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Abstract

The focus of this study was the experimental determination of surfactant adsorption during low salinity water injection
combined with surfactant flooding (LSW-SF) into an oil reservoir and development of an analytical model to predict this
adsorption. The experimental model used was surfactant adsorption on silica and aluminosilicate coated quartz crystal
surfaces in a quartz crystal microbalance (QCM), taking into consideration different surfactant concentrations, different
surfactants, and the effect of different oils. In a previous study, the authors developed a method for determining the oil
desorption from surfaces in QCM measurements. In this method the frequency decrease due to surfactant adsorption was
determined experimentally by carrying out the blank measurements, and the role of the oil in the surfactant adsorption
process was neglected. Therefore, in the developed calculation procedure for simplicity and practicality, it was assumed
that the surfactant adsorption is independent of the oil properties. The analytical solution of the developed theoreti-
cally model in this study and the associated QCM experiments with different oils showed that taking into account the
role played by the oil, it was possible to predict the difference in surfactant adsorptions with different type of oils, and
there is a good agreement between analytical and experimental results. The results of the model reveal that surfactant\
oil replacement on silica surfaces increased with increasing concentration of surfactant on silica surfaces. On the other
hand, it decreased on aluminosilicate crystals with increasing surfactant concentrations.

Keywords Surfactant adsorption - Low salinity water injection combined with surfactant flooding - Analytical model -

Quartz crystal microbalance - Silica - Aluminosilicate

to the reservoir. Therefore it has been considered by
various research groups as one of the most inexpensive

Surfactant flooding is a well-known enhanced oil recovery
(EOR) method that has been used worldwide for decades

[1, 2]. In surfactant flooding, injected surfactants are sup-
posed to participate in oil recovery processes, but loss of
surfactants due to adsorption on the rocks in the reser-
voir can also lead to lower oil recoveries than expected.
Because of this, one of the main challenges facing sur-
factant flooding is the adsorption of surfactant on the
formation rock, something that can make the surfactant
flooding process economically unfeasible [3, 4]. Low salin-
ity water flooding is a quite new technique, implemented
to adjust the salt content in sea water before injection

techniques of EOR [5, 6] and has been reported for both
laboratory core floods and field tests [7-10]. The com-
bination of low salinity water injection and surfactant
flooding (LSW-SF) is considered to be an economically
attractive EOR approach, as high oil recovery and low sur-
factant retention was reported in core flooding tests [11].
In recent years, there has been an increasing interest in
conducting QCM measurements for increased oil recov-
ery processes prior to performing more time consuming
core flooding tests [12-16]. A major advantage of running
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QCM experiment is its relatively fast technique for screen-
ing significant experimental parameters such as surface
properties and crude oil. Previously QCM has been suc-
cessfully used to investigate the adsorption of surfactant
and desorption of oil during simulated surfactant flooding
and LSW-SF [12].

It is helpful to analyze the surfactant adsorption in
terms of a theoretical model in order to find a molecular
understanding of the parameters of such a model. This
understanding can then be applied to match the adsorp-
tion behavior of different surfactant and to predict the
surfactant adsorption in new systems. However, several
efforts have been made to achieve a general model to
explain the kinetics of adsorption on adsorbent surfaces
for the liquid/solid system, and some models such as Lang-
muir [17], Freundlich [18], Temkin [19] and Henry’s Law
[18] model have been developed and applied but so far
the effect of oil properties and the surfactant\oil replace-
ment process have not been considered separately and
explained by them.

This paper details two methods that can be employed
for the interpretation of frequency shifts in QCM experi-
ments during surfactant flooding. The first method
described an assumption that the surfactant adsorption is
not sensitive to the oil type, and the surfactant adsorption
is calculated by carrying out blank measurements wherein
the crystals are exposed to the surfactant solution without
prior adsorption of crude oil [12]. This paper introduces
and describes a second method of analysis that can be
used for the determination of the surfactant adsorption in
surfactant flooding without running the blank tests. This
analysis is more powerful, since it can be applied to differ-
ent chemical EOR methods, such as surfactant flooding
and low salinity water injection assisted with surfactant
flooding, and also takes into account the effect of the char-
acteristics of the crude oil.

In this study, the interfacial tension (IFT) gradient was
considered as the driving force for surfactant\oil replace-
ment and surfactant adsorption processes during sur-
factant flooding. Also, it is assumed that the adsorption
of surfactants consists of two simultaneous processes,
including surfactant replacement with oil and surfactant
absolute adsorption to the underlying surface. To validate
the analytical model, QCM tests were conducted using two
well characterized sulfonate surfactants, sodium dode-
cylbenzene sulfonate (SDBS) and sodium dioctylsulfosuc-
cinate (AQT) as anionic surfactants, and silica and alumi-
nosilicate coated quartz crystals to simulate the surface of
minerals in sandstone reservoirs.
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1 Material and methods

The first method of analysis was previously explained
by Nourani et al. [12], the second method is going to be
introduced and explained in this paper.

