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Abstract

In the Enhanced Oil Recovery (EOR) methods, particularly in surfactant flooding, many tests have been performed, many
scientific papers have been written and many findings have been found; however, there are still a lot of questions without any
answers. Some of them are the interactions between the different reservoir components and the chemical flooding that are used
in the EOR process. Nowadays, the main problem in the petroleum industry is the economic feasibility. Some authors report
that the surfactant lost by the adsorption in the porous media increases the amount of surfactant that is needed. Understanding
and controlling the amount of surfactant adsorbed directly, affects the project economics. It is crucial to the economic success
of an EOR project that adsorption is reduced in the project design; to do so it requires an understanding of surfactant adsorption
mechanisms. One of the factors that affect the surfactant adsorption in porous media is the mineralogy of the reservoir by the
Cation Exchange Capacity (CEC) due to clays minerals present in the mineral composition of the reservoir.

The Mirador and Misoa formations are the reservoirs that have the most important oil reserves in the western of Venezuela. In
this investigation, the main objective was to know the relation between the mineral composition and the CEC of this geological
formations and how this can affect the EOR. The methodology consists in pulverizing and filtering some samples of the both
formations, after that a DRX analysis was made in order to obtain the mineral phases present. The results corroborate that
Quartz is the main mineral present with more than 90%, but in the Mirador Formation, it has approximately 8% of clay minerals
like Kaolinite, Illite and 0,3% of dolomite mineral unlike samples of Misoa that contain 98% of Quartz. The results of Cation
exchange obtained from atomic absorption spectrephotometry, the Misoa Formation exhibit the major CEC versus Mirador CEC,
using the Mg, Ca, K, cation, this indicate that the presence of the clay minerals, especially Montmorillonite, kaolinite and Illite,
control the CEC in the porous media. This phenomenon is explained by the crystalline structure of the clay mineral that shows
the 1:1-layer structure (kaolinite) that consists of the repetition of one tetrahedral and one octahedral sheet, while in the 2:1-layer
structure (Illite) one octahedral sheet is between two tetrahedral sheets. When the tetrahedral and octahedral sheets are joined in
a layer, the resulting structure can be either electrically neutral or negatively charged, but it depends on a number of factors such
as pH, ionic strength, temperature and pressure. It’s important to know the mineral composition of the reservoir, mainly the clays
minerals, that affect directly over the surfactant adsorption by the CEC, kaolinite (1:1 T-O-T structure) has the lower CEC 3-5
meq/100gr, and Illite 10-50 meq/100gr, (2:1 structure) and the charge of these minerals is negative.
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Capacidad de intercambio catiénico en las formaciones Mirador y
Misoa y el efecto en la recuperacion de petréleo mejorada

Resumen

En los métodos de recuperacion mejorada de petrdleo, por sus siglas en inglés (EOR), especificamente en inyeccion de
surfactantes, se han realizado muchas pruebas, se han escrito documentos cientificos y se han encontrado descubrimientos, pero
hay muchas preguntas sin respuestas. Algunas de ellas son las interacciones entre los diferentes componentes del depésito y las
formulaciones quimicas que se utilizan en el proceso EOR. Ahora, el principal problema en la industria petrolera actual es la
viabilidad econémica, y algunos autores informan que el surfactante perdido por la adsorcion en los medios porosos aumenta
la cantidad de surfactante que se necesita. Comprender y controlar la cantidad de surfactante adsorbido afecta directamente
la economia del proyecto. Es critico para el éxito economico de un proyecto EOR que la adsorcion se minimice en el disefio
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del proyecto; para hacerlo requiere una comprension de los mecanismos de adsorcion de los surfactantes. Uno de los factores
que afectan la adsorcion de surfactante en medios porosos es la mineralogia del reservorio por la capacidad de intercambio de
cationes (CEC, por sus siglas en inglés) debido a los minerales arcillosos presentes en la composicion mineral del reservorio.

