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Abstract

The effects of amines on the phase inversion dNa(l-KCI saturated-brine emulsions
stabilized by KCI particles and on the wettability KCI surfaces in brine were investigated.
Contact angle at the oil/saturated-brine/KCl lidecontact, interfacial tension at the oil/saturated
brine interface, and phase inversion measuremeerts performed to study the applicability of the
phase inversion method in the selection of the nalde oil(s) for subsequent coarse potash ore
flotation tests.

Two commercial amines, dodecyl and octadecyl, avw technical amines, TD and HTD,
were tested as additives to oil in the preparatidnthe extender, and three hydrocarbons
(cyclohexane, n-decane, and Diesel oil).

The contact angle results demonstrated that anaitiesrb onto KCI with a clear effect of the
equilibration time. The increasing of contact anglth amine concentration was influenced by two
equilibrium phenomena: a “fast equilibrium” resnfjifrom the diffusion of large amine molecules
to the interfaces and a “slow equilibrium” causeddissolution/recrystallization of mostly NacCl
fine crystallites onto KCI surfaces in saturateithdr

This project discusses the existence of eightimégliate states that describe sequentially the
changes in KCI wettability caused by the amine guitmn. Each state occurs at a particular amine
concentration, which is characteristic of each amim oil formulation. The contact angles were
linked with the emulsion stability, which was debed by the final emulsion volume. KCI particles
were gradually made hydrophobic and the contacleangd emulsion stability increase until
equilibrium with amine concentration.

The obtained results suggest that water-in-oil (YWMnulsions are produced at the
equilibrium, while oil-in-water (O/W) emulsions areostly unstable. The emulsion stability was
experimentally found to depend on temperature alditianal mixing time; the former lead to the
coalescence phenomena, while the latter causquhtee inversion from O/W to W/O emulsions.

This project confirms that the phase inversion mégie could constitute a quick and reliable

lab testing methodology to screen various amingsl formulations.



Preface

This dissertation is original, unpublished, andejpendent work by the author, L. Barroilhet
Cahuas. The author conducted all the experimestithed in this thesis.

Chapters 1, 2, and 3 present respectively an inttazh to the research, literature review,
and experimental program designed for the purpbtawostudy by the author.

Chapter 4 involves the results of three differgpetof tests performed by the author to study
oil/saturated-brine/KCI systems. These tests irelcmhtact angle measurements, interfacial tension
measurements, and phase inversion tests.

Chapter 5 includes the analysis of the researchaatied out by the author.
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1 Introduction

1.1 Potash ore flotation

Commercial potash ore flotation is carried out atusated brine since main components of
the sylvinite ores, sylvite (KCI) and halite (NaChre water-soluble salts. Long-chain primary
amines are used for the fine fraction as collectorselectively render KCI particles hydrophobic,
while coarse fractions also require an additiomdlector, so-called extender oil, to improve furthe
flotation of coarse sylvite particles. Potash Cogpion of Saskatchewan (PCS is the world's largest
potash producer) has utilized Esso 904 oil, whicmtains polycyclic carcinogenic aromatic
compounds, as extender oil. Potash industry lonm teiture relies on the development of new
technologies that replace toxic chemical additives.

Extender oils have been extensively studied ovarsyat UBC (Dai et al., 1992; Laskowski
and Dai, 1993; Laskowski and Wang, 1997). Thesertgghow that pre-emulsified oils with long-
chain amines added as an emulsifier can yield biglde and high-recovery concentrates in the
laboratory flotation tests, however, in-plant testth those same formulations, applied under
operating flotation conditions, have not yet beencessful (Strathdee et al., 1982). One of the
reasons for the problems in this area is the ldck simple and reliable method of testing and
selection of suitable oils.

Another important factor is the effect of temperaton these combinations for the stability
of emulsions, i.e. the emulsion must be stabl&éntémperature range during winter and summer. It
is well known that phase inversion of the emulsilom O/W to W/O, is very sensitive to
temperature (Binks and Rocher, 2009). Thereforgatash ore flotation, two factors have to be
well understood. Firstly, the oil must wet the sgd of KCI particles to work as extender oil, and
secondly this oil, which comes to the plant ascoihtaining amine emulsion in water, must be
stable over the plant operating temperature ranges.

In this thesis, two wettability tests were carrgad in selection of the possible extender(s) for
subsequent coarse potash ore flotation tests. &@mnencluded the phase inversion method for the
preparation of emulsions. The other test involved tessile drop method for contact angle
measurements. It is, therefore, to be pointed lwatt the problem of the extender oil selection was

studied only from the KCI wettability point of vieiw this project.
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1.2 Objectives

This thesis had the following research objectives:

1.2.1  General objective
To develop the lab testing procedure for seleatibtne 0il(s) which could be used as the extender

oil(s) in potash ore flotation.

1.2.2  Specific objectives

To study the applicability of the phase inversioetinod, in which oil/saturated-brine emulsions are
stabilized by fine KCI particles, as a method déston of the extender oil(s) for the use in pbtas
ore flotation.

To study the effect of equilibration time on thentact angle at the oil/saturated-brine/KCl three-
phase line of contact with the use of the sessdp chethod

To study the effect of equilibration time on théeifiacial tension at the oil/saturated-brine irdeef
with the use of the pendant drop method.

To test several commercial and technical long-chaiines as additives to oil in the preparation of
the extender oil(s).

To test several hydrocarbons (oils) as amine stdvenmodel extender oil(s).

To examine the effect of different long-chain arsirms the phase inversion of oil/saturated-brine
emulsions stabilized by KCI particles.

To investigate the effect of the concentrationasfg-chain amines in oil on KCI wettability and on

emulsion stability in an oil/saturated-brine/KCksym.



2 Literature review

2.1 Overview of the potash ore flotation

In the PCS processing plants (see Figure 1), te &ind coarse fractions of the ore are
processed by flotation. The coarse ore fractiopi¢slly +0.841 mm) is screened and tumbled in a
mixing drum (see inset in Figure 1) with blindeesg( carboxy-methyl cellulose starch, guar gum,
etc.), then an aqueous dispersion of long-chain @K@mines (G-Cy) is used as collector;
extender oil is added to float the coarse fractiBaso 904 oil, used to date, exhibits unique
collecting properties but contains toxic polycycicomatic compounds (Strathdee et al., 1982).
Ambient temperature fluctuations between summerwimter sessions, which in some locations
may be within 15 — 35 °C, affect the sylvite fladat results (Perucca, 2003).

Crushing

Coarse

Ore
\h:
Amine
Slimes | l

Dis i Extender

T;Ils I

i

Tails Disposal

 Fines
Conditioning

Figure 1. Schematic block diagram of a conventional potdskation plant (Perucca, 2003)
reproduced by the permission of the Canadian umgtitof Mining, Metallurgy and Petroleum
(CIM).

Experimental evidence (Laskowski and Dai, 1993 kbaski and Wang, 1997) suggests that
it is possible to substitute very toxic productgy(d&esso 904 oil) with more refined and less toxic
formulations such as Esso 2600 oil and/or Esso 26i00with added amine (e.g. :RH,).
Nevertheless, those same combinations applied umiEnating flotation conditions have not yet

been successful.



2.1.1  Effect of amine addition to oil on contact angle

One important factor in potash ore flotation isttbi#s must wet the surface of KCI particles
in order to work as extender oil, however, attachima oil droplets to hydrophilic particles is
impossible (Laskowski and Ralston, 1992). Dai et(&P92), Laskowski and Dai (1993), and
Laskowski and Wang (1997) investigated the emulsiatation in NaCl-KCI saturated brine and
concluded that all the tested oils (i.e. Esso ®®%0 1156, and Esso 2600 oils), with the exception
of Esso 904, could not attach to the KCI hydrophglurface, and so oil droplets can attach to the
sylvite particles only if the KCI surface is premsly rendered hydrophobic by long-chain primary
amines. With the use of the extender oil contairamgine, the oil interacts with KCI particles
through the collector species present at the tilfated-brine and/or KCl/saturated-brine interfaces
According to Laskowski and Dai (1993) and Laskowakd Wang (1997), it may be, therefore,
beneficial to introduce a certain quantity of amiogether with oil (the concentration (wt) of amine
in oil should not be less than 1 %).

Qils are difficult to disperse in brine, and longain amines are not soluble in brine either.
Despite of this, the amine can be dissolved inoihto form a so-called amine-in-oil emulsification
(Laskowski and Wang, 1993). In such applicatiohdooplets act as the collector carrier, therefore,
it becomes not only active but also selective @ail., 1992; Laskowski et al., 2008).

Oil droplets adhere to the solid surface through ligdrophobic bonding with the nonpolar
groups of the pre-adsorbed amine. The effect oharaiddition to oil is to provide the functional
groups that can adsorb at the KCI surface (Dali.£1292).

Figures 2 and 3 show the effect of the concentratib long-chain amines in oil on KCI
wettability. These curves demonstrate that thetwwis of oil containing amine can wet KCI

surfaces (Dai et al., 1992; Laskowski and Dai, 3993
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Figure 2. The effect of the addition of the following fladat reagents on the wettability of KCI
plates by oil droplets: (a) Armeen HTD amine andaas additives to Esso oils, (b) dodecylamine
(Ri2NH,) to Esso 1156 oil, and (c) various surfactant€Esso 2006 oil (Dai et., 1992; Laskowski
and Dai, 1993); reproduced by the permission of Abstralian Institute of Mining and Metallurgy
(AusIMM) and the Society for Mining, Metallurgy,daBxploration, Inc (SME).

Laskowski and Dai (1993) concluded that Esso ailsladt not adhere to the KCI surfaces
without pre-adsorbed amines, and addition @NRi, to oil could favour the flotation of coarse
potash ore (see Figure 3). The authors also coedlubdat polar compounds, especially those
bearing nitrogen, were found to be the major ctunestits responsible for a good oil performance in

the potash flotation.
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respectively, but contain more polar compounds.

Figure 3. The effect of the addition of dodecylamingl{Ri,) to various oils on the wettability of
KCI surfaces (Laskowski and Dai, 1998)produced by the permission of The Australianitingt
of Mining and Metallurgy (AusiIMM).

2.1.2  Effect of collector-extender oil mixture on flotation performance
Addition of Esso oils containing dodecylamine hasndficial effect on the flotation

performance of oily collectors, increasing the key as shown in Figures 4 and 5.
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Figure 4. The effect of dodecylamine;§RH,) addition on the flotation performance of Esso @15
and Esso 2600 oils (Laskowski and Dai, 1993); repied by the permission of The Australian
Institute of Mining and Metallurgy (AusiIMM).

According to Strathdee et al. (1982),9pite of a substantial effort during the pasty2@rs,
no significant change in the chemical class or falation of extender oil composition has provided
in-plant coarse particle flotation performance eeplent to that achieved with the industry
standard asphaltene—based additive. Pre-emulsif@tector/extender oil mixture can yield high-
grade and high-recovery concentrates in the labomat However, in-plant tests with those same

formulations in operating flotation circuits havetryet been successful.
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Figure 5. Flotation recovery asa function ofthe concentration cEsso 2600 oil for different amir
in oil formulation: (Laskowski and Dail993; reproduced by the permission of The Austra
Institute of Mining and Metallur¢ (AusiIMM,.

2.2 Emulsion stabilized by finely divided solid:
2.2.1  Pickering emulsion

In 1907,Pickerin¢ was apparently the first to recognize tcolloidal particles situateat the
oil/water interface(see kgure 6) can stabilize emulsio, the soealled Pickering emulsion,
similarly to emulsions in which solubemulsifier« are use (Briggs, 1921. Many different solic
materials have beeextensivelyusedto stabilize emulsionacting as emulsifying agents these
solids includ: iron oxides, silica, alumina, calcium carbonatejura sulfate, cly minerals, carbor
and polystyren as well ascolloidal metals and crystalline organic compouriite glycerol
tristearate and stearic acid (Abend et al., 1!

Two condition;, which must be met befoithe emulsion stabilization by particles ctake
place,are (i) particles have to bfinely dividec, i.e.they must bevery fine in comparison with th
emulsiondroplet and (ii) the surfaceof the particlesmust be partially wettable by both oil a
water (Briggs, 1921;Schulman and Leja, 19¢ Levine et al., 198¢ Emulsions may be classifi
according to the position of the phasThe emulsion tyg can be disinguished: oil-in-water
emulsion (O/W), in which the oil is dispersed as smrdroplet: in a continuous water phase, ¢
waterdin-oil emulsion (W/O), in which the water is dispersed as s dropletsin a continuous oi

phase.
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Figure 6. Stabilization of emulsions by finely divided sslidleft) preferential wetting by water

leading to an O/W emulsion; (right) preferentialttirey by oil leading to a W/O emulsion (Binks,
2002).

Emulsion tests conducted by Tambe and Sharma (189®)hich the stability of oil/water
emulsions was investigated for solutions of steatad (“acid”) in n-decane, showed that in
absence of any solid particles, no stable emulsaaid be produced within the range of surfactant
(stearic acid) concentrations (see Figure 7), themnfirming that the formation and stability of
these emulsions was largely a result of the presenit solid particles. Additionally, the
effectiveness of the solid particles is influenbgdhe presence of the surfactant. This conclusion

in perfect agreement with Laskowski and Dai (1983) Laskowski and Wang (1997) (see section
2.2.5).
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Figure 7. The effect of solid particles: calcium carbonaa®d bentonite (a) and silica, barium
sulfate, and carbon graphite (b) on emulsion sighilwhich is described by the final emulsion

volume, at varying stearic acid concentration (Ta&mdnd Sharma, 1993); reproduced by the
permission of the Elsevier.



2.2.2  Coalescence mechanism

Figure 8 shows the so-called drop coalescence plbich consists of two well-defined
sections, where N (Y axis) is the number of drapthat do not coalesce before time t (X axis). One
section in which N decreases slowly with time (frénto B), followed by the other section of rapid
decline (from B to C). Such a distribution curvaizates that the lifetimes of droplets are
determined by two distinct processes: the draimddglee continuous phase initially present between
the droplet and the interface, followed by the mptof the film encapsulating the droplet, the so-
calledcoalescence phenomen&ccording to Tambe and Sharma (1993), finely did solids coat
droplets by some kind of film or pellicle which tlnto prevent coalescence phenomena (see
section 2.2.2 for details) and consequently maomiscphase separation. Therefore, fine ground

particles can act as emulsion stabilizing ageneaislsifiers
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Figure 8. Drop coalescence plot (Tambe and Sharma, 1993)rodiced by the permission of
Elsevier.

2.2.3  Emulsion stabilizing agent

As already mentioned, finely divided solids cangmdially stabilize an emulsion by attaching
to the water/oil interface directly or by a filmrehdy stabilizing the emulsion. Colloidal particles
stabilize emulsions both by providing steric himdra to the coalescence of emulsion droplets and
by modifying the rheological properties of the mfisee (Tambe and Sharma, 1993). Fine solid
particles constitute a dense but elastic film adbtine droplets of the dispersed phase (see Figure 6
and the presence of a continuous film of emulsgyagent is absolutely essential to the existence of

all ordinary emulsions (Briggs, 1921).



The effectiveness of solid particles in stabilizemgulsions depends on their ability to migrate
to the interfacial region, to remain there in abktamechanical equilibrium, and to form a
sufficiently dense layer of particles around thepdets (in the outside phase of the emulsion) which
inhibits coalescence of the dropletigid barrier acting against coalescencd he magnitude of the
mechanical barrier is determined by the energyréBlired to remove a particle from the interface
that in turn is a function of the three-phase congsmgle. The particle is mostly held in the inaed
when ©=90° (see Figure 9). On either side of the 90° pélad energy of attachment fallShis
extreme variation of E (energy) with wettabilitysha major influence on the ability of particles of
different wettabilities to stabilize emulsions. ldng emulsions are believed to be unconditionally
stable due to the large interfacial energy, E, thatquired to move the particles away from the

interface, hence, the pellicle of solid particlesresponds the state most energetically favourable.

The strength with which a particle is held at tilavater interface is related not only @but

also to the tension of the interfagew (Binks and Lumsdon, 2000).

3000 T
i (a)

2500
2000

'_\_‘ 3
o 1500 |
1000 f

500 |

O [ s i L 3 I -
0 30 60 90 120 150 180

6/°
Figure 9. Energy with which a spherical particle is heldthe oil/water interface as a function of
the contact angle (Binks and Lumsdon, 2000); repced by the permission of the American
Chemical Society (ACS) Publishing.
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2.2.4  Final emulsion volume

Generally four phases are distinguishable afterdgoting mixing experiment procedures
(e.g. hand or mechanical shaking, ultrasonicatmnyortex mixing), as shown in Figure 10: a
sediment of solid particles at the bottom, a layfewater, a creaming layer, and a coherent oil has
at the top (Abend et al., 1998).

cr

Figure 10. Phase separation after sedimentation (Abend et H98); reproduced by the
permission of the Steinkopff Verlag Publishing.

The state of the emulsion is described by (i) #ireent height (volume fraction of sediment
“sd”, related to the total volume of the system), fii¢ final emulsion volume (volume of the
creaming layefcr” to total volume), and (iii) the degree of coalesre (volume of coherent oil
phas€‘o” to total volume).

As an example, Figures 11 and 12 depicts an oNdater emulsion (O/W) stabilized with
carbonyl iron paramagnetic particles (Melle et @005), and an oil-in-water emulsion (O/W)

stabilized with hematite particles (Maldivala &t 2009), respectively.

11
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Figure 11. Photograph of an oil-in-water emulsion stabilizedth carbonyl iron paramagnetic
particles at a concentration of 4% (wt) (Melle ét, 2005); reproduced by the permission of the
American Chemical Society (ACS) Publishing.

