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Abstract
Silica nanofluids have proven to be successful in improving hydrocarbon recovery in the petroleum industry, and increased
demand for hydrocarbons has necessitated its application in low-permeability reservoirs. In recent times, surface coating of
nanoparticles has been employed to reduce its retention in porous media, but this does not entirely eliminate nanoparticle
attachment to pore walls. Knowledge of changes that occur in pore wall and structure such as specific surface area (SSA),
pore size distribution and total pore volume (TPV) would be useful in understanding retention mechanisms. This study used
nitrogen adsorption technique in studying changes in pore structure due to silica nanofluid treatment. The Brunauer–Emmett–
Teller theory and Barrett–Joyner–Halenda adsorption model were used in determining SSAs and TPVs, respectively. SSA,
adsorbability and TPV increased in treated samples compared to untreated samples and the rates of change increased with
treatment time due to extra pores induced by nanoparticle coagulation. Percent changes in TPV matched closely with SSA
and was responsible for increments in the latter. Scanning electron micrographs confirmed coagulation of nanoparticles which
increased with treatment time and introduced pseudo-pores on pore walls, resulting in increase in TPV. Increase in differential
pore volume was observed for the entire studied range of 2–100nm except for 3–4nm which showed no changes in all
samples. Severity of differential pore volume increased with treatment time. This study provides insights into nanoscopic
changes that occur on pore walls and structure when employing silica nanoparticles in improving hydrocarbon recovery in
low-permeability hydrocarbon reservoirs.
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1 Introduction

The demand for petroleum and natural gas has necessi-
tated exploration and production of hydrocarbons in low-
permeability reservoirs. However, primary recovery of the
original hydrocarbon in place is usually very low and sec-
ondary recovery performance is dependent on the wettability
of the rockmatrix [1]. In order to improvehydrocarbon recov-
ery in low-permeability reservoirs, silica nanoparticles have
been used to prepare nanofluids that have been employed
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as an enhanced hydrocarbon recovery agent and found to
increase hydrocarbon production [1–5].

Ahydrophilic silica nanoparticlewith primary size of 7nm
was employed by Hendraningrat et al. [3] in Berea sand-
stones of permeabilities ranging from 5 to 20mD. A series
of core flooding experiments confirmed increased oil recov-
ery in the low-permeability reservoirs with an optimized
nanofluid concentration of 0.05wt% having a displacement
efficiency of 25%. Other similar studies were carried out
on low- to medium-permeability (9–35mD) sandstone using
silica nanofluid, and increased oil production was reported
after core flooding [4,6]. In another study, the effects of some
parameters influencing oil recovery process due to silica
nanoparticles such as particle size, rock permeability, initial
rock wettability, injection rate and temperature were investi-
gated [5]. Lu et al. [1] performed eleven core flooding tests on
sandstone cores with permeabilities less than 1 mD using sil-
ica nanoparticles and reported that oil production improved
by 4.48–10.33%. Meanwhile, by measuring the composi-
tion of effluent fluids it was shown that silica nanoparticles
were retained in the porous media. The main mechanisms
for improved recovery using silica nanoparticles includewet-
tability alteration, increase in structural disjoining pressure
and reduction in interfacial tension [7–14]. Although silica
nanoparticles have been reported to increase oil recovery,
concerns have been raised about its propagation through
porousmedia aswell as its retention on porewalls [11,12,15].