Las formaciones Mirador y Misoa son los reservorios que tienen las reservas de petroleo mas importantes en el oeste de
Venezuela. En esta investigacion, el objetivo principal fue conocer la relacion entre la composicion mineral y el CEC de estas
formaciones geologicas y como esto puede afectar el EOR. La metodologia consiste en pulverizar y filtrar algunas muestras de
ambas formaciones, luego se realizé un analisis DRX para obtener las fases minerales presentes. Los resultados confirman que
el Cuarzo es el principal mineral presente con mas del 90%, pero en la Formacion Mirador tiene aproximadamente un 8% de
minerales arcillosos como caolinita, illita y 0,3% de mineral de dolomita a diferencia de las muestras de Misoa que contienen
98% de Cuarzo. Los resultados del intercambio de cationes obtenidos por espectrofotometria de absorcion atomica, la Formacion
Misoa exhiben el CEC principal versus CEC de Mirador, utilizando el cation Mg, Ca, K, esto indica que la presencia de minerales
de arcilla, especialmente montmorillonita, caolinita e illita, controla La CCA en los medios porosos. Este fenomeno se explica
por la estructura cristalina del mineral de arcilla que muestra la estructura de capa 1: 1 (caolinita) que consiste en la repeticion
de una lamina tetraédrica y una octaédrica, mientras que en la estructura de capa 2: 1 (illita) una ldmina octaédrica se encuentra
entre dos laminas tetraédricas. Cuando las laminas tetraédricas y octaédricas se unen en una capa, la estructura resultante puede
ser eléctricamente neutra o con carga negativa, pero depende de algunos factores como el pH, la fuerza idnica, la temperatura y
la presion. Es importante conocer la composicion mineral del reservorio, principalmente los minerales de arcillas, que afectan
directamente sobre la adsorcion de surfactante por el CEC, la caolinita (estructura TOT 1: 1) tiene el CEC mas bajo 3-5 meq /
100gr, y Illite 10- 50 meq / 100gr, (estructura 2: 1) y la carga de estos minerales es negativa.

Palabras clave: Adsorcion, Recuperacion Mejorada de Petroleo, Surfactantes.

by the pH (Ordofiez & Garcia, 2015). The oil reservoir
contains many minerals that can increase or decrease
the amount of surfactant that have lost by adsorption,
for example, the clay minerals like kaolinite, Illite and
montmorillonite.

Introduction

The Enhanced Oil Recovery (EOR) has variables that can
influence the success of this method. One of them used
recently is the surfactant flooding; surfactants can act in
several ways to enhance oil production. For example,
by reducing the interfacial tension between oil trapped
in small capillary pores and the water surrounding those

The CEC varies between the different clays minerals,
and is directly affected with the structural features

pores, thus allowing the oil to be mobilized (Toro et al,
2018; Aya et al, 2018).

In selecting a suitable surfactant for any EOR
application, one of the criteria for economic success is
minimizing surfactant loss to adsorption in the porous
media. Factors affecting surfactant adsorption include
temperature, pH, salinity, type of surfactant and types
of solids found in the reservoir (Martin & Paez, 2017;
Jaimes et al, 2019). Generally, the only factor that can
be manipulated for EOR is the type of surfactant to
be used; the other factors are determined by reservoir
conditions (Taber ef al, 1997 in Schramm 2000).

The adsorption is a spontaneous process where
each surfactant molecule is adsorbed in the porous
media depending on the surface charge, which is the
main problem in the EOR. Many surfactants adsorb
onto a solid due, in a large part, to the electrostatic
interactions between charged sites on the solid surface
and the charged headgroups of the ionic surfactants,
this interaction can be consequence of the Cation
Exchange Capacity (CEC) that is the summary of all
exchange cations that a mineral can adsorb influenced
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(crystalline structure), pH, and surface area. In the 1:1
(T-O) structure, it is supported by hydrogen bridges
between OH groups of the octahedral sheets and the
O, of the tetrahedral sheets, this bond is strong enough
and can support the global structure of the mineral and
avoid the cations to access between the sheets. By the
other hand, the 2:1 (T-O-T) structure, the bonds are
not possible because one tetrahedral sheet is in front of
another tetrahedral sheet, this configuration is electrically
compensated by entering cations like Potassium in the
Illite clay, and water molecule in the Montmorillonite
clay. In the Table 1, the main physicochemical property
of clays is observed.

Table 1. Comparative chart of physicochemical property of
clays. Look for the values in the article.

