The result ofhe presence oEDL is that
particulates in water are unlikely to aggregate or settle down. With the addition of
coagulant,the stability among particles in the water is broken and particles
become destabilized and easy to gatherttenden, 200b When acharged
particle migrateowards the an electrode in thkectric field, it will trigger some
fraction of water close to the particleo6s
shear plane, lying in the diffuse layer. The electrical potential betweeshéas

plane and bulk solution is called zeta poterftéittenden, 2005).

Coagulanttandestabilizeparticlesand allow them to aggregatéjs involves
two mechanismscharge neutralization and sweep floc (Kétal, 2007). Charge
neutralizationmechamsm consists ofthe destabilization of the charged particles
andtheaggregation of dispersive particles into large particles (flocs) which can be
easily removed by the gravity settling.particular chemical reactiomay occur
between the negatively chad particles and positively charged coagulants, which
disturbs the electric balance amahe particles facilitatingghe agglomeration. In
contrast,the sweep flocmechanisnrequiresa formation of precipitatethrough
which particlesin water are collided and eventually dragged down. This
mechanism postulates that after being dissolved in webda@gulantswill rapidly
form an amorphous solidhasge.g.Al(OH)3), where the adsorption of solidsnd

someorganic matter occurs (Crittenden, 2005).



Inorganic coagulants are the most commonly used coagulants. Typical
examples include aluminum sulfate, polyaluminum chloride and ferric chloride,
etc. When alum and iron salts are added to water, tisspdated to yield
trivalent ions (AI** or Fé"), which can bel000 times more effective in
destabilizing particles than monovalent sofU.S. Army Corps of Engineers,
2001). Table 2L shows the advantages and disadvantages of several widely used
inorganic coagulants.

Table 2-1 Advantages and disadvantages of inorganic coaguAnepted from
U.S. Army Corps of Engineers, 2001)

Coagulants Advantages Disadvantages
Alum A Most commdAAdds dissol
Alx(SO)-A 1 80H A Pr slebustudge (salts) in water
AMost effectlAEffective o
between pHb.8 to 7.7 range

(Metcalf and Eddy 2003)

Polyaluminum Chloride [A I n some agANot commonl
(PAC) formedaredenser and ALittle full
Al 13(OH),(SOy),Cly5 faster settling thathose compared to other
formed withalum aluminum derivatives
Ferric Sulfate AEffective HAAdds di ssol
Fe(SQy)s and 8.8 (Metcalf and to water
Eddy 2003) A U s utherelisyneed to
increasealkalinity
Ferric Chloride AEffecti ve N AAd dssolvellisolids
FedsA 6,68 and11l (salts) to water

AConsumes t W
asalkalinity as alum

The hydrolysis of coagulants can trigger a chain of parallel and sequential
reactionsand correspondingly produce a series of hydrolysis spetiesganic
metallic coagulantalum, for instance, yields trivalent aluminum ions after

dissociaion in water, as given below:



OaY0 zcoa OYO

The trivalent AY* thenhydrates to form an aqemetal complex Al(HO)s™".
This aquemetal complexwill go through a number of hydrolytic reactions and
eventuallyform hydroxide precipitate as shown beloMetcalf and Eddy, 2003;
Crittenden, 2005):

0 dO0 z0OOWO i z000

For alum coagulationthe collision of destabilized particles occur first,
leading tothe formation osmall aggregated his is followed bythe collisions of
particles to aggregates arelentuallyaggregates to aggregatBsit aggregateare
hardly formed in large sizes at lower alum concentration. When alum
concentration increases, sweep coagulatidsecoming the dominant mechanism
and aggregates quicklgrow and form hexameric ring structar@Vang et al,
2008; Wuet al, 2009).

Prehydrolyed metal salts, such as PAGsually comprise of polynuclear
aluminum hydrolysis specie@Vu, et al, 2009) The predominant polymetric
product istridecameric polymer with the formula AD4(OH)4(H20)12"* , often
referred as Ak. Al1z in PAC improves particles collisioand formation of large
aggregats at lower coagulantconcentration. Whethe coagulantoncentration
increasd, the primary aggregates formed by the charge neutralization or
adsorption continue to bind with eacther to form micro sized flocs. Polycation
patch coagulation and polymer bridging arainly responsible forthe flocs
formation at higher dose PAC coagulatedfiocs aregenerdly comprised of a
Keggin structure, which ia structure that immuch more cmpact and denser than

ahexameric ring structure formed by alum (Crittenden, 2005g¥\al, 2009).

CF is avery effective treatment for petroleum refining produced water on a
largescale application (Santet al., 2012). The major constituents of the

petroleum produced water consist of insoluble hydrocarbons, dissolved and
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suspended organic and inorganic matgantoet al, 2012) Santo et al(2012)

have studied the CF treatment of petroleum wastewater using PAC, alum and
ferric sulfate.The results Bowed thatmore than 73% reductioin turbidity was
obtained with the addition of coagulants. TOC and COD wenzeased bynore

than 80%for all three coagulants. The highest COD removal was obtaiyed
using a relatively low concentration of PAC (27.2 fhg, while alum and ferric
sulfate achieved @ery close COD reductiowith the concentratiasiof 40 and 56

mg/L, respectively.

CF has also been studied fine remo\al of suspended solids and dissolved
organics from OSPW. Wang et. §2011a) investigatedhe efficiency of two
coagulants, alum and ferric sulphate. The authors reported that 100 mg/L of alum
with 10 mg/L cationic polymer CTI TL was the optimal coagulant and flocculent
doses respectively,to achieve 13% TOC and 98% of turbidity removal from
OSPW. Ferric sulphate showed a high decréaslee suspended solidsowever

the residual ferric sulphataused OSPW discoloration.

Pourrezeai et a(2011) reportedhe application of alum and cationic polymer
poly DADMAC in CF for thetreatment ofOSPN. The results revealed that
particles destabilization waachievedthrough the charge neutralizatichat
causedby the adsorption of hydroxide precipitates. CF process substantially
removed vanadium and barium by-88% and 4263%, respectively. Mreover
NAs and oxidized NAs concentrationsere decreased by 37% and 86%,

respectively.

2.2.2  MembraneFiltration

Membrane filtration $ a physical separation proceskich relies on the
differences inthe permeability of water componen{€rittenden, 2005)During
filtration process, membrane which acts as a selective barrier between the feed
stream and permeate stream remains impenetrable to certain species. Some

constituents pass through into permeate stream, while others are retained by the
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membrane and accunatéd on the feed side. Based on the diving force of
operationmembrane treatmentan be classified into four categoriegectricdly,
thermaly, concentration and pressudgiven operationgZemanand Zydney
1996; Cheryan, 1998). Electrodialysis is electricaly driven process, which
utilizes cation and anion exchange membranes uh@a/ltage to remove ionic
material from the aqueous solutigRautenbach and Albrecht, 1989he main
application of electrodialysis is to convert ocean or brackistersao potable
water (Rautenbach and Albrecht, 1989). Membrane processes with thermal
driving force are pervaporation and membrane distillation. The typical
concentration driven process is dialysis. It has been widely used in the medical
field and alcoheteduced beer production (Rautenbach and Albrecht, 1989).
Dialysis is a process that allows small molecules to pass through the membrane
and large solute molecules to remain on the rententateasideesponse to a
difference in transnembrane concentrati of solute (Rautenbach and Albrecht,
1989).

Pressure driven membrane processes can be fudiveded into two
distinguished physicochemical processes: low pres#iven processes and high
pressuredriven processegCrittenden, 2005).Low pressuredriven process
includesMFandUFT hes e membr anes are designed
range and requira relative low pressure during filtration (Cheryan, 1998). The
primary removal mechanism of low pressuléven processes size exclusion
(Crittenden, 2005). Aerefore MF is widely used as a clarification process,
separating suspended particulates from a liquid phase, while UF is used for the
purification of macromolecules, as a concentrating and fractionating process in
food process and pharmatieal industries (Cheryan, 1998). NF and RO, on the
other hand, are the high pressdrezen processes, in which high pressure drives
water through a senpiermeable membrane which pore sizes are too small to
transfer salts. Diffusive mechanism is usualtyalved in this process and its
separation efficiency depends on the influent concentratiorapplied pressure
(Crittenden, 2005). RO is commonly used tbe desalination of seawater or

brackish water and removal of low molecular weight dissolved condems,
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whereas NF is aimed to remomatural organic matter arid decrease¢he water
hardnesgCheryan, 1998). Figure-2 shows the properties tie pressuradriven

membrane processes

Particles
Sediment
Algee
Microfiltration Protozoa
0.10 npores , Bacteria
Low ———
Pressure .
Driven Ultrafi ltration Small colloids
0.010 npores , Viruses
| S—
Nanofiltration \ Dissolved organic matter
0.0010 npores , Divalent ions(C&*, Mg?*)
High ]
Pressure :
Driven Reverse osmoss Monovdent
Nonprous , Species (Nat, CI)
[—

Figure 2-1 Propeties of pressure driven membrane processes (adapted from
Critenden, 2005).

The most commome mb r ageoenstric forms are hollow fibers, tubular
and flat sheet(Cheryan, 1998). Hollow fibers are widespread in water treatment,
with an outside diameter rgimg from 0.5 to 2 mmThe active layer is often
coated inside the fibefCheryan, 1998)Tubular membrane is configured as a
monolithic structure with a number of channels or tubes throughout the structure.
Inorganic materials, such as mineral materale the common tubular membrane
materials, which have a low surface area to volume ratio but can be performed at a
high crossflow velocity. Thus it is suitable for the high solute concentration
wastewater treatmeriCheryan, 1998)The flat sheet membrares a flat active
layer with a high surface area to volume ratio. Spiral wound membrane is

frequently stacked irm number oflayers and rolled up around a central tube
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through which permeate is collected affrssingthrough the spiral flow path
(Cheryan 1998, Crittenden, 2005)

One membrane or several membranes are usually supported in a membrane
module in the membrane filtration plant. The specific flow regime throughout the
confined spaceelies on the configuration o membrane module. Three basic
membrane module configurations are currently available: dead end module
configuration, cros$low module configuration and submerged module
configuration (Cardew and Le, 1998). Figure2 2presents three membrane
module configurations. For a deadd module,the influent perpendicularly
moves through the membrane with the particles retained on the membrane surface
(Figure 22a). In the crosfiow module, the influent flows paralleto the
membrane surface and penetrate through membrane (Figibk Particle that
are separated from the influeantd remained on the membrane surfiaca cross
flow module can be flushed away by the tangential feed fibus preventing the
accumulatiorof solids on the membrane surfa@n thecontrary membranen a
deadend module needs frequent backwash&s detach soilds deposition.
Typically, the feed watein bothdeadend and crosfiow modules is delivered by
a feed pump. However in comparison to dead, the crosfiow module requires
a substantial recirculation flowAs a consequenceit results in a high

consumption of pumping energy (Cheryan, 1998ttenden, 2005).

In submerged modules, membranes are generally configured in a module that
composes of membranes and headers affixed to membranes. The module is
immersd in a basin with the wastewater. A mechanical pump creates TMP across
the membrane wall and a vacuum suction is applied on the permeate side of the
membrane so thgtermeate can beithdrawn from the feed basin through the
membrane and particleare remaned on the feed side othe membrane
(Crittenden, 2005). Comparing with the crdlesv module, a submerged
configuration requires less energy power because the TMP to create vacuum is
generally lower than the recirculation pressure (Uetlal, 1997). However,

membrane fouling is enore seriousssuein the submerged membrane. Therefore,
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in order to minimize membrane fouling, the submerged module is usually
equipped with a backwash or aeration system. Air bubbles are usually generated
by an air blower orthe bottom of membrane modules. The rising bubbles and
water scour and agitate the fouling layempteventsolids from accumulating on

the membrane surface (Allen, 2008

Feed water Feed water R
v \2 \4 v v \' \v \v
]
Membrane \
a b Membrane
v v v v v Permeate
Permeate
> Permeate
—
\'/:vgfgr I—_ > Concentr ate

stream

/

|

/
¢ Membrane —|

Figure 2-2 Membrane module configatiors (a) Deadend configuration; (b)
cross flow configuration; (c) submerged configuration (adapted from Crittenden,
2005).

The applicability of membrane filtratioto wastewater treatment has been
impeded by the concerns ovarembrane fouling andurability. Four fouling
mechanisms are involved: (a) constriction of internal pore sjpapermeate
restriction by the adsorption of particles smaller than the pore sizes; (b) complete
pore sealingi both solvent and solute are stopped by the completelykéxdb
pores; (c) intermediate pore pluggingllows the passage of solvent at a low rate
but confines solute to flow through; (d) cake formatiofoulants form a separate

layer on the membrane surface (Hermia, 1982). These membrane fouling
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mechanism®vertually lead to an increasy resistance to the permeate flamd

an increamg consumption of energy power. For a submerged membrane system,
the essential flow resistance comes from the cake (d4@mng et al., 2007)But in

the presence of thaeration gipping, the formation process of a cake layer
becomesa dynamic process. This dynamic process is thereby beneficial for the
removal of fouling layer (Mengt al, 2007).

