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a b s t r a c t

This research investigates the role of dispersion of nanoparticles in gas during gas recycling process to 
improve the gas condensate recovery via altering the carbonate reservoirs wettability. The nanoparticles 
were synthesized and analyzed using dynamic light scattering (DLS), energy-dispersive X-ray (EDX), and 
transmission electron microscopy (TEM). After that, the dispersion of nanoparticles in methane was 
investigated by cloud point pressures measurement. Also, the effectiveness of methane/nanoparticles 
solutions was assessed through the contact angle experiments and gas recycling process. Based on the 
cloud point pressures results, the nanoparticles can be dispersed in methane at pressures commen-
surate with hydrocarbon reservoirs. Gas/nanoparticles single-phase solutions increased the contact 
angles of gas condensate and n-decane from 12 ◦ to 121 ◦ and 135.5 ◦ , respectively, for fluorinated silica, 
and to 100.5 ◦ and 108 ◦ for fluorinated titania. The shift from oil-wet to gas-wet conditions enhanced the 
recovery factor from 55% to 76%, marking a 21% improvement in gas condensate recovery during gas 
recycling. Furthermore, the pressure drop ratio decreased by 60%, due to better surface wettability and 
reduced condensate blockage. Comparative results indicated that the dispersion of fluorinated silica 
nanoparticles in gas outperformed fluorinated titania in altering wettability. These results emphasize 
the potential of current new approach, through dispersion of fluorinated nanoparticles in gas; to 
improve gas condensate recovery during gas recycling, especially in low-permeability carbonate 
reservoirs.

© 2025 Southwest Petroleum University. Publishing services by Elsevier B.V. on behalf of KeAi 
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http:// 

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Most of the gas reservoirs are gas condensate reservoirs, 
hence, thermodynamically, in these reservoirs, the reverse 
condensation can occur during the production of gas and 
consequently, the reservoir pressure will be reduced to less than 
the dew point pressure [1]. As a result of this phenomenon, a 
variety of gases have been produced in their liquid form (i.e., 
condensates). The amount of these gas condensates increases by 
increasing the production from the reservoirs and consequently 
further reduction of pressure, [1,2]. Recently, in high-impact 
research, Fan et al. [1] showed that gas condensate reservoirs can 
be divided into three areas: (1) the area near the well where into

this area, two phases of gas and condensate are flowing, (2) the 
condensate production area which into this area both gas and 
condensate phases are present, but only the gas phase is moving, 
and (3) the gas single-phase area which in this zone, due to the 
high gas pressure compared to the dew point pressure, there is a 
single gas phase, however, this zone is unstable and finally will 
merge with the second zone [3–5]. In the first and second zones, 
it is possible to form condensate accumulation, leading to major 
problems for the production process. In fact, due to the formation 
of condensate accumulation, a large amount of condensate re-
mains inside the reservoirs and cannot be extracted. Besides, 
both the effective permeability of the gas and the efficiency of the 
well have decreased by narrowing the gas flow path [6–8]. It is 
notable that, the condensate blockage around the near-well area 
can cause several critical problems, for instance, reducing the 
relative permeability and decreasing the productivity of the well 
[9–11]. Hence to overcome these difficulties, up to now, several 
methods including gas recycling (e.g., CO 2 , CH 4 , N 2, and natural
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gas), reduction of surface tension utilizing solvents (e.g., alco-
hols), employing unconventional wells, and wettability alteration 
have been reported for increasing the efficiency of gas reservoirs 
[12–15]. Among the different methods, the wettability alteration 
has attracted the interest of several researchers because it is a 
permanent method to decrease the formation damage near the 
wellbore and causes the retrograde moves from wellbore to 
surface. In this regard, surfactants, nanoparticles, and modified 
nanoparticles with chemical agents have been applied for 
wettability alteration to gas-wet [16–18]. Among them, wetta-
bility alteration based on the nanoparticles is an attractive and 
novel field for changing the strong liquid wettability (condensate 
or water) to medium gas wettability and consequently improving 
the efficiency of gas condensate reservoirs [19]. In addition, there 
are two approaches to alter the wettability of the gas condensate 
reservoirs; 1) using the water-soluble chemicals technique and 2) 
considering the gas-soluble materials approach. At the first one, 
the chemicals are dissolved in water and the rock surface is 
treated with them, which it is not applicable during the gas 
recycling [20–23]. Moreover, at the second approach, which is 
considered at the current study, the chemicals are disperse in gas 
and after that the modified gas is injected during the gas recy-
cling process [24–26]. In case of water-soluble chemical, various 
chemicals (fluorinated materials) have been widely used to alter 
oil-wet to gas-wet in gas reservoirs. For example, Mousavi et al. 
[27] evaluated the wettability alteration around the well area of 
the limestone using fluorinated silica nanoparticles. The surface 
contact angles of the cores after chemical modification were 
calculated at about 147 ◦ and 61 ◦ for water and n-decane, in order. 
On the other hand, the results of injecting these nanoparticles as 
nanofluids (i.e., nanoparticles dispersed in methanol) into the 
rock samples exhibited a characteristic change in the contact
angle for water and oil from zero to 124 ◦ –147 ◦ and 50–70 ◦ ,
respectively, improving the pressure drop by about 30% and 
decreasing the accumulation of gas condensate [27]. In another 
research, the wettability of gas condensate has been investigated 
using fluorinated titanium and silicon oxide nanoparticles, and 
carbon nanotubes, revealing that the contact angle of the samples 
increases from zero to 144 ◦ , 151 ◦ , and 147 ◦ after treatment with 
titania, silica, and carbon nanotubes, respectively [28]. Besides, 
fluoro-modified silica nanoparticles have been utilized for 
wettability alteration to gas-wet, revealing that the nanofluids of 
the fluoro-modified silica nanoparticles can efficiently alter the 
wettability of the rock samples from oil-wet to gas-wet [28]. 
Moreover, Safaei et al. [29] investigated the wettability alteration 
of the carbonate core-plugs with the Fe 3 O 4 nanofluids. Based on 
their results, modified Fe 3 O 4 nanoparticles significantly 
improved the wettability of the carbonate rocks from oil-wet to 
intermediate gas-wetting. In addition, Aguirre et al. [30] syn-
thesized the SiO 2 nanofluid based on anionic surfactant. They 
reported that the wettability alteration occurred to gas-wet and 
reduced the formation damage, so it led to increase the gas 
production in tight gas-condensate reservoirs. In another study, 
rock treatment was performed via an anionic fluoro-surfactant. 
Based on the core flood results, the rock treatment could increase 
the gas relative permeability by a factor of 1.7 which illustrated 
the wettability changed to gas-wet [31]. According to the water-
soluble chemicals results, there are some technical challenges for 
its application during the gas recycling in the field scale. For 
example, the producing wells must be shut-in for chemical in-
jection. Each shut-in time needs to be long enough to perform the 
surface rock treatment. Also, after well treatment, the early 
produced fluid must be transported away from the well site. 
Therefore, it increases the economic costs. Moreover, there is a 
new alternative method to wettability alteration of gas

