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Abstract: Gas-wetting alteration is a versatile and effective approach for alleviating liquid-blockage
that occurs when the wellbore pressure of a gas-condensate reservoir drops below the dew point.
Fluorochemicals are of growing interest in gas-wetting alteration because of their high density of
fluorine groups and thermal stability, which can change the reservoir wettability into more favorable
conditions for liquids. This review aims to integrate the overlapping research between the current
knowledge in organic chemistry and enhanced oil and gas recovery. The difference between wettability
alteration and gas-wetting alteration is illustrated, and the methods used to evaluate gas-wetting are
summarized. Recent advances in the applications of fluorochemicals for gas-wetting alteration are
highlighted. The mechanisms of self-assembling adsorption layers formed by fluorochemicals with
different surface morphologies are also reviewed. The factors that affect the gas-wetting performance
of fluorochemicals are summarized. Meanwhile, the impacts of gas-wetting alteration on the migration
of fluids in the pore throat are elaborated. Furthermore, the Wenzel and Cassie-Baxter theories are
often used to describe the wettability model, but they are limited in reflecting the wetting regime of
the gas-wetting surface; therefore, a wettability model for gas-wetting is discussed. Considering the
promising prospects of gas-wetting alteration, this study is expected to provide insights into the
relevance of gas-wetting, surface morphology and fluorochemicals, further exploring the mechanism
of flow efficiency improvement of fluids in unconventional oil and gas reservoirs.
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1. Introduction

Over 172,700 billion cubic m of proven natural gas reserves worldwide can be found in
gas-condensate reservoirs [1–3]. Major gas-condensate reservoirs around the world, such as the
Arun gas field (Indonesia), Urengoy gas field (Russia), South Pars gas field (Iran), North Field
(Qatar), Cupiagua oilfield (Colombia), Karachaganak oilfield (Kazakhstan), and Tarim oilfield (China),
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occupy important positions in the global energy supply [4]. Gas in low-permeability condensate
reservoirs is mainly recovered by the elastic energy accumulated in rocks and fluids. Primary gas
deliverability in gas-condensate reservoirs is promising when the gas channels in porous media are
flowable. However, the gas phase tends to condense into a “liquid-ring” or “liquid-bank” region
around the gas well once the wellbore pressure drops below the upper dew pressure (point 2 in
Figure 1), leading to a sharp decline in gas productivity, known as liquid-blocking effect. Basically,
all gas-condensate reservoirs experience the dilemma of severe liquid-blocking effect after long periods
of isothermal depletion [5–7], and increasing the gas recovery from mature gas reservoirs has become
a major concern [8].

The poor mobility of fluids in liquid-wetting porous media is recognized as one of the major causes
of liquid blockage [9]. The migration and allocation of fluids in the pore throat are governed by reservoir
wettability; the rock spontaneously imbibes and retains liquid phase due to capillary force, increasing the
liquid saturation and decreasing gas permeability [10]. There are multiple approaches for mitigating the
impact of the liquid-blocking effect, including the chemical-injection method, the pressure-maintenance
method, the horizontal wells strategy, hydraulic fracturing, and the combination of two or more
of these methods [7], among which gas-wetting alteration achieved by chemical injection has been
arousing wide attention because of its easy operation and permanent effectiveness.

This study elaborates gas-wetting alteration and the mechanism by which it enhances gas
recovery, along with a summary of methods for evaluating gas-wetting, the various fluorochemicals
used to achieve gas-wetting, and influential factors; the difference between gas-wetting alteration
and wettability alteration is explained, and the relationship between surface morphology and
gas-wetting is illustrated. Subsequently, the effect of gas-wetting on the flow behaviors of fluids
in porous media is summarized, providing a better insight into the behaviors of trapped liquids in
gas-condensate reservoirs.
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2. Gas-Wetting Alteration and Its Effect on EOR

2.1. Gas-Wetting Alteration

In 2000, the gas-wetting alteration technique was first proposed to alleviate the impact of
liquid-blockage in gas-condensate reservoirs by altering reservoir wettability [12], which has been
proved to be one of the most effective methods for improving the flow efficiency of fluid in the
liquid-blocked region. Apart from condensate, another factor that contributes to liquid-blockage and
loss of gas productivity is the presence of retained water, including the injected water and the water
derived from the water-bearing formation [13]. It is difficult for the retained liquid in the pore throat
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to flow due to the low permeability and capillary pressure, and the combined effect of condensate
and water in the wellbore region exacerbates the decrease in gas deliverability [6]; hence, the key to
mitigating the liquid-blocking effect is to enhance the migration efficiency of both water and oil.

The principle of gas-wetting alteration is to change the rock wettability from liquid-wetting to
gas-wetting by fluorochemicals; if the liquid saturation in the gas-wetting region is obviously less
than that in the untreated region, then gas deliverability can be enhanced after gas-wetting alteration,
as shown in Figure 2. It is worth noting that gas relative permeability might be more sensitive to the
flow rate of fluids than liquid relative permeability, Li et al. [14] found that gas relative permeability
increased as the flow rate increased after gas-wetting alteration, and a sharp decrease in gas relative
permeability could be observed when the liquid saturation reached the critical condensate saturation;
hence, it is reasonable to conclude that gas relative permeability increases due to the increase in the
liquid mobility induced by gas-wetting alteration, leading to a reduction in liquid saturation and
an increase in gas saturation. Wu and Firoozabadi [15] found that a cationic fluoropolymer could
be applied to change the sandstone wettability to neutral gas-wetting, and the adsorption of the
fluorochemicals showed less impact on the gas permeability. The liquid saturation of fluids trapped in
porous media could be reduced by more than 25% after gas-wetting alteration under high-temperature
and -pressure conditions [16]. Meanwhile, liquid mobility and gas deliverability in a gas-liquid rock
system can be enhanced by fluorochemical polymers without core damage, and sand production
can also be relieved due to gas-wetting alteration [17]. Subsequently, a novel fluorine-containing
acrylate copolymer was synthesized through emulsion polymerization, the imbibition volume and
rate of liquids in the rock decreased sharply following gas-wetting alteration, helping to mitigate
the water-blockage effect [18]. Sheydaeemehr et al. [19] simulated the effect of gas-wetting alteration
on gas production and relative permeability in a Middle East oilfield, and the results indicated that
both gas and condensate production could be effectively improved following gas-wetting alteration,
and the production plateau of the gas-condensate reservoir could be extended. In China, gas-wetting
alteration has been conducted in the central and northwest oilfields, and the results show that the
relative permeabilities of gas and liquid were substantially enhanced by gas-wetting alteration [20].
It is worth noting that the desorption of fluorochemicals also influences the permanence of gas-wetting
alteration, which is neglected in the current studies.
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condensate reservoir.

