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Abstract. Adsorption is a rock surface phenomenon and has increasingly become popular, especially in
particle-transport applications across many fields. This has drawn a remarkable number of publications from
the industry and academia in the last decade, with many review articles focused on adsorption of polymers,
surfactants, gas, and nanoparticles in porous media with main applications in Enhanced Oil Recovery
(EOR). The discussions involved both experimental and modeling approaches to understanding and efficiently
mimicking the particle transport in a bid to solve pertinent problems associated with particle retention on
surfaces. The governing mechanisms of adsorption and desorption constitute an area under active research
as many models have been proposed but the physics has not been fully honored. Thus, there is a need for
EsXMLcontinuous research effort in this field. Although adsorption/desorption process is a physical phe-
nomenon and a reversible process resulting from inter-molecular and the intramolecular association between
molecules and surfaces, modeling these phenomena requires molecular level understanding. For this reason,
there is a wide acceptance of molecular simulation as a viable modeling tool among scientists in this area. This
review focuses on existing knowledge of adsorption modeling as it relates to the petroleum industry cutting
across flow through porous media and EOR mostly involving polymer and surfactant retention on reservoir
rocks with the associated problems. The review also analyzes existing models to identify gaps in research
and suggest some research directions to readers.

1 Introduction

Adsorption is a surface phenomenon that involves the
retention of molecules on surfaces and has been a subject
of discussion for decades. In addition, this mechanism is
as a result of surface interaction between flowing fluid
and the porous media at various scales ranging from
micrometer to nanoscale transport in shale formations
(An et al., 2017). Several researchers (Joekar-Niasar et al.,
2019; Liu et al., 2006; Ogunberu and Asghari, 2005; Yin
et al., 2009; Yu et al., 2012; Zhang et al., 2015) have inves-
tigated the mechanism of adsorption and have identified
the dominant influences on fluid storage in porous media.
Rocks due to their mineralogy are pervasive and the model-
ing of such a system is difficult as a result of the ionic,
hydrodynamic, and electrochemical interactions (Joekar-
Niasar et al., 2019). Furthermore, different from the popu-
lar flow assurance adsorption is the surface storage capacity
of gases in shale reservoirs which is natural and can be
quantified using the simplified and isothermal local density
method (Zhang et al., 2019).

The mechanism of adsorption does not involve the
explicit “site” on a grain surface at which a particle can
attach but an area phenomenon that covers the entire pore
space in time and space. Hence, the specific surface area of a
porous medium is expected to have an order of influence.
Deem and Ali (1968) studied the effect of the radioactivity
of tracers in porous media with the conclusion that prefer-
ential adsorption is observed for tracers of similar properties
which is due to mineralogy, surface activeness, and concen-
tration. Some experimental and numerical modeling of the
phenomena has been carried out by researchers to establish
the governing mechanism for particle adsorption at micro,
nano and pore scale.

This review article explores the mechanisms, models and
applications that have been achieved thus far in the field of
adsorption as it concerns the petroleum industry. With the
increasing use of nanoparticles in the oil/gas industry
specifically in areas such as drilling, exploration and
Enhanced Oil Recovery (EOR), it is important to under-
stand the phenomena of adsorption in the porous media.
Section 2 of this review attempts to provide insights into
the mathematical modeling and experimental studies con-
ducted on nanoparticle adsorption. Section 3, studies the* Corresponding author: awotunde@kfupm.edu.sa
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adsorption of polymer on rock surfaces. Polymer flooding
uses polymer solutions to increase oil recovery by increasing
the viscosity of injected water. The increased viscosity
decreases the water-oil mobility ratio and provides better
sweep efficiency. The injected polymer gets adsorbed on
the surface of the rocks and swells leading to pore throat
reduction therefore decreasing the permeability of the reser-
voir rocks. Langmuir adsorption isotherm is the most com-
monly used method to model adsorption of polymers on
rock surfaces. In Section 4 we have reviewed the different
adsorption isotherms used to model adsorption of gases in
porous media. It is important to accurately model gas
adsorption as 20–80% of shale gas is stored under adsorbed
condition (Xiao-Chun et al., 1995). The gas adsorption
isotherms can be classified under two broad subheadings:
(1) monolayered and multilayered isotherms (Sect. 4.1),
and (2) single component and multicomponent isotherms
(Sect. 4.2). Finally, in Section 5 we have reviewed the
adsorption of surfactants in porous media. Surfactant flood-
ing reduces the interfacial tension and assists in oil recovery.
However the adsorption of surfactant on the rock surfaces
produces a challenge as the reduced concentration leads
to a decrease in the EOR efficiency (Curbelo et al., 2020).
Since surfactants account for a large part of the total cost
of surfactant injection, their losses also lead to substantial
economic losses (Belhaj et al., 2020).

2 Nanoparticle adsorption

Nanoparticles (approx. 5–50 nm) easily pass through
typical reservoir pore throats. However, as a result of the
physicochemical attraction between the pore walls and
nanoparticles, particle retention is a possibility. The
chances of attachment of the molecules to the walls are high
with increase in particle transport velocity that is required
to push the particles through a pore throat. Interestingly,
the motion speed is a function of the molecule size and
asperity height. The scale of reference as shown in Figure 1
can range from macro to Nanoscale in adsorption studies.

Zhang et al. (2015) reported an investigation into the
adsorption of nanoparticles of silica and iron oxide of vary-
ing surface coating on porous media. The authors estab-
lished the mechanism of nanoparticle retention by varying
the flow properties and conditions of flow. Meanwhile, a
sand pack column and consolidated sedimentary rock core
of varying particle sizes was utilized as a porous media.
The findings reveal that there is possibility for a reversible
and irreversible adsorption of nanoparticles on the surfaces,
owing to changes in interactions between the nanoparti-
cles and the grain surfaces of the rock. The identified
mechanism for such behavior is physicochemical interac-
tions which include particle-surface interactions, thermody-
namic and hydrodynamic forces, and particle media
collision. Furthermore, the effect of electrostatic interac-
tions as a function of salinity results in a strong repulsion
between nanoparticles and surfaces with low salinity. A
monolayer adsorption behavior is observed when the efflu-
ent concentration approaches the injection concentration
during the experiment. To account for the desorption of

the nanoparticles from the surface, a post-flush procedure
was performed. The authors noted that the rate of adsorp-
tion increases with concentration and low rate, but reduces
with clay content. Furthermore, the irreversible adsorp-
tion sites are independent of the reversible sites and lead
to first-order dependence on lithology, brine salinity, and
size and coatings of nanoparticles. It is noteworthy that
the velocity above which the weak bonding of the nanopar-
ticle to the surface can be broken is referred to the critical
velocity.

In a similar study, Yu et al. (2012) investigated the
adsorption and transport of silica nanoparticles in sand-
stone, limestone, and dolomite formation using both static
and dynamic adsorption measurements. Static and
dynamic tests both showed a low adsorption of nanoparti-
cles on sandstone, attributed to its clay content. In con-
trast, a higher adsorption density is observed in limestone
and this is due to the electrostatic interaction between
the nanoparticle and the limestone surface. Dolomite,
however, showed 0% adsorption as compared to the other
rock sample with permeability and pressure drop increase
due to pore plugging. The nanoparticles even though
adsorbed on the sandstone and limestone did not record
any permeability reduction. These findings present a new
argument as to whether the transport of Nanoparticle
posses’ threat of surface retention. In view of this, it is
important to note that the main contribution to nanoparti-
cle retention in porous media is due to physicochemical
interactions and clearly, a strong repulsion only exists
between nanoparticle and sand surface with low salinity
in brine.

White (2012) established the dependency of adsorption
on the granular size of a porous media (single granule of
silica gel) using a thermogravimetric and computational
fluid dynamics approach. The silica balls in Figure 2.
(3.5 mm and 5.0 mm) were utilized as porous media and
a conclusion that the degree of surface adsorption increases
with the surface area was established. Although the find-
ings provided insight to surface adsorption, only a single
granule was used in this case which does not account for

Fig. 1. Scale scan of sizes of nanoparticle, colloid particle, and
sand grains (Zhang et al., 2013).
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interactions between multiple granules and fluid selectivity
on the surface area available.

In modeling Nanoparticle adsorption, the pore structure
and geometry, the particle size and surface properties need
to be accounted for. One of the most used models is that of
Guzman et al. (2006) who described the electrostatic
double-layer interaction energy for nanoparticle adsorption
based on van der Waals interaction. Guzman model
(Eq. (1)) accounts for the pitfalls of the empirical correla-
tions which rather well predict pressure loss for flows but
provide nothing more about local flow fields of our adsorp-
tion/desorption on porous media:

see equation (1) bottom of the page

where,

k�1 ¼ e0erkBT
2e2I cNA

� �
; ð2Þ

e0 is the vacuum permittivity, er the relative dielectric con-
stant of water, k is inverse of Debye length, e are elemen-
tary charges, Ic is suspension ionic strength, /EDL is
electric double layer interaction energy, a is the radius of
a sphere, r is any distance radius, D is the distance of clos-
est approach between the two surfaces, kB is Boltzmann,
T is temperature, constant, NA Avogadro number, Ws
and Wp are particle and surface potentials.

