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Abstract

Enhanced oil recovery (EOR) processes have a great potential to maximize oil recovery factor of the existing reservoirs,
where a significant volume of the unrecovered oil after conventional methods is targeted. Application of chemical EOR tech-
niques includes the process of injecting different types of chemicals into a reservoir to improve the overall sweep efficiency.
Surfactant flooding is one of the chemical EOR used to reduce the oil-water interfacial tension and to mobilize residual
oil toward producing wells. Throughout the process of surfactant flooding, selecting a suitable surfactant for the reservoir
conditions is quite challenging. Surfactants tend to be the major factor associated with the cost of an EOR process, and
losing surfactants leads to substantial economic losses. This process could encounter a significant loss of surfactant due to
adsorption into the porous media. Surfactant concentration, salinity, temperature, and pH were found to be as the main factors
that influence the surfactant adsorption on reservoir rocks. Most of the research has been conducted in low-temperature and
low-salinity conditions. Only limited studies were conducted in high-temperature and high-salinity (HT/HS) conditions due
to the challenging for implementation of surfactant flooding in these conditions. This paper, therefore, focuses on the reviews
of the studies conducted on surfactant adsorption for different surfactant types on different reservoir rocks under different
reservoir conditions, and the influence of surfactant concentration, salinity, temperature, and pH on surfactant adsorption.
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Introduction

Rising demand for oil has been noticed due to the fact that
it remains the world’s most powerful source of energy. This
was observed by the increases in exploration and production
of oil reservoirs. There was a huge development on the fields
of maximizing the oil recovery and production enhancement
in progress by oil and service companies. In conventional
resources, the recovered volumes from the original oil in
place are around 30%. Therefore, the development of more
advanced techniques to recover additional oil is required in
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order to meet energy demands. Also, conventional methods
are not sufficient to increase the amount of recoverable vol-
umes more than the existing reserves (Curbelo et al. 2007).

The applications of enhanced oil recovery (EOR) tech-
niques include the process of injecting extra fluids rep-
resented in injecting chemicals or gases and/or thermal
energy into a reservoir. The injected fluids will enhance
the existing reservoir natural energy by the displacement
of oil to a producing well. The mechanism of recovery
enhancement involves the formed conditions caused by
the interactions between injected fluids and oil resulting
in lowering the interfacial tension, oil swelling, oil viscos-
ity reduction, and wettability alteration. The selection of
the suitable EOR method for implementation depends on
the screening and the evaluation of reservoir properties
and conditions as well as the economic feasibility (Green
and Willhite 1998). Throughout the past 60 years, a major
development has been made on chemical flooding that
increased the potentiality of making it the most impor-
tant EOR method (Demirbas et al. 2015). It was reported
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that chemical EOR has been successfully applied in many
countries such as in the USA, China, Germany, France,
Austria, and Canada. However, chemical flooding is an
expensive recovery method because of the high cost of
chemicals.

Chemical EOR application is divided into polymer flood-
ing, surfactant flooding, and alkaline flooding and their com-
binations. The process of each chemical type is different, and
the enhancement achieved by each type will influence the oil
recovery by different mechanisms (Buchgraber et al. 2006;
Dang et al. 2011). Surfactant flooding is known as the most
promising methods among all chemical EOR processes.
The mechanism of using surfactants during the surfactant
flooding is mainly to reduce the interfacial tension, and for
wettability alteration in order to increase the capillary num-
ber and to mobilize more oil toward the producing wells
(Hirasaki and Zhang 2004). Several studies determined that
most surfactants cannot be used in harsh reservoir condi-
tions. Therefore, their poor performance at high-temperature
and salinity conditions has led to developing new technolo-
gies, chemicals, and formulations in order to overcome these
harsh conditions (Azam et al. 2013; Karnanda et al. 2013;
Sheng 2015).

Surfactant flooding process encounters a significant loss
of surfactant due to retention in the porous media (Amirian-
shoja et al. 2013). Surfactant retention is divided into pre-
cipitation, phase trapping, and adsorption. Surfactant reten-
tion due to precipitation and phase trapping can be avoided
by choosing surfactants that are tolerant for temperature and
salt. However, surfactant adsorption can be only minimized
(Kamal et al. 2017; Liu et al. 2004). During the surfactant
flooding process, the adsorption of surfactants from the
injected slug may impact the effectiveness and the cost of
the process (Amirianshoja et al. 2013). Usually, the cost
of surfactants can reach half or more of the total project
cost (Sheng 2011). Therefore, for an economic perspec-
tive, minimizing the amount of surfactant adsorption is a
key point in designing surfactant flooding (Barati-Harooni
et al. 2016). Surfactant adsorption can lead the surfactant
flooding process to fail by affecting the performance of the
surfactants which can influence the function of surfactants to
lower the oil-water interfacial tension (Curbelo et al. 2007;
Zargartalebi et al. 2015). Alkali is used in the alkaline—sur-
factant (AS) flooding to generate in situ surfactants which
are formed from the chemical reaction between the alkali
and acidic components in crude oil which can contribute in
lowering the interfacial tension. In addition to that, alkali
can increase the pH of the aqueous phase and minimize the
surfactant used, and thus, it minimizes the surfactant adsorp-
tion which contributes to reducing the cost (Sheng 2011).
This review will provide information on surfactant adsorp-
tion from recent studies to gain an in-depth understanding
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of all the factors affecting surfactant adsorption process as
well as their mechanisms.

