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Abstract
The mechanisms involved in nanoparticle application in enhanced oil recovery processes particularly when 

nanoparticles are used in conjunction with other chemical agents are still controversial. In this study, the main 
focus is on pore scale investigation of nanoparticle-surfactant mixture flooding as an enhanced oil recovery 
process. Five spot glass micro model experiments were conducted to study the oil recovery mechanisms in the 
presence of hydrophilic silica nanoparticles at various concentrations. Macroscopic oil recovery as well as pore fluid 
distributions were evaluated by the continuous images taken from the micro model during the injection process. The 
results represent that wettability alteration is the most important factor contributing to additional oil recovery when 
nanoparticles exist in the injected solution. Nanoparticles could significantly improve the oil recovery obtained during 
water and surfactant flooding. The oil film on the pore walls were slightly thinned by the sole surfactant solution while 
with the addition of nanoparticles, it was completely removed and became strongly water wet surface.
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Inroduction
Nanotechnology in the petroleum industry has gained enormous 

interest in the recent years, which is reflected in the amount of literature 
available. Nanoparticles for EOR purposes seem gradually to become 
the cutting-edge technology the ability of nanoparticles involves 
altering certain factors of the formation and oil properties which can be 
taken as an advantage of them in enhance oil recovery scenarios. This 
involves introducing these nanoparticles into formations and studying 
are effect on oil recovery. 

Wettability is a one of the key factors which affects oil recovery 
from reservoir rocks. It extremely affects the flow priority and also 
distribution of fluids through porous medium. Changing wettability 
towards adequate circumstances (more water preferable) to increas oil 
recovery factor has been selected in plenty of research studies. These 
works show the high capability of surfactants to change wetness of 
surface [1-5]. Other associated mechanism with surfactant injection 
is the interfacial tension reduction between oil and water owing 
to mitigate capillary forces which allows recovering of trapped oil. 
Several researches have focused on obtain ultra-low IFT values using 
surfactants to increase its effectiveness [6-8]. Surfactant injection 
is characterized by Critical Micelle Concentration (CMC) and 
solubilization ratio parameters which are essential to Optimum design 
of surfactant flooding program [9]. 

Addition of alkali (e.g. sodium carbonate) reduces the adsorption 
of surfactant on rock surface which is the crucial factor for the process 
to applicable it for carbonate reservoirs. Thus, ultra IFT and wettability 
modification make desirable conditions for improve oil recovery form 
oil-wet carbonate rocks as well [10]. The best surfactant formulation is 
function of phase behavior, good solubility and low loss of surfactant in 
formation. Besides, more successful surfactant flooding relies on ultra 
IFT at optimum salinity and low retention [11].

Micromodels are two-dimensional structure of the porous medium 
which uses to visualize the flow behavior at pore scale. It can be used for 
observation of flow and transport phenomena at the microscale during 
fluid displacement in EOR process [12,13].
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Pore structure has known as an effective parameter during fluid 
displacement; therefore, many works are done with the purpose of 
investigating pore morphology using micromodel. These studies show 
that the shape of pores and their connection to others has influenced 
on flow direction and ultimate oil recovery [5,14,15]. 

Application of nanoparticle in enhanced oil recovery has drawn 
attentions to petroleum industry over the last decade. Experimental 
work at lab scale on different rock types, sandstone and carbonate, to 
investigate underling mechanisms have been subject of many researches. 
Several mechanisms have been proposed for as follows: wettability 
alteration, reduction of interfacial tension, oil viscosity and mobility 
ratio reduction [16-18]. Nanofluid flooding under secondary and tertiary 
injection schemes in Berea sandstone core plugs increases recovery 8% 
and 2% of OOIP respectively [17]. Also, nanoparticles have been used 
as an agent to stabilize oil/water emulsions and foam to improve the 
mobility control in EOR process [19-22]. Some researchers applied 
nanoparticles to improve surfactant functions such as their ability of IFT 
reduction [23-25] and decreasing surfactant adsorption [26]. 

Surfactant injection EOR has confirmed via a wide variety of 
examinations form lab to field application. Much research has been 
done in this case of individual application of surfactant and nano-
material as EOR agent. However, based on literature survey, it is 
concluded that a few work has been done to evaluate the feasibility of 
using combination of nanoparticles and surfactant in EOR processes 
by means of micro-model.
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The objectives of this study are to carry out a systematic experiment 
on the effect of adding nanoparticles in surfactant solution on increasing 
oil recovery. Thus, several injection tests into micromodel were designed 
and performed. During the processes a series of photos were captured 
in order to observe oil displacement by injected fluid [27].

