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Abstract

The formation of stable watém-oil emulsions during bituen extraction poses
problemsfor water separation from diluted bitumen, which leadedaipment
corrosion and catalyst fouling downstream operationBemulsifiers are used to
break the stable emulsions and ass$ist separation of water frordiluted

bitumen

To study thefactors influencing demulsification, the efficiencyfotir industral
demulsifiersin dewateringof waterin-toluene diluted bitumen emulsions was
probed at varioutemperaturesThe ability of the demulsifiers to compete foe
interface was assesség measuring interfacial tension of the toluediéuted
bitumenwater interface in the presenceand absenceof demulsifiers
Demulsification tests were conducted using thfferent methods. A dynamic
method was used to allow-situ and realime observatn of the demulsification
process. A static method was used to probe water removal efficiéribe four
demulsifiers by gravity to assist the understanding of the demulsifiers
performare In order tounderstand thampact of temperature alemulsificaton,
the effectof temperature on the viscosity of thguted bitumenwas investigated

and correlated to demulsification efficiency.
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Chapter 1 Introduction

1.1 Oil sands processing and the origin of highly stable W/O emulsions in oil

sands froth treatment

The discovery of bituminous oil sands in Alberta reshapedlti®al energy map.

With 315hbillion barrels ofrecoverabléditumenundergroundAlberta oil reserves

are comparable to the conventional odserves of Saudi Arabid]. By 2011}

crude bitimenproduction ofAlbertahas reached over 1.7 million barrels pay

(bbl/d). It is estimated that by 202drude bitumen productiowill be 3.7 million

bbl/d [2]. Oil sandsproduction, along with gagroduction and mining contribute

more than a quarter of Al bPEroblemdrelategr oss dom

to bitumen recovery are of greaincerns

1.1.1 Bitumen extraction from oil sands

Oil sands are unconsolidated sand deposits that are inapeegmwith higly
viscous petroleumreferred to as bitumej3]. To extract bitumen from oil sands
ore two types of strategies can be appliatepending on the reservdirs
characteristicsOpenpit mining allows bitumen enrichedands to be collected
from relatively shallow oil sands formatioiiso deeper than 76) [4]. In-situ
productiontechniques including Steam Assisted Gravity Drainage (SAGD) and
Cyclical Steam Simulation (CSS) are usedrécover bitumerwhere opefpit
mining is not economical. Currdéy in Alberta more than halfof bitumen
productionis through opeipit mining, with the rest being recovered bysitu

technologieg5].



Bitumen entrained with ib sands ore can be recovered using the hot water
extractiontechnique Figure 1.1.1 outlinethe major operations involved in the

hot water bitumen extraction process.
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Figure 1.1.1 Bitumen extraction from oil sands ore[.3]

As shown in Figure 1.1.1, mined oil sands lumps are crushed and mixed with hot
water, and then sent to extraction plant to initiate bitumen liberation. In the
extraction plant liberated bitumen dropletsach to air bubbles and subsequently
rise to the t@ of the separatioivessel The al-rich phasethat is skimmed off

from the top of theseparatiorvesseis known as primary bitumen fratiypically

after removingthe entrained air, bitumefroth contains about 60 o bitumen,

30wt% water and 1@t% solids[6].



1.1.2 Theorigin of highly stable emulsionin bitumen froth treatment

After deaeration, bitumen froth is sent #froth treatment plant to remove
remainingsolids and waterThe remainingwater ismainly free waer [6]. To
initiate wateroil separationjight solvens are mixed with bitumen frotim order

to reducethe density and viscosiyf the oil phaseCurrently there are two main
variants ofthe froth treatmenbperations namely naphthenic froth treatment and

paraffinic froth treatment.

Heavy naphtha used in naphthenic froth treatment contaimgde range of
materials from shortchain alkanesto aromatic hydrocarbong7], whereas
paraffinic ©lvents used in froth treatment are mainly hexanes and perjénes

Thus naphtha is able to dissolve more aromatic components than paraffin.

These two techniques require different amounts of solvent effective
operatios. Solvent over bitumen ratio (S/B) used in naphthenic froth treatment is
0.65- 0.7, whereas S/Bf paraffinic froth treatmens no less tha [6]. During
paraffinicfroth treatmentpartial precipitation o heavy hydrocarbononstituent
(e.g, asphaltengsoccurs [4]. Precipitated asphaltenas the paraffinic froth
treatment vessetan act as flocculants for water droplets and solids. Hence
residual water and solids settle with asphalteasd this lead$o nearly water

free hydrocarbon producafter paraffinic froth treatmentNaphthenic froth
treatmentequires mechanical separatiequipmentsuch as inclined plate settlers
or centrifuges to reject most of the residual water and sotidsaves about 1.5
wt% - 2 wt% water and 0.4 wt%0.8 wt% solids irthe bitumen producf4]. The

remaining watem bitumenafter naphthenic froth treatmentdspersed akighly



stable vaterin-oil emulsions The majority ¢ the emulsified water dropletsre of
diametersin the rangefrom 1 um to 10 um (mosly as small as 3um). The
formation ofthe W/O emulsionsis caused bynechanicakgitationfrom pumps,
valvesor any othertransportation relateghear[6]. To meet the specification of
downstream operations, the total amoahtesidwal water and solids has to be
less than0.5 vol% [9]. In order to achieve this objective, the W/O emulsions

formed n naphthenic froth treatment must be destabilized.

1.1.3 Current demulsification processn oil sands processing

Chemical demulsifiers are added during oil sands processing to improve bitumen
froth quality and destabilize W/O emulsigi@$. Most of demulsifiers used by oil
sands industry are nonionpolymeric molecules, such as acat base catalyzed
phenolformaldehyde polymers, ethoxylated and/or propyloxylated polyamines,
di-epoxides, polyolssilicone copolymersetc [8] [10]. Some ionic demulsifiers

are also used to break emulsions formed during oil sands progesspending

on specific processing neeldd].

An important class of nonionic demulsifiers is representedpbly ethylene
oxide-poly propylene oxide blocKPEOPPO)copolymers, whose performance

has been probed in a number of studies conducted at room tempgratutd].

Currently naphthenic bituem froth treatmet operates at high temperaturer F
example the Sunc@rocessg operaesat 80°C with S/B about 0.6515]. High
temperature camprovethe demulsification of W/O emulsions throughanges

to the physical proerties of the continuous phaskthe emulsioa[16 - 17]. The



performance of PE@PO copolymers in breaking W/O emuolss at high

temperature has nbeen studied

On the other hand, thanketics of demulsificatiorprocessess of great interest
when seeking optimumindustial operation conditiors, such as processing
residence time ormechanical mixing intensity. Realtime observation of
demulsification processes cagveal thekinetics of demulsification Recently, a

novel instrument allowing redime insitu particle sizing, known as Focused
Beam Reflectance Measurement (FBRM) has been used in some oil and gas
related application$ll] [18 - 21]. FBRM is equipped witha mixing system

which allows imitation of industrial pocessing conditions. It is promisirtg

apply this technique tdemulsification kinetics study

1.2 Objectives and thesis outline

In this work, four PEGPPO copolymerwereevaluated by bottle tests on model
W/O emulsions (watein-toluene diluted bitume emulsions)at ambient and
elevated temperatuse=BRM wasusedto studydestabiliationkineticson model

W/O emulsions with the addition of the four PEE®O copolymers

Objectives of this worknclude:

1. To establish a correlation betweéme PEGPPO copolymerspropertiesand

their denulsificationefficiency.

