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ABSTRACTــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ
In gas-condensate reservoirs as the bottom hole pressure drops below 

the hydrocarbon dew point of the reservoir fluid, liquids drop out from the 

gas phase and establish condensate banking near the wellbore, resulting 

in lower gas productivity. Changing the reservoir rock wettability from 

liquid-wetting to gas-wetting has outstanding potential in improving 

the productivity of gas wells. In this work, we report the highly water- 

and oil-repellent properties of carbonate reservoir rocks treated with a 

nanofluid based on synthesized ZnO/SiO2 nanocomposites and fluoro-

containing materials PTFE, TFE, and PFOS. Carbonate plates coated with 

the prepared nanofluid exhibits a high contact angle of 162° for brine 

(contact angle hysteresis=0° and roll-off angle <2°), together with 135° 
for liquid gas-condensate, supporting significant super-amphiphobicity 

with self-cleaning properties. Surface characterization of the rock using 

SEM, SP, and EDX analyses reveals that the rough morphology of ZnO/SiO2 

nanocomposites combined with low surface energy of fluorochemical 

provides the surface superamphiphobicity. Moreover, the efficiency 

of the nanofluid in wettability alteration of carbonate core from liquid-

wetting to ultra gas-wetting under reservoir conditions was investigated 

by performing gas/liquid two-phase flow tests with single-phase liquid-

injection into the gas-saturated core. The results indicate that the mobility 

of liquid for both gas/brine and gas/liquid-condensate systems increases 

significantly after wettability alteration.
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1.	 Introduction

Gas-condensate reservoirs experience a 
significant loss in well productivity as reservoir 
pressure drops below the hydrocarbon dew 
point owing to condensate banking in the near-
wellbore region and subsequent reduction in 
gas relative permeability [1,2]. Water blocking 
also decreases the relative permeability of gas 
[2,3] and increases the impact of liquid blockage 
on lowering the gas well deliverability. A major 
factor in liquid accumulation is the low mobility 
of liquids due to strong liquid-wetting of the 
reservoir rock. Through wettability alteration 
of the rock from liquid-wetting to gas-wetting, 
the mobility of liquid phase for a gas/liquid 
system increases dominantly, preventing the 
liquid accumulation in high saturation and 
resulting in elevated gas production rates. 
The principal requirement is the permanent 
alteration of wettability to gas-wetting. Li and 
Firoozabadi were the first who demonstrated 
both theoretically [4] and experimentally [5] that 
the approach of wettability alteration to gas-
wetting is promisingly effective for improving 
the productivity in gas-liquid systems. In the 
theoretical work, they studied the relative 
permeability of gas and liquid phase using 
a phenomenological network model. Their 
results showed that substantial increase in 
gas well deliverability may be obtained when 
the wettability of porous media alters to gas-
wetting and is the most effective approach. 
They moreover showed experimentally that the 
oil recovery and phase relative permeability in 
gas/oil system can be increased by wettability 
alteration of rock to preferential gas-wetting 
using fluoro-polymer chemicals. Later many 
other researchers investigated experimentally 
the efficiency of various fluorochemical 
polymers/surfactants on changing the 
wettability of different rock types to gas-wetting 
[6-14]. However, some of these chemicals fail 
to be utilized for field applications because 
they were not cost-effective, environmentally 
friendly or losing their effectiveness under 
reservoir conditions.

Nanofluids are a new class of solid/liquid 
mixtures engineered by dispersing nanometer-
size particles or any nanostructures in 
conventional base liquids [15,16]. Over the past 
decade, the innovative concept of nanofluids, as 
a part of nanotechnology, has developed largely 
and used in various industrial and biological 
processes, such as drug delivery [17], surface 
coating [18], heat transfer [19], environmental 
remediation [20], etc. [16,21]. Nanofluids also 
revealed their potential applications in oil and 
gas industries through wettability alteration of 
reservoir rock [22], enhanced oil recovery (EOR) 
process [23,24], drilling technology [25], reservoir 
exploration, and natural gas transportation 
[26,27].

