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ABSTRACT: Nanotechnology has grown rapidly in both research
and applications over the past two decades including in the
upstream petroleum industry. A recent hot area for studying
nanotechnology has been oilfield scale management. The
formation of oilfield scale deposits such as calcium carbonate
and Group II sulfate scales in conduits and on equipment, both
downhole and topside, can cause serious loss of hydrocarbon
production and unwanted downtime. Scale management is
expensive to the field operator, mostly due to downtime causing
deferred or loss of production. Many types of nano-based materials
and treatments have been developed to combat this problem, most
of them containing one form or another of an organic scale inhibitor. In this review, we reviewed the various types of
nanotechnologies that have been developed and include comparisons to conventional treatments where available. The
nanotechnologies include nanoemulsions, nanoparticles, magnetic nanoparticles, polymer nanocomposites, carbon-based nanotubes,
and other miscellaneous technologies. Several nanoproducts developed for squeeze treatments indicate improved squeeze lifetime
compared to conventional squeeze treatments. Other potential benefits include improved thermal stability for high-temperature
wells, reduced formation damage for water-sensitive wells, and environmental impact.
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1. INTRODUCTION

Water is coproduced with oil and gas during the production of
crude hydrocarbons in oil-producing wells. Oilfield scaling
concerns the precipitation of sparingly inorganic salts from an
aqueous phase.1,2 Many factors affect the deposition of
inorganic scale in producing oil and gas wells. For example,
the amount and composition of the dissolved ions play an
important role in the formation of inorganic scale. The
formation of mineral scale can be formed by chemical reactions
in the formation water (FW) itself, by mixing of formation
water with injected seawater (SW), or from missing of the well
streams of two incompatible oilfield waters.3 Some of the
typical metal ions that occur in the formation water and
leading to scale deposition in incompatible waters are calcium
(Ca2+), strontium (Sr2+), barium (Ba2+), and iron (Fe2+).4−6

Typical anions include bicarbonate (leading to carbonate
scaling), sulfate, and sulfide. The deposition of insoluble salts
can reduce the permeability of a porous petroleum reservoir
rock (formation damage) and cause blockages of well-bore
perforations, pipelines, pumps, and valves as well as hinder the
functioning of equipment such as sliding sleeves.7−9 In
addition to the incompatibility of oilfield waters, temperature,
pressure, pH, and salinity are critical factors governing the rate
and amount of scale deposition.10,11

1.1. Scale Formation. Inorganic scale can precipitate on
almost any surface, so that scaling tends to adhere to solid

surfaces, as shown in Figure 1. Once the first layer is formed,
the next layers have a higher tendency to deposit, and gradually
more scale layers are formed on the surface of the
equipment.12 The internal surface of pipelines, choke,
underground pumps, separators, and heat treater are the
most vulnerable parts of the system regarding scale
deposition.13

In general, scaling is a complex phenomenon and involves
crystallization mechanisms.14,15 Once the activity of cations
and anions in the solution surpasses their saturation limit for a
particular salt, the crystallization and following deposition of
scale can take place. Also, the kinetics of the reaction plays a
vital role in the degree of scaling.16 Both surface and bulk
crystallization are the two mechanisms that will cause scale
formation.17−19

1.2. Scale Morphology. The inorganic scale can be
formed in different crystal lattice structures.20−22 Therefore, it
is crucial to study the morphology of the crystals in order to
determine the shape of each crystal form. Scanning electronic
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microscopy (SEM) plays a potential role in determining the
shape of inorganic deposits.22 Table 1 lists the most common

scales in the oil and gas industry in order of prevalence. The
chemical reactions and mineral names for most oilfield scales
are also presented in Table 1. For example, calcium carbonate
scale can be formed in different crystalline forms such as calcite
and aragonite, as shown in Table 1. It is well-known that
aragonite and calcite crystals are polymorphous to each other.
Although calcite and aragonite include the same chemical

compounds, they differ in the crystal lattice structure. Calcite
builds trigonal crystals, whereas aragonite forms orthorhombic
crystals.23−25

1.3. Scale Management. For economic and safety
considerations in the oil and gas industry, it is essential to
control the formation of inorganic scale. Several ways have
been discovered and reported in remediating or preventing
scale deposition, thus increasing the total revenue from a
reservoir.7,8,13,40 Scale management techniques must be able to
avoid any damage to the wellbore, tubing, and reservoir. The
oilfield scale can be managed by mechanical and/or chemical
techniques. Mechanical treatment is one of the best methods
of scale removal in tubulars, either with abrasive jetting or
milling.41 Chemical treatment is divided into two types,
namely, (i) scale dissolution and (ii) scale inhibition. Chemical
dissolution includes acid washes for removal of mainly
carbonate scaling and scale dissolvers (chelants) for sulfate
scales.42,43 Use of chelants to remove sulfate scales, especially
barite scale, can be costly, as the reactions are stoichiometric,
that is, one chelant molecule per scaling cation.42,44 Prevention
is better than cure, and therefore the use of scale inhibitors
(SIs) is prevalent.
SIs are low-dosage water-soluble chemicals that prevent

nucleation, crystal growth, and deposition of scales in oilfield
production.45 Several factors affect the performance of SIs,
which include pH, temperature, the presence of other divalent
cations (e.g., magnesium), and other oilfield chemicals such as
corrosion and hydrate inhibitors in the brine solution. SIs are
often used in very low concentrations in the water phase, for
example, 1−50 ppm.13,40

SIs can be classified into two chemical categories: water-
soluble polymers and nonpolymeric compounds. It was well-
known that phosphonate, carboxylate, and sulfonate functional
groups can interact well with group II cations on the scale
crystal surface.46−59 Therefore, many commercial SIs for
calcite and barite scale are typically polymers and copolymers
with multiple phosphonates, carboxylate, and sulfonate groups.
Phosphonate is known to bind the strongest of the three
anions, and therefore smaller nonpolymeric molecules with
usually two to six phosphonates groups can be used. Many of
these compounds contain methylenephosphonate groups
(-N−CH2−PO3H2).
In general, the plausible mechanisms of SIs for the oilfield

scale are threshold (nucleation and crystal growth) inhibition,
crystal modification, and dispersion of scale particles
preventing their deposition.60−63 For example, polymeric SIs
are well-known as nucleation inhibitors and some as
dispersants. Some polymeric SIs and small aminophosphonates
adsorb onto the crystal surface, leading to lattice distortion of
the formed crystal, thus inhibiting the crystallization.64

There are several methods of applying SIs. Batch treatment,
squeeze treatment, and continuous injections are important
techniques used in the oil and gas industry.1 The inhibitor
squeeze method is the most common downhole technique
used in the oil field, which if performed successively can be a
very cost-effective treatment giving long-term inhibition.7,8,13,40

Figure 2 shows the principal stages of an oilfield SI squeeze
treatment. SI is pumped into a water-producing area, in which
the SI is connected to the formation matrix by chemical
adsorption or by a precipitation process. The return
concentration of SIs with the produced fluid will be sufficiently
high to avoid scale deposition. It is very important to monitor
the SI concentration in the produced water when the well is

Figure 1. Pipeline contaminated with inorganic scale.

Table 1. Common Oilfield Scales
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put back on production. Commonly the returned SI
concentration gradually decreases, until it falls below the
minimum inhibitor concentration (MIC) that avoids scale
precipitation. Therefore, it is essential to stop production
before the MIC is reached and resqueeze the well to continue
to prevent scale deposition.65 The squeeze treatment
technique generally consists of the five following stages:
preflush, main slug with concentrated scale inhibitor, overflush,
shut-in, and back production (Figure 3).

Most squeeze SIs have at least one drawback, such as low
performance, high cost, short squeeze lifetime, and various
incompatibilities with the production system. In addition,
many SIs have poor biodegradability. As environmental
concerns become more important, production chemicals
such as SIs are increasingly scrutinized and legislated. Several
“environmentally-friendly” and biodegradable SIs have been
developed; however, they often have one or more of the
disadvantages mentioned above, particularly limited thermal
stability.40,59 There is a clear need for developing improved SIs
with high oilfield scale inhibition efficiency and extended
squeeze lifetime.40,59

Nanoparticle research is currently an area of intense
scientific research, due to a wide variety of potential
applications in biomedical, optical, environmental remediation,
and electronic fields.66−69 The application of nanotechnology
has also been growing at a steady rate in the oil and gas
industry. In many cases, this technology can be significantly
cheaper and efficient to deploy than more conventional
methods.

