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ABSTRACT

n this work, a study of the adsorption/desorption of n—C, asphaltenes at low and high concentrations

(100 - 30000 mg/L) was performed for which the effects of adsorbent particle size (nano and microsilica),

pressure, solvent, and temperature were evaluated. Adsorption/desorption tests on different silica surfaces
were performed in batch-mode using UV —vis spectrophotometry and thermogravimetric analyses. Owing to its
high surface area and dispersibility, nanosilica adsorbed higher quantities of n—C, asphaltenes than microsilica.
Asphaltene desorption from nanosilica surface was significant, while the desorption from microsilica surfaces
was insignificant, suggesting a higher adsorption potential for the latter. Asphaltene adsorption increased with
pressure and decreased with temperature. Type of solvent plays a significant role on the asphaltene desorption.
The wettability tests for virgin nanosilica and nanosilica contained adsorbed asphaltenes showed that even at
high asphaltene loading, the nanoparticles maintained its water-wet nature.

Keywords: Adsorption, desorption, asphaltene, reversibility, wettability, silica

How to cite: Cortés, F. B., Montoya, T., Acevedo, S., Nassar, N. & Franco, A, F. (2016). Adsorption-Desortion of n-C,
asphaltenes over micro- and nanoparticles of silica and its impact on wettability alteration. CT&F - Ciencia, Tecnologia y
Futuro, 6(4), 91-106.

*To whom correspondence should be addressed

ctyf@ecopetrol.com.co

89



90

RESUMEN

n este trabajo, se desarrollé un estudio de la adsorcién/desorcion de asfaltenos a bajas y altas

concentraciones (100 — 30000 mg/L) incluyendo el efecto del tamafo de particula del adsorbente

(nano y microsilice), efecto de la presién, de la temperatura y el tipo de solvente. Las pruebas de
adsorcién/desorcién en las diferentes superficies de silice se realizaron mediante pruebas por lotes usando
espectrofotometria UV-vis y andlisis fermogravimétricos. Debido a sus especiales caracteristicas de alta drea
superficial y dispersabilidad, las nanoparticulas de silice adsorben una mayor cantidad de asfaltenos que
la silice microparticulada. Ademds, se observé que la desorcién de los asfaltenos de las nanoparticulas de
silice fue significativa, mientras que para el sistema microparticulado fue insignificante, sugiriendo un mayor
potencial de adsorcién para la silice microparticulada. La cantidad de asfaltenos adsorbidos aumenté al
incrementar la presién, al mismo tiempo que disminuye al aumentar la temperatura del sistema. También,
los resultados obtenidos demuestran que el tipo de solvente juega un papel importante en el proceso de
desorcién de los asfaltenos. Adicionalmente, se realizaron pruebas de humectabilidad para las nanoparticulas
de silice en presencia y en ausencia de asfaltenos adsorbidos y se evidencié que incluso a altas cantidades
adsorbidas, las nanoparticulas mantienen su condicién humectable al agua.

Palabras clave: Adsorcién, desorcién, asfaltenos, reversibility, humectabilidad, silice

RESUMO

este trabalho foi realizado um estudo sobre a adsorcéo/dessorcao de asfaltenos n—C, em concentracées

altas e baixas (100 — 30000 mg/L) no intuito de avaliar os efeitos do tamanho da particula adsorvente

(nano e microsilica), press@o, solvente e temperatura. Testes de adsorcéo/dessorcdo em diferentes
superficies de silica foram realizados em série utilizando andlises termogravimétricos e de espectrofotometria
UV-vis. Vista sua grande drea de superficie e capacidade de dispersdo, a nanosilica adsorveu maiores
quantidades de asfaltenos n—C, do que a microsilica. A dessorcdo de asfalteno da superficie da microsilica
foi insignificante, isso sugere a existéncia de um maior potencial de adsorcéo para a microsilica. A adsorcéo
de asfalteno aumentou com a pressdo e diminui com a temperatura. O tipo de solvente tem um papel
preponderante na dessorcéo de asfalteno. Os testes de molhabilidade para nanosilica virgem e asfaltenos
adsorvidos com contetdo de nanosilica mostraram que mesmo durante uma carga alta de asfaltenos, as
nanoparticulas preservaram sua natureza de humidade-agua.

Palavras-chave: Adsorcéo, dessorcéo, asfalteno, reversibilidade, molhabilidade, silica
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1. INTRODUCTION

