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Abstract
Recently, inorganic nanomaterials have emerged as promising wettability modifiers to improve oil recovery. Among them, 
silica nanoparticles (SNPs) have gained a privileged place due to their outstanding properties. Several studies have reported 
the effectiveness of SNPs on this particular application. However, there is an increasing interest of understanding the param-
eters that may play an important role on oil recovery using nanofluids. The impact of particle size, particle concentration 
and types of nanoparticles on oil recovery have been reported. Nevertheless, to our knowledge, the influence of the surface 
charge has not been investigated. In this work, the effect of the surface charge of SNPs on oil recovery was studied. Silica 
nanoparticles with different charge profiles (negative, positive and slightly negative) were synthesized and characterized 
using transmission electron microscopy, FT-IR, dynamic light scattering and ζ-potential. Negatively charged nanoparticles 
(Neg-SNPs; − 33.45 ± 2.75) were obtained by following the Stöber process. The silanol groups present on the surface of 
the Neg-SNPs are responsible for the negative surface charge. Positively charged nanoparticles (AP-SNPs; + 42.25 ± 1.9) 
and slightly negatively charged nanoparticles (MeO-PEG-SNPs; − 12.20 ± 0.42) were obtained by grafting (3-aminopropyl) 
triethoxysilane and methoxy polyethylene glycol (MeO-PEG2K) onto the surface of Neg-SNPs, respectively. The impact of 
silica materials with different charge profiles on wettability alteration and oil displacement at different concentrations (100 
or 200 mg/L) was evaluated by contact angle estimation and spontaneous imbibition experiments. The results demonstrated 
that the surface charge of SNPs transformed the wettability of the sandstone cores and impacted oil recovery in a different 
extent. While MeO-PEG-SNPs showed the best performance at a low concentration, Neg-SNPs were the most effective in 
changing the rock wettability and removing oil from sandstone cores at a higher concentration. Overall, our results not only 
allowed to identify the impact of surface charge on oil recovery but also the effect of SNPs concentration on the suitability 
of the treatment for enhancing the oil recovery process.
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Introduction

Because wettability is one of the most important proper-
ties controlling oil recovery [2, 7, 26], the efficiency of this 
process has been improved using wettability modifiers such 
as surfactants and polymers [6, 29]. The utilization of these 
agents can induce changes in the wettability of the rock sur-
face from an oil-wet to a water-wet state, which affects the 
flow behavior of water and oil in porous media [6]. Nev-
ertheless, the use of polymers and surfactants is limited 
because their mechanical and shear properties are signifi-
cantly affected at the high temperatures and salinity pre-
sent in oil reservoirs [6, 17]. Therefore, it is critical to find 
novel approaches to enhance the oil recovery process. For 
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decades, nanomaterials have attracted considerable interest 
due to their novel properties in a wide variety of scientific 
areas [5, 12, 28, 34]. Recently, the utilization of nanoparti-
cles (NPs) for oil recovery has been proposed and evaluated 
[19, 24, 25, 34].

Different studies have reported that NPs can improve the 
wettability of the reservoir rock and they are more stable 
than surfactants and polymers at the conditions found in 
porous media [6, 34]. Emerging inorganic nanoparticles 
such as iron oxide, titanium oxide, aluminum oxide and 
silica have been used for this application [9, 14, 16, 21]. A 
comparative study using different types of nanofluids dem-
onstrated that silica nanoparticles (SNPs) had one of the best 
performances for enhancing oil recovery [19]. This is one 
of the reasons why this type of nanoparticles has attracted 
wide spread interest for oil displacement from porous media. 
Additionally, SNPs involve low cost of fabrication, stable 
structure and their surface can be easily modified by known 
chemical methods [23, 27]. There are several studies dem-
onstrating their effectiveness in the wettability alteration of 
reservoir rocks [1, 10, 18, 25]. For example, Ju et al. studied 
the change in the wettability of the sandstone surface using 
lipophobic and hydrophilic polysilicon nanoparticles [14]. 
The authors claimed that polysilicon nanoparticles are suit-
able agents for enhancing oil recovery. They also suggested 
that the concentration of the nanoparticles plays an impor-
tant role during the oil recovery process. Similarly, Rous-
taei et al. demonstrated that SNPs are effective enhanced oil 
recovery agents for light and intermediate oil reservoirs [25]. 
The results showed that the utilization of SNPs transformed 
the rock wettability and efficiently increased the oil recovery 
from light oil reservoirs.