Nanoparticles are generally small that they easily move
within the pores of rock materials without plugging it,

but sometimes due to affinity for one another, the nanopar-
ticles are retained on the rock surface. On the bases of
Derjaguin, Landau, Verwey, and Overbeek (DLVO) the-
ory, Abdelfatah et al. (2017) came up with theoretical equa-
tions that calculated the deposition and release rate under
different ionic strengths, pH and temperature conditions.
The authors developed a model to determine Zeta potential
of rock and nanoparticles at different conditions and
validated it with an experiment that determines the rate
at which silica nanoparticles are deposited and released on
sandstone formation. It has been observed that an increase
in ionic strength and temperature leads to a decrease in the
energy barrier height (zeta potential). Consequently, the
rate of deposition increases, whereas a change in pH
depends on the isoelectric point of the nanoparticle and
pore surface. There is a direct correlation between the
two properties, at a higher pH and zeta potential value,
the rate of deposition of matter decreases. The rate of
dispersion of nanoparticles on the rock is governed by the
zeta potential in addition to the electrostatic interac-
tion. In the same vein, surface potential depends on pH,
see equation (3):

ws ¼
b

bþ 1
2:3kBT

e
pHIEP � pHð Þ ¼ m1

2:3kBT
e

pHIEP � pHð Þ;

ð3Þ
where ws is the surface potential, pHIEB is the isoelectric
point of the surface, e is elementary charge, m1 is the slope
of the fast region of zeta potential calculation, b is surface
sensitivity property. Ohshima (1994) came up with a
simple approximation that determines Henry’s function;
f(kap), which determines the ionic strength usually in the
range of 1–1.5:

f kapð Þ ¼ 1þ 0:5 1þ 2:5
kap 1þ e�kapð Þ

� ��1

; ð4Þ

k�1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi2 kBT
2000e2NAI

r
; ð5Þ

where f ðkapÞ is Henry’s function, k1 is Debye length, ap the
radius of the nanoparticle, I ionic strength, NA is Avogadro
number, e is elementary charge, 2 is dielectric constant,
kB is Boltzmann constant, and T temperature in Kelvin.
Revil et al. (1999) came up with a relationship for silica
nanoparticle’s zeta potential (f) and temperature and is
given by,

f Tð Þ ¼ f T 0ð Þ � 1þ vf T � T 0ð Þ½ �; ð6Þ

Fig. 2. Single silica gel in a tube geometry used for the
validation of CFD and experimental work (White, 2012).
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where symbol vf as temperature sensitivity coefficient, it is
an experimented property for different particles, T0 room
temperature. Ding et al. (2015) express the zeta potential
when x_s � k1 in equation (7):

f ¼ ws exp �kxsð Þ ¼ ws exp �1ð Þ; ð7Þ
combining the equations that describes its’ relationship
with temperature, ionic strength and pH, an expression
for zeta potential can be derived in equation (8),

f ¼ m1
0:85kBT
f kapð Þe pHIEP � pHð Þ 1þ vf T � T 0ð Þ½ �; ð8Þ

for a fast change region, and in equation (9),

f ¼ fcut�off þ
m2

f kapð Þ pHcut�off � pHð Þ 1þ vf T � T 0ð Þ½ �; ð9Þ

for a slow change region, where m2 is the slope of a slow
region of zeta potential calculation, pHcut-off is fitted
cut-off point, other definitions of terms are as stated
earlier.

Zhang (2012) integrated the effects of energy bar-
rier and pore surface area in the modeling of the nanoparti-
cle build-up and liberation speed, with the convection-
diffusion equation. The reaction is first-order and the
rate of deposition varies as a function of time, described
in equation (10):

Kdep tð Þ ¼ Kdep t0ð Þ � B hð Þ; ð10Þ
where B(h) is the fraction of surface covered already using
monolayer coverage. Kdep and Krel are generally expressed
in equations (11) and (12) respectively:

Kdep ¼ D ðymaxÞ �
cmax

2pkBT

� �1
2

� exp
� /maxj j
kBT

� �
; ð11Þ

K rel ¼ D ðymaxÞ �
cmaxcminð Þ12
2pkBT

� exp
�j/max � /minj

kBT

� �
; ð12Þ

where ymax is maximum distance of separation between
boundaries.

Validating the values of Kdep and Krel of the nanoparti-
cles on the rock surface, a numerical simulator was created
to compare experimental data from literature with the
model results at the same conditions. The model was gener-
ated based on certain conditions, such as,

(a) assuming one-dimensional advection-dispersion
process

(b) one sink/source term
(c) piston like displacement
(d) with C x; 0ð Þ ¼ 0; C 0; tð Þ ¼ C inj;

@C L;tð Þ
@x ¼ 0 as the

boundary conditions.

Using the Forward Time-Central Space (FTCS)
method, Zhang (2012) presented equation (13) to solve
the depositional problem in the simulator earlier described:

see equation (13) bottom of the page

where i = 2, 3, . . . N – 1.
The physical properties of materials and nature of

the rock affect the rate at which silica nanoparticles are
deposited on the sandstone surfaces. The main conditions
that determine the rate of deposition are, (1) larger the size
of the nanoparticles greater is the rate of deposition, (2) high
temperature, and pH decreases the rate of deposition,
(3) lower the ionic strengthen lower the rate of deposition.

Wang et al. (2016a) applied the method of characteris-
tics to derive an analytical model for quantifying the
nanoparticle adsorption/detachment, straining behavior,
and other associated effects of fluid flow.

Yu et al. (2012) studied the behavior of nanoparticle
adsorption and transportation in three different cores
namely limestone, Berea sandstone, and dolomite. The
results show that convection, diffusion, and hydrodynamics
govern the flow of nanoparticles in the medium. In addition,
the authors showed that for the three-rock samples, when-
ever equilibrium is reached, nanoparticles tend to flow freely
within the medium without further retention or adsorption.

Fig. 3. A distance-time diagram showing the division of zones
(Wang et al., 2016a).

cnþ1
i � cni
�t

þ u
;
3cnN � 4cnN�1 þ cnN�2

�x
¼ D

2cnN � 5cnN�1 þ 4cnN�2 þ cnN�3

�x
þ Rn þ o �t; �xð Þ2� �

; ð13Þ

I. Mohammed et al.: Oil & Gas Science and Technology – Rev. IFP Energies nouvelles 75, 77 (2020)4



An estimated value of around 1.27 mg/g for every
5000 ppm was obtained to be the adsorption equilibrium.
Lastly, a core flooding test reveals that the nanoparticle
injected into the core did not alter the original core perme-
ability. Injecting nanofluid (fluid-carrying nanoparticles)
into a porous media leads to either of the following; adsorp-
tion, desorption, blockage, aggregation, and transport of
the particles depending on the nature of the particle, the
porous media, etc. There is an interesting phenomenon
called Aggregation, that is a common attribute with most
nanoparticles. These very tiny particles tend to bind to
one another, and this mechanism results in size increase
from Nano to a micro-scale (Idris and Kadafur, 2015).

Li et al. (2018) conducted a study using silicon
dioxide as a nanoparticle to see its effect on the contact
angle. The authors found out that, the nanoparticles reduce
the contact angle existing between oil and water, and as
such, it has the potential of changing the rock surface to
more water-wet irrespective of its initial wettability. In
the research, Li et al. carried out microfluidic flooding on
glass grains, which shows that nanofluid flooding can alter
the wettability of glass grain from an oil-wet system to
water wet due to the adsorption of the nanoparticles on
the glass grains. Similarly, the authors conducted a research
to study the impact of nanoparticle adsorption on wettabil-
ity alteration by using a natural core. Thus, coreflood
experiments were conducted on a Berea sandstone plug.
Results indicated that the wettability of sandstones altered
to slightly more water-wet and the contact angle between
oil and brine on the glass surface was reduced by 10� when
hydrophilic nanoparticles were used. On the contrary, the
use of hydrophobic nanoparticles did not bring any notice-
able difference in the wettability of core plugs, however
spontaneous imbibition was delayed. The authors also
noted that there was significant nanoparticle retention
and permeability impairment when using hydrophilic
Fumed Nanoparticles (FNP) whereas hydrophilic silica
Colloidal Nanoparticles (CNP) had no influence on the
permeability (Li et al., 2019).