Wettability is a fundamental reservoir property
that affects the flow and spatial distribution of fluids
in porous media during oil production and recovery
processes, directly influencing the reservoir productivity
(du Petrole and Malmaison, 1990; Morrow, 1990).
Independent of the origin and mineralogical composition
of the porous media, it is believed that most reservoir
rocks are initially in a mixed-wet state, neither completely
oil-wet nor completely water-wet (Fassi-Fihri, Robin,
& Rosenberg, 1995; Salathiel, 1973). However, during
different phases of the producing life of a reservoir,
wettability can be negatively affected, hence reducing
the oil and gas production. The asphaltene potential to
alter reservoir wettability has long been recognized (Al-
Maamari and Buckley, 2003). Asphaltenes are defined
as the most polar heavy compounds of crude oil, and
they can be defined by their solubility because they are
soluble in light aromatic hydrocarbons, such as toluene,
benzene, or pyridine, while they are insoluble in short
chain paraffin, such as n-heptane or n-pentane (Groenzin
and Mullins, 1999; Mullins, 2010; Mullins, 2011;
Mullins, Sheu, Hammami, & Marshall, 2007). A current
description establishes that the chemical structure of
asphaltenes is generally composed of polyaromatic cores
attached to aliphatic chains, and they contain metals,
such as vanadium, iron, and nickel, and heteroatoms,
such as nitrogen, oxygen, and sulfur (Mullins, 2010).
These heteroatoms polar functional groups are primarily
responsible for the high dipole moment of asphaltenes
promoting asphaltene self-association (Ariza-Leodn,
Molina-Velasco, Chaves-Guerrero, 2014; Goual and
Firoozabadi, 2002). Asphaltene content in the oil
depends on their classification, which is based on the
American Petroleum Institute (API) gravity. Thus, in
both, heavy and extra heavy oils, an appreciable amount
of asphaltenes is found that causes the oil transportation
and processing to be complex and challenging.
Nevertheless, heavy and extra-heavy crude oils do not
present asphaltene precipitation/deposition problems
because of resins, which are present in high amounts and
act as natural dispersants for asphaltenes (Leontaritis,
Amaefule, & Charles, 1994). In contrast, relatively light
oils with a low asphaltene content are more prone to
asphaltene precipitation/deposition problems, especially
in sub-saturated oil reservoirs, which are at pressures
above the bubble point (Pedersen, Christensen, &
Shaikh, 2014).
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Porous media wettability may be altered in reservoirs
by asphaltenes via two mechanisms, namely: 1) when
the pressure depletion approaches to the asphaltene
onset or 2) the adsorption of oil-soluble asphaltene
over mineral surfaces. In the first case, several condi-
tions favor the precipitation phenomena, such as gas
injection process conditions, as well as changes in the
pressure, temperature, and composition of asphaltenes
(Al-Maamari and Buckley, 2003). In the second case,
oil-soluble asphaltenes are adsorbed onto mineral sur-
faces, altering the wettability of the oil reservoirs be-
cause the asphaltenes are adsorbed onto the rock surface
through the polar groups of their molecular structure,
leading to the alteration of the rock wettability from
water-wetting to oil-wetting, which affects the final oil
recovery properties (Dubey and Waxman, 1991).

The understanding of the asphaltene adsorption
behavior over solid surfaces is of practical significance
for monitoring fluid property variations that commonly
occur during oil production due to the wettability
alteration. Several experimental studies on asphaltene
adsorption on solid surfaces have been reported in the
literature (Adams, 2014; Gonzalez and Moreira, 1991;
Marczewski and Szymula, 2002; Marlow, Sresty,
Hughes, & Mahajan, 1987; Pernyeszi and Dékany,
2001; Pernyeszi, Patzko, Berkesi, & Dékany, 1998.,
1998; Szymula and Marczewski, 2002) to understand
the influence of the asphaltene chemical structure and
composition (Dudasova, Flaten, Sjoblom, & Qye, 2009;
Dudasova, Simon, Hemmingsen, & Sjoblom, 2008),
the solvent or precipitant used (Dubey and Waxman,
1991; Nassar, 2010), the surface chemistry (Dudasova
et al., 2009; Franco, Montoya, Nassar, Pereira-Almao,
& Cortés, 2013b. Nassar, 2010; Nassar, Hassan, &
Pereira-Almao, 2011a.) and the temperature (Cortés,
Mejia, Ruiz, Benjumea, & Riffel, 2012; Franco, Patifio,
Benjumea, Ruiz, & Cortés, 2013a; Franco et al., 2013b;
Nassar, 2010), mainly at low asphaltene concentrations.
Moreover, experimental studies regarding asphaltene
adsorption have limitations resulting from the
complexity of the asphaltene structures (Marczewski
and Szymula, 2003; Mendoza de la Cruz et al., 2009),
which strongly depend on the asphaltene concentration
in solution. It is well documented that asphaltenes could
be adsorbed onto solid surfaces as molecules, micelles,
monomers, dimers and nanoaggregates, depending on
the asphaltene concentration in solution, which makes
it difficult to understand the asphaltene—asphaltene and
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asphaltene aggregate—solid surface (Balabin et al., 2011;
Franco et al., 2013b) interactions at high asphaltene
concentrations.