In summary, both fluorosurfactants and fluoropolymers can be used to eliminate the liquid-blocking
effect by improving liquid mobility, and the carbon–fluorine bond on the molecule plays a vital role in
achieving gas-wetting alteration. The relevance between surface wettability and the fluorine content
of the fluorochemical molecules has been investigated by experiments and molecular simulation,
finding that the fluorine amount of fluorosurfactant molecule is proportional to its hydrophobicity [21].



Energies 2020, 13, 4591 4 of 23

Additionally, the surface morphology of a solid is also closely associated to its surface wettability,
with high surface roughness being one of the prerequisites for fabricating a super gas-wetting surface.

2.2. Wettability Alteration

Wettability is the phenomenon whereby a fluid tends to replace another fluid on a solid surface,
and is determined by the balance between adhesive and cohesive forces [22]. For conventional oil
reservoirs, rock wettability can be characterized as water-wet, oil-wet, mixed-wet, and intermediate-wet
according to the predominance of fluids on the rock surface [23]. Rock can be considered to be
liquid-wetting (water-wet or oil-wet) if the liquid can spread on the rock surface, or the contact angles
of liquids are lower than 90◦; the rock can be regarded to be intermediate-wet if the contact angle of
liquid droplet is close to 90◦. Additionally, a reservoir might be both water-wet and oil-wet because of
the complex structure of the pore throat, and can be denoted as being mixed-wet. Wettability alteration
refers to the process of transition between liquid-wetting (water-wet, oil-wet) and intermediate-wet
through the use of surfactants or polymers in a liquid–liquid–rock system. Generally, oil recovery can
be enhanced following wettability alteration; the rock will spontaneously imbibe water, which will
displace out due to the increase in affinity to the water phase, and then the capillary force for the
oil phase will transfer from a resistance force into a displacing force under these circumstances [24].
However, conventional surfactants or polymers can only achieve intermediate-wet, and further
enhancement of oil/gas recovery through wettability alteration is limited.

Gas-wetting refers to a solid surface with high surface free energy being replaced by a surface with
low free energy that has a better affinity for air, but on which it is difficult for water and oil phases to
spread, indicating that the contact angles of both water and oil are more than 90◦. Gas-wetting alteration
through fluorochemicals involves gas–liquid–rock systems, while wettability alteration only occurs
in liquid–liquid–rock systems, which is the major difference between gas-wetting alteration and
wettability alteration. The Wenzel and Cassie-Baxter models are the classic theories that have been used
to describe the wetting regime of liquids on solid surfaces [25], but they are unable to reflect the wetting
regime of gas-wetting. Meanwhile, previous studies have shown that the flow in a liquid-wetting
reservoir obviously differs from that in gas-wetting reservoirs [12,26–29]; our understanding of the
flow behavior of fluids in gas-wetting porous media is still limited. The performance of wettability
alteration depends on multiple factors, such as the usage and types of chemicals and reservoir
conditions. The performance of gas-wetting alteration is mainly influenced by the fluorine content of
the gas-wetting agents, the surface morphology of gas-wetting adsorption, and the reservoir conditions.
Considerable work needs to be accomplished in order to better understand the relationship between
gas-wetting alteration and wettability alteration.

2.3. Gas-Wetting Measurement

This section discusses the methods for gas-wetting evaluation, including the static contact angle
method, the OWRK method, the spontaneous imbibition test, the capillary rise test, the nuclear
magnetic resonance technique, and streaming potential measurement. Additionally, the improvements
and deficiencies of the current techniques are also described.

2.3.1. Static Contact Angle Measurement

Static contact angle measurement (CA) is one of the principal methods used to quantitatively
evaluate rock wettability, and it has the advantages of high accuracy and easy operation [30].
The mechanism of contact angle measurement is to quantify the static contact angles of the liquid
phases in an air–liquid–rock system. A gas-condensate reservoir can be regarded as a CH4–liquid–rock
system, while the mobile phases in a conventional reservoir are only composed of water and oil phases;
hence, the major limitation of the current method is its inability to be conducted in CH4–liquid–rock
systems. In a CH4–liquid–rock system, rock can be considered to be liquid-wetting (water-wet or
oil-wet) if the liquids spread on the rock surface or the contact angles of the liquid droplets are lower
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than 90◦; the rock can be regarded as intermediate gas-wetting if the contact angles of the liquid
droplets are close to 90◦; the rock can be considered to be gas-wetting if the contact angles of the liquid
droplets are within the range 90~120◦; and if the contact angles of water and oil phases are more than
120◦, and at least one exceeds 150◦, the rock wettability can be recognized to be superhydrophobic
or superoleophobic, namely, to be super gas-wetting [31–33]. it is worth noting that static contact
angle measurement has limitations under the following circumstances: (1) the measurement error is
non-negligible when the contact angle of the liquid droplet is below 20◦; (2) the droplet size and the
roughness of the solid surface will have an impact on the accuracy. However, the foregoing limitations
can be offset by controlling the liquid amount and standardizing the surface treatment of the sample;
therefore, static contact angle measurement can still be a reliable and convenient method used to
evaluate the rock wettability.