Figure 12. Optical micrograph of oil droplets coated with hetite particles when deposited at an
air/water interface. (Maldivala et al., 2009); reguifuced by the permission of the Royal Society of
Chemistry (RCS) Publishing.
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2.2.5 Factors influencing emulsion stability

Some of the parameters that control the type aaalligy of the oil/water emulsions include
particle wettability (see Figure 9), surfactant gradticle concentration (see Figure 13), and the
particle size (see Figure 15), just to mentionrttaén ones (Tambe and Sharma, 1993; Melle et al.,
2005). In those figures, the emulsion stabilitydescribed by the final emulsion volume (FEV),
which in turn is defined as the volume of the crizmriayer to the total volume. The emulsion

stability increases with the final emulsion volume.

2.25.1 Effect of surfactant concentration on emulsion stiiby
Figure 13 shows that at a given particle conceptratas the surfactant (stearic acid)
concentration (wt%) increases, the emulsion stgbilin terms of the final emulsion volume,

typically increases, demonstrating that the stighilf the emulsions formed increased significantly

when small amounts of surfactants
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Figure 13 The effect of carbon graphite (a) and silica paet (b) on emulsion stability, which is
described by the final emulsion volume, at varyagicle and stearic acid concentrations (Tambe
and Sharma, 1994); reproduced by the permissigdheElsevier.
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2.25.2 Effect of particle concentration on emulsion stalbit
Figure 13 also indicates that at a given surfadfstearic acid) concentration, as the particle
concentration increases, the emulsion stability tkadescribed by the final emulsion volume,

increases as well, confirming that emulsion stgbifticreases with an increase in the concentration

of particles in the system

The log-normal distribution of droplet sizes candjtectively varied by adjusting the solid
particle concentration while keeping the relativepwortion of the oil and water constant. The
average size of emulsions droplets decreases asollte particle concentration increases (see
Figure 14). A decrease in the size of emulsiongldte creates additional surface area that allows
additional colloidal particles to be accommodatetha interface. This increase in the solid paeticl

concentration at the interface, in turn, leads twarstable emulsions.
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Figure 14. Change in the average droplet (“drops”) size farge (squares) and small (circles)
droplets with varying the paramagnetic particlescentration (Melle et al., 2005); reproduced by
the permission of ACS Publications.
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2.253 Effect of particle size on emulsion stability

Figure 15 shows that the effectiveness of the gagiin stabilizing emulsions decreases with
an increase in particle size.
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Figure 15. The effect of particle size on the stability ofutsions, which is described by the final
emulsion volume, stabilized by alumina particl&zanibe and Sharma, 1994eproduced by the
permission of the Elsevier.

Tambe and Sharma (1994) claims that the emulsialilisy increased with a decrease in
particle size until a critical particle size waseched. Below this critical size Brownian effecte ar

significant enough to affect the partitioning oftces at the oil/water interface.

2.3 Contact angle and fine solid wettability — a briefreview

The contact angle at the oil/water/solid three-phlbsundary is critical in controlling the
stabilization by given solid particles (see Fig@jeEmulsion type (O/W or W/O) is believed to be
determined by the particle wettability, expressederms of contact angl® that particles of the
solid make with the oil/water interface. Binks dngimsdon (2000) mentioned the following three
studies that point to a direct link between contaogles©, measured on flat surfaces, and the
resulting emulsion type: Schulman and Leja (198&xetsky and Kruglyakov (1971), and Tambe
and Sharma (1993). These studies are in sectiéhs, 2.3.2, and 2.3.3, respectively. Recently

published articles (see section 2.3.4) confirmed #he link referred to above.

15



2.3.1  Schulman and Leja (1954)

These authors studied the system: benzene/waterfbaulfate (BaSg), in the presence of
anionic or cationic surface-active agents {€ Cig). The authors investigated the relation existing
between the contact anglactoss the aqueous phasteveloped by a drop of oil deposited on a
solid surface in water coated by a surfactant &wedstabilization of oil-water emulsions by solid
powders (of suitable size) similarly coated by fia@ne agents, postulating that the relation is as
follows:

()  Water-continuous emulsions (O/W) are stabilizedh®ysolid powder when the contact angle
at the oil/water/solid interface is a little smalldnan 90° (measured through the aqueous
phase);

(i)  Qil-continuous emulsions (W/O) are formed and sizdad by the solid powder when the
contact angle is somewhat greater than 90°;

(iif)  If the particles are completely wetted by wateiy they remain dispersed in either phase
and no stable emulsions are formed.

Starting with O/W emulsions stabilized by sodiundéeyl sulfate alone, addition of Ba5O
resulted in phase inversion to stable W/O emulsieite © around 120° (see Figure 16). The
reverse phase inversion occurred on adding the $ol\W/O emulsions stabilized by oleic acid
alone (at low pH), resulting i®=60°. For conditions such th@twas >160° (oleic acid at high pH),

unstable W/O emulsions were formed.
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Figure 16. Relation between contact angle and chain lengtsusface active agents M/1000 on
BaSQ crystal surface (Schulman and Leja, 1954); repmtl by the permission of the Royal
Society of Chemistry (RSC) Publishing.
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2.3.2  Koretsky and Kruglyakov (1971)

These authors, studying the stability and coaleszeficarbon tetrachloride/water emulsions
with added spherical quartz particles, var@dystematically by addition of octadecylamine. The
stability of O/W emulsions increased to a maximusr®aincreased from 40° to between 60° and
80°. Foro between 85° and 95° both O/W and W/O emulsiongvi@med (probably representing
the state around phase inversion) of consideraddyaed stability. The authors stated that stable

W/O emulsions would be expected 1in the range 95-115° but did not present any data.

2.3.3 Tambe and Sharma (1993)

These authors reported a thorough study of a dégates/calcium-carbonate system. On
addition of stearic acid, stable O/W emulsions fedmwvith solid alone become less stable, inverting
to W/O emulsions whose stability increases awaynfioversion. SignificantlyP increased from
40° to over 130° in this range, and it was showat the concentration of stearic acid required to

reach 90° was the same as that needed for phaasimv (see Figure 17).
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Figure 17.Contact angle of a calcite crystal as a functidrife stearic acid concentration (Tambe
and Sharma, 1994); reproduced by the permissidelsdvier.
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2.3.4  Recently published articles - a brief review
2.3.4.1 Hu et al. (2015)

These authors have recently researched the effsarfactants on the properties of Pickering
emulsions stabilized by cellulose nanocrystals, tfeo surfactants, dodecyldimethylammonium
bromide (DMAB) and cetyltrimethylammonium bromid€TAB), respectively (see Figure 18).
With increasing DMAB concentration, emulsions exh#é double phase inversion (O/W to W/O
[phase inversion 1], followed by W/O to O/W [phaseersion 2]), whereas with CTAB, all
emulsions are oil-in-water (O/W).

The authors concluded that the surfactant type @wtentration can be used to control
whether the continuous phase of the emulsion i®ivater which extends the potential use of

CNCs in emulsified products.
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Figure 18. Three-phase contact angle of a 10 mL drop of stafat solution on a spin coated CNC
surface measured under dodecane for CTAB solufmmsn squares) and DMAB solutions (closed
diamonds) (Hu et al., 2015); reproduced by the pssion of Elsevier.
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2.3.4.2 Binks et al. (2013)

These authors have recently investigated the etie¢he surfactant concentration on the
double inversion of phases of Pickering emulsidabibzed by silica particles of diameter 0.404
microns for a cationic surfactant {{DMAB). Their experiments were conducted at equalines
(1 mL) of n-decane and aqueous dispersions.

The authors concluded that the particles can uwdaigydrophilic—hydrophobic—hydrophilic
transition corresponding closely to the O/W-W/O-O-Wmulsions upon increasing the
concentration of the surfactant. Their results ladatact angles to the type of particle-stabilized

emulsion, confirming macroscopic emulsion inverssonthe microscopic level
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Figure 19. Average contact angles at the decane/water interfameasured through water) for
silica particles of radius 202 nm as a functiorsaffactant concentration. The angle in the absence
of surfactant is 33°. The inset is log abscissasoabiven is the type of emulsion formed on
homogenizing the mixtures, and the horizontal ddslme refers to 90°. Error bars are the
standard deviations in the measurements (Binkd.e2@13) reproduced by the permission of the
American Chemical Society (ACS) Publishing.
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2.4 Drop shape and phase inversion techniques

2.4.1  Sessile drop method

The drop shape analysis (DSA) is a convenient veayneasure contact angles, thereby

determining wettability of solids by liquids (seeégires 19 and 20 for details). The principal

assumptions are:

1. The drop is symmetric about a central vertical :athgs means it is irrelevant from which

direction the drop is viewed.

2. The drop is not in motion in the sense that vidgoer inertia is not playing a role in

determining its shape: this means that interfat@akion and gravity are the only forces

shaping the drop.
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Figure 20. FTA1000 B Class drop shape instrument (left)illastrative image captured for sessile

drop analysis (right), and wettability and contactgle across the drop (below).
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2.4.2  Pendant drop method

The pendant drop method is an optical method faerddning the surface or interfacial
tension of a drop of liquid by using the radii afreature of a drop profile (Winkler, 2010). Figure
21 depicts a FTA drop shape instrument and artiiditige pendant drop.

Figure 21.FTA1000 B Class drop shape instrument (left) amdllastrative image captured for
pendant drop analysis (right) (Liu et al., 2015¢produced by the permission of Elsevier.

An increased pressure is produced inside the dsom @aesult of the interfacial tension
between inner and outer phase. The pendant didgfasmed under the effect of gravity that acts to
elongate the drop while interfacial tension oppadesgation because of the associated increase in
interfacial area (Miller and Neogi, 1985), theratifecting the main radii of curvaturgeand 5. The
correlation between the pressure differenpethe radii of curvature of the surfageand s and the

interfacial tension is described by the Young- leapl equation:

w=a(+r)
p=a n "

The shape of the drop is then determined fromideosimage (see Figures 21 and 28) using
a Fta 32 video computer program. Figures 19 anghtilv a FTA 1000 drop shape instrument,
while Figure 29 presents a snap shot of the irnt@ffaension window of a Fta32 video computer

program (provided by First Ten Angstroms).
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2.4.3 Phase inversion method

As it was mentioned earlier in section 2.1.2, tdeigon of Esso oils containing dodecyl
amine increases the potash ore flotation recovargpite of being extensively studied (Dai et al.,
1992; Laskowski and Dai, 1993; Laskowski and Wdttif)7) a method for testing various oils (as
extender oils) has not yet been developed. Theepinasrsion method (P.1.M.) could be, therefore,
tested as a way of studying how different oils adine additions affect sylvite particles
wettability. It must be pointed out that the phaseersion tests are very sensitive to the changes i
temperature.

Takakuwa and Takamori (1963) proposed the P.I.Ma psocedure for studying the change
in wettability of the fine solid particles causeg totation reagents. The authors investigated the
emulsion phases for two minerals, galena (PbS)sahdlerite (Zn,Fe)S, at varying concentrations
of sodium ethyl xanthate and CuSO4, respectivehe principal advantages of the method are as
follow:

1.  Small amount of material are required.
2 Easy preparation of mineral for test.

3. Quick and reliable.

4 Simple experimental procedure.

The phase inversion method is based on generabiyhkrfact that oil/water emulsions are
stabilized by a powdered solid, the so-calkickering emulsionésee section 2.2.1 for details). The
final result after mixing (either water-in-oil, W/@r oil-in-water, O/W, emulsions) depends on the
wettability of solid particles by oil (Binks and msdon, 2000).
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3 Experimental program

3.1 Reagents
All the reagents were used without any further fizaiion in this thesis, and their properties
(molecular weight, assay, melting point, and bgilpoint) are presented in this section as reported

by their manufacturers.

3.1.1  Water-soluble salts

Potassium chloride (KCI) and sodium chloride (Nakdd a molecular weight of 74.55 and
58.44, respectively. They were white99.0% pure, powdery solids obtained in 3 kg politles
from Fisher Scientific International Inc.

Since sylvinite ores contain mainly NaCl and KGiter-soluble salts, all the experiments
were conducted in saturated NaCl-KCl brine (sedi@®c3.4.3) to reflect natural processing

conditions (see section 2.1).

3.1.2  Long-chain amines

Dodecylamine (@H2sNH,) and octadecylamine (§Hs;/NH,) were two commercial, 98%
pure, primary amines, supplied in 25 g glass betike Sigma-Aldrich Corporation, with molecular
weights of 185.35 and 269.51, respectively. Thetingepoint ranges were 27-29 °C for the former
and 50-52 °C for the latter.

Armeen HTD (Hydrogenated Tallow Alkyl Amines) andndeen TD (Tallow Alkyl Amines)
were technical amines provided by Akzo Nobel witjuigalent molecular weight of 263 and 267,
respectively. It is to be noted that the equivaleaight was assumed to be equal to the molecular
weight in this project. The melting points were®&bfor the former and 40 °C for the latter.

Amines were used as collectors to render KCI dagibydrophobic.

3.1.3  Hydrocarbons

Three hydrocarbons of different chemical compositieere selected for this study.

n-decane (gH,,), purchased in 500 mL glass bottles from Sigmariakd Corporation, was
>99% pure, with a molecular weight of 142.29 anaiirgy point of 174.1°C.

Cyclohexane (gH1,), provided in 3 L glass bottles by Fisher Sciéntifiternational Inc., was
>99% pure, with a molecular weight of 84.16 and #irfgppoint of 80.74°C.
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Diesel oil was a technical product that may contanous hydrocarbons and also various
impurities. It was bought at Shell gas station an@ouver.
All these hydrocarbons were used as amine solwenisodel extender oil which could be

utilized in the flotation of coarse potash ore fiats.

3.2 KCl plates

Limited quantities of KCI plates of 15x30x4 mm weparchased to International Crystal
Labs. For this reason, an used plate was gentlpvechafter every sessile drop test and polished
following the method described in section 3.4.2. dome cases, Fourier transform infrared
spectroscopy (FTIR) was used to check possiblesartontamination of the polished KCI plates

through comparison with the infrared spectra oéa IKKCI plate.

3.3 Equipment and materials
3.3.1 Equipment

For the preparation of fine KCI (see section 3.4c6prse KCI particles were used (as given
by the manufacturer, in section 3.1.1). The coans¢erial was ground using an electrical agate
mortar and pestle supplied by RETSCH and screesiad @ Ro-Tap sieve shaker to pass 325 mesh
screen as described in the pioneering work of Takakand Takamori (1963).

For the experiments on the KC| weight and shakirgmanism for the phase inversion tests
(see Appendix B), two mechanical shakers were uGe@ was an Orbital Environ-Shaker, the
other was a KS 4000 IC control. They were manufactby Lab-Line Instruments and IKA
Works, respectively. The latter was also connetidesl Polystat Circulating Bath provided by Cole-
Parmer (x0.5°C accuracy) for temperature control.

For the phase inversion tests (see section 3.85580-G vortex mixer manufactured by
VWR International was used with variable speed mmif 100-3200 rpm (see Figure 30).

Contact angles and interfacial tensions were medsusing a FTA1000 B Class drop shape
instrument (Figures 19 and 21) manufactured byt Hiem Angstroms. The description of contact
angle (sessile drop method) and interfacial tengjpendant drop method) measurements are
presented in sections 3.6 and 3.7, respectivelg.féimer and the latter used two cuvettes made out
of glass of 90x45x50 mm and 15x30x4 mm, respegtj\ad containers.

For the analysis of the surface of polished KCltgda an infrared spectrophotometer

(Spectrum 100 FT-IR spectrophotometer manufacthyeBerkinElmer) was used (see section 3.2).
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A MR Hei-Standard magnetic stirrer with heating vagight from Heidolph USA and used
for stirring and heating (see sections 3.4.3 add43.while a FS30 ultrasonic cleaner manufactured
by Fisher Scientific was utilized for sonicatioré¢ssections 3.4.4 and 3.4.5).

Finally, a Malvern Mastersizer 2000 particle sizealgzer was used for particle size

distribution analysis (see Appendix E).

3.3.2  Materials

Following the experiments on phase inversion, timelsion type was determined by mere
visualization using 40 mL Volatile Organic Analyt¢OA) sampling vials obtained from Restek
Corporation. For the preparation of oil containiagine solutions (see Figures 23 and 24 for
details), 125 mL Wheaton glass snap cap bottlesgliofrom Fisher Scientific International Inc.,
were utilized. These two bottles are referred to"€¥®A vials” or “beakers” and ‘Wheaton

bottles”, respectively. The latter was also used for meicaashaking (see section 3.5).

3.4 Methods

All experiments were conducted in saturated NaCl-K@Gne at room temperature (22 *
3.0°C). The pH range of oil containing amine sang was from 5 to 6, however, this parameter
was not included as variable in this project.

In this thesis, any solution of oil containing atramine is referred to asrganic phaséor
“0il phasé, while saturated brine with or without fine KCagicles is called 4queous phaseFor
the sake of convenience, the organic phase anaineous phase may be denoted as “O” and “W”,

respectively, as used widely in colloid chemistry.

3.4.1 Glassware cleaning

See Appendix A for the standard cleaning procediitte the use of nitric acid and ethanol.

3.4.2  KCl plate cleaning

Following the manufacturer’s instructions, solusasf ethanol and cerium oxide were used to
clean the KCI surface by fine polishing on a pahghpad (self-adhering). After polishing, the KCI
surface was dried with a soft, clean, and dry cl&tior to any experiments, the KCI surface was

completely cerium oxide-free.
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3.4.3  Saturated brine

Saturated NaClI-KCl brine is referred to as “saegtdirine” throughout the text.

The preparation of saturated brine was as foll@ee Figure 22): 300 g of NaCl and 150 g of
KCI were added to 1 liter of distilled water. Thats/water mixture was stirred between 250-500
rom and then was left to stand for at least 1 héur.excess of KCI+NaCl crystals left in the
solution was a proof that the saturated brine wallyr saturated.

Saturated brine was finally kept in 4 liter beakéealed with parafilm) and allowed to

equilibrate for additional at least 3 days.

1L Hot plate/stirrer Excess KCI+NacCl crystals
150 g KCI 300 g NaCl distilled water 250-300 rpm o
I P A R I o s
! l".'l.i l"."oi
4 L beaker KCI NaCIl+KCI Salts/water mixture i Stirring ! Equilibrate

at least 3 days
Figure 22. Schematic methodology for the preparation of satd brine.

