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Abstract Environmentally responsive surface-modi-
fied nanoparticles are colloidal nanoparticles coated
with, at least, two physicochemically distinct surface
groups. Recent advances in the synthesis and production
of nanoparticles have enabled the production of envi-
ronmentally responsive surface-modified nanoparticles
with both hydrophilic and hydrophobic surface groups.
These nanoparticles act like colloidal surfactants. In this
paper, environmentally responsive surface-modified
silica nanoparticles are synthesized and used for
enhancement of oil recovery. For this purpose, silica
nanoparticles are coated with polyethylene glycol
chains as hydrophilic agent and propyl chains as
hydrophobic agent at various quantities, and their ability
to modulate oil-water interface properties and oil
recovery is examined. Oil-water interfacial tension
and water surface tension are decreased by 50 % in the
presence of silica nanoparticles coated with both agents.
Measuring oil-drop contact angle on oil-wetted glass
slides and carbonate rock sections, after aging in various
surface-modified silica nanofluids, indicates that the
wettability of various oil-wetted surfaces is modified
from strongly oil-wet to water-wet. Flooding nanofluids
to glass micro-models and pore-level investigations
demonstrate that surface modification of silica nanopar-
ticles, specially, with both hydrophilic and hydrophobic
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agents improves considerably their performance in
increasing oil recovery and wettability alteration.

Keywords Silica nanoparticle - Surface
modification - Nanofluid - Enhanced oil recovery -
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Introduction

Crude oil is the most widely used source of energy in the
world. Major portions of the crude oils are produced
from oil reservoirs through conventional oil recovery
processes (including the primary and secondary oil
recovery processes) (Thomas 2008). On average, only
about a third of the oil in place can be recovered by
conventional oil recovery processes. Hence, developing
more and more efficient techniques to enhance oil
recovery, the so-called enhanced oil recovery (EOR), is
inevitable (Green and Willhite 1998). EOR processes
include thermal (Clark et al. 2010; Kamal et al. 2014),
chemical (Watkins 2009), and microbial (Dietrich et al.
1996; Sen 2008), which are based on interfacial tension
reduction (Barnes et al. 2012; Green and Willhite 1998;
Hirasaki et al. 2008), viscosity control (Bauer and
Klemmensen 1982; Jamaloei and Kharrat 2010;
Ramirez 1987), and wettability alteration (Morrow
1990; Somasundaran and Zhang 2006; Zhao et al. 2010).

Among the EOR processes, chemical-assisted
enhanced oil recovery processes (CEOR) have
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increasingly come into focus due to the provided
ability of controlling the properties of crude oil-
formation water and reservoir rock-crude oil-forma-
tion water interfaces using chemical agents (Mo-
hammed and Babadagli 2015). Chemicals used in
CEOR are mostly polymers (Kang et al. 2011; Shaker
Shiran and Skauge 2013) and surfactants (Johannessen
and Spildo 2013; Puerto et al. 2012). Polymers
improve oil recovery by increasing the viscosity of
injecting fluid and controlling the oil and injecting
fluid mobility, while surfactants perform by reducing
interfacial tension (Bera et al. 2013; Rosen et al. 2005)
and altering reservoir rock wettability (Al-Sulaimani
et al. 2012; Chaudhuri and Paria 2014). Polymers are
potential to chemical or thermal degradation (Levitt
and Pope 2008), and their molecular weight is so huge
that makes their transport in low permeable media
difficult. Flooding surfactants have limited perfor-
mance in CEOR when salinity and temperature are
high, and most of surfactants are prone to hydrolysis.
These problems resulted in investigations for new and
efficient materials for CEOR. Thus, of other chemicals
that have found various applications in CEOR are
nanoparticles that their application in CEOR is
interested mainly due to their ability to modulate
interfacial tension and alternate reservoir rock
wettability.

There have been extensive studies on whether and
how nanoparticles alter wettability of oil-wet or
medium-wet surfaces to more water-wet states. In an
experimental attempt by Suleimanov et al. (2011), the
impact of a nonferrous metal nanoparticle on the
wettability alteration property of anionic surfactants
was studied by measurements of contact angles,
observing that contact angles are not changed and
indicating that wettability is not modulated by the
metal nanoparticle. They concluded that the enhance-
ment of oil recovery in the presence of nanoparticles is
due to the decrease in the interfacial tension and the
change in the flow characteristics of injecting fluid.
Karimi et al. (2012) studied the wettability alteration
with a nanofluid containing zirconium dioxide
nanoparticles and nonionic surfactants in a carbonate
reservoir rock. They found a considerable change in
the wettability of the rock from the oil-wet to water-
wet state. They suggested that the adsorption of the
nanoparticles results in the nanoparticle structuring on
the rock, and they concluded that the wettability
alteration is mainly due to the formation of the
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structured nanoparticle layer. Zhang et al. (2014)
conducted imbibition tests using a reservoir crude oil
and a Berea sandstone treated with a nanofluid
containing silica nanoparticles. They showed that the
nanofluid is suitable for displacing crude oil from
Berea sandstone, especially in a high-salinity envi-
ronment containing calcium and magnesium ions.

Roustaei and Bagherzadeh (2015) experimentally
studied the impact of silica nanoparticles on the
wettability of a carbonate reservoir rock. They
concluded that a considerable amount of oil can be
recovered right after injecting water to the aged core
plug with a nanofluid containing silica nanoparticles.
More recently, Lim et al. (2015) reported the changes
in the wettability of three different solid substrates
using a nanofluid composed of silica nanoparticles
dispersed in water. They observed that the extent of
the wettability alteration depends on the volume
fraction of the nanoparticles, their size, and the type
of substrate. In addition, they found a strong correla-
tion between the change in the substrate wettability
and the nanoparticle volume fraction close to the
substrate surface.

Of other experimental attempts, we can mention to
the experimental study of Maghzi et al. (2012). They
used glass micro-models to examine the effect of silica
nanoparticles on the wettability alteration. They
found, in waterflooding experiments, that the presence
of silica nanoparticles results in a significant enhance-
ment of oil recovery, highlighting the ability of silica
nanoparticles to alter glass surface wettability
(Maghzi et al. 2012). Also, it is reported that adding
silicon dioxide and zirconium dioxide nanoparticles to
surfactants solution improves their wettability alter-
ation ability helping EOR processes (Karimi et al.
2012; Le et al. 2011; Zargartalebi et al. 2014).

