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ABSTRACT

Liquid blockage decreases gas condensate productivity when the reservoir
pressure near the wellbore falls below the dew point. Wettability alteration
is the most promising method among various techniques to overcome the
liquid blockage. In this study, the ability of different chemical solutions to
change the wettability of rock types; carbonate and synthetic rocks from
liquid-wet to a gas-wetting state was investigated. Contact angle mea-
surement was conducted to evaluate the effect of the treating process. It
was found that some of the best solutions containing COUPSYL®WRS
nanofluid, PTFE, hydrophobic SiO, nanoparticles + PDMS, could change
the water contact angle from 0° to 130.5°, 142.7°, and 155°, respectively.
They could also produce water repellency conditions. In contrast, they
were not effective on the synthetic rock surface. Moreover, the contact
angle of condensate did not change by using these chemicals and remained
at 0°. It was also shown that by increasing SiO, nanoparticle concentration
from 0 to 2 wt%, the water contact angle increased from 117° to 155°,
which was the most effective chemical solution in the wettability alter-
ation process.
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1. INTRODUCTION

For decades, natural gas has been considered
a cleaner and cheaper source of energy in
comparison with other fossil fuels [1]. Natural gas
reservoirs can be categorized as dry gas, wet gas,
and gas condensate reservoirs [2]. Based on the
composition of gas condensate reservoirs, they
have been divided into two groups of lean and rich
[2, 3]. The gas condensate reservoirs with relatively
* Corresponding Author Email: reza.azin@pgu.ac.ir

high heavy components are regarded as rich ones
which drop out more condensate compared to
lean gas condensate reservoirs. In the region away
from the wellbore of a gas condensate reservoir,
the pressure of the reservoir is above the dew
point and the only present and flowing phase is
the gas phase. During the production life, when
the reservoir pressure drops below the dew
point at reservoir temperature (between critical
and cricondentherm), liquid drops out while the
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liquid phase is unmovable owing to the existence

value of critical saturation that could flow, and

of capillary forces and low-liquid saturation. condensate blockage may accrue [4, 5]. These
With lower pressure near the wellbore region, three regions are illustrated in Figure 1.
condensate saturation may increase to a higher
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Figure 1. Three regions of flow behavior in a gas condensate reservoir

Gas production decreases by a factor of
three to five because of liquids-condensate and
water-blockage [3]. A lot of fields in the world
confront this problem like the Arun field that the
productivity of some wells decreased more than
50% [6]. It is important to note that, in the area far
from the gas transport equipment, the condensate
phase is more valuable compared to the gas
phase. Therefore, finding an appropriate strategy
to overcome liquid blockage around the wellbore
and improve the gas and condensate production is
essential. There are different solution techniques
to increase the reservoir pressure and alleviate
the condensate drop out including gas recycling,
hydraulic fracturing, acidizing, drilling horizontal
or slanted wells, water alternating gas injection,
solvent injection, and chemical injection [7, 8].
Among them, chemical agent injection with its
mechanism of wettability alteration is the most

effective and the only permanent mitigation
technique.

Gas condensate rock has an initially liquid-
wetting state. The poor mobility (ratio of relative
permeability to viscosity) of fluids in the strong
liquid-wetting condition is the main factor of liquid
blockage [9, 10]. The liquid-wetting condition
results in spontaneous liquid imbibition due to
the capillary forces and the liquid phase retained
in the pore throat and body. Therefore, the liquid
saturation increases and the gas permeability
decreases [11]. During the wettability alteration
process in gas condensate reservoirs, the rock
surface affinity should be changed from liquid
to gas, which means both water and condensate
repellency is needed. This condition is called an
amphiphobic state.

Different chemicals can produce hydrophobicity.
Hydrophobicity is the ability of a material to repel
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water from its surface. This property is usually
measured by placing a drop of water on a solid
surface and then determining the angle that the
drop forms with the surface. If the drop has an
angle greater than 90 °, it will resemble a spherical
drop and shows a hydrophobic behavior. If the
drop has a contact angle of less than 90 °, it will
be a very flat drop and will spread on the surface;
it means that the substrate presents a hydrophilic
behavior. Hydrophobicity has aroused worldwide
interest during the past few years, which is due to
its particular properties and potential applications
including self-cleaning, automotive, oil and water
separation, water purification, optical devices,
medical and biomedical, anti-freezing, space and
aerospace, and corrosion resistance. Furthermore,
in gas condensate reservoirs, the presence
of formation water leads to water blockage
around the wellbore and in generally unsuitable
conditions - well deliverability drops [12, 13].
Liquid water introduces the third phase to the
gas condensate reservoirs besides the gas and
gas condensate phases, by which the multiphase
flow conditions may further decrease the effective
permeability of the gas phase. Altogether, the
hydrocarbon production may degrade further [14-
18]. The water blockage also happens in the bulk
of the reservoir, especially in tight gas reservoirs
that have smaller grains and, thus, pore throats
that lead to higher capillary pressure and higher
irreducible water saturations, and so affect the

gas zone leading to a large amount of gas being
trapped with significant decreases in its recovery
factor [20, 21]. As a result, it isimportant to change
the rock surface wettability into water repellency
to improve productivity.

While hydrophobic surfaces decrease the water
affinity to spread out, viscous liquids like oils or
organic fluids and alcohols tend to stick and wet out
these surfaces which are called oleophilic surfaces
[22]. Most surfaces have oleophilic properties
because oily fluids with low-surface tension
tend to spread out on the surface. It is reported
that there are enormous troubles in creating
superoleophobic surfaces since most organic
liquids have ultra-low surface tension. It is usually
easy to make a superoleophobic surface against
the high surface tension oily fluids, but difficult
to prepare them to oils that have surface tension
below 35 mN/m [23]. Hydrophobic surfaces show
worse wettability and adhesiveness, and a smaller
solid surface free energy compared to hydrophilic
ones [24]. Figure 2 shows different contact angles
of liquids and different forces which affect the
wettability state.

