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Abstract 

In this study, hydrophobic silica nanoparticles were prepared by the surface 

modification of silica nanoparticles using dimethyldichlorosilane. Fourier transform 

infrared spectroscopy, thermogravimetric analysis, and X-ray photoelectron 

spectroscopy were employed for the characterization of the raw silica nanoparticles 

and modified silica nanoparticles. The results showed that methyl groups are 

successfully grafted on the surface of silica nanoparticles. The titration method was 

employed to quantitatively determine the surface hydroxyl number of silica 

nanoparticles, the result demonstrated that the surface hydroxyl number of silica 

nanoparticles significantly decreases after modification. The modified silica 

nanoparticles was dispersed in water using TX-100 as the dispersant and NaOH to 

adjust the pH. The dispersion was injected into an oil-treated artificial core, the 

injecting pressure of the NaCl solution (5 wt %) before and after injection was 

measured. The result showed that the hydrophobic silica nanoparticles exhibit a good 

pressure-decreasing ability. The contact angle of the slabbed core was measured, the 

contact angle increased from 36° to 134° after it was treated by the modified silica 

nanoparticle dispersion. Transmission electron microscopy was employed for the 

characterization of the modified silica nanoparticles. Scanning electron microscopy 

was employed for the characterization of the treated core; the result showed that the 

modified silica nanoparticles are adsorbed on the surface of the core and forms a 

hydrophobic layer, changing the wettability of the sand surface from water wet to oil 

wet, thereby decreasing the flowing pressure.  
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1. Introduction 

With the development of the global economy, the demand for oil is growing every 

year [1-2]. However, most conventional oilfields have been explored for several years, 

it is necessary to shift the focus to the development of unconventional oil resources, 

such as low-permeability oilfields [3-4]. Fracturing is necessary for exploring 

low-permeability oilfields [5]. After that, water flooding is conducted to displace the 

oil out. However, because of the existence of small pores and throats, as well as clay, 

in the formation rock, the water injecting pressure continuously increases when water 

flooding is conducted [6-8]. This will increase the cost of equipment and operation, as 

well as the security of production. Accordingly, decreasing the water injecting 

pressure is key for the development of low-permeability oilfields. 

For decreasing pressure in oil production, acidizing [9], wettability reversal by 

surfactants [10], and molecular films [11] are three commonly used methods. 

Acidizing is a useful method for removing the plug and broadening the water flowing 

channel. However, the operation is expensive and needs to be repeated to maintain the 

effect. The surfactant can be adsorbed on the rock surface, thereby changing the 

surface from hydrophilic to hydrophobic and decreasing the water injecting pressure. 

Nevertheless, the surfactant may emulsify the residual oil, and the emulsion formed 

may block the rock channel and throat. On the other hand, molecular films represent a 

new method for decreasing the water injecting pressure, and the mechanism is similar 

to that of a surfactant. While the adsorption of molecules is mainly dependent on 
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molecular forces and hydrogen bonds, the effective time is always short. 

The excellent physical and chemical properties of nanomaterials provide some 

new ideas for solving the above mentioned issue [12-16]. Various methods have been 

developed for preparing nanoparticles and for evaluating their properties [17-19]. 

However, because these nanoparticles exhibit high surface energy, they tend to 

aggregate in the medium and exhibit poor dispersion capacity in oil and organic 

solvents, thus, the applications of several nanoparticles are significantly limited. 

Fortunately, this problem can be resolved by some special preparation techniques, e.g., 

the surface modification of nanoparticles using some organic compounds [20-21]. As 

the surface modification agents are lyophilic, such as methyl, the modified 

nanoparticles can be stably dispersed in oil and organic solvents. ZnO, TiO2, and PbS 

nanoparticles have been reported to be successfully modified with organic compounds 

with the aim of improving their dispersive capacity in oil and organic solvents 

[22-24]. 

Silica nanoparticles are the most productive and widely used among all 

nanoparticles [25-27]. Because of their special optical performance, light catalysis 

characteristics, and rheological properties, they have been widely applied in rubber, 

cement, paper, ceramics, medicine, and paint [28-30]. However, because of the 

existence of surface hydroxyl groups, silica nanoparticles are always hydrophilic. The 

high surface energy of silica nanoparticles also makes them tend to aggregate in the 

medium [31-32]. Surface modification is necessary for extending their application. 