Few asphaltene desorption studies have been
reported in the literature (Acevedo, Ranaudo, Garcia,
Castillo, & Fernandez, 2003; Acevedo et al., 2000;
Acevedo, Castillo, & Del Carpio, (2014). Adams, 2014;
Dubey and Waxman, 1991). Dubey and Waxman (1991)
studied the adsorption/desorption of asphaltenes using
microparticulate clay minerals, silica, and carbonates
as adsorbents and evaluated the effect of adsorbed
asphaltenes on the material wettability. The initial
asphaltene concentrations evaluated were between
300 and 2500 mg/L. The authors found that for most
of the employed desorption solvents, a high degree
of irreversible adsorption was observed for kaolin
samples (Dubey and Waxman, 1991). They also found
that pyridine and the chloroform/methanol azeotrope
were the most efficient in the removal of previously
adsorbed asphaltenes, with desorption percentages
higher than 92%. However, Dubey and Waxman (1991)
did not report any desorption study as a function of the
system temperature or pressure. Acevedo et al. (2014)
studied asphaltene desorption in toluene from a silica-
based surface. The authors showed an insignificant
desorption, suggesting an irreversible adsorption
process (Acevedo et al., 2003; Acevedo et al., 2000).
Recently, Acevedo et al. (2014) evaluated the capacity
of asphaltene desorption from commercial silica plates
that had previously adsorbed asphaltenes using toluene
as a solvent for both adsorption and desorption steps.
The procedure for the adsorption/desorption process
consisted of employing commercial silica plates
immersed in solutions ranging from 0 to 3000 mg/L of
asphaltenes. Then, the sample with adsorbed asphaltenes
was removed and immersed again in fresh toluene
to measure the desorption. In all cases, the amount
desorbed was insignificant. Hence, as proven by the
studies above, once asphaltene compounds are adsorbed
on the reservoir rock surface, wettability is altered to an
oil-wet state until an effective treatment for asphaltene
desorption is applied. Recently, nanoparticles have
shown high potential for in-situ applications in the areas
of inhibition of different types of formation damage
(Franco, Nassar, Ruiz, Pereira-Almao, & Cortés, 2013c;
Hashemi et al., 2015; Kazemzadeh, Malayeri, Riazi, &
Parsaei, 2015a; Nassar, Betancur, Acevedo, Franco, &
Cortés, 2015a; Shayan and Mirzayi, 2015; Zabala et
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al.,2014), enhanced oil recovery (Ehtesabi, Ahadian, &
Taghikhani, 2014; Giraldo, Benjumea, Lopera, Cortés,
& Ruiz, 2013a; Hashemi, Nassar, & Almao, 2014a;
Hashemi, Nassar, & Pereira-Almao, 2012; Hashemi,
Nassar, & Pereira Almao, 2013a; Hosseinpour,
Mortazavi, Bahramian, Khodatars, & Khodadadi,
2014; Karimi et al., 2012; Kazemzadeh et al., 2015b)
and heavy and extra-heavy oil upgrading (Franco et
al., 2013b; Franco et al., 2014; Franco et al., 2015;
Hamedi Shokrlu and Babadagli, 2013; Hosseinpour,
Khodadadi, Bahramian, & Mortazavi, 2013; Hashemi,
Nassar, & Pereira Almao, 2013b; Hashemi, Nassar, &
Pereira Almao, 2014b; Mora, Franco, & Cortés, 2013;
Nassar et al., 2015b; Nassar et al., 2012). Regarding
the asphaltene-related problems, nanoparticles can
restore wettability from an oil-wet state to a water-
wet state (Giraldo et al., 2013a; Karimi ef al., 2012).
Also, regarding asphaltene precipitation/deposition,
nanoparticles can selectively adsorb asphaltenes from
large asphaltene aggregate systems, leading to the
reduction of the mean asphaltene aggregate size, which
subsequently decreases the probability of asphaltene
precipitation and deposition (Nassar et al., 2015a;
Zabala et al., 2014). In thermal processes, such as in-
situ combustion, once asphaltenes are adsorbed on the
nanoparticle surface, aquathermolysis or thermolysis,
a catalytic cracking of the asphaltene molecule, can
occur, leading to the formation of new and lighter
compounds that would promote the in-situ upgrading
of heavy and extra-heavy oils (Franco et al., 2013b;
Franco et al.,2014; Franco et al., 2015; Hamedi Shokrlu
and Babadagli, 2013; Hashemi et al., 2013b; Hashemi
et al., 2014b; Mora et al., 2013; Nassar et al., 2015b;
Nassar et al., 2012; Nassar et al., 2011a). However,
the re-use of nanoparticles and the changes in their
intrinsic properties after asphaltene adsorption are not
yet fully understood. Nanoparticles may be recovered
under surface conditions from the production fluids
(Nassar et al., 2012; Nassar et al., 2011a; Zabala et al.,
2014), and depending on the application, they can be
regenerated and re-used. Also, regarding the induction
of water-wet systems with nanoparticles, asphaltene
may be adsorbed over the nanoparticles that are
already decorating the porous media and could alter the
efficiency of the treatment. Hence, asphaltene desorption
to study nanoparticle regeneration is a key parameter that
must be understood for a more efficient nanoparticle-
based treatment. One green option for nanoparticle
regeneration is the catalytic steam gasification of already
adsorbed asphaltenes (Franco et al., 2014; Hassan et
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al.,2015; Nassar et al., 2015b; Nassar et al., 2011a). It
is expected that under specific temperature conditions,
nanoparticles can reduce the temperature of asphaltene
decomposition and generate synthetic gas that could
be further used as a hydrogen or methane precursor for
hydrogenation processes (Franco et al., 2014; Hassan et
al.,2015; Nassar et al.,2015b; Nassar et al., 2011a).This
process would be particularly useful in heavy and extra
heavy oil reservoirs. In the case of other reservoirs that
experience asphaltene precipitation/deposition problems
or that have undergone nanoparticle-based treatments,
nanoparticles could be removed with solvents to
promote asphaltene desorption.

To the best of our knowledge, reversibility studies
of asphaltene adsorption/desorption on the surface of
nanoparticles with different asphaltene concentrations
have not been reported in the literature. This study is a
first attempt to investigate the adsorption/desorption of
asphaltene at various initial concentrations (ranging from
0-30000 mg/L). The study also looks into the effects
of the following variables on adsorption/desorption
process, namely: size of adsorbents, desorption solvents,
and commercial asphaltene dispersants, temperature
and pressure for simulating asphaltene aggregation
and their interaction with the surface. Moreover, the
impact of nanoparticles on wettability alteration was
addressed. This study provides a better landscape about
the suitability of nanosilica candidate for reservoir
wettability alteration for enhancing oil recovery
application.

2. MATERIALS AND METHODS

Materials

Two extra-heavy Colombian crude oils obtained
from two different wells of the same reservoir, namely,
crude oil A and crude oil B, of 6.2° and 7.2°API with
viscosities of 3.5 x 10° and 6.2 x 10° cP at 25°C,
respectively, were used as a source of n-C, asphaltenes.
The n-C, asphaltene content of crude oil A and crude oil
B was 12.6 and 11.5 wt.%, respectively, and was isolated
from crude oil by n-heptane (99%, Sigma-Aldrich St.
Louis, MO), as explained in previous studies (Franco
et al., 2013a; Franco et al., 2013b).

