Journal of Petroleum Exploration and Production Technology (2020) 10:1711-1728
https://doi.org/10.1007/s13202-020-00830-7

REVIEW PAPER - PRODUCTION ENGINEERING q

Check for
updates

A critical review of development and demulsification mechanisms
of crude oil emulsion in the petroleum industry

Sofiah Atirah Raya'® - Ismail Mohd Saaid' - Abdelazim Abbas Ahmed’ - Abubakar Abubakar Umar’

Received: 9 October 2019 / Accepted: 3 January 2020 / Published online: 14 January 2020
© The Author(s) 2020

Abstract

The need for efficient demulsification process to treat emulsions in the petroleum industry is well acknowledged. For decades,
numerous researches have been conducted to examine mechanisms of emulsification and demulsification. Untreated emul-
sion has both technical and commercial implications in the industry, especially in terms of treatment facilities, refining and
transportation. Effective treatment is needed to ensure optimum production of hydrocarbons. The present paper is to review
reported works on the formation of petroleum emulsions, demulsification treatments, characteristics of fit-for-purpose demul-
sifiers as well as research trends in emulsion treatment. Crude oils are naturally combined with natural surfactants having
high tendency to form stable emulsion. The stable emulsion must be treated well to meet industrial requirements since crudes
with a high volume of stable emulsion have a less value. Therefore, fundamental studies on natural surfactants, which con-
tribute to the emulsion stability, are analyzed for the effective separation of emulsions into oil and water. This would involve
the assessment of various reported mechanisms for the emulsification and right formulation for effective demulsification.
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Introduction

Crude oil is found in association with gas and saline for-
mation water. As the reservoir becomes depleted, water is
coproduced with oil and the number of wells producing
water with crude oil is steadily increasing. These immiscible
fluids are readily emulsified by the simultaneous action of
shear and pressure drop at the wellhead, chokes and valves
(Matijasevic and Banhart 2006). When at least two immisci-
ble phases are present in a system, they are called dispersion.
The formation of a dispersed system involves a dispersed
phase and a continuous flow (Goodarzi and Zendehboudi
2019).
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Emulsion is a two-phase system comprising of two lig-
uids not forming homogenous when mixed, one is (dispersed
phase) constantly dispersed as globules in the second phase
(continuous phase) (Mohyaldinn et al. 2018). During the
extraction and transportation of crude oil, the formation of
an emulsion is undeniable. The formation happens once the
heterogonous mixture flows in the piping valves and porous
rocks and endures turbulence at high temperature or high
pressure. The primary reasons that enhanced the emulsion
formation include the existence of surface-active agents,
ionic compositions and pH of the water (Sjoblom 2001).

The stability of the crude oil emulsions has gained con-
cerns among many oilfield researchers to invent different
effective and relevant techniques to break it. Demulsification
has expanded in significance because the usage of steam
and caustic injection or combustion processes, for in situ
recovery of heavy oils, is intricate by the development of
viscous emulsions of oil, water and clay (Matijasevic and
Banhart 2006).

The origin of emulsion which occurs from the oilfield
reservoir is a complex problem in the petroleum industry.
The tightening of future needs for the best quality of petro-
leum requires impressive and intense development efforts
concerning to improve the demulsification mechanisms
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of the crude oil emulsions. According to Kokal and Ara-
mco (2005), crude oil is rarely produced alone. It usually
produced with water, which creates several complications
during its production. There are two ways the water may
produce. The water may be produced as free water, which
will settle out immediately or the presence of water may
lead to the formation of emulsion. The production of the
emulsions is influenced by several factors (Zolfaghari et al.
2016; Sheng 2010):

e The addition of emulsifying agents at the oil-water
interfaces such as surfactants, fine solids, organic or
inorganic materials.

e The coproduct of water phase along with the production
of crude oil.

e The pressure drops issuing during the pumping process.

e The flow of crude oil through permeable media.

The emulsions are reviewed as special liquid-in-liquid
colloidal dispersions. The kinetic stability of the emul-
sions depends on their droplet size and the existence of
interfacial films that occupied the water droplets. The
presence of the stabilizing agents is also recognized as
emulsifiers that are added or that occurred naturally during
the crude oil production enabling to promote the emul-
sion kinetic stability. Consequently, emulsifiers such as
asphaltenes and resins lead to flocculation and coalescence
during emulsion breakdown. This formation of the emul-
sion and the mechanisms to break the emulsions is the
major concern in this review.

The emulsion issues

Emulsions, which resulted naturally during the extraction
of crude oil from the wellbore, are defined as a thermody-
namically unstable system, coproduct with contamination of
water, sediments and/or brine of different salts, and consist
of two liquid phases (Biniaz et al. 2016; Umar et al. 2018)
Kokal and Aramco (2005) stated that crude oil emulsions
are recognized as a dispersion of water droplets in oil. The
emulsions are unwelcomed to the transporter and producer
because it has high possibility to produce a stable compo-
sition if not treated well, which leads to many difficulties,
especially in the refining process operation. Many struggles
may assemble during the extraction of crude oil from the
petroleum well to be listed (Zolfaghari et al. 2016; Kokal
and Aramco 2005):

e The formation of high pressure drops in flowlines.
e The increase in pumping and transporting cost of the
water—oil mixture through the pumps and pipes.
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Fig. 1 The schematic of separating crude oils into SARA components
(Auflem 2002)

e The destruction of pipeline and production amenities
(due to two-phase flow and presence of chloride ions in
the aqueous phase).

e The escalation in corrosion rate and scaling (due to the
salt content in the formation of water).

e The tripping of separation equipment in gas/oil separat-
ing plants. (GOSPs) which limit the export quality of
crude oil.

e The lowering of the oil API gravity.

e The destroying of downstream processing plant catalysts.

e The adversity involved to improve the viscosity of the
crude oil (due to small dispersed water drops).