The relationship between these forces, i.e. the
surface free energy (surface tension) of the solid
phase (v, ), the surface energy (surface tension) of
the liquid phase (y ), and the interfacial tension
between solid and liquid (y) is expressed using
Young’s equation (Eq. 1) [25].

permeability of the gas phase [19]. In the gas cos@=75c"Vse (1)
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Figure 2. Schematic of the different components wetting condition in a three-phase system and the effective forces
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where 0 is the contact angle of the liquid on
the solid surface. The contact angle is the angle
formed between a liquid droplet and a solid
surface at the point where the two meet. It is a
measure of the degree of attraction or adhesion
between the liquid and solid surfaces and so the
wettability of the surface by the liquid. When a
liquid droplet is placed on a solid surface, it can
either spread out (wet) or bead up (not wet) [26].

The contact angle is determined by the balance
between the intermolecular forces of the liquid
with the solid (adhesion) and the intermolecular
forces of the liquid with itself (cohesion) [27].
Therefore, a high- contact angle indicates that
the liquid does not wet the surface well, while a
low- contact angle indicates good wetting. The
dominance of a force determines the wetting
condition as summarized in Table 1.

Table 1. The relationship between forces affecting the wetting state

Energetic Relationship

Contact Angle (°)

Wettability

Vs —VsL > Vi

Complete wetting

Ys¢ — Vs >0 0°<6<90 High wettability
Ys¢ — Vs <0 90°<6<180 Low wettability
Ysi. ~ ¥s¢ > Vi6 6=180 Non-wetting

Gas Phase

Solid |

Surface Rouahness

Figure 3. The impact of surface roughness and surface free energy of the rock on the wettability alteration

38 Journal of Oil, Gas and Petrochemical Technology 2023(10): 35-50, Winter and Spring 2023

(@) |



Kazemi E. et al. / Liquid Repellency in Gas Condensate Reservoirs

When the liquid contact angle is 6 = 0°
(corresponds to cos © = 1), Young’s equation
produces y .=y, — V.- If y <<y, and the surface
tension of the liquid is less than the surface tension
of the solid surface (y . <v,.), the surface is wetted
by the liquid phase; and if the surface tension
of the liquid is greater than the surface tension
of the solid surface (y > v,), no wetting state is
performed. As a result, to reach the low or non-
wetting state, an important parameter decreases
the solid surface free energy. It has been reported
that water and oil repellency is provided by the
fluoro and/or silane groups [28]. Fluorinated and
perfluorinated chemical compounds have a key
role in the wetting properties of the coating since
they lead to surface energy reduction and in this
way enhance the repulsive property of the coating
against the deposition of any liquid [29, 30].

To enhance the recovery process, it is crucial to
have a thorough understanding of the mechanisms
that cause wettability alteration and how it affects
the surface of the rock in the reservoir [31].
During the process of wettability alteration, the
injected materials can either form a coating on the
surface of the rock, which is referred to as coating,
or they can remove the existing layer on the
surface and cause the surface to exhibit different
wettability, which is known as cleaning [32]. The
chemical agents used in this process which are
named wettability modifiers must exhibit specific
characteristics including durability, affordability,
unaltered performance, and resistance to thermal
degradation.

The most effective approach for achieving
a state of liquid repellency is considered to be
the combination of a chemical composition
comprising ultralow surface energy and a surface
roughness that is suitably adapted (Figure 3). The
application of nanoparticles can alter surface
roughness, while fluorine functional groups can
be utilized to decrease the surface free energy.
The most efficient chemicals are fluorinated ones
such as fluorinated nanoparticles. Due to its high
electronegativity, fluorine is capable of strongly
bonding with carbon atoms to form a short and
robust C-F bond, which exhibits low reactivity, high
thermal stability, and is not easily polarized, resulting
in a substance with high-liquid repellence [33-35].

In a gas condensate reservoir, if the wettability
changesfrom liquid-wet to gas-wet (increasingliquid
contact angle), it can have several benefits, including
improved gas recovery, reduced liquid dropout,

enhanced well productivity, and reduced formation
damage. The presence of a liquid phase can trap
the gas and reduce the effective permeability of the
reservoir. By changing the wettability to gas-wet,
the gas can be made to preferentially wet the rock
surface, allowing it to flow more freely and improve
gas recovery. Also, the liquid phase can cause
formation damage by blocking the pore throats
and reducing the permeability of the reservoir.
By changing the wettability to gas-wet, the liquid
can be made to retract from the rock surface,
reducing the potential for formation damage. Table
2 summarizes all the previous studies on using
chemical agents on wettability alteration in gas
condensate reservoirs. Different tests including
contact angle measurement, capillary rise test
spontaneous imbibition, entry capillary pressure,
and coreflooding were performed to show that
the used chemicals can change the wettability of
different rock types to gas-wetting state.

2. Research Method

In this study, the ability of different chemical
solutions to alter the wetting state of the natural
carbonate rock and synthetic rock samples into a
gas-wetting state was investigated.

2.1. Materials
2.1.1. Rock Samples

A limestone rock sample from a carbonate
reservoir in the south of Iran was used. To study
the wettability and to do the wettability alteration
process, thin sections of prepared plugs were
provided. The surfaces of the slices were polished
to make them smooth and they were washed
using distilled water. The slices were then dried in
an oven at 60°C for 24 hours. Figure 4(a) showed
the thin sections of carbonate cores. This rock
type has a strong liquid-wet surface at its initial
state i.e., before the treatment process. Another
substrate was prepared using 3D printing. It is a
novel and promising method to generate and
replicate complicated designs such as porous rock
production, which has various materials and pore
geometries. Figure 4(b) shows the synthetic thin
sections prepared by wire cut which are neutrally
water-wet and strongly condensate-wet.

