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Abstract
This study focuses on silicon nanoparticles as a method for
influencing the pore throat distribution or pore shape. The
silicon nanoparticles can be utilized in enhancing oil recovery
by means of two mechanisms, wettability alteration and
interfacial tension reduction. Initially, core sample should be
measured in respect to physical properties, such as air
permeability and effective porosity. Such data shall be used
for the interpretation of the results of this technique and the
assessment of the application of Nano-technology in
performing the Nano-solutions injection process through the
capillary pressure and the pore throat distribution.
This paper introduces the application of data attained from the
High Injection Mercury Porosometer method to explore the
pore throat distribution by means of cleaning and finding the
nanoparticles inside the porous media in core samples. It is
revealed that the highest concentration of the solution volume
obtained in more visible nanoparticle adsorption process on
grains surface. This nanoparticle is adsorbed inside the surface
of pores and in reduced pore radius such as macro-pore, mesopore and micro-pore.
The results provide new insights to the effect of nanoparticles
on solid surfaces during EOR or other applications in oil
industry. This change towards more adsorption and blocked
conditions indicated by increased concentration of Nanoparticle solutions is accompanied by significant increase in the
change of pore diameters. Pore redistribution technique within
the pore space is suggested to clarify the autonomous of pore
size distribution in sandstone reservoir. In addition to those
findings, for nanoparticle synthesis optimization, Nanotechniques by surface coating and surface chemistry
techniques instead of un-coating nanoparticle are realized.
Keywords: silicon Nano-particle, pore throat distribution,
capillary pressure curve, pseudo-water saturation.

INTRODUCTION
Reservoir rock contains crude oil, water, and gas, which are
immiscible. Capillary forces are the forces that keep these
fluids in equilibrium with each other. For rock and the
capillary pressure difference across two immiscible fluids of
the interface separating, the capillary pressure will be positive

if it is defined as the difference between the pressures in nonwetting and wetting phases, Djebbar, Tiab, and Donaldson,
EC. (2004) [1, 2].
Nanotechnology improves crude oil production by separating
crude oil in the reservoir rock field and understanding the
processes at the Nano size and molecular levels. The
application of nanotechnology in oil field opens interesting
prospects for improved oil recovery and understanding of
processes at the intersections between Solids and Liquids,
Mokhatab, S., et al. (2006); Onyekonwu, M.O. and Noami,
A.O. (2010) [3, 4].
Scott, Crudden, C.M., and Jones, C.W., (2003) [5] provided
a research effort on designing adsorbents and catalysts to be
introduced into the reservoir porous media in Nano-sized
form. Kanj, Y., Funk J. J., Al-Yousif Z., (2009) [6]
identified the usable size of nanoparticles in reservoir rocks
through Nano-fluid core flooding experiments. Adding
nanoparticles to fluids may significantly benefit for increasing
of enhanced oil recovery and improve well drilling, such as
changing the properties of the fluid, wettability alternation of
rocks, advanced drag reduction, strengthening sand
consolidation, reducing the interfacial tension and increasing
the mobility of the capillary-trapped oil, Cheraghian G., et
al., (2014) [7].
The mercury porosimetry method allows for obtaining a
number of the key measured parameters characterizing pore
space of the tested material, which include bulk density,
skeletal density, effective porosity, specific surface area, and
average pore diameter. An analysis of the MICP curves shape
derives other useful characteristics, such as pore size
distribution, pore area distribution, pore shape...etc. [8].
Mercury intrusion capillary pressure (MICP) measurements
are the standard method for characterizing pore features and
particularly pore-throat size distributions in porous media
from the micron scale to the Nano-scale, five orders of
magnitude, Liu Jun-yi, et al., (2014) [9].
Most research works reported that mercury intrusion
porosimetry is the principle technique for determining
incremental intrusion, cumulative incremental intrusion and
differential pore size distributions for macro-pore, meso-pore
and micro-pore ranges. Calvo, J.I., (1995) [10] observed that
the mean pore diameters were lower for the data of intrusion
mercury porosimetry when polycarbonate filters was
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analyzed. This has also been reported by Calvo [10], who
observed a better accordance for both characterizations (pore
size distributions obtained by intrusion mercury porosimetry
method) when pore size decreased.

El-Abbas Moustafa, (2004) [17] has illustrated the reduction
in pore volume that is observed as function of confining stress
and pore size reduction due to bulk rock deformation cause
this reduction.

Binshan Ju, et al. (2011) [11] illustrated that experimentally
,investigated application of poly-silicon Nano-powders
enhances oil recovery. The migration and its influences on
flow performance for oil and water were studied by core
displacement experiments. Some limitations in core
displacement experiments due to the high costs of materials
and time were found. Moreover, the amount of adsorption of
LHP, the range of reduction in porosity and permeability and
the distribution of other parameters along the core axis are not
available in core displacement experiments.

Additionally, for determine of reduction in pore volume, the
PV compressibility was calculated with the high-pressure
injection data which as extrusion of mercury from pores and
at different pressure is to be calculated pore volume
compressibility.