Recently, Tabar et al. proposed a novel contact angle measurement based on the axisymmetric
drop shape analysis, and found that there exists a correlation between contact angle, droplet volume,
and surface roughness [34]. Moncayo-Riascos et al. [21] used the molecular dynamics model to predict
the contact angle of water droplets after gas-wetting alteration, finding that the simulation results
matched the measured contact angle well. In consideration of the non-ideality of the solid surface,
contact angle hysteresis (CAH) is also a vital parameter for characterizing the wetting state of the
solid surface; the smaller the contact angle hysteresis, the weaker the drop adhesion [35,36]. Generally,
the definition of a super gas-wetting surface is that the advancing contact angle is larger than 150◦ and
the contact angle hysteresis is less than 10◦ [37,38].

2.3.2. Owens–Wendt–Rabel–Kaelble Method

The surface free energy (SFE) is derived from the intermolecular interactions after the generation
of the new surface, and is a key factor that can be used to predict the wettability regime of a solid
surface [39]. Typically, the Owens–Wendt–Rabel–Kaelble (OWRK) method, the Wu method, and the
Van Oss–Chaudhury–Good method are employed to quantitatively estimate the change in the free
energy of the solid surface before and after wettability alteration [40–42]. The surface free energy
consists of polar force and dispersion force, which can be calculated using Young’s equation based
on the contact angles of liquids with varying polarities on the solid surface. The surface free energy
can be calculated using the OWRK method, as described in Equation (1) [42]. The polar (dispersion)
force is used to describe the interaction between polar (non-polar) substances and the solid surface,
the rock will exhibit different affinities for liquids with varying polarities. The contact angles of
both water and oil on a gas-wetting surface are obviously higher than those on a liquid-wetting
surface, leading to a major difference in surface free energy. Therefore, the surface free energy can be
an effective parameter for reflecting the gas-wetting regime of rock surfaces. Additionally, Gindl et al.
compared the methods used to calculate the surface free energy of solid surfaces, including the Zisman
method, Berthelot’s approximation, the Fowkes method, and the acid-based approach [43]. However,
these methods involve more than two liquids, and the calculation results depend heavily on the choice
of the liquids. Neumann proposed an “equation of state” theory to determine the solid surface free
energy by introducing an empirical constant to the mentioned methods, the calculation results are
reasonable, but one major limitation of this method is that only the total surface free energy can be
estimated [44,45].

γsl = γsv + γlv − 2
(√
γD

svγ
D
lv +

√
γP

svγ
P
lv

)
(1)

where γsl is the interfacial free energy between the liquid and solid, γD
sv and γD

lv denote the dispersive
part, while γP

sv and γP
lv represent polar part of solid surface energy and liquid surface energy, respectively.

2.3.3. Spontaneous Imbibition Test

Spontaneous imbibition refers to the process of absorption in which a wetting fluid can
spontaneously be imbibes into the pore throat due to capillary force. As early as 1950, Brownscombe and
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Dyes [46] realized the importance of spontaneous imbibition in oil recovery during the waterflooding
process of water-wet fractured reservoirs. If the reservoir wettability is water-wet, then an oil-saturated
rock will preferentially imbibe water into porous media, displacing the oil out as the rock is immersed
in water [47]. However, for gas-condensate reservoirs, the imbibition of water or oil would cause
serious formation damage to gas deliverability. The measurement of the spontaneous imbibition rate
and the volume of the liquid phase by rock could be a reliable and reproducible method for the
quantitative evaluation of gas-wetting. The principle behind the imbibition test is that a wetting
phase tends to be spontaneously imbibed into a pore throat occupied by a nonwetting fluid. However,
the method also raises the problem of measuring the imbibition volume of a liquid in the core sample
with non-negligible errors [48]. Li and Firoozabadi suggested an improved imbibition apparatus
by which the average liquid saturation in the sealed rock sample could be calculated [12]. Later on,
an improved imbibition test in a CH4–liquid–solid system was suggested to simulate the imbibition
process in gas-condensate reservoir conditions [32].

2.3.4. Capillary Rise Test

The capillary rise test has been studied for several decades, since its first proposal [49].
Compared with contact angle measurement, the capillary rise test has been extensively applied
to evaluate the wetting regime of solid particles or powders [50]. Liquid is spontaneously imbibed into
untreated capillaries due to capillary force, and then the affinity of the capillary tube towards a certain
liquid can be evaluated by a liquid-level according to the Washburn equation [32,50]. The Washburn
equation is shown in Equation (2) [51]. The capillary force will be the resistance force for liquids
where the rock wettability is gas wetting. Therefore, the capillary can be considered to be gas-wetting
when the liquid level in the capillary tube is negative; a theoretical contact angle can be calculated
based on the different liquid levels. Obne premise need to first be satisfied before performing this
method: total wetting liquid must be used to adjust the geometric factor. However, in practice, it is
hard to find an ideal liquid that can totally wet any tube. Moreover, it is noteworthy that the surface
physicochemical properties and sizes of tube also have a direct influence on the liquid level in the
tube [50,52,53].

h2 =
rγlv cosθ

2η
t (2)

where h is the liquid level in capillary; r, γlv, and η denote the capillary radius, surface tenson of liquid,
and the viscosity of liquid, respectively; t represents the imbibition time.