Typically, silane coupling agents, halogenated silanes, polymers, and long-chain 
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aliphatic alcohols are the organic compounds used for the surface modification of 

silica nanoparticles. Monde et al. have modified the surface of the silica nanoparticles 

using enzyme molecules and biomembrane probes, the modified silica nanoparticles 

demonstrate potential for applications in biochemical analysis and biotechnology [33]. 

Navid et al. have prepared highly charged polyelectrolyte-grafted silica nanoparticles 

with sulfonated polystyrene sulfonate, and the modified silica nanoparticles were used 

for preparing stable trichloroethylene in water and heptane in water Pickering 

emulsions [34]. Sun et al. have added partially hydrophobic modified silica 

nanoparticles for enhancing the stability of nitrogen foam, the enhanced nitrogen 

foam was used for improving oil recovery, and the result showed that the enhanced 

nitrogen foam exhibits oil recovery higher than that exhibited by ordinary nitrogen 

foam [35]. However, none of these modified silica nanoparticles were utilized in 

pressure-decreasing applications for oil production. 

In situ modification based on the sol–gel method [36] using siloxanes such as 

diethoxydimethylsilane or triethoxymethylsilane is an important method for 

synthesizing hydrophobic silica nanoparticles. However, the hydrolysis reaction 

is sensitive to pH. Furthermore, it is difficult to synthesize silica nanoparticles 

less than 100 nm. Moreover, it is difficult to control the size of the silica 

nanoparticles when the silica gel is heated. Compared with in situ modification, 

wet modification utilizes hydrophilic silica nanoparticles as raw materials. It is 

easy to control the size of the modified hydrophobic silica nanoparticles, besides, 

the modified reaction can be easily conducted. 
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In this paper, dimethyldichlorosilane (DMCS) was used for the surface 

modification of silica nanoparticles. The modified silica nanoparticles were 

successfully dispersed in water and used to decrease the water injecting pressure. The 

pressure-decreasing mechanism of the modified silica nanoparticles was investigated 

and discussed. The results obtained herein can provide theoretical support for 

pressure-decreasing applications in oil production, especially low-permeability 

oilfields. 

2. Materials and methods 

2.1 Materials 

Silica nanoparticles (15 nm) were purchased from Aladdin Reagent Company. The 

specific surface area of the sample was 359 nm
2
/g. DMCS, NaOH, HCl, and NaCl 

were purchased from Sinopharm Chemical Reagent Co., Ltd. The commercial 

pressure-decreasing agent, hydrophobic silica nanoparticles MGS-W, and dispersant 

MGS-J were purchased from Zhengzhou Dongshen Chemical Technology Co., Ltd. 

The artificial core was purchased from Haian Oil Scientific Research Apparatus Co., 

Ltd with permeability ranging from 1 × 10
−3

 µm
2
 to 50 × 10

−3
 µm

2
. The mixture of 

dehydrated crude and kerosene with a viscosity of 3 mPa·s was used as the oil. 

2.2 Apparatus and procedures 

2.2.1 Modification and dispersion of silica nanoparticles 

First, approximately 5 g of silica nanoparticles was added into a three-necked flask, 

second, silica nanoparticles were heated to 120 °C and stirring was maintained for 2 h 

for removing the moisture. Third, 95 g of anhydrous ethanol was added for dispersing 
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silica nanoparticles. Fourth, the stirring of the mixture was maintained for another 10 

min, followed by the addition of 1 g of DMCS and 0.3 g of distilled water. Next, after 

reacting for 2 h at 90 °C, the suspension was filtered under vacuum and washed 4–6 

times using anhydrous ethanol until all residues were removed. Finally, the filter cake 

was dried in a vacuum drying box for 24 h at 120 °C and ground to obtain modified 

silica nanoparticles. 