Consequently, the variety of problems caused by stable
emulsion and the factors either enhance or reduce emul-
sion stability became the major attention in the petroleum
industry.

When water-in-oil emulsions form, the physical proper-
ties of oil change comprehensively. For instance, from 60 to
80% water is involved in the stable emulsions, and thus, the
spilled material grows from 2 to 5 times the original volume.
Most prominently, the viscosity of the oil typically changes
from a few hundred to about 100,000 mPas, an increment
by a factor of 500-1000 (Fingas and Fieldhouse 2009). A
liquid product is altered into a heavy, semisolid material. It
was inferred that the thick emulsions are demanding sup-
plementary tackle to be treated with ordinary spill recovery
equipment (Goni et al. 2015).

Classification of crude oil emulsions

Crude oils can be categorized into four primary compo-
nents: saturates (including waxes), aromatics, resins and
asphaltenes which are called SARA fractionation. This
classification of the crude oils is depending on its polarity
and solubility in a solvent. Asphaltenes, which are sepa-
rated as one of the groups, are a significant aspect of fluid
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Table 1 The properties of crude

. . . . Properties
oil and their general relationship

Remarks

to sediment formation (Speight

Asphaltene content
1982)

Asphaltene/resin ratio

Heteroatom content

Aromaticity
API gravity
Viscosity
Oil medium
Oxidation

Affects light oil recovery and heavy oil recovery
Influences oil-rock interactions

Forms sediment when gases are dissolved in the oil
Thermal methods can change the relationship to oil
Greater than 1.0: oil is stable

Less than 1.0: oil is unstable

Offers polarity, causing incompatibility
Preferential reaction with oxygen

Responsible for incompatibility in paraffinic environments
Small gravity, large asphaltene content

Large viscosity, large asphaltene content

Can be altered by thermal recovery processes
Changes in functional group composition

processability. The structure of the SARA fractionation is
illustrated in Fig. 1.

The basic way to eliminate the asphaltenes is by precipita-
tion in a paraffinic solvent. Meanwhile, the deasphalted oil
(saturates, aromatics and resins) is separated by chromato-
graphic fractionation. Out of the four classes, only saturates
can easily be differentiable from the rest of hydrocarbons in
the mixture. The absence of z-bonds affects them to readily
discern the aromatic fractions by advantage of the difference
in their polarity. The remaining oil is comprised of aromat-
ics and heteroatomic compounds with different degrees of
condensation, alkyl substitution and functionalism (Auflem
2002).

Also, the properties of the crude oil and their general
relationship to sediment formation are tabulated in Table 1.

Types of emulsion in the industry

Two main types of emulsion, which regularly occur in the
oil industry, are water-in-oil emulsions (where water phase
dispersed in the continuous oil phase) and oil-in-water emul-
sions (where oil phase dispersed in the continuous water
phase). These types of emulsion are thermodynamically
unstable but at the same time kinetically stable because
they may be lasting forever or even for a long time (Zolfa-
ghari et al. 2016). Based on their kinetic stability, emulsions
are categorized into three classes: loose, medium and tight
emulsions. They differ from each other by their separation
rate where loose emulsions will separate within a few min-
utes and the removed water at times discussed as free water.
Medium emulsions will separate around in 10 min. However,
tight emulsions take longer time to separate as such for days,
weeks or even not entirely separate.

The characterization of crude oil emulsions is shown in
Figs. 2 and 3. Figure 2 shows the droplet size distribution
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Fig. 2 Distribution function against droplet diameter (Kokal and Ara-
mco 2005)
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Fig.3 Relative viscosity against water cut, % (Kokal and Aramco
2005)
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of petroleum emulsions. Several factors such as IFT, shears,
nature of emulsifying agents, existence of solids and bulk
properties of oil and water influence the droplet size distribu-
tion. The stability of the emulsion is attained by the droplet
size distribution. As a rule of thumb, small average size of
dispersed water droplets increases the time of residence, and
thus, a bigger size of separating plant equipment is needed.
Figure 3 shows the relative viscosity that depends on the
percentage of the water cut. The relative viscosity starts to
increase dramatically at 40% and 60% for very tight emul-
sion and very loose emulsion, respectively. However, water-
in-oil-in-water emulsions that are also known as multiple
emulsions are applicable in foods, cosmetics, pharmaceutics
and wastewater treatment where the inner aqueous phase is
the dispersed phase of oil droplets (Zolfaghari et al. 2016).