The aforementioned cases are examples of exper-
imental studies on the wettability alteration properties
of nanoparticles among many other experimental
reports (see Lim et al. (2015), and references therein).
On the other hand, although it is well known that
nanoparticles can alter reservoir rock wettability, no
consensus has been reached on whether nanoparticles
affect oil-water interfacial tension (see Fan and
Striolo (2012), and references therein). It is sometimes
observed that nanoparticles decrease the interfacial
tension, but in some other instances they are observed
not to modulate considerably the tension. When
significant interfacial tension reduction in the presence
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of nanoparticles is observed, it is generally explained
by the adsorption of nanoparticles to interfaces.

However, in terms of interfacial tension and
reservoir rock wettability alteration, applications of
nanofluids for EOR processes arise from their ability
to adsorb to interfaces (Binks and Whitby 2004; Wang
et al. 2011). The degree of adsorption of nanoparticles
onto reservoir rocks’ surfaces and at the oil-water
interfaces determines the wettability alteration ability
and the decrease in interfacial tension. Thus, engi-
neering nanoparticles to adsorb preferentially to
interfaces can improve nanofluid surface activity,
where this can be achieved through surface modifica-
tion of nanoparticles.

Surface modification of nanoparticles by covalently
attaching polymers to the nanoparticle surface in order
to render polymer-coated nanoparticles has received
much interest for EOR applications. While less work
has been carried out with polymer-coated nanoparti-
cles for EOR processes, emerging literature suggests
that they may perform much better than bare (unmod-
ified) nanoparticles for EOR (ShamsiJazeyi et al.
2014). Among all types of polymer-coated nanopar-
ticles, mixed polymer-coated nanoparticles, in which
two distinct polymers are randomly coated on the
surface of bare nanoparticles, are particularly inter-
esting as they can be designed to exhibit responsive
properties under environmental variations (Zhao and
Zhu 2009). The coexistence of, at least, two kinds of
polymers on the nanoparticle surface may endow the
nanoparticles responsiveness, for example, to solvent,
temperature, pH, and light, by controlling proper
chemical composition.

Recent advances in the synthesis and production of
surface-modified nanoparticles have enabled the pro-
duction of environmentally responsive mixed poly-
mer-coated nanoparticles with both hydrophilic and
hydrophobic surface groups. These nanoparticles in a
suspension act like surfactant molecules (see Zhao and
Zhu (2009), and references therein). For example, like
surfactant molecules can attach to fluid—fluid inter-
faces to form a monolayer. In addition, they, like
surfactant molecules, are used to stabilize multiphase
systems. For instance, there have been experimental
efforts on the application of surface-modified silica
nanoparticles with a constant modifying agent quan-
tity for stabilizing oil-water emulsions (Wang et al.
2010), as well as investigating nanoparticle dispersion
rheology and adsorption behavior on reservoir rocks

surfaces (Rodriguez Pin et al. 2009). In summary,
environmentally responsive mixed polymer-coated
nanoparticles may exhibit synergistic abilities of both
surfactants and nanoparticles.

In spite of extensive studies on the performance of
unmodified nanoparticles and surfactant molecules for
enhanced oil recovery, less work has been reported on
the performance of environmentally responsive mixed
polymer-coated nanoparticles for oil recovery-ori-
ented applications. Of the few studies, we can mention
to the EOR-oriented application of surface-modified
nanoparticles with both hydrophilic and hydrophobic
polymers in order to control the stability of foams used
to recover hydrocarbons from underground formations
(Baran and Cabrera 2006). The use of surface-
modified nanoparticles resulted in foams that were
stable under pressure yet had a shorter foam lifetime
than typical surfactant-stabilized foams after the
pressure was lowered.

A thorough understanding of the environmentally
responsive mixed polymer-coated nanoparticles’
behavior in contact with reservoir fluids and the walls
of rock’s pores can help to improve enhanced oil
recovery processes. This can be achieved through
systematic studies to develop a more comprehensive
understanding of how environmentally responsive
mixed polymer-coated nanoparticles alter the proper-
ties of oil-water and oil-water—solid interfaces. For
this purpose, we are aimed, in this paper, to investigate
the impact of silica nanoparticles surface modification
on their performance in increasing oil recovery and
wettability alteration. Silica nanoparticles are inter-
ested for EOR-oriented applications due to their low
cost and availability. Also, modifying silica nanopar-
ticles is experimentally possible due to silanol groups
on their surface. These groups can react with
organofunctional alkoxysilanes to create a chemical
bond between silica nanoparticle surface and
organofunctional groups.

In this study, polyethylene glycol chains as
hydrophilic agent and propyl chains as hydrophobic
agent are randomly coated on silica nanoparticle
surface. Surface modification of silica nanoparticles
by both agents is carried out to create environmentally
responsive nanoparticles with different ratios of
modifying agents’ quantity to silica nanoparticle’s
quantity. Fourier transform infrared (FT-IR) spec-
troscopy is used to examine nanoparticles surface
modification. The surface activity of nanofluids
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containing the nanoparticles is studied by measuring
oil-water interfacial tension and water surface tension
in the presence of silica nanoparticles. Also, the
wettability alteration is investigated by measuring oil-
drop contact angle on two different oil-wetted surfaces
after aging in nanofluids containing the nanoparticles.
Then, the surface-modified nanoparticles performance
in EOR processes is examined via monitoring wetta-
bility alteration and oil recovery factor during flooding
to a glass micro-model.

Experiments and procedures

In this section, we discuss the materials and method
used for fabricating surface-modified nanoparticles
and the procedures employed to characterize the
nanoparticles and perform oil recovery experiments.

