<]
TUDelft

Delft University of Technology

Comprehensive review on surfactant adsorption on mineral surfaces in chemical
enhanced oil recovery

Liu, Zilong; Zhao, Ge; Brewer, Mark; Lv, Qichao; Sudhdlter, Ernst J.R.

DOI
10.1016/j.cis.2021.102467

Publication date
2021

Document Version
Accepted author manuscript

Published in
Advances in Colloid and Interface Science

Citation (APA)

Liu, Z., Zhao, G., Brewer, M., Lv, Q., & Sudhélter, E. J. R. (2021). Comprehensive review on surfactant
adsorption on mineral surfaces in chemical enhanced oil recovery. Advances in Colloid and Interface
Science, 294, Article 102467. https://doi.org/10.1016/j.cis.2021.102467

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1016/j.cis.2021.102467
https://doi.org/10.1016/j.cis.2021.102467

10
11

12

13

14

15

16

Comprehensive Review on Surfactant Adsorption on Mineral Surfaces in Chemical
Enhanced Oil Recovery

Zilong Liu™"*, Ge Zhao', Mark Brewer?, Qichao Lv**, and Ernst J. R. Sudholter™*

"Beijing Key Laboratory of Optical Detection Technology for Qil and Gas, College of
Science, Unconventional Petroleum Research Institute, China University of Petroleum
(Beijing), Beijing 102249, PR China

Organic Materials & Interfaces, Department of Chemical Engineering, Faculty of Applied
Sciences, Delft University of Technology, Van der Maasweg 9, 2629 HZ Delft, The
Netherlands

SShell Global Solutions International B.V., Shell Technology Centre Amsterdam (STCA),
Grasweg 31, 1031 HW, Amsterdam, The Netherlands

Corresponding authors
E-mail: zlliu89@gmail.com (Z.L.).
E-mail: lvgc@cup.edu.cn (Q.L.).

E-mail: E.J.R.Sudholter@tudelft.nl (E.J.R.S.).

© 2021 Manuscript version made available under CC-BY-NC-ND 4.0 license https://creativecommons.org/licenses/by-nc-nd/4.0/




10

11

12

13

14

15

16

17

18

19

20

Abstract

With the increasing demand for efficient extraction of residual oil, enhanced oil recovery
(EOR) offers prospects for producing more reservoirs’ original oil in place. As one of the
most promising methods, chemical EOR (cEOR) is the process of injecting chemicals
(polymers, alkalis, and surfactants) into reservoirs. However, the main issue that influences
the recovery efficiency in surfactant flooding of cEOR is surfactant losses through adsorption
to the reservoir rocks. This review focuses on the key issue of surfactant adsorption in cEOR
and addresses major concerns regarding surfactant adsorption processes. We first describe the
adsorption behavior of surfactants with particular emphasis on adsorption mechanisms,
isotherms, kinetics, thermodynamics, and adsorption structures. Factors that affect surfactant
adsorption such as surfactant characteristics, solution chemistry, rock mineralogy, and
temperature were discussed systematically. To minimize surfactant adsorption, the chemical
additives of alkalis, polymers, nanoparticles, co-solvents, and ionic liquids are highlighted as
well as implementing with salinity gradient and low salinity water flooding strategies. Finally,
current trends and future challenges related to the harsh conditions in surfactant based EOR
are outlined. It is expected to provide solid knowledge to understand surfactant adsorption

involved in cEOR and contribute to improved flooding strategies with reduced surfactant loss.

Keywords: Surfactant adsorption; Adsorption behavior; Influencing factors; Chemical

additives; Chemical enhanced oil recovery.
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1. Introduction

With global oil demand and consumption forecast to rise continuously,® a realistic solution to
fulfill this requirement is hinges on more efficient extraction of remaining oil from existing
reservoirs.? Tertiary recovery or enhanced oil recovery (EOR) techniques offer prospects for
generating more reservoirs’ original oil in place (OOIP) which cannot be recovered using
conventional recovery methods.® As one of the most promising EOR, chemical EOR (CEOR)
has attracted much attention because of its higher efficiency, technical feasibility, economic
viability, reasonable capital expenditures and with an additional 5-20% recovery at stake.*®
In cEOR, the injection of chemicals mainly includes surfactants, polymers, alkalis and
formulated mixtures.”*2 Owing to the existing synergies, these formulations have been
normally screened in laboratory studies and each chemical influences the oil recovery by
different mechanisms.'® For example, application of polymers increases viscosity of the
injected fluids and the oil/water mobility ratio, thus consequently enhances macroscopic
displacement (volumetric sweep efficiency).”** Introduction of surfactants is utilized to
reduce the oil-water IFT, alter the mineral wettability, and contributes to the formation of
micro emulsions, substantially improving the microscopic displacement efficiency.*1%16

Most cEOR methods that have been developed are designed to increase the capillary number,

N¢, defined as the ratio between viscous forces and capillary forces:*’

_ W ]
NC - Yy cos @ (1 1)

where u and v are the viscosity and velocity of the displacing liquid, y is the oil-water IFT,
and @ is the contact angle. As the capillary number (typically around 107 for water flooding)
is increased,'>'8 the residual oil saturation will decrease, thereby augmenting recovery. This
can be achieved by viscosity and velocity increases of the displacing liquid, a reduction in
IFT, and/or rock wettability alteration. However, a significant increase in capillary numbers

(10 to 107) is required.>'® To obtain such high value, IFT needs to be reduced from the
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initial high value of 20 — 30 mN/m to the order of 10 mN/m, by adding surfactants as the
most feasible option.2%2! Furthermore, the presence of surfactants can also drive the reservoir
wettability towards a more water-wet state, promote the production of oil-water emulsions,
and improve the interfacial rheological properties.?>?® There are mainly two important
aspects of interaction in cEOR: (1) fluid-fluid interaction where reservoir fluids (crude oil
and brine) interact with the injection fluids,?’3! (2) rock-fluid interaction where reservoir
rock interacts with injection fluids.3* For EOR optimization, both the phenomenon should
be taken care while designing injection fluids and more specifically surfactant flooding.

The suitability of numerous surfactants in oil recovery has been evaluated and quantified in
laboratory studies and field tests.?***% Technical screening criteria for surfactant flooding
primarily include formation permeability, rock heterogeneity, solution chemistry (i.e. salinity,
pH, and ions), reservoir temperature and depth, oil composition, and surfactant types and
their structures.?! Several reviews covering various features (fluid-fluid and rock-fluid
interactions) of surfactant flooding have been reported. Belhaj et al. discussed the influence
of surfactant concentration, salinity, temperature, and pH on surfactant adsorption for
cEOR.%® Kamal et al. reviewed different kinds of surfactants with particular emphasis on its
phase behavior, adsorption, IFT, and field applications.!! Zhang et al. summarized adsorption
mechanisms and kinetics of surfactants and their mixtures at the solid-liquid interface.®’
Olajire reviewed the mechanisms, prospects, challenges of alkaline-surfactant-polymer (ASP)
flooding, and status of ASP applications.®® Bai et al. reviewed the recovery mechanisms of
nanoparticle (NP) flooding and the synergistic effects of NP with surfactant nanofluids in
cEOR applications.®® Ahmadi et al. discussed the adsorption and thermal behavior of
surfactants, phase behavior of emulsions, field trials of chemical assisted heavy oil recovery
processes.® Hirasaki et al. analyzed recent developments to reduce the amount of surfactant

required, mainly focusing on the role of alkali, alcohol, and chain branching.** From these
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reviews, a key issue in surfactant flooding is the substantial loss of surfactants that reduces
the recovery efficiency because of surfactant retention in porous media.

Surfactant retention is generally comprised of phase trapping, precipitation, and adsorption.
The phase trapping and precipitation can be eliminated by appropriately selecting surfactants
that are temperature and salinity tolerant, and adjusting relevant parameters (pH,
formulations). However, surfactants are unavoidably adsorbed onto the rock surfaces and the
impact of surfactant adsorption can be only mitigated. The adsorption takes place when the
solid-liquid interface is energetically favored by surfactants compared to its bulk phase in the
solution. Adsorption of surfactants on reservoir rocks has been determined usually using
traditional depletion measurements (batch equilibrium tests on crushed core grains), and
dynamic tests (core flooding experiments) by analyzing total surfactant content in
effluents.1242%°> Research progresses in surfactant have also promoted a number of other
techniques that can probe surfactants at interfaces to quantify the structure of the adsorbed
surfactant film and monitor the kinetic adsorption processes.*®*’ For example, atomic force
microscope (AFM) has considerably contributed to better understanding of dimensions,
morphologies, and orientations of adsorbed surfactant layers.*®>2 More recently, quartz
crystal microbalance with dissipation monitoring (QCM-D) has been applied to investigate
the adsorption behavior of surfactants,>*%2 which can be also coupled with AFM,
spectroscopic ellipsometry (SE), and surface plasmon resonance (SPR) techniques.>23-6¢
Therefore, to realize effective transport of surfactants into reservoirs, it is of great importance
to understand surfactant adsorption on mineral surfaces.

In this review, the first section describes the adsorption behavior of surfactants, covering
surfactant adsorption mechanisms, isotherms, kinetics, thermodynamics, and adsorption
structures. The second section summarizes main factors affecting surfactant adsorption

process such as surfactant characteristics, solution chemistry, rock mineralogy, and reservoir
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temperature. Subsequently, different chemical additives of alkalis, polymers, nanoparticles,
co-solvents, and ionic liquids are proposed to reduce surfactant adsorption, as well as salinity
gradient and low salinity water flooding strategies. Finally, the upcoming trends and future

challenges related to surfactant flooding at the harsh conditions are discussed.

2. Surfactant adsorption behavior

Surfactant adsorption to the reservoir rock is one of the most important parameters for
chemical flooding. Adsorption means the loss of a valuable chemical component from
solution, and as a consequence, a significant reduction of surfactant concentration in chemical
slugs. Therefore, the efficiency of surfactant flooding will be substantially reduced not only
in technical views (increase the oil-water IFT), but also in terms of the economic
feasibility.5”%° For good surfactant candidates, it should meet the requirements of low
adsorption onto formation rock (<0.2 mg/g rock) and ultra-low IFT (102 — 102 mN/m).2>7 In
the surfactant-water-mineral system, numerous aspects of surfactant adsorption process have
been discussed with particular emphasis on adsorption mechanisms, isotherms, kinetics,
thermodynamics, and adsorption structures.

2.1 Mechanism of surfactant adsorption

Surfactant adsorption is a process where surfactant molecules are transferred from bulk
solution to the solid-liquid interface through complex interactions between surfactant and
rock surface. In general, surfactants adsorb on rock surfaces as monomers rather than
micelles.®® Adsorption is governed by a number of mechanisms, i.e., electrostatic interactions
(ion exchange/bridging), van der Waals interactions (London dispersion forces), acid-base
interactions (hydrogen bonding, Lewis acid-base reactions), hydrophobic interactions, ©
electron polarizations, covalent bonding, and solvation of adsorbate species.®” %7173 Several
of the above mentioned mechanisms can contribute to the adsorption process, depending on

the type of mineral and surfactant, surfactant concentrations, ionic strengths, and temperature.
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Based on the formation rocks, oil reservoirs are typically classified into sandstones (silica)
and carbonates (calcite and dolomite). The charge of a mineral surface is pH dependent,
which can be positively or negatively charged by the dissociation/hydrolysis behavior of
surface species or by the adsorption of ions/complexes in the aqueous solution. The
isoelectric point (IEP) is the pH, at which a surface carries an average net charge of zero.
When the pH is smaller than the IEP, the surface is positively charged. On the contrary, the
surface has a negative charge at pH above the IEP. Silica has a IEP value of 2 — 3,*7% and
the 1EP of the most calcites is about 9.”""® Therefore, anionic surfactants tend to adsorb less
to the silica surface because it is negatively charged at reservoir pH (5 — 9) that is larger than
IEP of silica, whereas cationic surfactants are preferentially attracted.

