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ABSTRACT

Crude oily wastewaters generate widely in industries and marine oil spill operations.
Crude oily wastewaters contain stable oil in water emulsion (O/W), and their treatment has
been challenging. Crude oil has toxic compounds for humans and the environment, and
effective treatment requires meeting environmental regulations. This dissertation aimed to
investigate effective and environmentally friendly demulsifiers (commercial anionic surfactant
and ionic liquids) in demulsifying stable O/W emulsions. Firstly, the O/W emulsification
process by ultrasonic homogenization was conducted to optimize the processing parameters
and determine the required energy to generate stable emulsion, which is applicable for
enhancing crude oil demulsification. The optimum condition to generate stable emulsion was
at a power level of 76—80 W, sonication time of 16 min, water salinity of 15 g/L. NaCl, and pH
of 8.3, which required 60—70 kJ energy. Secondly, the commercial anionic surfactant showed
high efficiency (99%) in demulsifying O/W emulsion at the concentration of 900 mg/L in a
short shaking time (15 min) at room temperature (25 °C). It could reduce the total extractable
petroleum hydrocarbons in the separated water to <10 mg/L without gravity separation and
achieve promising demulsification performance at high salinity (36 g/L) and various fresh and
weathered oil concentrations. Thirdly, ionic liquid with hydroxyl functional groups on the side
chains effectively demulsified O/W emulsion (92%) stabilized by natural emulsifiers (e.g.,
asphaltenes) at a low concentration (25 mg/L) and room temperature without settling. Hence,
the hydroxyl functional group is a suitable substitution for the alkyl group on the ionic liquids
side chains to reduce ionic liquid toxicity. It was also found that its potency was highly affected
by the emulsion type (stabilized by natural emulsifiers+Tween 20), in which demulsification

efficiency reached 61% at the ionic liquid concentration of 50 mg/L and the demulsification
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temperature of 50 °C at 90 min gravity separation settling time. This indicated the synergistic
interaction of natural emulsifiers and Tween 20 and the formation of thicker film at the oil-
water interface, which affected the ionic liquid performance. Finally, comparing the
performance of three ammonium-based ionic liquids with a distinct side chain (alkyl, ester,
and amide) in demulsifying O/W emulsion, it was found that ionic liquid’s side chain and
hydrophilicity greatly influenced their performance in the demulsifying O/W emulsion.
Substitution of the hydrophobic alkyl group with the hydrophilic amide or ester groups to
reduce ionic liquid toxicity improved the ionic liquid potency in the demulsifying emulsion.
Ionic liquid with the amide group on the side chain resulted in the highest demulsification
efficiency (94%) compared to ionic liquids with the ester (91%) and alkyl (88%) groups at the
ionic liquid concentration of 25 mg/L and settling time of 15 min at room temperature,

indicating the superiority of the amide group in the demulsifying O/W emulsion.
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Chapter 1
GENERAL INTRODUCTION

Crude oily wastewaters generate widely in oil and gas industries during different processes,
including oil production and enhanced oil recovery (Al-Ghouti et al., 2019; Liu et al., 2021b;
Zahid et al., 2011). Also, a significant volume of oily wastewater generates in marine oil spill
response operations after the collection of spilled oil in the marine environment due to ship
accidents and natural seepage. It has been reported that almost 9,000,000 tons of oil have been
spilled since 1965 (Motta et al., 2018).

Oily wastewaters mostly contain oil-in-water (O/W) emulsions, which are stabilized by
natural emulsifiers (e.g., asphaltenes, resins) in crude oils. Natural emulsifiers create a rigid
film through inter- and intra-molecular interactions (e.g., n—n stacking, hydrogen bonds)
around emulsified droplets that prevent coalescence and separation (Chen et al., 2018; Farooq
etal., 2021; Ma et al., 2021). The stability of O/W emulsion mainly depends on the amount of
emulsifiers (e.g., asphaltenes, resins) in crude oils, in which higher emulsifiers lead to the
formation of emulsion with higher stability (Dudek et al., 2019; Yudina et al., 2021). Crude oil
contains toxic compounds, including benzene, toluene, and polycyclic aromatic hydrocarbons,
posing severe risks to human health and the environment (Ruberg et al., 2021). Consequently,
strict regulations are being implemented in North America to treat oily wastewater and obtain
qualified water with an oil and grease concentration lower than 42 mg/L/day (Shokri and Fard,

2022).

Different oily wastewater treatment processes, including physical, biological, and
chemical, have been used (Faisal and Almomani, 2022; Sousa et al., 2022). Gravity separation

is a common physical process for oil-water separation; however, it has significant drawbacks



of long settling time, large space requirements, and inefficiency in demulsifying stable
emulsion (Han et al., 2019). Other physical treatment processes, including centrifugal
separators, gravitational coalescers, electrocoalescers, gas flotation, and filtration, have also
been investigated in demulsifying O/W emulsion (Ismail et al., 2020; Kumar et al., 2021; Less
and Vilagines, 2012; Mohayeji et al., 2016; Piccioli et al., 2020). However, they have some
limitations and disadvantages, which are inefficient and cost-effective in demulsifying stable
emulsion in large-scale applications to meet environmental regulations (Abdulredha et al.,
2020; Tian et al., 2022). Biological treatment using biodemulsifiers has the advantage of being
environmentally friendly (e.g., biodegradability); however, it is susceptible to operational
issues (Hadi and Ali, 2022a). In contrast with the physical and biological processes, a chemical
process using demulsifiers (i.e., surface-active compounds) to demulsify emulsion has the
advantages of an effective, rapid, cheap, and easy-to-operate process that has attracted research
attention. The chemical demulsification process includes the diffusion of demulsifier
molecules in the emulsion and reaching the oil-water interface, breaking the rigid film around

emulsified droplets, and enhancing oil-water separation.

Different demulsifiers (non-ionic and ionic) have been applied to demulsify emulsion and
showed various drawbacks due to the complexity of emulsion and industrial restrictions. For
example, non-ionic demulsifiers showed poor efficiency in demulsifying heavy crude oil
emulsion. They also were ineffective in demulsifying emulsions containing oil droplets smaller
than 2 um (Adilbekova et al., 2015; Zhang et al., 2016; Zhang et al., 2018a). lonic demulsifiers
are cationic and anionic if they have a positive and negative charge, respectively (Sousa et al.,
2021). Various cationic demulsifiers were used in previous studies, and they concluded that

cationic demulsifiers required a long settling time and could not efficiently reduce the oil



concentration in separated water to meet the environmental regulations (Yonguep et al., 2021;
Yuan et al., 2022). Amine-based dendrimers are also considered ionic demulsifiers and have
been investigated in the demulsifying emulsion (Wang et al., 2021). However, the synthesis
procedure is costly and time-consuming, which has limited their industrial applications (Bi et
al., 2020). Other disadvantages of dendrimers are their poor efficiency in demulsifying
emulsions with high salinity and low oil concentration (Hao et al., 2016; Kuang et al., 2020a).
Previous studies indicated that demulsifying stable emulsion is still challenging and requires

further investigation to find an effective demulsifier.

Anionic surfactants have a high surface activity and have been used widely in industries as
surfactant flooding because of their low cost and easy-to-use features (Olajire, 2014).
However, their applications as a demulsifier in demulsifying emulsions have not been well
studied compared to other demulsifiers. Also, there is a growing interest in applying ionic
liquids in the demulsification of crude oil emulsion. Ionic liquids are liquid salts with a melting
point below 100 °C. Ionic liquids have unique features of non-flammability, thermal stability,
and low vapor pressure, which are essential for industrial applications (Nasirpour et al., 2020).
Many studies have shown the effective application of ionic liquids in demulsifying crude oil
emulsion (Hassanshahi et al., 2020; Masri et al., 2022; Zolfaghari et al., 2018). However, their
application in industries has been limited due to their high toxicity (Hadi and Ali, 2022a;
Romero et al., 2008). Hence, further investigations on ionic liquids require to find an effective

one in demulsifying stable emulsion with less potential risks to the environment.

Based on the literature review (chapter 2), the main objective of this study is to investigate
effective environmentally friendly demulsifiers in demulsifying crude O/W emulsions. Thus,

the specific objectives are



Evaluation of ultrasonic homogenization in the generation of stable crude O/W
emulsion, which is applicable for enhancing crude oil demulsification. The effect
of power, sonication time, salinity, and pH of water and their interaction on the
emulsion stability were investigated. The optimum condition of essential
parameters and the required energy to generate emulsion with high stability were
determined.

Investigation of an anionic surfactant (dioctyl sodium sulfosuccinate) in
demulsifying crude O/W emulsion. Several experimental parameters influencing
the demulsification process were investigated, including dioctyl sodium
sulfosuccinate concentration, oil concentration, shaking time, salinity, crude oil
condition (fresh and weathered), and gravity separation settling time. The effect of
the interaction of parameters in the demulsifying emulsion was also investigated,
and their optimum condition was determined.

Investigating new ammonium-based ionic liquid with hydroxyl functional groups
in the side chains (tris(2-hydroxyethyl) methylammonium methylsulfate) in
demulsifying crude O/W emulsion. The effect of ionic liquid concentration,
demulsification temperature, gravity separation settling time, and emulsion type
(natural emulsifierstTween 20 and natural emulsifiers) on the demulsification
efficiency were investigated.

Investigation of three ammonium-based ionic liquids with a distinct side chain
(dodecyl trimethylammonium chloride, [2-(Methacryloyloxy)ethyl]
trimethylammonium  chloride, (3-Acrylamidopropyl) trimethylammonium

chloride) in demulsifying crude O/W emulsion. The effect of crucial parameters,



including ionic liquid concentration, ionic liquid type (i.e., side chain), and gravity
separation settling time, were investigated. The optimum condition of parameters

in the demulsification process was also determined.

Hence, based on the objectives mentioned above, this dissertation is structured as follows:
in chapter 2, the literature was reviewed; in chapter 3, emulsification of O/W using ultrasonic
homogenization was developed; in chapters 4—6, the potency of different demulsifiers in
demulsifying crude O/W emulsion were investigated, including an anionic surfactant (chapter
4), and different ionic liquids (chapters 5 and 6); in chapter 7, the conclusion of this research

and recommendations for future research were provided.



Chapter 2
APPLICATION OF IONIC LIQUIDS FOR CHEMICAL DEMULSIFICATION: A
REVIEW!
Abstract
In recent years, ionic liquids have received increasing interest as effective demulsifiers due
to their characteristics of non-flammability, thermal stability, recyclability, and low vapor
pressure. In this study, emulsion formation and types, chemical demulsification system, the
application of ionic liquids as a chemical demulsifier, and key factors affecting their
performance were comprehensively reviewed. Future challenges and opportunities of ionic
liquids application for chemical demulsification were also discussed. The review indicted that
the demulsification performance was affected by the type, molecular weight, and concentration
of ionic liquids. Moreover, other factors, including the salinity of aqueous phase, temperature,
and oil types, could affect the demulsification process. It can be concluded that ionic liquids
can be used as a suitable substitute for commercial demulsifiers, but future efforts should be
required to develop non-toxic and less expensive ionic liquids with low viscosity, and the
demulsification efficiency could be improved through the application of ionic liquids with
other methods such as organic solvents.

Keywords: ionic liquids; emulsion; chemical demulsification; interfacial tension

' This work has been published as Hassanshahi, N., Hu, G., Li, J. (2020). Application of ionic
liquids for chemical demulsification: A review. Molecules, 25(21), 4915. DOI:
https://doi.org/10.3390/molecules25214915.




2.1. Introduction

The presence of emulsion in oil or water has undesired consequences for industries and the
environment (Langevin et al., 2004). It may result in the corrosion of pumps, pipes, and related
facilities. It increases the viscosity of oil, which leads to the increment in pumping and
transport costs, and the emulsion also reduces the quality of oil (Thompson et al., 1985).
Discharging produced oily wastewater from oil and gas industries and the spill of oil through
ship accidents and offshore wells (e.g., Exxon Valdez and Deepwater Horizon) (Beland and
Oloomi, 2019; Prabowo and Bae, 2019) into waters cause adverse consequences to the
environment, human health, and the economy (Adzigbli and Yuewen, 2018; Kuppusamy et al.,
2020; Taleghani and Tyagi, 2017). The oil spill cleanup usually involves the collection of a
large volume of oily wastewater for treatment. Strict limitations are regulated for discharging
oily wastewater (e.g., based on USEPA, oil and grease discharge limits are 29 mg/L monthly
average and 42 mg/L daily maximum) which induce industries to efficiently treat their oily
wastewater (Rawlins, 2009). However, the presence of emulsion in oily wastewater essentially
requires demulsification for its effective treatment. Several technologies have been used for
separating oil and water, such as various physical (e.g., gravitational settling, thermal
treatment, membrane separation, flotation, ultrasonic), biological (bioaugmentation,
biostimulation), and chemical (e.g., solidifiers, demulsifiers, sorbents) processes (Doshi et al.,
2018; Hassanshahian et al., 2014; Ismail et al., 2020; Luo et al., 2019; Martinez-Palou and
Aburto, 2015; Mohayeji et al., 2016; Motta et al., 2018; Santos et al., 2017; Saththasivam et
al., 2016). Chemical demulsification using various demulsifiers is one of the reliable methods
which has been widely used in industries for breaking emulsions (Martinez-Palou and Aburto,

2015; Shehzad et al., 2018).



Many research studies have been conducted for the application of ionic liquids in chemical
demulsification processes, and it was reported that ionic liquids are reliable demulsifiers with
high stability, even under harsh conditions (high temperature and high salinity) (Balsamo et
al., 2017). Ionic liquids are produced by a combination of different organic cations and organic
or inorganic anions (Alves et al., 2017). They are associated with unique characteristics such
as thermal stability, non-flammability, recyclability, and low vapor pressure (Han and Row,
2010; Kunz and Héckl, 2016; Sun and Armstrong, 2010). These properties make ionic liquids
a suitable substitute for organic solvents and commercial demulsifiers (Atta et al., 2016b; Han
and Row, 2010). Ionic liquids have been used by different researchers to evaluate their
efficiency in demulsification processes, mostly at laboratory scales. There is a need for a
comprehensive discussion of the current ionic liquids demulsification method to identify its
advantages and limitations. In this study, a review on the application of ionic liquids for
demulsification was conducted, and the impacting parameters on the demulsification
performance were discussed to identify challenges and opportunities for future applications.
This review is organized into a few sections, including emulsion formation mechanisms and
types, chemical demulsification system and ionic liquids application, the effects of influential
parameters (concentration, cation type, and the structure of ionic liquids, anion types,
molecular weight, salinity, temperature, and oil types), as well as challenges and opportunities

for future applications.



2.2. Emulsions
2.2.1. Emulsion formation

An emulsion is produced when two or more immiscible liquids mix vigorously together
which results in two phases (a dispersed phase and a continuous phase) (Raya et al., 2020;
Saad et al., 2019). The phase that has a smaller volume is usually identified as the dispersed
phase and the larger one is the continuous phase. If the volume of both phases is the same,
other factors would be considered to recognize the dispersed and continuous phases (Goodarzi
and Zendehboudi, 2019; Kokal, 2005). Based on the Bancroft rule, a continuous phase would
be the phase that emulsifying agents are more soluble in it (Bancroft, 2002). Commonly
investigated emulsions have a water phase and an oil phase. Fine solids and surface-active
compounds of crude oils, such as saturates, asphaltenes, resins, and aromatics, can act as
natural emulsifying agents (Abdulredha et al., 2020; Wong et al., 2019). Under intensive
mixing, natural emulsifying agents could adsorb at the oil-water (O-W) interface, creating a
rigid interfacial film around dispersed droplets and hindering the coalescence of droplets
(Canevari, 1982; Grenoble and Trabelsi, 2018; Lee, 1999). The strong tension between the
water and oil phases is called interfacial tension (IFT), and the stronger the IFT, the more stable

the emulsion (Kumar and Mandal, 2018).

2.2.2. Emulsion types

According to the nature of the dispersed phase, emulsions are categorized into oil in water
(O/W), water in oil (W/O) and multiple (W/O/W or O/W/O) types (Figure 2.1). O/W emulsions
occur when oil droplets are the dispersed phase (inner phase) in the continuous water phase
(outer phase), which is also called reverse emulsion. W/O emulsions are generated when water

droplets are the dispersed phase in the continuous oil phase. Multiple emulsion is a mixture of



W/O and O/W emulsions. O/W/O emulsions are formed when oil droplets are the dispersed
phase in water droplets that are dispersed in the continuous oil phase, while W/O/W emulsions
are formed vice versa. The occurrence of multiple emulsions is more common in food,
cosmetics, pharmaceutics, and wastewater treatment industries (Abullah et al., 2016; Igbal et
al., 2015; Kovacs et al., 2016; Muschiolik and Dickinson, 2017). It should be noted that these
emulsions are thermodynamically unstable but are kinetically stable. Emulsions are
thermodynamically unstable because they are produced from the mixture of two or more
immiscible liquids which naturally tend to separate. However, the kinetic stability of emulsions
means that emulsions are stable for weeks to years due to the formation of strict films around

them by emulsifiers (Capek, 2004; Zolfaghari et al., 2016).
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Figure 2.1. Different types of emulsions (Saad et al., 2019).
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The aforementioned emulsions can be categorized into stable, metastable, entrained
water, and unstable, depending on the time that one phase can be kept dispersed in the other
phase (Fingas and Fieldhouse, 2004; Martinez-Palou and Aburto, 2015; Wong et al., 2015). In
general, stable W/O emulsions can hold most of the water in the oil phase for more than five
days (Fingas et al., 1994). Metastable emulsions are stable within only one to three days, while
entrained water and unstable W/O emulsions are not regarded as stable emulsions because both
would only remain water in oil for less than one day (Fingas and Fieldhouse, 2004; Raya et al.,
2020). Emulsion type is an important factor in selecting demulsifiers which are soluble in the
continuous phase and could reach the O-W interface easily (Abullah et al., 2016). The emulsion
type depends on the affinity of natural emulsifying agents to the oil (or water) phase. If natural
emulsifying agents have a tendency to the oil phase (i.e., hydrophobic natural emulsifying
agents), W/O emulsions would form, while the hydrophilic natural emulsifying agents would
produce O/W emulsions. The same propensity of natural emulsifying agents to both oil and
water phases would lead to the formation of unstable emulsions. The factors determining the
affinity of natural emulsifying agents include hydrophilic-lipophilic balance (HLB),
hydrophilic—lipophilic deviation (HLD), relative solubility number (RSN), and R ratio
(Griffin, 1949; Salager et al., 1979; Winsor, 1954; Wu et al., 2004). Highly affinity of natural
emulsifying agents to a lipophilic or a hydrophilic phase leads to the formation of less stable
emulsions because natural emulsifying agents tend to stay in a medium rather than migrate to

the O-W interface (Borges et al., 2009).
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2.3. Ionic liquid demulsification
2.3.1. Chemical demulsification system

Surface-active chemicals (i.e., demulsifiers) are used to destabilize emulsions (Adewunmi
and Kamal, 2019; Saad et al., 2019). Some examples of common chemical demulsifiers include
sodium dioctyl sulfosuccinate, sodium dodecyl sulfate, and polyethylene oxide (Figure 2.2).
The surface activity of demulsifiers should be higher than that of natural emulsifying agents to
destabilize the emulsion (Abullah et al., 2016). Surface activity features of demulsifiers can be
evaluated by surface tension, electrical conductance, fluorescence, proton nuclear magnetic
resonance (H NMR) and small angle neutron scattering (SANS) methods (Sastry et al., 2012).
Chemical demulsification is implemented by adding a desired amount of demulsifier to
emulsions and mixing them vigorously. After mixing, sufficient time is required to allow
Ostwald ripening, flocculation, coalescence, and phase separation (creaming/sedimentation) to
occur. Ostwald ripening occurs when a dispersed phase can diffuse easily in a continuous phase
to reach together for coalescence. Flocculation is formed when oil or water droplets flock
together in a continuous phase while they keep their identity. Coalescence is an irreversible
process in which water or oil droplets join together and make bigger droplets. Creaming or
sedimentation processes occur based on the density of a dispersed phase (Abdulredha et al.,
2020; Moradi et al., 2011). The general chemical demulsification mechanism is shown in

Figure 2.3.
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Figure 2.3. Schematic of chemical demulsification mechanism (Abdulredha et al., 2020).

2.3.2. Application of ionic liquids and their characteristics

Ionic liquids were first introduced by Paul Walden in 1914 when he discovered a special

chemical-ethyl ammonium nitrate ([EtNH3] [NO3]) with a melting point of 12 °C (Walden,

1914). Ionic liquids have been widely used in different fields like pharmaceutical, oil and gas,

and chemical industries (Bera et al., 2020; Berton et al., 2019; Dharaskar Swapnil, 2012; Kore

et al.,, 2020; Huang et al., 2019; Pernak et al., 2020), such as in pharmaceutical products

manufacturing (Chantereau et al., 2020; Chowdhury et al., 2019; Moshikur et al., 2020; Santos

and Branco, 2020), viscosity modifiers (Subramanian et al., 2015), desulfurization of liquid

fuels (Zhao and Baker, 2015), and liquid-liquid extraction (Chen et al., 2013; Dimitrijevi’et
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al., 2020; Florindo et al., 2020). Several types of ionic liquids, such as polymeric ionic liquids
(Ardakani et al., 2020; Kammakakam et al., 2020; Patinha et al., 2020), double salt ionic liquids
(Pereira et al., 2017), dicationic ionic liquids (Clarke et al., 2020; Guglielmero et al., 2019;
Kuhn et al., 2020; Yao et al., 2020), deep eutectic solvents (Abranches et al., 2020; Florindo
et al., 2019; Khezeli et al., 2020; Schaeffer et al., 2020), chiral ionic liquids (Gondal et al.,
2020), and solvate ionic liquids (Mandai et al., 2014; Schmidt and Schonhoft, 2020), have been
synthesized for different aforementioned purposes.

Around ten'® ionic liquids can be synthesized by combining organic cations and organic
or inorganic anions which are non-flammable liquid salts with a melting point below 100 °C
(Ratti, 2014; Sun and Armstrong, 2010). Ionic liquids with a melting point below room
temperature (~25 °C) are called room temperature ionic liquids (RTIL) (Berthod et al., 2008).
Table 2.1 lists some common ionic liquids with their melting points (Zhang et al., 2006). Ionic
liquids have lower vapor pressure than conventional volatile organic solvents, and thus present
less risk to the environment. They have been applied in many industries as a replacement of
conventional volatile organic solvents and significantly reduced the generation volume of
hazardous wastes (Ghandi, 2014; Patel and Lee, 2012). Ionic liquids are used successfully in
enhanced oil recovery (EOR) processes. Pillai et al. (2018) investigated the effect of Csmim
BF4, Ciomim BF4, and Ciomim BF4 on EOR and IFT reduction of O-W solution at the
temperature of 30 °C. The results indicated that Csmim BF4, Ciomim BF4 and Ciomim BF4
reduced IFT to 14.57 mN/m, 4 mN/m, and 2.1 mN/m at the concentration of 12,000 ppm, 5000
ppm, and 2000 ppm, respectively. Ciomim BF4 was applied for EOR which recovered 32.28%

of oil additionally in ionic liquid (1.2 X concentration (2000 ppm), 0.5 pore volume), PHPA
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polymer (2000 ppm, 0.5 pore volume), and organic alkali triethylamine (1%, 0.5 pore volume)

flooding setup (Pillai et al., 2018).

Table 2.1. The melting point of some common ionic liquids (Zhang et al., 2006).

Ionic liquid Melting point (°C)

Comim BF4 15
Comim TfO -10.15
Cemim PFg —61
Csmim BF4 -80
Ne222 NTH 20

The properties of ionic liquids are essential for health and safety concerns in industries.
Ionic liquids can remain structurally stable even at high temperatures (e.g., 300 °C), but other
conventional surfactants may degrade at those temperatures. Such characteristics make ionic
liquids to be unique compared to other demulsifiers (Patel and Lee, 2012). Most researchers
prefer to design and synthesize RTIL. RTIL can be achieved by synthesizing nitrogen or
phosphorous organic cations with different organic anions, dicyanamide, acetate,
trifluoromethylsulfate or inorganic anions, bromide, chloride, tetrafluoroborate,
hexafluorophosphate (Berthod et al., 2008). Figure 2.4 shows a few common cations of ionic
liquids, including imidazolium, pyridinium, pyrrolidinium, ammonium, and phosphonium.

Table 2.2 lists some anions that are used for synthesizing ionic liquids.
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Figure 2.4. Common cations used for synthesizing ionic liquids.

Table 2.2. Different types of anions exist in ionic liquids (Bin Dahbag et al., 2016; Irge,

2016).
Anion Abbreviation Typ ©s .
(Organic/Inorganic)

Alkyl sulfate R-O-SOs~ Organic
Methane sulfonate R3C-S-O3~ Organic
Tosylate C7H,03S™ Organic
Trifluoroacetate CF3:CO2 Organic
Chloride Cl Inorganic
Fluoride F Inorganic
Bromide Br- Inorganic
Iodide I Inorganic
Tetrachloroaluminate AICl4 Inorganic
Hexafluorophosphate PF¢ Inorganic
Tetrafluoroborate BF4+~ Inorganic
Bis(trifluoromethylsulfonyl) imide [(CF3SO2)2NT Inorganic
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Some ionic liquids possess amphiphilic structures which enables them to have an affinity
to both water and oil phases (Alves et al., 2017; Martinez-Palou and Aburto, 2015; Shehzad et
al., 2018). The amphiphilic character may be in cation or anion part of an ionic liquids
structure. Depending on the location of the amphiphilic structure, ionic liquids can be classified
into cationic or anionic ionic liquids (Martinez-Palou and Aburto, 2015). Figure 2.5 shows the

common structure of ionic liquids and the structure of 1-butyl-3-methylimidazolium chloride.

Cation head Alkyl chain length Anion

a) Common structure of ionic liquids

HEC\{E/\N/\’/\ -~
H_ﬂ' CHs

b) 1-Butyl-3-methylimidazolium chloride

Figure 2.5. Structure of ionic liquids, a) common structure, b) structure of 1-butyl-3-

methylimidazolium chloride (Usuki et al., 2017).