1.1 Theory

Normally in surfactant flooding, higher adsorption of
surfactant result in lower oil recovery [3]. But contrary
to this, QCM results shows that the oil desorption can
be higher when the surfactant adsorption is higher [12].
This observation may lead to the assumption that the
surfactant adsorption consists of two simultaneous pro-
cesses; surfactant replacement with oil and surfactant
absolute adsorption (to the underlying surface). Sur-
factant absolute adsorption is associated with oil des-
orption in the surfactant replacement process, and is
therefore favorable for EOR purpose whereas only sur-
factant adsorption takes place in the surfactant absolute
adsorption process without any oil recovery.

To model these two simultaneous processes, we con-
sider the total surfactant concentration, C;, and a mix-
wet crystal with an adsorbed oil layer as shown in Fig. 1a.

When surfactant is added to the oil-coated surface,
some surfactant is adsorbed at the oil-water interface
and interfacial tension is reduced. Due to adsorption the
surfactant concentration at the oil-water interface,C,,,
increases, while the bulk concentration (C;) decreases,
and Gy is the sum of Cgand Cy,.

Low interfacial tension causes that oil from the inter-
face to be solubilized into micelles and detached from
oil-water interface. This detachment could be initialized
by turbulent flow or random energy fluctuation at the
interface. When the first micelle is detached from inter-
face the surfactant concentration difference between
the “hole” and the interface is significant and cause
Marangoni flow into the “hole” to reduce this difference.
This flow causes additional disturbance which might
cause detachment of other micelles with oil and forma-
tion of a channel toward the oil-solid interface as shown
in Fig. 1hb.

At earlier time the surfactant concentration on the
crystal surface,Cs, is zero so the difference between
surfactant concentrations on the surface of crystal and
near to the oil layer is Cpq. This difference in surfactant
concentrations makes the total difference in IFT, Ay,,
between the crystal surface and the area near to the oil
layer.

Initially, the surfactant concentration adsorbed in
the oil layer , Cg, is approximately zero therefore the



SN Applied Sciences (2020) 2:1870 | https://doi.org/10.1007/s42452-020-03714-x

Research Article

FINFINTINT T
TINTINTINT T <
FINTINTTNT T

[INTINTTNT e

oil-water interface

Otl Layer

Water

Crystal
a

FT\JINTTNT T co

eplacemeft
o
":’ Car 0
Cs.=0
Absolute Adsorption
b
FT\JINTTNT [co
o
o
2o - "
O gur R
- g

Cc

Fig. 1 Schematic overview of the surfactant interaction with the
adsorbed oil layer. a Cg, G4y and C; are the surfactant concentra-
tions at the bulk, oil-water interface and on the crystal surface,
respectively. Surfactant monomer approaching the adsorbed oil
layer and C,, increases, while C; decreases. b Replacement of oil by
surfactant monomer. C; is zero. Cy is the surfactant concentration
adsorbed in the oil layer, and is approximately zero. The surfactant
concentration difference between the “hole” and the interface is
substantial and cause Marangoni flow into the “hole” to reduce this
difference and form a channel toward the oil-solid interface. ¢ Pro-
gression of oil replacement by surfactant over time. C; will increase
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from Cg to C,q since the AC and Ay, will remain constant and equal
to Cpq and Ay,. d Maximum surfactant replacement reached in oil
channel. Once the surfactant molecules reach the crystal surface,
Cg reaches the maximum value,Cy_y.,, and the oil replacement
ends. e Direct surfactant adsorption on crystal surface when the
surfactant monomers reach the surface. f Schematic overview of
the maximum surfactant absolute adsorption. After the surfactant
molecule reaches the crystal surface, the absolute adsorption pro-
cess starts and Ay, distributes between absolute adsorption and
replacement processes as demonstrated in Eq. (3)
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difference between Cg; and C,q is the maximum value
(Cpq)- Consequently, the change in IFT of replace-
ment,Ay,, will be to the same asAy,. Over time Cy will
increase, and the surfactant concentration in the oil
layer,Cg, will increase from Cg to C,q since the AC and Ay,
will remain constant and equal to C,4 andAy,, respec-
tively as shown in Fig. 1c.

