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ABSTRACT: Almost 60% of oil and 40% of gas reserves worldwide are contained in
carbonate reservoirs where acidizing stimulation is more challenging compared to sandstone
reservoirs. Utilization of emulsified acids in matrix acidizing operations has been the most
effective technique for more than half a century. This is due to the colloidal system’s ability
to generate deep, narrow conduits toward production zones under controlled retarded
reactivity with the rock surface, along with the excellent sweep efficiency and corrosion
inhibition of the well equipment. This Review attempts to review the various kinds of
emulsified acids that are used for matrix acidizing of carbonate formations. The Review is
trying to trace the innovations that have, gradually, been applied for enhancing the
performance of emulsified acids for a variety of conditions, their limitations, and the
developmental solutions such hybrid emulsifiers and pickering emulsions. In addition, the
Review also discusses the parameters, characteristics, and measuring techniques required for
the successful synthesis of a stable and quality emulsion while considering the environmental
concerns raised toward the application of an emulsified acid system. From the reviewed publications, it can be summarized that
macroemulsions are best suited for matrix acidizing applications over microemulsions due to low emulsifier concentrations and high
acid volume retention; similarly, water in oil emulsions provide better retardation in a comparison to oil in water emulsions. The
small droplet size of the emulsion yields high viscosity and stability. The compositional balance between each component present in
the acidizing system is a crucial factor for optimum performance. Moreover, for future practice, much focus is required to design
emulsified acids as ecofriendly systems that can leave the least amount of toxicity during and after implementation.

1. INTRODUCTION
Almost 60% of the oil and 40% of the gas worldwide reside in
carbonate reservoirs.1 As the number of reserves is high in
carbonate formations, so are the challenges in producing them.
It is highly important to fully understand the reaction
mechanism that takes place between the acid and the rock’s
surface to achieve a successfully controlled matrix acidizing
operation.2

The process of acidizing is one of the oldest techniques used
for well stimulation, dating back to 1895 when Frasch and Van
Dyke observed a 300−400% increase in hydrocarbon recovery
in a limestone reservoir via successful injection of HCl.3−6 The
success of this operation, along with a few others, opened the
doorway for matrix acidizing applications to be adapted by
various companies.7−9

This Review is intended to identify the key challenges
involved in matrix acidizing of carbonate rocks. It is an effort to
provide a roadmap for addressing the key parameters involved in
the synthesis of emulsified acid. Furthermore, it highlights the
functional properties involved in the development of a desired
quality emulsion, their evaluation methods, and techniques.
Finally, we discuss the environmental concerns involving
emulsified acids and future recommendations for better
utilization of acid emulsification.

2. ACIDIZING FUNDAMENTALS
Matrix acidizing can improve or restore permeability of the
region near the wellbore without fracturing the formation.
Matrix acidizing is most useful where shale break and natural
flow boundaries need to be maintained to minimize gas and
water production to yield a high percentage of oil production
without an increase in gas or water production. The increase in
permeability will reduce the pressure drop associated with
injection or production of fluid by enlargement of the pore
throat or removal of formation damage.
The production increase caused by acidizing depends on the

reservoir pressure and whether the formation near the wellbore
is damaged. In an undamaged formation, the permeability
increase from acidizing will be insignificant; however, in the case
of a damaged formation (naturally or artificially induced),
permeability can be increased tremendously up to 10−100×
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upon damage removal. In exceptional circumstances, matrix
acidizing treatments can give significant stimulation in
undamaged zones. This can occur in naturally fractured
formations where acid can travel along existing fractures.
In a producing well, a zone of damaged permeability near the

wellbore chokes the converging radial flow and decreases
production drastically. The goal of matrix acidizing is to achieve
radial acid penetration into the formation by enlarging pore
spaces or dissolving damaging particles from near wellbore
zones.
Matrix acidizing for clastic and nonclastic rocks is different

due to the difference in lithology, as acid has a different
propensity for the two types. For sandstone, the purpose is to
eliminate and minimize formation damage, while for carbonates
it to bypass the formation damage via inducing wormholes (flow
channels).10

The reaction between carbonate and acid is mass-transfer-
limited, meaning that the acid consumption rate at the rock−
acid interface is faster than the mass transfer. In sandstone it is
reaction-rate-limited, as the mass transfer at rock−acid interface
is faster than the reaction rate of the acid.5 This is because acid
reacts more quickly with carbonates than sandstones, since
carbonates have a fast dissolution rate and provide more mass
for dissolution. In sandstone, only interstitial material is
dissolved, while constituents such as quartz and feldspar have
a very slow reaction with the acid. From here onward the focus
will be more on carbonated rocks as per the scope of this Review.
Carbonate rocks have different dissolution rates from one

another, which are dependent on lithology and temperature.
Limestone is mass-transfer -limited at temperatures greater than
32 °F, while dolomite is mass-transfer-limited at temperatures
exceeding 302 °F.11,12 In addition, dolomites are less ductile and
have a slower reaction rate than limestone and often have
multiple permeable zones. Matrix acidizing is not suitable for
reservoirs with a porosity greater than 35% or for brittle
formations such as chalk-based formations. Moreover, it is
important to identify what type of rock is to be stimulated and
the amount of heterogeneity in it, which allows for proper
chemical selection and optimization during the design stage.
Some carbonates rocks are pure, while others contain siliceous
materials. The components may be precipitated chert, siliceous
fossils, clastic grains of quartz, or shaly material. As the
concentration of siliceous material increases, the rock is then
classed as either sandy, cherty, or shaly limestone. Similarly, in
the case of two carbonate rocks, limestone and dolomitic rocks,
that might be interbedded, the calcium content of limestonemay
have been partially replaced bymagnesium; thus, the rock would
be classified as magnesian or dolomitic limestone.
A conventional form of matrix acidizing treatment uses 15−

200 gallons of acid per foot. The acid is injected at pressures
below the formation parting pressure. HCl is generally used in
strengths from 5 to 15 wt % to remove carbonate and iron scales
and as preconditioner for a mud acid (a combination of HCl and
HF)-based treatment to treat clay damage and to remove drilling
mud. A 15 wt % concentration of mud acid is utilized that
contains hydrofluoric acid in concentrations of 1.5−3 wt %,
while the rest is hydrochloric acid (12−13.5 wt %).
2.1. Acid Selection Factors. There are three interrelated

chemical factors for the selection of an appropriate acid for a
particular treatment,13 as presented in Figure 1.

2.1.1. Stoichiometry. Stoichiometry is the ratio between the
reactants and reaction products of an acid reaction with reservoir
materials. A parameter that helps in stoichiometry is the

dissolving power of the acid, as it reflects the capacity of an acid
to dissolve a particular material. It depends on factors like the
acid’s concentration and strength and the nature of the material
being dissolved. A higher dissolving power implies the acid can
dissolve more material per unit volume.

2.1.2. Thermodynamic Equilibrium. Thermodynamic equi-
librium is a state in a chemical reaction when the forward and
reverse reactions occur at equal rates, resulting in no net change
in the concentrations of reactants and products; this can limit
the extent of the reaction and prevent complete utilization of the
reactants. Thermodynamic equilibrium can be reached in many
acid reactions before the acid is fully reacted, particularly in the
case of organic acids reaction with limestone and dolomite
formations. Equilibrium consideration controls the precipitation
of reactant products that may negate treatment benefits in either
carbonate or sandstone formations.

2.1.3. Reaction Rate. The reaction rate of an acid with a
formation fixes the amount of time required for an acid to react.
The time the acid takes along the reservoir geometry within
which the reaction occurs allows for the estimation of the acid
penetration distance.
1.2. Type of Acids Utilized in Matrix Acidizing. The acid

used during any acidizing operation depends on various factors,
such as temperature, stability, lithology, dissolving power,
reaction rate, and the products formed using that acid. Acids
are used either individually or as mixtures while keeping the
conditions under consideration. In general, the acids used for
any stimulation process belong to one of two types, namely,
mineral and organic acids. Hydrochloric acid (HCl) and
hydrofluoric acid (HF) are examples of mineral acids extensively
used in industry. Organic acids that are prominently used are
formic acid and acetic acid. In addition, industrially designed
acids such chloroacetic acid and sulfamic acid have also been
employed.13

Acidizing of carbonate rocks such as limestone (CaCO3) and
dolomite CaMg (CO3)2 is conducted utilizing hydrochloric
acid. Hydrofluoric acid is not used on carbonate formations
because it reacts in an unfavorable manner that creates insoluble
calcium fluoride.
For sandstone formations, a mixture of hydrochloric acid and

hydrofluoric acid, commonly known as mud acid, is used.
Hydrofluoric acid can dissolve quartz and clay but is used in
small amounts in the range of 1.5−3%. Hydrochloric acid, being
nonreactive with sand or clay, is used for dissolving the calcite
content present in sandstone and for maintaining a low pH level
in the reservoir to prevent precipitates from forming due to
hydrofluoric acid reacting with the formation.

