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ABSTRACT: Formation damage has the potential to impair and weaken
reservoir productivity and injectivity, causing substantial economic losses.
Oil and gas wells can be damaged by various mechanisms, such as solid
invasion, rock−fluid incompatibilities, fluid−fluid incompatibilities, and
phase trapping/blocking, which can reduce natural permeability of oil
and gas near the wellbore zone. These can happen during most field
operations, including drilling operations, completion, production,
stimulation, and enhanced oil recovery (EOR). Numerous studies have
been undertaken in recent years on the application of nanotechnology to
aid the control of formation damage. This review has found that
nanotechnology is more successful than traditional materials in
controlling formation damages in different phases of oil and gas
development. This is facilitated by their small size and high surface area/volume ratio, which increase reactivity and interactivity
to the adjacent materials/surfaces. Furthermore, adding hydrophilic nanoparticles (0.05 wt %) to surfactants during EOR alters their
wettability from 15 to 33%. Wettability alteration capabilities of nanoparticles are also exemplified by carbonate rock from oil-wet to
water-wet after the concentration of 4 g/L silica nanoparticles is added. In addition, mixing nanoparticles to the drilling fluid reduced
70% of fluid loss. However, the mechanisms of impairment of conductivity in shale/tight formations are not consistent and can differ
from one formation to another as a result of a high level of subsurface heterogeneity. Thus, the reactivity and interaction of
nanoparticles in these shale/tight formations have not been clearly explained, and a recommendation is made for further
investigations. We also recommend more nanotechnology field trials for future research because deductions from current studies are
insufficient. This review provides more insights on the applications of nanoparticles in different stages of oil and gas development,
increasing our understanding on the measures to control formation damage.

1. INTRODUCTION

In oil and gas industries, it is essential to preserve the
permeability of formation, especially at the near-wellbore
region,1,2 because the possibility of formation damage is high
during most field operations from the drilling stage to a final
assisted recovery operation.3 Undesirable consequences of
formation damage may occur at different stages, like during
drilling, production, completion, hydraulic fracturing, and
workover operations.4−7 The formation damage has the
potential to impair the productivity and injectivity of the
reservoir,8 especially around the vicinity of the wellbore.2

Formation damage in the petroleum industry is very
challenging to diagnose10 because it is related to a number
of factors.9 That means that the attempt to inhibit formation
damage requires costly methods and is time-consuming, with
uncertain successes in many cases.11

In recent years, a significant number of studies have been
conducted on the use of nanotechnology to assist in

controlling formation damage and reducing costs and the
time of operation in oil and gas fields.12−20 Nanotechnology
contributes an unprecedented potential for technological
advances to control formation damage in different phases of
oil and gas development, such as during drilling, completion,
production, stimulation, and enhanced oil recovery (EOR).
Nanotechnology is technically defined as the study and
application of nanoparticles with the simplest form of
structures with the dimensions ranging from 1 to 100
nm.21,22 At this scale, nanoparticles possess distinctive
characteristics, which are superior to traditional materials.
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Having a small size in the nanoscale range23 and a high surface
area/volume ratio22 can increase the reactivity and interactivity
to the adjacent materials/surfaces (Figure 1). Nanoparticles
can flow easily and penetrate deeply in porous systems because
of their small size. Also, their large surface area/volume ratio
increases the contact area and exhibits physical−chemistry
conditions by attaching chemical compounds with adjacent
surfaces.23−25

With these unique physicochemical characteristics, nano-
particles have gained wide attention and have been applied in
oil and gas fields. The most used nanomaterials in the
petroleum industry include silicon oxide (SiO2),

27 aluminum
oxide (Al2O3),

28 magnesium oxide (MgO),29 iron oxide
(Fe2O3), nickel oxide (NiO),30 and titanium dioxide
(TiO2).

31 Nano-based materials are used in drilling,18,19,32

exploration,33 completion,3,34 enhanced recovery,20 and
stimulation techniques.14 They can control formation damage
by minimizing the risk of plugging and solid movement with
effective stabilization of the well and are suitable to control fine
instability and migration.
Loṕez at el. researched Al2O3 nanomaterials to remove

formation damage caused by asphaltene under static
conditions.2 They concluded that the interaction of the
nanoparticle with asphaltene managed to prevent self-
association of asphaltene that might precipitate and deposit
in the porous system by neutralization of polar forces from the
affinity of asphaltene.3−5 However, a study published by
Parsaei et al. has found that iron oxide nanoparticles may
eliminate asphaltene deposits in porous media.6 Huang et al.
published a study in 2010 that described applications of the
nanoparticle to control fine migration during the hydraulic
fracturing process.7 They concluded that, when the proppant is
coated by nanoparticles, the possibility to control fine
migration is high because the proppant can have high surface
forces that control fine movement. When fines are mixed with
nanoparticles, nanomaterials can have the ability to change the
potential of surfaces of the fine, which lowers repulsion forces

between fines and rock and lowers the production of fines.8

Sometimes, nanoparticles, like SiO2, can be used as additives
that stabilize the well.9 When added to surfactants, they can
reduce permeability damage more efficiently than regular
surfactants.10

During EOR processes, formation damage may happen as a
result of pore plugging and chemicals trapped in a porous
system. This impairs formation permeability, with the
processes being resultantly subjected to high injection
cost.11,12 The application of nanoparticles, such as SiO2 and
Al2O3, with their ultrasmall size (1−100 nm)13 can penetrate
the porous system without pore blocking, as opposed to typical
materials with a larger size of more than 100 nm. This helps to
avoid formation damage because the contacting areas with
nanoparticles become large as a result of the macroscopic
sweep efficiency being increased. During all of this time, the
permeability cannot change. Instead, the reactivity can be
increased.14 Many studies of nanotechnology have been
conducted in laboratories. However, there is a need to evaluate
the efficiency of nanotechnology to control formation damage
in real fields.
For instance, Tianping et al.15 explained the field case study

that used nanoparticles to control formation damage in the
Gulf of Mexico oil field, with a reservoir temperature of 160 °F,
water depth of about 2500 ft, and pay zone ranges between
15 769 and 15 860 ft. The field production declined from 7500
to 2200 barrels of oil per day (BOPD) and from 6000 to 2000
thousand of cubic feet (MCF) of gas. They used 97 000 lb 20/
40 mesh proppants, which were treated with nanoparticles in
the fracking process to the damaged wells. Per the results,
nanoparticles managed to mitigate the formation damage by
absorbing fines and preventing their accumulation and
plugging to the near-wellbore region. They concluded that
after (6 months) proppant treatment with nanoparticles, the
well recovered to its normal productivity, with 2800 BOPD,
while that of gas is 2700 MCF, without fine migration or
formation damage.15

Figure 1. Nanoparticles with an increasing surface area and high surface/volume ratio from panels A and B. This figure was reproduced with
permission from ref 1. Copyright 2020 Elsevier.
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Borisov et al.16 investigated the drilling process using oil−
base drilling fluid with and without nanoparticles. They
explained that the drilling fluid with nanoparticles is likely to
reduce fluid loss by making thin filter cake compared to a fluid
without nanoparticles (Figure 4). They concluded that the
drilling fluid with nanoparticles reduced 22−34% fluid loss
compared to traditional fluid when 0.5 wt % calcium
nanoparticles were introduced.16

Zabala et al.17 developed models for formation damage
analysis at Castilla and Chichimene fields using nanofluid to
treat the formation damage. The Castilla field suffered from
severe formation damage, like asphaltene deposit (30%),
mineral scales (14%), and 56% from the drilling and
completion process. However, the Chichimene field suffered
from formation damage, such as emulsion damage and skin
effect of 29, 31.9, and 37. They treated wells by 86 bbl of
nanofluid for the Castilla field and 107 bbl for the Chichimene
field. They concluded that application of nanofluid at the
Castilla field changed the skin effect from 23 to 6.2, while at
the Chichimene field, the skin effect changed from 47 to 19, as
shown in Figures 2 and 3, respectively.17

Camilo et al.18 studied the use of nanotechnology in the oil
field in Cupiagua, Colombia. The employment of nanoparticles

and nanofluid to control formation damage after asphaltene
deposition was observed near the wellbore region.19 The
CPSXL4 well was chosen for field testing by injecting 220
BOPD of the nanofluids with alumina nanoparticles into the
reservoir formation. The results reveal that the skin effect
improved when they conducted nodal analysis to check the
skin effect after the operation. The asphaltene deposits near the
wellbore region were reduced and allowed fluid to flow to the
producing well, which make the production increase to 300
BOPD. However, following the success of the first trial in the
CPSXL4 well, the use of nanoparticles in the Colombian fields
was expanded to other wells. Nanoparticles were found to be
beneficial in controlling formation damage and increasing
production.
Furthermore, the application of nanoparticles in China was

discussed by Yongxiang et al. Field trials with nanoparticles
were undertaken in Jiangsu, Daqing, Henan, and Shengli oil
fields. The end outcome has demonstrated the expected
advancement.20,21 At the Shengli oil field, modified silica (SO2)
nanoparticles were injected into the reservoir formation using a
volume of 3−20% of the pore volume. By replacement of the
hydration membrane, the modified silica (SO2) nanoparticles
have managed to change the wettability of the rock and
allowed oil to flow.20

This review discusses the overview of nanomaterials that
control formation damage in oil and gas reservoirs. It examines
the applications of nanotechnology and its damage control
during drilling, completion, EOR, and hydraulic fracturing
processes in recent years. This work provides a compressive
review on the fields and laboratory investigations. Finally, it
suggests and recommends the future research for nano-
technology applications.

2. APPLICATION OF NANOTECHNOLOGY FOR
FORMATION DAMAGE CONTROL
2.1. Application of Nanotechnology for Formation

Damage Control during Drilling. Drilling the wellbore into
subsurface formations is the earliest stage in the life of a well in
petroleum industries. Usually, it introduces foreign material
into the reservoir rocks, such as drilling fluids, to prevent the
high influx of formation fluids to the wellbore.22 While
preventing the influx of formation fluids, drilling fluids also
form a filter cake, which is a thin layer that temporarily seals
the pore to prevent the fluid invasion to the formation. To
control the influx of formation fluids to the wellbore, the
pressure of the drilling fluid columns is always high, to exceed
the pore pressure by at least 200 psi.22,23 During this time, the
fluid loss is extremely high and the filtrate from water-based
mud can manage to invade the formation (see Figure 4A).
However, the mud filtrate that has managed to invade the
formation alters the properties of the formation fluids and, as a
result, can plug the near surface pores, causing the formation
damage.24,25 Most of the mechanisms cause formation damage
during drilling, like fluid−fluid incompatibility, which forms
emulsion and slugs that can block and plug the porous system
and decrease the flow capacity of gas and oil.26,27 Another
mechanism is rock−fluid incompatibility, which is a chemical
reaction between rocks and fluid, such as clay swelling or clay
deflocculation with water. The outcome of the reactions can
plug the porous media28,29 and cause formation damage. Also,
the mechanism of solid materials from weighting agents, such
as bentonite, together with the fines from drilling cuttings can
invade and plug the permeable parts of the formations, causing

Figure 2. Before and after the skin effect at the Castilla field. This
figure was reproduced with permission from ref 18. Copyright 2017
Elsevier.

Figure 3. Before and after the skin effect at the Chichimene field. This
figure was reproduced with permission from ref 18. Copyright 2017
Elsevier.
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significant formation damage, leading to low production of oil
and gas.25 The last mechanism is the formation of phase
trapping within the porous system, which can block and affect
the normal flow of formation fluid to the wellbore during
production.27

It is essential to control the formation damage during drilling
to minimize operation costs or to abandon the well. In this
regard, many researchers have recently conducted numerous
studies to design proper drilling fluid using nanotechnology,
which consists of nanomaterials to control formation damage
in hydrocarbon fields.30−32

2.1.1. Drilling Fluid and Formation Damage Control. For
the stable development of drilling jobs, rheology and filtration
control are essential properties to be highly optimized to
control fluid invasion or fluid loss because the result of
formation damage can easily occur.33

During oil and gas drilling, the wellbore instability is
challenging, especially in shale formations.34 This is due to the
shale hydration expansion process,35 in which the filtrate from
water-based drilling fluid managed to invade the formation.36

When water-based drilling fluid is used,36 the water filtrate can
invade shale formation through micropore throats, weak
structures, or natural cracks, resulting in fluid−fluid incompat-
ibility; hence, the hydration expansion process of shale can
occur, causing cause severe formation damage35 and weakening
the strength and mechanical support of the shale rocks,
resulting in wellbore instability during drilling operations.37

Currently, drilling with nanomaterials proved to have
promising results as a result of their distinctive characteristics,
like large surface area and high thermal conductivity.32,16,4

Many researchers have demonstrated that, with a low
concentration of nanomaterials in drilling fluids, the outcome
has shown the best performance in fluid rheology behavior and
filtration properties.38−40 However, to avoid wellbore insta-
bility, we should improve the properties of rheology and

thermal stability of the drilling mud by introducing various
nanoparticles to plug the nanopore throat, natural fractures,
and micropore structures during drilling. These nanoparticles
include titanium dioxide (TiO2), aluminum oxide (Al2O3),
silica nanoparticles (SiO2), carbon nanotubes (CNTs), copper
oxide (CuO), and iron oxide (Fe2O3), which control filtrate
loss to the formation that may cause formation damage and
wellbore instability.41−43

Figure 4B shows the addition of nanoparticles that forms
quality mud cake and wellbore stability during drilling and
eliminates many forms of damage around the vicinity of the
wellbore.44 In ultralow-permeable zones, like in shale, nano-
materials prevent water movements between the wellbore and
shale formation by plugging the pores.45 Studies have shown
that, when nanomaterials are blended with drilling fluid, their
potential to reduce fluid loss is more than 70%.46

It has been reported that designing drilling fluid with nano-
based material is very crucial to have better rheological
properties, which have the tendency to reduce fluid loss in
high-permeable reservoir formation.46 In 2011, the study was
conducted by Jung et al. in which bentonite (5 wt %) was
mixed with iron oxide (Fe2O3) nanoparticles with a nanoscale
size of 3 and 30 nm. The sample was tested, and the results
have shown that 0.5 wt % iron oxide (30 nm) with 5 wt %
bentonite exhibits high reduction of fluid loss control that may
cause formation damage, as indicated in Table 1 and Figure 5.
The rheological properties were improved by increasing the
viscosity, interaction capability, and yield stress.47 This is
because the critical net charge of 0.5% iron oxide (30 nm) with
5% bentonite was obtained, meaning the forces of repulsion
and attraction were in such a proportion that clay platelets
aligned face to face rather than face to edge. This alignment
can reduce the surface area of penetration of the filter cake
formation.47,48

Figure 4. Drilling mud losses while drilling (A) lost circulation materials (LCMs) and (B) application of nanoparticles. This figure was reproduced
with permission from ref 32. Copyright 2015 Springer Nature.