The characteristics of ionic liquids such as melting point, thermal stability, and viscosity
can be modified by using different combinations of cations and anions to achieve different
desirable purposes (Forsyth et al., 2004; Hanamertani et al., 2017). The water solubility (i.e.,

hydrophobicity and hydrophilicity), viscosity, and melting points of ionic liquids are
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dependent on the type, size, and structure of the anions, respectively.
Bis(trifluoromethanesulfonyl)amide, bis(pentafluoroethanesulfonyl)amide, and
tris(trifluoromethanesulfonyl)methanide are examples of anions that can be used to produce
hydrophobic ionic liquids in a combination of cations, such as 1,3-dialkylimidazolium and N-
alkylpyridinium, tetraalkylammonium. Tosylate, trifluoroacetate, and dicyanamide are
common anions that can be used to produce hydrophilic ionic liquids (Forsyth et al., 2004).
The hydrophobicity (or hydrophilicity) of anions affects the thermal stability of ionic
liquids: the more hydrophilic the anions, the less thermally stable the ionic liquid (Cao and
Mu, 2014; Irge, 2016; Maton et al., 2013). Ionic liquids with a small anion size tend to have a
low viscosity due to the low tendency to participate in hydrogen bonding as well as the
diffusive negative charge (Forsyth et al., 2004). The symmetry of anion and cation of ionic
liquids affect their melting points: the less symmetry of anions and cations, the lower the
melting point of ionic liquids (Irge, 2016; Zhao, 2003). Increasing the cation alkyl chain length
(e.g., 3—5 carbon atoms) could result in a decreased melting point of ionic liquids (Forsyth et
al., 2004). Nevertheless, increasing the alkyl chain length of ionic liquids could increase the
thermal stability, hydrophobicity, and surface-active area of ionic liquids (Bera et al., 2020;

Grenoble and Trabelsi, 2018; Yahya et al., 2019).

2.3.3. Demulsification mechanism of ionic liquids

The demulsification mechanism of ionic liquids involves two main steps, including
diffusion and adsorption. The diffusion process is the distribution of ionic liquid molecules in
the continuous phase before arriving at the O-W interface, while the adsorption process means
that the diffused ionic liquid molecules pass through the continuous phase and reach the O-W

interface (Hanamertani et al., 2017; Hezave et al., 2013a; Hezave et al., 2013b; Hezave.,
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2013c¢). The ionic liquid molecules then substitute natural emulsifying agents at the interface
and change the viscoelastic properties of the interfacial films. This leads to breaking the strong
film around O-W droplets and enhancing the coalescence of the dispersed droplets (Canevari,
1982; Grenoble and Trabelsi, 2018; Martinez-Palou and Aburto, 2015).

Recent investigations have found that hydrophobic surface-active ionic liquids can be used
for the effective demulsification of W/O emulsions in the oil and gas industries (Atta et al.,
2016b; Forsyth et al., 2004). Research conducted by Hazrati et al. (2018) indicated that
hydrophobic ionic liquids (e.g., Camim PF¢) demulsified emulsions better than hydrophilic
ionic liquids (e.g., Cumim CI) (Hazrati et al., 2018). To facilitate the dissolution of ionic liquids
in an oil phase, organic solvents such as xylene and methanol can be used along with
hydrophobic and hydrophilic ionic liquids, respectively (Abullah et al., 2016).
Dichloromethane, chloroform, isopropanol, ethanol, benzene, and toluene can also be used
individually or in mixtures to achieve the same purpose (Oropeza et al., 2016). Tian et al.
(2019) used Comim BF4 with cyclohexane for enhancing oil recovery from tank bottom oily
sludge (a stable emulsion), and they found that more than 95% of total petroleum hydrocarbons
recovery can be achieved at 0.1 mL/g of ionic liquid/sludge ratio, a time of 10 min,
solvent/sludge of 4:5 mL/g, and a shaking speed of 100 rpm (Tian et al., 2019). Table 2.3
categorizes the common solvents which are used for synthesizing as well as for facilitating the
dissolution of ionic liquids in oil phase into three groups, including preferred, usable, and
undesirable, based on their physical and chemical properties, toxicity, environmental and

safety aspects, operational concerns, and costs (Capello et al., 2007; Slater and Savelski, 2007).
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Table 2.3. Guide for solvent selection for synthesizing as well as facilitating the

dissolution of ionic liquids in the oil phase (Ghandi, 2014).

Common organic solvents

Preferred Usable Undesirable
Acetone Cyclohexane Pentane
Ethyl acetate Heptane Hexane(s)
Water Toluene Di isopropyl ether
Ethanol Methyl cyclohexane Diethyl ether
Methanol Isooctane Dichloromethane
2-propanol Acetonitrile Dichloromethane
1-propanol 2-Methyltetrahydrofuran Chloroform
Isopropylacetate Tetrahydrofuran Pyridine
1-butanol Xylenes Dioxane
Tert-butyl alcohol Dimethyl sulfoxide Dimethoxyethane
Acetic acid Benzene
Ethylene glycol Carbon tetrachloride
Methyl Ethyl Ketone

To evaluate the demulsification efficiency of ionic liquids, bottle test is commonly used
in laboratories (Grenoble and Trabelsi, 2018; Martinez-Palou and Aburto, 2015; Shehzad et
al., 2018). In a bottle test, an ionic liquid is added dropwise to a graduated settling tube
containing emulsions. Then their mixture is shaken for 1-5 min, followed by the measurement
of the height of the separated water and oil at different times (Shehzad et al., 2018). The

demulsification efficiency is calculated using Equation (2.1) (Santos et al., 2017):

DE = “=2 % 100 2.1)

4

where DE is demulsification efficiency, C; is the initial oil (water) concentration of

emulsion, and Cr is the final oil (water) concentration of emulsion.
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2.4. Factors affecting ionic liquids demulsification
Many researchers applied different types of ionic liquids to investigate their effects on
demulsification processes. Several factors were found to affect the demulsification

performance of ionic liquids, and they are described below.

2.4.1. Concentration

The concentration of ionic liquids could affect the demulsification efficiency. Generally,
increasing ionic liquid concentration up to reaching micellization would increase the
demulsification efficiency. When water at the O-W interface saturates with the hydrophilic
parts of an ionic liquid, micellization happens. The concentration of ionic liquids that can
initiate micellization is called critical micelle concentration (CMC). The CMC of ionic liquids
is identified by measuring the IFT of a solution at different concentrations of ionic liquids:
when the IFT is the minimum, the concentration is identified as the CMC (Bin-Dahbag et al.,
2014). However, using ionic liquids at concentrations higher than CMC will not lead to any
significant change in IFT (Hezave et al., 2013a), and a demulsifier concentration higher than
the CMC could lead to adverse effects on a demulsification process because ionic liquid
molecules aggregate and become an emulsifier agent (Bin-Dahbag et al., 2014; Biniaz et al.,
2016). Moreover, the relationship between IFT reduction and demulsification efficiency is still
not well understood (Shehzad et al., 2018). Bin-Dahbag et al. (2014) investigated the effect of
tetraalkylammonium sulfate and its concentration (100—1000 ppm) on the efficiency of IFT
reduction in saline W/O emulsions (10% and 20% w/w salinity), and they observed that by
increasing ionic liquid concentration to CMC (250 ppm), the IFT reduced from 18 to 3.36
mN/m and from 14.5 to 1.65 mN/m for 10% and 20% salinity of solutions, respectively, while

increasing ionic liquids concentration above CMC had no significant changes on IFT reduction
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(Bin-Dahbag et al., 2014). In a research conducted by Hezave et al. (2013c¢), the effect of
Ciomim Cl on IFT reduction in O/W emulsion at different ionic liquid concentrations (0—5000
ppm) and water salinity (10,000-100,000 ppm) was investigated, and they found that by
increasing concentration of ionic liquid to CMC (100 ppm), IFT reduced noticeably (from
38.02 to 0.81 mN/m), but no significant change in IFT was observed by increasing the

concentration of ionic liquids beyond CMC (Hezave et al., 2013c¢).

2.4.2. Cation type and structure of ionic liquids

In addition to the applied concentration, the effectiveness of ionic liquids in demulsification
processes depends on the cation type and cation alkyl chain length (Sastry et al., 2012; Shehzad
et al., 2018). Ionic liquids and their cations must have a high molecular volume (e.g., 1000—
1500 A®) to function effectively as a demulsifier. Larger cation volume (e.g., 900—1400 A%)
increases the polarizability of the cation which leads to higher demulsification efficiency
(Flores et al., 2014). Sakthivel et al. (2017) used lactam and imidazolium-based ionic liquids
for EOR and IFT reduction, and they evaluated the effectiveness of ionic liquids at the
concentration of 5000 ppm under zero and high salinity (100,000 ppm) conditions (Sakthivel
et al., 2017). They observed that both ionic liquids performed better at high salinity than zero
salinity conditions because of the interaction of ionic liquids and salt ions at the O-W interface,
and they demonstrated that the lactam-based ionic liquid was better than the imidazolium-
based ionic liquid in IFT reduction and EOR because the former one had more polar moieties
in the structure (Sakthivel et al., 2017).

Cation alkyl chain length and its structure (e.g., straight or branched) could change the
properties of ionic liquids. Molecular polar-polar interactions between the polar fractions of

oil and the polar moieties of ionic liquid would increase by increasing the cation alkyl chain

23



length (Sakthivel et al., 2017). Saien et al. (2015a, 2015b, 2016) indicated that increasing the
alkyl chain length of Cnmim Cl ionic liquid from 6 to 16 significantly decreased the IFT of n-
butyl acetate-water at 25 °C (Saien et al., 2015a; Saien et al., 2015b; Saien et al., 2016). Ionic
liquids with branched and long alkyl chains are more hydrophobic and have lower CMC than
those with short and straight alkyl chains (Grenoble and Trabelsi, 2018; Hanamertani et al.,
2017; Hezave et al., 2013b). However, it should be noted that a very long alkyl chain might
impede ionic liquids to reach the O-W interface of W/O emulsions. Guzman-Lucero et al.
(2010) synthesized ionic liquids with different alkyl chain lengths (5—18 carbon atoms) to
demulsify W/O emulsions at the ionic liquid concentration of 1000 ppm and the temperature
of 80 °C, and they indicated that the ionic liquid with 18 carbon atoms had lower efficiency in
demulsification of W/O emulsions than ionic liquids with 12 and 14 carbon atoms (Guzman-
Lucero et al., 2010). The surface activity of ionic liquids varies based on their cation types and
cation alkyl chain length. Sastry et al. (2012) evaluated the surface activity of ionic liquids
with different cation types (methylimidazolium, methylpiperidine, methylpyrrolidine) and
alkyl chain length (10,12,14,16,18 carbon atoms) by measuring surface tension and solution
conductivity, and they observed that the surface activity of ionic liquids increased by
increasing the alkyl chain length. The surface activity of methylimidazolium-based ionic
liquids was higher than methylpiperidine and methylpyrrolidine-based ionic liquids with the

same carbon alkyl chain (octadecyl) and anion type (chloride) (Sastry et al., 2012).
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2.4.3. Anion type of ionic liquids

Investigations indicated that hydrophobicity and hydrophilicity of anions as well as the size
of anions are important factors influencing demulsification efficiency (Hazrati et al., 2018;
Lemos et al., 2010). Hydrophobic ionic liquids with a large anion size, such as Csmim PFg,
can reduce the chance of aggregation formation of ionic liquid molecules in a solution, which
leads to an enhanced demulsification process and IFT reduction (Lemos et al., 2010). These
ionic liquids can obtain a high demulsification efficiency even at low concentrations
(Hanamertani et al., 2017; Hazrati et al., 2018; Silva et al., 2013). In other words, anions that
have weaker hydration (i.e., high polarizability) would adsorb greatly at the O-W interface,
break the strict films around droplets, and enhance the demulsification efficiency. For example,
ionic liquids containing bromide anions in their structure performed better than those with
chloride anions because bromide has weaker hydration than chloride (Sastry et al., 2012). Saien
et al. (2016) compared different halide anions (I, Br, Cl)” based ionic liquids and found that
ionic liquids with bigger anion size (I" > Br~ > CI") were more polarizable and adsorbed better
at the O-W interface. Based on the results, Cigmim I, Ci¢mim Br, and Cismim Cl reduced IFT
from 13.4-14.0 mN/m to 3.7, 3.9, and 4.0 mN/m at the concentration of 2.5 x 107> mole/L and
the temperature of 25 °C, respectively (Saien et al., 2016). Abdullah and Al-Lohedan (2019)
investigated the effect of anion type of GEB-Cl and GEB-TFA ionic liquids on the
demulsification efficiency and IFT reduction of sea W/O emulsions (oil: seawater of 50:50,
70:30, 90:10 volume %) at different ionic liquids concentration (250,500,1000 ppm), and they
found that increasing concentration to 1000 ppm increased the demulsification efficiency
(100%) and reduced the IFT of emulsions from 33.5 mN/m to 8.4 mN/m and 7.2 mN/m for

GEB-Cl and GEB-TFA, respectively. Based on their result, the greater hydrophobicity of
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trifluoroacetate anion compared to chloride anion led to better IFT reduction by GEB-TFA
than GEB-CI (Abdullah and Al-Lohedan, 2019). Some of the recent studies are summarized in

Table 2.4.
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2.4.4. Molecular weight

The molecular weight of ionic liquids could affect their molecules' movability and
diffusion through a continuous phase (Ghandi, 2014; Grenoble and Trabelsi, 2018).
Demulsifiers with a molecular weight > 10,000 Daltons (Da) are known as high molecular
weight demulsifiers. These demulsifiers have low diffusion ability and require a relatively long
time to function (Pena et al., 2005). However, high molecular weight demulsifiers were
reported capable of flocculating small water droplets in the continuous oil phase and
destabilizing them (Hao et al., 2016; Pena et al., 2005). Low molecular weight demulsifiers
(i.e., <3000 Da) diffuse quickly in a continuous phase, and they possess high interfacial activity
which can easily absorb onto the O-W interface and weaken the rigid films around droplets
(Grenoble and Trabelsi, 2018; Hao et al., 2016; Pefia et al., 2005). However, a high dosage of
low molecular weight demulsifiers may be required for successful demulsification. Wu et al.
(2003) evaluated the effect of 52 nonionic demulsifiers on the demulsification of W/O
emulsions at the temperature of 80 °C, and they observed that commercial demulsifiers from
four families (Span, Brij, Tween, and Igepol) were ineffective at low applied concentrations
(300—400 ppm). They concluded that using demulsifiers with a molecular weight between 7500
to 15,000 Da could lead to a higher demulsification efficiency than using a demulsifier with a
molecular weight of 4000 Da (Wu et al., 2003). Commonly used demulsifying ionic liquids
usually have a molecular weight of < 1000 Da (Abdullah et al., 2017; Adewunmi and Kamal,
2019; Balsamo et al., 2017; Silva et al., 2013). Balsamo et al. (2017) in their research
investigated the effect of TOMAC and Cgmim PFg ionic liquids on the demulsification
efficiency at different concentrations (2.5 x 1073, 1.2 x 102 and 2.9 x 102 mole/L), and their

results indicated that TOMAC separated the water from the oil effectively (74%) at the
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concentration of 2.9 x 1072 mole/L because it was more hydrophobic and had a higher

molecular weight (404 Da) than Cgmim PF¢ (340 Da) (Balsamo et al., 2017).

2.4.5. Salinity

The presence of salt in the water phase can help to improve the demulsification
performance of ionic liquids by two means. First, salt anions in the solution (e.g., Cl") can
reduce the electrical repulsions between positive homonymous charges of ionic liquids at the
O-W interface. This enables ionic liquids to saturate the interface completely, leading to the
reduction of IFT and thus enhancement of the demulsification process (Atta et al., 2016b;
Hezave et al., 2013a; Hezave et al., 2013b; Hezave et al., 2013c). Second, the cations of salts
(e.g., Na") have a smaller molecule size and a higher surface charge density than the cations
of ionic liquids. Therefore, cations of salts tend to adsorb the water and induce the molecules
of the ionic liquid to accumulate at the O-W interface (Hanamertani et al., 2017). This
phenomenon is known as salting out which enhances the demulsification process and IFT
reduction (Borges et al., 2009). For example, Bin-Dahbag et al. (2014) found that salinity (10%
w/w) contributed to the reduction of IFT noticeably by improving the distribution of ionic
liquid molecules at the oil-brine interfaces (Bin-Dahbag et al., 2014).

Salinity has more significant effects on imidazolium-based ionic liquids than on
pyridinium-based ionic liquids. Imidazolium cation is more hydrophilic than pyridinium
cation, which leads to better adsorption of imidazolium-based ionic liquids onto the water film
at the O-W interface. The presence of salt anions in the water reduces the repulsions among
imidazolium cations and results in better saturation of ionic liquids at the interface. However,
as pyridinium cations are more hydrophobic than imidazolium cations, they tend to immerse

to the oil phase where the anions of water have less effect on them. To confirm this, Hezave et
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al. (2013b; 2013c) used pyridinium and imidazolium-based ionic liquids to investigate their
efficiency on IFT reduction of W/O emulsions with and without salt ions in the water, and they
found that the IFT and CMC of ionic liquids for emulsions containing salt ions (~100,000 ppm)
reduced noticeably, while no research has indicated that conventional surfactants are effective
to reduce IFT at high salinity (Hezave et al., 2013b; Hezave et al., 2013c). They also indicated
that the CMC of Ciomim CI reduced from 2000 ppm to 100 ppm in the presence of salt ions,
while that of C12Py Cl reduced from 500 ppm to 250 ppm (Hezave et al., 2013b). Sakthivel et
al. (2017) investigated the effect of salinity on reducing IFT of O-W using CP C¢H13COO ionic
liquid, and they observed that the IFT of solution reduced from 39 to 15 mN/m and 10 mN/m
at distilled water and saline water (100,000 ppm) conditions, respectively. They also concluded
that the selected ionic liquid was stable and effective in high salinity compared to the other
conventional surfactants such as sodium dodecyl sulfate (Sakthivel et al., 2017).

Salinity would also affect the duration of the demulsification process when using ionic
liquids. Borges et al. (2009) found that salinity influenced the demulsification process by
reducing the O-W separation time (Borges et al., 2009). Adewunmi and Kamal (2019)
indicated that, when using three types of ionic liquids (trihexyltetradecylphosphonium
chloride, trihexyltetradecylphosphonium  decanoate,  trihexyltetradecylphosphonium
dicyanamide) at 80 °C, the demulsification time of W/O emulsions reduced from 10 to 5 min
when saline W/O substituted distilled W/O (Adewunmi and Kamal, 2019). In contrast, Lemos
et al. (2010) observed that increasing the salinity of the aqueous phase from 0 to 50,000 ppm
reduced the demulsification efficiency of Csmim PFs from 54.7% to 27.1%, but no salinity-
caused effect was observed for the demulsification process with the use of Cgsmim BF4 (Lemos

etal., 2010).
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2.4.6. Temperature

Temperature can affect the physical properties of emulsion such as viscosity. The viscosity
of a continuous phase reduces at high temperatures (e.g., 70 °C) (Hezave et al., 2013c), which
facilitates the dissolution of ionic liquids in the continuous phase (Biniaz et al., 2016; Kokal,
2005; Saad et al., 2019). The temperature should be increased up to the phase inversion
temperature (PIT), at which emulsion alteration occurs (e.g., W/O turns into O/W) (Shinoda,
1967). A temperature higher than PIT enables the saturation of O-W interface by ionic liquid
molecules and facilitates the distribution of ionic liquid molecules in the continuous phase
(Hanamertani et al., 2017; Hezave et al., 2013a). Hezave et al. (2013a; 2013c¢) found that by
increasing the temperature of W/O emulsion higher than the PIT (e.g., 20 °C in their research),
the IFT of the emulsion increased due to the distribution of Ciomim Cl in the continuous oil
phase (Hezave et al., 2013a; Hezave et al., 2013c). However, Bin-Dahbag et al. (2014)
indicated that increasing the temperature from 22 °C to 90 °C had a negligible effect on the
IFT reduction using tetraalkylammonium sulfate as a demulsifier (Bin-Dahbag et al., 2014).

Increasing the temperature of an emulsion can significantly reduce its viscosity. However,
it is difficult to differentiate the demulsification enhancement effects brought by reduced
viscosity and by ionic liquids (Balsamo et al., 2017). Balsamo et al. (2017) investigated the
effect of temperature (30, 45, and 60 °C) on the demulsification process using TOMAC and
Csmim PFg, and they concluded that by increasing temperature from 30 °C to 45 °C, the
demulsification efficiency increased for samples containing the two ionic liquids. However,
increasing the temperature to 60 °C resulted in a high demulsification efficiency for all the

samples (with and without ionic liquids), and the reason was that a great reduction in the
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viscosity of the oil phase occurred at the temperature of 60 °C, which facilitated the

coalescence of water droplets for increased settling (Balsamo et al., 2017).

2.4.7. Oil types

Since the physiochemical properties of oil (e.g., density, viscosity, and natural emulsifying
agents) vary greatly from field to field (Adilbekova et al., 2015; Canevari, 1982), the
demulsification performance of the same ionic liquid on emulsions containing different types
of oil might not be consistent (Guzman-Lucero et al., 2010). Crude oil is categorized into
different groups based on API rating, including light, medium, heavy, and ultra-heavy.
Guzman-Lucero et al. (2010) investigated the demulsification efficiency of different ionic
liquids for medium, heavy, and ultra-heavy crude oils, and they observed that all of the ionic
liquids effectively destabilized emulsions of medium crude oil, but their efficiency was
reduced for the ultra-heavy crude oil. A high amount of natural emulsifying agents in the ultra-
heavy crude oil could lead to the production of highly stable emulsions and the increment of
oil viscosity, which would reduce the diffusion of ionic liquids. Ionic liquids with imidazolium,
pyridinium, and ammonium cations with long alkyl chain lengths would be suitable for
demulsifying heavy crude oils (Guzman-Lucero et al., 2010). Similar results were obtained
from the application of trioctylmethyl ammonium ethyl sulfate for demulsifying heavy and
ultra-heavy crude oils, and a lower demulsification efficiency (50%) was observed for ultra-
heavy crude oil than for heavy crude oil (70%) when 1500 ppm of trioctylmethyl ammonium
ethyl sulfate was applied (Oropeza et al., 2016). However, no significant changes were
observed when TOMAC was used for medium, heavy, and ultra-heavy crude oils, and around
95% demulsification efficiency was achieved for all types of crude oils at an ionic liquid

concentration of 1500 ppm and a treatment time of 6 h (Oropeza et al., 2016).
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2.5. Challenges and opportunities
In this review, the application of ionic liquids in demulsification processes and the
influential factors are discussed. Along with the advantages of ionic liquids, there are still some

challenges and opportunities regarding their demulsification applications.

2.5.1. Toxicity of ionic liquids

Generally, the toxicity of ionic liquids is some order of magnitude lower than conventional
solvents such as acetone and methanol (Gathergood et al., 2004). However, not all ionic liquids
are environmentally friendly (Zhou et al., 2018). Toxicity of ionic liquids mainly depends on
the cation type (e.g., imidazolium) and the cation alkyl chain length (e.g., >10 carbon atoms)
(Gathergood et al., 2004; Gathergood et al., 2006). Romero et al. (2008) examined the toxicity
of imidazolium-based ionic liquids with different alkyl chain lengths (1-8 carbon atoms), and
they observed that the toxicity of ionic liquids increased by increasing the alkyl chain length
while anion type had less effect on the toxicity of ionic liquids (Romero et al., 2008). It is
reported that some of the ionic liquids containing fluoride and/or chloride ([BF4], [PFs]") might
generate hydrofluoric acid and/or hydrochloric acid in the presence of water (Bera et al., 2020;
Dharaskar Swapnil, 2012; Shehzad et al., 2018;). The hydrolysis stability of anion should be
high to prevent the formation of hydrofluoric acid and hydrochloric acid. Quijano et al. (2011)
investigated the amount of the remained fluoride anion in the aqueous phase and evaluated its
toxicity to microorganisms. They applied Csmim PFs and Csmim NTf; ionic liquids at the
concentration of 5 and 25% (volume/volume) in the mineral salt aqueous phase at a pH of 7
and the temperature of 25 °C. Their results indicated that fluoride anion in the aqueous phase
was at a very low concentration (0.73 to 2.98 ppm) which did not change the pH of the mineral

salt aqueous phase and was not toxic for microorganisms, and they also claimed that any
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changes in experimental conditions such as lower pH and higher temperatures (more than 25
°C) might have effects on the toxicity of fluoride anion (Quijano et al., 2011). Consequently,
the toxicity of ionic liquids should be taken into consideration in their application for
demulsification (Dharaskar Swapnil, 2012).

Bio-based ionic liquids (e.g., fatty acid ionic liquids) are considered biodegradable ionic
liquids with less or without significant toxicity (Gundolf et al., 2019; Hijo et al., 2020). They
are made of natural-derived compounds, and their physical properties can be changed by
manipulating their anion alkyl chain length. Longer anion alkyl chain length of fatty acid ionic
liquids results in lower viscosity, density, water solubility (Cs-stearate ionic liquids are not
soluble in water), and corrosiveness as well as higher thermal stability (Mezzetta et al., 2019;
Sernaglia et al., 2020; Wang et al., 2019). Investigations indicated that the presence of a
hydroxyl group in the imidazolium cation part of fatty acid ionic liquids increased their thermal
stability (Mezzetta et al., 2019). Biodegradability and toxicity of fatty acid ionic liquids are
proportional to their physical properties (e.g., kinematic viscosity and water solubility) with
linear relationships. Increased kinematic viscosity and water solubility would increase the
biodegradability of fatty acid ionic liquids. Also, the toxicity of fatty acid ionic liquids
decreased slightly by increasing the kinematic viscosity (Oulego et al., 2019). Also, fatty acid
ionic liquids are non-fluoride-based hydrophobic ionic liquids, which can prevent the
formation of acids in aqueous solutions.

Fatty acid ionic liquids were used successfully in various industries for different purposes,
such as pharmaceutical (Mondal et al., 2016), biorefining processes (Huet et al., 2020),
solvents and co-solvents (Duan et al., 2020; Hulsbosch et al., 2016; Zhang et al., 2019),

dissolution and levulination of cellulose (Becherini et al., 2019), formation of aqueous biphasic
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systems (Pereira et al., 2019), CO; capture (Kirchhecke and Esposito, 2016; Silva et al., 2020),
catalyst (Szepi'nski et al., 2020), lubricant additives (Khan et al., 2019), plant protection
products (Turguta et al., 2020), and extraction agents (Patsos et al., 2019). Therefore, the
demulsification potential of bio-based ionic liquids, as well as their human health effects, are

worthy of further investigation in future.