condensate reservoirs during gas recycling process via gas-sol-
uble chemical such as nanoparticles which can reduce the tech-
nical challenges. To the best of our knowledge, our current study 
is the first experimental work to change the wettability of gas 
condensate reservoirs during gas recycling using the gas-soluble 
chemicals. In the current study, the silica and titania nano-
particles, as well as fluorinated silica and titania nanoparticles, 
are synthesized and then characterized by DLS, EDX, and TEM 

imaging methods. Afterward, the dispersion of nanoparticles in 
methane is investigated by cloud point pressures measurement. 
Also, the modified methane is prepared and utilized for wetta-
bility alteration and core flooding experiments. The contact an-
gles of gas (methane and methane/nanoparticles) and liquid (n-
decane, gas condensate, and water) are measured during soaking 
the carbonate samples with methane/nanoparticles solutions. 
Furthermore, the effect of wettability alteration to gas-wet is 
investigated by measuring the condensate recovery during core 
flooding tests during methane/nanoparticles recycling. However, 
the wettability alteration of the gas condensate reservoirs to gas-
wet via gas-soluble chemicals can be one of the promising ap-
proaches to enhance condensate recovery.

2. Experimental

2.1. Chemicals and instrumentations

All materials were purchased from Merck and Sigma Aldrich 
Companies (Table 1). It is notable that in this work, a magnetic 
stirrer, a mechanical stirrer, a centrifuge, an ultrasonic bath, a 
furnace, an oven, a vacuum oven, a Soxhlet, a hot water bath, and a 
pH meter were used.

2.2. Synthesis of nanoparticles

Titania nanoparticles were synthesized by a sol-gel chemical 
method [32–35]. In this regard, a certain amount of 30 v/v% of ti-
tanium isoperoxide was added to isopropanol, followed by stirring 
for about 30 min, then 25% hydrochloric acid was introduced to the 
final solution. After about 20 min, the hydrolysis and condensation 
were performed to form the titania gel. The resulting gel was 
allowed to dry at room temperature and then annealed at 400 ◦ C 
for 6 h.

In addition, silica nanoparticles were synthesized by a sol-gel 
chemical method [36–38]. In this regard, a certain amount of 50 v/v% 
of tetraethyl-orthosilicate was added to isopropanol, followed by 
stirring for about 20 min, then 2 mL of 20 v/v% ammonia solution 
was introduced to the final solution and the reaction mixture was 
kept at 40 ◦ C for about 60.0 min. After about 80 min, the hydrolysis 
and condensation occurred to form the silica gel. The resulting gel 
was allowed to dry at room temperature and then annealed at 500 ◦ C 
for 3 h.

2.3. Fluorinated silica and fluorinated titania nanoparticles

To prepare the fluorinated silica nanoparticles [39], the silica 
nanoparticles were added to 10.0 mL ethanol, stirred for 30 min, 
and ultrasonicated (400 W/20 kHz) for 45 min. Afterward, a 
diluted solution of the fluorinated silane (solvent, ethanol) is 
gradually introduced to the mixture, followed by refluxing the 
reaction system for 15 h at 50 ◦ C. It should be mentioned that silica 
nanoparticles were modified with different F: Si ratios. Notably, 
the fluorinated titania nanoparticles were prepared by a protocol 
[39].
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2.4. Preparation of nanofluids

To prepare titania nanofluid [34,40], the as-synthesized titania 
nanoparticle was gradually added to the base fluid and mixed with 
a high-speed magnetic stirrer. Then the surfactant was added to 
the mixture, stirred for 25 min, and then sonicated with a constant 
power of 300 W for 45. Finally, the mixture was sonicated in an 
ultrasonic bath (60 W) for 2 h to complete the preparation of 
titania nanofluid. Moreover, the synthesized silica nanoparticle 
was gradually added to the base fluid and stirred for about 40 min 
to prepare a homogenous mixture, followed by adding the sur-
factant (note that in this study, saponin was a non-ionic surfactant) 
into the mixture within 10 min and its sonication (250 W/20 min) 
to complete the preparation of silica nanofluid [41–43]. Further-
more, a one-pot method was applied to prepare fluorinated silica 
and titania nanofluids. To do this, their synthesis protocol was 
repeated, but the final step of the synthesis method was ignored. 
Since the dispensability of the fluorinated silica and titania was 
much better than the bare ones, the step of sonication was ignored.

2.5. Dispersion of nanoparticles into gas

The dispersion of nanoparticles in methane was performed at 
different nanoparticles concentrations. It measured using visual 
techniques by a high-pressure, high-temperature windowed cell 
that has been explained in our previous studies in details 
[24,26,44]. The highest pressure at which the solutions were no 
longer a clear single-phase mixture, but rather a slightly foggy 
solution in which a haze of nanoparticles-rich droplets were sus-
pended in the methane-rich system was illustrated to be the cloud 
point pressure. All subsequent experimentation (contact angle and 
core flooding tests) was performed at a pressure and temperature 
conditions that were above the cloud point pressures of the cor-
responding methane/nanoparticles solutions to ensure that the 
methane/nanoparticles solutions were in a single phase state and 
that no nanoparticles would come out of the solutions [45].

2.6. Contact angle measurements

To measure the contact angle of samples including n-decane, 
gas condensate, and methane/nanoparticles solutions an IFT400 
device with the ability to measure contact angles at room

temperature up to 180 ◦ C was applied. Notably, although in this 
study, n-decane was used as a simplified model for gas condensate, 
the real gas condensate was also tested to enhance the applica-
bility and reliability of the findings. In addition, the carbonate 
substrates were prepared to measure the contact angles. More-
over, the aging process was performed for carbonate substrates to 
provide the strongly oil-wet condition using the gas condensate 
fluid [44,45]. The statistical analysis was carried out to ensure 
repeatability of data. In this regard, all data in each plot are re-
ported as the mean value of 3 replicate measurements. The mea-
surements was revealed the very good repeatability of 
experiments [46].