Two classic mechanisms involved in oil recovery using 
nanofluids have been reported: (1) nanofluids decrease the 
interfacial tension between the water and the oil phase and 
(2) nanofluids can alter the rock wettability [3, 20, 26, 34]. 
Recently, a new mechanism of oil displacement from a 
solid substrate using nanoparticles has been proposed [15, 
33]. It is based on the ability of the nanoparticles to form 
two-dimensional layered structures in the confines of the 
three-phase (solid–oil–aqueous phase) contact line. This 
phenomenon induces a pressure gradient within the nano-
fluid, which is responsible for spreading the nanofluid over 
the solid surface, detaching the oil.

The three mechanisms mentioned above highly depend on 
the interaction between the NPs and porous media [32, 34]. 
It has been reported that the interaction between these two 
systems is affected by some parameters such as, shape and 
size of nanoparticles, nanoparticle concentration, particle 
charge, polydispersity and colloidal stability [15, 32–34]. 
There are several studies reporting the influence of size and 
concentration of SNPs, colloidal stability of SNPs, types of 
silica nanoparticles and temperature on oil recovery [30–32]. 

For example, Onyekonwu et al. used three different poly-
silicon nanoparticles (lipohydrophilic, hydrolipophobic and 
medium-wet nanoparticles) to evaluate their impact on oil 
recovery [20]. They concluded that these three types of nan-
oparticles are suitable oil recovery agents. Similarly, Ju et al. 
conducted a study using untreated polysilicon nanoparticle, 
lipophobic and hydrophilic polysilicon nanoparticle to eval-
uate the wettability alteration due to the adsorption of NPs 
on porous walls of sandstone [13]. Their results revealed 
that the nanoparticles were able to improve the relative 
permeability of water in porous media, thus, enhancing oil 
recovery. The effect of the size of SNPs on oil recovery was 
reported by Hendraningrat et al. [32]. The results indicated 
that oil recovery is inversely proportional to SNP size. On 
the other hand, Miranda et al. reported that high temperature 
and salinity affected the diffusion coefficient of SNPs and 
the interfacial tension between the SNPs and the bulk [18].

Other groups have studied the effect of concentration and 
colloidal stability of SNPs [11, 25]. These studies confirmed 
that these parameters are critical for an effective oil recov-
ery. Despite all these reported results, to our knowledge, 
no study has been undertaken experimentally to investigate 
the effect of surface charge of SNPs on oil recovery. We 
hypothesize that the surface charge of SNPs could impact 
oil recovery, since this parameter could significantly alter the 
wettability of the reservoir rocks. To prove this hypothesis, 
SNPs with different charge profiles: negative (Neg-SNPs; 
− 33.45 ± 2.75), positive (AP-SNPs; + 42.25 ± 1.90) and 
slightly negative (MeO-PEG-SNPs; − 12.20 ± 0.42) were 
synthesized and characterized using transmission electron 
microscopy (TEM), FT-IR, dynamic light scattering (DLS) 
and ζ-potential. In addition, the effect of the surface charge 
of SNPs on wettability alteration and oil recovery was evalu-
ated by contact angle estimation and spontaneous imbibition 
experiments. The results demonstrated that SNPs with dif-
ferent surface charge profiles were able to influence the rock 
wettability and increased the oil recovery. At a concentration 
of 100 mg/L, MeO-PEG-SNPs had the best performance 
in changing the rock wettability from an oil wet to a water 
wet state as determined by contact angle estimation. These 
results are in agreement with imbibition experiments which 
demonstrated that these NPs showed the higher oil displace-
ment. However, at a higher concentration (200 mg/L), the 
effectiveness of Neg-SNPs and AP-SNPs increased as dem-
onstrated by contact angle and imbibition experiments, with 
Neg-SNPs showing the best performance. These results offer 
an understanding of the influence of surface charge on oil 
recovery, which may provide valuable information to maxi-
mize oil recovery using nanofluids.
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Experimental details

Materials

Tetraethyl orthosilicate (TEOS 98%), ammonium hydrox-
ide solution (31.5%), methoxy polyethylene glycol (MeO-
PEG, 2K), 3-aminopropyl (AP) triethoxysilane (APTES), 
3-(triethoxysilyl)propyl isocyanate and absolute ethanol 
(95%) were obtained from Sigma-Aldrich (St Louis, MO, 
USA). Crude oil was obtained from Texas Raw Crude 
(Midland, TX, USA). Berea sandstone core plugs were 
purchased from Berea Sandstone Petroleum Cores (Ver-
milion, OH, USA). All the reagents and solvents were used 
as received without further purification.