2.5.2. Viscosity of ionic liquids

Ionic liquids often have high viscosity which is undesired for their diffusion in a
continuous phase. The viscosity of ionic liquids depends on the types of cations and anions.
Selecting some types of anions (e.g., dicyanamide or bis(trifluoromethylsulfonyl)imide) in
synthesizing ionic liquids can significantly reduce their viscosity (Shirota and Castner, 2005).
However, these anions may not be effective for a variety of applications. lonic liquids can be
used with solvents (e.g., ethanol, methanol, and xylene) to reduce their viscosity. Research was
conducted by Li et al. (2007) to evaluate the effect of different solvents (e.g., chloroform,
acetonitrile, dichloromethane) on the properties of ionic liquids (Csmim PFg, Csmim BF4,
Csmim CF3CO3y) such as viscosity, and the results indicated that mixing ionic liquids in
solvents noticeably reduced their viscosity. For example, the viscosity of Csmim PFs was
reduced by 64% (from 261 mPa s to 92.9 mPa s) with the addition of 0.2 mole fraction of
acetonitrile (Li et al., 2007). Different solvents were reported to be applied with ionic liquids
in many demulsification processes to increase the solubility of ionic liquids in the oil phase.
Xylene, methanol, 2-propanol, and ethanol are some of the solvents that were used to facilitate
the dissolution of ionic liquids in the oil phase (Abdullah and Al-Lohedan, 2019; Adewunmi
and Kamal, 2019; Biniaz et al., 2016; Ezzat et al., 2018). It was reported that solvents with

high dielectric constant (e.g., acetone, acetonitrile) can have a better effect in reducing the
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viscosity of ionic liquids than solvents with low dielectric constant (e.g., chloroform). Solvents
with high dielectric constant have good miscibility with ionic liquids which can effectively
reduce the electrostatic attraction between ions of ionic liquids and thus lower the viscosity (Li
et al., 2007). Therefore, the combination of ionic liquids with different solvents may be
required before chemical demulsification to reduce the viscosity of ionic liquids. However,

this might increase the costs of the entire demulsification treatment.

2.5.3. Recovery of ionic liquids

Although many commercial ionic liquids are available at a low cost, some of the best
performers are still expensive for large-scale applications compared to other commercial
demulsifiers. Recovery and reuse of ionic liquids without compromising the demulsification
efficiency becomes essential for their field-scale application because this can greatly reduce
the cost (Bera et al., 2020; Zhou et al., 2018). There are many different methods to recover
ionic liquids, such as liquid-liquid extraction, distillation, adsorption, crystallization, force
field separation, and membrane processes (Abu-Eishah, 2011; Bera et al., 2020; Zhou et al.,
2018). The purity of ionic liquids is another important factor which should be considered in
recycling or synthesizing ionic liquids. On one hand, impurities may lead to the production of
unintentional by-products in the demulsification system; on the other hand, the impurities can
change the expected characteristics of ionic liquids (Dharaskar Swapnil, 2012). Among the
aforementioned recovery methods, adsorption by activated carbons (ACs) is one of the
common methods to separate ionic liquids from water streams. Lemus et al. (2012) evaluated
the efficiency of ACs with different structures in removing and recovering several
imidazolium-based ionic liquids (e.g., Csmim PF¢) from aqueous solution at the temperature

of 34.85 °C, and their results indicated that most of the applying commercial ACs could
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separate at least 340 mgcsmim pre/gacs from aqueous solution. The exhausted ACs could be
regenerated using acetone extraction because the volatility and solvent capacity of acetone is
high, and Csmim PFs was recovered from regenerating acetone by atmospheric distillation at
the temperature of 59.85 °C as characterized by H NMR spectroscopy. Based on their H NMR
results, there was no difference in the properties of the fresh and the recovered Csmim PFé,

which indicated the successful recovery of Csmim PFs (Lemus et al., 2012).

2.5.4. Combination of ionic liquids with nanoparticles

Recent investigations demonstrated that the presence of nanoparticles with ionic liquids
or other demulsifiers in a system could enhance the interfacial properties and the
demulsification process. The enhancement may be because demulsifier molecules adsorb on
the surface of nanoparticles and create large particles which push them to move towards the
O-W interface and break the interfacial film (Hassan et al., 2019; Saien and Hashemi, 2018).
Another method was reported to coat ionic liquids onto the surface of nanoparticles to achieve
promising results (Atta et al., 2017; Mi et al., 2020). Atta et al. (2017) in their research
investigated the effect of 1-allyl-3-methylimidazolium oleate (AMO) coated magnetic
nanoparticles (Fe3O4) at different concentrations (magnetic to oil ratio 1:10, 1:20, 1:25, 1:50)
to remove oil from water, and found that 90% of the oil was removed from the water at the
lowest concentration of magnetic nanoparticles capped with AMO (1:50). The magnetic
nanoparticles were recycled for five times with a less reduction in their efficiency (efficiency
reduced from 90% to 80% in the fifth cycle), and they concluded that magnetic nanoparticles
can remove oil from water selectively without collecting water. These magnetic nanoparticles

are easy to synthesize, cheap and reusable which could be applied in industrial scales (Atta et
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al., 2017). Therefore, more efforts are needed to investigate the combinational demulsification

effect of nanoparticles and ionic liquids to develop their applications in field-scales.

2.5.5. Poly ionic liquids

Synthesizing poly ionic liquids (PILs) has recently attracted research attention in oil field-
related practices (e.g., EOR). PILs are polyelectrolytes consisting of a polymeric backbone and
an ionic liquid. In comparison with ionic liquids, PILs possess high activity at low
concentrations as well as they are stable at high salinity and temperature (Abdullah et al., 2017;
Bera et al., 2020; Ezzat et al., 2018). Ezzat et al. (2018) used ionic liquids and PILs based on
1,3-dialkylimidazolium to evaluate their efficiency in demulsification of W/O emulsions at
different concentrations (50, 100, 250 ppm) and water contents (10%, 20%, 30%) at the
temperature of 60 °C. Based on their results, PILs demulsified W/O emulsions better than their
monomeric ionic liquids under the same experimental conditions (e.g., demulsification
efficiency was 90% versus 70% at the concentration of 50 ppm and water content of 30% for
EPDIB and EDDI, respectively) (Ezzat et al., 2018). However, more investigations of PILs for

demulsification under harsh environmental conditions are desired.

2.6. Summary

This review summarizes the recent advances in the application of ionic liquids as chemical
demulsifiers for oil and water separation. Ionic liquids are promising demulsifiers, especially
for applying under harsh environmental conditions characterized by high salinity and
temperature as well as high viscosity (e.g., ultra-heavy crude oils). The main characteristics of
ionic liquids that have attracted researchers’ attention are their thermal stability, non-

flammability, recyclability, low vapor pressure, and low toxicity. Factors affecting their
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demulsification efficiency include ionic liquids types and concentrations, molecular weight,
salinity, temperature, and types of oil in emulsions. The demulsification efficiency would be
enhanced by selecting appropriate ionic liquids and dosage for specific types of emulsions as
well as identifying optimal treatment conditions. Along with the advantages of ionic liquids,
there are still some limitations which require further investigations to make them suitable for

a wide application.
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Chapter 3
EFFECT OF ULTRASONIC HOMOGENIZATION ON CRUDE OIL EMULSION
STABILITY!

Abstract

This research aims to evaluate the effect of ultrasonic processing parameters (power and
sonication time), emulsion characteristics (water salinity and pH) and their interaction on oil-
in-water emulsion stability. Response surface methodology was used to design experimental
runs, in which the parameters were investigated at five levels. Emulsion stability was evaluated
by measuring creaming index, emulsion turbidity and microscopic image analysis. The effect
of crude oil condition (fresh and weathered) on the emulsion stability was also investigated at
the optimum sonication parameters and emulsion characteristics. The optimum condition was
found at a power level of 76—80 W, sonication time of 16 mins, water salinity of 15 g/L NaCl,
and pH of 8.3. Increasing sonication time beyond the optimum value had an adverse effect on
the emulsion stability. High water salinity (> 20 g/L NaCl) and pH (> 9) decreased the emulsion
stability. These adverse effects intensified at higher power levels (> 80-87 W) and longer
sonication times (> 16 mins). The interaction of parameters showed that the required energy to
generate a stable emulsion was within 60—70 kJ. Emulsions with fresh crude oil were more
stable than those generated with weathered oil.
Keywords: Crude oil in water; emulsion; stability; ultrasonic; creaming index; turbidity

difference.

' This work has been published as Hassanshahi, N., Hu, G., Lee, K., Li, J. (2022). Effect of
ultrasonic homogenization on crude oil emulsion stability. Journal of Environmental Science
and Health, Part A.
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3.1. Introduction

Increasing crude oil production, transportation, and storage activities would lead to
increased environmental risk due to oil spills and leaks on land and sea (Rongsayamanont et
al., 2020). For example, oil leakage was detected in about 35% of underground storage tank
systems in the United States and Canada (Gitipour et al., 2015). The leaking oil can pollute the
source groundwater and pose severe health risks to the residents in communities (Gu et al.,
2020). Crude oil is a complex mixture containing toxic compounds like monocyclic and
polycyclic aromatic hydrocarbons, known as carcinogenic, teratogenic, and mutagenic toxic
substances (Logeshwaran et al., 2018). Therefore, it is necessary to remediate oil-contaminated
soil and groundwater for risk minimization. Among available technologies, emulsion washing
is an effective technology to remedy oil-contaminated soil (Liu et al., 2021a).

The emulsion contains water, oil, salt, surfactant, and co-solvents. The emulsion is
generated by vigorously mixing these components that create two phases: a dispersed phase
and a continuous phase (i.e., bulk phase). Oil-in-water (O/W) and water-in-oil (W/O) are the
common types of emulsion (McClements and Jafari, 2018; Ravera et al., 2020). Small size
distribution of the dispersed phase, high stability, and high solubilization capacity of emulsion
bring about high oil removal efficiency in contaminated soils. Mechanisms to recover oil from
contaminant soils by emulsion washing are mobilization (i.e., by decreasing the interfacial
tension) and enhanced solubilization (i.e., incorporating contaminants into the micelles).
Emulsion with smaller dispersed droplets (i.e., higher stability) has a larger surface area which
penetrates deeply into the porous media and results in higher efficiency of soil remediation

(Pekdemir et al., 2005).
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Generation of stable emulsion with smaller dispersed droplets size is challenging and may
require additives like mixtures of surfactants, co-solvents, and salts (Rongsayamanont et al.,
2020). Previous research used different surfactants to reduce the interfacial tension between
oil and water and generate emulsions with smaller dispersed droplet sizes (Sousa et al., 2021;
Taha et al., 2020). However, environmental risks associated with high surfactant
concentrations and the cost of surfactants have limited their applications (Liu et al., 2021a;
Sartomo et al., 2020). Therefore, it is required to investigate the effects of different
physicochemical methods on the emulsification process and not merely rely on surfactants.

Among available devices (e.g., high shear mixers (Koh et al., 2014) and high-pressure
homogenizers (Fernandez-Avila and Trujillo, 2016)) to generate emulsion, ultrasonic-based
processes have advantages such as good emulsion stability, small droplet size, narrow droplet
size distribution, and easy to operate and clean (Modarres-Gheisari et al., 2019; Taha et al.,
2020). Ultrasonication generates emulsion by acoustic cavitation, in which ultrasound waves
pass through a liquid and cause a mechanical vibration in the liquid. This creates pressure
fluctuations in the liquid and results in the generation and growth of air bubbles (Li et al.,
2013). Air bubbles oscillate and collapse in the liquid, which leads to physical effects,
including extreme shear forces, shock waves, micro-jets, turbulence, and high temperature and
pressure within a very short time (Hu et al., 2014; Hu et al., 2016). Such physical effects in the
liquid lead to stable emulsion formation (Ashokkumar, 2011; Taha et al., 2020). Figure 3.1
shows a schematic diagram of generating stable O/W emulsion using a probe-type ultrasonic

device.
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Figure 3.1. Generation of stable O/W emulsion by an ultrasonic probe (Taha et al., 2020).

Ultrasonic processing parameters (e.g., frequency, power, sonication time) and emulsion

characteristics (e.g., salinity, pH, temperature) play a vital role in generating a stable emulsion

(Cabrera-Trujillo et al., 2016; Daaou and Bendedouch, 2012; Kumar and Mahto, 2017; Liang

et al., 2018; Pan et al., 2012; Zhou et al., 2021). However, the significance level of parameters

and interactions among parameters on emulsion stability have not been studied yet. The

experimental design of ultrasonic processing parameters and emulsion characteristics has not

been applied to investigate their significance and interactions with emulsion stability. For

future research projects, statistical analysis of these parameters is required to account for the

results scientifically (Sousa et al., 2021). This is very important because the generation of

stable emulsion requires energy. Empirical correlations of parameters on emulsion stability are

required to determine the energy needed for emulsion generation (Sartomo et al., 2020).
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In this study, a low-frequency ultrasonic device (20 kHz) was used to evaluate ultrasound-
assisted emulsification for the generation of stable crude O/W emulsion without external
surfactant and optimization of processing parameters for generating stable emulsion. Effects
of ultrasonic processing parameters (power and sonication time), emulsion characteristics
(water salinity and pH), and crude oil condition (fresh and weathered) on O/W emulsion
stability were investigated. The effect of crude oil condition was considered because crude oil
properties change over time in contact with the atmosphere, affecting the emulsion stability.
Fresh crude oil is crude oil in which the properties have not changed, while the weathered one
is crude oil whose properties have changed in contact with the atmosphere. The interaction of
parameters on emulsion stability was investigated, and the required energy to generate a stable
emulsion was determined. Statistical analysis of these parameters was also conducted to
determine the significance of each parameter on emulsion stability. Emulsion stability was
evaluated by various measures, including dispersed droplet size (Aslan and Dogan, 2018)
based on microscopic images, emulsion turbidity (Rostami et al., 2018) and creaming index

(CD) (Liang et al., 2018).

3.2. Materials and methods
3.2.1. Materials

Cold Lake Blend (CLB) crude oil was provided by Multi-Partner Research Initiative
(MPRI) in Canada. CLB crude oil was selected to generate O/W emulsion because it is a major
unconventional product produced in Canada that may be exported to overseas markets. Thus,
it is important to generate emulsions for environmental studies evaluating various mitigation
strategies. The crude oil was placed in a fume hood to obtain weathered oil by reaching a 15%

mass loss (15% CLB). Table 3.1 lists the physicochemical properties of the fresh and 15%
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weathered CLB crude oil. The weathered CLB was sticky with a high dynamic viscosity of
12682.0 mPa.s (at 25°C). Sodium chloride (NaCl, >99.0%), sodium hydroxide (NaOH,
>97.0%), and Tween 20 emulsifier (>40%) were purchased from Sigma-Aldrich company. The
chemicals were American Chemical Society (ACS) reagent grade and were used without
further purification. Ultrapure water used in this research was produced by a water purification

system (Milli-Q Advantage A10).

Table 3.1. Physicochemical properties of fresh and 15% weathered CLB crude oil.

Parameter Value
Fresh 15% Weathered
API gravity 20.86 12.76
Dynamic viscosity at 25°C (mPa.s) 237.8 12682.0

Density at 25 °C (g/cm?) 0.926 0.978
Water content (ug/g) 410 302
Saturates (%owt.) 45.4 46
Aromatics (%owt.) 12.0 4.8

Resins (Y%owt.) 24.4 28.9
Asphaltenes (%owt.) 20.0 18.2

3.2.2. Emulsification process

The CLB O/W emulsion (fresh and weathered) was prepared by mixing 0.1 g of CLB and
100 mL of ultrapure water in a glass beaker (volume = 250 mL) at room temperature (~ 25°C)
using a Q700 Sonicator (Qsonica, 20 kHz, solid titanium probe diameter = 12.7 mm, USA).
The Sonicator probe was submerged in the middle of a 100 mL sample. Before starting
ultrasonic processing, a Kimwipes tissue (Kimtech Science™) was wetted with 0.1 mL of
Tween 20 (a non-toxic and non-ionic detergent) and then was used to wet the glass beaker and
Sonicator probe (Sartomo et al., 2020). The sample was sonicated at a constant frequency of

20 kHz and pulse condition of 20:20 seconds (On/Off). Sodium hydroxide solution (0.1N) was
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used to adjust the pH of water, which was measured using a Mettler Toledo FG2 portable pH

meter.

3.2.3. Experimental design

Based on previous research, several influential ultrasonic processing parameters and
emulsion characteristics on the stability of O/W emulsion were selected (Costa et al., 2018;
Hashtjin and Abbasi, 2015; Khorshid et al., 2021). Table 3.2 lists different parameters and
considered ranges. These ranges were selected based on ambient environmental conditions,
pre-tests, and previous studies (Abbas et al., 2014; Consoli et al., 2017). Experiments were
designed using response surface methodology (RSM) (Design Expert, Version 12.0, Stat-Ease
Inc.) to investigate the effects of ultrasonic processing parameters (power and sonication time)
and emulsion characteristics (water salinity and pH) on emulsion stability. The generated
power and energy in the emulsion by ultrasound device at different amplitudes and sonication
times were recorded. The central composite design (CCD) of RSM was used, a full factorial
design that evaluates parameters at five levels. Experimental data from CCD were analyzed

using Equation (3.1) (Azadi et al., 2021; Hassanshahi and Karimi-Jashni, 2018).

Y= B0+ X B Xi+ X BuXP + Z_i.Zj,Bij Xi Xj (3.1
i<j

Where Y is the predicted response, fo is a constant, f; represents the linear effect of X;
variable, f;; represents the effect of the second-order variable X;, and f;; represents the effect of
the linear interaction between parameters X; and X;. Analysis of variance (ANOVA) was

performed to determine the significance of the effects of parameters and the developed model.
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The effect of crude oil conditions (fresh and weathered) was also investigated on the
stability of O/W emulsion at the optimum condition of ultrasonic processing parameters and

emulsion characteristics based on RSM results.

Table 3.2. Levels of independent parameters in the emulsification process by ultrasonic

) Coded levels
Independent parameter Unit > | 0 1 o
Amplitude % 52 64 76 88 100
Sonication time mins 9 12 15 18 21
Water salinity g/LL 0 10 20 30 40
pH of water — 7 8 9 10 11

3.2.4. Emulsion stability

Emulsion stability was evaluated by measuring the CI of emulsion and emulsion turbidity
and taking microscopic images after 24 hours for quantification of oil droplets’ size. These
methods are described below.

To measure CI of emulsion, 10 mL of CLB O/W emulsion (fresh and weathered) was
transferred into 10 mL of the graduated cylinder and sealed with parafilm laboratory film and
stored at room temperature (~ 25°C) for 24 hours. Emulsion stability was characterized by

calculating CI using Equation (3.2) (Liang et al., 2018).
cr = ("s/,,) x 100 (3.2)

Where 4; is the height of the stable emulsion layer and /. is the total initial height of the
emulsion. The higher CI, the higher the emulsion stability.
Emulsion turbidity is a function of dispersed oil concentration, oil droplets size, and

distribution. Small droplet size and narrow droplet size distribution increase emulsion stability,

56



which is directly proportional to turbidity (Aslan and Dogan, 2018; Linke and Drusch, 2016;
Modarres-Gheisari et al., 2019). In this study, emulsion stability was determined by measuring
emulsion turbidity immediately after emulsion preparation (79) and after 24 hours (724,) at
room temperature (~ 25°C) by UV-Vis Spectrophotometers 8100 (Orion™ AquaMate UV-Vis
spectrophotometer, Perkin Elmer). The aliquot of CLB O/W emulsion was diluted at a ratio of
1:50 with ultrapure water. The sample was taken at a 3.5 mL quartz Suprasil cell witha 1.0 cm
path length and polytetrafluoroethylene lid. Absorbance was measured at 220 to 1000 nm
wavelengths to determine the maximum absorbance wavelength (4,4x). Ultrapure water was
used as a blank control. The CLB O/W emulsion turbidity (7) was calculated using Equation

(3.3) at Amax (Reddy and Fogler, 1981; Shinoda and Uchimura, 2018).

_n G )/ (3.3)

Where Io, 1, and / are the intensity of incident light, the intensity of transmitted light, and
scattering path length (cm), respectively.

The morphology of CLB O/W emulsion at 7y and 724, was observed, and the images were
captured using a compound microscope (Fisher Scientific) with a 200X objective
magnification. The images were analyzed by SeBaView software (version 4.7) to determine

the average size of dispersed oil droplets.

3.3. Results and discussions
3.3.1. Maximum absorbance wavelength at UV-Vis spectrophotometry
UV-Vis absorbance of diluted CLB O/W emulsion (1:50 dilution ratio) was measured from

220 nm to 1000 nm to obtain the maximum absorbance wavelength (Amax). As shown in Figure
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3.2, the maximum absorbance was at the wavelength of 235 nm, and this wavelength was

considered for emulsion turbidity calculations.
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Figure 3.2. UV-Vis spectra of diluted CLB O/W emulsion (1:50 dilution ratio) at room

temperature (~ 25 °C).

3.3.2. Crude O/W emulsification process and the regression model

Table 3.3 shows the designed experiments for the weathered CLB O/W emulsification
process and the obtained results. The optimum condition of the emulsification process was
determined by RSM software based on the experimental results and the developed quadratic

model.
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The following quadratic model was established by RSM based on the obtained results to

determine the weathered CLB O/W emulsion turbidity difference:

Y =+1052.53 -4.94X; - 35.05X, — 0.78X3 — 136.49X4 + 0.15X X2 — 0.30XX3 + 0.19X: X4

—0.79X2X; + 0.15XoX4 + 1.53X3X4 +0.0091X,% + 0.75X2% + 7.57X3% + 6.75X4> (3.4)

Where Y, X1, X2, X3, X4 represent weathered CLB O/W emulsion turbidity difference (cm™
1, amplitude (%), sonication time (mins), water salinity (g/L NaCl), and pH, respectively. X,
Xo, X3, and Xy are in the range of [52-100%], [9-21 mins], [0—40 g/L NaCl], and [7-11],
respectively.

According to the ANOVA analysis shown in Table Al in Appendix A, the model F-value
(16.98) and p-value (0.0001) indicated that the model was significant and could describe the
weathered CLB O/W emulsion turbidity difference well. Based on ANOVA analysis (Table
Al), X1, Xo, X3, X4y X1 X0, X1XG, X, X3°, X7 were significant parameters in the established
model to predict weathered CLB O/W emulsion turbidity difference. The R? value of 0.94
(Table A2 in Appendix A) proved that the quadratic model accurately predicted the

experimental data.

3.3.3. Effect of different parameters on crude O/W emulsion stability
3.3.3.1. Power

The amplitude of the ultrasonic device for emulsion generation directly affects the
temperature, power, and energy produced in the solution (Taha et al., 2020). Table 3.3 lists the
effect of different amplitudes (52% to 100%) on the generated temperature (58°C to 70°C),

power (58 W to 112 W), and energy (39,920 J to 87,715 J) by the ultrasonic device in the
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weathered CLB O/W emulsion. Increasing power from 58—62 W to 80-87 W led to the
reduction of weathered CLB O/W emulsion turbidity, a difference from 10.49% to the average
of 1.8%, respectively (e.g., increased O/W emulsion stability). The reason is that increasing
the power increased the generated energy, which resulted in the high generation of bubbles in
the solution. This caused high bubbles collision incidents followed by the generation of high
shear forces and increment of temperature (from 58°C to 66°C) in the solution that facilitated
oil disruption and formed stable O/W emulsion. However, increasing power from 80-87 W to
106-112 W had an insignificant effect on the weathered CLB O/W emulsion turbidity
difference (reduced from 1.8% to 0.24%). As explained, increasing temperature due to the
generation of high energy in the emulsion facilitated the dissolution of crude oil in the water.
Studying emulsion generation at lower temperatures and investigating the emulsion stability is
suggested for future studies. Figure 3.3a shows the CI of weathered CLB O/W emulsion
generated at different power (68—75 W and 90-96 W) and constant sonication time of 18 mins,
water salinity of 30 g/l NaCl and pH of 10. CI of weathered CLB O/W emulsion generated by
the power of 90-96 W was lower than that one generated by the power of 68—75 W. This
proved that dispersed crude oil droplets in weathered CLB O/W emulsion generated by the
power of 90-96 W were less stable than those generated by the power of 68—75 W.

The average dispersed oil droplet size of weathered CLB O/W emulsion at 7y and 7>y, at
different ultrasonic processing parameters and emulsion characteristics were determined from
the analysis of microscopic images. As listed in Table 3.4, by increasing the power above 58—
62 W, the average dispersed oil droplets size was reduced to a narrow size range (<10 pum).
This reduced the chance of crude oil droplets coalescence and creaming process; hence the

emulsion stability increased significantly.
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Figure 3.3. Effect of different parameters on CI of weathered CLB O/W emulsion after 24
hours settling a) power (W) at sonication time of 18 mins, water salinity of 30 g/LL NaCl and
pH of 10, b) sonication time (mins) at the power of 90-96 W, water salinity of 30 g/L NaCl
and pH of 10, c¢) pH of water at the power of 68—75 W, sonication time of 12 mins and water
salinity of 30 g/L NaCl, d) water salinity (g/L NaCl) at the power of 90-96 W, sonication

time of 18 mins and pH of 8.
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3.3.3.2. Sonication time

Increasing sonication time raises the level of generated energy and temperature in a solution,
thus enhancing the disruption and dissolution of oil droplets in water (Shahavi et al., 2019). As
listed in Table 3.3, increasing sonication time from 9 to 15 mins increased the generated energy
from 39,920 to 64,542 J and temperature from 59 to 66°C, respectively. This facilitated the
disruption of sticky weathered CLB oil in water and the formation of a stable emulsion with
limited change in emulsion turbidity (approximately 1.8%). However, increasing sonication
time from 15 to 21 mins led to over-processing, increasing the emulsion turbidity difference
from 1.8% to 17%. This may be attributed to the increase in energy from a longer sonication
time, which led to the collision of dispersed fine crude oil droplets and the formation of bigger
ones. Figure 3.3b shows the effect of sonication time (12 and 18 mins) on the CI of weathered
CLB O/W emulsion generated at the power of 90-96 W, water salinity of 30 g/L NaCl, and
pH of 10. As shown, a lower CI (less stable crude O/W emulsion) was obtained with a longer
sonication time (18 mins).