Figure 1. Interrelated chemical factors affecting the selection of an acid
for a treatment.
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Formic and acetic acids are stable at high temperatures.
Therefore , they are used in such conditions where the reactivity
of hydrochloric acid increases and it cannot penetrate up to the
targeted zone to create the flow conduit. Organic acids, however,
have a major disadvantage of reaching equilibrium before being
fully utilized. Moreover, acetic acid and formic acid have weaker
dissolving power when compared to hydrochloric acid and are
also expensive; hence, they are used in small quantities.
Industrially based acids are valued for their portability on

account of preventing the excess use of transportation and
pumping; however, they are costly and consequently are rarely
used.14

2.3. Matrix Acidizing Operation Stages. A typical matrix
acidizing process is accomplished in five steps, namely, (i)
wellbore cleanout, (ii) preflush, (iii) main acid treatment
diversion, (iv) overflush, and (v) displacement.15

For a carbonate reservoir, wellbore cleanout is conducted to
remove the precipitations like scale and rust and to dissolve
wellbore deposits. Various sorts of additives such as mutual
solvents, surfactants, and corrosion inhibitors are injected for
this purpose. This is followed by a preflush, which is done to
create an environment suitable for the main acid stimulation to
be carried out satisfactorily. To do so, the preflush fluid creates a
barrier between the formation fluid and the main acid fluid so
that no emulsion or sludge is formed. After the preflush, the
main acid treatment is introduced to create permeability in the
reservoir as required. Since carbonates are highly heterogeneous
and acid tends to move toward the highly permeable zones,
diversion is required in some cases during the stimulation
process so that the acid can be placed in low-permeation zones
as well. After the main acidizing treatment, overflush is
performed to remove residue of the stimulation reaction that
may create hindranc. Finally, displacement takes place to ensure
that the overflush fluid has reached the reservoir layers and that
the flowback of the fluid is taking place efficiently.
During stimulation, the acid−rock interaction takes place in

three stages, as follows: (1) transfer of hydrogen ions (H+) from
the fluid to the rock surface where it spreads, (2) reaction of
hydrogen ions (H+) with calcite or dolomite, (3) generation of

products from the reaction, such as calcium ions (Ca2+) and
magnesium ions (Mg2+), which travel from the rock surface to
the fluids. The reaction with calcite and dolomite can be
described by the following chemical reactions:16

For limestone:

CaCO 2H Ca CO H O3
2

2 2+ + ++ +
(1)

For dolomite:

CaMg(CO ) 4H Ca Mg 2CO 2H O3 2
2 2

2 2+ + + ++ + +

(2)

The slowest step in the reaction controls the reaction rate; this
is where temperature is an important parameter to consider. At
low temperatures, the reaction of the hydrogen ions (H+) with
the rock becomes slower than the other two steps involving
transfer of reactants and products to and from the surface, while
at high temperatures the diffusion rate of hydrogen ions (H+) is
responsible for the overall reaction rate, as the reactivity of the
acid increases with the increase in temperature.17

2.4. Technical Concerns Involved in Matrix Acidizing.
In general, there are three major problems involved when
conducting a matrix acidizing operation. The first problem is the
highly reactive contact of the acid with the rock’s surface. The
second problem is fluid leakage during the flow because acid
goes into natural fractures and thief zones, and the third problem
is the formation of precipitates due to acidizing.
With regards to the first problem, reservoir rocks have a high

reaction rate at high temperatures. As a result, a limited number
of wormholes are generated. The acid gets consumed quickly
during the initial stages of transportation from surface to the
rock, and the wormholes cannot further form or reach the
required depth because of the fast pace of the dissolution that
occurs right on the rock’s face.18

With regards to the second problem, fluid leakages are created
due to the presence of natural or artificially induced high-
permeation zones. These pathways cause acid loss in the initial

Figure 2. Conventional acid without a retarder performing matrix acidizing.
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stages of the stimulation process, which leads to the generation
of low number of wormholes, and in some cases the desired
depth is not reached. This is because acid’s tendency to move
toward high-permeation zones, due to which low-permeation
zones are not supplied, and diversion methods are implemented.
Mechanical diversion methods such as ball sealers and packers
are expensive. Therefore, the use of chemical diverting agents is
encouraged.19

In comparison to sandstone, the effect of precipitation is low
in carbonates; still, the existance of precipitates is present,
especially in the case of undamaged formations. During matrix
acidizing, iron precipitates, asphaltenes, and various other sorts
of deposits due to the reaction produce hindrance. This reduces
the preexisting permeability of the formation rather than
increasing it. That is why for undamaged wells acid fracturing
is preferred rather thanmatrix acidizing. However, if fracturing is
a major concern toward well stability, then matrix acidizing is
adapted. Additives are used to prevent the formation of
precipitates, such as surfactants, mutual solvents, scale and
corrosion inhibitors.20

To solve these issues, the acidizing fluidmust have a linear and
smooth flow and be viscous enough to act as a diverting agent for
preventing fluid leakage. It must have a retardation effect to
reduce the rate of reaction and must be able to prevent
precipitates from forming.
2.5. Retarding Fluids. To minimize dissolution reaction

between the acid and the rock surface, acid retardation is
required. Figure 2 depicts the acidizing process in the absence of
a retarding agent, which results in full consumption of the acid

before it reaches the targeted depth. Figure 3 describes the
acidizing process in the presence of a retarding fluid, which helps
allow the fluid to reach the targeted depth.
Different types of retarding fluids have been used throughout

the years. The general types that are frequently used are as
follows:
(i) Gelled acids: These are used to slow down the rate of

reaction between the acid and the formation via high fluid
viscosity. Gelled acids are not able to work in high
temperature conditions due to the deterioration of
polymers used with the acid at temperatures above 130
°F.21 Due to their specific high viscosity, these fluids have
high injection pressure requirements.

(ii) Chemically retarded acids: These are made by adding oil-
wetting surfactants to the acid in order to create a film that
can separate the acid contact with the formation. A lot of
oil is injected to maintain the barrier, thus making the
material costly. At high temperatures the barrier starts to
fade, so it is not adequate for usage under high
temperature conditions.

(iii) Chelating agent-based stimulants: These can reduce the
iron precipitation rate, along with giving a retarding effect
in stimulation of calcite. However, these additives have
low dissolving power in comparison to hydrochloric acid
and must be pumped in large amounts, which make their
use uneconomical.22

(iv) Emulsified acids: These are nowadays considered as a
major source of successful matrix acidizing operations due

Figure 3. Retarded acid performing matrix acidizing.
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to their attractive characteristics. Their high viscosity
prevents fluid losses. Emulsions have a retarding effect on
the dissolution reaction due to the presence of oil. They
also provides corrosion inhibition against the well
equipment, which caters to low permeable zones, etc.
Therefore, they have been used more frequently.

Table 1 compares different retarding fluids and presents the key
features that make emulsified acids fit for matrix acidizing
operations.
The following section of this Review provides a brief

introduction about emulsions, their types relevant to matrix
acidizing, and their application in carbonate formations from the
start of its implementation to the recent developments.

3. EMULSION AND ITS TYPES
An emulsion is a mixture of two (or more) immiscible fluids
(water/aqueous phase and oil phase) combined by an
emulsifier.23 An emulsion is classified on the basis of (i) droplet
size of the dispersed phase, (ii) the dispersion medium, and (iii)
the emulsifier used.
3.1. Emulsion Type Based on Droplet Size. In terms of

droplet size, emulsions are classified into macro-, micro-, and
nanoemulsions. The size range along with a visible difference in
the turbidity of the fluid differentiates them from one another.
The emulsions mostly involved in matrix acidizing are either

macroemulsions (1.5−100 μm droplet size), which have a milky
white color, or microemulsions (3−50 nm droplet size), which
have a transparent or translucent shade.24 However, in some
studies a fluid is considered to be a microemulsion if it has a
droplet size less than 1 μm.25 Coarse emulsions have until now
been considered more cost efficient in matrix acidizing
operations due to having low amount of surfactants and the
ability to hold large volume of acid in contrast to micro-
emulsions, which require large volume of surfactants for
stability. Hence, very few publications26−28 created micro-
emulsions, whereas research studies18,29−52 created coarse
emulsions, as illustrated in Figure 4.

3.2. Emulsion Type on the Basis of the Dispersion
Medium. On the basis of the dispersion medium, an emulsion
can either be water in oil (W/O) or oil in water (O/W),
depending on which fluid is the external phase and which is the
internal phase. Water in oil emulsions provide better retardation
due to the low diffusivity created by the oil phase around acid
droplets, which allows for minimum acid volume contact with
t h e r o c k− t u b u l a r s u r f a c e . T h u s , m o s t r e -
search18,26,29−37,39,40,42−51,53 has adapted W/O emulsions due
to their desirable retardation effect and corrosion inhibition in
comparison to O/W emulsions,27,28 as depicted in Figure 5.

3.3. Emulsion Type on the Basis of the Emulsifier. An
emulsifier is an integral component of the emulsion system; it
combines the immiscible phases by lowering down the
interfacial tension between them. There are mainly two types
of emulsifiers: (a) surfactants and (b) pickering agents.

3.3.1. Surfactant-Based Emulsion. Surfactants are liquid-
based molecular surface-active agents and have been the
conventional emulsifiers in all fields dealing with emulsion
synthesis for quite a while. Surfactants are needed in the
synthesis of emulsified acids to reduce the interfacial tension
between water and oil to make themmiscible. Surfactants have a
dipolar nature courtesy of the group of amphiphiles they are
made from. Amphiphiles are compounds consisting of a
hydrophilic head and a lipophilic tail that are responsible for
solubilizing water and oil. (Figure 6). The surfactants mostly
used in emulsified acid synthesis for well stimulation are
categorized into three types: anionic, cationic, and nonionic.54

(i) Anionic surfactant: These are negatively charged
surfactants. Anionic surfactants can be sulfates, sulfonates,
phosphates, and phosphonates.

(ii) Cationic surfactant: These are positively charged
surfactants. The cationic surfactants are of two types.
The first type consists of primary, secondary, and tertiary
amines, which are only soluble in acidic solutions, while
the second type consists of quaternary amines, which

Table 1. Screening of Retarding Acids for Matrix Acidizing

gelled acids chemically retarded acids emulsified acids

slow down the rate of reaction between acid and the walls of
the formation via high fluid viscosity

surfactants create a film to
separate the acid contact

give high viscosity, prevention against fluid losses, and retardation
courtesy of emulsification of oil and water

due to high injection pressure requirement, gelled acids are
seldom used in matrix acidizing

costly due to large volumes of oil
usage

kinetically and thermally stable

gels have diffusion rates one magnitude lower than straight
acid

at high temperatures the film
starts to fade

emulsions have diffusion rates two magnitudes lower than straight
acid

Figure 4. Graphical representation depicting the more favorable
emulsion type as per size for matrix acidizing with respect to the
literature review.

Figure 5. Bar chart representing the most suited emulsion based on
phase behavior for matrix acidizing as per the literature review based on
field application.
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solubilize in a wide range of pH solutions. When ionized,
both types form long-chain cations.