2. Toinvestigae the effect of temperature and mixiag demulsification

The present thesis comprisedigé chapters.



Chapter Zorovides diterature review and covers fundamastof demulsification
and relevant researchn a@lemulsifiers The impact of temperature and mixing

demulsification igliscussed

Chapter 3 introdusethe materials used in this work. Experimental procedures

including sample preparation and measurerstagsarealso included.

Chapter 4 focuses on Results and Discussion.

Chapter Ssummarizes this workuture work is also included in this chapter.



Chapter 2 Literature Review

2.1 Stabilization mechanisms of W/O emulsions formed in naphthenic froth
treatment

After naphthenidroth treatment1.5 wt%- 2 wt% of water and 0.4 wt% 0.8

wt% of solidsare remaining irthe btumen[4]. The reasomwhy it is difficult to
completely remove residual watertigat the residual water and bitumen interact
and formextremely stable W/O emulsions during naphthenic froth treatrent.
destabilize the W/O emulsions, the factors stabilizing the emulsions need to be
probed and removef$]. Theoriesrelated to stabilization of the W/O emulsions

are introduced as follows.

2.1.1 Physical properties obitumen

Compared with conventional oil,itomen has high viscosity, high density,
relatively high metal content and low hydrogen to carbon [d}ioThe density of
Athabasca bitumen ranges from 970 kjtm1015 kg/m. The fact that bitumen
density is so close to the density of water poses challenges for bituaten
separation Appropriate solventare used todilute bitumen andreducethe oil
phase density. Figure 2.111shows density changes of bituraetuene mixture

as a function of toluene weight fraction at room temperature.

Bitumen is described as a very viscous Newtonian fluid, whose viscosity’@t 20
can ke as large a200,000 mPds [22], whereagthe viscosity of water at the same
temperature is 1 miéa only. Bitumen viscosity has a strong dependence on
temperature and dilutiomatio of solventsin Figure 2.1.1-2, bitumen viscosity

changess a function oflilution ratioarepresented?23].
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Figure 2.1.21 Bitumen density changes with dilution ratio.[24]
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2.1.2 Chemical characteristics of bitumen

Bitumen consists mainly of carbon and hydrogen. The hydrayen cabon

(H/C) ratio of bitumen igess tharl.55[25]. Some others elements (hei@ons)

such as sulphur, nitrogen, oxygen, nickel and vanadium are also present at
relatively low amounts [26]. Bitumen has extremely complex chemical

composition, making it impossible to &y individual compounds of bitumen

Although to date the composition of bitumen is not fully defined, some
compounds andhaterials present ihitumenare considered to play major role

in the emulsion stability. {&h materials are describbdlow[6].

1. Naphthenic acidSignificant quantities of organic compounds in bitumen
contain sulfur, oxygen and nitrogen. Some of them aa&rboxylic acids.
Carboxylic acidsare the main contributo® the total acid number of crude oil.
Carboxylic acids with 1418 carbon atoms are considered to be naphttzemnis,
which are effectivesurfactantstabilizing W/O emulsionsThe sodium saltsf the
naphthenic acids are also interfaciadigtive [6], which canalso act as natural

surfactants in bitumen.

2. Clay particles. Clag/refer to mineral particlesmaller than 2 unj4]. Clean
clay particles are naturally hydrophilielowever, vhen tte particle surfaces
contaminated by hydrocarbon materials;can becomepartially hydrophobicAs
a result of surface contamination, clay particles becbmesttable tocertain

degres[27]. When contaminated clay particles are present in W/O emu]siens



particles preferentially distributat the oilwaterinterface. Figure 2.1.2 illustrates
how clay particlehaving diffeent wettabilites arrange themselvest oil-water

interfaces.

180 =.4—-"‘" Solids particles

O
135° '/90° 45°
@

Figure 2.1.2Clay particles with different wettabilitiescome into contact withoil-
water interfaces. [6]

Oil

Water

3. Asphaltenes.Crude oils have complex composition so they cannot be
characterize byindividual molecular typednstead SARA (saturatesaromatics,
resins andsphaltenesgroup analysiss used to evaluate crude oils constituents
Each group of constituents is separated based on the solubility diffesence
polarity of moleculesn various solventsAsphaltenesrethe heaviest constituent

in bitumen based on the fact that they cannot be dissatvedpentane or n
heptane (the two solvents commonly used in SARA t¢28) Alberta bitumen
contains 14wt% - 20 wt% of asphaltene$25]. Asphaltenes exist mostly in
colloidal forms in bitumenalong with strongly polar substances with low

molecular weighf{29].
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Asphaltenes have strong tendency taggregate[6]. The consequences of

asphaltenes aggregation, suchagghaltenes precipitation during paraffinic froth
treatment or wunexpected pipelingareiplugging
of great importancen indudrial productionof bitumen and heavy diBO]. Earlier
researchattributedasphaltenes aggregation and precipitatmthe micellization

of surfactants in hydrocarbon medi@]. This interpretatio was accepted as

Acol |l oi dal model 0 and was first introduced
and Saal6] [31]. A drawback of this model is that the structureasphaltenes

differs from thatof surfactants Sincesurfactants haveolar head and nonpolar

tail but asphaltenes do not, it is impossible for asphaltenes to form traditional

micelles.It is most likely the poor solubility of asphaltenes in their parenttbat

causes the easy phaseparation of asphaltenegpon dilution [6] [32 - 33].

Asphaltenes aggregates are believed to buildyetliked structure within oil

(around dispersed water droplets) and change the rheology of fluid inside the film.

Sucha change on fluid propertiginderswater dropletfrom approachingeach

other[34].

2.1.3 Stabilization mechanisms of W/O emulsions

The stability of emulsions is essentially depemicbn interfacialfilm properties
[6]. When two dropletscome into close contaceventually the liquid film
between them becomes so thin that surface f$olmygin to dominatethe

interactions between the two droplf$. Surface forcesiclude attractivevan der
Waals forcesyepulsiveelectiostaticforce and stericforces[35]. In the case of

O/W emulsions, eleabstatic repulsionis usually the force playing themost

11



important role in stabilizing emulsionghereas in the case ¥/O emulsions,

steric forces play the major role in hindering water droplets coalesf36jce

For W/O emulsions encountered in naphthenic froth treatment, a layer of
materials possibly includingnatural surfactanisfine biwettable particlesand
asphaltenes are believem occupythe interface and stabileethe W/O emulsions