Li and Torsæter (2015) used an hydrophilic silica Nano-
Structure Particle (NSP-W), hydrophilic silica Colloidal
Nanoparticle (CNP), and hydrophobic silica Nano-
structure particles (NSP-O) alongside brine and n-decane
as solvents for the nanoparticles, and studied the impact
of the nanoparticles adsorption and transportation. The
experiment was conducted using an n-decane oil of density
0.73, on 20 short core plugs and 6 long cores of Berea sand-
stone with average permeability of 316 mD and an average
porosity of 18.3% using an Amott cell and a centrifuge to
determine the wettability index. In determining the number
of nanoparticles transported, the concentration of the
injected nanofluid recovered at the effluent was measured
using a UV spectrophotometer while the wettability was
determined after carrying out a series spontaneous/forced
imbibition and drainage process using the wettability index
formula in equation (14):

WI ¼ Vo1

Vo1 þVo2
þ Vw1

Vw1 þ Vw2
ð14Þ

where Vo1 and Vw1 are volume of fluid produced during
spontaneous imbibition, whereas Vo2 an Vw2 is the fluid
produced during forced imbibition.

The experiment reveals that both hydrophilic NSP and
CNP have the potential to increase the wettability of the
core making it more water wet, whereas using the
hydrophobic (NSP-O) shows no alteration to the original
core wettability. On the nanofluid transportation, the
experiment shows that both (NSP-W and CNP) nanoparti-
cles behave in a different manner within the core. The result
also shows that NSP-W’s adsorption in the core is multi-
layered whereas CNP is monolayer; this means that
NSP-W is more adsorbed, and this results in decreasing
the permeability. A post flush injection was carried out to
see the rate of their desorption, the result shows that little
to no amount of NSP-W was desorbed but a greater
amount of CNP was recovered.

Arain et al. (2019) studied the reversible and irreversible
adsorption of silica nanoparticles on carbonate surfaces at
reservoir conditions. They used Iceland spar has a represen-
tative of carbonate reservoirs. Dynamic Light Scattering
(DLS), Scanning Electron Microscope (SEM), Energy-
Dispersive X-ray Spectroscopy (EDS), and Atomic Force
Microscopy (AFM) measurements were used to obtain an
understanding of the adsorption of nanoparticles on the
carbonate surface. Results showed that only a limited
amount of hybrid (salinized) silica nanoparticles were
adsorbed by the calcite surface at reservoir conditions.
Results also indicated that the hybrid NPs showed limited
aggregation in the liquid phase however the Bare silica
resulted in large aggregates. The bare NP clusters were
reversibly adsorbed on the surface (Arain et al., 2019).

The nanoparticle transport in porous media can be
defined by equation (15) (Ju et al., 2012; Ju and Fan,
2009; Sepehri et al., 2019)

ul
oCi;l

ox
þ /Sl

oCi;l

ot
� o
ox

/SlDi;l
oCi;l

ox

� �
þ Ri;l ¼ 0; ð15Þ

where, Ci;l is the volume concentration of nanoparticles
in the interval i in phase l, Di;l is the dispersion coefficient,
Sl is the saturation of phase l, / is the porosity of the
medium, and Ri;l is the rate of loss of nanoparticles.

The loss of nanoparticles can be due to two main
reasons: adsorption on the surface of pores, and blockage
in pore throats (Ju et al., 2012). The net rate of loss of
nanoparticles, therefore, can be given by equation (16):

Ri;l ¼ ovi;l
ot

þ ov�i;l
ot

; ð16Þ

ovi;l
ot

¼ ad;i;lulCi;l ; ul < ulc

ad;i;lulC i;l � ae;i;lvi;l ul � ucð Þ; ul > ulc

	
: ð17Þ

The equation for entrapment of particles in pore throats is
given by equation (18)

ov�i;l
ot

¼ apt;i;lulC i;l ; ð18Þ
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Table 1. Summary of the analytical solution obtained for suspended, attached, and strained nanoparticle concentration (Wang et al., 2016a).

Zone Domain Suspended particulates
concentration (CNP)

Attached particulates
concentration (rNP)

Strained particulates
concentration (SNP)

I 0 < xD < 1; 0 < tD < xD 0 0 0

II 0 < xD < 1;
xD < tD < xD þ tDc

C 0 exp � kad þ ksð ÞLxDð Þ kaCo/L tD � xDð Þ exp � kad þ ksð ÞLxD½ � ksCo/L tD � xDð Þ
exp � kad þ ksð ÞLxD½ �

III 0 < xD < 1;
xD þ tD < tD þ tr

Co exp

"
� kad þ ksð ÞL

 
xD � tD � xDð Þ

� kad/Co

kad þ ksð ÞrNP;max 1
þ 1

kad þ ksð ÞL

!# rNP;max 1 exp

"
� kad þ ksð ÞL

 
xD � tD � xDð Þ

� kad/Co

kad þ ksð ÞrNP;max 1
þ 1

kad þ ksð ÞL

!# ksCo/L tD � xDð Þ
exp � kad þ ksð ÞLxD½ �

IV 0 < xD < 1;
tcr < tD < mxD þ tD1

Co exp �ksLxDð Þ rNP;max 1 ksCo/L tD � xDð Þ exp �ksLxD½ �

V 0 < xD < 1; tD > mxD þ tD1 0 rNP;max 2 ksCo/L tD � xDð Þ exp �ksLxD½ �
Here, xD is the dimensionless distance, tD is the dimensionless time, tDc is the dimensionless time or injected pore volume at maximum nanoparticles
concentration, tD1 is the dimensionless time or injected pore volume start post-flush without nanoparticles, Co is the volumetric concentration of injected
nanoparticles, ks is the straining filtration coefficient, kad is the adsorption filtration coefficient, / is the porosity of sand pack, L is the length of the sand
pack, rNP;max 1 is the maximum retention concentration of nanoparticles with maximum nanoparticle adsorption, rNP;max 2 is the maximum retention
concentration of nanoparticles at the phase of post-flush. Figure 3 shows the division of the different zones on the distance-time diagram.
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where, vi;l is the volume of nanoparticles of interval i in
phase l adsorbed on pore surfaces per unit bulk volume
of carbonate rock. The rate of adsorption on the surface
depends on the critical velocity. Above the critical
velocity, only particle retention can occur below this both
retention and entrainment can occur (Gruesbeck and
Collins, 1982) according to equation (17).

Conclusively, the summary of models for suspended
attached and strained nanoparticles is provided in Table 1.

3 Polymer particle adsorption

Polymer solutions have become popular in the oil industry
owing to the advantage of mobility control they possess.
Several fields have implemented this with remarkable
success. However, the implementation comes with the
challenge of polymer retention on the rock surfaces which
impairs the permeability of the formation. The damage on
pore throat could be due to poor design of the polymer or
inability to consider the effect of reservoir mineralogy on
the interaction between fluid and rock surface. Despite
the flow assurance issues caused due to polymer adsorption
on rock surfaces, it has been proved to be advantageous in
controlling water production in high water producing wells
(Ogunberu and Asghari, 2005). This was reported in a
study of polymer retention to modify the water relative
permeability from a porous media.

The adsorption of polymer onto a porous media has
been established to be due to polymer concentration, rock
mineralogy, reservoir temperature, pore structure, and
polymer particle sizes, etc. This factor contributes to the
adsorption mechanisms of polymer which are adhesion to
rock surface, trapping and particle entrainment (Dang
et al., 2014; Khormali et al., 2018; Landes, 1961; Liu
et al., 2006; Mungan, 1969; Ogunberu and Asghari, 2005).

Cheraghian et al. (2014) reported the adsorption of
polymers on reservoir rocks using Nanoparticles of clay
and SiO2. The findings depicted a lower adsorption of poly-
mers on the surface and a higher adsorption on carbonate
rock as compared to sandstone. This disparity in the two
rocks is attributed to the different porosities, mineralogy,
and cracks. Polymer adsorption has been most modeled
by Langmuir adsorption isotherm with relatively good
agreement. Khormali et al. (2018) used the Langmuir and
Freundlich isotherm models for polymer adsorption model-
ing on carbonate and sandstone reservoir rocks. Dang et al.
(2014) highlighted the effect of polymer concentration,
molecular weight, pH, salinity and reservoir heterogeneity
on adsorption. They noted that at low concentration,
adsorption is proportional to the polymer concentration
however at high concentration the rate of adsorption
decreases and possesses a different threat of pore plugging
due to mechanical entrapment. An increase in pH results
in a decrease in adsorption due to a repulsive effect between
the polymer and the rock surfaces. On the other hand, an
increase is observed in the case of increasing salinity.

Hematfar et al. (2013) reported the effect of high
salinity water film in asphaltene adsorption in porous

media. As the salt content increases, the water film gains
more strength that prevents asphaltene particle penetra-
tion. Consequently, there is reduction in asphaltene adsorp-
tion to a porous media. It is noteworthy that this
observation is independent of asphaltene concentration.
Mungan (1969) also reported the effect of temperature on
the rate of polymer adsorption. The author noted that,
though high temperatures may lead to polymer degrada-
tion, it can help reduce the surface adsorption. For this
reason, the optimal selection of polymer is critical to
successful implementations.