The mineralogical composition of the
rock samples was determined using EDX and
quantometry analysis for the carbonate and
synthetic samples, respectively. They are shown in
Table 3.
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Figure 4. Slices of the a) Natural carbonate core sample, and b) Synthetic core sample

Table 3. Mineralogical composition of the used carbonate and synthetic rock samples

Carbonate Elements Ca (o] C Mg Na Si
Sample
wt% 62.0 25.4 11.10 0.70 0.70 0.10
Synthetic Elements Al Si Fe Mg Zn Cu, Mn, Cr, Ni, Ti, Ca, Pb, Sn, V, Na, Bi, B,
Sample Ga, Cd, Co, Ag
P wt% 85.3 13.4 0.35 0.26 0.15 Each element <0.1 and Totally=0.54

2.1.2. Chemicals

In this study, hydrophobic SiO, nanoparticle in
white powder form which was purchased from
Merck Company was used. CaCO, nanoparticles
were prepared using the cuttlebone of Sepia
Pharaonis which were taken from the Persian Gulf
beach and the powder was made using a mortar
and pestle. Then the ball milling method as a
physical method was used to reach the nano size
(40-60 nm). Distilled water was used as the aqueous
phase and the gas condensate sample obtained
from a gas condensate reservoir in the south of Iran
was used as the oil phase. Di-ethylene glycol which
was prepared by the Jam petrochemical company
was also used in contact angle measurements.
Polydimethylsiloxane (PDMS) Sylgard 184 Kit with
components of base (silicone elastomer) and the
curing agent was prepared from Dow Corning, USA.
Polytetrafluoroethylene (PTFE) 60 wt % in water was
purchased from Merck Company. COUPSYL®WRS

nanofluid, manufactured by Couple Shimi Sepahan
Company, which is water-based, environment-
friendly, and cost-effective was used to alter the
wettability condition, and n-Hexane was used as the
solvent. All the used materials are summarized in
Table 4.

2.1.3. Chemical solution agents

Chemical A: 0.25 cc of PTFE 60 wt% was
dispersed in 100 cc distilled water. The solution
was homogenized using agitation on the stirrer
at room temperature for about 1 hr and finally,
the resultant solution was sonicated using an
ultrasonic probe homogenizer for 20 min.

Chemical B: 1cc of COUPSYL®WRS hydrophobic
nanofluid was added into 100 cc distilled water
and agitation was done for about 1 hr using the
stirrer and sonication was performed for more
homogenization for 20 min.

Table 4. Used chemicals and their specifications, supplier, and purity

Chemical Supplier Purity
Hydrophobic SiO2 nanoparticle Merck company 99.8%
CaCOs nanoparticles Own preparation using the cuttlebone -
Distilled water Laboratory water distillers -
Gas condensate Gas condensate reservoir in the south of Iran -
Di-ethylene glycol Jam petrochemical company 99%
Polydimethylsiloxane Dow Corning, USA 96%
Polytetrafluoroethylene Merck company 60 wt% in H.0
COUPSYL®WRS nanofluid Couple shimi sepahan company Commercial production
n-Hexane Merck company 95%
42 Journal of Oil, Gas and Petrochemical Technology 2023(10): 35-50, Winter and Spring 2023
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Chemical C: In preparing CaCO, nanofluids,
distilled water was used as a solvent to suspend
the nanoparticles. The base solution was prepared
by adding CTAB (0.02 wt. %) to distilled water.
Then the nanofluid was prepared by dispersing 0.1
gr of CaCO, nanoparticles in the base solution at
room temperature. The solution was homogenized
using agitation on the stirrer and the solution was
sonicated using an ultrasonic probe homogenizer.
Stability evaluation was also performed using zeta
potential measurement.

Furthermore, the mixture of COUPSYL®WRS

and PTFE and also a mixture of COUPSYL®WRS,
PTFE, and CaCO, were also prepared and their
effects on contact angle were investigated.

Chemical D: The solution was prepared
by mixing hydrophobic SiO, and PDMS (10:1
PDMS base/curing agent (w/w) according to
the manufacturer’s instructions) in n-Hexane as
solvent. The prepared solution was stirred at room
temperature for about 1 h and ultrasonicated for
20 min. Table 5 summarizes the used chemical
treatment agents in this study.

Table 5. Used chemicals and their concentrations in the wettability alteration process.

Treatment Agent Concentration in the Base Fluid (wt%)
COUPSYL®WRS 1

PTFE 0.25

CaCOs nanoparticles 0.1

COUPSYL®WRS +PTFE 1+0.25

COUPSYL®WRS+PTFE+CaCOs nano particles 1+0.25+0.1
Pure COUPSYL®WRS 100
Hydrophobic SiO2 nanoparticle+PDMS 0,1,1.5,2+0.5

2.2. Treating Process

To conduct the contact angle measurement,
carbonate and synthetic plates were cut into small
plates and the dried slices were soaked in the
prepared chemical solutions and heated at 60°C
for two days. Then samples were removed from
the chemical solutions and dried at 40°C for about
6 h, and finally, the contact angle measurements
were done on the dried treated thin sections.

2.3. Contact Angle Measurement

A  common quantitative technique for
wettability determination is the contact angle
measurement which is the liquid tendency to

Syringe

. Rock Sample
Light Source

wet the solid surface and shows the wettability
of the rock surface [57]. The drop shape on the
surface relies on the surface tension of the fluid
and the solid surface characteristic. The contact
angle measurements can be performed either by
the static method or the dynamic one [58]. The
most widely-used method to measure contact
angle on smooth and homogenous surfaces is the
static contact angle or sessile drop technique in
which a droplet of the liquid is settled on the solid
surface, the phase boundary is fixed, and the angle
between the solid-liquid interface using a camera
is captured [59, 60]. The contact angle apparatus
schematic is shown in Figure 5.