Water-in-oil emulsions

The study of water-in-oil (W/O) emulsions behavior is the
main attention because it usually exists during the explora-
tion and extraction of crude oil (Wong et al. 2015). Accord-
ing to Zolfaghari et al. (2016), water-in-oil emulsions allo-
cated the largest interest during the production of crude oil.
These emulsions need to be separated into two phases to
fulfill the needs of crude oil for transportation or need to
be sent to a refinery. Water-in-oil emulsion (often named
as “chocolate mousse” or “mouse”) is commonly known as
regular, while the oil-in-water emulsion is known as inverse
or reverse. About 95% of the crude oil in the world produced
the water-in-oil emulsion type (Sjoblom 2001). Zolfaghari
et al. (2016) reviewed the process of water-in-oil emul-
sion formed. As discussed earlier, crude oil consists of two
immiscible liquid phases: oil and water. It tends to separate
into water droplet formation which dispersed in all through
the continuous oil phase. The evolution of water-in-crude-
oil emulsions is illustrated in Fig. 4. During production,
an adequate mixing or presence of emulsifiers/surfactants
added to the volume of the crude oil leads to corrosion in
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Fig.4 The evolution of water-in-oil emulsion (Wong et al. 2015)
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the pipelines and growing transportation and refining cost
and promotes the formation of stable emulsions. One of
the important parameters during the transportation is the
crude oil viscosity. The emulsion viscosity is affected by
the droplet size distribution because the smaller the droplet
size of the droplet, the higher the viscosity and stability of
the water-in-oil emulsions. Thus, these emulsions need to be
treated to reduce the problems associated during transporta-
tion in the production facilities (Goodarzi and Zendehboudi
2019; Lee 1999).

The water-in-oil emulsion will be formed when certain
crude oils mixed with seawater (which have their natural
brine, NaCl) and produced droplets of water dispersed in the
oil. Mixing energy that required to form emulsions is pro-
vided in the ocean by wind or wave turbulence (Lee 1999).
Further discussion on the water-in-oil emulsion was pro-
posed by Davies et al. (1996), Sjoblom (2001). They found
several factors that discharge the limitation in the charac-
terization of the emulsion. As such, water-in-oil emulsions
contain a high concentration of water, numerous solids at
the interphase and organic nature of the continuous phase.
The size of the droplets and the rate of separation variables
also play an important role to break the emulsion because
the performance strongly relies upon them.

Oil-in-water emulsions

Oil-in-water (O/W) emulsions are said as “reverse” emul-
sions. O/W emulsions are usually identified when oil drop-
lets dispersed in the water phase. In 1994 (Porter 1991),
Porter disclosed that the stabilization and adsorption of a
surfactant in an emulsion are more effective when the sur-
factant is more soluble in the continuous phase. In the case
of O/W emulsion formation, it consists of two phases: water
and oil. The oil phase appeared as globules in a continuous
water phase, and by considering the structure of the sur-
factant (hydrophilic head and hydrophobic tail), the suit-
able surfactants are oil surfactant soluble type. However, for
W/O emulsions, water surfactant type is more effective. Fig-
ure 5 shows the schematic illustration of (W/O) and (O/W)
emulsions.

Multiple emulsions

The structure of multiple emulsions is more complicated
and contains small droplets suspended in bigger droplets
that are suspended in a continuous phase. For instance,
water-in-oil-in-water emulsions comprise tiny water drop-
lets suspended in larger oil droplets that are suspended in
a continuous water phase (Kokal and Aramco 2005). This
finding is supported by Israelachvili (1994), Sjoblom (2001)
who claimed that multiple emulsions can be divided into
two classes: water-in-oil-in-water (W/O/W) emulsions and
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(a) (b)

Fig.5 A schematic illustration of water-in-oil (a) and oil-in-water
emulsions (b)

oil-in-water-in-oil (O/W/O) emulsions. (W/O/W) emulsions
are comprised of oil globules in water droplets that dispersed
in water. Meanwhile, (O/W/O) emulsions are comprised of
water globules in oil droplets that dispersed in oil. These
multiple emulsions may be the intermediate state when sim-
ple emulsions experience the changes from W/O emulsions
to O/W emulsions.

The type of emulsion either water-in-oil or oil-in-water
also can be identified by the type of emulsifying agents
involved. Asphaltenes, resins, waxes, inorganic solids and
oil-soluble organic acids are the surface-active agents that
may produce along with the interfacial films that inhibit the
coalescence process of the water droplets. The emulsifying
agents are fundamentally established by hydrogen bonding
of the N-, O, and S- comprising the groups existing in the
crude oil besides Si—OH and Si—O- in dispersed materials
at the oil and water combination (Zolfaghari et al. 2016;
McLean and Kilpatrick 1997) To identify the formation of
water-in-oil emulsion, the emulsifying agent is in the prefer-
ence wetted by the oil phase, and the contact angle, between
the oil-water—solid boundary, € is more than 90°. Despite
recognizing the formation of an oil-in-water emulsion, the
emulsifying agent is in the preference wetted by the water
phase and 6 is less than 90°. When the contact angle 6 is
close to 90°, the formation of stable emulsions can be deter-
mined (Umar et al. 2018; Bobra 1991).