Darcy equation models the Newtonian behavior of
polymers in the porous media at a low flow rate. However,
it fails to represent the pseudo-plastic and dilatant nature
at intermediate and high flow rate conditions respectively
(Abraham, 1966; Burcik, 1965; Dauben and Menzie, 1967;
Gogarty, 1967; Jennings et al., 1971; Rowland and Eirich,
1966; Savins, 1969; Smith, 1970). Blake-Kozeny equation
models have increasingly become popular in describing
the pseudo-plastic behavior of polymers, using bundles of
capillary tubes in viscometric measurements, nevertheless,
the rheological model neglects the effect of tortuosity in
pore geometry.

Nonetheless, Christopher and Middleman, (1965)
modified the Blake-Kozeny model by introducing a constant
tortuosity factor of 25/12 to depict the effect of pore
geometry in the flow of the power-law fluid. The authors
validated the equation by applying it to estimate the
apparent viscosity of the Kelzan-M biopolymer solution
through cores with a residual oil saturation. Though the
result only deviated from the laboratory values by less
than 10%, unfortunately, it will behave poorly when
adopted to high flow rate polymers because it did not
consider the relaxation time, which sets in due to the
deformation of the fluid.

Interestingly, Marshall and Metzner (1967) introduced
a qualitative measure to describe a visco-elastic behavior
of polymers using Deborah number. The authors related
the dimensionless number to the relaxation time of the
polymer, polymer shear rate, polymer elastic modulus,
and the rock porosity and permeability. Not only does the
deformation effect on the rheologic fluid greater for lower
permeability system if the fluid is flowing at the same
velocity, but the relaxation time is also higher for larger
molecular weight polymers (Abraham, 1966; Dauben and
Menzie, 1967; Jennings et al., 1971; Smith, 1970). Sadly,
the limiting factor is that the authors did not consider the
elongation rate (shear-thickening and thinning rate) on
the qualitative index used. In addition, with partially
hydrolyzed acrylamide, the permeability reduction due to
polymer adsorption is significant and must be accounted
for. Meanwhile, earlier authors attributed all flow resistance
in porous media non-Newtonian fluid flow to adsorption
(Christopher and Middleman, 1965; Hirasaki and Pope,
1974; Marshall and Metzner, 1967; Metzner, 1977; Savins,
1969) but some others believed that no correlation exists
to distinguish the two types of polymer retention which
are adsorption and mechanical entrapment or plugging
(Jennings et al., 1971; Smith, 1970).
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Polymer transport in a dead oil model can be modeled
using the following equation (Braconnier et al., 2017):

see equation (19) top of the page

where, qw is the density of water, Sw is the saturation of
water phase, Cw is polymer mass fraction, Cr is the
mass fraction of polymer adsorbed on the surface of the
rock, qr is the density of the rock and qw is the density of
water, aP is the inaccessible pore volume, qw is the source
term per unit volume, and uw is a vector of water velocity.

The Inaccessible Pore Volume (IPV) is the volume of the
pore than cannot be reached by the polymer. This
phenomenon occurs when the size of the polymer molecules
becomes larger than some pores in the porous media. It is an
important phenomenon and needs to be considered to design
an effective EOR technique (Dawson and Lantz, 1972;
Dominguez and Willhite, 1977; Sheng, 2011; Sorbie, 1991).

The mass fraction of polymer adsorbed (Cr ) can be
modeled using different techniques. Some of the major tech-
niques are listed as follows (Braconnier et al., 2017).

Instantaneous adsorption: The adsorption is constant as
soon as the minimum polymer mass fraction is attained.
This method is not reversible and not a good choice for
modeling:

Cr ¼ qmax
p ; /qwSwC

w þ 1� /ð ÞqrC
r � 1� /ð Þqrq

max
p

o

	
;

ð20Þ
where qmax

p is the maximum adsorption capacity of the
rock.

Schematic adsorption: Composed of two regimes,
grows linearly until a rock adsorption limit is achieved after
which there is no more polymer adsorption. This is also
irreversible

Cr ¼ qmax
p min 1;

Cw

C �

� �
; ð21Þ

where C � is the reference mass fraction determining the
adsorption dynamic. Langmuir Isotherm: It is the most use-
ful for mathematical modeling and is reversible. It is given by

Cr ¼ qmax
p

bCw

1þ bCw ; ð22Þ

where b is the Langmuir coefficient.

Factors affecting polymer adsorption

Rowland and Eirich (1966) conducted an experiment with
polyacrylamide type polymers of different molecular weight,
accompanied solvent (brine) of a wide range of salinity and
a variety of cores. This led to the introduction of two
qualitative indices to determine the adsorption thickness
on the matrix surface; referred to as the dimensionless
pore-radius reduction number, Nd; and the permeability

reduction factor Rk = Rf lw/lapp. The authors represented
these dimensionless parameters to be dependent on the
properties of the polymers, accompanied solvent, and the
rock. Similarly, in order to generally account for other
factors such as pore plugging, error in laboratory measure-
ments, clay content, pore size distribution, and rock miner-
alogy that may cause permeability reduction; the authors
benchmark a plot of the two dimensionless property with
an idealized permeability reduction factor equation, Rk =
(1 � bNd)

�4 and obtained a fitting parameter, b. If the beta
parameter is between zero and one, to show the degree of
deviation from one:

N d ¼ 3:9� 10�3M
1
3½l�13

k
/

� �1
2

; ð23Þ

where, M is the polymer molecular weight, g/mol; k is the
absolute permeability, lapp is obtained from the Blake-
Kozeny power-law model; Rf is the resistant factor; lw is
the viscosity of the accompanied brine, and [l] is the
intrinsic viscosity of the polymer.

Furthermore, the author presented a quantitative
measure of the monolayer-adsorbed polymer thickness, in
equation (24) as a function of polymer molecular weight,
the segmented density of the ionized group of the polymer,
the solvent (brine) pH and salinity, specific pore surface
area of matrix, internal viscosity of the polymer, and the
rock porosity and permeability values and a constant tortu-
osity parameter 5/12:

rad ¼ 118
/3=2ffiffiffi

k
p M 1=3

l½ �2=3
rsgd

qb
; ð24Þ

where, rsgd is the segmented density of the ionizable group
in the polymer, which depends on the affinity of the
mineral surface for the polymer molecules; qb is the bulk

Fig. 4. Monolayer vs. Multilayer Adsorption.

o
ot

/qwSwC
w þ 1� /ð ÞqrC

rð Þ þ r � qwC
w

1� aPð ÞRm
uw

� �
þ qwqwC

w ¼ 0; ð19Þ

I. Mohammed et al.: Oil & Gas Science and Technology – Rev. IFP Energies nouvelles 75, 77 (2020)8



density of the rock, / is porosity, M polymer molecular
weight, and k is absolute permeability.

The authors pointed out that the salinity of the
accompanying brine can have a significant influence on
the theoretical polymer adsorption thickness; for instance,
the reduction in solvent salinity from 5000 ppm to zero
can increase the intrinsic viscosity of the polymer by a
factor of 100. Most important to note is that some of these
parameters such as solvent pH and polymer concentration
have a critical point beyond which the effects on polymer
adsorption will be little, for polymer concentration it is
beyond 0.05%wt. Similarly, for 10% NaCl solvent, adsorp-
tion of partially hydrolyzed polyacrylamide in carbonate
rock is six times more than in silicate rock. However, the
presented models will not be applicable for high flow rate
polymers and cannot differentiate the contribution of
residual oil saturation, pore plugging, pore size distribution
and clay effects from adsorbed polymer thickness, thus
referred to as a theoretical value (Gogarty, 1967; Willhite
and Dominguez, 1977).

Experimental techniques have been developed to distin-
guish adsorptive from non-adsorptive polymer bed. Silane
treatment is applied to one of the packed silica sand-bed
samples, to change the functional group of the readily
adsorbed silica surface to methyl group, thereby rendering
the rock non-adsorptive to the developed Hydrolyzed
Polyacrylamide (HPAM) (Cohen and Christ, 1986;
Dominguez and Willhite, 1977; Szabo, 1975). Further, the
ratio of the exit C, to the entry HPAM concentration Co,
was recorded. Thereafter, the authors plotted the ratio
against pore volume injected. If there is no retention,
C/Co = 1, which means that the concentration remains
unchanged. Most importantly, the area between the
adsorbing and non-adsorbing samples represents the
adsorptive retention part of the total retention, while,
(C/Co > 1) indicates that desorption took place. The
authors compared the total concentration before and after
for the two cases, and the results showed that while,

32.6 lg and 21 lg of polymer per 1 g of adsorbent was
retained in the adsorbed bed; 15.7 lg and 10 lg of polymer
per 1 g of adsorbent was retained in the non-adsorbed bed
as reported by Cohen and Christ, and Dominguez and
Willhite, respectively. Generally, this accounted for only
35.2% adsorbed polymer of the total retained and Effective
Hydrodynamic Thickness (EHT) of the adsorbed polymer
layer is 0.57 lm obtained at the lowest stress level of
0.375 Pa. The authors observed that as the shear stress
level increases, the mobility reduction effect of the
polymer reduces and consequently the EHT drops. An
equation for approximating the theoretical adsorbed
polymer thickness for low-velocity flow conditions was
introduced and given as

rad ¼ /d
3 1� /ð Þ 1� kadslapp

klapp;ads

� � n
3nþ1

; ð25Þ

where lapp and lapp,ads are the apparent viscosity mea-
sured in the non-absorbed and adsorbed silica sand
respectively; n and K are the fitting parameters of the
power-law model for the polymer rshear ¼ K _cn and _c is
the shear rate. However, for the adsorbed silica, the
author did not account for the effect of the electrophilic
head of the different types of polymer and their molecular
weight on the EHT approximation model.