Materials

Our experiments were performed using silica nanopar-
ticles, modifying agents and a sample of crude oil.
Non-functionalized, non-porous silica nanoparticles
(AEROSIL® 200) provided by the manufacturer as a
powder with specific area and average primary
diameter 200 + 25 m*/g and 12 nm, respectively (as
specified by the manufacturer). Also from the manu-
facturer’s reports, SiO, content of the nanoparticles is
99.8 wt%, and pH of 4 wt% nanoparticles dispersion
in water is in the range of 3.7-4.8. The crude oil was a
dead oil from Ahvaz (south of Iran) reservoirs with
5 wt% asphaltene components, 6 wt% resin compo-
nents, and 14 wt% aromatic components. For all the
experiments, freshly prepared double-distilled water,
with the conductivity of 1.5 pS/cm measured at 22 °C,
was used. Carbonate rock sample was from Ali-
goodarz mine located in southwest of Iran. Rock
sample purity was ~99 % (based on reported analysis
by Zagros powder company) (Monfared et al. 2015).
XRD spectrum from the rock sample is shown in
Fig. 1. Hydrophilic agent was polyethylene glycol
linked to 3-glycidoxypropyltrimethoxysilane (3-GTO/
MPEG), which was synthesized from polyethyleneg-
lycholmethylether (MPEG, average M, ~ 2000,
Sigma-Aldrich) and 3-glycidoxypropyltrimethoxysi-
lane (3-GTO, Sigma-Aldrich, 98 %). Hydrophobic
agent coated on silica nanoparticle was
trimethoxy(propyl)silane ~ (C3S,  Sigma-Aldrich,
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Fig. 1 XRD pattern of carbonate rock sample (Monfared et al.
2015)

97 %). Other chemicals used were acetic acid (Merck,
glacial, 100.0 %), ammonia (Merck, solution of
29.3 %, extra pure), acetonitrile (Ameretat Shimi,
99.9 %), ethanol (Hamon teb markazi, 96.2 vol.%),
and toluene (Ameretat Shimi, 99.9 %).

Nanoparticles surface modification

In general, the surface modification of silica nanopar-
ticles is achieved through functionalizing silanol
groups, which exist on the surface of silica nanopar-
ticles, with suitable silane reagents. Of our two agents,
i.e., MPEG and C3S, which are to be covalently
attached to the silica nanoparticle surface, only C3S
has suitable silane groups. Accordingly, in order to
covalently attach MPEG to the silica nanoparticle
surface, MPEG must be functionalized with a suit-
able silane reagent. To this end, 3-GTO, which
contains suitable silane groups, was chemically linked
to MPEG; this procedure yielded hydrophilic agent,
i.e., 3-GTO/MPEG.

For the purpose of chemically linking 3-GTO to
MPEG, at the beginning, MPEG, in order to be dried
from any traces of water, was melted by heating at
80 °C for 3 h. Then, 30 g of the dried MPEG was
poured into 150 mL of acetonitrile, and 3.9 g of
3-GTO was added to the solution. Subsequently,
0.2 mL of acetic acid as catalyzer was mixed with the
solution. The resulting solution was refluxed at 90 °C
with continuous stirring for 6 h. The solvent was
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Table 1 Quantity of modifying agents used for coating silica
nanoparticles

Nanofluid no. Qupr Ouro

1 0 122 x 1073
2 0 0.75 x 1073
3 571 x 1073 0

4 3.22 x 1073 0

5 571 x 1073 0.37 x 1073
6 1.72 x 1073 0.75 x 1073
7 3.22 x 1073 0.56 x 1073

Qupr hydrophilic modifying agent quantity in mol/(g
nanoparticle)
QOnpo hydrophobic modifying agent quantity in mol/(g
nanoparticle)

removed from products by evaporation. Chemical
reaction step used for chemically linking 3-GTO to
MPEQG is shown in the upper panel of Fig. 2.

Then, we coated 3-GTO/MPEG and C3S on the
silica nanoparticle surface. For this purpose, the
alkoxysilane groups of 3-GTO/MPEG and C3S should
be hydrolyzed to produce silanol groups. Thus,
3-GTO/MPEG and C3S were hydrolyzed by adding
30 mol equivalent of water (with pH 9.5 set by 0.1 M
NaOH solution) with continuous stirring for 3 h.
Subsequently, hydrolyzed agents were injected drop-
wise (in 1 h using a syringe pump) into 5 wt% silica
nanofluid (which was prepared through dispersing 2 g
of silica nanoparticles in 38 g of double-distilled water
by probe sonication for 6 min) with pH 9.5 set by
0.1 M NaOH solution. The reaction mixture was then
refluxed at 80 °C under continuous stirring. Total
reaction time was 12 and 5 h for coating 3-GTO/
MPEG and C3S, respectively. Chemical reaction steps
used for coating C3S and 3-GTO/MPEG on silica
surface are shown in the middle and lower panels of
Fig. 2, respectively. Coating both agents on silica
nanoparticles surface was performed by initially
coating C3S, and then, by grafting 3-GTO/MPEG.

After coating agents on silica nanoparticles,
nanoparticles were collected from unreacted agents
and suspending medium (which was water) and
washed with double-distilled water and ethanol by
four times centrifugation, at 10,000 rpm for 6 min,
and decantation (three times with double-distilled
water, and then, once with ethanol). Then, the
collected nanoparticles were dried by heating at
70 °C for 12 h in an oven, and subsequently, the
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dried nanoparticles were suspended in double-distilled
water to have aqueous stock solutions at a concentra-
tion 10 wt%. Table 1 presents the quantities of
modifying agents used for coating silica nanoparticles
surface on the basis of reaction efficiency investigated
in Klint (2011) for seven silica nanoparticle samples
studied here.

Characterization tests

Dynamic light scattering (DLS), conducted with a
Nano S instrument (Malvern Instruments) at 20 °C,
was used to determine the hydrodynamic size distri-
bution of silica nanoparticles dispersed in double-
distilled water at various nanoparticle concentrations
of 0.005, 0.05, 0.5, and 5 wt%. DLS measures the
intensity of the laser light scattered from suspending
nanoparticles, where the hydrodynamic diameter is
obtained from the temporal evolution of the scattered
light intensity using the well-known Stokes—Einstein
relation (Jiang et al. 2009; Suttiponparnit et al. 2011).

There are a number of techniques to characterize
nanoparticles at each stage of surface modification
including thermo-gravimetric analysis (TGA), differ-
ential scanning calorimetry (DSC), scanning electron
microscopy (SEM), and FT-IR spectroscopy. We used
FT-IR spectroscopy to monitor desired reactions in
surface modification steps. For this purpose, FT-IR
spectra were recorded using a 155S MB-series instru-
ment (ABB Bomem) from unmodified silica nanopar-
ticles, 3-GTO, C3S, and MPEG as reactants and from
3-GTO/MPEG, hydrophobic silica nanoparticles, and
hydrophilic silica nanoparticles as products. The
spectra were measured for modified silica nanoparti-
cles after filtration and drying at 60 °C.