(iii) Nonionic surfactant: These types of surfactants do not
possess any charge in their hydrophilic group, which is
responsible for defining the charge of a surfactant; rather,

the interaction is governed by hydrogen bonding.55 The
lipophilic group consists of long carbon chains (C12−
C18) derived from natural and petroleum oils or from fats
and synthesized hydrocarbons. These are able to keep low
interfacial tension between the acid and the oil; moreover,
they are nontoxic and are used with other surfactant types
strengthen their properties.

Both cationic and anionic surfactants are prone to
precipitation caused by multivalent ions such as Ca2+ and
Mg2+ present either in additives or released as reaction products,
causing phase separation. Cationic and anionic surfactants are
incompatible with one another as they tend to precipitate. These
are combined with nonionic surfactants which themselves need
small amounts of ionic surfactants to increase their cloud point;
in turn, return nonionic surfactants enhance the performance of
ionic surfactants, thus creating an emulsion that remains stable
over longer periods. Moreover, both ionic surfactants are mostly
toxic and do not easily degrade.

Figure 6. Structure of an amphiphile consisting of a hydrophilic head
and an oleophilic tail.

Figure 7. Illustration of the difference between surfactant-based emulsions and pickering emulsions with respect to the difference between the
interfacial bondingmechanisms. Surfactants utilize clusters of amphiphiles and their respectiveHLB value to create a specific type of emulsion, whereas
in a pickering emulsion the particle’s wettability defines the type of emulsion formed.
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With respect to the hydrophilic−lipophilic strength of the
surfactant, a balance value known as the hydrophilic−lipophilic
balance (HLB) of that surfactant is obtained, which helps in
selecting the right surfactant for the required type of emulsion
that needs to be formed. The lower range (4−7) of HLB creates
water in oil (W/O) emulsions, whereas a high ranged value (8−
18) gives rise to oil in water (O/W) emulsions.56−63

The water in oil (W/O) system has a surfactant with a less
hydrophilic nature. Oil gets dissolved as an external phase, and
water becomes the internal phase. The water is in the center
surrounded by oil bonded together by a low hydrophilic value-
based surfactant. In contrast, oil in water (O/W) systems have a
surfactant with a highly hydrophilic nature; therefore, water gets
dissolved into it as an external phase and oil is in internal phase.
In the case of emulsified acids, the aqueous phase is occupied by
acid.

3.3.2. Pickering Emulsion. Pickering emulsions utilize fine-
sized solid particles to emulsify the two immiscible phases.
These particles create a steric barrier by arranging at the oil−
water interface, and adherence of particles generates repulsion
between the droplets that prevents coalescence.64 The
interfacial bonding between the particle and the two phases is
very strong and thus the energy required for detachment of
particles from the interface is very high; thus, the stability is far
greater than that provided by surfactant mechanism.65 Unlike
surfactants, which bond to the immiscible phases via their
hydrophilic head and lipophilic tail, in pickering agents the
natural wettability (affinity) of the solid particles at the oil−
water interface governs the phase placement in an emulsion. The
wettability is determined by measuring the contact angle (θ)
between the three phases (oil phase, aqueous phase, and solid
particle). If θ < 90° , the O/W particle is hydrophilic. If θ > 90°,
the W/O particle is lipophilic. If θ ∼ 90°, a stable emulsion will
be obtained,66 as the energy required at 90° to stabilize an
emulsion is minimum67 and the solid particle is partially
wettable by both the surface; therefore, equilibrium bonding is
achieved. Particles forming low contact angles have affinity
toward the droplets and thus are unable to stop coalescence of
the droplets. Particles that are partially hydrophobic (θ ∼ 90°)
provide better stability, as these particles have affinity for both
aqueous and oil phase (i.e., are partially wettable) and act as a
barrier between them. This barrier prevents the droplets’
coalescence68−70 and Ostwald ripening.71,72 Figure 7 highlights
the difference between surfactant-based and pickering emul-
sions because of the difference between the wettability
mechanisms.
However, individually in different cases individual emulsifiers

fail to provide the desired emulsification needed due to concerns
such as degradation (especially in the case of surfactants and
polymers), shear resistance, and wettability, which arise because
of harsh subsurface environmental conditions such as high
temperature, pressure salinity, and pH. As a result, the
implementation of hybrid emulsifier emulsions that utilize a
combination of either surfactants, polymers, or particles achieves
a synergistic effect, overcoming the sole drawbacks of emulsifiers
while using very minimal concentrations of each.55,73−75 For
instance, the use of polymers as part of the emulsifiers makes the
continuous phase more viscous and generates a structural
network to mitigate coalescence.76

4. CHRONOLOGICAL DEVELOPMENT IN EMULSIFIED
ACID UTILIZATION FOR CARBONATE ROCKS

This section discusses the chronological advancement in
emulsified acid systems for matrix acidizing of carbonate
formations. The discussion includes attempts made toward
developing various forms of emulsified acids, such as macro-
emulsions and microemulsions, as well as the utilization of
different forms of emulsifiers, which can provide better
performance under reservoir conditions. Table 2 highlights
and summarizes these developments more precisely.
4.1. Macroemulsified Acid. De Groote77 (1933) was the

first to use emulsified acids, focusing more on preventing
corrosive reaction of hydrochloric acid with the subsurface
equipment. The use of inhibitors was minimized due to the
ability of the emulsion to barricade acid from the well tubing,
thus slowing down its reactivity. During the process, the
emulsified acid was injected from the surface downward for the
purpose of preventing the well tubing from having direct contact
with the acid. The constituents of the water in oil emulsion for
this stimulation process consisted of 15 wt % hydrochloric acid
as the aqueous phase, crude oil as the oil phase, and oil-soluble
sulfonic acid or petroleum asphalt as an emulsifier. The water to
oil ratio was 1:2.
Harris78 (1961) reported the application of acetic acid as an

aqueous phase amalgamated with crude oil as the oil phase for
well completion and stimulation.
Davis79 (1965) used an emulsion to attain maximum

penetration depth by reducing fluid loss occurrence and slowing
down the reaction of the acid with the formation. A preflush of
water carrying fluid loss additives was injected, right after which
an emulsified acid solution consisting of (10% by volume)
kerosene, 15 wt % hydrochloric acid, and an emulsifier were
introduced. The emulsified acid would thicken up meeting the
spearheaded water; thus, demulsifiers were mixed in water to
maintain the required mobility and viscosity to reduce acid
consumption and allow long permeable conduits to be formed.
Nierode80 (1973) tested out the effectiveness of water in oil

and oil in water emulsions against hydrochloric acid and gelled
and chemically retarded acids in terms of fluid loss reduction and
reaction retardation. It was observed that emulsified acids had
the desired viscosity for preventing fluid losses and exhibited
better retardation capabilities compared to other retarding fluids
at high temperatures.
It was further observed that water in oil emulsions give better

retardation and penetration depth than oil in water emulsions as
a result of having oil as an external phase, which provides more
hindrance between the acid and the formation. According to this
study,80 when a 28 wt % concentration of hydrochloric acid is
used, a water in oil emulsion has a retarded dissolving power
equal to 18 wt % hydrochloric acid, whereas the retarded
dissolving power of the oil in water emulsion is half that. Apart
from the study of stimulation fluids, closure stress was also
highlighted as a force that reduces or shuts down the induced
permeable conduits and must be considered during the designof
stimulation process. The chemicals used were 28 wt %
hydrochloric acid and kerosene as aqueous and oil phases,
respectively, in varying ratios to one another for each of the three
emulsions: one had acid as an external phase along with a
proprietary emulsifier, while the other two possessed oil as an
external phase and had dodecylbenzenesulfonic acid or the
proprietary emulsifier as the surfactant, respectively.
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Guidry29 (1989) came up with a modified version of emulsion
acidizing fluid. Referred to as an energized emulsion fluid, it
consisted of nitrogen (droplet size of 200micrometers) along
with a dispersed acid (droplet size of 20micrometer) in a
continuous oil phase. This system imposed higher retardation of
the acid−rock reactions because of nitrogen’s higher energy
level of compressibility over acid to contact the formation. As a
result, a double retardation effect via an external oil phase and
nitrogen allows energized emulsified acid to achieve a
penetration depth greater than 20 feet, making it more cost-
effective in comparison with regular nonenergized emulsions
due to consuming less fluid for an equal etching depth.
Al Anazi47 (1998) used a water in diesel oil emulsion for

stimulation of a tight carbonate reservoir. The reservoir had not
responded to regular hydrochloric acid of 15 wt %. It was
observed that the water-in-oil emulsion having a droplet size of
77 μm dominated, created a deeper wormhole rather than
shallow etchings such as those generated by regular hydrochloric
acid. This resulted in improving the core permeability up to 9×
in comparison to hydrochloric acid, which only refined it
twofold. The corrosion inhibition ability of the emulsion
minimized the use of a corrosion inhibitor. A major contribution
apart from this application was that the number and size of
wormholes were concluded to be a function of the injection rate,
which was previously ambiguous. The higher the injection rate
affect the size of the wormhole induced, and the number of
wormholes generated is also increased.
Another useful coarse emulsion synthesis was presented by