2.7. Core flooding experiments

Table 2 describes the properties of the carbonate rock used in 
this study. Notably, the properties of the carbonate cores used in 
this study were as follows; a diameter of 5 in., a total length of 
about 29.42 in. The core plug was 1.5 in. in diameter with a 
porosity of over 10%–14%. The carbonate cores were saturated 
(connate water and condensate) to provide the initial conditions of 
gas condensate reservoir at the near well bore. After that, all 
saturated cores were put in the cylinder to set the oil-wet condi-
tion during the aging process. The core flooding test including 
aging process has been described in our previous studies in details 
[24,26,44]. Finally, the aged core put into the core holder to 
investigate the effect of methane/nanoparticles injection on 
condensate recovery during gas recycling process, Fig. 1 [47].

3. Results and discussion

3.1. Characterization of the as-synthesized nanoparticles

3.1.1. Optimization of fluorination process of silica and titania 
nanoparticles

The fluorination process of fluorination process of silica and 
titania nanoparticles was optimized for effective factors including 
reaction time, temperature, and fluorinated silane concentration. As 
an index for finding the best experimental conditions for the syn-
thesis of the fluorinated silica and titania nanoparticles, the effect of 
reaction time, temperature, and fluorinated silane concentration on 
the performances of the final products on the wettability

Table 1
Characteristics of the materials used in this study.

Material Manufacture Linear formula Purity/grade

Methanol Merck CH 3 OH 99.99%
Ethanol Merck CH 3 CH 2 OH Absolute ethanol 
Isopropanol Merck C 3 H 8 O 99.9%
Titanium(IV) isopropoxide Merck Ti{OCH(CH 3 ) 2 } 4 27.8–28.6 % TiO 2 
Tetraethyl orthogonal silicate Sigma Aldrich Si(OC 2 H 5 ) 4 98%
Methane Sigma Aldrich CH 4 99.99%
n-Decane Merck CH 3 (CH 2 ) 8 CH 3 99%
Toluene Merck C 6 H 5 CH 3 99.9%
Cyclohexane Merck C 6 H 12 99.5%
Fluorinated silane Sigma Aldrich (CH 3 )3SiCF 97%

Table 2
Properties of carbonate rock.

Properties of carbonate rock

Minerals Formula Composition (%)

Calcite CaCO 3 74
Anhydrate CaSO 4 5
Dolomite CaMg(CO 3 ) 2 13
Quartz SiO 2 5
Clay – 3
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alternation to gas-wet was assessed. The results are shown in Fig. 2. 
As can be seen in Fig. 2(a), the contact angle of n-decane as a model 
molecule was increased by increasing the synthesis time of both 
functions of the fluorinated silica and titania nanoparticles, reached 
its maximal value after 15 h and then leveled off which may be 
attributed to saturation of the nanoparticles active sites with the 
fluorine group after 15 h. Fluorinated silica and titania nanoparticles 
have been synthesized at 50 ◦ C and increasing the synthesis tem-
perature can significantly reduce their performances toward 
wettability alternation to gas-wet, hence, the synthesis was carried 
at 50 ◦ C as Fig. 2(b). Finally, the F: Si/Ti ratio of the prepared fluo-
rinated silica/titania nanofluid was optimized as Fig. 2(c), revealing 
that by increasing the fluorine content of the nanofluid, the contact 
angles for all samples increase and reach their maximum values 
when fluorinated silica nanoparticles with an F:Si ratio of 0.25: 1.00 
or fluorinated titania nanofluid with a constant F:Ti ratio of 0.1:1 (F: 
Ti) was utilized for treating the samples.

3.1.2. Morphological properties
The as-synthesized nanoparticles were characterized using 

transmission electron microscope imaging for evaluation of their 
morphological properties and calculation of their average particle 
size. The TEM images of silica and titania nanoparticles are shown 
in Fig. 3. According to this figure, both silica and titania nano-
particles have semi-spherical morphology with uniform particles. 
The average size of silica and titania nanoparticles according to 
TEM images was estimated at 51 nm and 55 nm, respectively. In 
addition, fluorinated silica and titania nanoparticles were also 
examined by transmission electron microscope imaging method 
to determine the size and morphology. The results are shown in 
Fig. 4, according to this figure, both nanoparticles have spherical 
morphology and are almost uniform in size. Notably, the average 
size of fluorinated silica and titania nanoparticles was calculated at 
about 200 nm and 300 nm, in order [32–35].

3.1.3. Size distribution
The DLS analysis was performed to estimate the size distribu-

tion of the as-prepared nanoparticles. The results are shown in 
Fig. 5. Regarding Fig. 5(a)(b), silica, and titania nanoparticles reveal 
a size distribution over 36–75 nm (mode size of 46.5 nm) and 
32.8–680 nm (mode size of 47.3 nm), in turn, which is close to the 
results of TEM imaging method. Besides, the size of fluorinated 
silica as Fig. 5(c) and fluorinated titania nanoparticles as Fig. 5(d)

was found to be over 154–218 nm (mode size of 193 nm) and 
245–310 nm (mode size of 305 nm), in turn [36].

3.1.4. Elemental composition and crystalline properties
The elemental composition of the as-prepared nanoparticles was 

investigated using EDX analysis as a reliable way. The results are 
shown in Fig. 6, as shown in this figure, in the EDX pattern of silica 
nanoparticles, the lines of O and Si can be observed as shown in 
Fig. 6(a) while in the EDX pattern of the fluorinated silica nano-
particles, the new line of F can be observed, revealing the successful 
coating of fluorine functionalities on the surface of nanoparticles as 
shown in Fig. 6(b). Regarding titania nanoparticles, the EDX pattern 
of unmodified nanoparticles showed only the lines of Ti and O, see 
Fig. 6(c) while after their modification with F groups, the new lines 
of Si and F are observable in the EDX pattern, revealing the suc-
cessful coating of fluorinated silane on the surface of titania nano-
particles as Fig. 6(d). Moreover, SiO 2 nanoparticles have an 
amorphous structure with a broad band at 20 ◦ –30 ◦ , however, after 
its modification with fluorine functionalities, the broad peak was 
shifted to higher diffraction angles while the amorphous structure 
of SiO 2 was saved. Hence, it can be concluded that fluorine func-
tionalities did not affect the crystalline structure of SiO 2 . Besides, 
regarding the bare and fluorinated TiO 2 , the characteristic peaks of 
TiO 2 structure related to the anatase phase while after its modifi-
cation with fluorine functionalities, the second rutile phase was also 
observed in the XRD pattern [48].