Surface and interfacial tensions and contact angle
measurements

We measured oil-water interfacial tension and water
surface tension in the presence of our unmodified and
surface-modified silica nanoparticles to monitor the
surface activity properties of the nanoparticles. For
this purpose, surface and interfacial tensions were
determined by pendant drop method. Laboratory
temperature was ~29 °C when surface and interfacial
tension measurements were taken. Reported surface
and interfacial tensions are average of those of three
different measurements in each sample.
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Wettability alteration properties of our unmodified
and surface-modified silica nanoparticles were mon-
itored by measuring droplet contact angles of oil—
water on oil-wetted solid surfaces using captive drop
technique. Solid surfaces were carbonate rock sections
and glass slides, where carbonate rock sections were
aged in the crude oil for 4 months and glass slides
were put in a solution of C3S and toluene at a
concentration 1 vol.% for 24 h to alternate their
wettability to oil-wet. In captive drop technique, an
oil droplet was released and captured below the glass
slide or rock section, which was submerged in water.
Side images of oil droplets captured below the slide or
section were taken and analyzed, and the contact
angles were measured through the denser phase (water
or silica nanofluids). Accordingly, the contact angles
of 0° and 180° correspond, respectively, to a surface
completely water- or oil-wet.

To examine the effect of nanoparticles surface
modifications on the wettability alteration ability, oil-
wetted glass slides and sections were aged in various
1 wt% surface-modified silica nanofluids. Then, cap-
tive droplet contact angles of oil-water on the glass
slides and sections were measured after 24 and 72 h.

Flooding to glass micro-model

Micro-models are used to replicate porous media in
order to visualize transport processes at the pore scale.
Most micro-models contain etched or lasered porous
substrates or simple pore networks. Micro-models are
made from transparent material so that they can be
viewed with a microscope; this feature allows fluid
flow analysis at the pore-level. In this paper, we
performed flooding experiments using a five-spot
micro-model system. The glass micro-model was
fabricated from two glass slides with the thicknesses
of 2 and 4 mm. The desired pattern of porous media,
depicted in Fig. 3, was lasered on the 4-mm-thick
glass slide. The glasses were bonded at 670 °C for 2 h
and then cooled to ambient temperature in 24 h. The
micro-model wettability was altered from hydrophilic
to hydrophobic by injecting a solution of ethanol,
double-distilled water, C3S, and ammonia into the
model. After reaction at room temperature for 24 h,
the solution was withdrawn and the micro-model was
rinsed with double-distilled water.

Two series of flooding experiments were con-
ducted. One was with the water-wet micro-model

Fig. 3 Pattern lasered on glass as porous media

(before wettability alteration), and the other one was
with the oil-wet micro-model (after wettability alter-
ation). In the former case, the water-wet micro-model
was initially loaded by the crude oil. By processing the
image of the oil-loaded micro-model, the micro-model
porosity was determined. Then, double-distilled water
was injected into the micro-model by a syringe pump
at the rate of 0.1 mL/h. By analyzing the images
captured from the micro-model during the flooding of
water, recovery factor versus injected pore volume
was monitored.

In the latter case, the oil-wet micro-model was
initially loaded by the crude oil. Then, unmodified
silica nanofluid and nanofluids no. 1, 3, 5, and 6 were
injected at the nanoparticle concentration of 1 wt%
into the micro-model at the rate of 0.1 mL/h. By
processing images of the micro-model when nanoflu-
ids were flooding, recovery factor versus injected pore
volume was determined. After each flooding test, the
micro-model was rinsed with double-distilled water,
toluene, and ethanol and then dried at 150 °C for
20 min to be refreshed for new flooding test. Also,
microscale images were captured from micro-model
pores and throats when flooding experiments were
being conducted.

Results and discussion

In what follows, the results are reported and discussed.
At the beginning, the results of our characterization
tests including DLS and FT-IR are examined (“Dy-
namic light scattering” and “Fourier transform
infrared spectroscopy” sections). Then, the modula-
tion of oil-water interfacial tension and water surface
tension in the presence of our unmodified and surface-
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modified silica nanoparticles are presented (“Surface
and interfacial tensions” and “Contact angle” sec-
tions), and it is observed that the surface modification
of silica nanoparticles considerably alters the tensions.
Afterward, we report the wettability alteration of oil-
wetted glass and carbonate rock surfaces in the
presence of the unmodified and surface-modified
silica nanoparticles, and it is demonstrated that the
surface modification of silica nanoparticles signifi-
cantly alters the wettability of solid surfaces. Finally,
oil recoveries obtained by flooding our various
unmodified and surface-modified nanofluids to a
five-spot glass micro-model are presented (“Flooding
to glass micro-model” section), highlighting the
significant improvement in oil recovery by flooding
nanofluids  containing  surface-modified  silica
nanofluids.

Dynamic light scattering

The unique features that make nanoparticles desirable
for EOR-oriented applications are a direct conse-
quence of increased surface-to-volume ratio and their
small size (Kim et al. 2016). The agglomeration results
in a decrease in the surface-to-volume ratio, and also,
fewer available surface groups compared to individual
nanoparticles (Hotze et al. 2010; Jassby 2011; Jiang
et al. 2009). Thus, the agglomeration of nanoparticles
must modulate their ability in EOR processes. The
surface activity of nanoparticles depends greatly on
their available surface groups, and the agglomeration
diminishes their ability in wettability alteration and
interfacial tension reduction. Furthermore, the
agglomeration results in increased size, leading to
adverse effects on porosity and permeability of porous
media and reduction in oil recovery (Mohammed and
Babadagli 2015). Accordingly, characterizing the
agglomeration state of nanoparticles is imperative
for EOR-oriented applications.

The primary method for monitoring the agglomer-
ation of nanoparticles is through measuring particle
size at various concentrations. In this vein, the
hydrodynamic size distribution of our unmodified
silica nanofluid at various concentrations measured by
DLS is shown in Fig. 4. At the lowest silica nanopar-
ticle concentration (0.005 wt%), the size distribution
is reasonably symmetric with a peak at around
200 nm, which is well above the primary nanoparticle
size. At the higher nanoparticle concentration
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Fig. 4 DLS measurements of the hydrodynamic size distribution
of unmodified silica nanofluid at various concentrations of 0.005
(black line), 0.05 (blue line), 0.5 (red line), and 5 (magenta
line) wt%. Solvent was double-distilled water. (Color figure online)

(0.05 wt%), the measured size distribution shows
slight growth in the nanoparticle hydrodynamic size,
and the hydrodynamic size distribution becomes
asymmetric, which suggests increased agglomeration
of the nanoparticles in the nanofluid. Evidently, at the
highest nanoparticle concentration examined (5 wt%),
two relatively overlapped wide peaks are observed at
around 200 and 1000 nm, which indicates that signif-
icant agglomeration takes place, and large flocs are
observed.