[6]. In a study using micro pipette techniqug7 - 38], water droplets were
observedto becovered with rigid filmsafter aging in diluted bitumen solution
(0.1 vol% bitumen in 50:50 heptane and toluene solvé¥iten bitumen was less
diluted (10 vol% bitumen in 50:50 heptane and toluene solvent)giadilm was
observed to form during the geriment[38]. Such a film property transition can
also be observed when the solvent is napH®& or paraffin [15]. The

concentration at which the transitiomccus is addr es s ed as

concentrationo and it varies with the

stabilizing components of the W/O emulsions, Y¥Q] prepared W/O emulsions
with heavy waterand solids free bitumernThe athor was able to isolate the
middle layer between oil and water by centrifugratand collect the adsorbed
materials of the oilwater interface. Czarnecdl] analyzed the interfacial
materials obtai e d from Wu 6 s sing énighlrasalutionb ynass u
spectroscopy. The author found that the averagsaturation degree dhe
interfacial materialswas smaller than 4 (théegree of unsaturation of a benzene
ring), indicatingthat thearomaticityof the interfacanateriat wasquite low. This
discovery suggesthat most of the materials have alkane structuvelsich is a

proof that naphthenic acids are possibly the major components of the interfacial

12



materials. Czarneck#2] further summarized thpossible stabilizing mechanism

of the W/O emulsions by proposing the following model: the abrupt changes on

oil-water interfa@l propertiesat critical concentration are likely to be a result of

the competition between a subfraction of asphaltenes anslahaurfactants.

Considering the poormtubility of asphaltenes, its adrption at interface could be

irreversible and the irreversibilt y of a s p h a lsorgionicanexceed er i al s 6
the affinity of surfactants to the enNater interface, especiallyhen bitumen is

highly diluted. Additionally, clay particles with certain hydrophobicity also tend

to occupy the wateoil interface[6]. The stability of the W/O emulsions is more

likely to bea result of the overall interactie among all possible stabilizg¢#2].

2.2 Demulsifiers

2.2.1 Demulsification mechanisms

To undermine the stability of W/O emulsions in naphthenic froth treatnfiemnt
properties of th oilwater interface have to be modified In chemical
demulsification, selected interfadialactive materials (demulsifiers) are added to

alterinterface film propertieand promote coalescence and flocculafésj.

Coalescences the process through which two mmore water droplets merge to
form a larger water drople¥Vhentwo dropletsget close to each other, the liquid
between them gradually drains. This procesdeiscribed adluid film drainage
[35]. Eventually thdiquid film between two dropletsupturesand a larger droplet
forms To allow the occurrence diie interfacdilm rupture,the film rigidity has
to be sufficiently low[6]. The reduction of film rigiditycan be achievedyb

adding demulsigrs[44].

13



In flocculation,dispersed droplets are bridged togetiveform flocs. Large flocs
can be removed more easily bgparationdevices than small emulsified water
droplets. Doplets withina floc have higher chances twalesce because thaye
bound closely Polymeric demulsifies can cause flocculationlue to their

relatively large molecular weigi].

2.2.2 Demulsifiers used in oil sands processing

Researchers have developed a number of demulsifiers for oil sands processing.
Most of demulsifiers used by oil sands industry are nonigmitymeric
molecules, such as aeidr base catalyzed phendbormaldehyde polymers,
ethoxylated and/or propyloxylatedolyamines, depoxides, polyols,silicone
copolymers[8] [10 - 11]. Poly ethylene oxide (PEO) and poly propylene oxide
(PPO) copolymeis one common nonionisurfactantused in petroleum industry.

Fora PEGPPOcopolymer, EQyroups act as hydrophilic padnd PO grops act

as hydrophobic part8y adjustingthe molar percentage of EO to total moles of

EO and PO (EO%)PEOPPO copolymerswith desired amphiphilicity and

molecular weightan be produced.

2.2.3 Crucial properties of demulsifiers

To break down the W/O emulsigndemulsifiers must be interfacially active to
migrate to oHwater interface and displace thésarbed layef6]. Some other
important properties need to be consideaedvell vhen selecting a demulsifier.
For exampleto breakW/O emulsions, demulsifiers must be ablalissolve well
in the oil phaseso they carbe deliveredto the interface through continuous

organic phaseBesides, molecular weight and molecular dtrces of a demulsifier

14



are also of great importance. Some key factmes summarizedn following

sections

Amphiphilicity of demulsifiers

To evaluatehe amphiphilicity of a surfactant, an empirical scale of hydrophilic
lipophilic (hydrophobic) balance (H) was introduced45 - 46]. HLB can be
evaluated from the ratio of the surfactant solubility in water andraiklculated
using empirical numbers of hydrophilic and lipophilic groups. High HLB values
indicate prevailing hydrophilicity, while low HLB wvaés suggest strong
lipophilicity. HLB value gives an easy estimation of amphiphilicity of a

surfactant.

However, HLBvaluesare only known for a limited number of surfactarks.
evaluate theamphiphilicity of surfactants with unknown or complicated
strudures, relative solubility number (RSN) was defin€de standard definition
of RSN is the volume in milliliters of distilled water necessary to produce
persistent turbiditywhen titrating 1g of surfactant in30 ml of RSN solvent
(benzeneaioxanemixture) [47]. Materials with RSN<13 are nearly insoluble in
water. When RSN of a surfactanfalls in the rangeof 13-17, the surfactants
dispersible in water at low concentrations and fogels at high concentrations,
whereas materialwith RSN >17 are soluble in watgA8]. A modified method
developed by Dabrost al [48] usesless toxic toluenethylene glycol dimethyl
ether (EGDE asthe RSN solventBy titrating chemicalsvith known HLB value

in the modified RSN solvent, lmear correlation was found between HLB and

RSN[48].

15



Al-Sabagtet al [49] found that alkyldiaminelemulsifiers with high HLB values
performed bettethan those with low HLBindicaing thatit has a direct relation
between HLB value and demulsification efficiencySchramm et al. [50]
correlated HLB of demulsifiers and det@ang efficiency in froth treatment using
various commercial demulsifiersincluding sodium dioctylsulfosuccinate,
polyoxyethylene  monolaurate, polyoxyethylene sorbitan monopalmita,
polyoxylethylene ether and polyoxylethylene amine. The author conclindgd t
demulsifiers with relatively high HLB values (2®) effectively reduced residual
water content without affecting oil recoveifhen thesystem had théighest
dewatering efficiencythe oil-water systenalsohad minimum interfacial tension.
Fanet al.[43] established the correlation between Hidueof polyoxyethylene
nonylphenols and theperformance ¥ studyingtheir dewateringand interfacial
tension banges at different demulsifieoncentrationsPereiraet al.[51] reported
that poor demulsification performance was observed when the demulsifiers used
were excessively hydrophilic It was found thathigh hydrophilicity (high
HLB/RSN values) can cause a significant partitioning of thaudsifier in water
phaseresulting inslow demulsifier diffusionDabroset al. [13] studied a series
of diethylenetriamine (DETApased PEE&PPO copolymers in destabilization of
W/O emulsionsinvolved in oil sands operation. Hy proved that theRSN
number of DETAbased PEEPPOcopolymers is a function d0%. For PEO
PPO copolyers within the same familythe demulsifier achieved the best

dewatering usually has &0/PO ratio close to fiL2] [52].
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Molecular weight of demulsifiers