The adverse effect of silica nanoparticles on reservoir
properties such as porosity and permeability is as a result
of pore throat blockage. Ju et al. [16] developed a sim-
ulator that was successfully applied in several oil fields
to predict adsorption in pore bodies and blocking of pore
throats in sandstone reservoirs by polysilicon nanoparticles
and observed reductions in permeability. Previous studies
in low-permeability reservoirs suggested that silica nanopar-
ticles have the tendency to block pore network as well as
impair porosity and permeability [1,4,6]. Ju and Fan [17]
developed a mathematical model to investigate changes in
porosity and permeability caused by nanoparticle adsorption
and observed declines in instantaneous porosity and per-
meability. Similar observations were made in medium- to
high-permeability reservoirs. Hendraningrat et al. [18] stud-
ied the effect of hydrophilic silica nanoparticle on porosity
and permeability of high-permeability Berea sandstones and
reported 5–88%and 1–11% reductions in liquid permeability
and porosity, respectively. To reduce nanoparticle retention
in porous media, polymer-coated nanoparticles (PNPs) have
been designed and one of the most common polymers used
for such purpose is polyethylene glycol (PEG) [15,19]. Some
PNPs have surface charge that matches that of the rock
reduced adsorption [20–22] but could not eliminate reten-
tion in porous media.

Attempts to improve nanoparticle propagation in porous
media only reduced retention and adsorption. It is there-
fore important to understand the changes that occur in pore
structure and properties. This study investigates nanoscopic
changes that occur with time as a result of silica nanoparticle
adsorption on pore walls and structure by nitrogen adsorp-
tion technique. Specifically, the effect of nanoparticle on
specific surface area (SSA), pore size distributions (PSDs)
and pore volume was investigated by comparing the changes
that occur in these properties before and after nanofluid treat-
ment. Scanning electronmicroscopy (SEM)was also utilized
to visualize pore walls to corroborate trends and changes in
these nanoscopic properties.

2 Materials andMethods

2.1 Core Sample Composition, Preparation and
Experimental Fluids

2.1.1 Petrophysical Properties and Mineralogical
Composition of Core Sample

In this study, core samples from a typical low-permeability
sandstone reservoir were used. The porosity and perme-
ability were measured by KS-VI steady-state porosimeter
and permeameter equipment (Jiangsu Hongbo Machinery
Manufacturing Co. Ltd, China). The average porosity and
permeability of core samples were 13.7% and 10.2 mD,
respectively. Parts of the core samples were chipped off and
prepared for SEM experiments after which the rest were
crushed into various particle size ranges for the purposes
of nitrogen adsorption and X-ray diffraction (XRD) experi-
ments.

For purposes of investigating the mineralogical composi-
tion of low sandstone sample, part of the core sample was
crushed to 320 mesh. XRD was performed using SmartLab-
9 X-ray diffractometer (Rigaku Corporation, Japan) with
CuKα radiation at 40kV, 200mA and a fixed graphite
monochromator. The XRD patterns were collected in the
2-theta range of 3◦–70◦ with a scanning rate of 10◦/min
at room temperature. The XRD pattern is presented in
Fig. 1.

The analyzed XRD data (Table 1) showed that the most
abundant mineral in the sandstone is the plagioclase feldspar,
albite with 64% mineralogical composition, while quartz
was second with about 24%. Clay mineralogy of the sand-
stone sample was chlorite which made up 10% while other
accessory minerals included the coarse mica, muscovite, and
calcite.
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Fig. 1 XRD results of low-permeability sandstone sample

Table 1 Mineral composition of the sandstone sample

Mineral Quartz Albite Calcite Chlorite Muscovite

Percentage 24 64 1 10 1

2.1.2 Sample Preparation for Adsorption Experiments and
Experimental Fluid

Some of the crushed sample was sieved with a mesh of par-
ticle range of 20–60 for the purposes of nitrogen adsorption
experiments. The sieved sample was then separated into 4
parts.

A hydrophilic nanoparticle powder (Zhengzhou Dongyao
Nano Materials Co. Ltd., China) with single particle size
of 7nm, which consists of 99.9% silicon dioxide (SiO2),
was used in this study (Fig. 2a). Nanofluid with weight
concentration of 0.05wt% was dispersed, first by using a
powerful high-speed mechanical stirrer and later with a son-
icator for 90min (Fig. 2b). The nanofluid was used in sample
treatment.

2.2 Damage Reactor Design and Operational
Procedure for Nanofluid Treatment of Samples

2.2.1 Damage Reactor Design

A special damage reactor was designed for this experiment
[23]. For the sake of clarity, the schematic of the reactor
is shown in Fig. 3, at atmospheric pressure and at a high
pressure.