The term “nanotechnology” was coined in 1974 at the
Tokyo Science University by Norio Taniguchi.70 In addition,
Richard P. Feynman (1960) reported the main concept of
nanotechnology in a lecture entitled “There’s plenty of room at
the bottom” at the Annual Meeting of the American Physical
Society in December 1969 at Caltech. He discussed the
problem of manipulating and controlling things on a small
scale.71 In general, a nanoparticle (or nanopowder or
nanocluster or nanocrystal) is a particle with at least one
dimension between 1 and 100 nm. In some cases, the term of
nanoparticle is used for larger particles, up to 500 nm, or fibers
and tubes.72

Nanomaterials can be classified according to their chemical
composition, dimensionality, and shape. Figure 3 shows the
most common classification of nanomaterials as a function of
structure type, dimension, and chemical composition.68

This review will present the development of nanotechnology
for the inhibition of inorganic scale in the oil and gas industry.
We will present an overview of different synthetic approaches
to producing new scale inhibitor-based nanomaterials. More-
over, we will address the importance of nanomaterials for the
improvement of oilfield SI squeeze applications. Where
available, the morphology of the scale crystal growth and
scale inhibition mechanisms of nanomaterials will also be
reviewed. To the best of our knowledge, this review is the first
one focusing on the application of nanotechnology in oilfield
scale management.

2. NANOMATERIALS FOR SCALE INHIBITION
In the past decade, nanotechnology has provided solutions for
several problems in the upstream oil and gas industry such as
enhanced oil recovery, drilling, fracturing, completion, and flow
assurance.73−78 The revolution of nanotechnology has become
an attractive topic of research in downhole oil and gas
applications due to the potential to allow nanomaterials to
migrate through a porous zone without significant risks of
formation damage in the reservoir.66 Nanomaterials presented
excellent transport, diffusion, retention, thermal, and chemical
stability properties in the reservoir well.79 Furthermore,
environmental nanoscience or nano-ecotoxicology has
emerged in recent years, aiming to elucidate the toxicity
potential of nanomaterials linked to their physicochemical
characteristics.80

The nanomaterials that will be discussed in this section
include:

• Nanoemulsions.
• Metal/Metal oxide nanoparticles.
• Silicon dioxide nanoparticles.
• Polymer nanocomposites.
• Carbon-based nanoparticles.
• Nanofiltration membranes.

2.1. Nanoemulsions SIs. Emulsions are a mixture of two
or more immiscible liquids. Emulsions are not thermodynami-
cally stable. Several synthetic routes can be used for emulsion
preparation. Mechanical mixing is one of these methods,
leading to form a wide distribution of droplet sizes. These
emulsions are optically opaque and generally called macro-
emulsions. The oil-in-water (O/W) emulsions are termed
“normal”, while the water-in-oil (W/O) dispersions are
described as “invert” emulsions. Invert emulsions are water-
in-oil macroemulsions that are used for improving the squeeze
lifetime treatments in oil wells. They can be tuned to invert at

Figure 2. Five stages of oilfield scale inhibitor squeeze treatment.65

Figure 3. Classification of nanomaterials. Reproduced with
permission from ref 68. Copyright 2013, Bentham Science Publishers.
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reservoir temperatures, thereby deploying the aqueous phase
including water-soluble SIs. It is the scale inhibitor in the
emulsion that prevents scale formation. This makes emulsified
SIs very useful for application in water-sensitive wells and those
with poor pressure support.40,81 Microemulsions have
emulsified droplets down to the nanometer scale. Micro-
emulsions are transparent or translucent and considered to be
thermodynamically stable compared to emulsions.82 British
Petroleum (BP) Exploration were the first to report the
development of a microemulsion system in oilfield scale
inhibition applications. They synthesized microemulsified SIs
in order to increase the SI squeeze lifetimes.83−86

Nanoemulsified SI squeeze treatment is also used in the
oilfield industry. Nanoemulsions are also thermodynamically
stable colloidal suspension systems, in which two immiscible
liquids with a very tiny droplet mixed along with surfactants
and cosurfactants afford a single phase.87 Various preparation
methods of very small droplet size nanoemulsions were
reported, such as high mixing energy and low energy protocols.
Several surfactants were used in this application, such as
cetyltrimethylammonium bromide (CTAB) as a cationic
surfactant and sodium bis(2-ethylhexyl) sulfosuccinate (Aero-
sol-OT) as an anionic surfactant. Aliphatic alcohol or amine
was used as cosurfactant. Figure 4 shows the general schematic
diagram of the model nanoemulsion system (O/W).

Del Gaudio et al. prepared a monodisperse O/W or W/O
nanoemulsion with tiny droplet size in the range of 30−80 nm
via low energy method, called transitional phase inversion
technique.88 The particle sizes of the synthesized nano-
emulsions were measured by photon correlation spectroscopy
(PCS) with a Malvern Zetasizer Nano S. The nanoemulsions
were stabilized by nonionic surfactants, such as fatty acid
esters, alkylpolyglucosides, and polymeric surfactants. The
nonionic surfactant mixing ratio, which can be defined in terms
of the Hydrophile-Lyophile Balance (HLB) number, played a
key role in the formation of a stable nanoemulsion with ideal
particle size. The prepared nanoemulsion displayed promising
stability properties. It was found that they remain unchanged
for over six months at ambient conditions, as well as they were
stable at 100 °C for 8 h. The synthesized nanoemulsion

containing up to 3% phosphino-poly(carboxylic acid) (PPCA)
as commercial SI was used as a new delivery vehicle for oilfield
mineral scale control in the oil reservoir, especially in depleted
or water-sensitive formations. The absorption performance of
these chemicals was evaluated on porous media using a
sandpack test. The results showed that PPCA absorption
efficiency was found to be 0.6 mg/g sand, which was 4% of the
total SI injected.
Interestingly, these systems were developed for multiple

additive delivery. For example, a mixture of nanoemulsion-
blended PPCA in the aqueous phase and an imidazoline
corrosion inhibitor in the continuous phase was investigated.
Luo et al. prepared three kinds of environmentally friendly

antiscaling nanoemulsions by orthogonal experiments.89 The
nanoemulsified SIs systems consisted of five components:
green surfactant fatty acid methyl ester sulfonate (MES), a
degradable biodiesel fuel as oil phase, n-butanol, sodium
chloride, and deionized water in the presence of three different
commercial SIs. The particle size of these nanoemulsion
systems was investigated by a laser diffraction particle size
analyzer and found to be in the range from 15 to 30 nm. The
results showed that the nanoemulsion SIs provided an
improved oilfield scale inhibition, in which the inhibition
rate reached over 89.6%, and no precipitation occurred with
the formation water. In addition, these classes of nano-
emulsified SIs provided good adsorption, slow desorption rate,
excellent retention characteristics, and powerful stability at
room temperature compared with other emulsions.

2.2. Metal and Metal Oxide Nanoparticles SIs Capped
Polymers and/or Surfactants. Metal and metal oxide
nanoparticles (M-NPs and MO-NPs) have received extensive
attention in different industrial, environmental, catalysis, and
biomedical applications.90 M-NPs and MO-NPs have very
promising features such as variable size, composition, and
shape of the structures, leading to the ability to tailor their
chemical and physical characteristics for a specific applica-
tion.91 NPs have a high surface area to volume ratio and high
surface energy. M-NPs need to be stabilized in order to avoid
the formation of larger particles via agglomeration. M-NPs can
be stabilized by modifying their surface with capping agents
(or linkers) such as ligands, polymers, or surfactants. They
form a protective electrostatic and/or steric cover to inhibit
agglomeration and Ostwald ripening phenomena (Figure 5).92

M-NPs and MO-NPs have been functionalized with several
linkers such as polymer and/or surfactants, for use in oil and
gas industry applications, particularly in enhanced oil recovery
(EOR) and flow assurance management.93,94 Several methods
have been developed for the synthesis of M-NPs and MO-NPs
using chemical and physical methods such as chemical
reduction, sonochemical (ultrasound) reduction, electro-
(chemical) reduction, and gas-phase synthesis.90 A nanofluid
is a fluid that includes nanoparticles, typically made of metals,
oxides, carbides, or carbon nanotubes. The liquid part of the
fluid usually contains water, ethylene glycol, or an oil.95,96

2.2.1. Metal-Phosphonate Nanoparticles. Nanometal-
phosphonate SIs have drawn much recent attention as a result
of their unique chemical and physical properties as well as
potential inhibition performance of inorganic scale in the
upstream oil industry. For example, Shen et al. developed
nanocalcium-diethylene triamine penta(methylene phospho-
nate) (Ca-DTPMP NPs) as nanofluid SI (SINPs) to prevent
scale formation and improve the performance of the
phosphonate SIs injection into the oil production well.97−99