3.1.5. Cost efficiency and scalability
Since the cost efficiency is one of the most important factors for 

practical applications of the nanofluids, the synthesis cost of 
fluorinated nanoparticles (e.g., fluorosilane usage) and scalability 
for field applications were assessed. The cost of materials used for 
the synthesis of fluorinated nanoparticles is summarized in Ta-
ble 3, as can be seen, the fluorinated nanoparticles were synthe-
sized from available materials at a low cost. Moreover, trace 
amounts of the fluorosilane which are diluted with a green 
abundant solvent, ethanol, were used for the synthesis of the 
fluorinated nanoparticles, making the method cost-effective from 

an economic point of view. Besides, comparing the traditional 
water-based nanofluid methods which need high-cost polymeric 
materials or surfactants in large amounts, this method only used 
small portions of hydrophobic agents for achieving the highly 
efficient nanofluids. Considering the cost-effectiveness of the 
synthesis method, this approach can be proposed in the field scale 
conditions.

3.1.6. Environmental risks of fluorinated system and disposal 
protocols

Fluorinated nanoparticles may pose environmental risks (e.g., 
bioaccumulation), hence, it is necessary to address the nano-
particle toxicity and disposal protocols. It is well-known that 
titania is considered a safe compound even for use as a food ad-
ditive. However, the nanoparticles of titania are known as poten-
tial carcinogenic materials to humans (by inhalation). In contrast, 
from a safety point of view, silica nanoparticles are considered 
non-toxic materials. Moreover, although, the fluorinated titania 
nanoparticles are generally safe, there are some safety concerns 
about them for instance, their potential for accumulation in the 
human body [5]. However, fluorinated nanoparticles generally 
show good biocompatibility in industrial applications which is in 
demand in this work. Hence, considering some safety concerns, 
some disposal protocols including filtration and adsorption 
methods should be included in the industrial protocols involving 
the fluorinated nanoparticles [6].

Fig. 1. The schematic of the Core-flooding apparatus.
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3.2. Dispersion nanoparticles in methane

Based on the cloud point pressures all nanoparticles can be 
dispersed in methane at pressures ranging from 1800 to 2000 psi 
at reservoir temperature. Also, the nanoparticle dispersion was 
investigated for different nanoparticle concentrations. It illus-
trated that when the nanoparticle concentration increased, the 
dispersion process occurred at higher pressure. According to the 
cloud point pressures, the methane/nanoparticle solutions were in 
the single-phase state at reservoir conditions. Also, our current 
results have a good consistency with the literature [49]. Therefore, 
during the methane/nanoparticle recycling process, no nano-
particles come out from the solution. Also, during the wettability

alteration, the methane/nanoparticle solutions are used to inves-
tigate the effect of modified methane on the reservoir rock 
wettability.

3.3. Contact angle measurements

In this regard, both fluorinated silica and titania nanoparticles 
were utilized for preparing the methane/nanoparticle solutions 
and then the sample treatment was performed by soaking the 
carbonate substrates with methane/nanoparticle solutions. After-
ward, the contact angles of gas condensate, methane/nanoparticle, 
water, and n-decane on the carbonated surfaces were measured 
before and after exposure to methane/nanoparticle solutions. The

Fig. 2. Optimization of fluorination process of silica and titania nanoparticles, the effect of (a) time, (b) temperature, and (c) F: Si/Ti ratio.

Fig. 3. TEM image of (a) titania nanoparticles; (b) silica nanoparticles.
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n-decane was used as a traditional and common condensate 
simplified model for performing experiments. Besides, the con-
centrations and ratios of fluorinated nanoparticles were selected 
based on the one-factor optimization and experimental screening 
method for finding the best concentrations and ratios of fluori-
nated nanoparticles.

3.3.1. Evaluating the effect of methane/silica and methane/ 
fluorinated silica solutions on contact angle

To evaluate the effect of the silica amount on the contact of gas 
condensate, water, and n-decane on the carbonated surfaces, their 
contact angle was measured before and after sample treatment

with methane/silica solutions. In this regard, the alter of the 
contact angles of n-decane, water, and condensate as a function of 
silica concentration was investigated. The results of this experi-
ment are shown in Fig. 7 after soaking the carbonate substrates 
with methane/nanoparticle solutions. The results showed that the 
initial contact angle for both n-decane and gas condensate was 12 ◦ 

for all samples while regarding water, this value was found to be 
about 33 ◦ . The low value of the contact angles of n-decane and gas 
condensate before treatment with methane/nanoparticle solu-
tions indicates the strong liquid wetting (oil wetting) before the 
treatment process. However, after treating the samples with 
methane/silica solution, the corresponding value of water

Fig. 4. TEM image of fluorinated silica nanoparticles (right) and fluorinated (a) titania nanoparticles; (b) fluorinated silica nanoparticles.

Fig. 5. DLS results of (a) silica nanoparticles; (b) titania nanoparticles; (c) fluorinated silica nanoparticles; (d) fluorinated titania nanoparticles.
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increased and reached its maximum value (78.5 ◦ ) at a concen-
tration of 0.075 w/w% of the silica nanofluid while the contact 
angles of n-decane and gas condensate did not change and 
remained zero after treatment with silica nanofluid containing 
nanoparticles.

The bare silica nanoparticles are not effective for the wettability 
alteration to gas-wet and increasing the gas condensate recovery, 
Fig. 7. To overcome these difficulties, silica nanoparticles were 
initially modified with fluorine functional groups as the active 
agent to prepare the fluorinated silica nanoparticles with different 
F: Si ratios. Thereafter, the methane/fluorinated silica solutions 
were used to treat the above-mentioned samples. The contact 
angles of water, n-decane, and gas condensate were measured 
after the treatment with them. The contact angles of different 
samples after treatment with methane/fluorinated silica solutions 
with different F: Si ratios are shown in Table 4. The results revealed 
that at a constant nanoparticle concentration, by increasing the 
fluorine content, the contact angles of all samples were increased. 