Ac=(Gug+Cr) — G =Cyq (M

When the surfactant molecules reach the crystal sur-
face, C; reaches the maximum value,Cy_y,,, and the oil
replacement ends as depicted in Fig. 1d.

By increasing Cs over time, AC will increase.

Ac=(CGuq +Co) —Cp (2)

As shown in Fig. 1e, after the surfactant molecule
reaches the crystal surface, the absolute adsorption pro-
cess starts and Ay, distributes between replacement and
absolute adsorption processes as follows:

Ay, = Ay, + Ay, 3)

where Ay, is the change in IFT of the absolute adsorption
process. As one can see in Fig. 1f, when the C; equals the
maximum Cg, the Ay, will be equal to the Ay, therefore the
absolute adsorption will be maximum too.

1.1.1 The description of the replacement process

We assume that surfactants diffuse to the oil layer through
an interfacial tension gradient, and we consider the sur-
factant diffusion channel in an oil layer to be cylindrical
with a radiusryand length L with its axis co-incident with
the x-axis and assume that the IFT and velocity are func-
tion only of the distance and radius, dx and r respectively,

Fig.2 Schematic figure of the

as shown in Fig. 2. The IFT at the upstream end, 2, isy, and
at the downstream end, 1, has risen by Ay, to (y,+Ay,). As
the flow is in equilibrium, the driving force at upstream 1
and 2 due to IFT is equal to the retarding force due to the
shear stress by the walls as follows:

2zry, — (v, + Ay,)2xr = t2xrdx @)

Hence, the shear stress can be predicted by rearranging
the Eq. (4) as:
Ay,

T T Ax ®

A Newtonian fluid shows a linear relationship between
shear stress and shear rate given in Eq. (6).

du
TEHYL (6)

where 7, u, and u are shear stress, viscosity, and velocity
respectively. Equating Egs. (5) and (6) and integrating with
respect tor gives:

fo

A
= 1o% dr=———+C (7)

u p—
u Ax
0

The integration constant, C, can be found by putting
velocity zero in the boundary condition at the wall (r = r,)
as:

ry Ay,
u=__0_r<1 _L> (8)
u Ax ro

The flow rate can be predicted by integration once
more respect to cross section area as:

L

element the surfactant flow in
a cylindrical channel used for
developing the model
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Rearranging the result of the integration gives therela-
tionship between Ay, and mass flow rate ,in cylindrical
channel as:

Ay = 24ul am
= zpd3 ot

(10)

whered, L, and p are channel diameter, channel length and
density, respectively. To simplify Eq. (10), we consider the
parameters inK, constant as:

__xd’®
YV

(1

where v is kinematic viscosity. Therefore, the Ay, can be
obtained as follows:

1 0om

Ay, =---21
Y= TR o (12)

1.1.2 The description of the absolute adsorption process

Experimentally determining the absolute surfactant
adsorption is most commonly done by adding a known
surfactant concentration to the system, waiting for the sys-
tem to reach equilibrium, separating the dispersed solids
and subsequently measuring the surfactant concentration
in the solution. Surfactant adsorption can be then given
by:

C, - OV
F=(°—) (13)

mag,
where C is the surfactant concentration in solution, C, is
the initial surfactant concentration, V is the volume of solu-
tion, mis the mass of particles, g, is the specific area of the
particles and I"is the amount adsorbed [17].

The amount of surfactant adsorption below system
saturation is related to the surfactant concentration. It is
also known that change in surfactant concentration below
saturation causes changes in IFT. Consequently, assum-
ing that the mass of absolute surfactant adsorption is lin-
early related to changes in IFT of absolute adsorption, the
change in IFT of absolute adsorption can be predicted as:

Ay, = K (14)
whereK, is the surfactant absolute adsorption’s constant
and the negative sign shows that surfactant adsorbs from
low IFT to high IFT sites.

1.1.3 Mathematical modeling

Hence, the differential equation. that models the sur-

factant adsorption process in QCM tests can be obtained

by replacing Egs. (12) and (14) into Eq. (3) as:

1om m

——+—+Ay, =0

Kot K TN (15)
Equation 15 is a first order non-homogeneous differ-

ential equation that can be solved as:

Ky ke,
m(t) =Be % +K,Ay[e % -1 (16)

where Bis the initial condition at time zero. The liquid load
effect can be considered as the initial mass in QCM tests so
the solution can be developed as:

_key
(m +K,Aye & (17)

m(t) = —K, Ay, +

where m| is the liquid loading mass imposed due to the
injection of solutions with different densities and vis-
cosities in QCM experiments. If we set (—K,Ay,) tom,and
(my, + K,Ay,) tom,, Eq. (17) can be written as:

K
m(t)=m, +me ' (18)

1.2 Experiments
1.2.1 Surfactant Solutions

The commercial surfactants SDBS (tech., Sigma Aldrich)
and AOT (96%, VWR International AS) were used as
received. The surfactant concentrations in the sample
solutions were 435 ppm, 1000 ppm and 1500 ppm for
SDBS and 500 ppm, 1098 ppm and 1500 ppm for AOT
[12] in deionized water (mQ-water).