The n-C, asphaltene samples were named according
to the crude oil employed, such as asphaltene A (AspA)
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Table 1. Elemental analysis and molecular weight of n-C7
asphaltenes.

Parameter AspA AspB
Elemental analysis

C (wi%) 81.70 81.10

H (wi%) 7.80 7.32

N (wi%) <0.5% 1.22

S (wi%) 6.61 2.06

O* (wi%) 3.56 8.30

H/C ratio 1.14 1.08

Molecular weight (g/mol) 907 1826
“by difference

and asphaltene B (AspB). The elemental analyses and
molecular weight of both n-C, asphaltene samples are
showed in Table 1. For the adsorption experiments,
toluene (99.5%, MerkK GaG, Germany) was used to
re-solubilize extracted n-C, asphaltenes in different
mixtures of n-heptane + toluene (Heptol) at 0 (pure
toluene), 20 (Heptol 20) and 50 v/v% (Heptol 50).
Desorption experiments were conducted using different
Heptol mixtures.

For the desorption experiments, a commercial
treatment employed for asphaltene dispersion (CTAD)
under reservoir conditions was used. Silica gel
nanoparticles (nanosilica) and silica sand microparticles
(microsilica) were employed as adsorbents. The
nanosilica (Sigma-Aldrich, St. Louis, MO) had a mean
particle size of 9 nm with a surface area (SBET) of 389.1
m?/g, as estimated using field emission scanning electron
microscopy (FESEM, JSM-6701F, JEOL, Japan) and
N, physisorption at -196°C (Autosorb-1 sortometer,
Quantachrome, Boynton Beach, FL) measurements,
respectively, as reported in previous works (Nassar et
al., 2015a). The nanosilica was dried at 120°C before
the adsorption experiments to remove any humidity.
The microsilica (Minercol S.A., Colombia) size ranged
between 425 and 600 pm with a surface area of 3.2 m?%/g,
as obtained by N, physisorption at -196°C. Acetone
(>99.5%, MerkK GaG, Germany), ethanol (99.9%,
Panreac, Spain) and deionized water were used to test
the wettability of the nanoparticles.

Low-pressure tests

Batch mode adsorption/desorption experiments were
conducted at a pressure of 0.08 MPa and temperatures
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of 25 and 80°C for toluene, Heptol 20 and Heptol
50 solutions using nanosilica as the adsorbent. Also,
microsilica was used to study the effect of particle size
in the n-C, asphaltene adsorption/desorption process.

Adsorption experiments

For the adsorption process, a fixed amount of
adsorbent (100 mg per 10 mL of model solution) was
employed. The n-C, asphaltene model solutions were
prepared for different initial concentrations ranging
between 100 and 30000 mg/L for all of the mentioned
Heptol solutions. For this purpose, n-C, asphaltenes are
added to toluene in the desired amount and magnetically
stirred for 1 h at 300 rpm. Then, n-heptane is added
to the solutions to attain the desired concentration of
n-C, asphaltenes in the chosen Heptol proportions,
and the solution is stirred again for 72 h to ensure n-C,
asphaltene stability (Magbool, Balgoa, & Fogler, 2009;
Nassar et al., 2015a). Before the adsorption experiments,
it was corroborated that the n-C, asphaltenes do not
precipitate from the prepared model solutions using the
Oliensis spot test number (Asomaning, 2003; Oliensis,
1935) and polarized light microscopy (Franco et al.,
2015; Mohammadi, Akbarit, Fakhroueian, Bahramian,
& Sharareh, A. 2011). Then, model solutions are mixed
with the adsorbent and stirred at 200 rpm for 24 h to reach
adsorption equilibrium (Franco et al., 2013a; Nassar,
2010). The amount adsorbed “ N, (mg/g) is obtained
by the difference of the n-C, asphaltene concentration in
the bulk phase before (C,) and after (C,) the adsorption
process following the mass balance of N, =(C-C,)-V/W,
where V' (L) and W (g) are the solution volume and the
dry mass of adsorbent, respectively. C,. is measured by
using a Genesys 10S UV-vis spectrophotometer (Thermo
Scientific, Waltham, MA) (Franco et al.,2013b; Franco
etal.,2015; Nassar, 2010; Nassar et al., 2015a). For each
Heptol ratio, a calibration curve of absorbance (a.u.)
against concentration was constructed at 290 = 10 nm.
Note that after the adsorption process, the adsorbent
with adsorbed #n-C, asphaltenes was separated from the
model solutions by centrifugation for 30 min at 4000
rpm to avoid any noise in the absorbance measurements
due to suspended solids (Franco et al., 2015). The
isotherms obtained by UV-vis spectrophotometry were
corroborated through thermogravimetric analyses with a
TGA analyzer (Q50, TA Instruments, Inc., New Castle,
DE) by heating the adsorbent containing adsorbed
asphaltenes in air from 30°C to 700°C at 20°C/min and
at a constant airflow rate of 100 cm*/min throughout the
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experiment. Adsorption experiments were performed
in duplicate. Reproducibility of the experiments and
uncertainties between the UV-vis and TGA techniques
are presented as error bars in the adsorption/desorption
isotherms.