The added alkalis are not only to raise the solution pH, but also render more negative mineral
surfaces, leading to a considerable reduction of anionic surfactant adsorption because of
electrostatic repulsions.”® The electrostatic interaction plays a prominent role between the
charged head of ionic surfactants and the rock surface.%8! Calcium cation bridging is of great
importance to bind anionic surfactant to the negatively charged clay surface.> Adsorption by
London dispersion forces usually increases with increasing the molecular weight (MW) of
surfactant.”> When surfactant molecules comprise functional groups such as hydroxyls,
carboxylates, amines and phenols, the adsorption process could occur through hydrogen
bonding interactions.®? The hydrophobic interaction mainly takes place when the alkyl chain
of a surfactant adsorbs on fully or partially hydrophobic surfaces, or surfactant layer by layer
adsorption (formation of hemi-micelles, admicelles) via hydrophobic chain-chain
interactions.>” Adsorption by m electron polarization occurs when the surfactant has an
electron-rich aromatic nucleus and the rock surface contains highly positive sites.” In
addition, chemical bonding is another driving force resulting in the adsorption (chemisorption)

of oleate ions and oleic acid amides on apatite by the formation of Ca-O/N bonds.®* When
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hydrated head groups of surfactants adsorb on the solid-liquid interface, water molecules in
the secondary solvation shell around head groups can be partially removed. In comparison to
other interaction mechanisms, the possible dehydration process of ionic head groups of
surfactant is unfavorable for adsorption.®’

2.2 Isotherms of surfactant adsorption

At constant temperature, the adsorption isotherm is applied to evaluate the relationship
between the amount of surfactant adsorbed at a solid-liquid interface and the initial surfactant
concentration in solution after equilibrium is reached. This is important to assess the amount
of surfactant loss through adsorption to the rock surface. Four well-known adsorption
isotherms have been commonly used to characterize the adsorption equilibrium behavior for
surfactants, which are briefly described below.

2.2.1 Langmuir adsorption isotherm

The Langmuir isotherm model assumes that monolayer adsorption occurs on the uniform
surface of a fixed number of well-defined sites, with no interactions between adsorbed
surfactants.88 Each site is energetically equivalent, and can only accommodate one

surfactant molecule.®® The Langmuir equation is represented by:

_ K;C
Qe = qm 1+K;C

(2.2-1)
where de, gm, and C, are the equilibrium adsorption, maximum amount of surfactant
adsorption, and equilibrium surfactant concentration, respectively. K. is the Langmuir
equilibrium constant associated with the adsorption energy. The Langmuir equation can be

converted into a linearized form:

1 1 1

1
de dm C qmKL

(2.2-2)

From the plot of 1/ge versus 1/C, K. and gm can be derived from the slope and intercept,
respectively. To represent the compatibility of adsorption, the non-dimensional constant Ry is
defined as R.= 1/(1 + K Co). Here, Co is the initial adsorbate concentration. The lower R is,

9
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more favorable adsorption will be. The Ry is found to be always no larger than unity, and thus
the adsorption is favorable.*>8788 The Langmuir adsorption isotherm (L-type) features a
continuous and monotonous decrease in adsorption rate because vacant adsorption sites
decrease as the adsorbent becomes covered. Many surfactant adsorption data have shown a
good fit to the Langmuir equation,244458990 pyt the assumptions of the Langmuir model are
not fulfilled, particularly in the absence of lateral interactions. There are several mutual
compensation factors influence the final shape of the Langmuir isotherm, such as adsorption
of micelles, inhomogeneous surface potentials, surface impurities, lateral interactions
between surfactant molecules.®

2.2.2 Freundlich adsorption isotherm

The Freundlich isotherm is an empirical model to evaluate non-ideal and reversible
adsorption processes (e.g., surfactant multilayer adsorptions onto heterogeneous surfaces). At
various solute concentrations, the ratio of adsorbed solutes to the solute concentration is not a
constant.®? As a result, this isotherm is unable to estimate saturations of adsorbents by the
adsorbates; thus, infinite surface coverage is presumed mathematically, suggesting a
multilayer adsorption on the surface.®® In the Freundlich isotherm, the adsorbed amount is
proportional to the surfactant concentration to the power 1/n:

qe = KpC'/™ (2.2-3)
where Kg is the Freundlich constant related to the capacity of adsorption and n is a
heterogeneity factor. It is assumed that there are various types of adsorption sites on the
inhomogeneous surface, which make it possible to describe multilayer adsorption.** Taking
the logarithm of I" and plotted versus log(C), n and Kr can be derived from the slope and
intercept of the straight plot, respectively. It is found that 1/n is no larger than 1, indicating
favorable adsorption of the system.'2%

2.2.3 Temkim adsorption isotherm

10
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Indirect interactions of adsorbate-adsorbate are considered in the Temkin isotherm. On
account of these interactions and ignoring too low and too high solute concentration values,
the heat of adsorption of all molecules in the adsorbed layer will decrease linearly with
coverage of the solid surface with surfactant. This adsorption is illustrated with a
homogeneous distribution of binding energy, up to some maximum binding energies.*® The
isotherm model is given by the following equation:

qe = BInK; + BInC (2.2-4)
where Kt denotes the Temkin constant and B is a constant related to the heat of adsorption.
By plotting the quantity adsorbed ge against InC, the constants B and Kr are determined from
the slope and intercept of a straight plot. This isotherm fails to predict the experimental data
when the relationship between rock surface coverage and adsorption heat of surfactants is
logarithmic rather than linear.

2.2.4 Redlich-Peterson adsorption isotherm

The Redlich-Peterson isotherm is applied as a compromise between the Langmuir and
Freundlich isotherms. This model is an empirical isotherm comprising three different
parameters. Therefore, the adsorption mechanism is complicated and does not follow the

assumption of ideal monolayer adsorption. It is represented by the following equation:

_ KRrC
Qe = T7pcH

(2.2-5)
where Kgr and B are the Redlich-Peterson constants. S is the exponential constant that lies
between 0 and 1, which can help to characterize the adsorption isotherm model. When g =1,
eq.(2.2-5) is reduced to the Langmuir equation with B = KL and Kr = K *gm; When g = 0,
eq.(2.2-5) condenses to the linear isotherm model with 1/(1 + B) representing Henry’s
constant. Henry’s equation presents linear adsorption isotherm behavior only at lower
concentrations.®® At high surfactant concentrations, eq.(2.2-5) is reduced to the Freundlich

equation:

11
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qe =5C*F (2.2:6)
Where Kr/B equals to Kr and (1- ) = 1/n of the Freundlich isotherm model. Taking a natural

logarithm on both sides of eq.(2.2-5), the Redlich-Peterson isotherm is rearranged into a

linearized form as follows:
in (Kq qﬁ — 1) = BInC + InB (2.2-7)

To obtain a linear plot of eq.(2.2-7), various constant Kr values should be tried, from 0.01 to
several hundred.® In the adsorption of soap-nut surfactant, the interactions were complex and
various intermolecular forces existed, such as electrostatic attractions, hydrogen bonding,
covalent bonding, and hydrophobic interactions.®” Compared to the above mentioned four
isotherm models, the adsorption pattern of soap-nut surfactant was better fitted with the
Langmuir model as well as with the Redlich-Peterson adsorption isotherm that supported the
monolayer adsorption behavior.%

Apart from these four equilibrium models commonly described, other models are included
and summarized in Table 1, which can be utilized to clarify how an adsorbate is adsorbed
onto an adsorbent.®*1%As surfactant adsorption is strongly temperature dependent, isotherm
models are necessary to be used at different temperatures. The model possessing the best
values of coefficient of determination (R?) and the lowest values of standard deviation (SD)
for a majority of temperatures should be rated as the best isotherm model. For example, in
comparisons to the Freundlich and Tempkin models, very high R? coefficients for the

adsorption of the different surfactants were obtained with the Langmuir model %

12



1  Table 1. Lists of adsorption isotherms models.

Parameter Isotherm model

One Henry

Two Langmuir

Freundlich
Temkin

Dubinin-Radushkevich

Elovich

Jovanovic

Three Redlich-Peterson
Sips
Toth

Koble-Carrigan

Radke-Prausnitz

82,84,99,100

Nonlinear form

~ K.C
Qe =Im1 7k ¢
qe = KFcl/n
qe = BInK:C
e = Qme_KDEZ

e
q_e = KECeq?n
dm

e = Qm(l - eK]C)

g€
Qe = T BCP
_ KgCP
qe - 1 + OLSCB
Ky
Te= lar + O/
_acm
9e =11 Bcn
_ qmKgrC
Qe =1+ K0

Linear form
de = KH -C

1
quL

de 9qm C

logq, =logKr + 1/nlogC
qe = BInKt + BInC
Inq, = Inq,, — Kpe?

ln& = InKgq, — e
¢ m

Inqe = Ing,, — K;C

c
In (KR - 1) — BInC + InB
e

Ks
BInC = —Blnq— + Inag

e
1
In— = InC —Zln(aT +0)

1 1 +B
q. AC" A
qe

dmKr

In = InC — nin(1 + KzC)

3 However, not all surfactant adsorption isotherms follow a specific model. Figure 1 shows a

4  typical four-region (S-type) adsorption isotherm in an extensive range of surfactant

5  concentrations going beyond the critical micelle concentration (CMC).2%%1%2 Adsorption in

6  various regions was explained by taking considerations of electrostatic, hydrophobic and

7  micellar interactions. In region |, surfactant adsorption is primarily by electrostatic

8 interactions by the head groups of surfactant monomers in contact with the mineral surfaces

9 and its alkyl tails pointed outwards. At low surfactant concentration, the adsorption process

13
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obeys Henry’s law, and the adsorbed amount increases linearly with the surfactant
concentration.!% In region Il, a substantial increase in the adsorption results in the formation
of hemimicelles due to lateral interactions between the alkyl tails of the adsorbed monomers.
Otherwise, the electrostatic interaction is still active at this stage. In the end of the region II,
the surface is electrically neutralized by the adsorbed surfactants. Further adsorption in region
I11 occurs by chain-chain hydrophobic interactions alone, showing a slower adsorption rate
than region Il because less adsorption sites are present. Above the CMC in region 1V, the
monomer concentration of surfactants is approximately constant, and any increase of
surfactant concentrations only works for more micelles, which does not affect the maximum
adsorption. The adsorption isotherm of sodium dodecyl sulfate (SDS) on alumina surface
exhibited an S shape adsorption isotherm with a four-stage adsorption process.'®* Sometimes
only three different stages are found in the adsorption isotherms and region Il is not clearly
identified. This can be attributed to comparable slopes for regions Il and Ill, which are
observed on loose packing of the cationic surfactant aggregates.’® The adsorption of alkyl
trimethylammonium vinylbenzoate (CTVB) onto silica surface showed a two/three-stage
adsorption isotherm, depending on the length of hydrocarbon tail.1> Many descriptions of
two-step isotherms are also available for a wide variety of surfactant adsorption.40.196.107
Obviously, these models have a good deal in common and the main difference is a lack of

hydrophobic interaction in the second region for the two-step model.

14
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Figure 1. Schematic representation of the typical four-region (S-type) adsorption isotherm.
Reproduced from Somasundaran and Zhang.'%*

2.3 Kinetics of surfactant adsorption

Modeling of the kinetics of surfactant adsorption is as important as the adsorption isotherm. It
describes both the diffusive transport of surfactant molecules from the bulk solution to the
liquid-solid interface and the kinetics taking place at the interface itself. Adsorption kinetics
are available to determine the adsorption rate versus time and give useful information about
mechanisms of the adsorption. The following sections summarize four widely used
adsorption kinetic models to evaluate adsorption processes.