4 Gas adsorption

Over 20–80% of shale gases are stored in adsorbed phase
under conditions that are affected by several factors such
as the total organic content, temperature, specific volume
ratio, mineralogy, etc. leading to phase interactions (Bustin
et al. 2008; Curtis et al. 2010; Huan-Zhi and Yan-qing, 2010;
Lu et al., 1995). Gas molecular interactions with rock
surfaces result in gas adsorption onto the surface with the

Fig. 5. The five types of adsorption isotherms (Agarwal, 2012; Brunauer et al., 1940).
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effect being an increase in the density of the gas molecules at
fluid/solid interface and a reduction in the gas phase
density. The adsorption process can be physical or
physisorption which is controlled by van der Waals
forces or chemisorption which is governed by covalent bond-
ing. The reversibility of this process as well as the adsorption
capacities is controlled by several factors such as tempera-
ture, nature of surfaces, pressure, amount and nature of
gas molecules and rock heterogeneity (Tan et al., 2014;
Xiao-Chun et al., 1995; Zhang et al., 2012). Critical to the
understanding of such systems is the knowledge of gas
adsorption capacity, which is a key to reserve estima-
tion in shale formation and the dynamics of production.
The adsorption capacity measurement entails measuring
the volume of gas adsorbed on the rock surface at constant
temperature, pressure or amount of gas. Adsorption
isotherms, isobars and isosteres are then generated to
determine the relationship between temperature, pressure
or amount of gas at equilibrium (Bertier et al., 2016).
Various models have been developed to predict the adsorp-
tion capacity based on different adsorption mechanisms, the
major classifications being: (1) Monolayered and multilay-
ered models, (2) single component and multicomponent
models.

4.1 Monolayered vs. multilayered models

In monolayered adsorption the adsorbed molecules occupy
only certain adsorption sites and are in direct contact with
the surface layer of the adsorbent, whereas under multilay-
ered adsorption the molecules of gas phase can be adsorbed
in more than one layer and therefore all the molecules are
not in direct contact with the surface layer of the adsorbent.
The sketch presented in Figure 4 differentiates between the
two forms of adsorption.

After conducting extensive literature review Brunauer
et al. (1940) put forward five isotherm shapes (Fig. 5)
which could incorporate all adsorption isotherm models
(Brunauer, 1943; Brunauer et al., 1940). Type I isotherms
are encountered when the adsorption is limited to a single
layer and are generally encountered during chemisorption
on microporous powders (pore diameter < 2 nm). At high
pressure the pores are saturated with the adsorbate and
no additional adsorption occurs. In Type II isotherms the
amount adsorbed increases with increasing pressure and
then reaches a plateau, this happens when monolayer
adsorption is completed. On further increasing the pressure
multilayer adsorption occurs (Masel, 1996). Type III
isotherms are characterized by very little initial adsorption.
However, as adsorption proceeds additional adsorption is
facilitated because the adsorbate interaction with the
adsorbed layer is greater than the interaction with the
adsorbent surface (Lowell et al., 1991). Type IV isotherms
occur due to capillary condensation where gas condenses
in the tiny capillary pores of the solid at pressures less than
the saturation pressure of gas. At lower pressures a forma-
tion of monolayer is observed followed by formation of
multilayers. Type V is similar to Type III in that they show
small adsorbate-adsorbant interaction however they occur

on similar adsorbants as a Type IV isotherm. The most
common monolayer models include Langmuir (Langmuir,
1918; Zhang et al., 2012), Freundlich model (Ahmadi and
Shadizadeh, 2015; Freundlich, 1909), Langmuir-Freundlich
model (Wang et al., 2016b,c), D-R model (Chen et al., 2017;
Rani et al., 2019), and the Toth model (Rexer et al., 2013;
and Bae and Bhatia 2006). While the most commonly used
multilayer model is the BET model (Brunauer et al., 1938;
Yu et al., 2016). Table 2 lists some of the most commonly
used monolayer and multilayer models.

Under this section, we discuss further in detail the
Langmuir model, The DR and DA models, and the BET
model for gas adsorption. Detailed discussions of all the
other isotherms can be found in the exhaustive reviews on
adsorption isotherms conducted by Saadi et al. (2015)
and Ayawei et al. (2017).

4.1.1 Langmuir model

The Langmuir model has generally been the most imple-
mented model for the prediction of gas adsorption in porous
media (Fianu et al., 2019a). It is an equilibrium model that
captures the relationship between gas pressure and the
quantity of gas adsorbed at a constant temperature. The
model assumes a homogeneous surface with fixed adsorp-
tion sites where monolayer adsorption occurs, with the
adsorbed molecules assumed to be non-interacting
(Swenson and Stadie, 2019).

The isotherm equation is given by

Gs ¼ V LP
PL þ P

; ð26Þ

where Gs is adsorption capacity, P is pressure, VL and PL
are Langmuir volume and pressure respectively.

Yan et al. (2016) modeled the flow behavior considering
multiple mechanisms such as natural fractures, inorganic
matrix, organic matrix (micropores), and organic matrix
nanopores. However, the model suitability is limited to sin-
gle-phase fluid, single-components, and isothermal cases.
The Klinkenberg gas slippage term is also neglected. Fur-
thermore, the author provided a numerical simulation solu-
tion to the Darcy flow flux and the Fickian diffusion flux
given below with no source/sink term:

oC free

ot
þ oC sorbed

ot
¼ �r � q~uð Þ; ð27Þ

where,

~u ¼ �
�k
l

rP � q~gð Þ þ DgCgrP; ð28Þ

and, V is the bulk volume of the reservoir, Cfree = /q; is
the total mass concentration of free gas phase,
Csorbed = qa (1 � /), is the total mass concentration of

sorbed phase, qa ¼ qsqg std
PVL
PLþP

� �
; ~u is the volumetric flow

rate in the reservoir normal to the surface of the rock
body, qs is the density of the shale, VL is the Langmuir
volume, �k is permeability, l is viscosity, P is pressure,
qg is gravity term, Cg is gas compressibility, Dg is gas
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diffusivity constant, PL is the Langmuir pressure and, q is
the cumulative flow rate (sink/source).

While the Darcy model describes the flow in natural
fractures and the inorganic matrix, some of these models
also use the Fickian diffusion flux model to describe the
total diffusion flux of the shale rock. Nevertheless, because
of hysteresis that occurs in shale, which is a function of ionic
interactions and reservoir conditions, the non-equilibrium
situation is experienced. In other words, the volume of gas
desorption is less than adsorption, similarly total dissolved
gas is not commensurate to total micropores and the nano-
pores diffusion.

An et al. (2017) coupled geo-mechanics and gas flow
model to study the effect of stress and matrix shrinkage on
gas production performance of organic-rich fractured shale
reservoirs. The authors described the governing flow equa-
tion for an isothermal single-phase flow system like the

equations presented by Yan et al. (2016), they, however,
introduced the sink/source term and accounted for Klinken-
berg slip factor:

oC free

ot
þ oC sorbed

ot
¼ �r � q~uð Þ þ qq

V
; ð29Þ

where,

~u ¼ �
�k
l

1þ b
p

� �
rP � q~gð Þ þDgCgrP; ð30Þ

where qs is the density of the shale, V is volume, �k is
permeability, l is viscosity, P is pressure, b is Biot coeffi-
cient, qg is gravity term, q is the flow rate, Cg is gas
compressibility, Dg is gas diffusivity constant. The authors
solved the complex problem using a numerical simulation
approach and the investigation revealed that although

Table 2. Different monolayer and multilayer isotherms.