Desorption experiments

Before the desorption experiments, the adsorbent
with adsorbed n-C, asphaltenes is dried at 120°C for 24
h to remove any remaining solvent occurred after the
adsorption experiments. Then, this adsorbent is placed
in the respective clean Heptol solution and stirred at 200
rpm for 72 h. The effect of the solvent on the value of
% Des was evaluated using nanosilica with adsorbed
n-C, asphaltenes from a Heptol 50 solution at 10000
mg/L and using toluene, Heptol 50 and CTAD as the
desorption solvents. The concentration of desorbed
n-C, asphaltenes in desorption solvent was determined
by colorimetry, and the remaining adsorbed n-C,
asphaltenes “N_, " (mg/g) was determined as follows

ads,rem

(Guzmén et al., 2016):

CorenV
Nad.s',rem :Nads - E’# ( ])

where C, ,, (mg/L) is the concentration of n-C,
asphaltenes in the respective solvent after the desorption

process.

Desorption experiments were conducted at 80°C
in a tightly sealed glass vials of 0.8 cm diameter and
7 cm length, to prevent solvent evaporation. At this
temperature, after the desorption process, the glass vials
were placed in dry ice to cool down instantaneously
and then carefully opened. After that, the supernatant
was quickly decanted to prevent changing the amount
desorbed.

High-pressure tests

High-pressure tests were performed at 13.8 and 24.1
MPa and 25°C with nanosilica as the adsorbent and for
fixed n-C, asphaltene initial concentrations of 1000,
5000 and 10000 mg/L in toluene using a stainless steel
displacement cylinder as the vessel (see Figure 1). The
cylinder has two independent chambers isolated by a
piston. Nanosilica was added to the solutions in the
same dosage as that used in the low-temperature tests.
In the adsorption process, nanosilica + model solutions
were placed in one of the cylindrical chambers, and
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3

St - - T

Figure 1. Experimental set-up for high-pressure adsorption/desorption tests. 1) The positive displacement pump, 2) a valve, 3) the displacement and
4) the manometer.

the other was filled with mineral oil until the desired
pressure was reached; these were left for 24 h. Then,
the pressure is alleviated, and nanosilica with adsorbed
n-C, asphaltenes are separated. The value of N, is
measured by colorimetry as explained in Section 2.2.1.
The recovered solid is then dried at 120°C before the
desorption experiments. Desorption was performed by
placing the nanosilica with adsorbed n-C, asphaltenes
with fresh toluene in the displacement cylinder, and the
pressure is increased to 6.9 MPa and maintained for 72
h. Further, toluene with desorbed n-C, asphaltenes is
separated from the solid, and N, is estimated as in
Section 2.2.2.

ds,rem

Wettability measurements of nanoparticles

Wettability tests were conducted by contact angle
measurements using the sessile drop method (Shang,
Flury, Harsh, & Zollars, 2008; Van Oss, 2006). For this
purpose, a 2.2-cm long microscope cover glass slide was
coated with the selected nanoparticles. First, the glass
was cleaned with acetone, deionized water, and ethanol
and dried at 120°C for 2 h. Nanoparticles containing
different loadings of adsorbed n-C, asphaltenes, after
adsorption at different initial concentrations of 10,
100, 1000, 10000 and 30000 mg/L in toluene, were
selected. Nanoparticles, with and without adsorbed n-C,
asphaltenes, were individually dispersed in ethanol in
concentrations of 2% wt/vol and sonicated (Shang et
al., 2008; Wang, Zhao, & Zhao, 2007). Then, the glass
slides are immersed into the nanoparticle suspensions,
left to stand for 30 min and carefully withdrawn from
the solutions. The coated glasses were further dried
at room temperature for 24 h. A droplet of water was
placed onto the surface of the dried glass plates using
a microsyringe, and then, the contact angle for the
different systems at room temperature was estimated
using a high definition camera and image analysis
software. Contact angle measurements were performed
in triplicate for each sample.
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3. POLANYI’S ADSORPTION POTENTIAL

Polanyi (1914) defined the work required for an
adsorbate molecule to be transferred to an adsorbent
surface from a given distance as the adsorption
potential. The adsorption potential is independent of
the temperature for a fixed value of N, leading to a
characteristic curve of an adsorbate — adsorbent system
of adsorption potential as a function of N, The
adsorption potential “4” for a liquid adsorbate can be
defined as follows (Giraldo, Nassar, Benjumea, Pereira-
Almao, & Cortés, 2013b; Polanyi, 1914):

1
A=RTIn | 1+ 2
(1] o

with R is the universal ideal gas constant (J/mol-K),
and 7 (K) is the system temperature.