Buijse49 (1998) for use in carbonate formations at temperatures
up to 250 °F. The outcome of the process was not only the use of
emulsion as a deep penetration medium but also its
implementation as a diverter because of the emulsion’s high
viscosity, which allows it to cater to low-permeability zones. The
study compared straight and gelled acids with emulsified acids.
Superiority of the emulsion was proved in terms of decreased
fluid consumption, a reduced number of post treatment
products, and the possibility of pumping at a low injection
rate. The retardation in acid reactivity was found to be more
effective because diffusion depends on mobility of the dispersed
phase droplets in the continuous phase rather than the aspect of
molecular diffusion as in other fluids. Biodegradability was
proposed to be achieved by substituting conventional oil phase
with an environmentally friendly oil.
The study49 also gave a comparative analysis between a

microemulsion and the synthesized coarse emulsion. Buijse
reported that the diffusion retardation and wormholing
capability of the two fluids are almost the same. However, he
recommended coarse emulsions to be more financially viable
due to the microemulsion’s limitation of hold a low acid volume
(<30%) and its need for a large amount of emulsifier (>20%)
compared to coarse emulsion, which is able to hold high
quantities of acid (>80%) and requires a lower volume of
emulsifying agent (<3%).
Later in the same year, Navarette48 (1998) designed an

emulsion that was capable of being stable at temperatures up to
350 °F. The emulsion formed was a coarse emulsion having a
droplet size larger than a microemulsion, with distribution
varying between 1 and 77 μm. The proposed system allowed the
study of the difference in wormhole generation between straight
acid and a retarded emulsion-based acidizing fluid. Similar to ref
47, Navarette also observed the emulsion’s low reactivity with
the surface of the formation, which allowed for an extended
conductive path to be made while reducing the volume of fluid

used at ambient and high temperatures. The diameter made by
emulsion was smaller than that made by regular acid, and as
evident fromNierode’s work80 wide wormholes are prone to fast
closure under the influence of high closure stresses, rendering
the stimulation futile. Narrow wormholes were generated by
emulsified acid, which remained open due to decreased face
dissolution.
As observed by Buijse,49 Navarrete also pointed out that

microemulsions, although effective, are uneconomical due to
large amount of surfactant used; hence, a coarse emulsion is a
better option for field applications.
Another investigation of Buijse49 was conducted by Bazin46

(1999), who evaluated the effect on wormhole propagation with
respect to injection rate by comparing straight and gelled acids
with emulsified based acids. It was concluded that an optimum
injection rate for wormhole propagation is the least amount of
fluid to achieve a breakthrough. This was achieved by emulsified
acid that provided a high injection rate over gelled and straight
acids. It was also stated that the mere increase in concentration
of acid after an observed optimum value did not significantly
increase wormhole penetration. However, Bazin contradicted
this point in his very next paper the next year,50 in which he
agreed with increasing acid concentration to achieve a high
penetration distance.
As stated above, one year later Bazin50 compared emulsions of

various compositions to evaluate the effects on stability,
viscosity, and propagation. The emulsions were compared
with plain acid for their ability to produce long conduits using a
minimum volume of fluid, as stated prior by Buijse.49 The
stability of the emulsion was observed to increase with the
increase in oil content; however, after a certain increase in oil
concentration, the retardation effect does not increase.
Increasing the concentration of acid would increase the
propagation, but adding more volume of acid will not increase
the breakthrough time of the emulsion. Bazin favored the
capability of regular hydrochloric acid to form wider channels
rather than the narrow deeper ones as formed by emulsified acid,
which provided more open channels. Thus, he neglected the
impact of closure stresses, which collapse the wide face conduits
made by regular hydrochloric acid.
After having success with emulsified acid in tight carbonates,

Nasr-El-Din51 (2001) used them in disposal wells that suffered
from injectivity losses. The study focused on observing the effect
of change in surfactant concentration on the stability of the
emulsion under reservoir conditions of 131 °F. Apart from
injection rate,47 two new parameters, namely, acid volume and
initial core permeability, were discovered to be responsible for
affecting the size and number of wormholes induced.
Nasr-El-Din30 discovered a new use of emulsified acids in

deep wells consisting of sour gas. Application of both fracture
and matrix acidizing was involved in this case scenario. The
emulsified acid, in comparison to hydrochloric acid, proved to
be capable of forming straight wormholes irrespective of the
varying amount of hydrogen sulfide (H2S) present in the well
while providing corrosion resistance and stability at a high
temperature of 275 °F.
After observing a failed stimulation operation using a solution

of hydrochloric acid and acetic acid in a well, which due to the
high temperature of 248 °F had a limited reaction rate that was
sufficient only for well cleaning, Kasza31 (2006) synthesized a
water in oil emulsion using the crude oil from the field as an oil
phase to reduce the cost and overcome this failure. The emulsion
had a 50:50 acid to oil ratio with 0.2% corrosion inhibitor and
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2% emulsifier. The emulsified acid remained stable for up to 180
min under high temperature and pressure conditions and
increased the oil production on the pilot well up to two times.
Sarma32 (2007), investigated the effect of emulsifier content

and temperature on the stability of the emulsion by studying a
coarse emulsion of water and oil consisting of 15 wt %
hydrochloric acid and diesel oil. It was emphasized that
emulsion’s stability depends on the quality of the surfactant
used. Sarma recommended that a blend of two surfactants, one
being highly hydrophilic with a HLB value of 15 and the other
being lipophilic with a HLB value of 4.3, can be utilized to obtain
an emulsifier of 5.1 HLB value, which provided a stronger bond
between the aqueous and oil phases. It was observed that a water
in oil emulsion provided better retardation than an oil in water
emulsion. A 70:30 ratio of water (acid) and oil was selected
because the low amount of oil consumption made it
economically viable and also provided better mobility and
coverage. At 203 °F, the emulsion with 1.5% surfactant
concentration provided 93−95% dissolution of the rock in 25
min, while the emulsified acid having 2% surfactant concen-
tration provided the same percentage of dissolution with a
retardation time of 30 min. This signifies that the retardation
impact increases with the increase in surfactant concentration.
Nasr-El-Din33 (2008) designed a highly stable emulsion that

utilized a new type of cationic emulsifier consisting of a long
carbon chain of C12−C18 which gave a better oil solubility. This
provided a smaller droplet size of 35 μm. The emulsifier was
made from tallow amine acetate that requiredmerely a quarter of
the amount of the previously used cationic emulsifier, which had
a smaller carbon chain and a larger droplet size of 69 μm. The
highly viscous emulsion remained stable from ambient temper-
ature to 275 °F. The application of this new emulsified acid yield
increased the oil production rate up to 34%. Due to high
solubility, the synthesis was much easier and less time-
consuming. Even though this was meant for fracture acidizing,
the development meant taking a step further in the use of
emulsion for other well stimulation operations such as in matrix
acidizing.
Fatah35 (2010) came up with a multipurpose emulsion

consisting of xylene as the oil phase in a water in oil emulsion for
removing asphaltene and improving the permeability of the well.
Previously, the asphaltenes were removed by the aromatic-based
solvent, which was an entire operation itself, after which well
stimulation took place. The advantage of xylene as an external
phase of the emulsion was that it could remove the asphaltene
content, after which the internal phase of acid would dissolve the
carbonate. The stability and viscosity of the emulsified acid were
checked at ambient temperature as well as at a formation
temperature of 160 °F. Although it had lower viscosity and
stability than diesel, xylene performed both the services in one
job.
Similar to Fatah’s work,35 Appiciutoli81 (2010) synthesized a

70:30 acid to oil ratio emulsion for an environmentally
challenging zone, which had a high priority for health and
safety measures, especially with the exposure of chemicals to the
atmosphere. The emulsion had to not only stimulate at low
injection rates but also remove asphaltenes. A number of oil-
based solvents, excluding diesel, were tested for the oil phase in
comparison with toluene for the solubility of asphaltenes. The
main reason for not using diesel as an oil phase was because of its
high tendency to react with formation oil, causing it to become
unstable and inducing asphaltene. The selected emulsion
removed asphaltenes, reduced the reactivity of the acid, and

remained stable in bottomhole conditions of 158 °F as well as at
ambient temperature. In addition, the emulsion gave a faster
feasible mixing and pumping on field, fulfilled the health and
safety requirements, and increased the production rate.
Xiong34 designed an emulsified acid to stimulate formations

having a high water content due to water flooding. Formation
sections having a high water content mostly have improved
permeability because the rock surfaces have a hydrophilic
nature. During stimulation, conventional acid-based emulsions
are attracted toward the rock surface and do not enter
hydrophobic zones containing hydrocarbons. As a result, the
permeability of these zones remains the same. The novel water
in oil emulsified acid created by Xiong consisted of a
combination of hydrochloric acid and fluoroboric acid (HCl
and HBF4) with diesel in a 70:30 water to oil ratio. Fluoroboric
acid enhances the retardation reaction with the formation, and
products made are capable of stabilizing the clay of the rock’s
surface rather than causing an abrasive effect. The emulsified
acid further emulsifies after encountering water-bearing zones,
directing itself toward low-permeation zones automatically. The
core flooding tests resulted showed a sufficient increase in the
permeability of oil-bearing zones, while a minor increase in
permeability was seen in water-bearing regions. Although this
stimulation process was for sandstone, the diverting capability of
the emulsified acid is worth looking into for future development
and implementation in carbonate rocks.
Sayed39 introduced an emulsified acid consisting of a cationic

surfactant, isopropanol petroleum distillate (which was only 1.0
vol % in the system), and 15 wt % hydrochloric acid (diluted in
deionized water having an 18.2 MΩcm resistivity). The
hydrochloric acid was titrated with a 0.1 N sodium hydroxide
solution. Special measures were taken to have zero electrical
conductivity for the water in oil emulsion. The emulsifier was
designed to work at temperatures of up to 220 °F. The proposed
system gave an optimum injection rate in the range from 5 to 7
cm3/min, with inducing no face dissolution at low and high
injections of up to 10 cm3/min.
Sidaoui82 substituted a diesel oil phase with waste oil, as it is

less costly and more environmental friendly. The acid in waste
oil emulsion consisted of 15 wt % hydrochloric acid, with a
cationic emulsifier concentration of 1 vol %. The water to oil
ratio was 70:30. The emulsion was tested at various temper-
atures for droplet size distribution, with a droplet size range of
1.47−3.09 μm dominating, which in comparison to diesel oil
was much smaller and thus gve better stability. Apart from waste
oil, triglyceride oils were considered as potential replacements
for diesel oil in emulsified acids. Jatropha and palm oil-based
emulsions were comparatively analyzed against diesel oil-based
colloidal acid; the jatropha oil-based system performed
comparatively similar to the conventional diesel-based emulsion
and upon screening showed a lower toxicity value.83