Figure 4. Model nanoemulsion system (O/W) as scale inhibitor.
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DTPMP is well-known as one of the most common
commercial phosphonate SIs in the oil industry.40,53 Figure 6

shows the plausible general mechanism of oilfield scale
inhibition-based NPs. For example, Ca-DTPMP SINP could
be injected into oilfield downhole formation, where the Ca-
DTPMP SINPs can travel through the near-well porous rock
and are left to deposit in the formation during a shut-in period.
When oil production is restarted, Ca-DTPMP SINPs will
dissolve in the produced fluid to inhibit scale formation
(Figure 6).
A series of Ca-DTPMP SINPs were synthesized by a

chemical precipitation route with the assistance of phosphino-
poly(carboxylic acid), as shown in Figure 7.98,99 PPCA was
used as a dispersant to stabilize Ca-DTPMP SINPs in an
aqueous solution. Ca-DTPMP SINPs containing PPCA were

found to be a spherical shape with a particle size between 100
and 200 nm. The morphology and particle size of the Ca-
DTPMP SINPs were characterized by cryogenic transmission
electron microscopy analysis (cryo-TEM) analysis and
dynamic light scattering (DLS), respectively. Furthermore,
the evaluation of the transportability and return behavior of the
PPCA and phosphonate-blended SINPs in the formation
medium were investigated. It was found that the influence of
PPCA, KCl (different concentrations), and sonication treat-
ment techniques play a key role in the transport and deposition
kinetics of Ca-DTPMP SINPs in chalk and sandstone matrices.
The obtained results showed that the adsorption of PPCA on
the Ca-DTPMP SINPs surface led to an increase of SINPs
mobility through the porous phase. With the assistance of KCl,
the deposition rate of PPCA-capped Ca-DTPMP SINPs in
porous media increased with increasing KCl concentrations.
Also, it was found that ultrasonic irradiation can improve the
mobility of Ca-DTPMP SINPs at high KCl and PPCA
concentrations in porous media. Moreover, Ca-DTPMP SINPs
provided significant retention properties and long-term flow
back performance onto the formation rock using Frio
sandstone columns over an 18 h shut-in period.99 Teck et al.
reported the numerical study of adsorption enhancement by
metal-phosphonate SINPs using Eulerian computational fluid
dynamics (CFD) solver ANSYS/FLUENT based on a scaled
downflow model.100 It was found that the Ca-1-hydroxyethy-
lidene-1,1-disphosphonic acid (HEDP) SINPs gave better
adsorption properties compared with the normal HEDP.
In continuation of the efficiency of the application of metal-

phosphonate SINPs in oilfield scale inhibition, Zhang et al.
applied a surfactant-assisted chemical precipitation route to
prepare a series of metal-phosphonate SINPs using cationic
and anionic surfactants, such as tetradecyltrimethylammonium
bromide (TTAB) and sodium dodecyl sulfate (SDS),
respectively.101 Zn-bis(hexamethylene triamine penta (meth-
ylene phosphonic acid)) (Zn-BHPMP SINPs), Zn-DTPMP

Figure 5. Agglomeration process problem of M-NPs and stabilization M-NPs with linkers such as polymers, surfactant, and ligands.92

Figure 6. Schematic illustration of the mechanism of Ca-DTPMP
SINPs in an oilfield scale squeeze treatment. (a) Injecting process of
SINPs into oilfield downhole formation. (b) Returning inhibitor
process after the shut-in period. Reproduced with permission from ref
99, 2016, Copyright Royal Society of Chemistry.
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SINPs, and Ca-DTPMP SINPs in the presence of TTAB and
SDS were synthesized and evaluated for their transport and
squeeze lifetimes in chalk and sandstone porous media
compared with unfunctionalized Ca/Zn-DTPMP at the same
conditions. The physical and chemical properties of all
synthesized SINPs were determined by transmission electron
microscopy (TEM), Fourier transform infrared (FT-IR), X-ray
diffraction (XRD), and SEM. The characterization results
showed that the morphology of the metal-phosphonate SINPs
incorporating surfactants were porous materials with an
amorphous structure. It was determined that the presence of
a surfactant as a surface-capping agent in the synthesized
SINPs played an important role in controlling the size and
aggregation tendency of NPs. For example, Ca-DTPMP SINPs
capped TTAB gave the optimum particle size in the diameter
of 80−150 nm compared with the pure Ca-DTPMP SINPs.
Interestingly, the metal phosphonate surfactant-capped SINPs
afforded better migration properties through both calcite and
sand porous media in comparison with Ca-DTPMP SINPs
capped PPCA and pure Ca/Zn-DTPMP SINPs. The results of
laboratory squeeze tests demonstrated that metal-phosphonate
surfactants-capped SINPs enhanced retention properties onto
the formation rock, leading a worthy slowing of the
phosphonate SIs from the porous matrix.
To find the optimal SINPs in the oil application, it is very

important to study the effective parameters in the preparation
process of NPs. Kiaei et al. studied the effective factors in the
synthesis of metal-phosphonate SINPs applicable to the oil
industry.102 In this study, Ca-DTPMP SINPs capped CTAB
were prepared in an aqueous reaction media using a
precipitation process. The influence of pH, CTAB, Ca2+, and
DTPMP concentrations, and ultrasonic treatment on the
crystallite size, particle size distribution, shape, and morphol-

ogy have been reported.102 The physical properties of all newly
synthesized SINPs were investigated by XRD and SEM, in
which the diameters of the particles were in the range of 91−
166 nm. The experimental results showed that more dispersed,
homogeneous size, separable, and fine Ca-DTPMP SINPs were
produced at higher pH values. The particle size and
morphology of the synthesized Ca-DTPMP SINPs-capped
CTAB became more compatible by increasing the CTAB/Ca2+

molar ratio. In addition, it was found that fine dispersed
spherical Ca-DTPMP SINPs were prepared by either
increasing the concentration of Ca2+ ion or decreasing the
DTPMP concentration.
Kiaei et al. studied Ca-DTPMP SINPs in inhibition of calcite

scaling in a bulk water process.103 Two Ca-DTPMP SINPs
were synthesized via a precipitation process in the presence of
CTAB as a stabilizing agent of the particle size. The inhibition
performance was determined using an ion meter device, in
which Ca2+ measurements can be formed in situ, and the Ca2+

concentration was detected accurately using a Ca2+ selective
electrode. The experimental results showed that Ca-DTPMP
SINPs-capped CTAB delayed the precipitation of the calcite
scale, in which the concentration rate of the Ca2+ ion reduction
decreases in the bulk solution. The calcite inhibition
performance was improved by increasing Ca-DTPMP SINPs-
capped CTAB concentration from 5.6 to 11.2 ppm. In
addition, the inhibition performance of Ca-DTPMP NPs in
the presence of CTAB was compared with the micro-Ca-
DTPMP compound (without a stabilizing agent) as well as
commercial DTPMP at the same conditions. It was found that
Ca-DTPMP SINPs-capped CTAB afforded a better inhibition
performance than the other two chemicals. Furthermore, field
emission scanning electron microscopy (FESEM) analysis was
applied in order to study the morphological changes and the

Figure 7. Synthesis of Ca-DTPMP NPs as SI nanofluid for the oil and gas industry. Reproduced with permission from ref 98, 2017, Copyright
Elsevier B.V.
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crystal shape of deposited calcite in the absence and presence
of Ca-DTPMP SINPs-capped CTAB. It was found that Ca-
DTPMP SINPs-capped CTAB interacted with the calcite
crystals, leading to changes in the morphology from cubical to
spherical shapes, as shown in Figure 8.

Overall, in addition to the improved delivery, diffusion, and
squeeze lifetime properties of Ca-DTPMP SINPs capped
surfactants in the porous media, this study showed a
reasonable calcite inhibition performance compared to
commercial phosphonate SIs such as DTPMP.
It was well-known that the precipitation of oilfield scale,

such as a calcite scale in tight gas-condensate reservoirs, can
lead to a reduction in permeability and porosity of the porous
matrix. Franco-Aguirre et al. developed for the first time a
nanofluid based on the interaction between active metal NPs
such as Ca-DTPMP and the remaining synthesis fluid (RSF)
obtained from the preparation process, to prevent and remove
the formation damage due to the precipitation/deposition of
calcite scale.104 A series of Ca-DTPMP SINPs with varying
phosphonate concentrations between 0.01 and 0.5 M were
synthesized. FESEM and DLS were used to characterize the
final SINPs, affording particle diameters in the range of 36 and
69 nm. Furthermore, the core flood tests were performed for
the best SINPs at typical tight gas-condensate reservoir
conditions of a temperature of 110 °C (230 °F) and confining
and pore pressures of 34.47 MPa (5000 psi) and 6.89 MPa
(1000 psi), respectively. FESEM images showed that the
morphology of the synthesized SINPs in the presence of high
DTPMP concentrations was irregular, while low DTPMP
concentrations afforded SINPs in spherical and cubic shapes.
In addition, FESEM data gave an overview of the calcite crystal
morphology in the absence and presence of SINPs.
It was found that Ca-DTPMP SINPs with RSF afforded

excellent performance under dynamic conditions for the
inhibition and removal of formation damage. The inhibition
tests afforded a high perdurability of the Ca-DTPMP SINPs
with RSF of ∼60 PV before damage is formed. The
experimental results of the remediation test indicated that
DTPMP SINPs with RSF could recover the properties of the

system and enhance the oil migration in comparison with the
base system.
In addition to the conventional oilfield aqueous SIs,

nonaqueous inhibitor formulations are beneficial for low
water cut and water-sensitive oil production wells.40 Zhang
et al. synthesized for the first time a novel reverse micelle with
attached inhibitor nanofluids, and they were proposed for use
as nonaqueous SINPs for oilfield scale management.105 Ca-
DTPMP SINPs were prepared in a water-in-oil microemulsion
(reverse micelle) system, which afforded reverse micelle scale
inhibitor nanoparticles (RMSINPs) capped anionic surfactant
bis(2-ethylhexyl) sulfosuccinate sodium salt (AOT) and
nonionic surfactant nonaethylene glycol monododecyl ether
(C12(EO)9), as shown in Figure 9.