Compared with small demulsifier moleculdsrge demulsifier molecules take
relatively long time todiffuse to the odHwater interface. However with long
enough residence time aufficient mixing, demulsifiers with large molecular
weight provide superior dewatering performancas compared with small
demulsifiers [53]. In industrial operations, demulsifeerpackages used to
destabilize W/O emulsions cain both small and large size demulsifigs8 -
55]. Shettyet al. [56] studied demulsification performance of various demulsifiers
with molecular weight rangg from 1Q000 Dalton to 10@00 Dalton. They
found that demulsifers with low molecular weightperformed better than the
demulsifiers with high molecular weight. Wu and Dabros reportiedt
demulsifiers with matcular weight in the range of5D0Daltonto 15000 Dalton
gave the best performand®2]. Feng et al. [57] used ethyl cellulose as
demulsifiersto breakW/O emulsionsThe ethyl cellulose sampleath molecular
weight betweend6,000 Dalton to 18200 Dalton worked efficiently. Theesults
reported byPereiraet al. [51] showedthat slow diffusion of large demulsifier

molecules slows down demulsification.

Besides HLBvalue (or RSN) and molecular weightie molecular structuref a
demulsifier also impacts demulsification efficiency. Phukaal [10] compared
the performance of two types of silicone demulsifiarsd found thathe silicone
demulsifiers with side chains in their structures outpered the demulsifiers

with straight chain structures. Crosslinking is also frequently useabtbfy the
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structure of synthesized polym&r demulsifies to achieve the highest

demulsification efficiency58].

2.3 Impact of temperature on demulsification

2.3.1Viscosity reduction of bitumen at elevated temperature

Most of oil sands processing op&sat elevated temperatureéQ °C- 90 °Q) [15]
[59]. With an increase intemperatug, the bitumen phase would expeet
significant viscosity reduction. Figure 31-1 shows that the viscosity of
Athabascabitumen decreasesith increasing temperatur€igure 23.1-2 shows

thattheviscosityof diluted bitumen daeases witlan increase itemperature.
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Figure 2.3.1-1 Viscosity of some Alberta bitumen changes as a function of
temperature. [60]
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Figure 2.3.1-2 Viscosity of diluted bitumen undervarious S/B at 23°C and 60°J59]

2.3.2Change of flm drainage rate at elevated temperature
Film drainage is described as an important factor influencing demulsification
[61]. Theories about film drainage were presented by MacKay and M&2on

63]. According to theetheories, film drainage raterVis described as follows:

~
g

@ — (2-1)

Q (2-2)

where his the flmthickess at ti me t, (RBu«ibtheditopld dr opl et
d e n s putisythe bylk phase densityijuys t he bul k viscosity, G

tension, and g is gravitational constaBguatiors 2-1 and 22 show thatthe
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reducedviscosity ofthe continuous phase ian emulsion systeroan accelerate

film drainage.

2.3.3 Sedimentation of water droplets at elevated temperature
The sedimentation of water phase is the ultimate goal of demulsification. The

settling proces®f water dropletssgovernegp ar t i al | 'y [@5 St okesdo | aw

Y (2-3)

where | denotesterminal velocityo f d r ouppl: @ Guk denote droplet

density and bulk phase density respectively, p is bulk phase viscosity atlieg is
gravitational constant. St okesb |l aw revea
settling rate and physical properties of the disperslbrindicates that low

viscosity enhances water dropletetting which means that increasing

temperature can accelerate the sedimentation of water droplets.

Additionally, increased temperature catso enhanceBrownian motion and

demulsifiefs diffusion to enhance demulsificat [35].

2.34 Temperature impact on PEGPPO copolymers

The amphiphilicity of PEGPPO copolymers might benpacted by temperature
Guoet al [64 - 65] studied the conformational changes of PERO copolymers
in the temperature range of 5 2G0 °C by FTIR and FARaman spectroscopy.
They found thatncreasing theemperaturenay lower the hydrophilicity ofpolar
EO groups byindering the formation diydrogen bondbetween EO groups and

the aqueous surroundings. Simiferdings can be found in numerous studiéé
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- 68]. It should be noted that, most of these studies are based on the micellization
of watersoluble PEGPPO copolymers in aqueous phadewever, to demulsify
W/O emulsions, the PE®GPO copolymers should be dissolved in the oil phase,

where the impact of temperature may not bsigsificantas in an agueous phase.

2.4 Impact of mechanical shear on demulsification

Mechanical mixing can eitheenhance or hinder duilsification depending on

the specific characteristics of the operations. For example, mechanical shear
intensity of a centrifuge is critical for demulsificatiobecausesheafinduced
coalescenceas the maindriving force for breakng W/O emulsions[6]. The
change ofwater droplet numbercaused bysheafinduced coalescencean be

modeled using the following ru(é]:

—  —&a (2-4)

where i, denoteghe number ofotal dropletsat time { G represerd shear rate, a
is the distance travelled by droplets before they collide. From Equatdorit 25
clear that high sheamate can promotecoalescence. dhdamental theories and

researchon sheafrinducedcoalescencean be foundn open literatur¢69 - 71].

However, given the fact that the W/O emulsions formed in oil sands processing
are caused by transportation related shear (going through pumps, etlyes
mixing intensity should beontrolled at a low level to prevent the formation of
more $able emulsions. Additionallgxcessivanixing of emulsionsalso prevents

the grovih of flocs, which is detrimental for demulsificatioRor the sake of good
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dewatering efficiency, an appropriate mixingate is needed during

demulsification.

2.5Methods used for demulsifiers evaluation

A variety of methods can be used for demulsifiers evaluation puf@@jeAn

easy approach igbottle tesd [14], which is a gravity settling test with the
addition of demulsifiers. Usually demulsifiers need to be blended into an
emulsion sample before a period of gravity settling. Water renafficiency was

measuredo evaluatehe demulsifie@s performance.

Focwised Beam Reflectance Measurement (FBRM) is a patrticle sizing technique.
Thanks toits advanced measurement capacity fesito reaitime particle size
monitoring, FBRM has been applied to study crystallizafit® - 74], hydrate
formation [75 - 76], asph#éenes precipitatiorf18] [77] and in demulsification

studieq21].

Boxall et al [19 - 20] [75] [78] applied FBRM techniquéo studycrude oil
emulsions. They systematicallyrobed the accuracy of FBRM technique by
comparing its results with other particle sizimgtrumentsincluding a particle
video microscopy (PVM) an@n opticalmicroscog. They found thatFBRM
alwaysgave consistent measuremeasultsfor materials with the same texture.
Nguyenet al.[11] investigded water droplet size changes durdemulsification
using a combination of FBRM and PVM. They reportbdt coalescedvater
droplets were observed immediately after the addition of demulsifier solutions

during demulsification. Coalescence of water droplets was finished in a short
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period of time (3 min) after the addition of demulsifier solution. Legsal [21]
studial oil-water separation insidan electrical dehydrator vessel using FBRM
with the assistance of demulsifiers. The authsuccessfully correlated water
droplet size increase with operational factors (concentration of added demulsifiers

and electric field intensity).