Table 1. Function of Iron Oxide Nanofluids in 5% Bentonite Aqueous Suspension at 25 °C and Atmospheric Pressure47

sample nanoparticles + sample yield stress (Pa)

5 wt % bentonite 1.27
5 wt % bentonite 0.5 wt % iron oxide (30 nm) + 5 wt % bentonite 1.80
5 wt % bentonite 5 wt % iron oxide (30 nm) + 5 wt % bentonite 7.67
5 wt % bentonite 0.5 wt % iron oxide (3 nm) + 5 wt % bentonite 3.33
5 wt % bentonite 5 wt % iron oxide (3 nm) + 5 wt % bentonite 36.89
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Tin oxide (SnO2) was employed as a nanoparticle by Parizad
et al.49 to examine its influence on fluid loss control in water-
based drilling fluids. Mixing tin oxide (SnO2) with water-based
drill fluids increased the rheology and filtration capabilities,
according to a study by Parizad et al. However, the volume of
fluid filtration was reduced by 20% when 2.5 g/L tin oxide
(SnO2) nanoparticles were added in water-based drilling mud.
The filtration remained unchanged when tin oxide (SnO2)
nanoparticles were added. Many studies have used nano-
particles to control formation damage by preparing good and
standard rheological and filtration qualities, as shown in Table
2.
The experiments have shown that, by incorporating

nanoparticles into drilling fluids, considerable improvements
in rheology and filtration characteristics can be achieved, which
are critical attributes in reducing formation damage, such as
fluid loss, wettability change, slugs, and emulsion formation.
Several studies involving drilling fluid and nanoparticles and
how they serve to reduce formation damages have been
conducted with a variety of authors.57−59

Johanna et al.48 conducted an experiment to investigate the
effect of silicon dioxide (SiO2) in the filtration and rheological
qualities of water-based mud (bentonite). They used tetraethyl
orthosilicate to make SiO2 nanoparticles and also used silica
nanopowder at 10−20 nm, which are at the fumed state. The

addition of these nanoparticles to the water-based mud
(bentonite) increased the plastic viscosity, yield point, and
yield stress by 12, 19, and 100%, respectively. It also improved
formation damage by reducing the fluid loss and total filtration
volume by 67 and 49%, respectively. Mahmoud et al.60 did
another experiment in 2016 to assess the effect of iron oxide
and silica nanoparticles with 0.5 wt % water-based mud
(WBM) at 200 °C. According to the findings, silica had the
largest yield stress of 130%, whereas iron oxide had little
change of 42% yield stress. However, for iron oxide and silica
nanoparticles, the plastic viscosity result has grown by 166 and
211%, respectively. These investigations have revealed that
choosing a drilling fluid with appropriate nanoparticles is
critical for preventing formation damage during drilling. It
protects filtration and rheological behaviors, which might
prevent the consequences that can degrade the formation and
cause harm to the formation.

2.2. Application of Nanotechnology for Formation
Damage Control during Well Completion. During
completion, activities, such as the casing process, cementing
job, gravel packing, perforating and installing of a production
tree, completion fluid, or workover fluid, may be applied.
During this time, the completion and workover fluids/cement
can invade the reservoir formation and cause the solids and
mud filtrate to plug into porous systems of formation. In this
situation, the effective permeability and pore volume can be
decreased and lead to formation damage around the wellbore
regions.45 Yili et al. conducted research on a Western Sichuan
tight gas reservoir to examine the formation damage as a result
of fluid loss, and they concluded that the average formation
damage degree induced by drilling fluid loss is 68.51% and
increases to 78.70% when the kill fluid loss is taken into
consideration.28 In this case, the possibility to cause the
formation damage by altering the formation fluid property is
high. The formation damages associated with well completion
fluid can be mentioned as (1) pore channel system blockage
during the cement job,61 (2) interaction between cement
additives and reservoir fluids, which lead to scaling, clay
reactions, fine migration, and silica dissolution, (3) invasion of
fluid solids and filtrate fluid from completion or fine invasion
during perforation into the formation,62,63 and (4) wettability
changes when completion fluid additives are applied.
To control formation damage in the completion job, there is

a need to study and select the best completion fluids/cement
slurry with less formation damage, so that it can protect the
reservoir.64

The introduction of nanotechnology in the oil and gas fields
has paved the way to fight against formation damage during
completion activities.48,65 The completion fluids can contain
various nanoparticles to improve their efficiency, especially

Figure 5. Effect of bentonite fluid with and without incorporated
nanoparticles at 25 °C. A represents 5 wt % bentonite without
nanoparticles; B represents 0.5 wt % iron oxide (30 nm) + 5 wt %
bentonite; C represents 5 wt % iron oxide (30 nm) + 5 wt %
bentonite; D represents 0.5 wt % iron oxide (3 nm) + 5 wt %
bentonite; and E represents 5 wt % iron oxide (3 nm) + 5 wt %
bentonite. B shows better rheological properties than the others,
which can have the ability to reduce fluid loss in the formation of a
high-permeable reservoir by having a low yield stress.

Table 2. Application of Nanoparticles in Drilling Fluid To Prevent Formation Damages

nanoparticles (NPs) function references

iron oxide (Fe2O3) reduction of fluid loss 47 and 50
silica nanoparticles (20 nm diameter, SiO2) prevent water invasion into shale; improve rheology properties 51 and 52
metal oxide, nanomaterials, and nanopolymer filtrate loss of the water-based drilling fluid control 45 and 53
Al2O3 nanoparticles prevent asphaltene self-association and lead to changes in the wettability of the porous media;

improve rheology properties
54 and 55

nanoclay, zinc oxide, and CNT−polymer
nanocomposite

improve rheology properties and reduce fluid loss 38−40

cellulose nanofibers (CNFs), titanium oxide, and
zinc titanate

rheology and filtration control 55 and 56
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fluid loss and viscosity, which may damage the reservoir
formation. It may contain nanosilica, nano iron oxide,
ferromagnetic nanoparticles, surface-modified nanoparticles,
carbon nanotubes, etc., which are better than conventional
completion fluids.66

Well cementing is a technique in the oil and gas industry
that involves injecting cement into the gas or oil wellbore
through the annular space between the casing and the rock
formation after the drilling operation is completed (Figure
6).67,68 Cementing isolates zones by restricting fluid

communication across the different zones in the formation of
the reservoir. In addition, it provides casing and structural
support to withstand the loads/pressure during well
production.45,67,69

Furthermore, failure to achieve a high-strength cement bond
between the casing and the rock formation might lead to
further issues and formation damage: blockage of pore channel
networks in wellbore regions when cement filtrate manages to
invade the formation, interaction between cement additives
and reservoir fluids resulting in scaling, clay reactions and silica
dissolution, formation of fluid leakage, contamination of fresh
water and formation fluids, and fluid loss during injec-
tion.61,70,71 This formation damage leads to a decline in the
permeability and productivity of the reservoir, resulted in a
high cost of remedy with uncertain success.72

To control formation damage during cementing, we need to
have a high-strength cement bond between the casing and the
rock formation to have a complete hydrocarbon production by
modifying cement properties and functionalities. Currently, the
use of cement with nanomaterials demonstrated promising
results to control formation damage. Nanoparticles enhance
zonal isolation and early strength development and provide
casing and structural strength for withstanding the loads/
pressure during well production.45,67,69,73−75

In the oil and gas sector, there are four main phases of well
cements, which are C3A, C4AF, C3S, and C2S.

1,76 These phases
contain lime and some alkali sulfate. Each phase has a specific
task to complete to deliver high-quality cement. C3A and C4AF
phases are responsible for rheology and gelation control, while
C3S and C2S phases control compressive strength of the
cement. Consider the reactions below:76

+ → − − +2C S 6H C S H 3CH3

+ → − − +2C S 4H C S H CH2

During the reaction of C3S and C2S with water, C−S−H gel
and calcium hydroxide (CH) are formed. Generation of C−S−
H gel is very important because it provides strength to cement.
When nanosilica is added to the cement, there is an
acceleration of the earlier strength of the cement C−S−H
gel as a result of reactivity of pozzolanic, which prevents
additional reactivity with the formation fluids, which could
result in formation damage.77

Patil and Deshpande77 conducted research into the use of
nanosilica in cement formulations. They came to the
conclusion that nanosilica contributed to early cement strength
and fluid loss management. Tables 3 and 4 show results from
the Patil and Deshpande experiment.

Table 3 shows the ability of nanosilica to provide the
compressive strength to the cement. When nanosilica is
employed, compressive strength increases from 460 to 2203
psi, but without it, compressive strength increases from 172 to
690 psi. It proves that nanosilica is beneficial to the cement
strength.
Table 4 shows that nanosilica has a significant impact on

fluid loss. The result demonstrates that using 0.2 gallon per
sack (gal/sk) nanosilica with 0.5% by weight of cement (bwoc)
fluid additive reduces fluid loss to 22 mL/30 min. However,
Table 4 shows that, when a fluid loss additive of 0.5% bwoc is
used without nanosilica, fluid loss might be as high as 38 mL/
30 min. When drilling fluid was used without nanosilica and
fluid loss additives, fluid losses can be as high as 52 mL/30
min.
On the other hand, many types of nanomaterials have been

considered as additives in cement (iron oxide, titania, alumina,
etc.).78 Many researchers have recommended nanosilica
materials (SiO2) as the nanomaterial to be used in cementing
jobs. Nanosilica materials have higher performance and are the
most cost-effective, promising, and efficient compared to the
traditional cement materials.45,79−85 Chithra et al.86 conducted
an experiment to see how nanosilica affects cement strength.
They employed nanosilica with a size of 5−40 nm and 0.5, 1,
1.5, 2, 2.5, and 3% by weight of cement to replace the Portland
cement. This study was performed for several days at curing
times of 3, 7, 28, 56, and 90 days. The findings revealed that
nanosilica accelerated and improved the strength of cement as
a result of its pozzolanic qualities, which promoted reactivity

Figure 6. Schematic diagram for primary oil well cementing.

Table 3. Effect of Nanosilica to Compressive Strength of
Cement77

silica

compressive strength (psi)
before adding
nanoparticles

compressive strength
(psi) after adding
nanoparticles

0 172 690
micrometer-sized
silica

160 610

nanosilica 460 2203

Table 4. Effect of Nanosilica to the Fluid Loss Control77

nanosilica (gal/sk) fluid loss additive (% bwoc) fluid loss (mL/30 min)

0 0 52
0.2 0 34
0 0.5 38
0.2 0.5 22
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and interactivity in the cement. In addition, nanosilica attained
the best compressive strength as the curing days rose,
according to the findings. Figure 7 shows that 2% nanosilica
had the maximum compressive strength of roughly 70 MPa
after 90 days. The nanosilica has enhanced cement strength,
which is one of the most important aspects for stabilizing
cement and preventing formation damage.
Nanosilica proved its performance according to its

mechanisms in the cement slurry as a result of its size in the
nanoscale range45 and high surface area/volume ratio,13 which
increase the reactivity and interaction by filling several cement
matrix voids, giving cement a dense structure. When rheology
and fluid loss improved, the formation damage improved too,
in the sense that permeability around the wellbore can be
effective and unchanged. Several studies emphasized that
adding nanosilica to the cement slurry promotes the strength,
stability, rheology, reduction of the cement setting time, and
zonal isolation.1 Nanosilica can control well damage and
extend the well life. Determination of the optimum amount of
nanosilica is necessary because current field trial work is scarce.
For a better understanding, more field trials and studies are
recommended.
2.3. Application of Nanotechnology for Formation

Damage Control during EOR. EOR is used to recover oil
from a reservoir after the energy recoverable by primary and
secondary recovery methods has declined.87 It focuses to
recover oil that has remained in a petroleum reservoir after
primary and secondary recovery methods has been depleted. It
recovers oil through the injection of fluids and energy that are
not ordinarily present in the reservoir. The techniques of EOR
include chemical flooding, thermal techniques for heavy oil,
water flooding (low salinity), and CO2 flooding. Application of
EOR techniques are associated with formation damages to the
oil and gas formations.14,88,89 The formation damage during
EOR includes90 (1) clay expansion (swelling), fine migration,
clay swelling deflocculation, and phase trapping/blocking91,92

and (2) wettability alteration, ion exchange, pH increase, and
dissolution of organic components.93−96

Formation damage in EOR techniques needs more attention
and awareness in many operating companies because
production in potential oil resources tends to decline.97,98 It
needs more efficient and less expensive techniques to minimize
and control formation damage to avoid increases in operational
cost and time.72 In recent decades, the introduction of
nanotechnology in the oil and gas development has
demonstrated a useful way to inhibit formation damage during
EOR operations. The application of nanomaterials has caught
the interest of many researchers in EOR, and its potential
increases day after day.89,99−102 Nanomaterials exhibit distinct
solutions when introduced into porous media to improve EOR
methods and to avoid formation damage in oil reservoirs.93

When nanomaterials are mixed with chemical fluids during
EOR, improved results can be seen in terms of oil recovery and
control formation damage, like reduction of phase trapping,
control of fine migration, wettability alteration, reduction of
drag, asphaltene precipitation, and emulsion stabiliza-
tion.103,104 This is due to their distinct qualities, such as a
small size in the nanoscale, good thermal stability, effective
adsorption capacity, ease of functionalization, and large surface
area/volume ratio.105,106