Recently, few papers have been published 
that report the impact of silica based nanofluids 
which are capable of altering the wettability 
of rock towards gas-wetting [28,29]. Although 
their studies were promising, they have not 
succeeded to change the wettability of reservoir 
rock to ultra gas-wetting state; hence, the issue 
is still an ongoing field of research. 

In this paper, It is revealed report the super 
water- and oil-repellent properties of a novel 
ZnO/SiO

2
-based nanofluid, applied to alter 

the wettability of a carbonate reservoir rock 
to ultra gas-wetting state. We verified the 
change of wettability by measuring contact 
angle and characterizing the rock surface using 
SEM images, EDX, and SP analyses. In continue, 
we investigate the practical efficiency of the 
superamphiphobic nanofluid in flow tests which 
represents better the reservoir conditions, by 
conducting a set of coreflooding experiments. 
Accordingly, the changes in the pressure drop 
and the liquid permeability in two-phase (gas/
oil or gas/water) flow tests using single-phase 
liquid-injection into a gas-saturated core are 
measured before and after wettability alteration. 
It can be canclouded  believe that the novel 
formulated ZnO/SiO

2
 nanofluid can improve 

the productivity of the reservoirs and mitigate 
water and condensate blockage in gas wells.
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2.	 Materials and methods

2.1. Preparation of super liquid-repellent 
ZnO/SiO

2
 nanofluid

In order to prepare the nanofluid, as a first step 
ZnO/SiO

2
 nanocomposites were synthesized via 

wet-chemical co-precipitation method through 
a hydrothermal process. Accordingly, 0.02 mol 
of Zinc nitrate hexahydrate (Zn(NO

3
)
2
.6H

2
O, 98%, 

Merck) and 0.08 mol tetraethyl orthosilicate 
(TEOS, Si(OC

2
H

5
)
4
, 95%, Merck) were dissolved in 

water/isopropyl alcohol (C
3
H

8
O, Merck) solution 

and stirred magnetically for 15 min. then 10 g of 
acetylacetone (C

5
H

8
O

2
, >99%, Merck) dissolved 

in water/isopropyl alcohol solution and 20 g of 
oleic acid (C

18
H

34
O

2
, Merck) were added gently to 

the basic solution and hydrolyzed by addition 
of sodium hydroxide (NaOH, Merck)/water-
ethanol solution in a dropwise manner, under 
vigorous stirring to obtain a mixture with pH 
of 10-11. After refluxing for 1 h at 80-90 °C, the 
prepared mixture was quenched rapidly for 45 
min and then dried hydrothermally in an oven 
for 72 h at 90 °C.  Next, it was filtered, washed 
with water and alcohol solution and then dried. 
The resultant product was finally calcined in a 
furnace in 3 steps at 200-900 °C for 10 h. This 
procedure results in achieving fine hydrophobic 
ZnO/SiO

2
 nanocomposites. 

Super water- and oil-repellent ZnO/
SiO

2
 nanofluid was fabricated by using 

of the synthesized nanocomposites and 
fluorochemicals. For this purpose, ZnO/SiO

2
 

nanocomposites, polytetrafluoroethylene 
(PTFE, Sigma–Aldrich), 2,2,2-Trifluoroethanol 
(TFE, SDFCL Co., 99%), ethanol and a 
mixture containing Trichloro(1H,1H,2H,2H-
perfluorooctyl) silane (PFOS, 97%, Sigma–
Aldrich) were dissolved with mass ratio of 
0.002:0.2:0.003:1:1 at room temperature. Using 
ultrasonic bath, the resultant solution was 
sonicated then for 30-40 min, followed by 1 h 
agitation on a magnetic stirrer at 50 °C [30,31].

2.2. Porous medium and fluids
A cylindrical carbonate reservoir core with 

a length of 6 cm, the diameter of 3.8 cm and 
porosity of 20.7% used in this work to perform 

core displacement tests. Static and dynamic 
contact angle measurements were also done 
on small circular rock plates that have been 
taken from a similar large slab of this carbonate 
reservoir core, respectively.

The plates and core being subjected to 
different tests, they were cleaned in Soxhlet 
extraction apparatus where they were flushed 
with toluene and methanol for 24 and 72 h, 
respectively. The pre-treatment process was 
followed by drying of rock in an oven at 80 °C 
for 24 h. 