Kaolinite T-O 3—3,7** 14-23

Illite T-O-T 15%%* 76 - 91

Montmorillonite T-O-T 60— 120** | 600 - 750

*Diamond and Kinter (s.f) **Borden and Giese (2001) ***Srondon
et al (1986).
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The elementary character is the SiO tetrahedral
linkage of an essentially two-dimensional, hexagonally
symmetric, network. One side of this “sheet” network is
coordinated with other cation-oxygen complexes joined
by an important component covalent bonding while
the other is coordinated by essentially ionic bonding
or van der Waals type bonds. The key to phyllosilicate
structures is the oxygen network which determines the
shape and extent of the structure (Velde, 1977).

In clay minerals the most common exchangeable
cations, in order of usual relative abundance, are Ca2 +,
Mg2+, H+, K+, NH4+’ Na+ (Grim, 1968). A superficial
classification of the most common clay mineral groups
can be based upon the number of ions present in the
octahedral layer (2 diocatahedral or 3 trioctahedral)
and the numbers and the kind of ions present between
the basic sheet structures (interlayer ions) which are
ionically bonded to the oxygen networks. See Table 2.

Table 2. Relationship between Interlayer charge and
crystalline structure of some clays minerals.

Kaolinite 1 2 0 0
Illite 2 2 K 0,7-1
Montmorillonite

(trioctahedrical) 2 2,7-3 | Na,K,Ca, Mg |0,25-0,60
Montmorillonite

(dioctahedrical) 2 2 Na,K,Ca, Mg [0,25-0,60

Source: Velde (1977).

In the cases where cations are bonded in ionic
coordination to the oxygen nets (interlayer ions), the
negative attractive charge arises from substitution
in either the tetrahedral or octahedral coordinated
positions. The substitutions increase the net negative
charge for the whole 2:1 structure and, since the oxygen
network is fixed in kind and quantity, this charge
imbalance is satisfied by the addition of predominantly
ionically bonded cations in the interlayer position. The
basic 2:1 network contains O, (OH),, the hydroxyls are
in coordination uniquely with the octahedral ions. The
negative charge is -22. It is important to note that the
clay minerals which have an interlayer charge between
1.0 and 0.7 contain almost exclusively potassium as an
interlayer ion. In minerals with a lower charge 0.6-0.25
a large charge is less, no alkali or alkaline earth elements

are present. Expanding phases are those minerals with
an interlayer charge between about 0.6 and 0.25; such
minerals can easily accept various combinations of ions
and polar molecules in the interlayer position.

In this investigation, the samples used correspond to
Mirador and Misoa formations, the first one is a clastic
oil reservoir of Maracaibo Lake Basin, Venezuela,
and the second one has the most important reserves of
hydrocarbons of the western of Venezuela, and contains
70% of the oil reserves. The main mineral composition
of both formations is basically quartz, feldspars and
clays minerals. In the Misoa Formation two outcrops
were analyzed and in the Mirador Formation one
outcrop, both were made petrography analysis, DRX
analysis, isoelectric point measure, surface area and
particle size.

Experiment

Materials. Samples of Misoa and Mirador Formations,
The specific surface area measured by the BET method
was 0,92 m2/g for Misoa Formation and 1,69 m2/g
to Mirador Formation. For Mirador formation X-ray
diffraction (XRD) it was made it by a Siemens D5005
difractometer equipped, with a A-Ray tube with
coper radiaton (CuKalfa); the final analysis yielded,
the following mineralogical data: 91,90 wt% quartz,
7,40 wt% kaolinite, 0,30 wt% dolomite, and 0,70 wt%
illite. For Misoa Formation 98,5 wt% quartz, 0,8 wt%
kaolinite, 0,70 wt% montmorillonite. By petrographic
analysis the samples of Mirador and Misoa formations
(Figure 1) were classified like quartzarenite by
Mineral-Based Classification of Sedimentary Rocks
by Folk (1974).

@ Mirador Formation
Quartz

@ Misoa Formation
Quartzarenite

Sublitharenite

em_ua.m\m\ o\,\nedSp\ag

25 50 75

Feldspar Lithics

Figure 1. Mineral-Based Classification of Sedimentary
Rocks by Folk (1974).
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Solutions. A 1 wt% of NaCl in distilled water and
distilled water was used in the experiments for washing
rocks samples.

Methods

Step 1. Mirador Formation samples were obtained in one
outcrop in “La Roca” area, Zea road Merida-Venezuela,
(N 08°28' 14", E 67° 30" 08) Misoa Formation samples
were took in two outcrops in Agua Viva, road (outcrop
1: N 1059313 y E 02321965, outcrop 2: N 1059252 y E
0322446).