3.4.4  Oil containing amine stock solutions

Typically, stock solutions of 1.000 % (wt) of amiire oil were prepared as follows (see
Figure 23): in a Wheaton bottle, 0.146 g of amireswinelted by heating (see section 3.1.2 for the
melting points of amines). Then, 20 mL of oil waklad to the previously melted amine, and the
resulting mixture was placed on an ultrasonic hattil the amine was completely dissolved in the
oil (sonication).

Hot plate/stirrer
(temp. above

"X" g amine melting point) "Y" mL oil Ultrasonic bath
CTTyTTTTTTTTT ! T |
I R R . R |
Wheaton Amine i Melting ' amine and oil i Sonication ' amine-in-oil
bottle i (application of heat)! mixture bommmmmmmmeoees solution

(stock solution)

Figure 23. Schematic methodology for the preparation of oiitaining amine stock solutions
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3.4.5 Oil containing amine diluted solutions

As indicated in section 3.8.3, three amine conedioins (wt%) in oil were typically selected
in this project: 1.000 % (stock solution), 0.050 &d 0.005 %. The last two are the so-called
diluted solutions and were prepared from the steckition (see section 3.4.4) as follows (see
Figure 24): the volume of stock solution (sege i Table 1) was pipetted into a clean 25 mL
volumetric flask and then diluted through addingsfr oil to the 25 mL line. The diluted solution
was transferred to a Wheaton bottle. These dilgt#dtions were sonicated so that amines were

completely dissolved in oil.

Aliquot from Pure oil Transfer to Wheaton bottle

stock solution to the 25 mL line ’—l Ultrasonic bath
LA o N e IO N O |
' '
i i

25 mL amine-in-oil Wheaton
vol. flask solution bottle
(diluted solution)

Figure 24. Schematic methodology for the preparation of oiitaining amine diluted solutions.

Table 1.The preparation of oil containing amine dilutedwtions where: Yis the volume of stock
solution, G is the concentration of amine in oil in the st@chution, V is the volume of the flask
(25 mL), and @is the amine concentration of the diluted solufieither 0.050 % or 0.005 %).

V1C=VoCo
amine concentration (wWt.%) in oil, C, [ mL of stock solution, \j
1.000 -
0.050 1.25
0.005 0.125

3.4.6  Fine KClI particles

Fine KCI particles - 325 mesh (below 4#) were obtained as follows: 10 grams of coarse
KCI (as provided by the manufacturer) were groundn electrical agate mortar and pestle for 30-
60 minutes. Then, these ground KCI particles wereened for 10-20 minutes to pass 325 mesh

screen using a Ro-Tap sieve shaker. KCI partieke distribution is given in Appendix E.
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3.5 Fine KCI weight and shaking mechanism

As it will be explained in section 3.8.4, the origa(oil) phase and the agueous phase were
shaken with the use of a vortex mixer, and forifitation the resulting mixture is referred to as
“emulsiori in this work. The emulsion type and its judgmarg discussed in section 4.3.

Figure 7 illustrates that in absence of any solattiples, no stable emulsions could be
produced (see section 2.2.1). Fine KCI particle325 mesh were, hence, added to the aqueous
phase (denoted by W) to stabilize oil/saturatedéoremulsions, i.ePickering emulsions(see
section for 2.2.5 details). However, a specific gitg of fine KCI particles is not well defined.
Takakuwa and Takamori (1963) used an equivaleft.26 g, while Schulman and Leja (1954)
claimed that the fine particle weight should bdha range from 2.5 to 5.0 g. The first set of the
experiments on phase inversion method was, thexebarried out to determine the weight of fine
KCI particles required.

On the other hand, the aforementioned authors mssthanical and hand shaking to mix the
organic and aqueous phases. The second set ofragp&s on phase inversion technique included
the use of vortex mixing as an alternative for @dg unnecessary complexity.

Therefore, the outcome of these initial tests deiteed both the weight of fine KCI particles

and the_shaking (mixing) procedufer the subsequent experiments phase inversias {ese

sections 4.2 and 4.3). These results are giverppeAdix B.

For the sake of convenience, in those two setxpérements, solutions at 1.000 % (wt) of
amine in cyclohexane were used at varying weigttsfime KCI (see section 3.4.6). The
oil/saturated-brine mixtures were mechanically smalvith the use of an Orbit-line and an IKA
4000 (see section 3.3) and also by hand followiregnbethod described below. In some cases, those

mixtures were also shaken using a vortex mixer Esgare 30).

Mechanical shaking:

As sample container, an Orbit-line shaker used \idmehottles, while an IKA 4000 shaker
utilized Erlenmeyer flasks. The temperature andsiwed of the two shakers were set up at 22°C
and 450 rpm, respectively.

Firstly, 1, 2, 3, or 4 grams of fine KCI — 325 megére mixed with 10 mL of saturated brine,
and the mixtures (thequeous phasgsvere conditioned in the two shakers for 10 miinen, those

mixtures were left to stand for additional at Iehs$tour.
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Secondly, those aqueous phases were mixed with L@fnsolutions at 1.000 % (wt) of
amine in oil (theorganic phasg and the mixtures were shaken again using thestveders for 60
min., transferred to VOA vials, left to stand fatditional at least 1 hour, and finally judged by

mere visualization (see section 4.3).

Hand shaking:
In VOA vials, 1, 2, 3, or 4 grams of fine KCI — 3g%esh were mixed with 10 mL of saturated

brine, and the mixtures (tregueous phasgsvere shaken by hand for 60 seconds and weréoleft
stand for additional at least one hour.

Then, those aqueous phases were mixed with 10 nsblofions at 1.000 % (wt) of amine in
oil, and the resulting mixtures were hand shakemnrafpr 30 seconds, left to stand for additional at

least one hour, and finally judged also by merealigation (see section 4.3).

Vortex mixing:
Similar methodology for hand shaking but with tlse wf a vortex mixer (see Figure 30) was

performed for the solutions at 1.000 % (wt) of aein cyclohexane. It is to be noted that Katepalli

(2014) also used a vortex mixer to prepare emugsion
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3.6 Experimental phase . Sesile drop methoc
3.6.1 Introduction

In the experimental phase oil/saturate-brine contact angles wermeasure directly using
the sessile drop technic (seesection2.4.1for details) In this method, a drc of oil containing
amine wadocatedat the tip of a neee andthenplaced ora smoothKCI surfaceimmersed in brin
(see Figure25 for details). The shape @n oil drop lying on theKCl surface in brine was ther
monitored as a function of the time with a digiwadeo camer (connected t a FTA instrumen),

from whichthe contact angles weidetermined usir aFta 32 vide computer progra.

3.6.2  Experimental se-up
The experimental s-up (see Figur25) included a syringe connected to a syringe purap
allowedautomatic control of the drop volume and pumpinig.ré drog was placed underneatt

smoothKCl surfact, whichwas always completely immers in saturated brir .
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Figure 25. Schematic experimental -up for sessile drop tes

3.6.3  Operating conditions andFTA software setting:

. Images before/after trigger: 25/2

. Initial period after trigger (s):

. Analysis type: Sessile Drop Prof

. Drop Orientation: Upside Down Drg

. Liquid-Vapor Curve Fit: No-spherical Fit

. Liquid-Solid Curve (Baseline) Fit: Tilting Baseline (nairfzontal)
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Figure 26 shows a snap shot of the Contact Angleddiv from the Fta32 video computer
program. As it was mentioned in section 2.4.1, ohthe principal assumptions in this method is
that the drop is symmetric about a central vertaak. In some cases, nevertheless, a drop was
asymmetric, and the non-spherical fit was selediedurn, this curve fit can be divided into “left
side only” and “right side only”.

Figure 26 also presents that the liquid-solid cuweasisted of two options, a horizontal line

and a non horizontal line (tilting baseline).
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o
[}
v Message on Curve Fit Failure
"~ —Drop Orientation Liguid-Solid Curve (Baseline) Fit
ﬁ v Upside Down Drop [~ Use Horizon
E [ Complement Angle [~ Reflection Image Present
a [~ Bright Drop on Dark Background [~ Pre-Touchoff Reflection Sets Baseline
ﬁ | Camera angle (deg): | 0.00 [ Dispense Tip in Drop
@
[¥ Titing Baseline (not horizontal)
- | Force Baseline Width
—
L
o i
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Figure 26.Contact angle window of a Fta32 video computeigpam including settings for contact

angle measurements.
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3.6.4

Experimental methodology
See Figures 19 and 25 for details.
A KCI plate was placed horizontally on a holder mauit of Teflon in a glass cuvette of
90x45x50 mm.
The cuvette was filled with saturated brine (sestise 3.4.3) such that the KCI plate was
completely immersed in saturated brine.
An excess of KCI and NaCl particles was always gmesn the cuvette to be sure that the
brine was really saturated.
Prior to use, a 10 mL syringe was cleaned with aaeetto dissolve any possible organic
residual, e.g. from solutions of oil containing amipreviously used, and with nitrogen to
remove the acetone.
The syringe was filled with a fresh oil containiaghine solution. This syringe was initially
rinsed with that solution, which was dischargedveaste” to eliminate any possible residual
of acetone or nitrogen patrticles. The full contemitdhe syringe were used for subsequent
measurements.
Then, the syringe and the KCI plate were arrangeti shat their images fill the video screen
or view window(see Figure 25 on the right side). The focus wasséed until clear.
An oil drop was generated at the tip of the neadlié placed on the KCI surface completely
immersed in saturated brine.
The video was recorded using a Fta 32 video soé&wgrclicking on “run”.

Extreme care was used in cleaning all materiaéy a&fich experimental run.

The contact angle was measured for every captuctufp) with the use of the Fta 32

computer program that automatically created a grdpthe contact angle as a function of the time
(see Figure 27), with a total of 275 points (25dpeftrigger and 250 after trigger). At about 250

seconds, contact angles were assumed to reaclbequil values. These results are in section 4.1.
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Figure 27. Sessile drop contact angle as a function of thee tcurve calculated with the use of the
Fta32 video computer program with 250 points otyies after trigger.
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3.7 Experimental phase Il. Pendant drop method

3.7.1  Introduction

The oil/saturated-brine interfacial tension measw@ets were conducted using the pendant
drop method and a FTA drop shape instrument (sgar€i20 and 21). Both the technique and the
equipment are described by Atrafi et al. (2012) kiodet al. (2015). In this technique, a drop df oi
containing amine was located at the tip of a nedullbrine, and several images of this drop
suspended from the needle were taken over time tyfffieal shape of a drop used for calculating
the interfacial tension in the FTA software is greted in Figures 21 and 28. It is to be noted that

the drop volume must be known prior to any expenits.e

3.7.2  Experimental set-up
The experimental set-up consisted of an oil draggpsnded from a needle in saturated brine.

The needle diameter was 0.71 mm, and this valueusad for the calibration of the piece of

Recult=: Derdanthron meb intertacial Tension | Calbraton if Tooks
Infertacial Tension (bl /m) Ry
Plndart Vohime | 7877 ) _ RoiBex |
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Tip Wickh {rom] 09140 Distance |
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eter (mm] 2380
Aiedius of Curvature (mm] | 11548
L3blace Toung Beta 01838 .
ContactAngle
L #nlace’'oung RMS Error (rm) 3BB2E3 4‘”‘_\,& Loy
= oo = Ae ¥ o] 2165 F Tension
1 1 Agger Y fmem) 33207 Volme
- 1 Conbiast [cls) 251 Functan
0il [ 1 Sharpress [t
3" Blzck Peak fets) omments
droplet” | I : Sommers
1 o .g Ciear Data
- @ This image v |
>_J _ianm
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Brine 0 e® 0 o £ __Cineloop
Fal 2 . GoTo image |
= H
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' —
.
Excess KCl+NaCl crystals v Dessteimage
| This image. = |
_________________________________ |

Figure 28. Schematic experimental set-up for pendant drags.tes
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3.7.3  Operating conditions and FTA software settings

a > wnh e

Figure 29 a snap shot of the Interfacial Tensiomd@i from the Fta32 video computer
program. The drop shape was analyzed and solvatidbf¥ TA software (Analysis type: Pendant

Drop Shape). During a measurement the magnificatfothe image was taken into account for

Images before/after trigger: 5/20.
Initial period after trigger (s): 1.

calculating the actual drop dimensions.

Analysis type: Pendant Drop Shape and Use QuickeModPendant Drop.
Magnification Calibration by Needle: Calibrate bgédlle Diameter.
Liquid Data: Density (see Table 3) and Surface enéee Appendix D).

e B .
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=
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Figure 29.Fta32 video computer program settings for inteldhtension measurements.
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3.74

Experimental methodology
See Figures 21 and 29 for details.
A clean cuvette of 15x30x4 mm (see section 3.349 filled with saturated brine (see section
3.4.3).
An excess of KCI and NaCl particles was always gmedn the cuvette to be sure that the
brine was really saturated.
Prior to use, a 10 mL syringe was cleaned with aaeetto dissolve any possible organic
residual, e.g. used oil containing amine soluti@mg| with nitrogen to remove the acetone.
The syringe was filled with a fresh oil containiagine solution. This syringe was initially
rinsed with that solution, which was dischargedveaste” to eliminate any possible residual
of acetone or nitrogen particles. The full contemitgshe syringe were used for subsequent
measurements
Then, the syringe was arranged so that its videtherscreen quite fits (see Figure 28 on the
right side).
At a given volume of liquid, an oil drop was gertedhin the needle of the syringe without
detachment so that the drop was suspended in satusene. It must be pointed out that the
volume of liquid was a significant parameter irsttechnique, unlike the sessile drop method
(section 3.6.4).
The video was recorded using a Fta 32 video soé&wgrclicking on “run”.

Extreme care was used in cleaning all materiats afich experimental run.
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3.8 Experimental phase lll. Phase inversion method
3.8.1 Introduction

The experimental phase Il involved the applicatidrine so-called Phase Inversion Method
(P.I.M.) as proposed originally by Takakuwa and drakri (1963). The emulsions stabilized by
fine KCI particles — 325 mesh, at varying amine antration, were prepared with the use of a
vortex mixer (see Figure 30). The description & fhase inversion method is in section 2.4.3. It
was based on the fact that amines modify wettghifitsylvite.

In the emulsion, solids report to the oil/wateenfdce as shown in Figure 6, forming an oil-
water-solid system. The contact angle at this thtesse line of contact determines the emulsion
type either O/W or W/O (see section 2.3), whereténms “O” and “W” are referred to the organic
phase and the aqueous phase, respectively

Hence, the idea was, simply, to determine the @dati amine concentration (@mversion
point) at which the phase inverts from O/W to W/O, mewersa (all this in the presence of fine -
325 mesh KCI particles).

It is to be noted that some authors indicate thstexce of two inversion points (see section
5.4.2). Firstly, from O/W to W/O emulsions, and @edly, from W/O back to O/W emulsions.

The P.I.M. was applied to two sets of tests. Origalnset of experiments was performed
between April 2014 and April 2015 to study the effef temperature and additional shaking or
mixing on the emulsion stability as well as the positdiKCl particles in either phase and/or at the
oil/saturated-brine interface (see section 4.3 ®ther final set of experiments was conducted on
May 19, 2015 to study the correlation between thalsion type and contact angles (see section 4.2
and Figure 70).

3.8.2  Experimental set-up

The experimental set-up embraced a three-phasemaiggee Figure 30). One phase was the
organic (oil) phase, denoted as “O” that consisiBgarying concentrations of amine in oil. The
second phase was the aqueous phase, denoted abdibmprised one component, the saturated

brine, and the third phase consisted of fine —r825h KCI particles in saturated brine.
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Figure 30. Schematic experimental set-up for the phase iroretssts.

3.8.3  Operating conditions
The initial experiments on phase inversion methoolrved that the KCI weight of 1.0 g and
the shaking mechanism by vortex mixing (see seQ®ié) were approximately proper. In addition,
the operating conditions were: 22.0 £3.0°C, 10 rhbibphase, and 10 mL of aqueous phase.
Three hydrocarbons (see section 3.1.3) and founesnfsee section 3.1.2) were tested. For
convenience, three concentrations (wt%) of amineiliwere selected: 1.000 % (stock solution),
0.050 %, and 0.005 %, this in total then const#86 amine-in-oil combinations as tabulated in

Figure 70.

3.8.4  Experimental methodology
See Figure 30 for details.

The preparation of the agueous phase was as follows

In a VOA vial, 1 gram of — 325 mesh fine KCl waslad to 10 mL of saturated brine, and the
mixture was vigorously shaken for about 60 sedh Wit use of a vortex mixer and was left to stand

for additional at least 30 min.

The preparation of the organic (oil) phase wasHsws:

In a volumetric flask (25 mL), the calculated vokirof stock solution (see Table 1) was
added. Then, pure oil (see section 3.1.3) was ygediied so that the graduation line was even with
the center (bottom) of the meniscus. Finally, th&tune was transferred to a Wheaton bottle. If

necessary, the mixture was sonicated so that amieescompletely dissolved in oil.
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The preparation of emulsions was as follo@gure 31)

10 mL of the aforementioned organic phase weresteared to the VOA vial that contained
the aqueous phase, and the resulting mixture,reefdo as émulsiori, was vigorously shaken for
about 60 min. with the use of a vortex mixer anehtlvas left to stand for additional at least 1 day

to equilibrate. After equilibration, the emulsiomdlly was judged by mere visualization (see

section 4.3).
Vortex
Mixing 60 s Judgement
* — —> e
Brine phase Qil phase Two-phase mixture 24 hours

Figure 31. Schematic methodology for the preparation of eiongs

The results of the phase inversion tests are itiosesc4.2 (final experiments) and 4.3 (initial

experiments).
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4 Results

Three types of experiments were carried out in tthiesis including contact angle
measurements (see section 4.1.1), interfacial dansieasurements (see section 4.1.2), and phase
inversion tests (see section 4.2). In all theseerpents, three hydrocarbons (see section 3.1cB) an
four amines (see section 3.1.2) were tested. Asarel variables, three concentrations (wt%) of
amine in oil were selected: 0.005 %, 0.050 %, a®®Q %, unless otherwise stated, this in total
constitutes at least 36 amine-in-oil combinations.