Monolayer/
multilayer

Number of
parameters

Adsorption model

Monolayer
isotherms

Two parameters Dubinin and Radushkevich (DR), 1947; Flory, 1953; Freundlich, 1909; Langmuir,
1918; Volmer and Mahnert, 1925; Temkin and Pyzhev, 1940

Three parameters de Boer, 1953; Fritz and Schluender (III), 1974; Hill, 1910; Khan et al., 1996; Radke
and Prausnitz, 1972; Redlich and Peterson, 1959; Sips, 1948; Toth, 1971

Four parameters Astakhov and Dubinin, 1971; Fritz and Schluender (IV), 1974

Five parameters Fritz and Schluender (V), 1974

Multilayer
isotherms

Two parameters Halsey, 1952

Three parameters Aranovich, 1991; BET Model (Brunauer et al., 1938); McMillan and Teller, 1951

Four parameters Anderson (IV), 1946; GAB model (Anderson, 1946; de Boer, 1953;
Guggenheim, 1966); n-layer BET (Yu et al., 2016)

Five parameters Anderson (V), 1946

Table 3. Different adsorption correlations and fitting parameters for Glycyrrhiza Glabra (Ahmadi et al., 2012).

Isotherm Correlation Parameters

Langmuir qe = (qo Kad Ce)/(1 + Kad Ce) R2 qo Kad

0.9964 51.02 0.27

Freundlich qe ¼ KfC 1 = n
e R2 n Kf

0.9891 0.8412 9.7946

Temkin qe = B lnKt + B lnCe R2 kT B
0.8733 5.31 10.599

Linear qe = KHCe + c R2 KH C

0.9307 6.0665 4.8148

Here, qe is the equilibrium adsorption rate, Ce is the equilibrium concentration, qo is the adsorption capacity, K ad is
adsorption equilibrium constant, n and Kf are Freundlich constants, B is the Temkin constant, Kt is the equilibrium
binding constant, KH is the constant for linear isotherm, and c is the intercept of the linear isotherm.
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stress reduces the overall gas production when compared
with unstressed formation; however, the organic-rich rock
had a higher cumulative gas production compared to rock
with the absence of Total Organic Content (TOC). In addi-
tion, the authors recognized the effect of the choice of cor-
relation on the reservoir performance dependency on
stress and TOC (Aybar, 2014; Cho et al., 2013; Ozkan
et al., 2010; Raghavan and Chin, 2004; Sullivan et al.,
2006). In general, effective permeability, �k in a fractured
reservoir is �k ¼ km þ kf ; where, km is the matrix permeabil-
ity and kf is the fracture permeability. In addition to the
desorption and diffusion equation, the authors coupled
the geo-mechanical effects with the flow; given that the
summation of the forces acting in all direction of the rock
body in terms of overburden and effective stress of the
organic-rich rock is zero (i.e., the body is at equilibrium).

4.1.2 Pore filling models: The Dubinin-Radushkevich
(DR) model and Dubinin-Astakhov (DA) model

Pore-filling models assume that the adsorption mechanism
in nano and micropores is as a result of the volume filling
of pores and not the formation single or multi-layers
(Astakhov and Dubinin, 1971). The Dubinin-Radushkevich
(D-R) and Dubinin-Astakhov (D-A) equations were devel-
oped based on the theory of characteristic curved proposed
by Polanyi (Gil and Grange, 1996). The authors argue that
though porous adsorbents may contain varieties of pore
sizes, the micropores are the key determinants of gas adsorp-
tion. The D-R equation is given as (Kapoor et al., 1989)

h ¼ exp � A
bE

� �2
" #

¼ exp � RT
bE

ln
Po

P

� �2
" #

; ð31Þ

where h is the relative adsorption, A is the adsorption
potential, E is the characteristic energy of adsorption
(cal/mol), b is the affinity coefficient, R is the gas con-
stant and P is the pressure. The D-A model is given as
(Kapoor et al., 1989)

h ¼ exp � A
bE

� �n� �
¼ exp � RT

bE
ln
Po

P

� �n� �
: ð32Þ

These equations can be used for modeling adsorption stud-
ies at different temperatures (Fianu et al., 2019b). The
D-R and D-A models were developed for a homogenous pore
structure (Hutson and Yang, 1997). Huber et al. (1978),
extended the D-R model to account for non-homogeneous
micropores. Further extension by Kapoor et al. (1989)
allows for the prediction of multicomponent equilibria
(Kapoor and Yang, 1989).

4.1.3 Brunauer-Emmett-Teller (BET) model

The single-layer adsorption assumption by Langmuir
results in the failure to model secondary phase adsorption
which occurs when there are layers of adsorption. The
BET model was developed to account for subsequent layers
of adsorption near saturation conditions. When there is
multilayer adsorption, each layer represents a different
adsorption site, having distinct energy. An advantage of

this model is that it allows for the computation of surface
area (Brunauer et al., 1938). Unlike the Langmuir model,
which is valid at low pressures, the BET model captures
behavior at both low and high pressures.

The BET isotherm equation is given by

P
V ðPo � PÞ ¼

1
Vm

þ c � 1
VmC

P
Po

; ð33Þ

where Vm is the volume of gas adsorbed, Po is gas satura-
tion pressure, P is pressure and c is constant.

4.2 Single component vs. multicomponent models

In single-component adsorption models, a single gas such as
methane is used for adsorption studies. Natural gas from
coal and shale is made up of different components, though
methane may be abundant, with models assuming pure
methane. The effect of the different gas components, regard-
less of their mole ratio play significant roles in the adsorption
process and hence cannot be overlooked. Multicomponent
adsorption models are the class of models that describe
adsorption behavior of gas mixtures. Most of the adsorption
isotherms described above deal with a single component gas
adsorption. Under this section we review some of the more
popular multicomponent models available.

4.2.1 Multicomponent Langmuir model

This model was developed as an extension of the Langmuir
model for gas mixtures (Hall et al., 1994; Ruthven, 1984).
The model accounts for the molar volume as well as the par-
tial pressure of the components and is used in the prediction
of adsorption equilibrium for mixtures based on their pure
component isotherms.

The isotherm is defined as

Va ¼
Xn
i¼1

VLiðpgyiÞ
PLi þ

P
j¼1

n
1

PLi
ðyjpgÞ

; ð34Þ

where Va is the amount of adsorbed gas, pg are partial
pressures, yi is mole fractions.

4.2.2 MultiSite Occupancy Model (MSOM)

The Langmuir model assumes no interaction between
adsorbed molecules however, the MSOM model was devel-
oped to account for adsorption on multiple sites and
multicomponent mixtures such as hydrocarbons (Nitta
et al., 1984b). The MSOM model is derived for both single
and multiple component adsorptions from a localized model
in which the molecule occupies multiple site on a homoge-
neous surface.

The single component expression for MSOM on a homo-
geneous surface is given as

ln nKPð Þ ¼ ln h� n ln 1� hð Þ � nhu=kT : ð35Þ
The multicomponent expression on a homogeneous surface
is given as
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ln niKiPið Þ ¼ ln hi � ni ln 1�
X
j

hj

 !
� ni

X
j

hjuij=kT :

ð36Þ
where n is the number of sites occupied by one molecule,
K is the adsorption equilibrium constant, P is the
pressure, p is the partial pressure, h is the surface cover-
age, u is the molecular interaction parameter, k is the
Boltzmann constant, and T is the temperature.

The MSOM model was further extended for adsorption
on heterogeneous surfaces (Nitta et al., 1984a).

There have been several modifications to the MSOM
model in the literature. This includes extensions proposed
by Bai et al. (2003), Azizian and Bashiri (2009), and
Romanielo et al. 2014.

4.2.3 Ideal Adsorbed Solution Theory (IAST)

The IAST is regarded as one of the fundamental models in
adsorption science and can be used to describe the adsorp-
tion characteristics for ideal mixtures (Ahmadpour et al.,
1998; Chen et al., 2011). The model was derived from ther-
modynamic theory. It models the adsorption equilibria of
gas mixtures using pure component isotherms (Myers and
Prausnitz, 1965). The IAST is the most commonly used
method because of its reliability and ease as it uses only
the pure-component adsorption isotherms to model the
gas mixture adsorption equilibrium. There are three major
assumptions to IAST model: (1) Adsorbate molecules in the
mixture have equal access to the entire surface area of
adsorbent; (2) Adsorbent is homogeneous; (3) Adsorbed
phase is an ideal solution in which makes it analogous to
Raoult’s law (Walton and Sholl, 2015). With such as
assumption, the partial pressure of the adsorbed phase
can be computed using its mole fraction in the adsorbed
phase and the pressure exerted as a pure component pres-
sure at the same temperature and spreading pressure.
Under IAST the spreading pressure for pure components
can be calculated by

pA
RT

¼
Z pi

0

ni

Pi
dPi; ð37Þ

where p is the spreading pressure. The spreading pressure
is similar to the negative of surface tension and for adsorp-
tion its value is positive. The partial pressure for a
constant temperature and spreading pressure can be
calculated using an analog to Raoult’s law as

Pi ¼ xipi; ð38Þ
where pi is the partial pressure of pure component i. The
total adsorbed amount can then be calculated as

1
nT

¼
XN
i¼1

xi
n0
i
; ð39Þ

where xi is mole fraction of component i, N is the total
number of species. n0

i is the amount of component
i adsorbed at constant temperature and spreading

pressure. Finally the adsorption of each pure species is
calculated by

ni ¼ xinT : ð40Þ
Themajor shortcoming of IAST is that it provides erroneous
predictions for adsorbents with heterogeneous surfaces.