Research Methodology 
Experimental procedure

Experiments were carried out in a one-quarter five spot etched glass 
micromodel. The micromodel apparatus involving a high-pressure air 
cylinder, precise flow rate pump (Quizix QL-700 with an injection 
accuracy of 10−5 ml/min), transfer vessels, high resolution NIKON 
D-900 camera, digital microscope, micromodel holder and glass 
micromodel. Figure 1 shows a schematic of the micromodel system. 
The micromodels glass plate has approximately 60 mm length, 60 mm 
width. Figure 2 represents a glass micromodel pattern that used in 
this set of experiments. The Table 1 summarizes physical properties 
of the models. Before running each test, the glass micromodel was 
cleaned to assure no oil is remained after previous run. During cleaning 
procedure, distilled water and toluene were injected into micromodel to 
circulation with several cycles.

To change the natural water-wet surface of glass micromodel to 
oil-wet condition, a multi-step procedure called “Silinization” applied 
in which a chemical material “TriChloroMethylSilane” employed. The 
procedure is as follows:

• Rinse micromodel with common existing solvents in laboratory 
like toluene.

• Rinse micromodel with distilled water.

• Rinse micromodel with HCl for at least 15 minutes.

• Rinse glass surface with distilled water then dry it for at least 30 
min at 150°C in oven.

• Prepare a dilute solution of 98% dehydrate toluene and 2% 
TriChloroMethylSilane.

• Rinse glass surface with dilute solution for at least 20 min then 
rinse it with methanol.

• Dry micromodel at 100°C in oven for at least 1 hr.

Experiments started with saturation of micromodel with water and 
crude oil respectively. This process aims to establish initial condition of 
micromodel. Then chemical flooding takes place to displace oil as an 
EOR agent. During injection of desired solution, a series of photos were 
captured to observe the process of displacing oil with injected fluid. 
Preparation of both models, homogeneous and fractured model, before 
flooding was the same.

Materials 

This section contains the information about the solutions used in 
the experiments and describes the procedure followed in micromodel 
injection processes. All the experiments were performed using 10000 
ppm NaCl brine and a reservoir oil with viscosity of 14 cp at ambient 
condition. The crude oil was obtained from an Iranian oil field having 
an API of 21 degrees. Chemical materials including silica nanoparticle 
and Sodium Dodecyl Benzene sulfonate (SDBS) surfactant. The 
nanoparticles were ordered from Evonik Industries and consist of 
Hydrophilic Fumed Silica (AEROSIL 300) with purity of 99.8%. The 
specific surface area is 300 ± 30 m2/g and the average particle diameter 
is 7 nm. It should be noticed that nanoparticles are approximately 
spherical in shape as observed in TEM images represented in Figure 3.

SDBS is an anionic surfactant which used in many purpose in 
oil laboratory due to its capability in lowering IFT and changing 
wettability of surface. The aqueous surfactant solutions obtained by 
adding adequate amount of SDBS into distilled water. Brine solution of 
10000 ppm NACL which was prepared by solution of adequate amount 
of NACL salt provided by MERK Company into distilled water was 
used as connate water.

Conductivity measurement tool was used to determine critical 
micelle concentration (CMC). After preparation of injection solation, 
a series of flooding experiments were performed in micromodel 
apparatus at ambient pressure and temperature.

The values of sweep efficiency during these experiments were 
obtained by pixel analyzing of captured images after sharpening images 
using graphically software, Photoshop. To show the performance 
of displacing process and its capability of recovering inaccessible oil 
after breakthrough, the values of oil recoveries reported at the time of 
breakthrough and after 1.2 PV of injection. Composition of injected 
fluids during chemical injection is listed in Table 1. Experiments 
include water flooding; surfactant flooding, nanoparticle solution 
flooding, and nanoparticles assisted surfactant flooding are designed to 
examine research targets.

Figure 1: Micromodel system.

Figure 2: Schematic of homogenous glass micromodel.

Model type Throat 
diameter (μm)

Etched 
depth (μm)

Permeability 
(mD) Porosity (%)

Homogeneous 200 65 1100 37

Table 1: Summary of physical properties.