2.3.1. Interfacial Tension (IFT) Reduction. IFT in oil and
gas is the tendency that forces act on the fluids having different
characteristics, such as filtrate invasion (foreign and formation
fluids) to the reservoir formation during the drilling or
fracturing process.107−109 When the IFT becomes high, it can
strongly hold water and block the natural flow of oil or gas,
causing formation damage. This remark was supported by Gao
et al.110 by explaining that high IFT negatively affects oil
production during fracturing fluid processes, thus inducing
formation damage. On the other hand, Fengpeng et al.111

conducted research on the effect of water blocking as a result
of the fractures in tight formation when the hydraulic

Figure 7. Compressive strength of cement from different curing times with nanosilica. This figure was reproduced with permission from ref 1.
Copyright 2020 Elsevier.
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fracturing process is applied. They applied numerical
simulation to demonstrate their output. They deduced IFT
trapping of water in the reservoir matrix and concluded that
reducing IFT can reduce formation damage and result in load
recovery improvement.
However, IFT is directly related to capillary pressure.112

Thus, to control formation damage caused by IFT, there is a
need to reduce the capillary pressure.113 When capillary
pressure is reduced, its ability to hold and trap liquid is reduced
too, and then IFT becomes low, allowing for more oil to flow
in the producing well. To achieve interfacial reduction,
nanoparticles have been used to improve EOR processes and
control formation damage caused by IFT.93,114−116 Figure 8

shows the nanomaterials that can change the surface of a liquid
by adsorbing and separating the surface forces of the liquid.
When nanoparticles are added, the IFT becomes reduced.94

Suleimanov et al.93 performed an experiment concerning the
application of nanofluid in EOR to study the effects of IFT to
the reservoir formation. The results have shown that, when
nanomaterials were applied, surface tension becomes reduced
70−79% when only the mass of sulphanole solution of 0.004−
0.0078% was considered. However, nanoparticles improved the
rheology of the fluid, which increased the surfactant solution,
changed the surfactant/oil interface, and reduced the IFT.117

Furthermore, the introduction of a small amount of 0.1 vol %
TiO2 at 15 nm size nanofluid to the formation can show a
significant reduction of IFT by raising the temperature, while
the surface tension becomes adsorbed.118 The experiment
conducted by Tushar and Jitendra about nanofluid silica
(SiO2) used for IFT reduction in chemical EOR operations
used conventional polymer (P) and surfactant polymer (SP)
methods to compare to nanoparticle−polymer (NP) and
nanoparticle−surfactant−polymer (NSP) fluids, which were
added at 1.0 wt %.119 Figure 9 has shown that NSP fluids
achieved the best result to reduce IFT compared to other
methods. Another experimental study conducted for TiO2
shows that the application of TiO2 nanoparticles to the EOR
fluids can adsorb the air−water interface and reduce IFT.120

Also, non-ferrous metal nanoparticles can stabilize nanofluids
and significantly reduce 70−90% IFT.93

As explained previously, the formation damage caused by
water blocking is common, especially in tight formation in
which the filtrate managed to invade the formation and restrict
the natural flow of reservoir fluids as a result of IFT.
Nanoparticles can have the ability to reduce IFT and lower
capillary pressure and irreducible water saturation. Therefore,
nanoparticles remove considerable phase trapping that could
block fluid flow and cause formation damage of the reservoir.

2.3.2. Wettability Alteration. Wettability defines the affinity
properties of two kinds of fluids in the formation surface when
immiscible liquid is available.121 However, the surface of the
rock can be water-wet (A), mixed-wet (B) (intermediate), and
oil-wet (C)122,123 with specific angles, as shown in Figure 10.

Wettability performs a significant role in fluid displacement
efficiency within porous systems during EOR. However, the
change of wettability near the wellbore zone from water-wet to
oil-wet can affect reservoir properties and the extraction of oil
and gas and, consequently, induce formation damage.124,125

This wettability alteration leads to a pressure drop and decline
of oil permeability and restricts oil flow to the producing well.
Therefore, the alteration of wettability from water-wet to oil-

wet is unfavorable, especially the near region of the
wellbore.126 To account for wettability, the relative perme-
ability and capillary pressure are the basic parameters mainly
dependent upon the wettability.127 If the reservoir is water-wet,
the imbibition is high and the rate of forming a trapping phase
is significant.125 Furthermore, when the reservoir is charac-
terized by low water saturation, capillary pressure increases
because the results of the imbibition and holding water can
cause the trapping phase; hence, the flow of oil to the wellbore
decreased.128 Thus, there is a need to control wettability
properties around the vicinity of a wellbore with improved
additives to avoid any form of formation damage resulting
from alteration of wettability.
Nanomaterials can be used during EOR techniques to

control wettability change within the porous system to ensure
sufficient flow of formation fluid to avoid formation damage.
Maghzi et al. performed a study on the application of silica
nanoparticles in a water-flooding process and deduced that
silica nanoparticles managed to alter wettability properties
from oil-wet to water-wet.96

Figure 8. Diagram shows nanoparticle (NP) action in the oil/water
interface.

Figure 9. Water surface tension reduction when added polymer fluid
(P fluid), surfactant−polymer fluid (SP fluid), nanoparticle−polymer
SiO2 (NP nanofluid), and SiO2 nanoparticle−surfactant−polymer
(NSP nanofluid) at 25 °C and 1.0 wt % SiO2 concentration for
nanofluids. This figure was reproduced with permission from ref 119.
Copyright 2017 Elsevier.

Figure 10. Rock wettability with different angles.
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Silica nanoparticles can be used as additives during EOR to
change the wettability.95,96 However, adding hydrophilic
nanoparticles of 0.05 wt % to the surfactants during EOR
managed to alter the wettability from 15 to 33%.129

Furthermore, nanopowder of silica has a high tendency of
showing hydrophobicity and lipophilicity; once it is absorbed
on the rock surface, it can alter wettability.93 However, it is also
important to note that TiO2 nanofluids can do the same as
silica in altering the wettability properties.94

Another instance of wettability alteration as a result of silica
nanoparticle usage can be found in the study by Abass and
Hadi,130 with deduction of the same via changing the
concentration of silica nanoparticles (0, 1, 2, 3, 4, 5, and 6
g/L) (Table 5). They reported 4 g/L as an appropriate

concentration to change the wettability of the surface of the
carbonate rock from oil-wet to water-wet properties to achieve
the contact angle of less than 90°, which is preferable for a
water-wet surface (Figure 11), with the latter required for oil to

flow toward the production well without damaging the near-
wellbore zone, as described in the results obtained from their
experiment. Tables 6 and 7 show details of the different
nanoparticles, which control formation damage during EOR
techniques, including the silica nanoparticles. Nanoparticles

can interact and mix with fluid and rock to improve the
reservoir properties, including wettability alteration. When the
optimum concentration of nanoparticles increased, the
permeability improved and the possibility of formation damage
is significant. The wettability alteration is achieved as a result
of wettability alteration from an oil-wet property to a water-wet
property as a result of the adsorption ability and the reaction of
the surface of the rock to the nanoparticles.
Most studies have shown the positive influence of

polyethylene glycol (PEG)-coated hydrophilic, Fe2O3, Al2O3,
ZrO, TiO2, coated silica, MgO, SiO2, Al2O3, and polysilicon
nanoparticles in EOR. In general, these nanoparticles, when
added to the chemical fluids during EOR with the specific
concentrations, can improve oil displacement efficiency by
inhibiting formation damage via mechanisms, like phase
trapping, fine migration, wettability alteration to achieve
water-wet conditions, reduction of drag, asphaltene precip-
itation, and emulsion stabilization. However, further inves-
tigation is required for possible EOR improvements via a
combination of different nanoparticle types.

2.3.3. Application of Nanotechnology for Formation
Damage Control during Stimulation. Production of oil and
gas from tight and shale formation always needs a stimulation
technique to create the complex network of artificial hydraulic
fractures. A large volume of proppants is pumped into the
formation to enhance transportation of shale gas from the
formation to the wellbore in commercial quantities.140−144

Such production requires the complex network of artificial
fractures to have sufficient conductivity to sustain the whole
period of production.145 Unfortunately, the techniques for
transporting and placing proppants in the formation to hold
the fractures exhibit formation damage near the fracture

Table 5. Alteration of Wettability When SiO2 Nanoparticles
with Different Concentrations Are Added to the Chemical
Agents on the Surface of the Carbonate Rock130

step
concentration of
nanosilica (g/L)

effect of alteration of wettability (changes of
contact angles)

a 0 θ = 107.785°
b 1 θ = 142.785°
c 2 θ = 98.552°
d 3 θ = 73°
e 4 θ = 56.857°
f 5 θ = 52.275°
g 6 θ = 52.275°

Figure 11. Alteration of wettability in the concentration of 4 g/L
nanosilica for step e from Table 5.

Table 6. Action of Silica Nanoparticles (SiO2) with Different Concentrations To Control IFT and Wettability, Minimize
Formation Damage, and Improve the Production of Oil during EOR

number nanoparticles with concentration media IFT (mN/m) before and after treatment contact angle before and after treatment recovery (%)

1 0.3 wt % SiO2 propanol from 38.5 to 1.45131 from 134 to 84131

2 0.1 wt % SiO2 water from 13.62 to 10.69132 from 122 to 24132 8.796

3 0.1 wt % SiO2 ethanol from 25 to 5133 from 135.5 to 66133

4 0.05 wt % SiO2 brine from 19.2 to 16.9134 from 90 to 26135 0−15136

5 0 wt % SiO2 brine from 21.7 to 4.2137 from 87 to 25135 12.1137

6 0.1 wt % SiO2 brine from 21.7 to 4.5137 from 83 to 21135 16.3137

7 0.5 wt % SiO2 brine from 21.7 to 5.2137 from 82 to 18135 24.4137

Table 7. Formation Damage during the EOR Technique and
Some Nanoparticles Used To Control Formation Damage

EOR method formation damage nanoparticles used references

chemical flooding asphaltene deposit Al2O3 2

foam/emulsion SiO2

thermal techniques
for heavy oil

hydrate SiO2 101

clay swelling and
deflocculation

polyethylene glycol
(PEG)-coated silica

138 and
102

low-salinity water
flooding and CO2
flooding

wettability
alteration

hydrophilic, Fe2O3
silica, ZrO, and TiO2

93−96

molecular/ionic
adsorption

SiO2 8

fine migration polyethylene glycol
(PEG)-coated silica

102

phase trapping MgO, SiO2, and Al2O3
polysilicon
nanoparticles

99, 100,
and 139
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surface that affects fracture packing.146−148 Many mechanisms
impair the fracture conductivity during the process of
fracturing.145,148,149 These include proppant embedment,150

closure stress effect,151,152 proppant crushing,153,154 cyclic
stress,148 fine migration,155 proppant pack diagenesis,156,157

and the blockage caused by the gel residue in the proppant
pack and gel filter cake at the fracture face.158,159

Recent studies have demonstrated that the use of nano-
particles can improve and control formation damage during
stimulation8 compared to conventional methods. Nano-
particles can maintain the efficient and high conductivity of
the fractures to extend the period of oil and gas recovery.160

Having a small size,45,161,162 nanoproppants show significant
properties, like flowing easily and deep penetration into an
existing network of fractures, and hold the fracture from
closure pressure, allowing oil or gas to flow to the producing
well.160 However, during this time, nanoparticles can increase
the reactivity and interactivity, which can connect fines by
changing the surface charges of the fine and lowering the
existing repulsion force between formation grains and
fines.163,164 In this situation, the production and movement
of fines, which might weaken the conductivity of the fractures
and cause formation damage, are prevented. This view is
supported by Huang et al. that nanoparticles have shown better
results when silica PEG nanoparticles impregnated with
inorganic brines of KCl and NaCl or PEG-coated nanoparticles
hinder swelling properties of montmorillonite that can plug
into the pore throat during stimulation and destabilize the flow
efficiency of formation fluid to the producing well.7

However, Jiang et al. demonstrated that the use of
nanoparticles during stimulation can control the formation
damage near fracture zones. They explained that, when
nanoparticles are associated with viscoelastic surfactants
(VES) used during stimulation, they can have the ability to
improve rheological properties and filter cake that can prevent
the fluid loss to the formation, which might destabilize the
mechanical strength of the rock formation and cause formation
damage. In addition, having nanoscale properties, nano-
particles can penetrate into the porous system and flowback
together with formation fluids without generating formation
damage.13,45 The study conducted at Atoka shale to examine
fluid penetration to the formation after the addition of
nanoparticles showed that fluid penetration was reduced
between 16 and 72%, while that of the Gulf of Mexico was
reduced between 17 and 27%.16 Nanoparticles can be used
widely during stimulation and bring positive results in terms of
maximizing production and controlling formation damage.
Barati et al. explained that nanoparticles during stimulation
techniques can be used to clean the formation after the
fracturing process, such as polyelectrolyte complex nano-
particles being used as the cleanup materials during the
fracturing process.165,166

Moreover, nanoparticles can remove formation damage
caused by blockage of the gel residue in the proppant pack and
gel filter cake at the fracture face,158,159 resulting from
conventional hydraulic fracturing fluids.167 This is because, as
a result of their characteristic small size, good thermal stability,
and good rheology characteristics, when nanoparticles are
mixed with fracturing fluids, they penetrate into the deep
porous system and improve performance compared to when
the conventional fluids are used. In this way, formation damage
is minimized and improved.168,169 Therefore, nanoparticles

must be considered in stimulation to minimize unnecessary
formation damage that is costly to repair.