The above results were visually observed and verified by the analysis of microscopic images
of the weathered CLB O/W emulsion (Figure 3.4). By comparing Figures 3.4a with 3.4b, it is
evident that 9 mins of sonication were insufficient in reducing the average dispersed oil
droplets size to less than 10 um (13.13 pm) compared to 15 mins of sonication time (5.58 um).
Figure 3.4c shows the coalescence of tiny crude oil droplets (indicated by blue arrows) and the

formation of bigger ones as a consequence of extending sonication time.
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Figure 3.4. Microscopic images of weathered CLB O/W emulsion at 7} at a constant power
of 80—87 W, pH of 9, water salinity of 20 g/L, and different sonication times a) 9 mins, b) 15

mins, ¢) 21 mins.

3.3.3.3. pH of water

The stability of crude O/W emulsion generated by natural emulsifying agents of crude oils
(e.g., asphaltenes) largely depends on the water phase’s pH (Hutin et al., 2016). As listed in
Table 3.3, by changing the water phase’s pH from neutral (7) to moderate basic (9), the
emulsion turbidity difference reduced from 17.27% to an average of 1.8%. At the basic pH
(e.g., 9), the presence of hydroxide ions (OH") in the water phase brings about the ionization
of polar groups of natural emulsifying agents of crude oil (e.g., asphaltenes). This leads to an
increment of electrostatic repulsive interaction between dispersed oil droplets and then the
prevention of their coalescence. However, increasing the pH of the water phase to more than
9 (e.g., 10 and 11) increased the emulsion turbidity difference and reduced emulsion stability.
One of the possible reasons is that asphaltenes compounds of crude oils (the main compound
in the generation of stable crude O/W emulsion) may form a weak film around dispersed crude

oil droplets within the water phase under high basic pH conditions, which reduces crude O/W

66



emulsion stability (Abdulredha et al., 2020). Monitoring weathered CLB O/W emulsion and
calculation of CI also indicated that when the pH of the water phase increased from 8§ to 10, a
lower CI was obtained (Figure 3.3c). As shown in Table 3.4, at pH 7 and 11, the average

dispersed oil droplets size was higher than when the pH was 9, reducing the emulsion stability.

3.3.3.4. Water salinity

Salinity affects O/W emulsion stability. The results indicated that the presence of salt in the
water phase (20 g/L of NaCl) significantly enhanced the emulsion stability (0.69% emulsion
turbidity difference) in comparison to the control (0 g/L of NaCl), which was reflected by a
14.44% emulsion turbidity difference. Salinity in the water phase may reduce the interfacial
tension between the oil and water phases. This facilitates the reduction of oil droplets’ size in
the water phase and generates stable emulsion (Kumar and Mahto, 2017). However, by
increasing water salinity above 20 g/L NaCl (comparing runs #2, 4:#5, 3; #6, 8; #7,9; #12, 13;
#21, 23, #22, 24, and #26, 28), the emulsion turbidity difference increased, and the emulsion
stability decreased. In the case of crude O/W emulsion, natural emulsifying agents of crude oil
have more affinity to the water phase (i.e., hydrophilic phase). By decreasing the hydrophilicity
of emulsion (increasing water salinity), dispersed crude oil droplets have a higher probability
of colliding and coalescing, decreasing emulsion stability (Fortuny et al., 2007). Electrostatic
interactions between ionic compounds of weathered CLB oil (e.g., asphaltenes) and NaCl
molecules may result in the formation of bigger crude oil droplets and enhancement of the
creaming process. Figure 3.3d shows that the CI of weathered CLB O/W emulsion is reduced
by increasing water salinity from 10 g/L to 30 g/L. NaCl due to electrostatic interactions among

ionic molecules in the emulsion.
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The effect of water salinity on the stability of weathered CLB O/W emulsion was also
justified by the average dispersed oil droplets in the emulsion (Table 3.4). Smaller oil droplets
size (6.28 um) was generated when the water salinity was 20 g/LL NaCl compared to when there
was no salt in the water (10.96 um). This illustrates the importance of the presence of salt in

the water phase in the generation of stable O/W emulsion with smaller dispersed droplets size.

3.3.3.5. Interaction of parameters

The effect of the interaction of different ultrasonic processing parameters (power and
sonication time) and emulsion characteristics (water salinity and pH) on weathered CLB O/W
emulsion turbidity differences were evaluated. As shown in Figure 3.5a, increasing power and
sonication time simultaneously led to the generation of high input energy in the emulsion and
the generation of less stable O/W emulsion due to the coalescence of dispersed oil droplets. At
low power (68-75 W) and high sonication time (18 min) (run #6), the emulsion turbidity
difference was 8.4. At high power (90-96 W) and low sonication time (12 min) (run #21), the
emulsion turbidity difference was 10.5. Similar relations were achieved by comparing runs #7
with #22 and #9 with #24. The results showed that applying lower power at a higher sonication
time brings higher emulsion stability than higher power at a low sonication time. Emulsion
characteristics (water salinity and pH) also significantly affected the performance of power in
the generation of stable weathered CLB O/W emulsion. At higher water salinity (30 g/L NaCl),
high power of 90-96 W (amplitude 88%) was required to reduce the emulsion turbidity
difference, while at higher pH (10), the emulsion was less stable where this power had no
notable effect on emulsion turbidity difference (Figures 3.5b, and 3.5c¢). Figures 3.5d and 3.5¢
show the relationship between sonication time with pH and salinity of water phase on

weathered CLB O/W emulsion stability, respectively. Based on Figure 3.5d, at high pH of
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water, dispersed crude oil droplets were generated weakly, and increasing sonication time had
less effect on the generation of stable weathered CLB O/W emulsion. Figure 3.5¢ shows that
over-processing sonication time (> 16 mins) reduced the emulsion stability at both 10 g/L. and
30 g/L NaCl water salinity. Extending sonication time led ionic molecules in the water phase
to attach and enhance the creaming process rather than dispersing them. Figure 3.5f shows the
importance of pH and salinity of the water phase simultaneously on weathered CLB O/W
emulsion stability. High water salinity (30 g/l NaCl) and high basic pH of water (10)
significantly affected weathered CLB O/W emulsion stability. This effect was extreme at
higher power (e.g., >80 W). The reason was that the created turbulence by the generated energy
in the emulsion unites in strong electrostatic interactions among ionic molecules and facilitates
the coalescence of weak dispersed crude oil droplets.

By considering the interaction of different parameters on emulsion stability, it was
determined that the required energy to generate a stable emulsion was within 60—70 kJ (Figure
3.6). Experimental results showed that generating energy lower and higher than this range in
the emulsion reduced the stability. Lower energy was insufficient to disrupt crude oil in the
water phase, while higher energy led to the coalescence of dispersed crude oil droplets and the
formation of bigger ones.

The optimum condition for different independent parameters was determined by the
numerical optimization method of RSM based on the obtained results and the developed
quadratic model. This method aimed to minimize the emulsion turbidity difference by
considering the practical in-range value for each independent parameter. The optimum range
suggested by RSM for power (amplitude), sonication time, water salinity, and pH were 76—80

W (70%), 16 mins, 15 g/L NaCl, and 8.3, respectively. This optimum condition was considered
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for investigating the effect of crude oil conditions (fresh and weathered) on crude O/W

emulsion stability.
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Figure 3.5. Effect of interaction of independent parameters on weathered CLB O/W
emulsion turbidity difference a) power (amplitude)-sonication time at water salinity of 20 g/L
NaCl, pH of 9, b) power (amplitude)-water salinity at sonication time of 15 mins and pH of
9, ¢) power (amplitude)-pH of water at sonication time of 15 mins and water salinity of 20
g/L NaCl, d) sonication time-pH of water at the power of 80—-87 W and water salinity of 20
g/L NaCl, e) sonication time-water salinity at the power of 80—-87 W and pH of 9, f) water

salinity-pH of water at the power of 80—87 W, sonication time of 15 mins.
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Figure 3.6. Effect of generated energy in the emulsion at different experimental conditions

on emulsion turbidity difference.

3.3.3.6. CLB crude oil condition (fresh and weathered)

To determine the effect of CLB crude oil condition (fresh and weathered) on crude O/W
emulsion stability, experiments were conducted at the optimum conditions suggested by RSM
software. About 0.1 g of fresh or weathered CLB oil was sonicated in 100 mL of water (salinity
of 15 g/ NaCl and pH of 8.3) at the power of 76—80 W and sonication time of 16 mins. The
generated fresh CLB O/W emulsion was more stable (emulsion turbidity difference 1.5%) than
the weathered CLB O/W emulsion (emulsion turbidity difference 2.68%). Lower CI was
observed for the weathered CLB O/W emulsion than the fresh one (Figure 3.7). Weathered
CLB oil was more viscous and stickier than fresh CLB crude oil, which hampered its

dissolution in the water phase. The generated energy in the solution at the first 9 mins
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sonication time was used to disrupt weathered CLB oil in the water and then break them into
small dispersed crude oil droplets. However, fresh CLB crude oil was disrupted in the water
after 4 mins sonication time. Therefore, the remaining energy was used to break dispersed
crude oil droplets into smaller sizes and distribute them homogeneously. Another possible
reason is that the amount of asphaltenes compound, the main compound of crude oil in the
generation of the stable emulsion, was lower in the weathered CLB crude oil than in a fresh
one, Table 3.1. This is also clear based on the oil droplet size distribution histogram of fresh
and weathered CLB oil at 724 (Figure 3.8). Based on the oil droplet size distribution histogram,
the average dispersed oil droplet size at 724 for fresh and weathered O/W emulsion were 3.74

um and 5.71 pm, respectively.

100

99
98
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96
95
a b

Figure 3.7. Effect of fresh and weathered CLB O/W emulsion generated at a constant power

CI (%)

of 7680 W, sonication time of 16 mins, pH of 8.3, and water salinity of 15 g/L. NaCl on CI

after 24 hours settling a) fresh CLB, b) weathered CLB.
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Figure 3.8. Oil droplet size distribution of CLB crude O/W emulsion at 724, at a constant

power of 76—-80 W, sonication time of 16 mins, pH of 8.3, and water salinity of 15 g/L NaClL.

3.4. Summary

This study investigated the effect of ultrasonic processing parameters (power and sonication
time) and emulsion characteristics (water salinity and pH) and their interactions on crude O/W
emulsion stability. The optimal condition was determined to be a power level of 76—80 W,
sonication time of 16 mins, water salinity of 15 g/l NaCl, and pH of 8.3. Increasing power
beyond the optimal value and over-processing conditions (> 16 mins) had insignificant and
adverse effects on crude O/W emulsion stability. The presence of salt in the water phase (NaCl
salt) improved crude O/W emulsion stability while increasing salinity concentration by more
than 20 g/L reduced emulsion stability significantly due to electrostatic interaction between

molecules. Low to moderate basic pH of the water phase (8 and 9) led to the generation of
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stable crude O/W emulsion compared to neutral pH (7). However, emulsion stability was
noticeably reduced at high pH levels (10 and 11) due to a weak film forming around the
dispersed crude oil droplets in the crude O/W emulsion.

The interaction of parameters showed that increasing power and sonication time
simultaneously reduced crude O/W emulsion stability. At high pH (10 and 11) and salinity
levels (> 20 g/L NaCl), emulsion stability was reduced notably; under these conditions
increasing power and sonication time did not generate a stable crude O/W emulsion. Based on
the interaction of parameters, the required energy to generate a stable emulsion was within
60—70 kJ. The effect of CLB crude oil condition (fresh and weathered) was evaluated at the
optimum condition of parameters on crude O/W emulsion stability. The results indicated that
the fresh CLB crude O/W emulsion was more stable. Fresh CLB crude oil was less viscous
and sticky than the weathered CLB crude oil, which facilitated its disruption and dissolution
in the water phase; hence smaller oil droplets (4.41 pm) were distributed homogeneously in
the water phase that increased crude O/W emulsion stability. Fresh crude oil has a higher
asphaltenes compound than the weathered one, which is the main compound in generating a
stable emulsion. This research demonstrated a practical approach to generating stable crude
O/W emulsions without the addition of external surfactants for different scientific applications

and environmental practices.
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Chapter 4
INVESTIGATION OF DIOCTYL SODIUM SULFOSUCCINATE IN DEMULSIFYING
CRUDE OIL IN WATER EMULSIONS!

Abstract

This research investigated the performance of dioctyl sodium sulfosuccinate (DSS), a
double-chain anionic surfactant, in breaking crude oil-in-water emulsions. The response
surface methodology was used to consider the effect of the DSS concentration, oil
concentration, and shaking time on demulsification efficiency and obtain optimum
demulsification conditions. Further single-factor experiments were conducted to investigate
the effects of salinity, crude oil conditions (fresh and weathered), and gravity separation
settling time. The results showed that DSS efficiently demulsified stable emulsions under
different oil concentrations (500—3000 mg/L) within 15 min shaking time. Increasing the DSS
concentration to 900 mg/L (critical micelle concentration) increased the demulsification
efficiency to 99%. DSS not only improved the demulsification efficiency but also did not
impede the demulsifier interfacial adsorption at the oil—water interface due to the presence of
the double-chain structure. The low molecular weight enables the homogeneous distribution
of DSS molecules in the emulsion, leading to a high demulsification efficiency within 15 min.
Analysis of variance results indicated the importance of considering the interaction of oil
concentration and shaking time in demulsification. DSS could reduce the total extractable
petroleum hydrocarbons in the separated water to <10 mg/L without gravity separation and
could achieve promising demulsification performance at high salinity (36 g/L) and various

concentrations of fresh and weathered oil. The demulsification mechanism was explained by

' This work has been published as Hassanshahi, N., Hu, G., Li, J. (2022). Investigation of
dioctyl sodium sulfosuccinate in demulsifying crude oil in water emulsions. ACS Omega,
7(37), 33397-33407. DOI: https://doi.org/10.1021/acsomega.2c04022.

76



analyzing the microscopic images and the transmittance of the emulsion. DSS could be an

efficient double-chain anionic surfactant in demulsifying stable oil-in-water emulsions.
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4.1. Introduction

A large volume of oily wastewater can be generated from various industrial processes,
including oil exploration, enhanced oil recovery, pipeline transportation, and marine oil spill
response operation (Abdulredha et al., 2020; Al-Ghouti et al., 2019; Liu et al., 2019; Varjani
et al., 2020). In general, oily wastewater contains tiny oil droplets with sizes varying from
about 0.5 um in diameter to greater than 200 um, which are categorized as dispersed oil (>10
um) and emulsified oil (0.1-10 pum) (Stewart, 2009). Natural emulsifying agents in crude oil
(e.g., resins and asphaltenes) stabilize emulsified oil droplets and form oil-in-water (O/W)
emulsions by creating a rigid film around oil droplets (Goodarzi and Zendehboudi, 2019;
Zembyla et al., 2020). The amount of natural emulsifying agents varies with the crude oil type
(e.g., light and heavy) and conditions (fresh and weathered) that changes over time after being
released into the marine environment. The stability of O/W emulsions mainly depends on the
amount of resins and asphaltenes in crude oils and their ratios. A lower resin/asphaltene (R/A)
ratio leads to higher emulsion stability (Dudek et al., 2019; Yudina et al., 2021). Oily
wastewater contains toxic materials (e.g., benzene, toluene, and polycyclic aromatic
compounds), which can pose severe risks to the aquatic environment if discharged without
proper treatment (Adetunji and Olaniran, 2021; Al-Ghouti et al., 2019). Strict regulations are
being implemented in North America to limit the discharge of oil and grease in oily wastewater
to a monthly average of 29 mg/L and a daily maximum of 42 mg/L (Shokri and Fard, 2022).

Different oily wastewater treatment processes have been used, including gravity
separation, biological treatment, plate coalescence, gas flotation, and filtration. Their
efficiency depends on the oil droplet size distribution in wastewater (Ismail et al., 2020;

Mohayeji et al., 2016; Piccioli et al., 2020). As the oil droplet size decreases (<10 pm), the
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emulsion stability increases and reduces the efficiency of the treatment processes (Dickhout et
al., 2017; Lu et al., 2021; Stewart, 2009). Long settling time, large space requirement, poor
efficiency, and fouling are some of the main limitations in demulsifying stable O/W emulsions
(Han et al., 2019; Lusinier et al., 2019; Piccioli et al., 2020; Tawalbeh et al., 2018). An efficient
treatment process is required to break stable O/W emulsions and enhance oil—water separation
to meet environmental regulations.

Chemical demulsification has attracted research attention to demulsify stable emulsions
because it is a rapid, cost-effective, and easy-to-operate process (Yang et al., 2020). Chemical
demulsifiers (e.g., ethylcellulose and block polyethers) are surface-active agents (i.e.,
surfactants) that adsorb at the oil—water interface, reducing the interfacial tension between oil
and water phases and break rigid films around oil droplets (Peng et al., 2012; Wang et al.,
2021). This process can be combined with gravity separation to demulsify stable emulsions
effectively and speed up oil-water separation (Hazrati et al., 2018). Parameters that affect the
chemical demulsification process include the type and concentration of the demulsifier, the
type and concentration of oil, temperature, shaking time, settling time, and salinity
(Hassanshahi et al., 2020; Ma et al., 2022; Yonguep et al., 2022).

Different demulsifiers (nonionic and ionic) have been applied in demulsification; however,
they have some limitations due to the complexity of the emulsion and industrial restrictions.
Nonionic demulsifiers are mainly based on nonionic polyether and are not very effective at
demulsifying O/W emulsion containing tiny emulsified oil droplets (<2 um) (Zhang et al.,
2016; Zhang et al., 2018a). They are also ineffective at demulsifying heavy crude oil
emulsions, where only a 51.95% demulsification efficiency was achieved at high temperatures

(e.g., 80 °C) (Adilbekova et al., 2015). Ionic demulsifiers contain a positive or negative charge
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known as cationic or anionic demulsifiers, respectively (Sousa et al., 2021). Cationic
demulsifiers are mainly quaternary ammonium salts that can reduce electrostatic repulsion
among oil droplets, neutralize the negative charge on the surface of oil droplets, and thus
enhance their coalescence (Yuan et al., 2022). Yonguep et al. investigated the effect of two
cationic demulsifiers (cetyl-trimethylammonium bromide and trimethyl-tetradecylammonium
chloride) on the demulsification of O/W emulsions, and the results showed that more than 80%
demulsification efficiency was achieved with 10 h of settling (Yonguep and Chowdhury,
2021). This long settling time restricts cationic demulsifier application in industries like
offshore oilfields where the space of offshore platforms is limited (Duan et al., 2019). Another
research compared the efficiency of different cationic demulsifiers and found that the most
effective cationic demulsifier reduced the oil concentration in water to 93 mg/L (Yuan et al.,
2022). This oil concentration in separated water is still too high to discharge into the
environment. Dendrimer-based demulsifiers are macromolecules consisting of highly
branched polymers emanating from a central core with numerous terminal groups surrounding
this core (Hao et al., 2016; Wang et al., 2021). They can be synthesized as ionic demulsifiers
and used for O/W demulsification (Wang et al., 2021). Synthesis of dendrimer-based
demulsifiers is a lengthy and costly process that limits their industrial applications (Bi et al.,
2020). In addition, dendrimer-based demulsifiers showed poor efficiency in demulsifying O/W
emulsions at low oil concentrations (e.g., 3000 mg/L), and thus they are not applicable in the
oil and gas industry, where the oil concentration in wastewater is often lower than 10,000 mg/L
(Hao et al., 2016; Zhang et al., 2018a). Also, it has been reported that dendrimer-based
demulsifiers have poor demulsification efficiency when the salinity of the water phase is high

(Kuang et al., 2020a). Oily wastewater with high salinity, such as those generated from marine
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oil spill response operations, would require the application of a salinity-resistant demulsifier
(Kuang et al., 2020a; Wang et al., 2021).

Anionic surfactants mainly contain fatty acid sodium salt compounds with alkyl sulfonates,
and they have been widely used in surfactant flooding for enhanced oil recovery because of
their low cost and easy-to-use features (Khandoozi et al., 2022). Anionic surfactants have a
high surface activity that can efficiently recover residual oil from oil wells by reducing the
interfacial tension between oil and water (Olajire, 2014). However, the demulsification
application of anionic surfactants has not been well studied as compared to other types of
demulsifiers (e.g., cationic and nonionic). A study showed the poor efficiency of sodium
dodecyl sulfate (SDS), an anionic surfactant, in the demulsification of water-in-oil emulsions.
The inefficiency of SDS was due to its water solubility, which is not suitable for demulsifying
emulsions where the continuous phase is oil (Kang et al., 2018). Also, SDS only has one alkyl
chain in the structure, which might reduce its homogenous distribution in the emulsion and
reduce the adsorption capacity of its molecules at the oil—water interface (Yan et al., 2020;
Zhang et al., 2014). An anionic surfactant with a double-chain structure is expected to improve
the demulsification performance. Such a surfactant would be effective at demulsifying highly
saline stable emulsions without requiring a long settling time, as previously reported
demulsifiers (e.g., dendrimers, nonionic, and cationic) showed poor efficiency (Kuang et al.,
2020a; Yonguep and Chowdhury, 2021; Zhang et al., 2016). In this study, dioctyl sodium
sulfosuccinate (DSS) with a double-chain structure is used for chemical demulsification. As a
biodegradable anionic surfactant, DSS has a high adsorption capacity at the oil-water
interface, which is beneficial for the demulsification process (Techtmann et al., 2017; Yan et

al., 2020). It is expected that the DSS can overcome the drawbacks of single-chain anionic
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surfactants reported in previous research and the drawbacks of previously reported demulsifier-
impeding interfacial adsorption. The response surface methodology (RSM) is used to design
experiments and investigate the effect of DSS concentration, oil concentration, shaking time,
and their interactions on the demulsification process. Under the optimum conditions, the
effects of salinity, crude oil conditions, and settling time are also investigated. The

demulsification mechanism of DSS is also explained based on the obtained results.

4.2. Materials and methods
4.2.1. Materials

Cold Lake Blend (CLB) heavy crude oil was obtained from Canada’s Multi-Partner
Research Initiative (MPRI). DSS (96%) was purchased from Fisher Scientific Company,
Canada. Its structure is shown in Figure 4.1. Required salts to make synthetic ocean water were
magnesium chloride hexahydrate (MgCl,.6H>0, 99.4%), calcium chloride anhydrous (CaCly,
> 96.0%), sodium bicarbonate (NaHCOs;, 100.1%), sodium sulfate anhydrous (NaxSOs,
99.5%), sodium hydroxide (NaOH, > 97.0%), which were purchased from Fisher Scientific,
and strontium chloride hexahydrate (SrCl2.6H20, 99.0%), potassium chloride (KCI, 99.0—
100.5%), potassium bromide (KBr, > 99.0%), boric acid (H3BO3, > 99.5%), sodium fluoride
(NaF, >99.0%), sodium chloride (NaCl, > 99.0%), which were purchased from Sigma-Aldrich,
Canada. The chemicals were American Chemical Society (ACS) reagent grade and were used
without further purification. Anhydrous silica gel (75-150 pum, 30 A pore size, Davisil Grade
923), sodium sulfate (granular anhydrous), hexane, and dichloromethane (high-performance
liquid chromatography grade) were purchased from Sigma-Aldrich, Canada. Anhydrous silica
gel and sodium sulfate (granular anhydrous) were dried at 200-250 °C for 24 h. Ultrapure

water was produced by a water purification system (Milli-Q Advantage A10).
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Figure 4.1. Schematic structure of DSS

4.2.2. Methods
4.2.2.1. CLB crude oil weathering process

Fresh CLB crude oil (7 g) was placed in a fume hood and the cumulative mass loss was
monitored for 7 days. As shown in Figure 4.2, the cumulative CLB mass loss was 15% after 3
days, and after that, it was insignificant. Thus, CLB crude oil with 15% weathering (i.e.,
weathered CLB crude oil) was used to prepare O/W emulsions in this research. Table 4.1 lists

the physicochemical properties of fresh and weathered CLB crude oil.
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Figure 4.2. Cumulative CLB mass loss at different times.

Table 4.1. Physicochemical properties of fresh and weathered CLB crude oil.

Parameter Value
Fresh Weathered
API gravity 20.86 12.76
Dynamic viscosity at 25 °C (mPa.s)  237.8 12682.0
Density at 25 °C (g/cm?) 0.926 0.978
Water content (%wt.) 0.041 0.030
Saturates (%owt.) 45.4 46
Aromatics (%owt.) 12.0 4.8
Resins (%owt.) 24.4 28.9
Asphaltenes (%wt.) 20.0 18.2
Ratio of resins/asphaltenes 1.22 1.59

4.2.2.2. Synthesis of ocean water
The ocean water was synthesized by following the ASTM D1141 method (ASTM, 2013).

The chemical composition of the synthetic ocean water is listed in Table 4.2. Sodium

85



hydroxide solution (0.1 N) was used to adjust the pH of synthetic ocean water to 8.2 before
starting each experiment. A Mettler Toledo FG2 portable pH meter was used to measure the

pH.

Table 4.2. The chemical concentration of synthetic ocean water.

Compound Concentration (g/L)

NaCl 24.53
MgCl, 5.20
NaxSOq4 4.09
CaCl, 1.16
KCl 0.695
NaHCO3 0.201
KBr 0.101
H3BO:; 0.027
SrClp 0.025
NaF 0.003

4.2.2.3. Demulsifier characterization

The water solubility of DSS was evaluated by dissolving 1 g of DSS in 99 g of Milli-Q
water following the previous research method (Yuan et al., 2022). The morphology and
thermal stability of pure DSS were investigated by scanning electron microscopy (SEM)
(Philips XL30) and thermogravimetric analysis (TGA) (TA instruments Discovery TGA),
respectively. TGA analysis was conducted under a nitrogen atmosphere from room

temperature (28 °C) to 600 °C at a heating rate of 20 °C/min.