Figure 3: TEM image of silica nanoparticles used.
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Results and Discussion
CMC determination

CMC values were measured at 0 ppm and 10000 ppm of NaCl 
salinity to be 2240 ppm and 700 ppm, respectively. Then silica 
nanoparticles with 1000 ppm were added to the solution which results 
in reduction of initial CMC values to 1700 and 600 ppm, respectively. 

Static tests

To evaluate the ability of emulsion formation several test tubes 
with different concentrations were investigated. Fig 4 shows emulsion 
formation using nanoparticles (a), surfactant (b), and Nano-surfactant 
(c). Observation shows that nanoparticles assisted surfactant have more 
ability to establish emulsion. 

Micromodel results

This part presents results of various sets of experiments of chemical 
flooding that can improve oil recovery at pore scale. Experiments 
include water flooding, surfactant flooding, nanofluid flooding, and 
nanofluid assisted surfactant flooding which were conducted under 
different scenarios, as mentioned in Table 2.

Water flooding (base case): Water flooding considered as base 
case to comparison of various experiments strategy which results in 
oil recovery of 36%. Water crossed the pattern during water flooding 
in a nearly straight path resulted a significant amount of oil behind as 
shown Figure 4. Scanning pore walls using digital microscope after 
water flooding shows that no wettability alternation has occurred 
during water flooding shown in Figure 5.

Microscopic flow phenomena observed during brine injection in 
shown in Figure 6. The wall of pore throat coated with thin film of oil 
which represents oil-wet condition that result in low oil recovery.

Surfactant flooding: In this strategy, a series of surfactant flooding 
processes, as expressed in Table 2, were performed. Figure 7 shows the 
results of oil recovery when only surfactant was injected.

These 4 cases can be classified in 2 categories, namely surfactant 
concentrations below and above CMC. In low surfactant concentrations 
(below CMC), increasing surfactant concentration resulted in more 
oil recovery. This increment in recovery was more pronounced 
after occurring surfactant solution breakthrough. When surfactant 
concentration was more than CMC, oil recovery didn’t change 
significantly with increasing concentration of surfactant. 

After breakthrough, addition of oil recovery mainly depends on the 
value of interfacial tension and rheology of injected fluid. With respect 
to the behavior of IFT below and upper than CMC, it can be concluded 
that in low concentration, IFT had an extreme effect on sweeping of oil 
that was inaccessible before breakthrough. If surfactant concentration 
is more enough than CMC, then surfactant concentration has not any 

Case # SDBS (ppm) SiO2 (ppm) Nacl (ppm)
1 200 0 10000
2 500 0 10000
3 1000 0 10000
4 2000 0 10000
5 0 200 10000
6 0 500 10000
7 0 1000 10000
8 0 2000 10000
9 500 200 10000
10 500 1000 10000
11 500 2000 10000
12 1000 200 10000
13 1000 1000 10000
14 1000 2000 10000

Table 2: Illustrates composition of the injected fluids.

Figure 4: Emulsion formation in test tube.

Figure 5: Flow path of displacing water.

Figure 6: Initial oil wet condition of pore walls.

Figure 7: Values of areal sweep efficiency during injection of surfactant 
solution in micromodel.
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This might be due to change of pore walls wetness. In other words, 
nanoparticles alter oil wet condition of pore walls to water wet and 
consequently change the flow path. 

When nanoparticles assisted surfactant flooding oil recovery 
increased dramatically in comparison with water injection. At the time 
of breakthrough, the solution with lowest concentration of surfactant 
and the optimum nanoparticles concentration (1000 ppm) showed 
highest value of recovery. In all cases, recovery value’s after 1.2 PVs of 
injected solution were nearly at the same level.

Comparison of the results

Figures 10-13 shows a comparison illustration of the flow path in 
cases of water, surfactant, nanoparticles and surfactant-nanoparticles 
injection. Addition of surfactant into the injecting water has changed 
the flow path and displacing process performance extremely (Figure 
10). In this case, swept area covered a large portion of entire model and, 
except some large oil blobs; the swept area was free of oil after flooding. 
In the case of nanoparticle injection, swept area was extended but, 
many discontinuous oil blobs have been observed after process (Figure 
11). In this case, it seems that nanoparticles have changed the flow 
path by altering wettability. When nanoparticles were added into the 
surfactant solution, efficiency was improved significantly (Figures 12 

influence on IFT reduction. Therefore, oil recovery cannot be changed 
significantly.

Nanofluid flooding: In the case of nanofluid flooding, nanofluid 
solution with concentration of 200, 500, 1000, and 2000 were injected 
in micromodel. According to the results nanofluid injection can 
improve oil recovery upto 70%.