Membrane fouling derived from oll, solids and ionic species in oil produced
water can causedecreasg in rejection and flux rate, apnchs a consequence,
increase in operating TMP and maintenancescsibish and Cohen, 2001). A
variety of approaches that have been studied to address these problems include
backwashing, aeration, develogiof thenovel feed water flow modesjembrane
surface modification and pretreatment tfe feed water (Allen, 2008b).
Pretreatment of the feed water can directly decrease the concentration of potential
membrane foulants. For MF and UF, screening, direeguclation addition and
powder activated carbon addition are the most common pretreatments, while for
RO andNF; the typical pretreatmesitareViF or UF (Farahbakhsét al, 2004).

Many attemptshave beenmade tomodify ceramic membrasdo alter th&
suiface electrochemical properties (Winkberd Baltus 2003;Zhang et al., 2009
Surfacemodification by nanoparticles yields a high degree of control over fouling
and an ability to generate desired membrane strudkine #énd Bruggen, 20100
The common nawparticles coated on ceramic membrane are metal oxides,
including titanium dioxide (Ti@), silica dioxide (SiO,;) and iron oxide (F£s3)
(Kim and Bruggen 2010). Modified ceramic membraman achieve ahift iso-
electric pointtowards lower pH. This is begse thecoatedmetal oxides(e.g.,
TiO,, Si0O,) surfacepossesss more strong negative charged sites and the higher
ability to bind hydroxide ionshanaluminum oxide Al,O3) (Zhanget al, 2009).
Figure 23 shows the changds the surface charge of Ti@modified ceramic

membrane.
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(adapted from Zhanet al, 2009)

Membrane cleaning is composed of intermittphisical backwashingand
periodic chemical cleamg (Cheryan, 1998)Backwashing can restore a portion of
membrane permeability caused by the reversible foulirigpwever, the
irreversible fouling can only be removed by the chemical cleaning. The most
suitable and usual chemaiccleaning agents are alkaline chenscalcids and
chlorinesolution(Cheryan, 1998). Although it is expected that chemical cleaning
can completely recover TMPstudy showedthat the efficiency of chemical
cleaning was often less than 10q&brahimi et &, 2010) Besides, itwas also
reported that chemical agents couluse thalamageof membrane and impact

filtration performance.

The membrane filtration technology has been applied for the remediation of
the oil field produced water for a Igrtime (Allen, 2008b). Lin and Lan (1998)
investigated a senfiatch UF and RO treating waste drawing oil after- pre

filtration by a microfilter. A spiralWwound tube of polymer membrane and a spiral
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wound form polyamide membrane were used in UF and RG, usgpectivhy.

UF experimerdl results indicated that the optimum TMP of 0.24 MPa was able to
generate an acceptable combination of permeate glenxneatevolume and total
membrane resistance. AJd0F was effective in decreasing concentration of COD
and copper as &l as reducing turbidity, but results showed no redudtiotine

p e r mecandectivisy. Furthermore, witlthe RO treating UF permeate, the final
effluent quality was found to have an over 99% removal of COD, copper,
turbidity and conductivity. Polymericnembrane and ceramic membrane have
been examined ithe oil sands industry focusingnthe removal of suspended and
dissolved solid, oil, hydrocarbon and salt&éamal E4Din, 2011) A benchscale

NF membrane system was applied to reduce hardness andddésntration in
OSPW for potential disposal (Peng et al., 2004). The results showed that a 95%
reduction of NAs and an over 90% reduction of divalent ions in OSFe w
obtained after NF treatment (Peng et al., 2004).

However, the fouling issue in the mbrane treatment of OSPW is particular
severe due to the oily and sticky solids and colloids presented in QisRWay
easily block membrane pores and deposit on membrane suBaceal EIDin,
2011) Kim et al. (2011) examined pretreatment effects orQ8@W desalination
by using commercial NF and RO membranes in the beoale experiment€FS
with and without coagulants and coagulant aids were evaluated in this Satdy.
sheet membranes were used in NF and RO units. Experimental results exhibited
erhanced membrane permeability with the addition of coagulant and coagulant
aids. A 30 mg/L alum was found to be the optimum dose for the best performance
through both NF and RO filtratien98.5% of deionization was obtained for RO
after filtration of OSPWpretreated byYCFS withalum. It was noted that organic
and oily components in OSPWerecorrelated wittthe increase in the membrane
hydrophobicity and negative surface charge. A limdrochloric acid in this
research was used as chemical cleaning agengrily 81% of the permeate flux

recoverywas achieved
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Application of NF membrane was investigated by Peng et al. (2004) to
remove the divalent ions and NAs from different OSPWs and surface run off the
Aurora mine. The study was conducted using a beoale dlat sheet crog®ow
membrane system with 3 different membrane types: Desal 5, NF45 and NF 90.
All membranetypesyielded an over 90% rejection of divalent cations and NAs
from Aurora surface water. But Desal 5 was finally chosenfddher OSPW
experimentsbecausehey achievedtable permeate flux over 16 hours of filtration.
The subsequenOSPW experimeal results showed that Desal 5 was able to
achieve an over 95% rejection of NAs, TOC and divalent ions for all tgpes
OSPW.

Membrane foulindevelis dependent on the feed water characteristics such as
concentration of suspdad and dissolved solids and salt®ong et al (2007)
studied mechanism of coagulation pretreatments on preventing membrane fouling
with respect to the molecular weight aftural organic matterThe authors
concluded that the highenolecular weight of hydrophobic compounds whs

main reason of theapid decline in UF membrane flux rate.

Husein et al. (2011) investigated membrane fouling and back contamination
of micellarenhanced UF (MEUF) membraswith different molecular weight cut
off (MWCO). A crossflow MEUF module comprised of the tubular Li€eramic
membraneswith MWCO of 8, 15 and 50 kDa was employed in the study
Synthetic produced water was mixed with theedi#ht types and concentrations
of NAs. CPC (cetylpyridinium chloride) surfactamtas introduced to the feed
water. It wasreported that the concentration of CPC in permeate increased with
increasing TMP. A linear relation between the permeate flux and WP
observed for 15 and 50 kDa membranes implying insignificant impact of
concentration polarization. A 15 kDa membrane showed a higher removal of
contaminants and surfactant in comparison to other membranes with different
MWCOs, but a correspondingly high resistance of the fouling layer was also
perceived.F a k h-Raai et al. (2009)conducted aUF treatment of the oil

produced water combineaglith hydrocyclone pretreatmerthe experiments were
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performed in a crosBbow UF mode. With the hydrocyclone preatment, 73%
and 54% of solids and oil content, respectively, were successfully removed in
permeate.

An appropriate treatment technology selection relies not only on the
exceptional treatment performance to achieve a high quality of effluent, but also
on the assessment of the economic and environmental sustainability of this
technolgy (Vlasopoulos et al., 2006Ylasopoulos et al. (200§)erformeda life
cycle assessment of the environment impacts odi#@rent water treatment
technologies that are pmpriate for treating oil and gas produced wastewater.
This assessment wasnductecbased on the treatment of a volume of 10,080 m
of produced water (per day) by both individual and combined technologies. In this
study, MF was considered as a technoltgt was capable to clean the produced
water to a desired enuse level same as the combined technologies, including
dissolved air flotation with absorbents (DABS) and hydrecyclone with
absorbents (HYDREABS). The authors stated that DA®BS and HYDRGABS
were two treatment combinations thHad minimal environmental impactthan
other combined technologi@xcluding, but not limited toDAF-activated sludges,
DAF- trickling filters. Howeverafter the assessment among MF, DABS and
HYDRO-ABS, MF was identified asthe most environmentally favorable
treatment technology with respect to the impact aspects of abiotic depletion,
acidification, eutrophication, global warming and photadant formation (Figure
2-4). This low environmental impa@ssociatedvith MF treatment technologies
was attributed tats low energy consumption during the equipment operation

phase.
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Figure 2-4 Normalized environmental impacts of MF, DA&BS and HYDRGO
ABS technologies (adoptl from Vlasopoulos et al., 2006)

2.2.3 Adsorption

Adsorption is a mass transfer process where ions or molecules in one phase
(liquid or air) are attached to the surface of adsorbents (Tchobanoglous et al.,
2003). Adsorbents are solids that are able to perémsorption, while adsorbates
refer to the substances capable of being adsorbedVahederWaals forces,
interacting among ions and compoundsroduce the weakly held bonds
(electrostatic interactionshat result in the adsorption of components betwinen
two phases (Gregg and Sing, 1982). Adsorption is used to remove organic (natural
and synthetic) and inorganic compounds, heavy metal and taste and odour causing
compounds fromthe liquid and gas phases (Jankowska et al, 1991).
Carbonaceous materialsciuding activated carbon, zeolites, synthetic polymers
and carbon blacks and nanotubes thlemost widely usedadsorbens in water

and wastewater treatments (Parsons and Jefferson, 2006).
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Activated carbons are the classical adsorbents used for dezatmnj]
deodorization, dechlorination, detoxication, salt content modification and
separation (Bansal et al., 1988hey areoriginated from a diversity of organic
precursorsthat contain high amount ofarbon, such as coal, wood, peat,. etc
(Bansal et aJ 1988). Given the wide availability of activated carbon, it has
sparkedan increasing interest in remediation, recycling and contaminant control
of industrial wastewatsr(Small, 2011) Though esearches have demonstrated
that the activated carbon waslalio remove dissolved organic carbon andsN
from OSPW it was not effective imemoving other target contaminanis.d,
BTEX and oil) (Shawwa et al., 2001).

Petroleum coke (PC) is a byproduct of bitumen upgrading prdbessis
produced through eithedelayed or fluid coking processes (Furimsky, 1998).
Currently, over 6000tons of PC are generated everyday by Suncor Energy Inc.
and Syncrude Canada Ltdnd its total yield is over five milliontons per year
(Fedorak and Coy, 2006). Due to the high carlmontent in PC,jt can be
activated to better adsorb organic chemicals. The adsorptive capacities of
activated PC may be 10 times laigher as that of PC (Shawwa et al., 2001).
Therefore, Ms and other organic or inorganic contaminants in OSPW are
expecte to bemore successfully eliminated by PC. Syncrude Cankith Has
started a pilot research on assessing the feasibility of using PC to treat OSPW.
The utilization of PC provides a promising OSPW remediation option, not only
because it produces a valuallbw cost activated carbon, but also addresses the

consumption of PC storage-gite (Shawwa et al., 2001).

Zubot et al. (2009) studiethe effect of PC adsorption on the removal of
dissolved organic components presenth@fresh OSPW. Isotherm experimts
were performed at a room temperatu@SPW was added to 500mL glass
containers to generaselution contained PC of up &% by weight.An average
0.26 mg Ms/g PC adsorption capacity was achieved at 60 mg/L @fsNn
OSPW The resultshowed thapH of OSPW was a key factdo govern the extent
of adsorption. When pH of OSPW was reduced to 5.9, the ovehallridmovals
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were significantly improved. Figure2 displays the Ws concentrationemaining
in OSPWas a function of the added PC
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Figure 2-5 NAs concentration at different petroleum coke dgadapted from
Zubotet al, 2010)

The ativation of PC for adsorption of As was also conducted by Small et al.
(2010). Adsorption experiments used Suncoreer gy | ncd6s del ayed c«
Syncrude Canad altwas fduddsthatitd activadion cnoldr eagbon
dioxide alone was not efficient to increase the surface area of PQuitButhe
combinationof steam with a rate of 0.5 mL/min at 900, activdeddelayed coke
could eventually attaithe greatest surface area after 6 hadractivation It was
alsostatedthat the surface area of petroleum coke affected the adsorptiolhsof N
AEF reduction test showed that adsorption process removed up tof AEE dy
30% wt of nonactivated PC with surface area of 5.7/gn while activated PC
(surface area 4944y) achieved 92% AEF reduction with only 5% concentration

by weight.
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2.2.4 AdvancedDxidation

Advanced oxidation processes (AOPs) are chemical oxidatieatntent
techniques which are erable to oxidize primarily organic and inorganic
compounds from contaminated water or air by utilizing highly reactive
intermediates, such as hydroxyl radic@larr, 2003). Theéhydroxyl radicalis a
very powerful oxidizing gent that is normally generated bythe ultraviolet
irradiation (UV) or the visible light. It reacts noselectively with chemical
substancedecause ofts strong ability of abstraction of hydrogen atoms from
basicallyall kinds of organic compounds incimg NAs (Parsons, 2004).h&
treatment with AOPs not only destructs the target contaminants, but also
decreases their toxicityzenerally, the end products of AOP aarbon dioxide
andwater,with the exception of mineral acids jfollutants contain othexlements
such as Cl, N, S, ettAOPs have been proven to be very effective for the
treatment of polluted groundwaters and industrial wastewaters (Bolton, 2010).
Most of viable AOPs use UV in combination with strong oxidants (e.g., hydrogen
peroxide HO,, ozone Q) and catalysts. Among all available AOPs/HRO,,
UV/H,0,, UVITIO, and neutral pH Fenton are the most commonly used

techniques.