2.3.5. Nuclear Magnetic Resonance Technique

Understanding the wetting regime of a rock under reservoir conditions is crucial for choosing
optimal development programs. Being different from the above-mentioned methods of wettability
measurements, the nuclear magnetic resonance technique (NMR) has the advantage of monitoring the
wettability change during the displacement process in situ; it is cost-effective and does not intervene
in fluid saturation [54,55]. The principle of this method is to measure the transverse relaxation time
of the wetting phase (for example, the water phase) used to reflect the pore size distribution of the
water-wet rock; the wetting state of the rock can be determined once the change in the relaxation time
of wetting phase has been detected. Currently, the NMR technique is only used to predict water-wet,
oil-wet, or mixed-wet, although its application in gas-wetting evaluation can be expected. Moreover,
there are other classic methods, such as the Amott test and the USBM index, that are time-consuming,
expensive, and are unable to monitor the wettability change in real time.

2.3.6. Streaming Potential Measurement

Streaming potential method (SPM) can be employed to investigate the wetting state of the intact
rock sample since there is a close correlation between the surface wettability and the electrical charge
of rock [56]. Streaming potential is derived from the charge transportation that occurs when a fluid



Energies 2020, 13, 4591 7 of 23

flows through surface-charged porous media or under an external potential gradient, the excess charge
within the double layer would transfer to the fluid, generating a streaming current. SPM is suitable for
predicting the wetting regime of porous media by measuring the average value of the zeta potential
during the dynamic coreflooding process [57]. Based on the sensitivity and accuracy of the SPM
technique, the gas-wetting degree of porous media can be predicted by calculating the streaming
potential ratio between liquid and gas.

3. Properties of Fluorochemicals

Fluorine is the most electronegative element in nature, ranked third-highest among all elements
in first ionization energy [58]. The C-F bond is the strongest bond, and endows fluorochemicals with
the features of high thermal stability, low adhesion, and strong chemical inertness [59]. Since the
discovery of poly (tetrafluoroethylene) (PTFE) in the 1930s, fluorochemicals have been widely used in
various applications, such as functional and protective coatings [60], optical and electronic devices [61],
special sensors [62], and in biotechnology [63]. Its applications in oilfields show that gas-wetting
alteration by fluorochemicals can be an effective approach for improving gas deliverability in
unconventional reservoirs [9,30]. The molecule structures of conventional surfactants and polymers are
more vulnerable and easier to disrupt under high-temperature (120~150 ◦C) and -pressure (37~111 MPa)
conditions. The pressure and temperature of gas-condensate reservoirs increase with depth, and this
aggravates the liquid-blocking effect near the wellbore region [64]; fluorochemicals could exhibit
excellent hydrophobicity and oleophobicity under harsh environmental conditions, such as ultra-high
temperatures and pressures [65,66], and therefore, great interest has been aroused by the use of
fluorochemicals as a preferable candidate for improving gas deliverability.

3.1. Fluorosurfactants

Fluorosurfactants are fluorine-containing surfactants that consist of a polar hydrophilic head and
a hydrophobic and oleophobic C-F tail, which can achieve gas-wetting alteration and decrease interfacial
tension under harsh reservoir conditions because of its strong C-F bond [67]. Fluorosurfactants can
be categorized as non-ionic, anionic, and cationic types according to the charge on their polar ends.
Given the reality of reservoir rock being negatively charged, non-ionic and anionic fluorosurfactants
would be suitable for avoiding excess loss. In 2000, fluorosurfactants were firstly used as a gas-wetting
alteration agent for eliminating the liquid-blocking effect in gas-condensate reservoirs; oil and gas
recovery was significantly improved after treatment [12]. Fahimpour and Jamiolahmady [68] further
investigated the effect of anionic and nonionic fluorosurfactants on gas productivity in a gas-condensate
reservoir; their research showed that liquid mobility could be substantially improved after treatment
with fluorosurfactants. Gas permeability tends to sharply decline after liquid-blockage, which can
be ameliorated after treatment with fluorosurfactant; this can be attributed to the adsorption of
fluorosurfactant molecules on the pore throat [16].

Compared with conventional surfactants, such as SDBS and CTAB, fluorosurfactants also possess
a better capacity to decrease interfacial tension to an ultra-low level that would be favorable to
the improvement of oil and gas production [69]. Kamal et al. [70] studied a non-ionic ethoxylated
fluorosurfactant for EOR applications, finding that the fluorosurfactant was thermally stable under
conditions of high salinity and high temperature. Foam flooding is a promising EOR technique due to
its ability to overcome the problem of gravity segregation and viscous fingering, but the instability
of foam under high temperature and pressure hinders its further application. Siddiqui et al. [71]
investigated the effect of an amphoteric amine oxide-based fluorosurfactant on foam stability by core
flooding experiments; the low interfacial tension of foam system induced by the fluorosurfactant
promoted foam stability under high-pressure conditions.

Fluorosurfactant molecules tend to adsorb on a solid surface to form monolayer or multilayer
adsorption, which could transfer the surface wettability of rock from liquid-wetting to gas-wetting.
The adsorption of fluorosurfactants on reservoir rock is dominated by the chemical composition,
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charge, and functional groups of the rock; the functional groups and charge on the polar end
of fluorosurfactant also affect the adsorption process. Generally, both physical adsorption and
chemical adsorption occur on rock surface [72]. The physical adsorption process dominates during
the initial stage, and fluorosurfactant molecules scatter on the rock surface when the concentration
of fluorosurfactant is low. Monolayer adsorption occurs on the rock surface when the concentration
reaches the critical micelle concentration, as shown in Figure 3b. With the increase of concentration,
fluorosurfactants tend to form a compact multi-adsorption layer on the rock surface due to the
electrostatic force and dispersion force, as shown in Figure 3c; however, the affinity between the first
layer of fluorosurfactant and the rock becomes stronger with the increase of temperature and time,
and fluorosurfactants can bond with the hydroxyl or carboxyl groups of rock surface to form new
bonds [73]. Therefore, the adsorption of fluorosurfactants on the rock surface can be considered to be
a combination of physical adsorption and chemical adsorption.
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3.2. Fluoropolymers