4. RESULTS AND DISCUSSION

n-C, asphaltene adsorption/desorption over nano and
microsilica

Panels a and b in Figure 2 show the adsorption
and desorption isotherms of AspA on a) nano and b)
microsilica at 25°C in the range of initial concentrations
between 100 and 30000 mg/L. The deviation in
experimental data was lower than 5%. As seen,
nanosilica adsorbed more AspA than the microsilica
sample over the entire range of asphaltene concentrations
tested, more pronounced at higher concentrations. This
behavior is due to the high surface area and dispersibility
of nanoparticles relative to the micrometric sample,
which presented a Szzr value 121 times lower than that
of nanosilica. For example, at a C; of approximately
4700 mg/L, the adsorbed amount of n-C, asphaltenes
was approximately 600 mg/g over nanosilica, and
for the microsilica sample, the value was 40 mg/g.
Adsorption isotherms for the nano and microsilica
samples showed an increase in the adsorbed amount of
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n-C, asphaltenes as their initial concentration in solution
increased. The adsorption isotherms of asphaltenes for
nano- and microsilica showed a Type I and II behavior
according to the International Union of Pure and
Applied Chemistry (IUPAC) classification (Sing, 1985),
respectively. In the case of microsilica, for C; > 10000
mg/L, a multilayer adsorption can be observed. These
results are in agreement with previous works reported
by our research group (Franco et al., 2013b; Franco
et al., 2014; Franco et al., 2015; Franco et al., 2013c;
Nassar et al., 2015c) on the adsorption phenomenon
of n-C, asphaltenes onto fumed silica nanoparticles
(Franco et al., 2013b; Franco et al., 2014; Franco
et al., 2015; Franco et al., 2013¢) and Ottawa sand
(Nassar et al., 2015c). At a low concentration of n-C,
asphaltenes, the interactions between the coupled n-C,
asphaltene — nanoparticles showed a higher affinity than
the n-C, asphaltene—microparticles adsorptive pair, as
evidenced by the high slope of the adsorption isotherms
(Riffel et al., 2011). As the asphaltene concentration
increases, the Type I isotherms lead to saturation of the
available surface area by the n-C, asphaltenes, which
results in a plateau for high concentrations through of
a multilayer adsorption (Franco et al., 2013a; Franco et
al.,2013b). Type Il isotherms have often been described
in non-porous materials, which lead to the formation
of a multilayer of adsorbate on the microsilica surface
(Franco et al., 2013a; Franco et al., 2013b). As observed,
in the range of the low concentrations for the adsorption
isotherms, the slope is higher for nanosilica than for
microsilica, indicating a higher adsorption affinity
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for the nanoparticle system (Montoya, Coral, Franco,
Nassar, & Cortés, 2014).

For the desorption process, it can be observed from
Figure 2 that the desorption isotherm is closer to the
vertical axis for the microsilica system than for the
nanosilica system, indicating that values of Cg,,,, are
lower for the microparticulate material; hence, the
amount of AspA desorbed is lower compared with the
nanoparticles. For example, for samples after adsorption
from solutions at 300 mg/L using nanosilica, the
desorption percentage is 4%, while for the system using
microsilica, the value is 0.5%. Even after adsorption
with microsilica for initial concentrations of AspA of
30000 mg/L, the desorption percentage is 2.3%. The
same trend can be observed for nano- and microsilica
for values of C; < 2000 mg/L. These results explain
the severe formation damage caused by asphaltene
adsorption because it is hard to remove these compounds
from the adsorbed phase (Franco et al., 2013c).

Panels a and b in Figure 3 show the comparison of
the characteristic curve for the adsorption/desorption
process over the nano- and microparticles at 25 °C and
0.08 MPa. The loops of adsorption and desorption are
different, showing a clear case of hysteresis in these
isotherms. It is important to mention that the adsorption/
desorption phenomena of n-C, asphaltene showed an
irreversible process, especially in the case of microsilica
in which the desorbed amount is practically null. On

Figure 2. Adsorption/desorption isotherms of AspA from toluene on a) nano- and b) microsilica at 25°C and 0.08 MPa.
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Figure 3. Characteristic curves for AspA adsorption/desorption from toluene onto a) nanosilica and b) microsilica at 25°C and 0.08 MPa.

the other hand, for nanosilica, the results reveal a high
percentage of desorption of n-C, asphaltenes. Figure
3b shows higher values of A for the desorption process
than for the adsorption process for a fixed value of N,
This indicates that the work required for asphaltene
molecule to be transferred from the adsorbent surface
to the bulk phase is higher than that for the reversed
process. However, in Figure 3a, the values of A for
desorption are overlapped with the ones for adsorption
processes and are even lower for values of N, > 300
mg/g. This supports the high desorption percentage of
n-C, asphaltene from nanosilica.
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Effect of the system pressure

In this set of experiments, the adsorption/desorption
process of AspA over nanoparticles based on a batch
mode at a constant temperature of 25°C was evaluated at
different pressures of fluid confinement (0.08, 13.8 and
24.1 MPa). Figure 4 shows the adsorption/desorption
isotherms of AspA from toluene over nanosilica at
a) 13.8 and b) 24.1 MPa. The pressure effect on the
adsorption/desorption isotherms showed an increase
in the adsorption with pressure over the entire range of
concentrations. For example, in the case of adsorption
for a fixed value of C, = 8000 mg/L, the amount
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Figure 4. Adsorption/desorption isotherms of AspA from toluene onto nanosilica at 25°C and a) 13.8 and b) 24.1 MPa.
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adsorbed follows the order 0.08 <13.8 <24.1 MPa with
values of N, of 701, 748 and 842 mg/g, respectively.
The results are in agreement with those obtained in a
previous work for displacement tests (Nassar et al.,
2015c) in which it was found that asphaltene adsorption
over Ottawa sand increased as the system pressure
increased. The adsorption and desorption isotherms
at high pressures clearly showed a behavior similar to
that obtained at 0.08 MPa, showing a Type I isotherm
based on IUPAC (Sing, 1985). This behavior is more
pronounced at a high concentration of n-C, asphaltenes,
mainly for the desorption loop. Meanwhile, at low
concentrations, the difference is almost null and could
be explained by the increase in asphaltene solubility
as the pressure is increased (Bai and Bai, 2005). This
is not surprising because the asphaltene solubility is a
function of pressure (Bai and Bai, 2005) and is expected
to increase as the pressure increases and as the fluid
density increases. High pressures have significant
implications on the chemical potential of a liquid
phase, where it deviates from ideality. At low pressures,
the association of self-associative molecules can be
neglected. However, as the system pressure increases,
the forces between the molecules could be considered
to be chemical instead of physical in nature leading to
the strengthening of intermolecular interactions such as
hydrogen bonds, dispersion forces, induction forces, and
electrostatic forces between adsorbate-adsorbate, which
may also lead to an increase in the affinity between AspA
and the solid surface (Nassar et al., 2015¢).