Binshan Ju and Tailiang Fan, (2009) [12] conducted contact
angle measurement as a result of adsorption of LHP in order
to testify wettability change of sandstone surface. Also, they
observed attachment of nanoparticle to pore walls by a
transmission electron microscope (TEM). Contact angle
measurements showed that the wettability of sand stone could
be changed from oil wet to water wet by adsorption of LHP.
TEM images indicated that this nanoparticle could be
adsorbed on internal surface of pores and in turn reduce the
pore radii. Binshan, Ju and Tailiang, Fan, (2009) [12]
recommended a LHP concentration in the range of 0.2-0.8 by
wt. to enhance oil recovery; any further increase in LHP
concentration will lead to formation damage due to reduction
of permeability. In addition, it is concluded that oil recovery
can obviously be improved by flooding with LHP.
B. Ju, S. Dai, Z. Luan, (2002) [13] reported that the behavior
of Poly-silicon Nano-Particles in porous media changes when
the suspension of (PSNP) is injected in porous media. Four
phenomena occur: adsorption, desorption, blocking and
transportation. It is also reported that the blocking takes place
if the diameter of the PNSP is larger than the size of pore
throat. Additionally, the adsorption on the porous surface and
blocking at the small pore throats of PNSP may lead to
reduction in porosity and absolute permeability of porous
media, Yu, J., et al. (2012) [14].
Previous work by the Clarkson research group [15, 16] has
focused mostly on comparisons of pore-size distributions
obtained from LPA and SANS/USANS (types of nanoparticles) [15, 16].
These comparisons have been favorable for the most part
discussed by Clarkson, et al. (2012b) [15]. However,
mercury intrusion methods are more commonly used to assess
conventional and unconventional reservoirs quality by
attaining pore-throat distributions (a more direct indicator of
permeability) and permeability. Furthermore, the shape of the
intrusion profile may be used to evaluate the connectivity of
the pores in different pore-size ranges.

In Roustaei and Bagherzadeh, (2015) [18] designed work
about the impact of SiO2 Nanoparticles on the wettability of a
carbonate reservoir rock was experimentally studied. As a
result, SiO2 Nanoparticles are wettability modifiers for
carbonate systems, and they can change the wettability of
carbonate rocks from strongly oil-wet to strongly water-wet
condition. Safari, (2014) [19] investigated the effect of
different concentrations of Lipophobic-Hydrophilic Polysilicon Nanoparticles (LHPN) on rock surface. He used
carbonate rocks in his experiments. The contact angle between
oil droplet and rock surface was measured. The objective of
this study is to investigate the effect of Nanoparticle on pore
size distribution and on capillary pressure curves. A Nano
material with different concentrations is used. During the
progress of the study two different groups of core samples,
dry and saturated with Nano-particles concentration, are used.
Additionally, it is measured of physical properties of NP
solutions such as density, pH value, surface and Interfacial
Tensions.

Description of Experimental Set-up and Procedures all the
way through Mercury Intrusion Methods and materials
A. Description of Core Samples preparation
In this study, the designated core samples were cleaned and
dried which are prior to testing, and then the samples were
evacuated. Dry weight, helium porosity and air permeability
were measured after cleaning. Six large plug core samples
were collected from sandstone reservoir at the Gulf of Suez in
Egypt. They were prepared for mercury injection of capillary
pressure measurements in Rock properties at the Central
Metallurgical laboratory in Cairo-Egypt. Table 1 shows the
description of the physical properties of the core samples in
terms of dry weight for core sample, diameter and length, and
calculates bulk, grain, pore volumes, and grain density. The
measured helium porosity ranged 20.63-26.75% and air
permeability ranged 221-269 mD, i.e. all core samples are
sandstone formations.
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Table 1:Description of the Physical Properties of Core Samples

Core
Sample

dry
Weight
of Core
Sample

Core
Sample
diameter

Core
Sample
Length

Bulk
Volume

Grain
Volume

Pore
Volume

Grain
density

ID

(g)

(mm)

(mm)

(cc)

(cc)

(cc)

(g/cc)

123456-

44.35
49.33
52.45
43.08
46.63
24.44

25.21
25.27
25.15
25.22
25.22
25.21

19.48
20.11
21.18
16.69
18.43
15.44

9.72
10.09
10.52
8.34
9.21
7.71

7.12
7.99
8.15
6.53
7.31
6.06

2.60
2.10
2.37
1.81
1.90
1.65

The core samples were divided into two groups; the first
group includes the clean sample. It is used for comparison
with the second group, which was saturated with solutions at
different concentrations of silica nanoparticles. Both core
samples were loaded in the high injection mercury
Porosometer device. Beforehand the second group was
saturated with different concentrations of silica Nanoparticle using the core holder saturator at 2000-psi
backpressure to ensure a complete saturation. It was left for

2.80
2.74
2.67
2.64
2.62
2.64

Helium
Core
Sample
Porosity
ΦHe (%)
26.75
20.81
22.53
21.70
20.63
21.40

Air
Permeability
for core
sample
mD
241
222
244
221
269
266

two days until the saturation pressure is stabilized. All
solutions were prepared with distilled water. Table 2
displays the weight the two groups of core samples, as the
plug core samples was prepared. The first group was set as
one-third length of the dry samples and the second was set
as two thirds of length of the samples saturated with
different concentrations of Nano-particle solutions.

Table 2: Divided of core samples to two groups, first one is one third of total length for Dry Core Samples are used to measure
of pore-throat distribution and the second one is two third of total length for saturated with nano-particle solutions and measured
their after preparing for instill in High Intrusion mercury Porosimetry.

Then they were measured after preparing for instill in High
Intrusion mercury Porosimetry.
The core samples were core pieces with a total volume
exceeding 8.0 cm3. The selected core samples were used in
two groups; six core pieces were dried and cleaned (without
Nano solutions injection).
The second group, the remaining core pieces were used after
saturation with Nano-particle solution pressurized to 2000 psi
by a saturator. This second group was put in a desiccator
under vacuum for one day and removed humidity for one day
before instill in Autopore device, in order to make sure these
pieces of core samples are entirely dry. High Mercury

Intrusion Porosimetry tests were made on dried core pieces
and the volume of injected mercury, the non-wetting phase,
was converted to a pseudo water saturation value.

B. Description of Nano-particle Solutions Preparation
Nano-particle solutions are prepared from different
concentrations of Nano material from 0.25 to 2.5 percentage
of the material. The Nano type used is Silicon Dioxide Nanopowder (SiO2, 95.9+Wt. %, 20-30 nm, amorphous from US
Research Nanomaterial’s, Inc. Silicon Dioxide Nano-powder
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is a kind of white powdery substance with no odor. Its main
composition is SiO2. Distilled water is used with certain
weight of nanoparticle powder to prepare the solutions to
obtain the different percentage concentrations of Nanoparticle in solutions.