Two samples of 5grs each formation were pulverized
and prepared for measured of particle size (Laser
Diffraction Particle Size Analyzer of Beckman Coulter)
and surface area (Mastersizer 2000 of Malver).

Step 2. The samples of both formations were washed
(solid/liquid relation 5:40) with 1 wt% NaCl solution
each 24 hours per 7 days, after that, were washed
with distill water each 24 hours per 4 days, the liquid
recollected for each one was labeled separately.

Step 3. Were measured the CEC with Bruker FTIR
Spectrofotometer, Tensor 27 model, with ATR adaptor
(attenuated total reflectance) Miracle model of Pike
Technologies, in both formations by atomic absorption
spectrephotometry for the cations K, Ca, Mg in 11
samples of Misoa Formation and 11 samples of Mirador
Formation of remains solution.

Results and discussion

Particle size, Surface area and Mineral

Composition

The clay minerals are not the only components having
CEC; all minerals of extremely small particle size
have a small CEC as a result of broken bonds around
their edges. This capacity increases as the particle size
decreases, but even at the smallest size in which non-
clay minerals occur associated with clays, the exchange
capacity due to broken bonds is relatively insignificant
(Grim (1968) in Ma et al, 1999).

The surface area is a particular value that can modify
the CEC, the relation between structure and surface area
indicates that the kaolinite has a minor surface area as
it has a simply crystalline structure 1:1 type, and the
montmorillonite has the major surface area because it
has a crystalline structure 2:1 type, almost the particle
size can affect the surface area too. For example, if the
minor particle size is the major surface area, like it’s
shown in the Figure 2.
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In case of the Mirador and Misoa formations the surface
area is related directly with their mineral composition,
and particle size, for example, the first one has a minor
particle size approximately 7 pm and its surface area is
less than the second one that has the major particle size
approximately 18um. Additionally, the particle size is
related to the minerals composition because the Misoa
Formation has de major percentage of quartz than
Mirador formation that has the major percentage of clay
minerals. Table 3 and Table 4.

N
N
N

Qqui cki
Specific Surface Area mm™

le— Clay Iq——sm —olv— and—

T T [ 1
0.0001 0.001 0.01 0.1 1.0
Grain Diameter mm =——3»

Figure 2. Generalizes the relationship between grain size and
grain surface area. Source: https://www.ihrdc.com/els/ipims-
demo/t26/offline IPIMS s23560/resources/data/G4107.htm.

Table 3. Values of Particle size and Surface area in Mirador
and Misoa formations.

Misoa 17,8 pm 0,92 m?%/gr

Mirador

6,57 um 1,69 m%/gr

Quartz is the strongest mineral that can be composed
several sedimentary rocks and oils reservoirs, and
provides its hardness to be broken in smaller pieces, by
mechanical methods. If the mineral composition of the
reservoir has highest percentages of quartz, like Misoa
formation, is normal that the particle size as well as
surface area can be affected.

The surface area is related with the crystalline structure
of the minerals that compounds the formations. For
example, the clays mineral has highest surface area
because their structures are in sheet form, this peculiarity
provide a special crystalline form in addition to be a
charge surface.
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Table 4. DRX Results of Mirador and Misoa Formations.

Quartz 98,50% 91,90%
Illite 0 0,70%
Kaolinite 0,80% 7,40%
Montmorillonite 0,70% 0

Dolomite 0 0,30%

The common existence of kaolinite (see Figure 3) in
the sedimentary formations especially in reservoirs
rocks Mirador and Misoa formations and its autogenic
formation indicates that it frequently remains stable
at depth. During the burial of a sedimentary series
and their subsequent diagenesis or metamorphism,
kaolinite disappears from the clay mineral parageneses
for different reasons; combination with Mg from
destabilized dolomite, combination with other phases
to produce illite-chlorite or mixed layered minerals or
by combination with quartz to produce pyrophyllite
(Velde, 1977).

Kaolinite is a frequent product of hydrothermal
alteration, commonly associated with mica or
expanding phases in the “argilic” type alterations.
These studies indicate that kaolinite can be formed
by hydrothermal alteration at the surface as well as to
depths of several kilometers.
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Figure 3. Crystalline structure of Kaolinite (T-O)
Source: https://www.ihrde.com/els/ipims-demo/t26/offline
IPIMS s23560/resources/data/G4105.htm.