A fluoropolymer is defined as a polymer that consists of carbon and fluorine, which is composed of
the C-C backbone and the C-F branches [75]. In 2000, Li and coauthors found that a fluoropolymer named
“FC722” could be used to alter rock wettability to gas-wetting, which could effectively mitigate the
liquid-blockage phenomenon during the development of gas-condensate reservoir [12]. Subsequently,
some commercial fluoropolymer products, such as Zonyl 8740, G06, and Lot 201, were proved to have
the capacity to alter the reservoir wettability from water-wet or oil-wet to intermediate gas-wetting,
and the flow efficiency of gas could be further promoted after treatment [15,76]. However, the low
solubility and high cost of the fluoropolymer impede its large-scale application. To address the
above problems, fluoropolymers with varying morphologies have been synthesized by emulsion
polymerization, such as core–shell [77], acorn-shape [78], and Janus-shape [79], as shown in Figure 4.
The distribution and content of fluorine groups in fluoropolymers can be tuned by adjusting the
synthesis process and fluorine-containing monomer usage, which can improve the solubility and
reduce the cost of the fluoropolymer.
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The fluoropolymer adsorption layer on a rock surface can not only modify the chemical composition
of the rock, but can also change the surface microstructure of the rock [80,81]. In solution, fluoropolymers
are normally dispersed as latex particles rather than single polymer chains, and the conformation of
fluoropolymer depends on the nature of the monomer and the synthesis procedure. Once adsorbed
on the rock surface, the arrangement of these latex particles can synergistically enhance gas-wetting
degree by fabricating high surface roughness adsorption. The conformation of fluoropolymer could be
dominated by the following elements: (1) the stretching of the hydrophobic group; (2) the repulsive
interaction among the stretching groups; and (3) influential factors, for instance, temperature, pH,
and salinity [82].

3.3. Fluorochemical-Modified Nanoparticles

Recent advances in nanoparticle modification have attracted wide attention due to their tailored
features and huge potential to enhance oil and gas recovery [83]. The primary applications of
nanoparticles in the petroleum industry are related to alleviating formation damage and improving oil
and gas recovery, such as the liquid-blocking effect, and aqueous phase trapping caused by hydraulic
fracture [84]. Inspired by the unique microstructure of the lotus, nanomaterials with liquid-wetting
can be decorated by fluorochemicals to prepare super gas-wetting nanoparticles that are of both high
surface roughness and low surface free energy. Varying morphologies and chemical compositions of the
adsorption layer can be obtained by adjusting the mass ratio between nanoparticles and fluorochemicals.
Mousavi et al. [85] proposed a novel and effective approach for altering the wellbore wettability from
liquid-wetting to intermediate gas-wetting using fluorochemical-modified nanoparticles, and found
that the volume of liquid trapped in the pore throat and the pressure difference between the two sides
of the core significantly decreased after gas-wetting alteration. Different morphologies of nanoparticles
could also be decorated using fluorochemicals, such as nano-rod and peanut-shaped nanoparticles;
gas-wetting degrees could be tuned by changing the morphologies of the nanoparticles [86–88].
Furthermore, varying sizes and kinds of nanomaterials could be modified by fluorochemicals to
achieve different purposes, such as fluoropolymer-modified CNT for enhancing gas recovery [89],
multi-scale nanoparticle blocking for EOR [90], and switchable superhydrophobic/superhydrophilic
surfaces induced by UV light [91].

The surface modification of nanoparticles by fluorochemicals mainly includes chemical treatment,
grafting of synthetic polymers, and the ligand exchange technique [92]. Among the above modification
techniques, chemical treatment is a versatile and convenient method for improving the dispersibility and
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functionality of nanoparticles. Generally, the surface of the untreated nanoparticles covers numerous
hydroxyl groups that could bond with the polar-end of fluorochemicals molecules to form gas-wetting
nanoparticles, while the surface of the modified nanoparticle is covered with fluorochemical molecules.
The mechanism for grafting fluorochemical on silica nanoparticles is presented in Figure 5, the spreading
C-F bonds endow the modified nanoparticle with the features of hydrophobicity and oleophobicity.
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Various approaches can be used to investigate the modification mechanism of nanoparticles.
The changes in adsorption peaks and newly formed bonds on fluorochemicals modified nanoparticle
can be verified by FT-IR and XPS techniques. The morphologies of nanoparticles can be explored by
Scanning Electron Microscopy (SEM), High-Resolution Transmission Electron Microscopy (HRTEM),
and Confocal Laser Scanning Microscopy (CLSM). The Atomic Force Microscopy technique (AFM)
could be employed to quantitatively estimate the roughness of the rock surface, and the relationship
between surface roughness and wettability can also be obtained by the AFM technique.

3.4. Morphologies of Fluorochemicals and Modified Nanomaterials

The wettability of rock is closely related to its surface morphology and chemistry. Generally,
there are two essential conditions required to achieve super gas-wetting: high surface roughness
and low surface free energy. The morphologies of fluorochemicals vary according to their molecule
conformations, which range from two-dimensional monolayers to three-dimensional multilayers.
Hoseinpour et al. [93] altered the wettability of sandstone from water-wet to intermediate gas-wetting
by coating a fluorocarbon surfactant film; the volume of spontaneous imbibition of water and
decane significantly decreased after treatment. An obvious difference in the morphologies between
fluorosurfactant and fluoropolymer can be observed, with the self-assembly of fluoropolymer
latex particles on rock surface contributing to the decrease in surface free energy and increase
in surface roughness [87] (Figure 6b). Furthermore, Jin et al. [94] studied the morphology of
fluorosurfactant-modified nanoparticles, finding that the modified nanoparticles could adsorb on
the rock surface by forming a gas-wetting adsorption layer, which contains numerous air cavities
with huge capillary force, preventing liquids (water and oil) from entering the pore throats of the
reservoir rock.