4.2. Microemulsified Acids. The use of microemulsions
specifically in matrix acidizing first started with Hoefner and
Fogler,26 who successfully stimulated Danian chalk, which is a
naturally grained soft pure calcite and has a low permeability. It
was not favorable to perform fracture acidizing on Danian chalk,
and it was unresponsive to conventional acidizing by hydro-
chloric acid. Due to the retardation ability of emulsions, a
microemulsified acid was synthesized and tested on the Danian
chalk. It was observed that the microemulsion had a diffusion
rate magnitude twofold lower than that of regular hydrochloric
acid.
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Hoefner and Fogler84 differentiated between microemulsions
and the emulsions of oil and water that were being used before.
Sincemicroemulsions have a very small droplet size, they tend to
act as one phase when passing through the pores, thus presenting
no relative permeability flow. Coarse emulsions, on the other
hand, have an average droplet size larger than the pore throat
diameter if they flow as a two-phase fluid, thus having a relative
permeability effect. Reservoirs consisting of interconnected pore
spaces are often require to be connected. This can be done by
stimulants having a delayed spending capability of acid to allow
live acid placement further from the wellbore to stimulate such
zones. As the fluid cannot exist in pores having a smaller size
than the fluid droplet size, the microemulsions have an edge over
macroemulsions in such cases. The microemulsified acid
developed was a water in an oil-based system having a droplet
size of 10 nm (micelle state), which yielded an increase in
permeability at low flow rates, along with having decreased fluid
consumption and giving a greater acidizing depth.
An alcohol in acid microemulsion was developed and

patented for well stimulation treatments by Gardener.40 It was
an innovative method of using a microemulsion consisting of
alkyl alcohol as a replacement for crude oil as an oil phase. The
patented work was designed to be compatible with various sorts
of acids, alkyl alcohols, and emulsifying agents. The
compositions were compared with other reference micro-
emulsions and gave similar results.
Zhang,27 following the work of Zhao,85 designed a water in oil

and oil in water microemulsified acid system, with an acid to oil
ratio of 70:30 and a mean droplet size of 10 to 30 nm. The
emulsion utilized merely 8% emulsifier concentration in
comparison to the emulsifier concentration of 20% used by
Zhao.85 The emulsifier consisted of a combination of cationic
and nonionic surfactants with butanol as a cosurfactant. The use
of such a low amount of surfactant was intended to present the
microemulsion as an economically feasible solution for well
stimulation. The microcolloid showed great retardation ability
when tested on calcium carbonate cores and optimum corrosion
inhibition when tested with N-80 steel coupons.
Aum28 designed an oil in water microemulsion system for

carbonate acidizing by using 15−18.3 wt % hydrochloric acid,
with oil phases such as xylene and kerosene and butanol as a
cosurfactant. Two systems were tested. The first system (system
1) had a surfactant of ethoxylation grade 9, and the other system
(system 2) had a surfactant of ethoxylation grade 11. Xylene was
selected out of the two oils for both the systems because it has a
longer aqueous phase region due to the increased solubility of
the surfactant. The microemulsions were found to perform
corrosion inhibition better than regular hydrochloric acid. The
droplet size of system 1 (80−133 nm) was smaller in
comparison to the droplet size of system 2 (158 to 183 nm),
thus giving a more stable emulsion. The dissolution rate of both
systems was found to be better than that of conventional 15 wt %
hydrochloric acid, which rapidly reacts with calcium carbonate
up to 90% within 55 s; in comparison, system 1 reacted up to
95%with the carbonate rock after 1413 s, and system 2 dissolved
the same amount in 396 s. The increases in permeability by
systems 1 and 2 were 57% and 59%, respectively, without any
face dissolution, whereas regular hydrochloric acid increased
permeability 120% but caused a major face dissolution. The
system of oil in water microemulsion was found not cost-
effective due to amount of emulsifier required for synthesis (25−
37%).

Similarly, microemulsions were evaluated86 using kerosene
and Solbrax ECO in combination with nonionic surfactants. A
stable emulsion with a fine retardation capability was attained;
however, due to the high emulsifier content, the emulsion was
able to retain a low acid volume.
4.3. Polymer-Assisted and Pickering Emulsions.

Utilization of nanosized particles (pickering emulsion) for
increasing the stability of an emulsion was patented by Huang
and his team in 201287 for treating subterranean formations at
temperatures of 200 °F. The system consisted of acids (10% or
more in concentration), an oil phase, an emulsifier, and acid-
insoluble nanoparticles of varying ranges and types (as per the
required condition). The nanoparticles could be of montmor-
illonite- (high purity clay), quartz-, tungsten oxide-, or even
carbon-based, such as nanosized graphite, graphene, and carbon
nanotubes, and could be used either individually or in an
amalgamated form. Due to the small size, these particles would
stabilize the emulsion by connecting the different phases with
one another more strongly. The most important benefit of this
work was the use of any acid or oil for the synthesis, especially
mentioning triglyceride-based oils, which promote the use of an
environmentally safe fluid for well stimulation.
Emulsified acids, as mentioned previously, are used because of

their lower diffusion and retardation rate when compared with
gelled acids. Emulsified acids also provide appropriate viscosity
for easy flow of the stimulating fluid. However, it is often
necessary to inject gel (polymer)-based diverting agents in
preflush to achieve better acid placement in highly permeable
formations and increase permeability in less permable zones. For
such cases, Zakaria,44 created a polymer-assisted emulsified acid.
The gelled acid-based emulsion consisted of a gel polymer
having a concentration of up to 1.5 vol % in the internal phase
along with the 15 wt % acid. Diesel oil was used as the oil phase
along with a cationic surfactant. The droplet size of the emulsion
became smaller because of the addition of polymer. As a result,
the viscosity and stability of the emulsion increased. The
diversion of the acid was observed by placing two cores of
different permeability in such a manner that the acid could move
in either of the cores at a temperature of 230 °F. The polymer-
assisted emulsified acid increased the permeability of the low-
permeability core much more than that of the high-permeability
region. The acid ran only a quarter of the volume of the high-
permeability core, whereas in the low-permeability core it
moved through the whole length, achieving a breakthrough.
Thus, the diversion along with stimulation was effectively
achieved by polymer-assisted emulsion.
Following the Sidaoui’s work,82 Ahmed88 utilized waste oil

along with nanoclay as stabilizing agent, as done by Huang,87

instead of surfactant to further reduce the cost and increase
emulsion stability at 190 °C. The emulsion performed well,
requiring a lower pore volume of acid to break through and
generate a narrow, deep, and branch-free wormhole at high
injection rates compared to the diesel oil-based colloidal system
at 135 °C. The utilization of nanoclay (organoclay) was further
investigated on a large experimental scale89 and was later
upscaled for openhole wellbore field stimulations. Radial testing
on a Saudi limestone outcrop (dimensions of 20 × 16 × 16 in.)
was conducted at ambient temperature. Successful wormhole
generation was observed while exhibiting an exceptionally low-
pressure differential during moderate and high injection rates,
with an immediate drop at the breakthrough point and a smooth
decline in pressure differential at low injection rates. Further
exploration of different clay-based emulsifiers has cemented
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their superiority over surfactants, with the results yielding
emulsified acid with excellent stability and shear thinning
behavior.90

5. SYNTHESIS AND IMPORTANT PARAMETERS FOR
ENSURING QUALITY EMULSION

The process of emulsification is normally achieved by shear
mixing the two immiscible fluids with the aid of an emulsifier.
This can be done by using either a magnetic stirrer (for low
volume samples) or a mixer/homogenizer (for high volume
samples and highly viscous samples); homogenizers are best at
breaking down the dispersed phase into a finer size in the
continuous phase, providing a more solubilized strong colloid
system.92

Emulsion stability is governed/influenced by certain factors
during the synthesis process, and these vary with means used for
emulsification/mixing. Al Mutairi93 described the challenges
faced and the factors affecting the synthesis of an emulsion. The
focus was on the effect of droplet size, which affects the surface
area, interfacial tension, viscosity, and stability of the emulsion.
He recommended that the factors that altered the droplet size
were addition rate, speed, emulsifier concentration, and acid
volume. It was pointed out that rapid addition of acid to the
diesel and emulsifier mixture would produce coarse emulsions
having large droplet sizes. Thus, to produce a fine emulsion, acid
must be added gradually drop by drop. In this way, droplets can
be encapsulated in the continuous phase homogeneously. The
emulsifier concentration and acid volume affect the droplet size
in opposite ways. Emulsifier concentration technically has a high
impact, as an increase in its value increases the dispersion of the
discrete phase; however, after a certain increase in emulsifier
concentration there is no significant change in droplet size and
moreover it limits the percentage for other components, making
it a crucial part of the design phase. With increases in the
emulsifier concentration, the droplet size decreases, whereas
with increases in the acid volume the droplet size increases.
Thus, microemulsions cannot acquire high acid volume but
coarse emulsions can.
In the case of oils with high viscosity, the emulsifier

concentration decreases, as such oils have an ample amount of
organic (carboxylic) acids present for emulsification. An ideal
emulsion is one that remains stable the longest for the targeted
period, has minimum emulsifier content, and contains both the
phases (oil and aqueous) in the maximum desired value as per
the needed viscosity−mobility ratio. Therefore, it is necessary to
select an emulsifier that can provide strong bonding between the
two immiscible phases with a minimal amount of it in the
emulsion system. Mixing speed and temperature can create an
emulsion with good viscoelastic behavior. At ambient
conditions, the elastic modulus (G′) is not high, meaning
shear resistance is not dominant and requires highmixing speeds
to generate a thoroughly solubilized stable emulsion, whereas at
higher temperatures and slow mixing speeds the emulsion
synthesized has good shear resistance and non-Newtonian
characteristics, which is because in these conditions droplets
further break into smaller sizes.62 For heavy oils, the mixing
period and speed are higher, as the energy and time for breaking
a highly viscous oil are increased.
Emulsifier concentration and mixing speed lose their

significance when using homogenizers, as unlike magnetic
stirrers a homogenizer is designed for thorough mixing of the
phase; these are normally used for large volumes. The factor that
is prominent is the droplet injection rate. As mentioned above,

even a small difference can cause behavioral change; therefore,
the injection rate should have consistent increment, as the
emulsion volume increases when using a buret/pipet.45