C. Measurement of density, pH, Surface and Interfacial
Tension
The effects of density, pH value measurement, surface tension
and interfacial tension for different concentrations of Nanoparticle solutions on the capillary pressure curve and pseudo-

water saturation were studied experimentally in this paper.
Density is measured with the use of simple pycnometry for
calculation as it allows measuring the solutions of
Nanoparticles density. Density has been experimentally
measured by weighing the known volumes of liquid (different
concentrations of Nano particle solutions). The average result
is presented in Table 3. The density of different solutions at
ambient temperature of 23°C is measured. It ranged 1.0482 to
1.0528 g/cc. JenWay pH Meter 3510 device was used to
measure the pH value of all solutions. The pH value ranged
from 7.205 to 8.087.

Table 3: Summaries of Physical Properties for different nano-particle Solutions such as Density, pH Value, Surface Tension
and Interfacial Tension between Crude Oil and Certain High Phase.
Parameters
Measurement,

Nano
Percentage

Core ID and
Concentration
Solution
%

Density
a, @
Ambient
Temp.
@23.7oC

pHb
value,
at Ts
@ 23.4oC

Surface
Standard
Deviation

Interfacial
Tension
c,d, at Tf
@23.4oC

Standard
Deviation

Contact
Angle

mN/m

mN/m

mN/m

mN/m

degree

Tensionc,
at Tf
@ 24.5oC

g/cc

1-NP (0.25g/l)

0.25

1.0482

7.205

66.80

0.07237

37.29

0.13317

0.00

2-NP (0.50g/l)

0.50

1.0486

7.243

71.29

0.09969

37.33

0.05875

0.00

3-NP (1.00g/l)

1.00

1.0497

7.298

67.80

0.03181

34.85

0.12746

21.6

4-NP (1.50g/l)

1.50

1.0509

7.333

69.59

0.07598

37.81

0.10493

14.5

5-NP (2.00g/l)

2.00

1.0514

8.014

69.12

0.09849

36.88

0.11364

14.3

6-NP (2.50g/l)

2.50

1.0528

8.087

67.59

0.07195

38.97

0.04755

9.8

a. Glass Pycnometer used to measure of density for different solutions,
b. JenWay pH Meter 3510 device used to measure of pH value for all fluids,
c. Kruss Model K-100C Force Tensiometer device used to measure Surface and Interfacial Tension,

d. Interfacial Tension measurement between crude Oil and certain high phase (nano-particle solutions), Tare within Light phase (Crude Oil) is
equal 0.1061 ( Density of Crude Oil is 0.8964 g/cc @ Ambient Temp. 15.6oCand Dynamic Viscosity is 17.868 CP @temp. 23.7oC.

For the measurement of surface and Interfacial Tension, Kruss
Model K-100C Force Tensiometer device was used at ambient
temperature; and Interfacial Tension measurement between
crude Oil and certain high phase (Nano-particle solutions),
which is the Tare, was equal to 0.1061 within Light phase
(Crude Oil). Density of crude oil was 0.8964 g/cc and
dynamic viscosity was 17.868 CP.
In addition, Table 3 demonstrates the measurements of
density, pH, surface and interfacial tension between Nanosolutions and crude oil. The crude oil density was 0.8964
g/cm3 at Ambient Temperature of 15.6oC and viscosity was
17.868 CP at the ambient temperature of 23.7oC.
D. Description of Experimental Procedures and
Technology:
The purpose of this study is to improve mercury intrusion
porosimetry testing and interpretation methods in order to
gain more data about the pore structure of porous media in

core samples. This study is based on a set of experimental
procedures. Obtaining data on certain pressure is applied, as
mercury filled the larger pores first. As pressure increases, the
filling reduces to smaller and then smallest pores have been
offered. Mercury intrusion porosimetry is a good technique
for the evaluation of porosity, pore throat distribution, and
pore volume to characterize a wide variety of pore space in
reservoir rock. Therefore, instrument known as a high
mercury injection porosimetry was used a pressurized
penetrometer to force mercury to intrude into the pores space
in a porous media.
Mercury intrusion capillary pressure measurements were
performed at ambient temperature (25°C) using an AutoPore
device from Micromeritics. They ranged from approximately
1 psi up to 30,000 psi. Figure 1 shows the Auto-Pore Device
(PORESIZER 9320 V2.08) used to complete the High
Injection Mercury Porosimetry Test. Its maximum allowable
working pressure is 30,000 psi.
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Before the measurements and experimental procedure, small
core samples were oven-dried at over 100°C for at least one

day to allow weight equilibrium (±0.001 g). Dried and
evacuated samples were loaded into a Micromeritics

Autopore apparatus 9320 porosimetry on which mercury
intrusion was measured at constant pressure stages up to
30,000 psi. Vacuum started before injecting mercury.
Each core sample was immersed in mercury in a pressuresealed chamber attached to a capillary stem with a
cylindrical coaxial capacitor (penetrometer). The volume of
mercury intruded into the sample was regulated by a
capacitance change in a penetrometer. By using mercury
porosimetry to evaluate pore size, pore volume and porosity
of the substrates, core samples were placed into the
penetrometer and then evacuated it. The mercury pressure
was increased incrementally from 0.0 to 30,000 psi.

Figure 1: The Auto-Pore Device (PORESIZER
9320 V2.08) used to complete the High Injection
Mercury Porosimetry Test.

