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82BAbstract. Extraction of oil trapped after primary and secondary oil production stages still poses many 
challenges in the oil industry. Therefore, innovative enhanced oil recovery (EOR) technologies are required 
to run the production more economically. Recent advances suggest renewed application of surface-
functionalized nanoparticles (NPs) for oil recovery due to improved stability and solubility, stabilization of 
emulsions, and low retention on porous media. The improved surface properties make the NPs more 
appropriate to improve microscopic sweep efficiency of water flood compared to bare nanoparticles, 
especially in challenging reservoirs. However, the EOR mechanisms of NPs are not well understood. This 
work evaluates the effect of four types of polymer-functionalized silica NPs as additives to the injection water 
for EOR. The NPs were examined as tertiary recovery agents in water-wet Berea sandstone rocks at 60 °C. 
The NPs were diluted to 0.1 wt. % in seawater before injection. Crude oil was obtained from North Sea field. 
The transport of NPs though porous media, as well as nanoparticles interactions with the rock system, were 
investigated to reveal possible EOR mechanisms. The experimental results showed that functionalized-silica 
NPs can effectively increase oil recovery in water-flooded reservoirs. The incremental oil recovery was up to 
14% of original oil in place (OOIP). Displacement studies suggested that oil recovery was affected by both 
interfacial tension reduction and wettability modification, however, the microscopic flow diversion due to 
pore plugging (log-jamming) and the formation of nanoparticle-stabilized emulsions were likely the relevant 
explanations for the mobilization of residual oil.  

1. Introduction   

Oil production rates from existing fields are declining, 
and the occurrence of new discoveries has been scarce [1, 
2]. Therefore, improving the recovery rates from mature 
oil fields is a priority for oil companies. The oil recovery 
factor from oil fields is typically around 20-40% of OOIP 
[3], the remaining oil is in some cases amenable for EOR. 
After conventional secondary water flooding, residual oil 
dwells in the reservoir pores as capillary-trapped and/or 
by-passed oil [2, 4]. Mobilization of the capillary-trapped 
oil requires increasing the viscous forces or decreasing the 
capillary forces [4, 5]. Applying sufficient pressure 
gradients between wells when injecting viscous fluid to 
increase viscous forces is the major challenge [2], as it can 
fracture the reservoir; hence, decreasing the capillary 
forces becomes an assertive option. This can be achieved 
through the reduction of interfacial tension (IFT) between 
the reservoir fluids. The by-passed oil or the oil located in 
unswept areas of the reservoir can be mobilized by pore 
plugging and flow diversion of injectants [4-7].      

To this end, research suggests that properly designed 
nanoparticles (NPs) can change the physical or chemical 
behavior of an oil reservoir, thereby improving 
microscopic sweep efficiency of water flood.  This is 
because NPs have small diameter size (1-100 nm) and 
large surface area-to-volume ratio. These properties 
enhance the mobility and surface activity of NPs, 
particularly at high temperature, making them suitable to 
modify fluid-rock properties and increase oil recovery [8, 
9]. Furthermore, NPs can easily travel through and reach 
untouched zones of a reservoir with no severe impact to 
the rock permeability [1, 7, 9].  

Thus far, silica NPs are the most researched nano-
materials because of their natural occurrence in sandstone 
formations and low cost [1, 10]. Additionally, silica NPs 
can be synthesized and surface functionalized to meet 
particular reservoir conditions [8, 9]. Promising oil 
recovery results have been reported in the literature due to 
silica nanoparticles injection [10-17] under a variety of 
experimental conditions. That is, the use of silica NPs of 
variable size, composition, surface functionalities, etc., 
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suspended in aqueous solutions with diverse ionic 
strength [10-16] or in non-aqueous solutions [15]. The 
concentration of the NPs in the base fluid is also varied 
including injection flowrate, temperature, evaluation 
criteria of oil recovery, etc. This, in turn, makes it difficult 
to adequately grasp the oil recovery mechanisms of silica 
nanoparticles. Aside from i) IFT reduction and wettability 
alteration, which are the two most suggested mechanisms 
[11, 15, 16, 18], NPs improve oil recovery by ii) structural 
disjoining pressure [26], iii) formation of emulsions [19-
21], and iv) log-jamming effect [5-7, 13, 22-24]. In some 
circumstances, more than one mechanism is associated 
with oil recovery. 

The shortcoming of using typical NPs is associated to 
their aggregation and agglomeration, especially at harsh 
reservoir conditions. Therefore, recent advances suggest 
renewed application of surface-functionalized NPs for 
EOR to overcome some of the problems encountered with 
bare nanoparticles. Silica NPs, which have polymers 
covalently attached to its surface forms a new class of 
nanomaterials that may be superior to bare NPs for EOR 
due to improved properties such stability, stabilization of 
emulsions, low retention on porous media, etc. [25, 26]. 
These are known as polymer-functionalized/coated NPs. 
Few studies on their application for EOR have shown to 
be suitable for reservoir conditions [27].  Ponnapati, et al. 
[28] conducted injection experiments with polymer-
grafted silica NPs in Berea sandstone. The NPs could 
mobilize residual oil and yield 7.9% of OOIP. The authors 
speculated that NPs clog the pores and increase local pore 
pressure to remove oil trapped in larger pores. Behzadi 
and Mohammadi [29] reported that polymer-coated silica 
NPs can modulate oil and water IFT and change the 
wettability of the oil-wet glass micromodel to more water-
wet, resulting in higher EOR than unmodified silica 
nanoparticles. Experiments conducted by Choi, et al. [30] 
found that, when injecting polymer-coated silica NPs into 
water-wet sandstones, 74.1% oil was recovered, which 
was comparable to water flood (68.9%) and 72.7% of 
OOIP from unmodified NPs. The authors argued that 
modified silica NPs increased oil recovery by lowering 
the injection pressure relative to unmodified ones, which 
was associated to the ordering of NPs in the wedge film 
between oil and rock surface, rendering more hydrophilic 
surface. Recently, Bila, et al. [17] evaluated various 
polymer-coated silica NPs for EOR application in neutral-
wet cores. The authors reported an incremental oil 
recovery up to 5.2% of OOIP after water flood. Like Choi, 
et al. [30], they reported pressure decrease with NPs 
injection. The oil recovery was attributed to the interfacial 
tension reduction and wettability alteration to more water-
wet condition.  