The new RMSINPs were evaluated for their transportation
and diffusion performance in a calcite medium using column
flow-through tests. In addition, the physicochemical properties
of RMSINPs, morphology, crystal structure, and thermal
decomposition were screened by TEM, IR spectra, and thermal
gravitational analyses (TGA), respectively. Furthermore, the
squeeze lifetime properties of the synthesized RMSINPs were
reported via the following steps of preflush, pill injection,
overflush, shut-in, and inhibitor back in a calcite column. It was
noted that the morphology of the synthesized Ca-DTPMP
RMSINPs was approximately spherical, with a particle size of
ca. 250 nm. These Ca-DTPMP RMSINPs were stable at room
temperature and 70 °C. Ca-DTPMP RMSINPs showed
excellent transportability performance in the presence of
isooctane as an organic preflush media compared with
conventional NaCl aqueous solution.105 In addition, long-
term laboratory squeeze tests concluded that Ca-DTPMP
RMSINPs displayed a reasonable performance in comparison
with the traditional acidic pill solution, leading to a prolonged
squeeze lifetime.

2.2.2. Magnetic Nanoparticles. Magnetic nanoparticles
with a diameter range from 1 to 100 nm have unique

Figure 8. SEM images of the calcite crystal formation. (a) Blank
calcite. (b) 5.6, (c) 8.6, and (d) 11.2 ppm of Ca-DTPMP SINP-
capped CTAB. Reproduced with permission from ref 103, 2014,
Copyright Elsevier B.V.

Figure 9. Schematic representation of the synthesis of Ca-DTPMP
SINPs in isooctane-capped AOT and C12(EO)9 surfactants.
Reproduced with permission from ref 105, 2016, Copyright The
Royal Society of Chemistry.
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physicochemical properties and have been of great potential
interest in medical and biomedical applications for some
time.106,107 For example, iron oxide magnetic nanoparticles
(IONPs) have biocompatible and environmentally safe
properties that make them very useful for clinical applica-
tions.108 The focus on magnetic nanoparticles has also
increased in oil and gas applications, such as EOR, targeted
adsorption, drilling and completion improvement, directional
mobility, reservoir sensing and imaging, and heavy oil
recovery.94

However, the reported scientific work on the application of
magnetic NPs as scale inhibitors is relatively limited. Do et al.
synthesized magnetic iron oxide NPs encapsulated maleic-co-
acrylamido-2-methyl-1-propanesulfonate copolymers with the
average size distribution of 20−30 nm.109 The synthesis route
of theses magnetic NPs was divided into two steps, as shown in
Figure 10. The first step was the synthesis of oleic acid-coated

iron oxide nanoparticles (OMNPs) by a coprecipitation
process with ultrasound irradiation. The second step was the
synthesis of OMNPs encapsulated copolymer of maleic acid
and sodium 2-acrylamido-2-methyl-1-propanesulfonate (MA-
co-AMPS) via an inverse mini-emulsion polymerization
support. The calcite and gypsum scale inhibition performance
of theses magnetic NPs was investigated according to the
NACE standard TM 03-074-95 testing method and compared
with pure MA-co-AMPS polymer at the same test conditions.
The scale inhibition performance was tested at different
magnetic NPs SI doses of 5, 10, 20 ppm, as well as several
aging temperatures of 70, 90, and 120 °C. The morphology
results showed that calcium carbonate minerals were formed in
the form of aragonite crystals. The calcium inhibition efficiency
(Ica) for both magnetic NPs and pure copolymers at different
temperatures and dosage concentrations was reported.109 It
was found that the best Ica value was 63.6% for magnetic NPs
and 65.0% for pure copolymer at 90 °C and 5 ppm of SI.

2.2.3. Aluminum Nanoparticles. Aluminum nanoparticles
(AlNPs) have recently attracted attention due to their
extremely cost-effective and unique physicochemical proper-
ties. AlNPs are widely applied in a variety of fields, including
catalysis, biomedical, petroleum industry, material science,
solid rocket propellants, explosives, etc.110−112 Yan et al.
synthesized Al-sulfonated poly(carboxylic acid) (SPCA) SINPs
using an environmentally friendly protocol.113 The new
ALSPCA SINPs were used for barite scale inhibition. ALSPCA
SINPs were synthesized via a hydrothermal process from
environmentally friendly and very low-cost chemicals, such as
Al(NO3)3·9H2O and urea (CO(NH2)2)2). To control the
particle size of the final NPs, the reaction conditions were
optimized, such as temperature, reaction time, concentrations
of Al(NO3)3·9H2O, (CO(NH2)2)2), and ionic strength
(NaCl). The optimal control of the reaction conditions
could produce ALSPCA SINPs with an average size of 80
nm. The barite oilfield nucleation inhibition was tested by
measuring the efficiency of ALSPCA SINPs in synthetic brine
solutions, including BaCl2 (Solution A), an anionic solution
1.56 mM Na2SO4 (solution B), and 1 mg/L ALSPCA SINPs
and 1.56 mM Na2SO4 (Solution C). The calcite spar packed
porous media flowback results showed that ALSPCA SINPs
afforded a long-term return performance of more than 3800
pore volumes (PV). PPCA was used as a dispersant to enhance
the mobility of ALSPCA SINPs in the porous media. In the
presence of 1% KCl and PPCA, almost 100% breakthrough of
AlSPCA SINPs was achieved in Iceland spar calcite porous
media.
Yan et al. continued his study of producing nontoxic

environmentally friendly AlNPs and their use for enhancing
squeeze lifetime performance by developing viscous solu-
tions.114−116 There are several methods used in the field for
improving the squeeze lifetime.40 One of these methods is the
use of viscous solutions or gels, such as xanthan-based viscous
fluids. Yan et al. used boehmite (aluminum oxide hydroxide (γ-
AlO(OH)) NPs with particle size range from 3 to 10 nm,
functionalized with cross-linked sulfonated poly(carboxylic
acid) to produce viscous gel nanofluid AlOOH SPCA SINPs.
Again, different reaction conditions in the synthesized process
such as pH, temperature, salinity, and reactant concentrations
affected the viscosity and particle size of the produced AlNPs.
The barite scale inhibition efficiency in the absence and
presence of AlOOH SPCA SINPs was investigated using the
turbidity method and measuring the efficiency of the returned
AlOOH SPCA SINPs concentrations from calcite-packed
columns. AlOOH SPCA SINPs showed excellent squeeze
treatment performance, with a return performance above 2000
PV. The laboratory squeeze tests of AlOOH SPCA SINPs
showed that 73% SPCA was retained in the Iceland spar calcite
and that the returned SI from the column effluent can prevent
barite at a saturation index of 1.7. It was shown that the
normalized squeeze life (NSL) of AlOOH SPCA SINPs was

Figure 10. Schematic diagram of the synthesis of oleic acid iron oxide
nanoparticles OMNPs capped copolymer of maleic acid and sodium
2-acrylamido-2-methyl-1-propanesulfonate (MA-co-AMPS) as calci-
um carbonate SIs. Modified from ref 109, 2013, Copyright Vietnam
Academy of Science & Technology.