The stable emulsions sometimes fall between macroemul-
sions and microemulsions. By considering the droplet size,
additional type of emulsion named macroemulsions (hav-
ing dispersed phase diameters of greater than 0.1 um) is
said to be thermodynamically unstable structures because
the contact between the oil and water molecules is undesir-
able so they will continuously break as a function of time
(Umar et al. 2018). Moreover, different from its forma-
tion and stability, microemulsions as the second class of
emulsion are introduced. They formed naturally when two
immiscible water and oil phases with dramatically ultra-low
interfacial energy are composed as one. Microemulsions

are thermodynamically stable (unlike stable emulsions)
and have dispersed phase diameters of less than 10 nm. The
small size of the droplets indicated microemulsions as a
clear and translucent solution; also, from time to time the
emulsions will break into separated water and oil phases
(Fink 2012).

Types of water-in-oil emulsions

When water is mixed with the crude oil, they will form a
water-in-oil emulsion that can be further categorized into
four classes. They are stable water-in-oil emulsions, mes-
ostable water-in-oil emulsions, entrained water and unstable
water-in-oil emulsions (Fingas and Fieldhouse 2004). The
studies of these types of emulsion are based on their stability
caused by asphaltenes, resin, density, viscosity of the initial
oil, elasticity, rheological properties, and as well as their
visual appearance from greater than 400 oil samples and
petroleum products. Among the four states, only stable and
mesostable water-in-oil emulsions are treated as emulsions.
Water content in the water-in-oil mixture is not primarily
significant in this classification of emulsions (Wong et al.
2015; Fingas and Fieldhouse 2004). The same researcher
also proposed numerical oil-spill modeling based on new
empirical data and the corresponding physical knowledge
of the emulsion formation.

Water-in-oil mixtures can be classified either stable, mes-
ostable, entrained water or unstable water-in-oil emulsions
(Wong et al. 2015). They are different in terms of sponta-
neous demulsification time under the laboratory condition,
stability and appearance. They found that stable emulsions
are always found in the oil and gas industry. Stable water-
in-oil emulsions have the appearance of brown or reddish
semisolid materials. They remain not to be separated into
water and free oil for more than a week and remain whole
within 4 weeks at least. Mesostable water-in-oil emul-
sions are broken into the water and free oil around one to
3 days. They seem to appear as black or brown liquid and
assumed to be between stable and unstable emulsions. Next,
as stated earlier entrained water and unstable water-in-oil
emulsions are not considered as emulsions. The initial aver-
age water content of entrained water is around 40%, which
may be decreased to 15% in a week. They also disclosed
that entrained water remains whole for less than a day. It
appeared as a black liquid. Unstable water-in-oil emulsions
are categorized as the oil that does not welcome a significant
amount of water, and if it does, the water will remain in a
very limited time.

According to Lee (1999), a stable emulsion consists of an
aqueous phase, an oil phase and an emulsifying agent. The
emulsifying agent that exists at the oil interphase is com-
monly known as particles or surfactants and facilitates the
formation of a stabilized water-in-oil emulsion.
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Stabilization mechanism of w/o emulsions

About 40 years ago, the formation of water-in-oil emulsions
was renowned in the oil industry (Fingas 1995). Many oil-
field researchers investigated that the emulsions are accom-
panied by some native solids, surfactants or functional mol-
ecules such as asphaltenes and resins which are contributed
to the stabilized emulsion. Among the leading studies about
the water-in-oil emulsions, according to Fingas and Field-
house (2004), Fingas (1995) and Goni et al. (2015), stabil-
ity is the most significant behavior of its formation. Their
investigation also showed that the content of asphaltene and
resins is the major fraction that leads to emulsion stability.

According to Czarnecki and Moran (2005) and Czarnecki
(2009), emulsion stabilization must contain a small fraction
of asphaltenes and another surfactant material and further
studies on the surface interaction were performed to deter-
mine the molecules that are responsible for the high stability
of the water-in-oil emulsion. Figure 6 shows the formation
of emulsions that are stabilized by asphaltenes. The pres-
ence of surfactants in the oil-water interface facilitates the
development of small droplets which are significant in the
preparation of emulsion. These surfactants enable to reduce
the interfacial tension by assuming the surface free energy
changes during emulsification. The main function of sur-
factants is to promote the formation of emulsion, generate
a smaller droplet and aid the emulsion stability. A piece of
fundamental knowledge about the emulsifiers can present an
innovative solution to distinguish the formation of a stable
emulsion.

It is generally known that four major elements which are
saturates, aromatics, resins and asphaltenes can be found in
the crude oils. They are varied from one another sufficiently
in solubility and adsorptive appeal, and the relevant method
can be applied to separate them from the crude oils. McLean
and Kilpatrick (1997) had carried out a study on the effects
of asphaltenes solvency on the stability of water-in-crude-oil
emulsions. They found that the emulsion stability is mainly

L)
+ m—)

Water droplet

%

Fig.6 Emulsions stabilized by asphaltenes (Kokal and Aramco 2005)
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supported by the state of the solubility of the asphaltenes in
the crudes. Several factors affect the state of solubility of the
asphaltenes, which include the characteristic of the crude
oils, resin-to-asphaltene ratio, the aromaticity ratios of the
crude medium and resins concerning the asphaltenes, and
the concentration of polar functional groups in the resins
and asphaltenes. Zaki (2000) claimed that the higher the
concentration of the asphaltenes, the greater the emulsion
stability. However, resins are not able to stabilize the emul-
sions without the existence of asphaltenes. This means that
both asphaltenes and resins governed primarily the produc-
tion of stable emulsions.