In each pressure stage mercury was forced to intrude into
core sample pore spaces, and each pressure stage was
maintained until volume equilibrium was reached. Volume
equilibrium was determined by the capacitance of the
system. The volume of mercury injected at each pressure
increase was determined by capacitance measurements.
During the volume of mercury injected in pore space, the
pore volume at each pressure was used to construct a pore
throat distribution for each core sample.

Table 4 included that the summary of the results for some
items from High Mercury Intrusion Porosimetry test (HMIP)
for different clean core samples and another penetrated with
nanoparticles. This table illustrated that total intrusion, ml/g;
total pore area, Sq. m/g; median pore diameter (μm); median
pore diameter, area (μm); average pore diameter, 4V/A (
μm); apparent density (g/ml); and porosity (%) from used
PORESIZER 9320 V2.08. Therefore, the amount of
mercury injected divided by the pore volume is the nonwetting phase saturation.

Table 4: Summary Results of the Some Items from High Mercury Intrusion Porosimetry (HMIP) Test used different Clean core
samples and Penetrated with Nanoparticles Solutions.
Properties Items

Core Sample Core Sample Core Sample Core Sample Core Sample Core Sample Core Sample Core Sample Core Sample Core Sample Core Sample Core Sample
1-C
1-NP
2-C
2-NP
3-C
3-NP
4-C
4-NP
5-C
5-NP
6-C
6-NP

Core Sample Weight (used), g

2.825

3.0075

2.7560

3.0825

3.0610

3.4245

2.9565

3.1115

3.1880

2.9380

2.2700

2.6310

Penetrometer Weight, g

61.1400

61.4040

63.1440

62.7835

61.2800

61.5775

63.2235

62.9695

61.2100

61.4230

61.5950

62.7935

Core Sample + Pen. + Hg, g

146.102

146.013

127.170

125.165

145.385

143.220

126.072

114.686

144.443

119.538

149.235

129.228

Hg weight, g

82.1365

81.6010

61.2699

59.2985

81.044

78.2180

59.8915

48.6050

80.045

55.1770

85.3700

63.8030

6.0691

6.0291

4.5273

4.3815

5.9884

5.7796

4.4254

3.5915

5.9146

4.0771

6.3081

4.7145

Penetrometer Volume, cc

7.461

7.4610

5.8724

5.8724

7.4610

7.4610

5.8724

5.8724

7.4610

7.4610

7.4610

5.8724

Hg Penetrated in Core,

1.3919

1.4314

1.3451

1.4908

1.4726

1.6814

1.4470

1.5420

1.5464

1.4258

1.1529

1.3057

Total Intrusion, ml/g

0.1038

0.0942

0.0915

0.0855

0.0919

0.1058

0.0941

0.0981

0.0775

0.1006

0.1072

0.0944

Total Pore Area, Sq. m/g

4.713

4.428

2.207

1.099

4.070

7.092

3.095

2.858

2.963

5.481

7.438

2.439

Median Pore Diameter, m

13.2067

11.943

12.8393

14.524

14.1021

12.4828

13.9037

13.1097

14.7486

13.1169

11.4771

13.5806

Median Pore Diameter,Area, m

0.0093

0.0092

0.0102

0.0102

0.0077

0.0093

0.0098

0.0097

0.0085

0.0090

0.0089

0.0099

Avg. Pore diameter, 4V/A, m

0.0881

0.0851

0.1658

0.3110

0.0904

0.0597

0.1216

0.1373

0.1046

0.0734

0.0576

0.1549

Bulk Density, g/ml

2.0296

2.1010

2.0489

2.0677

2.0786

2.0367

2.0432

2.0178

2.0615

2.0606

1.9689

2.015

Apparent Density, g/ml

2.5710

2.6192

2.5213

2.5115

2.5698

2.5960

2.5294

2.5159

2.4534

2.5993

2.4954

2.4886

Porosity, % (from PORESIZER
9320 V2.08)

21.06

19.78

18.74

17.67

19.11

21.55

19.22

19.80

15.97

20.73

21.10

19.03

Steam Volume used, ml

1.8360

1.836

0.3920

0.3920

1.836

1.836

0.3920

0.392

1.8360

1.836

1.836

0.392

Mercury filling pressure, psia

1.1397

1.1415

1.0682

0.6837

1.0800

1.0910

1.1298

1.1562

1.1332

1.1727

0.7715

1.0793

21.7330

22.42

22.23

21.28

20.83

22.19

20.91

21.38

22.14

21.40

22.48

21.86

Hg Volume, cc

Last Low pressure point, psia

a)
b)
c)
d)
e)

C – Cleaning core samples,
NP – Nanoparticle penetration in core samples,
Advanced Contact Angle is 130.0 deg.,
Mercury Surface Tension is 485 dyne/cm.
Mercury density,(Hg ) = 13.5335 g/cc.
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The capillary pressure is the injection pressure and then,
continues for several pressures and plots the pressure against
the mercury saturation or calculated of pseudo-water
saturation. The pore size distribution for each membrane was
also obtained by intrusion mercury porosimetry. This
technique is based on the measurement of the intrusion
volume of a non-wetting liquid (Mercury) in order to calculate
data related with the pore structure of the sample. Thus, the
equipment continuously registers the variation of the intrusion
volume of the mercury inside the sample depending on the
pressure applied over the sample. Next, it calculates the pore
diameter with the intrusion pressure so the pore geometry of
cylindrical essentially with a modified Young-Laplace
Equation by means of the Washburn equation (2010). ΔP is
the pressure difference across the curved mercury interface
between r1 and r2, which is rpore of the pore size,  is an angle
of contact and calculate with the following equation:

incremental intrusion volume, and cumulative incremental
intrusion. Finally, differential intrusion volume with mercury
injection pressure was recorded.