Distilled water and 2 wt% NaCl brine 
were used as the aqueous phase in order 
to investigate the hydrophobicity of rocks. 
Normal decane (C

10
H

22
, Merck, >99%) and a gas-

condensate liquid sample from an Iranian gas 
condensate reservoir were used as the oil phase 
to study the oleophobicity of rocks. At 25 °C, the 
gas-condensate sample has a specific gravity of 
0.78 and a viscosity of 1.28 cP. Air and nitrogen 
were also used as the gas phase in contact angle 
measurements and core displacement tests, 
respectively. 

2.3. Treatment process
2.3.1. Contact angle tests
The clean and dry carbonate rock plates 

were totally submerged in fabricated nanofluid 
and aged in an oven at 80 °C for 48 h to let 
the nanocomposites and fluoro-containing 
materials sediment on the surface of plates and 
create a liquid-repellent layer on them. Next, the 
plates were removed from the nanofluid and 
dried in an oven at 80 °C and finally the dried 
plates were subjected to the contact angle 
measurement test.

2.3.2. Core displacement tests
In order to change the wettability of the core 

to gas-wetting state, it was put in a coreflooding 
apparatus, which is capable of resisting reservoir 
condition of temperature and pressure (Fig. 
1). The apparatus will be described in detail 
later. The dry core was initially evacuated and 
then saturated with ZnO/SiO

2
 nanofluid. For 

this purpose, three to four pore volumes (PV) 
of nanofluid was injected at a fixed flow rate 
of 2 cc/min. The nanofluid-saturated core was 
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then aged in the nanofluid at 80 °C and 3000 
psig for 48 h. After that, nearly 5 PVs of brine was 
injected to displace the nanofluid and wash the 

core, followed by evacuation for about 6 h. At 
last, the core was removed from its holder and 
dried in an oven at 80 °C.

Fig. 1. Experimental set up for core displacement tests and chemical treatment.
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2.4. Characterization
Fourier transform infrared spectroscopy 

(FTIR) spectra were acquired on a Bruker tensor 
27 spectrometer to evaluate the functional 
groups of the synthesized nanocomposites 
in the wavenumber range of 4000–400 
cm-1. The surface morphology of ZnO/SiO

2 

nanocomposites and the carbonate core 
with and without wettability alteration were 
revealed by scanning electron microscope (SEM) 
(KYKY model EM3200). X-ray diffraction (XRD) 
was used to study the size and crystallinity of 
the nanocomposites using Bruker D8-Advance 
diffractometer with Cu Kα radiation (λ=1.54Å). 
The surface topography and roughness of 
the treated and untreated core sample were 
determined by stylus profilometer (SP) (Dektak 
XT from Bruker). Energy dispersive X-ray (EDX) 
(SiriusSD) was used to characterize the surface 
elemental composition of the carbonate core 
before and after treatment with nanofluid.

2.5. Contact angle measurement
To study the wettability of the core 

quantitatively and evaluate preliminary the 
superamphiphobicity of nanofluid, the gas–
liquid–rock contact angle was measured using 
an in-house contact angle measurement device 
(Fig. 2a). The static contact angles of aqueous 
and oil phases as probe liquids in air medium 
and at room temperature were measured using 
sessile drop technique. In each measurement, 
a ∼5 µl drop of liquid was released from an 
accurate syringe on the surface of the core 
sample. A CCD camera with the microscopic lens 
was used to visualize the process and taking 
side images of high-resolution magnified liquid 
droplet, under sufficient illumination of the 
light source. Each contact angle measurement 
was repeated for 3-5 times at different locations 
on the solid surface and the average value was 
reported. Dynamic contact angles were also 
measured by force tensiometer KSV Sigma 700, 
using the Wilhelmy method (Fig. 2b). 