Computer
Data Analysis

Camera

L [
]

/\

J—l_ P

0

Figure 5. Schematic of sessile drop contact angle measurement apparatus
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Table 6. Physical properties of the used Fluids at 25°C

Density | Dynamic Viscosity | Surface Tension of Liquid/Air
(g/cm?) (cp) (mN/m)
Distilled water 0.997 0.890 71.97
Condensate 0.715 0.498 20.80
Di-ethylene glycol 1.118 35.7 44.80

The static contact angle of a sessile distilled
water, condensate, and Di-ethylene glycol
droplets on the rock surface before and after being
immersed in different solutions was measured.
The properties of the used fluids are reported
in Table 6. The captured images of the droplets
sitting on the solid surface in the presence of air
were processed using Image-J software to extract
the corresponding contact angles.

3. Results and Analysis

Figure 6(a) shows the results of the contact
angle measurements of the water and oil droplets
on the liquid-wet carbonate rock before the
treatment process. If the oil phase has a very
low surface tension, it could potentially lead to
a situation where the carbonate rock appears to
be both water-wet and oil-wet at the same time.
This is because surface tension is a key factor
affecting the contact angle between a liquid and
a solid surface. Therefore, in a situation where the
oil phase has a very low surface tension, it may
spread out over the surface of the carbonate rock,
effectively wetting it with a thin film of oil. At the
same time, the water phase could also wet the
surface of the rock, resulting in a low contact angle
and a water-wet appearance. Figure 6(b) shows

that before wettability alteration, the synthetic
rock surface is neutrally water-wet with 92.6° of
contact angle and strongly condensate-wet.

Table 7 illustrates the water and condensate
contact angles. All the used chemicals could
change the water contact angle significantly except
the CaCO, nanofluid since the CaCO, nanoparticles
are hydrophilic.

COUPSYL®WRS as a solution based on silane-
siloxane can be used to create a hydrophobic
surface on carbonate rocks. Silane-siloxane
solutions are commonly used as water repellents
on a wide range of building materials, including
concrete, masonry, and natural stone. The silane-
siloxane solution works by penetrating the pores
of the carbonate rock surface and chemically
bonding with the surface. The silane-siloxane
molecules contain hydrophobic groups, such as
methyl or ethyl groups, which repel water and
prevent it from adhering to the surface of the rock.
Hence, as can be seen in Table 5, the water contact
angle increased from 0° to 130.5°.

PTFE is a synthetic fluoropolymer that is known
for its non-stick and water-repelling properties.
When the solution containing PTFE is applied to a
carbonate rock surface, it can create a hydrophobic
barrier that prevents water from sticking or

Water Condensate

Water Condensate

Figure 6. The static contact angle for the solid-liquid-air system before treatment on a) natural thin section and b) synthetic thin
section
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penetrating the surface. Carbonate rocks are
typically composed of minerals such as calcite or
dolomite, which are porous and can absorb water.
When PTFE is applied to the surface of the rock,
it forms a thin film that creates a barrier between
the rock and the water. This barrier reduces the
surface energy of the rock, making it difficult for
water to wet the surface. The water-repelling
properties of PTFE are due to its unique molecular
structure, which consists of long chains of carbon
and fluorine atoms. These chains are highly non-
polar and have low- surface energy, which means
that they are not attracted to polar molecules like
water. As a result, water droplets will bead up and
roll off the surface of the PTFE-coated rock, rather
than sticking to it. The used solution containing
PTFE can change the water contact angle from 0°
to 142.7°.

Therefore, it is expected that the combination
of these two substances would have a similar
effect as each one, and the amount of contact
angle would be between these two values, i.e.
135.9°. As expected, the fifth solution which is the
combination of COUPSYL®WRS, PTFE, and CaCO3
nanoparticles, gives a contact angle value lower
than both COUPSYL®WRS and PTFE and higher than
CaC03 nanoparticles. On the contrary, all the used

chemicals can not change the condensate contact
angleatallanditsvalue remains0°. PTFE andsilane-
siloxane are both hydrophobic coatings, meaning
that they repel water. However, their effectiveness
in repelling oils with low-surface tension may be
limited. QOils with low-surface tension are typically
non-polar, meaning that they do not have a charge
separation between their atoms or molecules.
This makes it difficult for hydrophobic coatings like
PTFE and silane-siloxane to repel them because
they are not attracted to the non-polar surface
of the oil. In contrast, hydrophilic coatings are
attracted to polar molecules such as water and are
effective in repelling oils with low-surface tension.
Such coatings have a higher surface energy and a
more polar character, allowing them to interact
with the polar head groups of the oil molecules
and repel them. Therefore, if the goal is to repel
oils with low-surface tension, it may be more
effective to use a hydrophilic coating, rather than
a hydrophobic coating like PTFE or silane-siloxane.
Alternatively, a combination of hydrophilic and
hydrophobic coatings may be used to achieve
both water and oil repellency. It was found that
the presence of fluorinated or every material
which can produce low surface energy is essential
to create the condensate repellency state.

Table 7. The contact angle of the carbonate sample (calcite) after wettability alteration using different chemicals

Chemical Solution Con((::;ic:yrr;\tlon Water Contact Angle Condensate Contact Angle
0
COUPSYL®WRS 1 0°
PTFE 0.25 0°
CaCOs nano particles 0.1 0°
COUPSYL®WRS 1
PTFE 0.25 0°
COUPSYL®WRS 1
PTFE 0.25 0°
CaCOs nano particles 0.1
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As the surface tension of the used condensate
was 20.8 mN/m, to achieve oil repellency, the solid
surface tension should decrease below this value.