The reactor consisted of a sample chamber and an outer
lid. The outer lid had an inner lid with a rubber ring that
ensures an air tight fit into the sample chamber. A pipe with
a valve connected to a vacuuming pump passed through
the lid into the container. A nanofluid inlet unit consisted
of an inlet pipe, and its valve was connected to a pump
that ensured complete filling of the reactor at atmospheric
conditions. A hydraulic pressure unit was made up of a
hydraulic pump, buffer tank, pressure loading valve and a
pressure release valve. The bottom of the sample cham-
ber was separated from the hydraulic unit by a movable
plate. The hydraulic pump aided in applying a predetermined
pressure.

2.2.2 Nanofluid Sample Treatment Procedure

The crushed sample was put into the reactor container and
the lid tightly fixed. The sample was then vacuumed for 4h
with all valves closed except the vacuum valve. The vac-
uum valve was closed afterward, and the nanofluid valve
was opened to introduce nanofluid through nanofluid inlet
pipe. Next, the nanofluid valve was closed to prevent back
flow. By means of a hydraulic pump and with the pressure
loading valve opened with the release valve closed, 20MPa
pressurewas applied.After 1h, the pressure release valvewas
opened and sample particleswere taken out, dried and sieved.
This procedure was repeated for different treatment times of
3h, 6h and 12h

Fig. 2 a SiO2 nanoparticles, b
0.05wt% SiO2 nanofluid
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Fig. 3 Schematic diagram of core damage reactor at a atmospheric pressure, b high pressure

2.3 N2 Adsorption–DesorptionMeasurements

N2 adsorption–desorption experiments were carried out with
3H-2000PS2 SSA and porosity analyzer produced by Beesd
Instrument Technology (Beijing) Co., Ltd (Fig. 4a).

The static volumetric method was employed in represent-
ing effect of nanoparticle on reservoir pore structure. Four
samples were labeled 1h, 3h, 6h and 12h for adsorption
experiments. N2 adsorption–desorption isothermsweremea-
sured at relative pressures ranging from 0.01 to 0.995 at 77K.
N2 adsorption–desorption test was then repeated for all the
samples after nanofluid treatment to investigate the effect of
nanoparticle adsorption time on reservoir pore structure. The
static volumetricmethod is described as follows: The crushed
sample was weighed and vacuumed at 200 ◦C for 12h to
remove any residual air whichwas adsorbed on the surface of
particles. The sample which was put in its holder was fixed in
the adsorptionmanifold. The sample holderwas kept at liquid
nitrogen temperature (77K). The saturated vapor pressure of
N2 (P0) at the experimental temperature wasmeasured. Con-
secutive known amounts of N2 was introduced by means of
injection into the sample holder. After equilibrium pressure
(P) had been established due to adsorption of the gas onto the

samples, the pressure and the amount of gas adsorbed were
recorded. The injection system was made up of a calibrated
piston, which automatically varied both the pressure and the
injected volume. A series of pressure test points were pre-
set. These points ranged from 0 to P0. The experiment was
started at a high vacuum, and step by step, the pressure was
automatically increased close to the nitrogen saturation pres-
sure. For each known volume of adsorbed gas (V ), a relative
pressure (P/P0) was computed. The adsorption branch of
the isotherm was constructed by plotting relative pressure
(on the abscissa) versus the amount of nitrogen adsorbed (on
the ordinate). Similarly, the desorption branch of the isotherm
was constructed by gradually reducing the pressure in a step-
wise manner.

2.4 Scanning ElectronMicroscopy Experiments

Pore morphology and adsorption of nanoparticles onto pore
walls were visualized by the aid of Zeiss Supra 55 Sap-
phire scanning electron microscope (Fig. 4b). Parts of the
core sample were chipped off and five stubs of approximate
dimensions 10mm × 5mm × 5mm were prepared. Four of
these stubs were treated with nanofluid for 1h, 3h, 6h and
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Fig. 4 a Nitrogen adsorption
equipment, b scanning electron
microscope

12h in the reactor as described in Sect. 2.2.2. The last sample
was left untreated. All five stubs were dried and coated with
thin platinum film. Multiple point photographs were taken
at 50K and 200K times magnifications and statistically fre-
quent characteristics picked out as general results.

