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Abstract Nanotechnology has been used in many appli-
cations and new possibilities are discovered constantly.
Recently, a renewed interest has risen in the application of
nanotechnology for the upstream petroleum industry, such
as exploration, drilling, production and distribution. In
particular, adding nanoparticles to fluids may significantly
benefit enhanced oil recovery and improve well drilling,
such as changing the properties of the fluid, wettability
alternation of rocks, advanced drag reduction, strengthen-
ing sand consolidation, reducing the interfacial tension and
increasing the mobility of the capillary-trapped oil. In this
study, we focus on the roles of clay and silica nanoparticles
in adsorption process on reservoir rocks. Polymer-flooding
schemes for recovering residual oil have been in general
less satisfactory due to loss of chemicals by adsorption on
reservoir rocks, precipitation, and resultant changes in
rheological properties. Adsorption and rheological property
changes are mainly determined by the chemical structure of
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the polymers, surface properties of the rock, composition
of the oil and reservoir fluids, the nature of the polymers
added and solution conditions such as salinity, pH and
temperature. Because this method relies on the adsorption
of a polymer layer onto the rock surface, a deeper under-
standing of the relevant polymer—rock interactions is of
primary importance to develop reliable chemical selection
rules for field applications. In this paper, the role of
nanoparticles in the adsorption of water-soluble polymers
onto solid surfaces of carbonate and sandstone is studied.
The results obtained by means of static adsorption tests
show that the adsorption is dominated by the nanoclay and
nanosilica between the polymer molecules and the solid
surface. These results also show that lithology, brine con-
centration and polymer viscosity are critical parameters
influencing the adsorption behavior at a rock interface. On
the other hand, in this study, the focus is on viscosity,
temperature and salinity of solutions of polyacrylamide
polymers with different nanoparticle degrees and molecu-
lar weight. The adsorption of nanopolymer solution is
always higher in carbonated stones than in sandstones, and
polymer solutions containing silica nanoparticles have less
adsorption based on weight percent than similar samples
containing clay. Based on the area of contact for stone, this
behavior is the same regarding adsorption.

Keywords Nanoparticles - Static adsorption - Nanoclay -
Enhanced oil recovery

Introduction

Polymer flooding is one of the most successful methods to

enhance oil recovery. The polymers that are mainly used in
oil fields are water-soluble polyacrylamide (HPAM),
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xanthan gum (Xc) and associative polymer (AP). Polymer
solutions, in contrast to water, exhibit non-Newtonian
rheological behaviors, such as shear thinning and shear
thickening effects, which lead to different viscosity prop-
erties in a reservoir, as compared to those in water flooding.
When a polymer solution is injected into a reservoir from
an injection well, the fluid velocity, which is related to
shear rate, will change from wellbore to in-depth of a
reservoir; therefore, the polymer solution viscosity will
also change from near wellbore to in-depth of a reservoir
correspondingly [21]. The volume of the polymer solution
injected may be 50 % PV, depending on the process design
[6, 17]. High molecular weight (HMW) polyacrylamide
and its derivatives are widely used in oil field applications
such as drilling fluids, enhanced oil recovery (EOR) and
treatment of oil sand tailings. In these applications, the
adsorption characteristics of these polymers are essential
since they would affect their applicability and efficiency [1,
9, 11, 12]. Rashidi studied the development and concept of
sulfonated polyacrylamide copolymers. Studies were per-
formed on the adsorption and viscosity measurements of
the polymer solutions. Parameters that impact these poly-
mers include shear rate, polymer concentration, sulfonate
degree, molecular weight, NaCl concentration, divalent ion
concentration and temperature. Finally, the results showed
that these polymers can be considered as a substitute for
hydrolyzed polyacrylamide solution at high salinity and
temperature [5, 15].