Among the neutral-lattice phyllosilicates only kaolinite
is an important constituent of sediments, sedimentary
rocks and hydrothermal alterations. Its presence in
sedimentary rocks indicates most likely quite alkaline
conditions. This leaves kaolinite as the only important
neutral-lattice mineral in clay assemblages.

The Illite represents (see Figure 3), the dominantly
potassic, dioctahedral, aluminous, mica-like fraction
of clay-size materials. The low potassium aluminous
mica-like mineral can form diagenetically, also appears
to be the early product of weathering in cycles intense
alteration or one of the stable products under intermediate
conditions. Thus detrital sediments can contain illite
of at least four origins; material crystallized during
weathering reconstituted degraded mica, detrital mica
formed at high temperatures and of course unaffected
detrital illite from sedimentary rocks.

Note:
Potassium lon is the
most important feature

O () ® O °

Potassium Aluminium Silicon &

Aluminium

Oxygen Hydroxyls

Figure 4. Crystalline structure of Illite (T-O-T).
Source: https://www.ihrdc.com/els/ipims-demo/t26/offline
IPIMS_s23560/resources/data/G4105.htm.

During the process of lithification and deep burial, illite
appears to remain stable or at least slow to react with
other minerals. Being by far the most dominant species
clay mineral in argillaceous sedimentary rocks (Grim,
1968; Millot, 1964).

If then illite, or a potassic, mica-like mineral, is present
in most of the geologic environments, the variations of
its structure and chemistry must be examined carefully
in order to establish its chemical stability relative to the
system in which it is found (Velde, 1977).

The main features of their formulas are traditionally
compared to muscovite, the mineral closest to illite
compositions. This clay mineral does not have a total
lattice charge equal to 1.00, and the total silica ions
in the tetrahedral sites exceeds 3.00. The charge,
distributed between 3 octahedral and tetrahedral sites,
is usually compensated by potassium and sodium ions,
more questionably by Ca** or H,0".
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Montmorillonite is composed of units made up of
two silica tetrahedral sheets with a central alumina
octahedral sheet. The tetrahedral and octahedral sheets
combine in such a way that the tips of the tetrahedra of
each silica sheet and one of the hydroxyl layers of the
octahedral sheet form a common layer (see Figure 4).

@ Hydroxyl
O Oxygen .

@ Magnesium or Aluminium

Silicon, occasionally
Aluminium

Figure 5. Crystalline structure of Montmorillonite (T-O-T)
Source: https://www.ihrdc.com/els/ipims-demo/t26/offline
IPIMS_s23560/resources/data/G4105.htm.

The silica—alumina-silica units are continuous in the ‘a’
and ‘b’ crystallographic directions and are stacked one
above the other in the ‘c’ direction. The ‘c’ axis spacing
also varies with the nature of the interlayer cations
present between the silicate layers (Gopal et al, 2008).
The resulting negative net charge is balanced by
exchangeable cations adsorbed between the unit layers
and around their edges.

Montmorillonites (dioctahedral) are very common
in sequences of sedimentary rocks, like reservoir
rocks, especially in younger sediments found near the
surface. Some authors in Velde (1977) proposed that
the conversion of montmorillonite to other minerals
in sequences of deeply buried sedimentary rocks is
independent of time or geologic age and appears to be
a function of the geothermal gradient which the rocks
have experienced. These studies indicate that fully
expandable dioctahedral montmorillonite is not stable
above 100°C at depths of two kilometers or more.
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Cationic Exchange Capacity

Inthisresearch, the CEC was measured and studied intwo
geological formations. It is necessary to acknowledge
that the principal components that can adsorb and affect
the efficiency of EOR are the clay minerals constituents
in the reservoir like kaolinite, illite and montmorillonite,
which are present in the DRX analysis of Misoa and
Mirador Formations.

Clay minerals have the property of absorbing certain
ions and retaining them in an exchangeable state. The
most common exchangeable cations, in order of usual
relative abundance, are Ca?*, Mg*", H*, K*, NH4" Na*,
(Grim, 1968 in Ma et al, 1999). For this investigation, it
was measured Ca?, Mg?", and K",

It is commonly believed that cation exchange occurs
due to the broken bonds around the crystal edges, the
substitutions within the lattice, and the hydrogen of
exposed surface hydroxyl that maybe exchanged.