4.2.2.4. O/W emulsion preparation
The crude CLB O/W emulsion was prepared by using a Q700 Sonicator (Qsonica, 20 kHz,
solid titanium probe diameter = 12.7 mm, USA) following the method based on our previous

research (Hassanshahi et al., 2022). A given amount of CLB crude oil was poured on the
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surface of 100 mL synthetic ocean water according to the desired oil concentration (500—-3000
mg/L), and then the sonicator probe was submerged in the middle of the sample. The Q700
Sonicator sonicated the sample to make a stable emulsion. Sonication was conducted at an
amplitude of 70% (power of 76—80 W) for 16 min at a 20:20 second On/Off pulse. When the
pulse was on, the probe passed ultrasound waves through the sample and generated high shear
forces and shock waves in the sample, leading to stable emulsion formation. The On/Off pulse
was used to prevent the increase of the emulsion temperature. There was no significant sign of

emulsion breaking after 24 h.

4.2.2.5. Demulsification process

The demulsification process was conducted in a batch system. About 45 mL of O/W
emulsion was added to a 50 mL centrifugal tube. A given amount of pure DSS was added to
the emulsion at the desired demulsifier concentration, and the mixture was shaken at 100 rpm
on a Talboy 3500 Orbital Shaker for different shaking times. Then the solution was subjected
to gravity separation at room temperature (~ 25 °C) for 45 min to allow oil—water separation.
Gravity separation of the emulsion (45 mL) without adding a demulsifier was considered as a
control experiment. The transmittance value of separated water was measured at different
shaking times (Kuang et al., 2020a; Zhang et al., 2018a). Measurements were conducted at a
wavelength of 235 nm using UV-Vis Spectrophotometer 8100 (OrionTM AquaMate UV-Vis
spectrophotometer, Perkin Elmer). After mixing the demulsifier and emulsion, the size and
shape of the oil droplets in water were monitored using a compound microscope (Fisher
Scientific AX800) with a 200x objective magnification (Yuan et al., 2022). The images were
captured by a digital camera (Fisher Scientific C-Mount Digital Camera) and analyzed using

SeBaView software (version 4.7).
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4.2.2.6. Experimental design

Important experimental parameters on demulsification efficiency, including demulsifier
concentration, oil concentration, and shaking time, were selected based on previous studies
(Hao et al., 2016; Hassanshahi et al., 2020; Sun et al., 2020). Table 4.3 lists the parameters and
their levels. Design Expert (version 12.0.11.0, Stat-Ease, Inc.) was used to design experiments.
RSM was used to evaluate the effect of each independent parameter and their interactions and
identify the optimum conditions for the demulsification process. Central composite design
(CCD) as a comprehensive design of RSM was used in this study. For each independent
numeric parameter, five levels (coded with +1, +a, 0) were considered in CCD. Experimental

data from CCD were fitted using Equation (4.1) (Hassanshahi and Karimi-Jashni, 2018).

Y= Bo+ X BiXi+ T Bu X +3X 1 XiBy X X;, (4.1)

i<j

where Y represents the predicted response, £y is a constant coefficient, f; is the linear effect
of X; variable, f; is the second-order effect of variable X;, and f;; is the effect of the linear
interaction between parameters X; and X;. Analysis of variance (ANOVA) was performed to

determine the significance of the parameters.

Table 4.3. Experimental parameters and levels in RSM.

) Coded levels
Parameter Unit Ty 1 0 1 e
DSS concentration mg/L 300 500 800 1100 1300
Weathered CLBoil = 500 1000 1750 2500 3000
concentration
Shaking time min 8 10 13 16 18
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Further single-factor experiments were conducted at the optimum conditions suggested by
RSM to investigate the effect of salinity (0 and 36 g/L) and crude oil conditions (fresh and
weathered) on DSS performance. The effect of settling time of gravity separation on the
demulsification efficiency was investigated to determine when the demulsification process
reaches equilibrium. Single-factor experiments were repeated three times, and the average was

reported.

4.2.2.7. Analysis of total extractable petroleum hydrocarbons in water and emulsion
Total extractable petroleum hydrocarbons (TEPH) that remained in separated water were
extracted following the liquid—liquid extraction method using hexane/ dichloromethane (1:1
vol.) in the British Columbia laboratory manual (British Columbia laboratory manual, 2017).
This was conducted by taking 40 mL of sample from separated water and mixing it with 2 mL
of the solvent in a 50 mL vial (solvent: sample volume ratio was 1:20). The mixture of the
solvent and sample was shaken on an orbital shaker for 30 min at 70 rpm. After that, the solvent
and water were allowed to separate, and then the solvent was passed through activated
anhydrous sodium sulfate and silica gel to remove moisture and polar organic compounds.
Then, 1 mL of the fresh solvent was poured to elute the sodium sulfate and silica gel. The
whole extraction was collected in a gas chromatography vial. Then, a portion of that was taken
for analysis of TEPH using an Agilent 6890 gas chromatograph with a flame ionization
detector (GC-FID). The hydrocarbons mixtures were grouped in (nCio—nCio), (nCi9—nC32),
and (nC3>—nCsp). Decane (nCio), nonadecane (nCio), eicosane (nCz), dotriacontane (nCsy),
tetriacontane (nCs4), and pentacontane (nCso) were used as the external standards. A ZB-1HT
INFERNO capillary column (Phenomenex) with a length of 30 m, an inner diameter of 0.32

mm, and a film thickness of 0.25 um was used. The carrier gas was helium at a rate of 1.6
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mL/min. TEPH extract (1 pL) was injected into the system, and a split ratio of 10:1 was used
for each run. During analysis, the injector and detector temperatures were kept at 290 and 320
°C, respectively. The initial temperature of the oven was at 130 °C, then increased to 310 and
340 °C at 20 and 5 °C/min, respectively, and held at 340 °C for 8 min. The procedures to
determine TEPH in the emulsion were the same as that for the measurement of TEPH in

separated water.

Demulsification efficiency (DE) was calculated using Equation (4.2) (Fard et al., 2016).

DE = “=*L x 100 4.2)

i

Where C; and Cr are the initial and final TEPH concentrations in the emulsion and the

separated water, respectively.

4.3. Results and discussion
4.3.1. Characterization of DSS

The water solubility test of DSS showed that DSS was a water-soluble demulsifier that
dissolved in the water completely. The morphological structure of DSS was determined by
SEM analysis. As shown in Figure 4.3a, DSS has a flaky and thin structure involving different
macropores, which are responsible for its lightweight. Thermal stability is one of the
characteristics of demulsifiers that plays a crucial role in their applications in industries. The
TGA result of DSS is shown in Figure 4.3b. The initial 2.5% weight loss of DSS is due to
water evaporation. DSS remained thermally stable up to around 250 °C as a result of the higher
decomposition temperature of dioctyl sulfosuccinate as the anion in the chemical structure.

DSS decomposed and significantly lost weight at a temperature >250 °C. Based on the TGA
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curve, it is concluded that DSS is relatively thermally stable and can be used in a wide range

of applications (e.g., where the oily wastewater temperature is high).
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Figure 4.3. Characterization of DSS a) SEM image and b) the TGA curve (heating rate: 20

°C/min, under a nitrogen atmosphere).

4.3.2. Demulsification results

4.3.2.1. RSM experimental results

Considering DSS concentration, oil concentration, and shaking time as experimental
parameters, 20 experiments were designed by CCD design. Table 4.4 shows the parameters

and the experimental results.
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A quadratic model was developed for the demulsification process, as shown below:

DE = — 20437 + 0.34X; + 0.08X> + 7.68X3 — 4x107°X/X> — 3.50x107°X>X; —

1.36x107*X/° (4.3)

Where DE is the demulsification efficiency (%), X represents the DSS concentration
(mg/L), X> represents the oil concentration (mg/L), and X3 represents the shaking time (min).

The ranges of experimental parameters are listed in Table 4.3.

ANOVA was used to confirm the adequacy of the model and the importance of the effect
of each independent parameter, and the results are shown in Table B1. ANOVA showed that
the developed quadratic model was significant (F-value: 12.40, P-value: 0.0001) in
determining the demulsification efficiency. X;, X>, XiX>, XoX;, and X,° were significant
parameters (P-values < 0.05) in this model to predict demulsification efficiency. Model

summary statistics for the generated quadratic model by RSM are listed in Table B2.

4.3.2.1.1. DSS concentration

Based on ANOVA, the DSS concentration was one of the critical parameters in the
demulsification process (F-value: 34.83, P-value < 0.0001). Demulsification efficiency
reached around 70% (Figure 4.4a), and the TEPH in the separated water was reduced to <70
mg/L (Table 4.4) when the DSS concentration was 500 mg/L (except for run #2). DSS is a low
molecular weight demulsifier (444.56 Da), and a low molecular weight demulsifier often
requires a high concentration to effectively demulsify an O/W emulsion (Hassanshahi et al.,
2020). However, it is readily biodegradable and less toxic than high-molecular-weight

demulsifiers with complex structures that may be effective at a lower concentration. Additional
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merits of DSS over other demulsifiers are its availablity, physicochemical stability and easy-
to-use feature. As shown in Figure 4.4a, increasing the DSS concentration to 900 mg/L
increased demulsification efficiency, and beyond this concentration, the improvement in
demulsification efficiency was insignificant. It can be concluded that the critical micelle
concentration (CMC) of DSS for O/W demulsification is 900 mg/L (Lyu et al., 2020; Zhang
etal., 2022). As listed in Table 4.4, increasing DSS concentration from 300 mg/L to 1300 mg/L
reduced TEPH in separated water to <10 mg/L. This high demulsification efficiency of DSS
may be because the double-chain structure facilitated the homogenous distribution of DSS in
the emulsion. Also, the double-chain structure did not impede DSS interfacial adsorption at
the oil—water interface as opposed to the double-chain cationic demulsifier, the efficiency of

which was reduced notably due to interfacial adsorption restriction (Zolfaghari et al., 2018).
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Figure 4.4. Predicted effect of a single parameter on demulsification efficiency, a) oil
concentration: 1750 mg/L, shaking time: 13 min; b) DSS concentration: 800 mg/L, shaking

time: 13 min; and c¢) DSS concentration: 800 mg/L, oil concentration: 1750 mg/L.
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4.3.2.1.2. Oil concentration

Oil concentration is one of the essential parameters for evaluating demulsification
performance. The ANOVA results suggest that oil concentration significantly affected the
demulsification efficiency (P-value: 0.03). The effect of oil concentration on demulsification
efficiency is shown in Figure 4.4b. DSS efficiently demulsified emulsions containing different
oil concentrations (demulsification efficiency >90%). By increasing oil concentration, higher
demulsification efficiencies were achieved. The reason is the high probability of collision of
emulsified oil droplets and the formation of bigger ones at high oil concentrations compared
to lower ones. Results of the same experimental conditions (experimental runs #2 and #4 in
Table 4.4) showed that increasing the oil concentration in the emulsion from 1000 to 2500
mg/L helped in coalescence and then settling of oil droplets which resulted in a significant
reduction of TEPH from 233.7 to 54.2 mg/L, respectively. At low oil concentrations (e.g., 500
mg/L), tiny emulsified oil droplets are far away from each other, and thus the chance of their
coalescence is low. These persistent emulsified oil droplets required a higher DSS
concentration (800 mg/L) to demulsify them (Table 4.4). This concentration is still lower than
the CMC, which reduced the TEPH in the separated water to 2.3 mg/L. The significant
reduction in TEPH indicated that the demulsification efficiency of DSS was not affected by
the initial oil concentration. This is an advantage of DSS over other demulsifiers (e.g.,
dendrimers), which have low efficiency for emulsions with low oil concentrations (Hao et al.,
2016). DSS is widely applicable to various oil concentrations in emulsions, even when the oil

concentration is as low as 500 mg/L.
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4.3.2.1.3. Shaking time

Sufficient shaking time is required for DSS dissolution and dispersion in the emulsion to
reach the oil-water interface. The effect of shaking time on demulsification efficiency was
investigated (Figure 4.4c). The required shaking time to demulsify the crude O/W emulsion by
DSS was low (<16 min), which made DSS a suitable demulsifier for industrial applications.
DSS was a water-soluble demulsifier with a low molecular weight (<3000 Da), which brought
about the quick diffusion of the demulsifier in the continuous water phase (Hassanshahi et al.,
2020). Table 4.4 shows the remaining TEPH in the water and their fractions at different shaking
times. The high interfacial activity and adsorption capacity of DSS because of two long tails
in its structure caused it to weaken and then break the rigid film at the oil—water interface
within a low shaking time (<16 min). It is worth noting that the solid form of DSS was used in
this study and this did not affect the demulsifier efficiency (98%). Hence, applying pure solid
DSS rather than dissolving it in an organic solvent, a common method for applying
demulsifiers that are in the solid form, can reduce the toxicity of the demulsification system

and the generation volume of hazardous liquid wastes.

4.3.2.1.4. Interaction of parameters

The effect of the interaction of different experimental parameters on the efficiency of the
demulsification process was investigated. As shown in Figure 4.5a, at a high oil concentration
in emulsion (e.g., 2500 mg/L), a lower DSS concentration (500 mg/L) could achieve a high
demulsification efficiency (~80%). A higher DSS concentration was required to achieve
similar results when the oil concentration was low. The effect of the interaction of the DSS
concentration and shaking time on demulsification efficiency is shown in Figure 4.5b. It was

found that increasing shaking time led to higher demulsification efficiency at lower DSS
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concentrations, and this was due to sufficient time for dissolution and dispersion of DSS in the
emulsion to reach the oil—water interface and break the rigid film. Figure 4.5¢ indicates that
when oil concentration was high, a lower shaking time (10 min) was sufficient to achieve high
demulsification efficiency because many oil droplets in the emulsion at high oil concentration
coalesced quickly and increased the demulsification efficiency. It is crucial to consider the
effect of the interaction of parameters on demulsification efficiency, which may bring benefits

of applying demulsifiers at lower concentrations.
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Figure 4.5. Effect of interactions of different parameters on demulsification efficiency at a) a
shaking time of 13 min, b) oil concentration of 1750 mg/L, and c¢) DSS concentration of 800

mg/L.

The optimum conditions of different parameters for achieving maximum demulsification
were obtained (Table 4.4), and it was at the oil concentration of 1000 mg/L, a DSS
concentration of 900 mg/L, and a shaking time of 15 min, respectively. The effects of salinity,
gravity separation settling time, and crude oil conditions on demulsification efficiency were

then investigated under these optimum conditions.
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4.3.2.2. Single-factor experimental results
4.3.2.2.1. Salinity

Figure 4.6a illustrates the effect of the presence of salts in the water phase on the
demulsification efficiency. Asphaltenes are crude oil’s polar fraction with a negative surface
charge in aqueous solutions where pH is above 4 (Ezzat et al., 2021). Asphaltenes create a rigid
film around the emulsified oil droplets in the water and form droplets with a negative surface
charge. Also, DSS is an anionic demulsifier, in which the molecules have a negative surface
charge. Without salts in the water, repulsive electrical force among the DSS molecules and
asphaltenes reduced the number of DSS molecules present at the oil—water interface. This
phenomenon led to low demulsification efficiency by DSS (around 63%). However, salts in
the water increased the DSS performance significantly and reduced TEPH in separated water
notably (Table 4.5). This is a merit of DSS over other demulsifiers such as dendrimers, whose
efficiency was highly reduced in highly saline emulsions (Kuang et al., 2020a). Salt cations in
the water phase (e.g., Na*, Mg?*, Ca?") neutralized the repulsive electrical force among the
DSS molecules and emulsified oil droplets, facilitating the DSS molecules to reach and saturate
the oil-water interface (Ezzat et al., 2021). Hence, it is concluded that for an anionic
demulsifier in a demulsifying O/W emulsion, the combination of destabilization of the rigid
film around emulsified oil droplets due to the high surface activity of the demulsifier and the
electrostatic force among molecules in the emulsion brings about the highest demulsification

efficiency.
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Figure 4.6. Effect of a) salinity and b) CLB oil condition (R/A ratio) on demulsification

efficiency.

Table 4.5. Effect of salinity, CLB crude oil conditions, and settling time on demulsification

process’.
Experimental parameters EPH in separated water
Settling TEPH EPH EPH EPH
Run Salinity CLB oil fime (C10-Cs0) (C10-C19)  (C19-C32)  (C32-Cs0)
(g/L) condition (min) concentration  fraction  fraction  fraction
(mg/L) (%) (%) (%)
1 0 Weathered 45 111.5 29.6 55.9 14.5
2 36 Weathered 45 3.9 56.4 28.6 15.0
3 36 Weathered 30 8.1 75.8 12.5 11.7
4 36 Weathered 15 2.7 36.4 12.7 50.9
5 36 Weathered 0 7.8 18.6 10.1 71.3
6 36 Fresh 45 3.1 67.5 17.1 15.4

'DSS concentration of 900 mg/L, oil concentration of 1000 mg/L, shaking time of 15 min, and shaking speed of
100 rpm.

99



4.3.2.2.2. CLB oil condition (R/A ratio)

Natural emulsifying agents (e.g., resins and asphaltenes) of crude oils vary greatly
(Adilbekova et al., 2015). The physicochemical composition of crude oils affects the emulsion
stability, affecting demulsifier efficiency (Guzman-Lucero et al., 2010). The performance of
DSS in demulsifying emulsions containing different natural emulsifying amounts was
investigated using different crude oil conditions (Figure 4.6b). DSS was effective at
demulsifying both fresh and weathered emulsions (different R/A ratios) which proved that DSS
performance was not affected by the physicochemical composition of crude oils. The R/A ratio
determines the stability of the emulsion, where a lower ratio increases emulsion stability
(Ramirez-Corredores, 2017). Fresh CLB had a lower R/A ratio (1.22) than the weathered one
(1.59), as listed in Table 4.1, and thus had higher emulsion stability. This is also supported by
the emulsified oil droplets size distribution in the emulsion generated by fresh and weathered
CLB (Figure 4.7). The average oil droplets size for the fresh and weathered CLB emulsions
were 4.6 and 6.1 um, respectively. Based on the oil droplets’ size distribution and their average
size, and TEPH remaining in separated water (Table 4.5), it can be concluded that DSS can
effectively demulsify O/W emulsion, where the average size of oil droplets is <10 pm. This is
another advantage of DSS over nonionic demulsifiers, which showed poor efficiency in
demulsifying heavy crude oil emulsions containing emulsified oil droplets (<10 pm)

(Adilbekova et al., 2015; Zhang et al., 2016).
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Figure 4.7. Oil droplets size distribution in the generated O/W emulsion a) fresh CLB O/W

emulsion, b) weathered CLB O/W emulsion.

4.3.2.2.3. Settling time

The settling time of gravity separation is one of the critical parameters in the
demulsification process, which affects the processing time and settling tank size (Chong et al.,
2016). After 15 min of shaking time, different gravity separation settling times (0, 15, 30, and
45 min) were considered to settle the oil droplets in water. The effect of settling time on
demulsification efficiency is shown in Figure 4.8, and the TEPH remaining in the water and
their fractions at different settling times are listed in Table 4.5. As shown, the application of a
demulsifier significantly broke the O/W emulsion and promoted the separation of oil from
water, and thus the gravity separation settling time had an insignificant effect on further
oil/water separation. The demulsification efficiency was higher than 96% for all settling times.

The remaining TEPH in separated water was lower than 10 mg/L for all investigated settling
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times (0, 15, 30, and 45 min). The results indicated that DSS efficiently demulsified the O/W
emulsion without the need for a long settling time under gravity separation, thus reducing the
demulsification process time significantly. This is quite a remarkable result over other
demulsifiers (e.g., cationic), which have been reported to require a long settling time (e.g., 10
hours) to achieve desirable results (Yonguep and Chowdhury, 2021). As no settling time is
required for DSS demulsification, it is an efficient demulsifier for application in oil and gas

industries and offshore oil spill response operations.
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Figure 4.8. Effect of settling time on demulsification efficiency at a DSS concentration of
900 mg/L, an oil concentration of 1000 mg/L, a shaking time of 15 min, and a salinity of 36

g/L.

4.3.3. Demulsification mechanism by DSS
Figure 4.9 shows the schematic diagram of the demulsification process by DSS. After

adding DSS to the emulsion and mixing, DSS molecules dissolved in the emulsion and reached
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the oil—water interface quickly due to their low molecular weight. Then, DSS molecules
saturated the oil-water interface. DSS is an anionic surfactant with a negative surface charge.
Asphaltenes of crude oil that formed the rigid film at the oil—water interface also have a
negative surface charge at pH > 4 (Ezzat et al., 2021). The presence of positive ions (e.g., Na*,
Mg?*, and Ca®") in the emulsion contributed to DSS saturation of the oil-water interface by
reducing the repulsive force among the negative surface charge molecules. This was confirmed
by the high demulsification efficiency when the water phase had high salinity. DSS possesses
high surface activity and adsorption capacity due to its double-chain structure, which displaced
natural emulsifying agents of crude oil like asphaltenes and resins and ruptured the rigid film
at the oil—water interface. Hence, the unstable emulsion flocculated and coalesced, as shown
in Figure 4.10, leading to oil and water separation. The transmittance of the emulsion at
different shaking times was measured (Figure 4.11). The transmittance of the emulsion
increased within short shaking times (<15 min), which also proved the quick aggregation and
coalescence of emulsified oil in water. At 15 min, coalesced oil droplets were still suspended
in the separated water phase, resulting in 60% transmittance in the separated water. The low
TEPH concentration in separated water (7.8 mg/L) without gravity separation (0 min settling
time) indicated that although turbidity reached 60%, the efficiency of the demulsification
process reached 97%. After 45 min of gravity separation, the suspended oil droplets settled,

and the TEPH was reduced to 3.9 mg/L (demulsification efficiency reached 99%).
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4.4. Summary

The performance of DSS as a new anionic surfactant in the demulsification of crude O/W
emulsions was investigated. Effects of the DSS concentration, crude oil concentration, and
shaking time were investigated, and the optimum conditions were obtained. DSS is a low
molecular weight demulsifier that diffuses in the emulsion quickly and demulsifies the
emulsion within a short time. The optimum conditions of DSS concentration and shaking time
were 900 mg/L and 15 min, respectively, when the oil concentration was 1000 mg/L. Under
these optimum conditions, the effect of salinity, crude oil conditions (fresh and weathered oil
with different R/A ratios), and settling time of gravity separation were investigated. Since DSS
is an anionic surfactant, it was more efficient at demulsifying O/W emulsions when salt ions

(e.g., Na", Mg?*, Ca?") were in the emulsion (98% demulsification efficiency) compared to
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when there was no salt (63% demulsification efficiency). Demulsification efficiency was not
affected by the crude oil conditions and different R/A ratios of crude oils (i.e., emulsion
stability). DSS demulsified the emulsion effectively even when the R/A ratio was low
(demulsification efficiency > 98%, TEPH = 3.1 mg/L), which proved that the surface activity
of DSS was higher than asphaltenes and resins (natural emulsifying agents). DSS
demulsification significantly reduced the settling time of gravity separation. The
demulsification mechanism by DSS was the displacement of natural emulsifying agents and
weakening of the rigid film at the oil—water interface. This led to aggregation, flocculation,
and then coalescence of oil droplets which were shown by capturing microscopic images and
measuring the transmittance of emulsion. This research investigated the application of DSS in

the demulsification process as a reliable demulsifier for different industrial applications.
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Chapter 5
NEW AMMONIUM-BASED IONIC LIQUID WITH HYDROXYL FUNCTIONAL

GROUPS IN THE SIDE CHAINS IN DEMULSIFYING OIL IN WATER EMULSION
Abstract

In this research, the performance of tris(2-hydroxyethyl) methylammonium methylsulfate
(MTEOA MeOSO0:3) ionic liquid with hydroxyl functional groups (OH") in the side chains was
evaluated for the first time to demulsify heavy crude oil-in-water emulsion. Effects of MTEOA
MeOSOs3 concentration, demulsification temperature, gravity separation settling time, and
emulsifier type on the demulsification efficiency were investigated. The results showed that
MTEOA MeOSO3 demulsified emulsion at concentrations of < 100 mg/L. A concentration
higher than that brought about an abundance of OH™ in the emulsion, resulting in a repulsive
force among negative surface charge molecules (OH™ and oil droplets) rather than adsorption
of MTEOA MeOSO3 molecules at the oil-water interface. Higher demulsification temperature
(50 °C) increased the oil droplets’ collision and accelerated the flocculation and coalescence
process resulting in higher demulsification efficiency. Optical microscopic images showed that
flocculation and coalescence of oil droplets occurred within the first 15 min of gravity settling,
and the demulsification process reached equilibrium at 90 min settling. It was also found that
the emulsifier type significantly affected the MTEOA MeOSO; performance in the
demulsifying emulsion, and the spectrophotometry analysis supported it. MTEOA MeOSO3
demulsified emulsion stabilized by natural emulsifiers effectively (demulsification efficiency:
92%) at a low MTEOA MeOSOs3 concentration (25 mg/L), while its efficiency was reduced
(demulsification efficiency: 36%) notably in demulsifying emulsion stabilized by Tween

20+natural emulsifiers. The demulsification mechanism was concluded to be hydrogen bond
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reconstruction due to hydroxyl groups in the ionic liquid structure. This study showed that a
biodegradable ionic liquid with hydroxyl functional groups rather than alkyl chains could be

an effective demulsifier in the demulsifying emulsion.
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5.1. Introduction

Crude oil in water (O/W) and water in oil (W/O) emulsions generate widely in oil and gas
industries during crude oil production processes and in oceans due to oil spills. In the former
one, O/W emulsion generates when ocean water surrounding oil wells mixes with crude oil
during extraction from resources and forms emulsion due to the action of shear and pressure
drop at the wellhead, chokes, and valves (Al-Ghouti et al., 2019; Liu et al., 2021b; Raya et al.,
2020). Also, it generates, to a great extent, during enhanced oil recovery processes due to
flooding crude oil resources with ocean water and surfactants (Austad et al., 2011; Zahid et al.,
2011). Marine oil spills also happen frequently due to ship accidents and natural seepage,
leading to a large volume of O/W emulsion. Previous research noted that almost 9,000,000
tons of oil had been spilled since 1965 (Motta et al., 2018). Emulsion stabilizes by natural
emulsifiers in crude oils (e.g., asphaltenes) and surfactants if used in oil and gas industries
(Sousa et al., 2021). Emulsifiers create complex inter-and intra-molecular interactions (e.g.,
n—n stacking, hydrogen bond), forming a rigid film around emulsified droplets in the
continuous phase and preventing their coalescence and separation (Chen et al., 2018; Farooq
et al., 2021; Ma et al., 2021). Toxicity associated with crude oil compounds (e.g., polycyclic
aromatic hydrocarbon) is a significant environmental concern that limits discharging of oil and
grease to the environment to the maximum of 42 mg/L/day based on the United States
Environmental Protection Agency regulation (Ruberg et al., 2021; Shokri and Fard, 2022).
Therefore, treating O/W emulsion gets much attention to meet environmental regulations and
develop recycling and reuse in oil and gas industries (Franco et al., 2014).