Figure 11. Schematic diagram SEM images of the CaCO3 crystals. The scale-forming solutions containing (a) blank; (b) 4 mg/L PBTCA; (c) 1 g/
L Al2O3 NPs, and (d) 1 g/L Al2O3 NPs blended 4 mg/L PBTCA. Reproduced with permission from ref 118, 2019, Copyright Elsevier Ltd.
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100 times higher than the pure SPCA. It was also found that
the addition of Ca2+ ions increased the sorption of SPCA onto
AlO(OH) NPs compared to neat SPCA, via cross-linking
between Ca2+ ions and free SPCA molecules leading to
improve the adsorption of SPCA onto AlO(OH) NPs.
Wang et al. studied the performance and inhibition

mechanism of CaCO3 scale control in the presence of
aluminum oxide (Al2O3) nanofluids and commercial SIs such
a s 2 - pho sphonobu t ane - 1 , 2 , 4 - t r i c a r bo xy l i c a c i d
(PBTCA).117,118 Nanoalumina (γ-phase, with 20 nm average
particle size) was used in this study. SEM was used to identify
the morphology and structure analysis of CaCO3 crystals in the
absence and presence of Al2O3 NPs-co-PBTCA SI. It was
found that the calcium carbonate crystals produced in the
synthetic blank scale-forming solution were mostly rhombohe-
dral, with smooth and compact surfaces (Figure 11a). PBTCA
SI distorted the calcium carbonate crystals, which shows that
some spherical crystals appeared, and their surfaces were rough
and irregular (Figure 11b). In the presence of Al2O3 NPs and/
or Al2O3 NPs blended PBTCA, the calcium carbonate crystals
were mainly rod-shaped and attached with fine particles
(Figure 11c,d, respectively). It is well-known that PBTCA
gives excellent solution scale inhibition performance for
CaCO3 scale. In this work, the results of the scale inhibition
performance test showed that inhibition efficiency was over
97%, with 4 mg/L concentration of PBTCA. In contrast, in the
presence of Al2O3 NPs-co-PBTCA, the scale inhibition
performance of PBTCA decreased with an increase in Al2O3
NPs concentration. For example, when the concentration of
PBTCA was 4 mg/L and the concentration of Al2O3 NPs was
1 g/L, the scale inhibition efficiency was only 6.5%.
2.2.4. Copper Nanoparticles. Copper metal is well-known

as a thermally conductive material for heat exchangers, because
of its unique properties of high heat-transfer coefficient. A
superhydrophobic copper surface has recently increased
dramatically in the number of its industrial applications. This
copper surface is prepared by an anodization process in NaOH
and KOH solutions.119−121 Jiang et al. developed super-
hydrophobic anodized CuO nanowires blended 1H,1H,2H,2H-
perfluorodecyltriethoxysilane (FAS-17) and utilized them for
calcite scale control (Figure 12).122 The scale inhibition
performance, crystal morphology, and crystallization mecha-
nism in the absence and presence of superhydrophobic CuO
nanowires were reported. The modified superhydrophobic
CuO-incorporated FAS-17 gave excellent antiscaling perform-
ance for calcite. In addition, the nucleation rate of calcite
crystals was decreased in the presence of the modified

superhydrophobic CuO nanowires because of the low surface
energy, low adhesion strength of calcium carbonate crystals,
and an air film retained on the superhydrophobic surface.

2.3. Silicon Dioxide (SiO2) Nanoparticles (Silica NPs).
Silica NPs are rapidly growing in importance in many of the
currently important fields of science and industry-based
nanotechnology.123 Silica is one of the most abundant
compounds on the earth, as well as being a cost-effective
material with an absence of toxicity. Because of the exclusive
thermal, large boundary surface, mechanical, physicochemical
properties, SiO2 NPs exhibit unique applications as fillers in
the preparation of polymer nanocomposites (PNC).124 The
application of SiO2 NPs as nanofluids for petroleum industry
applications has been the subject of research interest in recent
years. For example, pioneering work on the application of SiO2
NPs for EOR and flow assurance purposes has been
performed.73,94,125 Zhang et al. fabricated Zn-DTPMP NPs
via a silica-templated process to afford Si-Zn-DTPMP
SINPs.126 In this research project, SiO2 NPs (30%, wt/wt)
with the particle size of 22 nm and 135 m2/g surface area were
used. The new Si-Zn-DTPMP SINPs were used to improve the
diffusion and mobility of phosphonate SIs onto the calcite-
based crushed formation medium using a column break-
through test. In addition, an anionic surfactant sodium
dodecylbenzenesulfonate (SDBS) SDBS was used as a preflush
agent in order to improve the transport performance in the
formation media. The morphology results showed that Si−Zn-
DTPMP in the absence of SDBS was an irregular shape, and
particles started to aggregate, while SDBS-capped Si−Zn-
DTPMP SINPs were spherical and monodispersed. In
addition, SEM and XRD analyses demonstrated that Si−Zn-
DTPMP SINPs were amorphous solids.
Transportation efficiency experiments of Si−Zn-DTPMP

NPs without capped SDBS showed a limited performance and
did not reach 100% breakthrough. In contrast, the mobility
performance in formation media was enhanced in the presence
of a preflush aqueous solution of SDBS. Furthermore, the
laboratory squeeze test of Si−Zn-DTPMP SINPs afforded a
promising prolonged squeeze lifetime treatment. Following the
same silica-templated route, Zhang et al. synthesized crystalline
Si−Ca-DTPMP nanofluid by modifying the amorphous phase
Ca-phosphonate precipitates via a diafiltration treatment.127

These crystalline Si−Ca-DTPMP were transported through
carbonate and sandstone porous media at different break-
through levels. It was also found that the maximum transport
distance of Si−Ca-DTPMP nanofluid in porous media was
dependent on the flow velocity and the particle attachment
efficiency. In another work, it was reported that the flow of
crystalline Si−Ca-DTPMP NPs in calcite and Louise sand-
stone formation matrix could be achieved in the presence of a
surfactant preflush treatment such as SDBS.128 Long-term
squeeze treatment tests of the crystalline Si−Ca-DTPMP NPs
showed excellent efficiency of returned phosphonate SI
concentrations over thousands of pore volumes (PVs)
compared with the conventional inhibitor pill solutions. The
morphology and solubility prosperities of the crystalline Si−
Ca-DTPMP NPs played an essential role in controlling the
return concentrations of the used NPs.
In continuing attempts to enhance the transportability of

DTPMP SI into the target zone in the formation, Zhang et al.
reported the synthesis of DTPMP-polyamine containing SiO2
NPs, which afforded the scale inhibitor nanoparticle capsule
(SINC) as a delivery vehicle for oilfield mineral scale

Figure 12. Schematic diagram of the synthesis of CuO nanowires
blended 1H,1H,2H,2H-perfluorodecyltriethoxysilane (FAS-17) as
calcite SI.
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control.129 SINC utilized SiO2 with an average size of 22 nm as
the building blocks and poly(allylamine hydrochloride) (PAH)
with a molecular weight of 70 000 g mol−1 as the template
(Figure 13). The synthesis temperature was determined to
greatly impact the physicochemical properties of the
synthesized SINCs, as well as the agglomeration rate. The
measured particle diameters of SINC particles by DLS were
150, 250, 650, and 5000 nm, at reaction temperatures of 4, 22,
50, and 90 °C, respectively. The barite nucleation kinetic test
demonstrated that DTPMP-PAH-capped SiO2 capsules gave
reasonable inhibition performance.
The laboratory column transport test showed that DTPMP-

PAH-capped SiO2 capsules were able to be flooded in crushed
and consolidated sandstone media. The mobility of these NP
capsules was assessed by screening several factors, such as
containing a preflush agent, formation material grain diameter,
temperature, and return pressure. An increase in the preflush
solution ionic strength and temperature led to a reduction in
the final breakthrough level, as well as an improved tendency
for DTPMP-PAH-capped SiO2 capsules to be removed by the
sandstone matrix. In addition, the sorption of DTPMP-PAH
capped SiO2 capsules toward the sandstone medium was
promoted with an increase in backpressure. Overall, the
prepared DTPMP-PAH-capped SiO2 capsules were presented
for the first time as an optimal delivery vehicle to transport
phosphonated SIs into the formation.
Another use of silica NPs was reported by Kumar et al. They

created a superhydrophobic surface in the presence of
multiscale nanostructures on the walls of production pipelines
in order to prevent and/or delay the scale formation.130 The
preparation procedure to make a superhydrophobic surface
capped SiO2 for oilfield scale control can be illustrated as
follows: (1) paint the inner surfaces of the pipeline with an

epoxy material via a feasible dip-coating process, (2) sandblast
the surface by aluminum oxide grains in order to form
nanostructures on the paint surface, (3) anchor nanosilica
particles by dip coating the pipeline into a nanosilica/epoxy
adhesive, (4) finally, SiO2 NP surface was functionalized with
polyaminopropyl-terminated polydimethylsiloxane (ATPS) in
order to enhance the hydrophobicity properties. The epoxy
resin nanostructure capped SiO2NPs showed a superhydro-
phobic surface with a contact angle of 167.8° for water
compared with a normal surface (30°). The superhydrophobic
surface showed a reasonable reduction in the scale formation
by minimizing the contact area of the water with the tubing. In
addition, these modified surfaces provided powerful resistance
to organic solvents and variation of pH.
Water injection is one of the most common EOR

procedures in order to increase oil production from reservoirs.
Because of the incompatibility of injection and formation water
compositions, the risk of scale formation often occurs in the
production tubing. Safari et al. studied different particle sizes
and concentrations of SiO2 NPs as SI for gypsum scale formed
in this way.131 In this study, the conductivity through a static
test method was used to evaluate the inhibition performance of
oilfield SiO2 SINP. Conductivity measurements were used to
determine the number of ions in the solution, leading to detect
the amount of scale deposited in the solution. The water
composition of the reservoir fluids in this work was based on
FW with Persian Gulf SW injection in the Siri oilfield in Iran.
The conductivity results showed that the addition of optimal
size and concentration of SiO2 NPs to the SW decreased the
rate of conductivity of the solution, which led to minimizing
the scale formation.
The same research group prepared SiO2 SINPs (20−30 nm)