2.3.1 Pseudo-first-order kinetic model

A first-order rate equation to elucidate the kinetic process of liquid-solid phase adsorption
was initially established by Lagergren,’®® which shall be deemed to be the earliest model
concerning the adsorption rate by means of the adsorption capacity. It is assumed that the
occupation rate of adsorption sites is proportional to the number of available sites. The

differential formulation of the addressed kinetic model is given by:

15
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f = K1(qe — q¢) (2.3-1)
where @ is the amount of surfactant adsorbed at time t, and Kj is the equilibrium rate constant

of pseudo-first-order (PFO) adsorption. The integral of eq.(2.3-1) with the boundary

condition of qr=0att=0and q: = tatt =t yields a linear expression%°1°:

K
ln(qe - Qt) = ane - 2_3::)3 t (2-3'2)

The value of K1 is determined by the slope of the linear plot of In (ge-g:) versus t. The eq.(2.3-

2) can be rewritten as:

4 = g (1 — e 207" (2.3-3)
To fit the above given equations with the experimental data, it is essential to acquire the value
of ge. It can be possible that the amount adsorbed is considerably lower than the actual
equilibrium amount after a long interaction time.!'! The value of K; is usually inversely
proportional to the initial adsorbate concentration.''? The validity of eq.(2.3-2) arises from
the comparison of as-calculated ge to the experimentally determined ge. For many adsorption
processes, the PFO model is generally applicable for the early interaction time of 20 to 30
min and is not suitable for the whole period.'*3

2.3.2 Pseudo-second-order kinetic model

A pseudo-second-order (PSO) model is obtained based on the adsorption capacity of the solid

phase, represented as'“:

d
—£= K(qe — q0)? (2.3-4)

where K3 is equilibrium rate constant of PSO model and is similar to PFO model. Integrating

eq.(2.3-4) with the boundary condition (qt=0att=0and gt =tat t = t) gives:

1 4t (2.3-5)

¢ K2q%  qe

The intercept of the linear plot of t/g: versus t and its slope are acquired to extract the

equilibrium rate constant K. and adsorption amount ge. Even though the PSO model can be
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affected by applied solution pH, surfactant concentration, and temperature, the model
evaluates the influence of observable rate parameters. The initial adsorption rate (h) and half-
adsorption time (t12) are acquired by the following equations:

h = K,q? (2.3-6)

1
K>qe

tl/z = (23'7)

This PSO model has been successfully employed to examine the adsorption kinetics of metal
ions, herbicides, dyes, oils, and organic materials from agqueous solutions.*® When the solute
concentration is not too high, PSO model is favored; On the contrary, PFO fits better at a
higher the solute concentration.!*® In most cases, PSO model shows a wide applicability over
PFO, and the obtained ge with PSO is close to the experimental value, with much higher
degree of correlation.}*211® However, the ability of a model to fit experimental data is not
enough to prove the validity of the underlying mechanism.'%® Both PSO and PFO models are
useful to figure out the reaction types and rate constants, but do not explain the adsorption
process controlled by diffusion; thus, before any conclusions can be drawn about adsorption
mechanisms, diffusion models should be examined as well.

2.3.3 Intra particle diffusion kinetic model

With the purpose of determining distinct diffusion processes such as internal and external
diffusion mechanisms, the intra particle diffusion (IPD) equation is proposed!®1’:

qe = Kit'/* +c (2.3-8)
where Kj is equilibrium rate constant of IPD model, and c is a constant associated with the
adsorption step. A linear plot of q: versus t? calculates constant Ki. Ki generally increased
with increasing initial adsorbate concentration.*® If the plot passes through the origin (zero
intercept), IPD dominates the adsorption process. However, it sometimes shows
multilinearity over the entire adsorption process. Multilinearity is an indication of multiple

adsorption mechanisms, such as mass transfer, film diffusion, surface diffusion, and pore
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diffusion.?® Each linear segment represents one or more controlling mechanisms. A typical
three stages proceed by surface adsorption by boundary layer diffusion, intra particle
diffusion, and a likely chemical reaction stage. Among these steps, the last step is very rapid
and considered to be negligible.}?® Determining how many linear segments and the time
period for each line segment the adsorption process are somewhat arbitrary. The use of
piecewise linear regression can be helpful for analyzing adsorption data by IPD model.!%
2.3.4 Elovich kinetic model

The Elovich equation neglects desorption and is applied to determine the chemisorption
kinetics, which can also to evaluate the mass and surface diffusions, activation and
deactivation energies of a system. It has been assumed that the adsorption rate declines
exponentially with the increasing amounts of adsorbed solutes.!** The kinetics relationship is

described by the Elovich equation:

d —

f = e Y14t (23'9)
where « the initial adsorption rate, and y1 is the desorption constant associated with the extent
of surface coverage and activation energy for chemisorption. With the assumption of ayit >>1,

eq.(2.3-9) was integrated by using the boundary condition (qt=0att=0and gt =tatt=1),

the Elovich model is linearized as:
g = —In(ay,) +—In(®) (2.3-10)
Y1 Y1

The graph of gt versus In(t) is used to assess the adsorption nature on the heterogeneous
surface, whether chemisorption or not. The Elovich equation neglects desorption due to
chemisorption that is physically unsound as an infinite g« would be at long periods of
adsorption.t?2 Thus, the range of Elovich model application is limited to the initial adsorption
process, when the system is rather far from equilibrium.!?® When the fractional surface
coverage is lower than around 0.7, the Elovich model is essentially identical to the PSO

model.12*
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Table 2. Summary of four adsorption kinetic models.

Kinetic model

Equation

Application conditions

Examples

Pseudo-first-order

(PFO)

dq;

Pk Ki(qe — q¢)

PFO model is valid
only under either of
these two sets of
conditions (i) reaction
control and Henry
regime adsorption, or
(ii) reaction control and
high adsorbent dose.'?®
For many adsorption
processes, the PFO
model is found suitable
only for the initial 20 to
30 min of interaction.!*®

PFO model can
best predict the
Kinetic process of
Congo red
adsorption  from
aqueous solutions
using cationic
surfactant
modified
straw. 1%

wheat

Pseudo-second-order

(PSO)

dq
- = K,(q. — CIt)Z

dt

Most environmental
Kinetic adsorption can
be modelled well by
PSO, when the solute
concentration is not too
high.1® In most cases,
PSO model shows a
wide applicability over
PFO.

The kinetics of
Saponin surfactant
adsorption on the
shale  sandstone
were persuasively
estimated with the
PSO model.®

Intra

diffusion (IPD)

particle

qt = Kltl/z + c

Multi-linearity nature in
adsorption  of  the
surfactant is emerged,
indicating of multiple
adsorption mechanisms,
such as mass transfer,
film diffusion, surface
diffusion, and pore
diffusion.®

The results
matched well with
PSO and IPD
model  suggests
that the adsorption
process proceeds
by surface
sorption and intra-
particle
diffusion.t?’

Elovich

— = e —Y14q¢t
dt

Assuming strong
heterogeneity at the
adsorbent surface, it is
suitable for kinetics far
from equilibrium and
describes chemisorption
well. 12

When the
dodecylamine s
mainly in the form
of  micelle or
precipitation, the
initial rapid stage
is best fitted by the
PFO model,
while the second
stage is best fitted
by the Elovich
model.>’
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Although the list of kinetic models presented above is by no means comprehensive, 12312 they
are frequently used for surfactant adsorption (Table 2). In the study of DICL adsorption, Kou
and Xu fitted the adsorption data with PFO, PSO, and Elovich models.>” When the DICL was
predominantly ion or molecular forms at pH 5.7, PSO model showed the best fit to the only
one adsorption stage; when the DICL micelle was adsorbed, there were two different
adsorption stages, the first fast stage was best described by PSO model and the second one
can be best described by the Elovich model.>” Such adsorption process cannot be simply
fitted using a single kinetic model, and they are better described by two or three simultaneous
models.'?® Chen et al. characterized a two-step adsorption of a switchable cationic surfactant
using QCM-D, with a fast adsorption of surfactants with its head groups orientated toward
silica surfaces, succeeded by a slow process in line with the formation of surfactant
aggregations, ie., bilayered admicelles.® Impact of surface roughness on cetyltrimethyl
ammonium bromide (CTAB) adsorption kinetics were also found, implying the presence of
more high energy sites on the rougher surface.*?® The adsorbed amount of polymer-surfactant

mixtures showed a t*/? dependence within the experimental error for t — 0, which was typical

for a diffusion controlled kinetics.**® The rate of adsorption and desorption can be derived
from the linear dependence of equilibrium rate constant on surfactant concentration with PFO
and PSO models. A higher adsorption to desorption ratio indicated the overall adsorption
reaction was more delocalized to surfactant adsorption, such as the fouling potential of
sodium dodecylbenzene sulfonate (SDBS) on titania.>®

2.4 Thermodynamics of surfactant adsorption

In an effort to estimate the effect of temperature on the adsorption, thermodynamic
considerations regarding an adsorption process are essential to determine whether the process
is spontaneous. Gibbs free energy change (4G’) is a key parameter for identifying the

spontaneity of a process. If AG" becomes negative, the adsorption process occurs
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spontaneously at a given temperature. Generally, 4G is in the range of 0 to -20 kJ/mol for the
physical adsorption, and -80 to -400 kJ/mol for the chemisorption.t®! Considering the changes
in the equilibrium constant (K") at various temperatures, 4G" could be obtained from the
Van't Hoff equation as follows!32-134:
AG° = — RT InK® (2.4-1)
where T is absolute temperature in Kelvin (K), and R is the universal gas constant (8.314 J
molK™t). The entropy (4S") and enthalpy (4H) are two important parameters in the
feasibility and spontaneity of a process that is related to AG’, defined as
AG° = AH°- TAS° (2.4-2)
AG can be always negative in the case of entropy is positive (45> 0) and enthalpy is
negative (4H < 0), indicating a spontaneous adsorption process at all temperatures. A
negative AH refers to an exothermic adsorption process, while a positive 45" implicates the
increased degree of freedom (randomness) of the adsorbate towards solid-liquid interface and
more favorable condition for the occurrence of the adsorption process. Combing eq.(2.4-1)
and (2.4-2), it leads to:

AS° AH°1

Inke =221 (2.4-3)
R R T

Using a plot of 1/T versus In(K"), the values of 4H" and 4S5 could be acquired from the slope
and the intercept, respectively. The calculation of K’ is derived by fitting the adsorption
isotherms at various temperatures in Section 2.2. It should be noted that the obtained K~
(usually expressed in L/mg) in the isotherms need to be dimensionless for being applied in

the Van't Hoff equation. Converting the units of obtained K~ to dimensionless K” can be®*:

Ko = (1000-K*"molecular weight of adsorbate) [adsorbate]’

. (2.4-4)

where 7 (dimensionless) is the activity coefficient, and [adsorbate]® (1 mol/L) is the standard

adsorbate concentration. For this conversion, the adsorbate solution is very diluted and
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therefore the activity coefficient is one.'®? After making these calculations, the parameter K
becomes dimensionless.

Using the Langmuir isotherms with the above formulae, the values of A4G" at different
temperatures are negative and hence the adsorption of nonionic surfactants is spontaneous,
while the negative 4H confirmed that the adsorption process is exothermic.*® Thus, the
increasing temperature decreased the adsorption of nonionic surfactants on carbonate surfaces.
The calculated 4G” indicated the adsorptions of phenols were mainly physical in nature and
were strengthened by chemisorption and the negative AH demonstrated the exothermic
nature of these phenol adsorptions, which were consistent with experimental observations.1
The adsorption of SDS surfactant on the Algerian rock specified the feasibility, spontaneity,
and exothermic nature of the adsorption process.®> With an increase in temperature, the
adsorption of SDS surfactant on sand surface decreased as the randomness of the molecules
at the solid-liquid interface decreased.'? An exothermic adsorption of a natural surfactant
derived from leaves of Zyziphus Spina Christi on shale-sandstone reservoir rocks was
observed on both static adsorption and core flooding experiments.®® However, these obtained
thermodynamic parameters of AG", A4S" and 4H" directly used K™ rather than dimensionless K.
Recently, Lima et al. revealed the wrong use of equilibrium constants in the Van't
Hoff equation for calculations of thermodynamic parameters of the adsorption.'** Therefore,
the use of Van't Hoff equation should be careful to ensure dimensionless, as an estimative of

thermodynamic parameters.