Moradi performed the rheological measurement of two
types of hydrolyzed polyacrylamides with different
salinities. These polymer solutions showed both the
Newtonian and shear thinning behavior. It was shown that
salinity has a major impact on these polymers. The effect
of polymer molecular weight and concentration of the
polymer solution were analyzed, and the increase in vis-
cosity due to these parameters was reported [13]. With the
passing of the era of easy oil and the increasing difficulty
of finding new resources, attention of the traditional oil
and gas industry has been directed to extract more
resources from existing oil fields (enhanced oil recovery)
and from the fields exposed to extremely harsh environ-
ments using new technologies and solutions. Nanotech-
nology bears the promise and has received great attention
recently from the petroleum industry and there is a gen-
eral perception that more than a decade’s nanotechnology
hype may become nanoreality in the oil field [4, 16],
Amanullah 2010).

Nanocomposites produced based on layered silicates
such as montmorillonite are of great importance due to
their characteristics. Montmorillonite is comprised of many
overlapping layers of crystal particles that generally have
an average thickness of 0.96 nm and a diameter of
100-200 nm (Fig. 1).
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Fig. 1 Layer structure of montmorillonite [15]

Polymer adsorption on rock surfaces has been an
important issue in EOR applications. EOR applications that
use polymer flooding, polymer adsorption or retention in
porous media should be avoided. Not all polymer retention
is caused by adsorption because some polymer molecules,
depending on their size and rheological characteristics, get
trapped inside formation pores. It is generally believed that
sandstone formations are negatively charged and carbonate
formations are positively charged. Clay particles in a for-
mation contain neutral, anionic, and cationic sites. One of
the most important properties which made polymers
interesting for EOR processes as mentioned earlier was
their viscosifying property. Another important parameter
which may affect the feasibility study plan of a polymer-
flooding project is the retention and adsorption of polymer
in porous media. Adsorption and retention may be defined
as the interaction between the polymer molecules and the
porous medium which leads polymer to be retained or
adsorbed [20]. Polymer adsorption/retention mechanisms
in porous media are mainly physical interaction, e.g.,
electrostatic attraction due to the charge differences
between the solid surface and polymer or Van der Waals
dipole—dipole interactions. Polymer retention is more
general, and consists of three main mechanisms: polymer
adsorption, mechanical entrapment and hydrodynamic
retention as shown in Fig. 2 [20].

Adsorption mechanism which is the major part of
retention will be discussed more afterwards, but mechani-
cal entrapment happens when the polymer macromolecules
are trapped in narrow pore throat [22]. For polymer
adsorption measurement, the mineral sample is soaked in
the polymer solution. The difference of polymer concen-
tration before and after mixing with rock sample is mea-
sured. The static adsorption onto the mineral surfaces is
measured by the depletion method. The unit of retention
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Fig. 2 General schematic of
different polymer retention
mechanisms in porous media
[15]

Adsorbed polymer

level (I') is the mass of the polymer per unit mass of solid
either in mg/g or in g/m?. It is more scientific to measure
the surface excess (I's) which is the mass of polymer per
unit surface area of the solid. It should be mentioned that
the solid surface is measured by gas adsorption using BET
method (Gregg and Sing 1982). Based on the above-men-
tioned information for static adsorption measurement, the
surface excess (I's) can be calculated as:

(CZA_CI)’ (1)

where V is the volume of polymer solution with a known
concentration of C;, C, is the measured concentration of
polymer after being adsorbed and A is the total surface area
of the adsorbent.

Adsorption is the only mechanism which removes
polymer from the solution and results in a significant vis-
cosity reduction at a high level of adsorption. Typically, the
adsorption by the bulk static method is much greater than
that by dynamic flow conditions [8]. In the static adsorp-
tion, measurement flocculation of the mineral particles by
polymer bridging is an important parameter which may
affect the adsorption. The flocculation is a function of
solid—liquid ratio (S/L) [2]. Due to aggregation of mineral
particles, increasing the S/L ratio for a polymer solution
with known concentration decreases the available surface
to the polymer and then decreases total adsorption. On the
other side, the very low S/L ratio makes it difficult to
measure the adsorbed amount accurately because of the
small difference in initial and final concentration [2]. The
increase in viscosity, adsorption of polymers onto the res-
ervoir rock presents a limitation for the use of polymers.
Adsorption of polyacrylamide (PAM) has been extensively

I's=vVv

Mechanically entrapped
polymer in narrow pore

<7 throats

Flow paths through
the porous medium

Hydrodynamically

trapped polymer
in stagnant Zones

studied [10, 14]. Non-hydrolyzed polyacrylamide adsorp-
tion onto kaolinite was studied as a function of electrolyte
concentration [10, 14]. With PAM, the adsorption levels
were found to be independent of salinity [10], while it was
found that adsorption decreases at very low salinities [14,
18, 19].