Effect of the solvent on desorption

Panels a to d in Figure 5 show the adsorption/
desorption isotherms and characteristic curves for AspA
using nanosilica as the adsorbent and for a, b) Heptol
20 and ¢, d) Heptol 50 solutions, respectively, under
temperature and pressure conditions of 25°C and 0.08
MPa, respectively. As seen in Figure 5, the amount
of AspA adsorbed from different solvents increased
in the following order: toluene < Heptol 20 < Heptol
50. However, at low concentrations, the differences
among the solvents are not significant, while at high
concentrations, they are substantial. This behavior
can be explained by the aggregation phenomena
of asphaltenes, which depends on the adsorbate
concentration, temperature, and pressure. Note that
asphaltene aggregates that are in contact with adsorbent
are adsorbed immediately in the highly energetic particle
sites. At high concentrations, multilayer adsorption
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can be explained because of the asphaltene—asphaltene
interaction becomes more important than the asphaltene—
surface interactions. These results are in agreement with
those reported by Franco et al. (2015) and Nassar ef al.
(2015a) who showed the effect of the n-C, asphaltene
aggregation using different solvents and particles. It is
expected that as the amount of n-heptane increases, the
capacity of the solvent to solubilize the n-C, asphaltenes
is reduced, thus promoting polar, dispersion and
hydrogen bonding interactions between the different
functional groups in their structure (Spiecker, Gawrys, &
Kilpatrick, 2003a; Spiecker, Gawrys, Trail, & Kilpatrick,
2003b). Also, the ratio of polar/non-polar moieties in the
n-C, asphaltene structure defines the polarity (Pernyeszi
et al., 1998; Spiecker et al., 2003a) and leads to either
a less or more favorable self-association phenomena
(Montoya et al., 2014).

The desorption process was performed after the
occurrence of the adsorption phenomena. For the
Heptol 20 and Heptol 50 systems, a percentage of AspA
asphaltene desorption was observed. This desorption
behavior of n-C, asphaltenes can be explained by the
data presented in Figures 5b and 5d in which it can be
observed that the values of A for the adsorption and
desorption processes are similar for a fixed value of
N, The AspA desorption decreased as the amount
of n-heptane decreased. For example, for initial AspA
concentrations of 1000, 10000 and 30000 mg/L, the
desorption percentage in the Heptol 20 system was
13, 18 and 21%, while for the Heptol 50 system, the
desorption percentage for the same initial concentrations
was 8, 12 and 17%, respectively. This could be because
the asphaltene solubility power is reduced as the
amount of n-heptane in the system increases (Nassar
et al., 2015¢) in addition to the increased fraction of
highly polar moieties that could have a higher affinity
towards the nanoparticles surface. These results are
evident from the slope of the desorption isotherms at low
concentrations, which tend to increase as the amount of
n-heptane in the solution increases, indicating that n-C,
asphaltenes prefer to stay in the adsorbed phase rather
than in the bulk phase (Montoya ef al., 2014).

An additional desorption test was conducted by
varying the desorbing solvent after AspA adsorption
onto nanosilica from Heptol 50 solutions at an initial
n-C, asphaltene concentration of 10000 mg/L and by
fixing the test temperature and pressure to 25°C and
0.08 MPa, respectively. Figure 6 shows the desorption
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Figure 5. Adsorption/desorption isotherms and characteristic curves of AspA from a, b) Heptol 20 and ¢, d) Heptol 50 solutions, respectively, using
nanosilica as the adsorbent under temperature and pressure conditions of 25°C and 0.08 MPa.
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Figure 6. AspA desorption from nanosilica using toluene, CTAD and
Heptol 50 as desorbing solvents for an initial concentration of 10000
mg/L, temperature 25°C and pressure 0.08 MPa.
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percentages of AspA from nanosilica using different
desorbing types of solvents. As seen in Figure 6, the
values of N4 .., increase in the order of toluene < CTAD
< Heptol 50 with desorption percentages of 43, 35 and
10%, respectively. Higher desorption percentages for
toluene compared with Heptol 50 indicate that the
desorption process of AspA from the nanosilica surface
is strongly dependent on the solubility power of the
desorption solvent employed. The n-C, asphaltene
desorption using the CTAD treatment was lower than
that for toluene and could be because this product is
a mixture of different solvents; hence, the solubility
power could be reduced compared with a pure aromatic
compound.
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Effect of the temperature on n-C, asphaltene desorption

AspA desorption was conducted at 80°C in closed
systems for samples after the adsorption processes at
25°C and 0.08 MPa using nanosilica as the adsorbent.
Figure 7 shows the obtained desorption isotherms of
AspA from nanosilica. As seen, the values of N, e
follow the order of Heptol 50 > Heptol 20 > toluene,
indicating that even at different temperatures, the trend
as a function of the amount of precipitant is maintained.
Also, when comparing the desorption at 80°C with the
results at 25°C (Figure 5), it can be seen that an extra
amount of AspA is extracted from the adsorbed phase,
indicating that increasing the temperature promotes the
n-C, asphaltene desorption. Changes in temperature may
influence the asphaltene aggregate size in the solution,
altering their spatial disposition over the adsorbent
surface and decreasing the intermolecular forces
between the adsorbent and the adsorbate (Franco et al.,
2014; Nassar, 2010; Nassar ef al., 2015c¢). Also, as the
temperature is increased, the liquid density decreased
(Wu, Prausnitz, & Firoozabadi, 1998), and the power
of the solvent to dissolve the asphaltenes decreased,
directly affecting their molar volume, which tends to
increase with temperature (Diallo, Cagin, Faulon, &
Goddard, 2000).
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Figure 7. AspA desorption isotherms from nanosilica at temperature
80°C and pressure 0.08 MPa.