Based on the above studies, polymer-functionalized 
NPs can offer a pathway for EOR, however, more studies 
are needed to improve understanding of the underlying 
EOR mechanisms. This work evaluated the efficacy of 

polymer-functionalized silica NPs for EOR in water-wet 
reservoirs and identified the main mechanisms. Flood 
tests were conducted at high temperature with nanofluids 
prepared at 0.1 wt. % synthetic seawater.  

2. Experimental materials   

2.1 Silica NPs and synthetic seawater 

Four types of silica NPs were used. The particles were 
spherical and hydrophilic with surface functionalized with 
polymer molecules. The polymer coating aimed at 
providing a protective layer to the NPs and to prevent the 
NPs from attracting each other in solution (i.e. steric 
repulsive forces). These NPs are referred to as polymer- 
functionalized/coated silica nanoparticles hereafter. The 
main component of the NPs was silicon dioxide, other 
components such as aluminum oxide (Al2O3) and mixed 
oxides (MOX) were present. The NPs are special research 
and development (R&D) products from Evonik Industries 
and were supplied to us as AERODISP®, which is 
AEROSIL® particles in liquid solution. The properties of 
the NPs suspended in distilled water, as received, are 
given in Table 1. 

Table 1. Properties of silica NPs dispersed in distilled water. 

  NF Basis wt. % Size (nm) 
02-3 SiO2 (sol gel cationic) 38.6 107 
02-4 SiO2 (sol gel anionic) 26.0 32 
02-6 SiO2/Al2O3/MOX 21.6 218 
02-8 SiO2/Al2O3/MOX 25.6 145 

The concentrated solutions of the NPs were diluted to 
0.1 wt. % in synthetic North seawater (SSW), here 
referred to as nanofluid (NF). The number is used to 
identify the nanofluid type. The composition of prepared 
SSW by wt. % was NaCl (74.4), KCl (1.85), NaHCO3 
(0.57), Na2SO4 (10.62), CaCl2·6H2O (4.24), MgCl2·6H2O 
(8.25) and Sr2·6H2O (0.07). The total dissolved salts were 
≈38,318 ppm. The density, viscosity and pH of SSW was 
1.008 g/cm3, 0.53 cP and 7.97, respectively. The 
nanofluid density was 1.007-1.009 g/cm3 and the 
viscosity ranged from 0.51-0.67 cP. All measurements 
were performed at 60 °C using Anton Paar Density meter 
and Anton Paar Rheometer, respectively. 

2.2 Oleic phase  

A North Sea reservoir crude oil was used in this work. It 
was a light oil (30 °API, 6 cP at 60 °C) with 71.57 wt. % 
saturates, 20.81 wt. % aromatics, 7.44 wt. % resins and 
0.18 wt. % of asphaltenes. The crude oil was filtered twice 
through a 5-µm Millipore filter to remove any suspended 
particles that can block the lines and the pores spaces and 
or change the oil composition. Normal decane with 
density of 0.73 g/cm3 and viscosity of 0.92 cP at 20 °C 
was used for wettability experiments. 
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2.3 Core characterization and preparation 

Ten core plugs initially at water-wet conditions were used 
in this work. The cores were drilled from the same block 
of Berea sandstone; their mineral composition was 
measured with X-ray diffraction and were composed of 
93.7 vol % quartz, 5 vol % of Microcline (Alkali feldspar) 
and 1.3 vol % Diopside. The core plugs were prepared to 
have similar dimensions of 3.8 cm diameter and length of 
10 cm. They were cleaned with methanol through Soxhlet 
extractor and then dried at 60 °C for 2-3 days. Afterwards, 
gas porosity and permeability were measured on dried 
core plugs. The next step was to evacuate the core plugs 
for 2 hours and saturate them with SSW at 100 mbar 
vacuum pressure for 2-3 hours. The saturated cores were 
left soaked in the same SSW for at least 10 days for ionic 
equilibration with the rock constituents. The weight of the 
wet and dried core plugs was used to calculate the porosity 
and pore volume (PV), and these data are given Table 2. 

Table 2. Properties of Berea sandstone core plugs. 

Core Porosity (%) Kabs1 (mD) PV (ml)  
L1 18.7 404 21.4 
L2 17.4 537 21.8 
L3 15.9 460 17.6 
L4 16.2 411 17.9 
L5 17.1 367 18.9 
L6 16.8 333 18.5 
L7 18.4 384 20.3 
L8 18.3 184 20.3 

1Klinkenberg corrected permeability. 