2.3.4. Nanoparticle Application on the Formation
Damage Control Caused by Clay Minerals. Sensitive
minerals, such as clays, show the effect on fluid−rock
incompatibility mechanisms by ionic exchange with saline
water.170 To control formation damage to the oil and gas
formations, the knowledge of the reaction of clay mineral with
water/fluid is essential,171 particularly in shale formation as a
result of its richness in clay minerals.172,173 There are a variety
of constituents of clay minerals in reservoir formations, such as
kaolinite, chlorite, illite, allophone, smectite, halloysite,
vermiculite, mica, and attapulgite−palygorskite−sepiolite.174
Kaolinite, illite, smectite, and mica are the main constituents in
shale formation.175 The presence of these clay minerals leads
to swelling tendency and deflocculation, resulting in a decline
in permeability of oil and gas. Swelling of clay minerals can
happen when smectite minerals are surrounded by negative
charges on their surface,176 which needs to attract a positive
charge to balance or be neutral.177 As a result of this negative
existence in clay platelets,178 the positive charge of salts
[potassium (K), calcium (Ca), and ammonium (NH3)] will be
attracted to clay sides to remain electrically neutral. This can
result in the hydration of the interlayer increasing space within
the clay minerals. In this regard, salt is attracted to the clay
platelets, while water will be substituted in the clay matrix,
causing the expansion of clay (Figure 12). The expansion of
clay minerals in the pore system creates a considerable
reduction in permeability near the fracture zone.179

Usually, there are several techniques used to control clay
swelling to minimize formation damage, such as clay stabilizers,
which can neutralize charge differences in clay platlets.181

Recently, many researchers have been incorporating nano-
particles as clay swelling inhibitors to reduce the effective
swelling tendency of clay minerals.182 Nanoparticles have
shown better results when silica PEG nanoparticles impreg-
nated with inorganic brines of KCl and NaCl183 or PEG-coated
nanoparticles hinder swelling properties of montmorillonite
that can plug into the pore throat.102 On other hand, the

Figure 12. Descriptions of clay structures of non-swelling clay (illite)
and swelling clay (smectite). This figure was reproduced with
permission from ref 180. Copyright 2019 Elsevier.
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application of silica nanoparticles particularly to the sand
formation can effectively absorb clay minerals and prevent
movement and its deposit into porous systems, which may
cause formation damage.
To assess the electrostatic potential of nanoparticles to

control clay swelling characteristics, Ramin et al.184,185 used a ζ
analyzer device. The change in surface charges to the
formation rock surfaces was determined. They found that the
ζ potential was positive about 50 mV (Figure 13), indicating

that the nanoparticles used in the experiment were able to
absorb negative charges off the surfaces of clay minerals via a
neutralizing action, preventing the clay minerals from
expanding and moving to the packed column. As a result, a
ζ potential of 50 mV is thought to be beneficial in controlling
the swelling tendency of clay minerals, which can damage the
formation by lowering its permeability.8 Other studies also
deduced that, when the ζ potential of nanoparticles is greater
than 30 mV, they are considered suitable nanoparticles for
effectively controlling the expansion and swelling of clay
minerals.184

To control formation damage, altering the surface charges is
required, especially to the porous system, using the ζ potential
technique.187 For example, introducing MgO nanoparticles to
ζ potential, the surface of the formation rock changes to the
positive charge that neutralizes the negative charge from clay
platelets and prevents it from swelling. Also, the positive charge
can attract the fine particles with a negative charge and prevent
fine movement to the porous system.188 Having a characteristic
small size and large surface area/volume ratio and concen-
tration are the factors driving nanoparticle demonstration of
promising results in controlling formation damage for clay-rich
rocks. However, it is important to note that nanoparticles can
absorb all free ions from the clay minerals and control the
swelling tendency of the clay mineral, hence preventing
formation damage occurrence.

3. FUTURE RESEARCH CHALLENGES AND
PERSPECTIVES

This review looked at how nanotechnology can be used to
control formation damage in hydrocarbon fields. Despite the
fact that a large number of studies have been undertaken on
the use of nanotechnology to aid in the control of formation

damage in oil and gas fields, its application still confronts
different challenges in terms of implementation. The following
are the nanotechnology challenges that should be solved in
future research:
First, the mechanisms to control formation damage have

been discussed in this review but were not well-understood.
The mechanisms of impairment of conductivity in shale/tight
formations are not consistent and can differ from one
formation to another. This owes to a high level of subsurface
heterogeneity in terms of mineralogy, microstructure, organic
content, temperature, natural fractures, mechanical properties,
and other properties. More nanotechnology research and
investigations are needed to improve the grasp of reality in
these formations on how formation damage can be controlled.
Second, the majority of nanotechnology uses are still in the

laboratory or under experiments, despite promising results.
There are few field trials to demonstrate the application and
outcome of nanoparticles; further field trials are suggested to
develop the utilization of nanotechnology.
Third, different nanoparticles have been used in studies, and

the results have shown that each nanoparticle exhibited
different mechanisms to control formation damage, as shown
in Table 3. Future optimization research is required,
particularly formulas that specify the number/volume of
nanoparticles that should be combined. This will aid in the
selection of nanoparticles based on the requirements.
Furthermore, the cost of producing nanoparticles in bulk

manufacturing is still being debated to meet the demand in
petroleum industries. In comparison to traditional materials,
producing high-quality nanoparticles requires a lot of energy
and high costs. More research is needed to address this to
reduce costs and replace polymer, alkali, and surfactants in the
oil and gas industry to control formation damage in large fields.
Additionally, controlling the deliverability of nanoparticles to

the desired target zone of the formation requires examining the
adsorption and desorption characteristics of nanoparticles,
particularly during flow behavior. Further experiments and
theories are recommended.
Finally, this review highlighted how different nanoparticles

can be used to prevent and limit formation damage;
nevertheless, additional research is needed to determine how
nanoparticles affect human health. Because nanoparticles are so
small on the nanoscale, they are very easy to stay and spread in
the air, water, and soil as well as infiltrate our bodies,
particularly our skin, eyes, mouth, nose, and ears. There are
few emphases in this topic to clarify the environmental and
health implications.

4. SUMMARY AND CONCLUSIONS
This paper reviews and provides insight into the applications of
nanoparticles to control formation damages in different oilfield
operations, including drilling, completion, EOR, and well
stimulation techniques. The insights gained from this study are
likely to improve our understanding of how to mitigate and
eliminate formation damage in oilfields. The following
conclusions can be drawn from this review study:
Employing nanoparticles to the oilfields has been shown to

establish a good rheology and filtration control that can control
formation damage. When modest concentrations of nano-
particles are added to the drilling fluids, the rheology and
filtration behaviors are altered and become stable, resulting in
high-quality mud cake and wellbore stability (Figure 4B),
which can help to eliminate and limit formation damage.

Figure 13. ζ potential (ZP) measurement of nanosilica at 25 °C and
pH 7. This figure was reproduced with permission from ref 186.
Copyright 2019 Elsevier.
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However, combining nanoparticles with drilling fluid has the
potential to cut fluid loss by more than 70%. Furthermore,
nanoparticles are effective in ultralow-permeability zones, like
shale, by hindering water passage between the wellbore and the
formation, thus preventing clogging of the pores.
Nanosilica materials (SiO2) have been proposed by many

studies as the most effective nanomaterial to be used in
cementing activities as a result of its smaller size and a high
surface area/volume ratio that enhances the rheology, fluid
loss, and setting time of cement.
During EOR, when nanomaterials are mixed with chemical

fluids, they show promising results in minimizing phase
trapping, controlling fine migration, wettability alteration,
drag reduction, asphaltene precipitation, and emulsion
stabilization. However, TiO2 nanoparticles can adsorb and
separate the surface forces of the liquid, resulting in lower IFT
and altering wettability.
During hydraulic fracturing, nanoproppants can keep the

fracture open from closure pressure for a longer period of time,
allowing oil or gas to flow to the producing well. During this
time, nanoproppants can affect the surface charges of fines,
lowering the current repulsion force between formation grains
and fines, reducing the generation and movement of fines,
which can limit the permeability of a reservoir. In addition,
nanoparticles in clay rocks can balance charge discrepancies in
clay platelets by absorbing the clay mineral through molecular
interaction. This reduces the action of the clay mineral, such as
swelling and deflocculation, which may affect the formation
permeability.
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■ NOMENCLATURE
API = American Petroleum Institute
LCM = lost circulation material
bwoc = by weight of cement
EOR = enhanced oil recovery
C−S−H = calcium silicate hydrate
C2−S−H = dicalcium silicate hydrate
WBM = water-based mud
C3S = tricalcium silicate
C2S = dicalcium silicate
C3A = tricalcium aluminate
C4AF = tetracalcium aluminoferrite
BOPD = barrels of oil per day
MCF = thousand cubic feet
NP = nanoparticle
IFT = interfacial tension

■ REFERENCES
(1) Maagi, M. T.; Lupyana, S. D.; Jun, G. Nanotechnology in the
petroleum industry: Focus on the use of nanosilica in oil-well
cementing applicationsA review. J. Pet. Sci. Eng. 2020, 193, 107397.
(2) López, D.; Jaramillo, J. E.; Lucas, E. F.; Riazi, M.; Lopera, S. H.;
Franco, C. A.; Cortés, F. B. Cardanol/SiO2 Nanocomposites for
Inhibition of Formation Damage by Asphaltene Precipitation/
Deposition in Light Crude Oil Reservoirs. Part II: Nanocomposite
Evaluation and Coreflooding Test. ACS omega. 2020, 5 (43), 27800−
27810.
(3) Franco, C. A.; Zabala, R.; Cortés, F. B. Nanotechnology applied
to the enhancement of oil and gas productivity and recovery of
Colombian fields. J. Pet. Sci. Eng. 2017, 157, 39−55.
(4) Kazemzadeh, Y.; Sharifi, M.; Riazi, M. Mutual effects of Fe3O4/
chitosan nanocomposite and different ions in water for stability of
water-in-oil (W/O) emulsions at low−high salinities. Energy Fuels
2018, 32 (12), 12101−12117.
(5) Rezvani, H.; Kazemzadeh, Y.; Sharifi, M.; Riazi, M.; Shojaei, S. A
new insight into Fe3O4-based nanocomposites for adsorption of
asphaltene at the oil/water interface: An experimental interfacial
study. J. Pet. Sci. Eng. 2019, 177, 786−797.
(6) Parsaei, R.; Kazemzadeh, Y.; Riazi, M. Study of Asphaltene
Precipitation during CO2 Injection into Oil Reservoirs in the Presence
of Iron Oxide Nanoparticles by Interfacial Tension and Bond Number
Measurements. ACS omega. 2020, 5 (14), 7877−7884.
(7) Huang, T.; Crews, J. B.; Willingham, J. R.; Belcher, C. K. Nano-
Sized Particles for Formation Fines Fixation. Canada Patent 2,702,936
A1, June 25, 2009.
(8) Moghadasi, R.; Rostami, A.; Hemmati-Sarapardeh, A.
Application of nanofluids for treating fines migration during hydraulic
fracturing: Experimental study and mechanistic understanding. Adv.
Geo-Energy Res. 2019, 3 (2), 198−206.
(9) Gao, C.; Miska, S. Z.; Yu, M.; Ozbayoglu, E. M.; Takach, N. E.
Effective enhancement of wellbore stability in shales with new families

of nanoparticles. Proceedings of the SPE Deepwater Drilling and
Completions Conference; Galveston, TX, Sept 14−15, 2016;
DOI: 10.2118/180330-MS.
(10) Lv, Q.; Li, Z.; Li, B. Enhancing Fluid-Loss Control Performance
of Liquid CO2 Fracturing Fluid By Foaming with High-Pressure
Nitrogen. Proceedings of the International Field Exploration and
Development Conference 2017; Qu, Z., Lin, J., Eds.; Springer:
Singapore, 2019; Springer Series in Geomechanics and Geoengineer-
ing, pp 1568−1575, DOI: 10.1007/978-981-10-7560-5_143.
(11) Ahmed, T. Oil Recovery Mechanisms and the Material Balance
Equation. Reservoir Engineering Handbook, 4th ed.; Gulf Professional
Publishing: Houston, TX, 2010; Chapter 11, pp 733−809,
DOI: 10.1016/B978-1-85617-803-7.50019-5.
(12) Kong, X.; Ohadi, M. M. Applications of micro and nano
technologies in the oil and gas industryAn overview of the recent
progress. Proceedings of the Abu Dhabi International Petroleum
Exhibition and Conference; Abu Dhabi, United Arab Emirates, Nov
1−4, 2010; DOI: 10.2118/138241-MS
(13) El-Diasty, A. I.; Ragab, A. M. Applications of nanotechnology in
the oil & gas industry: Latest trends worldwide & future challenges in
Egypt. Proceedings of the North Africa Technical Conference and
Exhibition; Cairo, Egypt, April 15−17, 2013; DOI: 10.2118/164716-
MS.
(14) Vargo, J.; Turner, J.; Bob, V.; Pitts, M. J.; Wyatt, K.; Surkalo,
H.; Patterson, D. Alkaline-surfactant-polymer flooding of the
Cambridge Minnelusa field. SPE Reservoir Eval. Eng. 2000, 3 (06),
552−558.
(15) Huang, T.; Evans, B. A.; Crews, J. B.; Belcher, C. K. Field case
study on formation fines control with nanoparticles in offshore wells.
Proceedings of the SPE Annual Technical Conference and Exhibition;
Florence, Italy, Sept 19−22, 2010; DOI: 10.2118/135088-MS.
(16) Vryzas, Z.; Kelessidis, V. C. Nano-based drilling fluids: A
review. Energies 2017, 10 (4), 540.
(17) Zabala, R.; Franco, C. A.; Cortés, F. B. Application of
Nanofluids for Improving Oil Mobility in Heavy Oil and Extra-Heavy
Oil: A Field Test. Proceedings of the SPE Improved Oil Recovery
Conference; Tulsa, OK, April 11−13, 2016; DOI: 10.2118/179677-
MS.
(18) Franco, C. A.; Zabala, R.; Cortés, F. B. Nanotechnology applied
to the enhancement of oil and gas productivity and recovery of
Colombian fields. J. Pet. Sci. Eng. 2017, 157 (June), 39−55.
(19) Zabala, R.; Mora, E.; Botero, O. F.; Cespedes, C.; Guarin, L.;
Franco, C. A.; Cortes, F. B.; Patino, J. E.; Ospina, N. Nano-technology
for asphaltenes inhibition in Cupiagua South Wells. Proceedings of the
IPTC 2014: International Petroleum Technology Conference; Doha,
Qatar, Jan 19−22, 2014; DOI: 10.3997/2214-4609-pdb.395.IPTC-
17344-MS.
(20) Sun, Y.; Yang, D.; Shi, L.; et al. Properties of nanofluids and
their applications in enhanced oil recovery: A comprehensive review.
Energy Fuels 2020, 34 (2), 1202−1218.
(21) Wang, M. C.; Zhu, W. Y.; Wang, G. F.; Wang, M. Study on the
application of nano polymetric spheres in medium permeability and
high water cut oilfield. J. Southwest Pet. Univ., Sci. Technol. Ed. 2010,
32 (5), 105−108.
(22) Puthalath, R.; Murthy, C. S. N.; Surendranathan, A. O.
Reservoir formation damage during various phases of oil and gas
recoveryAn overview. Int. J. Earth Sci. Eng. 2012, 5 (2), 224−231.
(23) Francis, P. A.; Patey, I. T. M.; Spark, I. S. C. A Comparison of
Underbalanced and Overbalanced Drilling-Induced Formation
Damage Using Reservoir Conditions Core Flood Testing. Proceedings
of the 1st International Underbalanced Drilling Conference & Exhibition;
The Hague, Netherlands, Oct 2−4, 1995.
(24) Akinsete, O. O.; Adekoya, D. A. Effects of mud filtrate invasion
on well log measurements. Proceedings of the SPE Nigeria Annual
International Conference and Exhibition; Lagos, Nigeria, Aug 2−4,
2016; DOI: 10.2118/184308-MS.
(25) Bailey, L.; Boek, E. S.; Jacques, S. D. M.; Boassen, T.; Selle, O.
M.; Argillier, J. F.; Longeron, D. G. Particulate invasion from drilling
fluids. SPE J. 2000, 5 (4), 412−419.