All experiments were conducted in NaCI-KCI satudatgine (see section 3.4.3) at room
temperature (22 = 3.0°C). The pH range of thosetgols was from 5 to 6, however, for the sake of
convenience pH was not included as variable inttiésis.

Exactly the same oil containing amine solutionfagtl in the sessile drop, pendant drop, and
Wilhelmy plate tests were then used in phase inmermsxperiments. Extreme care was used to hold
all parameters constant to minimize extraneouscesuof systematic error that might influence the

comparison between results.

4.1  Equilibrium in oil/saturated-brine systems

4.1.1 Effect of equilibration time on contact angle

Figures 32, 33, and 34 show the contact angle sase function of the time for solutions of
varying amine concentration (wt) in n-decane, clgelane and Diesel oil, respectively. Contact
angles were measured upon contacting an oil drédpavsmooth KCI surface immersed completely
in saturated brine. This experimental procedudeicribed in section 3.6 (experimental phase ).

All contact angles were measured at the oil/satdratine/KCl three-phase line of contact
(across the agueous phaswith the use of a Fta32 video computer progremihis respect, initial
contact angle curves consisted of 250 points aftgger (see Figure 27). For convenience, these
curves were, nevertheless, simplified to only a p@wts as shown in Figures 32-34.

These simplified figures demonstrate that the airdaagle increases with time and with the
amine concentration. As the equilibrium phenomewalved will be discussed in section 5.3, they
will not be described here. Depending on the amoreentration and on the chemical composition
of the oil, contact angles reached the so-calledilibgum values at different times. These
equilibrium contact angles are summarized in FigiBe It is to be noted that all contact angles
were assumed to reach equilibrium after 250 secoFus rationale given for such an approach is

that the variation of contact angle values afterlést 250 seconds was not significant.
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It can be seen that the contact angle curves mguilar particularly for dodecyl (g amine
and octadecyl () amine. Drops of oil containing amine (see Figue® and 25) were
continuously “oscillating” during the experimentalns, thus making difficult the contact angle
measurements by the Fta32 video computer prograis. €ffect was to some extent related to the
high complex aforementioned equilibrium phenomédra will be further discussed in section 5.3.
In these difficult cases, those experimental rurerewrepeated but resulted in even poorer
reproducibility (see section 5.3).

Insets in Figures 32-34 show sessile drops on 4miKGt surfaces immersed in brine, at 250
seconds, taken with the use of a digital video cancennected to the FTA drop shape instrument
(Figure 25). In some cases at 1.000 % (wt) of arimringil, drops spread almost completely on the
KCI surface (see Figure 32) after a particular pdoim time, and contact angles could not be
measured (see section 2.4.1 for the assumptioribeirsessile drop method). This situation is
illustrated with a hypothetical curve in a “dashiedtangle” in those figures.

Temperature was not rigidly controlled in sessitepdtests due to their high complexity,
therefore, inherent changes in room temperaturkdotroduce extraneous experimental error. The

temperature could influence on adsorption and siiffia dynamics.

KCl plate
Saturated Oil drop

Brine

Figure 32.A drop of oil containing amine spread on the scefaf a KCl plate in saturated brine.
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4.1.2 The effect of equilibration time on interfacial tension
4121 Interfacial tension for oil containing amine solutins

Figures 36, 37, and 38 present the interfacialitensalues as a function of the time for
solutions of varying amine concentration in cychadnge and Diesel oil, respectively. Interfacial
tensions were measured for a suspended oil drapighbbcated at the tip of a needle. This
experimental procedure is described in section(eéerimental phase ).

All interfacial tensions were measured at the ailisated-brine with the use of a FTA
computer program Fta32 video. Unlike sessile dragihwd, in this technique the drop volume
(abbreviated as V) must be known; this is alsomgivethe chart legends (see Figures 36-38).

These figures demonstrate that the interfacialioengalues decrease with time and with the
amine concentration. In other words, the diffusiate of large amine molecules from the bulk of
the organic phase to the interface depended oaritiree concentration as expected from the Flick’s
equation. These diffusion phenomena will be brielilscussed in section 5.2 for oil/saturated-brine
systems.

In some cases, the drop generated at the tip @fedl® detached immediately from the tip
regardless of the volume of liquid. In other wordsyas not possible to suspend a drop from a
needle, thereby precluding interfacial tension mezsents. This happened mostly for very low
values of interfacial tension.

The temperature could influence on diffusion dyreanand it was not rigidly controlled in
pendant drop experiments because of their high iy, As a consequence of this, inherent

changes in room temperature could introduce extrasmexperimental error.
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41.2.2 Interfacial tension for oils without amine

Figures 39 shows the interfacial tension (IFT) ealas a function of the time for oils without
amines including n-decane and Diesel oil. Intedhd¢ensions were correlated from the force
exerted on a vertically suspended platinum plaé thuches the oil/saturated-brine interface. This
experimental procedure is given in Appendix D (friniiss K11's manual).

The Kriss computer program automatically correlatiedse forces with the interfacial
tension according to the equation for capillarity, F = po cos(8) where: F is the force acting on
the microbalance, p is the perimeter of the platés the interfacial tension, aritlis the contact
angle at the three-phase line of contact. Platiplecte can be optimally wetted on account of its
very high surface free energy and, therefore, gdlyefiorms a6 of zerocos(0°) = 1 with liquids.

Buoyancy forces were assumed to be zero becaube diickness of the plate (0.4 mm), and
the instrument automatically tarred the balance

Figures 39 shows IFT measurements over a long ¢pésion-decane and Diesel oil without
amine. The IFT curve for Diesel oil gently decreaseer time unlike that for n-decane, which
practically does not decrease in time. Diesel i®chnical product which may contain various

hydrocarbons and also various impurities, whilesgahe is reagent grade oil.
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Figure 39. Oil/saturated-brine interfacial tension curves f@xiesel oil (circles) and n-decane
(squares) without amines determined with the us¥itifelmy plate technique.
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4.2 Phase inversion tests

4.2.1 Final experiments on emulsions stabilized by fin&Cl particles

For the preparation of emulsions, the organic @iyl aqueous phases were shaken together
with the use of a vortex mixer (see Figure 30). Bxperimental methodology is described in
section 3.8. For the sake of clarification, theulisg oil/saturated-brine mixture after shaking is
referred to asémulsiori in this section.

Figures 40, 41, 42, and 43 show emulsions stabilgefine KCI particles (see section 3.4.6)
at varying concentration of dodecylg; octadecyl (G), HTD, and TD amines, respectively, and
include four columns as follows.

From left to right, the first three columns presphbtographs taken one day, one month, and
three months after the emulsion preparation (on M#y2015), respectively. Additional shaking or
mixing was performed by hand for 30 seconds only for smons in the third column, and their
photographs were taken immediately after that addit shaking.

The two most significant variables that affect #tability of emulsions are temperature and
shaking time. The former and the latter are disedisa sections 4.3.2 and 4.3.3, respectively. In
order to rigidly control the two variables, inifialthose final experiments were conducted on the
same day (without interruptions) using always arrtttaneter and a stopwatch to minimize
experimental error that might influence the resgltemulsion. The temperature of the oil/saturated-
brine mixture and shaking time remained, hencesteont at 22.0 +0.5°C and at 75 seconds,
respectively.

Similar tests but between April, 2014 and April180(the initial experiments) are shown in
the utmost right column with those in the thirdwah in order to study the reproducibility of the
results. The photographs in this fourth column wideen 10 minutes after the aforementioned
additional shaking.

It is to be noted that those initial experimentsevgerformed on different days, thus inherent
changes in room temperature (22.0 £3.0°C) coultdhice extraneous experimental error. It can be
determined, nevertheless, that the phase invetsistis show good reproducibility even though
fluctuations in temperature were present.

All experiments used equal volumes of organic (piase and aqueous phase (1:1 by
volume). In this respect, Figures 40-43 also inelwa horizontal red line that approximately
indicates the separation between both phases,tileusrganic and aqueous phases are above and
below the line, respectively. For cyclohexane/sstd-brine emulsions, however, the volume of
the organic phase drastically decreased a couplapd after shaking because of volatilization

phenomena (although the VOA vialstmrakerswere tightly closed with a plastic cap at all tshe
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Figure 40. Photographs of beakers at different dates comgilodecyl (&) amine-in-oil/saturated-brine solutions (1:1 inlvme) at 22.0 £0.5

°C stabilized by fine KCI particles.
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4.3 Emulsion type

Figures 40-43 demonstrate the existence of fouindisishable phases in accordance with
Figure 10: (1) a sediment of solid KCI particlestlz bottom, (2) a layer of saturated brine (the
agueous phase), (3) a creaming layer (white), dhé (coherent oil phase at the top (the organic
phase). Emulsions stabilized by fine KCI partiatesild be described in terms of the so-called final
emulsion volume (FEY which is defined as the volume of the creamingidcr’ to the total
volume. The FEV was experimentally found to dependmine concentration.

At very low or zero amine concentration, the FEVswaro. As that concentration increased,
the FEV also increased, and the creaming layerteganostly to the organic (oil) phase. At higher
amine concentrations, the creaming layer invert@dupying the aqueous phase. In some cases,
emulsions became, however, unstable and the crgalayer “constricted” a couple of seconds
after shaking, reporting to the interface. The olsons of Figures 40-43 suggest also that oil-in-
water (O/W) emulsions were mostly unstable, whiktesin-oil (W/O) emulsions were typically
stable. Unstable emulsions may explain, in tura,apparent double inversion of phases from O/W
to W/O and back to O/W observed in this projece (Bgures 52, 56, and 57). This observed double
inversion point is in agreement with Binks and Rgudes (2009), Binks et al. (2013), and Hu et al.
(2015). The double inversion mechanism is briefcdssed in section 5.4.2.

Initial experiments on emulsion preparation suggéstt all those changes in the FEV
occurred mostly during the first seconds immedyatdter shaking following patterns (see section
4.3.1), and also during the following days withwathout additional mixing (see section 4.3.3). The
temperature of the solutions also influenced orHAB¥Y (see section 4.3.2).

All those observed patterns astates” were sequentially merged to make an overview (or a
“movie”) of changes on KCI| wettability with the amine centration and contact angle (see Figure
44). As the amine concentration increases, theacbringle increases as well, thereby modifying
the KCI wettability (see section 4.1.1). In thatoxiew, a situation is reached where oil-in-water
(O/W) emulsions are inverted to water-in-oil emofs (W/O). Then, the aforementioned double
inversion of phases may occur (see section 5.4@ure 44 includes dashed red arrows that
indicate the directions of the contraction of theagning layer, “cr”, either downward or upward.

Tests for identification of emulsions (e.g. dropnductivity, and dye solubility tests) could
not be successfully applied in saturated brine,nbote detailed discussion on them is beyond the
scope of this work. The patterns that the KCI p&eti follow with time immediately after shaking
makes possible to identify the type of the emuldjosing the FEV). This identification was in

agreement with that in Figures 11-12, and 67-68e Flability of emulsions can, hence, be

described by the final emulsion volur(se=e Figure 44).
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Figure 44. Positions of the creaming layer (“cr”) in an oilsurated-brine/KCl system at various
amine concentrations (wt%), showing changes in Weéltability and contact angle. Dashed arrows
illustrate the contractions of the creaming layemnediately after shaking (seconds).

As it was earlier mentioned, the emulsion stabilitythe illustrative scheme proposed (see
Figure 44) can be described in terms of the finallsion volume as follows (see Figure 10). It is to
be noted that the scheme is in agreement withpitegtared by Binks et al. (2013) in Figure 19 and
Hu et al. (2015) in Figure 66.

. In the position ostate (1) the final emulsion volume and therefore the ciiegntayer were
zero. Thus, KCI particles were naturally (or inhethg hydrophilic and settled to the bottom
after shaking forming a sediment layer. Contactemgere as those for oil without amines.
The contact angles for the tested oils without &swvere around 40-50°.

. In the position oistate (2) as the amine concentration slightly increaseel fithel emulsion
volume increased as well. This state is callegdtophilic’ because although KCI particles
ceased to be naturally hydrophilic because of thena addition, they are still hydrophilic.
They gradually migrated to the oil/saturated-brinterface forming a thin creaming layer.
Contact angles were still much lower than 90°. Ssaxion 4.3.1.1 for details.

. In the position ostate (3) an additional increasing in the amine concemnataised the final
emulsion volume even further. KCI particles eitleemcumulated at the oil/saturated-brine
interface or dispersed in the organic (oil) phabkeis the sediment layer of KCI particles
present in the position (1) practically disappearBuais state is calledniostly hydrophilit
because some KCI particles were to some extenpppdbic. Contact angles were expected
to be lower than 90° but higher than those for omss (1) and (2). See section 4.3.1.2for

details.
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. In the positions (4.a and 4.b), the volume of tleherent organic (oil) phase decreased
dramatically, increasing the final emulsion voluregen further. This creaming layer
occupying the oil phase was assumed to be an -eibiler (O/W) emulsion. Figures 11-12,
and 67-68 also indicate that the creaming layeonspto the organic phase for O/W
emulsions. At positions atates (4.a) and (4.h)KCI particles were preferably wettable by
water (see Figure 6). Contact angles were a Kfthaller than 90°. See section 4.3.1.3 for
details.

. In the positions (5.a and 5.b), the volume of thkerent oil phase increased drastically, and
the final emulsion volume inverted from the orgapicase to the aqueous phase. This
creaming layer occupying the aqueous phase wamassio be water-in-oil (W/O) emulsion.
Figures 11-12, and 67-68 also indicate that thamneg layer reports to the aqueous phase
for W/O emulsions. At positions astates (5.a) and (5.9)KCI particles were preferably
wettable by oil (see Figure 6), and contact anglese somewhat greater than 90°. See
section 4.3.1.4 for details.

. Finally, the hypothetical state (6) represents dhserved double inversion of phases from
O/W to W/O emulsions (see Figures 19 and 66). TH@,particles may render hydrophilic
again, decreasing the contact angle from around 60W/O emulsions) to lower than 90°
(for O/W emulsions). Figures 2, 18, 19, and 66datk that the contact angle curve can peak

and then descend. Section 5.4.2 further discubgeapparent mechanism.

The results in Figures 40-43 are summarized in réigtD, which includes the particular
position of KCI particles and KCI wettability as lvas contact angle measured with the use of the

sessile drop technique (see section 3.6).
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4.3.1 Emulsion stability

The film or pellicle encapsulating the droplet(s) may spontaneouslgkbdewn over time,
producing coalescence phenomena (see section.ZlARstrength with which a particle is held at
the oil/water interface is related to the contamgla (Binks and Lumsdon, 2000). For contact angles
much higher or lower than 90° (see Figure 9), thergy of attachment of solid particles decreases
significantly, thereby leading to coalescence. Bh&ined results suggest that emulsions become
unstable or “break” immediately after shakingnaixing Initially, the creaming layer occupied the
volume of both phases (about 40 mm in height). Thias layer followed distinct patterns in time
depending on the KCI wettability, which in turn elehines the energy of attachment. The following
sections illustrate the observed patterns durieditbt 10 seconds after the mixing.

For illustration purposes only, Figure 45 shows fmal emulsion volume (FEV) as a
function of the time (immediately after shaking) fdifferent amine in oil solutions at room
temperature. The curves for solutions gf @mine in cyclohexane show that the higher the amin
concentration is, the faster the creaming layerstants in the state (3). The creaming layer
reported to the interface 3 and 8 seconds latertfose solutions at 0.050 % and 0.005 %,
respectively. The curve for a solution of 0.050 P£g; amine in Diesel illustrates that the FEV was
zero after approximately 4 seconds. This stateef@)ibited the creaming layer contraction from the
top and bottom to the interface (as a “sandwich)ilarly as those for ¢ amine in cyclohexane
but with a clear sediment layer of KCI particlesttie bottom. Finally, the curves for a solution of

1.000 % (wt) of G, amine in n-decane and its duplicate present sirodatraction rates.
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Figure 45. Final emulsion volume as a function of the timengdiately after shaking for amine in
oil solutions.

57



4311 Hydrophilic KCI particles

The position ostate (2)was reached for solutions at 0.050 % ef D, and HTD amines in
Diesel ail, and it was characterized by a cleairsedt layer of solid KCI particles at the bottom.
For the sake of comparison, Figure 46 shows saoistet 0.005 % and 0.050 % ofgs@mine in
Diesel oil. Figure 46.g demonstrates that the tiegploil/saturated-brine mixtures after shaking
were similar for those solutions. The observatibtheir patterns over time, nevertheless, revealed
that they followed state (1) and state (2), respelst

All the solutions at 0.005 % of amine in Diesel mhched the position state (1) i.e. KCI
particles were naturally hydrophilic, and they Isetto the bottom. The creaming layer disappeared
immediately after mixing (see Figure 46.b). Sedisa®.4.2.2 for further discussion.

Figures 40.1, 41.1, 42.1, 43.1, and 46.g show tiegt final emulsion volume for emulsions in
the state (2)was practically zero, thus those emulsions weodm approximately 5 seconds after
shaking or mixing. This fast emulsion drop coaleseecould be attributed to the low energy of
attachment of KCI particles at the interface, whichurn is explained by the sessile drop contact
angles (see section 5.4.2).

Section 5.4.2.2 further discusses the KCI wetthii Diesel oil solutions.