2.4 Core flooding equipment    

Fig. 1 presents a schematic of core flooding rig with its 
main components labelled. It utilizes an injection pump, 
three cylinders containing oil, synthetic sea water and 
nanofluid each. All cylinders were assembled vertically 
inside a temperature-controlled oven.  

96B

 

Fig. 1. Schematic of core flooding apparatus. 

The core was loaded in the core-holder and oriented 
horizontally at a confining pressure held within 18-22 bar. 

A check valve and a backpressure regulator (BPR) were 
used to prevent back-flow of produced fluids and maintain 
the pore pressure constant during the core flooding 
experiments. The BPR wrapped with a heating plate was 
set to 5-bar pressure. The flooding experiments were 
conducted at 60 °C with the core oriented horizontally. 

3. Experimental methodology 

3.1 Core flooding   

Eight flooding tests were conducted with nanofluids as 
tertiary EOR-agents (parallel tests). First, the 100% SSW 
saturated core plug was injected with fresh SSW for 1-2 
PVs to ensure a complete removal of gas bubbles. Second, 
the drainage process was conducted by successively 
increasing the crude oil injection flowrate (0.5, 1.5 to 3 
ml/min) for 15 PVs. This procedure ensured that there was 
no SSW production and the irreducible water saturation 
(Swir) was achieved. The direction of the injection was 
reversed after half of the total PVs to even the distribution 
of the fluids in the core. This procedure also established 
the OOIP reported in Table 3. It is worth note that the 
drainage step was conducted at ambient conditions. 

Before the experiments, the flooding system was 
heated while injecting crude oil at low rate of 0.02 ml/min 
until the temperature stabilized at 60 °C. Then, water 
(SSW) flood followed at constant flowrate of 0.2 ml/min 
until there was no oil production for 1-2 PVs. Thereafter, 
the flowrate was increased ten-fold  (bump  rate)  for  ≈1PV  
to overcome the capillary end-effects. In the following 
step, the injection was continued with nanofluid at 0.2 
ml/min until there was no more oil production for 2-4 
PVs. Then, the flowrate was bumped   for  ≈1PV.  During  
the flood experiments, produced oil was collected every 
¼ PV and corrected for the flooding system dead volume. 
When the production was occurring at low pace, a camera 
with automated capturing was used to record the 
production in a graded line over time, while the total 
volume was being collected in a large effluent separator. 
The recorded pictures were then analyzed to measure the 
amount of oil produced. This oil was compared to the total 
volume of oil produced in the large effluent separator. The 
differential pressure (dP) and oil recovery were recorded 
versus PVs injected, and the residual oil saturation (Sor) 
was calculated for each flooding stage.                                   

3.2 Interfacial tension measurement   

The interfacial tension (IFT) between crude oil and SSW 
or nanofluids was determined with pendant drop and 
spinning drop techniques at 60 °C. For the pendant drop 
method, Kruss drop shape analyzer 100 assembled with a 
J-shape syringe-needle of 1.0047 mm of inner diameter 
was used to dose the oil drops. With the oil drop hanging 
from the needle in the bulk phase, the measurements were 
taken every 20 seconds until static IFT value was reached. 
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The IFT was calculate using Young-Laplace model. For 
the spinning drop method, a SVT20N (Data Physics) 
spinning video tensiometer was used.  

3.3 Amott-wettability test   

Wettability of the cores was evaluated before and after 
nanofluid flooding at ambient conditions using Amott-
test. Each core plug was set at Swir before placing it in the 
Amott cell filled with SSW. The SSW was allowed to 
imbibe spontaneously into the core displacing oil over 
time. The oil production was recorded stepwise until the 
equilibrium was reached and the total amount denoted as 
Vo1. The remaining mobile oil (Vo2) was forcibly 
displaced by core flooding method, i.e. by injecting SSW 
at high flowrates (1-3 ml/min). Then, the core was 
removed from the core-holder and dipped in the Amott 
cell filled with oil to assess whether the oil could 
spontaneously displace water phase. At equilibrium, the 
amount of SSW produced was recorded as Vw1. The 
remaining mobile SSW in the core (Vw2) was displaced by 
injecting oil at high flowrates. The oleic phase was n-
decane. 

The wettability index (WI) was is the difference 
between the displacement-by-water ratio (water index,

 w o1 o1 o2I =V V V ) and displacement-by-oil ratio (oil 
index,  o w1 w1 w2I =V V V ). A Categorization of 
wettability based on WIs is given by ref. [31]. 

4. Experimental results   

4.1 Oil recovery    

106BEight core flood tests were conducted at 60 °C.  Two core 
plugs were used for each nanofluid type to reproduce the 
results and reduce experimental errors. To overcome the 
capillary end-effects and ensure that any additional oil 
recovery was a result of nanofluid effect, the flow rate was 
increased from 0.2 to 2 ml/min at the end of the floods 
(procedure described in section 3.1). The oil recoveries 
achieved by water flood varied from 47.2 to 56.1% of 
OOIP. The incremental oil recovery due to nanofluid 
flooding ranged from 7.0 to 14% of OOIP. The production 
of first oil due to nanofluid injection was occurred from 
1.5 to 4 PVs. This was found to depend on NP type, and 
it was also affected by core properties. Significant oil 
production was observed after injection of several PVs of 
nanofluid. An example of oil recovery profile (water and 
nanofluid flood) at low- and high flow-rates is given in 
Fig. 2 as function of PVs (for NF02-4 and NF02-6). Crude 
oil was produced as an oil-in-water emulsion, especially 
when the flowrate was increased, during the flood of 
nanofluids NF02-3 and NF02-4. These samples (NF02-3 

and NF02-4) could increase oil recovery without having 
significant effect on the injection pressure relative to the 
base case, i.e. the differential pressure remained at the 
level of water flood (see Fig. 7a) throughout the duration 
of the process. 
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Fig. 2. Oil recovery factors (RFs) versus PVs injected: a) NF02-
4 and, b) NF02-6 injection. In both cases, the first oil production 
was observed after 3 PVs of nanofluids injection. 