Surfactants

The term surfactant comes from surface-active agent, and
surfactants are chemical compounds utilized to reduce the
IFT between two different phases by adsorbing on a sur-
face or a fluid—fluid interface. Surfactants are extensively
used chemicals having various EOR applications due to
their significance in IFTs reduction and their capability in
changing wetting properties (Green and Willhite 1998). Sur-
factants are known as amphiphilic or amphipathic molecules
which contain a polar (hydrophilic) portion and a nonpolar
(hydrophobic or hydrocarbon loving) portion. The origin of
the term amphiphilic comes from the Greek word “amphi,”
meaning “both,” and this describes the fact that all surfactant
molecules have at least two parts, the hydrophilic one which
is soluble in a specific fluid, e.g., water, and the hydrophobic
part which is insoluble in water (Tadros 2014).

According to the nature of the hydrophilic head group,
surfactants are classified into different types, and this clas-
sification of surfactants is made based on the charges of the
polar head group of the surfactant molecule. Surfactants are
divided into the classes: anionics (negative charge), cation-
ics (positive charge), nonionics (no charge), and zwitterion-
ics (negative and positive charge) (Bera and Belhaj 2016;
Tadros 2014).

Anionic surfactants

Anionic surfactants are known by having a negative charge
on their head group when they are in aqueous solution.
These surfactants are widely used in EOR processes, and
this is due to (1) their relatively low cost of manufacture,
(2) they exhibit relatively low adsorption on sandstone
rocks whose surface charge is negative, (3) their efficiency
to reduce IFT, (4) their stability at high temperatures (Tadros
2014). Anionic surfactants based on their head polar groups
can be classified into carboxylate, sulfate, sulfonate, and
phosphate (Kronberg et al. 2014).

Nonionic surfactants

Nonionic surfactants in aqueous solution do not have any
charge on their head group, and they are mainly used as co-
surfactant to improve the phase behavior of the surfactant.
Nonionic surfactants are much more tolerant of high salin-
ity. Nevertheless, their function of IFT reduction is less as
compared to anionic surfactants which restrict them to be
used as a primary surfactant in EOR applications. Therefore,
a combination of anionic and nonionic is useful to increase
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the tolerance to salinity (Sheng 2011). The most widely used
nonionic surfactants are those based on ethylene oxide (EO)
known as ethoxylated surfactants (Holmberg et al. 2002).

Cationic surfactants

Cationic surfactants have positive charges on their head
groups when they are in the aqueous phase, where they
depend mainly on the atom of nitrogen to carry the charge
(Kronberg et al. 2014). Cationic surfactants show high
adsorption in sandstone reservoir and hence cannot be used
for EOR application. However, these surfactants can be used
for wettability alteration from oil wet to water wet in carbon-
ate reservoir (Sheng 2011).

Zwitterionic surfactants

These surfactants consist of two opposite charge active
groups. The zwitterionic surfactant can be anionic, nonionic,
anionic—cationic, or nonionic—cationic. The positive charge
group is always ammonium, and the most common negative
charge group is carboxylate. They are also called amphoteric
surfactants (Holmberg et al. 2002). These surfactants are
tolerant of temperature and salinity. However, their high cost
has quit a restriction (Bera and Belhaj 2016; Sheng 2011).

Surfactant flooding

Surfactants have a great potential in EOR applications, and
they are used to enhance the recovery process efficiently
by increasing the quantity of the residual oil extracted after
secondary recovery process, which can possibly be around
60% of the original oil in place (Thomas and Ali 1999).
Surfactant flooding is a chemical EOR method used for
enhancing the oil recovery mechanism by recovering the
capillary-trapped residual oil after waterflooding (Barati-
Harooni et al. 2016). Surfactant flooding process depends
on injecting surfactants to the reservoir along with inject-
ing other chemicals. During surfactant flooding process,
favorable phase behavior is targeted to achieve ultralow IFT
between oil and water in order to mobilize the trapped oil
(Sandersen 2012). The crude oil may contain organic acids,
salts, alcohols, and other natural surface-active agents. Once
crude oil is brought in contact with brine, these natural sur-
factants accumulate at the crude oil-brine interface and form
an adsorbed film which lowers the interfacial tension of the
crude oil-water interface (Olajire 2014). The main constraint
influencing the surfactant flooding process is surfactant sta-
bility at reservoir conditions especially in high-temperature
and high-salinity conditions. Other constraints include losses
of the surfactants due to surfactant adsorption in the res-
ervoir rock and trapping of the fluid in the pore structure

(Sandersen 2012). These losses should be minimized where
the successful implementation of surfactant flooding process
depends mainly on the cost of surfactants (Hirasaki et al.
2008).

Surfactant flooding in EOR is divided into three types.
The first type is micelle/polymer flooding where it can assist
in achieving high displacement efficiency. The procedure
involves injecting a slug containing surfactant, co-surfactant,
alcohol, brine, and oil. The second type is microemulsion
flooding, and it can be beneficial in high-temperature and
high-salinity conditions. It is also useful for low-permea-
ble zones where the polymer and/or alkali cannot operate.
The main mechanism of this type is to reduce the IFT to
an ultralow value by generating microemulsions in the res-
ervoir. The injection slug in this process mainly consists
of surfactants, co-surfactants, alcohol, and brine. The third
type is the alkaline—surfactant—polymer (ASP) flooding. In
this type, low IFT value is achieved by adding alkaline at
low surfactant concentration, and this will contribute in cost
reduction as lower surfactant concentration is used (Rosen
et al. 2005; Sandersen 2012; Schramm 2000).

Surfactant losses

The success of surfactant flooding is subjected to the reduc-
tion in surfactant loss in the reservoir. The injected slug
may witness a reduction in the surfactant concentration as it
transports through the reservoir. Surfactant losses take place
in the reservoir due to different mechanisms, i.e., surfactant
adsorption, surfactant precipitation, surfactant degradation,
surfactant polymer mixing, and surfactant partitioning in the
residual oil phase (Donaldson et al. 1989). When surfactant
slug comes in contact with the reservoir rock, adsorption of
surfactant takes place on the rock surface. Due to adsorption,
the surfactant concentration in the injected slug decreases
and the amount remaining behind is insufficient to achieve
ultralow IFT and to mobilize the trapped residual oil (Trush-
enski et al. 1974).