𝟐 𝜸 𝑪𝒐𝒔 𝜽
∆𝑷 =
𝒓𝒑𝒐𝒓𝒆

Primarily, core samples dry 1-C to 6-C and core samples
saturated with Nano-particle solutions were compared. Figure
2 and its accompanying Table show the Effect of nanoparticle
precipitate on pore throat from the calculations of corrected
Mercury injected Volume, which penetrates in dry core
samples and reduction of it with core samples saturated with
Nano-particle solution.

Liquid mercury has a high interfacial surface tension,
γ—i.e., the molecular force (485-dyne cm−1) in its surface
film tends to contract its volume into the form with the surface
area. and Mercury exhibits a high contact angle (θ) against
most solids, so a ranging between 112º and 142º with 130º
being accepted value for use for an advancing stage
experiment (such as imbibition) and density of mercury is
13.5335 g/cc, obtaining a graphic of cumulative Incremental
intrusion pore volume versus pore throat diameter.
The objective of this study is to investigate the pore structure
of sandstone reservoir with the effect of a nano-particle
solutions on the surface area, pore volume and pore size
distribution using high pressure mercury intrusion and were
also calculated and compared based on dry and wetted core
with different concentration of NP solutions.

RESULTS AND DISCUSSION
The following briefly illustrates the Nano-particle solutions on
pore size distributions of core samples; capillary pressure is
used to calculate fluid distributions in a reservoir through the
Mercury injection porosimetry data. This section presents the
experimental results for the pore size distribution versus
pressure increasing to 30,000 psi with and without Nanoparticle solutions. First, the dry core samples was considered
in the same conditions as compared to another wetted core
samples with NP solutions to observe the pore diameter,

Following the general procedures introduced in the preceding
section, the surface tension and interfacial tension between NP
solutions and crude oil are measured by using to Kruss Model
K-100C Force Tensiometer device at ambient temperature and
as a function of NP solutions as shown in Table 3. It is seen
that the lowest value of ST are 66.80 mN/m and a range
results between 67.59 to 71.29 mN/m and IFT result are 34.85
mN/m at concentration of NP solution of 1.0%, and which
represent another different concentrations of NP solutions
ranged between 36.88 and 38.97 mN/m.

A. Effects of nanoparticles on pore size Distribution

This reduction value was obtained from the correct weight and
the volume of mercury penetrated in one gram of core sample
either cores cleaning or precipitate of NP in the another cores.
For example, reduction of mercury volume injected from core
cleaning 1-C and core 1-NP saturated with 0.25%
concentration of NP solution is 0.1435 cc.
The other core sample such as core sample cleaning 2-C and
core sample 2-NP saturated with 0.50% concentration of NP
solution, the reduction of mercury volume was 0.2213 cc. In
clean core samples 3-C, 4-C, 6-C and another group saturated
with 1.0, 1.5, and 2.5% concentrations of NP solutions, the
reduction of mercury volumes were 0.2686, 0.1051 and
1.0432 cc, respectively. According to the above data such
reductions were proved the effect of Nano-particles on pore
space and pore size distribution.
Secondly, as per the data obtained from the mercury injection
capillary porosimetry presented to compare between the first
group of clean core samples and the second group of core
samples after being saturated with NP solutions, dried before
loading in MICP device, the precipitate NP in pore space was
observed.
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Figure 2: Effect of nanoparticle precipitate on pore-throat distribution from calculate of corrected Hg Volume
penetrates in dry core samples and reduction it by core samples with saturated of nano-particle solution (Hg
weight penetrate in one gram of core sample).

approximately constant porosity and air permeability values
from sandstone are shown in Table 1. Figure 3 (plot (a)
shows a comparison between pore throat diameter versus
incremental intrusion volume and cumulative intrusion
volume for clean core sample 1-C and Core samples 1-Np
saturated with 0.25% concentration of NP solution.

B. Comparison between clean core samples and core
samples Saturated with NP Solutions
In this section, the influence of Nano-particle concentration
on capillary pressure curves and pore size distribution was
studies. In the first and second groups of core samples, the
first pieces samples were used for comparing the
incremental intrusion volume data obtained from high
mercury injection porosimetry.

However, the change in the micro-porous region was
illustrated on shapes of curves and Figures, but with only a
small reduction under low NP concentration. In addition,
Table 4 gives the summary of incremental intrusion data for
mercury injection porosimetry where values of total
incremental intrusion volume were nearly different values
for the two core samples used (0.1038 ml/g for core sample
1-C and 0.0942 ml/g for core sample 1-Np).

The sandstone samples (first group) represented as 1-C to 6C were used to measure the Mercury capillary pressure. The
selected reservoir rock samples were very close in porosity,
from 20.63 to 26.75 percent, air permeability ranged from
221 to 269 mD and their grain densities were 2.62 to 2.80
g/cm3.

In the tests here, the core sample saturated with NP solution
(Concentration 0.25% NP) gives the percentage of
incremental intrusion volume at lowest than core sample
cleaning. Based on the test results, the median pore throat
diameter of the samples were 13.2067 microns for clean
core sample 1-C, and 11.9430 microns on core plug 1-Np
(saturated with 0.25% wt. of concentration NP).

Figure 3 shows that the Pore Throat distribution of dry core
samples 1-C to 6-C and core samples saturated with Nanoparticle solutions 1-NP to 6-NP through incremental
intrusion volume, and cumulative incremental Intrusion
volumes for Pore Spaces were plotted as High mercury
intrusion Mercury Porosimetry data. Pore-throat-diameter,
micrometer, μm histograms versus incremental intrusion and
cumulative intrusion volumes profiles are presented in
Figure 3 plot (a) through plot (f).