AOPs have been considered as a complementary treatment to current
biological treatment to expedite the OSPW remeaiiatpeed, especially for the
degradation of NWs. Ozonation, as a wethown technology, can degrade
pollutants directly or via hydroxyl radical reaction#nvestigations were
conductedto assess thezonation forremoving NAs in OSPW. Experimeat
resultsshowed a 70% decline in A¢ concentration and a neoxic effluent
produced after 50 min of ozonatiaiBcott et al., 2008)By extending the
ozonation time to 130 min, Ak residual concentration decreased to less than 5%
of its initial concentration (Scotet al., 2008). Fu et al. (2008) also examined the
applicability of ozonation tahe treatment of OSPW by conducting a seratch
experiments. A 64% degradation of the inid&F of organics was achieved with

the ozone concentration of 80 mg/L, while COIghtly deceased from 250 mg/L
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to 196 mg/L with the ozone dose of 150 mg/L. Results also showed that the longer
OSPW is treated with ozone, the more biodegradable OSPW belcaautlition

the numbers of carbon and rings in thAdNstructure weréound to affect NAs
oxidation

Liang et al (2011) compared NAs removefficiency in OSPW byJV/TiO,,
UV/periodate(10,), UV/ H»0, and UVpersulfate $,0¢*) processesHalf-life
estimates for NAs and electrical energy per mass requirement under different
AOPs ae presented in Table-2 After comparison, thauthorsconcluded that
the optimum conditions for oxidizing NAs we8Og” concentration 020 mM at
pH 8 and 10 an#i,O, concentration 050 mM at pH 8.

Table 2-2 Degradation of NAs using AOPs (adapted from Liang et al., 2011)

Treatment pH H?r:;:i‘;e (EE/M)yo(kWh/kg TOC)
UV only 10 >360 -

UV/TIO, (3 g/L) 10 >361 -

UV/I04 (20 mM) 10 >362 -

UV/I0,4 (4 mM) 10 108 (1.758+0.088) x1b
UV/IS,0s (20 mM) 8 18.6 (3.67+0.18)x16
UV/S,0s% (20 mM) 10 18.3 (3.32+0.17)x10
UV/H,0, (1 mM) 10 >360 -

UV/H,0, (50 mM) 8 17.2 (3.36+0.17)x10
UV/H202 (50 mM) 10 40 (6.67+0.33)x10

2.2.5 Biological Treatment

Natural biodegradation of organic asith OSPW is very slowand the
concentration of NAsould hardly be brought down below 19 mg/L (Gamal-El
Din, 2011). It is evemmoredifficult to achievewhennaturaldegradation process
lasts for more than 10 yearshecause biodegradation process would be
significantly deescalatedby the deficient in microorganism or specific enzymes

(Quagraine et al.,, 2005a). Exploiting biodegradation through introducing
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extraneous microorganisms to remove organic matters from wastewater is defined
as biological treatment (Rodgers and Zhan, 200Bjs treatment process builds

an environment containing organic substarbasvarious microbial cultures can
make use of for the subsistence and reproduction (Rodgers and Zhan, 2003).
Instead of separating organic substances from wastewater, biolagaahént

uses the metabolic processes of bacteria to destroy the organic compound
structure to decreasthe toxicity of wastewater (Quangraine et al., 2005b).
Therefore thefactorssuch apH, temperaturejutrient sources, dissolved oxygen,
etc., that dect microorganism growth and metabolism are critital the
efficiency of biological treatment. Other factors, such as energy consumption,
time and cost should also be taken into consideration for the viability of biological

treatment (Farhadian et alQ@3).

Biological treatment can be categorized in two distinct tygessuspended
growth andthe attached growth (Gamal Hlin, 2011). The atached growth
biological treatment is known as biofilm reactors treatnaeict suspended growth
treatment involvesictivated sludge reactors treatme®itudy showed thdiiofilm
reactors treatment wemiperior toactive sludge reactors treatmantterms of
treatment performance and cd®&ittmann, 2006).Microorganism growing in
activated sludge reactors is mobilizaad suspendedVhile in a biofilm reactor,
microorganisms are attached ttte media (some inert material), such as rocks,
sands, ceramic or plastic materidatsform an immobilizedbiofilm on the surface
of the media. This is aimed to optimize the biodeglation level by mulispecies
microbial communities in the bioreact@nd to maintain arelatively clean
environment (Langwaldt and Puhakka, 200®)like activated sludge bioreactor,
biofilm reactor can function a high biomass concentration with neagssaries
of considering biomass retention and recirculation. It also has the advantages of
lower energy power, less footprint, lower sensitive to toxic loadings and simple

manipulation (Rodgers and Zhan, 2003).

In general biological treatment of organisubstances including NAs is an

aerobic process (Herman et al.,, 1993). It was reported ahatpid aerobic
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biodegradation of model and commercial NAs occurred within 10 days of
incubation (Whitby, 2010).Clemente et al. (2004) used aerobic cultures to
biodegrade the commercial NAs (Kodak NAs and Merichem acidsg. NAs
concentration dropped to less than 10 mg/L from about 100 mg/L after 10 days of
incubation. 60% of carbons in NAs were converted¢ddoon dioxide Thus the
toxicity of microbial culture spernatant wasignificantlyreduced. However, NAs
native to OSPWare more persistent to be aerobically biodegraded than the
commercial NAs The reason is becausemmercial NAs contain a considerably
labile fraction of NAs that is easily biodegradalaled a fraction ofthe greatly
branched NAghat isvery recalcitrarly biodegradabl¢Han et al., 2008). OSPW
however ,contains only substantially recalcitrant NAs (LO et al., 2006).

Although contaminanté mostof the oil sands tailing ponds will eventugll
become naturally anaerobically degraded, few studies of anaerobic biodegradation
of NAs were reported. Holowenko et al. (2001) investigated the anaerobic
biodegradation of surrogate NAs. Oil sands mature tailings and sewage sludge
were used a®n inocula Results showed that the anaerobic culture partially
metabolized cyclohexylpropanoic and cyclohexylpentanoic sadidt did not

metabolizecyclohexylbutanoic acid.

2.2.6 IntegratedTreatmentProcess

No individual treatment technology could remove all contamis from
OSPW to achieve a desired water quality output for discharge or reuse. A
integrated treatment procesgiich combines multiple treatment processes is a
reasonable solution to offer the most effective OSPW remediation. However, few
studies have addssed the capacity of integrated OSPW treatment processes
(Gamal EIDin, 2011) but the necessary of integrated technologies to treat OSPW

has been demonstrated in the literature (Wang, 2011a).

Study by Martin et al. (2010) found that the residual Nv&se still remained

in OSPW even aftethe extensive ozone treatment indicating that ozonation
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treatment alone cannot completely reduce OSPW toxicity. In order to further
remove the remaining NAs fraction, biological treatment swggestedo be the
feasible post treatment (Martin et al. 2010). Results showed that the
biodegradation rate othe residual NAs wasconsiderablyaccelerated after
ozonation The authors suggested that the effective biodegradation afterwards was
because ozone removed the biologicatsistant fraction of NAs (Martin et al.
2010). Wanget al. (2011b) also investigated the OSPW detoxificatidime
authorsshowed thatafter applying 100 mg/L dose of ozone asdbsequent
biodegradationOSPW exhibited notoxic effect onvibrio fischeriin Microtox
bioassayimplying that combiation oftwo treatmentsozonation and biological

degradationi s a promi sing technology for decreas

The economic sustainability of a technology is an important facteSPW
treatment. Spedfically, RO treatment itself can eliminate atypes of
contaminants in OSPW, produciag extremely high quality effluent, but at an
expense of high energy consumption caused by severe membrane (ailéng
2008a; Wang, 2011a)lherefore pretreatmens always needed befothe RO
process. Kim et al. (2082 assessed the effects of different CF pretreatment
conditions orthe RO filtration of OSPW.Compared with the membrane fouling
of RO with no pretreatment, CF treatmexined at maintaining higtperneate
flux through reducing membrane fouling. With the addition of anionic coagulant
aids, CF pretreatment led the least accumulation of foulants arthie most

enhanced membrane performance.

2.3 ResearchRequest for OSPWRemediation

Based on the literatumeview, a wide range of studies hbsenperformed to
develop differentmethods of OSPW decontamination But these promising
treatment processes are laxgkthe objective assessmenttbéir feasibility for the
treatment of OSPWMost of these studies ammainly focused on decreasing

toxicity and salinity in OSPW. Few studies have been conducted on the
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investigation of economically and environmentally effective preliminary treatment
that would offer high quality of effluent fothe subsequentreatment The
pretreatmenimethodsto removesuspended solgand oil content were found in
literature, however the application of MF process for the removal of suspended
solids and oil content has not been addressed in OSPW research. The research

gaps in MF are as fiolws:

1 In present, membrane filtratios widely used as a desalination process (NF
and RO), which is usually performeak the end treatment step to reduce
OSPW toxicity. Some studieshave beenemployed UF process as a
pretreatment step, btlieyhavenottesed MF on pretreating OSPW.

1 Crossflow membrane configuration is frequently reported in the literature.
However the feasibility ofthe submerged membrane configuration requires to
be tested for OSPW treatment with regard to ThHangesand permeate
qualty.

1 Membrane fouling associated with MF also red¢d be addressed and

approaches to minimize MF foulingeeds to be developed
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CHAPTER 3: EXPIRMENTAL PROCEDURE AND
METHODS

3.1 Experimental M aterials and Apparatus

3.1.1 OSPW and Chemicals

Raw OSPW was collected July 2012from Pond 7, located at the Suncor
Energy Inc. facility in Fort McMurray, Alberta, Canada. The OSPW was
preserved in the polyvinyl chloride barrels and stored at 4°C in a temperature
controlled room at the University of Alberta. Before experimentatiorR\WSvas
stirred vigorously with a mechanical mix@vleidensha Corp Tokyo, Japar to
dissipate suspended solids throughout the water, and warmed to room temperature
(22 £ 1 °C). The OSPW characteristics are presehadte 31.

Prior to operating CIMF processes fothe treatment of OSPW, different
concentrations (0 to 60 mg/L) of alum ¢80Oy)s-18H0, Fisher Scientific, Fair
Lawn, NJ, USA) and(0 to 60 mg/L) ofPAC ( Al(OH).Cls.n, Fisher Scientific,
Fair Lawn, NJ, USA) were examined to determine thé@mpn dose of alum and
PAC fortheefficient membrane filtration. Chemicals usedlhexperiments were
analytical grade and were used with@wther purification. Fresh stock solutions
of coagulants (25.0 g/L as aluon PAC) were prepared for all expemmts and
were diluted before applicatioMilli -Q water (Millipore Corp., Bedford, MA,
USA)wi t h a r es i s-m and coryductvity ledsghar?l uSigmas

used for dilution and other use.
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OSPW

Table 3-1 Characterization ahe SuncorEnergyIncPond 7 6.s
Parameters Average
pH 7.20
Conductivity, uS/cm 3671.5
Turbidity, NTU 25.9
Total organic carbon (TOC), mg/L 41.2
Chemical oxygen demand (COD), mg/L 134.6
Total suspended solids (TSS), mg/L 21.2
Total dissolved solids (TDS), mg/L 1906.2
Acid extractabldraction (AEF)mg/L 31.9
Silt density index (SR) 6.25
Average jarticle size, nm 696.8
Magnesium, mg/L 30.62
Calcium, mg/L 25.90
Iron, mg/L 0.24
Manganese, mg/L 0.08
Silicon, mg/L 5.66
Fluoride, mg/L 1.90
Chloride, mg/L 1291.3
Bromide, mg/L n/d
Phosphate, mg/L n/d
Sulfate, mg/L 60.6
Nitrate, mg/L 0.92
Sodium, mg/L 705.1
Potassium, mg/L 13.1
NAs, mg/L 7.2

n/d: not detected
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3.1.2 Microfiltration and Reverse Osmosiembranes

Four membranes were used in the present sttishee types of flasheet
ceramic membranes: unmodifie8jO,-and TiO2>-modified ceramic membranes
(MeidenshaCorp, Tokyo, Japar) were applied for MF treatment and one
commercialflat-sheet polymeric membrane (GEmonics, Fairfield, CTUSA)
was used for RO treatment. The MF membsaaee designed to remove
particulatesand the RO membrane is purported to desalinate OSPW. The ceramic
MF membrane unitsonsisted of two layers: a ceramic membracigvelayer and
a base layer. The surface charges of modified and unmodified membranes were
measured by etaszer Nano Z8Valvern Instruments Cdylalvern, UK). For the
aluminabased ceramic membrane, the -&ectric point determined from
measuring theeta potentiais usially within the range of-8.4 (Kosmulski 2009;
Mullet et al, 1997) Figure 31 present a crossectional image of the tested

ceramic MF membrane unit structure.

»
: Membrane .
layer <— Base layer
Channel
2
= Waste water »
N
B
i
a Permeate
o
™
R ]

Figure 3-1 Crosssection of ceramic melnane (Meidensh@orp., Tokyo, Japan).
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The polymeric RO thifilm composite (TFC) membranes were purchased
from the GE Osmonics (Fairfield, CT, USA). Before experimentation, the RO
membrane was soaked into M) water for at least 24 hours and then
compessed to achieve stable permeate flux. The properties of the ceramic MF
membranes and the polymeric RO membrane are listed in 3&ble

Table 3-2 Physicachemical properties of membranes

Thickness of

Membrane Material Rejection (%) pH Poroosny membrane
type range (%) active layer
Unmodified 95.10f0 . 1 ¢
MF Flatsheet ceramic  particles 2-12 444 49

(Al,05) (latex)*
SiO,- 97.10f O.
MF Flatsheet  modified particles 2-12 447 53
ceramic  (latex)*
TiO,- 97.00f O.