Fig. 2. Schematic for (a) static and (b) dynamic contact angle measurements.
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2.6. Coreflooding apparatus and test 
procedure

Fluid flow tests were performed in core scale to 
investigate the efficiency of ZnO/SiO

2
 nanofluid 

in wettability alteration to gas-wetting under 
reservoir temperature and pressure conditions. 
Fig. 3 illustrates a schematic of the coreflooding 
setup for the unsteady-state gas/liquid flow 
with gas displaced by liquid injection. The 
coreflooding apparatus contains high-pressure 
displacement pumps (Schlumberger DBR) with 
process control system for injecting the fluid 
at constant rate, a back pressure regulator for 
controlling the downstream core pressure, a 
differential pressure transducer (Rosemount 
3051) for measuring the pressure drop across the 
core and a data acquisition system for collecting 
and storing the differential pressure information. 
The gas and liquid are discharged through the 
back pressure regulator and transmitted to a 
separator. The effluent Liquid is collected in a 
calibrated tube and the amount of it measured 

versus time. The outlet gas flow rate is also 
measured by a mass flow meter (Alicat M) in the 
range of 0-50 cm3/s with the accuracy of about 
0.8%. Other apparatuses such as liquid transfer 
vessels and a cylindrical core holder were 
placed inside a temperature-controlled oven. 
The core sample is fixed inside the core holder 
covered with a Viton rubber sleeve to confine 
the core. The core holder is placed horizontally 
to avoid gravity effect. For packing the core, an 
overburden pressure of 800-1000 psig above 
the inlet pressure is applied. The temperature 
of the system was maintained at 80 °C during 
all tests, which is high enough for most reservoir 
applications.

The goal of this study is to quantify the 
effectiveness of the nanofluid by measuring 
the effective and relative permeability of liquid 
flow in gas/oil or gas/water systems through 
liquid flooding of a gas-saturated core. Before 
wettability alteration, the core was evacuated 
first by a vacuum pump to get rid of air and 

Fig. 3. Schematic of apparatus for core flooding experiments.



22  Journal of Gas Technology . JGT 

then it was saturated with the nitrogen which 
injected at a constant injection pressure by a 
gas-pressure regulator. Next, the displacement 
process of gas was started by injection of 
liquid (brine or gas-condensate) at a constant 
rate. The amount of produced gas and liquid 
versus time was recorded until surely no more 
gas recovered. Moreover, the transient pressure 
drop is recorded until steady-state is obtained. 
The effective and relative permeability of liquid 
flow were calculated subsequently, as explained 
in section 3.3. After that, the core was cleaned 
by a solvent and dried and evacuated before 
starting the next test. 

After conducting the evaluation testing in the 
untreated core, the wettability alteration tests. 
Were performed for this purpose, the core was 
treated with nanofluid (as described earlier in 
section 2.3.2.) and the same experiments to those 
performed for untreated core were repeated to 
calculate the effective and relative permeability 
of the liquid flow after the wettability alteration.

ـــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ

3.	Results and Discussion

3.1. Characterization of ZnO/SiO
2
 

nanocomposites
To confirm the formation of ZnO/SiO

2
 through 

the synthesis process, the FTIR spectrum of the 
ZnO/SiO

2
 nanocomposites is shown in Fig. 4. The 

bands positioned at 459, 577 and 615 cm-1 are 
attributed to Zn–O stretches [32,33]. The peaks 
at 868 cm-1 are related to the Si–O–Si asymmetric 
stretching vibrations while the peak at 979 cm-1 
is for the Si–O–Si symmetric stretching [34]. 
The peak observed at 1457 cm-1 corresponds 
to Si–OH stretching vibration [34]. Furthermore, 
peak at 1628 cm-1 and a broad band at 3445 
cm-1 are associated with O–H bending and O–H 
stretching vibrations of ZnO/SiO

2
 [34]. Moreover, 

the appearance of the absorption band at 933 
cm-1 is assigned to the Si–O–Zn stretching which 
confirms that SiO

2
 indeed binds with ZnO [35jX].

The SEM image for the synthesized 
nanocomposites is presented in Fig. 5. It can be 
seen that the ZnO/SiO

2
 nanostructures consist 

of the hybrid morphologies of nanospheres and 
nanoplates.