Energy & Fuels pubs.acs.org/EF Review

https://doi.org/10.1021/acs.energyfuels.1c03223
Energy Fuels XXXX, XXX, XXX−XXX

M

https://doi.org/10.1016/j.petrol.2020.107397
https://doi.org/10.1016/j.petrol.2020.107397
https://doi.org/10.1016/j.petrol.2020.107397
https://doi.org/10.1021/acsomega.0c02722?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.0c02722?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.0c02722?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.0c02722?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.petrol.2017.07.004
https://doi.org/10.1016/j.petrol.2017.07.004
https://doi.org/10.1016/j.petrol.2017.07.004
https://doi.org/10.1021/acs.energyfuels.8b02449?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.8b02449?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.8b02449?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.petrol.2019.02.077
https://doi.org/10.1016/j.petrol.2019.02.077
https://doi.org/10.1016/j.petrol.2019.02.077
https://doi.org/10.1016/j.petrol.2019.02.077
https://doi.org/10.1021/acsomega.9b04090?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.9b04090?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.9b04090?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.9b04090?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.26804/ager.2019.02.09
https://doi.org/10.26804/ager.2019.02.09
https://doi.org/10.2118/180330-MS
https://doi.org/10.2118/180330-MS
https://doi.org/10.2118/180330-MS?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/978-981-10-7560-5_143
https://doi.org/10.1007/978-981-10-7560-5_143
https://doi.org/10.1007/978-981-10-7560-5_143
https://doi.org/10.1007/978-981-10-7560-5_143?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/B978-1-85617-803-7.50019-5
https://doi.org/10.1016/B978-1-85617-803-7.50019-5
https://doi.org/10.1016/B978-1-85617-803-7.50019-5?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2118/138241-MS
https://doi.org/10.2118/138241-MS
https://doi.org/10.2118/138241-MS
https://doi.org/10.2118/138241-MS?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2118/164716-MS
https://doi.org/10.2118/164716-MS
https://doi.org/10.2118/164716-MS
https://doi.org/10.2118/164716-MS?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2118/164716-MS?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2118/68285-PA
https://doi.org/10.2118/68285-PA
https://doi.org/10.2118/135088-MS
https://doi.org/10.2118/135088-MS
https://doi.org/10.2118/135088-MS?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/en10040540
https://doi.org/10.3390/en10040540
https://doi.org/10.2118/179677-MS
https://doi.org/10.2118/179677-MS
https://doi.org/10.2118/179677-MS
https://doi.org/10.2118/179677-MS?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2118/179677-MS?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.petrol.2017.07.004
https://doi.org/10.1016/j.petrol.2017.07.004
https://doi.org/10.1016/j.petrol.2017.07.004
https://doi.org/10.3997/2214-4609-pdb.395.IPTC-17344-MS
https://doi.org/10.3997/2214-4609-pdb.395.IPTC-17344-MS
https://doi.org/10.3997/2214-4609-pdb.395.IPTC-17344-MS?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3997/2214-4609-pdb.395.IPTC-17344-MS?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.9b03501?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.9b03501?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2118/184308-MS
https://doi.org/10.2118/184308-MS
https://doi.org/10.2118/184308-MS?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2118/67853-PA
https://doi.org/10.2118/67853-PA
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.1c03223?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(26) Bennion, D. B.; Thomas, F. B.; Bennion, D. W.; Bietz, R. F.
Mechanisms of formation damage and permeability impairment
associated with the drilling, completion and production of low API
gravity oil reservoirs. Proceedings of the SPE International Heavy Oil
Symposium; Calgary, Alberta, Canada, June 19−21, 1995;
DOI: 10.2118/30320-MS.
(27) Bennion, D. B.; Thomas, F. B.; Jamaluddin, A. K. M.; Ma, T.;
Agnew, C. Formation damage and reservoir considerations for
overbalanced and underbalanced CT operations. Proceedings of the
6th International Conference on Coiled Tubing Technologies; Houston,
TX, Oct 27−29, 1997.
(28) Kang, Y.; Xu, C.; You, L.; Yu, H.; Zhang, B. Comprehensive
evaluation of formation damage induced by working fluid loss in
fractured tight gas reservoir. J. Nat. Gas Sci. Eng. 2014, 18, 353−359.
(29) Burganos, V. N.; Skouras, E. D.; Paraskeva, C. A.; Payatakes, A.
C. Simulation of the dynamics of depth filtration of non-Brownian
particles. AIChE J. 2001, 47 (4), 880−894.
(30) Wahid, N.; Yusof, M. A.; Hanafi, N. H. Optimum nanosilica
concentration in synthetic based mud (SBM) for high temperature
high pressure well. Proceedings of the SPE/IATMI Asia Pacific Oil &
Gas Conference and Exhibition; Nusa Dua, Bali, Indonesia, Oct 20−22,
2015; DOI: 10.2118/176036-MS.
(31) Hoelscher, K. P.; Young, S.; Friedheim, J.; De Stefano, G.
Nanotechnology application in drilling fluids. Proceedings of the
Offshore Mediterranean Conference and Exhibition; Ravenna, Italy,
March 20−22, 2013.
(32) Hajiabadi, S. H.; Bedrikovetsky, P.; Mahani, H.; Khoshsima, A.;
Aghaei, H.; Kalateh-Aghamohammadi, M.; Habibi, S. Effects of
surface modified nanosilica on drilling fluid and formation damage. J.
Pet. Sci. Eng. 2020, 194, 107559.
(33) Amanullah, M.; Al-Arfaj, M. K.; Al-Abdullatif, Z. Preliminary
test results of nano-based drilling fluids for oil and gas field
application. Proceedings of the SPE/IADC Drilling Conference and
Exhibition; Amsterdam, Netherlands, March 1−3, 2011;
DOI: 10.2118/139534-MS.
(34) Liu, F.; Zheng, Z.; Wang, X.; Li, X.; Zhang, Z.; Wang, X.; Dai,
X.; Xin, Y.; Liu, Q.; Yao, H.; Jiang, S.; Liu, C.; Li, X. Novel modified
nano-silica/polymer composite in water-based drilling fluids to plug
shale pores. Energy Sources, Part A 2021, 00, 1−17.
(35) Ma, T.; Chen, P. Study of meso-damage characteristics of shale
hydration based on CT scanning technology. Pet. Explor. Dev. 2014,
41 (2), 249−256.
(36) Civan, F. Reservoir Formation Damage, 3rd ed.; Gulf
Professional Publishing: Houston, TX, 2015; DOI: 10.1016/C2014-
0-01087-8.
(37) Aftab, A.; Ali, M.; Arif, M.; Panhwar, S.; Saady, N. M. C.; Al-
Khdheeawi, E. A.; Mahmoud, O.; Ismail, A. R.; Keshavarz, A.; Iglauer,
S. Influence of tailor-made TiO2/API bentonite nanocomposite on
drilling mud performance: Towards enhanced drilling operations.
Appl. Clay Sci. 2020, 199, 105862.
(38) Shakib, J. T.; Kanani, V.; Pourafshary, P. Nano-clays as
additives for controlling filtration properties of water−bentonite
suspensions. J. Pet. Sci. Eng. 2016, 138, 257−264.
(39) Vipulanandan, C.; Mohammed, A. Effect of nanoclay on the
electrical resistivity and rheological properties of smart and sensing
bentonite drilling muds. J. Pet. Sci. Eng. 2015, 130, 86−95.
(40) Ahmad, H. M.; Kamal, M. S.; Al-Harthi, M. A.; Elkatatny, S.
M.; Murtaza, M. M. Synthesis and experimental investigation of novel
CNT-polymer nanocomposite to enhance borehole stability at high
temperature drilling applications. Proceedings of the SPE Kingdom of
Saudi Arabia Annual Technical Symposium and Exhibition; Dammam,
Saudi Arabia, April 23−26, 2018; DOI: 10.2118/192352-MS.
(41) Mirzaasadi, M.; Zarei, V.; Elveny, M.; Alizadeh, S. M.; Alizadeh,
V.; Khan, A. Improving the rheological properties and thermal
stability of water-based drilling fluid using biogenic silica nano-
particles. Energy Rep. 2021, 7, 6162−6171.
(42) Kök, M. V.; Bal, B. Effects of silica nanoparticles on the
performance of water-based drilling fluids. J. Pet. Sci. Eng. 2019, 180,
605−614.

(43) Abbas, A. K.; Alsaba, M. T.; Al Dushaishi, M. F. Improving hole
cleaning in horizontal wells by using nanocomposite water-based
mud. J. Pet. Sci. Eng. 2021, 203, 108619.
(44) Borisov, A. S.; Husein, M.; Hareland, G. A field application of
nanoparticle-based invert emulsion drilling fluids. J. Nanopart. Res.
2015, 17 (8), 340.
(45) Yang, J.; Ji, S.; Li, R.; Qin, W.; Lu, Y. Advances of
nanotechnologies in oil and gas industries. Energy Explor. Exploit.
2015, 33 (5), 639−657.
(46) Zakaria, M. F.; Husein, M.; Hareland, G. Novel nanoparticle-
based drilling fluid with improved characteristics. Proceedings of the
SPE International Oilfield Nanotechnology Conference and Exhibition;
Noordwijk, Netherlands, June 12−14, 2012; DOI: 10.2118/156992-
MS.
(47) Jung, Y.; Barry, M.; Lee, J. K.; Tran, P.; Soong, Y.; Martello, D.;
Chyu, M. Effect of nanoparticle-additives on the rheological
properties of clay-based fluids at high temperature and high pressure.
Proceedings of the AADE National Technical Conference and Exhibition;
Houston, TX, April 12−14, 2011.
(48) Vargas, J.; Roldán, L. J.; Lopera, S. H.; Cardenas, J. C.; Zabala,
R. D.; Franco, C. A.; Cortés, F. B. Effect of silica nanoparticles on
thermal stability in bentonite free water-based drilling fluids to
improve its rheological and filtration properties after aging process.
Proceedings of the Offshore Technology Conference Brasil; Rio de Janeiro,
Brazil, Oct 29−31, 2019; DOI: 10.4043/29901-MS.
(49) Parizad, A.; Shahbazi, K. Experimental investigation of the
effects of SnO2 nanoparticles and KCl salt on a water base drilling
fluid properties. Can. J. Chem. Eng. 2016, 94 (10), 1924−1938.
(50) Barry, M. M.; Jung, Y.; Lee, J.-K.; Phuoc, T. X.; Chyu, M. K.
Fluid filtration and rheological properties of nanoparticle additive and
intercalated clay hybrid bentonite drilling fluids. J. Pet. Sci. Eng. 2015,
127, 338−346.
(51) Sharma, M. M.; Zhang, R.; Chenevert, M. E.; Ji, L.; Guo, Q.;
Friedheim, J. A new family of nanoparticle based drilling fluids.
Proceedings of the SPE Annual Technical Conference and Exhibition; San
Antonio, TX, Oct 8−10, 2012; DOI: 10.2118/160045-MS.
(52) Hoelscher, K. P.; De Stefano, G.; Riley, M.; Young, S.
Application of nanotechnology in drilling fluids. Proceedings of the SPE
International Oilfield Nanotechnology Conference and Exhibition;
Noordwijk, Netherlands, June 12−14, 2012; DOI: 10.2118/157031-
MS.
(53) Xu, Z.; Jin, Y.; Chen, M. Ultrasonic curable nanoparticles
strengthening technique while drilling. Proceedings of the SPE Annual
Technical Conference and Exhibition; New Orleans, LA, Sept 30−Oct
2, 2013; DOI: 10.2118/166355-MS.
(54) Franco, C. A.; Nassar, N. N.; Ruiz, M. A.; Pereira-Almao, P.;
Cortés, F. B. Nanoparticles for inhibition of asphaltenes damage:
Adsorption study and displacement test on porous media. Energy Fuels
2013, 27 (6), 2899−2907.
(55) Hall, L. J.; Deville, J. P.; Araujo, C. S.; Li, S.; Rojas, O. J.
Nanocellulose and its derivatives for high-performance water-based
fluids. Proceedings of the SPE International Conference on Oilfield
Chemistry; Montgomery, TX, April 3−5, 2017; DOI: 10.2118/
184576-MS.
(56) Minakov, A. V.; Zhigarev, V. A.; Mikhienkova, E. I.; Neverov,
A. L.; Buryukin, F. A.; Guzei, D. V. The effect of nanoparticles
additives in the drilling fluid on pressure loss and cutting transport
efficiency in the vertical boreholes. J. Pet. Sci. Eng. 2018, 171, 1149−
1158.
(57) Abdou, M. I.; Al-Sabagh, A. M.; Dardir, M. M. Evaluation of
Egyptian bentonite and nano-bentonite as drilling mud. Egypt. J. Pet.
2013, 22 (1), 53−59.
(58) Al-Malki, N.; Pourafshary, P.; Al-Hadrami, H.; Abdo, J.
Controlling bentonite-based drilling mud properties using sepiolite
nanoparticles. Pet. Explor. Dev. 2016, 43 (4), 717−723.
(59) Parizad, A.; Shahbazi, K.; Tanha, A. A. SiO2 nanoparticle and
KCl salt effects on filtration and thixotropical behavior of polymeric
water based drilling fluid: With zeta potential and size analysis. Results
Phys. 2018, 9, 1656−1665.