MF Flatsheet modified  particles 2-12 45 52
ceramic  (latex)*
Polyamide

RO Flat-sheet TEC 99.5 of NaCl 4-11 - -
*Supplied by JSR. Dynosphefé&s

3.1.3 Microfiltration and Reverse Osmod#embrane TreatmentyStem

Raw OSPW and Gpretreated OSPW were filtered through a Jpsmessure
submergedMF membrane system that consisted of the-dteet ceramic MF
membrane, a 30Q feed tank with a stainless steel mechanical stirrer, four
mechanical pumps.€., a feed water pump, two air pumps and a filter pump), a
membrane tank and a permeate tank. A data recorder was connected to the system
and automatically recorded the variation§ MP and filtration flow rate every 10
s. The MF systenwas automatically backwasd every 10 min for 30 secThe

MF ceramic membrane filtration setup is shown in Figuge 3

The RO filtration was conducted through a-tdale crosdlow filtration
module(SEPATM CF Il plate and frame cell, GE Osmonics, Fairfield, CT, USA),
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which had 140 cfof effective membrane area. Water was fed from a feed tank
(20 L) by a mechanical pump and transported by flexible staistess tubes to

inlet ports of the moduleTMP and feed flow rate were controlled by a pressure
gauge, baclpressure regulators, and bypass valves. Membrane coupons were
cleaned and soaked in M water and precompacted und&78 kPaor 24to

48 hours until a steadystate flux was obtained. Btographs and a schematic
diagram of the RO membrane setup are shown in Fig3re 3
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Figure 3-2 (a) Images of MF ceramic membrane treatmerstystem (1)
transportable membrane test unit panel, watengs, air pumps and flow meters;

(2) feed tank and a mechanical stirrer; (3) membrane and permeate(4ardata
recorder; (5) membrane test unit and feed tank. (b) Schematic diagram of MF

filtration process.
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Figure 3-3 (a) Images ofRO polymeric membrane treatment systgt) RO
filtration system; (2) RO membrane module and mechanical pump; (3) feed tank,
overhead stirrer and electrical scale; and (4) RO membrane and membrane

module. (b) Schmatic of RO filtration system.
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3.2 Experimental Procedure

3.2.1 CoagulationFlocculationExperiment

The optimal concentrations of coagulants in CFS and CF determined
prior to MF runs The reason that CF process was selected for the chemical
modification of feed water was to mitigatéhe formation of fouling in the MF
process thatvas largely caused by solid materials, such as sand, silt and clay.
Coagulation tests were conducted with alumiroased coagulant$?AC and
alum were added in different doses (0.5lmd mg/L, 2 mg/L, 5 mg/L, 10 mg/L,

20 mg/L, 40 mg/L, and 60 mg/L). The optimization of coagulant concentrations in
CF process wabased on changes aeta potentiahnd average particle siz&€F

was also conducted at pH 10 (s&=tion4.2.1 for explanaibn), 1 M sodium
hydroxide (NaOH) was used to adjusted pHhe optimization of coagulants
concentrations in CFS wadmased orturbidity changedefore and after CFA jar
tester unit consisting of six-R2 square jars and mechanical paddles-{PB 0 E
Standard JarTester, Phipps & Bimt., Richmond, VA, USA) was used for the
CF processThe mixing intensityand times wereas follows: rapid mixing for 30
seconds at 12fpm and slow mixing for 10 minutes at 30 rpm (Pourreeaail,
2011). CF experiments were conducted at room temper@fre 1 °C) Samples
were collected through the sampling ports on each jar directly after the CF process
for measuremestof zeta poential and average particle siz&eta potentiabnd
average particle sizeere measurelly Zetasizer NanoMalvern Instruments Co,
Malvern, UK). Turbidity was measured before and after sedimentation. An image

of the coagulation test sap is shown in Figre 34.
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Figure 3-4 Jar test unitith coagulated OSPW

3.2.2 Microfiltration Experiment

The ceramic MF membrane was immersed in a membrane tank filledheith
feed water. Under pressurized suction, permeadeed across the membrane
surface into the channel and then permeateeftbinto the permeate tankEach
membrane filtration run in this study comprised of two stagjbe purpose of the
first stage was to concentrate impermeable constituents in thevéded In the
first stage, 25 L of OSPW ave continuously filtered by the membrane for 11
hours to generate 20 L of permeate: 10 érastored in a permeate tamk the
membrane systerand the othetO L were kept in a separate containeithout
recycling b the membrane systeniRetentate generated in the membrane tank was
recycled to the feed tank. total 15 L of OSPW remained in membrane system
afterthe first stage. The second stage commenced after thestiage operating

the remaining OSPWih the ystemfor additional 7 day®r more In this stage,
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permeate continually flew back to feed water tank as well as the retentate. The
purpose of this stage was to test membrane stability under highly concentrated
feed water conditionsThe MF treatment wasegerally operated until TMP
decreased te35kPa, after which chemical cleaning with 0.1% (végdium
hypochlorite(NaOCI) was conductedNaOCI is a caustic analxidizing chemical
agent that can effectively dissolve organic and inorganic fou{@otsdervan and
Roffel, 2007). Its high instant cleaning rate and overall membrane cleaning
effectiveness have been reported (ZondervanRaoftel, 2007).During chemical
cleaning membrane was soak&ud NaOCIsolutionfor 1 hour. Milli-Q water was

used to wash theemaining NaOCI solution off the membrane before membrane
was placedack to membrane tankor Runs 5 and 6, feed water pH was adjusted

to 10 by adding 1 MNaOH after CF procesdMF filtration process is presented as
the flow chart below (Figure-8). Detailed descriptions 08 runs are listed in
Table 33.

Not recirculate (| 10 liters of
to feed water permeate

25 liters | 35-3mL/min | Rexirculate .
> > Redentate Recirculate
of OSPW to feed water to feed water Permeate
.| 15 liters of 35.3mL/min -
feed water
Recirculate | Retentate
to feed water |
L Stage 1 >L Stage 2 >
Filtration for 11 hours Contnuousfiltration for 7 dgs

Figure 3-5 Membrane filtration processes
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Table 3-3 Detailed descriptions of OSPW filtration runs

Run#  Description of Run Conditions
Runl  MF (unmodified  Net flux = 45 L/ngh (suction pump set at 35
ceramic membrane) mL/min)
with raw OSPW i Flow rate of membrane aeration = 1.13 mL/min
i Backwash cycle = 10 min, backwash duratior
0.5 min
Run2 DirectCF (20 mg/L 9 Net flux = 45 L/mdh (suction pump set at 35
PAC) followed by MF ~ ML/min)
i .9 Flow rate of membrane aeration = 1.13 mL/min
(unmodified ceramic
9 Backwash cycle = 10 min, backwash duratior
membrane)
0.5 min
Run3 Direct CF (10 mg/L  q Net flux = 45 L/nfh (suction pump set at 35
alum) followedby MF ~ ML/min)
i . 9 Flow rate of membrane aeration = 1.13 mL/min
(unmodified ceramic
9 Backwash cycle = 10 min, backwash duratior
membrane)
0.5 min
Run4 Direct CF (30 mg/L  q Net flux = 45 L/nfh (suction pump set at 35
alum) followed by MF ~ ML/min)
i .9 Flow rate of membrane aeration = 1.13 mL/min
(unmodified ceramic
9 Backwash cycle = 10 min, backwash duratior
membrane)
0.5 min
Run5 Direct CF (10 mg/L  q Net flux = 45 L/nfh (suction pump set at 35
alum with OSPWpH mL/min)
adjusted to 10) I Flow rate of membrane aeration = 1.13 mL/min
followed by MF i Backwash cycle = 10 min, backwash duratior
. . 0.5 mi
(unmodified ceranai min
membrane)
Run6 Direct CF (10 mg/L  q Net flux = 45 L/nfh (suction pump set at 35
alum with OSPWpH mL/min)

adjusted to 10)
followed by MF
(unmodified cereic

membrane) and RO

= =4

Flow rate of membrane aeration = 1.13 mL/min
Backwash cycle = 10 min, backwash duratior

0.5 min
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Run7 Direct CF (10 mg/L  q Net flux = 45 L/nth (suction pump set at 35
alum) followed by MF ~ ML/min)
(SiO-modified fI Flow rate of membrane aeration = 1.13 mL/min
_ 9 Backwash cycle = 10 min, backwash duratior
ceramicmembrane)
0.5 min
Run8 Direct CF (10 mg/L  q Net flux = 45 L/nfh (sucton pump set at 35..

alum) followed by MF ~ ML/min)
(Si0,-modified 1 Flow rate of membrane aeration = 1.13 mL/min

_ 9 Backwash cycle = 10 min, backwash duratior
ceramicmembrane)

0.5 min
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3.3 Sample Analysis Techniques

Raw OSPWpermeats after the firstandthe second stage were characterized
in terms of pH, condtivity, turbidity, AEF, TOC, SD§, COD, TSS, TDS,
averageparticle size,metak (sodium, potassium, magnesium, calcium, iron,
manganese and silicoapions ¢hloride, bromidephosphate, sulfate and nitrate)
and NAs. The pH, conductivity, turbidity and TOwere monitored every day
during the second stage. Feed water ageond stage was also characterized for
pH, conductivity, turbidity and TOC.

3.31 pH

pH is a measure of acidity or basjcof aqueous or other liquid solutions
(Wang, 2014). pH can signifiantly affect water and wastewater treatmetit
respect toefficiency and effluent quality. An Accumet XL60 pH/conductivity
meter (Fisher Scientific, Fair Lawn, NJ, USA) was used to measure the pH of
OSPW. Three buffers with pH of 4, 7 and 10 were usezhlibrate the pH meter.
pH analysis was conducted according to Standard Method-EM5@merican
Public Health Associatiqr2005).

3.3.2 Conductivity

Conductivity is a measure of an agueous
electric curren{Wang, 2014). An Acaumet XL60 pH/conductivity meter (Fisher
Scientific Inc., Fair Lawn, NJ, USA) was used to determine the conductivity of
OSPW ata room temperatur¢22 + 1 °C) Conductivity was analyzed based on
EPA Method 9050 A (EPAL996).
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3.3.3  Turbidity

Turbidity is the hammess of a liquid caused by silt, sands bacteria chemical
precipitates, etc. that are not visible to naked e{#sng, 201&). In the
experiments, turbidity was measured in nephelometric turbidity units (NTU) by
using a digital nephelometric turbidimete®rpeceHellige Inc., Sarasota, FL,
USA). Procedures were based on Standard Method 2130 (American Public Health
Association, 2005).

3.3.4 Total Organic Grbon

TOC is the total amount of carbon bounds in organic compo(Wwdsg,
20114). In this study,TOC in thesample was measured by an Apollo 9000 TOC
combustion analyzer (FOLIO Instrument Inc., Kitchener, ON, Canada). The TOC
analyzer used the higlemperature combustion method, where organic carbons
were oxidized to carbon dioxide by combustion at 680 °C antreally flushed
pure oxygen. All samples were analyzed in relation to a bi&fiki -Q wate).

Blank and potassium hydrogen phthalate standards were used to calibrate the
instrument. The standard curve was calculated using Apollo software TOC Talk
(Teledyne Tekmar, Mason|A, USA). All calibrations and sample operation
procedures were based on the Apollo 9000 TOC system Manual (American Public
Health Association, 2005).

3.3.5 ChemicalOxygenDemand

COD is an indirect method to determine the concentration rgfaric
compounds in watefWang, 2014). In this project, a CODdigestionreactor
(Bioscience Inc., Allentown, CO, USA) and a DR 3900 Benchtop
SpectrophotometerHACH company Loveland,CO, USA) were used for COD
determination. HACH COD digestion reagenils that contained digestion
reagent ranging from 3 to 150 mg/L were used for COD melamsunts A 2 mL
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of sample was added into reagent vials for digestioithe experiments, sample
vials were inserted i€OD digestion reactor and heated at 150 °C ftwo@rs and
cooled down to the room temperatu(@2 = 1 °C) before colorimetric
determination.The spectrophotometer was utilized to measure the absorbance at
420 nm. The reference solution was a digested blank with 2 MillofQ water
Preprogrammed CODcalibration method within the spectrophotometer was
applied to directly yield the COD concentrations.

3.3.6 Total Suspendedolids

TSS was determined by gravimetric analysis referred to Standard Methods
2540 D(American Public Health Association, 2005)hewell-mixed sample was
filtered through a weighted standard fiberglass filter with frpore size and 24
mm diameter. The residual retained on the filter was dried to a constant weight at
103 ~ 105 °C. Tis weightis defined as TSS. The concentration of solids is
expressed as the ratio of mass per volume (mgQQ.mL of samplevas useddr
determination of TSS, as the TSS in OSPW after membrane filtration was

expected to be low.

All Gooch crucibles were dried with filters in them at 105 + 2 °C overnight

and placed in desiccators to cold them down to room temperature before using.

3.3.7 Total DissolvedSolids

TDS is a measure of the portion of total solids in a solution that passes
through the filter. More specifically, a wathixed sample was filtered through a
standard glass fiber filter. The filtrate was evaporated and dried to a constant
weight in a weighted evaporating dish. The increase in the dish weight was
defined as TDS. Before measurement, evaporating dishes were rinsed and heated

in an oven atl05 + 2 °Covernight. The disheswere placedn desiccatorsaand
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dried to ambient temperate before usingTDS measurement was referred to
Standard Method 2540 @merican Public Health Association, 2005).