The distribution range of throat is narrow, changing with
decreasing 1.2637 microns and indicate that the throat peak
radius slightly increases along with an increasing
concentration of NP (as illustrated in the next tests). In
addition, the change of porosity value from 21.06% for
clean core sample 1-C to 19.78% for core sample saturated
with concentration 0.25% wt. of NP

An interpretation of the results is also given individually,
sample by sample.
1) Core Sample 1-C and 1-NP
Results of the capillary pressure tests for dry core samples at
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Plot (a) Core 1-C & 1-NP

Plot (b) Core 2-C &2-NP

Plot (c) Core 3-C &3-NP

Plot (d) Core 4-C &4-NP

Plot (e) Core 5-C &5-NP

Plot (f) Core 6-C &6-NP

Figure 3 : The Pore Throat distribution of dry core samples 1-C to 6-C and core samples saturated with
nanoparticle solutions 1-NP to 6-NP through Incremental Intrusion Volume and cumulative incremental Intrusion
volumes for Pore Spaces plots obtained from High mercury intrusion Mercury Porosimetry data.
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Figure 4 (Plot (a) includes a Comparison of Log
Differential Intrusion (dV/dlogD), ml/g as a function of the
pore throat diameter, and microns-μm plots obtained from
High mercury intrusion Mercury Porosimetry data were
used for comparison between dry core sample 1-C and Core
samples 1-NP saturated with 0.25% concentration of Nanoparticle solutions.

NP solution. However, the change in the micro-porous
region was illustrated on shapes of curves having in Figure,
but with only a little reduction under low NP concentration.
In addition, Table 4 gives the summary of incremental
intrusion data for mercury injection porosimetry where
values of total incremental intrusion volume were nearly
different values for two core samples used (0.0919 ml/g for
core sample 3-C and 0.1058 ml/g for core sample 3-Np). In
the tests here, the core sample saturated with NP solution
(Concentration 1.00% wt. of NP) gives the percentage of
incremental intrusion volume very close than core sample
cleaning. Based on the test results, the median pore throat
diameter of the samples were 14.1021 microns for clean
core sample 3-C, and 12.4828 microns on core plug 3-NP
(saturated with 1.0% concentration NP).

2) Core Sample 2-C and 2-NP
Figure 3 (plot (b) shows a comparison between pore throat
diameter, incremental intrusion volume and cumulative
intrusion volume for clean core sample 2-C and Core
samples 2-Np saturated with 0.50% concentration of NP
solution. The change in the micro-porous region was
illustrated in the form of shapes of curves and Figures,
which shows reduction under different concentration NP
conditions.

The distribution range of throat is narrow, changing with
decreasing 1.6193 microns and indicate that the throat peak
radius slightly increases along with an increasing
concentration of NP. In addition the change of porosity
value from 19.11 for clean core sample 3-C to 21.55% for
core sample 3-NP saturated with concentration 1.0% wt. of
NP.

In addition, Table 4 gives the summary of incremental
intrusion data for mercury injection porosimetry where
values of total incremental intrusion volume were nearly
different values for the two core samples used (0.0915 ml/g
for core sample 2-C and 0.0855 ml/g for core sample 2-Np).
In the tests at this point, the core sample saturated with NP
solution (Concentration 0.50% NP) presented that the
percentage of incremental intrusion volume was lower than
that of clean core sample. Based on the test results, the
median pore throat diameter of the samples were 12.8393
microns for clean core sample 2-C and 14.524 microns on
core plug 2-Np (saturated with 0. 50% wt. of concentration
NP).

Figure 4 (Plot (c) displays a comparison between Log
Differential Intrusion (dV/dlogD), ml/g as a function of the
pore throat diameter, and microns-μm plots obtained from
high mercury intrusion porosimetry data for dry core sample
3-C and Core samples 3-NP saturated with 0.25%
concentration of Nano-particle solutions.

4) Core Sample 4-C and 4-NP

The distributions are ranged from narrow throat, changing
with increasing 0.6847 microns and indicate that the throat
peak radius slightly decreases along with the increase of the
concentration of NP. In addition, the change of porosity
value from 18.74% for clean core sample 2-C to 17.67% for
core sample saturated with concentration 0.50% wt. of NP.

Figure 3 (plot (d)) shows a comparison between pore throat
diameter, incremental intrusion volume and cumulative
intrusion volume for clean core sample 4-C and Core
samples 4-Np saturated with 1.50% concentration of NP
solution. However, the change in the micro-porous region
was illustrated in shapes of curves and Figures, reduction of
pore size under current concentration NP conditions.

Figure 4 (Plot (b) illustrated that Comparison of Log
Differential Intrusion (dV/dlogD), ml/g as a function of the
pore throat diameter, microns-μm plots obtained from High
mercury intrusion Mercury Porosimetry data for comparison
between dry core sample 2-C and Core samples 2-NP
saturated with 0.50% concentration of Nano-particle
solutions.

In addition, Table 4 gives the summary of incremental
intrusion data for mercury injection porosimetry where
values of total incremental intrusion volume were nearly
different values for two core samples used (0.0941 ml/g for
core sample 4-C and 0.0981 ml/g for core sample 4-Np). In
the tests at this point, the core sample saturated with NP
solution (concentration 1.50% NP) gives the percentage of
incremental intrusion volume at very close than core sample
cleaning. Based on the test results, the median pore throat
diameter of the samples were 13.9037 microns for clean
core sample 4-C, and 13.1097 microns on core plug 4-Np
(saturated with 1.50 % wt. of concentration of NP).