in the presence of diethylenetriamine penta(methylene

Figure 13. Schematic representation of the synthesis of DTPMP-polyamine containing SiO2 NPs as SINC. Reproduced with permission from ref
129, 2016, Copyright The Royal Society of Chemistry.
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phosphonic acid) (DETPMP) to improve the inhibition rate of
gypsum oilfield scale.132 They used the same conductivity tests
to detect the amount of scale formed in the solution, as well as
investigating the morphology of the crystals using SEM. It was
found that SiO2 NPs-co-DETPMP SI gave a better scale
inhibition performance compared with that of SiO2NP or
DETPMP alone. It was also reported that SiO2 SINPs showed
good scale inhibition for barite scaling. More recently, Safari et
al. reported nanosilica and nano glass flakes (NGFs) as
potential SIs during smart water flooding.133 The particle sizes
of the nanosilica were in the range of 15−20 nm, while the
particle size and thickness of NGFs were 100 nm and 1 μm,
respectively. It was found that these nanoparticles were
dispersed in the smart water solution, leading to a decrease
in the amount and the rate of scale formation, at different
temperatures of 25 and 50 °C. It was also noted that NGFs
gave a better scale inhibition performance as the temperature
rises from 25 to 50 °C compared to nanosilica.
Tavakoli et al. studied different concentrations of SiO2

SINPs for the prevention of barite scale during the water
injection process.134 To investigate the impact of SiO2 SINPs
as barite SI, 18 core flooding tests to measure permeability
reduction of the porous matrix were performed under a variety
of conditions such as the variable mixing ratio of SW to FW,
temperature, SiO2 SINPs concentration, and injection rate.
The experimental results showed that, by increasing the
injection rate and higher temperature, the permeability
reduction decreased, which led to preventing barite scale
deposition. Furthermore, the addition of SiO2 SINPs to the
injection SW minimized the barite scaling to a limited level of
SiO2 SINPs concentration. The effective range of SiO2 SINPs
concentrations was from 0.05 to 0.125 wt %.
SiO2 SINP was also used for calcium carbonate scale

treatment. Al Nasser et al. used three different types and
concentrations of SiO2 NPs (pure SiO2 (7−14 nm), modified
SiO2−OH, and modified SiO2−NH2) to control the nucleation
and crystallization of CaCO3 using a light reflection
technique.135 The results showed that the modified silica
structures afforded the highest reduction in induction time at
room temperature in comparison with unfunctionalized SiO2

NPs, consequently indicating improved control over calcite
crystallization.
Sulfide scales are less common than calcite and barite scales

but can be the hardest scale to control in the oil and gas
industry.40 Zinc sulfide (ZnS) and lead sulfide (PbS) scale can
be quite common in high-pressure high-temperature (HPHT)
reservoirs. There are limited commercial inhibitors to control
the sulfide scales at HPHT conditions. Therefore, a joint
project between Total and the University of Lyon, France, was
established to utilize SiO2-capped cationic and/or sulfonated
anionic polymer for ZnS/PbS scale management for Central
Graben Area (CGA) HPHT field, North Sea.136 SiO2 NPs
capped polymers were synthesized via the sol−gel route, which
is cost-effective and an easy method for controlling the size and
morphology of the NPs. The scale inhibition performance was
evaluated using static and dynamic tests at two temperatures
(120 and 215 °C). To detect the thermal stability of the
synthesized SiO2-capped polymer, thermal aging and post-
aging tests were run at 215 °C for 5 d. The morphology of the
sulfide crystals in the presence and absence of SiO2 NP capped
polymer was investigated. The results of the high-pressure
dynamic tube blocking test in mild conditions indicated that
SiO2 NPs capped polymer inhibited ZnS at 3 mg/L. In
addition, a long-term squeeze treatment test showed that SiO2
NP capped polymer gave better adsorption properties
compared with unfunctionalized SI using bench coreflood
experiments.
In a continuation of their attempt to find the ideal sulfide SIs

for HPHT applications, they patented novel hybrid nano-
particle-based SiO2 matrix and lanthanide oxide NPs.137 A
series of lanthanide oxide cores capped with a layer of
polyorganosiloxane (POS) and then functionalized with at
least one of polymeric commercial SI were developed. For
example, Figure 14 shows the preparation route of gadolinium
oxide (Gd2O3) coated with a layer of polysiloxane (POS)-co-
poly(4-styrenesulfonic acid-co-maleic acid) sodium salt to
afford FII-PC4Si. The copolymer had a 3:1 styrenesulfonic
acid/maleic acid ratio with a molecular weight of 20 kDa.
Other polymers were used in this work, such as 1,3-
benzenedicarboxylic acid, polymer with 2,2-dimethyl-1,3-

Figure 14. Schematic illustration of Gd2O3@SiO2 coated poly(4-styrenesulfonic acid-co-maleic acid) (or Fll-PC4Si) as sulfide SI for HPHT
applications.
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propanediol, 2,5-furandione, hexanedioic acid, 1,3-isobenzofur-
andione, 2,2′-oxybis(ethanol), 1,2-propanediol, terpolymer
allyl sulfonate, maleic anhydride, and 1-hydroxyethane-1,1-
diphosphosphonic acid (TP8106G). The particle size of the
synthesized Fll-PC4Si was 55 ±5.0 nm. In addition, Fll-PC4Si
was prepared with different concentrations of gadolinium oxide
coated with a layer of polysiloxane (PC4Si), affording particle
size in the range of 0.5−60 nm.
The new synthesized SINPs were compared and evaluated

with commercial SIs through a variety of tests, including high-
pressure dynamic tube-blocking inhibition performance tests,
thermal stability, permeability, and the squeeze treatment test,
especially for HPHT fields. They used a 50:50 volume mixture
of FW and synthetic SW to produce ZnS scaling. FII-PC4Si
and FII showed the same inhibition performances for the ZnS
scale. However, FII-PC4Si showed good thermal stability with
respect to ZnS scale inhibition performance after being aged in
anaerobic conditions at 225 °C for 5 d. Moreover, the results
of simple permeation of the NPs into the core sample showed
that the NPs gave greater retention performance compared to
conventional SIs. In addition, a series of sand absorption and/
or desorption experiments for the new NPs was performed.
2.4. Polymer Nanocomposites (PNCs) SIs. This section

discusses the use of polymer nanocomposites (PNCs), which
are relatively new materials that have been considered for a
wider range of applications, including the oil and gas industry.
This industry has strived for many years to develop green
chemicals that have little or no acute and chronic environ-
mental impact. There have been several attempts to provide
improved “eco-friendly” and more biodegradable SIs to replace
some of the commercial organophosphorous compounds.
Well-known industrial eco-friendly SIs include various
polyaspartates (PASP), polyepoxysuccinic acid (PESA), and
carboxymethyl inulin (CMI). However, these chemicals have
at least one drawback, among them being weak thermal

stability, high cost, and various incompatibilities with the
production system. PNCs based on cellulose have attracted
noticeable attention because of their inherent advantages, such
as biodegradability, biocompatibility, low cost, and environ-
mental friendliness.
Sheikhi et al. developed for the first time cellulose fibrils at

the nanoscale for threshold scale control.138,139 In this study,
cellulose fibrils were divided into dicarboxylic acid-function-
alized biopolymers and hairy nanocelluloses. The new
environmentally friendly nanocellulose materials were eval-
uated for CaCO3 scale inhibition using a global potential-
controlled electrochemical method, chronoamperometry.
Dicarboxylated cellulose (DCC) was synthesized from
cellulose via periodate and chlorite oxidation process, affording
DCC with a large number of carboxyl units (up to 12 mmol
g−1) on the backbone. In addition, hairy nanocelluloses were
made (also called electrosterically stabilized nanocrystalline
cellulose (ENCC)), which is a cellulose nanocrystal with DCC
chains sticking from both ends. In ENCC, all DCC chains (at
each end) are close to each other, affording a high local
concentration of carboxylic acid (−COOH) functional groups.
In this study, three types of ENCC were developed (ENCC1,
ENCC2, and ENCC3, with long hairs, medium-sized hairs, and
short hairs, respectively) with a rod-shaped crystalloid of
length 100−200 nm and width ∼5 nm. The calcite scale
inhibition performance of ENCC was compared to other
nanocelluloses such as DCC and carboxymethyl cellulose
(CMC), conventional cellulose nanocrystals (CNC), oxidized
CNC (TEMPO−CNC), and oxidized nanofibrillar cellulose
(NFC), as well as commercial SIs (Figure 15).
The results of the calcite scale inhibition test showed that

hairy nanocelluloses gave improved performance compared to
CNC, as well as commercial phosphonated and carboxylated
SIs, for example, KemGuard 269-Kemira and poly(acrylic acid)
(PAA), respectively. CNC gave poor scale inhibition perform-

Figure 15. Cellulose-based chemicals tested for calcite scale inhibition. (a) Chemical structures of DCC and CMC. (b) Schematic structures of
various hairy nanocelluloses (ENCC1, ENCC2, and ENCC3), as well as conventional nanocelluloses (CNC, TEMPO−CNC, and NFC). Modified
from ref 138, 2018, Copyright The Royal Society of Chemistry.
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ance, resulting in calcite deposition, even at high additive
concentrations. This is undoubtedly due to the lack of
carboxylic acid groups in CNC. ENCC2 and ENCC3 gave
poor to moderate performance against calcite scaling. DCC
and ENCC1 gave excellent calcite scale inhibition compared to
commercial phosphonated SI (KemGuard 269, Kemira).
Furthermore, the morphology results showed that CNCs
resulted in the formation of CaCO3 polymorph crystals in the
form of calcite (Figure 16a). Meanwhile, the calcium carbonate
crystals in the presence of DCC and/or ENCC1 were formed
as the rarer vaterite (Figure 16b).