3.3.8 lon Chromatography

lon chromatography (IC) is a measure of the anions suclhchdsride,
bromide, phosphate, sulfate, nitrateitrite, etc., and cations such asodium,
calcium potassium magnesium etc. in mg/L quantities. The measuremest
basedon the different levels of affinity between the ionic speaiegbasic anion
exchanger (American Public Health Association, 2005). lon chiagraph (DX
600, Dionex, Sunnyvale, CA, USA) with an autosamg@onex, Sunnyvale, CA,
USA) was employed to analyashloride, bromidephosphate, sulfate and nitrate

ionsin samples.

3.3.9 Inductively Coupled Plasmislass Spectrometry

Inductively coupled plaseamass spectrometry (IGHKS) is designed to
determine the trace metadsch assodium, calcium potassiyrmagnesiumetc.
in water (Wang, 2014). This measurement is achieved by sample atomization
and ionization after passing by an inductively heatedsnpéa torch at high
temperature. lons identification @nductedaccording to their mass to charge
rations. A multicollector Nu Plasmd' inductively coupled plasma mass

spectroscop(Nu Instruments Ltd., Wrexham, UK) was used in the experiments.

3.3.10 Naphthent Acids

NAs represent a complaxixture of carboxylic acids including linear and/or
saturated ring structures (Allen, 2@)8 The classical formula of NAs is
CrH2n+ 5. In this study, the chromatographic separation of NAs was performed
by an ACQUITY UPLC $stem Waters Corp., Milford, MA, USA Samples
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were filtered through the 0.45 filter, and filtrates were used for the analysis
(Alpatovaet al, 2013.

3.3.11 Acid ExtractableFraction

AEF is referred to NAs, oxidized NAs and other aekiractable organic
fraction in OSPW whose concentrations can be determined together by using
Fourier Transform Infra Red (FIR) spectroscopyRourrezaeket al, 2013) To
determine the concentration AEF in OSPW, samples were acidified first and
targeted organics were extradt from the aqueous phase OSPW with the
methylene chloride (Fisher Scientific, Fair LawNJ, USA). Then Fourier
Transform Infra Red (FIR) spectroscopy 100 FTFIR Spectrometer,
PerkinElmer, WalthamMA, USA) was used to measure the concentratiohbF
by recoding the two peak heights of the spectrum at 1743 and 1706 the
combined peak heights were then compareithéstandard calibration curve that
was obtained witla Fluka NAs to calculate th&EF concentration of an unknown
sample. The extréion and FFIR analysis procedures weperformedaccording
to Jivrajet al.(1996.

3.3.12 Silt Densitylndex

SDI is a measuref fouling potential of water ilRO. SDI measure referred to
the Standard Test Method for Silt Density Index (SDI) of WatAmerican
Society for Testing Materials1995. A SDI-PU kit (Applied Membranesnt.,
Vista, CA, USA) was employed in the experiments. In this study, OSPW was r
through a 0.45 micron filter at the constant pressur206f7kPathroughout the

test. The SDI 5 minutewas performed with 500 ml sample size test.
Formula for calculating the SDI is as follows:

SDI= (1-Tinitial/ Ttinar) *100/t
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Tinitiar: the time to filer initial 500 mL of water
Tina: the time to filter final 500 mL of water

t: in this project tis 5 min

3.3.13 ScanningtelectronMicroscopy and Energylispersive Xray
Soectroscopy

SEM is a microscopic method that produces a focused beam eémgghy
electrons to generate various signals at a solid sample s(ytten, 2003) It
reveals information about ¢hexternal morphology and composition of a sample.
EDX is an analytical technique for identifying the elemental composition or
chemical characteristics of materf@Velton, 2003) It depends on the observation
of an interaction of the excitation of-bay gectrum in a sample. In this study,
membrane surfaces before and after OSPW treatment were analyzed by SEM
(Vega3, Tescan Inc., Cranberry, PA, USA) and EDX (Oxford Instruments,
Abingdon, UK). Prior to SEMEDX imaging, membrane specimens were sputter
coatedwith an approximately 10 nm layer of gold to make them electrically

conductive.

3.3.14 AtomicForce Microscopy

AFM images were obtained using a MBP microscope (Asylum Research,
Santa Barbara, CA, USA) in air at a room temperatRPet 1 °C)in the tapping
mode. A rectangular silicon probal{minium reflex coated) with a cantilever
spring constant of 42 N/m and a frequency of 300 kHz was used. A nominal tip
height was 11 um with an apex radius of 9 nm and a side angle of 35°. Samples
were scanned at a radé 1.0 Hz at 500 nm depth, with a scan size 20 um by 20

jm.
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CHAPTER 4: RESULTS AND DISSCUSSION

4.1 Optimization of alum and PAC Dose for MF Process

4.1.1 CF Test forSelectingOptimal DosesOf alum and PAC

Fine particulates in OSPW can flocculate and settle naturallyinbaitvery
slow manner due to the higteta potentialof particles, which causes strong
interparticles éepulsion forces (Wang, 204)L Coagulation destabilizes the stable
suspensios of particles by reducingeta potentialMetcalf and Eddy, 2003).
Destalilized fine particulates coalesce or adsorlaltaminum hydroxide Al(OH)5)
precipitates, forming larger flocs which can be easily gravity settled or membrane
filtered (Crittenden, 2006; Tansel et al., 1995). In additi@ta potentiabf the
flocs also #ects the attraction forces between the membrane and flocs, which can
lead to the buileup of fouling on membrane surfaces (Ken al, 2007). The
effect of PAC and alum concentrations on OSPW average particle size and zeta

potentialat neutral pHare shavn in Figure 41.
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different doses of PAC and aluaih neutral pH
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The average particle size in the raw @SR approximately 700 nm. As PAC
and alum concentrations increase, average particle size in OSPW increases due to
the formation of insoluble metal hydroxides after addition of alumibased
coagulants (Kim et al., 2011). The ceramic membrane used irsttidy could
reject all particulates over the sizes of 100 nm; therefore alum and PAC
concentrations around 10 and 20 mg/L, respectively, could allow the removal of
particulates by the ceramic membrane (FigufeaXl The charge neutralization of
PACandaim i s different; it relies on the ion
coagulant dosages (Aktas, 2013). As alum and PAC concentrations increase,
particul ateds zeta p3dtoR2mViaadlfrem3Rw-260SPW r i s e
mV for alum and PAC coagatled particles, respectively. Figure24shows the
correlation between the zeta potential wifmodified ceramic membrane and
s o | u tpH. ®he éuscomef membrane fouling depends the balance between
electrostatic interaction and hydrophobic/hydrophiliateraction between
membrane and fouling materiglsiu et al., 2001) Electrostatic interaction results
from the surface charges of membrane and fouling, and hydropméiadtion
originates from the Van der &dls attractive force bs&een two moleculawhen
they approacleach other Therefore, electrostatic repulsive force is a principal
mechanism to keep membrane and foulants afiau et al.,, 2001) The
unmodifiedceramicmembrane is positively charged at neutral pH, while the zeta
potential of theOSPW solid matters is negative at the same pH {86.1mV in
neutral pH). Thiscan lead to a strong electrostatdtraction between the
membrane surface and particles. Although increasing the dosage of coagulants can
largely lessen these attractivedrdctions, a high dose of coagulants, on the other
hand, can increase operational costs and raise the concern about the environmental
impact due to the residual coagulants in OSPW. Thus, using a relatively lower
doseof chemical coagulant is beneficial froboth environmental and economical
points of view. A 10 mg/L of alum and 20 mg/L of PAC appear to be the
minimum concentrations enabling optimization of average particle size and zeta
potential of coagulated OSPW. Therefore, those concentrations werteddiar

the conditions of Runs 2 and 3nmembrane filtrations
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4.1.2 CFSTest forSelectingOptimal Doses of alum and PAC

Figure 43 shows the effect of alum and PAC concentrations on OSPW
turbidity in the CFS treatment. The optimum concentration of alum and PAC in
CFS process is generally determined based on the lowest turbiditiieof
supernatant after sedimentation (Kim et al., 2(durrezaei et al.,, 2011). The
results show that more than 50% of OSPW turbidity is removed when alum and
PAC were applied in the ranges of 60 to 90 mg/L and 80 to 90 mg/L, respectively;
beyond these ranges an increase in turbidity occurred. This phenomeaiyobe
resulted from a restabilization of the suspended solids after incre#sing
concentration of positively charged hydrolysis products (Pourrezaei et al., 2011).
Thus, 60 mg/L alum and 80 mg/L PAC are the minimum doses of coagulants
which allow forthe removal of maximum amount of solids. Comparing coagulant
concentrations used in CFS process to the concentration of alum and PAC used in
CFKMF process, it is obvious that not only did -@F substantially lower the
concentration of alum demanded (whistbeneficial for both operational cost and
environmental impact), but also produced an extremely low turbidityhef
effluent (0.8 NTU) (Table 42).
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4.2 Unmodified Ceramic M embraneFiltration Performance

4.2.1 UnmodifiedMembraneFiltration Performance

The membrane filtrations of raw and coagulated OSRi® evaluated by
the changes in TMP over the operation time. The detailed experimental plan is
shown in Table 8. The TMP in the second stage Runs 1 to 4started
decreasing at approximately kPa because it had already slightly declined by 2
kPa fran -7 kPa during the 11 hours in thestistage as shown in Figuregd, 4
5a, 46a, while TMP in Runs 5 and 6 did not change during the first Sfeigares
4-7a and 48a). The average turbidity cDSPW at the beginning of all runs was
25.9 NTU (Table3-1). After thefirst stagethefeedOSPW was concentratedth
the membrane rejects, showing tarbidity two-to-three timeshigher thanthe
initial OSPW (as shown in thd@able of each run in Appendix B). Thisdicates
that the TSS was highly concentratedafter the first stage.For all runs the
membrane surface was clean and fouling layer was not visually apparent in the
first stage, in the second stage TMP decreasadaas particles accumulated on

the membrane

Run 1. MF membrane treatmentith raw OSPW In the Run 1 (Figure 4
4b), two chemical cleanings were performed after 27 and 94 hours of operation. A
steep decline in TMP withifirst 24 hours was observed due to the higher level of
deposition of solidon the membrane surfacktter first chemicalcleaning,96%
of TMP was recoverednd after second chemical cleaning, 90% of the TMP was
recovered,suggesting thalNaOCI| was able to removahimost of irreversible
foulants on the membrane surfa8et asthe timeof chemical cleaning increases,
the eficiency of chemical cleaninfpr raw OSPW fouleadnembrane seemed to be

diminished

53



0
10 g
b 2 chemical cleanings
51 b %
B W 3
< < %.. ...o ..-
o 0 a .. - -
< < -20 H ..- ..-
5 . SN W Y B!
T -‘\._-\I—I—H—I—I—I—I—l\.—: " ... .?..% -.-
: R LY
-304 1] e [
-10 E s ] [
[ [ X}
aRNE. ]
‘15 T T T T T T T T T T 1
0 2 4 6 8 10 0 18 Ye—=86 120 144 168
. . b L
(@ Operation time (hour) (b) Operation time (hour)

Figure 4-4 Simplified TMP data at (ajirst stage and (lgecond stage of Run 1.
The aiginal TMP data are shown indtire Al in Appendix A.

Run 2. CFMF membrane treatment with 20 mg/L PA€oagulated OSPW.
Figure4-5b shows TMP changes during the second stage of Run 2. In the second
stage, only one chemical cleaning was perforraétér 49 hours,and TMP
reached35 kPaat the end ofiltration. A 93% recovery of TMP in Run 2 showed
that chemical cleaning was capablere$toring the TMP ofouled membrane
with PAC-coagulated OSPWComparing to Run 1, CF pretreatmemtRun 2
contributed to a slow accumulation of membrdmeling and, as a consequence,
less frequent demand of chemical cleanWfith the addition of PAC, the rate of
TMP decreaseaslowly declined which may be attributed tthe enlarged size of
particles The use of PACdecreasedhe adsorption of small partes in the
membrane pores and promoted a buitdof a more permeable cake layer than the
cake layer formed by the raw OSPW partidlésiigui et al., 2002)Thelarge and

porousparticles deposited on the membrane surface can also be easily scrubbed
away by the automatically generated air bubbles, thus protecting the membrane
from foulants (Howe anlark, 2006). Another possibleasonof the membrane
fouling reduction is thathe zeta potential 0©OSPWincreased witHP AC addition,
asshown in Figured-1b. This resuked in a reduction in attractive forces between

the particles and the membrane surface (Crittenden, 2005pabdvwementioned
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mechanismded to a decrease in flow resistan@nd correspondingly a lower
pressurevasrequired for water molecusetransport as compared with the higher
pressure needed in Run 1.
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Figure 4-5 Simplified TMP data at (a) first stage and (b) second stage of Run 2.
The aiginal TMP data are shown in Figure A2 in Appen4.