No emulsions are produced at state (2) (see Figure 44) |

C18 C18 C18 Ci18 C18 C18 Ci8 C18

Diesel Diesel Diesel | Diesel Diesel | Diesel Diesel | Diesel
0.05(% | 0.005% 0.050% | 0.00%%

0.050% | 0.005% 0.05(% | 0.005%

(a) —t=0 sec. (b) —t=1 sec. (c) —t=2 sec. (d) —t=3 sec
C18 C18 C18 C18 C18 Cc18
Diesel | Diesel Diesel | Diesel Diesel | Diesel
0.050%| 0.005% 0.05(% | 0.005% 0.050% | 0.005%

(e) —t=4 sec. (f) — t=5 sec. (g) — t=6 sec.
Figure 46. Photographs of beakers showing sequentially tkarming layer contraction per second
immediately after shaking for octadecylamine-ind@iésaturated-brine emulsions stabilized by fine
KCI particles, without additional shaking. All stilbns at room temperature.
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4312 KCI particles mostly hydrophilic

The position orstate (3)was reached for the following solutions: at 0.885%f amines in
cyclohexane and n-decane, at 0.050 % pfdaine in those oils, and at 0.050 % qf @mine in
cyclohexane (see Figure 70). At this particulatest&Cl particles did not settle to the bottom
unlike those particles in the state (2). For itagbn purposes only, Figure 47 shows solutions at
0.005 % and 0.050 % of,£amine in cyclohexane. Figure 47.i shows that #slting mixture
after shaking is similar for both solutions, and tibservation of their patterns over time suggests
that they followed the position (3). Figure 45 ral# nevertheless, that the contraction rate aof the
creaming layers depends on the amine concentrafiore detailed discussion of this rate is beyond
the scope of this project.

Figures 40.d, 40.h, 41.d, 41.h, 42.d,, 42.h, 483dh, and 47.i demonstrate that the creaming
layer reported mostly to the oil/saturated-brineiface, and the FEV was very small (~ 5 mm) but
not zero. It was assumed that this creaming lageupying the interface does not correspond to an
emulsion. This assumption is in agreement withséhgsile drop contact angles (see Figure 70).

The aqueous phase in those figures is clear, stiggekat KCI particles either accumulated

at the oil/saturated-brine interface or dispersetthé organic (oil) phase.

No emulsions are produced at state (3) (see Figure 44)

C12
Cyclo.
0.050% 0.005%

C12 C12 C12 C12

Cyclo.| Cyclo. Cyclo.| Cyclo.

0.050% 0.005% | | 0.050% 0.005% |}l 0.050% 0.005%| | 0.050% 0.005%

(a) — t=0 sec. (b) —t=1 sec. (c) —t=2 sec. (d) —t=3 sec (e) —t=4 sec.

0.050% 0.005% 0.050%q 0.005%

(f) — t=5 sec. (g) —t=6 sec. (h) —t=7 sec. (i) —te’s
Figure 47.Photographs of beakers showing sequentially tkaming layer contraction per second
immediately after shaking for dodecylamine-in-cheltane/saturated-brine emulsions stabilized by
fine KCI particles, without additional shaking. Alblutions at room temperature.
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4313 KCl particles preferably wetted by water

When KCI particles were preferentially wetted byteveg(see Figure 6), they produced oil-in-
water (O/W) emulsions immediately after shakingeihthese emulsions followed three possible
patterns. Firstlydtate (4.a), they remained stable over time. Only solutiohsancentrations (wt)
between 0.2 % — 0.5 % of TD amine in cyclohexang @n0.036 % of HTD amine in Diesel oll
produced state O/W emulsions in time (see FiguBh and 52, respectively). Secondbtdte
(4.b)], they became unstable in time (see Figure 55Sgjutions at 0.050 % of amines in
cyclohexane, 0.005 % of;£amine in n-decane, and 0.005 % and 0.050 %;p&fine in Diesel
oil formed unstable O/W emulsions in time. Finalstate (5.a), they inverted to stable W/O
emulsions if additional shaking or mixing is apgli&olutions of n-decane containing between 0.1
% - 0.2 % of HTD and TD amines inverted to stabl&EOV¢mulsions (see Figures 56.h and 57.h,
respectively).

These occurrence of every state depends on thggirevith which KCI particles are held at
the oil/saturated-brine interface. This energy thchment in turn is determined by the KCI
wettability. The link between the KCI wettabilityé the stability of emulsions is further discussed

in section 5.4.2.3.

| Stable W/O emulsions are produced immediately after shakingt state (4.a) (see Figure 44) |
TD

Cyclo.

(c) —t=2 sec. (d) —t=3 sec

Cyclo.
0.5%

| &
: e
(f) —t=5 sec. (g) —t=6 sec. (h) one day later
Figure 48. Photographs of beakers showing sequentially teaming layer contraction per second

immediately after shaking for TD-in-cyclohexanaisated-brine emulsions stabilized by fine KCI
particles, without (a-g) and with (h) additionaladting. All solutions at room temperature.

additional shakian
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Unstable W/O emulsions are produced over time at state (4.fsee Figure 44) |

TD

Decane| Decane

(a) —t=0 sec. (b) —t=1 sec. (c) —t=2 sec. (d) —t=3 sec (e) —t=4 sec.

additional shaking

(f) — t=5 sec. (g) —t=6 sec. (h) one day later
Figure 49. Photographs of beakers showing sequentially tkarming layer contraction per second
immediately after shaking for TD-in-decane/satudaleine emulsions stabilized by fine KCI
particles, without (a-g) and with (h) additionaladting. All solutions at room temperature.

43.14 KCI particles preferably wetted by oil

When KCI particles were preferentially wetted by (see Figure 6), they produced water-in-
oil (W/O) emulsions immediately after shaking. Thémese emulsions followed also an apparent
pattern that is described by the final emulsioruwmad (see Figures 50 and 51). Immediately after
shaking, the creaming layer occupied three foudththe total volume (~ 30 mm in height) and
started to constrict from the top to the interfaoe, the creaming layer was displaced downwards
by the organic (oil) phase. For the sake of congpari Figure 50 includes a solution of amine
concentration (wt) at 0.005 % of HTD amine in degamhich reached the position (3), as well as
similar tests at 1.000 % and 0.050 % amine conagaty, which achieved the position state
(5.a). For the latter, the creaming layer constrictechediately after shaking (see Figure 50.a). For
the former, this layer constricted gradually ovexcands (see section 4.3.1.2). Figure 51
demonstrates that W/O emulsion may be also unstdlileestate (5.b) At 1.0 % of G, amine in
cyclohexane, the creaming layer remained in thee@ggl phase. At 2.0 %, this layer constricted
upwards to the interface and fell to the bottonmahly, at 3.0 %, the creaming layer settled on the
bottom. This instability could also lead to a daulviversion point as discussed in section 5.4.2.
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Stable W/O emulsions are produced immediately after shakingt state (5.a) (see Figure 44
HTD HTD HTD | HTD | HTD

Decan Decan Decan Decan Decaneg

1.0% _ 0.00%

HTD

(a) —t=0 sec.

y

leave to stand
for 30 min.

(e) —t=4 sec. (f) — t=5 sec. (g) — t=30 min.
Figure 50. Photographs of beakers showing sequentially tkarming layer contraction per second
immediately after shaking (a-f) and after 30 misutlg)) for HTD-in-decane/saturated-brine
emulsions stabilized by fine KCI particles. Allig@ns at room temperature.

Unstable W/O emulsions are produced over time at state (9.ksee Figure 44)

(a) —t=0 sec. (b) —t=1 sec. (c) —t=2 sec.

(d) —t=3 sec
Cl2 | C12 C12

Cyclo | Cyclo | Cyclo

Cyclo | Cyclo | Cyclo

additional shakina

(e) —t=4 sec. (f) — t=5 sec. (g) —t=6 sec.
Figure 51. Photographs of beakers showing sequentially teaming layer contraction per second
immediately after shaking for dodecylamine-in-chieltane/saturated-brine emulsions stabilized by
fine KCI particles, without (a-d) and with (e-g) diional shaking. All solutions at room
temperature.
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4315 Apparent double inversion of phases

Binks and Rodrigues (2009) and Binks et al. (20h8)jcated that the double inversion of
emulsions occurs in systems of double chain catignrfactants, and it is not possible however
when a single-chain cationic surfactant is usede &thors used the following double-chain
cationic surfactants of different chain lengthsodiyldimethylammonium bromide (di-C8DMAB),
di-decyldimethylammonium bromide (di-C10DMAB), ad@dodecyldimethylammonium bromide
(di-C12DMAB). Hu et al. (2015) also investigatede tliouble inversion of emulsions with
didecyldimethylammonium bromide (DMAB) and cetyittieéthylammonium bromide (CTAB) as
surfactants, concluding that only the former pratlaouble inversion (see Figure 68). Even
though, the double inversion of phases and the ldezlain cationic surfactants are beyond the
scope of this project, it must be pointed out tihaFigure 2.c, the HF and dodecylamine curves
clearly follows a parabola as those shown in Figur@ and 19, validating that contact angle can
decrease with amine concentration. Section 5.4eZlydiscusses this mechanism.

Figure 52 shows the apparent double inversionthiestate (6) from O/W to W/O and back

to W/O emulsions for solutions of varying HTD amizencentration (wt%) in Diesel oil.

HTD [HTD | HTD | HTD

Diesel [Diesell Diesell Diesel

N

Figure 52. Photographs of beakers after 1 day containing HmiDiesel/saturated-brine
emulsions stabilized by fine KCI particles. Appam@ouble inversion from O/W to W/O and back to
W/O emulsions occurs. All solutions at room tempee

4.3.2 Effect of temperature on emulsion stability

Figures 53 shows the effect of the temperatureotdtions of octadecyl (fg) amine in
cyclohexane on emulsion stability at different amiconcentrations (wt). The final emulsion
volume is demarcated using rectangles with reddysrd

For solutions at 0.500 % (wt), stable water-in{®il/O) emulsion can be distinguished at 25
°C (position 5.a). At higher temperatures, the esioml was broken, i.e. the interfacial film or
pellicle that encapsulate the droplets was destkaye coalescence phenomena. KCI particles were
completely wetted by water, and they become diggkirs the aqueous phase.

For solutions at 1.000 % (wt), at 25 °C and 35 °&esin-oil (W/O) stable emulsion was

produced. At higher temperatures, the coalescelneegmena occurred as well.

63



For solutions at 2.000 % (wt), at 25°C stable watearsil (W/O) emulsion can be observed
(position 5.a). At 35 °C, the creaming layer sthrte shrink towards the oil/saturated-brine
interface, suggesting an unstable W/O emulsion. higher temperatures, the coalescence

phenomena took place.

c18 c18 cls | ci1s C18 C18 C18 C18 c18 c18 c18 c18
Cvelo Cyclo. | Cyclo. | Cyclo.
Cyclo. | Cyclo. | Cyclo. | Cyclo. Y01 1om | 10w | 10w Cyclo. | Cyclo. [ Cyclo. | Cyclo

05% | 05% | 05% | 0.5% 1.0% | 35°C | 45°C | 55°C 20% | 2.0% | 2.0% | 2.0%

(a) (b)
Figure 53. Photographs of beakers after 1 day showing thecefdf temperature on emulsion
stability for solutions of cyclohexane containindgp@ % (a), 1.000 % (b), and 2.000 % (c) of
octadecyl (@) amine. Prepared on August 8, 2015. PhographeAumust 9, 2015.

Figures 54 presents the effect of the temperathismlations of octadecyl (g amine in n-
decane on emulsion stability. The final emulsiotuwte is demarcated in red.

For solutions at 0.500 % and 1.000 % (wt), stab&ewin-oil (W/O) emulsion can be
distinguished between 25 °C and 45 °C (positiof. 855 °C, the emulsion was broken, i.e. the
coalescence phenomena (see Figure 8). KCI partiodes completely wetted by water, and they
settle to the bottom.

For solutions of 2.000 % (wt), stable water-in{aN/O) emulsion can be observed between
25 °C and 45 °C (position 5.a). At 55 °C, the crizmyrshrank completely at the oil/saturated-brine

interface (position 6). The coalescence phenomexsanet observed at this concentration.

C18
Decane
0.5%

(a) (b)
Figure 54. Photographs of beakers after 1 day showing tlecebf temperature on emulsion
stability for solutions of n-decane containing M5 (a), 1.000 % (b), and 2.000 % (c) of
octadecyl (@) amine. Prepared on August 8, 2015. PhographeAumust 9, 2015.
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4.3.3 Effect of shaking time on emulsion stability

Section 4.3.1 shows the effect of time immediatdher shaking (seconds) on the emulsion
stability and suggests patterns (states) for alldifferent positions of KCI particles in eithergse
and/or at the oil/saturated-brine interface. Simitatial tests but presenting emulsions after days
are shown in Figures 55- 62.

Figure 55, 56, and 57 show three initial experirmethtat were performed for solutions of
concentration (wt) of 0.020 % — 0.075 % (columnthbae left), 0.1 % — 0.5 % (column in the
middle), and of 0.5 % — 2.0 % (column on the rigiitamine in oil, respectively.

The results of Figure 58 are based on two initigdegiments, which were carried out for
solutions of concentration (wt) at 0.1 % — 0.5%lom on the left) and 0.5 % — 2.0 % (column on
the right) of TD amine in cyclohexane, respectively

Figure 59 shows three initial experiments that wadormed for solutions of concentration
(wt) of 1.0 —4.0 % (column on the left), 4.0% — S8tb(column in the middle), and 0.5 % — 5.0 %
(column on the right) of dodecyl (§ amine in decane, respectively.

Figures 60 presents three initial experiments, twvhicere conducted for solutions of
concentration (wt) of 0.033 % — 0.2 % (column ba teft), 1 % — 0.5 % (column in the middle),
and 0.0 % —1.0% (column on the right) of dgdi€C,,) amine in cyclohexane, respectively.

All figures include four rows that involves photaghs taken immediately, one or two days
later, one or two days later (with additional sinagj and five days later (with additional shaking)
the emulsion preparation, respectively. The datéeedemulsion preparation are shown in the first
row. Solutions were shaken at room temperaturet(22°C).

Finally, Figures 61 and 62 show emulsions for sohg of octadecyl (¢) amine in decane
and in cyclohexane, respectively.

Final and initial experiments on emulsion preparatsuggest that the range of amine
concentrations (wt) at which phase inversion frofdv@o W/O may occur is as shown in Table 2.
Only the solutions of TD amine in n-decane exhibigcrepancies between the final and initial
results. As it was earlier mentioned, these diffeess could be attributed to the effect of

temperature and shaking time, just to mentionwterhain ones.
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HTD — in — cyclohexane

HTD

Cyclo. | Cyclo. | Cyclo.

(b) July 08, 2014

(c) July 03, 201
HTD HTD HTD | HTD

Cyclo. | Cyclo. . . Cyclo.| Cyclo. | Cyclo. | Cyclo.
0.5% | 1.0% | 1.5% | 2.0%

(d) July 12, 2014 (e) July 10, 2014 () July 04, 201
HTD HTD HTD HTD HTD HTD HTD HTD HTD | HTD HTD | HTD
Cyclo. | Cyclo. | Cyclo. Cyclo. | Cyclo. | Cyclo. | Cyclo. | Cyclo. Cyclo.| Cyclo. | Cyclo. | Cyclo.
0.075% 0.1% | 0.2% | 0.3% | 0.4% | 0.5% 0.5% | 1.0% | 1.5% | 2.0%

(g) July 12, 2014 (h) July 10, 2014 (i) July 04, 20
HTD | HTD HTD HTD

Cyclo.| Cyclo. | Cyclo. | Cyclo.
0.5% [ 1.0% | 1.5% | 2.0%

() July 08, 2014
Figure 55. Photographs of beakers showing HTD-in-cyclohexsatefated-brine emulsions
stabilized by fine KCI particles taken immediatéyc), one day later (d-f), one day later with
additional shaking (g-i), and five days later thmwdsion preparation (j) on dates shown in (a-c).
All solutions at room temperature.
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HTD —in — n-decane

HTD | HTD | HTD HTD | HTD | HTD | HTD

(c) July 03, 201

(d) July 12, 2014 ) (e) July 10, 2014
HTD HTD HTD HTD HTD HTD HTD HTD
Decang Decane| Decane Decane| Decang Decane| Decane

0.025%] 0.05% |0.075%

(g) July 12, 2014 (h) July 10, 2014 (i) July 04, 20

(j) July 08, 2014
Figure 56. Photographs of beakers showing HTD-in-decane/sa¢arbrine emulsions stabilized
by fine KCI particles taken immediately (a-c), atey later (d-f), one day later with additional
shaking (g-i), and five days later the emulsionparation (j) on dates shown in (a-c). Apparent
double inversion from O/W to W/O and back to W/@isimns occurs (a-b). All solutions at room

temperature.
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TD —in — n-decane

TD TD TD D TD TD TD TD

(b) July 08, 2014

(d) July 12, 2014 (e) July 10, 2014 (f) July 04, 201
TD D TD TD D

Decaneg Decane| Decane| Decang Decang

(g) July 12, 2014 (h) July 10, 2014 (i) July 04, 20

() July 08, 2014
Figure 57. Photographs of beakers showing TD-in-decane/s&tdraarine emulsions stabilized by
fine KCI particles taken immediately (a-c), one titer (d-f), one day later with additional shaking
(g-i), and five days later the emulsion preparatignon dates shown in (a-c). Apparent double
inversion from O/W to W/O and back to W/O emulsionsurs (a-b). All solutions at room
temperature.
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TD — in — cyclohexane

TD TD TD TD
Cyclo. | Cyclo. | Cyclo. | Cyclo.
0.5% | 1.0% | 1.5% | 2.0%

(a) July 08, 2014 (b) July 03, 2014
TD TD TD TD TD TD TD TD TD
Cyclo. [ Cyclo. | Cyclo. | Cyclo. | Cyclo. Cyclo. | Cyclo.| Cyclo.| Cyclo.
0.1% | 0.2% | 0.3% | 0.4% | 0.5% 0.5% | 1.0% | 1.5% | 2.0%

(c) July 10, 2014 (d) July 04, 2014
TD TD TD TD TD TD TD TD TD
Cyclo. | Cyclo. | Cyclo. | Cyclo. | Cyclo. Cyclo. | Cyclo. | Cyclo.| Cyclo.
0.1% | 0.2% | 0.3% | 0.4% | 0.5% 0.5% | 1.0% | 1.5% | 2.0%

(e) July 10, 2014 () July 04, 2014
D TD D D

Cyclo. | Cyclo. | Cyclo. | Cyclo.
0.5% | 1.0% | 1.5% | 2.0%

(g) July 08, 2014

Figure 58. Photographs of beakers showing TD-in-cyclohexatefated-brine emulsions
stabilized by fine KCI particles taken immediatéyb), one day later (c-d), one day later with
additional shaking (e-f), and five days later theutsion preparation (g) on dates shown in (a-c).
All solutions at room temperature.
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Dodecylamine — in — n-decane

C12

Decane| Decang Decand Decane|

C12 C12 C12 C12
Decane| Decane| Decand Decane
05% | 1.0% | 2.0% | 5.0%

(a) June 30, 2014 (b) June 25, 2014 (c) June 18, 2014
C12 C12

Decane| Decane| Decand Decane

d) July 01, 2014 (e) June 26, 2014 (f) June 19, 2014
C12 C12 C12

Decand Decane Decang Decane| Decanel Decane|

2.0% | 5.0%
wi” OO0

Ci12
Decane
1.0%

(9) July 03, 2014 (h) June 27, 2014 (i) June 2M12

Decang Decane| Decang Decan

(i) June 30, 2014 (k) June 23, 2014
Figure 59. Photographs of beakers showing octadecylaminestade/saturated-brine emulsions
stabilized by fine KCI particles taken immediat@yc), one day later (d-f), two days later (g-ihca
five days later the emulsion preparation (j-k) oates shown in (a-c). All solutions at room
temperature.
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Dodecylamine — in — cyclohexane

0.033%40.0667% 0.1%

(a) June 30, 2014 (b) June 25, 2014

Cl2 | c12 | C12| c12 | c12
Cyclo.| Cyclo.|Cyclo.| Cyclo.|Cyclo.
0.1% |0.1759%0.25%0.375% 0.5%

(d) July 1, 2014 (e) June 26, 2014 (f) June 18, 2014

C12
Cyclo.
0.033%

Cyclo.| Cyclo. [Cyclo.| Cyclo.|Cyclo.
0.175940.25%]|0.375% 0.5%

(g) July 3, 2014 (h) June 27, 2014 (i) June 19, 2014
Cl2| Ci12 | C12

Cyclo.| Cyclo.|Cyclo{ Cyclo.|Cyclo.
0.25940.3784 0.5%

(i) June 30, 2014 (k) July 23, 2014

Figure 60. Photographs of beakers showing octadecylamingriebexane/saturated-brine
emulsions stabilized by fine KCI particles takemmiedliately (a-c), one day later (d-f), two days
later (g-i), and five days later the emulsion pregigon (j-k) on dates shown in (a-c). All solutions
at room temperature.
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Octadecylamine — in — n-decane

Figure 61 shows photographs of beakers containmglsons over concentration (wt)

range from 0.005 % to 2.0 % of octadecyjgi@mine in n-decane.