Several technologies have been used to demulsify O/W emulsion, including gravity settling

(Mohayeji et al., 2016), biological treatment (Lusinier et al., 2019), flotation (Piccioli et al.,
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2020), centrifugation (Kumar et al., 2021), electrical treatment (Ren and Kang, 2018),
membrane separation (Zhao et al.,, 2021) and chemical demulsification using chemical
demulsifiers (Wang et al., 2021). Of these methods, the latter has the advantages of simplicity,
effectiveness, and rapid and cheap process (Yang et al., 2021; Yonguep and Chowdhury,
2021). Demulsifiers are surface-active agents that demulsify emulsion by diffusion in emulsion
and reach the oil-water interface, replacing a rigid film around emulsified droplets to form a
soft film facilitating their coalescence and separation of them by gravity (Abdullah and Al-
Lohedan, 2019). Although different demulsifiers (e.g., polymers, ionic liquids, nanoparticles)
have been used in the demulsification process, it is reported that no demulsifier can be applied
for all kinds of crude oil emulsion due to the complicated components of crude oils and
commercial limitations (Kang et al., 2018; Wang et al., 2021; Yuan et al., 2022)).
Environmental regulations make it essential to investigate new demulsifiers to effectively
demulsify emulsions with less potential environmental risk (Atta et al., 2016a).

Among various demulsifiers, ionic liquids get much attention because of their unique
characteristics, including non-flammability, thermal stability, and low wvapor pressure
(Hassanshahi et al., 2020). These features make ionic liquids desirable substitutions for
commercial demulsifiers and organic solvents in industrial applications (Bera et al., 2020;
Singh and Savoy, 2020). lonic liquids are liquid salts with a melting point below 100 °C which,
if it is below room temperature, are called room-temperature ionic liquids (Javed et al., 2018).
Ionic liquids are produced by the combination of different organic cations (e.g., imidazolium,
pyridinium, and ammonium) and organic or inorganic anions (e.g., alkyl-sulfonate, tosylate)
(Nasirpour et al., 2020). Ionic liquids characteristics (e.g., surface activity) are tunable by

applying different cation and anion types and the cation’s alkyl chain length. The surface
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activity of ionic liquids increases by increasing their cation’s alkyl chain length, making them
effective in demulsifying emulsion (Hassanshahi et al., 2020).

Different ionic liquids (e.g., imidazolium- and ammonium-based) were used to demulsify
the emulsion. The results showed that ionic liquid type and concentration, emulsifier type,
temperature, and settling time were the most influential parameters in the demulsification
process (Abdullah and Al-Lohedan, 2019; Atta et al., 2016a; Husain et al., 2021; Khan et al.,
2021; Li et al., 2016,). Imidazolium-based ionic liquids were used successfully to demulsify
emulsion (Ezzat et al., 2018; Hazrati et al., 2016; Santos et al., 2019; Silva et al., 2013).
However, their high cost and toxicity are their main drawbacks which limit their applications
in industries (Ezzat et al., 2022; Romero et al., 2008). Ammonium-based ionic liquids are
considered environmentally friendly because they are readily biodegradable and less toxic if
they have short alkyl chains (Deng et al., 2015; Sun et al., 2020). Three ammonium-based ionic
liquids with different anions and structures (trioctylmethyl ammonium chloride, trioctylmethyl
ammonium bromide, 1-hexadecyltrimethyl ammonium bromide) were investigated to
demulsify W/O emulsion (Biniaz et al., 2016). Their results showed that the highest
demulsification efficiency (100%) was achieved by the most hydrophobic ionic liquid
(trioctylmethylammonium chloride). The optimum demulsification conditions for this ionic
liquid were at a concentration of 1039.22 mg/L and a temperature of 78.49 °C (Biniaz et al.,
2016). Another research investigated the effect of different ammonium-based ionic liquids
(trihexylmethylamminium methylsulfate, trioctylmethylammonium chloride,
trioctylmethylammonium ethylsulfate, and trioctylmethylammonium methylsulfate) on
demulsification of W/O emulsion for different crude oil types. Based on their results, the

efficiency of ionic liquids in the demulsification process depended on the crude oil types (i.e.,
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different amounts of natural emulsifiers) (Oropeza et al., 2016). Ammonium-based ionic
liquids used in previous research still have high toxicity due to the long cation’s alkyl chains
in their structure, limiting their industrial applications (Deng et al., 2015). The ionic liquid
structure should be manipulated to reduce its toxicity and be environmentally friendly. In
previous research, ionic liquid toxicity and biodegradability analysis showed that substituting
hydroxyl functional groups for cation’s alkyl chains is one solution to reduce ionic liquid
toxicity significantly and increase the ionic liquid biodegradability (Deng et al., 2015;
Gathergood and Scammells, 2002). However, there is no research to study whether substituting
hydroxyl groups with the alkyl chains affects the ionic liquid performance in the crude oil
demulsification process. This research investigates the performance of a new ammonium-
based ionic liquid containing hydroxyl groups to demulsify crude oil emulsion. This
worthwhile investigation shows the role of hydroxyl groups on the ionic liquid performance in
the demulsification process and develops the application of an environmentally friendly ionic
liquid in industries.

This research evaluates the efficiency of tris(2-hydroxyethyl) methylammonium
methylsulfate (MTEOA MeOSOs3), which has three hydroxyl groups in the side chains, in
demulsifying crude O/W emulsion. The effects of crucial demulsification parameters,
including MTEOA MeOSOs3 concentration, demulsification temperature, gravity separation
settling time, and emulsifier type, were investigated in the demulsification process.
Spectrophotometric analysis of the emulsion was measured before and after the
demulsification process to investigate this ionic liquid’s potency in the demulsifying emulsion.
Microscopic images of the emulsion were also taken before and after the demulsification

process to monitor the changes in emulsified oil droplets’ size in the aqueous phase.
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5.2. Materials and methods
5.2.1. Materials

Cold Lake Blend (CLB) heavy crude oil used in this study was obtained by Multi-Partner
Research Initiative (MPRI) in Canada. The physicochemical properties of CLB crude oil is
listed in Table 3.1 (Chapter 3). MTEOA MeOSOs ionic liquid (>95%) and Tween 20 (>40%)
were purchased from Sigma-Aldrich Company, Canada. Required salts to make synthetic
ocean water were magnesium chloride hexahydrate (MgCl2.6H20, 99.4%), calcium chloride
anhydrous (CaClz, >96.0%), sodium bicarbonate (NaHCOs, 100.1%), sodium sulfate
anhydrous (NaS04, 99.5%), sodium hydroxide (NaOH, >97.0%) which were purchased from
Fisher Scientific Company, Canada as well as strontium chloride hexahydrate (SrCl..6H,O,
99.0%), potassium chloride (KCI, 99.0-100.5%), potassium bromide (KBr, >99.0%), boric
acid (H3BOs, >99.5%), sodium fluoride (NaF, >99.0%), sodium chloride (NaCl, >99.0%),
which were purchased from Sigma-Aldrich Company, Canada. All the chemical materials were
at American Chemical Society reagent grade and used without further purification. Anhydrous
silica gel (75-150 pm, 30 A pore size, Davisil Grade 923) and sodium sulfate (granular
anhydrous) were purchased from Sigma-Aldrich Company, Canada. They were dried at 200 —
250 °C for 24 hours. Hexane and dichloromethane were at high-performance liquid
chromatography (HPLC) grade and were purchased from Sigma-Aldrich Company, Canada.
A water purification system produced the ultrapure water used in this research (Milli-Q

Advantage A10).
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5.2.2. Methods
5.2.2.1. Synthesis of ocean water

The ocean water was synthesized based on the ASTMD1141 method (ASTM, 2013). The
synthetic ocean water’s chemical concentrations are listed in Table 4.2 (Chapter 4). A few mL
of sodium hydroxide solution (0.1N) were used to adjust the pH of synthetic ocean water to

8.2 by a Mettler Toledo FG2 portable pH meter before starting each experiment.

5.2.2.2. Ionic liquid characterization

The water solubility of MTEOA MeOSOs; ionic liquid was determined following the
previous research method (Yuan et al., 2022). To this aim, 1 g of MTEOA MeOSO3 was
dissolved in 99 g of water, and the water solubility was evaluated. The thermal stability of
MTEOA MeOSOs3 was investigated by thermogravimetric analysis (TGA) (TA instruments
Discovery TGA). TGA analysis was conducted under a nitrogen atmosphere from 30 °C to
300 °C at a heating rate of 10 °C/min. Other characteristics of MTEOA MeOSOj3 ionic liquid
reported by the Sigma-Aldrich Company are listed in Table 5.1. The schematic structure of

MTEOA MeOSOs ionic liquid is shown in Figure 5.1.

Table 5.1. Properties of MTEOA MeOSOj3 ionic liquid (data is based on the safety data sheet
from Sigma-Aldrich company).

Parameter Result
Formula CsH21NO7S
Molecular weight 275.32 g/mol
Relative density 1.320 g/cm? at 20 °C
pH 7.0-8.0 at 20 g/L at 20 °C
Initial boiling point > 180 °C
Biodegradability Readily biodegradable
Toxicity to fish Danio rerio (zebrafish) - > 5,000 mg/L
(LC50) -96 h
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Figure 5.1. Schematic structure of MTEOA MeOSOj3 ionic liquid.

5.2.2.3. O/W emulsion preparation

Two types of O/W emulsion (I) and (II) were prepared to simulate generated emulsion in
oil and gas industries and oceans with different emulsifiers, respectively. O/W emulsion (I)
was prepared by dissolving 0.2 g Tween 20 in 100 mL of synthetic ocean water (salinity: ~36
g/L, pH: 8.2) and mixed by hand a few times. Tween 20 was selected because it is a common
surfactant used in the petroleum industry (Chew et al., 2017). Then 0.3 g of CLB crude oil was
poured into the 100 mL of synthetic ocean water and sonicated using a Q700 Sonicator
(Qsonica, 20 kHz, solid titanium probe diameter = 12.7 mm, USA) to make emulsion at 3000
mg/L. Sonicator conditions were at the amplitude of 100%, sonication time of 10 min at a pulse
condition of 20:20 seconds (On/ Off). O/W emulsion (II) was prepared without adding Tween
20. CLB crude oil (1.5 g) was poured into 100 mL of synthetic ocean water (salinity: ~36 g/L,
pH: 8.2) and heated at 50 °C on a heater (Thermo Scientific) for 5 min to reduce the oil

viscosity. Then their mixture was sonicated continuously for 15 min, starting at the amplitude
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of 50% and then increasing to 80% and 100% and sonicating the solution at each amplitude
for 5 min. Figures 5.2a and 5.2b show the oil droplets’ size distribution in emulsion (I) and
emulsion (II), respectively. There was no significant sign of emulsion breaking during the
experimental time. The effect of emulsifier type (natural emulsifiers (e.g., asphaltenes) and
Tween 20-+natural emulsifiers) on the ionic liquid performance in crude oil demulsification

was investigated by comparing the demulsification efficiency of emulsion (I) and emulsion
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Figure 5.2. Oil droplets size distribution in the emulsion a) emulsion (I), b) emulsion (II).
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5.2.2.4. Demulsification process

The demulsification process was conducted in a batch system. Specific amounts of
MTEOA MeOSO3 (25-1000 mg/L) were added to 100 mL of prepared emulsion (I) and were
shaken at 250 rpm by a Talboy 3500 Orbital Shaker for 10 min. Then the mixture was settled
in a water bath at different temperatures (25,40,50 + 2°C) and settling times (30—120 min).
Experiments considering the effect of settling times were repeated three times to ensure the
reproducibility of the results, and the average was reported. A similar process was conducted
on emulsion (II) by adding different MTEOA MeOSO3 concentrations (25,50,100 mg/L) at
room temperature (~ 25 °C) to investigate the effect of emulsifier type (natural emulsifiers and
Tween 20+natural emulsifiers) on the demulsification efficiency. A portion of the separated
water was collected for liquid-liquid extraction to analyze the total extractable petroleum
hydrocarbons (TEPH) in the separated water based on the method explained in the following
section. Demulsification efficiency was calculated following equation (5.1) (Hassanshahi et
al., 2022). A gravity separation experiment was also performed without adding ionic liquid

(control experiment).

Demulsification ef ficiency = C‘;—Cf x 100 (5.1

Where, C; and Cr are the initial and final concentrations of TEPH in the emulsion and the

separated water, respectively.

5.2.2.5. Analysis of TEPH in separated water and emulsion
TEPH in separated water was extracted following the liquid-liquid extraction method in

the British Columbia laboratory manual (British Columbia laboratory manual, 2017). A water
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sample (40 mL) was taken from the separated water (bottom layer) and mixed with 2 mL of
solvent (hexane/ dichloromethane (1:1 vol.)). The volume ratio of solvent to sample was 1 to
20. The mixture of solvent and sample was shaken vigorously for 30 min. After that, the solvent
and water were allowed to separate in a separatory funnel. The solvent was then collected in a
20 mL glass vial (viali). The extraction process was repeated with another fresh 2 mL of
solvent, and then the solvent was collected in vial;. After that, the separatory funnel was rinsed
with 2 mL of solvent and collected in vial;. Anhydrous sodium sulfate (0.3 g) was added to the
vial; and mixed to remove the moisture. Then the extraction solvent was poured into another
20 mL glass vial (vialz) containing 3 g of silica gel and mixed to remove polar organic
compounds. Then the extraction was poured into another 20 mL glass vial (vial3). Vial; and
vial, were washed with 2 mL of solvent sequentially, and then the solvent was collected in
vials. This process was repeated with 3 mL of solvent twice to ensure the TEPH was collected.
A portion of extraction in vial3 was taken to analyze TEPH using an Agilent 6890 gas
chromatograph with a flame ionization detector (GC-FID). The hydrocarbons mixtures were
grouped in (nCio—nCio), (nCio—nCsz2) and (nC32—nCsp). Decane (nCio), nonadecane (nCio),
eicosane (nCzo), dotriacontane (nCsz), tetriacontane (nCs4) and pentacontane (nCso) were used
as the external standards. A ZB-1HT INFERNO capillary column (Phenomenex) with a length
of 30 m, an inner diameter of 0.32 mm, and a film thickness of 0.25 pm was used. The carrier
gas was helium at a rate of 1.6 mL/min. TEPH extract (1 uL) was injected into the system, and
a split ratio of 10:1 was performed for each run. During analysis, the injector and detector
temperatures were kept at 290 °C and 320 °C, respectively. The initial temperature of the oven

was at 130 °C, then increased to 310 °C and 340 °C at 20 °C/min and 5 °C/min, respectively,
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and held at 340 °C for 8 min. A similar procedure was conducted to determine the TEPH in

the emulsion.

5.2.2.6. Optical microscopic analysis

A sample drop was poured onto a clear glass slide and placed under a compound
microscope (Fisher Scientific, AX800) with a 200X objective magnification to analyze the oil
droplets visually. The captured microscopic images of the emulsion were analyzed using
SeBaView software (version 4.7). According to the images, the oil droplets’ size distribution
was determined before and after the demulsification process (Kuang et al., 2020b; Yuan et al.,

2022).

5.2.2.7. Spectrophotometric analysis

The spectra of emulsion before and after the demulsification process was monitored at the
wavelength ranges of 200—600 nm using UV-Vis Spectrophotometers 8100 (OrionTM
AquaMate UV-Vis spectrophotometer, Perkin Elmer). The sample was taken at 3.5 mL of
quartz Suprasil cell with 1.0 cm path length and polytetrafluoroethylene lid, and measurement

was conducted at room temperature (25 °C).

5.3. Results and discussion
5.3.1. Ionic liquid characterization

Water solubility analysis showed that MTEOA MeOSO:s dissolved in the water completely
and is suitable for the demulsification process where water is the continuous phase. The ionic
liquid’s thermal stability is shown in Figure 5.3 based on TGA analysis. The results indicated

that MTEOA MeOSO:s ionic liquid remained stable at higher temperatures before reaching its
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initial boiling point (> 180 °C). At a temperature higher than that, mass loss started. Based on

the TGA graph, MTEOA MeOSO3 was thermal stable within the experimental temperatures.
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Figure 5.3. TGA analysis of MTEOA MeOSOs ionic liquid (heating rate: 10 °C/min, under a
nitrogen atmosphere).

5.3.2. Parameters influencing the demulsification process
5.3.2.1. Ionic liquid concentration and demulsification temperature

The effect of MTEOA MeOSO3 concentration (25—1000 mg/L) in demulsifying emulsion
(I) at 25 °C (room temperature) after 90 min settling is shown in Figure 5.4a. By increasing
MTEOA MeOSOs3 concentration from 25 mg/L to 100 mg/L, demulsification efficiency
reached around 51%, and the TEPH was reduced to 428 mg/L (Table 5.2). Hydroxyl groups in
the side chains of MTEOA MeOSO3 weakened the rigid film around emulsified oil droplets

by breaking the generated hydrogen bond between emulsifiers (Tween 20+natural emulsifiers)
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and water and reconstructing it between MTEOA MeOSO3 molecules and water. This helped
with the coalescence of emulsified oil droplets and separation from the water phase (Ma et al.,
2021; Ma et al., 2022). However, increasing ionic liquid concentration to 300 mg/L reduced
demulsification efficiency significantly (demulsification efficiency: ~17%). Hydroxyl groups
(OH") in the side chains have a negative charge on the ionic liquid surface (Jia et al., 2020).
Asphaltenes of crude oil (i.e., natural emulsifier) that formed the rigid film at the oil-water
interface also have a negative surface charge at pH > 4 (Ezzat et al., 2021). Increasing MTEOA
MeOSOs3 concentration to 300 mg/L led to the abundance of hydroxyl groups in the emulsion,
which brought about a repulsive force among MTEOA MeOSO3 molecules and oil droplets.
Hence, MTEOA MeOSO3; molecules were distributed in the emulsion (I) rather than adsorbing
at the oil-water interface. This was confirmed by decreasing the demulsification efficiency and
increasing the TEPH in the separated water (Table 5.2). A further increase in MTEOA
MeOSOs; concentration to 700 mg/L increased demulsification efficiency slightly (reached
~28%), and then it decreased (to 24%) at a higher MTEOA MeOSOj3 concentration (1000
mg/L). This slight increase in demulsification efficiency might be due to many MTEOA
MeOSO3 molecules in the emulsion (I), which pushed them to reach the oil-water interface.
The effect of demulsification temperature on the demulsification efficiency of emulsion (I)
was investigated by conducting a set of experiments at different MTEOA MeOSOs3
concentrations (25—500 mg/L) and demulsification temperatures (40, 50 °C + 2°C) for 90 min
settling (Figure 5.4b). The results indicated that temperature directly affected the
demulsification efficiency for all the ionic liquid concentrations. Compared with room
temperature (25 °C, Figure 5.4a), increasing the temperature to 50 °C improved the

demulsification efficiency by increasing the oil droplets’ movement and the chance of their
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collision in the emulsion (I). This was proved by increasing the demulsification efficiency from
36% to 46% at 25 °C and 50 °C, respectively, when 25 mg/L of MTEOA MeOSOs3 was used.
Higher temperatures (50 °C) accelerated the rise and separation of coalesced oil droplets. The
best demulsification condition to demulsify emulsion (I) was at the MTEOA MeOSOs
concentration of 50 mg/L and the temperature of 50 °C, which resulted in 61% demulsification

efficiency.
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Figure 5.4. Effect of MTEOA MeOSOj; concentrations and temperatures on demulsification

efficiency of emulsion (I) after 90 min settling.
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Table 5.2. TEPH concentration and EPH fractions in the separated water at different

MTEOA MeOSOs3 concentrations and temperatures after 90 min of settling time.

Experimental parameters EPH in separated water

MTEOA EPH EPH EPH
MeOSO;  Temperature TEPH (Ci10Ci9) (Ci19-C32) (C52-Cs0)
concentration  fraction  fraction  fraction

ncentration o
Tweny (P meb S e
25 556 39 55 6"
50 440 45 53 2"
100 428 49 50 1"
300 25 721 42 53 5"
500 651 41 54 5"
700 631 41 53 6"
1000 661 41 53 6"
25 556 38 54 8"
50 605 42 53 5"
100 40 599 42 54 4"
300 590 41 54 5"
500 661 38 54 8"
25 467 38 57 5"
50 341 39 55 6"
100 50 379 38 57 5"
300 526 37 54 9
500 499 36 55 9°

* Data was below the detection limit.
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5.3.2.2. Settling time

As indicated earlier, the best demulsification efficiency of emulsion (I) was achieved at the
MTEOA MeOSOs; concentration of 50 mg/L and demulsification temperature of 50 °C. The
effect of gravity settling time (30, 60, 90, 120 min) on the demulsification efficiency of
emulsion (I) was investigated under this condition. As shown in Figure 5.5, settling time
impacted demulsification efficiency significantly. By increasing the settling time from 30 min
to 90 min, the demulsification efficiency increased from 37% to 61%, and the TEPH decreased
from 547 mg/L to 341 mg/L (Table 5.3), respectively. At 120 min, the demulsification
efficiency reached 69% (slightly changed compared to 90 min settling), indicating reaching
the equilibrium state of the demulsification process at 90 min settling. Oil droplets’ size
distribution (Figure 5.6) also indicated that the demulsification efficiency started once the
MTEOA MeOSO; was added to the emulsion (I). Oil droplets’ size distribution in the blank
(i.e., emulsion (1)) is shown in Figure 5.6a. Most oil droplets in the blank were lower than 5
um in diameter, indicating high emulsion (I) stability. After mixing MTEOA MeOSO:s in the
emulsion (I), the oil droplet’s size increased to 50 um (10 folds) within 1 min of settling time
(Figure 5.6b), indicating the rigid film ruptured at the oil-water interface, and the oil droplets
flocculated and coalesced. The hydrophilicity of MTEOA MeOSOs (i.e., water solubility) and
its low molecular weight (275.32 g/mol) brought about this quick diffusion of MTEOA
MeOSO3 molecules in the emulsion (I) and reaching the oil-water interface. Oil droplets in the
emulsion (I) reached a wider range of sizes after 5 min of settling, Figure 5.6c. Flocculating
and coalescing of the oil droplets in the emulsion (I) continued after 15 min of settling time
(Figure 5.6d), and its rate gradually reduced, as shown by the reduction in oil droplets’ size in

the emulsion (I) in Figures 5.6e and 5.6f. Hence, additional settling time (> 30 min) provided
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sufficient time for separating the coalesced oil droplets. After 90 min settling time (Figures
5.6g and 5.6h), coalesced oil droplets separated, and the persistent emulsified oil droplets
remained in the separated water (bottom layer). The oil droplets in the separated water were as
small as those in the blank (Figure 5.6a). No further flocculation and coalescence happened
after 90 minutes of settling time, indicating that the demulsification process reached

equilibrium.
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Figure 5.5. Effect of settling time on demulsification efficiency of emulsion (I) at the

MTEOA MeOSOs3 concentration of 50 mg/L and demulsification temperature of 50 °C.

125



Table 5.3. TEPH concentration and EPH fraction in separated water at different settling
times at MTEOA MeOSOs3 concentration of 50 mg/L and demulsification temperature of 50

°C.

EPH in separated water
Experimental TEPH EPH EPH EPH
. (C10—C19) (C20—C32) (C32—Cs0)
parameter concentration fracti fract; fracti
(mg /L) action action raction

(%) (%) (%)
30 547 33 52 15
Settling 60 443 33 50 17
time (min) 90 341 34 50 16
120 270 37 50 13

126



2468101214161820222426283032343638404244464850

p
o]
—

Ty O P

60 Blaﬂk ". ‘ F ': 3 3 60

s R

@50 . A | R 3 £30
tn 40 o e
230 gt 830
g‘ . - . ¥ 57
g2 A SR .| 82
E[{] = o . - . u'l()

-

R, .

2468101214161820222426283032343638404244464850
Oil droplets size distribution (pum)

-

=

—_—
o
~—"

Oil droplets size distribution (um)
0 C RN
: [ N
60 - 5 min gy 0% 1 @
-~ et ' B o
50 s W AME o S50
il rFaép” "™
40 ; . %4 240
9 9 o . <
530 o IR - 1 5
=" 8] g0 ‘ =30
' H ' ' =
320 0. 83 E:ﬂ
B 10 v'eq Y 10

(=

—_—
(=
—

2468101214161820222426283032343638404244464850

01l droplets size distribution (pm)

30 min Pron o

n =)
= =

-
-

4
=

Frequency (%)
¢

=

m mem
2468101214161820222426283032343638404244464850

=

—_
L]
~—

Frcqugncy (%)
= .

&
[— T — T —

— b
(] [ (=]

| - . &

60 min Be 0t us

246 8101214161820222426283032343638404244464850

Oil droplets size distribution (um)
. 2 . g

90 min B w

Frequency (%)
— [ o - L L=
[—] = = = =T = ] (=
-

2468101214161820222426283032343638404244464850

(g)

Ol droplets size distribution (um)

Oil droplets size distribution (pm)

120 min RN

246 8101214161820222426283032343638404244464850
Oil droplets size distribution (pum)

Figure 5.6. Oil droplets size distribution in the emulsion (I) a) blank: without MTEOA

MeOSOs3, b-h) after adding 50 mg/L of MTEOA MeOSOs at the demulsification temperature

of 50 °C at different settling times.
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5.3.2.3. Emulsifier type

Emulsifiers form a rigid film at various thicknesses at the oil-water interface, which
determines the emulsion stability. When a mixture of emulsifiers is in an emulsion, various
molecular interactions occur at the oil-water interface (e.g., electrostatic, hydrogen bonding),
which affects the interface thickness (McClements and Jafari, 2018). Emulsion with a thick
film at the interface has high stability, which may affect the ionic liquid performance. As
shown in Figure 5.2, the average oil droplets size in the emulsion (I) and (II) were 4.7 um and
6.9 um, respectively, indicating that a mixture of Tween 20-+natural emulsifiers generated
emulsion (I) with smaller oil droplets size distribution (i.e., higher stability). The effect of
emulsifier type, including Tween 20+natural emulsifiers (emulsion (I)) and natural emulsifiers
(emulsion (II)), on the performance of MTEOA MeOSO:s in the demulsification process, was
studied. Different MTEOA MeOSOj3 concentrations (25,50,100 mg/L) were added to emulsion
(IT) at room temperature (25 °C) and were shaken at 250 rpm for 10 min without considering
a gravity settling. The results were shown in Figure 5.7 and compared with similar
experimental conditions on emulsion (I) after 90 min gravity settling. It was found that
emulsifier type significantly affects the MTEOA MeOSO; performance. The synergistic
interaction of Tween 20 and natural emulsifiers (e.g., asphaltenes) in emulsion (I) led to a thick
rigid film at the oil-water interface that MTEOA MeOSO; could not break it effectively.
Hence, emulsified oil droplets remained in the separated water, resulting in low
demulsification efficiency (<51%). In contrast, MTEOA MeOSOs; was most effective in
breaking the rigid film at the oil-water interface created by natural emulsifiers (e.g.,
asphaltenes), resulting in outstanding demulsification efficiency (>92%). At the MTEOA

MeOSOs3 concentration of 25 mg/L, the TEPH in the separated water reduced to 33 mg/L, and
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a further increase in the MTEOA MeOSOs; concentration (100 mg/L) reduced the TEPH to 17
mg/L (demulsification efficiency: 96%). Hence, the optimum demulsification efficiency (92%)
on Emulsion (II) occurred at MTEOA MeOSO3 concentration of 25 mg/L at room temperature

(25 °C) without settling.
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Figure 5.7. Effect of emulsifier type on demulsification efficiency by MTEOA MeOSO:s.