2.5 Structures of surfactant adsorption

An understanding of the structure that surfactants adsorbed at rock surfaces is vital to
determine their roles in cEOR. AFM is particularly well suited to obtain high-resolution
nanoscale images of surfactant adsorbed films. Kou et al. observed that DICL colloids were

adsorbed or precipitated onto the surface, giving rise to porous and heterogeneous multilayer
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structures.®” The adsorption of polymer-surfactant complexes resulted in inhomogeneous
films formed by isolated aggregates randomly distributed through the surface.'*® The addition
of a gemini surfactant to the monomeric surfactant triggered dramatic shape transition in the
adsorbed layer morphology among circular aggregates, worm-like aggregates, and lamellar
bilayer.>® At a concentration of 1.2 x CMC, the CTAB adsorbed layer exhibited prolonged
rod-like micelles with the mean spacing of 9 nm, whereas dodecyltrimethylammonium
bromide (DTAB) showed small micellar aggregates with the mean spacing of 5 — 6 nm, as
shown in Figure 2.1%¢ Moreover, the force-distance data acquired from AFM measurements
gain further insights into the adsorbed structure. The attractive interaction between CTAB
and AFM tips reflected the likely formation of hemimicelles on the silica surface.’®” The
breakthrough distance in the force-distance curve offers a measure to the adsorbed layer
thickness, and the breakthrough force represents the force needed to penetrate the adsorbed
layer to the underlying substrate.*®1%® A surface aggregate thickness of CTAB was
determined to be ~1.0 nm.**® Two force instabilities have been pointed out due to the
collapse of the surfactant layer weakly bound onto the tip at long-range separations, followed
by short-range repulsion force from surfactant aggregates evolved on the surface. 4’ Recently,
high-speed AFM (HS-AFM) shows the potential to capture the dynamics occurring at the
solid-liquid interface. Inoue et al. recorded the adsorption kinetics of a cationic surfactant
(hexadecyltrimethyl ammonium chloride, CTAC) on the mica surface.}*! At 2 x CMC of
CTAC, worm-like and cylindrical micelles were found after 10 to 30 s, which then changed
into a bilayer after about 300 s. The solubilization-induced morphological transformation in

CTAB aggregates was visualized using HS-AFM.>2
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Figure 2. AFM images of (a) bare SiO, showing no features, (b) an adsorbed layer of DDAB showing
large scale undulations, (c) an adsorbed layer of CTAB showing prolonged rod-like micelles, with an
average spacing of ~9 nm, and (d) an adsorbed layer of DTAB showing small micellar aggregates
with an average spacing of ~5 — 6 nm. Reprinted with permission from.*

SE is capable to detect small changes in the refractive index of the adsorbed layer, and
provides complementary information regarding the adsorbed amount to QCM-D. It has been
observed that the water content increased with increasing concentration of an amphiphilic
polyelectrolyte (acryloyloxyethyl-N, N-dimethyl-N-octylammonium bromide, PASCS8), and
then reaches a plateau of about 20% water, indicating a tight and dense structure related to
containing more water, which was driven by both of the electrostatic and hydrophobic
interactions.*? The micelle-assisted CTAB film growth revealed an undulated surface with
rod-like and sphere-like distorted bilayer structures and defect boundary regions.'*® The
correlation of SE and QCM-D data can provide novel insight, that is not available with either
technique alone. A central parameter is solvation (or porosity or trapped solvent) that is
accessible for ultrathin adsorbed layer up to a few nm, or can be resolved with significantly
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improved precision for films of intermediate thickness up to a few 10 nm.%® Another optical
technique to investigate the surfactant adsorption is SPR, but limits to the surface with a
plasmon band, typically on the metal surface. The weak dependence of SPR signal on the
conformation, molecular weight, etc., renders the mass estimation extremely convenient,
whereas the strong sensitivity of the intrinsic viscosity to these factors complicates the
accurate mass calculation with QCM-D.1#4

Although other spectroscopic techniques are reported, they are not frequently used and are
briefly summarized below. Neutron reflectivity allows us to broaden investigations into the
structural detail of adsorbed layers, as different nuclei scatter neutrons with different
amplitudes,'® %" and offers a comprehensive description of the mean surfactant
concentration profile normal to the surface at equilibrium.*® A surfactant mixture, containing
two or more surfactants, can be studied using solid-state proton nuclear magnetic resonance
spectroscopy, either individually if there are unique peaks for each surfactant or all together if
the peaks are overlapped.*® Moreover, the total internal reflection Raman scattering (TIR
Raman) and sum-frequency spectroscopy (SFS) have been employed to investigate the
adsorption of CTAB on hydrophilic silica surface, and the average orientation and packing of
the hydrocarbon chains of CTAB were irrelevant to surface coverages.!®® TIR Raman also
explored adsorption and desorption kinetics of surfactants at the solid-liquid interface.™® SFS
gained a better understanding of the mechanisms and kinetics of surfactant monolayer self-
assembly on the fluorite surface.!?

In support of experiments, both atomistic and coarse grain molecular dynamics (MD)
simulations have been assisted in understanding how surfactants adsorb on rock surfaces. It
can predict how every atom in a surfactant or molecular systems will move and interact over
time, giving a view of the dynamic evolution of the surfactant system. Various morphologies

of adsorbed SDS were observed on silica with varying degrees of hydroxylation and charge
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densities using MD simulations.®® The aggregate morphology of dual-tailed surfactants
yielded bilayer structures on alumina.® As the increase in CTAB concentration, single and
small groups of surfactant molecules were found to lie on the silica, hemimicelles, and
micelles.?> Sammalkorpi et al. revealed that point (i.e., vacancies) and line (i.e., surface steps)
defects influenced the stability and orientation of SDS aggregates.*® By applying dissipative
particle dynamics (DPD) simulations, the morphology of surfactant aggregations heavily
depended on the surface morphologies and chemical heterogeneities.®" 18 MD studies of the
adsorption of pure and mixed surfactants on muscovite surface showed good agreements with
experimental results.’™®® To select an optimal surfactant molecule, Li et al. modelled oil
detachment process in the presence of different surfactants.’®® Simulation studies are also
capable to estimate several fundamental properties in the surfactant-rock system such as
surface activities, contact angles, and adsorption isotherms. Molecular level information,
obtained from both experiments and simulations, are important to achieve the improved
understanding of the surfactant adsorption process.

3. Influencing factors on surfactant adsorption

Surfactant adsorption is considered as a negative impact that is disadvantageous for
improving surfactant flooding efficiency and can reduce technical and economic
competitiveness of surfactants. Thus, a comprehensive knowledge of factors affecting
surfactant adsorption is highly significant before the coming injection of surfactant slugs for
cEOR. In surfactant-water-rock systems, main factors including surfactant characteristics (i.e.,
structure, concentration), solution chemistry (i.e., salinity, ionic composition, and pH), rock
chemistry (i.e., rock type, impurities, roughness), and reservoir temperature (increasing with

depth) that have a serious impact on surfactant adsorption are thoroughly discussed.

3.1 Surfactant characteristics
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According to the nature of hydrophilic head groups, surfactants are majorly divided into four
classes: anionic, cationic, zwitterionic, and nonionic surfactants (Figure 3). Anionic
surfactant is the most commonly used type, containing sulfate (-O-SO3’), sulfonate (-SO3’), or
carboxylate (-COQ") groups, though usually in association with an alkaline metal (Na™ or K*)
cation. The sulfate surfactant has a better tolerance to salinity for both monovalent and
divalent cations, but can be easily decomposed at temperature higher than 60 °C. On the other
hand, surfactants containing sulfonate groups are tolerated to high temperature, but sensitive
to high salinity and easily precipitate at high divalent cation concentrations.!8%6! The most
commonly used surfactants for cEOR are sulfonate surfactants, which were produced either
by direct sulfonation of aromatic groups in refinery streams or crude oils, or by organic
synthesis of alkyl/aryl sulfonates.*! Petroleum sulfonate, synthetic alkyl/aryl sulfonate,
internal olefin sulfonate (10S), alpha olefin sulfonate (AOS), and alkoxy sulfonates have
been evaluated for cEOR applications.**1%! Equilibrium adsorption for the alkyl aryl sulfonate
surfactant was 3.5 mg/m?, whereas its ethoxylated counterpart demonstrated lower adsorption
of 0.8 mg/m?on calcite.'®? Under water-wet conditions, changing the surface redox potential
from an oxidized to a reduced state decreased the Cis-16 AOS adsorption level by 40%, to
~0.3 mg/g on Berea sandstone cores.'®® At a concentration of 3000 ppm of 10S, increasing
the pH from 8.24 to 9.57 decreased surfactant adsorption from 0.760 to 0.161 meg/100 g of
rock.1®* Adsorption of Cis-1s 10S onto two pure minerals (calcite and quartz) are about the
same ~1.1 mg/g, and the adsorption capacity of shales depends on the mineral composition,
ranging from 7.0 to 1.7 mg/g.1%

Typically, cationic surfactants are quaternary ammonium compounds (QAC), with the
positive charge on the N atom. Nonetheless, cationic surfactants are more expensive than
anionic surfactants.® Zwitterionic surfactant contains both anionic and cationic surface

charges, such as carboxyl and sulfonate betaines.'®® Nonionic surfactant bears no apparent
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Surfactant

I
v v

Tonic Nonionic

Alcohol ethoxylates (AEQO),
Nonylphenols,

Anionic
-0-S0O;:  Alcohol alkoxy
sulfate (AAS), Guerbet alkoxy Alkylphenol ethoxylates,

sulfate (GAS), Sodium Polyoxyethylene alcohol,
dodecyl sulfate (SDS).

A 4

Alkyl polyglycosides.
-SO;: Internal olefin
sulfonates (10S), Alpha-olefin Nonionic
sulfonate (AOS), Sodium ..U.J @
dodecylbenzene Sulfonate

(SDBS), Petroleum sulfonates. Hydrophobe y ;) Anionic

-COO: Alkyl polyoxy ‘MJJN‘UJ.{J)

propylene/ethylene  (alkoxy) ﬁ Caionic

carboxylates (AEC)
Zwitterionic | i‘) ;)

Quaternary ammonium compounds (QAC): Cetyltrimethyl
ammonium bromide (CTAB), Dodecyl trimethyl ammonium
bromide (DTAB); Gemini surfactant bis (quaternary ammonium
bromide) type; Derivatives of pyridine and imidazolines: N-Cetyl
pyridinium.

A 4

Cationic

Zwitterionic

A 4

Sulfonate betaine: dodecyl betaine, alkyl hydroxyl sulfobetaine,
cocoamido-2-hydroxypropyl sulfobetaine; Carboxyl betaine:
didodecylmethylcarboxyl betaine, lauramidopropyl betaine.

Figure 3. Surfactant types and classification according to their chemical structures.>1116:40.167

ionic charge, consisting of non-dissociable functional groups such as alcohols, phenols, ethers,
esters, or amides.> When opposite charges are present among surfactant and rock surface,
surfactant adsorption tends to be higher. Generally, adsorption of anionic surfactants is lower
in sandstone rocks, whose surfaces are negatively charged. Whereas, the adsorption of
cationic surfactant is higher on sandstone rocks compared with anionic surfactants. On
positively charged carbonate surfaces, the adsorption of cationic surfactants is less but has a
higher adsorption for anionic surfactants. Similar behavior is also observed for amphoteric

surfactants, which have a greater adsorption on kaolinite surface than anionic surfactant
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because of the strong electrostatic interactions.®® The nonionic surfactants adsorption on clay
minerals was found to be much higher than anionic surfactants.®®

In a commercial surfactant system, it generally contains surfactant mixtures with a variety of
hydrophobic and polar groups. Interactions among surfactant mixtures can result in
remarkable interfacial effects owing to changes in surfactant adsorption and also in the
charge density of rock surfaces.®” In terms of anionic-nonionic surfactant blends, the presence
of nonionic surfactant decreased adsorption of anionic surfactant on positively charged
surfaces, but the adsorption of nonionic surfactant was enhanced.*®® Similarly, the amounts of
both nonionic surfactant adsorbed on shale or sandstone surfaces were reduced in the
presence of anionic surfactant.1”® On the other hand, the amount of either anionic surfactant
or nonionic surfactant adsorption can be minimized on clay minerals when they were mixed
with each other.!* Results showed that the synergistic effect for the coadsorption of cationic-
nonionic surfactant mixtures induced wettability alteration of rock surfaces.!’>'™ The
underlying mechanism for the adsorption of cationic-nonionic surfactant mixture was thought
to be more or less the same for the anionic-nonionic surfactant mixture: hydrophobic
interactions and the reduction of the electrostatic repulsions. Because of the risk of
precipitation or formulation instability, the adsorption behavior of cationic-anionic surfactant
mixtures was seldomly investigated, and more focus was put on their micellar and interfacial
properties,17>176