To explore more precisely, the plot of the variation of the 
contact angle by variation of the F: Si ratio of the methane/fluo-
rinated silica solutions was constructed. The plots of contact angle 
of water, n-decane, and condensate as a function of the F:Si ratio of

the prepared fluorinated silica nanofluid are shown in Fig. 8(a). 
Also, as can be seen in Fig. 8(a), by increasing the fluorine content 
of the nanofluid, the contact angles for all samples increase and 
reach their maximum values in 0.075 W/W fluorinated silica 
nanofluids prepared by fluorinated silica nanoparticles with an F: 
Si ratio of 0.25: 1.00. Based on Fig. 8(b), the contact angles of water, 
n-decane and gas condensate altered from 78.5 ◦ to 146.3 ◦ , from 

12 ◦ to 135.5 ◦ and from 12 ◦ to 121 ◦ , respectively. The change in the 
contact angles can be explained by the adsorption of methane/ 
nanoparticles, which brings the wettability of the surface from oil-
wet to intermediate gas-wet. However, the contact angle varia-
tions were found to vary from sample to sample, and these dif-
ferences may be related to the kinetics of the reactions. Due to the 
higher methane/nanoparticles adsorption, the contact angles of 
the gas condensate and the n-decane also increased, confirming 
that the surface wettability was altered to oleophobic or hydro-
phobic for all samples.

There are no reports in the literature on the case of the 
dispersion of nanoparticles in methane to investigate the wetta-
bility alteration in gas condensate reservoirs. However, in the case 
of water bas nanoparticle, Mousavi et al. [27] prepared the fluo-
rinated silica nanoparticles and used them to alter the rock 
wettability to gas-wet in the gas condensate reservoirs. They 
synthesized the fluorinated silica nanoparticles (mean size of 
about 80 nm) and utilized them to alter limestone core wettability 
to intermediate gas-wet state from highly liquid-wet. The results 
of their research revealed that water and n-decane contact angles 
for the rock samples were found to be 147 ◦ and 61 ◦ for water and 
n-decane on the core surface, in order. Hence, they concluded that 
before treatment with fluorinated silica nanoparticles nanofluids, 
the rock surface cannot support the formation of water or n-

Fig. 6. EDX pattern of (a) silica nanoparticles, (b) fluorinated silica nanoparticles, (c) titania nanoparticles, and (d) fluorinated titania nanoparticles.

Table 3
Cost of material used in preparation of the fluorinated silica/titania nanoparticles.

Material Amount Price (USD)

Ethanol 1.0 L 73.5
Titanium(IV) isopropoxide 100.0 mL 49.5
Tetraethyl orthogonal silicate 0.5 L 42.0
Fluorinated silane 5.0 g 200
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decane droplets [27]. In another study, Binshan et al. [50] syn-
thesized and characterized the polysilicon-based nanofluids with 
different sizes over 10–500 nm, thereafter they used the nano-
fluids for changing the wettability of porous media in the oil field. 
According to the discussion and the results obtained in the current 
study, the methane/fluorinated silica solutions have successfully 
changed the wettability of gas condensate reservoirs to interme-
diate gas-wet. However, the current approach can be an alterna-
tive method compared to the common water-based nanoparticles 
technique due to the improvement of gas condensate recovery.

3.3.2. Investigation of the effect of methane/titania and methane/ 
fluorinated titania solutions on contact angle

The rock samples were treated by soaking the methane/titania 
solutions and the contact angles were measured after their treat-
ment. In this regard, the change of the contact angles of n-decane, 
water, and condensate as a function of titania concentration was 
investigated to evaluate the effect of the titania amount on the 
contact angles of different samples. The results of this experiment 
are shown in Fig. 9(a). Besides, the optical image of the contact 
angle measurements is presented in Fig. 9(b). According to this 
figure, after treating the samples with methane/titania solutions, 
the corresponding values for water contact angle increased and 
reached their maximum value (61.5 ◦ ) when 0.1 w/w% of nanofluid 
was used for sample treatment. While the contact angles of n-
decane and gas condensate did not change and remained equal to 
21 ◦ after treatment with methane/titania solutions. The

unmodified titania nanofluids are not effective for wettability 
alteration to gas-wet and increasing the gas condensate recovery. 
To overcome these difficulties, titania nanoparticles were initially 
modified with fluorine functional groups as the active agents to 
prepare the fluorinated titania nanoparticles with different F: Ti 
ratios. Thereafter, the fluorinated titania nanoparticles were used 
to prepare the nanofluids and were then applied for sample 
treatment by methane/fluorinated titania solutions. The results 
revealed that at a constant nanoparticle concentration by 
increasing the fluorine content of the nanofluid, the contact angles 
of all samples were increased functional groups (Table 5). To 
explore more precisely, the plot of the variation of the contact 
angle by variation of the F: Ti ratio of the as-prepared fluorinated 
titania nanofluid was constructed. The plots of the contact angles 
of water, n-decane, and condensate as a function of the F:Ti ratio of 
the as-prepared fluorinated titania nanofluid are shown in Fig. 10 
(a). Besides, the optical image of the contact angle measurements 
is presented in Fig. 10(b). As can be seen in this figure, increasing 
the fluorine content of the nanofluid leads to increasing the con-
tact angles of all samples. The contact angles meet their maximum 

values when 0.1 w/w% of fluorinated titania nanofluid with a

Fig. 7. The effect of silica amount on the contact angles of water, n-decane, and 
condensate upon sample treatment with methane/silica solutions: (a) plot of contact 
angle as a function of silica amount, (b) corresponding contact angle images.

Table 4
Contact angles of water, n-decane, and gas condensate after sample treatment with Methane/fluorinated silica solutions.

Treated rock sample by methane/fluorinated silica solutions

Scenarios Contact angle ( ◦ )

SiO 2 : Fluor group ratio 1:0 0.75:1 0.5:1 0.25:1 0.1:1
Water 78.5 90.4 123.7 146.3 149.2
n-decane 12 68.6 108.4 135.5 136
Condensate 12 50.2 97.5 121 122.5

Fig. 8. The effect of F: Si ratio on the contact angles of water, n-decane, and 
condensate upon sample treatment with methane/fluorinated silica solutions: (a) plot 
of contact angle as a function of silica amount; (b) corresponding contact angle 
images.
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constant F:Ti ratio of 0.1:1 was utilized for treating the samples. 
The variations of the contact angles can be explained by methane/ 
nanoparticles adsorption which leads to wettability alteration 
from oil wettability to intermediate gas wettability.