C18
Decane | Decane| Decane| Decane| Decane| Decane | Decane
0.005%

Figure 61. Photographs of beakers after 1 day containing detylamine-in-decane/saturated-
brine emulsions stabilized by fine KCI particlei.sblutions at room temperature.

Octadecylamine — in — cyclohexane

Figure 62 shows photographs of beakers containmgl®ons over concentration (wt)
range from 0.005 % to 2.0 % of octadecylg@mine in cyclohexane.

C18 C18 C18 C18 C18 C18 C18
Cyclo. | Cyclo. | Cyclo. | Cyclo. | Cyclo. | Cyclo. | Cyclo.
0.005%| 0.01% | 0.05% | 0.1% 0.5% 1% 2%

Figure 62. Photographs of beakers after 1 day containing detylamine-in-
cyclohexane/saturated-brine emulsions stabilizedfibg KCI particles. All solutions at room
temperature.
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5 Discussions

5.1 Experimental work

In this project, two wettability tests were condectin process aimed at selecting an extender
oil for the flotation of coarse potash ore fracipthese two included the phase inversion method
(see section 3.8) and contact angle measuremethtshei use of sessile drop technique (see section
3.6). Pendant drop interfacial tension measurem@ets section 3.7) were carried out to study the
effect of equilibration time on the results.

Four amines, two commercial (reagent grades) andédehnical, and three oils were tested at
three different concentrations (wt) of amine in 6il005 %, 0.050 % and 1.000 %, this in total then
constitutes 36 amine-in-oil combinations as talmdan Figure 70. Exactly the same oil containing
amine solutions were used in all tests in ordemioimize extraneous sources of systematic error
that might influence the comparison of results.oPto any experiments these solutions were
sonicated for additional minutes to assure the det@glissolution of amines in oil.

The phase inversion tests are dependent on thestatape of the oil/saturated-brine mixtures
prior to the shaking (see section 4.3.2). The nohijective of this thesis is to investigate whether
the phase inversion method can be used in theraéottoned selection process. For this purpose,
the developed lab testing procedure was appliedtmbd sets of experiments. One final set of tests
were conducted on the same day (on May 19,201%keftre, the temperature was rigidly
controlled at about 22°C + 0.5°C. The other inisat of experiments were carried out on different
days (between April, 2014 and April, 2015) at rommperature (22 £ 3.0°C) that could not be
controlled.

It is also to be noted that cyclohexane tended/&perate from the liquid to form a separate
vapor phase. The vapor pressure of cyclohexanenalgtane are 102.7 and 1.0 hPa, respectively,
at 20°C. The Diesel oil vapor pressure is lowenth&® hPa. Therefore, the volume of cyclohexane
(organic phase) could be reduced at about 30 %ctaify possibly the results.

For preventing vaporization, all containers, i.€©OA/ vials or beakers and Wheaton bottles
(see section 3.3.2), were closed with plastic ¢hpswere cleaned with the use of soap and washed
with a stream of copious distilled water. The sdbpt contains surface-active agents could
contaminate the solutions despite rigorous cleapiegedures.

Prior to any experiments, KCI plates were polishéith the use of solutions of ethanol and
cerium oxide (see section 3.4.2). After polishikd;l surfaces were quite rough and irregular

particularly at its edges.

73



5.2 Interfacial tension measurements

Interfacial tension (IFT) is a central parameter rimany colloidal systems including
emulsions. When two immiscible liquids, e.g. oitlagaturated brine, are shaken together, spherical
droplets will form to maintain as small interfacsaka as possible. When a surfactant is addeato th
system its molecules will adsorb at the interfamm®ding to orient between the two phases with the
polar ends in the aqueous phase and the non puiisrie organic (oil) phase, thus lowering the
interfacial tension that may result in the formataf stable emulsions in time.

Results of this thesis demonstrate that interfaeiasion curves for oils without amines (see
Figures 39) exhibit higher IFT values than thostihwimine (see Figures 36-38). As the amine in olil
formulations tested in this project decreased titerfiacial tension (see Figure 36-38), they are
expected to enhance emulsification. These collagsiems are discussed in Section 5.4.

In the systems tested in this thesis the amines wsed in the form of solutions in oil. When
such a solution is contacted with brine the oitibrinterface forms and the amines start adsorking a
it at a rate determined mostly by diffusion

The slope of the IFT curves as a function of tim#icates the aforementioned diffusion rate.
It is well documented that as the surfactant cotmagon increases, the diffusion rate increases as
well. Atrafi et al. (2012) measured interfacial $8ms with the use of exactly the same FTA drop
shape instrument (see Figures 19 and 21) for aguiatty acid solutions in order to determine the
adsorption behavior of oleic acid at the gas/soluinterface. Figure 63 shows that the higher the
oleate concentration is, the faster the diffusiate is and sooner the surface tension curve levels

off. The interfacial tension measurements indicaégce, the role of diffusion mechanism.

| i
Oleate
Concentration

® 10 mp/L
& 20 mg/l
B 30 mg/L [~
& 50 mg/L
¥ 70 mg/L —
4 100 mgl.

Surface Tension [mN/m]

GO0 800
Time [5]

Figure 63. Dynamic surface tension as a function of oleateceatration at natural pH (Atrafi et
al., 2012) reproduced by the permission of Elsevier.
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Similar experiments but for oil containing amindusions in saturated brine were carried out
in this thesis (see section 3.7). Figure 39 dematest that the IFT values for n-decane without
amine decreased from about 47 mN/m to 45 mN/m dutie first 40 seconds whereas Figure 36
shows that IFT values for similar solutions butteamng 1.000 % (wt) of amine are reduced from
approximately 5 mN/m to 4 mN/m, reaching equililbniwalues after 20-30 seconds. Similar
changes of the measured contact angles over tti&gd period of time (see Figure 33) are caused by
such equilibration processes, which in turn explaity those solutions containing 1.000 % (wt) of
amine produced stable W/O emulsions (see Figurés 40.h, 42.h, and 43.h).

Figure 33 shows that solutions of 0.050 % (wt) ofiree in n-decane reached equilibrium
after 50-75 seconds. Their equilibrium contact aggéxcept for G amine, were similar to those at
1.000 % of amine, producing stable W/O emulsior® (Sigures 40.h, 41.h, 42.h, and 43.h). The
slope of these curves was, nevertheless, moreegiiath those at 1.000 % of amine, supporting that
the diffusion rate increases with amine concerrati

Figure 33 also demonstrates that solutions of @®@&wt) of amine in n-decane reached
equilibrium at about 250 seconds. Their equilibrinomtact angles are much lower than those at
higher amine concentrations, and no emulsions werduced.

Figure 39 also shows that the IFT values for Dieslelvithout amine decreased from about
22 mN/m to 16 mN/m during the first 40 seconds whsrFigure 38 demonstrates that IFT values
for similar solutions but containing amines redueggroximately from 22 mN/m to 16 mN/m (at
0.005 % of amine). This practically zero decreasasterfacial tension may explain why solutions
of concentration (wt) of 0.005 % of amine in Diesgélexhibited contact angles similar to those for
pure oils (around 45°) and also did not form enauisi(see Figures 40.1, 41.1, 42.1, and 43.1).

On the other hand, a comparison between curvesutitimine over 800 seconds (see Figure
39) indicate that IFT values for Diesel oil decehsignificantly from about 22 mN/m to 8 mN/m.
This result implies that Diesel oil (as bought dtelb gas station in Vancouver) contained
surfactants unlike the reagent grade n-decan€oittents of surfactants in Diesel oil may explain
why solutions of concentration (wt) of 1.000 % ofiae in this oil did not produced stable W/O
emulsions as expected from similar tests with rmadeayclohexane (see Table 69).

Interestingly, solutions of HTD in Diesel oil (sé&gure 52) produced both stable O/W and
stable W/O emulsions when this oil was recentlydhiyin September 2014). It is to be noted that
final experiments (see Figures 40-43) were performe May 19, 2015. Diesel oil oxidation in
storage is well documented in the literature. 3eviet al. (2007) suggest the use of aluminum
containers in which oxidation processes are coralid inhibited. It should be noted that Diesel oll

was stored in a plastic container at all time is tiroject
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5.3 Equilibrium in oil/saturated-brine/KCI| systems

For illustration purposes only, Figure 64 showsé¢hcontact angle curves from the Fta 32
computer program for a solution at room temperatofe0.05 % (wt) of dodecylamine in
cyclohexane. These three curves were produced ttivthuse of the sessile drop technique (see
section 3.6). Three experimental runs (triplicat@sye conducted for that solution while the KCI
plate was removed prior to any of those runs. A mamson between these three curves show
significant discrepancies. In these difficult cadbge “fresh” result was used for correlations with
the phase inversion tests (see Figure 70).

Two types of apparently complex equilibrium processes magylar those changes observed
when sample are kept for long and then repeatéleirsystems that involve KCI plate/particles in
NaCl-KClI brine/oil-containing-amine. A “fast equlium” (seconds) resulting from the diffusion
of large amine molecules to the interfaces and dow's equilibrium” caused by
dissolution/recrystallization of mostly NaCl fineystallites onto KCI surfaces in NaClI-KCl
saturated brine (Schreithofer and Laskowski, 2007).
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(©)
Figure 64. Dynamic contact angle curves from the Fta 32 videmputer program for solutions at
room temperature of 0.050 % (wt) of dodecylamineyidlohexane. Experiments are conducted on
4/19/15 at 7:26 p.m. (a), at 7:34 p.m. (b), and &4 p.m, using fresh oil solutions, fresh satudate
brine, and polished KCI plates.
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5.3.1  Adsorption of amines at the oil/saturated-brine inerface

Figures 33-35 shows that as the amine concentrat@eases, the equilibrium contact angle
increases as well, which is in perfect agreemett wigure 17. Solutions of concentration (wt) of
1.000 % of amine in n-decane reaclied after 20-50 seconds whereas similar tests witd9%
and 0.050 % of amine increased gradually at a aahstope and reachég, at about 250 seconds.

According the Young's equatiopy, = yg1, + Y1, cos 6, where8 is the contact angle, is
the solid/oil interfacial tensionyg, is the solid/liquid interfacial tension , ang, is the liquid
surface tension y. The relationship between adisor@and interfacial tensions is provided by the
Gibbs adsorption equation, i.B.= —%[dﬁc

], wherer is the surface excess concentration, R is

the universal gas constant, T is the absolute teatyre, and c is the concentration of surfactant.

As claimed by some researchers (de Bruyn et ab4;19 .askowski et al., 2007), the contact
angle can increase only if the solid/oil interfadension ¥,,), i.e. the adsorption at the solid/olil
interface, is larger than at the solid/liquid ifidéee ;).

It can then be inferred that upon contacting amp with the smooth surface of a KCl plate
(see Figures 19 and 25), the interactions betweemdtionic surfactants (-NHand the negatively
charged KCI surfaces promote migration of thod®uoe surfactants away from the oil/saturated-
brine interface to the KCl/saturated-brine integfideading to an increase in the contact angle.

Oil drops adhere to the solid surface through theérdphobic bonding with the nonpolar
groups of the pre-adsorbed amine. The effect oharaiddition to oil is to provide the functional
groups that can adsorb at the KCI surface (Dali.£1992).

Figures 33-35 show that all contact angles curvds0®0 % (wt) of amine in oil dramatically
ascent to contact angles higher than 100° withenfilst 50 seconds. Then, two distinct cases were
observed. In the first case, the contact anglessudid not level off for solutions of;€£amine in n-
decane and in Diesel oil. In the other case, ase¢hcurves for the other formulations reached a
plateau after approximately 50 seconds. Similangka of the measured contact angles over this
initial period of time were found for all the infacial tension curves (see Figures 36-38), which
descent and then achieved a plateau.

As it was earlier mentioned, the obtained ressliggest that those differences in KCI
wettability were caused by equilibration processes,diffusion (for interfacial and contact angle
measurements) and dissolution/recrystallizatioy(tor the latter).

Since all contact angle measurements were conduatddscribe certain relative trend, the

reproducibility of the obtained results was notrewoughly examined.
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5.3.2  NaCl fine crystallites at the KCl/saturated-brine interface

As shown by Schreithofer and Laskowski (2007), e tsystems with KCI particles
suspended in a KCI-NaCl saturated brine, a coatisudissolution/recrystallization takes place.
The use of Atomic Force Microscopy (AFM) revealbdttthe topography of KCl/brine interface
changes continuously. Through these tests it wasilple to identify formation of fine NacCl
crystallites on the KCI surfaces. These crystalsewlund to form when the specimen was
withdrawn from the saturated solution. It can bpested such phenomena must have a very heavy
bearing on the surface properties of KCI particles.

Two main types of surfaces could be distinguistoeth that was microscopically ‘smooth’
(Figure 65.a) and the other macroscopically ‘spbttEigure 65.c). The authors indicate that if the
samples were not soaked quickly enough with liaeffilter paper after removal from the brine,

these crystals grew too large (larger than 7.5 pheight) rendering the surface too rough.

nm 0603 10 Topography(i3 i 06030 | Topography (o2

1204

801

40

pm i pe
Figure 65. Topography (a,c) image of KCI surface kept in eériar 30 minutes. The cubic
structures are NaCl crystals that formed after tingstal was removed from the brine (Schreithofer
and Laskowski); reproduced by the permission of &apublishing.

Prior to any experimental run, KCI plates were reew from the saturated brine and
polished. Even though an infrared spectrophotometss used for the analysis of the surface of
polished KCI plates, the reuse of KCI plates mawifiyotheir surface not only by introducing
possible reagents but also by rendering their sasfatoo rough due to a continuous
dissolution/recrystallization. It is to be noteathhe number of KCI plates was limited (see sectio

3.2), and they were continuously reused.
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5.4 Oil/saturated-brine emulsions stabilized by fine KG

5.4.1  Final emulsion volume

The resulting oil/saturated-brine mixture after tlee of vortex mixing (see section 3.8.4) is
referred to as “emulsion” thoroughly the text. €aliurated-brine emulsions (1:1 by volume) were
stabilized with fine KCI — 325 mesh. Figure 7 ilitztes that in the absence of any solid particles,
no stable emulsions could be formed (see sectidB)2.

The size of the particlegsed for emulsification may be one of the mostdrtamt factors

affecting the effectiveness of colloidal particiesstabilizing emulsions because it controls the
ability of the particle to reside at the interfasee section 2.2.5.3). Schulman and Leja (1954)
claimed that for good emulsions it is necessatyaee powders of particle size not greater than 1.0
micron and still smaller. In this respect, the p#tsize distribution for ground KCI patrticles is
given in Appendix E and shows that these partialesmostly distributed around 1.0 micron. It is to
be noted that particle size analysis was conduntegclohexane as solvent.

Another important factor affecting the emulsionbgity is the particle concentratio(see

section 2.2.5.2). A specific quantity of fine pelds is not well defined. Takakuwa and Takamori
(1963) used an equivalent of 0.25 g, while Schulayadh Leja (1954) claimed that the fine particles
weight should be in the range from 2.5 to 5.0 gti®dar experiments on emulsion preparation in
this project determined that 1.0 g of KCl was dulggsee Appendix B).

A third factor corresponds to the surfactant cobregion (see section 2.2.5.1). Three different

concentrations (wt) of amine in oil: 0.005 %, 0.0%0and 1.000 % were tested, unless otherwise
stated.