The added chemical groups greatly affect surfactant adsorption, such as propoxy (PO, C3HeO)
and ethylene oxide (EO, C2H40) groups. It was found that surfactant adsorption on kaolinite
clay declined with the increase of the number of PO groups.t’” This is because increasing PO
groups make surfactants more hydrophobic and the stronger hydrophobic interactions
relatively lessen the interactions between polar heads of the surfactants and the specific sites

on the kaolinite clay surfaces. Increasing the EO to hydrocarbon ratio resulted in a substantial
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decrease in the adsorption of poly(ethylene glycol) monoalkyl ethers on silicas.!”® A lower
adsorption was observed on calcite for ethoxylated alkyl aryl sulfonate surfactant compared
to its non EO counterpart.t®2 Moreover, by incorporating EO units into the surfactant
molecule, high solubilization of oil and brine phases were achieved due to the hydrogen
bonding of EO and water.}”® Unlike SDS and SDBS systems, the EO groups may bind Ca?*
and the interaction between Ca®** and —O-SOs™ group decreases, consequently, the anionic
surfactant would not easily precipitate by Ca®*, i.e., the Ca®* tolerance of anionic surfactants
is improved by the introduction of EO groups.'® A nonyl phenol with 5.1 EO groups has the
same hydrophilicity as a dodecylphenol with 8.3 EO groups, but the second one produces
twice as much solubilization of octaneand water, whose hydrophilicity can be varied
continuously by changing the average EO groups.!® It was also observed that more the
number of EO groups in the anionic surfactant, the higher was the aqueous stability at higher
salinities.'® The influence of the number of EO and PO groups on phase behavior of Guerbet
alcohol sulfates have been investigated to select optimal surfactant structures for
cosurfactant-free microemulston systems .18 Moreover, compared to its linear counterpart,
the branched structure of phosphate ester surfactants is beneficial to improve the adsorption
performance of the gas-liquid interface, but not to the adsorption of the solid-liquid
interface.’® The position of the branching of sulfonate group has a measurable effect on the
surfactant adsorption on the alumina surface.!®® Increasing percent of PO and increasing
degree of hydrophobe branching of the surfactants leads to increase surfactant adsorption.

Surfactant concentration is the most crucial factor to determine the adsorption of the
surfactant and adsorption isotherms (Section 2.2). At low surfactant concentration below the
CMC, surfactant adsorbs as monomers on the mineral surfaces. The adsorption is due to
electrostatic interactions for ionic surfactants and hydrogen bonding for nonionic

surfactants.®® As surfactant concentration increases, lateral (hydrophobic) interactions are
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significant for later surfactant adsorption and surface aggregation takes place. When reaching
the CMC, adsorption achieves a plateau and further increasing surfactant concentration gives
no influence on adsorption. It has been accepted that surfactant concentration in chemical
slugs should be substantially above its CMC so that micellization can be initiated. At low
surfactant concentrations but above the CMC, the volume of the middle-phase microemulsion
(Winsor 111) is minute and its presence may not be visually detected. On the other hand, at
high surfactant concentrations, more of the excess oil and water phases are solubilized and
form the Winsor 111 which give rise to a higher recovery.** However, too high surfactant
concentration may cause the building of undesirable pressure gradients by the end effect,

against the direction of flow.8’

3.2 Solution chemistry

The adsorption of surfactants is strongly influenced by the chemical properties of the solution
such as pH, salinity, and ionic composition. A mineral surface can be positively or negatively
charged by the dissociation behavior of surface groups or by the adsorption of ions from the
aqueous solution, which is pH dependent. Anionic surfactants tend to adsorb on positively
charged surfaces, whereas cationic surfactants are attracted to negatively charged ones.
Around neutral pH, silica surface is primarily negative charged, while carbonate surface is
positively charged.!>" Adjusting the solution pH, it will influence rock surface charges, and
therefore alter the adsorbed surfactants. When solution pH was increased to 11, the
adsorption of anionic surfactants was largely reduced on silica surfaces.®! It is reported that
anionic surfactants have been extensively used in sandstone reservoirs because of the fact of
less adsorption compared with nonionic, cationic and zwitterionic surfactants.’® The
adsorption of anionic surfactants on Indiana limestone revealed two adsorption mechanisms
taking place: charge regulation by electrostatic attraction at lower pH values, and adsorption

via hydrogen bonding at higher pH values.'® In the presence of Ca?" ions, the adsorption of
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anionic alcohol alkoxy sulfate (AAS) surfactant increased with increasing pH (Figure 4a),
while a different behavior was observed for Na* ion that AAS adsorption decreased with an
increase of pH and there was negligible AAS adsorption with Na* above pH 8.5 In the
absence of salt, the amount of a cationic surfactant adsorbed on silica increased with the
increasing solution pH due to electrostatic attractions.%

The ionic composition of the surfactant flooding solution is another significant factor
influencing the surfactant adsorption to rock surfaces. Divalent cations, such as Ca?*, are
capable of acting as ionic bridges between anionic surfactants and negatively charged
surfaces, and therefore favoring anionic surfactant adsorption.®3°491191192 The rate and
quantity of anionic surfactant adsorption can be governed by the introduction of Ca?*.1% On
silica surfaces, it was shown that the amount of adsorbed SDS surfactant doubled when the
present sodium ions were substituted by calcium ions.*®* In Figure 4b and c, it was observed
that the adsorbed AAS had a maximum at the Ca®* concentration of ~200 mM, whereas the
change of CaCl, by NaCl showed negligible AAS adsorption.>® The higher the concentration
of Ca?*, the more cation bridges are formed (Figure 4d and €). Based on the Voigt-Kelvin
model, multilayer adsorption of surfactants is calculated as many as 4-6 monolayers.
Applying the mixed cation (Ca?* and Na*) solutions, the adsorbed AAS increased linearly
with increasing fractions of Ca?* and it was estimated that Na* could compete with maximal
~30% adsorption sites on clay.>® A different situation was found on the calcite surface and
Na* was considered as an indifferent ion for the surfactant adsorption, while the increase of
the Ca?* concentration did show an increase in AAS surfactant adsorption.> The increasing
ionic strength with NaCl yielded a more rigid adsorbed layer of cationic behenyl trimethyl
ammonium chloride (BTAC, C22) on the silica.!®® In CaCl solution, the adsorbed BTAC

film became soft and highly dissipated at pH 5.7, while it was less soft at pH 10. These
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Figure 4. (a) Effect of pH on the surfactant adsorption to the clay surface. (b) Real-time observed
frequency shifts upon addition of 0.15 wt % AAS and subsequent flush without AAS at pH = 9 and
room temperature with varying CaCl, concentrations. (c) Observed maximum frequency shifts as a
function of NaCl and CacCl. concentration. (d) Schematic illustration of the adsorbed AAS surfactants
to the clay surface via Ca?* bridging for the multilayer adsorption, such as the double layer film in the
black circle. (e) Screening effect of Ca?* leads to the formation of positively charged Ca(RSO.)*
complexes (red dash circle). Reprinted and reproduced from.%

rigidity inconsistencies were likely because of the strong sorption of Ca(OH)* at higher pH.
For polyoxyethylenic nonionic surfactants, three different adsorption behaviors (increase,
decrease, and no alteration) had been found in the presence of NaCl, which was due to the
interactions of salt cations with various surface hydroxyl groups and surface impurities.t%
Only one behavior (a rise in adsorbed amounts) was observed for the adsorption of anionic

oxyethylenic surfactants on quartz and kaolin surfaces when NaCl was added.'*® However,

anionic surfactants can severely precipitate in high Ca?* concentration solution.®’
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It is generally observed that an increase of the solution salinity contributes to the adsorption
of surfactants, which is ascribed to the decrease in the Debye screening length, thus lowering
the electrostatic repulsions between surfactants and mineral surfaces.’>! Salinity can also
change the solubility, surface activity, aggregation property of nonionic surfactants, and
therefore it may exert an influence on the surfactant adsorption.”? Furthermore, salinity alters
the surface charge of mineral surfaces, thereby influences surfactant adsorption. AlQuraishi
et al.’® had reported a considerable increase in the negative surface charges of sandstone
rock when high salinity seawater was switched to diluted low salinity (LS) seawater. As a
result, the adsorption of anionic surfactant was reduced in LS solution because of the
increased number of negatively charged sites.® A cEOR process combining the injection of
LS and surfactant has been proven to be more effective in comparison with only LS or only
surfactant flooding.?°®2%* The decrease in surfactant adsorption from high salinity to LS
primarily relied on the reduced amounts of divalent cations and the electric double layer

effect played a minor role>®

3.3 Rock mineralogy

A sandstone rock comprises large amounts of quartz (silica, SiO2), and minor fractions of
carbonate, clay and silicate minerals.'®® Except quartz, typical Berea sandstone consists of an
average of 5 to 9 wt% clay minerals (mainly kaolinite and illite).2% Most of cEOR
applications have been carried out in sandstone reservoirs, which are homogeneous.? Anionic
surfactants are usually preferentially employed in sandstone reservoirs because the
electrostatic repulsions between the anionic surfactant and sandstone reservoir surface
inhibits the adsorption.?®® At higher pH, silica exhibits negligible adsorption of anionic
surfactants.*! On silica, alumina, and gibbsite surfaces, different adsorption mechanisms of
sodium hexanoate was proposed by the presence of Ca?*.2%* Wang et al. concluded that

surfactant adsorption on Loudon and Berea sandstones (Payette County, IL) resulted
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primarily from the presence of clays.?®® The presence of clay minerals is important for the
adsorption of surfactant because of the heterogeneous surface charge.?%® The adsorption of
the nonionic poly(vinylpyrrolidone) (PVP) and the anionic SDBS mixtures on kaolinite
surface is governed by the surface charges.?’” To understand LS water flooding mechanisms,
both clays and divalent cations were essential, especially for the surface reaction.*>?% The
calcium-surfactant complexes had a significant role in the adsorption on kaolinite.?®® The
cation-dependent anionic surfactant adsorption on clay minerals was investigated in detail
with varying concentrations of the monovalent Na* and divalent Ca?*.>® Adsorption capacities
of nonionic surfactant (Triton X-100) depended on the mineral content of the rock in the
order of illite >feldspar >montmorillonite >kaolinite.?® In this context, more focus of
surfactant adsorption can be put on different clay types, structures, composition distributions,
and content over the surface.