Synthesis and characterization of silica 
nanoparticles with different charge profiles

For the synthesis of silica nanoparticles with different 
charge profiles, a multistep procedure was carried out 
by following the Stöber process using TEOS as a silica 
source and aqueous ammonium hydroxide as a catalyst 
[22]. First, 50 mL of a solution containing ammonium 
hydroxide (12 mmol), and deionized water (60 mmol) in 
ethanol was stirred for 5 min. Then, 10 mL of a mixture 
of TEOS (24 mmol) and ethanol was added to the previ-
ous solution and stirred overnight at room temperature. 
Afterward, SNPs were recovered by centrifugation at high 
speed, washed twice with ethanol, resuspended in ethanol 
and stored in the same solvent. The silanol groups present 
on the surface of the SNPs after this synthetic pathway 
provided negatively charged nanoparticles (Neg-SNPs; 
− 33.45 ± 2.75). The second step was the functionalization 
of the Neg-SNPs with various functional groups to render 
slightly negative and positive surface charges. Methoxy 
polyethylene glycol (MeO-PEG2K) was used to modify the 
surface of the Neg-SNPs to a slightly negatively charged 
surface (MeO-PEG-SNPs; − 12.20 ± 0.42). MeO-PEG2K 
has a near neutral ζ-potential and has the ability to neu-
tralize the negative charged surface provided by silanol 
groups. This functionalization step involved the modifi-
cation of one end of the MeO-PEG2K chain to obtain a 
MeO-PEG2K silane derivative for binding on the surface of 
silica nanoparticles. To synthesize the MeO-PEG2K-silane, 
302.2 mg (0.15 mmol) of dehydrated MeO-PEG2K were 
dissolved in 10 mL of dichloromethane. Then, 40.4 μL of 
3-(triethoxysilyl)propyl isocyanate was added and the final 
solution was stirred overnight at 0 °C. After this period 
of time, the final product was concentrated by rotary 
evaporation, dried in a vacuum and characterized using 
1H-NMR and 13C-NMR. Next, 100 mg of Neg-SNPs were 

redispersed in 30 ml of ethanol followed by the addition 
of 160 mg of the MeO-PEG2K-silane derivative. The final 
solution was refluxed overnight at 90 °C. MeO-PEG-SNPs 
were washed three times with ethanol and stored in the 
same solvent.

The positively charged nanoparticles (AP-SNPs; 
+ 42.25 ± 1.9) were obtained grafting (3-aminopropyl) tri-
ethoxysilane (APTES) onto the surface of Neg-SNPs by 
ethanolic refluxing. To this, 100 mg of Neg-SNPs were 
redispersed in 30 mL of ethanol. Then, 0.6 mmol of APTES 
was added to the nanoparticle solution and stirred overnight 
at 90 °C under refluxing conditions. AP-SNPs were washed 
three times with ethanol, resuspended in ethanol and stored 
in the same solvent.

The particle size and morphology of the negatively, 
slightly negatively and positively charged nanoparticles 
were determined using a JEOL JEM 2100 LaB6 Trans-
mission Electron Microscope (TEM). The hydrodynamic 
diameter and the ζ-potential of the nanoparticles in water 
were determined using a particle-size analyzer (Zetasizer 
Nano; Malvern Instruments, Malvern, UK). FT-IR analysis 
were performed to further confirm the successful surface 
modification of the silica materials (Perkin-Elmer 100 IR 
spectrophotometer).