Notably, in case of water-based nanoparticles approach, Mog-
haddam et al. [47] investigated the effect of the different nano-
fluids including zirconium dioxide, magnesium oxide (MgO), 
calcium carbonate (CaCO 3 ), silicon dioxide (SiO 2 ), titanium dioxide 
(TiO 2 ), cerium oxide (CeO 2 ), aluminum oxide (Al 2 O 3 ), and carbon 
nanotube (CNT) on the alteration of the wettability of carbonate 
rocks to gas-wet state from the liquid-wet state. They performed a 
series of experiments for the evaluation of contact angle to screen 
the effect of different nanoparticles on the wettability alteration. 
Afterward, they investigated the performances of the nanofluids 
on the alteration of the wettability of carbonate rocks to a gas-wet 
state using the spontaneous imbibition and core flooding experi-
ments, revealing the active roles of CaCO 3 and SiO 2 nanoparticles 
for enhancing oil recovery. Considering the above explanation, it 
can be deduced that the results of the current work are in line with 
the results of the previously reported works, but there are fewer 
technical challenges compared to the water-based nanoparticles 
approach.

3.3.3. Effect of operating temperature on contact angle
Initially, the effect of operating temperature on the contact 

angles after treatment with the methane/fluorinated silica solu-
tions was evaluated by measuring the contact angles of n-decane 
and condensate as a function of operating temperature. The results 
are shown in Fig. 11, as can be seen in this figure, the contact angles 
of n-decane were increased from 135.5 ◦ to 153 ◦ by increasing the 
operating temperature from 25 ◦ C to 70 ◦ C respectively. Besides, 
the contact angles of condensate were increased from 121 ◦ to 142 ◦ 

by increasing the operating temperature from 25 to 70 ◦ C. These 
results revealed that increasing the operating temperature has a

positive effect on the wettability alteration to gas-wet upon 
applying the methane/fluorinated silica solutions, resulting in a 
significant increase in the gas condensate recovery. The effect of 
operating temperature on the wettability alteration to gas-wet 
after treatment with the methane/fluorinated titania solutions 
was checked by calculating the contact angles of n-decane and 
condensate as a function of the operating temperature. The results 
of this investigation are shown in Fig. 12(a)–(b), as can be seen in 
this figure, the contact angles of n-decane were increased by 
increasing the operating temperature; from 108 ◦ at 25 ◦ C to 127 ◦ 

at 70 ◦ C. Besides, the contact angles of condensate were increased 
from 100.5 ◦ to 120 ◦ by increasing the operating temperature from 

25 to 70 ◦ C. These results revealed that increasing the operating 
temperature has a positive effect on the wettability alteration to 
gas-wet utilizing methane/fluorinated titania solutions, leading to 
a characteristic increase in the gas condensate recovery. Recently 
authors of a high-impact published work investigated the effect of 
operating temperature on the contact angles of the gas condensate 
and then reported that the contact angle between gas condensate 
and the carbonate rock surface after their treatment with the 
nanofluids prepared by the Fe 3 O 4 -PVA/DW nanoparticles altered 
from the initial value of 25 ◦ at 25 ◦ C to the final value of 38 ◦ at 
80 ◦ C in the presence of air [29]. Additionally, they reported that 
the contact angles of the water altered from its initial value of 104 ◦ 

at 25 ◦ C to 125 ◦ at 80 ◦ C after treatment of the rock surface with 
the nanofluids prepared by the Fe 3 O 4 -PVA/DW nanoparticles [29]. 
It must be mentioned that the results of this investigation about 
the effect of operating temperature on the contact angles of n-
decane and condensate are in line with the results of the reported 
works in the literature.

To obtain a better view of the applicability of the methane/ 
nanoparticles solutions toward wettability alteration to gas-wet 
and increasing the gas condensate recovery, the methane/fluori-
nated silica solutions were compared to the methane/fluorinated 
titania solutions. In this regard, the variation of the contact angles 
of n-decane, and gas condensate upon treatment with both solu-
tions were measured and used as a reliable index for under-
standing the ability of the methane/nanoparticles solutions for 
wettability alteration. The results are shown in Fig. 13(a)–(b). As 
can be seen in the figure, upon sample treatment with the 
methane/fluorinated silica solutions, the increase in the contact 
angles of n-decane was found to be 1.25-fold higher than that of 
the methane/fluorinated titania case. Besides, the contact angles of 
the condensate after treatment with methane/fluorinated silica 
solutions were estimated about 1.2 orders higher than that of the 
methane/fluorinated titania solutions. According to the results of 
this research, it seems that the methane/fluorinated silica solu-
tions act better than the other cases regarding the wettability 
alteration to a gas-wet state and can be more efficient for 
increasing the gas condensate recovery. The enhancement of the 
gas recovery using silica nanoparticles compared to titania nano-
particles can be attributed to the porous structure of silica, 
obtaining a large surface area, improving the availability of surface 
area for more efficient interactions with condensate, higher sur-
face acidity and self-cleaning properties of the silica nanoparticles 
compared of the titania nanoparticles. It is important to note that 
silica nanoparticles are safer than titania nanoparticles and show 

lower degrees of cytotoxicity which is one of their important ad-
vantages from a green chemistry point of view. Hence, considering 
the above-mentioned facts, it can be concluded that the methane/ 
fluorinated silica solutions are more appropriate for the wetta-
bility alteration to a gas-wet state. However, it is well-known that 
if SiO 2 and TiO 2 were used simultaneously in a mixture, a 
SiO 2 –TiO 2 interface can form which improves the availability of the 
surface area and provides a more suitable porous structure which

Fig. 9. The effect of titania amount on the contact angles of water, n-decane, and 
condensate upon sample treatment with methane/titania solutions: (a) plot of contact 
angle as a function of titania amount, (b) corresponding contact angle images.
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may help to enhance the efficiency of gas condensate reservoirs. 
Hence, it is proposed to use a fluorinated silica-titania interface 
nanofluid for the wettability alteration to a gas-friendly state.