Nanoparticle assisted surfactant flooding
The effect of nanoparticles on assisting surfactant flooding for 

incremental oil recovery was investigated by performing six sets of 
experiments, as mentioned in Table 2 cases 9 to 14. 

Oil recovery was increased up to 73% when nanoparticle and 
surfactant were injected simultaneously. Figure 8 shows the values of oil 
recovery when nanoparticles were injected as a solution independently. 
In this set of runs, it has been observed that with increasing nanoparticle 
concentrations, oil recovery will be increased at breakthrough time 
dramatically. After reaching breakthrough, oil recovery did not change 
significantly with increasing particles concentration (Figure 9). 

From analyzing captured images during injection, the main 
reason of nanofluid capability in enhancing oil recovery was thought 
as changing in flow path after injecting a fraction of pore volume. 

Figure 8: Results of nanofluid in micromodel.

Figure 9: Values of areal sweep efficiency during injection of surfactant-nano 
solution in micromodel.

Figure 10: Flow path of displacing surfactant solution (1000 ppm).

Figure 11: Flow path of displacing nanoparticle solution (2000 ppm).

Figure 12: a) Injection of nanofluid (1000 ppm). b) Injection of surfactant-nano 
solution.

 
Figure 13: a) Injection of surfactant solution. b) Injection of surfactant-nano 
solution.
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and 13). Also, the pattern of swept area has been changed in respect to 
the cases of water and surfactant injection. Presence of both surfactant 
and nanoparticles in injection fluid has decreased the remained oil 
blobs in swept area. In the following figures, the impact of nanoparticles 
on performance of surfactant solution is obviously clear. The effect of 
silica nanoparticles and surfactant solutions on fluid distribution on the 
walls and throats has investigated by several microscopic pictures using 
digital microscope.

Figures 14a and 14b shows initial wetness of pore walls before 
flooding. A thin layer of oil adheres to pore walls in the presence of 
connate water that dictates oil wet condition. After running chemical 
fluid, digital photos were taken to confirm ability of chemical agents 
in changing wettability. Figures 14c and 14d illustrate wetness of pore 
walls after chemical flooding. In these cases, the ability of surfactant-
nanoparticle augmented fluid in changing wettability is shown. 
This change in wettability was more visible at high concentration of 
nanoparticles. 

Also, microscope images of micromodel confirm oil-in-water 
emulsion formation during nanoparticle assisted surfactant flooding in 
micromodel system, as shown in Figure 15.

Emulsions increase the viscosity of displacing fluid which results 
in improving the mobility ratio and leads to a better sweep efficiency. 
Emulsions increase viscosity of displacing fluid which results in 
improving the mobility ratio and leads to a better sweep efficiency. 
Aqueous dispersion of nanoparticles with surfactant enhanced 

emulsions formation and stabilization due to their surface activities. 
Therefore, injection fluid viscosity enhanced and provide better 
conformance which is important in macroscopic recovery efficiency.

Conclusion
This set of experiments provides considerable insight into the 

mechanisms of oil recovery by nanoparticles assisted surfactant 
solutions in porous medium of micromodel. Consequently, the 
following conclusions are based on the qualitative results:

1) Nanoparticle assisted surfactant flooding increases areal oil 
sweep efficiency. In this process nano-surfactant fluid will sweep the 
area which was bypassed during the water injection.

2) Direct observation of pore walls shows change in wettability 
as a result of using surfactant and nanoparticles. Injected water into 
the glass micromodel moves from inlet port of micromodel to the 
outlet port in a nearly linear path, resulting considerable amount of oil 
recovery after flooding.

3) By comparing recovery values at breakthrough and after 1.2 
PV of injection fluid, it can be concluded that augmented surfactant-
particles solution yields more oil recovery with respect to separately 
nanoparticle and surfactant solution at high enough concentrations.

4) Hydrophilic silica nanoparticle can extremely change the 
wettability of oil wet surface to water wet.

5) Remaining oil blob sizes after flooding in case of nanofluid 
injection was fairly large. Adding nanoparticle to surfactant solution 
not only has decreased the size but also yield cleaner area at swept 
region.

6) The interaction of matrix and fracture became higher than 
before, when a surfactant was added into the flooding fluid in existence 
of chemical agent.

7) In both test tubes and micro models, emulsion formation was 
observed during nano-surfactant assistant flooding which led to 
improvement in sweep efficiency.
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