It has been found that the adsorption of fluorochemical-modified nanoparticles on rock surface
matches the Freundlich model, indicating that the multilayer adsorption formed by modified
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nanoparticles might be involved in the chemisorption process, which can be verified by FT-IR
and XPS techniques [23]. The morphology of rock surfaces treated by fluorosurfactant-modified
nanoparticles can be investigated using the SEM and AFM techniques, as shown in Figure 6c,g.
In addition to modifying spherical nanoparticles, one-dimensional nanomaterials, such as carbon
nanotubes, can also be decorated. The adsorption layer formed by fluoropolymer-modified CNT
is rich in air cavities, as shown in Figure 6d. According to the results of AFM analysis, it can be
concluded that the surface roughness of solid surfaces increases with the size of the adsorbed substance,
as shown in Figure 6e–h. For fluorochemicals, molecules with positive charge tend to self-assemble
ahead of the air–solid–liquid interface on negatively charged rock surfaces due to the electrostatic force;
then, the non-polar end with the characteristics of hydrophobicity and oleophobicity would be expose
to air [95]. With respect to modified nanoparticles, they be adsorbed in multiple layers on the rock
surface due to electrostatic force and chemical bonding; meanwhile, nanoparticles in self-assembled
multilayers could impose structural disjoining pressure on the liquid–oil–rock boundary, facilitating the
spread of nanofluid [96].
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Society of Chemistry 2019; (g) AFM of fluorosurfactant-modified nanoparticle [86], Copyright© 2019,
American Chemical Society; (h) AFM of fluoropolymer-modified CNT [98], Copyright© 2016, Springer
Nature; (i–l) schematic of fluorochemicals and modified nanomaterials adsorption layer.

In summary, the greater the number of nano-sized cavities on the rock surface, the stronger
the gas-wetting [99]. Despite the excellent gas-wetting of fluorochemicals, the fragile nature of
the adsorption layer under external force hinders its large-scale application. Recently, a novel
approach to strengthening the mechanical stability of superhydrophobic surfaces has been proposed
by designing an inverted-pyramidal structure, which can resist high friction without reducing
superhydrophobicity [100]. More work on fabricating super gas-wetting surfaces with different
morphologies is encouraged to facilitate the application of new technology in petroleum engineering.

4. Effects of Factors on Fluorochemicals

The stability of fluorochemicals under harsh reservoir conditions is another major concern that
can impact the stability of gas-wetting adsorption under complex conditions, such as high temperature,
high pressure, high salinity, and long-term waterflooding [101].
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4.1. Temperature

Complex and harsh environmental conditions in gas-condensate reservoirs, such as ultra-high
temperature and high pressure, often degrade the fluid flow in porous media. Hence, it is pivotal for
fluorochemicals to remain stable under high temperatures. In the 1960s, Johnson and Dettre [102] found
that increasing the temperature could increase the hydrophobicity and oleophobicity of fluoropolymers
(referred to as “temperature effects”), because the adsorption process of fluoropolymers on the
solid surface can accelerate as the temperature changes. Esmaeilzadeh et al. [89] prepared a series
of gas-wetting nanofluids to decrease the liquid accumulation and improve the gas deliverability,
which are of permanent stability at a temperature of 160 ◦C; the contact angles of water and decane
on sandstone samples treated with gas-wetting nanofluids slightly increase over time, as shown
in Figure 7, and the velocity and amount of imbibition significantly decrease due to the change of
capillary force. One potential reason for this could be that the molecule structures of fluorochemicals
unfold as the temperature exceeds the evaporating temperature of crystal water [103], leading to
the exposure of more C-F bonds on the rock surface. Currently, contact angle measurements are
often conducted at room temperature without considering the impact of temperature and pressure,
whereas the measurement under complex conditions could be able to reflect the actual wettability
regime of reservoir rock. Recent research has confirmed that the contact angles of liquid on solid
surfaces treated by fluorochemicals increase with the increase of both temperature and pressure;
this phenomenon can be attributed to the enhancement of intermolecular interactions between gas and
substrate under the conditions of high temperature and high pressure, leading to a weak liquid-wetting
of the substrate [104].
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4.2. pH

CO2 injection into the depleted gas-condensate reservoir can improve the gas deliverability of the
condensate reservoir [105]; however, an overdose of CO2 could cause the formation water to become
weakly acidic. The pH of the formation water has a direct impact on rock wettability by changing
the charge of rock surface, and H+ or OH- could weaken the adsorption of fluorochemicals due to
electrostatic repulsion, especially for these charged fluorosurfactants. Cationic fluorosurfactants tend
to adsorb onto negatively charged surfaces, while positively charged surfaces attract fluorosurfactants
with negative charge. Wu et al. [106] investigated the influence of pH value on a gas-wetting surface
prepared by fluorosurfactant, finding that calcite with positive charge tends to bond with cationic
fluorosurfactant if the pH value of the formation water is greater than 9. Karandish et al. [107] reported
that the anionic fluorosurfactant Zonyl UR exhibited a better affinity to the solid surface when the
pH value of the solution was approximately 2; rock wettability could be changed from strongly
liquid-wetting to intermediate gas-wetting under acidic conditions. Jin et al. [87] explored the effect
of pH value on the performance of fluoropolymers, and found that the rock surface could remain
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intermediate gas-wetting if the pH value of the solution was in the range of 5 to 7, as shown in Figure 8.
Therefore, the adsorption of fluorochemicals on the rock surface would be tunable by adjusting the pH
value of the solution, and the C-F bonds on fluorochemical would remain stable under the peracid or
peralkaline condition.Energies 2020, 13, x FOR PEER REVIEW 13 of 23 
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4.3. Salinity