Carbonate reservoirs, approximately taking 60% of the world’s oil reservoirs, are composed
primarily of salt-like carbonate minerals.?!! The two major types are limestone, which is
predominately calcite or aragonite (less stable crystal form of CaCOz), and dolomite
(CaMg(COz3)2), together with impurities, such as CaSOs, CaS04-2H,0, and magnesite
(MgCO:s3). It was reported that less than 20% of cEOR projects were implemented in
carbonate reservoirs because of the challenges in the complexity of carbonate compositions
and surface properties, matrix pore structures, fracture densities, aperture and orientations, as
well as oil types.”® The main issue with ASP flooding is the precipitation caused by the
reaction of injected alkalis and surfactants with divalent cations from the dissolution of
carbonates.?'? This also makes the investigation of adsorption on carbonate rocks much more
complex compared to sandstone surfaces. Static adsorption experiments revealed that cationic
surfactants may exhibit significantly less adsorption on carbonate minerals than anionic

surfactants.?®> However, if abundant clay and silica exist in the carbonated formations, a
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significant adsorption of cationic surfactants can be found.?** Ma et al. pointed out a slight
adsorption of a cationic surfactant on the synthetic calcite without silica or clay, but the
quantity of adsorbed surfactant was higher on natural limestone.’®® Through electrostatic
attractions and hydrogen bonding, cationic dodecylamine adsorbed on CO3? sites of calcite
surface, which induced a moderate zeta potential increase for calcite.?!> Also, the duration
required to reach adsorption equilibrium was much longer onto Berea sandstone than either
Indiana limestone or Lockport dolomite because of its multicomponents and complex porous
structures.?®

There are also a few investigations on unconventional shale reservoirs, which are comprised
of various minerals of calcite, dolomite, clay, quartz, kerogen, etc. A Langmuir isotherm was
fitted to adsorption of a nonionic surfactant on a preserved reservoir shale, which plateaued at
5 mg/g of adsorption at concentrations greater than the surfactant CMC.?}” Zhang et al.
observed a low adsorption capacity of the blended surfactant (0.62 mg/g) on the Bakken
formation (consists of Lower Shale Member, Middle Dolostone/ Siltstone Member, and
Upper Shale Member.), which was still higher than 0.1 mg/g in comparison with the
conventional permeable rocks.?'® The adsorption capacity of shale heavily depended on the
types of surfactants and mineral compositions. The cationic CTAB surfactant displayed the
highest adsorption capacity in mass units on an Eagle Ford reservoir shale, followed by
nonionic nonyl phenol ethoxylate and then anionic 10S surfactant.!®® These adsorptions can
be dominated by the content of calcite and clay in the shales.!® Dynamic adsorption
measurements on siliceous and carbonate Bakken shales showed a higher adsorption of
negatively charged surfactants to carbonate rocks and more positively charged surfactants

adsorbed on siliceous surfaces.?!®

3.4 Temperature
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Surfactant adsorption is generally an exothermic process (4H < 0), which could be either
enthalpy driven or entropy driven.1153% In regard to surfactants with low adsorption density,
the adsorption density increases with increasing temperature (enthalpy driven adsorption).
However, the reverse happens for surfactants with high adsorption density, and the adsorption
density decreases with an increase of temperature (entropy driven adsorption).!! At high
temperature, the relatively high Kkinetic energy contributes to destabilize aggregated
organizations, resulting in the low surfactant adsorption. This adsorption behavior was
observed by Azam et al.,’*® who investigated the anionic surfactant adsorption onto Berea
sandstone. A reduction of the SDS adsorption on hydrotalcite-like minerals (anionic clay)
was also found at high temperature.??% In the absence and presence of salts, the adsorption
capacity of SDS on kaolinites decreased with increasing temperature.?? Liu et al. uncovered
an interesting observation that increasing the temperature from 23 to 65 °C showed first a
small increase in anionic AAS surfactant adsorption, succeeded by a reduction of
approximately 20%.>® They found that the CMC would increase at higher temperatures and
the increased free surfactant monomers led to the small increasing adsorption, while later
adsorption process was entropy driven.>® Effect of temperature on the CMC of surfactant
systems is determined by various factors including surfactant chain lengths and head groups,
ionic strengths, etc.,??? and this effect is greater for anionic surfactants.??® In addition, the
increase in temperature decreased the viscosity of the surfactant solution.**® It would affect
the surfactant diffusivity and restricts the movement of surfactant molecules to the rock
surface.??!

The adsorption of nonionic surfactant generally increases with increasing temperature.
Corkill et al. proposed the solvation effect for the high adsorption.??* The increase in
temperature progressively dehydrates the head groups of surfactants, rendering it to be less

hydrophilic and more compact, and therefore increases the surface activities and adsorption
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amounts. This behavior also depends on the surfactant concentrations. At low concentrations,
adsorption of the nonionic surfactant onto crushed Berea sandstone decreased with an
increase in temperature, whereas the opposite was found in high concentrations.??® The phase
separation (cloud point) of nonionic surfactant at high temperature could likely result in the
decrease of surfactant concentration.*?2® At high temperature conditions of 95 °C, the
zwitterionic surfactant was designed in extremely low CMC values to lower adsorption by
reducing free monomers of surfactant in solution.??” With 90-110 °C, it was found that
adsorption of zwitterionic surfactants on oil sands was higher than on clean sands, which can
be attributed to hydrogen bonding interactions.??® However, zwitterionic surfactants are more
expensive compared with other surfactants. Most of the surfactants will generate either
degradation or precipitation at temperatures above 120 °C.?? Reservoirs with high
temperatures up to 120 °C are still suitable with surfactant flooding.??® Meanwhile, the effect
of temperature on the phase behavior of surfactant-oil-water mixtures, wettability, IFT,
imbibition rates, and viscosity of oil should also be considered in cEOR. At reservoir
conditions, the high temperature is usually accompanied with high pressure. Increase in
pressure caused a reduced surfactant solubility, %23 but the effect on surfactant adsorption is

not clear.

4. Reducing surfactant adsorption

How to mitigate surfactant adsorption is one of the main issue for a cost-effective surfactant
flooding in cEOR. Recent applications of adsorption inhibitors or sacrificial agents, and
chemical formulations to reduce surfactant adsorption have been discussed.

4.1 Alkalis

In general, the use of alkalis is to mitigate adsorption of surfactants on the rock surfaces by
increasing the solution pH and sequestering divalent ions.®8 This has been extensively

applied in sandstone reservoirs as alkali forms a negatively charged surfaces that result in a

38



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

strong electrostatic repulsive force to inhibit anionic surfactant adsorption.%* Alkali injection
also generates sodium naphthenate (soap) in situ from its reactions with naphthenic acids of
crude oil.2 Although generating soap is important in itself, synergies between the in situ soaps
and the injected surfactants is probably even more important. The used alkalis include strong
alkali sodium hydroxide (NaOH, caustic soda), weak alkali sodium carbonate (Na,COs, soda
ash), sodium bicarbonate (NaHCOs3), sodium metaborate (NaBO3), sodium orthosilicate
(NasSiO4), sodium phosphate (NasPOs), ammonium hydroxide (NHsOH), and organic
alkalis,18.164232-235 Na,CO;3 is the most commonly used alkali because it possesses an
attractive combination of cost, buffered alkalinity, and control of calcium cations. It was
observed that NaxCOs as an alkali reversed the surface charge of calcite from positive to
negative, leading to lower adsorption of anionic surfactants that was not observed with
NaOH.%% The possible reason was that the hydroxide was not a potential determining ion for
carbonate surfaces whereas carbonate ion was. Especially at low salinities, the use of Na,COs
was found to substantially decrease the adsorption of anionic surfactants on the carbonate
surface.?®” Na,COs is preferred for sandstone applications instead of NaOH because of the
high levels of silica dissolution resulting in silicate scale and wellbore erosion for NaOH and
the low average loss rate of alkali and surfactant for Na,CQ3.2332%2° However, recent
studies on Indiana limestone suggested the use of NaOH to lower the surfactant retention.?4%
242 The reasons for NaOH selection were the higher pH of NaOH compared with Na2COs or
ammonia, suppressing and slowing down the dissolution of calcite, and less alkali
consumption by calcite, dolomite, and quartz. In the meantime, NaHCO3 is a good choice for
reservoirs containing clay minerals.® In carbonate reservoirs where CaSO4 or CaSQOs-2H,0
widely exists, the addition of Na,COs or NaOH leads to the precipitations of CaCOs or

Ca(OH): in hard saline.
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To alleviate the corrosion and scale issues associated with Na,COszand NaOH, other weaker
and organic alkalis were proposed. At low ammonia concentration, static adsorption tests
showed low surfactant adsorption at pH >9 and it did not precipitate calcium from solution.%*
Ammonia is logistically preferred because of its low molar mass and the possibility for
delivery in offshore and remote environments. As an alternative alkali, NaBO could offer
very low retention of surfactant, and tolerate as high as 6000 ppm Ca?" and Mg?* 243244
Sodium tetraborate (Na:BsO7) was also suggested that had the advantage of high salinity
tolerance and better performance on reducing surfactant adsorption onto the kaolinite in
comparison to the conventional Na,COj; alkalis.!®® Recently, organic alkalis have gained
much attention due to the non-toxicity and biodegradability, including organic amines,
organic phosphates, etc., and their aqueous solutions are alkaline. Berger and Lee firstly
evaluated the effect of replacing inorganic alkalis with organic alkalis, and found high
salinity and high divalent cation tolerances of organic alkalis.?*® Whether saline water was
softened or not had no significant impact on the performance of the organic alkali. Adding
organic alkali helped to reduce amphoteric surfactant adsorption in core flood experiment.??’
Organic alkali ethanolamine (EA) reduced adsorption of surfactants and minimized formation
damage because of low EA consumptions at high temperature.?*® Other aspects of
compatibility with formation and injection water, IFT reduction, wettability alteration,
emulsification, viscosity, formation damage, recovery potential of organic alkalis have been
also extensively discussed,® but until now, no field test using organic alkali is reported.

4.2 Polymers

Polymers are habitually used as co-injectants with surfactants to improve the viscosity of
solutions, and therefore increase the mobility ratio and volumetric sweep efficiency of the
reservoir.”* Although the interactions of surfactant and polymer in solution have been

widely investigated, their interactions at rock surfaces and the effects on adsorption are less
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studied. To mitigate anionic surfactant adsorption to reservoir rocks, addition of anionic
polyelectrolytes as the sacrificial agent can be very useful, because they compete with anionic
surfactants for the binding sites on rock surface (Figure 5a and b). Since the final loss of
such sacrificial agents is less expensive compared to surfactants, the use can be cost effective.
In the early studies, lignosulfonate, a cost-effective modified waste byproduct from the paper
industry, carried anionic charges in solution and had been studied to reduce surfactant
adsorption. Hong et al. reported lignosulfonate as an inexpensive preflush chemical to lower
the petroleum sulfonate adsorption by more than 50 wt% in Berea cores.?*’ Tsau et al.
revealed that lignosulfonate decreased the adsorption of the primary surfactant Chaser™
CD1045 by 24-60 wt% in Berea sandstone and 15-29 wt% in Indiana limestone core
samples.?*® Also sodium polyacrylate (PA) of MW larger than 4500 g/Mol was able to
significantly reduce anionic surfactant adsorption on both Berea sandstone and Carlpool
dolomite rocks (Kocurek Industries and Earthsafe Organics Carlpool Products).’®?%° The
molar ratio of PA to CaSO4 was an essential variable governing the competitive adsorptions
between anionic surfactant and PA.2° A different relationship between polymer MW and
surfactant adsorption was found for poly(ethylene oxide). Increasing the MW of
poly(ethylene oxide) resulted in a decrease of cationic surfactant adsorption on silica.?>* At
totally dissolved solids (TDS) of over 300,000 mg/l, after the addition of polystyrene
sulfonate (PSS), the surfactant adsorption was significantly reduced by more than half.??
Experiments carried out by Weston et al. also demonstrated that adding PSS polyelectrolyte
on positively charged metal oxide, alumina, and the cationic polyelectrolyte polydiallyl
dimethylammonium chloride, on negatively charged metal oxide and silica, decreased the
adsorption of anionic and cationic surfactants, respectively.?®® When carbonate cores were
preflushed with sulfonated polyacrylamide (SPAM) polymer and then followed by injection

of both surfactant and SPAM, or co-injected with surfactant and SPAM, an average reduction
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of surfactant adsorption was around 50 wt%.?>* Others have shown that the injection order of
polymer addition has a strong effect on the surfactant adsorption and the preflush method
seems to be more effective.?>225°2% With lignin preflush batch method, significant decrease
in adsorption of 4-octylphenol polyethoxylated (TX-100) and SDS on illite and kaolinite
were 53.2 and 50 wt%, respectively.?” The use of polyelectrolytes has also been evaluated
onto high surface area shales (mainly calcite, dolomite, quartz, and illite)?®® and the specific
counterions (bromide, chloride, etc.) made great influence on the co-adsorption of
polyelectrolyte and surfactant onto silica surfaces.?>®

(a) (b) (©)
Surfactant Polymer Polymer ) € _ =)
Y A ,_( a

a Ca? -

¢ ca)

Mineral surfaces Mineral surfaces Mineral surfaces

Figure 5. (a) Schematic illustration of the adsorption of anionic surfactant on mineral surfaces
through cation bridging. (b) Polymer polyelectrolytes as the sacrificial agent compete with anionic
surfactants for the rock surface binding sites, reducing the adsorption of anionic surfactant. (c)
polymers as chelating agents increase the negative potential on the rock surfaces, and hence the
surfactant adsorption is reduced.