Surfactant adsorption

Surfactants adsorb onto solid surfaces as monomers rather
than as micelles. Surface-active molecules can be adsorbed
onto reservoir rocks from aqueous solutions by a number of
mechanisms, i.e., ion exchange, ion association, hydrophobic
bonding, adsorption by the polarization of & electrons, and
adsorption by dispersion forces (Dang et al. 2011; Paria and
Khilar 2004; Somasundaran and Huang 2000; Zhang and
Somasundaran 2006). Surfactant adsorption during the sur-
factant flooding process is the most critical problem that can
influence the success or failure of this process (Azam et al.
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2014). Surfactant adsorption may occur on the rock surface
due to the electrostatic interaction and van der Waals inter-
actions that arise between the surfactant and solid surface
(Kamal et al. 2017).

Generally, surfactant adsorption depends on many fac-
tors such as surfactant type, surfactant concentration, sur-
factant equivalent weight, ionic strength, pH, salinity, and
temperature (Azam et al. 2014; Baviere et al. 1988; Paria
and Khilar 2004; Siracusa and Somasundaran 1987). These
factors can also influence the dissolution behavior of min-
erals, and therefore, it will cause significant changes in the
adsorption of surfactants into the rock surface (Siracusa and
Somasundaran 1987). In this review, we will discuss the
effect of the main factors affecting surfactant adsorption
which are: surfactant concentration, surfactant, salinity, tem-
perature, and pH. Practically, surfactant adsorption can only
be reduced to a certain limit due to the fact that it cannot be
fully eliminated. The performance of the surfactant flooding
process will be improved, and good recovery efficiency can
be achieved only if the process is economically optimized by
reducing surfactant adsorption (Park et al. 2015).

Surfactant concentration

Surfactant adsorption is a major factor that strongly affects
the surfactant flooding process. Therefore, any reduction in
surfactant concentration from the injected slug may decrease
the surfactant efficiency to reduce oil-water IFT. This may
lead the whole process to economic failure. Several stud-
ies discussed the effect of surfactant concentration on the
adsorption of ionic and nonionic surfactants onto reservoir
rocks. Based on the rock type, the rock surface charge is
either negatively charged such as sandstone or positively
charged such as carbonates. At low surfactant concentra-
tions, surfactant adsorption is determined according to the
charge on the electrical double layer of the solid surface.
The adsorption of surfactant molecules at low concentra-
tions on the rock surface occurs as a single monomer. When
surfactant concentration increases, these monomers start to
aggregate and associate among themselves to form micelles.
Micelles are accumulated molecules where they usually con-
tain 50 or more surfactant molecules (Bera et al. 2013a; Liu
2008; Li et al. 2011; Miura et al. 2013; Torn et al. 2003; Xu
et al. 2008).

Anionic surfactants adsorption increases with increasing
surfactant concentration. At low surfactant concentration
below critical micelle concentration (CMC), the charge in
the electrical double layer controls the extent of adsorption.
This is described by the electrostatic interactions that arise
between the surfactant head group and the net charge present
on the solid surface. As surfactant concentration increases,
lateral interactions will appear between the adsorbed sur-
factant molecules; it drives surfactant to aggregate the rock
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surface showing an increase in the adsorption density. When
reaching CMC, any addition of surfactant will not have any
effect on adsorption and it displays a plateau behavior. In
this case, adsorption remains constant (Adak et al. 2005;
Budhathoki et al. 2016; Kamal et al. 2017).

Boomgaard et al. (1987) explained the adsorption of non-
ionic surfactants. At low surfactant concentration, hydro-
gen bonding between the nonionic surfactant chain and the
hydroxyl groups on the rock surface is the main mecha-
nism of adsorption. Nonionic surfactants through hydrogen
bonding adsorb as monomers. As surfactant concentration
increases, micelles are formed due to the hydrophobic inter-
actions which occur between the adsorbed monomers gath-
ering at the liquid—rock interface (Curbelo et al. 2007).

Salinity

Salinity is one of the factors that influence surfactant adsorp-
tion. The most commonly used surfactants in chemical
EOR are anionic surfactants. Usually, these surfactants are
strongly influenced by adsorption on rock surfaces due to the
presence of salt and divalent cations. Thus, it is a challenge
to design surfactant formulations that are salinity and hard-
ness resistant (Tabary 2013).

High-salinity water is not desirable for anionic surfactants
due to the fact that it can precipitate resulting from the inter-
action between salt ions and the surfactant. On the other
hand, increasing the salinity will reduce the repulsive forces
arising between the anionic surfactant molecules and the
rock surface (Azam et al. 2013; Kamal et al. 2017). This
agrees with the experimental investigation done by Baviere
et al. (1988) and Mannhardt et al. (1993).

The effect of salinity on the anionic surfactant adsorption
at the solid-liquid interface was discussed by many research-
ers (Behrends and Herrmann 1998; Koopal et al. 1996;
Nevskaia et al. 1998; Paria and Khilar 2004). The presence
of salt improves the adsorption of anionic surfactants on
a negatively charged solid surface. Koopal et al. (1996)
explained the influence of ionic strength on the adsorp-
tion of anionic and cationic surfactants onto an oppositely
charged solid surface. At low surfactant concentration, the
initial adsorption occurs at low-salinity conditions. Attrac-
tions between the head group and the surface arise due to
an increase in the ionic strength that causes adsorption to
be reduced. As surfactant concentration increases, ionic
strength rises which shows a decrease in mutual head group
repulsion, and thus, adsorption is increased.

Salinity has also an impact on nonionic surfactants which
it can change its solubility, surface activity, and adsorption at
the solid-liquid interface (Paria and Khilar 2004; Rosen and
Kunjappu 2012). Table 1 summarizes several studies that
highlighted the effect of salinity on surfactant adsorption.