As shown in Table 8, the measured contact
angles of both water and condensate were 0°
on the synthetic rock surface except the water
contact angle after the treatment with PTFE-
containing chemical solution which was almost the
same as before the treatment. Therefore, we can
conclude that in the synthetic rock sample, all the
used chemicals could produce neither water nor
condensate repellency. Moreover, they were not
suitable for the synthetic rock surface wettability
alteration process.

The effect of SiO+PDMS solutions on the
wettability alteration of natural carbonate rock is
shown in Figure 7. Hydrophobic silica nanoparticles
and PDMS are known for their water-repellent
properties. By combining these two substances at
the specified concentrations, the resulting solution
can produce a high level of water repellency.
PDMS is a silicon-based polymer that is made by
polymerizing dimethylsiloxane monomers. It is
known for its flexibility, biocompatibility, and low

toxicity. PDMS has a low-surface tension which
makes it useful in applications where wetting
and spreading are important. The liquid-repellent
properties of PDMS are due to its unique surface
chemistry and texture. PDMS forms a low-energy
surface that is highly hydrophobic, which means
that it repels water. The contact angle of the three
different fluids with different surface tensions was
measured. It can be seen that by decreasing the
surface tension from 71.94 mN/m to 20.80 mN/m
the contact angle decreased to 0°, and the ability
of the chemical fluids decreased to change the
wettability of the surface. Furthermore, it can be
concluded that at the same PDMS concentration
which was 0.5 wt%, by increasing the concentration
of hydrophobic SiO, nanoparticles, the water
and Di-ethylene glycol contact angles increased,
although the condensate contact angles were 0°.
The molecularinsight behind this is likely related to
the ability of the hydrophobic silica nanoparticles
and PDMS to interact with water molecules and
prevent them from adhering to the surface of the
material.

Table 8. The contact angle of the synthetic sample after wettability alteration using different chemicals

Chemical Solution Conc;ewnt:/r?tlon Water Contact Angle Condensate Contact Angle
()
COUPSYL®WRS 1 I o D 0°
CaCOs nanoparticle 0.1 I 0° I 0°
COUPSYL®WRS 1 " 0°
PTFE 0.25 o
COUPSYL®WRS 1
PTFE 0.25 0°
CaCOs nanoparticle 0.1
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Figure 7. The static contact angle for the solid-liquid-air after treatment on natural thin sections

At the molecular level, the hydrophobic silica
nanoparticles and PDMS likely create a surface
that is highly unfavorable for water molecules to
interact with due to their hydrophobic nature.
The hydrophobic silica nanoparticles and PDMS
molecules may arrange themselves in a way that
create a surface with low-surface energy. This
low surface energy makes it difficult for water
moleculesto adhere tothe surface, resultingin high
water repellency. Additionally, the hydrophobic
silica nanoparticles and PDMS molecules may
form chemical bonds or attractive interactions
with each other, creating a stable and effective
coating for achieving high water repellency.

4. Conclusion

In this study, the potential of different chemical
solutions to change the wettability of natural
carbonate rock and synthetic samples toward
a gas-wetting state was investigated. Chemical
solutions containing COUPSYL®WRS nanofluid
and PTFE could indicate high water repellency on
the carbonate rock sample. They could change
the water contact angle from 0° to 130.5°, and
142.7°, respectively. Furthermore, the mixture of
hydrophobic SiO, nanoparticles and PDMS was
able to create a significant water repellency. It

was found that by increasing the concentration
of hydrophobic SiO,, the water contact angle
increased. Moreover, the various liquids including
water, DEG, and condensate, with surface tension
of 71.94 mN/m, 44.8, and 20.80 mN/m had a 0°
water contact angle before the treatment. After
wettability alteration, the water contact angle
changed to 155°, 145°, and 0° respectively, which
showed that higher surface tension of the liquid
leads to higher liquid repellency. Among all the
used chemical solutions, the combination of 2
wt% hydrophobic SiO, nanoparticles and 0.5 wt%
PDMS, could produce the highest water repellency.
Furthermore, when the CaCo, nanoparticles were
used along with COUPSYL®WRS and PTFE, the
water contact angle changed from 0° to 121.7
which was lower than using COUPSYL®WRS and
PTFE alone, since the CaCo, nanoparticles are
hydrophilic. However, none of the used chemicals
could create the oil repellency property and so did
not change the condensate contact angle on both
the carbonate and synthetic core samples. The
results of the contact angle measurement showed
that although PTFE could produce high water
repellency on the carbonate rock, it couldnot
change the contact angle of water and condensate
on the synthetic rock surface. COUPSYL®WRS
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nanofluid and also CaCO, nanofluid and a
combination of them with PTFE lead to a more
water-wetting state of the synthetic core sample.
Therefore, the used chemicals are not suitable for
changing the synthetic rock surface toward water
repellency and probably the presence of another
silane/ siloxane-based material and/or fluorinated
chemicals is needed to reach the gas-wetting state.

References

[1] M. Mansouri, M. Parhiz, B. Bayati, and Y. Ahmadi,
“Preparation of nickel oxide supported zeolite catalyst
(NiO/Na-ZSM-5) for asphaltene adsorption: a kinetic and
thermodynamic study,” Iranian Journal of Oil and Gas
Science and Technology, vol. 10, no. 2, pp. 63-89, 2021.

[2] J. Hagoort, Fundamentals of gas reservoir engineering.
Elsevier, 1988.

[3] L. Fan et al., “Understanding gas-condensate reservoirs,”
Oilfield review, vol. 17, no. 4, pp. 14-27, 2005.