Another method is to add chelating agents (Figure 5c), such as, ethylenediaminetetraacetic
acid (EDTA), aminopolycarboxylic acid (APCA), diethylenetriaminepentaacetic acid
(DTPA), and polyphosphates, which can chelate divalent cations and increase the negative
potential on the rock surfaces, and therefore the surfactant adsorption is reduced.?°2%2 In a
calcium brine environment, the addition of polyphosphates to both preflush and micellar
slugs significantly reduced surfactant loss, but its effectiveness was somewhat poor in a
sodium brine environment.?%* EDTA or sodium citrate is effective to remove a small amount
of trivalent Fe and Al, leading to much lower adsorption on an oxidized, iron-containing
outcrop.?®® Moreover, the chelating agents can delay and inhibit scale formation, and

complex with the salt-forming cations and prevents their interactions with surfactants.?%*
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4.3 Nanoparticles

Addition of NPs to the surfactant solution is beneficial to keep surfactant molecules in the
bulk solution. One approach to reduce surfactant adsorption is to decrease the adsorption area
onto rock surfaces using NPs. As a result, the contact probability between surfactants and
rock surface is reduced and there will be more surfactants in bulk solution. Static and
dynamic adsorption experiments (Figure 6a and b) revealed that adding hydrophilic silica
NP (SNP) reduced the surfactant adsorption on rock in deionized water and the optimal SNP
concentration was considered to be 0.2~0.3 wt%.?®®> Under the conditions of 80 °C and
artificial seawater as injection brine, pre-treatment of the sandpack with SNPs reduced
surfactant adsorption by a factor of three.?%® Surface tension trends of different concentration
of SDS in absence and presence of 1 wt% SNP and Al2O3 NPs before and after equilibration
with kaolinite revealed that SDS adsorption reduced by 38% in the presence of Al2Oz NPs
and 75% in the presence of SNPs.?%” A higher adsorption reduction capacity of SNPs than
Al>03 NPs was also found for soap-nut surfactant, which can be attributed to almost round
structures of SNPs as compared with Al,Os NPs having sharp edges.®® In another study,
Zargartalebi et al. reported a general reduction in surfactant adsorption due to the presence of
SNPs, and this reduction was higher for hydrophobic SNPs than hydrophilic SNPs.?%8
Another approach is to adsorb surfactants onto NP surfaces (Figure 6c¢). Ahmadi and
Shadizadeh suggested that hydrophobic interactions between hydrophobic groups of SNPs
and hydrophobic tails of surfactants resulted in more surfactant adsorption onto hydrophobic
SNP surfaces and less adsorption to the kaolinite surface, compared to hydrophilic SNPs.?%°
Zhong et al. proposed the competitive adsorption of surfactant on SNPs and rock surfaces.
When SNPs were present, there would be less nonionic surfactant adsorption, and SNPs with
a smaller size and stronger surfactant carrying capacity had shown a higher efficiency.?’® A

ligand functionalized SNP effectively reduced zwitterionic surfactant adsorption loss and
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made the oil-wet solid surface toward a more water-wet condition beneficial for water
imbibition and oil displacement.?”* The adsorbed amount of cationic, anionic, and nonionic
surfactants onto SNPs decreased in the order CTAB > nonionic polyoxyethylenesorbitan
monolaurate (Tween 20) > SDS and its adsorption decreased as temperature increased.?’2 To
obtain more surfactant adsorption onto NP surface, Betancur et al. synthesized magnetic iron
core-carbon shell NPs. The core flooding tests demonstrated that this novel NPs reduced 33%

the adsorption of surfactant mixtures and the NP-surfactant flooding obtained an oil recovery
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Figure 6. The effect of SNP on static adsorption (a) and dynamic adsorption (b) of SDS. Adapted
with permission.?®® (c) Interactions between SNP and various surfactants. Adapted with permission.?’2
(d) NP delivery for efficient surfactant applications in harsh conditions. Adapted with permission.?’*

Borrowing the concept of the targeted delivery combined with controlled drug release,?”> NPs
can be also used to deliver surfactant inside a porous media (Figure 6d). There are two main
functions of NPs: (1) reduce surfactant adsorption on the rock surface, and (2) form a synergy

effect with surfactant, such as IFT reduction, oil recovery increase. Avila et al. used cross-
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linked polystyrene NPs as surfactant carriers. These NPs swelled when in contact with the oil
phase, and surfactants were released, reducing oil-water IFT.2"® Because of a synergistic
effect between NPs and surfactant action at the oil-water interface, partially sulfonated
polystyrene NPs inhibited surfactant adsorption and induced an increase of oil recovery of up
to about 13%.2’” Using carbonaceous NPs (multi-walled carbon nanotubes and carbon blacks)
as surfactant carriers, competitive adsorption of anionic surfactant on NPs surface against
sand was beneficial to decrease the surfactant losses.?”® By using TiO, NPs carriers,
surfactant adsorption can be substantially reduced, i.e. half of the initial adsorption value.?”
Organic NPs carriers were also achieved with lipid beeswax and nonylphenol ethoxylate
(NPE10) surfactant, showing a storage capacity of 96% of surfactants and high mobility in
porous structures of unconsolidated sandpack column.?®® Moreover, a surfactant carrier
system based on the complexation of surfactant/beta-cyclodextrin (B-CD) was developed and
QCM-D measurements confirmed a 50% reduction of surfactant adsorption in complex-state
compared to the adsorption of surfactants in free-state.?8! Cortés et al. reported null surfactant
adsorption to rock surfaces with nanocapsules. Displacements tests showed that nanocapsules
could increase the oil recovery with lower pore volumes injection (43% less) than when using
a dissolved surfactant.?? Later, petroleum sulfonate nanocapsules produced a highly stable
nanofluid at elevated salinity (~56,000 mg/L) and temperature (~100 °C), reduced crude oil-
high-salinity water IFT by 3 orders of magnitude (from ~10 to 0.008 mN/m), and enhanced
mobilizations of the trapped crude oil from the carbonate rocks. Under simulated reservoir
conditions, the relatively low levels of irreversible nanocapsules adsorption was roughly 0.62
mg/g of the rock, which was lower than that of most economic conventional EOR
surfactant.?’* Nourafkan et al. developed an innovative concept of using nanodroplet as a

surfactant carrier and it promoted higher oil recovery rate around ~8%, while reducing the
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surfactant adsorption nearly 50% on sandstone rock surface compared with the micelle forms
of surfactants.?®3

4.4 Co-solvents and ionic liquids

To optimize high performance surfactant formulations, co-solvents are often added to obtain
better phase behavior, lower microemulsion viscosity, and improved surfactant-polymer
compatibility.?8+28” ASP coreflood experiments with iso-butanol (IBA) alkoxylates and
phenol alkoxylates co-solvents revealed negligible phase trapping and extremely low levels
of surfactant retention (varied from 0.02 to 0.1 mg/g rock).?®* Low retention means low
adsorption and more surfactants can be used to recover oil from the reservoir. Novel
cosolvents and surfactants with ultrashort hydrophobes (PO groups) had been developed to
show excellent performance with very low cosolvent and surfactant retention in cores.?®
Dwarakanath et al. used co-solvents to optimize surfactant behavior, alleviate microemulsion
phase trapping, and decrease surfactant retention in conditions where the optimal salinity was
considerably higher than reservoir salinity.?® Arachchilage et al. optimized surfactants with
co-solvents formulation to have a retention of <0.1 mg/g of surfactant, which significantly
reduced chemical cost.?8” Sahni et al. applied a tiny amount of alcohol ethoxylate as co-
solvent or co-surfactant to make the ASP slug clear, leading to a higher oil recovery and
lower surfactant retention. 28

Within the last few years, ionic liquids (ILs) have been proposed as EOR chemicals to show
its applications in wettability alteration, IFT reduction, high oil recovery rate, and shale
inhibitors.>28%2% More recently, Hanamertani et al. firstly introduced ILs as sacrificial agents
to reduce surfactant adsorption.?®* The potential of ILs for inhibiting surfactant access to the
rock surface, resulting in the reduction, highly depended on types of used ILs and surfactants.
It was observed that the addition of imidazolium-based and eutectic-based (deep eutectic

solvent, DES) ILs can be used to decrease 10S adsorption by three times, whereas DES also
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greatly reduced in-house surfactant having a much longer and complex hydrocarbon chain
adsorption compared to other 1Ls.?®* Apart from these advantageous properties of ILs, they
are cost-efficient and commercially available.

4.5 Salinity gradient

In surfactant flooding, a negative salinity gradient was proposed to mitigate surfactant
adsorption and phase trapping, and keep surfactant in the Winsor Type 111 phase environment
for as long as possible during the flooding process.?®? The negative salinity gradient means
salinities of preflush water slug, surfactant slug, and post-flush slug (water or polymer drive)
in descending order (Figure 7). The high salinity formation brine is firstly replaced by the
surfactant formulation at a salinity close to the optimal salinity (Winsor Il phase
microemulsion with ultra-low IFT, but high surfactant retention), and then, displaced by a
water or polymer drive formulated at a lower salinity (Winsor | phase microemulsion with
low surfactant adsorption).8?% Because of surfactant adsorption and retention, the surfactant
concentration will be decreased as the surfactant solution moves forwards and the optimum
salinity decreases with surfactant concentration.?! Thus, the decreasing salinity is consistent
with the decreasing optimum salinity so that the optimum salinity is maintained when the
surfactant solution move forwards.?** The ultimate adsorbed chemicals would be significantly
lower compared to a constant salinity injection scheme, while maintaining higher oil recovery
efficiency.?®® When a salinity gradient was considered, the surfactant adsorption level was
less than a factor 3 of the reference adsorption without salinity gradient.?®® A new model was
developed to comprehensively evaluate the role of a salinity gradient on recovery profile, and
the negative salinity gradient was found to provide a better recovery factor compared to the
non-negative salinity gradient injection strategy.?®’ The associated problems with this
injection strategy (salinity gradient) can be the possibility of inappropriate mixing of brines,

availability of soft brines like in off-shore conditions, technical and logistic issues.8%2%
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Tabary et al demonstrated that efficiency of a salinity gradient design substantially decreased
when hard brines were considered.?®® Moreover, the effect of salinity gradient was typically
less efficient on carbonate rocks than sandstone rocks because the adsorption isotherm shape
on calcite rock exhibits a highly different shape as impact of salinity on sandstone is
significantly lower.2®® As for a salinity gradient, a compromise has to be made between the
main slug and post-flush slug conditions to guarantee optimal performances of adsorption

tests and oil recovery experiments.

Preflush water slug
A (high salinity)

Winsor III

High IFT

High retention
Surfactant slug

3’ (optimal salinity) Winsor IIT
= A Ultra-low IFT
-
3 Polymer drive High retention
(low salinity)
) Winsor 1
High IFT

Low retention

Pore volume (PYV)
Figure 7. Schematic illustration of salinity gradient.