Poly(vinyl sulfonate) (PVS) is an effective oilfield barite SI.
However, PVS SI has relatively poor adsorption properties
onto formation rock, resulting in short squeeze treatment
lifetimes.40 Veisi et al. developed polyelectrolyte complex
nanoparticles (PECNPs) to enhance the squeeze lifetime
treatment of PVS in the reservoir.140 PECNPs had been widely
used previous to this in drug delivery systems to entrap and
deliver specific materials such as DNA to a targeted core of the
body.141 In this study, positively charged PECNPs consisting
of a polycation, polyethylenimine (PEI), and the polyanionic
PVS were prepared to entrap the PVS within the structure
(Figure 17). Several PECNPs with a different mass ratio of PEI
and PVS solutions were developed in order to find the optimal
NPs for squeeze treatment applications. The average size of the

synthesized PECNPs was investigated by zeta potential
analyzer, giving the optimal diameter of the particles in the
range of 160 nm. The thermal stability of these PECNPs at
different temperatures and overtime was also investigated. The
results of static and dynamic adsorption tests showed that
PECNP-entrapped PVS afforded rapid and robust adsorption
on the Berea sandstone rock. In addition, sand pack results
demonstrated that a rapid increase in the ionic strength can
cleave the PECNP-entrapped PVS structure and release the
PVS into the brine solution. The scale inhibition performance
and squeeze treatment lifetime of PECNP-entrapped PVS into
the Berea core were evaluated using core flooding in
combination with a dynamic tube blocking test. The results
showed that PECNP-entrapped PVS enhanced and prolonged
the squeeze lifetime by 22% in comparison with unentrapped
PVS. In addition, ionic strength shocks gave a further
improvement of the release of PVS and increased the squeeze
treatment lifetime of the PECNP-entrapped PVS by 40%
compared to unentrapped PVS.
As mentioned earlier, cross-linked SIs can be used to

improve the SI squeeze lifetime downhole.40 Jenn-Tai et al.
patented another class of nanosized cross-linked polymeric SIs
to prolong the oilfield scale inhibition treatment lifetime.142 A
series of these nanoparticles were synthesized via two steps as
follows: (1) solution polymerization reaction of commercial
monomers, such as acrylic chemicals with carboxylate,
sulfonate, or phosphonate groups, in the presence of a cross-
linker agent (e.g., N,N′-methylenebis(acrylamide)) to afford
the cross-linked polymeric SI in the form of a gel, (2) the
resulting cross-linked polymeric SIs were blended as an anionic
solution to give the desired nanoparticle size of cross-linked
SINPs. Figure 18 shows the schematic representation of the
synthesis of cross-linked SINPs. An aqueous suspension of
these cross-linked SINPs can be injected into the formation
rock. It is assumed that the cross-linking bonds in these
particles will then be subjected to hydrolysis in the reservoir
matrix, providing a slow and sustained SI release.
For the scale inhibition performance test, the synthesized

cross-linked SINPs were evaluated for brine compatibility via
incubating in a model brine (50:50 volume mixture anion and

Figure 16. Schematic diagram SEM images of the CaCO3 crystals. (a)
Mineralization of calcium carbonate with CNC and (b) mineraliza-
tion of calcium carbonate with ENCC. Reproduced with permission
from ref 139, 2018, Copyright The Royal Society of Chemistry.

Figure 17. Schematic diagram of the synthesis of polyelectrolyte complex nanoparticles (PECNPs) consisting of polyethylenimine (PEI) and
polyvinyl sulfonate (PVS).
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cation with total dissolved solids (TDS) 20 602 ppm and
31 064 ppm, respectively) at different temperatures in an

anaerobic chamber using a UV/vis spectrometer. Furthermore,
to evaluate the adsorption of cross-linked SINPs on the

Figure 18. Schematic representation of the synthesis of cross-linked SINPs.

Figure 19. Schematic diagrams of the NAST-based CNTs. Modified from ref 150, 2014, Copyright Society of Petroleum Engineers.
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formation rock, static and dynamic adsorption experimental
tests were performed in sandstone and carbonate reservoir
rocks using a quartz crystal microbalance with dissipation
monitoring (QCM-D). The results showed that cross-linked
SINPs gave a better scale inhibition performance with
prolonged squeeze lifetime in the formation rock in
comparison with normal cross-linked SIs gel.
2.5. Carbon-Based NP SIs. Carbon-based nanoparticles

(CBNs) have been a groundbreaking nanotechnology domain
in recent decades, spawning a host of potential applications.143

CBNs have unique features of mechanical, optical, thermal,
and electrical properties, useful in many technology fields.
CBNs can be classified into the following three types: (1)
graphite-based, which includes doped/functionalized graphene,
and functionalized/pure carbon nanotubes (CNTs) (2)
carbon-based dots, which includes carbon nanodots and
carbon/graphene quantum dots, and (3) hybrids, which
include metal/metal oxides capped CBNs and polymer capped
CBNs.144

CNTs are essentially one-dimensional carbon-based NPs
and can be categorized by the number of layers: single-walled
carbon nanotubes (SWCNTs), double-walled carbon nano-
tubes (DWCNTs), and multi-walled carbon nanotubes
(MWCNTs).145 Because of the superior physical and chemical
properties of CNTs in terms of strength and flexibility along
with electrical and chemical characteristics, CNTs can be
useful in oilfield applications.73,93,108,146,147 Ghorbani et al.
reported for the first time a new squeeze technology called
nanotechnology-assisted squeeze treatment (NAST) for
enhanced squeeze lifetime treatments.148−151 NAST involves
the CNTs adsorbing and permanently modifying the near-
wellbore, with postinjection of PPCA SI subsequently
adsorbing onto the CNTs. An extensive work of the interaction
between CNT-capped PPCA and the rock surface chemistry
was reported. The particle size of used CNTs in this work was
less than 8 nm diameter, 0.5−2 μm length, and 500 m2 g−1

surface area.
Chemically the NAST process includes two main steps,

namely, (1) NAST1, including three substeps (i) modification
of the rock surface using 3-aminopropyltriethoxysilane as an
organosilane agent, (ii) dispersion of the CNTs in the solution
using ionic or nonionic solutions such as N,N-dimethylforma-
mide (DMF) or sodium dodecylbenzenesulfonate (SDBS),
and (iii) attachment of the dispersed CNTs on the modified
surface, in which cross-linkage, such as N,N′-dicyclohexylcar-
bodiimide (DCC), was used to enhance the reaction of the
carboxylic groups of CNTs with amine groups of 3-
aminopropyltriethoxysilane, and (2) NAST2, including the
adsorption and desorption of PPCA SI onto and from the
CNTs. Figure 19 shows the schematic diagrams of the NAST
technique by using CNTs-capped PPCA. The static adsorption
test results showed that CNT-capped PPCA showed potential
improvement of retention and adsorption properties. The
coreflood experiment tests extended the squeeze lifetime with a
slower release rate of PPCA SI from CNTs.
The morphology and structure of biomimetic mineralization

of calcium carbonate crystals in the presence of pristine and
functionalized CNTs were determined using TEM, XRD, and
FT-IR.152,153 The results showed that carboxyl-functionalized
CNTs containing both MWNTs and SWNT CNTs enhanced
and stabilized the formation of CaCO3 crystals in the form of
spherical vaterite crystals.