Asphaltenes are operationally defined as the nonvolatile
and polar fraction of petroleum that is insoluble in n-alkanes
(i.e., pentane or heptane). As a result, asphaltenes consti-
tute a solubility class of crude oil components, rather than a
chemical class. The molecular weight, polarity and aroma-
ticity of precipitated asphaltenes generally increase with an
increasing carbon number of n-alkane precipitant (Auflem
2002). Figure 7 shows the basic molecular structure of
asphaltenes.

Asphaltenes are usually appeared as a dark brown to a
black friable, sticky, semisolid fraction that has no certain
melting point, generally foam and swell to leave a carbona-
ceous residue upon heating. They are formed from petroleum
by the inclusion of a nonpolar solvent (hydrocarbon) with
a surface tension lesser than that of 25 dyne cm™! at 25 °C
(77 °F). A study on the solubility of the asphaltenes has
been done. Asphaltenes are soluble in a liquid with a surface
tension greater than 25 dyne cm™!. However, asphaltenes
are insoluble in the most liquefied petroleum gases which
are economically needed to be separated upon dealing out

CH, Y XY CH,

CH,

CH,

Fig.7 Molecular structure of asphaltenes suggested by Lopez-Chéavez
et al. (2007)
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petroleum residues deposited for asphaltenes and resins
(Speight 1982, 2014).

The existence of asphaltenes is acknowledged to have a
critical effect on both processability and recovery of crude
oil and to deal with the emulsion stability. Certainly, the
presence of asphaltenes promotes low rate separation (pre-
cipitation, phase separation) from the oil medium which
also resulted from the deposition of solids during recov-
ery operations. Phase separation will cause coke formation
during processing as well as the failure of an asphalt pave-
ment by loss of physical structure of the asphalt aggregate
system (Speight 1992). Thus, it is significant to understand
the structure and stability of crude oil, and the one way in
which to improve the understanding is by an investigation
of asphaltene precipitation/flocculation, by titration, using
solvent/nonsolvent mixtures. Some examples and structures
of surfactant molecule are shown in Fig. 8.

Emulsifying agents are responsible for the development
of emulsions. Hydrophilic-lipophilic balance (HLB) who
first demonstrated by Griffin (1949) is the most adequate
way to test the effectiveness of the demulsifier. The two
main dissimilar parts: hydrophilic head (water liking) and
a hydrophobic tail (water disliking) contain in the amphi-
philic molecules like surfactants. The hydrophilic part of
the surfactant molecule can be positive (cationic), negative
(anionic), neutral (nonionic), or zwitterionic (amphoteric).
However, the hydrophobic part is comprised of one or more
hydrocarbon chains, commonly with 6-22 carbon atoms
(Umar et al. 2018; Migahed and Al-Sabagh 2009). Griffin
established that alkoxylated nonionic surfactants are more
successful than with ionic surfactants.

A calculation of HLB number from its chemical struc-
ture that enables to determine the surfactants to be used in
water-in-oil emulsion or oil-in-water emulsion was pro-
posed. By adding some surfactants in water and shaking it,
an approximate HLB number can be attained. For example,
HLB = % of the hydrophilic group (molar) was divided by 5;
hence, the largest HLB number is 20 and a completely water-
soluble surfactant is performed. The lowest HLB number,
zero, is favorable to represent a completely water-insoluble

Nonionic Surfactants Anionic Surfactants
CH,CH,+CH,CHJOCH2CH2nH . EE =)
it {_”V", CH,CH,*+*CH,CH oso,/
Amphoteric Surfactants Cationic Surfactants
{ Ci+ OB { CHy4
CH,CH,***CH,CH, N—CH,(DO | | CHCHy =+ CH,CH, N=CH,

:('ll; 4/ :(*u:

Fig. 8 Examples and structure of surfactant molecule (Nakama 2017)

surfactant. The calculation of the HLB number resulted
that for water-in-oil emulsion, surfactants with a high HLB
number can be used. However, surfactants with a low HLB
number can be applied for oil-in-water emulsion (Porter
1991). Table 2 shows the HLB number with an appearance
on adding surfactant on water.

Significantly, the emulsions need to be treated by sepa-
rating the dispersed water from the oil to fulfill the market
requirement and transportation provision and to decrease the
problems accounted for by the stable emulsion. Furthermore,
the well-organized treatment of the emulsion may reduce
erosion and catalyst poisoning in downstream operation
amenities (Kokal and Aramco 2005). The separation mech-
anism of the emulsion is indispensable, and many oilfield
researchers had proposed various ways to accomplish the
targeted treatment.

Oilfield demulsifications

The difficulties associated with the process of emulsion give
a tremendous effect, and it becomes the main issue in the
petroleum industry. At present, demulsification approaches
have been the major attention among the leading studies.
The narrowness of the future needs to overcome the dif-
ficulties associated with crude oil emulsions and requires
consideration of several factors so that it can be broken eas-
ily, such as physical and chemical properties of the crude oil,
production temperature, distance between reservoir and top-
sides, degree of agitation experienced between reservoir and
separator and turbulent flow presence of solid that enhances
the formation of stabilized emulsion.