129

Journal of Petroleum Exploration and Production Technology (2020) 10:125-137

IoAB[ P2qIOSPE U] UI 95BAIOAP $2010] uois|nday

“QIOJOIAU ], "90BJIOIUI 9} 0] JUBROLIINS Y} SIALIP I SOSLAIOUT

UONEIIUIOUOD J[BS UAYM JeY) 0} pajnqLije si uondiospe ur

QSBAIOUT 9, JUSJUOD UOT JUI[BAID UI 9SBAIOUI U} PUE UOT)

-BIJUQOUOD [DBN UI 9SBAIOUT o) YIIM sasearour uondiospe

JueloRLINS JRY) POMOYS APNIS SIY) JO SAWOIINO A, ‘U0
-diospe 1owAjodyueioeyns Jo Apniys uone[NWIS € ST STYJ,

1AI morenin ue
opraoxd (s pue uoneituy Arurfes-y3iy pue (J, 071-58)
amyerodw)-ySiy swoo1aA0 03 enuatod Ay sey SOI/SOV
suor BN £q uonesuadwiod d51eyd 908)INS dANRSIU
9y} 0} pAINqLIIe SeM JUNOWE. PIGIOSPE AU} UT ISBAIOUT YT,
"[DBN Jo oouasaid oy} ur sad£) Y001 JUIIYIP UO JOTABYDq
uondiospe awes 9y} PIJeNSUOWIP SIUBIOBLINS OIUOIUR J)
9senuod u "sdnoid [AXoIpAy 90BJINS JUISYIP YIIM SUOTED
J[es JO UOTIORIAUI Y] YIIM PIJBIOOSSE dIe YoIym sadA)
001 JUSIDYIP UO SIOIABYSQ UONdIOSpe JUSISHIP PaqLIdSIp
19932 [DBN 23 ‘(00 ]-X.L) JUBIORLINS OIUOIUOU d) IO,
SUOI JUQRAID JO 20usald Jy) Ul pasealour os[e dIe pue
QUOJISPUES ) UO UBY) JOMO] I8 dU0ISAWI] uo uondiospe s
Q[IYMUBIIA “SUOT JUS[BAIP JO d9udsaid ayy ur Ajureuwr suols
-pues uo Y31y A[owanxa st juejoeyins ouejoydwe ay) Jo
uondiospe oy ], "199j0 YISuans o1uol oy} Aq pojensnyI sem
siy [, “Apueoyrusis uondIospe 9SeaIoul SUOI JUI[BAIP JUIppR
‘IOAOMOH "ouLIq AJTUT[ES-MO[ Ul MO] AIOA ST QUOISPUES
uo (SOV/SddQ) yueloeyans drorue ay) jo uondiospe oy,
90BJaNS BOI[IS Y} UO SUOI L BN PUR JUBIOBJINS JY) USIMIDq
uondiospe aAnnedwod 01 paINqLIIe SeM SIU ], “SISBAIOUL
UOTJEIUIDUOD J[BS UAYM SISBI0dp uondiospe jeyy moys
IgeN Jo aouasaxd oY) ur BOI[IS U0 SWIA)osT uondiospy
nedjerd ay) e paonou
st uondiospe ur 9si1 & ‘AQaIay ], ‘sasearour AJulfes se
sureyo Jejod u9om)aq SUOIIORIOIUI [RISIE] UI OSBAIOUL UR O}
anp 00 1-X.L JO DIAND Y} 9onpal [[IM SIY ], 'SUONBIUIUOD
wnqI[Inba 10M0[ pIemo) JueorIns oY) JO [AI] UONBIIUID
-uoo neajerd oy syIys [DeN Jo 9oudsald ay) eyl smoys
zyrenb uo (O 1-X L Jo uondiospe ay3 uo AJrurfes Jo 10949 YL,
sarmjerodwo)
Jo oSueI OpIM B JOAO SANIUIES YSIY pue JBIPIuLIdIUI Je
FAOd [ed1Wwayd 10§ 2JepIPuEd poos & 9q 0) pUnNoj sem SOV

TDBN 000°0€-000°01

000°L¥1-000°1C

TDBN 000°08-009

40®D 000°0T

aprueAroeAjod pazAjoipAy (oruorue) oy, (1102) e 3° Sueq

(oruorue) (SOI) SAILUOJNS UYI[O [RUIAIUL

000°0C1T (oruorue) (SOV) sojeuoy[ns [APIOAIS pajelAXoyy (0102) T 30 oureng
(oworue) (SSTAN PUe ‘SOIAN ‘STdN)
DN 000°0C (oruoruou) 0OT-X.L (8661) 'Te 19 eresaoN

(ouajoydure) (Lg) dureidq oprure K[
(oruorue) pusq

(SOV/$adq) reuoymsuyjoydye/areuoynsiprayoAuaydicy (€661) 'Te 10 IprequueA

(oruoned)

000°00T (4vLAQ) eprworq wnruourure [Kyiowtn [AN[eouoly  (£661) 21dwoane pue ‘Towrraypury ‘exkired

000°01 (oruoruou) 0O T-X.L (1661) [01onbnoy pue [ofousq

(oruotue) (SOV) yeuoyns uyd[o-eydry (8861) Te 10 219148

Ayurpes Jo 10957

(wdd) Kyrureg

od£) pue jueioeyIns oY) Jo SweN (s)oyiny

uondiospe juejoejns uo AJuIes Jo 39939 Ay Sunysiysiy saIpnis [eIAS Jo Arewwng | d|qel