Contact angle estimation

Berea sandstone core plugs were cut into small pieces and 
aged in crude oil for 7 days at 55 °C to alter the wetting ten-
dency of their surface to an oily-wet [9]. After this period of 
time, sandstone cores were removed from the crude oil and 
placed in an oven until dried. The aged sandstone core pieces 
were immersed into an aqueous solution of 0.3% NaCl con-
taining different concentrations of silica materials (100 or 
200 mg/L) for 24 h. Afterward, the samples were removed 
and placed in an oven until dried. Then, a droplet of water 
was added onto the surface of silica materials-treated sand-
stone and the angle between the solid surface and the tangent 
to the drop profile at the drop edge (contact angle) was meas-
ured by visual estimation [9]. As a control, contact angle 
estimation in untreated aged sandstone was also performed.

Imbibition experiments

For spontaneous imbibition experiments, Berea sandstone 
core plugs were cut into adequate pieces and aged in crude 
oil to alter the wetting tendency of their surface to an oily-
wet as established previously [9]. After this process, the 
mass of oil adsorbed by the sandstone core was determined 
by the difference between the mass of the dry core and the 
mass of the oil-treated core (Moil = Moil treated core − Mdry core). 
The volume of the oil present in the sandstone cores was cal-
culated using the density of the crude oil (0.7 g/mL). Then, 
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the aged sandstone core pieces were immersed into a glass 
jar containing a 0.3% NaCl aqueous solution and different 
concentrations of silica materials (100 or 200 mg/L). The 
oil that was expelled from the Berea sandstone as the nano-
particle solution imbibed was removed from the top of the 
glass jar using a glass pipette. The samples were centrifuged 
at high speed to remove the test solution and the amount of 
oil displaced by the solution of silica materials (expressed as 
a percentage of the original amount of oil in the sandstone 
cores) was estimated as a function of time. The imbibition 
studies were performed also in untreated cores.

Results and discussion

Characterization of silica nanoparticles 
with different charge profiles

The surface charge of nanoparticles may play an important 
role in oil recovery. To evaluate the effect of the surface 
charge of SNPs on oil recovery, SNPs with different charges 
(negative, positive and slightly negative) were prepared 

following a multistep procedure. First, the Stöber process 
was used to synthesize SNPs using TEOS as the silica 
source and ammonium hydroxide as a catalyst. The final 
material obtained from this synthetic pathway exhibited a 
negative surface charge due to the silanol groups present 
on its surface (Neg-SNPs). Next, the slightly negatively and 
positively charged nanoparticles were obtained by modify-
ing the surface of Neg-SNPs with MeO-PEG2K silane and 
APTES, respectively. Before grafting the MeO-PEG2K silane 
onto the surface of Neg-SNPs, its successful synthesis in situ 
was confirmed by NMR (supplementary material, Fig. S1): 
1H-NMR (300 MHz): δ (t, 2H, 0.63), (t, 9H, 1.20), (m, 2H, 
1.68), (t, 2H, 3.37), (s, 3H, 3.49), (m, 164H, 3.50–3.65), (q, 
6H, 3.76); 13C-NMR (300 MHz): δ 7.76  (CH2), 18.26  (CH3), 
25.14  (CH2), 45.45  (CH2), 58.46 (O–CH2), 61.67 (O–CH3), 
70.4–72.6 (O–CH2 PEG), 156.48 (C=O).

Finally, the structural properties of the nanoparticles 
were determined by dynamic light scattering, ζ-potential 
and TEM. According to TEM images (Fig. 1), the silica 
materials with different charge profiles were fabricated with 
a diameter of 59.6 ± 5.8 nm. The hydrodynamic diameter of 
Neg-SNPs was 78.8 ± 19.0 nm. Neg-SNPs modified with 

Fig. 1  TEM images of a Neg-SNPs, b AP-SNPs, and c MeO-PEG-SNPs. The diameter of the synthesized nanoparticles was around 
59.6 ± 5.8 nm
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APTES showed an increase in the hydrodynamic diameter 
(114.0 ± 16.6 nm). When MeO-PEG2K was grafted on the 
nanoparticles, the hydrodynamic diameter increased consid-
erably to 254.6 ± 181.0 nm. We believe that this increase in 
hydrodynamic diameter may be due to agglomeration of the 
nanoparticles as seen in the TEM images. The ζ-potential 
results demonstrated that SNPs were successfully modified 
to afford different charge profiles as shown in Table 1. Neg-
SNPs showed a ζ-potential of − 33.45 ± 2.75 mV indicat-
ing the presence of silanol groups on their surface. When 
SNPs were covered with MeO-PEG2K (MeO-PEG-SNPs), 
the ζ-potential decreased to − 12.20 ± 0.42 mV, which indi-
cates that the silanol groups were successfully neutralized by 
the polymer. On the other hand, SNPs modified with APTES 
(AP-SNPs) showed a ζ-potential of + 42.25 ± 1.90 mV, 
which demonstrates the presence of amine groups on the 
surface of the nanoparticles. To further confirm the modi-
fication of the synthesized nanoparticles, FT-IR analysis 