[4] Z. Wang et al., “Experimental research of condensate
blockage and mitigating effect of gas injection,” Petroleum,
vol. 4, no. 3, pp. 292-299, 2018.

[5] Q. Fevang and C. H. Whitson, “Modeling gas-condensate
well deliverability,” SPE Reservoir Engineering, vol. 11, no.
04, pp. 221-230, 1996.

[6] D. Afidick, N. Kaczorowski, and S. Bette, “Production
performance of a retrograde gas reservoir: a case study of
the Arun field,” in SPE Asia pacific oil and gas conference,
1994: Society of Petroleum Engineers.

[7] M. A. Sayed and G. A. Al-Muntasheri, “Mitigation of the
effects of condensate banking: a critical review,” SPE
production & Operations, vol. 31, no. 02, pp. 85-102, 2016.

[8] E. Jafarbeigi, Y. Ahmadi, M. Mansouri, and S. Ayatollahi,
“Experimental Core Flooding Investigation of New ZnOréZ&
|Al203 Nanocomposites for Enhanced Oil Recovery in
Carbonate Reservoirs,” ACS omega, vol. 7, no. 43, pp.
39107-39121, 2022.

[9] K. Ganie, A. K. Idris, D. F. Mohshim, W. R. W. Sulaiman,
I. M. Saaid, and A. A. Malik, “A review on the wettability
alteration mechanism in condensate banking removal,”
Journal of Petroleum Science and Engineering, vol. 183, p.
106431, 2019.

[10] J. Jin et al., “Gas-wetting alteration by fluorochemicals
and its application for enhancing gas recovery in gas-
condensate reservoirs: a review,” Energies, vol. 13, no. 18,
p. 4591, 2020.

[11] M. H. Noh and A. Firoozabadi, “Wettability alteration in
gas-condensate reservoirs to mitigate well deliverability
loss by water blocking,” SPE Reservoir Evaluation &
Engineering, vol. 11, no. 04, pp. 676-685, 2008.

[12] J. Fahimpour, M. Jamiolahmady, R. Severac, and M.
Sohrabi, “Performance of Fluorochemicals on Wettability
Alteration of Carbonate Rocks to Alleviate Condensate/
Water Banking,” in Paper SCA presented at the
International Symposium of the Society of Core Analysts,
2012, pp. 27-30.

[13] X. Xie, Y. Liu, M. M. Sharma, and W. W. Weiss, “Wettability
alteration to increase deliverability of gas production
wells,” in SPE Eastern Regional/AAPG Eastern Section Joint
Meeting, 2008: OnePetro.

[14] M. Cimolai, R. Gies, D. Bennion, and D. Myers, “Mitigating

horizontal well formation damage in a low-permeability
conglomerate gas reservoir,” in SPE Gas Technology
Symposium, 1993: Society of Petroleum Engineers.

[15] A. H. El-Banbi, W. McCain Jr, and M. Semmelbeck,
“Investigation of well productivity in gas-condensate
reservoirs,” in SPE/CERI Gas Technology Symposium, 2000:
Society of Petroleum Engineers.

[16] R. Engineer, “Cal Canal field, California: Case history of a
tight and abnormally pressured gas condensate reservoir,”
in SPE California Regional Meeting, 1985: Society of
Petroleum Engineers.

[17] J. W. Ely, B. C. Wolters, and W. D. McCain, “Method for
reducing permeability restriction near wellbore,” ed:
Google Patents, 2005.

[18] V. Bang, Development of a successful chemical treatment
for gas wells with condensate or water blocking damage.
The University of Texas at Austin, 2007.

[19] W. Assiri and J. L. Miskimins, “The water blockage effect
on desiccated tight gas reservoir,” in SPE International
Symposium and Exhibition on Formation Damage Control,
2014: OnePetro.

[20] A. A. Roozshenas, H. Hematpur, R. Abdollahi, and
H. Esfandyari, “Water production problem in gas
reservoirs: concepts, challenges, and practical solutions,”
Mathematical Problems in Engineering, vol. 2021, 2021.

[21] T. Geffen, D. Parrish, G. Haynes, and R. Morse, “Efficiency
of gas displacement from porous media by liquid flooding,”
Journal of Petroleum Technology, vol. 4, no. 02, pp. 29-38,
1952.

[22] C. Ellis-Terrell, R. Wei, R. McKnight, X. Huang, and K. Lin,
“Thermal stability of superhydrophobic and oleophobic
silica nanoparticle spray coating,” Materials Today
Communications, vol. 25, p. 101370, 2020.

[23] H. Wang, Y. Xue, J. Ding, L. Feng, X. Wang, and T.
Lin, “Durable, selffCEhealing superhydrophobic and
superoleophobic  surfaces from fluorinatedrGEdecyl
polyhedral oligomeric silsesquioxane and hydrolyzed
fluorinated alkyl silane,” Angewandte Chemie, vol. 123, no.
48, pp. 11635-11638, 2011.

[24] H. A. Santos, “Porous silicon for biomedical applications,”
2014.

[25] N. Adam, “Use of the term ‘Young’s Equation’ for contact
angles,” Nature, vol. 180, no. 4590, pp. 809-810, 1957.
[26] D. Tiab and E. C. Donaldson, Petrophysics: theory and
practice of measuring reservoir rock and fluid transport

properties. Gulf professional publishing, 2015.

[27] E. C. Donaldson and W. Alam, Wettability. Elsevier, 2013.

[28] S. Wu and A. Firoozabadi, “Effect of salinity on wettability
alteration of porous media from liquid wetting to
intermediate gas wetting,” in SPE International Symposium
on Qilfield Chemistry, 2009: OnePetro.