Spectrophotometric analysis and optical microscopic images of emulsions (I) and (IT) and
the separated waters at their best demulsification condition are shown in Figure 5.8 and Figure
5.9, respectively. Figure 5.8 shows two peaks in emulsions (I) and (II) at 235 nm and 260 nm,
corresponding to benzenic and naphthenic compounds in crude oil, respectively. As shown in

Figure 5.8a, the peaks dropped slightly after demulsifying emulsion (I), which shows that the
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oil concentration in the separated water was still high. In contrast, Figure 5.8b shows that the
peaks dropped significantly, indicating low oil concentration in the separated water after
demulsifying emulsion (II). This result is consistent with the real and optical microscopic
images of emulsions (I) and (II) and their separated waters (Figure 5.9). Figure 5.9a shows that
the separated water was turbid and contained highly emulsified oil droplets, indicating that
MTEOA MeOSO; could not demulsify all of the oil droplets, which Tween 20-+natural
emulsifiers stabilized. On the contrary, Figure 5.9b shows that the separated water was clear,
and the number of emulsified oil droplets in the separated water was low. This observation
proved that MTEOA MeOSOs ionic liquid could effectively demulsify emulsion (IT) generated
by natural emulsifiers.

Based on the above results, it was concluded that MTEOA MeOSO; with the hydroxyl
groups in the side chains rather than alkyl chains effectively demulsified emulsion (II)
stabilized by natural emulsifiers. However, its efficiency was reduced when Tween 20 (a
commercial surfactant) and natural emulsifiers stabilized the emulsion (I). This indicated that
the rigid film around emulsified oil droplets by Tween 20+natural emulsifiers was thicker than
the one with only natural emulsifiers. Hence, MTEOA MeOSOs; is effective at a low
concentration in demulsifying emulsion generated due to marine oil spills, in which natural

emulsifiers in crude oil stabilize oil droplets.
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a) emulsion (I) (red line) and the separated water (green line) at the best demulsification

condition (MTEOA MeOSOs3 concentration: 50 mg/L, temperature: 50 °C, settling time: 90

min)

b) emulsion (II) (red line) and the separated water (blue line) at the optimum demulsification

condition (MTEOA MeOSOs; concentration: 25 mg/L, temperature: 25 °C, without settling).
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T W © ' Emulsion (I) Separated water

Figure 5.9. Real and optical microscopy images of emulsion (I) and (II) and the separated
water at their best demulsification condition
a) MTEOA MeOSOs3 concentration: 50 mg/L, temperature: 50 °C, settling time: 90 min

b) MTEOA MeOSOs concentration: 25 mg/L, temperature: 25 °C, without settling.

5.3.3. Demulsification mechanism

The proposed demulsification mechanism by MTEOA MeOSOj3 is shown in Scheme 5.1.
Emulsion (I) generated by Tween 20+natural emulsifiers formed a rigid film around oil
droplets through hydrogen bonding among oxygen molecules of Tween 20 and asphaltenes
(i.e., natural emulsifiers) and hydrogen molecules of water. Emulsion (II) generated by natural
emulsifiers also formed a rigid film around oil droplets due to hydrogen bonding among
oxygen molecules of asphaltenes and hydrogen molecules of water. The latter film might be
thinner than the one in emulsion (I) in the absence of Tween 20. MTEOA MeOSOs is a low

molecular weight (275.32 g/mol) ionic liquid that diffused quickly in the emulsion. At the oil-
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water interface, the hydroxyl groups (OH") of MTEOA MeOSOs3 broke the hydrogen bond
between water molecules and emulsifiers (Tween 20 and/or asphaltenes) and reconstructed it
among oxygen molecules of MTEOA MeOSO3 and hydrogen molecules of water. This helped
with the flocculation and coalescence of emulsified oil droplets and separation from the water
phase. The results showed that MTEOA MeOSO3 molecules were more efficient in breaking

the rigid film formed by the natural emulsifiers.
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5.4. Summary

This research evaluated the performance of MTEOA MeOSOj3 ionic liquid in demulsifying
crude O/W emulsion. The effects of crucial experimental parameters on demulsification
efficiency were investigated, including MTEOA MeOSOs3 concentration, demulsification
temperature, gravity separation settling time, and emulsifier type. The results showed that
MTEOA MeOSO; effectively demulsified emulsion at a low concentration (< 100 mg/L).
Increasing MTEOA MeOSOs3 concentration more than that reduced the demulsification
efficiency significantly due to the presence of many hydroxyl groups (OH") in the emulsion,
which brought about a repulsive force among negative surface charge molecules (OH™ and oil
droplets). Microscopic images showed that flocculation and coalescence of oil droplets
occurred within 15 min of settling time. Further settling time provided sufficient time for the
coalesced oil droplets to separate until the demulsification process reached equilibrium at 90
min. Increasing demulsification temperature (50 °C) increased the rate of oil droplets collision
and hastened the separation process. The MTEOA MeOSO3 performance was significantly
affected by the emulsifier type (natural emulsifiers and Tween 20+natural emulsifiers).
MTEOA MeOSOs; was effective in demulsifying emulsion (II) stabilized by natural emulsifiers
at alow MTEOA MeOSO; concentration (25 mg/L) without settling time at room temperature
(demulsification efficiency: 92%, TEPH: 33 mg/L). However, its efficiency was reduced when
it was used for emulsion (I) generated by Tween 20+natural emulsifiers at the same
experimental condition after 90 min settling (demulsification efficiency: 36%, TEPH: 556
mg/L). Spectrophotometry analysis and optical microscopic images also supported the
achieved results. The rigid film formed around emulsified oil droplets in emulsion (I) might be

thicker than emulsion (II), affecting MTEOA MeOSO; efficiency. The demulsification
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mechanism was proposed to break the hydrogen bond among oxygen molecules of emulsifiers
and hydrogen of water and reconstruct it with oxygen molecules of MTEOA MeOSO; and
hydrogen of water. This study showed that MTEOA MeOSOs3 ionic liquid with hydroxyl
functional groups rather than alkyl chains is effective in demulsifying emulsion generated by
natural emulsifiers in the marine environment and develops the application of a biodegradable,

low-toxic ionic liquid in industries.
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Chapter 6
STUDY ON AMMONIUM-BASED IONIC LIQUIDS WITH A DIFFERENT SIDE CHAIN
IN DEMULSIFYING CRUDE OIL IN WATER EMULSION

Abstract

This research investigated the performance of three ionic liquids with a different side chain
on crude oil-in-water demulsification. These include dodecyl trimethylammonium chloride
(DTAC), [2-(Methacryloyloxy)ethyl] trimethylammonium chloride (METAC), and (3-
Acrylamidopropyl) trimethylammonium chloride (APTAC). Response surface methodology
was used to investigate the effects of ionic liquid concentration, gravity separation settling
time, and ionic liquid types (i.e., different side chains) on demulsification efficiency. The
results showed that the selected ionic liquids effectively demulsified the emulsion with an
efficiency >85%, and the demulsification equilibrium was achieved after a short gravity
settling time (20 min). Increasing ionic liquid concentration resulted in higher demulsification
efficiency for METAC and APTAC, but had an insignificant effect on the demulsification
efficiency of DTAC. APTAC with the amide group on the side chain resulted in the highest
demulsification efficiency (96%) compared to METAC (ester group) and DTAC (alkyl group),
indicating the superiority of the amide group in demulsifying the emulsion. The
demulsification mechanism for DTAC was found to be electrostatic attraction, and for METAC
and APTAC it was the combination of electrostatic attraction and hydrogen bond
reconstruction. Spectrophotometry and optical microscopy analysis were conducted to validate
the results. This research indicated that the alkyl group substitution with amide or ester groups

improved the ionic liquid potency in demulsifying oil-in-water emulsion.
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Keywords: Chemical demulsification, oil in water emulsion, ionic liquid, side chains,

response surface methodology.
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6.1. Introduction

Emulsification is inevitable when oil is spilled and contacts water, leading to the generation
of water-in-oil (W/O) or oil-in-water (O/W) emulsion (Silva et al., 2022; Wang et al., 2021;
Yonguep et al., 2022). Crude oils contain a mixture of toxic organic compounds (e.g., aliphatic
hydrocarbons, naphthenic acids, and polycyclic aromatic hydrocarbons), and thus their spill to
water would result in adverse impacts on humans and the environment if not properly treated
(Ruberg et al., 2021). Natural emulsifiers in crude oils (e.g., asphaltenes) create a rigid film by
different inter- and intra-molecular interactions (e.g., hydrogen bond) around emulsified
droplets that prevent coalescence and separation (Sousa et al., 2021). It is thus of importance
to find effective ways to break the emulsion for oil spill treatment (Shokri and Fard, 2022).

Various physical, biological and chemical methods have been used for oil/water
demulsification (Abdulredha et al., 2020). Physical methods, such as gravity separation,
centrifugal separation, and electrocoalescence, have the main drawbacks of large space
requirements, high maintenance and energy cost, and poor efficiency (Abdulredha et al., 2020;
Less and Vilagines, 2012; Tian et al., 2022). Biological method using biodemulsifiers has the
advantage of being environmentally friendly (e.g., biodegradability), but it is susceptible to
operational issues (Hadi and Ali, 2022a). Chemical method using chemical demulsifiers is
effective to quickly break emulsion with easy operation (Raya et al., 2020). Demulsifiers are
surface-active compounds that diffuse in the emulsion and reach the oil-water interface, and
break the rigid film around emulsified droplets, thus leading to enhanced oil/water separation.
Critical parameters affecting demulsification include demulsifier type, demulsifier
concentration, and gravity separation settling time (Ma et al., 2022; Saad et al., 2019).

Demulsifiers are classified based on their structures into polymeric surfactants, ionic liquids,
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and nanoparticles (Hadi and Ali, 2022b; Ma et al., 2022). Ionic liquids are liquid salts with a
melting point below 100 °C (Nasirpour et al., 2020). They have been used in demulsification
because of their unique properties of high thermal stability, low vapor pressure, and non-
flammability (Hassanshabhi et al., 2020; Nasirpour et al., 2020). Ionic liquids are produced by
combining different organic cations and organic or inorganic anions. Common cations include
imidazolium, phosphonium, ammonium, and pyridinium, while the anions include chloride,
dicyanamide, hexafluorophosphate, and tetrafluoroborate (Singh and Savoy, 2020). The
properties of ionic liquids are tunable by altering the types of cation and anion as well as the
alkyl chain length of cation. For example, surface activity and hydrophobicity of ionic liquid
were found to increase by increasing the cation’s alkyl chain length (Hassanshabhi et al., 2020).

Various ionic liquids were studied to investigate their effects on demulsification. Masri et
al. (2022) found that increasing ionic liquid concentration (1000 mg/L) and settling time (60
min) increased demulsification efficiency, while ionic liquid type was a crucial parameter
affecting the demulsification process (Masri et al., 2022). Other studies investigated the effects
of ionic liquid type (including cation and anion types and cation alkyl chain length) and found
that the cation type (e.g., imidazolium and pyridinium) did not affect demulsification process,
while anion type (e.g., halide and non-halide) affected the demulsification processing time
(Elmobarak and Almomani, 2021; Guzman-Lucero et al., 2010; Hazrati et al., 2018; Li et al.,
2016; Silva et al., 2013). Increasing cation alkyl chain length could increase ionic liquid’s
surface activity, resulting in higher demulsification efficiency (Guzman-Lucero et al., 2010;
Hazrati et al., 2018; Silva et al., 2013). Zolfaghari et al. (2018) investigated the effect of
dodecyltrimethylammonium chloride, which has a long-alkyl-chain (10 carbons) cation and a

halide anion, on oil/water demulsification, and their results showed that at the ionic liquid
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concentration of 1000 mg/L, the demulsification efficiency reached 89.4% after 3 hours
settling (Zolfaghari et al., 2018).

By manipulating the structure, ionic liquids could be applied successfully as demulsifiers.
However, their industrial application is limited due to their toxicity (Hadi and Ali, 2022a;
Romero et al., 2008). The toxicity of ionic liquids mainly depends on their cation type and
alkyl chain length. In contrast, anion type has insignificant effect on toxicity (Romeo et al.,
2008). Previous research noted that ionic liquid’s toxicity reduced significantly by using an
environmentally benign cation (e.g., ammonium) and substituting the alkyl group on the side
chain with functional groups (e.g., ester, amide) (Cho et al., 2021; Magina et al., 2021).
Functional groups have a high surface activity, low toxicity, and high biodegradability
(Gathergood et al., 2004; Gathergood et al., 2006; Wang et al., 2020). Thus, an ionic liquid
with ammonium cation and functional groups on the side chain may be environmentally
friendly. However, such ionic liquid needs to be investigated to find if its potency on oil/water
demulsification changes. It also requires to examine which functional groups (e.g., amide and
ester) would be more effective to substitute the alkyl group. Hence, this research is to
investigate the effects of three ammonium-based ionic liquids with similar anions but different
side chain (alkyl, ester, amide groups) on oil/water demulsification. They include dodecyl
trimethylammonium chloride (DTAC), [2-(Methacryloyloxy)ethyl] trimethylammonium
chloride (METAC), and (3-Acrylamidopropyl) trimethylammonium chloride (APTAC).
Response surface methodology (RSM) was used to investigate the effects of ionic liquid
concentration, gravity separation settling time, and ionic liquid type (i.e., different side chains)

on demulsification efficiency and obtain the optimum demulsification condition.
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6.2. Materials and methods
6.2.1. Materials

Heavy Cold Lake Blend (CLB) crude oil used in this study was obtained from Multi-Partner
Research Initiative (MPRI) in Canada. The crude oil physicochemical properties are listed in
Table 3.1 (Chapter 3). DTAC (=99.0%), METAC (75% wt. in H20) and APTAC (75% wt. in
H>0) ionic liquids were purchased from Sigma-Aldrich Canada, and their structures and
molecular weights are listed in Table 6.1. The salts to make synthetic ocean water include
magnesium chloride hexahydrate (MgCl2.6H20, 99.4%), calcium chloride anhydrous (CaCly,
>96.0%), sodium bicarbonate (NaHCOs, 100.1%), sodium sulfate anhydrous (Na2SOs,
99.5%), sodium hydroxide (NaOH, >97.0%) which were purchased from Fisher Scientific
Canada as well as strontium chloride hexahydrate (SrCl,.6H20, 99.0%), potassium chloride
(KC1, 99.0-100.5%), potassium bromide (KBr, >99.0%), boric acid (H3BO3, >99.5%), sodium
fluoride (NaF, >99.0%), sodium chloride (NaCl, >99.0%), which were purchased from Sigma-
Aldrich Canada. All the chemical materials were at American Chemical Society reagent grade
and used without further purification. Anhydrous silica gel (75-150 um, 30 A pore size, Davisil
Grade 923) and sodium sulfate (granular anhydrous) were purchased from Sigma-Aldrich
Canada. They were dried at 200 — 250 °C for 24 hours. Hexane and dichloromethane were at
high-performance liquid chromatography (HPLC) grade and were purchased from Sigma-
Aldrich Canada. A water purification system (Milli-Q Advantage A10) produced the ultrapure

water used in this research.
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6.2.2. Methods
6.2.2.1. Synthesis of ocean water

Ocean water was synthesized following the ASTM D1141 method (ASTM method, 2013),
with chemical concentrations being listed in Table 4.2 (Chapter 4). Before each experiment, a
few milliliters of sodium hydroxide solution (0.1 N) were used to adjust the pH to 8.2 (i.e.

average ocean pH). Mettler Toledo FG2 portable pH meter was used to measure the pH.

6.2.2.2. Oil/water emulsion preparation

Oil/water emulsion was prepared by pouring 1.5 g of CLB on the surface of 100 mL of
synthetic ocean water in a 200 mL beaker (salinity: ~36 g/L, pH: 8.2) and heating them at 50
°C for 5 min on a heater (Thermo Scientific) to reduce the oil viscosity. Then the solution was
sonicated continuously for 15 min using a Q700 Sonicator (Qsonica, 20 kHz, solid titanium
probe diameter = 12.7 mm) to produce stable emulsion (Hassanshahi et al., 2022). The
sonicating process started at the amplitude of 50% and then increased to 80% and 100% and
the solution was sonicated at each amplitude for 5 min. Figure 6.1 shows the oil droplets’ size

distribution in the obtained oil/water emulsion.
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Figure 6.1. Oil droplet size distribution in the emulsion.

6.2.2.3. Experimental design

Critical parameters affecting the demulsification process, including ionic liquid
concentration, gravity separation settling time, and ionic liquid type (i.e., different side chains),
were considered based on previous studies (Ma et al., 2022; Masri et al., 2022; Saad et al.,
2019). Design expert software (version 12.0.11.0, Stat-Ease, Inc.) was used to design the
experiments. Central composite design (CCD) was used as a response surface method (RSM)
to investigate the effect of each parameter on the demulsification efficiency. For each
parameter with numeric values (i.e. concentration and settling time), five levels (coded with
+a, £1, 0) were considered, and for the categoric parameter (i.e. ionic liquid type), three levels
were considered in CCD (Table 6.2). Experimental data from CCD were fitted using equation

(6.1) (Hassanshahi et al., 2022).
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Y= B0+ T Xi+ T B XF +Z'<i12jﬁij X X; (6.1)
i<j

where Y is the predicted response, £y is a constant coefficient, f; is the linear effect of X;
variable, f;; is the second-order effect of variable X;, and f; is the effect of the linear interaction
between parameters X; and X;. The statistical significance of each parameter was determined

by analysis of variance (ANOVA).

Table 6.2. Independent experimental parameters and levels in RSM.

. Range and level
Numeric parameters £

Unit —a -1 0 +1 +a
lonic liquid mgl 5 10 25 40 45
concentration
Settling time min 0 5 15 25 30
Categoric parameter 1 szel 3
Ionic liquid type i DTAC METAC APTAC
(side chain) (Alkyl group) (Ester group) (Amide group)

6.2.2.4. Demulsification experiment

Demulsification experiment was conducted in a batch system using the bottle test method
(Li et al., 2016). Ionic liquid (DTAC, METAC, APTAC) at different concentrations (5—45
mg/L) was added to 100 mL of the prepared emulsion (1.5 gcrs/100 mLocean water) in @ 250 mL
glass bottle and were mixed on a Talboy 3500 Orbital Shaker at 250 rpm for 10 min at room
temperature (~25 °C). Then the solution was allowed to settle at different settling times (0—30
min) for oil-water gravity separation. After that, samples were taken from the separated water
(bottom layer) for the liquid-liquid extraction process to measure the total extractable

petroleum hydrocarbons (TEPH). Demulsification efficiency was calculated using equation
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(6.2). A gravity separation experiment without adding ionic liquid was conducted as a control

experiment.

DE = 2L x 100 (6.2)

1

Where DE, C; and Cr are demulsification efficiency (%), initial and final TEPH

concentrations (mg/L) in the emulsion and in the separated water, respectively.

6.2.2.5. Analysis of TEPH in emulsion and separated water

TEPH in emulsion and separated water were extracted following the liquid-liquid extraction
method (British Columbia laboratory manual, 2017). A 20 mL sample was taken from the
emulsion or the separated water (bottom layer) and mixed with 1 mL of solvent (hexane:
dichloromethane at 1:1 vol.). The volume ratio of solvent to sample was 1 to 20. The mixture
of solvent and sample was shaken vigorously by a Thermo Scientific Digital Vortex Mixer
(MODEL NO: 88882009) at 3000 rpm for 15 min. After that, solvent and water were allowed
to separate in a separatory funnel. The solvent was then collected in a 20 mL glass vial (vialy).
The extraction process was repeated with another fresh 1 mL of solvent, and then the solvent
was collected in vial;. Anhydrous sodium sulfate (0.5 g) was added to the vial; and mixed to
remove the moisture. Then the extraction solvent in vial; was poured into another 20 mL glass
vial (vialz) containing 0.3 g of silica gel to remove polar organic compounds. Then the
extraction in vial, was poured into another 20 mL glass vial (vials). After that, the separatory
funnel was rinsed with 1 mL of solvent that was then collected in vial; to rinse the sodium
sulfate. The solvent was poured to vialz to rinse the silica gel and was then collected in vials.
Vial; and vial, were washed with another 1 mL of solvent to ensure all the TEPH was extracted,

and then the extraction was collected in vials. A portion of extraction in vial3 was taken to
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analyze TEPH using an Agilent 6890 gas chromatograph with a flame ionization detector (GC-
FID). The petroleum hydrocarbons mixtures were grouped in (nCio—nCisg), (nCis—nCs2) and
(nC3>—nCsp). Decane (nCio), nonadecane (nCig), eicosane (nCpo), dotriacontane (nCsy),
tetriacontane (nCs4) and pentacontane (nCso) were used as the external standards. The ZB-1HT
INFERNO capillary column (Phenomenex) with a length of 30 m, an inner diameter of 0.32
mm, and a film thickness of 0.25 um was used. The carrier gas was helium at a rate of 1.6
mL/min. TEPH extract (1 pL) was injected into the system, and a split ratio of 10:1 was
performed for each run. During analysis, the injector and detector temperatures were kept at
290 °C and 320 °C, respectively. The initial temperature of the oven was at 130 °C, then
increased to 310 °C and 340 °C at 20 °C/min and 5 °C/min, respectively, and held at 340 °C

for 8 min.

6.2.2.6. Optical microscopic analysis

Oil droplets in the emulsion was monitored visually before and after demulsification under
a compound microscope (Fisher Scientific, AX800) with a 200X objective magnification. A
sample drop was poured onto a clear glass slide that was placed under the microscope to
capture images. The images were analyzed by SeBaView software (version 4.7), and the oil
droplets’ size distribution was determined (Kuang et al., 2020b; Yuan et al., 2022; Zolfaghari

etal., 2018).
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6.2.2.7. Spectrophotometric analysis

Spectrophotometric analysis was conducted to measure the absorbance signal of emulsion
in the wavelength ranges of 200 to 600 nm before and after the demulsification process (Cruz
et al., 2018). The sample was put in the 3.5 mL quartz Suprasil cell with 1.0 cm path length
and polytetrafluoroethylene lid, and measurement was conducted at room temperature (25 °C)

using UV-Vis Spectrophotometers 8100 (Orion™ AquaMate, Perkin Elmer).

6.3. Results and discussion
6.3.1. Demulsification results

A total of 33 experiments were designed by CCD, as shown in Table 6.3.

Table 6.3. CCD matrix for different types of ionic liquids (DTAC, METAC, APTAC) and

the demuslification results.

Numeric parameters EPH in separated water
~ Tonic liquid ~ Settling |  TEPH EPH EPH EPH
Run . ) ) (Ci15—C32)
concentration ~ time | concentration (C1 O—C 18) . (C32—C50)
_ fraction ~ fraction  fraction
(mgl)  (min) | (mgl) %) (%) %)
DTAC (alkyl group)

1 5 15 41 33 49 18
2 10 5 39 35 50 15
3 10 25 31 43 48 9
4 25 0 63 36 49 15
5 25 15 45 48 41 11
6 25 30 38 41 48 11
7 25 15 38 44 46 10
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Table 6.3. (continued)

Numeric parameters EPH in separated water
Ionic liquid ~ Settling TEPH EPH EPH EPH
Run concentration time | concentration (Cro-Cre) (Clg_.c3 2) (C32_.C50)
fraction  Iraction  fraction
(mg/L) (min) (mg/L) (%) (%)
(o)
8 25 15 31 38 51 11
9 40 5 47 39 52 9
10 40 25 34 42 45 13
11 45 15 26 41 49 10
METAC (ester group)
12 5 15 37 32 49 19
13 10 5 56 39 48 13
14 10 25 43 41 46 13
15 25 0 51 32 53 15
16 25 15 39 35 55 10
17 25 30 25 34 53 13
18 25 15 27 37 52 11
19 25 15 26 32 51 17
20 40 5 40 33 52 15
21 40 25 32 40 48 12
22 45 15 25 35 53 12
APTAC (amide group)
23 5 15 43 37 51 12
24 10 5 44 36 54 10
25 10 25 41 38 54 8
26 25 0 81 34 54 12
27 25 15 36 36 49 15
28 25 15 37 38 50 12
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Table 6.3. (continued)

Numeric parameters EPH in separated water
Run Ionic liquid  Settling TEPH (CiI_)Iélg) (Cif_’lén) EPH
concentration  time | concentration fraction fraction (EZ;%I;J)
(mgL)  (min) | (mgL) (%) (%) %)
29 25 15 42 35 52 13
30 25 30 22 35 52 13
31 40 5 45 39 50 11
32 40 25 20 39 50 11
33 45 15 27 35 52 13

Quadratic models were developed for demulsification by DTAC, METAC, and APTAC, as

shown in equations (6.3), (6.4), and (6.5), respectively.