In contrast, injection of NF02-6 and NF02-8 
significantly increased water flood pressure (see Fig. 7b); 
no visible signs of formation of emulsions were observed, 
even when the flowrate was increased. At the end of the 
flooding, a filtered NP “cake” was observed at the core 
inlet for both NF02-6 and NF02-8, showing physical    
filtration of large NPs and plugging of the pores during 
the floods. Table 3 summarizes the main results used to 
evaluate the nanofluid samples.  
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Table 3. Oil recovery factors (expressed as % of OOIP) achieved at each injection rate. The RF1 and RF2 represent the oil recovery 
factors at low flowrate (0.2 ml/min) and high flowrate (2 ml/min), respectively.  

NF Core 
Swir 

(%) 
OOIP 
(ml) 

Water flooding Sor1 

(%) 

Nanofluid flooding Sor2 

 (%) 

ED 

(%) 
Total 
RF RF1 RF2 RFt RF1 RF2  RF 

02-3 L1 24.7 16.1 44.7 2.5 47.2 39.8 8.6 1.4 9.9 33.6 15.6 57.1 
L2 32.2 14.8 43.9 4.1 48.0 35.3 7.0 4.1 11.1 27.7 22.0 59.1 

02-4 L3 10.5 15.7 51.7 4.4 56.1 39.3 15.3 3.0 8.3 31.9 19.0 64.4 
L4 10.6 16.0 50.3 3.8 54.1 41.1 11.6 2.5 14.1 28.5 31.0 68.2 

02-6 L5 15.5 16.0 50.0 4.1 54.1 38.8 8.4 1.9 10.3 30.1 22.4 64.4 
L6 16.7 15.4 46.8 4.2 51.0 44.3 4.7 2.3 7.0 35.1 21.0 58.0 

02-8 
L7 18.8 16.5 49.4 4.2 53.6 37.7 8.2 0.9 9.1 30.0 20.4 62.7 
L8 18.7 16.5 52.4 2.7 55.2 36.5 7.3 3.0 10.3 28.1 23.0 65.5 

The oil displacement efficiency was evaluated by 
equation: 

or2

or1

SE = 1- ×100%
S

  
  
   

D                (1) 

Here, 
1orS and 

2orS  represent residual oil saturation at the 

end of water- and nanofluid-flooding (including low and 
high flowrate injection), respectively.  

4.2 Interfacial tension     

The interfacial tension (IFT) between crude oil and NF02-
3 and NF02-4 was measured with both pendant drop and 
spinning drop methods. Nanofluids NF02-6 and NF02-8 
were very sensitive at high temperature; the solutions 
immediately precipitated at 60 °C and became opaque, 
thus making it impossible to use the pendant drop method 
for IFT analysis. The spinning drop was used instead.  Fig. 
3 shows a crude oil drop hanging from a needle within 
solution of sample NF02-6. Increasing temperature from 
at 22 °C (Fig. 3a) to 60 °C (Fig. 3b) caused the NPs to 
self-assemble at the oil and water (o/w) interface. The 
formed layers of NPs at the interafce eventually settled to 
the bottom of the cuvette due to gravity force. 
240B

 
Fig. 3. Crude oil drop suspended from a needle in NF02-6: a) at 
22 °C, and b) at 60 °C, NPs self-assembled at the w/o interface. 

This phenomenon was viewed thanks to high-resolution 
pendant drop camera. The measured values of IFT are 
presented in Table 4.  

Table 4. Interfacial tension values measured at 60 °C. 

 
Fluid 

Interfacial tension (mN/m) 
Pendant drop Spinning drop 

SSW 11.0 10.0 
NF02-3 3.5 3.1 
NF02-4 3.3 2.9 
NF02-6 - 6.8 
NF02-8 - 4.7 

The spinning drop was also used to confirm the IFT values 
obtained from pendant drop method for samples NF02-3 
and NF02-4. Fig. 4 shows a crude oil droplet dipped in the 
capillary tube and spun at 7,000 rpm and at 60 °C. Due to 
the high rotational speed, there were no visible aggregates 
of NPs and the IFT could be measured for all samples. 

 

Fig. 4. Shape of the crude oil drop inside the capillary tube 
filled with NF02-6 and spun at 7,000 rpm for IFT analysis 
using STV20 spinning drop video tensiometer. 