The clay minerals are not the only components having
CEC. All minerals of extremely small particle size
have a small CEC as a result of broken bonds around
their edges. This capacity increases as the particle size
decreases, but even at the smallest size in which non-
clay minerals occur associated with clays, the exchange
capacity due to broken bonds is relatively insignificant
(Grim, 1968 in Ma et al, 1999).

The difference in the contents of clay minerals
between both formations affects not only the value of
surface area; in fact, it affects the total and individual
CEC. Because this parameter is controlled by the
charge of the clay surface and pH. For example, some
researcher support that the kaolinite has the isoelectric
point near to the pH 5, in values greater than this the
surface charger is negative, below this, it is positive
charged. By the other hand, illite and montmorillonite
don’t have this quality even if the pH is acid or not, the
charge is always negative.

This is consequence of the crystalline structure of the
clays mineral, for example, the 1:1 layer structure
(kaolinite) that consists of the repetition of one tetrahedral
and one octahedral sheet, while in the 2:1 layer structure
(Illite) one octahedral sheet is sandwiched between two
tetrahedral sheets, when the tetrahedral and octahedral
sheets are joined in a layer, the resulting structure can be
either electrically neutral or negatively charged.
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The results of the atomic absorption by
spectrophotometry shows a very interesting behavior,
as you can see in Table 3.

Table 3. CEC results of Mirador and Misoa Formation.

Ca 0,0032 0,0096
Mg 0,0055 0,0022
K 0,0011 0,0022
Total CEC 0,0098 0,0140

The results for both formations can be interpreted
together or individually. In case of Mirador Formation
show major value of CEC for Mg and minor for K.
It is due to the presence of dolomite in the mineral
composition of this formation, which can contribute the
cation from its structure. For Ca and K cation the CEC
confirm the order of exchangeable cations propose by
Grim (1968) in Ma et al, 1999. By the other hand is
important to emphasize that the clay minerals percentage
for this formation is about 8%, the principal mineral is
kaolinite with 7%.

Some authors (Ma and Eggleton, 1999) refers that the
kaolinite CEC is almost entirely caused by surface
charge; and structural substitution is minor, generally
contributing <5% of the total CEC. In addition, they
propose that the CEC of kaolinite strongly depends on
the particle size and pH value.

The CEC values showed by Misoa Formation samples
indicate a major CEC for Ca cation, Mg and K, and
correspond with the content of clay minerals; the main
is montmorillonite, which has the highest surface area
and CEC of the three principal clay minerals in reservoir
rocks. In the montmorillonite structure, interlayer
swelling occurs when it is exposed to water. The swelling
procedure depends on valences and atomic radii of
the exchangeable cations. Cation exchange studies on
montmorillonites have shown a number of interesting
relations regarding ionic distribution between aqueous
solutions and the silicate.

Now, the total CEC calculated for the three exchangeable
cations Ca, Mg y K measured, for each formation
indicate that the Mirador formation has minor value,
due to the mineral composition and specifically the type
of clay minerals that it is shown in the DRX analysis.
But the CEC of Mg in Mirador Formation is major that

the Misoa Formation, because the presence of dolomite
mineral, that can be exchange this cation easily and it is
classified like a carbonate mineral group.

In case of K and Ca Misoa has greater CEC and it is
consequence of the montmorillonite clay that it is in
the mineral composition, and the highest CEC that it is
attributed to clay minerals that has a crystalline structure
2:1 or T-O-T.

Conclusions

Clays have been good adsorbents because of existence
of several types of active sites on the surface, and ion
exchange sites, and usually display negative charge in
the surface area. The clay minerals are the common
components of the clastic oil reservoirs and can affect
CEC and the adsorption of surfactant in the porous
media by the ionic strength, temperature and pressure.

The surface area depends on the particle size and
mineral composition of the reservoir and can modified
the CEC value.

The CEC in order of major value is Montmorillonite>
[lite>kaolinite and Misoa Formation has major CEC
than Mirador Formation, even when have minor clays
in the mineralogical composition, but it is provoked by
the percentage of montmorillonite.
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