were performed. The FT-IR spectrum of Neg-SNPs (Fig. 2) 
showed the characteristics bands of Si–O–Si asymmet-
ric vibration and Si–OH asymmetric stretching vibration 
at 1048 and 948 cm−1, respectively [8]. After modifica-
tion of Neg-SNPs with APTES (AP-SNPs), a new peak at 
1556 cm−1 due to N–H bending vibration of amine groups 
is observed [4], which demonstrates that the amino groups 
were grafted onto the surface of Neg-SNPs. When the SNPs 
were modified with MeO-PEG2K (MeO-PEG-SNPs) it was 
observed the stretching vibrations at 1690 and 2982 cm−1 
corresponding to the carbonyl of the carbamate group and 
the C–H of the PEG chain, respectively. These results con-
firm the successful fabrication of SNPs with different charge 
profiles.

Effect of silica nanoparticles with different charge 
profiles on the wettability of Berea sandstone cores 
and oil displacement

Wettability alteration of rock reservoirs plays an important 
role in oil recovery and it is used to determine the efficacy 
of nanomaterials during the oil recovery process [34]. To 
investigate the effect of the surface charge of SNPs on oil 
recovery, two techniques were performed: contact angle esti-
mation and spontaneous imbibition experiments.

For contact angle estimation, the sandstone cores were 
submerged in crude oil for 7 days to change the wettability 

Table 1  Structural properties of the synthesized nanoparticles

Material Hydrodynamic diam-
eter (nm)

ζ-potential (mV)

Neg-SNPs 78.8 ± 19.0 − 33.45 ± 2.75
AP-SNPs 114.0 ± 16.6 + 42.25 ± 1.90
MeO-PEG-SNPs 254.6 ± 181.0 − 12.20 ± 0.42

(a)

(b)

(c) (d)

Fig. 2  FT-IR spectra of a Neg-SNPs, b AP-SNPs, c MeO-PEG-SNPs, and d close-up on the carbonyl group and the C–H of the PEG chain pre-
sent on MeO-PEG-SNPs
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of the rock to an oil-wet. Then, the crude oil-treated sand-
stone cores were exposed to variant concentrations of nano-
particles for 24 h and the contact angle was determined by 
visual estimation after adding a droplet of water on the sur-
face of the treated sandstone cores.

The results demonstrated that the three types of silica 
materials were able to alter the wettability of oil-treated 
sandstone cores at different extents depending on the con-
centration (Fig. 3). Untreated sandstone cores showed an 
estimated contact angle of 106.32°, which confirms their oil-
wet nature after the treatment with the crude oil. After expo-
sure to silica materials with different charges, the wettability 
of oil-treated sandstone cores was modified. At 100 mg/L, 
MeO-PEG-SNPs were able to change the contact angle to 
74°. Neg-SNPs altered the contact angle to 94.54°. On the 
other hand, core plugs treated with AP-SNPs changed the 
contact angle to 100.24°. These results demonstrated that at 
a low concentration the nanoparticles with slightly negative 
charge (MeO-PEG-SNPs) were more effective in modifying 

the wettability of the sandstone cores. However, when the 
concentration increased to 200  mg/L, MeO-PEG-SNP-
treated sandstone cores showed a contact angle of 105.14°, 
indicating that at this concentration, the wettability of the 
oil-treated sandstone cores was slightly altered. On the 
other hand, the treatment of core plugs with Neg-SNPs and 
AP-SNPs induced a change in contact angle of 68.84° and 
96.88°, respectively. These results indicated that at a higher 
concentration, nanoparticles with a negative surface charge 
(Neg-SNPs) were the most effective in altering the wettabil-
ity of the rocks from an oil-wet to a water-wetting condition. 
AP-SNPs increased their performance as the concentration 
increased. The decrease in effectivity of MeO-PEG-SNPs 
at 200 mg/L may be because at higher concentrations they 
agglomerate and precipitate. This may be one of the possible 
reasons that inhibits the efficient contact of the nanoparticles 
with the porous media [9].