Therefore, it is better to apply atomic dispersion as mode of
injection/addition of the dispersed phase. This is because the
droplet size of the dispersed phase should be as small as possible
with respect to the application, and introducing the droplets in a
mist form enhances the dispersion of the discrete phase.93,94 For
emulsions with a highly viscous oil, the influence of stirring
speed and time must be considered, as these require a
homogenizer for mixing just like large-volume emulsions and
need sufficient energy and time to synthesize a stable emulsion.
Since veryminute solid particles are used as pickering agents, it is
more feasible to use an ultrasonic bath/mixer/homogenizer to
better disperse the pickering agent in the mixture to achieve
maximum solubility in the colloid system. The power used to
ultrasonicate varies and depends on the nature of particle and its
interaction with the fluid.
5.1. Reservoir Heterogeneity. The stability, viscosity,

fluidity, and thereby stimulation capability of an emulsified acid
depends on the permeability contrast and type of permeable
zones, whether fractured or unfractured. The concerns with the
fluid injection rate and early consumption near the wellbore as
well as sweep efficiency are greatly affected by the reservoir
profile. If not considered properly, these can result in near-
wellbore cave-in, induction of passages into thief zones yielding
fluid loss, failure to penetrate targeted depth, and insufficient
zonal coverage.49,50

5.2. Rock Surface Charge. The electrostatic interaction
between the stimulant and the rock surface is a major governing
parameter toward either a successful stimulation or failure. The
reservoir rock and fluid charge are responsible for deciding the
type and concentration of different components in the colloidal
acidizing agent. Additives such as corrosion inhibitors and
emulsifiers can be adsorbed and lost on to the rock surface,
resulting in emulsion destabilization, increased chances of
formation damage, and unwanted corrosion scale genera-
tion.37,43

5.3. Emulsifier Concentration. The concentration of an
emulsifier plays a vital role in making an emulsion technically
and economically favorable. The droplet size decreases, and its
distribution becomes more homogeneous with the increase in
emulsifier concentration. This is at the cost of reduction in
volume of other phases, for well stimulation acid should be in an
adequately large amount, usually occupying 50−70% of the
emulsion. The increase in emulsifier concentration, especially if
surfactant is used, hugely narrows down the space for acid, which
makes the emulsion stable against thermal and mechanical
changes but reduces its penetration capability and is
economically unfeasible. Beyond critical micelle concentration,
droplet size does not decrease; however, in the case of pickering
agents, this can lead to increased stability with a relatively lower
amount than that used for surfactant. Moreover, macro-
emulsions are favored for matrix acidizing over microemulsions,
which provide sufficient stability with ample acid volume.28−51

The use of a pickering emulsion and a hybrid emulsifier
(combination pickering particles and surfactants or polymers)
greatly minimizes the emulsifier concentration while forming a
strong structural network, which provides enhanced stabil-
ity.74,95,96

5.4. Water- Oil Ratio. For matrix acidizing, the oil phase is
merely there to provide retardation and excellent sweep
efficiency at low injection rates; therefore, the amount of oil
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generally used in emulsified acid ranges from 10% to 50%. The
stimulating fluid achieves deep penetration for which more
mobility is required; therefore, a 70:30 ratio of water in oil is
usually selected. This ratio is favored by many research studies
because of lower oil consumption, higher mobility, and
moderate acid reaction retardation.
5.5. Oil Viscosity. The viscosity of the oil can potentially

increase emulsion stability by reducing droplet mobility to an
extent and thereby reducing droplet diffusivity toward the rock
surface. However, highly viscous oils tend to drastically slow
downmovement of aqueous droplets, which can potentially lead
to destabilization and cause formation damage.97

5.6. Temperature. It is crucial to consider the impact of
temperature on the emulsion during the design and deployment
phase. Temperature can influence stability, reactivity, and
viscosity of an emulsified acid. During synthesis, high temper-
atures can lead to further breakdown of droplets into smaller
sizes, and ionic charges are excited due to the addition of thermal
energy, hence increasing colloidal stability. During deployment,
however, high-temperature conditions can adversely affect
emulsion stability and increase acid reactivity.83,94,98

5.7. Effect of main constituents and additives on
Emulsion Performance.Main constituents of an emulsion are
mainly comprised of the acidic phase, the oil phase, and the
emulsifier. As discussed previously, the type and concentration
of these constituents affect each others properties; similarly,
additives are used for different purposes, which can often
diminish the capability of other additives or constituents, thus
hindering overall emulsion performance. For instance, acid type
and concentration can reduce the inhibition ability of a
corrosion inhibitor; similarly, an increase or decrease in the
inhibitor concentration can have an effect on the stability
provided by the emulsifier and vice versa.37,41,42,99 It is best to
keep the additives away from one another by placing them on
opposite sides of the oil phase, which reduces their interaction,
enhances the life span of the emulsion, and in certain cases
increases certain capabilities of the emulsion. For example, Al-
Zahrani,43 instead of just focusing on the concentration of
inhibitors and emulsifiers, changed the placement of the
corrosion inhibitor in the emulsion phases by placing it as an
external phase while the acid was encapsulated by oil. This
allowed the inhibitor to have direct contact with the well tubing.
This innovation provided much better inhibition and
stimulation properties than the conventional emulsified acids,
which have inhibitors in the internal phase along with the acid.
The synthesized emulsion was compared with the emulsified
acid having an inhibitor as an internal phase. The regular
emulsified acid started to separate after 30 min and was
completely separated in 110 min at 248 °F, whereas the
synthesized emulsion (having inhibitor as an external phase)
worked well for temperatures up to 248 °F. It started separating
from the inhibitor after 60 min and was completely separated
from it in 140 min. After the inhibitor separation, the emulsified
acid at low shear rate functioned as an emulsion having the
inhibitor in internal phase, and at a high shear rate the emulsified
acid acted as an emulsion without inhibitor. The synthesized
emulsion provided a deeper penetration with improved
inhibition capability compared to the regular emulsion.

6. EMULSION CHARACTERISTICS AND MEASURING
TECHNIQUES
6.1. Stability. Stability is a vital characteristic. If an emulsion

is not able to resist the thermal and mechanical changes in its

surroundings during injection, then it will not be able to
penetrate the targeted zone. The following parameters ensure a
stable emulsified acid formation.

6.1.1. Bottle Test.The bottle test is a testing method based on
gravity segregation/separation100 that is used to determine
stability by inspecting the emulsion for separation (creaming or
sedimentation) with respect to time at different temperature and
salinity conditions.83,101 The observed separation layer thick-
ness indicates the volume separation,102 which is later used to
determine the emulsion stability index used for predicting the
long-term stability of an emulsion against coalescence or
flocculation97,103 using the following formula:
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whereVo is the volume of oil separated from the emulsion andVe
is the volume of the emulsion

6.1.2. Droplet Size Distribution (DSD). An emulsion is
targeted to possess homogeneous distribution of small sized
droplets with low variation so that the emulsion acts as a one
phase fluid system for a desired time. The heterogeneity in
droplet size and level of dispersion indicate to which degree
emulsion instability factors such as creaming, flocculation,
coalescence, etc. are likely to occur. For this purpose, droplet size
and distribution at different regions of the emulsion need to be
evaluated. This allows the determination of the instability
mechanisms that may be hindering the stability performance of
the system. Emulsion stability is susceptible to salinity and
temperature; therefore, during the design stage the emulsion
needs to be tested for resistance against specific temperature and
salinity ranges that would be present in subsurface. The droplet
size is governed by the surfactant concentration, pickering
particle size, the viscosity and charge of the phases, the mode of
dispersion, the mixing speed, and the temperature during
synthesis, as well as the reservoir conditions such as salinity, pH,
and temperature. Table 3 highlights the droplet size range from a
few of the publications. The following techniques can be used to
visualize droplet size.

6.1.3. Imaging/Microscopy. Instability mechanisms such as
coalescence and flocculation can be predicted roughly through
the bottle test to an extent. However, instability mechanisms
such as these including Ostwald ripening require microscopic
imaging techniques for detection, as these involve the evaluation
of droplet size distribution and shape.102 Microscopy helps in
observing the dispersed droplets having a size smaller than 100
μm.104 Imaging techniques such as cross polarized microscopy,

Table 3. Droplet Size of the Emulsified Acids as Per the
Literature

authors year droplet size emulsion type

Guidry et al.29 1989 20 μm HCl, 200 μm
N2

macroemulsion

Al-Anazi et al.47 1998 77 μm HCl macroemulsion
Navarrete et al.48 1998 1−77 μm HCl macroemulsion
Nasr-El-Din et al.33 2008 35 μm HCl macroemulsion
Zakaria and Nasr-El-
Din44

2015 1.14−6.34 μm HCl macroemulsion

Sidaoui et al.82 2016 1.47−3.09 μm HCl macroemulsion
Hoefner and Fogler84 1987 10 nm (micelle state) microemulsion
Zhang et al.27 2008 54.5 nm microemulsion
Tupã et al.28 2016 80−183 nm microemulsion
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fluorescence microscopy, and cryo-based scanning electron
microscopy are some of the techniques that are used to study
droplet structure.105−107 In terms of precision and detail,
electron microscopes such as field emission electron micro-
scopes and transmission electron microscopes are the best
choice for this purpose due to their high resolution and ability to
capture large surface area images quickly. Given the sample has
to be frozen, comparatively the high resolution is most suitable
for analyzing individual droplet shape, size, and morphology as
well as the distribution of droplets throughout the emulsion and
at the interface.108,109 Combining microscopic imaging with a
more precise droplet size distribution (DSD) technique such as
a light scattering-based or acoustic-based technique further
strengthens surety regarding the droplet structural features and
stability of the emulsion.