Run 3. CFMF membrane treatment with 10 mg/L alurnoagulated OSPW.
Run 3 was performed with 10 mg/L alcoagulated OSPW. Two chemical
cleanings were performed after 74 and 144 hamgboth chemical cleanings
recovered 100% of TMPAfter the first chemical cleaimg, the TMP gradually
dropped to20 kPa butit steeply decreased fror0 kPa to-35 kPa in the second
stage. This sudden drop in TMP was likely a result of a shift in the position of the
air bubblesduring membrane filtratianAs such, e air bubbles were naible to
displace foulingresuling in a quick accumulation of foulants on the membrane
surface. As shown in Fige 46b, therate of TMP decreasan second stage of
Run 3was much slower than in Run. Dur results demonstrated thbHd mg/L
alumcoagulated OSPW particldRkun 3) exhibited similar zeta potentials and
average particle size valuas20 mg/L PAGcoagualted OSPW patrticleRyn 2,

shown in Figure 4.), indicating the observed slow decrease of TMP in Run 3 was

55



not resultedrom the coagulated particle surface charge or average particle size,

It is hypothesized thaT MP decr easing rate was affectei
permeability that wasli r ect |y deter mined by the coagu
(strength and shapeffloc daracterization study has shown that alum and PAC

form very distinctive sadl phases (Wang et al., 2008)AC-coagulatedflocs

normally appear as clusters of small spheres or dhanstructures (kegging

structure) that are denser than alum precipitateg;h are composed of the fluffy

and porous structures (hexametric ring structure) of alum hydrolyzed species

(Shen, 1992; Bertsch, 1987). From the reported membrane fouling studies, PAC
formsatigherc ake | ayer compared to2@l;dands | oose
et al.,, 2012). With respect to these findings, dlifferencein the rate ofTMP

decreasdetween Run2 and 3 may be attributed to the effect of the lower cake

formation potential of alum as compared to PA®erefore, alum can generate

beter membrane performance than PAC in terms of TMP decreasind-uhtee

characterization of the surface morphology and particular chemical properties of
OSPWHfouled membranes by different coagulants should be conducted to clearly

understand the mechanisirhcoagulated OSPW fouling.
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Figure 4-6 Simplified TMP data at (a) first stage and (b) second stage of Run 3.
The original TMP data are shown in Figure A3 in Appendix A.

Run 4. CFMF membrane teatment with 30 mg/L alurtoagulated OSPW
In order to investigate the effect digher alum concentratioon membrane
fouling behavior the concentration of alum was increased to 30 mghlemical
cleaning was conducted after 102 hours and 96% of TMPre@s/ered.The
TMP changes as a function @berationtime are shown in FigureZ A relatively
slow decrease in TMP was achieved in Run 4 after increasing the concentration of
coagulant. This improvement membrane performanagas mainly arising from
the increase in zeta potential of OSP¥fticles(Figure 41b) instead ofaverage
particle sizs, as the average particle sizes at kathm concentration§10 and 30
mg/L) were similar (Figure 41a). The zeta potential of altiwoagulated OSPW
particles waslightly increased by 12.2%, fror28.5 mVat 10 mg/L alum to-25
mV at 30 mg/L alum (Figure 4b). The higherzeta potentiabf OSPW resulted in
a redution in the attraction of particles tdhe membranesurface whichwas
positively chargel at pH 78 (Figure 42). But the increasen alum concentration
from 10 mg/L to 30 mg/L did not significantly reduce ttate of TMP decrease.
Correspondinglythe membrane foulingvas less significantlynfluenced bythe

alum concentrations
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Figure 4-7 Simplified TMP data at (a) first stage and (b) second stage of Run 4.

The aiginal TMP data are shown in Figure A4 in Appendix A.

Run 5. CFMF membrane treatmentith 10 mg/L alumcoagulated OSPW

at pH 10. It is geneally accepted thammembrane surface chargan exert a

pronounced influence on the membrane fouling and filtration performaraek (

1991). To further investigatethe relationship betweemembrane surface charge

andmembrane foulingmembrane filtratiorwas performed witlincreasingpH of
10 mg/L alumcoagulated OSPWo 10. The isoelectric point (IEP)of the

unmodified ceramic membranes used in this study was found to be between pH 8

to 9 Membrane surface is positively charged at pH below IEP and nelyativ
charged at pH above IHRs shown in Figure-2). The pH ofOSPWused in this

study is in the range 7 8 (Table 31). Therefore, theunmodified ceramic

membrane would exhib@ positively charged surface in the presence of OSPW

and this positively chge resuled in the attractive forces between the negatively

charged

particles

n

O S (KiW etaaln 2011 Wilhen me mbr an e

the pH of feed water was increased to 10, the surface charganaidified

ceramic membranavas negative. As such, éhrepulsive forces between the

particles

fouling.

and t he

me mbr ane

may

| ead
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However, pH changes magfluencethe value ofzeta potentiand average
particle sizeof coagulated OSPWmaking the optimal coagulamrondition no
longer suitable for MF at a higher gi{im et al., 2006; Slavik et al., 2012; Zhao
et al., 2011) Therefore, before conducting Run 5 we examineczéta potential
andaverage particle sizef coagulated OSPW with 10 and 20 mg/L of alum and
with10 and 20 mg/L of PAC at pH 1(0Ohese results were comparedith the
corresponding onesieasurecat neutral pHoefore (in Section 4.1.1Figure 48
showsthe zeta potential and average particle size of alkmd PAC coagulated
OSPW at pH 7 and 1@verall, pH showed strong influence dhe zeta potential
and average particle size BAC-coagulatedDSPW but had little impact orihe
zeta potentiaind average particle seef alumcoagulatedOSPW As it can be
seen, for 10 mg/L and 20 mg/L of alumetketa potentialof OSPW at pH 7 ere
very similar to the zeta potentabf OSPW at pH 10 (Figure-&a), while the
average particle sizes of 10 mg/L akewagulated OSPW at pH 7 and 20 mg/L
alumcoagulated OSPW at pH 7 were relatively decreade pH increased to
10 (Figure 48b). In contrasthigherpH caused #&airly largeincreag inbothzeta
potential and average particle size for Ré@agulatedOSPW Thus, it can be
concluded thapH adjustmendid not significantly affect the Cwith alum
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Figure 4-8 Effect of pH on (a) the zeta potential of ahomagulated OSPW; (b)
theaverage particle sizef alumcoagulated OSPW; (@eta potentiabf PAC-
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For Run 5, 10 mg/L of alum wasppliedfor CF pretreatment of OSPW and

the feed water pH was adjusted ta A8 it can be seeim Figure 49a, TMP did

not decline during the first stagEigure 4-9b shows that no chemical cleagin

was required during 7 days of the second stage operation. In order to further

eval

alum with feed waterpH adjusted tol 0 ) ,

uat e

t he membraneos

t he

sustai nabi

second

extended to 11 day&s indicated by the red dashed line in Figusgby As
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expected, the TMP was maintained for considerably longeritirRin 5than in

Run 3 due tdhe significantly slower fouling accumulatioithe TMP dropped te

35 kPa at 228 hours aad93%recoveryof TMP after chemical cleaning indicated
that NaOCI was still effective in detaching the fouling layer after longer operation
times. It is noted that the high pH and/or long operation time may impact the
effectiveness of TMP recovery because a relativady dlecrease in TMP after the

chemical cleaning was only observed in Run 5.

Sincethe zeta potentisdndaverage particle sizef OSPWparticleswere not
significantly affected by the increasing pH, the reduced affinity between the
particles and the memdme surface was a result of decreagieig potentiabf the
unmodified ceramic membrane. As shown in Figure, dzeta potentialof the
membrane surface decreased from 10 mV at the natural OSPW-£H oV at
pH 10. It is likely that an electrstatic repusion was generated between the
particles and the membraneurface which eventually mitigatedmembrane
fouling (Zhang et al, 2009). Correspondingly membrane fouling was

significantly influenced byhe unmodifiedceramic membrane surface charge.
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Figure 4-9 Simplified TMP data(a) first stage and (becondstage of Run 5.
The originalTMP data are shown in Figure A5 in Appendix A.
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Run 6. CFMF membrane treatmentwith 10 mg/L alumcoagulated OSPW
at pH 10. Run 6was conducted under the same operating conditions as Run 5 in
order to perform a RO treatment after the MF treatment. In Rtme@peration
was performed foi7 days and the permeate was used as the feed water for the
following RO filtration. As can be seen in Figurel®, the TMP decreasing rate

within 7 daysin Run 6 was in the accordance with the Run 5.
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Figure 4-10 Simplified TMP data(a) first stage and (b§econdstage of Run 6.
The orignal TMP data are shown in Figure A6 in Appendix A.

4.2.2 Permeate Qality afterUnmodified cerami®F Treatment

Tables 4-1 and 4-2 presentMF permeategjuality and selectedcomponent8
removal after first and secondstage, respectively The results show that
membrane filtration witunmodifiedceramic membrane can achieve satisfactory
permeate quality even under high concentration of rejects and high pressure in the
secondstage. After MF or CRMF processes, the turbidity, TOC, COD, TSS and
SDIs of permeatesni each run decreased, while other parameters, such as pH,
conductivity, TDS,AEF and NAs were maintained at their initial values. No

further reduction in each parametdter MF processwith CF was observed as
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compared to those after the MF procegthiout CF, implying that the influence of

CF pretreatment on permeate quality was
types or concentratios (Pate,et al., 1994). The removals of SS and turbidity
were more tha®3% in each runjndicatingthat ceramic NF treatment was able

to remove darge portion of suspended solidélowever, in most cases, M&nd
CKMF treatmens did not effectivdy remove theorganic speciesmeasuredas

COD or TOC (Tables 41 and 42). This suggestshat the large majority of
organic matter waseither dissolved in OSPW thereby was not trapped by
coagulant flocs during CF process, or was of a molecular weight too low to be
rejected by the membrane pores (Mad Kotecha 2011). pH also did not
influence the removal of organic and iganic specie®ecauseno enhancement

in permeateguality was observeth Runs 5 and @s compared to other runghe

less removal of organic species in all romsy be due to the insufficient coagulant
dose to initiate the sweep flocculation.

The SDIs remmoval was more tha®9 % regardless of the CF pretreatment
conditions Raw OSPW has a SPof 6.25 and thereforat could not be directly
applied as a feed to the RO system. Wite CFMF pretreatment, Slof MF
effluent was decreased tlmwer than 2 which is applicable to the direct RO
treatment (SDJ < 3) (ASTM, 2007). Moreover,in all 6 runs,the SD§ and
turbidity of permeate aftersecond stageshowed lower value than the
corresponding SRland turbidityof permeate afte(Tables 41 and 42). It is
likely because solids that were smaller than the membrane pore sizes were
removed by a cake of larger particles that feasiedon the membrane surface in
second stag€Crittenden, 2005; Gaet al, 2011). As mentioned in Section 4.2.1,
me mb r a n e 0 d&ter firad stdgéwag not visually apparent, and the slight
decrease in TMP during 11 hours of operation may irtipdythe cake layer was
not formedin first stage whichled tothe slightly higher turbidity and SPValues
(Gaoet al, 2011).However, Rin 6 showedinexpected higher values of S@hd
turbidity after second stage than after first stage. This may be caused by the

experimental error during the measurement ofsabdl turbidity.
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Table 4-1 MF pameate qualityandremoval ofselecteccomponentsifterfirst
stage of 6 run&ll waterquality parametersested for raw OSPW, permeate after
first, second and during second stagé membrane filtration runareshown in

Appendix B.

Turbidity, TOC, COD, TSS,
NTU mg/L mg/L mg/L

Feed, mg/L 25.33 41.40 124.00 2217 6.22

SDIs

Run1 Germeate, 096 3623 11233  1.00  1.89

mg/L

Removal, %  96.20 1249 941 9549 6961

Feed, mg/L 2405 4000 14460 16.06 6.73
Run2 Fermeate, 106 3440 13133 000 201

mg/L

Removal, %  95.60  14.00 918  100.00 70.13

Feed, mg/L 2050 4220 14530 1920 636
Run3 ermeate, 0.75 392 1347 000 1.85

mg/L

Removal, %  96.80 7.11 730  100.00 69.30

Feed, mg/L 2463 4171 13867 2117 6.15
Run4 ermeate, 079 3518 12533  1.00  1.89

mg/L

Removal, %  96.78  15.65 9.62  100.00 69.27

Feed, mg/L 2623  41.40 12833 22.00 5.92
Run5 Lermeate, 0.92 38.45  122.00 1.33  1.98

mg/L

Removal, % 9649 713 493 93.95 6655

Feed, mg/L 2373 4057 12667 2667 6.10
Rung ermeate, 0.62 36.05 117.00 175 1.64

mg/L

Removal, % 9739 1114 763 9344 7311
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Table 4-2 MF permeate qualitgndremoval ofselecteccomponentsftersecond

stage of 6 run&ll waterquality parametersested 6r raw OSPW, permeate after

first, second and during second stagé membrane filtration runareshown in

Appendix B.
Turbidity, TOC,  COD, TSS,  ¢p,
NTU mg/L mg/L mg/L >
Feed, mg/L 25.33 41.40  124.00 2217  6.22
Runl [ ermeate, 0.68 36.11 11433 150  1.52
mg/L
Removal, % 97.30 1278 7.80 9323 7556
Feed, mg/L 24.05 40.00 14460 16.06 6.73
Run2 ermeate, 0.90 35.77 13350 000  1.44
mg/L
Removal, % 9626 1058 7.68 100.00 78.60
Feed, mg/L 29.50 4220 14530 1920  6.36
Run3 ermeate, 092 39.2 139 0.00  1.35
mg/L
Removal, % 96.88 7.11 430  100.00 78.90
Feed, mg/L 24.63 41.71 138.67 2117 6.15
Run4 ermeate, 0.63 3490 126,67 0.00  1.30
mg/L
Removal, % 0744 16.33 8.65  100.00 78.86
Feed, mg/L 26.23 41.40 12833  22.00 5.92
Runs ermed, 0.61 36.93 12150 067  1.29
mg/L
Removal, % 9767 1080 5.3 9695 7821
Feed, mg/L 23.73 4057 126.67 26.67  6.10
Rune ermeate, 0.77 3605  117.00 1.75 n/a
mg/L
Removal, % 96.76 9.19 5.27 9531 n/a

n/a: not available
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4.2.3 PermeateQuality Analyss after ROTreatment