3.4. Long-term stability of the system

The long-term stability of the fluorinated nanoparticles under 
cyclic pressure/temperature fluctuations was tested by investiga-
tion of the stability of the contact angles of both gas condensates 
treated by fluorinated silica/titania methane/nanoparticles system 

over long reaction times over 60 h (aging assessments). The results 
are shown in Fig. 14, as can be seen from this figure, the tolerance 
of the contact angle of the treated samples with both fluorinated 
silica/titania nanoparticles over a long time of 60 h is very negli-
gible, revealing long-term stability (colloidal stability) of the 
fluorinated silica/titania methane/nanoparticles system. Also, the 
absolute values of zeta potential were 48 and 56 mV for methane/ 
fluorinated silica and methane/fluorinated titania solutions 
respectivelly at 70 ◦ C and 2000 psi. Generally, a suspension with a 
measured zeta-potential above 30 mV (absolute value) is consid-
ered to have good stability [51]. Moreover, the long-term stability 
of the fluorinated nanoparticles results illustrarted that both 
methods had a good consistency.

Table 5
Contact angles of n-decane and gas condensate after sample treatment with Methane/fluorinated titania solutions.

Treated rock sample by methane/fluorinated titania solutions

Scenarios Contact angle ( ◦ )

TiO 2 : fluor group ratio 1:0 0.75:1 0.5:1 0.25:1 0.1:1
n-decane 21 22.5 70 91 108
Condensate 21 18.3 68 83.8 100.5

Fig. 10. The effect of F: Si ratio on the contact angles of n-decane, and condensate 
upon sample treatment with methane/fluorinated titania solutions: (a) plot of contact 
angle as a function of fluorinated titania, (b) corresponding contact angle images.

Fig. 11. The effect of operating temperature on the contact angles of n-decane and 
condensate upon sample treatment with methane/fluorinated silica solutions: (a) plot 
of contact angle as a function of silica amount; (b) corresponding contact angle 
images.

Fig. 12. The effect of operating temperature on the contact angles of n-decane and 
condensate upon sample treatment with methane/fluorinated titania solutions: (a) 
plot of contact angle as a function of titania amount; (b) corresponding contact angle 
images.
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3.5. Improvement of gas condensate recovery during gas recycling

Fig. 15 shows the pressure gradient and the recovery factor as a 
function of the pore volume of methane/nanoparticles injected 
during gas recycling in gas condensate reservoirs before and after 
sample treatment with methane/nanoparticles solutions. For this 
aim, the pressure gradient was recorded, the pressure gradient 
was increased, reached its maximum value, and then it was 
decreased by increasing the PV, following a downward trend to 
reach a final steady state condition, as can be seen in Fig. 15. The 
decrease of the pressure drop can be assigned to the fluid gener-
ation and can be proved by the single-phase flow through the 
porous medium. Before the sample treatment with the methane/ 
nanoparticles, the experimental investigations exhibited that the 
pressure gradient reached its maximum value of about 193 psi at 
0.3 PV, and then a significant decrease can be observed in the plot 
which leads to a constant value of 120 psi at 1.4 PV.

After sample treatment with methane/nanoparticles solutions, 
the pressure gradient reached its maximum value of 153 psi at 
0.2 PV, followed by a decreasing trend to reach a final steady-state 
condition with a constant value of 75 psi at 1.4 PV. It should be 
mentioned that the ratios of pressure drop after and before the 
wettability alteration were found to be as high as 1.6, revealing 
that the sample treatment with the methane/nanoparticles solu-
tions reduced the pressure drop of steady-state two-phase flow by 
about 60%. This reduction of the pressure drop can be related to the 
ability of methane/fluorinated nanoparticles solutions to improve 
the wettability of surfaces and consequently produce more gas and 
condensate. In fact, methane/nanoparticles adsorption occurred 
on the rock surface via forming van der Waals bonds as well as by 
electrostatic interactions, which eventually help to separate the 
trapped liquid from the surface. On the other hand, the polar parts 
of the surface interact with the polar groups on the fluorinated 
nanofluids, leading to significant improvement of the recovery 
factor after sample treatment with methane/nanoparticle solu-
tions [52]. To investigate this hypothesis, the recovery factor was 
measured before and after sample treatment by methane/

nanoparticle solutions. The results shown in Fig. 15 indicated that 
the recovery factor before sample treatment has a maximum value 
of about 55%. In contrast, upon sample treatment, the recovery 
factor increases significantly and reaches its maximum value of 
about 76%, indicating that by the sample treatment with the 
methane/nanoparticle solutions, the wettability alters from oil-
wet to gas-wet resulting in an improvement of the productivity of 
gas reservoirs by 21% (Fig. 15).

Moreover, the core flooding experiments were also conducted 
using heterogeneous (fractured) core plugs to assess the applica-
bility of this method in actual reservoirs. The results revealed a 
recovery factor of about 81.3% for the core treated with fluorinated 
methane/nanoparticle system which was found to be 5.3 % higher 
than the recovery factor of the homogeneous carbonate cores 
which can be attributed to the changing the chemical interactions 
between gas and rock surface in the heterogeneous (fractured) 
core plugs. Due to the good agreement of the recovery factor of the 
heterogeneous (fractured) core plugs treated with fluorinated 
methane/nanoparticle system with that of the homogeneous car-
bonate cores, it can be concluded that the fluorinated methane/ 
nanoparticle system can be practically applied for boosting the gas 
recovery from the actual reservoirs.

Fig. 13. Comparing the results of methane/fluorinated silica and methane/fluorinated 
titania solutions: (a) histogram for comparing F–TiO 2 and F–SiO 2 ; (b) corresponding 
contact angle images.

Fig. 14. The stability of the contact angles of both gas condensate treated by fluori-
nated silica/titania methane/nanoparticles system over long reaction times over 60 h 
(aging assessments).

Fig. 15. The effect of sample treatment with the methane/nanoparticles solutions on 
the condensate recovery factor and pressure gradient during the gas recycling 
process.
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3.6. Mechanism of adsorption and wettability alternation

To assess the mechanisms of the wettability alternation, the 
SEM imaging method and SP topography were utilized for probing 
the adsorption of the nanoparticles on the surface of the carbonate 
rocks. The micro-scale visualization was assessed using recording 
the SP micrographs for the as-prepared untreated and treated core 
substrate using the fluorinated methane/titania system. The SP 
topography image for both untreated and treated core plugs is 
shown in Fig. 16. As it is evident from this figure, the core surface 
provides a primary roughness inherently and the original core plug 
reveals a superoleophilic and superhydrophilic nature with a 
contact angle of water of 12 ◦ and a same contact angle of n-decane. 
This may correspond to the presence of different valleys 
throughout the roughness, in contrast upon treating the rock 
samples with the fluorinated methane/nanoparticle system, the 
fluorinated nanoparticle can be adsorbed on the core surface via 
different interactions such as wander Vales or hydrogen binding 
for developing a new roughness on the surface, resulting a dual-
roughened surface of micro-scaled core asperities and a nano-
tuxtured layer which make the rock capable of arising its super-
hydrophobicity thanks to the presence of a lot of methane gas get 
trapped into the cavities between the protrusions. These results

emphasize the potential of the current new approach, through the 
dispersion of fluorinated nanoparticles in gas; to improve gas 
condensate recovery during gas recycling, especially in low-
permeability carbonate reservoirs.