The hydrodynamic size distributions, depicted in
Fig. 4, demonstrate that the agglomeration of our
unmodified silica nanoparticles increases with increas-
ing the nanoparticle concentration. The agglomeration
of nanoparticles is controlled by nanoparticle—
nanoparticle interaction. A classical theory for deter-
mining the interaction is based on the Derjaguin—
Landau—Verwey—Overbeek (DLVO) theory, which
states that the interaction is the sum of the repulsive
electrostatic and attractive van der Waals interactions
(see Metin et al. (2012), and references therein).
Ostensibly, in our unmodified silica nanoparticle
dispersions, the electrostatic repulsive interaction is
not dominant to prevent the agglomeration, and the
increased concentration results in enhanced coagula-
tion rates and larger hydrodynamic sizes. However,
the hydrodynamic size is well below glass micro-
model pore size, and it does not make any nanopar-
ticles congestion when flooding experiments are being
conducted.
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Fourier transform infrared spectroscopy

FT-IR spectra of 3-GTO and MPEG as reactants of
hydrophilic modifying agent synthesis and 3-GTO/
MPEG as product are depicted in Fig. 5. 3-GTO FT-IR
spectrum consists of absorption peaks for -CH, and —
CH; groups at 2800-3000 and 1250-1500 cm™'
(Coates 2000). The peak at ~1100 cm™', assigned
to Si—-O-C and C-O-C groups (Coates 2000) (one is
behind the other), is also observed in 3-GTO/MPEG
FT-IR spectrum. Absorption peaks attributed to
3-GTO epoxy ring at 1250 and 890 cm™' (Coates
2000) do not appear in 3-GTO/MPEG spectrum.
MPEG FT-IR spectrum consists of absorption peaks
for —-CH, and —-CHj; groups at 2800-3000 and
1250-1500 cm ™! (Coates 2000). The peak at
3500 cm ™' in MPEG FT-IR spectrum is from —OH
group (Coates 2000), which is also appeared in
3-GTO/MPEG FT-IR spectrum. Also, MPEG spec-
trum consists of the absorption peak at ~ 1100 cm™"
assigned to C—O-C groups. The peak is observed in
3-GTO/MPEG FT-IR spectrum, too. Disappearance of
the epoxy ring peak and the appearance of Si—C and
Si—O—C groups peaks in 3-GTO/MPEG FT-IR spec-
trum demonstrate that the desired reaction, shown in
the upper panel of Fig. 2, had been carried out.
FT-IR spectra of C3S, unmodified silica nanopar-
ticle, and hydrophobic silica nanoparticle are depicted
in Fig. 6 (upper panel). C3S FT-IR spectrum repre-
sents absorption peaks at 2800-3000 and
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Fig. 6 (Upper panel) FT-IR spectra of C3S, silica nanoparticle,
and hydrophobic silica nanoparticle; (lower panel) FT-IR
spectra of 3-GTO/MPEG, silica nanoparticle, and hydrophilic
silica nanoparticle

1250-1500 cm ™" assigned to —CH, and —CH; groups
(Rostami et al. 2011). Absorption peaks of -CH, and —
CH; groups at 2800-3000 cm ™" are also observed in
the modified silica nanoparticle spectrum. Moreover,
C3S and silica nanoparticle FT-IR spectra reveal
peaks at 800, 1640, 1100, 1200, and 3400 cm”!
assigned to Si—OH, Si—-O-C, Si—C, and water (Rostami
et al. 2011). Si—C absorption peaks at ~700 and
1200 cm ™' (Rostami et al. 2011) are also observed in
hydrophobic silica nanoparticle FT-IR spectrum (at
1200 cm ™" appears like a shoulder). Accordingly, it
may be concluded that the cross-linking reaction of
C3S and silica nanoparticle, shown in the middle panel
of Fig. 2, had been carried out.
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Table 2 Surface and

: ‘ ’ Concentration (wt%)
interfacial tensions of

Surface tension (mN/m) Interfacial tension (mN/m)

unmodified silica nanofluids Pure water
at various silica 001
nanoparticle concentrations ’

0.1

1

5

10

714 £ 2 282 £ 4
715+ 2 283 £ .2
695+ .2 28.1 £.3
68.1 £ 4 2713 £ .6
662 £ .3
65.8 £ .3

FT-IR spectra of 3-GTO/MPEG and silica nanopar-
ticle as reactants and hydrophilic silica nanoparticle as
product are shown in Fig. 6 (lower panel). These
spectra indicate that —CH, and —CHj; absorption peaks
of 3-GTO/MPEG also appear in the product. Further-
more, C—O-C group absorption peak of 3-GTO/
MPEG is observed in the resulting silica nanoparticle
FT-IR spectrum. These findings indicate that 3-GTO/
MPEG was bonded to silica surface.

Surface and interfacial tensions

Measured surface and interfacial tensions of our
unmodified silica nanofluids at various concentrations
of nanoparticles are presented in Table 2, and Figs. 7
and 8 (upper panels, green dashed lines). Evidently,
the tensions are slightly reduced in the presence of the
nanoparticles. This observation arises from the
hydrophilic nature of unmodified silica nanoparticles,
due to silica —Si—-OH surface groups, where the
nanoparticles tend to stay away from air—-water and
oil-water interfaces. In other words, our unmodified
silica nanoparticles do not adsorb considerably at the
air—water and oil-water interfaces.