Energy & Fuels pubs.acs.org/EF Review

https://doi.org/10.1021/acs.energyfuels.1c03223
Energy Fuels XXXX, XXX, XXX−XXX

N

https://doi.org/10.2118/30320-MS
https://doi.org/10.2118/30320-MS
https://doi.org/10.2118/30320-MS
https://doi.org/10.2118/30320-MS?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jngse.2014.03.016
https://doi.org/10.1016/j.jngse.2014.03.016
https://doi.org/10.1016/j.jngse.2014.03.016
https://doi.org/10.1002/aic.690470411
https://doi.org/10.1002/aic.690470411
https://doi.org/10.2118/176036-MS
https://doi.org/10.2118/176036-MS
https://doi.org/10.2118/176036-MS
https://doi.org/10.2118/176036-MS?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.petrol.2020.107559
https://doi.org/10.1016/j.petrol.2020.107559
https://doi.org/10.2118/139534-MS
https://doi.org/10.2118/139534-MS
https://doi.org/10.2118/139534-MS
https://doi.org/10.2118/139534-MS?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/15567036.2021.1943071
https://doi.org/10.1080/15567036.2021.1943071
https://doi.org/10.1080/15567036.2021.1943071
https://doi.org/10.1016/S1876-3804(14)60029-X
https://doi.org/10.1016/S1876-3804(14)60029-X
https://doi.org/10.1016/C2014-0-01087-8?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/C2014-0-01087-8?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.clay.2020.105862
https://doi.org/10.1016/j.clay.2020.105862
https://doi.org/10.1016/j.petrol.2015.11.018
https://doi.org/10.1016/j.petrol.2015.11.018
https://doi.org/10.1016/j.petrol.2015.11.018
https://doi.org/10.1016/j.petrol.2015.03.020
https://doi.org/10.1016/j.petrol.2015.03.020
https://doi.org/10.1016/j.petrol.2015.03.020
https://doi.org/10.2118/192352-MS
https://doi.org/10.2118/192352-MS
https://doi.org/10.2118/192352-MS
https://doi.org/10.2118/192352-MS?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.egyr.2021.08.130
https://doi.org/10.1016/j.egyr.2021.08.130
https://doi.org/10.1016/j.egyr.2021.08.130
https://doi.org/10.1016/j.petrol.2019.05.069
https://doi.org/10.1016/j.petrol.2019.05.069
https://doi.org/10.1016/j.petrol.2021.108619
https://doi.org/10.1016/j.petrol.2021.108619
https://doi.org/10.1016/j.petrol.2021.108619
https://doi.org/10.1007/s11051-015-3143-x
https://doi.org/10.1007/s11051-015-3143-x
https://doi.org/10.1260/0144-5987.33.5.639
https://doi.org/10.1260/0144-5987.33.5.639
https://doi.org/10.2118/156992-MS
https://doi.org/10.2118/156992-MS
https://doi.org/10.2118/156992-MS?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2118/156992-MS?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.4043/29901-MS
https://doi.org/10.4043/29901-MS
https://doi.org/10.4043/29901-MS
https://doi.org/10.4043/29901-MS?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cjce.22575
https://doi.org/10.1002/cjce.22575
https://doi.org/10.1002/cjce.22575
https://doi.org/10.1016/j.petrol.2015.01.012
https://doi.org/10.1016/j.petrol.2015.01.012
https://doi.org/10.2118/160045-MS
https://doi.org/10.2118/160045-MS?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2118/157031-MS
https://doi.org/10.2118/157031-MS?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2118/157031-MS?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2118/166355-MS
https://doi.org/10.2118/166355-MS
https://doi.org/10.2118/166355-MS?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ef4000825?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ef4000825?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2118/184576-MS
https://doi.org/10.2118/184576-MS
https://doi.org/10.2118/184576-MS?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2118/184576-MS?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.petrol.2018.08.032
https://doi.org/10.1016/j.petrol.2018.08.032
https://doi.org/10.1016/j.petrol.2018.08.032
https://doi.org/10.1016/j.ejpe.2012.07.002
https://doi.org/10.1016/j.ejpe.2012.07.002
https://doi.org/10.1016/S1876-3804(16)30084-2
https://doi.org/10.1016/S1876-3804(16)30084-2
https://doi.org/10.1016/j.rinp.2018.04.037
https://doi.org/10.1016/j.rinp.2018.04.037
https://doi.org/10.1016/j.rinp.2018.04.037
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.1c03223?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(60) Mahmoud, O.; Nasr-El-Din, H. A.; Vryzas, Z.; Kelessidis, V. C.
Nanoparticle-based drilling fluids for minimizing formation damage in
HP/HT applications. Proceedings of the SPE International Conference
and Exhibition on Formation Damage Control; Lafayette, LA, Feb 24−
26, 2016; DOI: 10.2118/178949-MS.
(61) Jones, R. R.; Carpenter, R. B.; Conway, M. W. A study of
formation damage potential during cementing operations. Proceedings
of the SPE Annual Technical Conference and Exhibition; Dallas, TX, Oct
6−9, 1991; DOI: 10.2118/22777-MS.
(62) Zhao, X.; Qiu, Z.; Sun, B.; Liu, S.; Xing, X.; Wang, M.
Formation damage mechanisms associated with drilling and
completion fluids for deepwater reservoirs. J. Pet. Sci. Eng. 2019,
173, 112−121.
(63) Adam, E. A. Impact of Formation Damage Due to Perforation
on Well Productivity. M.S. Thesis, West Virginia University,
Morgantown, WV, 2017; DOI: 10.33915/etd.3975.
(64) Wan, R. Advanced Well Completion Engineering; Gulf
Professional Publishing: Houston, TX, 2011; DOI: 10.1016/C2010-
0-66820-9.
(65) Reed, M. G. Formation damage prevention during drilling and
completion. Proceedings of the SPE Centennial Symposium at New
Mexico Tech; Socorro, NM, Oct 16−19, 1989; DOI: 10.2118/20149-
MS.
(66) Quintero, L; Cardenas, A. E.; Clark, D. E. Nanofluids and
Methods of Use for Drilling and Completion Fluids. U.S. Patent
8,822,386 B2, Sept 2, 2014.
(67) Well Cementing, 1st ed.; Nelson, E. B., Ed.; Newnes: London,
U.K., 1990.
(68) Well Cementing, 2nd ed.; Nelson, E. B., Guillot, D., Eds.;
Schlumberger: Houston, TX, 2006.
(69) Fakoya, M. F.; Shah, S. N. Emergence of nanotechnology in the
oil and gas industry: Emphasis on the application of silica
nanoparticles. Petroleum. 2017, 3 (4), 391−405.
(70) Agbasimalo, N.; Radonjic, M. Experimental study of the impact
of drilling fluid contamination on the integrity of cement−formation
interface. J. Energy Resour. Technol. 2014, 136 (4), 042908.
(71) Taoutaou, S.; Goh, S. H.; Bermea, J. A.; Vinaipanit, M.;
McClure, J. Achieving zonal isolation by using new-generation mud
removal chemistry and design methodology to displace non-aqueous
drilling fluid. Proceedings of the SPE/IATMI Asia Pacific Oil & Gas
Conference and Exhibition; Nusa Dua, Bali, Indonesia, Oct 20−22,
2015; DOI: 10.2118/176061-MS.
(72) Oluwagbenga, O. O.; Oseh, J. O.; Oguamah, I. A.; Ogungbemi,
O. S.; Adeyi, A. A. Evaluation of Formation Damage and Assessment
of Well Productivity of Oredo Field, Edo State, Nigeria. Am. J. Eng.
Res. 2015, 4 (3), 1−10.
(73) Jo, B. W.; Chakraborty, S.; Kim, K. H. Investigation on the
effectiveness of chemically synthesized nano cement in controlling the
physical and mechanical performances of concrete. Constr Build
Mater. 2014, 70, 1−8.
(74) Chuah, S.; Pan, Z.; Sanjayan, J. G.; Wang, C. M.; Duan, W. H.
Nano reinforced cement and concrete composites and new
perspective from graphene oxide. Constr Build Mater. 2014, 73,
113−124.
(75) Yuan, H.; Shi, Y.; Xu, Z.; Lu, C.; Ni, Y.; Lan, X. Effect of nano-
MgO on thermal and mechanical properties of aluminate cement
composite thermal energy storage materials. Ceram. Int. 2014, 40 (3),
4811−4817.
(76) Patil, R.; Deshpande, A. Use of nanomaterials in cementing
applications. Proceedings of the SPE International Oilfield Nano-
technology Conference and Exhibition; Noordwijk, Netherlands, June
12−14, 2012; DOI: 10.2118/155607-MS.
(77) Quercia, G.; Brouwers, H. J. H.; Garnier, A.; Luke, K. Influence
of olivine nano-silica on hydration and performance of oil-well cement
slurries. Mater. Des. 2016, 96, 162−170.
(78) Jafariesfad, N; Gong, Y; Geiker, M. R.; Skalle, P. Nano-sized
MgO with engineered expansive property for oil well cement systems.
Proceedings of the SPE Bergen One Day Seminar; Grieghallen, Bergen,
Norway, April 20, 2016; DOI: 10.2118/180038-MS.

(79) Wang, C.; Chen, X.; Wei, X.; Wang, R. Can nanosilica sol
prevent oil well cement from strength retrogression under high
temperature? Constr Build Mater. 2017, 144, 574−585.
(80) Heikal, M.; Al-Duaij, O. K.; Ibrahim, N. S. Microstructure of
composite cements containing blast-furnace slag and silica nano-
particles subjected to elevated thermally treatment temperature.
Constr Build Mater. 2015, 93, 1067−1077.
(81) Quercia, G.; Brouwers, H. J. H. Application of nano-silica (nS)
in concrete mixtures. Proceedings of the 8th fib PhD Symposium in Kgs.
Lyngby, Denmark; Kongens Lyngby, Denmark, June 20−23, 2010.
(82) Kontoleontos, F.; Tsakiridis, P. E.; Marinos, A.; Kaloidas, V.;
Katsioti, M. Influence of colloidal nanosilica on ultrafine cement
hydration: Physicochemical and microstructural characterization.
Constr Build Mater. 2012, 35, 347−360.
(83) Santra, A.; Boul, P. J.; Pang, X. Influence of nanomaterials in
oilwell cement hydration and mechanical properties. Proceedings of the
SPE International Oilfield Nanotechnology Conference and Exhibition;
Noordwijk, Netherlands, June 12−14, 2012; DOI: 10.2118/156937-
MS.
(84) Jia, H.; Dai, J.; Miao, L.; Wei, X.; Tang, H.; Huang, P.; Jia, H.;
He, J.; Lv, K.; Liu, D. Potential application of novel amphiphilic Janus-
SiO2 nanoparticles stabilized O/W/O emulsion for enhanced oil
recovery. Colloids Surf., A 2021, 622, 126658.
(85) Zhao, M.; Lv, W.; Li, Y.; Dai, C.; Wang, X.; Zhou, H.; Zou, C.;
Gao, M.; Zhang, Y.; Wu, Y. Study on the synergy between silica
nanoparticles and surfactants for enhanced oil recovery during
spontaneous imbibition. J. Mol. Liq. 2018, 261, 373−378.
(86) Chithra, S.; Kumar, S. R. R. S.; Chinnaraju, K. The effect of
colloidal nano-silica on workability, mechanical and durability
properties of high performance concrete with copper slag as partial
fine aggregate. Constr. Build. Mater. 2016, 113, 794−804.
(87) El-Hoshoudy, A. N.; Desouky, S. CO2 miscible flooding for
enhanced oil recovery. In Carbon Capture, Utilization and
Sequestration; Agarwal, R. K., Ed.; IntechOpen, Limited: London,
U.K., 2018; DOI: 10.5772/intechopen.79082.
(88) Chang, H. L.; Zhang, Z. Q.; Wang, Q. M.; Xu, Z. S.; Guo, Z.
D.; Sun, H. Q.; Cao, X. L.; Qiao, Q. Advances in polymer flooding
and alkaline/surfactant/polymer processes as developed and applied
in the People’s Republic of China. JPT, J. Pet. Technol. 2006, 58 (02),
84−89.
(89) Sun, X.; Zhang, Y.; Chen, G.; Gai, Z. Application of
nanoparticles in enhanced oil recovery: A critical review of recent
progress. Energies 2017, 10 (3), 345.
(90) Faergestad, I. Formation damage. Schlumberger Oilfield Rev.
2016, 52−53.
(91) Sanaei, A.; Shakiba, M.; Varavei, A.; Sepehrnoori, K. Modeling
clay swelling induced conductivity damage in hydraulic fractures.
Proceedings of the SPE Low Perm Symposium; Denver, CO, May 5−6,
2016; DOI: 10.2118/180211-MS.
(92) Tang, G.-Q.; Morrow, N. R. Influence of brine composition and
fines migration on crude oil/brine/rock interactions and oil recovery.
J. Pet. Sci. Eng. 1999, 24 (2−4), 99−111.
(93) Suleimanov, B. A.; Ismailov, F. S.; Veliyev, E. F. Nanofluid for
enhanced oil recovery. J. Pet. Sci. Eng. 2011, 78 (2), 431−437.
(94) Cheraghian, G.; Hendraningrat, L. A review on applications of
nanotechnology in the enhanced oil recovery part A: Effects of
nanoparticles on interfacial tension. Int. Nano Lett. 2016, 6 (2), 129−
138.
(95) Maghzi, A.; Mohebbi, A.; Kharrat, R.; Ghazanfari, M. H. Pore-
scale monitoring of wettability alteration by silica nanoparticles during
polymer flooding to heavy oil in a five-spot glass micromodel. Transp.
Porous Media 2011, 87 (3), 653−664.
(96) Maghzi, A.; Mohammadi, S.; Ghazanfari, M. H.; Kharrat, R.;
Masihi, M. Monitoring wettability alteration by silica nanoparticles
during water flooding to heavy oils in five-spot systems: A pore-level
investigation. Exp. Therm. Fluid Sci. 2012, 40, 168−176.
(97) Xu, C.; Kang, Y.; You, Z.; Chen, M. Review on formation
damage mechanisms and processes in shale gas reservoir: Known and
to be known. J. Nat. Gas Sci. Eng. 2016, 36, 1208−1219.