Fig. 6 illustrates the XRD patterns for the 
as-prepared ZnO/SiO

2
 nanocomposites. The 

measured diffraction angles are reasonably 
compatible with the standard spectrum of 
willemite Zn

2
SiO

4
 (JCPDS card number 37–1485), 

indicating that the crystallographic structure 
of these nanocomposites is hexagonal. The 
diffraction peaks at 2θ=31.48°, 33.95,36.18° 
65.58° ,  55.92° , 48.89°  and  66.68° can be 
attributed to the (100), (002), (101), (102), (110), 
(112) and (201) planes of ZnO, respectively 
[36,37]. The average crystallite size of ZnO/SiO

2
 

nanocomposites are calculated from the XRD 
analysis and Sherrer’s equation,

)1(

where  is the full-width-at-half-maximum 
(fwhm) of the diffracted peak,  is the diffraction 
angle, and  is the wavelength of X-ray 
radiation (1.548 Å for Cu Kα). The estimated 
average crystallite size value for ZnO/SiO

2
 

nanocomposites is found to be 46 nm.

3.2. Contact angle determination and surface 
characterization

The wetting properties of carbonate core rock 
without and with wettability alteration to gas-
wetting by nanofluid were identified through 
contact angle measurements of distilled water 
and 2 wt% NaCl brine as the aqueous phase, and 
n-decane and gas-condensate as the oil phases. 
The native carbonate plate was completely 
wetted by both water and oil liquid drops, which 
indicates the fact that the carbonate sample is 
strongly liquid-wet (i.e., the static contact angle 
of water and oil= 0°). However, the measured 
distilled water, brine, n-decane, and condensate 
contact angles of the rock plate were exceeded 
to 162°, 162°, 136°, and 135°, respectively, after 
treatment with nanofluid which demonstrates 
the superhydrophobic property of the treated 
surfaces. According to this results, ZnO/SiO

2 

nanofluid has successfully increased the contact 
angle of water and oil drops to a much greater 
degree than the various chemicals reported in 
the previous studies [5-14,28,29]. Fig. 7 shows 
the brine and condensate contact angles on 
the surface of a rock plate, before and after 
wettability alteration.

°
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Fig. 4. FTIR spectra of ZnO/SiO
2
 nanocomposite powders in 4000–400 cm -1 region.

Fig. 5. SEM image of synthesized ZnO/SiO
2
 nanocomposites.

Fig. 6. XRD pattern of hexagonal ZnO/SiO
2
 nanostructures.
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Furthermore, it was observed that the 
aqueous phase droplets freely rolled-off on 
the treated core surface while there was no 
apparent tilt of the surface ( 2°), which made 
it difficult to control for measuring the static 
contact angle. Such a minimum sliding angle 
reveals that water has low adhesion to the 
rock surface and the core sample gained self-
cleaning property [38,39]. Besides, it is known 
that for the self-cleaning property of a liquid-
repellent surface, contact angle hysteresis of  
10° is desired [40,41]. Contact angle hysteresis 
which is defined as the difference between the 
advancing and receding angles was measured 
using the Wilhelmy method. The value of 
contact angle hysteresis for the rock plate 
treated with nanofluid was measured quasi-null 
for the aqueous phase. Such an ultralow contact 
angle hysteresis, confirms that the rock surface 
benefits the drop-rolling ability and the self-
cleaning property as well.

The improved hydrophobicity, oleophobicity, 
and self-cleaning properties of the treated rock 
are attributed to the combination of surface 
roughening by the ZnO/SiO

2
 nanocomposites 

and lowering the surface energy by fluoro-
containing coating [42-44]. The surface 
topography is generally known as the decisive 
factor in specifying the liquid-repellency of 
rough surfaces. Therefore, SP analysis and 
SEM images were employed to study the 
morphological features of the core surface 
structure. Fig. 8 illustrates the SP micrographs 
of both native rock plate and treated rock 
plate with nanofluid. Fig. 8a indicates that the 
pristine rock substrate generally offers a primary 
roughness with microscale structure. Regarding 
the corresponding contact angles of water and 
oil drops which are equal to 0°, the liquid-wetting 
nature of native rock plate can be ascribed to 
the several cavities existed throughout the 
roughness, which allows the liquids entering 
easily into them. After treatment, the deposition 
of nanofluid’s contents provides the secondary 
roughness to repel the liquid penetration, 
referring the Cassie model [45]. In other words, 
the hierarchial rough structure on the surface, 
similar to the structure of a lotus leaf [44], can 
simply trap a large amount of microscopic air 

layer in the craters between the protrusions that 
reduces the contact area between the liquid 
and the surface. The air pocket makes a floating 
force against water and oil drops that leads to 
superamphiphobicity.   