Besides, the SEM images of untreated cores and the cores 
treated with fluorinated methane/nanoparticle solution were 
recorded (Fig. 17). As can be seen from this figure, in comparison 
with the surface of the untreated native carbonate core plug, the 
surface morphology of the carbonate core aged in the fluorinated 
methane/nanoparticle solution reveals the formation of sphere-
like nanotextures on the microstructure core surface after the 
treatment. Hence, it can be concluded that the wettability alter-
nation to gas-wet is a result of roughness creation on surface rock 
by the nanoparticles and the reduction of surface free energy by 
the fluorine groups presented on the surface of the fluorinated 
nanoparticles, as previously reported in the literature [53]. It 
should be mentioned that the silica nanoparticles can increase the 
surface roughness of the core plugs which consequently leads to 
increasing the area fraction of air and decreasing the area fraction 
of liquid, as reported [54]. Besides, the fluorine groups on the 
surface of the fluorinated nanoparticles can reduce the free energy 
[55–57], leading to liquid repellency of the surface, or more pre-
cisely causing the wettability alteration by creating roughness and

Fig. 16. The SP micrographs for the as-prepared untreated and treated core substrate using the fluorinated titania/methane system.

Fig. 17. The SEM images of (a) untreated cores; (b) cores treated with fluorinated nanoparticle/methane nanofluid.

Table 6
Comparing the fluorinated methane/nanoparticles system with the traditional water-based nanofluids for improving gas recovery.

Nanofluid system Enhancement of gas recovery (%) Core samples Ref.

Fluorinated SiO 2 /water 30% Limestone core [27]
Fe 3 O 4 - PVA/DW/water 34% Carbonate rocks [29]
Fe 3 O 4 - HAp/DW/water 32% Carbonate rocks [29]
CaCO 3 and SiO 2 /water 8%–9% Carbonate rocks [47]
Methane/nanoparticles 21% Carbonate rocks Current work
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surface free energy reduction thanks to the presence of fluorine 
groups such as –CF 2 in the structure and coated on nanoparticles, 
as previously reported [53,57].

3.7. Potential practical hurdles

Generally, the methods developed for boosting the condensate 
recovery from gas reservoirs may affected and challenged with 
some practical hurdles for example nanoparticle retention, and 
injectivity loss, and in the case of this system, methane emissions 
may also be considerable. The injectivity reduction [58], especially 
in tight and deep gas formations can be challenging and may 
contribute to near-wellbore damage, however, there are several 
techniques for instance, abrasive jet perforations, acid squeeze 
treatment conveyed by coiled tubing, and bullhead acid spearhead 
stage at lowest pumping rate in addressing low injectivity in tight 
gas wells to minimize delays in operations and associated risks 
[58]. Besides, the potential methane emissions can also addressed 
by recycling the methane and minimizing its ratio in the nanofluid 
composition. Moreover, regarding nanoparticle retention, it was 
found that several methods including surface modification, uti-
lizing intelligent materials, and applying optimized injection 
techniques can be used as model mitigation strategies for solving 
the challenges contributed to nanoparticle retention [59].

In addition, our current study were compared with the water-
based traditional methods in terms of condensate recovery factor 
which has been used the carbonate reservoir rocks. The results are 
shown in Table 6. As can be seen in this table, in some cases the 
condensate recovery factor is higher that compared to our current 
study. It is worth mentioning that, during the water-soluble 
chemicals results, there are some technical challenges for its 
application during the gas recycling in the field scale. For example, 
the producing wells must be shut-in for chemical injection. Each 
shut-in time needs to be long enough to perform the surface rock 
treatment. Also, after well treatment, the early produced fluid 
must be transported away from the well site. Moreover, a large 
amount of brine is needed to prepare the nanofluid. Therefore, it 
increases the economic costs. Furthermore, there is a new alter-
native method to wettability alteration of gas condensate reser-
voirs during gas recycling process via gas-soluble chemical such as 
nanoparticles which can reduce the technical challenges. Hence, it 
can be concluded that in this study, a permanent pathway in-
creases the gas condensate recovery by using the methane/fluo-
rinated nanoparticles scenarios as a new alternative to the water-
based nanofluids.

4. Conclusions

In this contribution, experimental evaluation of wettability 
alteration to gas-wet for increasing the gas condensate recovery 
utilizing fluorinated silica and fluorinated titania nanoparticles 
was performed. In this regard, the fluorinated silica and titania 
nanoparticles were synthesized and then characterized by DLS, 
EDX, and TEM imaging methods. Afterward, the methane/nano-
particles single phase solutions were prepared by measurement of 
cloud point pressures for wettability alteration and gas recycling 
experiments. The contact angles of n-decane and gas condensate 
changed from about 12 ◦ to 135.5 ◦ and 121 ◦ , in order, after treat-
ment with methane/fluorinated silica solutions. Besides, after 
treatment with solutions containing methane/fluorinated titania, 
the contact angles of n-decane and gas condensate were found to 
be about 108 ◦ and 100.5 ◦ , respectively. However, treatment with 
bare methane/titania and methane/silica solutions did not affect 
the contact angles of gas condensate. The ratio of pressure drop 
after and before wettability alteration was estimated as about 1.6,

revealing that upon the pressure drop of steady-state two-phase 
flow developed process has reduced by about 60%. The recovery 
factor before treatment was found to have a maximum value of 
55% which enhanced to 76% after treatment with methane/nano-
particles solutions, exhibiting that the alteration of the wettability 
from oil-wet to intermediate gas-wet leads to an increase in the 
efficiency of the gas condensate recovery by 21%. However, the 
wettability alteration of the gas condensate reservoirs to gas-wet 
via gas-soluble chemicals can be one of the permanent promising 
approaches to enhance condensate recovery.
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