Energy & Fuels pubs.acs.org/EF Review

https://doi.org/10.1021/acs.energyfuels.1c03223
Energy Fuels XXXX, XXX, XXX−XXX

O

https://doi.org/10.2118/178949-MS
https://doi.org/10.2118/178949-MS
https://doi.org/10.2118/178949-MS?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2118/22777-MS
https://doi.org/10.2118/22777-MS
https://doi.org/10.2118/22777-MS?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.petrol.2018.09.098
https://doi.org/10.1016/j.petrol.2018.09.098
https://doi.org/10.33915/etd.3975
https://doi.org/10.33915/etd.3975
https://doi.org/10.33915/etd.3975?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/C2010-0-66820-9?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/C2010-0-66820-9?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2118/20149-MS
https://doi.org/10.2118/20149-MS
https://doi.org/10.2118/20149-MS?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2118/20149-MS?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.petlm.2017.03.001
https://doi.org/10.1016/j.petlm.2017.03.001
https://doi.org/10.1016/j.petlm.2017.03.001
https://doi.org/10.1115/1.4027566
https://doi.org/10.1115/1.4027566
https://doi.org/10.1115/1.4027566
https://doi.org/10.2118/176061-MS
https://doi.org/10.2118/176061-MS
https://doi.org/10.2118/176061-MS
https://doi.org/10.2118/176061-MS?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.conbuildmat.2014.07.090
https://doi.org/10.1016/j.conbuildmat.2014.07.090
https://doi.org/10.1016/j.conbuildmat.2014.07.090
https://doi.org/10.1016/j.conbuildmat.2014.09.040
https://doi.org/10.1016/j.conbuildmat.2014.09.040
https://doi.org/10.1016/j.ceramint.2013.09.030
https://doi.org/10.1016/j.ceramint.2013.09.030
https://doi.org/10.1016/j.ceramint.2013.09.030
https://doi.org/10.2118/155607-MS
https://doi.org/10.2118/155607-MS
https://doi.org/10.2118/155607-MS?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.matdes.2016.02.001
https://doi.org/10.1016/j.matdes.2016.02.001
https://doi.org/10.1016/j.matdes.2016.02.001
https://doi.org/10.2118/180038-MS
https://doi.org/10.2118/180038-MS
https://doi.org/10.2118/180038-MS?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.conbuildmat.2017.03.221
https://doi.org/10.1016/j.conbuildmat.2017.03.221
https://doi.org/10.1016/j.conbuildmat.2017.03.221
https://doi.org/10.1016/j.conbuildmat.2015.05.042
https://doi.org/10.1016/j.conbuildmat.2015.05.042
https://doi.org/10.1016/j.conbuildmat.2015.05.042
https://doi.org/10.1016/j.conbuildmat.2012.04.022
https://doi.org/10.1016/j.conbuildmat.2012.04.022
https://doi.org/10.2118/156937-MS
https://doi.org/10.2118/156937-MS
https://doi.org/10.2118/156937-MS?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2118/156937-MS?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.colsurfa.2021.126658
https://doi.org/10.1016/j.colsurfa.2021.126658
https://doi.org/10.1016/j.colsurfa.2021.126658
https://doi.org/10.1016/j.molliq.2018.04.034
https://doi.org/10.1016/j.molliq.2018.04.034
https://doi.org/10.1016/j.molliq.2018.04.034
https://doi.org/10.1016/j.conbuildmat.2016.03.119
https://doi.org/10.1016/j.conbuildmat.2016.03.119
https://doi.org/10.1016/j.conbuildmat.2016.03.119
https://doi.org/10.1016/j.conbuildmat.2016.03.119
https://doi.org/10.5772/intechopen.79082
https://doi.org/10.5772/intechopen.79082
https://doi.org/10.5772/intechopen.79082?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2118/89175-JPT
https://doi.org/10.2118/89175-JPT
https://doi.org/10.2118/89175-JPT
https://doi.org/10.3390/en10030345
https://doi.org/10.3390/en10030345
https://doi.org/10.3390/en10030345
https://doi.org/10.2118/180211-MS
https://doi.org/10.2118/180211-MS
https://doi.org/10.2118/180211-MS?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0920-4105(99)00034-0
https://doi.org/10.1016/S0920-4105(99)00034-0
https://doi.org/10.1016/j.petrol.2011.06.014
https://doi.org/10.1016/j.petrol.2011.06.014
https://doi.org/10.1007/s40089-015-0173-4
https://doi.org/10.1007/s40089-015-0173-4
https://doi.org/10.1007/s40089-015-0173-4
https://doi.org/10.1007/s11242-010-9696-3
https://doi.org/10.1007/s11242-010-9696-3
https://doi.org/10.1007/s11242-010-9696-3
https://doi.org/10.1016/j.expthermflusci.2012.03.004
https://doi.org/10.1016/j.expthermflusci.2012.03.004
https://doi.org/10.1016/j.expthermflusci.2012.03.004
https://doi.org/10.1016/j.jngse.2016.03.096
https://doi.org/10.1016/j.jngse.2016.03.096
https://doi.org/10.1016/j.jngse.2016.03.096
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.1c03223?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(98) Farah, N.; Ding, D.-Y.; Wu, Y.-S. Simulation of the impact of
fracturing-fluid-induced formation damage in shale gas reservoirs. SPE
Reservoir Eval. Eng. 2017, 20 (03), 532−546.
(99) Sameni, A.; Pourafshary, P.; Ghanbarzadeh, M.; Ayatollahi, S.
Effect of nanoparticles on clay swelling and migration. Egypt. J. Pet.
2015, 24 (4), 429−437.
(100) Habibi, A.; Ahmadi, M.; Pourafshary, P.; Ayatollahi, S.; Al-
Wahaibi, Y. Reduction of fines migration by nanofluids injection: An
experimental study. SPE J. 2013, 18 (02), 309−318.
(101) Kim, I.; Worthen, A. J.; Johnston, K. P.; DiCarlo, D. A.; Huh,
C. Size-dependent properties of silica nanoparticles for Pickering
stabilization of emulsions and foams. J. Nanopart. Res. 2016, 18 (4),
82.
(102) Pham, H.; Nguyen, Q. P. Effect of silica nanoparticles on clay
swelling and aqueous stability of nanoparticle dispersions. J. Nanopart.
Res. 2014, 16 (1), 2137.
(103) Rashidi, A.; Solaimany Nazar, A.; Radnia, H. Application of
nanoparticles for chemical enhanced oil recovery. Iran. J. Oil Gas Sci.
Technol. 2018, 7 (1), 1−19.
(104) Cheraghian, G.; Nezhad, S. S. K.; Kamari, M.; Hemmati, M.;
Masihi, M.; Bazgir, S. Adsorption polymer on reservoir rock and role
of the nanoparticles, clay and SiO2. Int. Nano Lett. 2014, 4 (3), 114.
(105) Jia, H.; Dai, J.; Huang, P.; Han, Y.; Wang, Q.; He, J.; Song, J.;
Wei, X.; Yan, H.; Liu, D. Application of novel amphiphilic Janus-SiO2

nanoparticles for an efficient demulsification of crude oil/water
emulsions. Energy Fuels 2020, 34 (11), 13977−13984.
(106) Jia, H.; Huang, W.; Han, Y.; Wang, Q.; Wang, S.; Dai, J.; Tian,
Z.; Wang, D.; Yan, H.; Lv, K. Systematic investigation on the
interaction between SiO2 nanoparticles with different surface affinity
and various surfactants. J. Mol. Liq. 2020, 304, 112777.
(107) Nowrouzi, I.; Mohammadi, A. H.; Manshad, A. K. Water-oil
interfacial tension (IFT) reduction and wettability alteration in
surfactant flooding process using extracted saponin from Anabasis
Setifera plant. J. Pet. Sci. Eng. 2020, 189, 106901.
(108) Ahmed, A.; Shuker, M. T.; Rehman, K.; Bahrami, H.; Memon,
M. K. Reducing mechanical formation damage by minimizing
interfacial tension and capillary pressure in tight gas. IOP Conf. Ser.:
Mater. Sci. Eng. 2013, 50, 012019.
(109) Misono, T. Interfacial Tension Between Water and Oil. In
Measurement Techniques and Practices of Colloid and Interface
Phenomena; Abe, M., Ed.; Springer: Singapore, 2019; pp 39−44,
DOI: 10.1007/978-981-13-5931-6_6.
(110) Gao, H.; Wang, Y.; Xie, Y.; Ni, J.; Li, T.; Wang, C.; Xue, J.
Imbibition and Oil Recovery Mechanism of Fracturing Fluids in Tight
Sandstone Reservoirs. ACS Omega 2021, 6 (3), 1991−2000.
(111) Lai, F.; Li, Z.; Wang, Y. Impact of water blocking in fractures
on the performance of hydraulically fractured horizontal wells in tight
gas reservoir. J. Pet. Sci. Eng. 2017, 156, 134−141.
(112) Bennion, D. B.; Bachu, S. Dependence on temperature,
pressure, and salinity of the IFT and relative permeability displace-
ment characteristics of CO2 injected in deep saline aquifers.
Proceedings of the SPE Annual Technical Conference and Exhibition;
San Antonio, TX, Sept 24−27, 2006; DOI: 10.2118/102138-MS.
(113) Bennion, D. B.; Thomas, F. B. Classification and Order of
Common Formation Damage Mechanisms; Canadian Institute of
Mining, Metallurgy, and Petroleum (CIM): Montreal, Canada,
1999; Vol. 9, pp 121−126.
(114) Worthen, A. J.; Bryant, S. L.; Huh, C.; Johnston, K. P. Carbon
dioxide-in-water foams stabilized with nanoparticles and surfactant
acting in synergy. AIChE J. 2013, 59 (9), 3490−3501.
(115) Qiu, F. The potential applications in heavy oil EOR with the
nanoparticle and surfactant stabilized solvent-based emulsion.
Proceedings of the Canadian Unconventional Resources and International
Petroleum Conference; Calgary, Alberta, Canada, Oct 19−21, 2010;
DOI: 10.2118/134613-MS.
(116) Wang, K. L.; Liang, S. C.; Wang, C. C. Research of improving
water injection effect by using active SiO2 nano-powder in the low-
permeability oilfield. Adv. Mater. Res. 2010, 92, 207−212.

(117) Munshi, A. M.; Singh, V. N.; Kumar, M.; Singh, J. P. Effect of
nanoparticle size on sessile droplet contact angle. J. Appl. Phys. 2008,
103 (8), 084315.
(118) Murshed, S. M. S.; Tan, S.-H.; Nguyen, N.-T. Temperature
dependence of interfacial properties and viscosity of nanofluids for
droplet-based microfluidics. J. Phys. D: Appl. Phys. 2008, 41 (8),
085502.
(119) Sharma, T.; Sangwai, J. S. Silica nanofluids in polyacrylamide
with and without surfactant: Viscosity, surface tension, and interfacial
tension with liquid paraffin. J. Pet. Sci. Eng. 2017, 152, 575−585.
(120) Dong, L.; Johnson, D. Surface tension of charge-stabilized
colloidal suspensions at the water− air interface. Langmuir 2003, 19
(24), 10205−10209.
(121) Liu, J.; Sheng, J. J.; Wang, X.; Ge, H.; Yao, E. Experimental
study of wettability alteration and spontaneous imbibition in Chinese
shale oil reservoirs using anionic and nonionic surfactants. J. Pet. Sci.
Eng. 2019, 175, 624−633.
(122) Borysenko, A.; Clennell, B.; Sedev, R.; Burgar, I.; Ralston, J.;
Raven, M.; Dewhurst, D.; Liu, K. Experimental investigations of the
wettability of clays and shales. J. Geophys Res.: Solid Earth. 2009, 114
(B7), 1−11.
(123) Gao, Z.; Fan, Y.; Hu, Q.; Jiang, Z.; Cheng, Y.; Xuan, Q. A
review of shale wettability characterization using spontaneous
imbibition experiments. Mar. Pet. Geol. 2019, 109, 330−338.
(124) Yang, J.; Gu, C.; Chen, W.; Yuan, Y.; Wang, T.; Sun, J.
Experimental Study of the Wettability Characteristic of Thermally
Treated Shale. ACS omega. 2020, 5 (40), 25891−25898.
(125) Mirzaei-Paiaman, A.; Masihi, M.; Moghadasi, J. Formation
damage through aqueous phase trapping: A review of the evaluating
methods. Pet. Sci. Technol. 2011, 29 (11), 1187−1196.
(126) McDonald, J. A.; Buller, D. C. The significance of formation
damage caused by the adsorption oil-based mud surfactant. J. Pet. Sci.
Eng. 1992, 6 (4), 357−365.
(127) Yang, R.; He, S.; Hu, Q.; Zhai, G.; Yi, J.; Zhang, L.
Comparative investigations on wettability of typical marine,
continental, and transitional shales in the middle yangtze platform
(China). Energy Fuels 2018, 32 (12), 12187−12197.
(128) Bennion, D. B.; Thomas, F. B.; Bietz, R. F.; Bennion, D. W.
Water and hydrocarbon phase trapping in porous media-diagnosis,
prevention and treatment. J. Can. Pet Technol. 1996, 35 (10), 29−36.
(129) Cheraghian, G. Effects of nanoparticles on wettability: A
review on applications of nanotechnology in the enhanced Oil
recovery. Int. J. Nano Dimens. 2015, 6 (5), 443−452.
(130) Roustaei, A.; Bagherzadeh, H. Experimental investigation of
SiO2 nanoparticles on enhanced oil recovery of carbonate reservoirs. J.
Pet. Explor. Prod. Technol. 2015, 5 (1), 27−33.
(131) Joonaki, E.; Ghanaatian, S. The application of nanofluids for
enhanced oil recovery: Effects on interfacial tension and coreflooding
process. Pet. Sci. Technol. 2014, 32 (21), 2599−2607.
(132) Moradi, B.; Pourafshary, P.; Jalali, F.; Mohammadi, M.;
Emadi, M. A. Experimental study of water-based nanofluid alternating
gas injection as a novel enhanced oil-recovery method in oil-wet
carbonate reservoirs. J. Nat. Gas Sci. Eng. 2015, 27, 64−73.
(133) Roustaei, A.; Saffarzadeh, S.; Mohammadi, M. An evaluation
of modified silica nanoparticles’ efficiency in enhancing oil recovery of
light and intermediate oil reservoirs. Egypt. J. Pet. 2013, 22 (3), 427−
433.
(134) Hendraningrat, L.; Torsæter, O. Effects of the initial rock
wettability on silica-based nanofluid-enhanced oil recovery processes
at reservoir temperatures. Energy Fuels 2014, 28 (10), 6228−6241.
(135) Esfandyari Bayat, A.; Junin, R.; Samsuri, A.; Piroozian, A.;
Hokmabadi, M. Impact of metal oxide nanoparticles on enhanced oil
recovery from limestone media at several temperatures. Energy Fuels
2014, 28 (10), 6255−6266.
(136) Hendraningrat, L.; Torsæter, O. A study of water chemistry
extends the benefits of using silica-based nanoparticles on enhanced
oil recovery. Appl. Nanosci. 2016, 6 (1), 83−95.