On the other hand, several shaking mechanisms hage reported. Schulman and Leja
(1954) used hand shaking, Takakuwa and Takamo63)18tilized mechanical shakers, and most
recently Katepalli (2014) used a vortex mixer. Téferementioned particular experiments on
emulsion preparation were also carried out to camgdferent shaking mechanisms (see Appendix
B). The obtained results suggested the use ofwanteing (see Figure 30).

A lab testing procedure was, therefore, developedsélection of the oil(s) which could be
used as the extender oil(s) in potash ore flotaffdris lab testing methodology was applied in two
sets of experiments. One initial set of experimavitere emulsion stability (see Section 4.3.1) as
well as the effect of temperature (see Sectior2land additional shaking time (see Section 4.3.3)
on emulsion stability were studied. The other fisat of experiments (see Section 4.2) involved
validation and explanation of the initial resulsng the contact angles measured with the useesof th
sessile drop technique (see section 3.6). It ibeaoted that initial and final experiments were
conducted between April, 2014 and April, 2015 andviay 19, 2015, respectively.
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In all these tests, emulsions showed the existehfrur distinct phases (see Figure 10).
A sediment of KCI patrticles at the bottom,
a layer of saturated brine,

a creaming layer,

W N RE

and, a coherent organic (oil) phase at the top.
The existence of those phases is in excellent agee with the results of Abend et al.
(1998), Melle et al. (2005), Maldivala et al. (200&nd Hu et al. (2015).

The final emulsion volume (FEV) is defined as tlwume of the creaming layer related to
the total volume of the system. In turn, emulsitabsgity can be related to the FEV.

Observations of the two aforementioned set of érpants allowed a correlation between the
emulsion stability and the amine concentration &@ wettability to be established. These
correlations stipulate that:

1. Amines modify wettability of KCI surfaces (see Figs 2-3),

2. The strength with which a particle is held at thiénvater interface is related to the sessile
drop contact angle (see Figure 9).

3. The position of KCI particles in either phase andfothe interface determines the volume of

the creaming layer (see Figure 44).

The FEV is defined in terms of the creaming layer.

The emulsion stability is, eventually, relatedtie FEV.

All these correlations are experimentally discussetie following sections.

5.4.2  KCI wettability studies

It is widely accepted (see section 2.3 for detdhig} if the contact anglecross the aqueous
phaseat the oil/water/solid interface is a little snesiithan 90° the solid particles are held at the oil
water interface on the organic side and stabilizeater continuous emulsion (O/W). If the contact
angle at oil/water/solid interface is somewhat tgeghan 90°, the particles are still held at the
interface but on the aqueous phase and they nduiliztaan W/O emulsion. If the particles are
completely wetted either by the oil or by the watdrey become dispersed in either phase
respectively and, in these cases, no stable emaslsie formed (Schulman and Leja, 1954).

Hu et al. (2015) measured contact angles with e af a Kriiss Drop Shape Analysis
System DSA10 for cetyltrimethylammonium bromide @Bl or didecyldimethylammonium
bromide (DMAB) solutions (concentrations rangingnfr 0.25mM to 32 mM) at varying surfactant
concentration. These solutions were contacted avigimall piece of CNC-coated films. The authors
summarized contact angle values as a function @ftithe in Figure 66 and indicated a double

inversion point.
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Figure 66. Contact angle as a function of the surfactant emiation for emulsions stabilized by
cellulose nanocrystals (CNCs) (Hu et al., 2015progluced by the permission of Elsevier.

Figures 67 and 68 demonstrate how emulsions ldkd [Dil-in-water (O/W) emulsions

reported mostly to the organic (oil) phase wheseater-in-oil (W/O) emulsions occupied typically

the volume of the aqueous phase. Figure 69 shaatsritsome cases the creaming layer is formed

at the oil/water interface.

di-CaDMARB
1 3 5 K 10 19 28 47 53 mM
o'w oiw ofw ahw ci'w wiog wio ol  olw

5 T 10 19 28 48 mM
aw o wiohy wia oo ofw ol

Figure 67. Photograph of beakers after 24 h containing dodeeavater emulsions stabilized by
mixtures of 2 wt.% Ludox HS-30 silica particles hwidi-C8DMAB (upper) or di-C12DMAB
surfactant (lower). Double inversion from o/w toowdnd back to o/w emulsions occurs in both
cases (Binks and Rodrigues, 2p0@produced by the permission of Elsevier.
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Figure 68. Water—-dodecane emulsions (1:1 by volume) stadilizg 0.25 wt.% CNCs and
surfactant (a) CTAB and (b) DMAB with concentrasoftom 0 to 16 mM (left to right, as
indicated). All emulsions with CTAB are oil-in-watevhereas two phase inversions are seen in
emulsions with DMAB; from o/w to w/o and back tev,okdith increasing surfactant concentration
(Hu et al., 2015); reproduced by the permissiokiskvier.

{a) (b}

E nl B0 4% i
Figure 69. Optical microscopy image of a water-in-squalane ksion stabilized by 2 wt%
Floraspheres after homogenisation for 30 s at 1Q,Gfn. Scale bar = 100m. (b) Vessel in (a)
1 min after emulsification; white phase is emulsigth oil and water above and below (Binks and
Rocher, 2009); reproduced by the permission of\idse
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Figure 69 shows the equilibrium contact angles2@ seconds), measured on smooth KCI
surfaces, and the resulting emulsion type. Disereljea could be attributed to the “rough” surface
of polished KCI plates, vaporization of hydrocarbpriluctuations in room temperature, and

cleaning of plastic materials for reuse (e.g. caps} to mention a few ones.

. . Al . POS't'O.n o KCI Wettability CEEB! T2, Additonal Experiment
Qil Amine Concentration  |KCl particles (Figures 40-44 degree on Figure(s)
(Wt%) (Fig. 44) (Figures 33-35)
1.000 5.b Stable W/C(i) 104
Cu 0.050 3-4b No Emulsion 78 60
0.005 3 No Emulsion 80
1.000 5.a Stable W/O 95
Cis 0.050 3-4b No Emulsion 65 53 and 62
0.005 3 No Emulsion 62
Cyclohexane
1.000 5.a Stable W/O 140
TD 0.050 4.b Unstable W/O 117 58
0.005 3 No Emulsion 80
1.000 5.a Stable W/O >120
HTD 0.050 4.b Unstable O/W(ii) 81 55
0.005 3 No Emulsion 54
1.000 5.a Stable W/O 95
Cup 0.050 3 No Emulsion 74 59
0.005 3-4b No Emulsion 68
1.000 5.a Stable W/O 109
Cis 0.050 5.a Stable W/O 94 54 and 61
d 0.005 3 No Emulsion 70
n-decane 1.000 5a Stable W/O >100
TD 0.050 5.a Stable W/C(iii) 9C 57
0.005 3 No Emulsion 85
1.000 5.a Stable W/O >100
HTD 0.050 5.a Stable W/O 95 56
0.005 5.a Stable W/Qv) 95
1.000 4.b Unstable O/W 80
Cop 0.050 4.b Unstable O/W 80 -
0.005 1 No Emulsion 45
1.000 5.a-5.b Unstable W/C >100
Cis 0.050 2 No Emulsion 90 -
Di ! oil 0.005 1 No Emulsion 51
lesetol 1.000 5.b Unstable W/O 120
TD 0.050 2 No Emulsion 70 -
0.005 1 No Emulsion 65
1.000 5.b Unstable W/O >120
HTD 0.050 2 No Emulsion 73 52
0.005 1 No Emulsion 49

(i) See Figure 60.k

(i) See Figure 55.9
(i) See Figure 57.g
(iv) See Figure 56.9

Figure 70.KCl wettability and sessile drop contact angles.
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Figure 70 shows that the stability of the emulsitmmaed increased significantly when amine
was added to the system (see section 2.2.5.1).

On the other hand, Figure 16 illustrates the r@tabetween contact angle and the number of
carbon atoms in the hydrocarbon chain. In gen#ra,relation is in agreement with the results in
Figure 70; at 1.000 % of amine in oil dodecylfGamine shows the lowest contact angles, while
1.000 % of TD and HTD amines in oil present thehksg values. At lower amine concentrations, it
is not possible to establish that relation.

The KCI wettability over time during the first sems immediately after shaking seems to
follows particular patterns astates(see section 4.3). This project discusses thaemde of eight
intermediate states that describe sequentiallycttanges in KCI wettability caused by the long-
chain amine adsorption. All these observed pattevese sequentially combined to make an
overview of the changes on KCI wettability as adhion of the amine concentration and contact
angle as well (see Figure 44 for details).

Those patterns makes possible to identify the tfpde emulsion (using the final emulsion
volume). In this respect, Figure 44 indicates that creaming layer for O/W and W/O emulsions
reported to the organic (oil) and aqueous phasspgectively. The position of the creaming layer in
either phase is in agreement with that in Figured 4 and 67-68, thereby validating the judgment
carried out in this project.

The aforementioned eight intermediate states amidsed as follows.

. The state (1)was observed for solutions of 0.005 % (wt) of agniim Diesel oil. At very low

or zero amine concentration, contact angles wetevass those for pure oils (between 40°—

50°), and the energy required to hold a spheriealigle at the interface, i.e. the energy of

attachment, was very low as well. Inherent hydriiph{Cl particles settled to the bottom,
and no emulsion was formed.

. Thestate (2)was reached for solutions of Diesel oil containin@50 % (wt) of amine except
for dodecylamine (-¢). The strength with which a particle is held a thterface was still
low, however, some KCI particles accumulated atitterface while the others settled to the

bottom (see Figure 46.9).
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Thestate (3)was observed for solutions of amine in cyclohexama n-decane. Immediately
after shaking, the creaming layer occupied the tathume (see Figures 47.a). The organic
and water phases displaced then that layer fromdpeand the bottom (as a “sandwich”),
respectively, until the final emulsion volume (FEWas just a few millimeters at the
interface. This apparent pattern is shown in Figlifei.e. the reduction of the final emulsion
volume, as a function of the time immediately afieaking. The energy at this point was
enough to hold all KCI particles at the interfacéhaut a sediment layer. KCI particles were
partially wettable by oil and by saturated brinadaio emulsion was formed (see Figure
47.h).

The further increasing in the amine concentratead$ to thestate (4) KCI particles were
preferably wetted by water (see Figure 6), and amirangles were a little smaller than 90°.
Immediately after shaking stable oil-in-water (O/\&nulsions were formed. Then, three
distinct cases were observed after additional sigakin the first casesfate (4.a), those
emulsions remained stable over time (see Figurie) 48he obtained results suggest that this
stability occurs in a narrow range of concentragtjoand a slight increase in the amine
concentration leads either to the second cstede] (3], instability over time, or to the third
case §tate (4.b], phase inversion from O/W to W/O (see Figure 19.h

Only solutions of concentrations (wt) between 0.284 0.5 % of TD amine in cyclohexane
and of concentration of 0.036 % of HTD amine in $2ieOil formed stable O/W emulsions
over time. It must be pointed out that these eroaksimight be used as extenders (see section
2.1) because they are stable within a time of daws, their droplets wet KCI particles in
saturated brine.

At higher amine concentrations, KCI particles wpreferably wetted by oil (see Figure 6);
water-in-oil (W/O) emulsions were produced at cohtangles higher than 90°, typically
between 100°-120°, in this project. These W/O eionts were mostly stable over a wide
range of amine concentrations (see Figures 5%6-g-i, and 57.g-i) unlike O/W emulsions.
The obtained results suggest that stiste (5.a)corresponds to equilibrium. Figures 33-35
demonstrate that solutions of amine concentratigth ¢f 1.000 %, except for dodecylamine
in Diesel oil, reached equilibrium contact anglasgér than 90° after approximately 50
seconds. These results are in perfect correlatitntive phase inversion tests where all those
solutions produced stable W/O emulsions, while tsahs of dodecylamine in Diesel oil did
not form emulsions (see Figure 40.1). For the satkeonvenience, Figure 60.k was selected
to show emulsions of 1.000 % of &mine in cyclohexane. Similar emulsions in Figddee

must be handled with care because of the vaparizafi the organic phase.
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Figures 56.f (for amine concentrations (wt) 1.5%9%2) show unstable W/O emulsions in
which the creaming layer was constricted from tlo&dm to interface and “stuck” to the
interface. A slight increase in the amine concéimnacaused the removal of the creaming
layer, which finally settled to the bottom (see U 51.c at 2.0%) and reached Hiate
(5.b). Figure 53.c demonstrates that an increase fronC2%® 35 °C for solutions of 2.0% of
Cig amine in cyclohexane the W/O emulsions were raitlst

Figures 52 and 59 suggest a hypothettale (6)where W/O emulsions may invert to O/W
emulsions, which in turn may invert back to W/O désimans until equilibrium. The
mechanism of double inversion of phases was preljoweported by Binks and Rodrigues
(2009) and Hu et al. (2015). This mechanism imptlest the contact angle curve peaks,
reaches a maximum value and then decreases (situilar parabolic curve) with amine
concentration. In this respect, Hu et al. (201%vskhat contact angle curves for solutions of
CTAB and DMAB follow a parabola that peaks in 70Wd.20°, respectively (see Figure 18).
The former produced only O/W emulsions, while thder formed a double inversion of
phases. The observation of those curves implies ¢batact angles for O/W and W/O
emulsions are about 70° and 120°, respectivelychvié in perfect agreement with the
existence of eight intermediate states (see Figdje Even though the double inversion of
phases is beyond the objectives of this projeatjust be pointed out that Figure 2.c shows
that contact angle curves can effectively followaabola similar to that in Figure 18 (for
CTAB solutions) with amine concentration for oil/laKCl saturated-brine/KCl systems.
For G, amine the contact angle curve peaks around 7@Yesting that the double phase
inversion mechanism cannot occur for dodecylamieagent grade) solutions. This is in
perfect agreement with Binks and Rodrigues (200%)e authors claims that the double
inversion of emulsions is not possible when a grajlain cationic surfactant is used.

In this study, such mechanism was observed fortisolsi of HTD and TD amines (see
Figures 52, 56, and 57), suggesting that techrdo@ihes may contain surfactants able to
produce the double phase inversion of phases. &BRishows that at 0.036 %, a stable O/W
emulsion was observed, i.e. point (4.a). At 0.5t8#s phase inverted to a W/O emulsion at
2.0 %, i.e. point (5.a). Finally, at 4.0 %, the@®tt phase inversion back to an O/W emulsion
was observed (the hypothetical point)(6)

This observation is supported by the contact aogtee for solutions of HF ({¢-C,; aliphatic

amines) shown in Figure 2.c. This curve peaks i@°l2alue for W/O emulsions) and then
slightly descends similarly to that in Figure 1®&r(fDMAB solutions). It is, therefore,
important to bear in mind this hypothetical or ampd state (6) in the selection of an

extender oil for the flotation of coarse potash foaetions.
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5421 Wettability analysis in n-decane

The equilibrium contact angleadross the aqueous phadger solutions of concentration (wt)
of 1.000 % of @, Cig, TD, and HTD amines in n-decane are 95°, 109°,031@nd >100°,
respectively, (see Figure 70). It is well documdrtteat solids are wettable by oil above 90°. Iis thi
respect, the insets in Figure 33 show that thedofghose solutions spread on KCI surfaces after
approximately 50 seconds.

Figures 40.h, 41.h, 42.h, and 43.h demonstratentllgicane containing 1.000 % (wt) of those
amines produced stable W/O emulsions in termsefittal emulsion volume (FEV). According to
Schulman and Leja (1954), W/O emulsions are foramatistabilized by the solid powder when the
contact angle is slightly larger than 90°. Thes&imled results link, hence, the measured contact
angles to the type of emulsion produced, i.e. wiateril (W/O) emulsions.

The equilibrium contact angle$gg) for solutions of 0.050 % of & Cis, TD, and HTD
amines in n-decane are 74°, 94°, 90°, and 95°gntisely, (see Figure 70). Solutions of,@mine
did not produce emulsions (see Figure 40.h), wtidh agreement with the measured contact angle
of 74°. The other solutions produced stable W/O Isimns in accordance with Schulman and
Leja’s theory (see section 2.3.1).

The 0gq for solutions of 0.005 % of & Cis, TD, and HTD amines in n-decane are 68°, 70°,
85°, and 95°, respectively (see Figure 70). Sahstiof HTD formed stable W/O emulsions (see
Figure 56.9), which is in agreement with the meadwontact angle of 95°. The other solutions did
not produce emulsions in time in accordance withuBonan and Leja’s theory (see section 2.3.1).

Binks and Lumsdon (2000) claim that the energy wittich a particle is held at the oil/water
interface, i.e. the energy of attachment, is relateits contact angle at the particle/oil/wataet:
phase line of contact (see Figure 9). It was exgketitat stable O/W emulsions were produced for
contact angles a little smaller than 90° (see sr@i3.1). The obtained results show, nonetheless,
that in those cases no emulsions were formed, atidig that the energy of attachment for contact
angles lower than 90° was insufficient to hold Kgarticles at the interface. This observation
suggests that O/W emulsions occur in a quite namawge of amine concentrations unlike W/O
emulsions. The former and the latter represent,cdiera transition state and equilibrium,
respectively. For the sake of illustration, FigGeshows that solutions between 0.025 % and 2.0 %
of HTD amine in n-decane produced stable W/O emonssistate (5.a), while, a solution at 0.5 % of

TD amine in cyclohexane formed a stable O/W emulsitate (4.a).
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5422 Wettability analysis in diesel oil solutions

The equilibrium contact angle8gg) for solutions of 1.000 % (wt) of TD and HTD amsni&
Diesel oil were higher than 120° (see Figure 7@ higher than those for similar solutions in n-
decanefg>100°), indicating that KCI plates were more welgdior those Diesel oil solutions than
for similar solutions in n-decane.

Schulman and Leja (1954) claim that for contactl@agnuch higher than 90°, the particles
are completely wetted by oil, thus they remain €ispd in the organic phase and unstable
emulsions are formed. Koretsky and Kruglyakov (97ambe and Sharma (1993), Binks et al.
(2013), and Hu et al. (2015) agree that stable \ff@lsions would be expected for contact angles
in the range 95°-115°, validating the correlati@veen the measured contact angles (>120°) to the
unstable (W/O) emulsions produced (see Figures-4and 43.k-1). Figure 52 shows another
solution of 1.000 % of HTD in Diesel oil, which alformed an unstable W/O emulsion.