Inorganic ions in aqueous condensate may derive from formation water and fracturing water,
and high salinity of the gas-condensate reservoir often increases the difficulty of their development,
such as through blockage induced by salt deposition, and destruction of fluorochemical stability
by salt, resulting in colloidal coagulation. Tweheyo et al. [108] investigated the influence of salinity
on the wettability of reservoir rock, and found that divalent inorganic ions, such as Ca2+, Mg2+,
and SO4

2−, had the potential to change rock wettability to water-wet at high temperature. However,
the multivalent inorganic ions could impose compression of the electrical double layer (EDL) of
fluorochemical molecules when exposed to formation water with high salinity. In a high-salinity
solution, fluorochemical molecules tend to develop a coiled structure due to the electrostatic
repulsion between the charged chain and inorganic cations, leading to a colloidal agglomeration [109].
Safaei et al. [110] investigated the effect of salinity on gas-wetting of the core surface, and found that
the contact angles of water and oil decreased with increasing concentration of salts, and the mixture of
salts had a more pronounced effect on the gas-wetting of the rock surface than did salt alone, as shown
in Figure 9. Generally, multivalent inorganic cations (Al3+, Fe3+) impose a more notable influence in the
performance of fluorochemicals than low-valent inorganic cations [87], meaning that the gas-wetting
of rock becomes weaker in a solution with a high concentration of multivalent inorganic cations.
A possible reason for this phenomenon is that the ionic strengths of multivalent inorganic cations are
distinctly higher than those of low-valent inorganic cations under equal concentration. Furthermore,
there might exist competitive adsorption between inorganic ions and fluorochemical molecules on the
rock surface [111]. The cations could adsorb on the negatively charged rock, and then form an electric
double layer that is unfavorable for the adsorption of positively charged fluorochemicals.
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4.4. Zeta Potential

Most gas-condensate reservoirs are composed of carbonate, and the zeta potential of carbonate
is also a vital parameter that determines gas deliverability. The potential determining ions, such as
calcite and sulfate ions, can directly influence the water film thickness between condensate and rock
by changing the surface charge of the carbonate rock, further affecting the rock wettability [111].
Xie et al. [112] investigated the effect of the expansion of the electric double layer on oil recovery,
finding that wettability alteration could be induced by elevating the repulsive forces between water
and rock interface. A recent study suggested that combinations of potential determining ions could be
more pronounced in wettability alteration compared to ions alone, and sulfate ions are necessary for
wettability alteration by calcite ions [113]. Saboori et al. [114] studied the effects of nanofluid potential
on gas-wetting, and found that the liquid saturation decreased after treatment with nanofluids with
high zeta potential. Ahmadi et al. [115] prepared gas-wetting CaCO3 nanoparticles, which were able
to remediate the condensate blockage by gas-wetting alteration under positively charged conditions.
Therefore, the zeta potentials of ions are closely associated with gas-wetting alteration, and the
combination of potential determining ions and fluorochemicals could be a promising approach for
mitigating the liquid-blockage.

5. Effects of Fluorochemicals on Fluids in Porous Media

Reservoir wettability is one of the vital factors that control the distribution and flow behavior
of fluids in porous media [116]. The adsorption of fluorochemicals affects the fluid saturation in
porous media, and then redistributes the fluid in the pore and throat. When considering a strongly
gas-wetting system, gas functions as the wetting phase, and tends to occupy small pores with higher
capillary forces, while the non-wetting phase (water or oil) would be distributed in the larger pores
with lower capillary forces. This fluid distribution in porous media is most energetically favorable
because it lowers the total energy of the system [116–118]. Consequently, the liquid-blocking effect can
be relieved due to the improvement of the flow efficiency of water and oil.

5.1. Effect on Liquid Saturation

Fluid in the liquid-blocking region mainly consists of water and condensate, which could
instantaneously be imbibed into the capillary and block the flow channels for gas. Fluorochemicals
can reduce water saturation by promoting the flow efficiency of trapped water. However, it is a great
challenge to accurately characterize the influence of wettability alteration on liquid saturation in pore
throat. Freedman et al. [119] proposed an improved nuclear magnetic resonance method for measuring
liquid saturation, by which the diffusion-free brine and oil distributions in saturated rocks can be
accurately measured without causing damage to the core sample. A featured way of measuring the
liquid saturation in a gas-wetting micro-model was suggested in [32], and the principle of this method
is to calculate the pixel number of water and oil before and after gas-wetting alteration, respectively.
This method has the advantages of high accuracy and continuous measurement compared with
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the previous methods, and could be a promising candidate for quantitively evaluating the effect of
gas-wetting on liquid saturation.