2.6 Summary of literature review

Previous work on the W/O emulsioriermed in naphthenic froth treatment
reveals that the layer of interfacially adsorbed materials is responsible for the
stability of the W/O emulsions. Demulsifiers with appropriate properties can alter
the oilwater interfacial properties and lower the emulsions stability. Increasing
temperaturecan assist the demulsification of the W/O emulsions mainly by
reducing bitumen viscosity and accelerating the settling of water droplets. Mixing
involved in demulsification needs to be well controlled to ensure demulsification
efficiency. Demulsification teidy using PEEGPPO copolymers at ambient
temperature established the correlation between the amphiphilicity of the
copolymers and their demulsification performance. However, given the possibility
of the hydrophilicity loss of PE®®PO copolymers at elevatesmperature due to
conformational changes, it is worthy to study the high temperature
demulsification performance of PERPO copolymers. It is also meaningful to
investigate the kinetics of demulsification under mixing via-tea¢ observation,
which canbe achieved with the application of FBRM. Conventional demulsifier

evaluation methods including bottle test, interfacial tension measurement and
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viscosity measurement will be collaborated with FBRM to accomplish the

research objectives

24



Chapter 3 Materials andM ethods

3.1 Materials
ACS Toluene (99.9%purg was purchased from Fisher Scientific and used as

receivedDeionized water (DI water) was used throughout the study.

Vacuum distillationfeed bitumen used for W/O emulsions preparation was
provided bySyncrude Canada Ltdlhe bitumen was diluted with toluene to
obtain a solvento bitumen ratio (S/B) 0f0.66 (i.e., the solution contained 60
wt% bitumen and 40 wt% toluene). The bitumen and toluene mixture was placed
in a mechanical shaker akdpt shakng for more than 4 h to allow for complete
mixing. Solids were removed from the diluted bitumendepntrifugng the oil at
14,000 g forcefor 30 min. The diluted bitumen solution prepared according to

this protocol was usethroughout theurrentstudy.

Four PEGPPO copolymers were provided by an industrial supplier. Their
properties are listed in Table 33tock solutions ol wt% demulsifier in toluene
were freshly prepared and diluted to desired concentratidmefore each

experiment

Table 3.1Properties of the four PEO-PPO copolymers

Chemical A B C D
EO% 35 20 35 5
Molecular Weight (Dalton) 12311 10003 6145 8423
Arm Number 5 5 3 5
RSN 18.07 10.59 16.92 7.92
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3.2 Preparation of W/O emulsions

W/O emulsionsisedin FBRM tests were preparedth 1.58g of DI waterand30
g of diluted bitumen. fie mixture was homogenized usingPawerGen1000
homogenizer (Fisher Scientific, United States) a0@0 rpm for 3 min. The
resulting emulsion contained 5 wt% of water. W/O emulsisesifor bottleteds
were prepared using 0.390J waterand7.4 g diluted bitumemand homogenized

as described above.

Water dropletsn the emulsios prepared as described above were smaller than 5
pm in diameteyas determined with an optical microscopetypical microgaph

of the emulsion water droples shownin Figure 3.2

Figure 3.2Dispersed water droplets of theN/O emulsion used in this work
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3.3 Interfacial tensionmeasurement

DI water was used as aqueous phase to interact with diluted bitumen phase.
Interfacial tension measurements were completed witibth&louy ring method
usinga Kruss Processor Tensiometer Kruss, Germany) equipped with a P

ring. Measurements wetakenat room temperatur@2.23C1i 23.5°C) and 60 °C.

For eachroom temperature test,d@sired amount of demulsifier solutisraspre-
mixed with diluted bitumen at 220 rpm for 3 mamd carefully poured on the
water phase in the tensiometer clipe ystem was allowed tequilibratefor 1 h

prior to each measurement.

For high temperature measurements, the mixture of diluted bitumen and
demulsifier solutionvas heated t60 °C and sub®quentlypoured on the top of

the aqueougphase An external circulang water bath was used to maintain the
sample temperature constant at 60 S@nilar to the room temperature case, the

system wasillowed to equilibrate for 1 before each measurement

Dynamic interfacial tension of toluemveater interfaceas a functia of PEGPPO
copolymers concentrationwas measured by Attention Optical Tensiometer
(Biolin Scientific, Sweden) to investigate the adsorption kinetics of the four
copolymers at toluenrevater interface at room temperature. Pendant drop method
was used to nasure the dynamic interfacial tension. Toluene solutions of the four
demulsifiers were used as the oil phase. To initiate a measurement, a DI water

droplet was created on the tip of a syringe in the toluene solutiotheof
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demulsifiers. Each measurementsweontrolled to be sufficiently long to make

sure the systerarrived equilibrium state

3.4FBRM study of demulsification kinetics

Focused Beam Reflectance Measurement (FBRWM$ utilized to probe the
kinetics of demulsification using the four PERPPO copolymers described in
section 3.1FBRMi s a patrticle sizing instrument which issigned taneasuring
the sizes ofparticles in real time It is ableto measuren-situ particles and
dropletsof concentrateduspensions agmulsionswithout extraction or dilution.

The details regarding this technique are introduced in the following sections.

3.4.1 FBRM technique

A description of FBRM probe and its accessories

FBRM can masure particles betweed5 ym 1 2.5 mm [79]. The working
principle of FBRM is based orbackscattering ofaser beam. AFBRM probe
needs to bénserted intosuspensions or emulsions to monitioe size changef
particles or doplets. Figure 3.4-1 showsa schematic o FBRM probe Figure

3.4.12-2 shows the components of FBRM measurement system.

A FBRM probeconsiss of a sapphire windovandtwo optics modulesDuring a
measurement, the laser fiscusedin a focal planeoutside the window surface
after passinghroughthe optics moduleThe focused beam rotates at a spafe?l
m/s- 8 m/s around the probe winddv%R]. When a particle passthe focal plane,
the focusedbeaminteractsacross oa edge of the particland backscatters the

laser light until the beam reaches the opposite edge Diie backscattered light
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is collected by the FBRM optics and converted into electronic signals that are sent
back to a terminal control computeX. solid-state laser light source is used to
produce continuous monochromatic light (infrared las€Hass ] for
measurements9]. Terminal control software installed in the compugeused to

displaythe realtime measurement ressi

Lasaer Source

Laser Return

Optics Module

Probe installed in

process stream Focused Beam

Figure 3.41-1 FBRM probe. [79]

FBRM requires continuous mixing of the suspensituring measurements to
collect representative data. Particle movement due to mixing has a negligible
influence on measurements because the revolving speed of the laser beam is much
faster than particle movemeelecting an appropriate mixing rate is ¢calfor a

FBRM measurement. Excessirexing candisrupt aggregation or crystallization

and result in decrease of particle sjazbss leading to biased resul@vermixing

can also generate gas bubbles that interfevéh measuremest Conversely
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insufficient mixing possibly cause sedimentation oflarge dispersediroplets
leading toinaccurate measurement resufggure 3.4.13 gives a schematic of