\

nger

g rluw @ SPr

lase &
ST5 00

el
KAC



Journal of Petroleum Exploration and Production Technology (2020) 10:125-137

130

SIIOAIOSI QUOISPUES UI SJUBJORJINS OTUOIUE JO
uondiospe Surzrwurw ur JudSe [BIOYLIOeS B SB Pasn 9q Ued
(SSd) sereuojns auarkisAjod ‘a10ja1oy], ‘Jey uey) 2I0W
Aq paseardop st uondiospe jueioeyns oy} ‘(SSJ) 2euojns
quaikysAjod Surppe 19138 ‘ToAdmo ‘Affeonewelp uondiospe
saseaIour Jey) pue pasieyo A[oanisod oq 03 Jueloe)ins
SIUOIUE AU} SISNEBI SIY ], “9oe)Ins pues padreyd Afoanedou
oy ojuo eutiq SAL Y31y ur juesdrd S pue | e) suoned
Jo uondiospe 9y 0} onp AJuTeW ST SIY], “JUSWIUOIIAUD JUI[ES
Y31y Iopun QUOISPUES BAIF UO 9I0A3S PUNoj sem uondiospy

WoISAS Iow

-Kjod—jue)oeIns—oureyye 9y} JO 9Sn Y} Ul PONPAI IOY}INg

sem junowre uonidIospe ay) Jeyy paonou osfe AL, ‘DIND

9} 9A0QE SJUL)ORJINS YOLI-OIUOIUE U Juasald s 1 uaym

PooNpaI ST (001 QUOISPUES) 90BJINS PAJIeyd A[oATIRSoU oY)
uo SjuBIOBLINS d1uoneds jo uondiospe ayy yey) pauterdxs AayJ,

uors
-[ndal O118)SOI}OJ[0 MO] O} NP AJIUI[ES UT ISBAIOUL Y YIIM
PaseaIour 9oeJIns pues uo (S jo uondiospe Jo Junowe oy,

SJUB)ORJINS OTUOTUE
Jo uondiospe 19431y 0} SPES| AULIQ Ay} UL SUOL 8D IO
Ajturfes ur asearout 2y ey pAYSIYSIIY sem 1 ‘sjuomnadxa
uondiospe oY) WOI] ‘dUOISPULS LI PUE ‘STRIOUTW AB[D
‘$91BU0QJED UO JUB)ORJINS OTUOIUE JO uondiospe 9onpal
0} A[Iqe oy sey 9Je[A1oeAod wnIpos jey) punojy sem |
*PUS[Q-IN JOJ SYO0I/S[eISUIW JUAIQYIP UI PAJen[eAd Sem
jJuaSe [e1oyLIOeS B sk je[A1oeA[od WwNIpos Jo duanyur Y],
95BAIOIP 0) UoT)
-diospe sasned yorym sasea1odp AJuIfes uoym Ioke[ ojqnop
[e21199]2 2y} Jo uorsuedxa 9y} 0} anp SI Jey], ‘SUONIPUOD
Ayutes-ysiy uey) a1ow AB[O [T 0JUO SUONIPUOD AJTUI[eS
-WNIPIW PUE -MO] Y} UT SISBAIIIP sjuejoejIns Jo uondiospy

141 mofenin urejurew o) fenuajod oty

Ssey [[Is pue suonIpuod AJurfes-y3iy pue armjerodwo)-ysiy

Je 9[qeIs s 31 Jey) pamoys sjuawirradxe [[e pue D, O[] 18
PAJEN[BAD SeM WISAS SUIPOOY) JUBIORLINS ST JO AII[IQRIS Y,

€L6TI

Jo (,,SIN pue
+NmUv ssaupiey [e10],
SAL 0ILTOE

000S

000°S€

[OBN 889 TT-6911

88T CIT

(oworue) (SHVS)
soyey[ns Ax0y30 [A[& WNIPOS pue (JUBIOBLINS POPUIXD)

arejns ejAxdoid 2)e[AX0YI0 [AY[e WINIPOS JO AIMIXTW

(o1UONEI—OIUOIUR) AINJXIW J[BS

wnruowwe K1eurdjenb pue 9Je[AX0qIed QUIAYIRAX0A[0q

(owortue) (SAS) deH[ns [£93pop wnIpos

(owotue) (1) 81-STSOI Pue (N) L9-[0POSN PU9[q-IN

(owotue) SYAS

(oworue) 71-SSLL
(oruorue) OSAN

(9107) ‘I® 10 DjoyIeypNg

(9100) Te1 1T

(ST0Q) TepuBIN pue e1og

($107) D[ESBIIH pUE ‘00ZNpIdA ‘TAZe[ISWeyS

($107) A0H pH3uy

(€107) 'Te 19 noyz

Ayurpes Jo 10957

(wdd) Krurreg

ad£) pue juejoejIns oY) Jo SweN

(s)ioyiny

(ponunuoo) | sjqey

> 4

o @ Springer

KACSTa,061lg roglel)