Demulsification is a process for the separation of the
emulsion into two phases. There are three basic methods
for demulsification: physical, chemical and biological,
and the effectiveness of these methods can be observed on
the ability in reducing the emulsion stability until the two
phases separate (Zolfaghari et al. 2016). In the petrochemi-
cal industry, the emulsion must be separated into two phases
to ensure that refining process goes smoothly (Abdulredha
et al. 2018).

Table 2 The appearance of water depends on the HLB number (Por-
ter 1991)

HLB number Appearance of adding
surfactant on water

1-4 Insoluble

4-7 Poor dispersion unstable

7-9 Stable opaque dispersion

10-13 Hazy solution

13-20 Clear solution
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The main reason for this priority is concerning the
problems resulted from the formation of crude oil emul-
sions. If the demulsification process is not running, many
problems will arise as follows:

e Overloading of surface separation equipment

e Pressure growth due to the high viscosity of the emul-
sion

e Risk of corrosion and catalyst poisoning

e Many basic sediments, water and salts are sent to the
refinery

e The high cost of pumping and vessel heating

It is compulsory to study about the characteristics and
properties of emulsions and which mechanisms involve
during the coalescence of the water droplets to generate
high separation rate between the coproduced water and
the oil phase in an emulsion (Ese et al. 1999). Apart from
that, the study of the suitable chemical additives to treat
these emulsions also known as demulsifiers is essential
to provide efficient demulsification process (Abdulredha
et al. 2018).

Demulsifiers

Demulsifiers are a group of privilege chemicals or sur-
factants used to separate water content in the water-in-oil
and oil-in-water emulsions usually at low concentrations.
During production, the crude oils have a weighty amount
of saline water (produce water). This saline water should
be separated from the crude to avoid difficulties during
the refining process. The major reason is that this saline
water may lead to corrosion in the facilities which posed
crucial problems to the industry.

In 2018, according to Abdulredha et al. (2018), demul-
sifiers or surfactants are organic particles compris-
ing of two parts: the polar portion that is attractive to
the water phase (hydrophilic) and the nonpolar portion
that is attractive to the oil phase (hydrophobic). Com-
monly, demulsifiers can be categorized into four groups:
surfactant nonionic, ionic, amphoteric and polymer
surfactant.

The demulsifiers’ purpose is to drop the water to a low
point in the system where it can periodically be eliminated.
They prevent the formation of oil and water mixture. Some
demulsifiers are polymers, and others have structures like
nonionic emulsifiers. Demulsifiers’ chemicals involve
desalters and deoilers, which is considered to be about
40% approximately the world oilfield production chem-
icals market. There is an escalating interest among the
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researchers in the demulsifiers’ chemicals in breaking the
crude oil emulsions system.

Basic structure of a demulsifier

In general, water-soluble demulsifiers are used to destabilize
oil-in-water emulsion and oil-soluble demulsifiers are com-
monly suitable to destabilize water-in-oil emulsions. This
finding is supported by Wong et al. (2015) who invented
water-soluble polymer as water-soluble demulsifier but also
effective as oil-soluble demulsifier counterpart. They found
that oil-soluble demulsifier is risky to handle and use pricy
chemicals such as ethylene and propylene oxide. When the
demulsifier is added to the crude oil, they discovered the
dispersed water droplets and thus break the water-in-oil
emulsion. The basic structure of demulsifier is illustrated
in Fig. 9.

Chemical demulsifiers

Due to the presence of the surfactants such as asphaltenes
and resins, a chemical additive is required to inhibit the
gross formation of the emulsion (Feitosa et al. 2019). A cor-
relation exists in a study about the ability of a demulsifier
to break the water-in-oil emulsion that contains unwanted
lipophilic surfactants referred to as asphaltenes. In agree-
ment with the physicochemical formulation concept, demul-
sifier is a hydrophilic surfactant which can obtain optimum
formulation at the water and oil interface. As reported in
this study, the demulsifier involves the mixture of lipophilic
and hydrophilic surfactants which are capable of performing
demulsification. It can produce a compromising behavior
between the components. Thus, with some synergistic effect,
the mixture usually can promote a good performance as a
demulsifier (Sjoblom 2001; Delgado-Linares et al. 2016).
Grenoble and Trabelsi (2018) had carried out a study
on optimum demulsifier formulations based on hydro-
philic-lipophilic balance. They claimed that the main objec-
tive of a demulsifier system is to prevent the emulsification
mechanism by readily adsorbing at the interfacial phase

Hydrophilichead

|

l

Hydrophobic tail

Fig. 9 Basic structure of demulsifier (Porter 1991)
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and weakening the asphaltenes or resins layer associated
with the crude oils. To promote a good destabilization at
the interfacial phase, there are several mechanisms need to
be addressed. As such, the demulsifier must competitively
adsorb at the interface, remove and break up the asphaltenic
aggregates as well as reduce the interfacial tension between
the hydrocarbon and aqueous phases and hence facilitate the
droplet coalescence kinetics (Salager and Forgiarini 2012).