Experimental
Materials
Fluid properties

e Brine was prepared from reagent grade NaCl, MgCl,,
Na,SO, and CaCl, at concentration ranging 20,000.

e The polymers used were all commercially available,
completely water soluble and differed mainly in their
concentration (see Table 1). In particular, we tested
polyacrylamide that was chemically similar to
acrylamide.

Local sodium bentonite with a mesh size of 200 and a
particle size less than 75 pm was used in this study. The
bentonite was produced in Iran and amended with the
chemicals shown in Table 1. Oxford-ED2000 XRF and
GC-2550TG (Teif Gostar Faraz Company, Iran) were used
for all chemical analyses.

Following preparation and analysis of the raw materi-
als, the clay was purified using a 2-inch Hydrocyclon
apparatus. To do so, a suspension of 3 wt% clay in dis-
tilled water was prepared and then passed through the
cyclone at a pressure of 0.15 MPa. This resulted in the
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Table 1 Chemical composition

Formula wt%
of bentonite

L.O.I 13.2

Na,O 2.04
MgO 2.22
Al,O5 14.59
SiO, 61.03
SO, 0.37
Cl 0.46
K,0 0.76
CaO 0.77
TiO, 0.22
Fe,03 2.09
BaO 0.11

removal of impurities and large particles. Montmorillonite
particles with a diameter of less than 6 pm were then
dried and used in the compatibility process. To ensure
compatibility following the dispersion of clay in distilled
water, a suspension comprised of clay was prepared and
amended with 10, 20, 30, 40 or 50 (wt%) percent of the
modifier material “silane”. The mixtures were then
heated at 80 °C for 6 h, after which the products were
washed with distilled water and dried. The distribution of
clay particle sizes was measured before and after purifi-
cation using a laser particle size analyzer. In addition,
clay particles in the colloid state were analyzed by SEM.
The intercalation of the samples was evaluated using an
X-ray Diffraction [3, 7].

As shown in Figs. 3 and 4, most of the particles in the clay
are in the agglomerated form prior to purification. In addi-
tion, all of the particles in the clay had diameter of less than
75 pum. Furthermore, 50 % of the particles in the clay were
less than 7 pm and 80 % were less than 20 pum in diameter.

The results of the XRD analysis revealed that most of
the impurities, which included quartz, cristobalite, calcite,
gibbsite and feldspar were removed from the clay by the
purification process (Fig. 5). In addition, analysis of the
particle size distribution (Fig. 6) revealed that most of the
particles were less than 5 um in diameter and that more
than 80 % of the particles were less than 2 pm in diameter
following purification. Finally, the thickness of the layers
in the crystal structure of montmorillonite and the patterns
generated by XRD indicate that following purification, the
clay comprised crystal layers on the top of each other
(Fig. 7).

Rock properties

In this study, the focus is on the polymer adsorption onto
the following solids of carbonate and sandstone: (Table 2).
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Fig. 3 Diagram of accumulative distribution of clay particles in feed
before purification [7]

Fig. 4 SEM image of clay particles in feed before purification [7]

Procedure

Static polymer adsorption experiments were performed to
evaluate the adsorption of the different polymer concen-
trations. These tests were conducted at room temperature
by adding sand to the polymer solution and stirring until
adsorption was complete. At the end of the test, the sam-
ples were reviewed. The amount of polymer retained by the
sand was then calculated by difference, after correcting for
any sample (Table 3).

Results and discussion

In this section, the results obtained from static adsorption
tests and the relationship between polymeric adsorption
parameters are introduced.