Fixed Beaker Stand (FBS), whiblldsthe standard mixer of FBRM.
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Figure 3.4.1-2 A schematic of FBRM waking station. [79]
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Figure 34.1-3 Fixed beaker stand [79]
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The mixeris equipped with a pitch blade turbine impeller. The angtevéen
FBRM probe and thenixer impeller is about 30°. Thisystem ensurethat the

FBRM probe and the impet stay at the same positiolringeach measurement

Data collectionof FBRM

During FBRM measurements, hen the laser beam intersects a sinugeticle

from its one edge to the oppositxige the corresponidg reflection time of
backscattered lasés detectedThe reflection time is recorded and multiplied by

the scanning speed of the laser beéarabtain thechord lengthThe dord length

represerd the size ofhe particlespresentn a suspension. Sindbe radius of the

| aser6s revol ut itheparticlessizenangdhe chord lerggth can t h a n
be approximated to be the length of a straight line between the two points where
the beam intersects [&d]. tfiguret3hlel shpveshowwi c | e 6 s

chord lengths are measured

4

e High Velocity

Scanning Lascr Beam

Duration of Reflection

B \casured = Chord

Figure 3.4.1-4 Chord length measurement by laser beam scanning/9]

The quantity of particles measured by FBRM can also be recofthedounts
per second of a size group represenhitlmaber ofparticleswhosesizes fall in the
specific sizebin detected by FBRM. For example, if 100 partictes/ing a
diameter<10 um in the suspension are scanned by the rotating laser beam in one

secondthe counts per second of <10 um particle group is. IO mearsize of
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the particles in the suspension can be calcukated the chord lengtdistribution

and counts per second. FBRM softwastimate two types of mean sizes: non
weighted median and sqearweighted median, which are approximated to
number mean and volumetric mean (Sauter mean), respectively. The
mathematical expressions of naeighted median and square weighted median

areas follows[20]:

D £ ¢ ¢ 0QTMNOQ BB— (3-1)
0 [ /O BIATBXNQ E— (3-2)

where"Q"Qdenotes the probability of particles whose chord lengih. iErom
these two equations, it can be seen that volumetric mean size emphasizes the

influence oflargeparticles in the system.

3.4.2 Demulsification tests using FBRM

Selection of an appropriate mixing speed for demulsification

31.58 g W/O emulsion (5wt% water) was preparedaidO0-milliliter glass
beaker. Beforantroducing the demulsifiesolution irto the emulsion sample
mixing stability of the emulsion wasstel at different mixing speeds in order to
assess that, prior tiemulsifieraddition the droplet size remained constant at the
mixing conditions. he emulsion samplevas stirred at room temperature at
different mixing speeds, namel00 rpm,220 rpm, 20 rpm and 400 rpmTlhe
data show that the mean droplet sizesre almost onstantwith all stirring

speeds
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The impact of mixing on demulsification was tested for the demulsdessribed

in section 3.1using speeds of 100 rpm, 220 rpn203pm and 400 rpm. These
testswere allowedto define the mixing speed at whicliné¢ droplet size increase
was the greatest. Theentified speed was subsequently used in the tests for

demulsification kinetics study

Demulsification kinetics of the four PEGPPO copolymers
The same amount of W/O emulsions (31.58 g) was used in eachrereasti of
FBRM demulsification tests Blank test were first completed at room

temperature and 68C as reference For the blank tesbf high temperaturgan

external circulating water bath was used to keep the emulsion temperature

constant at 60 °C

For each room temperature FBRM demulsification téet, emulsion sample was
stirred for 5 min without adding any demulsifier to determine the initial water
droplet size distribution. Following the 5 min equilibration timégaired amount
of demulsifier saltion wasadded and the water droplet size was monitored over a

30 min time period

For eachhigh temperatur&BRM demulsification testa water bath was used to
keep the emulsion temperature constant at 60 °C. The sample was covered by
aluminum foil tolimit sample evaporatiofOncethe temperature of the emulsion
reached 60 °Cthe water droplet size distribution was measured for 5 min, after
which the demulsifier solution wasjected n the system and the droplet swzas

measured for an additiona min.
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All FBRM demulsification tests were repeated at least twiednle 3.4.2 lists all
experimental conditions used in FBRM demulsification teéR&smaining water
content of the emulsion samples after FBRM demulsification was measured by a
CoulLo 2000 Kal Fischertitrator. At least three measurements were performed

for each sample and the averaged result was taken as the remaining water content

of thesample

Table 3.4.2 Experimental conditions used in FBRM demulsification tests.

Dosagel Demdsifier Demulsifier  Demulsifier  Demulsifier
A B C D
Temperature (ppnt) (Ppm) (Ppm) (Ppm)

Room temperatur¢ 10 50 100 10 50 100 10 50 100 10 50 100

60 °C 10 50 100 10 50 100 10 50 100 10 50 100

ppnf (mg/kg): 1 milligram of demulsifier per kilogram tfe oil phasg(diluted bitumen)

3.5 Evaluation of the four PEQOPPO demulsifiers bybottle test
Bottle tests were conducted to evaluate deevatering performance of tHeur

PEOPPO copolymerdescribed in section 3.1

For room temperature bottle tgsh desired corentration ofdemulsifier solution
was injected into7.8 g of the W/O emulsion to initiate demulsification
immediately aftethe emulsion preparatiorA Fisher Labdisc stirrewas used to
blend demulsifier intdhe emulsion phasat approximately 300 rpm fd.5- 5

minute(s). Emulsion samples weteentransferred to I-nillimeter Pyrex glass

34



tubes (16x100 mm) to settle for 1 h. Afgmavity settling, the watercontent of

the emulsion sample was measured at 2 cm below the top surface

For high temperaturests, emulsion samples were hedtedesiredtemperature
Demulsifier solution was introduced tioe W/O emulsions antllendedfor 0.5- 5
minute(s). Emulsion samples were transferred amilliliter Pyrex glass tubes

and placed in a water bath at 60 for 1 h. The remaining water content was
measured following the same procedure as used for room temperature

measurements

The experimentatonditionsof bottle testsare summarized in Table 3.5 and

Table 3.52.

Table 3.51 Experimental conditions used in bottle tests.

Demulsifier A B
Dosage
10 50 100 10 50 100
(ppnf)
Demulsifier C D
Dosage
10 50 100 10 50 100
(ppm)

ppnt (mg/kg): 1 milligram of demulsifier per kilogram of oil phase (diluted bitumen)

Table 3.52 Blending time used in bottle tests.

Blendngtime | 30s 1min 2min 3min 4min 5min
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Controltestswithout demulsifier additionvere performed at ambient temperature
and 60°C. For the controltests, samples wetdended for either 0.5 minute or 5

minute(the minimum mixng and the maximum mixing timéefore 1 h settling

3.6 Effect of temperature on viscosity of diluted bitumen

Viscosity of the diluted bitumen was measured by AR-G2 rheometer (TA
Instruments, USApt 253C and 603C. Sample temperature wasgulated by a

Peltier plate temperature control systé@rhe internal resolutionf the Peltier platés
within £0.01 °C. The AR5G2 rheometer was equipped witlwater bathto assistthe
Peltier plateto achievetemperatureadjustment Since coneplate geanetry can be
used tomeasure samples with a wide range of viscosityoneplate geometrywas
utilized to measure the sample viscosity at room temperafuoncentric cylinder
geometrythatis suitable for low viscosity measurement veasnbined with ametal

capto measure the viscosity of the sample as60

For room temperature measurements, initially about 5 thefliluted bitumen was
loaded on the top of the Peltier plate. The cone plate then started to apply shear force
on the sampleAs a resul of shear, overloaded bitumen would be forced beyond the
rim of the cone plateAfter removing extra sample from the Peltier plate, the cone
plate shead the remaining sampfer a 5 min equilibrium period befomaeasuring

the sampleviscosity, mainly fo the purpose of structural effects elimination.