The contact angle curve for a solution of 1.000 W (©f Cigs amine in Diesel oil shows
0ec>100° (see Figure 35.d) similarly to those for D.00@ of amine in n-decane that produced stable
W/O emulsions (see section 5.4.2.1). Accordinghoprevious discussions, a contact angle higher
than 100° but lower than approximately 115° woutdelxpected to produce stable W/O emulsions,
and this is in perfect correlation for that solatiof 1.000 % (wt) of ¢ amine in Diesel oil. Figure
41.1 shows that this solution formed an stable @Mulsion.

The equilibrium contact angles for solutions of8M@6 and 1.000 % of ;gamine in Diesel
oil were about 80°. This result supports the olegon that O/W and W/O emulsions are transition
and equilibrium states. An initially stable O/W dgian Bgo<90°) may remain stable in the state
(4.a), become unstable in the state (4.b), or trleea W/O emulsion in the state (5.a) unlike W/O
emulsions that are stable over a wide range of aemmcentrations in state (5.a).

Binks and Rodrigues (2009) and Hu et al. (2015nsti@at stable O/W emulsions occur over
a wide range of surfactant concentrations unlikes¢hproduced in this project. The observed
instability of O/W emulsions may be, thereforenhdrent characteristic of oil/saturated-brine/KClI
systems caused by equilibrium phenomena (see BetB).

Figure 35 shows that all contact angle curves dtutins of 0.005 % (wt) of amine in Diesel
oil are similar to that of Diesel oil without aminiee. a smooth straight line at around 45°. Fer th
same solutions, Figure 38 presents that the imiatfeension curves pass the points (0 s,~22 mN/m)
and (20 s,~17 mN/m) similarly to that of Dieselwithout amine (Figure 39). In turn, Figures 40.1,
41.1, 42.1, and 43.] show that Diesel oil soluticsentaining 0.005 % (wt) of amine did not form
emulsions. All these pieces of evidence togethggest that those solutions behave similarly to

that of Diesel oil without amine.
89



5.4.2.3 Wettability analysis in cyclohexane

The equilibrium contact angles (at 250 secondsk&utions of 1.000 % of & C, TD,
and HTD amines in cyclohexane are 104°, 95°, 140d >120°, respectively (see Figure 70),
explaining why drops of those solutions spread @1 8urfaces (see Figure 34). All their contact
angle curves ascend drastically and then reachtaaul within the first seconds. Interestingly, TD
and HTD amines produced stable O/W emulsions degpitheir contact angles higher than 120°
and G,amine produced unstable W/O emulsions in spitésatantact angle between 100-115°. All
these discrepancies could be attributed to thenagimn of cyclohexane over time. Figures 40.d,
42.d, and 43.d show the reduction of practically ¢mtire volume of the organic phase (10 mL) for
Cis, HTD, and TD amines.

The equilibrium contact angle$gg) for solutions of 0.050 % of & Cis, TD, and HTD
amines in n-decane are 78°, 65°, 117°, and 8lpentively (see Figure 70). As it was earlier
discussed, O/W emulsions may invert to stable Wi@ilsions. The contact angle of 117° for the
solution of Gg amine suggests that additional mixing is requiedeach equilibrium. The contact
angle of 81° for the solution of HTD amine sugggesiswever, that the unstable O/W emulsion
produced will remain unstable over time (no invansis expected). The contact of 65° for the
solution of Gg amine is in perfect correlation with no productiminemulsions (see Figures 41.d).
However, additional mixing could lead to an unsta@/W emulsion for that solution (see Figure
62). Finally, Figures 40.d and 60.g demonstratelitile between no emulsion produced and the
contact angle of 78° for the solution of,@mine.

The 0gq for solutions of 0.005 % of & Cig, TD, and HTD amines in n-decane are 80°, 62°,
80°, and 54°, respectively (see Figure 70). Alstheontact angles are in perfect agreement with the

resulting oil/saturated-brine mixtures, i.e. emutsi were not produced for those solutions.
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5.4.3  Effect of temperature on emulsion stability

As it was mentioned in section 2.1, ambient temjpeeafluctuations between summer and
winter sessions, which in some locations may béiwil5 — 35 °C, affect the sylvite flotation
results.

Based on the results of this thesis, phase inwersiethod is applicable as a lab testing
procedure for selection of the oils that could bedias the extender oils in potash ore flotation. |
this respect, it is not only important to study thlease inversion as a function of the amine
concentration but also as a function of the tentpegaThe first step in the lab testing is to prepa
emulsions at varying amine concentration and astem temperature. Once the particular amine
concentration which yields stable oil-in-water esmihs is known, the second step is to prepare
emulsions at varying temperatures and at constaniea concentration in order to study what
happens to their stability upon increasing graguhk temperature (see Figures 53-54).

For instance, if cyclohexane containing 1.000 % @ctadecylamine emulsified in saturated
brine at 35 °C is selected for potash ore flotatiben at 10 °C the behavior of this emulsion may
be entirely different. It is to be noted that ammbieemperature fluctuations between summer and
winter sessions, which in some locations may bdiwitt5 — 35 °C, could cause formation of
unstable emulsions and affect the sylvite flotatiesults (see section 2.1)

These results on temperature are in agreementBiritks and Rocher (2009). These authors
indicate that phase inversion can be brought abguthanging the temperature of the system
because of surfactants arrangements at the oilirstezface changes with temperature and may

lead to a progressive increase in sedimentatiorcaakbscence.
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5.4.4  Effect of amine concentration on emulsion stability

As it was mentioned in section 2.1, as the amimeenotration in oil is increased, the contact
angle increases as well and therefore, the oilagoimy amine solutions can wet KCI surfaces. Dai
et al. (1992) measured contact angles with theotifge Axissymmetric Drop Technique for amine
in oil solutions at different amine concentratiqeee Figure 2). Qils tested in their study included
Esso 1156 and Esso 2600 oils. The former is a §ightoil of predominantly aromatic hydrocarbons
and is of low viscosity, while the latter is a Wsis oil consisting of mostly paraffinic hydrocarlson
with a high level of polar compounds (Dai et aB92).

Figure 71 shows the effect of HTD amine concerdraijwt%) on different hydrocarbons
(cyclohexane, decane, Diesel oil, Esso #1156 ailEesso #26000il) with or without other additives
to oil (Dai et al., 1992). These authors conclutteat Esso 2600 oil containing;RIH, and Esso
1156 containing M210 promoter show the poorestingthbility because of the high viscosity of
these oils, and Esso 1156 oil containing silicoite exhibits good wetting ability. On the other
hand, the three oils tested in this thesis (setose8.1.3) showed lower contact angles than those
tested by Dai et al. (1992) at the lowest HTD andaecentrations except for solutions of 0.050 %

and 1.000 % of amine in cyclohexane, which exhibitee highest contact angles.
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Figure 71.Contact angle as a function of the Armeen HTD eaftration. Solid lines correspond to
results of this thesis and dashed lines represwdd of Dai and Laskowski (1992).
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5.5 Selection of the extender oil for the flotation otoarse potash ore fractions

As the main objective of this thesis is to investeggwhether the phase inversion method can
be used in testing such extender oil(s), theircsigle criterion will be only mentioned in this
section.

For extender oils selection, the emulsion must be:
. Stable within a time of days.
. The droplets must wet KCI particle in saturatechéri

Therefore, in this project it was assumed thatpihsition (4.a) could be the criterion to select

extender oils on the wettability point of vigsee Figure 70). At this particular state, theaorig

layer reaches its maximum height and reported mdsetlthe organic (oil) phase. According to

Figures 52 and 58, solutions of HTD amine in Diegetoncentration (wt) of 0.036 % and between
0.2 %-0.5 % of TD amine in cyclohexane, respedgtivetoduced stable O/W emulsions within a
few days. For the other formulations tested, thenarmmoncentration range in which phase inversion
takes place was, nevertheless, found (see Tabl€h®).study of extender oils in the flotation of

coarse fractions of potash ore is well documentedi ¢t al., 1992; Laskowski and Dai, 1993;

Laskowski, 1994; Laskowski and Wang, 1997; Laskawslal., 1999; Laskowski et al., 2008), just

to mention the main ones. Figures 4 and 5 shovetteet of dodecylamine (ZNH;) addition on

the flotation performance (recovery, %) of Esso6Labd Esso 2600 oils.

Table 2. Range of amine concentrations (wt) at which phiasersion may occur for different
amine in oil formulations.

Phase inversion O/W to W/O emulsions
Qil Amine |Amine conc. range (Wt%)
Ci, 0.500-0.750
Cyclohexane Cis 0.005-0.01
TD 0.500-1.000
HTD 0.100-0.200
Ci 0.050-1.000, >1.000
n-de cane Cis 0.005-0.01
TD (*) 0.050-1.000
HTD 0.005-0.050
Cio >1.000
Diesel oil Cis 0.050-1.000
TD 0.050-1.000
HTD 0.125-0.5, 2.0-4.0
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Conclusions

For a few formulations, which contained severalfedént hydrocarbons “oils” (n-decane,
cyclohexane, and Diesel oil) and several amineslddglamine, octadecylamine, TD amine and
HTD amine), the phase inversion method was testeal \way of selecting the formulation(s) that
could be utilized as an extender oil in potastation.

The behavior of oil/saturated-brine/KCI systemsnituenced by two equilibration phenomena. A
“fast equilibrium” resulting from the diffusion darge amine molecules to the interfaces and a
“slow equilibrium” caused by dissolution/recrysiadition of mostly NaCl fine crystallites onto KCI
surfaces in NaCl-KCI saturated brine.

A quick and reliable lab testing method for selattdf the oils that could be used as the extender i
potash ore flotation was developed to study chamgd&Cl wettability when the KCI surface is
contacted with the oil-containing amine.

Fine KCI particles when in brine are vigorously letya with the oil-containing amine are able to
stabilize emulsions. The determination of the tgpéormed emulsions was not successful with the
use of typical techniques. In these difficult cadbe observation of the system behavior and the
patterns that the KCI particles follow with time¢gnds) immediately after shaking makes possible
to identify the type of the emulsion (using theafiemulsion volume). At time zero after shaking,
the creaming layer occupies the total volume aed ttonstricted. The solutions of amine in Diesel
at 0.005 % amine concentration followed this patter

The amine adsorption modifies the KCI wettabilityereby affecting the emulsion stability, which
is quantitatively described by the final emulsioslume. Emulsion stability increase with amine
concentration.

Changes in KCI wettability were sequentially ddsed by eight intermediate states. The latter
include the phase inversion from oil-in-water (O/\¢) water-in-oil (W/O) emulsions and the
observed double inversion of phases, which occimswKCI particles are already hydrophobic, i.e.
from W/O back to O/W emulsions. The sessile droptact angles and amine concentrations for
each state are characteristic of the each pantitadaulation.

The observed results show that the W/O emulsiopiesent the equilibrium and are mostly stable
over time. Oppositely, O/W emulsions constituteransition state and are typically unstable in
time. The former and the latter were producedivide and narrow range of amine concentrations.
For solutions at concentrations (wt) of 1.0 % aghieir of amine in oil, sessile drop contact angle

curves ascended dramatically to around 100° withan first 20-50 seconds and then reached a
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10.

plateau. Those contact angles are in perfect agneiewith the stable W/O emulsions produced for
those solutions.

Particular solutions at concentrations (wt) betw@eéh% — 0.5 % of TD amine in cyclohexane and
at 0.036 % of HTD amine in Diesel oil produced &aB/W emulsions within a few days. These
formulations could be used as extender oil in gotaation. For the other formulations the range
of amine concentrations containing the possiblespliaversion point was determined.

The tested phase inversion method is able to d#teatffect of temperature and additional mixing
time on the emulsion stability. The temperatured$eto the coalescence phenomena, while the

additional mixing may cause inversion of O/W to W¢@ulsions.
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Recommendations for future work

Potash industry in Saskatchewan operates at vgtyteimperatures in the summer time (up
to 35 °C) and at varies cold temperature in theevi(down to 10 °C). The emulsions suggested as
extender oils must be stable over this temperaturge. The technique recommended for selection
of the emulsions must, therefore, be able to ingatt the effect of temperature.

As this thesis results indicate (see Figures 53#6é)phase inversion method is able to detect
the effect of temperature, but this complicatedidoghould be further studied. The effect of
temperature on solubility of KCI and NacCl is veiiffetent and for the system consisting KCI plate
immersed in saturated KCI-NaCl brine even a smadflange in temperature causes
dissolution/recrystallization at the KCI crystalfigr interface. This must affect the adsorption of
amine at such an interface and its wettability.

This Department was able to acquire Kriiss TensiemetK11l which is a high accuracy
piece of equipment which uses the Wilhelmy plaiaqgiple to measure surface/interfacial tension.
Much of my time at UBC was spent on modificationtlmis equipment so that it could be used to
measure contact angle on solid plates. While tlais shown to be possible, the limitations imposed
by the modified instrument does not allow to fullge it in the contact angle measurements at the
brine/oil interface on the KCI surface. It seemswhver, that a new Kriss Tensiometer K100 (if it
could be acquired) should be good enough to measuter various conditions contact angles on
KCI plates. Again, this could be successful onlypdtth the Phase Inversion Method and contact
angle measurements could be carried out strictligeasame temperatures.

As in all surface chemistry measurements, thantileess of all the pieces used in the tests
is an important issue. However, while it is knowowhto clean glassware and other water-insoluble
lab pieces and mineral specimens it is not clear teoclean KCI plates before their use in the lab
experiments. The water-based systems cannot bebesadise of the KCI solubility. In this thesis
KCI plates were cleaned following the proceduregasted by the manufacturer which involved
polishing of the KCI plates with cerium oxide inhahol solution. To avoid doubtful cleaning

procedures new KClI plates should always be usedr{eter possible).
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Appendices

APPENDIX A: Glassware cleaning method

Nitric acid and ethanol together form an explodig highly oxidizing atmosphere that

cleanses all organics from glassware. Due to tpéosion hazard, mix very small amounts.

Procedure;

1. Wear full face shield. Either use good gloves oreharet hands and arms and frequently
wash them. Work in a properly ventilated fume hood.

Pour 2-3 mL of HNQ@into glassware.

Add 3-5 drops of ethanol.

Leave to stand until brown fumes have been gerseeatd completely disappear.

a > wN

Rinse glassware well with copious distilled wagerdid the use of soap).

Note: In case of accidental spattering, remove contamihalothing and rinse affected area

thoroughly for 10 minutes. Get medical attentionatessary.
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APPENDIX B: KCl weight and shaking mechanism on thephase inversion tests

The shaking mechanism are depicted below wherés @KS 4000 IC shaker, (b) is a Lab-
Line shaker, and (c) is a vortex mixer. The numlietse labels show the weight of KCI where, i.e
1(1.09),2(2.009),3(3.09), and 4 (4.0 g)pestively.

(a) (b)

|£
¥ 1 ’ "'._;:‘ L 4 ‘H_’ .
™ - w d l -
. L8 T
_ B 1 3
- ..-. e

Figure 72. Resulting emulsios after shaking with the us@pf KS 4000 shaker, (b) a Lab-Line
shaker, and (c) a hand.

Figure 13 illustrates that the emulsion stabilitycreases with an increase in the
concentration of particles in the system (see ee@i2.5.2 for details). The study of the effect of
particle concentration on the emulsion stabilitynignetheless, beyond the objectives of this ptojec
Based on Figure 723 fixed weight of 1.0 g of fine KClof about 1 micron (see Appendix E) is
used for all the phase inversion tests.

Figure 72 also indicates that a vortex mixer (seguré 30) is used for the shaking of

oil/saturated-brine mixtures.
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APPENDIX C: Physical properties of the fluids
The physical properties of the fluids used in tinigject are tabulated below.

Table 3 Densitiesp, and interfacial tensions, of the fluids.

Reagent Density, p SFT, vao
(g/cn?) (mN/m)
Brine 1.230+0.001  82.57+0.60
Cyclohexane 0.773+0.001  24.87+0.10
Decane 0.724+0.001 23.00+0.03
Diesel 0.826+0.001  23.80+0.32
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APPENDIX D: Kriss K11 surface tension measurement

Surface tension measurement using the Wilhelmye gkthnique (with platinum plate) as
reported by the supplier was as follows:
1. Clean the measuring probe and place it in the miggsprobe holder on the force sensor.
Lower the sample stage and put 10 ml of oil inemgample vessel.
Place the sample vessel on the sample stage.
Position the temperature sensor so that it immenste liquid.
Raise the sample stage so that the surface oigtid Is just below the measuring probe.

Wait until the required temperature has been rehche

N o g bk~ w DN

Start the measurement.

At the air/oil interface, surface tension was meeduwith the use of a KRUSS K11
tensiometer as shown in Figure 73. The oil/satdratine interfacial tension measurements
followed similar experimental procedure but witle #addition of oil during the experimental run so

that the platinum plate was completely immersedilin

Step 1.1 Step 1.2 Step 1.3
KCl plate is initially suspended Qil is added to the reservoir. The lower edge of the KCl plate is
in air. lowered at the air-oil interface;

surface tension, yao, is recorded

Balance Balance Balance 4

Platinum Platinum Platinum
Plate Plate Plate

Qil

il

Figure 73. Methodology for the surface tension measuremetiteatir/oil interface with the use of
the Wilhelmy plate technique.

At least three measurements were taken for everfacgi tension (SFT)yao, and the
standard deviation was calculated, as well. Thelteare given in Appendix C. The reproducibility
in terms of standard deviation was very good, adddt exceed +0.60 mN/m for all tested samples
(see Table 3).
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APPENDIX E: Particle size distribution

The particle size distribution for ground KCI pal#is is shown in Figure 74. The particle size

analysis using cyclohexane as solvent.
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Figure 74. KCI particle size distribution.
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