4.2.4 Vacancy Solution Model (VSM)

In the Vacancy Solution Model (VSM) proposed by
Suwanayuen and Danner (1980a, 1980b), the adsorption
surfaces are assumed to be occupied by an imaginary
solvent, termed vacancy, where the gas and adsorbed
phases may fill. The gas and adsorbed phases are considered
as solutions of different adsorbate compositions in the
vacancy. The adsorption of a gas mixture is then assumed
to be an equilibrium between two vacancy solutions of dif-
ferent compositions. The non-ideality of the adsorbed gas is
predicted using models of activity coefficient such as the
Wilson and Flory-Huggins equation.

5 Surfactant adsorption

Surfactants like polymer are introduced into the reservoir to
enhance production. While, polymers are useful in fluid
mobility control, surfactants are used to reduce the capil-
lary effect and interfacial tensions between the rock and
the oil. A surfactant consists of both hydrophobic and
hydrophilic parts which make the surfactant molecule
susceptible to adsorption onto rock surfaces. Suresh et al.
(2018) reported the applicability of nanoparticle to reduce
surfactant adsorption unto the rock surface. This is due
to the electrostatic repulsion induced by the nanoparticle
which reduced the bridging polar heads of the surfactant.
The presence of gases in the reservoir has also been reported
to cause the adsorption of surfactants onto the rock surfaces
as well as cause foam instability in enhanced oil recovery
(Yin et al., 2009). Liu et al. (2006) reported surfactant
adsorption in a surfactant-gas co-flooding operation with
the aim of establishing a relationship between the critical
foam concentration and the mobility improvement as well
as its effect on reservoir wettability. The authors using a
Commercial Surfactant (CD-1045TM) and an Indiana lime-
stone sample and ran several cores flooding experiments
with different flow conditions and concentration. Their
findings revealed that the adsorption of the surfactant with
or without the presence of gases remains the same and
reduces the gas mobility. Furthermore, it improves the
foam stability, yielding a stable flooding front and improved
sweep efficiency. Adsorption and desorption test shows that
the desorption was a much slower process that agrees with
the literature.

Glover et al. (1979) using two surfactants in the volume
ratios of 63:37 and 90:10 investigated the behavior of
surfactants and their retention potential on the Barea sand-
stone sample using core flooding experiments. To obtain the
retained surfactant, an arithmetic difference between the
injection stream concentration and effluent stream concen-
tration was used with the findings revealing the dependence
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of the retention process on water salinity and surfactant
concentration. More so, a linear relationship is observed
to exist between the retention and water salinity, thus, a
trapping phenomenon at high concentration.

Surfactant is a chemical whose use and advantages have
long been established in literature to alter the wettability of
the rock and reduce the interfacial tension between immisci-
ble fluids (Zhou et al., 2012). This has led to recovery
increase but with a drawback of adsorption unto the rock
surface which begs the question of its economic viability as
an EOR option in the face of adsorption. Over the years,
several surfactants have been tried on different reservoir
systems with different mineralogy to quantify the degree
of adsorption and suitability for enhanced oil recovery (Celik
and Somasundaran, 1980; Cui et al., 2015; Meyers and
Salter, 1980; Wang et al., 2015; Zhou et al., 2012). Debates
have been ongoing for decades over the effect of surfactant/
CO2 co-injection for enhancing the oil recovery process and
the effect of gas fractional flow on recovery. Yin et al. (2009)
in a recent work demonstrated the effect of fractional gas
flow rate using Barea sandstone core samples with Chaser
CD1045 obtained from Chaser International. Series of
experiments were conducted with CO2/CD, CO2/brine,
and water flooding experiments as well as varying CD con-
centration, total gas, liquid flowrates and fractional gas
ratio. The findings revealed that there exists a three-flow
regime which is the single-phase zone, pseudo-single-phase
zone and the high fractional gas zone. Gas mobility was
observed to increase with an increase in fractional gas ratio
in the single-phase gas zone, decrease with increase in the
fractional gas fraction in the pseudo-single-phase zone and
increases in the high fractional gas zone also revealing
the existence of a critical gas fractional ratio at which
the increase in mobility is dependent on. These phenom-
ena are asserted to be due to limiting capillary pressure.
Furthermore, total flow rate and permeability are identified
to be the most dominant factors in the determination of the
critical fractional gas rate to reduce foam mobility. More so,
adsorption of surfactant is seen to be a fast process and the
desorption is partially reversible and a slow process. How-
ever, its effect on recovery was not ascertained by the
authors. Oil recovery is reported to increase even after
CO2 and water flooding due to CO2/surfactant injec-
tion and reverse showed no increase in recovery which
qualifies the CO2/surfactant injection as a good EOR
technique.

Surfactant adsorption has been reported to be due to
electrostatic interactions as well as influenced by the
surfactant structure and mineralogy (Zhong et al., 2019).
Mannhardt et al. (1994) assert that one way to control
surfactant adsorption would be to mix it with anionic
surfactants which has shown low adsorption tendencies
with low salinity to moderate salinity brine systems. Trogus
et al. (1977) studied the adsorption of anionic and nonionic
surfactants in a dynamic and static adsorption experiment
and revealed that the adsorption of nonionic surfactants
increases sharply with the increase in concentration and
attains a constant value which corresponds to the adsor-
bent maximum capacity which represents the critical
micelle concentration, however, noted that the adsorption

decreases with increase in solubility of the surfactant
in water which is achieved by the addition of alcohol.
On the other hand, the adsorption measurement of the
anionic surfactant was difficult due to precipitation and
high salinity. Furthermore, in modeling the process of
adsorption, dispersion effect is observed to have negligible
influence and the anionic surfactant has preferential adsorp-
tion on kaolin than on Barea sandstone, which is attributed
to the electric nature of the rocks. Contrary to popular
belief on the use of cationic surfactants and their propensity
to cause adsorption in sandstone reservoirs, the opposite is
observed in carbonates (Celik and Somasundaran, 1980).
Tabatabal et al. (1993) reported a decrease in cationic
surfactant adsorption on carbonate core and alluded that
it is due to the lattice charge of the mineral surface.

Tumba et al. (2019) based on previous suggestions of
co-injecting surfactant with additives to prevent adsorption
utilized lignin as an additive to pervert adsorption on
clay which is available in reservoirs. Sodium dodecyl sulfate
(SDS) and 4-octylphenol polyethoxylated (TX-100) adsorp-
tion were investigated with clay (kaolinite, montmoril-
lonite, illite, and quartz) using lignin as an additive and
the results show interesting findings. Mineralogy is
observed to be a controlling factor as earlier reported in
the literature. Quartz was observed to have the least
adsorption compared to the other clay minerals due to
the hydrogen bond formation by the surface group of quartz
sand and makes the adsorption by other mechanisms
impossible. Adsorption of SDS is seen to be higher com-
pared to TX-100 due to hydrophobic interactions of the
hydrocarbon in the nonionic surfactant. Adsorption on
montmorillonite and illite is dimmed impossible due to
the negative charge of the clay surface which repels the
anionic surfactant. So conclusively, the anionic surfactant
is more promising compared to the nonionic surfactant in
oil recovery.

Bhuyan et al. (1990) modeled high pH surfactant flood-
ing. They modeled adsorption using a Langmuir type
adsorption isotherm given as

Ct
s

� �
abs ¼

aCt
s

1þ bCt
s

; ð41Þ

where, Ct
s

� �
abs is the concentration of surfactant adsorbed,

Ct
s is the concentration of surfactant, and a and b are con-

stants of the isotherm. With reference to equation (38),

a ¼ a1 þ a2C se for pH 	 pHð Þc; ð42Þ

a ¼ a1 þ a2C seð Þ 1� pH� pHð Þc
pHð Þt � pHð Þc

� �
for pHð Þt � pH > pHð Þc;

ð43Þ

a ¼ 0 for pH > pHð Þt ; ð44Þ
where, a1 and a2 are constants of isotherm, pHð Þc is pH
below which adsorption of surfactant is not a function
of pH, and pHð Þt is the pH above which adsorption of
surfactant is negligibly small. All these terms are deter-
mined experimentally, Cse is the effective salinity.
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Grigg and Mikhalin (2007) studied the effect of flow
conditions on the anionic surfactant adsorption to quantify
the effect of the test system on adsorption kinetics using the
batch test on crushed samples, flow test and non-flow
dynamics experiments. Similar adsorption isotherm was
observed for both the crushed sample and the dynamic
experiments with no flow and less adsorption in a flow
dynamic experiment which is due to flow velocity. Even
though the authors stated that equilibrium kinetics was
studied, there was no justification for reports of values or
kinetic models to show that. Thus, the question of surfac-
tant adsorption kinetics remains a further area for research.