[29] J. Fahimpour and M. Jamiolahmady, “An Improved
Understanding of Performance of Wettability Alteration
for Condensate Banking Removal Under Steady-State
Flow Conditions,” in Abu Dhabi International Petroleum
Exhibition and Conference, 2015: OnePetro.

[30] D. Aslanidou, I. Karapanagiotis, and D. Lampakis,
“Waterborne superhydrophobic and superoleophobic
coatings for the protection of marble and sandstone,”
Materials, vol. 11, no. 4, p. 585, 2018.

[31] J. Yong, F. Chen, Q. Yang, J. Huo, and X. Hou,
“Superoleophobic surfaces,” Chemical Society Reviews,
vol. 46, no. 14, pp. 4168-4217, 2017.

48 Journal of Oil, Gas and Petrochemical Technology 2023(10): 35-50, Winter and Spring 2023

(@) |



Kazemi E. et al. / Liquid Repellency in Gas Condensate Reservoirs

[32]J. Giraldo, P. Benjumea, S. Lopera, F. B. Cortés, and M.
A. Ruiz, “Wettability alteration of sandstone cores by
alumina-based nanofluids,” Energy & Fuels, vol. 27, no. 7,
pp. 3659-3665, 2013.

[33] E. Kissa, Fluorinated surfactants and repellents. CRC Press,
2001.

[34]N.Kiraz, E. Burunkaya, 0. Kesmez, M. Asiltiirk, H. E. Camurlu,
and E. Arpag, “Sol-gel synthesis of 3-(triethoxysilyl)
propylsuccinicanhydride containing fluorinated silane
for hydrophobic surface applications,” Journal of sol-gel
science and technology, vol. 56, no. 2, pp. 157-166, 2010.

[35] Y. Wang, J. Jin, L. Ma, L. Li, and X. Zhao, “Influence of
wettability alteration to preferential gas-wetting on
displacement efficiency at elevated temperatures,” Journal
of Dispersion Science and Technology, vol. 36, no. 9, pp.
1274-1281, 2015.

[36] K. Li and A. Firoozabadi, “Experimental study of wettability
alteration to preferential gas-wetting in porous media and
its effects,” SPE Reservoir Evaluation & Engineering, vol. 3,
no. 02, pp. 139-149, 2000.

[37] G.-Q. Tang and A. Firoozabadi, “Relative permeability
modification in gas-liquid systems through wettability
alteration to intermediate gas-wetting,” in SPE Annual
Technical Conference and Exhibition, 2000: Society of
Petroleum Engineers.

[38] G.-Q. Tang and A. Firoozabadi, “Wettability alteration to
intermediate gas-wetting in porous media at elevated
temperatures,” Transport in Porous Media, vol. 52, no. 2,
pp. 185-211, 2003.

[39] B. Adibhatla, K. Mohanty, P. Berger, and C. Lee, “Effect of
surfactants on wettability of near-wellbore regions of gas
reservoirs,” Journal of petroleum science and engineering,
vol. 52, no. 1-4, pp. 227-236, 2006.

[40] M. Noh and A. Firoozabadi, “Effect of wettability on high-
velocity coefficient in two-phase gas/liquid flow,” SPE
Journal, vol. 13, no. 03, pp. 298-304, 2008.

[41] S. Wu and A. Firoozabadi, “Permanent alteration of porous
media wettability from liquid-wetting to intermediate gas-
wetting,” Transport in Porous Media, vol. 85, no. 1, pp.
189-213, 2010.

[42] V. Bang, G. A. Pope, M. M. Sharma, J. R. Baran, and M.
Ahmadi, “A new solution to restore productivity of gas
wells with condensate and water blocks,” SPE Reservoir
Evaluation & Engineering, vol. 13, no. 02, pp. 323-331,
2010.

[43] M. Ahmadi, M. M. Sharma, G. Pope, D. E. Torres, C. A.
McCulley, and H. Linnemeyer, “Chemical treatment to
mitigate condensate and water blocking in gas wells in
carbonate reservoirs,” SPE Production & Operations, vol.
26, no. 01, pp. 67-74, 2011.

[44] A. Karimi et al., “Wettability alteration in carbonates using
zirconium oxide nanofluids: EOR implications,” Energy &
Fuels, vol. 26, no. 2, pp. 1028-1036, 2012.

[45] M. Mousavi, S. Hassanajili, and M. Rahimpour, “Synthesis
of fluorinated nano-silica and its application in wettability
alteration near-wellbore region in gas condensate
reservoirs,” Applied Surface Science, vol. 273, pp. 205-214,
2013.

[46] S. Sharifzadeh, S. Hassanajili, and M. Rahimpour,
“Wettability alteration of gas condensate reservoir rocks
to gas wetness by sol-gel process using fluoroalkylsilane,”
Journal of Applied Polymer Science, vol. 128, no. 6, pp.

4077-4085, 2013.

[47] J. Fahimpour and M. Jamiolahmady, “Impact of gas-
condensate composition and interfacial tension on oil-
repellency strength of wettability modifiers,” Energy &
fuels, vol. 28, no. 11, pp. 6714-6722, 2014.

[48] S. Zhang et al., “Wettability alteration to intermediate gas-
wetting in low-permeability gas-condensate reservoirs,”
Journal of Petroleum Exploration and Production
Technology, vol. 4, pp. 301-308, 2014.

[49] J. Fahimpour and M. Jamiolahmady, “Optimization of
fluorinated wettability modifiers for gas/condensate
carbonate reservoirs,” SPE Journal, vol. 20, no. 04, pp. 729-
742, 2015.

[50] G. Karandish, M. Rahimpour, S. Sharifzadeh, and A.
Dadkhah, “Wettability alteration in gas-condensate
carbonate reservoir using anionic fluorinated treatment,”
Chemical Engineering Research and Design, vol. 93, pp.
554-564, 2015.