2.5 Analytical Methods

The Brunauer–Emmett–Teller (BET) theory was applied to
evaluate specific surface area (SSA) [24]. This is by far the
most appropriate approach of determining SSA [25]. The
classical BET equation is given by:

1

V [(P0/P) − 1]
= 1

VmC
+ C − 1

VmC

(
P

P0

)
(1)

A plot of 1/V [(P0/P) − 1] versus P/P0 gives a straight
line in the range 0.05 ≤ P/P0 ≤ 0.35. In this range of P/P0,
parameters Vm andC can be evaluated by Eq. (1) and deemed
as accurate provided the volumes of adsorbed gas measured
from experiments are higher than Vm calculated from the
BETequation [26,27].All volumes of adsorbedgasmeasured
from experiments which were less than Vm were considered
unreasonable and were ignored. From the intercept and slope
derived from Eq. (1), Vm andC can be evaluated as 1/(s + i)
and (s/i)+1, respectively. The adsorbance can then be eval-
uated at any P/P0 after unreasonable data points are ignored
[28]. The adsorbance at P/P0 = 0.35 was evaluated by Eq.
(2):

VP/P0 = Vm
C P

P0(
1 − P

P0

) [
1 + (C − 1) P

P0

] (2)

In Eqs. (1) and (2), V is volume of adsorbed gas measured
from experiment at a particular relative pressure, mL/g; Vm is
the volume of mono-molecular layer of gas, mL/g; VP/P0 is

volume of gas at P/P0 = 0.35, mL/g;C is the BET constant,
P is the equilibrium adsorption pressure of N2 at the exper-
imental temperature (77K), bar; P0 is the saturated vapor
pressure of N2 at the experimental temperature (77K), bar;
P/P0 is relative pressure, fraction; and s and i are slope
and intercept graphically evaluated from the BET equation,
respectively.

In this investigation, the pore size distribution and total
pore volumes were evaluated based on the adsorption branch
isotherm with the Barrett–Joyner–Halenda (BJH) model
[29]. This is because the tensile strength effect contributes
extra pores based on desorption isotherms [30].

The details of the analyticalmodels and theories employed
in this investigation are comprehensively discussed in the
literature [24,25,27,29,31,32].

3 Results and Discussion

3.1 Qualitative Description of Pore Morphology
from Adsorption Isotherms

Isotherms of samples showed similar characteristics (Fig. 6).
According to the International Union of Pure and Applied
Chemistry (IUPAC) nomenclature, the shape of the N2

adsorption–desorption isotherms indicates Type II isotherm
(see Fig. 5a) with H3 hysteresis loop (see Fig. 5b) [25,33].
However, some studies considered this type of isotherm as
Type IV (see Fig. 5a) due to the presence of hysteresis loop
[34,35]. Although the primary characteristic feature of Type
IV isotherms is a hysteresis loop due to capillary condensa-
tion, another typical feature is a final saturation plateau over
a range of high P/P0, indicating complete pore filling (see
Fig. 5a) [25,36]. The isotherms from this investigation lacked
saturation plateau at high P/P0. Xu et al. [26] explained
with evidence that this behavior is due to the presence of
some macropores and suggested these types of isotherms are
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Fig. 5 IUPAC classifications of
a isotherms, b hysteresis loops;
modified according to [27]

Fig. 6 Isotherm of sample
showing inflection point and H3
hysteresis loop
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primarily Type II associated with unrestricted monolayer–
multilayer adsorption of macroporous adsorbents.