For high temperature measurements, 8 g of diluted bitumen was transferred into the
concentric cylinder geometrylhe standard rotorof the concentric cylindewas
lowered bdow the top of the diluted bitumersampleand started shearing. The

cylinder was covered by the metal caplitoit evaporationAfter the sample was
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heated to 6@C, a5-min of equilibrium period was sdiefore measuring the sample

viscosityto eliminate structural effecesnd temperaturgradient within the sample
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Chapter 4 Results andDiscussion

In the present chaptenterfacial tension measurement results, dath@FBRM
demulsificationtests, remaining water contesibtained fromthe bottle tests and

viscosity measureent results arshowntogether withrelated discussion.

4.1 Interfacial tension

4.1.1 Ability of the demulsifiers in lowering interfacial tension

To probe the ability of the demulsifier to adsorb at the diluted bituwagar
interface, interfacial tensiomvas measured at different demulsifier dosages.
Figure4.1.1 shows thdnterfacial tensiorof the systemat room temperaturas a

function of mass concentration and molar concentration of the demulsifiers.
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Figure 4.1.1Interfacial tension between diluted bitumen and DI waterin the
presencéabsenceof the four demulsifiers at room temperature
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The data reveal that all the four PEE®O demulsifiers were able fiartherlower
theinterfacial tension of the diluted bitumevater interfaceindicating the ability

of the demulsifiers to compete for interfadée trend inFigure4.11 revealsthat,

for a given massaddition demulsifier Cwas the most effective in lowering
interfacial tension, whereas demulsifierwas the ¢ast effectiveThe curve of
demulsifier B was between the curves of demulsifier D and demulsifier C,
possibly suggesting th#the ability of demulsifier B to compete for the interface
was greaterthan that of demulsifier D andessthanthat of demulsifier C.lIt is
noted that at the same molar concentratemulsifier A and demulsifier C
reducel interfacial tension t@ similar leve| whereas demulsifier A was not as

effective as demulsifier C at the same dogagd-igure4.11 (i)).

To undestand the ability of the four PEPPO copolymers to lower diluted
bitumenwater interfacial tension, the demulsifier sturet needs to be
considered Among the four demulsifiersgemulsifier D containsthe most
hydrophobic PO groupascompared with th@therthree demulsifiers. Thieigh
PO contentof demulsifier D causedthe demulsifier moleculeso partition
preferentiallyin the oil phase rather thaamsorb at the diluted bitumenater

interface[49] [80].

In contrast to demulsifier D, demulsifier A and demulsifidbd@h have very high
EO content (EO%=35%), and demulsifier B contains less EO (EO%=20%) than

demulsifier A and demulsifier Clhe strongability of demulsifiers A and C in

39



reducing interfacial tension proves that when demulsifiers contain more
hydrophilic components in their structures, their ability to reduce interfacial
tension is improved. The resultd mterfacial tension reduction indicat@at
demulsifier A, demulsifier C andemulsifier B haveelatively strong affinity for

diluted bitumenwater interface.

If added demulsifier molecules have strong affinity tevalter interface, they can
compete forthe interface and displace the padsorbed materiakst the interface

to reduceinterfacial tension of the systefi]. Fenget al [53] once reported the
affinity of ethyl cellulose (EC) molecules to wilater interface using interfacial
tension measuremerithe dewateringfficiency of EC wagound to becorrelated

to the affinity of EC to the oil-water interface. Attaet al [81] studied the
dewatering perforance of some PE®GPO copolymers. fle authos found that
successful dewatering occudrevhen the interfacial tension of the system was
effectively reduced by the addition of PERPO copolymers. Howevealthough
the demulsifiers can effectively lower interfaciéénsion they might not

necessarilye effectivein breaking the emulsiorid2] [82].

4.1.2 Effect of temperature on the ability of demulsifiersto lower interfacial
tension

Figure 4.1.hows the interfacial tension of the diluted bitumeater interface at
room tempeaiture and 60 °C in the presence of various amounts of demulsifiers.
The data showed th#teinterfacial tensiorof the diluted bitumenwaterinterface

in the presence of demulsifeeA, B and Cwere slightlylower at 60 °C than at

room temperatureln cortrast, the interfacial tension measured upon addition of
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demulsifier Dwas lower at room temperature than at 60 °C. This finding indicates
thatdemulsifier Dmaypartially lo its affinity to interface at 60 °Gvhichmight

yield less efficient demulsifigtion.
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Figure 4.1.2 Effect of temperature on nterfacial tension

The hydrophilicity loss of demulsifier Dmay be related to its structural
characteristics. Demsifier D has the dwest EO% among the four PE®PO
copolymers. Some previous stud[éd - 65] reported that igh temperature may
lower the hydrophilicity ofPEO-PPO copolymes by causingchangesin the
hydrogen bonslbetween EO groups and water molecwdéshe aqueous phase.
Therdore the ability ofa PEQGPPOcopolymer tdower interfacial tensiorcan be

hindeed at increasedtemperatureas was observedor demulsifier D in this
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study The other three demulsifiereave high EO% and are thushighly
hydrophilic. Such consideratiomaay explainwhy demulsifier D was affected the

most bythetemperaturéncrease

4.1.3 Dynamic interfacial tension measurement

Dynamic interfacial tensiommeasuremenéllows us to evaluate thedsorption
kinetics of the demulsifierat oil-water interfae [83]. To avoid the interference

from film displacement occurring at the diluted bitunvesiter interface when
observing the adsorption of the demulsifier molecules, the interface of teluene
water system was selected to stublg affinity of the four demulsifierso oil-

water interface. To compare the ability of the four demulsifiers competing for the
interface, the measurements were completed at fixed dosages, namely 1 ppm, 2
ppm and 5 ppm. Figure 4.1.3 shows the interfaciabiten reduction of the
toluenewater interface as a function of time after water droplets were created in

the demul si fiersdé toluene solutions.