Takizawa et al. studied the CaCO3 scale inhibition
performance of MWCNT-co-polyamide (PA) nanocomposite
reverse-osmosis (RO) desalination membranes (MWCNT-PA
membranes) in comparison with laboratory-made plain and
commercial PA-based RO membranes.154 It was found that the
MWCNT-PA membrane, including 15.5 wt % of MWCNT,
gave reasonable antiscaling properties, as well as a significant
reduction in water permeability during the scale performance
experiments compared to unfunctionalized PA-based mem-
branes. However, the new membranes showed a gradual
recovery of the water flow because of scale detachment. The
reason for this superior scale inhibition performance of the
MWCNT-PA membrane was its smoother surface, being a less
negatively charged surface than other PA-based membranes,
and the induction of an interfacial water layer on the
membrane surface. The morphology study showed that a low
amount of MWCNT did not affect the surface morphology of
the membrane without any restriction mobility of the PA
network.
Another class of carbon-based NPs for improved squeeze

lifetime treatment via enhanced SI adsorption properties was
reported by Ishtiaq et al.155,156 Graphene oxide (GO) and/or
CNTs were used to increase the adsorption of ethyl-
enediaminetetraacetic acid (EDTA) on the rock formation in
a process called nanocarbon enhanced squeeze treatment
(NCEST). A mixture of MWCNT with ∼15 nm diameter and
∼5 μm length and GO stabilized with poly(sodium 4-
styrenesulfonate) containing EDTA as SI was used to evaluate
its squeeze treatment performance using Barea sandstone plug-
sized core samples. EDTA is normally used as a scale dissolver,
not scale inhibitor. The coreflood test was performed using
BPS-805 benchtop liquid permeameter at ambient temperature
with a flow rate of 1 mL/min.
NCEST methodology consists of the following major steps:

(1) modifying the chemistry of the rock core surface using
cellulose as a binder, and then decomposing a binder on the
formation surface, (2) delivering CNTs/GO to the formation
surface in order to enhance adherence between the CBNs and
the cellulose by chemical interaction, wherein the CBNs
provide adsorption sites for EDTA; (3) injecting EDTA in the
modified formation surface in which EDTA was adsorbed by
the NPs; and (4) preventing inorganic scale growth in the
formation and wellbore by the slow release of EDTA from the
NPs into the formation. The coreflood test results showed that
GO gave the highest performance in improving squeeze
treatment lifetime due to its structural properties in
comparison with CNTs. It was also found that the modified
rock core surface with CBNs can efficiently increase the
adsorption rate of EDTA on the formation rock. For example,
in the presence of GO on the modified rock core surface, the
adsorption rate of EDTA was 180 mg/g, while the non-
modified rock core surface gave a poor adsorption rate of 51
mg/g.
Another example related to the use of nanotube arrays for

inhibition of salt scale formation was based on modified titania
nanotube arrays. Shoute et al. prepared a hydrophobic surface
based upon a self-assembled monolayer (SAM)-functionalized
titanium dioxide nanotube array on titanium foil (SAM-
TNTAs) using varying alkyl phosphonates as shown in Figure
20.157 The authors studied how the surface wettability affected
the precipitation of sodium and magnesium salts on the SAM-
TNTA surfaces in comparison with the unmodified TNTA
substrate. The wettability of the surface was detected by the
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static contact angle (SCA) of the SAM-TNTA, in the presence
of different alkyl chain lengths. The results showed that SAM-
TNTA surfaces with wettability above the threshold hydro-
phobicity (SCA ≈ 144°) gave a promising antiscaling
performance from visual observations. This observation was
supported by the characterization of the surfaces of these
chemicals using energy-dispersive X-ray spectroscopy (EDX).
In addition, the surface morphology, structures, and stability of
the alkyl phosphonates on SAM-TNTAs were analyzed by
SEM and EDX.
As mentioned earlier, the need for green oilfield SIs has

grown considerably in the last two decades in light of
increasingly restrictive environmental regulations.158 Carbon-
based quantum dots (CQDs) have attracted considerable
interest for their unique features. CQDs have many useful
properties, such as powerful optical properties, good water
solubility, cost-efficiency, acceptable biocompatibility, and low
toxicity.159−161 When the surface of CQDs includes hydro-
philic oxygen-incorporating functional OH and COOH
groups, this can give them good water solubility and
biocompatibility.162−164

Hao et al. synthesized and applied carboxyl-modified carbon
quantum dots (CCQDs) as environmentally friendly SIs for
gypsum and barite scale control.165 CCQDs were synthesized
via thermal decomposition of citric acid (Figure 21). The
morphology and surface of the synthesized CCQDs were
characterized by SEM, TEM, FT-IR, XRD, and X-ray
photoelectron spectrometry (XPS).
The scale inhibition efficiency performance of CCQDs

against gypsum and barite scale was measured by a static scale
inhibition method at 80 °C according to the national standard
procedures GB/T16632-2008 and Q/SY 126-2005, respec-
tively. The results showed that the particle size of CCQDs was
in the range of 4.8 ± 1.9 nm. Both graphitic carbon and
amorphous carbon were investigated. The XPS results showed
that the surface of the CCQDs was rich in carboxyl groups.
The results of the SEM images revealed that CCQDs affected
the crystal growth process, leading to a significant change in

the scale morphologies. With no additive, the calcium sulfate
crystals were formed in rodlike shapes, as shown in Figure 22a.
With 20 mg/L of CCQDs, the morphology of the calcium
sulfate crystals was changed greatly (Figure 22b). A barite scale
was formed in the form of brick-shaped crystals in the absence
of SIs (Figure 22c). In contrast, the barite scale morphology
changed to flower-shaped “fleshy plants” in the presence of
CCQDs SI (Figure 22d). The results of static scale inhibition
tests revealed that a low dosage of CCQDs gave excellent scale
inhibition performance for gypsum and barite scale. For
example, the gypsum scale inhibition efficiency achieved 99%
at 80 °C in the presence of 200 mg/L of CCQDs. A possible
gypsum scale inhibition mechanism using CCQDs SI was also
reported.

2.6. Miscellaneous NPs Related to Scale Inhibition.
The accurate and precise analysis of SIs plays a critical role in
making the right decisions on the performance of scale squeeze
and continuous chemical injection treatments. Several
techniques have been developed for monitoring the minimum
inhibition concentration of SIs, such as the Hyamine
technique, inductively coupled plasma mass spectrometry
(ICP-MS), high-pressure liquid chromatography (HPLC),
and mass spectrometry (MS).40 Mark et al. patented fiber-
coated nanopores to monitor the concentration of SIs in the oil
and gas field produced fluids. The results showed that a
nanopore sensing device could detect translocations of
poly(acrylic acid) (MW 20 000 Da) down to single nanomolar
concentrations, better than current well-known analyzing
techniques.166

Another application of NPs relates to the control of
inorganic scaling. NPs can be used as an internal light
scattering intensity reference to afford new insight into the
mechanism of the scale inhibition. Popov et al. used different
concentrations of SiO2 and/or silver (Ag) nanoparticles as
internal dynamic light scattering intensity references, in order
to display a semiquantitative measurement of a relative gypsum
scale formation in bulk solution and in the system treated with
common SIs such as phosphonates: amino-tris(methylene-
phosphonic acid) (ATMP); 1-hydroxyethane-1,1-bis-
(phosphonicacid) (HEDP); 2-phosphonobutane-1,2,4-tricar-
boxylic acid (PBTC).167,168

Nanofiltration (NF) membranes have become a well-known
method for scale control. NF is a pressure-driven membrane-
based separation technique. NF membranes are ion-selective,
and their retention rates depend on ion valency. Monovalent
ions can be transferred through membranes, while multivalent
ions will be stopped by the membrane. NF membranes can be
operated at higher brine temperatures in the range between
120 and 160 °C.169−174 NF membranes are used for
desulphation of injected seawater, to reduce sulfate scaling in
oilfield wells when seawater breakthrough occurs.175−177 For

Figure 20. Schematic diagram of the synthesis of self-assembled
monolayer functionalized titanium dioxide nanotube array on
titanium foil (SAM-TNTAs) in the presence of varying alkyl
phosphonates. Reproduced with permission from ref 157, 2018,
Copyright Elsevier B.V.

Figure 21. Schematic diagram of the synthesis of carboxyl-modified
carbon quantum dots (CCQDs) as SI for gypsum and barite scale.165
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example, NF membranes were used for preventing barite scale
from forming in producing wells of the Brae field in the North
Sea.178 The investment cost of using NF membranes usually
limits their application to medium-to-large field projects.

3. CONCLUSIONS
Nanomaterials show great potential in addressing technology
challenges in the upstream petroleum industry. Although
nanomaterials were first investigated over 20 years ago for scale
management, very few technologies have so far reached full
field applications. More recently, a range of new nano-
technologies has been developed, which was the main focus of
this review. Most of the new nanotechnology is concerned with
improving scale inhibitor squeeze treatments. In this regard,
many research groups have developed nanoproducts that, from
laboratory studies, indicate improved squeeze lifetime
compared to conventional squeeze treatments. Other potential
benefits include improved thermal stability for high-temper-
ature wells, reduced formation damage for water-sensitive
wells, and environmental impact. The true impact and cost
savings of the new nanotechnologies remain to be seen as the
move is made out of the laboratory and toward field-trialing
and full-scale deployment.
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