4.3 Core wettability 

Initial wettability of the cores was evaluated using two 
reference cores. The average wettability index was, WI = 
0.86, indicating strongly water-wet condition. The cores 
used afterwards were considered water-wet. This 
assumption was made because all core plugs were drilled 
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from the same block and followed the same preparation 
procedures. After nanofluid flooding was completed, each 
core (at Sor) was flooded with n-decane at high flowrates 
(1-3 ml/min) until residual water saturation was achieved. 
Afterwards, the core was dipped into the Amott cell 
following the procedure described in section 3.3. Fig. 5 
shows oil recovery from SSW spontaneous imbibition 
(SI) during 30-days test. As shown in Fig. 5, the rate of 
water imbibition decreased slightly in NP treated cores 
compared with that in original ones (not injected with 
NPs). Initially, oil was produced from all faces of the core 
plugs. After 24 hours, the production declined, and it was 
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Fig. 5. Water spontaneous imbibition performed on cores 

flooded with nanofluids (at ambient conditions). 

occurring from the top. The produced oil remained on the 
top surface of the cores and detached from it after several 
days or by gently shaking the Amott cells. These events 
are depicted by sudden increase in oil recovery at some 
points in Fig. 5. At equilibrium, the measured water 
indexes (Iw) varied from 0.5 to 0.89. In the second cycle 
of spontaneous imbibition, oil did not imbibe into the core 
or displace water, implying that Amott oil index is zero, 
Io= 0. Therefore, the Amott-test was not completed, and 
Amott water indexes were used to assess the effect of NPs 
on the rock surface.  

4.4 Permeability and porosity     

After nanofluid flooding, the cores were cleaned with 
toluene and methanol for several days with Soxhlet 
extraction and dried at 60 °C for 2-3 days. Then, the gas 
permeability and porosity were measured. The results are 
presented in Table 5. The objective was to determine and 
quantify the changes of initial values of permeability and 
porosity as result of NPs adsorption or retention during 
nanofluid flood. In Table 5 negative values indicate 
permeability or porosity impairment.  
 

5. Discussion of the results 

5.1 Nanofluid stability analysis  

The stability of nanofluids at 0.1 wt. % was analyzed via: 
i) particle size distribution (PSD), ii) zeta potential, and 
iii) sedimentation rates of nanoparticles. 

Malvern Zetasizer instrument was used to obtain PSD 
and zeta potential of NP solutions. After setting the 
temperature at 60 °C, the average particle diameter size 
for NF02-3 was 94 nm and 32 nm for NF02-4. These 
values are within the range claimed by manufacturer (i.e. 
107 nm for NF02-3 and 32 nm for NF02-4), which 
suggest that NPs were stable in seawater solution, at least 
for the measured period. The measurements of the particle 
size for samples NF02-6 and NF02-8 resulted in high 
values of polydispersity index, suggesting growth of 
particle size. It was therefore not suitable to characterize 
the particle size with dynamic light scattering technique. 
Measurements of zeta potential of NPs gave unreliable 
values, for unknown reasons.  

An analysis of sedimentation rate of NPs was 
conducted to verify particle size measurements. To this 
end, nanofluids were placed in the oven at 60 °C and 
monitored daily. It was observed that samples NF02-6 and 
NF02-8 were rapidly rendered unstable at 60 °C, which is 
consistent with observation made while measuring the 
IFT. Large NPs structures were formed and deposited to 
the bottom of the ampules within one-hour storage time. 
Stability of nanofluids “NF02-3” and “NF02-4” was 
achieved for up to four days. After this storage-time, they 
also started to precipitate and gradually settling out of 
solution, forming large aggregates. Fig. 6  shows NPs in 
the aggregated form at the bottom of the ampules (white). 
Interesting that some polymers were seen flocculating in 
NF02-4 solution. The precipitation of polymers is thought 
to be due to the divalent cations in aqueous solution (e.g. 
Mg2+, Ca2+) and high temperature [26, 32]. Consequently, 
the desired repulsion forces between the NPs in the 
solution vanished.   

 

Fig. 6 Visual stability analysis of nanofluids. The white color at 
the bottom of the ampule shows NPs in the aggregated form. 
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Table 5. Permeability and porosity measured before and after nanofluid flooding on core plugs. 

Core Injected 
nanofluid 

Permeability (mD) Porosity2 (%) 
Before After % difference Before After % difference 

L1 
02-3 

404 350 -13 19 17 -10 
L2 537 452 -16 20 16 -19 
L3 

02-4 
460 446 -3 17 15 -11 

L4 411 370 -10 18 16 -15 
L5 

02-6 
367 232 -37 18 13 -25 

L6 331 246 -26 18 14 -25 
L7 

02-8 
384 292 -24 18 15 -18 

L8 265 193 -20 20 17 -16 
2Measured with Helium porosimeter

Based on sedimentation test, it was concluded that 
NF02-3 and NF02-4 were stable for approximately 4 days 
whereas NF02-6 and NF02-8 became unstable at 60 °C. 
The short-term stability of nanofluids would reduce the 
transport of NPs through porous media and their surface 
functionalities, thus lowering the economic feasibility at 
field scale. This draws the conclusion that the surface 
modification needs to be improved to achieve a long-term 
stability over a long injection (expected at field-scales). 
The improvement should not only focus on the NPs 
stability, but also on the surface chemistry and other 
possible interactions that may occur between NPs and an 
oilfield system for better oil recovery. 

5.2 Evaluation of oil recovery    

Evaluation of tertiary oil recovery not only requires the 
reproducibility of experimental results, but also the proper 
determination of the waterflood Sor to ensure that any 
additional oil is solely due to the EOR fluid. To achieve 
this, twin core plugs were used for each nanofluid type; a 
bump rate was applied, for 1 PV, after waterflood no 
longer produced oil for 2 PVs during low rate.  