The interfacial tension of pure toluemater interface at room temperature is 36
mN/m [84]. In Figure 4.1.3, the initial interfacial tension of the system at each
condition was around 35 mN/m. After the water droplet was created in the toluene
phase, the interfacial tension of the system started to decrease as a result of
demulsifier adorption at the interface. It shows that the interfacial tension
reduction was dependent on demulsifier concentration. Itddtécent periods of

time for the system toeach equilibriumin the presence of the four demulsifiers.
Differing from the statidnterfacial tension measurement, demulsifiers A and C

had similar performance under the same mass concentratiese two reduced
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the interfacial tension of the system most effectively at all dosages. This is
understandable considering that demulsifiarand C have the highest EO%
(35%). The systems containing demulsifieréached equilibrium state ovtre
shortest time. However, the final interfacial tensions of the systems containing
demulsifier D were the highest at the tested conditions, owingetdact that
demulsifier D is the most hydropholkamongthe four demulsifiers. Demulsifier

B had intermediate performance regarding interfacial tension reduction, which

can be explained by its moderate hydrophilicity.
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4.2 FBRM tests
4.2.1 Effect of mixing rate on demulsification
Figure 4.2.11 shows themeansizes and counts changes ofemulsion water

droplets at different stirring speeds.
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Figure 4.2.11 Effect of mixing rate on mean size and counts of an emulsion sample
at room temperature without demulsifier addition.

Figure 4.2.11 shows thathe number meanof the water dropletdardly change
with stirring speedThe wlumetric meamwasreduced by 2 umtat00 rpmthan at
other lowerstirring speedspossibly due toeducedattachment between droplets

understrongmixing. Countsof different size bins ere constanduringthe test

Based on the base lingesults given in Figure 4.2.11, demulsificationby

demulsifier Bat various mixing speeds was selectechimgxample to illustrate
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the effect of mixing on demulsificatiorkigure 42.1-2 shows themean size

changeof water dropletsn demulsification with 50 pprof demulsifier B at room

temperature.
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Figure 4.2.1-2 Impact of mixing speed on demulsification using 50 ppm of
demulsifier B at room temperature.

Thechange®f volumetric mearshowthat 100 rpnmwas rot sufficientto promote
effective coalescence. 400 rpm,the volumetric meamcreasedrom 8 pumto
38 um wpon the addition of demulsifier,But it begun to decrease after 1200 s,
indicaing that coalesced watealroplets or flocs were digoted by strong mixing
Mixing at 220 rpm and20 rpm producedelatively consistentvolumetric mean

size growth The number mean size changes show that 220 rpm increased the
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water droplets size smoothly and stably. Therefd@2® gpm was used in the

following FBRM tests to study the effects of other factors on demulsification

4.2.2 Demulsification kinetics study
Blank tests at room temperature and 60 °C
Figure4.2.2-1 shows he mean size ancbunts of theemulsionwater dropletof

room temperature blank tesithout the addition of demulsifiers
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Figure 4.2.2-1 Mean sizes and counts dhe emulsionwater dropletsin room
temperature blank test

Figure 4.2.2-1 shows thathe size of waterdropletsin the systemunderwent
negligible changesduring the testegberiod. The volumetric mean size and the
number mean size of the emulsion water droplets were 10 um and,3 pm

respectively. The countsf water dropletdiaving adiameter<5 um and between
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5 pm - 10 pm were approximatel\ 700 and 500, respectively.The counts of
droplets having a diameter between 10 prf0 pum were around 400Vater
droplets having a diameter >50 um were not deted®edults of the blank test

ensured thathe emulsion wasufficiently stable under the mixing conditions

Figure4.2.2-2 shows mean size and counts of water droplets of blank test at 60

°C
20
~ Volumetric mean
é o o DDD DDDDDDDDDDDD oo DDDD oo DDDD DD
15 1 DDDDDDD DDDDD o O o O h 00 o o DDDDDDDDDD
ONJ DDDDD
2 10 DDDDDDD
(1]
2 5 Number mean
= P s e ssessescesbessess ot orsoesoesteectevorseseeeveceosecetoeases)
O 1 L | L 1 N 1 . | .
0 400 800 1200 1600 2000
_8 3000 -
<5 mm ..
8 . - ....lll.....ll.lll.....l..l...ll. ey
% 2000 — e ...“...l-.l...- n gun e
o g ]
3
1000 - ouon. oue 5.;.1,9,..”1,“.,,.,.,.“,.“,.....“.,
€ | osmesesastosnessatorstossatsasiehostertodei s .
a DR o <10 11 i
O 0
0- O mm
1 N 1 . | . I : h )

0 400 00 1600 2000

800__, 12
Time (s)

Figure 4.2.2-2 Mean sze and counts oemulsionwater droplets at 60°C.

Droplet sizes measureid 60 3C blank testsare shown in Figurd.2.2-2. The

sample temperature was increased from room temperature 3€ 60the first

400 s.The data showed th#tetemperaturéencrease had negligible impact tire

number mearfaround 3 pum of the systemThe volumetric meamcreased from
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10 um to 15 pm in the first 400 s as a resulthehting The ©unts ofwater
droplets having diameter<5 pm increased from 1800 to above 2500e ®unts

of water droplets between 5 pm10 um increasg gradually from500 to 700
during the testThe counts of droplets having a diameter between 10 ffhum
increased from around 50 to 500is worth noting that no counts decrease was
observed for small water droplets (<5 pum) whereas the counts of laajer
droplets (57 50 pum) increased. The extra droplets occurred in the system due to
heating indicated that some very small water droplets were generated by
homogenizing during the emulsion preparation. Those water droplets were so
small that FBRM wasiot able to detect them (FBRM measurement limit: 0.5 pm

- 2.5 mm). The increase in the counts of both small and medium size water
droplets, together with the increase in the volumetric mean of the system proved
that heating can induce coalescence of thelgion water droplets to a certain
extent. However, the coalescence induced by heating was limited since the
volumetric mean of the system equilibrated again after the sample temperature

reaching to 60 °C.

Selection of a representative mean sizeto interpret the demulsification
kinetics

Demulsificationtestsof demulsifier Bat room temperature/ere selectedas an
exampleto illustrate the investigation afemulsificationkinetics (Figure 4.2-3).

Figure 42.2-3 showsthat, followingthe additionof demulsifierB, thesizeof the

water droplets begun to grow after 300 s. The volumetric mean and number mean

of the water dropletsplateauedafter 180 s, reaching 38 pum and pm,
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respectivelyThe increase in droplet size due to either flocculation oresocahce

of the smallest water droplets in the system resulted in a deanghgecounts of

the water droplets having diameter <5 pum. The volumetric mean sizea had

significant increase compared with the limited change of the number mean size

upon the adition of demulsifier solution.
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Figure 4.2.2-3 Mean sizesand countsof the emulsion water dropletsduring

demulsification with the addition 50 ppm demulsifier B

Figure 42.2-4 shows the volumetric mean based and the number inased

chord length distributionCLD) of the emulsion sample after different time

periods (0,1, 2, 3,5, 15and 35 mm) following the addition of 50 ppm of

demulsifierB. The water droplet sizencreased rapidly ovdhe first180s. The

systemequilibrated 5 m afterthe demulsifier addition
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Figure 4.2.2-4 Chord length distribution of the emulsionwater droplets during
demulsification using50 ppm demulsifier B at room temperature.

Figure 42.2-5 showsthe micrografs of the emulsion water droplets before and

after demulsificatiorusing50 ppm demulsifier B at room temperature.

Figure 4.2.2-5 Morphology changes of the emulsion water droplets after
demulsification with 50 ppm of demulsifier B at room temperature
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