Nanoparticle-modified demulsifiers

Due to the existence of intense acidity in several heavy crude
oils, many problems were faced by the refiners, especially
corrosion in the wellhead, oil pumps, valves and production
facilities, which might also produce low profits of oil compa-
nies. An investigation to remove the acidity using nanofluid
demulsifier on heavy Iranian crude oil was performed by
Pasban et al. (2017). The objective of this study is to elimi-
nate the high acidity concentration to less than 1 mg KOH/g
of sample. Most of the refineries in the world are designed
for the crude oils with a total acid number less than 0.5.
They found out that water formation was the main factor for
increasing of acid number in the crude oils.

Their studies revealed that temperature plays the most
important role to separate the salt and water as well as
reduce the acidity of crude oils. As the viscosity of the crude
oil decreases, the temperature increases, hence facilitating
the separation of the inorganic and aqueous phases. In the
experiment, under the optimum condition, a temperature
above 100 °C and centrifugation speed above 2500 rpm
showed the best performance in the separation. The result
also demonstrated that the acid number of heavy crude oils
would reduce to 80% by eliminating the formation of water
of the crudes. The demulsifiers were designated based on
API gravity, asphaltene content and molecular weight of the
crude oils. The best results were obtained using the nanopar-
ticles’ demulsifier selected and are listed in Table 3.

Classification of surfactants
Surfactants are categorized economically based on their

usage, dissociation in water and charge carrier (Salager
2002; Umar et al. 2018; Schramm et al. 2003). Surfactants

Table 3 Physical properties of demulsifier (Pasban et al. 2017)

Appearance Viscous liquid
Color Cloudy

Odor Not detected
Flashpoint, °C 120

pH 7-9

Density @ 25 °C, g/cm?® 1.049

that are dissociated in water into an amphiphilic anion and
a cation, usually alkaline metal (Na*, K*) or quaternary
ammonium, are known as anionic surfactants. They are com-
prehensively used in most industries and conquer about half
of the surfactant world production. They are composed of
alkylbenzene sulfonates (detergents), (fatty acid) soaps, lau-
ryl sulfate (foaming agent), di-alkyl sulfosuccinate (wetting
agent) and lignosulfonates (dispersants). The charge carrier
is negative, as in soap: C;;H;sCOO™Na™, sodium stearate.
Apart from that, cationic surfactants are dissociated in water
into an amphiphilic cation and an anion, most frequently of
the halogen type. The high-pressure hydrogenation reaction
needs to be achieved during their synthesis causing these
surfactants to be more costly if compared to anionic sur-
factants. As a result, they are only applied in situations where
there is no cheaper alternative. They hold positive charges,
as in quaternary ammonium salts: (C,¢H;,),N*(CH;),CI",
dimethyl dioctadecyl ammonium chloride. Besides, when a
single surfactant molecule displays both anionic and cationic
dissociations, the surfactant is recognized as an amphoteric
or a zwitterionic surfactant. For instance, synthetic products
are such as betaines or sulfobetaine and natural substances
like amino acids and phospholipids. In the molecule, posi-
tive and negative charges exist to provide solubility as in
C,,H;5N*(CH;),CH,CH,COO~, B-N-alkyl amino propionic
acid. Besides, nonionic surfactants increased by about 45%
of the total production worldwide. The hydrophilic group
contains a nondissociating behavior; thus, these surfactants
do not ionize in the aqueous solution. As a result, they are
suitable with other complex mixtures as in many commercial
products. The presence of solvation of polyoxyethylene oxide
groups provides solubility as in C4H,;,CcH,(OCH,CH,),OH,
nonylphenol ethoxylate. The most formed demulsifiers are
ionic and nonionic demulsifiers. According to Matijasevic
and Banhart (2006), the classification of ionic demulsifiers
is oil-soluble- and water-soluble-type demulsifiers, and their
properties are shown in Table 4.

A general theory of demulsifiers action

In Handbook of Emulsion Technology (Sjoblom 2001),
the correlation of pure solvents and low molecular weight
(LMW) and high molecular weight (HMW) demulsifiers can
demonstrate demulsification performance. Low molecular
weight demulsifiers’ functionality is based on two distinct
mechanisms: increased interfacial activity and change in the
wettability of stabilizing components. However, for the high
molecular weight demulsifiers to operate optimally, time is
required for the diffusion at the interfacial membrane. The
two categories of demulsifiers mentioned are represented
by the chemicals added. They disclosed that in addition to
the LMW chemical additives, the average age separation
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Table 4 Comparison between oil-soluble and water-soluble demulsifiers (Matijasevic and Banhart 2006)

Oil-soluble demulsifiers

Water-soluble demulsifiers

2000-50,000 molecular weight (mw). Large mw is preferred
Polydisperse interfacial active polymers
Tetra polymer or penta polymer

Risky and costly chemicals (ethylene, propylene oxide)

10,000-15,000 molecular weight (mw). Low mw is preferred

Tetra polymer or penta polymer

The polymer presents hydrophilic (<COOH) and hydrophobic (alkyl) groups.
Easy-to-handle chemicals (methyl methacrylate, butyl acrylate, acrylic acid,

methacrylic acid)

without any additional chemicals is 21.5% of water after
30 min, which reduce the separation. Apart from that, the
addition of HMW chemical additives shows a better water
separation. These results are related to interfacial films and
added species.