The results showed that nanofluids at a concentration 
of 0.1 wt. % can mobilize residual oil, but it was delayed 
compared to breakthrough of nanofluids. The arrival of 
first oil at the core outlet varied among the samples. It 
occurred within 1.5 to 4 PVs. The production due to 
NF02-6 (Fig. 2b) and NF02-8 was occurred at late 
injection times compared to other two samples NF02-3 
and NF02-4 (Fig. 2a). Most of oil production occurred in 
the form of small droplets that merged with the oil in the 
separator. In Fig. 2, the points at which oil recovery 
increases over time shows the ability of NPs to 
progressively mobilize residual oil. Large oil production 
occurred at the expense of large PVs of injected nanofluid, 
and the late occurrence is partly attributed to differences 
between the viscosities of nanofluids and crude oil. 
Additionally, the production was affected by water flood 
stage and variations in core properties. Therefore, the 
nanofluids to mobilize the trapped oil, an extra energy was 
needed. This energy was achieved by physicochemical 
interactions between NPs and rock system, i.e. 

deformation and breakage of oil drops and/or NPs 
blocking enough pores to build up enough pressure within 
the pores to detach and mobilize the oil in adjacent pores.  

Table 3 reports the overall oil recoveries achieved at 
the end of water- and nanofluid-flooding. The oil recovery 
achieved by water flood varied from 47.2% to 56.1% of 
OOIP after the flowrate was bumped. When the nanofluid 
system was injected at low rate, the incremental oil 
recovery varied from 4.7% to 11.6% of OOIP. Increasing 
the flowrate tenfold, for ≈1 PV, the ultimate recoveries 
reached 7.0% to 14.1% of OOIP. The oil recovery during 
the bump rate is shown in Fig. 2 by the “dotted”   lines. 
This was because it was difficult to record the amount of 
oil produced per step during bump rate, as it was a quick 
and short process. Additionally, oil was produced as small 
droplets and could easily be measured at the end of 
injection. Note that the “dotted”   lines   in Fig. 2 do not 
indicate a linear production of oil. The oil production on 
a bump flood was unexpected as the residual oil is trapped 
in the pores where high capillary forces prevail. This oil 
would resist flow even if it is flooded at higher capillary 
numbers than those present at trapping [33]. In this work, 
the produced oil indicated that capillary stability was 
perhaps not reached during low rate and/or the oil trapped 
in the thin gap between the end core plugs was produced 
at high flowrate. Future work is recommended to water 
flood enough to attain the equilibrium before applying 
EOR fluid injection and mitigate capillary end-effects. 

The twin cores produced comparable results; the 
variation was below 5% of OOIP. Upscaling the present 
results for field scale injection is still a challenge. 
Therefore, one cannot directly compare core scale results 
to large fields, it may appear economically unfeasible 
because of the cost of NPs. Research suggests that to 
better simulate the injections at field-scale, large PVs of 
nanofluids must be injected at core scale [34]. The results 
presented in Table 1 and Table 3 show that the highest 
incremental oil recovery was achieved with the smallest 
NPs size. The increase in oil recovery with decreasing NP 
size is consistent with the IFT reduction, see Table 4; 
small size NPs were efficient in lowering o/w interfacial 
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tension, resulting in higher oil recovery than the large 
sized NPs. These results are in agreement with previous 
findings reported by others [12, 19], but are also in 
contrast to the positive correlation observed between the 
NP size and oil recovery reported by Aurand, et al. [22].  

The NPs at 0.1 wt.% had no plausible effect on the 
viscosity of the SSW, thus unable to improve the mobility 
ratio. The maximum differential pressure was achieved 
from NPs of large size. This supports the notion that 
increasing NP size decreases the permeability [12], and 
reduces the surface functionalities of the NPs at the oil-
water-rock interfaces [35, 36], resulting poor oil recovery.  

In summary, the present work proved that polymer-
functionalized silica NPs can EOR efficiently in water-
wet waterflooded reservoirs.   

5.3 The EOR mechanisms of nanoparticles 

This work reports promising results on the application of 
polymer-functionalized silica NPs for EOR. It was noted 
that various recovery mechanisms can be operating for oil 
recovery, depending on NP type. This implies that more 
studies are needed to quantify the contribution of each 
mechanism involved. The following sections discuss and 
suggest the underlying oil recovery mechanisms of silica 
NPs based on our experimental results. 

5.3.1 Interfacial tension and wettability alteration 

Microscopic sweep efficiency can be improved by 
decreasing capillary forces through lowering oil and water 
IFT. When injecting NPs, the major expectation is that the 
differential pressure across the core exceed the capillary 
forces trapping the oil. This can be achieved if the NPs 
adsorb to the o/w interface and decrease IFT. Capillary 
number, Nc, describes the balance between the oil 
mobilizing forces (viscous forces) and the oil trapping 
forces, and it provides a mean to evaluate how effective 
the NPs are for EOR. 

c
μνN =
γ

                                       (2) 

Here,   µ   and   ν   are   the   viscosity   and   velocity   of   the  
displacing   fluid,   respectively,   and   ɣ   is   the   interfacial  
tension between the displacing and displaced phases. 
The Nc for water flooding calculated in this work is of 
order of 10-6. It is generally recognized that the critical 
capillary number for the onset of mobilization of residual 
oil in water-wet reservoirs is of orders of ≈10-5 [7, 37] 
above which, a complete mobilization of residual may 
take place. This condition can be met if any additive  to 
the injection fluid, such as NPs, can decrease the IFT 
between oil and water down to 10-3 mN/m [38].  