Pielase &



Journal of Petroleum Exploration and Production Technology (2020) 10:125-137 131

£y L2 2 Temperature
Q3 ] = = 5 =
02tV E LB 50 ¢g
SSE& 5288~ 8 z = Lo .
S 5o g g g E é g 9 é § Researchers initially explained the effect of temperature
g = = 2 = . . .
g SE58E=S 5% - BB on surfactant adsorption where adsorption is generally an
= a @ g 2 8 av® & =2 p p g y
S8 38E8-s0UgESD exothermic process. They indicated that the increase in
BE5EsE5558 £E3 p Y :
e 2.3% 8 82 % & E E é temperature leads to a considerable decrease in the adsorp-
= 0 S > n . . . . .
ER3=EEg8g @ g 3 tion of surfactants due to an increase in the kinetic ener.
=229 8EZTS 5E5 gy
SE% E 308 2E¢ of the species (Fava and Eyrin 1955; Hartman et al. 1946;
3 = o 2 = .
5235685822 5§ Somasundaran and Fuerstenau 1972; Ziegler and Hand
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%0 § g 22 g § 82 EZE 1981). Kulkarni and Somasundaran (1976) addressed the
== [ B 5 . . .
228382 4 23 g e f effect of ionic strength and temperature on the adsorption of
< = = .2 . . . . .
> 25552883 OB surfactants. Adsorption increases with the increase in tem-
252755 W0f 558, P
plazHysCEg EESS erature at low ionic strength while it decreases at high ionic
Zl2E2 0S8R EEEET P ; :
£l 8852 2°%9C 2 82585 strength with the temperature decrease (Ziegler and Hand
S| E2 5252228 B8E8 o g p g y
«| 223223 E8EE SEEQ 1981). The effect of temperature on surfactant adsorption
Cla¥szEo~35 28 %0 P p
5|89 Z2E553%8 w2 S €23 depends on the adsorption density. The process of surfactant
S|258428285 358 P P b
M < T et adsorption can be either enthalpy driven or entropy driven
S (Hirasaki and Zhang 2003). For surfactants with low adsorp-
S0 tion density (enthalpy-driven adsorption), when the tempera-
Z 320 y Py P p
=lg8¥= _ ture increases, it causes the adsorption density to increase.
E S8o @) p y
E1828 3 Meanwhile, adsorption density is reduced with tempera-
| S B . . . .
%‘ = g = = ture increase for surfactants with high adsorption density
518 é = (entropy-driven adsorption) (Kamal et al. 2017).
5] — — O . .
Surfactant flooding is commonly operated under low-tem-
g Yy op
perature and low-salinity conditions. Anionic and nonionic
surfactants are the most favorable surfactants to be used in
-2 these conditions. On the other hand, at high-temperature and
g g p
= high-salinity conditions, anionic surfactants show low slat
8 g y
_ —:S/ resistance (Kamal et al. 2018).
2 =) For nonionic surfactants generally, adsorption increases
g 5 g Y p
g 5 with increasing temperature. This was proposed by Corkill
§ 5 E z et al. (1966), and they found that adsorption of surfactant
é 2 é £ molecules at different temperatures increases as temperature
; o = & increases. The increase in temperature affects the surfactant’s
S . . J
£ = = fé head group making it compact and less hydrophilic, therefore
3 7] 8= . . .. .
| = < 2 increasing the surface activity and adsorption values. Non-
=] Q>)‘ s 2 g y p
o %; 3z ionic surfactants behavior was deeply investigated at various
Bl ] El temperatures where it was also suggested that at low surfactant
s | g Z2's p g8
2 E g E concentrations, adsorption of nonionic surfactants is reduced
213 =3 as temperature increases. Meanwhile, at high surfactant con-
centrations, the opposite is correct (Ziegler and Handy 1981).
PP g y
Puerto et al. (2010) explained that reservoirs with tem-
peratures varying from 70 to 120 °C are suitable candidates
for surfactant flooding. However, high-temperature reservoir
conditions can affect the stability of surfactants to operate
y P
for the period of the project which could be for years. Sheng
(2015) discussed that most researchers consider 93.3 °C as
2 e _ reservoir temperature limit even though specific surfactants
E S g can be applied at high-temperature reservoirs up to 150 °C.
g = < These surfactants could be stable under such conditions.
) - — . .
: O %‘ However, they must be also applicable corresponding to
2 212 g other conditions as well such as low adsorption which can
AR = contribute to minimizing the cost. Table 2 summarizes
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Table 2 Summary of several studies highlighting the effect of temperature on surfactant adsorption

Author(s)

Name of the surfactant and type

Temperature (°C) Salinity (ppm)

Main findings

Baviere et al. (1988)

Zaitoun, Fonseca,
and Berger (2003)

Bataweel and Nasr-
El-Din (2012)

Tabary (2013)

Han et al. (2013)

Zhang et al. (2013)

Lu et al. (2014)

Yuan et al. (2015)

Li et al. (2016)

Alpha Olefin Sulfonate (AOS)
(anionic)

SS-6066 A
ANTISORB

™

GreenSurf-687 or Amph-GS
(amphoteric)
Amph-SS (amphoteric)

Olefin sulfonates (OS) (anionic)

Alkyl aryl sulfonates (AAS)
(anionic)

Alkyl ether sulfates (AES) (ani-
onic)

Alkyl glyceryl ether sulfonates
(AGES) (anionic)

OCT-1, OCT-4 and C2405
(amphoteric)

Hydroxyl sulfobetaine (zwitteri-
onic)

Guerbet alkoxy carboxylates
(anionic)

I0S (anionic)

Formulation 1 (AOS + AEC) and
formulation 2 (AES + Al)

Mono carbon chain Polyoxyethyl-

ene Carboxylate (anionic)

Petroleum Sulfonate (PS) (anionic)

Quaternary ammonium salt
(cationic)

30-50

55

95

120

95

95

100

90-120

76.5

600-80,000

110,000

172,000

220,000

84,000

116,969

200,000

5000

They concluded that AOS is a very good candi-
date for surfactant flooding at low, intermedi-
ate, and high salinities over a wide range of
temperatures

This study showed a good stability of the
selected surfactants at bottom-hole tempera-
ture. Adsorption of the primary surfactant
(SS-6066 A) onto the formation rock was
reasonable and (ANTISORB™) surfactant
helped to lower the adsorption of the primary
surfactant

In this study, amphoteric surfactants main-
tained lower IFT level but did not show high
recovery values. They also used amphoteric
surfactants to help in reducing adsorption
by operating in extremely low CMC values.
This method enhanced chemical propagation
through the core sample

It was found that in high-temperature condi-
tions (up to 120 °C) good oil recovery can be
achieved. It was also found that low adsorp-
tion values can be obtained using properly
designed formulations as well as adsorption
inhibitors