Energy & Fuels pubs.acs.org/EF Review

https://doi.org/10.1021/acs.energyfuels.1c03223
Energy Fuels XXXX, XXX, XXX−XXX

P

https://doi.org/10.2118/173264-PA
https://doi.org/10.2118/173264-PA
https://doi.org/10.1016/j.ejpe.2015.10.006
https://doi.org/10.2118/144196-PA
https://doi.org/10.2118/144196-PA
https://doi.org/10.1007/s11051-016-3395-0
https://doi.org/10.1007/s11051-016-3395-0
https://doi.org/10.1007/s11051-013-2137-9
https://doi.org/10.1007/s11051-013-2137-9
https://doi.org/10.22050/IJOGST.2018.98264.1410
https://doi.org/10.22050/IJOGST.2018.98264.1410
https://doi.org/10.1007/s40089-014-0114-7
https://doi.org/10.1007/s40089-014-0114-7
https://doi.org/10.1021/acs.energyfuels.0c02748?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.0c02748?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.0c02748?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.molliq.2020.112777
https://doi.org/10.1016/j.molliq.2020.112777
https://doi.org/10.1016/j.molliq.2020.112777
https://doi.org/10.1016/j.petrol.2019.106901
https://doi.org/10.1016/j.petrol.2019.106901
https://doi.org/10.1016/j.petrol.2019.106901
https://doi.org/10.1016/j.petrol.2019.106901
https://doi.org/10.1088/1757-899X/50/1/012019
https://doi.org/10.1088/1757-899X/50/1/012019
https://doi.org/10.1007/978-981-13-5931-6_6
https://doi.org/10.1007/978-981-13-5931-6_6?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.0c04945?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.0c04945?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.petrol.2017.05.002
https://doi.org/10.1016/j.petrol.2017.05.002
https://doi.org/10.1016/j.petrol.2017.05.002
https://doi.org/10.2118/102138-MS
https://doi.org/10.2118/102138-MS
https://doi.org/10.2118/102138-MS
https://doi.org/10.2118/102138-MS?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/aic.14124
https://doi.org/10.1002/aic.14124
https://doi.org/10.1002/aic.14124
https://doi.org/10.2118/134613-MS
https://doi.org/10.2118/134613-MS
https://doi.org/10.2118/134613-MS?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.4028/www.scientific.net/AMR.92.207
https://doi.org/10.4028/www.scientific.net/AMR.92.207
https://doi.org/10.4028/www.scientific.net/AMR.92.207
https://doi.org/10.1063/1.2912464
https://doi.org/10.1063/1.2912464
https://doi.org/10.1088/0022-3727/41/8/085502
https://doi.org/10.1088/0022-3727/41/8/085502
https://doi.org/10.1088/0022-3727/41/8/085502
https://doi.org/10.1016/j.petrol.2017.01.039
https://doi.org/10.1016/j.petrol.2017.01.039
https://doi.org/10.1016/j.petrol.2017.01.039
https://doi.org/10.1021/la035128j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la035128j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.petrol.2019.01.003
https://doi.org/10.1016/j.petrol.2019.01.003
https://doi.org/10.1016/j.petrol.2019.01.003
https://doi.org/10.1029/2008JB005928
https://doi.org/10.1029/2008JB005928
https://doi.org/10.1016/j.marpetgeo.2019.06.035
https://doi.org/10.1016/j.marpetgeo.2019.06.035
https://doi.org/10.1016/j.marpetgeo.2019.06.035
https://doi.org/10.1021/acsomega.0c03258?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.0c03258?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/10916460903551073
https://doi.org/10.1080/10916460903551073
https://doi.org/10.1080/10916460903551073
https://doi.org/10.1016/0920-4105(92)90062-6
https://doi.org/10.1016/0920-4105(92)90062-6
https://doi.org/10.1021/acs.energyfuels.8b02805?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.8b02805?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.8b02805?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2118/96-10-02
https://doi.org/10.2118/96-10-02
https://doi.org/10.7508/ijnd.2015.05.001
https://doi.org/10.7508/ijnd.2015.05.001
https://doi.org/10.7508/ijnd.2015.05.001
https://doi.org/10.1007/s13202-014-0120-3
https://doi.org/10.1007/s13202-014-0120-3
https://doi.org/10.1080/10916466.2013.855228
https://doi.org/10.1080/10916466.2013.855228
https://doi.org/10.1080/10916466.2013.855228
https://doi.org/10.1016/j.jngse.2015.07.009
https://doi.org/10.1016/j.jngse.2015.07.009
https://doi.org/10.1016/j.jngse.2015.07.009
https://doi.org/10.1016/j.ejpe.2013.06.010
https://doi.org/10.1016/j.ejpe.2013.06.010
https://doi.org/10.1016/j.ejpe.2013.06.010
https://doi.org/10.1021/ef5014049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ef5014049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ef5014049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ef5013616?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ef5013616?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s13204-015-0411-0
https://doi.org/10.1007/s13204-015-0411-0
https://doi.org/10.1007/s13204-015-0411-0
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.1c03223?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(137) Sun, Q.; Li, Z.; Li, S.; Jiang, L.; Wang, J.; Wang, P. Utilization
of surfactant-stabilized foam for enhanced oil recovery by adding
nanoparticles. Energy Fuels 2014, 28 (4), 2384−2394.
(138) Givi, A. N.; Rashid, S. A.; Aziz, F. N. A.; Salleh, M. A. M.
Experimental investigation of the size effects of SiO2 nano-particles on
the mechanical properties of binary blended concrete. Composites,
Part B 2010, 41 (8), 673−677.
(139) Parvazdavani, M.; Masihi, M.; Ghazanfari, M. H. Monitoring
the influence of dispersed nano-particles on oil−water relative
permeability hysteresis. J. Pet. Sci. Eng. 2014, 124, 222−231.
(140) Liang, T.; Gu, F.; Yao, E.; Zhang, L.; Yang, K.; Liu, G.; Zhou,
F. Formation damage due to drilling and fracturing fluids and its
solution for tight naturally fractured sandstone reservoirs. Geofluids
2017, 2017, 9350967.
(141) Arthur, J. D.; Langhus, B.; Alleman, D. An Overview of Modern
Shale Gas Development in the United States; ALL Consulting: Tulsa,
OK, 2008; pp 14−17.
(142) Guo, B; Gao, D; Wang, Q. The role of formation damage in
hydraulic fracturing shale gas wells. Proceedings of the SPE Eastern
Regional Meeting; Columbus, OH, Aug 17−19, 2011; DOI: 10.2118/
148778-MS.
(143) Wu, M.; Ding, M.; Yao, J.; Li, C.; Li, X.; Zhu, J. Development
of a multi-continuum quadruple porosity model to estimate CO2
storage capacity and CO2 enhanced shale gas recovery. J. Pet. Sci. Eng.
2019, 178, 964−974.
(144) Al-Muntasheri, G. A. A critical review of hydraulic-fracturing
fluids for moderate-to ultralow-permeability formations over the last
decade. SPE Prod. Oper. 2014, 29 (04), 243−260.
(145) Maslowski, M.; Kasza, P.; Wilk, K. Studies on the effect of the
proppant embedment phenomenon on the effective packed fracture in
shale rock. Acta Geodyn. Geomater. 2018, 15 (2), 105−116.
(146) Reinicke, A.; Rybacki, E.; Stanchits, S.; Huenges, E.; Dresen,
G. Hydraulic fracturing stimulation techniques and formation damage
mechanismsImplications from laboratory testing of tight sand-
stone−proppant systems. Chem. Erde 2010, 70, 107−117.
(147) Maslowski, M.; Bialy, E. Studies of the embedment
phenomenon in stimulation treatments. Nafta–Gaz 2016, 72 (12),
1101−1106.
(148) Terracina, J. M.; Turner, J. M.; Collins, D. H.; Spillars, S. E.
Proppant selection and its effect on the results of fracturing
treatments performed in shale formations. Proceedings of the SPE
Annual Technical Conference and Exhibition; Florence, Italy, Sept 19−
22, 2010; DOI: 10.2118/135502-MS.
(149) LaFollette, R. F.; Carman, P. S. Proppant diagenesis: Results
so far. Proceedings of the SPE Unconventional Gas Conference;
Pittsburgh, PA, Feb 23−25, 2010; DOI: 10.2118/131782-MS
(150) Penny, G.; Zelenev, A.; Champagne, L.; Crafton, J. Proppant
and fluid selection to optimize performance of horizontal shale fracs.
Proceedings of the SPE Hydraulic Fracturing Technology Conference; The
Woodlands, TX, Feb 6−8, 2012; DOI: 10.2118/152119-MS.
(151) Sookprasong, P. A. In-Situ Closure Stress on Proppant in the
Fracture: A Controversial New Thinking. Proceedings of the Tight Gas
Completions Conference; San Antonio, TX, Nov 2−3, 2010;
DOI: 10.2118/136338-MS.
(152) Weaver, J. D.; Parker, M.; van Batenburg, D. W.; Nguyen, P.
D. Fracture-related diagenesis may impact conductivity. SPE J. 2007,
12 (03), 272−281.
(153) Fu, L.; Zhang, G.; Ge, J.; Liao, K.; Pei, H.; Li, J. Experimental
Study of Self-aggregating Proppants: New Approaches to Proppant
Flowback Control. Open Pet. Eng. J. 2016, 9 (1), 236−246.
(154) Duenckel, R.; Conway, M. W.; Eldred, B.; Vincent, M. C.
Proppant DiagenesisIntegrated Analyses Provide New Insights Into
Origin, Occurrence, and Implications for Proppant Performance. SPE
Prod. Oper. 2012, 27 (02), 131−144.
(155) Arab, D; Pourafshary, P; Ayatollahi, S. Mitigation of fine
particles migration in deep bed filters treated by a nanofluid slug: An
experimental study. Adv. Mater. Res. 2013, 829, 841−845.
(156) Weaver, J.; Rickman, R.; Luo, H. Fracture Conductivity Loss
Due to Geochemical Interactions Between Man-Made Proppants and

Formations. Proceedings of the SPE Eastern Regional/AAPG Eastern
Section Joint Meeting; Pittsburgh, PA, Oct 11−15, 2008;
DOI: 10.2118/118174-MS.
(157) Patwardhan, S. D.; Gunaji, R. G.; Kumar, G. S. Impact of
proppant diagenesis on shale gas productivity. Int. J. Oil, Gas Coal
Technol. 2017, 14 (1−2), 147−171.
(158) Ouyang, L.; Yango, T.; Zhu, D.; Hill, A. D. Theoretical and
Experimental Modeling of Residual Gel Filter-Cake Displacement in
Propped Fractures. SPE Prod. Oper. 2012, 27 (04), 363−370.
(159) Almubarak, T.; Ng, J. H. C.; AlKhaldi, M.; Panda, S.; Nasr-El-
Din, H. A. Insights on Potential Formation Damage Mechanisms
Associated with the Use of Gel Breakers in Hydraulic Fracturing.
Polymers (Basel, Switz.) 2020, 12 (11), 2722.
(160) Bose, C. C.; Gul, A.; Fairchild, B.; Jones, T.; Barati, R. Nano-
proppants for fracture conductivity improvement and fluid loss
reduction. Proceedings of the SPE Western Regional Meeting. Garden
Grove, CA, April 27−30, 2015; DOI: 10.2118/174037-MS.
(161) Alsaba, M. T.; Al Dushaishi, M. F.; Abbas, A. K. A
comprehensive review of nanoparticles applications in the oil and
gas industry. J. Pet. Explor. Prod. Technol. 2020, 10 (4), 1389−1399.
(162) Hosseinpour, N.; Khodadadi, A. A.; Bahramian, A.; Mortazavi,
Y. Asphaltene adsorption onto acidic/basic metal oxide nanoparticles
toward in situ upgrading of reservoir oils by nanotechnology.
Langmuir 2013, 29 (46), 14135−14146.
(163) Maley, D.; Farion, G.; O’Neil, B. Non-polymeric permanent
clay stabilizer for shale completions. Proceedings of the SPE European
Formation Damage Conference & Exhibition; Noordwijk, Netherlands,
June 5−7, 2013; DOI: 10.2118/165168-MS.
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