In this work, it was observed that silica NPs reduced 
the o/w interfacial tension. In Table 4, one can see that 
the reduction is modest, this is the IFT values are not low 
enough to produce enough Nc for significant mobilization 

the residual oil. Similar conclusion was reached by other 
researchers [22, 39]. Furthermore, the results indicate 
poor surface activity performance of NPs at the o/w 
interface. The reasons for that might be i) the high 
temperature that increased the degree of collision between 
the NPs in solution and the aggregation tendency at the 
o/w interface (see Fig. 3); ii) the accumulation (or 
coating) of polymer molecules on the particle surface 
could have prevented or reduced the amount of NPs that 
can move to the oil-water interface [40, 41], thus 
diminishing particle surface activity. This can occur even 
under favorable adsorption energy [42]; and iii) the 
surface modification was lost due to the precipitation of 
polymers in seawater due to multivalent ions. 
Furthermore, the aluminum present in composition of the 
particles (NF02-6 and NF02-8) would form sulphates in 
solution and prompting the formation of precipitates.  

The oil recovery due to NPs relies on both fluid-fluid 
and fluid-rock interactions. These interactions can modify 
the fluid distribution and flow-ability of the fluids within 
the reservoir. To investigate fluid-rock interactions 
induced by NPs, we explored the rate of water imbibition 
and the Amott indexes. From Fig. 5, one can see that the 
rate of water imbibition on NPs treated cores was as high 
as in original cores (not injected with NPs) from the 
beginning of the tests, which resulted in significant 
amount of oil recovery. The oil production was observed 
from all core faces showing a contribution of both gravity 
and capillary forces during wettability alteration [43]. 
Furthermore, in Fig. 5, we see a sudden increase in oil 
recovery over time from all cores indicating a progressive 
alteration of rock wettability due to NP exposure on the 
rock surface. The NPs could destabilize oil films on the 
surface, rendering the pore spaces more water-wet. At 
later stage, the oil was produced from top of the cores due 
to gravity forces. The measured Amott water indexes 
ranged from 0.5 to 0.86. There is some variation in the 
rate of water imbibition and Amott indexes in treated 
cores compared with original ones and it can be attributed 
to the retained NPs on the pores and of differences in core 
properties. 

The overall results suggest that wettability was 
affected by nanofluids to water-wet condition. These 
results were expected because of hydrophilic nature silica 
NPs and exposed to a substrate of like surface charge 
(Berea sandstone). During nanofluid flooding, NPs are 
forcibly confined to the pre-existing wedge formed 
between the three-phase water-oil-rock contact line, 
where they arranged themselves in a well-ordered layer 
and create an additional disjoining pressure [44], and 
developing new hydrophilic surface on the pores. The 
results are in agreement with previous studies [13, 45] that 
studied the wettability alteration using hydrophilic silica 
nanoparticles. Owing to small effects of NPs on IFT and 
wettability alteration, the polymer-functionalized silica 
NPs studied in this work are not expected to increase oil 
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recovery by solely reducing the IFT and/or by affecting 
the wettability. However, the irreversible adsorption of 
NPs to the o/w interface still plays a predominant role for 
stabilization of emulsions [20, 25, 46]. The emulsion 
formation is discussed in the Section 5.3.2. 

5.3.2 Transport of NPs through porous media 

Characterization of transport in the reservoir rocks has 
two components: the retention and the mobility of the 
nanoparticle dispersion. The former quantifies the 
fraction of injected NPs that survive and reach the target 
zone. The latter defines the operating conditions (e.g. 
injection pressure and/or flowrate) to bring the injected 
NPs through the desired pathway and time to the target 
location [47]. If the differential pressure (dP) across the 
core is decreasing throughout EOR flooding, it may 
indicate emulsification of oil [19] otherwise, it indicates 
microscopic flow diversion due to pore plugging [4, 6]. 
This information can lead to an understanding of the EOR 
mechanisms of NPs flooding. 

During the flood of nanofluids NF02-3 and NF02-4, it 
was observed that dP increased slightly for ≈1 PV, then it 
decreased and levelled to the reference waterflood value 
(Fig. 7a for NF02-4). The slow rise of dP is thought to be 
caused by physical confinement of the particles at the core 
entrance. Then, the pressure levelled relative to the base 
case as the injection advanced, indicating the ease with 
which the NPs were propagating through the pore spaces 
without clogging or causing significant damage to the 
rock permeability. The reduction of core absolute 
permeability varied from 3% to 16%, which confirmed 
low particle retention on the pore walls. The low injection 
pressure is likely a manifestation of the role the polymer 
coating on the NP surface played to improve particle 
mobility on the pores. Accordingly, this allowed the NPs 
to stick more to the oil/water interface. From this, we 
could infer the generation of in-situ emulsions with 
nanofluid flooding also prompted by flow dynamics and 
high temperature. This was confirmed by increasing the 
flowrate and oil-in-water emulsions could be visible in the 
effluent separator. Increasing the flowrate provided an 
extra energy required to break up oil phase, thus allowing 
more NPs to adsorb at the oil-water interface [21]. The 
generation of emulsions concurs with the reduction of 
IFT, especially for NF02-3 and NF02-4 (with the lowest 
IFT reduction among the studied samples). The formed 
emulsion droplets merged upwards with the oil in the 
effluent separator within one hour. Earlier studies that 
investigated the EOR effect of polymer-coated silica NPs, 
such as those used in this work, have also highlighted the 
formation of nanoparticles-stabilized emulsions as a mean 
by which the NPs increased oil recovery increase [13, 20, 
25].  It is most likely that samples NF02-3 and NF02-4 
improved oil recovery by increasing oil mobility due to 
generation of stabilized oil-in-water emulsions. 