DEp=+83.124—0.083X; + 0.624X; + 0.003X,X> + 0.001.X,2 — 0.017X7? (6.3)
DEy=+82.587—0.007.X; +0.647X> +0.003X.X2 + 0.00 1LY, — 0.017.X> (6.4)
DE=+87.565-0.036X; +0.583X>+ 0.003X.X> + 0.001.X;%> — 0.017.X> (6.5)

Where DEp, DEy, and DE4 represents the demulsification efficiency (%) of DTAC,
METAC, and APTAC, respectively; X; represents the ionic liquid concentration (mg/L); X>
represents the settling time (min). Ionic liquid concentration and settling time are in the range
of (5—45 mg/L) and (0—30 min), respectively.

Based on the ANOVA results (Table C1), the adequacy of the models and the significance
of the effect of each independent parameter were determined. The models were significant (F-

value: 8.03, P-value: <0.0001) in determining demulsification efficiency. The significant
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parameters (P-values < 0.05) in the models were X7, X>, X, and X>°. Model summary statistics

for the generated quadratic models by RSM are listed in C2.

6.3.1.1. Ionic liquid concentration effect

The effect of ionic liquid concentration on demulsification was investigated. ANOVA
showed significant effect of this parameter (F-value: 5.41, P-value: 0.030). Figure 6.2 shows
the effect of ionic liquid concentration (10—40 mg/L) on the demulsification efficiency for all
three types of ionic liquids after 15 min of gravity settling. It was found that adding ionic
liquids to the oil/water emulsion favored demulsification with a demulsification efficiency
>88%. Among the three ionic liquids, APTAC was most effective at all addition
concentrations. Increasing ionic liquid concentration from 10 mg/L to 40 mg/L increased the
demulsification efficiency of METAC and APTAC, but it had an insignificant effect on the
performance of DTAC. As shown in Table 6.3, the TEPH in the separated water was reduced
from 43 mg/L to 32 mg/L and from 41 mg/L to 20 mg/L for METAC and APTAC, respectively,
when the ionic liquid concentration increased from 10 mg/L to 40 mg/L after 25 min gravity
settling. However, for demulsification by DTAC, the increase in ionic liquid concentration
slightly increased TEPH in the separated water (from 31 mg/L to 34 mg/L). This indicated that
ionic liquids with different side chains and hydrophilicity greatly influenced their performance
in the demulsification, in which increasing the ionic liquid concentration may not improve the
demulsification efficiency. All three ionic liquids have a quaternary ammonium head with a
positive charge which could reach the oil-water interface and neutralize the negative charge of
oil droplets, resulting in oil droplets’ flocculation, coalescence, and separation (Wang et al.,
2018). METAC and APTAC with ester and amide groups on the side chain, respectively, could

break the rigid film through hydrogen bond reconstruction, resulting in oil droplets’
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flocculation and coalescence (Ma et al., 2021). Hence, METAC and APTAC brought about
higher demulsification efficiency than DTAC. Based on the results, the three ionic liquids had
promising demulsification efficiency (=88%) at a low concentration (<40 mg/L), and APTAC

had the best performance.
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Figure 6.2. Effect of ionic liquid concentration on demulsification efficiency for DTAC,

METAC, and APTAC at 15 min settling.

6.3.1.2. Effect of ionic liquid type (side chain)

The effect of ionic liquid type on the demulsification process was investigated. Based on
the ANOVA analysis, the ionic liquid type was a significant parameter influencing the
demulsification process (F-value: 17.98, P-value: <0.0001). Figure 6.3 shows the effect of

ionic liquid type on the demulsification efficiency at ionic liquid concentration of 25 mg/L and
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15 min gravity settling. APTAC with the amide group had the highest demulsification
efficiency (94%), followed by METAC (ester group) (91%) and DTAC (alkyl group) (88%).
The long alkyl group on the DTAC side chain increases its hydrophobicity, while the ester and
amide groups on the METAC and APTAC side chains increase their hydrophilicity
(Hassanshahi et al., 2020; Magina et al., 2021). Hydrophobic DTAC molecules encounter a
barrier in distributing in the oil/water emulsion and reaching the oil-water interface where the
continuous phase is water (Kang et al., 2018). This led to the lower efficiency of DTAC
compared to METAC and APTAC in breaking the oil/water emulsion. The higher
demulsification efficiency of APTAC compared to METAC indicated that the amide group
was more effective than the ester group in breaking the rigid film at the oil-water interface. As
shown in Table 6.3, under the same experimental conditions (ionic liquid concentration: 25
mg/L, settling time 30 min), the TEPH in the separated water were 38 mg/L, 25 mg/L, and 22
mg/L for DTAC, METAC, and APTAC, respectively. This also proved the superiority of
amide group over the ester and alkyl groups in demulsification. Figure 6.4 shows the
spectrophotometric analysis of emulsion (before demulsification) and the separated water after
demulsification by DTAC, METAC, and APTAC. The emulsion had high absorbance due to
many emulsified oil droplets. Its absorbance was notably reduced after the demulsification
process, indicating a significant reduction in the amount of oil droplets in the emulsion. The
lowest absorbance was for APTAC, consistent with its highest demulsification efficiency. The
peaks at the wavelength range of 240—300 nm are relevant characteristics of aromatic
compounds in crude oil (Mehraban et al., 2021). Although demulsification efficiency by

METAC was higher than DTAC, the spectrophotometric analysis indicated that DTAC was
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more efficient than METAC in removing the aromatic compounds, one of the main toxic

compounds in crude oils.
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Figure 6.3. Effect of ionic liquid type (side chain) on the demulsification efficiency (ionic

liquid concentration: 25 mg/L, settling time: 15 min).
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Figure 6.4. Spectrophotometric of emulsion and the separated water after demulsification by

DTAC, METAC and APTAC (ionic liquid concentration: 25 mg/L, settling time: 15 min).
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6.3.1.3. Effect of settling time

Settling time was another significant parameter affecting the demulsification process (F-
value: 27.40, P-value: <0.0001). Figure 6.5 indicates the effect of settling time (5—25 min) on
the demulsification efficiency of DTAC, METAC, and APTAC (ionic liquid concentration: 25
mg/L). Increasing settling time from 5 min to 20 min allowed the oil droplets to coalesce and
separate from the water phase, resulting in higher demulsification efficiency. Beyond 20 min
settling, the separation rate was insignificant, indicating that the demulsification reached the
equilibrium. As noted in previous research, the equilibrium state of the demulsification process
usually occurs after 90 min settling (Zhang et al., 2018b). This study showed that DTAC,
METAC, and APTAC effectively broke emulsion at a short settling time (20 min) and achieved
a high demulsification efficiency (>85%). This might be due to the low molecular weight of
the i1onic liquids (< 3000 g/mole). Ionic liquids with a low molecular weight distribute and
diffuse quickly in the emulsion and reach the oil-water interface as compared to high-
molecular-weight ionic liquids (> 10,000 g/mole), which require a long time to function
(Hassanshahi et al., 2020). Figure 6.6 shows the visual observation and optical microscopic
images of separated water without gravity settling and with 30 min of gravity settling after the
demulsification process by DTAC, METAC, and APTAC. Without gravity separation (settling
time: 0 min), all the separated waters were visually clear after demulsification. However, as
shown in the microscopic images, tiny oil droplets were still contained in the separated waters,
which resulted in high TEPH (Table 6.3). After 30 min of gravity settling, the coalesced oil
droplets were separated from the water phase, and the amount of oil droplets in the water

reduced as shown in the microscopic images; hence, the TEPH decreased significantly
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Figure 6.5. Effect of settling time on demulsification efficiency for DTAC, METAC and

APTAC at the concentration of 25 mg/L.
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Figure 6.6. Visual observation and optical microscopy images of separated water at settling
times of 0 and 30 min after the demulsification process by DTAC, METAC, and APTAC at

the concentration of 25 mg/L.

6.3.1.4. Interaction of parameters and their optimum condition

The effect of the interaction between ionic liquid concentration and settling time for each
ionic liquid type is shown in Figure 6.7. The interaction of parameters in the demulsification
process resulted in a higher demulsification efficiency at a lower ionic liquid concentration.
As shown in Figure 6.7a, increasing the DTAC concentration had a negligible effect on the
demulsification efficiency (~85%) at 5 min gravity settling; however, higher demulsification

efficiency (90%) was achieved at a longer settling time (20 min). Figure 6.7b shows similar
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demulsification efficiency (88%) at METAC concentration and settling time of 40 mg/L and 6
min as that at 10 mg/L and 12 min, indicating the interaction effect of parameters in the
demulsification process. Similar observation was obtained for the demulsification by APTAC,
as shown in Figure 6.7c. Hence, the interaction effect of parameters indicates that lower ionic
liquid concentration but longer gravity settling time could still bring satisfactory
demulsification performance.

Table 6.4 lists the optimum condition of demulsification as suggested by RSM. As indicated
earlier, the amide group was more effective than the ester group in the demulsification process.
Hence, a lower optimum APTAC concentration (16 mg/L) than METAC concentration (19
mg/L) is suggested by RSM, which leads to a higher demulsification efficiency (91%). The
suggested optimum DTAC concentration is 25 mg/L, higher than METAC and APTAC.
DTAC has a long alkyl chain in the structure which increases the hydrophobicity of the ionic
liquid. Hydrophobic ionic liquids encounter a barrier in the diffusion in the emulsion where
the continuous phase is water. Hence higher DTAC concentration (25 mg/L) is required for
distribution in the oil/water emulsion and reaching the oil-water interface. Moreover,
hydrophobic DTAC requires a longer settling time (21 min) to function and achieve high
demulsification efficiency compared to hydrophilic METAC and APTAC (12 min and 10 min,

respectively).
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Table 6.4. Optimum condition of demulsification process by ionic liquids.

Ionic liquid  Settling  Ionic liquid  Demulsification

Number concentration  time type efficiency
(mg/L) (min) (side chain) (%)
DTAC

! 25 2l (alkyl group) 89

2 19 12 METAC 89
(ester group)

3 16 10 APTAC 91
(amide group)

6.3.2. Demulsification mechanism

Scheme 6.1 shows the demulsification mechanism by DTAC, METAC, and APTAC.
Oil/water emulsion is generated due to the formation of different complex inter- and intra-
molecular interactions (e.g., hydrogen bond) among the natural emulsifiers in crude oil (e.g.,
asphaltenes) and water molecules (Sousa et al., 2021). Emulsified oil droplets have a negative
surface charge at the solutions with pH >4, which deter their coalescence (Ezzat et al., 2021).
After adding ionic liquids to the emulsion and mixing them, ionic liquids molecules distribute
in the emulsion and reach the oil-water interface. DTAC, METAC, and APTAC are ionic
liquids with quaternary ammonium groups and possess a positive charge (Wang et al., 2018).
Hence, ionic liquid molecules neutralized the repulsive force among emulsified oil droplets
molecules, resulting in their flocculation, coalescence, and separation. Besides that, METAC
and APTAC have ester and amide groups on the side chain, respectively, that broke the
generated hydrogen bond among the oxygen molecules of asphaltenes and hydrogen of water
molecules and reconstructed it among ionic liquid and water molecules (Ma et al., 2021; Wang
et al., 2020). This also brought about the flocculation and coalescence of oil droplets. Hence,

METAC and APTAC resulted in higher demulsification efficiency than DTAC. Substituting
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the alkyl group with the ester and amide groups resulted in demulsification through the
combination of electrostatic attraction and hydrogen bond reconstruction, which improved

demulsification efficiency.
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6.4. Summary

This research studied the performance of three ionic liquids (DTAC, METAC, APTAC)
with different side chains (alkyl, ester, amide groups) in demulsifying crude oil/water
emulsion. Effects of ionic liquid concentration, gravity separation settling time, and ionic
liquid type on the demulsification efficiency were investigated. The optimum demulsification
condition for each ionic liquid was obtained. The results indicated the effectiveness of the three
ionic liquids. Increasing ionic liquid concentration improved the demulsification by METAC
and APTAC, but had no notable effect on the demulsification by DTAC. The demulsification
equilibrium state occurred at a short settling (20 min). The results indicated that substituting
the alkyl group on the side chain with the ester and amide groups improved the performance
of ionic liquid in demulsification. APTAC with the amide group on the side chain achieved the
highest demulsification efficiency, indicating the amide group’s superiority over the ester and
alkyl groups. The demulsification mechanism for DTAC was suggested to be the electrostatic
attraction, while for METAC and APTAC, it was the combination of electrostatic attraction

and hydrogen bond reconstruction.
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Chapter 7

CONCLUSION AND RECOMMENDATION

7.1. Synthesis and conclusion

A primary environmental concern is generating a large volume of oily wastewater in oil and
gas industries and the marine environment due to oil production processes and natural seepage
or ship accidents, respectively (Abdulredha et al., 2020; Motta et al., 2018). Crude oil contains
complex hydrocarbon compounds which aliphatic and polycyclic aromatic hydrocarbons are
the most toxic compounds in crude oils. These toxic compounds severely risk human health
and the marine environment, which require removal from the water by an effective and
environmentally friendly process (Ruberg et al., 2021). Different systems were applied to treat
oily wastewater, including physical, biological, and chemical (Abdulredha et al., 2020).
Physical and biological systems had some limitations in demulsifying emulsion effectively due
to the complexity of crude oils and commercial limitations. Their main drawbacks are large
space requirements, long-time processing, susceptibility to operational issues, and poor
efficiency (Abdulredha et al., 2020; Hadi and Ali, 2022a; Less and Vilagines, 2012; Tian et
al., 2022). The chemical treatment system is effective, cheap, and easy to operate (Yang et al.,
2021; Yonguep and Chowdhury, 2021). However, the previous research noted that
demulsifiers’ toxicity and high synthesizing costs had limited their industrial applications
(Hadi and Ali, 2022a; Romero et al., 2008). Also, no demulsifier can be used for all types of
crude oils, and their efficiency is affected by various parameters, including crude oil type,
concentration, and water salinity. A practical and environmentally friendly demulsifier must

be investigated to demulsify emulsion effectively. This study proposed applying different
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demulsifiers (anionic surfactant and ionic liquids) to demulsify stable oil in water (O/W)
emulsions.

Chapter 3 proposed the generation of stable O/W emulsion using ultrasonic
homogenization. This research applied the experimental design (response surface methodology
(RSM)) of ultrasonic processing parameters (power and sonication time) and emulsion
characteristics (water salinity and pH) to investigate their significance and interactions on
emulsion stability. Statistical analysis of these parameters was conducted, which is required
for future research projects to account for scientific results (Sousa et al., 2021). Empirical
correlations of parameters on emulsion stability are required to determine the energy needed
for emulsion generation. The results showed that the optimum conditions were at a power level
of 7680 W, sonication time of 16 mins, water salinity of 15 g/L NaCl, and pH of 8.3. Based
on the interaction of parameters, the required energy to generate a stable emulsion was within
60—70 kJ. The effect of CLB crude oil condition (fresh and weathered) was evaluated at the
optimum conditions of parameters on crude O/W emulsion stability. Based on the results, fresh
CLB crude O/W emulsion was more stable than the weathered one. This technique was used
to generate a stable emulsion for the chemical demulsification process.

Chapter 4 investigated an anionic surfactant (dioctyl sodium sulfosuccinate (DSS)) with a
double-chain structure in demulsifying crude O/W emulsions. The DSS is expected to
overcome the drawbacks of single-chain anionic surfactants reported in previous research and
the drawbacks of previously reported demulsifier-impeding interfacial adsorption. Such a
surfactant would effectively demulsify highly saline stable emulsions without requiring a long
settling time, as previously reported demulsifiers (e.g., dendrimers, nonionic, and cationic)

showed poor efficiency (Kuang et al., 2020a; Yonguep and Chowdhury, 2021; Zhang et al.,
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2016). The effects of DSS concentration, oil concentration, and shaking time were investigated
using RSM, and their optimum conditions were determined. Further single-factor experiments
were conducted to investigate the effect of salinity, crude oil condition, and gravity separation
settling time. The results indicated that DSS effectively demulsified emulsions at 15 min
shaking time without settling. DSS performance did not affect by the crude oil concentration
(5003000 mg/L) and crude oil type (fresh and weathered with different resins/asphaltenes).
These are the advantages of DSS over other used demulsifiers, which require a long settling
time and show poor efficiency at a low oil concentration (e.g., 3000 mg/L). Increasing DSS
concentration from 300 mg/L to 900 mg/L (critical micelle concentration) increased the
demulsification efficiency to 99% and reduced the total extractable petroleum hydrocarbons
(TEPH) to lower than 10 mg/L. DSS is an anionic surfactant with a negative surface charge,
showing a promising result at higher salinity (36 g/L) than no salt. The optimum conditions of
the demulsification process by DSS were at a DSS concentration of 900 mg/L and a shaking
time of 15 min when the oil concentration was 1000 mg/L. This study showed that DSS is a
reliable demulsifier for different industrial applications.

Ionic liquids are liquid salts with the unique features of non-flammability, thermal stability,
and low vapor pressure. These features are essential for industrial applications; however, their
toxicity has limited their applications. By manipulating the ionic liquid structure and
substituting the alkyl chain group with functional groups, (e.g., hydroxyl, ester, and amide),
ionic liquid toxicity reduces significantly. In chapter 5, an ionic liquid (tris(2-hydroxyethyl)
methylammonium methylsulfate (MTEOA MeOSO3)) with three hydroxyl groups on the side
chains was selected to investigate if it affects ionic liquid performance in demulsifying O/W

emulsion. The effects of MTEOA MeOSO3 concentration, demulsification temperature,
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gravity separation settling time, and emulsifier type were studied. It was found that the
emulsifier type significantly affected the ionic liquid performance. For emulsion (I) generated
by natural emulsifiers+Tween 20, the optimum demulsification conditions were at the MTEOA
MeOSOs3 concentration of 50 mg/L, the demulsification temperature of 50 °C, and the gravity
separation settling time of 90 min. The TEPH was reduced to 341 mg/L at this demulsification
condition. However, for emulsion (II) generated by natural emulsifiers, the optimum
demulsification conditions were at the MTEOA MeOSO3 concentration of 25 mg/L, room
temperature (~ 25 °C), and without settling time, where the TEPH was reduced to 33 mg/L.
The rigid film formed around emulsified oil droplets in emulsion (I) might be thicker than
emulsion (II), affecting MTEOA MeOSOs efficiency. The demulsification mechanism was
concluded to be hydrogen bond reconstruction due to hydroxyl groups in the ionic liquid
structure. This study showed that MTEOA MeOSO3 ionic liquid with hydroxyl functional
groups rather than alkyl chains is effective in demulsifying emulsion generated by natural
emulsifiers in the marine environment and develops the application of a biodegradable, low-
toxic ionic liquid in industries.

In chapter 6, three ionic liquids, namely dodecyl trimethylammonium chloride (DTAC), [2-
(Methacryloyloxy)ethyl] trimethylammonium chloride (METAC), and (3-Acrylamidopropyl)
trimethylammonium chloride (APTAC) were selected to investigate if the potency of the ionic
liquid changes by substituting the alkyl group with the ester and amide functional groups and
which of them would be more effective to be substituted. The effects of ionic liquids
concentration, settling time, and ionic liquid type (i.e., side chain) were studied using RSM,
and their optimum conditions were determined. The results indicated that substituting the alkyl

group on the side chain with the ester and amide groups improved the potency of ionic liquid
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in the demulsifying O/W emulsion. APTAC with the amide group on the side chain achieved
the highest demulsification efficiency and the lowest TEPH in the separated water, proving the
amide group’s superiority over the ester and alkyl groups. Increasing ionic liquid concentration
increased the demulsification efficiency for METAC and APTAC, while it had an insignificant
effect on the performance of DTAC. This emphasizes the importance of ionic liquids’
hydrophilicity in demulsifying emulsions where the continuous phase is water. The
hydrophobicity of DTAC is high due to the long alkyl chain on the side chain, in which
increasing the ionic liquid concentration did not improve the demulsification efficiency. The
low molecular weight of ionic liquids brought about reaching the demulsification equilibrium
state at a short settling (20 min). The demulsification mechanism for DTAC was concluded to
be an electrostatic attraction, and METAC and APTAC were the combinations of electrostatic
attraction and hydrogen bond reconstruction.

In summary, all the applied demulsifiers (anionic surfactant and ionic liquids) demulsified
stable O/W emulsions effectively. Chapter 3 revealed the generation of stable O/W emulsion
using an ultrasonic homogenizer. A promising application of an anionic surfactant in the
demulsifying O/W emulsion was indicated in chapter 4. Chapter 5 showed that the presence of
hydroxyl groups on the ionic liquid side chain rather than the long alkyl chain did not affect
the ionic liquid efficiency in the demulsifying emulsion. Chapter 6 showed that substituting
the alkyl group with the ester and amide group improved the potency of ionic liquids in the

demulsifying emulsion, and the amide group showed the best performance.
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7.2. Limitations and future research

This dissertation investigated the effect of ultrasonic homogenization on the generation of
stable crude O/W emulsion. The ultrasonic homogenizer could successfully generate a stable
O/W emulsion on the lab scale, and the required energy was determined. It is recommended to
do further research on applying ultrasonic homogenizer to generate O/W emulsion on a large
scale. It is applicable for emulsion washing to remedy oil-contaminated soil and for the field-
scale experimental demulsification process.

The chemical demulsification process using different demulsifiers (anionic surfactant and
ionic liquids) on a lab scale was investigated in this study. The results indicated an effective
demulsifying process and a significant reduction in the total extractable petroleum
hydrocarbons in separated water. Further mesoscale studies must be conducted before applying
the laboratory test results in large-scale applications.

All the applied demulsifiers were water soluble and ended in the separated water phase after
the demulsification process. Hence, it is recommended to do further research on the recovery
of the demulsifiers. Although these demulsifiers were commercially available and cheaper than
those synthesized, their recovery may reduce the process cost if the recovery process cost is
low.

This research aimed to investigate effective environmentally friendly demulsifiers in
demulsifying crude O/W emulsion. lonic liquids with a novel structure were selected to reduce
their toxicity. Although the studied demulsifiers were much more environmentally benign than
previously used ones, conducting a toxicity and biodegradability analysis at different

temperatures is still highly recommended.
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It was found that the presence of a commercial emulsifier (Tween 20) in oily wastewaters
significantly affects the performance of ionic liquid (tris(2-hydroxyethyl) methylammonium
methylsulfate) in the demulsifying O/W emulsion. Increasing the demulsification temperature
accelerated the demulsification process and resulted in higher efficiency. However, the
remaining TEPH in separated water was still high (beyond the standard limitations). Thus,

finding a strategy to overcome this drawback of ionic liquid is recommended.
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APPENDIX A

Table A1: ANOVA for response surface quadratic model for O/W emulsion turbidity

difference.
Source Sscllllrl.léll.rcf):z DF! Sl\:; EZ?e F-value P-value Significance
Model 5576.35 14 398.31 16.98  <0.0001 *
X;-Amplitude 133.69 1 133.69 570  0.0316 *
XoSomication 3595 1 34295 1462 0.0019 *
time
X3-Water salinity 1184.22 1 1184.22 50.47  <0.0001 *
X4-pH of water 463.66 1 463.66 19.76  0.0006 *
XXz 487.45 1 487.45 20.77  0.0004 *
X1 X3 224.07 1 224.07 9.55  0.0080 *
X1 X4 88.25 1 88.25 376  0.0729
X2X3 94.84 1 94.84 4.04  0.0641
X2X4 3.46 1 3.46 0.1474  0.7068
X3X4 39.30 1 39.30 1.68  0.2165
X,? 52.84 1 52.84 225  0.1557
X5? 1145.14 1 1145.14 48.81  <0.0001 *
X352 849.14 1 849.14 36.19  <0.0001 *
X4? 675.46 1 675.46 28.79  <0.0001 *
Residual 328.49 14 23.46
Lack of Fit 307.38 8 38.42 10.92  0.0046
Pure Error 21.11 6 3.52
Cor Total 5904.84 28

degree of freedom, * Significant (P-values < 0.05)
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Table A2: Model summary statistics for the generated quadratic model by RSM.

Parameter Value Parameter Value
Std. Dev. 4.84 R? 0.94
Mean 18.95 Adjusted R? 0.88
[0\ 25.56 Predicted R? 0.69

Adequate precision  14.9067
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APPENDIX B
Table B1: ANOVA for response surface quadratic model of demulsification by DSS.

Sum of DF! Mean F-

Source P-value
squares square Value
Model 7884.14 6 1314.02 1240 0.0001
X;-DSS
. 3690.12 1 3690.12 34.83 <0.0001

concentration

X5-0il 578.40 1 57840 546 0.0361
concentration
X3-Shaking 293.65 1 293.65 277 0.1199
time

XX, 639.03 1 639.03 6.03 0.0289
XoX3 497.70 1 49770 470 0.0494

X2 2185.24 1 218524 20.63 0.0006
Residual 1377.35 13 105.95

Lack of fit 1355.59 8  169.45 3894 0.0004
Pure error 21.76 5 4.35

Cor total 9261.49 19

! degree of freedom

Table B2: Model summary statistics for the generated quadratic model of demulsification by
DSS.

Parameter Value Parameter Value
Std. Dev.  10.29 | R? 0.8513
Mean 88.54 Adjusted R? 0.7826
COV% 11.63 Predicted R? 0.4197
- - Adeq Precision 13.3589

203



APPENDIX C

Table C1: ANOVA for response surface quadratic model for demulsification by ionic

liquids.
Source Sumof  ppy Mean F pvalue
Squares Square  value
Model 348.66 11 31.70 8.03 <0.0001 significant
Xi-donicliquid ;4. 1 2135 541  0.0301
concentration
X-Settling 103.09 1 108.09 2740 <0.0001
time
X3'I°$;;‘qmd 141.88 2 7094 17.98 <0.0001
XX, 3.00 1 3.00 07604 0.3931
X1 X3 5.06 2 253  0.6411 05367
XoX3 1.82 2 09118 02311 0.7957
X2 0.9127 1 09127 02313 0.6355
X2? 56.43 1 5643 1430 0.0011
Residual 82.85 21 3.95
Lack of Fit 58.19 15 3.88  0.9436 0.5722 not significant
Pure Error 24.67 6 4.11
Cor Total 431.52 32

"degree of freedom

Table C2: Model summary statistics for the generated quadratic model.

Parameter Value Parameter Value
Std. Dev.  1.99 R? 0.80
Mean 89.79 Adjusted R? 0.70
COV % 2.21 Predicted R? 0.50
- - Adeq Precision 11.49
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