One of the features of the isotherms was the presence of
knee or inflection point (B) at low P/P0 (Fig 6, insert A).
This indicated the stage at which monolayer adsorption was
complete and the beginning of multilayer adsorption pro-
cess. Moreover, adsorbance sharply increased and the curves
showed hysteresis loop over a range of moderate to high
P/P0 due to capillary condensation. This was indicative of
the presence of mesopores in samples. Furthermore, adsor-
bance increased without saturation plateau over a range of
high P/P0, indicating a probable presence of macropores.

Ultimately, according to IUPAC the H3 hysteresis loop is
often attributed to non-rigid aggregates of plate-like parti-
cles with macroporous pore network which is indicative of
slit-shaped pores [25,33]. Inferring from the shape of the
isotherms, it was deduced that the samples contained slit-
shaped mesopores and some macropores.

3.2 Changes in Isotherms Due to Nanofluid

Obvious changes which varied with nanofluid treatment time
were displayed in isotherms of treated samples (Fig. 7).
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Fig. 7 Effect of silica nanofluid on isotherms for different treatment times: a 1h, b 3h, c 6h, d 12h

Noticeable in this study was upward shifts in hysteresis
loops of samples treated with nanofluid, and the severity
of the shift increased with time. Negligible upward shift
was observed for the sample treated for 1h, while samples
treated for 3, 6 and 12h exhibited more severe changes.
The changes could be attributed to nanoparticle deposition
and adsorption on pore walls which probably changed the
original pore wall composition and structure. Adsorption of
nanoparticles on pore walls increased with time (Fig. 7),
causing severe upward shift in samples treated for longer time
periods.

Secondly, maximum adsorbance increased in treated sam-
ples compared to untreated samples and the rates of change
increasedwith treatment time (Table 2). The increase inmax-
imum adsorbance could be due to deposition of nanoparticles
on pore surfaces. These nanoparticles coagulated introduc-
ing intergranular pores in the sample system which would
be detected as extra pores by N2 gas molecules, thereby
increasing adsorbance. Coagulation increased with increase
in treatment time introducing more pores which could cause

Table 2 Effect of nanofluid on maximum adsorbance

Sample 1h 3h 6h 12h

Before (mL/g) 9.8485 8.9635 9.2306 9.6591

After (mL/g) 10.0512 10.012 10.6617 11.639

Change (%) 2.06 11.70 15.50 20.50

the observed percentage increase in maximum adsorbance
with time.

3.3 Changes in PoreWall Properties Based on BET
Theory

3.3.1 Effect of Nanofluid on BET SSA

Table 3 presents SSA of treated and untreated samples. It
was observed that there was a general increase in SSA of
damaged samples as compared to undamaged samples. The
increment in SSA could be due to detection of smaller pores
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Table 3 Effect of silica nanofluid on BET SSA

Sample
(h)

SSA before dam-
age (m2/g)

SSAafter damage
(m2/g)

Change in SSA
(%)

1 2.5763 2.7673 7.41

3 2.4188 2.7797 14.92

6 2.518 3.0458 20.96

12 2.5902 3.4226 32.14

by N2 molecules. Coagulation of nanoparticles on pore walls
could introduce more pores which would be detected as extra
smaller pores, increasing the SSA of samples. Also, increase
in surface roughness of porewalls due to nanoparticle adsorp-
tion which could also be partly responsible for the observed
increase. SEM micrographs confirmed surface roughness of
samples treated with nanoparticles (Figs. 10b, 11a–d), and
this is further discussed in Sect. 3.5.

The study revealed that the percentage change in SSA
in treated samples increased with treatment time which
implied smaller pores increased with time due to coagula-
tion. Furthermore, surface roughness of pore walls could
also increase as more nanoparticles got attached to pores sur-
faces. Although nanoparticle coagulation could block some
original smaller pores of samples, the amount of nanopar-
ticle deposition and coagulation increased with time taking
precedence over pore blockage. SEM micrographs of sam-
ples corroborated increase in coagulationwith treatment time
(Fig. 11a–d). This phenomenonwould increase smaller inter-
granular pores within the system and perhaps render pore
surfaces rougher accounting for the observation.