For imbibition experiments, oil-treated Berea sandstone 
cores were exposed to different concentrations of silica 
materials (100 or 200 mg/L) and the amount of oil recov-
ered was determined as a function of time. Results dem-
onstrated that the non-treated sandstone cores showed the 
lowest crude oil displacement performance. However, when 
sandstone cores were exposed to silica materials, the crude 
oil displacement performance increased showing different 

Fig. 3  Contact angle estimation after treatment with silica nanoparti-
cles at different concentrations

Fig. 4  Spontaneous imbibition curves for sandstone cores exposed 
to: a silica nanoparticles with different charge profiles at 100 mg/L. b 
Silica nanoparticles with different charge profiles at 200 mg/L
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trends (Fig. 4). At a low concentration (100 mg/L), MeO-
PEG-SNPs showed the highest oil recovery as a function 
of time. After 11 days of exposure, the percentage of oil 
displacement was 11.5%. At this condition, Neg-SNPs dem-
onstrated to be more effective in removing oil from sand-
stone cores than AP-SNPs (7.4 and 5.5% of oil recovery, 
respectively). Contrary, when the concentration of the nano-
particles increased to 200 mg/L; MeO-PEG-SNPs showed 
the lowest effectivity in removing oil from sandstone cores. 
After 11 days of treatment, the percentage of oil decreased 
to 6.7%. On the other hand, negatively charged nanoparticles 
(Neg-SNPs) demonstrated to be the most effective for this 
particular application with a percentage of oil recovery of 
17%. AP-SNPs were more effective at a higher concentra-
tion that at a low concentration as shown by the increase in 
percentage of oil recovery from 5.5% (100 mg/L) to 10% 
(200 mg/L). These results indicated that slightly negatively 
charged nanoparticles are more effective in oil recovery 
at low concentrations. Nevertheless, the performance of 
negatively and positively charged nanoparticles improved 
by increasing nanoparticles concentration. The imbibition 
experiments were in agreement with contact angle estima-
tion results. It is known that water-wet nature increases 
the spontaneous imbibition process. Consequently, MeO-
PEG-SNP-treated sandstone cores which showed the most 
strongly water-wet nature at a low concentration; exhibited 
the faster spontaneous imbibition process. In contrast, those 
samples that showed the most strongly water-wet nature at a 
higher concentration (Neg-SNPs treated sandstone and AP-
SNPs-treated sandstone cores), also had the highest perfor-
mance in oil displacement. Taking together these results, 
demonstrated that the surface charge of SNPs impacted oil 
recovery in different extent. We believe that the decrease in 
efficiency of slightly negatively charged nanoparticles at a 
higher concentration (200 mg/L) is due to precipitation of 
MeO-PEG-SNPs, which could affect the interface between 
the oil and water phases.

Conclusion

Our work demonstrated that silica nanoparticles with dif-
ferent surface charges were capable of altering the wetta-
bility of sandstone cores as determined by contact angle 
estimation. Additionally, these materials impacted the oil 
recovery process in different extents. While MeO-PEG-
SNPs (slightly negatively charged nanoparticles) showed the 
highest oil recovery at a low concentration (100 mg/L), at a 
higher concentration (200 mg/L), Neg-SNPs demonstrated 
to be the most effective in recovering oil from sandstone 
cores. Moreover, the concentration plays an important role in 
evaluating the impact of the surface charge on oil recovery. 
As the concentration increased, Neg-SNPs and AP-SNPs 

improved the wettability and the oil recovery process. On the 
other hand, the effectiveness of MeO-PEG-SNPs decreased 
as the concentration increased. Overall, the results obtained 
from this study could not only give a deeper insight of the 
interaction between nanofluids and porous media, but could 
also provide additional information about the optimal struc-
tural characteristics that SNPs should meet to maximize oil 
recovery.
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