3) Core Sample 3-C and 3-NP
Figure 3 (Plot (c) shows a comparison between pore throat
diameter versus incremental intrusion volume and
cumulative intrusion volume for clean core sample 3-C and
Core samples 3-Np saturated with 1.00% concentration of
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Plot (a) core 1-C & 1-NP

Plot (b) core 2-C & 2-NP

Plot (c) core 3-C & 3-NP

Plot (d) core 4-C & 4-NP

Plot (e) core 5-C & 5-NP

Plot (f) core 6-C & 6-NP

Figure 4: Comparison of Log Differential Intrusion (dV/dlogD), ml/g as a function of the pore throat diameter,
microns-m for compare between dry core sample 1-C to 6-C and Core samples 1-NP to 6-NP saturated with
different concentration of nano-particle solutions.
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The distribution range of throat is narrow, changing with
decreasing 0.7940 microns and indicate that the throat peak
radius slightly increases along with an increasing
concentration of NP (as illustrated in the next tests). In
addition the change of porosity value from 19.22 for clean
core sample 4-C to 19.80% for core sample 4-NP saturated
with concentration 1.50 % wt. of NP. Figure 4-(Plot (d))
demonstrates a comparison between Log Differential
Intrusion (dV/dlogD), ml/g as a function of the pore throat
diameter, microns-μm plots obtained from High mercury
intrusion Mercury Porosimetry data in order to compare
between dry core sample 4-C and core samples 4-NP
saturated with 1.50%concentration of Nano-particle
solutions.

6) Core Sample 6-C and 6-NP
Figure 3-(plot (f)) shows a comparison between pore throat
diameter versus incremental intrusion volume and
cumulative intrusion volume for clean core sample 6-C and
Core samples 6-Np saturated with 2.50% concentration of
NP solution.
However, the change in the micro-porous region was
illustrated in shapes of curves and Figures; reduction of pore
throat distribution under high concentration NP conditions.
In addition, Table 4 gives the summary of incremental
intrusion data for mercury injection porosimetry. Values of
total incremental intrusion volume varied in the two core
samples used (0.1072 ml/g for core sample 6-C and 0.0944
ml/g for core sample 6-Np).
In the tests at this point, the core sample saturated with NP
solution concentration 2.50% wt. of NP) gives the
percentage of incremental intrusion volume was lower than
of clean core sample. Based on the test results, the median
pore throat diameter of the samples were 11.4771 microns
for clean core sample 6-C, and 13.5206 microns on core
plug 6-Np (saturated with 2.50% concentration NP). The
distribution range of throat is narrow, changing with
increasing 2.0435 microns and indicate that the throat peak
radius slightly decreases along with an increasing
concentration of NP.

5) Core Sample 5-C and 5-NP
Figure 3-(plot (e)) shows a comparison between pore throat
diameter and incremental intrusion volume and cumulative
intrusion volume for clean core sample 5-C and Core
samples 5-Np saturated with 2.00% concentration of NP
solution. However, the change in the micro-porous region
was illustrated in shapes of curves and Figures, but with
reduction of pore size distribution under increasing the
concentration NP.
In addition, Table 4 gives the summary of incremental
intrusion data for mercury injection porosimetry. Values of
total incremental intrusion volume were different values for
the two core samples used (0.0775 ml/g for core sample 5-C
and 0.1006 ml/g for core sample 5-Np).

In addition the change of porosity value from 21.10 for
clean core sample 6-C to 19.03% for core sample saturated
with concentration 2.50% wt. of NP. Figure 4-(Plot (f)
includes a comparison of Log Differential Intrusion
(dV/dlogD), ml/g as a function of the pore throat diameter,
microns-μm plots obtained from High mercury intrusion
Mercury Porosimetry data to compare between dry core
sample 6-C and Core samples 6-NP saturated with 0.25%
concentration of nano-particle solutions.

In the tests at this point, the core sample saturated with NP
solution (concentration 2.0% wt. of NP) gives the
percentage of incremental intrusion volume at very close
than core sample cleaning. Based on the test results, the
median pore throat diameter of the samples were 14.7486
microns for clean core sample 5-C, and 13.1169 microns on
core plug 5-Np (saturated with 2.0 wt. percentage of
concentration NP). The distribution range of throat is
narrow, changing with decreasing 1.6317 microns and
indicate that the throat peak radius slightly increases along
with an increasing concentration of NP (as illustrated in the
next tests).

Finally, the cumulative and incremental intrusion volume
versus plots pore size distribution obtained from highpressure mercury intrusion data exhibit a wide pore size
distribution, mainly in the meso-pore and macro-pore range.
Pore size distribution can be used to analyze reduction in
pore space and porosity caused by precipitate of Nanoparticle.

In addition the change of porosity value from 15.97 for
clean core sample 5-C to 20.73% for core sample saturated
with concentration 2.00 wt. percentage of NP. Figure 4(Plot (e)) displays a comparison of Log Differential
Intrusion (dV/dlogD), ml/g as a function of the pore throat
diameter, microns-μm plots obtained from High mercury
intrusion Mercury Porosimetry data to compare between dry
core sample 5-C and Core samples 5-NP saturated with
2.00% wt. concentration of Nano-particle solutions.

The obtained results are plotted ((as illustrated in the next
section) as different concentrations of NP, surface average
area distribution (or pore size distribution) versus pore
radius, as shown in next section. It exhibits the increase of
Nanoparticle concentration.
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samples 1-NP to 6-NP. The test involves evacuation of all
the fluids from the pore space of sample after being
saturated it with NP content, then installed and injected
mercury into core plug sample, in stages of increasing
pressure up to 30,000 psig.

C. Effect of different concentration of Nano-particle on
pore size distribution
The second group of core samples was prepared with
different concentration of NP solutions at 0.25, 0.50, 1.00,
1.50, 2.00 and 2.50% by weight of SiO 2 Nano-particles
content in distilled water. The core samples 1-NP, 2-NP, 3NP, 4-NP, 5-NP and 6-NP were prepared and instilled dry
and humidity free into the capillary pressure apparatus.
Capillary pressure was plotted versus mercury cumulative
saturation for different concentrations of NP contents.

In addition, measured differential pressure yields poreradius and volume of intruded mercury gives pore volume.
Pore diameters measured by mercury intrusion. Thus, blind
and closed pores measure multiple diameters for each.
Through closed and blind pore volume distribution that the
pore volume distribution is given by the distribution
function, fv as defined in (fv=-(dV/dlogD), where V is pore
volume and D is pore diameter.