As researches have shown, nanoparticles have a major
role in the case of polymer molecules adsorption on stones.
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Fig. 6 Diagram of accumulative distribution of clay particles in feed
after purification [7]

Fig. 7 SEM image of pure clay in magnetite [7]

In a classification, one can attribute this dependence to the
following:

(a) Polymer viscosity,
(b) Nanoparticles’ concentration,

T
40 50 60 70

26 (%)

Table 2 Reservoir rock properties

Type Samples Porosity (%) Permeability (md)
Sandstone A24, A41 21 5.5%
Carbonate B16, B52 20.5 1.1

% The low sandstone core permeability is related to the high disper-
sion of clays

Table 3 Samples properties

Samples Polymer Polymer Silica Clay Salinity
solution  content content content (PPM)
(PPM) (Wt%) (Wt%)
A3, B4 A 225 1.8 1.8 20,000
A24, I 3,150 2.25 0 20,000
Bl16

(c) Stone characteristics,
(d) Reaction temperature,
(e) Durability against stone and solution salinity.

The effects of these factors are being investigated as
follows:

(1)  Polymer viscosity The current study investigates
polymers with different concentrations and from
more than 400 samples, the best two results
regarding concentration have been selected.

(i1)  Concentration of nanoparticles Just like the last
case, nanoparticles of silica and clay were
investigated.

(iii))  Stone characteristics There are various parame-
ters that can be investigated in labs, but by
evaluating carbonated and sandstone parameters
in this study, different parameters related to
reservoir stone are bounded to stone kind.

* @ Springer
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(iv)  Reaction temperature This is one of the param-
eters affecting viscosity and is supposed as fixed
adsorption for this test.

(v)  Durability against stone and solution salinity
Polymers were evaluated regarding their dura-
bility against salinity of different hydrocarbon
Ieservoirs.

All experiments were done within a week and the results
showed that the changes after 27,000 s were negligible.

Concentration of nanoparticles

As can be seen from Figs. 8, 9, 10a, the polymer rate is less
in sandstone samples. The samples of the same stone with
nano-fumed silica have less adsorption than solutions
containing nanoclay. Based on contact area of stone, the
adsorption shows that the lowest level of polymer is related
to sandstones in Fig. 10b and for this test it is related to
nano-fumed silica. In this test the concentration of polymer
solutions is considered the same.

Fig. 8 Samples. a Sandstone
sample, b carbonate sample

Fig. 9 Static adsorption.

¢ Based on cross section,

d based on the weight of stone
of polymers onto sandstone and
carbonate. Polymer solutions
were prepared in 20,000 ppm
brine

o
% @ Springer

Considering the contact area of the stone with solution,
one can observe that the lowest rate of adsorption for
sandstone samples is compared to that of carbonated ones.
The lowest levels of adsorption for sand and carbonated
stones relate to the samples A24 and B16, respectively,
where were tested by the polymer solution I. Transmission
electron scanning electron microscope (SEM) was used to
determine the morphology (size and shape) of nanoparti-
cles. The SEM images of the prepared nanoclays are shown
in the Figs. 11 and 12.

Conclusions

The analysis of adsorption tests supports the following
results:

e The adsorption of nanopolymer solution is higher in
carbonated stones than in sandstones that can be
attributed to various porosity and cracks of stones.
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Fig. 10 Static adsorption to
investigate the effect of
nanoparticles’ concentration.

a Based on cross section,

b based on the weight of stone
of polymers onto sandstone and
carbonate. Polymer solutions
were prepared in 20,000 ppm
brine

Fig. 11 SEM micrograms of
the clay nanoparticles absorbed
by the reservoir rock, polymer
solutions were prepared in
20,000 ppm brine. a Sandstone
sample, b carbonate sample

Fig. 12 SEM micrograms of
the SiO, nanoparticles absorbed
by the reservoir rock, polymer
solutions were prepared in
20,000 ppm brine. ¢ Sandstone
sample, d carbonate sample
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e Polymer solutions containing silica nanoparticles have e
less adsorption based on the weight percent than similar
samples containing clay. The same applies regarding

adsorption based on the area of contact for stone.

We obtained a solution with less viscosity when
supplying nanoparticles of both clay and silica in very
low rates of polymer concentration that justifies low
concentration of polymer.
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