Besides the surface roughening by ZnO/SiO
2
 

nanocomposites, using the fluoro-containing 
materials as PTFE, TFE and PFOS solution 
enhanced the liquid-repellency of the core 
surface, especially the oleophobicity, owing to 
impressive reduction of surface free energy. TFE 
and PFOS have very low surface energy owing 
to their high content of –CF

3
 and –CF

2
 groups. 

–CF
3
 terminated surfaces are known to possess 

the lowest surface free energy of ∼6 mN m-1 
followed by –CF

2
 groups as the next lowest 

[46-48]. Teflon also has the low surface energy 
of 18.5 mN m-1 [48]. Hence, the deposition of 
fluorochemicals on the outermost layer of surface 
coating decreases the surface energy and the 
intrusion of liquids into cavities of the surface.

SEM investigations of the carbonate plate 
before and after wettability alteration to gas-
wetting, distinctly confirm the formation of a 
layer containing fluorochemicals and ZnO/SiO

2
 

nanocomposites on the microstructure core 
surface, after treatment with nanofluid (Fig. 9). 
The average size of the sphere-like nanotextures 
was determined to be in the range of 34-60 nm 
in diameter.

Fig. 7. Static Contact angle of brine and gas-condensate 
on the surface of carbonate rock plate (a) before and (b) 

after wettability alteration.
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Fig. 8. 0.3 mm × 0.3 mm 3D SP topography images of the (a) untreated and (b) treated core substrate. Cross-view 
shapes of brine and gas-condensate droplets placed on the corresponding surfaces are shown in the insets.

Fig. 9. SEM images of (a) untreated rock plate and (b) treated rock plate with ZnO/SiO
2
 nanofluid.

3.3. Core displacement results
After a preliminary evaluation of the 

formulated nanofluid by contact angle 

measurements, fluid flow tests were used to 
investigate the effect of wettability alteration 
on water and condensate blocking in the 
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carbonate core. The result of pressure drop 
across the core as a function of pore volumes 
injected of liquid is presented in Fig. 10. As seen 
from Fig. 10a for  gas/water system, in both 
untreated and treated cores, the pressure drop 
increases initially until it reaches the maximum 
value. Afterward, the pressure drop decreases 
gradually and stabilized at a constant value of 
15.0 psi for untread core and 6.5 psi for treated 
core at the steady-state. Hence, nanofluid 
treatment reduced the steady-state two-phase 
flow pressure drop about 56%. The same trend 
is also observed in gas/oil system (Fig. 10b), 
with the pressure drop plateaus at 17.7 psi for 
untread core and 7.8 psi for treated core. The 
treatment of carbonate core with nanofluid 
could also improve the steady-state pressure 
drop of this case about 56%. These results imply 
the pronounced capability of the nanofluid in 
altering the wettability from liquid-wetting 
(hydrophilic and oleophilic) to ultra gas wetting 
(superamphiphobic). 

The single-phase liquid-injection in a core 
saturated with gas is a transient two-phase gas/
liquid flow experiment in which the gas inside 
the core is displaced by the liquid. In late stage 
of liquid injection, when the residual gas is left in 
the core and the pressure drop reaches steady- 
state, we apply Darcy’s low for calculating the 
effective permeability of liquid flow :

(2)

where the pressure  is described as a 
function of the liquid volumetric flow rate ,
with the parameters of core length , Liquid 
viscosity , cross-sectional area , and the 
liquid effective permeability (K

e1
) .