The contrasting results were observed during the 
injection of samples NF02-6 and NF02-8, little to no 
emulsions were observed, even at high flowrate. The 
injection of these samples was accompanied with 
continuous increased pressure (see  Fig. 7b). After 5 PVs 
of nanofluid injection, dP showed high degree of 
oscillation until the tests were stopped. At the end of the 
floods, a filtered “cake” of NPs was formed at the core 
inlet (see the inset in Fig. 7b), indicating the occurrence 
of physical filtration and blockage of the pores.  
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11BFig. 7. Differential pressure profiles as a function of PVs of 
injected fluids: a) NF02-4 injection and b) The inset is the NPs 
“cake”  formed  at  the  core  inlet  during  the  injection  of  NF02-6. 

The aggregation at core entrance was expected 
because were unstable and creating favorable conditions 
for blockage of small pores from start of the injection. 
This is likely the primary reason for pressure increase. 
Consequently, the permeability reduction was in the range 
of 20% to 37% and was higher than that on cores injected 
with samples NF02-3 and NF02-4. The pressure pattern 
also indicated that pore plugging was also happening 
inside the core until an extreme pore blockage was 
reached. This likely lead to the diversion of the injection 
water and mobilization of bypassed oil in the adjacent 
pores. Fig. 7b also shows periods of an abrupt variation 
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of the pressure. These events supported the notion that 
NPs were further aggregating within the core; as a result, 
the pressure was redistributed within the pores to assist 
the injected water to reach the by-passed oil in the 
adjacent pores and push forward to the core outlet. The 
pressure was reduced by displacement of the oil and 
detachment of weakly adsorbed NPs on the pores. This 
led to the restoration of the normal flow of water. The 
events of sudden pressure drop in Fig. 7b reflect such 
migration behavior of NPs. The blockage continued in the 
available pore channels. Due to the high pressure 
generated with advancing of the injection and subsequent 
confinement of NPs in the pores, the oil was detached 
from the surface and produced before the pores were 
relocked. However, the pressure increase was not always 
accompanied by oil production.    

The primary recovery mechanisms for NF02-6 and 
NF02-8 is possibly through microscopic flow diversion 
also referred to as log-jamming effect [6, 7, 22]. 
According to Spildo, et al. [4] and Skauge, et al. [6] this 
phenomenon can be explained by mass difference 
between the NPs and water. The NPs in aqueous solution 
carry water molecules, which decreases their flow ability, 
hence causing the particles to accumulate at the pore 
entrance. This concurs with our results because the NPs 
were aggregating in SSW solution before injection.  

Due to the synergistic effect of IFT reduction and 
wetting effect, the high dP is believed to have contributed 
in the mobilization of both by-passed and capillary-
trapped oil. Quantifying the contribution of pore blocking 
and fluid flow diversion mechanisms in the mobilization 
of oil based on differential pressure is complex because 
pressure fluctuation. 

5.4 7 2BEffect of NPs on permeability and porosity  

To evaluate the influence of NPs on rock properties, 
permeability and porosity were evaluated and compared 
with initial values. The results are presented in Table 5. 
The permeability and porosity decreased relative to initial 
values. The cores injected with nanofluids containing 
small-sized NPs diameter (NF02-3 and NF02-4) resulted 
in the lowest permeability and porosity reduction in the 
range of 3% to 16% and from 10% to 19%, respectively. 
For these samples the particle retention may be due to 
chemical adsorption of NPs owing to their small size [11] 
and composition. The slightly high values of porosity 
reduction suggested that adsorption and blockage due to 
NPs were relevant in the large pores. As expected, large 
size particles gave the largest permeability and porosity 
impairments. The permeability reduction was from 20% 
to 37% and from 16% to 25% for the porosity. Because 
the NPs aggregated in SSW, significant permeability and 
porosity reductions were expected. It is likely that the 
measurements were affected by core preparation steps for 
wettability evaluation post nanofluid flood. 

6. Conclusions 

In this work, a series of flooding experiments were 
conducted to investigate to unleash the EOR potential of 
four different types of polymer-functionalized silica NPs 
on water-wet Berea sandstone cores at 60 °C. The 
underlying EOR mechanisms of the NPs were also 
investigated. The following conclusions were obtained:  

 The core flooding studies demonstrated that 
silica nanoparticles coated with polymer chains 
can effectively mobilize residual oil and increase 
oil recovery. The incremental oil recovery 
ranged from 7 to 14% of OOIP; 

 The IFT between water and oil was decreased 
with modified silica NPs, but the reduction is not 
in orders of magnitude to contribute significantly 
for the remobilization of residual oil; 

 The nanoparticles caused variation of the Berea 
sandstone surface structure, thus affecting the 
wettability towards water-wet condition; 

 Aside from IFT reduction and wettability 
alteration, nanofluids NF02-3 and NF02-4 
increased the mobility of trapped oil by creating 
oil droplets emulsions, while pore blocking, and 
microscopic flow diversion was relevant 
mechanism for samples NF02-6 and NF02-8. 

Further work includes improving evaluation 
procedure of oil recovery as well as recovery mechanisms 
of the nanoparticles in neutral-wet reservoirs. 
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