Effect of the temperature on n-C, asphaltene desorption

As the chemical nature of asphaltene may differ
depending on the crude oil source, AspB was employed
to evaluate the effect of the n-C, asphaltene origin on
the desorption process. Experiments were conducted
for a fixed initial AspB concentration of 10000 mg/L in
toluene, Heptol 20 and Heptol 50 at 25°C and 0.08 MPa.
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Figure 8. AspB adsorption/desorption over nanosilica using foluene,
Heptol 20 and Heptol 50 for a fixed initial concentration of 10000
mg/L and temperature and pressure conditions of 25°C and 0.08 MPa,
respectively.

Figure 8 shows the results of the adsorption/desorption
process of AspB over nanosilica. As expected, the
amount adsorbed increased in the order of toluene <
Heptol 20 < Heptol 50. A similar trend can be observed
for Nu,... The desorption percentage for the Heptol
20 and Heptol 50 solutions was 18 and 10%, which
was closer to the ones obtained for AspA. However,
the desorption percentage of AspB using toluene was
27%, which was approximately 16% lower than that
of AspA and could be due to the different degrees of
self-association for each asphaltene. As it can be seen
from Table 1, AspB differs from AspA mainly in the
heteroatoms content and the molecular weight. Lower
desorption percentages for AspB may be associated
with the higher polarity and higher adsorbate-adsorbate
interaction on the adsorbent surface ruled mainly by
n—n stacking, and acid—base interactions between the
O-, and/or N-containing functional groups.

Nanoparticle wettability before and after n-C, asphaltene
adsorption

The wettability test of the nanoparticles was
conducted to better understand the wetting state of the
nanoparticles after the adsorption of n-C, asphaltenes.
Thus, it is of primary importance to know the effect
of adsorbed asphaltenes on altering the wetting
properties of the nanoparticles, especially for practical
application, like treatments designed to restore/alter
reservoir wettability. Figure 9 shows photographs of a
water droplet over the nanosilica-coated glass for the
nanosilica a) before and after AspA adsorption from
toluene at initial concentrations of b) 1000, ¢) 10000
and d) 30000 mg/L. The estimated mean contact angles
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-
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Figure 9. . Photographs of water droplets over the nanosilica-coated glass for the nanosilica a) before and after AspA adsorption from toluene at
initial concentrations of b) 1000, c) 10000 and d) 30000 mg/L.

for the nanosilica before and after AspA adsorption at
different initial concentrations are shown in Figure
10. As seen, in Figures 9 and 10, no water droplet is
obtained for the nanoparticles without AspA adsorption,
indicating a strongly water-wetted surface. A similar
situation can be observed for nanosilica after AspA
adsorption at C;= 100 mg/L. At this initial concentration,
it is believed that asphaltene molecules do not occupy
all the nanosilica available active sites for adsorption.
Hence, still water would be more prone to interact
with the nanoparticle surface. For the cases of higher
initial concentrations of 1000, 10000 and 30000 mg/L,
a water droplet forms with mean contact angles of 21.3,
31.1 and 30.5°, respectively. This suggests that even
for large amounts of AspA, the wettability state of the
nanosilica remains water-wetted but not as strong as
for virgin nanosilica. The droplet formation could be
because AspA is adsorbed onto the surface through
the polar functional groups, and hence the non-polar
functional groups are exposed outwards. However, at
high AspA concentrations (i.e., 10000 and 30000 mg/L)
the surface is not completely oil-wetted because AspA
may form multilayers over the nanosilica surface and
the outer layer would be formed by AspA adsorption
through the firstly formed non-polar, and hence the polar
parts could be exposed outwards as well and would
interact with the water. Worth noting here that, within
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the range of asphaltene concentrations evaluated, the
surface wettability of silica nanoparticles do not change
significantly, even at high asphaltene concentrations,
suggesting that these types of nanoparticles are suitable
for wettability alteration treatments in enhanced oil
recovery application.
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Figure 10. Estimated mean contact angles for the nanosilica before
and after AspA adsorption from toluene at initial concentrations of 100,
1000, 10000 and 30000 mg/L.

5. CONCLUSIONS

In this study, adsorption and desorption isotherms
of n-C, asphaltenes over micro- and nanosilica were
successfully evaluated. Nanosilica showed higher
n-C, asphaltene adsorption than microsilica because
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of'its high extent of dispersibility and exposed surface
area available for adsorption. Asphaltene desorption
was also higher for nanosilica than microparticles.
The loops of adsorption and desorption are different,
showing a clear case of hysteresis in the obtained
isotherms; this could be because the work required
for an adsorbate molecule to be transferred from
the adsorbent surface to the bulk phase is higher
than for the opposite process, as estimated by Po-
lanyi’s adsorption potential. Asphaltene desorption
decreased by increasing the amount of precipitant
in heptol solutions, due to the decreased solubility
of asphaltenes. The results at high pressures of 13.8
and 24.1 MPa showed that asphaltene adsorption is
slightly increased by increasing the system pressure.
The amount desorbed increased in the order of 0.08 >
13.8>24.1 MPa. Also, desorption processes at 80°C
demonstrated that the amount desorbed increased
with temperature regardless of the types of solvent
employed.

Nanosilica surface wettability was not significantly
impacted by asphaltene adsorption, and it maintained
its water-wet nature, regardless of the asphaltene
loadings. This suggests that nanoparticles are suitable
for reservoir wettability alteration treatment for
enhancing oil recovery.
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