The liquid relative permeability  is also 
calculated from the ratio of the liquid effective 
permeability to the liquid absolute permeability 

 which is received from single-phase liquid 
flow:

(3)

The absolute permeability to water was 
measured to be 11 and 10.4 mD for untreated and 
treated core, respectively, which demonstrates 
the treatment of the core with nanofluid 
slightly reduces the absolute permeability due 

to plugging of small pore throats.
We quantify the nanofluid treatment 

effectiveness in liquid flow then by calculating 
the change in the liquid effective and relative 
permeability as follows:

 (4)

                                                                    (5)

Table 1 gives the results of calculated 
effective and relative permeability of liquid 
flow in the pre-treated and post-treated cores. 
I it is obvious, the treatment of core with ZnO/
SiO

2
 nanofluid predominantly increases the 

brine and gas-condensate mobility under 
reservoir condition, according to increase in the 
effective and relative permeability of liquid. The 
results support the theory that the nanofluid 
successfully alters the wettability of carbonate 
core from strongly liquid-wetting to the ultra 
gas-wetting condition.

In order to investigate the penetration 
of the nanocomposites and fluorine species 
into the pores of carbonate core, since the 
coreflooding tests were accomplished, we 
have cut the core by a trimming machine 
from middle along the radius and analyzed 
the surface chemical composition by EDX 
spectra. As evidence from Fig. 11, the surface 
of native carbonate core is mainly composed 
of Ca, C and O elements. After treatment with 
nanofluid, the constituent materials of ZnO/SiO

2
 

nanofluid containing of Si and Zn elements as 
nanocomposite, and F element which comes 
from fluorochemicals were determined on the 
surface. The presence of these elements reflect 
the ability of nanocomposites accompanied 
with fluorochemicals to diffuse into the core 
and adsorb onto the surface.

Moreover, it is noteworthy to point out that 
the quality of the contact angle of brine and 
condensate drops on the treated rock plate in 
small slab scale and core scale (after injection 
of 5 PVs of water to displace the nanofluid) 
demonstrates the durability of nanofluid 
treatment at the reservoir conditions. 

 



27Volume 2 / Issue 1 / May 2017

Fig. 10. The pressure drop across the core versus pore volumes injected of (a) brine and (b) condensate before and 
after treatment with ZnO/SiO

2
 nanofluid.

Table 1. Liquid effective permeability and relative permeability data, before and after wettability alteration

System Liquid effective and relative permeability

Pre-treatment Post-treatment change

Kel (mD)                                                Krl                                                                     Kel (mD)                                               Krl                                                                             )%( ΔKel / Kel )%( Krl / Krl

Gas/Brine 3.20 0.29 7.38 0.70 +130 +141

Gas/liquid condensate 3.60 0.33 8.14 0.78 +126 +136
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Fig. 11. EDX analysis of carbonate core (a) before and (b) after aging in ZnO/SiO
2
 nanofluid.

ـــــــــــــــــــــــــــــــــــــ

4.	 Conclusion

Liquid blockage (water or condensate 
accumulation) near the wellbore regions leads to 
major productivity reduction in gas condensate 
reservoirs. Through wettability alteration to 
gas-wetting, the mobility of liquid phase for 
a gas/liquid system increases remarkably, 
showing great potential for enhancing the gas-
well deliverability. It is successfully changed 
the wettability of carbonate reservoir rocks 
from strongly liquid-wetting to super water- 
and highly oil-repellent condition using a 
novel formulated nanofluid consisted of 
synthesized ZnO/SiO

2
 nanocomposites and 

fluorochemicals PTFE, TFE, and PFOS. The water 
(distilled water or brine) and oil (n-decane or 
liquid gas-condensate) contact angle increased 

significantly from 0° to 162° and about 135°, 
respectively, after treatment of the rock with 
the prepared nanofluid. It is also observed 
that the rock surface exhibit excellent self-
cleaning ability due to the minimum contact 
angle hysteresis (0°) and very low sliding angle 
(<2°) for water. Surface characterization of the 
treated plates was carried out by SEM, SP, and 
EDX analyses. Accordingly, the improved super 
liquid-repellency is attributed to the roughness 
of the nanocomposites that adsorb onto 
microscale texture of rock and the low surface 
energy of fluoro-containing materials. Moreover, 
our measurements of core displacement 
tests indicate that treatment of wettability 
alteration to ultra gas-wetting using ZnO/SiO