6.1.3.1. Light Scattering Method. The light scattering
method utilizes a monochromatic beam of near-infrared light
that travels through the emulsion sample. It indicates the
concentration and size of the droplets via detecting the
percentage and angle of backscattered light.110 It is based on
Fraunhofer and Mie theory and utilizes the refractive index of
the sample to provide the desired results. The samples have to be
diluted to avoid multiple scattering effects and provide accurate
results.102 It is important to know that microscopic image
analyses give a number-based distribution, whereas particle size
analysis techniques provide a volume-based distribution.
Although a number-based distribution can be converted to a
volume-based distribution, the accuracy the particle size analysis
provides is far more acceptable due to being measured
directly.111 In cases where it is necessary to provide a single-
point specification to represent droplet size distribution, then
the median value should be presented, as it is the most stable
value generated by laser diffraction. The light scattering
technique (static/dynamic) can mostly measure sizes in the
range of 0.3 nm to 5000 μm.112

6.1.3.2. Ultrasonic Spectrometry. Ultrasonic spectroscopy is
a noninvasive technique that measures attenuation level in the
frequency of ultrasonic velocity, through which it calculates
particle size distribution and concentration. Unlike the light
scattering technique that requires the dilution of the sample,
causing a certain amount of compromise in accuracy, the
acoustic-based technique allows for high particle concentration
measurements due to the measuring mechanism relying on
acoustics; it can even measure opaque samples. Generally,
ultrasonic spectrometers can measure droplet size ranging from
5 nm to 1000 μm.

6.1.4. Zeta Potential. The zeta potential is related to the
attractive and repulsive charge forces experienced by the droplet
in the emulsion, which govern the stability of the colloid. The
droplets usually repel one another, thus keeping them dispersed
throughout the continuous phase, and the emulsion remains
stable; slight changes in the polarity of the colloid system can
lead to instability, such as an increase in salinity or pH
fluctuation. The process is based on the DVLO theory.113 The
zeta potential can be determined by two methods: electro-
phoretic mobility and electroacoustic spectroscopy. Electro-
phoretic mobility measures the velocity of the charged particles/
droplets by applying an electric field to the dispersion, an the
zeta potential is obtained from the velocity measured and the
size of the particles. Electroacoustic spectroscopy generates an
ultrasonic pulse to the dispersion. This causes droplet
movement, thereby inducing an alternating current that is
used to calculate zeta potential by considering the current as a

potential between two electrodes.102 Similar to droplet size
analysis, the acoustic technique does not require sample
dilution, and concentrated samples can measured. In contrast,
microelectrophoretic techniques often employ the light
scattering technique to measure concentration and distribution
of the charged droplets in the emulsion and therefore require the
dilution of the sample.
6.2. Rheology. Rheology holds great significance in terms of

stability and colloidal flow behavior. The viscosity of a fluid
defines its degree of mitigation toward instability. The more
viscous a fluid is, the lower its tendency to destabilize. This is due
to retardation in droplet fluidity, which prevents their
intermingling with one another. The flow behavior and ability
to resist shear stresses are governed by the mobility/viscosity
ratio, which accounts for mixing performance and power
required during synthesis and the injection rate during
deployment. Rheometers use different plate geometries for
determining the rheology of various fluids under different shear
stress and temperature conditions.102,114 This is to account for
slipping behavior and the occurrence of phase evaporation under
high thermal conditions in different fluid types. A highly viscous
sample can be measured with a parallel plate, but for a low
viscous colloid a concentric cylinder is feasible. The wide surface
area of the parallel plate generates a high chance for fluid
slippage and evaporation in a low viscosity medium; however,
this is not of much concern with highly viscous fluids. A
concentric cylinder safeguards the fluid within its confines and at
a raised level, thereby reducing the induction of such concerns.
6.3. Acid Solubility. Acid solubility is gravimetric test

usually performed to evaluate acid reactivity with reservoir rock,
which helps assess the effectiveness of an acid in terms of
permeability enhancement, formation damage removal, and
mineral content (dolomite, limestone, or quartz) in carbonates.
This is valuable in determining the sensitivity of the rock toward
a certain acid, the reaction rate, the required acid volume for a
treatment, and the reaction byproducts.115 The test can be used
in the case of emulsified acids as well to evaluate the reaction
retardation ability of the emulsion.116 This is conducted by
introducing 1 g of rock in powdered form (finer than U.S. sieve
80mesh) to 150mL of emulsified acid for 1 h without stirring, as
the test is to be conducted in a static state. The solution is then
passed through filter paper using a filtration assembly, as the
emulsified acid is usually quite viscous. The powder collected on
the filter paper is then dried and weighed. The acid solubility
percentage is determined using the following equation:

W W
W

% Acid Soluble 1001 2

1
= ×

(4)

where W1 is the initial sample weight and W2 is the final sample
weight
6.4. Electrical Conductivity. To validate that the emulsion

formed is water in oil, an electrical conductivity test is
performed, which would show near-zero electrical conductivity
if oil is the external phase.30,44,51,117 If there is slight
conductivity, then the emulsion is stirred for an additional
10−20 min maximum to ensure proper homogenization of the
phases.34,39 This also highlights the resistance to instability by
the colloid due to increase in oil percentage and viscosity. As the
oil percentage increases, the emulsion viscosity increases,
thereby enhancing the severity of emulsification. This is because
the droplet fluidity decreases further in the continuous phase,
thereby preventing coalescence and flocculation.118

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.3c07132
ACS Omega 2024, 9, 11027−11049

11042

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c07132?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


6.5. Corrosion Inhibition. The production facility is prone
to corrosion upon interaction with the acidic well stimulation
fluid especially at high temperatures downhole. An emulsified
acid usually retards reactivity between the acid and the metal
tubing assembly.119,120 To evaluate its inhibition effectiveness,
tests such as weight loss analysis, which is a gravimetric method
in which a corrosion coupon is suspended in the emulsified acid
for a given period of time and is then cleaned and reweighed, are
performed. The weight difference is used to determine and
predict corrosion rate and metal loss using the following
equation:

W K
D A

Metal Loss = ×
× (5)

where W is weight loss (g), K is the K-factor, D is the alloy
density (g/cm3), and A is the exposed area (cm2).
Another more accurate method is the rotating cylinder

electrode test, which is basically a dynamic-based test that best
emulates field conditions.121,122 It consists of a rotating cylinder
electrodemade up of carbon steel dispersed in a brine solution in
a container having a reference and counter electrode, with all
electrodes being attached to a potentiostat. Varying concen-
trations of the test sample are introduced in the solution. The
system measures the current and converts it into the corrosion
rate.
6.6. Density.Densities of the emulsion and of the immiscible

phases must be known. Densities of the aqueous and oleic phase
are primarily important for determining the creaming velocity of
an emulsion, as shown in the following equation:

V gr(2 ( ))/(9 )Stokes
2

2 1= × (6)

where g is acceleration due to gravity, r is radius of the droplet, ρ1
and ρ2 are densities of the two immiscible phases, and η is the
shear emulsion viscosity. This equation is based on Stoke’s law,
which mentions how the stability of an emulsion can be
measured by observing the creaming velocity of the emulsion
droplet either rising or falling (i.e., creaming or sedimentation).
The emulsions with high resistance to this phenomenon tend to
possess good stability, as this indicates a colloid system having a
relatively homogeneous distribution of droplets dispersed
evenly. The concentration of the respective phases in the colloid
can be changed accordingly to reduce instability occurrence as
much as possible.
6.7. pH. The pH during different stages in the design phase

(synthesis, core flooding, acid solubility, and corrosion
inhibition screening) must be evaluated, as it is responsible for
the rate of acid reactivity with the metallic completion assembly
and rock surface as well as acid’s capacity to hold minerals after
reaction. The acidizing medium should hold enough strength to
stimulate deep narrow passages while keeping pH-sensitive
minerals and ions (irons, calcium, and silicates) intact within
itself during flowback to prevent formation damage (precip-
itation and scale generation), as high pH can lead to instability of
the calcium content remaining in the acid. However, it should
not be so strong as to create corrosion concerns in the tubular
assembly.123 The pH value at the point of injection varies with
each formation type from 0.01 to 3. The allowable pH for
initially returning acid is between 0.2 and 5, and 50−60% of the
fluid returns back while the rest remains inside, which can cause
unwanted reduction in production profile by reacting with
reservoir rock and fluids. Moreover, there are chances of

contamination of nearby aquifers by migration of displaced acid
into such zones.124,125

6.8. Flow through Porous Medium/Core Flooding.
Core flooding is performed to assess fluid propagation through
porous regions, acidizing performance, and changes in
permeability before and after the stimulation process. This test
allows the optimization of treatment design with respect to
reservoir conditions by testing out varying emulsion composi-
tions at different injection rates. Although the entire procedure is
time-consuming and expensive, it is by far the most accurate
means of performance evaluation before field deployment. For
matrix acidizing, the stimulant is required to create deep, narrow,
and interconnecting wormholes to improve the ease of
formation fluid production. Therefore, it is preferred to use
rock cores of 6−12” length to observe fluid propagation.88,126

This is usually in combination with techniques such as X-ray
computed tomography (CT) or nuclear magnetic resonance
(NMR) to gain more insight regarding the flow pattern
generated, changes in porosity, permeability, and total fluid
content remaining inside the core after flooding.