Demulsification mechanisms

To date, many researchers (Yang et al. 2018; Adewunmi
and Kamal 2019; Biniaz et al. 2016) had demonstrated the
demulsification mechanisms of water-in-crude-oil emulsion
as well as of crude-oil-in-water emulsions (Martinez-Palou
et al. 2013; Tao et al. 2015). The studies of both types of
emulsions are in mutual understanding of the emulsion sta-
bility formation and future needs to break the emulsion.

To efficiently overcome the limitations discharged by the
occurrence of stable emulsions, the chemical, membrane
and electrostatic demulsifications are the most prevalent
techniques (Nikkhah et al. 2015; Behroozi et al. 2019).
Destabilization of the crude oil emulsions is enhanced by
increased temperature, centrifugation, electrical methods,
high resonance time and chemical treatment separation.
Numerous approaches were found for demulsification, and
many parameters also are taken into consideration to achieve
it, such as droplet size distribution, dosage, and drainage
rate, the viscosity of the emulsion, temperature and type of
emulsifier/demulsifier (Zolfaghari et al. 2016).

Chemical demulsification

Emulsification and demulsification both are intricate opera-
tions, and in a simple understanding, demulsification is the
opposite of the emulsification process. Chemical demulsi-
fication has long been known and applied in the petroleum
industry because the mechanism is the cheapest, most con-
venient and efficient in the separation of water-in-oil emul-
sions (Matijasevic and Banhart 2006).

The interaction of three major effects during the investi-
gation of kinetic chemical demulsification operation is (Ese
et al. 1999):
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e The displacement of the asphaltenic film from the water/
oil interface by the demulsifier

e Flocculation or aggregation

e Coalescence of water droplets

The overview processes of the emulsion treatment are
captured in Fig. 10 (Auflem 2002). The emulsions undergo
creaming, flocculation or sedimentation before coalescence
process takes place. This finding was also agreed by Kokal
and Aramco (2005) where flocculation or aggregation pro-
cess always takes first before the coalescence process. They
hold that flocculation of water droplets could make muddy
water turning into clear water by adding some flocculants.
The droplets tend to accumulate by forming aggregates, and
the position of the droplets is adjacent to each other and may
come in contact at some point. At the end of the process, col-
loids formed in the muddy water enable the water droplets
that clumped together to form flocs or aggregates. Numerous
aspects such as water cut, temperature, the viscosity of the
oil and the density difference between the oil and water may
affect the rate of flocculation.

Coalescence is an irreversible process that follows the
flocculation of the water droplets. During coalescence, the
small dispersed water droplets tend to accumulate and form
a bigger droplet, thus reducing the number of water droplets.
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Fig. 10 Processes of emulsions treatment (Auflem 2002)
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When the droplets combined, the thin film in the continuous
phase will be trapped between the droplets; thus, the stability
of the emulsion can be determined (Sjoblom 2001). Several
factors can facilitate the coalescence process, such as high
rate of flocculation, absence of mechanically strong films,
high IFTs, low oil and two phase viscosities, low concentra-
tion of surfactants at the interphase, high temperature and
water cuts (Kokal and Aramco 2005).

Performance demands on demulsifiers

Once the demulsification process is carried out, the main
thing to focus on is the basic demands on the demulsifier
performance and its ability to have the following behaviors:
(1) strong appeal to oil/water interface with the capabil-
ity to destabilize the film surrounds the droplets and/or to
vary the contact angle of the solids part of the interfacial
film; (2) capability to flocculate droplets; (3) capability to
develop coalescence by welcoming pathways to water’s nat-
ural attraction to water; and (4) offering inhibition of film
drainage and thinning by inducing changes to the interfacial
rheology (Sjoblom 2001). The demulsifier may affect the
droplet interfacial film by displacement and complexation,
varying the solubility in the continuous phase and varying
the viscosity of the interfacial film or adsorption which pro-
motes film drainage.

Chemical demulsifier as emulsion treatment

Nikkhah et al. (2015) proposed novel nano-titania as a modi-
fied chemical demulsifier for the water-in-oil emulsion. In
this study, a sol-gel method was performed as an alternative
to synthesis the nano-titania particles. Then, the research
continues to analyze the nano-titania particles by particle
size analysis (PSA), X-ray diffraction (XRD), transmission
electron microscopy (TEM), bottle test, electrostatic test and
standard IP77 method. The results show that the sample with
the greatest water separation employed by the nanotechnol-
ogy can promote 90% demulsification efficiency besides
reducing the time taken for the water separation.

In 2016-2019, as reported by Biniaz et al. (2016), Hazrati
et al. (2018), Adewunmi and Kamal (2019), the water-in-oil
emulsion can be separated using ionic liquids. In the study
conducted by Hazrati et al. (2018), they presented imida-
zolium ionic liquids with long alkyl chains which coupled
with Cl, PF6 and NTf2 anions as an active demulsifier. The
experiment was carried out by observing the interfacial ten-
sion between the water and crude oil, and within 1-, 2-, 6-
and 24-h interval, a bottle test was performed. Three factors
were considered: the alky chain length of cation, anion type
and IL dosage in three levels to obtain a good behavior of
demulsifier. As a result, they attained 86-95% water sepa-
ration efficiency and 0.7-6.26 mN/m for interfacial tension

(IFT). They concluded that the longer the alkyl chain length
of the ionic liquids, the higher the demulsification efficiency
as well