3.3.2 Effect of Nanofluid on Adsorbability

Notably, the adsorbance of monolayer as well as multi-
layers increased in treated samples compared to untreated
samples and the rates of changes increased with treatment
time (Table 4). However, increment in multilayer adsorption
was slightly higher than that of monolayers. Contribution to
adsorbance of multilayers was thus determined as the differ-
ences between percent changes in monolayer and multilayer
adsorbances. Multilayer contribution ranged between 0.07

and 1.49% (Table 4). Percent increases in adsorption and
BET SSA matched closely. This meant that coagulation of
nanoparticles caused increments in adsorbability and proba-
bly accounted for changes in SSA.

3.4 Changes in Pore Structure Based on BJHModel

3.4.1 Effect of Nanofluid on PSD

Pore size distributions (PSDs) of all treated and untreated
samples displayed unimodal peaks between 2 and 3nm, sug-
gesting that most of studied pores were mesopores. This
accounted for the hysteresis loop displayed in isotherms in
Sects. 3.1 and 3.2.

Noticeably, samples treated with nanofluid displayed
obvious variations comparedwith untreated samples (Fig. 8).
These changes varied with treatment time and gave insight
into changes that occurred with nanoparticle deposition and
retention. Firstly, minimal changes occurred in the sample
treated for 1 h and there was slight increase in differential
pore volume of meso-macro pores between 20–80 nm. How-
ever with increase in treatment time, there was an increase in
differential pore volume within mesopore range of 2–3nm
and meso-macro pore range of 5–80nm, and these variations
increased with time (Fig. 8b–d). Although there was a gen-
eral increase in differential pore volume, there was blockage
effect of mesopores by nanoparticles within 3–4nm range in
all samples.

The results implied that after nanoparticle treatment extra
pores were detected by N2. This could be attributed to
coagulation of nanoparticles which induced extra intergran-
ular pore in the network. This observation accounted for
the increased maximum adsorption and an upward shift in
isotherms for treated samples displayed in Sect. 3.2. More-
over, the changes suggested that nanoparticle invasion and
deposition initially started in meso-macro pores (Fig. 8a).
With increase in treatment time, nanoparticles invaded
smallermesopores and coagulation increased, thereby induc-
ing more pores (Fig. 8b–d). The blockage effect observed in
3–4nm range suggested that there was blockage of pores and
pore throats in this diameter range.

Table 4 Changes in adsorption of first and multilayers

Samples (h) Monolayer adsorption (Vm) Multilayer adsorption (V0.35) Multilayer contribution

Before treatment (mL/g) After treatment Change Before treatment After treatment Change (%)
(mL/g) (mL/g) (%) (mL/g) (mL/g) (%)

1 0.5992 0.6396 6.74 0.8962 0.9664 7.83 1.09

3 0.5565 0.6388 14.80 0.8411 0.9662 14.87 0.07

6 0.5796 0.7033 21.35 0.8733 1.0613 21.52 0.17

12 0.6004 0.7864 30.98 0.8990 1.1909 32.47 1.49
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Fig. 8 Effect of silica nanofluid on PSD for different treatment times: a 1h, b 2h, c 6h, d 12h

Table 5 Effect of silica nanofluid on pore volume range of 2–100nm

Sample (h) Mesopore pore volume Macropore pore volume Total pore volume

Before
treatment
(μL/g)

After
treatment
(μL/g)

% Change Before
treatment
(μL/g)

After
treatment
(μL/g)

% Change Before
treatment
(μL/g)

After
treatment
(μL/g)

% Change

1 8.28 8.52 2.90 3.36 3.67 9.23 11.64 12.19 4.73

3 7.67 8.2 6.91 2.83 4.06 43.46 10.49 12.26 16.87

6 7.92 9.05 14.27 2.76 3.83 38.77 10.68 12.89 20.69

12 8.31 9.85 18.53 2.29 3.85 68.12 10.6 13.7 29.24

3.4.2 Effect of Nanofluid on Pore Volume

It was revealed in this study that mesopore, macropore
and total pore volumes increased in samples treated with
nanofluid compared to untreated samples, based on studied
pores.