Ramirez et al. (1980) reported that in the conventional
adsorption kinetic models, the desorption rates are misrep-
resented and assert that the adsorption kinetic rate is five
times faster than the equilibrium desorption kinetic rate.
Bai et al. (2005) based on an earlier report about how fast
the adsorption kinetics was compared to the desorption
kinetic rate conducted series of experiments to establish a
rate dependent adsorption/desorption kinetic equation
using Barea sandstone and CD 1045 chaser surfactant
supplied by Chaser International. The authors reported
an early rapid adsorption trend followed by a slow period
of adsorption and the adsorption kinetics to follow pseudo-
second-order kinetics given in equation (42):

dqt
dt

¼ ka2ðqe � qtÞ2; ð45Þ

Upon integrating and rearranging, we have equation (43):
t
qt

¼ 1
qt
t þ 1

ka2 � q2e
: ð46Þ

Thus, a plot of (t/qt) versus t gives a slope and intercepts of
(1/qe) and 1=ðka2q2eÞ respectively. The desorption kinetics is
also seen to follow similar pseudo-second-order kinetics and
is described in equation (44):

1
qt � qr

¼ �kd2t þ 1
qi � qr

: ð47Þ

Good agreement was achieved with the experimental data
and to further the kinetics, a relationship between the
kinetic coefficients and initial concentration is reported as
in equation. This is to enable the determination of adsorp-
tion rate in a short time interval to avoid waiting for days
for equilibration. However, the temperature dependence of
the kinetics was not well established:

ka2 ¼ �8:93E � 04Ci þ 1:34 for Ci < 1200 ðmg=LÞ
ka2 ¼ �1:04E � 04Ci þ 0:401 for Ci > 1200 ðmg=LÞ

	
;

ð48Þ
where qt is the adsorption density a time, t is time, ka2 is
the pseudo-second-order kinetic coefficient of adsorption,
qe adsorption density at equilibrium, Ci initial concentra-
tion, kd2 pseudo-second-order kinetic coefficient of desorp-
tion, and qr is residual adsorption density.

In combating the problems of surfactant adsorption in
the reservoir, many researchers have proposed different
techniques which include the injection of low concentration
of surfactant, pre-flushing with a sacrificial chemical or

co-injection of surfactant with a chemical with similar com-
petitive attributes to site interactions. Polyacrylate is been
identified as a good sacrificial agent hand that presents a
better performance in limestone and sandstone systems.
It is also independent of the surfactant used and increases
in molecular weight results to reduce the surfactant adsorp-
tion to rock surface until the critical molecular weight
beyond which no additional effect is derived (ShamsiJazeyi
et al., 2013). This presents a solution to the drawback of the
use of sodium-based surfactants which react with anhy-
drides in rocks. Krumrine et al. (1982) reported the signifi-
cant reduction in surfactant adsorption by the addition of
sodium silicate, sodium carbonate and sodium tripolyphos-
phate and stated that the alkaline surfactant is useful only
when the optimal pH and salinity can be determined for
their implementation as well concentration range within
which increase in recovery can be ascertained.

Ahmadi et al. (2012) studied the adsorption kinetics and
equilibrium of a novel surfactant (Glycyrrhiza Glabra).
They compared the adsorption data using different adsorp-
tion equilibrium and kinetics models and concluded that the
Langmuir isotherm best suited the equilibrium data. The
different isotherms they used were Langmuir, Freundlich,
Temkin, and linear. Table 3 lists the correlations and the
fitting parameters calculated by the authors.

Ahmadi and Shadizadeh (2015) performed a similar
study on the adsorption of a surfactant extracted from
the leaves of Zyziphus Spina Christi on Shale rocks and
concluded that Freundlich isotherm gave the best match
with the results.

Cui et al. (2015) investigated the use of switchable
cationic surfactant adsorption using zeta potential measure-
ment on dolomite, calcite, and Kaoline at high and low CO2
injection pressures. The anionic surfactant (tertiary amine
Ethomeen C12) upon equilibration in brine switches to a
cation at high CO2 pressure and a pH of 4. This unique
quality of the surfactant led to a reduction in adsorption
however, the presence of clay and silica presents a draw-
back. More so, the presence of divalent and trivalent cations
reduces dissolution of calcite or dolomite at high pressure
however presents a challenge of a rise in pH which increases
adsorption (Meyers and Salter, 1980). Contrary to the
conventional method of adsorbed surfactant measuring
technique which involves measuring concentration changes,
Zhou et al. (2005) developed a novel technique called sand-
washing technique which allows the determination of
adsorbed surfactant on the sand face and at an oil-water
interface in the presence of oil. The technique involves the
equilibration of the sand or oil/sand/surfactant system for
a minimum of 30 days and extraction using the azeotropic
mixture in the Soxhlet apparatus. Findings from the work
revealed the dependence of surfactant adsorption on brine
salinity as well as the surface charges of the rock which
leads to electrostatic interactions. Surfactant at low concen-
tration and presence of alkali is observed to reduce the
adsorption of surfactants and the presence of oil leads to
emulsion formation which reduces the surfactant adsorp-
tion to the sand face.

Wang et al. (2015) investigated the effect of polymer on
surfactant adsorption in an experiment to ascertain the
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degree of adsorption using the polymer as a pre-flush agent.
An average of 0.163 mg/g-rock of surfactant was adsorbed
when surfactant alone was injected into the sandstone
sample, with a reduction of 51.3% in the amount of
adsorbed surfactant when the polymer was used as a pre-
flush. This is to say that the polymer was used as a sacrifi-
cial chemical to avoid the loss of surfactant. However, in an
economic sense, a polymer is not cheap and as well adds to
the cost of operation and may as well impair the permeabil-
ity of the rock. So even though the presented case seems
reasonable, it may lead to an uneconomically feasible
project.

The economics of surfactant injection implementation
does not only significantly depend on the amount of surfac-
tant needed but also on the rate of loss of surfactant within
the reservoir. Even though the potential for adsorption
reduction of surfactants has been shown in the literature
(Tumba et al., 2019), its economic evaluation remains a
question. Tsau et al. (2000) evaluated the economic impact
of the use of lignosulfonate as a sacrificial chemical in
surfactant flooding and based on a reduction of surfactant
adsorption of 24–60% and 15–29% in Barea sandstone
and Indiana limestone, different implementation schemes
can be designed. The authors concluded that the injection
of lignosulfonate as a pre-flush is more economical than
co-injection with the surfactant, however, no economic
model or use of fiscal systems was shown to provide a basis
for such argument. For the effect evaluation of a chemical in
view of economics, a fiscal system must be used in the
evaluation and benchmarked against alternatives before a
conclusive decision can be justified. Adsorption of surfac-
tant is not peculiar to conventional reservoirs alone but also
occurs in shales as well. Mirchi et al. (2016) studied surfac-
tant adsorption in shale and concluded that surfactant
adsorption phenomena exist in shales as well and the
adsorption isotherm follows the Langmuir isotherm.

6 Conclusion

In this study, we discussed the adsorption of nanoparticles,
polymers, gas, and surfactant in porous media. Special
attention was given to understanding the different model-
ing techniques currently available to model adsorption.
Firstly, for the adsorption of nanoparticles on porous media,
it was concluded that the rate of adsorption increased with
the flowrate but decreased with the presence of clay (Yu
et al., 2012; Zhang et al., 2015). It was also concluded that
adsorption of nanoparticles, and particle retention in pores
of the porous media are the major contributors accounting
for the loss of nanoparticles. It is therefore important to
consider these factors when modeling flow and transport
of nanoparticles in porous media (Ju et al., 2012).

Secondly, the main factors affecting the polymer adsorp-
tion in porous media are the adhesion to the rock surface,
trapping and particle entrainment. While modeling
polymer adsorption it is essential to account for the reduc-
tion in permeability of the porous media. Langmuir
isotherm is the most popular adsorption isotherm used to

model adsorption of polymers on the reservoir rock surfaces
(Braconnier et al., 2017; Khormali et al., 2018).

Thirdly, it is essential to accurately model gas adsorp-
tion in shales because 20–80% of shale gases are stored in
adsorbed phases. Similar to polymer adsorption, Langmuir
model is the most implemented model for the prediction of
gas adsorption. Langmuir model however fails when layers
of adsorption are present, in this scenario it is essential to
utilize a multilayer model such as the BET isotherm.
In the presence of multicomponent gases, the adsorption
behavior can be modeled by MSOM model or the IAST
model.

Finally, surfactant adsorption can be modeled by
different isotherms such as Langmuir, Freundlich, Temkin
and Linear models. A detailed study was performed on
matching the isotherms to the experimental results for two
different surfactants: Glycyrrhiza Glabra on carbonate
cores (Ahmadi et al., 2012) and a surfactant obtained
from Zyziphus Spina Christi on Shale rocks (Ahmadi
and Shadizadeh, 2015). It was concluded that the
Langmuir model gave the best match for the former case
whereas the Freundlich model gave the best match for the
latter case.
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