It was found that amphoteric surfactants are
good candidates to be used for carbonate
reservoirs with low adsorption level, due to
the positive surface charge that exists in the
carbonate rocks. OCT-1 and C2405 achieved
lower adsorption amount than 1.0 mg/g rock

They found that dynamic adsorption of the sul-
fobetaine in the three chemical formulations
attained less than 1.0 mg/g rock, which meets
the criteria of field application

Ultralow IFT and good aqueous stability were
achieved for the nominated surfactants for a
carbonate reservoir

They discovered that dynamic adsorption is
lower than the static adsorption of each sur-
factant formulation. They discussed possible
explanations of low adsorption of the two
surfactant formulations:

1—Reduction in adsorption due to the elec-
trostatic repulsion between the negatively
anionic charge in the surfactant solutions and
negatively charged crushed rock surface

2—Reduction in adsorption occurs when a sur-
factant with large head absorbed on the rock
surface which leads to strong steric hindrance
that causes inhibition of adsorption

3—Reduction in adsorption due to that the pro-
cess is exothermic, and the high temperature
of 100 °C is unfavorable to adsorption

Surfactants showed very good thermal stability
for over 120 days. Sodium carbonate was
tested to reduce surfactant adsorption in these
conditions, and it showed very good results
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Table 2 (continued)

Temperature (°C) Salinity (ppm)

Main findings

Author(s) Name of the surfactant and type

Lin et al. (2017) Surfactant formulation MSD 90-110
(amphoteric)

Puerto et al. (2018)  Surfactant blend of an internal 90-94

olefin sulfonate, a betaine, and an
ethoxylated carboxylate (anionic)

115,000 They studied the adsorption of MSD on clean
TDS + 8000 sand and oil sand. They found that the
Ca*? Mg*? surfactant adsorption on oil sand is higher

than on clean sand. They attributed that to
the behavior of the lipophilic groups of the
surfactant where they stretch into the oil sand
surface, and thus hydrogen bonds are formed
with hydroxyl groups of oil

- They studied surfactant adsorption using static
and dynamic adsorption methods. They
found that the two methods were matching
with each other using the selected blend.
They also indicated that total adsorption on
the dolomite rock was in 0.5 mg/g range

several studies that highlighted the effect of temperature on
surfactant adsorption.

pH

The pH has a major influence on surfactant adsorption where
the charge of solid surfaces varies with the change of pH.
Surfactant adsorption magnitude differs at different pHs
depending on the surfactant charge which interacts with the
charges available at the surface. As the pH of the surfactant
solution increases, it reduces the number of hydroxyl groups
in the surface affecting the formation of hydrogen bonding.
This makes hydrated mineral oxides on the solid surface
to be negatively charged. At lower pH, surfactant solution
drives the mineral hydroxyl to acquire a positive charge
which increases adsorption of surfactants by attracting the
negatively charged surfactant molecules to the rock surface.
Berea sandstone, e.g., contains mainly silica oxides, and
by increasing pH from a low value (acid condition) to the
medium pH (5-7) or higher pH (base condition), it imposes
an increase in the negative charges of the rock surface (Azam
et al. 2013; Hanamertani et al. 2017; Lv et al. 2011).

Surface charges that exist on surfactants as well as the
rock surface have a direct effect on the surfactant adsorption.
Anionic surfactants carry negative charge where cationic
surfactants carry a positive charge and they are by default
attracted to positively charged surfaces and negatively
charged surfaces, respectively. Surface charges are intensely
affected by salinity and pH of the formation brine. Generally,
if brine chemistry effect is neglected and water is at neutral
pH, anionic surfactants have a tendency for adsorption on
carbonates due to the existence of positive charges (basic
state) on the rock surface, while cationic surfactants have a
tendency for adsorption on sandstone due to the existence
of negative charges (acidic state) on the rock surface (Bera
et al. 2013b; Harkot and Jariczuk 2009; Wei et al. 2012).

Another important factor that affects the surface charge of
the rock is the solution pH. The rock surface charge density
depends on the pH variation while in contact with the sur-
factant solution. The pH value at zero surface charge density
on the surface is named the point of zero charges (PZC)
(Grigg et al. 2004; Mushtagq et al. 2014).

Generally, the use of alkali in surfactant flooding is to
generate in situ soap from its reaction with crude oil com-
ponents so that the amount of the injected surfactant can be
reduced. Therefore, it reduces the surfactant concentration
to be used and that will decrease operating costs and sig-
nificantly improves the profit of chemical flooding projects.
Alkali is also used as a chemical agent to reduce surfactant
adsorption on the rock surface by increasing the pH of the
medium to enhance surfactant stability. In the case of ani-
onic surfactants which their head group structure is nega-
tively charged, when alkali is used it increases the pH of
the environment and that will generate a strong electrostatic
repulsive force between the surfactant and the reservoir rock
surface, and thereby surfactant adsorption is significantly
reduced (Dang et al. 2011). However, the influence of alkali
in lowering adsorption of anionic surfactants is limited to
reservoirs with low salinity/hardness, due to the fact that
alkali is sensitive to divalent cations Ca>* and Mg**, which
reduces its effectiveness and drives it to precipitate. On the
other hand, cationic surfactants which their head group is
positively charged are usually used for positively charged
carbonate reservoirs (ShamsiJazeyi et al. 2013).