5.2. Effect on Flow Behavior in Porous Media

5.2.1. Detachment

Detachment is a phenomenon in which the air–solid interface of liquid is replaced by a liquid–solid
interface. The movement of a liquid droplet on a gas-wetting surface is different from that on
a liquid-wetting surface, and the detachment of liquid droplets from surfaces with varying wettability
is a critical point in improving flow efficiency. Zhu et al. [120] simulated the dynamic detachment
of water droplets in a two-dimensional tube, and found that the pore structure and droplet volume
were vital factors affecting the detachment efficiency of the water droplets. Jin and Wang [32] studied
the detachment of water droplets on a super gas-wetting pore wall, and discovered that decreasing
the resistance force of liquid on the rock surface was key to mitigating the liquid-blocking effect;
the lower the resistance force, the greater the detachment efficiency of the liquid. Figure 10a shows the
detachment of liquid droplets in a liquid–liquid–rock system; gas-wetting nanoparticles can impose
a structural separation pressure over the junction of liquid–liquid–rock system, forcing the liquid
phase to detach from the solid surface, leading to an increase in oil recovery. Figure 10b shows the
distribution of fluid in liquid-wetting porous media. Figure 10c shows that the contact angle of a water
droplet on a gas-wetting pore wall is about 125◦; this droplet detaches easily under the interaction of
displacing force compared with that on a liquid-wetting surface. It is worth noting that the detachment
efficiency of the liquid droplet is proportional to the migration efficiency of gas in the liquid-blockage
area. Figure 10d shows a sketch of a capillary rise test; the tube can be recognized as gas-wetting
when the imbibition level of liquid in the tube is negative (h < 0). Then, the capillary force can be
considered to be a displacing force for liquid, as can be observed in the lower part of Figure 10e.
However, for liquid in a liquid-wetting tube, the capillary force acts as the resistance force when the
liquid intends to move, as shown in the upper part of Figure 10e. Hence, the flow behavior of fluid in
channels can be tuned through gas-wetting alteration by fluorochemicals [121]. Figure 10f represents
the liquid levels in a gas-wetting capillary tube, a sharp reduction in liquid level can be observed after
gas-wetting alteration, the calculated contact angles of water and oil are more than 90◦.
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Figure 10. The movement of fluids in porous media and capillary: (a) detachment of liquid droplet
in a liquid–liquid–solid system; (b) water in a pore throat with liquid-wetting; (c) water in a pore
throat with gas-wetting (Reprinted with permission from [32]); (d) sketch of capillary rise test;
(e) liquid in capillary before and after being treated with fluoropolymer, adapted with permission
from [121], Copyright© 2011, American Chemical Society; (f) the liquid levels in a gas-wetting tube.
Reproduced with permission from [94], Copyright© 2016 Elsevier.
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5.2.2. The Transition of the Liquid Bridge

The liquid bridge refers to the liquid trapped in a multiphase flow system where the neighboring
pore throats can be connected by small volumes of encountered liquid, which can tremendously confine
the gas flow in the wellbore region, leading to a sharp decline in gas production. Generally, the larger
the contact surface between the droplet and the solid, the greater the viscous resistance required for
its movement. Figure 11 demonstrates the transition of a liquid bridge in the pore throat; the liquid
bridge can transform from a concave shape (large contact area) to a convex shape (small contact area)
after gas-wetting alteration, and an obvious decline in liquid saturation can be observed as the liquid
bridge transition occurs. Therefore, the capillary force in the pore throat switches from resistance
force to displacing force after gas-wetting alteration, which can substantially accelerate the migration
efficiency of the liquid bridge [122]. The efficient transition of the liquid bridge can effectively reduce
the saturation of the discontinuous phase in the liquid-blocking region. Additionally, the pressure
difference between the two sides of the liquid bridge also has an impact on the transition of the liquid
bridge, which has a close relationship with the geometry, contact angle, and volume of the liquid bridge.
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5.3. Gas-Wetting Model

Both the Wenzel model and the Cassie-Baxter model are classical theories used to describe the
wetting regime of a solid surface. However, the above models are subject to limitations when it comes
to gas-wetting. The liquid phase can only wet the upside pillars on a solid surface, and cannot enter
the bottom regions of the pillars, which are occupied by air due to the high capillary force. Therefore,
the bottom regions remain non-wettable because of the existence of numerous cavities on the rock
surface; hence, the wettability model for gas-wetting can be regarded as a complex of the Wenzel model
and the Cassie-Baxter model, as shown in Figure 12a,b. It is worth noting that the movement of liquid
on a gas-wetting surface is also different from that on a water-wet or oil-wet surface. Hao et al. [123]
investigated the movement of liquid droplets on a superhydrophobic surface under airflow, and found
that the advancing contact angle of the droplet continuously increased, and the wetting front of the
liquid contacted the neighboring pillar during detachment. Given this reality, it is reasonable to
conclude that the wetting regime of liquid droplets could continuously switch between the Wenzel
regime and the Cassie-Baxter regime when they move on the gas-wetting surface under external force,
as shown in Figure 12c.
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6. Outlook/Future

Natural gas constitutes more than 25% of global energy demand, and a further increase can
be predictable. Gas-condensate reservoirs exhibit complex couplings between multi-phase flow,
interfacial behavior, and fluid distribution, and more proactive approaches are needed to bear the
responsibility of improving gas deliverability. Fluorochemicals are well known for their excellent
hydrophobicity and oleophobicity under harsh conditions, which can improve flow efficiency by
gas-wetting alteration; surface modification of nanomaterials by fluorochemicals also is a versatile
approach for enhancing the degree of gas-wetting. The morphologies of fluorochemicals and modified
nanoparticles can be tuned to improve flow efficiency. There have been numerous studies focused on the
synthesis and application of cost-effective fluorochemicals, and environmental protection with respect
to fluorochemicals has also been one of the biggest concerns for the industry, since fluorine emissions
during the petroleum refining process would devastate the ecosystem. Additionally, more accurate
methods for evaluating the gas-wetting of rock under reservoir conditions are needed. Further research
with respect to the flow mechanism in the pore throat after gas-wetting alteration by fluorochemicals
can be anticipated.

7. Summary

This review provides an overview of gas-wetting alteration and the mechanism by which it
improves flow efficiency. The conclusions can be drawn as follows:

(1) The liquid-blocking effect occurring during the development of the gas-condensate reservoir has
aroused wide attention because of its severe damage; gas-wetting alteration by fluorochemicals
could be regarded as a promising remediation approach;

(2) The methods for evaluating the gas-wetting of reservoir rock were summarized; the factors that
affect gas-wetting were investigated;

(3) Varying sizes and kinds of nanomaterials can be modified by fluorochemicals, the mechanisms of
fluorochemicals adsorption layer with varying surface morphologies were illustrated; the surfaces
with more air cavities tend to exhibit stronger gas-wetting;

(4) The flow behavior of the fluids in a gas-wetting pore throat is distinctly different from that in
a liquid-wetting pore throat. The wetting regime of the solid surface with gas-wetting might be
a complex of the Wenzel regime and the Cassie-Baxter regime.
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