In order to have a quantitative measure of how
many nanoparticles adsorb at the air—water or oil—
water interfaces, we can use the Gibbs adsorption
isotherm, which relates the changes in the concentra-
tion of a species adsorbed at an interface to the
changes in the surface or interfacial tension (Hunter
2001)

1 oy
r=-— 1
*7 TRT <alnc2>”,’ M)

where I, is the surface concentration of the species at
the interface, R the universal gas constant, T the
absolute temperature, C, the bulk concentration of the
species, and 7y the surface or interfacial tension.
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Fig. 7 (Upper panel) Surface tensions of various silica
nanofluids versus silica nanoparticle concentration; (lower
panel) the surface concentration of the silica nanoparticles
adsorbed at air—water interface, calculated using Eq. (1), versus
silica nanoparticle concentration. The nanofluids are unmodified
(green symbols and lines), no. 1 (red symbols and lines), 3 (black
symbols and lines), 5 (magenta symbols and lines), and 7 (blue
symbols and lines). Solid lines in the lower panel are the
Langmuir adsorption isotherm, Eq. (2), fitted to the data. (Color
figure online)
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Fig. 8 (Upper panel) Interfacial tensions of various silica
nanofluids versus silica nanoparticle concentration; (lower panel)
the surface concentration of the silica nanoparticles adsorbed at
oil-water interface, calculated using Eq. (1), versus silica
nanoparticle concentration. The nanofluids are unmodified (green
symbols and lines), no. 1 (red symbols and lines), 3 (black symbols
and lines), 5 (magenta symbols and lines), and 7 (blue symbols and
lines). Solid lines in the lower panel are the Langmuir adsorption
isotherm, Eq. (2), fitted to the data. (Color figure online)

Using Eq. (1), the surface concentration of our
unmodified silica nanoparticles at the air—water and
oil-water interfaces was obtained, and the results are
presented in Figs. 7 and 8 (lower panels, green
symbols). Also shown in Figs. 7 and 8 (lower panels,
green solid lines) is the fitted model corresponding to
the Langmuir adsorption isotherm, which is

bC,

F:me—y
2 "1+ bC,

(2)

where I, is the maximum surface concentration of
the species at the interface. The fitted model, Eq. (2),
yields the maximum unmodified silica nanoparticle
surface  concentrations of 'y = 0.19 and O
.15 nanoparticles/nm> at air-water and oil-water
interfaces, respectively.

Now let us focus on the impact of the surface
modification of nanoparticles on the surface activity of
nanofluids, which was examined by measuring the
surface and interfacial tensions of surface-modified
silica nanofluids. Results for the surface tensions of
surface-modified silica nanofluids are presented in
Table 3 and Fig. 7 (upper panel). With increasing
each modifying agent quantity on silica surface, the
surface tension is modulated much more. Also, it is
observed that coating PEG on silica surface modulates
the surface tension much more than coating propyl
group. This results from the smaller chain of propyl
group compared with that of PEG group. In other
words, the propyl does not give enough hydrophobic-
ity to silica surface in order to migrate the modified
nanoparticle to the air—water interface. In order to give
more hydrophobicity to silica surface, larger hydro-
carbon chains may be coated on the nanoparticles,
where this will be addressed in future works.

The surface concentrations of our surface-modified
silica nanoparticles at the air—water interface were
obtained, using Eq. (1), and the results are shown in
Fig. 7 (lower panel, symbols). Fitting the Langmuir
adsorption isotherm yields the maximum surface con-
centrations of our surface-modified nanoparticles at the
air—water interface I'y.x = 0.783 (nanofluid no.1),2.
23(3),4.10 (5), and 2.30 (7) nanoparticles/nm*. Evi-
dently, the surface modification of the silica nanopar-
ticles considerably modulates the adsorption of the
nanoparticles at the air—water interface.

Also shown in Table 3 are the interfacial tensions
of surface-modified silica nanofluids. It is observed
that by increasing modifying agent quantity on silica
surface, their effect on interfacial tension increases.
The impact of nanoparticle concentration on the
interfacial tensions of nanofluids no. 1, 3, 5, and 7 is
depicted in Fig. 8 (upper panel), demonstrating that at
higher concentrations of surface-modified silica
nanoparticles, the interfacial tension is modulated
much more.

The surface concentrations of our surface-modified
silica nanoparticles at the oil-water interface were
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Table 3 Surface and

Surface tension (mN/m)

Interfacial tension (mN/m)

Nanofluid
interfacial tensions of
various 1 wt% surface- Pure water
modified silica nanofluids Unmodified

1

2

3

4

5

6

7

714 .
68.1 £ .
62.1 £.
654 £ .
526 £.
58.1 £ .
44.6 £+ .
59.8 £.
553 +.

282 £ .
2713 £.
232 £.

26 £ .

19 £ .
212 £ .
14.1 £ .
195 £.
152 £.

[SSTENY, T N R SO N Vo Y N S )
S B L B O O I

obtained, using Eq. (1), and the results are presented in
Fig. 8 (lower panel). Fitting the Langmuir adsorption
isotherm yields the maximum surface concentrations
of our surface-modified nanoparticles at the oil-water
interface I'max = 0.774 (nanofluid no.1), 1. 37(3), L.
58 (5), and 1.98 (7) nanoparticles/nmz.

It is evident that nanoparticles comprising both
agents tend to adsorb at the air—water and oil-water
interfaces much more compared to nanoparticles with
just one agent. This is due to the environmentally
responsive behavior of such nanoparticles that causes
nanoparticles to act as surfactants on the interfaces.
The part in contact with the aqueous phase expands its
hydrophilic groups, and the other part in contact with
the oil phase expands its hydrophobic groups so that
nanoparticles act like amphiphilic Janus nanoparticles
with two distinct hydrophilic and hydrophobic parts.
In the oil phase, propyl groups interact with oil
components adjacent to the interface and in the
aqueous phase PEG groups interact with water
molecules strongly. Our measurements indicate
50 % reduction in surface and interfacial tensions in
1 wt% concentration that represents significant
improvement in silica nanofluid surface activity.

Contact angle

Captive droplet contact angles of oil-water on the
glass slide and carbonate rock section were measured
after altering the wettability of the slide and section. As
presented in Fig. 9, oil-water contact angles on the
slide and section are well above 90°, indicating that
their wettability has been changed to strongly oil-wet.
After aging glass slides and carbonate rock sections in
various nanofluids for 24 h, oil-water contact angles
on their surfaces were measured again. As shown in
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Fig. 10, surfaces aged in hydrophilic or environmen-
tally responsive silica nanofluids had lower contact
angles. Surfaces aged in unmodified or hydrophobic
silica nanofluids did not show any clear change in
contact angles after 24 h.

Oil-water contact angles on glass slides and
carbonate rock sections after 72 h of aging in various
nanofluids are displayed in Fig. 11. It is observed that
all of the contact angles have been decreased. Surfaces
aged in hydrophilic or environmentally responsive
silica nanofluids had higher rate of contact angle
decrement compared with surfaces aged in the other
nanofluids. This fact is highlighted in Fig. 12, repre-
senting oil-water captive droplet contact angles on the
oil-wetted glass and carbonate rock surfaces versus
aging time.