The modified silica nanoparticles thus obtained were dispersed as follows. First, 

1000 mL of distilled water was added into a beaker, followed by the addition of 4.5 g 

of TX-100. Second, the solution was stirred for approximately 10 min in a water bath 

at 25 °C. Third, 1.8 g of modified silica nanoparticles was slowly added into the 

solution. Next, 1 mol/L of NaOH was added dropwise when the temperature of the 

water bath was increased to 80 °C until the dispersion became clear and transparent. 

The zeta potential of the dispersion was measured using a Malvern Zetasizer Nano 

ZS90 instrument. 

MGS-W was dispersed in water along with MGS-J as the dispersant in the same 

method. The amount of TX-100 and modified silica nanoparticles can be adjusted 

according to the requirement. 

2.2.2 Core flowing experiment 

First, the artificial core was dried in an oven at 100 °C for 24 h for removing the 

moisture. Second, the dry weight W1 of the core and the diameter d and length L of 

the core were measured. Third, the core was dipped into a 5% NaCl solution and 

subjected to vacuum for 24 h for saturating it with saline. Then, the wet weight W2 
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was measured. The saturated core was placed into a core holder, and a surrounding 

pressure of 2.0 MPa was applied. Then, a 5% NaCl solution was injected into the core 

at a constant rate (Q) of 1 mL/min, and the injecting pressure P was measured. After 

that, the water was displaced out with oil at a rate of 0.1 mL/min for saturating the 

core with oil. The core was aged for three days and displaced using a NaCl solution at 

a rate of 1 mL/min until no oil flowed out. The displacement pressure P1 was 

measured. Approximately 1 pore volume (PV) modified silica nanoparticles 

dispersion was injected into the oil-treated core at a rate of 1 mL/min. The core was 

aged for another 24 h to allow for the adequate adsorption of modified silica 

nanoparticles on the sand surface. The following NaCl solution (5 wt%) was injected, 

and the injecting pressure P2 was measured. The dispersion of the modified silica 

nanoparticles was replaced by WGS-W dispersion and TX-100 solution, and the 

experiment was repeated in the same process. Fig. 1 shows the diagram of the 

experimental instrument. 

2.2.3 Characterization of modified silica nanoparticles 

A NEXUS reflectance infrared spectrometer (American Thermo Nicolet 

Company) was used to characterize silica nanoparticles by the KBr disk method. 

The titration method was employed for quantitatively determining the surface 

hydroxyl number, as described by Pan et al. [37]. First, approximately 2 g of silica 

nanoparticles was added to a 200 mL beaker, followed by the addition of 20% of a 75 

g NaCl solution and 25 mL of anhydrous ethanol. Second, the pH of the mixture was 

adjusted to 4 using a 0.1 mol/L of an HCl or NaOH solution. Third, the pH of the 
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mixture was titrated to 9 by using a 0.1 mol/L NaOH solution and maintained for 20 s. 

The surface hydroxyl number of sample can be calculated using formula 1: 

� =
����×�	




��
                           (1) 

C is the NaOH concentration (0.1 mol/L), V is the NaOH volume (mL) 

consumed when the pH increased from 4 to 9, NA is the Avogadro’s number, S is the 

specific surface area of the sample (nm
2
/g), and m is the quality of silica nanoparticles 

(g). 

X-ray photoelectron spectroscopy (XPS) spectrum of raw silica nanoparticles 

and modified silica nanoparticles were recorded using an XPS multi-functional 

surface measurement and analysis system ESCALAB250 (American Thermo-VG 

Scientific). Survey (0–1000 eV) and high-resolution spectra (C1s) were recorded at a 

pass energy of 150 eV. XPS test instrument conditions were as follows: target voltage 

and target current of the Al Kα excitation source were 15 kV and 10 mA, respectively. 

The vacuum chamber pressure was less than 2 × 10
−6

 Pa, the measurement step length 

was 0.1 eV, the sputtering speed was 0.2 nm/s, and the sputtering area was 2 mm × 2 

mm. The required XPS standard spectral data were obtained from the XPS manual. 