[51] S. Sharifzadeh, S. Hassanajili, M. Rahimpour, and M.
Mousavi, “Preparation of the modified limestone
possessing higher permeability of gas well based on
fluorinated silica: Effect of catalyst,” Journal of Fluorine
Chemistry, vol. 173, pp. 35-46, 2015.

[52] P. Esmaeilzadeh, M. T. Sadeghi, Z. Fakhroueian, A.
Bahramian, and R. Norouzbeigi, “Wettability alteration
of carbonate rocks from liquid-wetting to ultra gas-
wetting using TiO2, SiO2 and CNT nanofluids containing
fluorochemicals, for enhanced gas recovery,” Journal of
Natural Gas Science and Engineering, vol. 26, pp. 1294-
1305, 2015.

[53] M. Aminnaji, H. Fazeli, A. Bahramian, S. Gerami, and H.
Ghojavand, “Wettability alteration of reservoir rocks from
liquid wetting to gas wetting using nanofluid,” Transport in
Porous Media, vol. 109, no. 1, pp. 201-216, 2015.

[54] J. Jin, Y. Wang, K. Wang, J. Ren, B. Bai, and C. Dai, “The
effect of fluorosurfactant-modified nano-silica on the
gas-wetting alteration of sandstone in a CH4-liquid-core
system,” Fuel, vol. 178, pp. 163-171, 2016.

[55] M. Sayed, F. Liang, and H. Ow, “Novel surface modified
nanoparticles for mitigation of condensate and water
blockage in gas reservoirs,” in SPE International Conference
and Exhibition on Formation Damage Control, 2018:
Society of Petroleum Engineers.

[56] C. Franco, O. Botero, J. Zapata, E. Mora, C. Candela, and A.
Castillo, “Inhibited gas stimulation to mitigate condensate
banking and maximize recovery in cupiagua field,” SPE
production & operations, vol. 28, no. 02, pp. 154-167,
2013.

[57] A. M. Moghadam and M. B. Salehi, “Enhancing
hydrocarbon productivity via wettability alteration: a
review on the application of nanoparticles,” Reviews in
Chemical Engineering, vol. 35, no. 4, pp. 531-563, 2019.

[58] N. R. Morrow, “Wettability and its effect on oil recovery,”
Journal of petroleum technology, vol. 42, no. 12, pp. 1,476-
1,484, 1990.

[59] H. Chen, J. L. Muros-Cobos, and A. Amirfazli, “Contact
angle measurement with a smartphone,” Review of
Scientific Instruments, vol. 89, no. 3, p. 035117, 2018.

[60] T. Huhtamaki, X. Tian, J. T. Korhonen, and R. H. Ras,
“Surface-wetting characterization using contact-angle
measurements,” Nature protocols, vol. 13, no. 7, pp. 1521-
1538, 2018.

Journal of Oil, Gas and Petrochemical Technology 2023(10): 35-50, Winter and Spring 2023 49

(@) |



VEeT lone) 9 5ke @0 =Y0 )V oandin iy 9 35 o (5,0L8 4y 25

T ple3 0ol (o2 beoss Jole gz 3l ool b (Flawo 55 3150 50 (53 5 2olo
' Gagac Jb s T p3T Lo, ! oblS aabls

U‘f‘ ‘)‘éﬁ“"j" su.u)l.‘i 6.1.7 - > olKislo . GO 9)...» 9 )lf s G.»..\.A.Q.o PRUA] KPS u;wd.a.e,o 05; Y

PR Ao lasic

s 4kl L83 55 4 olz ailas (K03 0 e i &5 o

G50t Sl el Slbale sl T JLis & 5 St ehusy oo
sl & gl Sl 5l (Swisd s ki 09d o ol
slawidl pade ol calire G SuST lee [0 g, op S iSua]
4o alize @LM sl Joloe gs.'.l-;‘f wallas ol o .ol G,La...a
Cegdgle Ll Sl (e gian g Glo)S Siw £95 90 (SWigd 5 s
ool anld 31 ol slp 285 )18 cw)p 0)90 Cawgo5 &

VFY 9,9,8 4 1zl o
VY b5 YA D ey il o

VOV Ve ol oy

o @l ad plnl ol aly @pSoilal Glalesl @l ol el 2Ll
sl gl a5 o Jolo oy oo 5l (>0 a5 olo ylis odw] Cowd ;8 llee
wxiog; PDMS + 3, ST Si0, w358 3 PTFE COUPSYL®WRS s e
V00% ¢ VEYIVO V% 4 -0 5l s g a ]y ol eled gl aniiles L
S d blie S sl 1) gp S0l Luld g aums s é*’”f’m"
Slaaises 59, 1, Sl (uled ygly wuinilet olooed sla sl gl ol el

aS ol oold LAS paizmed B S Laian ojhe ¢ a5l ,S S
Ol wled gl o 39 doyd ¥ - 51 SI0, @l 34l edale jial33l b
Ol 3l leont Jolome (i fse a8 Sl 2l5381100°7 4 MV
bl o axlllan () Sigdh 5 eais AT b 40 0oliul 3,50 sl Jslone

Lo, 1S Jooage s

reza.azin@pgu.ac.ir :asll/,

+ AN NNV YVY -2 AD copals

FAAYY FYPFIFAD ¢ 155 00

allao Qﬁ‘ 4 oleewl 0950

Kazemi F, Azin R, Osfouri S., Liquid Repellency in Gas Condensate Reservoirs Using Different Chemical Treating Agents, Journal of Oil,

Gas and Petrochemical Technology, 2023; 10(1): 35-50. DOI:10.22034/JOGPT.2023.391258.1117.

This work is licensed under the Creative Commons Attribution 4.0 International License.
To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.



	How to cite this article 
	Keywords
	Abstract