For the case of the carbonate rock section, this
observation can be explained by two scenarios. One
scenario is the electrostatic interaction between silica
surface PEG chains, comprising partially negative
ether groups, and charged carbonate rock surface sites
such as Ca®" and CO5%~. When carbonate rock is aged
for a long time in crude oil, surface Ca’t and CO32_
sites are considerably covered with charged oil
components, and the interaction between silica
nanoparticle PEG chains and the sites is not possible.
Aging the oil-wetted carbonate rock section in PEGy-
lated silica nanofluids leads to replacing some of oil
components attached to the carbonate rock surface
with PEGylated silica nanoparticles. Accordingly,
positive Ca®" sites on the carbonate rock can interact
much more with the ether groups. This results in
increased hydrophilicity of the carbonate rock sec-
tion. The other scenario is the electrostatic interaction
between asphaltene components attached on carbon-
ate rock surface and PEG chains. Asphaltene
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Fig. 9 Contact angles of oil-water on oil-wetted glass slide (leff) and carbonate rock section (right) before aging in nanofluids

Fig. 10 Captive droplet contact angles of oil-water on oil-
wetted glass slides after 24 h of aging in unmodified silica
nanofluid (a), and nanofluids no. 1 (b), 2 (¢), 3 (d), 4 (e), 5 (f),
and 6 (g); Captive droplet contact angles of oil-water on oil-

molecules have positively charged sites, which can
interact electrostatically with partially negative ether
groups of PEG chains bonded on the silica nanopar-
ticles surface.

For the case of the glass slide, the observation can
be explained by considering possible hydrogen bonds
between silica nanoparticle —Si—-OH or PEG-chain
ether groups and glass —Si—-OH surface groups.
PEGylating nanoparticles can result in increased
adsorption of the nanoparticles on the glass surface
due to likely hydrogen bonds from the presence of
PEG-chain ether groups. When the PEGylated
nanoparticles are adsorbed on the glass surface, the
hydrophobicity of the oil-wetted glass slide decreases.
Measured contact angles of oil-water on the glass and
carbonate rock surfaces that were aged in hydrophilic
or environmentally responsive silica nanofluids for

wetted sections of carbonate rock after 24 h of aging in
unmodified silica nanofluid (h), and nanofluids no. 1 (i), 3 (j),
and 5 (k). Concentration of nanoparticles in the nanofluids was
1 wt%. To guide eye, we have flipped the images

72 h were ~45°, indicating that PEGylated nanofluids
can alter the wettability to water-wet.

Flooding to glass micro-model

We performed our flooding experiments initially on
the water-wet micro-model (before wettability alter-
ation). For this purpose, the micro-model was loaded
with the crude oil. Processing the images captured
from the oil-loaded micro-model revealed that the
micro-model porosity was 44 %. Then, double-dis-
tilled water was injected into the oil-loaded model, and
the oil recovery as a function of the injected water pore
volume was determined. Final oil recovery factor,
after breakthrough point, was 91 %. This huge recov-
ery factor was expectable because the micro-model
was water-wet, and this characteristic is highlighted in
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Fig. 11 Captive droplet contact angles of oil-water on oil-
wetted glass slides after 72 h of aging in unmodified silica
nanofluid (a), and nanofluids no. 1 (b), 2 (¢), 3 (d), 4 (e), 5 (f),
and 6 (g); (h)-(k) Captive droplet contact angles of oil-water on

the microscale pictures captured from the micro-
model pores and throats (see Fig. 13a). It is observed
that thin oil films have surrounded the micro-model
walls, which indicates the micro-model was strongly
water-wet.

Then, the water-wet micro-model was made oil-
wet, by the procedure explained in “Flooding to glass
micro-model” section, and the resulting oil-wet
micro-model was loaded with the crude oil. After-
ward, waterflooding experiment was performed. A
microscale image of the oil-wet micro-model in the
waterflooding experiment is shown in Fig. 13b, which
highlights thick oil films around the micro-model
pores and throats walls. The presence of the thick oil
films reveals that the wettability was altered to oil-wet.
Also, the oil recovery factor as a function of the
injected water pore volume is shown in Fig. 13h,
which illustrates the recovery factor of 39 % after the
breakthrough point.

We repeated the flooding experiment with 1 wt%
nanofluids. Oil recovery factors as a function of
injected nanofluids pore volumes are displayed in
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oil-wet sections of carbonate rock after 72 h of aging in
unmodified silica nanofluid (h), and nanofluids no. 1 (i), 3 (j),
and 5 (k). Concentration of nanoparticles in the nanofluids was
1 wt%. To guide eye, we have flipped the images

Fig. 13h. It is observed that the oil recovery factor at
the breakthrough point for flooding all the nanofluids
is more than that of flooding water. Nanofluid no. 1
(with the recovery factor of 47 %) and 5 (with the
recovery factor of 59 %) yielded, respectively, the
least and the most recovery factors among the
nanofluids. The unmodified silica nanofluid performs
better, even though slightly, than nanofluid no. 1. Our
observations of the recovery factors can be explained
by considering the ability of various nanoparticles in
modulating oil-water interfacial tension and the oil-
wet micro-model wettability. In general, reducing oil—
water interfacial tension and altering the micro-model
wettability to more water-wet results in higher recov-
ery factors.

Let us examine flooding the unmodified silica
nanofluid, which yielded in a considerably higher
recovery factor compared with flooding water.
Already, it is observed that the interfacial tension of
oil-water is not modulated considerably by the
unmodified silica nanoparticles (see Fig. 8). Thus,
the improvement in the oil recovery can be attributed
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Fig. 12 Captive droplet contact angles of oil-water on oil-
wetted glass slides (leff) and sections of carbonate rock (right)
after aging in various nanofluids; unmodified silica nanofluid,
and nanofluids no. 1, 3, and 5. Concentration of nanoparticles in
the nanofluids was 1 wt%

to the oil-wet micro-model wettability alteration. The
adsorption of the nanoparticles on the walls of the oil-
wet micro-model alters the wettability to water-wet
(see Fig. 13c) (Maghzi et al. 2012), and thus, the
tendency of the oil to displace by the injected fluid
increases.