As shown in Table 8, RO treatment achieved high removal of organic
species in the OSPW as measured by TOC, CAHF;,, and NAs; the reductions
in TOC and COD were 98.0% and 100.0%, respectively. The most toxic
components in OSPW, NAsyere removedyy 99.3%which coincides with the
100% removal oAEF. Meanwhile, inorganic components (i.e., conductivity and
TDS) were removed from the raw OSPW bgre thar98.0%. The residual ions
in RO permeate primarily consisted of chloride and sodhawving concentrations
of 40.1 mg/L and 20.9 mg/L respectivelfhe remova of chloride and sodium
were 96% and 97%, respectivetiijs follows the typicatfemovas of monovalent
ions during the RO membrameeatment(> 95.0) (Kimet al, 2012b). The redis
of RO filtration demonstrated that theombined treatmentof RO and MF
generated a highly qualifiedermeate with respect to the overall removal of
organic and inorganic compounds. Thus, the optimizeeMEFprocess can be
applied as an effective OSPWegreatment to reduce suspended solids and SDI

contents prior to R@reatment
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Table 4-3 The emoval oforganic and inorganic compounds af#D treatment

Parameter Removal, %
Conductivity, uS/cm 98.2
Turbidity, NTU 98.6
TOC, mg/L 98.0
COD, mg/L 100.0
TDS, mg/L 98.1
AEF, mg/L 100.0
NAs, mg/L 99.3
Magnesium, mg/L 96.6
Calcium, mg/L 99.0
Iron, mg/L 100.0
Manganese, mg/L 100.0
Silicaon, mg/L 98.0
Fluoride, mg/L 94.6
Chloride, mdL 96.0
Sulfate, mg/L 98.6
Nitrate, mg/L 100.0
Sodium, mg/L 97.0
Potassium, mg/L 95.2
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4.2.4 UnmodifiedCeramicMembraneSurfaceCharacterization

Bare membraneand fouled membranester Runs 3, 4 and 6 were analyzed
by the SEMEDX. The TMPs at the endf®uns 3, 4 and 5 werd 2,-12 and-16
kPa,respectively Figure4-11 presents SEM images of the tested membraAss.
it can be seen in Figure-Mla, coarse grainef Al,O; were well distributed on
bare ceramic membrane surfaceFouled membranes treatewith coagulated
OSPWhad an obviouformation of a fouling layeand an aggregation of particles
on the membrane surfa@éigures 411b, 4-11c and 411d).

Compared to the bare membranal OSPWfouled membraneswere
completdy coveredwith foulants Depasition of large aggregates was observed on
the surfacesof fouled membranes from Runs 3 angHgures 4-11b and 411c).
This was probably due to the strong attraction of positively charged membrane
surfaceto foulants On the other handouled membranegrom Run 6 (Figure 4
11d) hada flatter andsmoothe surfacethan the other two membranéhough
relatively higher TMP {16 kPa) at end of Run 6 théimat of Runs 3 and 4 (both
12 kPa)implied that more fouling was accumulated i@ membranesurface
after Run 6 no visiblelargeaggregatesvere adher@to ths membrane. This may
be due tahe lower attraction of membramserfaceto foulantsat higher pHfeed
water. The higher finalITMP in Run 6waslikely due to aconsecutiver days of
membrane filtrationwith no chemical cleaning (Figure-¥)). In contrast,
membranes from Runs 3 and 4 both experienced chemical cleafiag$MP
reached-35 kPa(Figures 46 and 47). The differencesin membrane fouling
morphology between Ruf and Runs 3 and thay demongrate thatthe less
accumulation of particle aggregates lechtdlow TMP decrease&luring membrane
filtration which eventually extended the membrane performaame reduced

frequency of chemical cleanings
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Figure 4-11 SEM images ofa) bare membrangb) membrane treated with 10
mg/L alum-coagulated OSR; TMP at end of filtration wasl2 kPa (Run 3)(c)
membrane treated with 30 mgdlum-coagulated OSPWIMP at end of filtration
was-12 kPa(Run 4; and(d) membrane treated with 10 mgélumcoagulated
OSPW at pH 10; TMP at end of filtration wa$6 kPa(Run 6).
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Figure 412 shows the EDX spectrums bare and fouled membranes from
Runs 3, 4 and .6The atons showed in the EDX spectrum repres¢hée
composition ofceramic membrane and the membrane foulahiigminum and
gold (Au) were the most abundant components, due to the composition of the
ceramic membrane (i.e., As), coagulants (i.e. Alx(SQy)sA 1 80H and
Al2(OH)Cls.n) and surface coatingA(1). Figure 412a shows the bare membrane
surfacé® somposition. Bareeramicmembrane was only comprised of aluminum
and oxygen Due to membrane foulingall three fouled membranes showed
various atoms on the surface including silica, sodium, calcium, tassium,
magnesium and carbomhese atomsvereoriginated from the composition of the
solid species within the OSPW, such &aolinite (AbSikOs(OH),), illite
((K,H30)(Al,Mg,Fe)(Si,Al) 4010[(OH)2,(H20)]) and montmorillonite
((Na,Ca) 34Al,Mg) 2(SisO10)(OH).A n,E) which have shown to be the primary
constituents of clay in osands(Chalaturnyket al, 2002; FTFC, 1995) (Figuse
4-12b, 412c and 412d). These atoms presentedat high intensity in EDX
spectrumof fouled membrane from Runs 3 and 4Kigures 4-12b and 412c).
Thereforethe identified membrane foulants mainly consisted of the paliticles
in OSPW As mentioned above ifection 4.2.2, membrane filtratisrachieved
significanty lower TOC and CODremovas (Table 42), indicatingthat organic
substancedglissolvedin OSPW couldrarely be retainedoy membraneTherefore
carbon C) atomsthat were detected at relatively lower intensity by EBht
stem from carbonatiens or/and organics that adhered to the particéBer than

from thedissolvedorganic substances

Fouledmembrandrom Run 6 presentetthe mostficleard membranes surface.
In comparisorto the fouled membranes froRuns 3 and 4which exhibited very
similar composition of atoms)the intensity ofcalcium sodium and potassium
atomson fouled membrane from Runwas lowerand no potassium atomgas
detected Based on the comparisons of SEM images of Runé &8nd 6, it is
speculatedhat the signifiantly lower intensity of atoms may bascribed to the
less accumulationof particle agregates Therefore, membranesurface charge

could significantly mpactmembrandouling behavior.
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Ef;:uecztr'l.un 1

Figure 4-12 EDX spectrumsf (a) bare membranéh) membrane treated with 10
mg/L alumcoagulated OSR; TMP at end of filtration was12 kPa (Run 3)(c)
membrane treated with 30 mgdlum-coagulated OSPWIMP at end of filtration
was-12 kPa (Run 4); andd) membrane treated with 10 mgélum-coagulated
OSPW at pH 10; TMP at end of filtrain was-16 kPa(Run 6).

4.3 Surface M odified Ceramic M embraneFiltration Performance

4.3.1 ModifiedMembraneFiltration Performance

To investigatethe effect of the membrane surface chargethe membrane
fouling behavior,SiO,- and TiGQ-modified ceramic membrasevere selected for
further experimentsMembrane filtrationsthrough two modified membranes
treated with 10 mg/lof alumcoagulated OSPW( the same condition as Run 3)
were conducted in Runs 7 andT®e pH dependence of the zeta potential of two
new modified membranes is shown in Figureld. The results show thaurface
zeta potentialalues of two modified membranes were significantly decreased as
compared tothe unmodified ceramic membrane. The IEPs fommodified
membraneand TiGQ-modifed membranevere around 8.2 and .0, respectively
while the EP of SiO,-modified membranevasoutside the testedpH range.This

finding is consistent with othestudiesthat showedhatthe IEP of Al,O5 particles
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range within 6.910.5, whereas IEP &iO, and TiO; particles rangewithin 1.9 -
4.5 and 3.8 to 7.2, respectively (Yolad al, 1988; Zhongand Clark 1993).
Surface charge of etal oxide (e.g. silica and titania)s pH dependent
(McCafferty and Wightman, 1997; Tamura et al., 199%)eir surface charge
relies on the reactivity of surface functional groupydroxyl groupd with
potentiatdetermining ions in the solution (Cornedind Schwertmann2003).
Hydroxyl groupscan become hydratedr hydroxylatedin the solution through
acquiring hydrogen ions and hydide ions from agueous solutiongspectively.
If s ol u tpHasnlawsr than the IEP, hydrogen iomsll be the potential

determining ions on the membrane surface, resulting in a positive surface charge;
b 000z0 0O

If the pH is highertian thelEP, hydroxide ionswill be the potentialdetermining

ions on the membrane surface, resulting in a negative charge.
0 00O00z0 U 00

The hydroxylation ability of hydroxyl groups @&iO, and TiQ surfacess higher

than the abity of hydroxyl groups oi\l,0O3 surfacegMcCafferty and Wightman,
1997; Tamura et al., 1999; Zhang et al., 0Thus SiO, and TiQ surface tend

to be negatively chargenh relatively low pH solutiongZhang et al., 2009).
Therefore whenAl,Osz-basedceramic membranewerecoated withSiO, or TiOg,

the IEP of membrane surface would shift tovgalmver pHs. Aside fromzeta
potential changes after surface coating, the modified and unmodified ceramic
membranes th similar particles retention, porositand tke thickness of

membrane active layas listed in Table-2.
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Figure 4-13 Membrane zeta potential as a function of solution pHdseted

ceramicmembranes.

Run 7. SiO,-modified membranetreated with D mg/L alumcoagulated
OSPW.For SiG-modified membrane, TMP was retained&kPaduringthe first
stage, with aslightly higher valueof TMP (-7 kPa)observedat the beginning of
the first stage duetothg st e mé s i n s t-Bd&.inlthe tsepnd 6tdge,gur e 4
TMP decreasing rate was significantly reduced in contrast to that of unmodified
membraneat the samefiltration condition (Figure 46). This phenomenon was
expectedbecausesiO,-modified membrane and particles in OSPW at p8i afe
both negativly charged The negative charge of modified membrammemoted
the repulsive interactions between haticlesand membranéhusinhibiting the
deposition ofparticles on the membrane surfaces. Therefore, a stable TMP
throughthefiltration process was a@ved.Chemical cleaningvasperformedfor
SiO,-modified membraneafter 384 hours 16 day9g of membranefiltration. A
92.3% of TMP of Si@ modified membrane was restored after chemical cleaning.
This result showed that NaCl@as still effectivein removirg irreversible fouling

from surface modified ceramic membrane
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Figure 4-14 Simplified TMP dataat (a) first stage and (lI§econdstage oRun 7

(SiO,-modified ceramic membraneThe original TMPdata are shown in Figure

A7 in Appendix A.
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Run 8. TiO,-modified membranedreated with 10 mg/L alurcoagulated
OSPW.Figure 415 showsTMP changes as a function of operation timeT,-
modified membrane. Same &wun 7, TMPin Run 8 fluctuated initialy but
eventuallystabilizedat -7 kPa during the first stagl the second stage, chemical
cleaning was performed afte228 hours(9.5 dayg of membrane filtration.
Membrane achieved 96.5% of TMP recoveltyis noticed that & unexpected
steep declineccurred at the end of this rufihis may bedue to the shift of the air
scrubbingwhich resuled in a fastfouling accumulation.The improvement of
TiO,-modified membrane performance was also because of the decrehse in
membrané ssurface charge.However although two modified membranes
exhibitedsimilar negative zeta potentiahlueswithin pH range of7-8 (Figure 4
13), the rats of TMP decrease two filtration runswere substantially differentt
indicates that for OSPW filtration through surfacemodified membranes
membranesurface chargenay not be therimary factor that was accoungd for
themembrane fouling behavior.
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Figure 4-15 Simplified TMP dataat (a) first and (bysecondstageof Run 8 [TiO,-
modified ceramic membraherlhe originalTMP data are shown in Figure A8 in

Appendix A.