4.6 Low salinity water flooding

By lowering the total salinity and manipulating of ionic composition of the injected water, LS
water flooding as a method for further EOR has been proven useful in both core plug and
field scale tests.#2208:300-304 The | S effect depends mainly on rock—fluid interactions and can
be also explained by fluid—fluid interactions.3%>3% |t should be noted that LS water flooding
and smart water flooding are not distinguished here due to small difference in the controlled
or specified ion composition. The combination of surfactant with LS water flooding has
showed an improved oil recovery in comparison with only LS water flooding or only
surfactant flooding.2°%2°* A main advantage of the LS surfactant (LSS) flooding is the lower

surfactant adsorption with ultralow IFT. Nourani et al. found that the flow of LSS solutions
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on oil-coated aluminosilicate and silica surfaces decreased surfactant adsorption and
increased oil desorption.®®” They also showed that an increase in surfactant concentration
resulted in more wettability alteration of aluminosilicate surfaces toward water-wet, whereas
silica surfaces kept relatively constant. Liu et al. applied QCM-D to investigate the salinity
effect on surfactant adsorption, the lower adsorption of surfactants in LS than in high salinity
solution stemmed from the less Ca?" in LS. Under LSS conditions, more QCM-D studies of
the adsorption of desorption of crude oil or oil components (asphaltenes and resins) have
been thoroughly investigated on solid surfaces, such as calcite, aluminosilicate, and silica
surfaces.”>291:308:399 Wwijth core flooding experiments, total surfactant content was analyzed by
potentiometric titration and it was found that the average surfactant retention on Berea
sandstone was 0.24 mg/g rock at a LS condition and 0.39 mg surfactant/g rock for the optimal
salinity floods, both at 100% water saturation, and when oil was present.?®® With a decrease
of Ca?*/Na* ratio, the alkylbenzene sulfonate adsorption decreased at 60 °C.3° At lower
Ca?'/Na"* ratio, Khanamiri al et. also showed a reduction of surfactant adsorption, whereas
CMC and IFT were higher.3!! Although the IFT was usually higher than the ultralow values,
the LSS flooding resulted in additional oil recovery and very low surfactant retention.3?
Furthermore, the divalent cation to sulfate ion ratio (0-4.427) had a significant role in the
adsorption of anionic surfactants and surfactant augmented NPs on clay containing rock

surfaces, thus influencing the wettability of sandstone.3!3

5. Perspectives and challenges

Surfactant based EOR performs well at low salinity and low temperature conditions, and
sandstone reservoirs. However, serious surfactant losses by adsorption rise in high salinity,
high temperature, and carbonate reservoirs. Basically, these challenges need to be determined

and solved before surfactant flooding is put into operation at harsh field conditions. Many
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attempts have been made to mitigate surfactant adsorption and extend its applications which
include:

(1) Alkalis: The major roles of alkalis in an ASP process are to minimize surfactant
adsorption, sequester divalent ions, and also generate in situ soap. One of the principal
problems in the alkali injection is the scale formation, especially in carbonate reservoirs with
CaS0O4 and CaS04-2H20. The alkali reacts with the rock and increases the concentration of
scaling ions, such as Ca?*, Mg%*, AI**, Fe**, OH~, COs%, SiOs%, and SO.*. These ions easily
react to produce inorganic scales, thus reducing permeability, plugging production lines, and
fouling equipment. Therefore, we need to answer two questions (i) how to reduce scaling
formations? (ii) do advantages of alkalis addition outweigh disadvantages or whether alkalis
have to be used? In the question (i), weaker alkalis like ammonia and NaBO>, and organic
alkalis are proposed to replace traditional NaOH and Na>COz. Scale inhibitors are also used
widely to tackle this problem.8%%7” Moreover, alkali-free SP flooding has been proposed.?>314
Although the absence of alkalis might solve the scale formation, the surfactant adsorption
issue exists and production costs probably increase. For the question (ii), it depends on the
relative cost of alkalis to the benefits of the incremental oil recovery factors.

(2) Sacrificial agents: Addition of polyelectrolytes as the sacrificial agent to suppress the
continuous adsorption of surfactants is mainly achieved by shielding adsorption sites of rocks
and/or forming complexes with cations present in the hardness brine. This makes it possible
to apply surfactants in higher salinities over 300,000 mg/l and higher temperature (100 °C)
conditions, using polyelectrolytes such as PSS, PA, and EDTA.7920252262 However, the
presence of CaSO4 can reduce the effectiveness of PA as an sacrificial agent and this also
holds true for EDTA with the sequestration of divalent cations.’®? The surfactant and
polymer selections could be revisited to reduce the possible impact of CaSOs. These

sacrificial agents must also be cost effective.
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(3) Nanofluids: A mixture of NPs and surfactants can help to reduce surfactant adsorption.
However, NPs preferentially aggregate together and block pore throats because of their
strong interactions, especially at high salinity and high temperature conditions.3*> Therefore,
it is of great importance to create stable and homogeneous suspensions of NPs. Many
researchers have been investigating the effect of different types of NPs (SiO2, Al>Ogz, TiO,
etc.), different coatings functionalized with polymers or surfactants, different solution
compositions, and different NP compositions (nanocomposites). On the other hand, the novel
concept of nanocarriers, nanocapsules, and nanodroplets are developing to make full use of
surfactants and produce various types of nanofluids.

(4) High salinity: Strong surfactant adsorption is found at high salinity conditions irrespective
of surfactant concentration. Pre-flushes with lower salinity brine or polymer slugs are widely
applied to reduce surface loss and sequester divalent ions. More developments could focus on
formulations of cheap (from waste and by-products) and efficient EOR surfactants, which
show a greater tolerance to salinity. Moreover, the negative salinity gradient injection
strategy can be chosen to mitigate surfactant adsorption and the salinity of injected surfactant
solutions should be close to the optimum salinity. An EOR process combining LS and
surfactant flooding has not only mitigated surfactant adsorption, but also shown a higher oil
recovery compared to the methods on their own. However, it is not practicable to perform
offshore LSS flooding where there is a lack of fresh water and only seawater (salinity 32,000-
35,000 mg/L) or formation water is available.

(5) High temperature: Temperature is a crucial parameter to evaluate surfactant performance
in a reservoir. Sheng summarized the reservoir temperature for surfactant flooding and found
that most of researchers proposed 93.3 °C as a temperature limit, even though specific 10S
surfactants were stable up to 150 °C.?! Below 60 °C, sulfate surfactant generally considered

stable and has a high salinity tolerance. Anionic carboxylate and sulfonate surfactants with
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varying numbers of EO and PO groups, and hydrocarbon lengths have been proposed for
high temperature (~100 °C), high salinity (~60,000 ppm) carbonate reservoirs,179229316-318
Kamal et al. suggested amphoteric surfactants (hydroxyl betaine-based) were stable at 90 °C
for 30 days and showed minimum adsorption (<1 mg/g rock) on carbonate reservoirs.3®
Biodegradable and renewable surfactants have also been developed, such as from non-edible
Jatropha oil, agriculture material 3232 A good surfactant not only meets the requirements of
high temperature stability, but also should satisfy other conditions to achieve a higher oil
recovery in a cost-effective way, such as low surfactant adsorption and high solubilization
ratios. When a single kind of surfactant does not successfully implement in high temperature

reservoirs, a mixed surfactant system can be an appropriate alternative strategy.

6. Conclusions

Recent advances on surfactant adsorption on mineral surfaces in cEOR are reviewed. The
adsorption behavior of surfactants is discussed with particular emphasis on adsorption
mechanisms, isotherms, kinetics, thermodynamics, and adsorption structures. Surfactant
adsorption mechanisms include electrostatic interactions (ion exchange/bridging), van der
Waals interactions (London dispersion forces), acid-base interactions (hydrogen bonding,
Lewis acid-base reactions), hydrophobic interactions, m electron polarizations, covalent
bonding, and solvation of adsorbate species. Several of the above mentioned mechanisms
contribute to the adsorption process, depending on the mineral and surfactant types,
surfactant concentrations, ionic strengths, temperature, etc. To determine the amount of
surfactant loss, four typical adsorption isotherms are mainly presented as well as other S-type,
two/three-stage adsorption isotherms. The PFO, PSO, IPD, and Elovich kinetic models are
frequently applied for surfactant adsorption. Taking considerations of the thermodynamic
process are important to determine whether the adsorption process is spontaneous. The Van’t

Hoff equation should be used with care to derive thermodynamic parameters. The adsorbed
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surfactant layers can be qualitatively and quantitatively analyzed by AFM, SE, QCM-D, SPR,

as well as MD and DPD simulations.

Main factors influence surfactant adsorption, including (i) surfactant characteristics. Types of
anionic, cationic, zwitterionic, and nonionic surfactants with different head groups, such as
sulfonate and sulfate groups. Surfactant mixtures, surfactant structures with various
functional groups (EO and PO), linear chain or branched chain, and surfactant concentrations;
(i) solution chemistry, i.e., solution pH, ionic composition with monovalent and divalent
cations, hardness and salinity; (iii) rock mineralogy referred to sandstones, carbonates, and
unconventional shales; (iv) and reservoir temperature. In an effort to mitigate surfactant
adsorption, various additives and chemical formulations have been proposed with the
addition of alkalis (strong alkalis, weak alkalis, and organic alkalis), polymers (for example,
PSS, PA, and EDTA), nanoparticles (SiO2, Al203 and modified nanoparticles), co-solvents,
ionic liquids as well as implementing with salinity gradient and low salinity water flooding
strategies. Finally, current trends and future challenges in alkalis, sacrificial agents,
nanofluids injections, at high salinity and high temperature conditions for surfactant based
EOR are outlined, which significantly improve our knowledge in designing and optimizing

cEOR with reduced surfactant loss.
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Nomenclature

Abbreviations
AAS
AEC
AFM
AOS
APCA
ASP
BTAC
CaCOs3
CaMg(CO0:s):
CaS0g4
CaS04-2H,0
Ci2Es
CEOR
CMC
-COO
CTAB
CTAC
CTVB
DES
DICL
DPD
DTAB
DTPA
EA
EDTA
EO

EOR
IH-NMR
HS-AFM
IBA

IEP

IFT

ILs

IPD

I0S

LS

LSS
MgCOs
MD

MW
Na2CO3
NaHCOs3
NaBO:2
Na2B4O7
NaOH
NasPOg4
NasSiOq

alcohol alkoxy sulfate

alkyl ether carboxylate

atomic force microscope

alpha olefin sulfonates
aminopolycarboxylic acid
alkaline-surfactant-polymer

behenyl trimethyl ammonium chloride
calcite or aragonite (less stable crystal form of CaCO3)
dolomite

anhydrite
gypsum

hexaethylene glycol monododecyl ether
chemical EOR

critical micelle concentration
carboxylate

cetyltrimethyl ammonium bromide
hexadecyltrimethyl ammonium chloride
alkyl trimethylammonium vinylbenzoate
deep eutectic solvent
dodecylamine hydrochloride

dissipative particle dynamics
dodecyltrimethylammonium bromide
diethylenetriaminepentaacetic acid
ethanolamine
ethylenediaminetetraacetic acid
ethylene oxide

enhanced oil recovery

proton nuclear magnetic resonance spectroscopy
high-speed AFM

iso-butanol

isoelectric point

interfacial tension

ionic liquids

intra particle diffusion

internal olefin sulfonate

low salinity

LS surfactant

magnesite

molecular dynamics

molecular weight

sodium carbonate (soda ash)

sodium bicarbonate

sodium metaborate

sodium tetraborate

sodium hydroxide (caustic soda)
sodium phosphate

sodium orthosilicate
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NHsOH
NP
NPE10
OOIP
PA
PASC1
PFO
PO
PSO
PSS
PVP
QAC
QCM-D
-3042'
-SO3
SiO2
SD
SDS
SDBS
SE

SFS
SNP
SPAM
SPR
TDS
TX-100
Tween 20
TIR
B-CD

Variables

ammonium hydroxide
nanoparticle
nonylphenol ethoxylate
original oil in place
polyacrylate
acryloyloxyethyl-N, Ndimethyl-N-octylammonium bromide
pseudo-first-order
propoxy (CsHeO)
pseudo-second-order
polystyrene sulfonate
poly(vinylpyrrolidone)
quaternary ammonium compounds
quartz crystal microbalance with dissipation monitoring
sulfate
sulfonate
silica
standard deviation
sodium dodecyl sulfate
sodium dodecylbenzene sulfonate
spectroscopic ellipsometry
sum-frequency spectroscopy
silica NP
sulfonated polyacrylamide
surface plasmon resonance
totally dissolved solids
4-octylphenol polyethoxylated
polyoxyethylenesorbitan monolaurate
Raman total internal reflection Raman scattering
beta-cyclodextrin

a constant related to the heat of adsorption
equilibrium surfactant concentration
absolute temperature in Kelvin (K)

the universal gas constant (8.314 J/mol K)
capillary number

the Langmuir equilibrium constant

the Freundlich constant

the Temkin constant

the Redlich-Peterson constant

the equilibrium rate constant of the PFO model
the equilibrium rate constant of PSO model
equilibrium rate constant of IPD model

the equilibrium constant

Gibbs free energy change

entropy

enthalpy

a constant related to the adsorption step

the initial adsorption rate

initial adsorption rate

56



OO NOOYULDS WN B

[
= O

<®T "N >

<

71

Om
qt

tie

the heterogeneity factor

the activity coefficient

the contact angle

viscosity of the displacing liquid

velocity of the displacing liquid

the IFT between oil and water

the desorption constant

the equilibrium adsorption

the maximum amount of surfactant adsorption
the amount of surfactant adsorbed at time t
half-adsorption time
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