The other nanofluid flooded to the oil-wet micro-
model was nanofluid no. 1, which resulted in lower,
even though slightly, recovery factor relative to that of
the unmodified silica nanofluid. Recall that nanofluid
no. 1 comprises hydrophobic silica nanoparticles,
which were able to reduce oil-water interfacial tension
more than unmodified silica nanoparticles (see Fig. 8).
In addition, it is already observed that the oil was
spreading more on oil-wetted glass slides in the
presence of the hydrophobic silica nanoparticles

compared with that in the presence of unmodified
silica nanoparticles (the observed contact angles were
roughly indicator of this phenomenon, see Fig. 12).
Ostensibly, the wettability alteration property of the
hydrophobic silica nanoparticles is the dominant
factor in controlling oil recovery from the oil-wet
micro-model. The hydrophobic silica nanoparticles
alter the micro-model wettability to water-wet less
than the corresponding unmodified silica nanofluid
(see Fig. 13c, d).

Injecting nanofluid no. 3 yielded the recovery factor
of 54 %. Recall that nanofluid no. 3 comprises
PEGylated silica nanoparticles. The improved recov-
ery factor can be due to both the reduction in
interfacial tension and wettability alteration. Micro-
scale pictures taken from the micro-model in flooding
nanofluid no. 3 (Fig. 13e) display thinner oil films
around the micro-model pores and throats compared
with flooding unmodified or hydrophobic silica
nanofluids, indicating PEGylated silica nanofluid
performs better in wettability alteration.

Now we focus on the recovery factors obtained
from flooding environmentally responsive silica
nanofluids. Two environmentally responsive silica
nanofluids were used for flooding experiments:
nanofluids no. 5 and 6. For the case of nanofluid no.
5, the obtained recovery factor was 59 %, which was
even 5 % larger than that of nanofluid no. 3. The
improved recovery factor can be attributed to the
ability of nanofluid no. 5 in reducing oil-water
interfacial tension relative to that of nanofluid no. 3,
because environmentally responsive silica nanoparti-
cles tend to adsorb on fluid—fluid interface more than
solely hydrophilic silica nanoparticles. However, for
the case of flooding nanofluid no. 6, the recovery
factor was 51 %, which was even lower than that of
silica nanofluid no. 3. The decreased recovery factor,
relative to those of nanofluids no. 5 and 3, originates
from the smaller quantity of PEG chains coated on the
nanofluid no. 6 silica nanoparticles, reducing the
wettability alteration ability of the nanoparticles (see
Figs. 13e-g).

We note that, in order to interpret more precisely
the observed phenomena in our flooding experiments,
it is required to account other underlying mechanisms
(Mohammed and Babadagli 2015; Zhang et al. 2014)
in addition to aforementioned mechanism to develop a
more comprehensive understanding of how environ-
mentally  responsive  mixed  polymer-coated
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Fig. 13 a-g Typical microscale images from pores and throats
of water-wet (a) and oil-wet (b—g) micro-models when various
fluids were flooding. Flooded fluids were water (a—b), unmod-
ified silica nanofluid (¢), and nanofluids no. 1 (d), 3 (e), 5 (f), and
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6 (g); h Oil recovery factor as a function of various injected
fluids pore volume: water, unmodified silica nanofluid, and
nanofluids no. 1, 3, 5, and 6. Concentration of nanoparticles in
the nanofluids was 1 wt%
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nanoparticles improve the oil recovery, where this will
be undertaken in our future studies both theoretically
and experimentally.

In closing, note that the performance of our surface-
modified nanoparticles must maintain under the reser-
voir condition of high temperature with typical range
from 40 to 150 °C (see Ranka et al. (2015), and
references therein) in order to be employed for
enhancement of oil recovery. An influence of increased
temperature is on the conformations of surface groups
at liquid-liquid and solid-liquid interfaces (Maskey
etal. 2016; Schwenke et al. 2014). It is well known that
chain molecules swell in good solvent regime and
shrink in poor solvents (see Mohammadi et al. (2012),
and references therein for a descriptive explanation on
poor and good solvents). At low temperatures, or poor
solvent conditions, chains shrink due to attractive
forces. At high temperatures, or good solvent condi-
tions, chains swell due to repulsive forces. The
conformations of the surface groups of our nanopar-
ticles at interfaces, which depend on attractive and
repulsive interactions, would be modulated by
increased temperatures, and accordingly, the surface
activity of the nanoparticles would be different.

Another impact of increased temperature is on the
stability of the surface groups. It has been observed
that, at elevated temperatures, chemical agents show
limited stability and degrade. In this vein, note that we
are expecting to have our surface-modified nanopar-
ticles to be stable at temperatures up to, at least, 80 °C
as they have been synthesized under long-time
refluxes at the temperature of 80 °C (see “Nanopar-
ticles surface modification” section). However, in line
with the recent experimental effort (Ranka et al. 2015),
more stable groups can be grafted on the surface of
nanoparticles to perform efficiently at elevated tem-
peratures without thermal degradation.

Conclusions

PEG and propyl chains were grafted on silica
nanoparticles and results of FT-IR spectra indicated
that desired reactions were successfully proceeded.
Nanoparticle surface modification impact on the
corresponding nanofluid surface activity was moni-
tored by measuring oil-nanofluid interfacial and
nanofluid surface tensions. It was observed that
increasing modifying agents’ quantities on silica

nanoparticles surface, and also, coating both hydro-
philic and hydrophobic agents on silica nanoparticles
surface increase the surface activity. Aging various
oil-wetted surfaces in unmodified and various surface-
modified silica nanofluids and measuring captive
droplet contact angles of oil-water on the surfaces
demonstrated that surface modification of silica
nanoparticles can considerably improve the wettabil-
ity alteration ability of silica nanoparticles.

Moreover, pore-level investigations of oil-wet
micro-models in various flooding experiments with
surface-modified silica nanofluids revealed that hydro-
philic and environmentally responsive silica nanopar-
ticles can modify considerably the micro-model
wettability. Oil recovery factors from the oil-loaded
oil-wet micro-model with injecting unmodified and
various surface-modified silica nanofluids were mon-
itored. Flooding nanofluids to glass micro-models
demonstrated that surface modification of silica
nanoparticles, specially, with both hydrophilic and
hydrophobic agents improves considerably their per-
formance in increasing oil recovery.

Finally, note that this study is a preliminary study
for developing inexpensive environmentally respon-
sive nanomaterials for enhancement of oil recovery to
perform efficiently at operational conditions of well
reservoirs, including high salinities and temperatures,
where this paper provides a basis for further theoret-
ical and experimental investigations.
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