Thermogravimetric analysis (TGA) was conducted on an SDT Q600 

Simultaneous DSC-TGA (TA Instruments) for determining the amount of –CH3 that 

has been grafted on the surface of the silica nanoparticles. Both raw silica 

nanoparticles and modified silica nanoparticles were tested. The linear heating rate 

was always 10 °C/min, and the samples were heated under nitrogen at a flow rate of 

50 mL/min. 

Page 9 of 35 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



10 

 

Transmission electron microscopy (TEM, Japanese electronics JEM-2100) was 

used to characterize the modified silica nanoparticles.  

Field-emission scanning electron microscopy (FE-SEM) was employed for the 

characterization of the adsorption of modified silica nanoparticles on the core surface.  

The contact angle of the core cutter treated by modified silica nanoparticles was 

measured using a HARKE-SPCA contact angle measuring instrument from the 

Beijing Hakko test instrument factory. The surface of the slabbed core was dipped 

into the modified silica nanoparticles for 24 h after it was planished, and then the 

slabbed core was dried in the oven. Next, the circular drop method was employed for 

measuring the contact angle of water for the core cutter. 

3. Results and Discussion 

3.1 Characterization of modified silica nanoparticles 

FTIR was employed for the characterization of silica nanoparticles. As shown in Fig. 

2, both samples exhibited a very strong absorption peak at 1000–1100 cm
−1

, attributed 

to the stretching vibration of the Si–O–Si bond. A strong absorption peak was also 

observed at 1630 cm
−1

, attributed to the bending vibration of H–O–H of water. 

Furthermore, another absorption peak was observed at 3400 cm
−1

, attributed to the 

stretching vibrations of the hydroxyl group, this result confirms the existence of 

hydroxyl groups on the silica surface. The new absorption peak at around 3000 cm
−1

 

was attributed to the methyl stretching vibration, and the intensity of the absorption 

peak at 3400 cm
−1

, attributed to the hydroxyl groups, significantly decreased. This 

result is indicative of the decline of the surface hydroxyl number. The appearance of 
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the new absorption peak for methyl and weakening of the hydroxyl stretching 

vibration both confirm the successful grafting of methyl on the surface of silica 

nanoparticles. 

The titration method was employed for quantitatively determining the surface 

hydroxyl number of silica nanoparticles. Approximately 15 mL and 2.8 mL of a 

NaOH solution were consumed during titration by silica nanoparticles and modified 

silica nanoparticles, respectively. As calculated from formula 1, the surface hydroxyl 

number of silica and modified silica nanoparticles was 1.28 nm
−2

 and 0.24 nm
−2

, 

respectively. The surface hydroxyl number of silica nanoparticles decreased 

significantly after modification. As shown in Fig. 3, DMCS hydrolyzes in solution, 

and the highly reactive hydroxyl groups formed can react with the hydroxyl groups on 

the surface of silica nanoparticles, thereby decreasing the surface hydroxyl number. 

XPS was an important method for determining the surface composition. Fig. 4a 

shows the XPS spectra of raw silica and modified silica nanoparticles: except for the 

peaks observed at 103.5 eV (Si–O) and 150.5 eV (Si 2s), attributed to Si, and that at 

532.5 eV is attributed to O. The small peak of raw silica at 285.4 eV can be explained 

as the impurity in the sample. After modification, the peak at 285.4 eV (C-OR) 

enhanced significantly. In the C1s spectrum of the modified silica nanoparticles (Fig. 

4b), the C element existed in the form of -CH3, which confirms the modification of 

silica nanoparticles by DMCS. 

TGA was employed for determining the amount of –CH3 grafted on the 

surface of the silica nanoparticles. As shown in Fig. 5, for the raw silica 
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nanoparticles, when the temperature was increased from 25 °C to 120 °C, the 

sample weight decreased from 100% to 99%, attributed to the loss of adsorption 

water. After that, the weight decreased from 99% to 95% when the temperature 

was increased from 120 °C to 500 °C. This weight loss is attributed to the loss of 

condensation water from the polycondensation of surface hydroxyl groups. For 

the modified samples, when the temperature was increased from 25 °C to 550 °C, 

the sample weight decreased gradually from 100% to 96%, is also attributed to 

the loss of adsorption water and the loss of condensation water. On the other 

hand, when the temperature was increased from 550 °C to 800 °C, the weight 

decreased from 96% to 92.2%. This can be explained as the loss of methyl group 

grafted on the silica surface. The result proves that approximately 3.8% of -CH3 

is grafted on the surface of the silica nanoparticles. 