Figure 5 shows a comparison of the pore throat distribution
versus incremental Intrusion volume and cumulative
incremental intrusion volume as plotted for different
concentrations of Nano-particle solutions saturating core

Figure 5: Comparison of the Pore Throat Distribution versus Incremental Intrusion Volume and Cumulative
Incremental intrusion Volume plots obtained from High mercury intrusion Mercury Porosimetry data for
different concentration of Nano-particle solutions saturated of Core Samples 1-NP to 6-NP.

Figure 6 illustrates the comparison of the Log Differential
Intrusion (dV/dlogD), (ml/g) as a function of the Pore
Throat Diameter, (microns-μm) plots obtained from High
mercury intrusion Mercury Porosimetry data to compare
between the samples of core (1-NP to 6-NP) saturated with
different concentration of Nano-particle solutions and
illustrated of block areas for pore spaces. The summary of
results was reported in an incremental data for the total pore
space filled with mercury as a function of pressure as shown
in Table 4.

pore spaces for the sandstone cores and reduction of range
of pore size by using high mercury capillary pressure
curves. The reduction or blocking of pores depends on the
increase of concentration and composition of the type of
Nano-particles used. Table 4 shows the summary of
incremental intrusion data for mercury injection porosimetry
for the core samples with NP content at different
concentration. Values of total incremental intrusion volume
were different decreasing values for their 0.0942, 0.0855,
0.1058, 0.0981, 0.1006 and 0.0944 ml/g) at different
concentration of nanoparticle solutions 0.25, 0.50, 1.0, 1.50,
2.0 and 2.50% NP, respectively.

Table 4 shows the incremental intrusion data summary for
this group of core samples after being flushed with NP
contents. This work is to confirm those NP damages in the
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Figure 6: Comparison of the Log Differential Intrusion (dV/dlogD), (ml/g) as a function of the Pore Throat
Diameter, (microns-m) for comparing between core samples (1-NP to 6-NP) saturated with different
concentration of nanoparticle solutions and illustrated of block areas for pore spaces.

Finally, the difference in pseudo-water (wetting phase)
saturation obtained from mercury tests as a function of
mercury capillary pressure over the entire intrusion pressure
range was plotted. This plot starting and ending with zero
difference, since the data of mercury intrusion is scaled in
both cases from 100% wetting phase at the start to 0% at the
end i.e. the same saturation profile for both tests at the
beginning and end of the experiment. Figure 7 compares the
calculated capillary pressure curve with the Pseudo-Water
Saturation obtained from High Intrusion Mercury Injection
Data for different concentration of Nano-Particle Solutions
saturated samples of core 1-NP to 6-NP.

2.

3.

4.

Note that the last Figure illustrates the blocking pore space
regions through zero incremental values with core saturation
with nanoparticles.

5.

CONCLUSIONS
In this paper, a new experimental technique was developed
to study the effect of nanoparticle inside the porous medium
during the injection of Nano-solution system to reach the
highest recovery in oil field. It’s concluding as follows:
1.

6.

The effects of nanoparticle and dispersion were studied.
It was found that the dynamic of nano-solution in pore
size reduces to value of pore space which depending of
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the different concentration of nanoparticle used.
It is found that the dispersion and precipitate of Nanosolution to reach the changing of intrusion pore size
distribution and a reduction in uniform pore volume and
a pore size can be realized by increasing it.
To determine the effect on pore space structure such as
pore size, and pore-throat distribution, high mercury
intrusion porosimetry can be used to obtain data for the
pore size distribution, before and after usage for cases
of injection by Nano-solution in oil reservoir.
Some pore spaces block and make changes in the
structure of porous media in oil reservoir especially
large size, depending on the speed of mixing the
concentrations of the used Nano-materials.
The intrusion of total porosity core samples decreases
as compared to the values of helium porosity results
where the porosity of core is expressed as the volume of
pores per unit, bulk volume of the core sample. The
total pores area (A=4V/D) in core sample is distributed
as smaller value than the 1.099 Sq. m/g.
Pseudo-water saturation values are calculating
according to the data obtained from mercury intrusion
porosimetry with capillary pressure curve. The present
tests were performed in very close permeability
intervals on sandstone type of rocks.
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Figure 7: Comparison of the Calculated Capillary Pressure Curve with the Pseudo-Water Saturation obtained from High
Intrusion Mercury Injection Data for Different Concentration of Nano-Particle Solutions Saturated Core Samples 1-NP to 6NP.

RECOMMENDATIONS

NOMENCLATURE

For future research, it is recommended to change or use
another method for the study of pore throat distribution and
performance of relative permeability from capillary pressure
data. A method for more accurate estimates of capillary
pressure to determine the phase endpoint relative
permeability by drainage and imbibition tests as a function
of rotation per min. In addition, it is recommended that the
application of Nano-powders of type silicon in sandstone
rock is to be studied further as compared to the results of
this study, such as change in injection pressure, formation
damage, wettability alteration, and oil recovery with
sandstones formation. The effect of salinity of formation
water, reservoir temperature and pressure in type of silicon
nanoparticle efficiency should be examined or studied.

HMIP
IFT
LHP
LHPN
MICP
NP
PSNPs
PV
ST
TEM

12269

= High Mercury Intrusion Porosimetry
= Interfacial Tension, mN/m
= Lipophilic and Hydrophobic polysilicon,
= Lipophobic-Hydrophilic Polysilicon
Nanoparticles
= Mercury intrusion capillary pressure,
psi
= Nano-Particle
= Poly-Silicon Nano-Particles
= Pore Volume, cc
= Surface Tension, mN/m
= Transmission Electron Microscope
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rocks,” Bulletin of Canadian Pet. Geol., 24, pp 225262.
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