7. ENVIRONMENTAL CONCERNS TOWARD MATRIX
ACIDIZING

Almost 98% of exploration and production waste comes from
produced water during the production operations.127 The
toxicity level is higher in matrix acidizing compared to other
stimulation operations. The emulsified acids used for matrix
acidizing consist of hydrochloric acid and petroleum-based oils
inmajor quantities, which have been proposed to be accountable
for increasing environmental concerns.
The Energy Policy Act of 2005 (Safe Drinking Water Act,

Section 322)128 has recommended proscribing diesel fuels from
usage due to their high carcinogenic content causing an
elevation in lung cancer rates, skin damage, vision impairment,
clotting deficiency, and many other health-related risk factors
and environmental concerns. Diesel-based products include
xylene, benzene, toluene, etc.; thus, all are prohibited from
usage. In February 2014, the US Environmental Protection
Agency (EPA) published the Underground Injection Control
program to provide regulators with guidelines when giving
permits to operators in order to prevent diesel fuel usage to
ensure environmental security in exploration and production
operations.129

Abdullah125 presented a report of the past three years that
focused on well stimulation operations other than hydraulic
fracturing. The report pointed out that the amount of hazardous
chemicals being used in acid fracturing and matrix acidizing are
more toxic in nature, being labeled as high concern by the EPA.
This is because the chemicals used for acidizing operations have
heavier chemical concentrations in the range of 6−18%, whereas
hydraulic fracturing has a chemical concentration of 0.5% in
99.5% of water. It was also reported that, according to the data
from California Department of Conservation’s Division of Oil,
Gas, and Geothermal Resources (DOGGR), matrix acidizing
holds the highest concentration of up to 18.3% chemicals, of
which 15% is acid. Hydrochloric acid used for carbonate
acidizing is producing damage dermatologically and orally due
to long-term exposure and is hazardous for flowlines, equipment,
and the local water supply.
Following these reported concerns, a study conducted by

Stringfellow130 found a majority of the chemicals used in the oil
and gas operations to be environmentally hazardous and
unregulated, especially the ones used in acidizing operations
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that are used in larger volumes than other routine operations.
Chemicals such as hydrochloric acid, hydrofluoric acid, and
xylene are to be classified under categories 1 (highly toxic even in
low concentrations) and 2 (toxic in high concentrations) of the
United Nations Globally Harmonized System (GHS) for acute
mammalian toxicity and ecotoxicity.
Matrix stimulation currently occurs at depths of 2000−11000

feet which is close by the aquifers. The flowback of acidizing
fluids has a pH of 0.2 to 5 during the initial flowback.124 Up to
50−60% of fluid returns, while the rest remains inside. Hence,
the groundwater can be contaminated, as it is present in many
cases near the induced wormholes or close to naturally fractured
zones where acidizing fluid gets lost. Similarly, the surface water
cannot be safe as the produced water even after treatment is not
suitable to be introduced into the local water supply. Acidizing
disposal wells and abandoning wells are also root causes of
wastewater contamination to aquifers.
The composition of emulsified acids mostly consists of the

above-mentioned hazardous chemicals. For example, diesel and
xylene are conventionally used as the oil phase, and hydrochloric
acid is used as the aqueous phase. Also, the surfactants used are
normally ionic surfactants, which are known to be toxic and
nonbiodegradable.130,131 These chemicals need to be properly
analyzed and regulated for suitable utilization in stimulation
operations, especially with the major threats posed by their
heavy usage. Moreover, environmentally friendly and cost-
effective alternatives need to be employed as much as possible.
For instance, waste oil can replace diesel, and nonionic
surfactants as well as pickering particles can replace ionic
emulsifiers, as can be seen in the studies conducted by various
researchers.82,83,87−90 The use of emulsified acids tends to
reduce the amount of hydrochloric acid utilized during an
acidizing operation. However, there is a need for an ecofriendly

acidizing medium that is economical and technically on par with
the performance of hydrochloric acid.

8. SUMMARY AND LIMITATIONS
As per the literature reviewed, 27 out of 32 studies presented in
this paper preferred macroemulsions for field applications, with
merely 5 research studies conducted on microemulsion
synthesis; some studies claimed the lack of feasibility of
microemulsions for field applications due to the high amount
of surfactant usage to keep it stabilized. These studies, therefore,
favored the application of coarse emulsions over micro-
emulsions for field applications. The retardation and wormhol-
ing at low injections can be done by both coarse emulsions and
microemulsions. Previous research has come up with reliable
observations on the effect of some parameters on the stability
and efficiency of emulsified acid systems. The points below
deserve to be pointed out:

(i) Coarse emulsions have until now been considered more
cost efficient in matrix acidizing operations due to having
low amount of surfactants and the ability to hold large
volume of acid compared to microemulsions.

(ii) Water in oil emulsions provide better retardation than oil
in water-based emulsified acids due to having oil in the
external phase, which reduces the contact rate of the acid
with the rock surface.

(iii) A small droplet size for the emulsion yields high viscosity
and stability.

(iv) The increase of emulsifier concentration will increase the
stability of the emulsion by decreasing the droplet size.
However, after a certain optimum value the emulsion
stability will be independent of the emulsifier concen-
tration.

Table 4. Emulsifiers Used for Synthesizing Emulsified Acids and Their Limitations

emulsifier type limitation

cetylpyridinium chloride84 cationic
surfactant

low stability under high temperature, pH, and salinity; toxicity potential

petronate HH (sodium sulfonate)50 anionic
surfactant

IPE10150 nonionic
surfactant

high concentration; low stability under high temperature, pH, and salinity

tallow amine acetate33 cationic
surfactant

low stability under high temperature, pH, and salinity; toxicity potential

aliphatic ethoxylate alcohol27 nonionic
surfactant

low stability under high temperature, pH, and salinity

cetyltrimethylammonium ammonium
chloride27

cationic
surfactant

low stability under high temperature, pH, and salinity; toxicity potential

ALK90 (alkyl alcohol ethoxylate/
ethoxylation grade 9)28

nonionic
surfactant

high concentration; low stability under high temperature, pH, and salinity

RNX110 (alkylphenol ethoxylate/
ethoxylation grade 11)28

nonionic
surfactant

high concentration; low stability under high temperature, pH, and salinity

nanoclays88 pickering
agent

limited availability

Ultrol L10, L20, L70, and L10086 nonionic
surfactant

high concentration

Span80 (sorbitan monooleate)83 nonionic
surfactant

high concentration; low stability under high temperature, pH, and salinity; requires addition of a
hydrophilic surfactant for a stable emulsion

Tween 80 (polyoxyethylene sorbitan ester) nonionic
surfactant

high concentration; low stability under high temperature, pH, and salinity; requires addition of an
oleophilic surfactant for a stable emulsion

biosoft N25-9 (ethoxylation grade 9)83 nonionic
surfactant

significant concentration, requires addition of an oleophilic surfactant for a stable emulsion.

Claytone-SF90 pickering
agent

costly, toxicity potential

cetyltrimethylammonium bromide
(CTAB)91

cationic
surfactant

high concentration is required, limited stability
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(v) The increase of acid volume will increase the droplet size,
allowing the emulsion to contain a larger volume of the
acid fraction.

(vi) The compositional balance between the main constitu-
ents and additives is a crucial part of emulsion
performance. Screening for adequate balance in compo-
sition and positioning of the chemicals during the design
phase can provide sufficient degree of improvement
during the field execution.

Furthermore, from the chronological development it can be
observed that diesel has been the conventional oil phase for
laboratory and field-based utilization, followed by a few attempts
of substituting it with waste oil and plant (triglyceride)-based oil.
Constant progress has been seen in emulsifier selection, as can
be seen in Table 4. Mostly surfactant-based emulsifiers have
been used, with a vast percentage making use of cationic-based
surfactants, followed by nonionic surfactants; this is due to the
greater affinity of amines to electrostatically interact with acidic
medium in the case of cationic surfactants and the strong
hydrogen bonding of the nonionic surfactants. There have been
very few trials considering anionic surfactants because of their
low efficiency in emulsifying acids, as sulfates and phosphates
tend to have a weak interaction with acidic solutions due to the
lack of lone electrons contrary to amines; the other reason is that
anionic surfactants possess a low dielectric constant in
comparison to the cationic surfactants, which solubilize the
ions more effectively. Zwitterionic surfactants are rarely used
this might be because of their tendency to destabilize at high
temperatures above 80 and 100 °C as seen in other oil and gas
production operations.132 However, as mentioned previously in
the type of emulsifiers section, there are certain concerns related
to the use of surfactants as emulsifiers, especially ionic
surfactants, which precipitate under the presence of multivalent
ions (Ca2+ and Mg2+) that are the reactant products. These also
are not compatible with one another, have toxicity potential, and
are not biodegradable. Almost all surfactants require a large
concentration to maintain stability. These reasons have recently
increased the adaptability of solid particles as emulsifiers, which
provide robust emulsion stability at minimum concentration
comparatively and mostly have low to negligible toxicity
potential. Improvement in upholding reservoir integrity during
and after a stimulation process by acting proppants has recently
been reported.133 However, the pickering particles currently in
use for the synthesis of completion fluids are expansive and have
limited availability; particularly in well acidizing, their utilization
is still rare. Therefore, solutions such as the use of hybrid
emulsifiers (combination of polymer, nonionic surfactant, or
solid particles) and functionalizing organic pickering agents to
create a more effective emulsifier hold promise against thermal
and shear conditions.

9. FUTURE RECOMMENDATIONS
Emulsified acids have been frequently used to generate
successful matrix acidizing operations due to their beneficial
traits of having a slow reaction with the formation, inhibiting
corrosion against the well equipment, catering to low permeable
zones, etc. In general, the following issues are highly
recommended to be considered during acid stimulation
processes: tracking methods for acid leakage, improved
treatment of wastewater to guarantee that it is environmentally
friendly when dispersing into the local water supply, and

implementing alternatives for replacing toxic chemicals or
minimizing their toxic effect.
To some extent, this issues have been looked into by utilizing

some alternatives, such as the use of alkyl alcohol, waste oil, and
proposed use of triglyceride oil instead of diesel, or by coming up
with and adapting substitutes or ways of minimizing the toxicity
level of hydrochloric acid,22 as well as use of nonionic surfactants
and pickering agents instead of ionic surfactants.134,83,89 These
developmental endeavors can make the emulsified acid
technically, economically, and environmentally feasible for
implementation during the current scenario, which demands
the deployment of inexpensive and ecofriendly solutions.

10. CONCLUSION
Upon review of the various studies conducted by researchers,
emulsified acids have been used to perform matrix acidizing
operations for improving production as well as achieving
marginal purposes such as acidizing sour gas wells and disposal
wells, asphaltene treatment along with acidizing, and using an
emulsified acid as a diverting agent for the stimulation of low-
permeation zones. Previously conducted research results present
emulsified acid as an innovative multipurpose solution to deal
with such challenges. Water in oil-based coarse emulsions have
until now considered more cost efficient in matrix acidizing
operations due to having low amount of surfactants, the ability to
hold a large volume of acid compared to microemulsions, and
having oil as the external phase, which reduces the contact rate of
acid with the rock surface. The compositional balance and
positioning between the main constituents and additives during
the design phase is a crucial part of emulsion performance, and
environmental screening of the fluid can provide a sufficient
degree of improvement during the field execution.
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