2
 

nanofluid is promisingly effective. It is found 
that such a wettability alteration decreases the 
pressure drop across the core which leads to a 



29Volume 2 / Issue 1 / May 2017

reduction of the amount of liquid trapping in 
pore space owing to a dominant increase in the 
liquid relative permeability. It is supposed the 
achieved results would pave the way for solving 
the problem of condensate blockage in gas 
condensate reservoirs.
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تغییر ترشوندگی سنگ مخازن گاز میعانی در نواحی نزدیک به چاه به منظور 
کاهش انسداد مایع، از طریق پوشش دهی سنگ با نانوسیال دارای خاصیت ابر 

ZnO/SiO
2
آبگریزی و ابر نفت گریزی ساخته شده بر پایهی نانوکامپوزیت 
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چکیــــده

در مخازن گاز میعانی بر اثر کاهش فشار مخزن به زیر فشار نقطهی‌ شبنم هیدروکربوری سیال مخزن، میعانات گازی از فاز گاز جدا شده، 
به فاز مایع منتقل میشود و در نواحی اطراف چاه تجمع مییابند. در صورت بروز این پدیده که به انسداد میعانی مرسوم است نفوذ پذیری 
نسبی فاز گاز و در نتیجه نرخ تولید گاز از چاه به شدت کاهش مییابد. یکی از روش هایی که پتانسیل قابل توجهی برای رفع این پدیده و 
افزایش بهره‌دهی چاه در اختیار دارد تغییر ترشوندگی سنگ مخازن گاز میعانی از حالت مایع‌دوست به گازدوست میباشد. در این مقاله، از 
ZnO/SiO و مواد فلئوردار PFOS ،TFE و PTFE برای تغییر ترشوندگی سنگ کربناتهی‌ مخزن 

2
نانوسیالی حاوی نانوکامپوزیت سنتز شدهی‌ 

گاز میعانی از حالت شدیداًً مایع‌دوست به حالت ابر آبگریز و ابر نفت گریز توأم )ابرگازدوست( استفاده شد. بطوریکه زاویه تماس آب نمک و 
نمونه میعانات گازی روی سطح سنگ از 0° قبل از پوشش‌دهی، به ترتیب به ° 162 و ° 135 درجه پس از پوشش‌دهی با نانوسیال افزایش 
یافتند. بعلاوه، پسماند زاویه تماس و همچنین زاویهی‌ لغزش آب روی سطح پوشش‌داده شده به ترتیب برابر ° 0 و ° 2 اندازه‌گیری شد که 
نشان م‌یدهد سنگ پس از پوشش دهی با این نانوسیال دارای خاصیت خودتمیزشوندگی شده است. مشخصهیابی سطح سنگ به‌وسیلهی 
آنالیز های SEM ،SP و EDX نشان داد که زبری نانوکامپوزیتZnO/SiO2 با مورفولوژی ترکیبی شامل نانوصفحات و نانوذرات کروی، به همراه 
انرژی سطحی پایین مواد حاوی فلئور سبب بوجود آمدن حالت ابرگازدوستی در سنگ شده است. در ادامه، عملکرد این نانوسیال به منظور 
تغییر ترشوندگی مغزهی‌ کربناته از حالت شدیداًً مایع‌دوست به حالت ابر گازدوست تحت شرایط عملیاتی مخزن، با انجام آزمایش های جریان 
سیال در سیستم گاز/مایع از طریق تزریق تک فازی مایع به درون مغزهی‌ اشباع شده از گاز مورد مطالعه قرار گرفت. نتایج آزمایش ها نشان داد 
که تحرک پذیری مایع در هر دو سیستم گاز/آب نمک و گاز/میعانات گازی بطور قابل ملاحظه‌ای پس از تغییر ترشوندگی سنگ افزایش یافت. 

، مخزن گاز میعانی، مایع گریز
 
ZnO/SiO

2
واژگان کلیدی: گازدوست، تغییر ترشوندگی، نانوسیال، نانوکامپوزیت 
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