Furthermore, percent change in total pore volume
increased with increasing time. This implied invasion and
coagulation increased with time, thereby inducing more
poreswhich contributed to pore volume.Although therewere

slight differences, the ranges of percent increment in total
pore volume in damaged samples were in accordance with
BET SSA percent increments (compare Tables 3, 5). It could
be deduced that the increment in total pore volume as a result
of invasion and coagulation was the paramount reason for
increment in SSAs and adsorbability.

Although this study observed increase in pore volume
due to nanoparticle coagulation, these nanoparticles actu-
ally coagulated on pore walls and in pore throats. Section 3.5
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a b

Fig. 9 Plate-like particles 50K times magnification, a 1h, b 6h

a b

Fig. 10 SEM Micrographs at 50K times magnification, a untreated sample, b treated sample 12h

provided visual evidence by means of SEM micrographs as
a support to this claim.

3.5 Effect of Silica Nanofluid on Pore Morphology by
SEM

The surface morphology of samples was studied using SEM
to show changes in structure of pore surfaces and also
enhance understanding of changes in adsorption isotherms,
adsorbability, SSA, PSD and total pore volumes.

Samples showed aggregates of plate-like particles (Fig. 9).
Plate-like aggregates display H3 hysteresis loop [25,27], and
this was observed in Sect. 3.1 and thus served as supporting
evidence to the claim of slit-shaped pores of samples.

Comparing untreated to treated samples, it was observed
that the surfaces of treated samples were rougher (com-
pare Fig. 10a, b. Compare Figs. 10a, 11a–d). This may be
partly responsible for increase in SSAs. Also, it was observed
that, nanoparticles coagulated on pore walls and throats
(Fig. 10b). The attachment and coagulation was responsible
for changes in adsorption isotherms as composition of pore
walls changed. Coagulation introduced extra pores, and this

explained why SSA, adsorbability, PSD and pore volume
increased in treated samples compared to untreated sam-
ples. The increase in these properties was due to the induced
intergranular pores which were detected by N2 molecules.
The affinity for water coupled with the presence of these
extra pores could be responsible for increases in initial water
saturation observed in a previous study when hydrophilic
nanoparticles were employed during core flooding experi-
ment [1] as water could be held in them due to capillary
forces. However, it was observed that nanoparticles were
retained in some pore throats (Fig 10b).

The study revealed that nanoparticle coagulation increased
with time (Fig. 11a–d). Thismeant extra pores increasedwith
treatment time. This explained why SSA, adsorbability and
total pore volume increased with treatment time.

4 Conclusions

Changes in nanoscopic pore structure, BET SSA, adsorba-
bility, PSDs and total pore volume were studied by N2

adsorption technique. SEM was employed for nanoscopic
visualization of changes on pore walls, and the following
conclusions could be drawn:
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ba

c d

Fig. 11 SEM micrographs showing nanoparticle coagulation at 200K times magnification, a 1h, b 3h, c 6h, d 12h

1. Type II isothermswithH3 hysteresis loopwere displayed
in both treated and untreated samples. SEMmicrographs
confirmed plate-like particles associated with H3 hys-
teresis loop.

2. SSA and total pore volume (TPV) increased in treated
samples compared to untreated samples. The percent
increase in these parameters of treated samples increased
with treatment time.

3. Increase in differential pore volume was observed for the
entire studied rangeof 2–100nmexcept for 3–4nmwhich
showed no changes in all samples. Severity of differential
pore volume increased with treatment time.

4. Percent increments in total pore volume matched closely
with that of SSA. Increments in total pore volume and
roughness of pore walls due to nanoparticle deposition
are responsible for SSA increments.

5. Coagulation of nanoparticles which increased with treat-
ment time introduced pseudo-pores in treated samples
which were the main factor that caused nanoscopic
changes in pore structure.
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