The most common used alkali is sodium carbonate where
it consumes the multivalent cations that cause surfactant to
precipitate. Sodium metaborate is another alkali which is
used in high-salinity conditions due to its ability to sus-
tain under high-salinity conditions (Flaaten et al. 2010).
Sodium polyacrylate is introduced as a sacrificial agent as
it can be used to reduced surfactant adsorption on dolomite
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Table 3 Summary of several studies highlighting the effect of pH on surfactant adsorption

Author(s) Name of the surfactant and type =~ Main Findings
Krumrine, Petroleum sulfonate (anionic) This study illustrated that the use of sodium silicate, sodium tripolyphosphate, and
Falcone, and sodium carbonate reduced surfactant adsorption significantly on Berea core material
Campbell
(1982)
Mannhardt et al.  Diphenyletherdisulfonatel/ This study was conducted on Berea sandstone/clay/limestone and concluded that Berea
(1993) alpholfinsulfonate (DPES/ sandstone carries a negative surface charge at pH 7 in both brines, while Indiana
AOS) blend (anionic) limestone is negatively charged in the NaClI brine and positively charged in the reservoir
Alkyl amido betaine (BT) brine
(amphoteric) The clay fraction in Berea sandstone carries a higher negative charge than the whole
Berea rock or its quartz fraction
Dang et al. The (anionic) hydrolyzed poly- ~ This simulation study of surfactant/polymer adsorption illustrated that the surface charges
(2011) acrylamide (HPAM) of minerals depend on pH. As pH increases, the rock surfaces become more negatively

Elraies (2012)

Azam et al.
(2013)

Mushtaq et al.
(2015)

Li and Ishiguro
(2016)

Tagavifar et al.
(2018)

charged. Also, high pH condition induces the protons to become dissociated from the

carboxyl groups on HPAM, which in turn becomes negatively charged. That results in
an increase in the pH and the repulsive forces between surfactant molecules and rock

surfaces; therefore, surfactant adsorption is reduced

Synthesized polymeric surfactant The author reported that surfactant adsorption decreased significantly on Berea sandstone
(anionic) by adding alkali (sodium carbonate) to the surfactant solution. The main reason for that
is when pH increases to a higher level, it increases the negative charges on the sand sur-
face, also due to the fact that electrostatic repulsive forces attract additional surfactant to
the solution when adding alkali to the system

Synthesized sulfonate surfactant
(anionic)

The PZC value was determined (8.0) which indicated that the Berea sandstone carries a
negative charge at pH above 8.0. At pH value lower than the PZC, surfactant adsorp-
tion was somewhat high at 0.96 mg/g. The use of the alkalis (sodium tetraborate) and
(sodium metaborate) decreased the positive charge of the Berea sandstone surface due
to an increase in the pH. This led to reducing the surfactant adsorption significantly
to (0.28 mg/g) and (0.36 mg/g), respectively. However, it was observed that Sodium
tetraborate was more efficient than sodium metaborate in reducing surfactant adsorption.
This effect may be due to the lowering of the ionic strength and high-salinity tolerance
of sodium tetraborate as compared to sodium metaborate

Synthesized surfactants FS-1 and The addition of alkali reduced the adsorption for both surfactants on sandstone. Adsorp-
FS-2 (anionic) tion for FS-1 was reduced from 4.32 mg/g at pH 6 to 0.51 mg/g at pH 10. Adsorption
for FS-2 was reduced from 4.94 mg/g at pH 6 to 0.89 mg/g at pH 10. This is due to the
shift of rock surface charges from positive to predominantly negative. The surface nega-
tive charges generate repulsive forces with the negative charges on the surfactants and
significantly reduces adsorption

Sodium dodecyl sulfate (SDS)
(anionic)

They studied the adsorption of SDS on porous silicon dioxide powder gels and they
observed that silica adsorbs SDS because it has a hydrophobic surface on siloxane. The
SDS adsorption decreases when pH increases on the silica due to the increase in electro-
static repulsion. They also observed when the repulsion becomes larger, SDS adsorption
cannot be detected. The influence of pH through electric potential on SDS adsorption
was confirmed with the measured zeta potential, the modified Langmuir equation, and
the 1-pK basic Stern model

Tridecyl alcohol propoxy sulfate
Internal olefin sulfonate IOS
Guerbet alkoxylate carboxylate

By using alkali (Na,CO;) anionic surfactant adsorption was reduced almost linearly with
pH on Indiana limestone above the pH value of 9. They stated that the dominant adsorp-
tion mode on calcite and clay is charge-regulated in low pH conditions, whereas the

(anionic)

dominant adsorption mode at pH values of ~ 10 is hydrogen bonding

(ShamsiJazeyi et al. 2013). Table 3 summarizes several stud-
ies that highlighted the effect of pH on surfactant adsorption.

Conclusion
Adsorption of surfactants on the rock surfaces may result in
areduction in their concentrations that may possibly reduce

their efficiency and affect their performance in practical

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer

EOR applications. Reduction in IFT of the oil-water—-rock
system to an ultralow value is the main function of sur-
factants. However, surfactant loss due to adsorption impairs
their effectiveness and may turn the process to be eco-
nomically unfeasible. Reducing the amount of surfactant
adsorption is necessary to avoid the failure of the whole
process. This review highlights the influence of surfactant
concentration, salinity, temperature, and pH on surfactant
adsorption. Adsorption increases with increasing surfactant
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concentration. When a surfactant is at a concentration below
the CMC, surface aggregation occurs and a large increase in
the adsorption is noticed. However, at concentrations above
the CMC, an increase in the concentration has no effect on
the adsorption behavior. It was also found that salinity has
an influence on surfactant adsorption due to the interactions
that arise between salt ions and the surfactant molecules.
Increasing reservoir brine salinity increases the adsorption
of surfactants on rock surfaces due to the decrease in the
repulsive forces between adsorbed molecules. The increase
in temperature generally leads to a considerable decrease in
the adsorption of surfactants due to an increase in the kinetic
energy of the species. The pH effect on surfactant adsorption
is significant where surfactant adsorption magnitude varies
at different pHs depending on the surfactant charge which
interacts with the charges available at the surface. Most of
the research has been conducted in low-temperature and low-
salinity conditions. Only limited studies were conducted in
high-temperature and high-salinity (HT/HS) conditions due
to the implementation challenges of surfactant flooding in
these conditions.
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