4.3.2 Surface Roughness ohthodified andModified Membranes

In orderto elucidate theffect of membrane roughness on membrane fouling
behavior, membrane sd@ce roughnessneasurementsvere conducted AFM
images ofbare unmodified and two modified ceramic mi@anes are shown in
Figure 416 andrevealedthe different extents othe surface roughnes®hysical
parameters, including root mean square (RMS), roesghiaverage deviation {R
and maximum peato-valley obtained from AFM analysis are presented in Table
4-4,

Unmodified membranshows aroughsurface(Figure 416a), with RMS, R,
and maximum peato-valley distanceof 203.906 nm,162.56 nm andl174.19
nm, respectively, whereas SiO,-modified ceramic membranesurface differed
distinctively fromthe unmodified ceramic membrank is recognized that surface

modification influences the roughness of ceramic membrdfies §nd Bruggen,
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2010. Corneal et al. (20) reported thathe maximum peako-valley heightof a
surface modified ceramic membrameas reduced as result of the coating
materialsfilling the valleys between two peak&s it can be seen in Figureléb,
SiO,-modified membrane shows a smootherfae than unmodified membrane.
The maximum peako-valley slightly decreased frorh174.1920 1164.54 nm
and RMS decreasedtfom 203.906 to 35.704 nm TiO,-modified ceramic
membrang on the other handexhibits a similarmorphological structureto the
unmalified ceramic membran@=igure 416c), but with significantly different
roughnessvalues TiO, coating resulted inraincreasen RMS from 203.906to
232.951 nm. Rand maximum peato-valley value of TiO,-modified ceramic
membrane alsgresentedthe higlest values amongall three membranesThe
higher surface roughness of Ti@nodified ceramic membrane was apparently
responsible for themore rapid TMP decreasehen comparingvith the TMP
decreasing rate of Sgmodified ceramic membrar{€igures 414 and4-15).

Vrijenhoek et al (2001) investigatedthe correlation of membrane surface
characteristics with the initial rate of colloidal silica fouliagd reportedthe
mechanistic reason of the impact of surface roughness on fouling behavior
According to autors, water and particles are prone to convect towdrds
thinnest section on the active layéne bottom of valleybecause ftis position
offers the lowest resistance to penetratiofherefore, particles are easily
accumulated inhe valley, as they mevtowards the center of a valley under the
permeation drag forces. Althoudhe bottom of valleywill not be completely
plugged, itcould stillsubstantially constrict the water flow through the membrane,
leadingto a rapid fouling deposition and TMP dease during the initial stage of
filtration. In direct contrast, a smoother surface has an evenly spaced fouling
deposition rather than clogged valleys a result, the initial fouling rate will be
slower. Therefore, TMP declined slowly during the filt@ti through SiO,-
modified membrane due to the lower membrane surface roughness than TiO

modified membrane.
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It is noteworthy to mention that though T¥hodified membrane showed
higher roughness thathe unmodified membraneTiO,-modified membranealid
not lkead to a faster rate of TMP decredBgure 415) as a response to easy
accumulation of foulants than unmodifiaembrane (Figure-8). It is possible
that membranefouling was more significantlyaffected by positive membrane
surface charge(unmodified menbrane) rather than by surface roughness
Therefore, the negatively charged FH@odified membrane maintained stable
TMP for 228 tours beforelT MP dropped to-35 kPa in contrast to the 72 hours for

unmodified membrane.

Figure 4-16 AFM images of (a)unmodified ceramic membrandgb) SiO,-

modified ceramic membranéc) TiO,-modified ceramic membrane
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Table 4-4 Roughness of unmodified and modified ceramic memdsa

Membrane types ~ RMS,nm R, NM Maximum peakio-valley

distancenm
M membrane | 20391 16256 e
TiO,-modified ceramic 23295 188.45 152751

membrane

4.3.3 Permeate Qality after Modified MembraneFiltration

Tables 45 and 46 present theMF permeate quality and removal of selected
componentsafter first and second stagesf filtration through two modified
membranesAs shownin Tables 45 and 46, permeate quality was not improved
after filtration throughthe two modified ceramic membnes asompared to the
permeate quality of unmodified ceramic membrahables 42 and 43). Surface
modified membranesiso exhibited a high inorganic matteremoval and low
organic matter removaFor the two modified membranegrbidity and TSS
removas after second stage ofiembrane filtrations were more than 97¢hile
the TOC and COD remolswere less than 10 %&DIs valuesin both filtrations
were decreased to less than 2 after MF treatngEmhonstrating that membrane
filtrations throughthe modified ceramic membranes can still provide an effluent
that was applicable to serve as the influgot RO treatment (SRI< 3) (ASTM,
2007).

It is noted thatfor both modified ceramic membranes, thermeate quality
after second stagemaired atthe samdevel as the permeate quality aftie first
stage despite the substantially lo&g operation time. The additional solids
removal by cake layer formed duritige second stage was also observedthas
turbidity and SDIs show a consistentdecrease aftethe second stage in both

filtrations throughthe modified membranes.
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Table 4-5 MF permeate qualitgndremoval ofselecteccomponentsfter first

stage offiltrations through two modified membranéadl waterquality parameters

tested for raw OSPW, permeate after first, second and during seconthsihge

membrane filtration runareshown in Appendix B

SiO,-modified membrane TiO,-modified membraa
Feed Permeate Removal | Feed Permeate Removal
mg/L mg/L % mg/L mg/L %
Turbidity, NTU 28.50 0.90 96.84 | 32.50 0.90 97.23
TOC, mg/L 38.20 36.31 4.95 40.90 36.06 11.83
COD, mg/L 124.00 118.00 4.84 127.00 112.67 11.28
TSS, mg/L 22.67 0.00 100.00 | 21.78 0.00 100.00
SDIs 6.20 1.96 68.39 6.08 1.98 67.43

Table 4-6 MF permeate quality angémoval ofselecteccomponents after second

stage of filtrationghroughtwo modified membranesgal waterquality parameters

tested for raw OSPW, permeate after first, second and during seconahsihge

membrane filtration runareshown in Appendix B).

SiO-modified membrane TiO,-modified membrane
Feedq Permeate Remova) | Feed Permeate Remova)
mg/L mg/L % mg/L mg/L %
Turbidity, NTU | 28.50 0.76 97.33 32.50 0.72 97.78
TOC, mg/L 38.20 35.43 7.25 40.90 36.82 9.98
COD, mg/L 124.00 117.00 5.65 127.00 116.67 8.13
TSS, mg/L 22.67 0.00 100.00 | 21.78 0.00 100.00
SDIs 6.20 1.41 77.26 6.08 1.90 68.75
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4.3.4 Modified MembraneSurfaceCharacterizatiors

Fouling layerson modified membrane surfacegere directly observed by
SEM. Figure 417 showsthe surface of bare unmodified membrandouled
unmodified membranebare SiG-modified membranefouled SiGQ-modified
membrangbare TiQ-modified membranand fouled TiO-modified membrane.
Surface coating did not change the thickness of membrane active layer, porosity
and rejection characteristics (Table2B but it is very clearly thatfor bare
membrane the coating of SiO, altered ceramic membranesurface morphology
(Figure 417c). The SiO,-modified membrane was fully covered the by small
grains of SiQ and showed much smoother surface ttierunmodifiedand TiQ-
modified membrarg while TiO,-modified membraneshowed a simikar
coarsening ofthe grains to unmodified membrane (Figure-We). The SEM
images of three bare membrarnesre very consistent with the AFM images that
showed distinct surface morphology between unmodified and.-8i@dified
membranes and similar morpholodgetween unmodified and TInodified

membranes

For the fouled membranesyery different foulingsurfaceswere observed.
Unmodified membrane shaal a very roughsurfacewith the deposition oflarge
particle aggregatg$igure 417b). Thefouling layes onthe surfaces d%iO,- and
TiO,-modified membraneshowever, were much flattéFigures 417d and 417f),
which may be a result othe reducedmembrane attraction to particle aggregates.
It is hypothesized thah¢ less accumulation of large particle aggesgpromoted
stableTMPs during filtrations throughthe two modified membrare(Figures 4
14b and 415b) compared tahe TMP during filtration throughthe unmodified
membrane (Figure-8b). However, tgprovethis hypothesiscrosssectional SEM
imagesof fouling membraneshould be conducted to determine the thickrudss

thefouling layers
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Figure 4-17 SEM images of & bare unmodified membrangb) fouled
unmodified membraneTMP at the ed of filtration was-12 kPa (c) bare SiQ-
modified membrane(d) fouled SiO,-modified membraneTMP at the endof
filtration was -16 kPa (e) bare TiQ-modified membrane (f) fouled TiO-
modified membrane, TMP at the endof filtration was -11kPg All three

membranes weregeatedwith 10 mg/L aluracoagulated OSPW

The EDXspecta of fouled modified and unmodified ceramic membranes are
presented in Figure-48. Al and Au atoms were detected at the highest intensity
becauseAl and Au stemmed fronteramic menbrane materials anihe surface
coating material for SEM specimengspectively Though modified membranes
seemed to be moreverely foulecas TMPs athe end of filtration were relatively
high, EDX specta of modified membraneshowever,did not show mgnificantly
higher intensity of atoms (Figures-18b and 418c) as compared tahe
unmodified membrane~{gure 418a). Same ashe explanation above iBection
4.2.4, his may bemainly caused by the less deposition lairge particle
aggegates (as shown Figure 417), which is a consequence of lower attraction
of membrane surface to foulants.

g pectrum 1
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Spectrum 2

Spectrum 1

Figure 4-18 EDX spectrumf (a) fouled unmodified membran&@MP at end of
filtration was-12 kPa (b) fouled SiQ-modified membranef MP at the end of
filtration was-16 kPa (c) fouled TiO-modified membraneTMP at the end of
filtration was-23kPa All three membranes weteeatedwith 10 mg/L alurm
coagulated OSPW
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CHAPTER 5: CONCLUSIONS AND
RECOMMENDATIONS

In this study, a submerged ceramic membrsliketreatment was investigated
for the treatment of OSPW from Suncor Energy Inc. Pond 7. Eight membrane
filtration runs were conducted to examine the effect of CF and membrane
materials on me mb rcharanewadopgrated foroat least seven .

says. The following conclusions are draw from this study:

9 Our experimental results showed that the direct CF process substantially
decreased TMP decreasing rate by reducing fouling of unmodified membrane.
Alum coagulat showed a better abilitty improve membrane performance in
terms of TMPthan PACcoagulant

1 Higher alum concentratiodid not effectivelyreducethe rate of TMP decrease

1 Filtration of OSPW with pH adjustment can significantly decrease the rate of
TMP decrease due to the reduction of foulittgough indirectly altering
membrane surface charfyjem positive tonegative

1 The importance of the effeadf membrane surfaceharge on fouling control
was directly proved by investigations of %iCand TiQ-modified ceramic
membranefiltrations, where the negatively chargesembranegyenerateda
substantially low rate of TMP decrease

1 The electrostatic interactions between particles and membrane swaifswe
influenced fouled membrane surface morphology and rigutompositions
which were concluded based on the observations of SEM and EDX results.

T TMP, AFM and SEM anales of two surface modified membranes
demonstrated theeffect of membrane surface roughnessn fouling
accumulation Low roughness ofSiO,i modified membrane captured less
fouling than high roughness of TiDmodified membrane

1 In all filtration runs, @emical cleaning witiNaOCl was found to be very
effective to remove irreversible fouling testore more than 90%MP to its
original valuesregardles of different filtration conditions or membrane

material
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1 Permeate water quality measurements showed thamnbrane filtration
conditions and membrane materials did no
components. Membrane filtration can recoweore than 9% TSS, but can
hardly removemore than 10% obrganic matter(expressed as COD, TOC,

AEF and NAs)rom OSPW.

1 For all filtration runs, MF can decrease Bls indexto a level acceptable to
allow the treated OSPW to serve as RO fé@datment combining RO with
MF generated a highly qualified permeate with respect to the overall removal
of organic and inorganic compoundsdicating the applicability of VRO for
the treatment of OSPW.

1 CKFMF was compared with the CFS process. The results showed tHAFECF
not oly reduced t he coaguihaesdandmical andncentr at
environmental point of viewsbut also generateda high quality effluent in

terms of turbidityascompared to CFS process.

The following recommendations are suggested for the future investigatisn

In present study, membrane surface charge and roughness tests have only
been performed on bare unmodified and modified ceramic membranes. Further
studies on the assessment of the zeta potential and surface roughness of fouled
membranes should be condettto fully understand OSPW fouling mechanisms.
Besides, surface characterizations (SEM and EDX) should be performed either on
membranes with the similar fouling degrees (or TMP values) or after the same
operation time in order to clarify the effect of @F membrane materials on the

membrane morphology.

Future study should include evaluationagramic membrane hydrophobicity
in order to furtheevaluatethe interaction between ceramic membrane @gPW
fouling. It is also important tinclude the study o©OSPW fouling mechanissn
(i.e., cake layer formation complete pore sealing, standard pore sealing and
intermediate pore sealinginodeling to elucidate the internal and external

membrane fouling and to determine the predomif@riing mechanism.
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One limitation of this study isthat the experiments were performedthe
recirculationmodeinstead of theontinuousOSPWflow mode The experiments
with the ecirculating feed water could provide more accurate resutte case of
shortfiltration time thanin the case olong filtration time. Becaus®SPW was
recirculated thecompositionof OSPWwas changing as filtration progressadd
concentration of solid materials decreaskes to the deposition on membrane
surface.To exclude this effect, pilot s@bktudy with continuous OSPW filtration

IS required.
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APPENDIX A

Overall TMP data of all membrane filtration runs
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Figure A 1 TMP data of Run 1
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Figure A 2 TMP data of Run 2
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Figure A 3 TMP data of Run 3
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