3.2 Dispersion of modified silica nanoparticles 

Fig. 6 shows the TEM image of the modified silica nanoparticles, the radius of the 

evenly distributed modified silica nanoparticles was approximately 15–20 nm. 

Because the methyl groups were grafted on the surface of the silica nanoparticles, the 

hydrophobicity of silica nanoparticles was significantly enhanced. As shown in Fig. 

7a, the modified silica nanoparticles can be easily dispersed in organic solvents such 

as diesel. However, if the modified silica nanoparticles are to be widely applied in 

oilfields, large amounts of diesel will be consumed. Besides, the transportation and 

storage of diesel pose several security risks, and it increases the cost of operation as 

well, hence, it is necessary to replace diesel with other mediums such as water.  
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In this study, modified silica nanoparticles were successfully dispersed in water 

with TX-100 as the dispersant and NaOH to adjust the pH. As shown in Fig. 7b, it is 

difficult to disperse the silica nanoparticles in water because of their hydrophobic 

surface. Hence, a dispersant is necessary for dispersing the modified silica 

nanoparticles. The special amphipathic structure of the surfactant makes it an 

excellent candidate for a dispersant [38-39]. The surfactant tends to form aggregates 

such as spherical micelles, rod-like micelles, and vesicles, and the hydrophobic cavity 

of these aggregates can provide an ideal environment for modified silica nanoparticles 

[40-41]. When TX-100 is added into water, it dissolves in water and fully stretches, 

and the steric effect of TX-100 can prevent the particles from coalescence, thereby 

increasing the dynamic stability of the system. The zeta potential is also important for 

colloid systems [42]. When NaOH is introduced to the system, OH
−
 can be adsorbed 

on the surface of the modified silica nanoparticles, thereby increasing the charge 

amount and zeta potential of particles. Thus, the electrostatic repulsion between the 

modified silica nanoparticles was increased. Then, the coalescence stability of the 

system increased as well. The results of zeta potential measurement were found to be 

in agreement with the abovementioned results. The zeta potential increased from 

−12.3 mV to −27.5mV after NaOH was introduced. The stability of the system also 

significantly enhanced. 

3.3 Core flowing experiment 

Core parameters such as pore volume (PV), porosity (ϕ), and permeability (k) can be 

calculated as follows: 
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� =
�����

�
                              (2) 

� =
���

����
                                (3) 

� =
����

����
                                (4) 

ρ is the density of the NaCl solution, which is 1.034 g/cm
−3

. 

Table 1 shows the experimental results. As shown in Fig. 8, the 

pressure-decreasing percent of MGS-W pressure-decreasing agent was 32%, while 

that for the modified silica nanoparticle dispersion was 45%. The pressure-decreasing 

ability of the modified silica nanoparticle dispersion was significantly better than 

those of the TX-100 solution and MGS-W pressure-decreasing agent. 

Table 1 Result of the core parameters and experiment 

Core 

number 

Treat 

solution 
PV/mL ϕ/% 

k/×10
−3

 

µm
2
 

P1/MPa P2/MPa 

Pressure 

decreasing 

percent/% 

1 

Modified 

SiO2 

dispersion 

10.23 21.70 33 1.33 0.73 45.1 

2 
MGS-W 

dispersion 
10.97 22.83 35 1.28 0.87 32.0 

3 
TX-100 

solution 
10.34 20.73 31 1.26 0.99 21.4 

 

3.4 Pressure-decreasing mechanism discussion 

The SEM images of the core before and after the treatment by the modified silica 

nanoparticles were recorded for investigating the interaction between the core and the 

modified silica nanoparticles. As shown in Fig. 9a, before the injection of modified 

silica nanoparticle dispersion, the surface of sandstone was smooth, with the exposed 

diagenetic mineral. After the modified silica nanoparticle dispersion was injected, the 
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salt made the dispersion unstable, thereby releasing the modified silica nanoparticles. 

As shown in Fig. 9b, the modified silica nanoparticles were adsorbed on the exposed 

sand surface, forming a hydrophobic layer on the sand surface. 

The contact angle of water to the slabbed core was measured. As shown in Fig. 

10a, the contact angle of water to the core was 36°, confirming the formation of a 

water-wet core. After the treatment of modified silica nanoparticles, as shown in Fig. 

10b, the contact angle of water increased to 134°. That is, the sand surface changes 

from water wet to oil after the treatment.  

The injecting well is always transformed from the production well when the 

production fluid is all water. Because of the long time washing and immersion of 

formation and injecting water, the formation rock surface changed from hydrophobic 

to hydrophilic. As shown in Fig. 11, a hydration shell was always formed on the rock 

surface when water flooding was conducted, and the injected water combined with the 

hydration shell, resulting in the increase in flow resistance and injection pressure. 

When the modified silica nanoparticle dispersion was injected into the core, the 

released modified silica nanoparticles formed a hydrophobic film on the sand surface, 

thereby crowding out the water on the sand surface and increasing the water flowing 

width. The modified silica nanoparticles can also move to the interlayers of clay 

minerals, discharge the interlayer water, and shrink the clay, which can also increase 

the water flowing channel. 

Because the wettability of the rock changed from water wet to oil wet caused by 

the adsorption of modified silica nanoparticles, the contact angle of water to the sand 
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surface increases. The adhesion work equation is expressed as follows: 

� = �(1 + "#$ 	&)                         (5) 

σ is the interface tension between the rock and water, θ is the contact angle of 

water to the sand surface, and W is the adhesion work. 

The adhesion work is mainly determined by interface tension and contact angle 

in a certain rock throat. If the sand surface was water wet, θ < 90°, cos θ > 0, W was 

positive. This implies difficulty for the water to be displaced out by adhesion work. 

When the sand surface became oil wet, θ > 90°, and cos θ < 0, W decreased. Now, it is 

easier to displace the water out. Thus, the water flowing resistance decreases, and the 

water injecting pressure accordingly decreases. 

4. Conclusion  

In summary, silica nanoparticles were modified with DMCS to change them from 

hydrophilic to hydrophobic. The modified silica nanoparticles were dispersed in water 

and first utilized to decrease the water injecting pressure for oil production. The result 

obtained from the core flowing experiment shows that the modified silica 

nanoparticles dispersion has good pressure-decreasing ability. Results obtained from 

SEM image and contact angle measurements demonstrate that modified silica 

nanoparticles can be adsorbed on the surface of exposed sand, which changes the rock 

surface from hydrophilic to hydrophobic and decreases the water flow resistance 

significantly. This will have broad applications in the development of oilfields to 

decrease the water-injecting pressure. 
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Figure Captions: 

Fig. 1: Instrument diagram for the core flowing experiment. 

Fig. 2: FTIR spectra of silica nanoparticles (black line) and modified silica 

nanoparticles (red line). 

Fig. 3: Mechanism of the modification of silica nanoparticles by DMCS. 

Fig. 4: XPS spectrum of silica nanoparticles and modified silica nanoparticles (a) and 

C1s XPS spectrum of modified silica nanoparticles (b). 

Fig. 5: TGA curves of silica nanoparticles (black line) and modified silica 

nanoparticles (red line). 

Fig. 6: TEM image of modified silica nanoparticles. 

Fig. 7: Images of modified silica nanoparticles dissolved in diesel (a) and water (b). 

Fig. 8: Pressure change for modified silica nanoparticle dispersion (1), MGS-W (2) 

and TX-100 solution (3). 

Fig. 9: SEM images of sand surface before (a) and after (b) the adsorption of 

modified silica nanoparticles. 

Fig. 10: Contact angle of water on slabbed core before (a) and after (b) the treatment 

of modified silica nanoparticle dispersion. 

Fig. 11: Pressure-decreasing mechanism for modified silica nanoparticles. 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 

  

Page 31 of 35 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



32 

 

 

 
Fig. 8 
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Fig. 9 
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Fig. 10 
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Fig. 11 
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