Brines Synthetic high salinity brine was made by
dissolving NaCl (99.5%, Merk, Germany), CaCl,-2H,0
(99.5% Merk, Germany) and MgCl,-6H,0 (99.5% Merck,
Germany) in mQ-water and used as the connate brine
for all the QCM measurements whereas the amount of
total dissolved solids (TDS) in high salinity brine were
65,272 ppm. Low salinity brine was prepared by dis-
solving NaCl (99.5%, Merk, Germany), in mQ-water. As
tertiary low salinity water flooding reported for salini-
ties lower than 5,000 ppm [20, 21], the TDS for low salin-
ity brine was considered near to the limit, 4,675 ppm.
The composition of the synthetic high and low salinity
waters are listed in Table 1 [12].
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Table 1 Composition of high and low salinity brines [12]

Composition High Sal. Con. (ppm) Low Sal.
Con.
(ppm)

Ca*™ 4500 0

Mg+? 500 0

Na* 20,000 1839

cl- 40,272 2836

TDS 65,272 4675

Table 2 Composition and properties of the crude oils [23]

Composition [wt%)] Crude A CrudeB CrudeC CrudeD

Saturates 61.2 739 525 82.5
Aromatics 324 22.7 346 16.7
Resins 4.9 2.6 12.7 0.7
Asphaltenes 1.5 0.9 0.2 0.1
Physical properties
Density (g/cm?) at 15 °C; 0.8582 0.8519 0.8909 0.8045
60 °C 0.8252 0.8204 0.8593 0.7703
API gravity (API) 334 345 27.3 443
Viscosity (mPas) at 20 °C; 19.90 19.00 133.00 3.85
60 °C 4.07 3.48 23.10 1.52

1.2.2 Crude oil

The crude oils used in these experiments from offshore
and onshore fields in the North Sea and Germany, respec-
tively. The densities of the oils were measured in a tem-
perature scan from 15 to 60 °C with a DMA-5000 density
meter. The viscosity of each oil was measured in a tem-
perature scan between (20 and 80) °C and at a shear rate
around 10 s~ with a Physica MCR301 (Anton Paar GmbH).
The bulk composition of the oil was investigated by SARA
(Saturates/Aromatics/Resins/ Asphaltenes) fractionation
as described by Hannisdal [22]. The properties of the oils
are given in Table 2 [23].

1.2.3 QCM measurements

QCM is an ultra-sensitive and in-situ real-time weighing
device that is principally appropriate for measuring the
adsorption and desorption of tiny masses. The sensitivity
of QCM is about 100 times higher than that of a typical pre-
cise analytical balance, hence enabling detecting of mass
variation at a nanogram level. The dissipation monitoring
provides the opportunity to measure viscoelastic changes
in the boundary layer in the closeness of the sensor, and
changes in the viscosity or density in a solution [24, 25].
The QCM consists of a thin disk of single crystal quartz,
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with metal electrodes on each side of the disk [26]. The
dissipative quartz crystal microbalance (QCM-D) measures
simultaneously the changes in resonance frequency, f, and
dissipation, D, due to adsorption on the crystal surface.
When an AC voltage is applied over the electrodes the
crystal starts to oscillate with a characteristic frequency,
and this frequency changes when the oscillating crystal is
brought into contact with solutions.

The Equation describing mass load (Sauerbrey Equa-
tion) is as follows [271:

Af 2nf2Am

ads. quqA (1 9)
where n is the harmonic number, fo is the fundamental
resonant frequency (5 MHz), Am is the adsorbed mass,
Ais the active area of the crystal (0.785 x 107*m3), Pq is
the specific density of quartz (2650%) and v, represents
the shear wave velocity in quartz (3340?) [28]. In this way
the frequency shift if the crystal is directly linked to the
mass adsorbed on it, and absorption of species introduced
to the crystal can be directly estimated. Note that the
QCM measures total mass and is not able to distinguish
between different adsorbents. Hence, most QCM stud-
ies attempted to evaluate the effect of low-salinity brine
and/or surfactant flooding on desorption of crude oil, have
only tended to focus on one adsorbent [14, 16, 29-31]. It
is assumed that the surfactant adsorption is the same in
the presence and absence of oil components at the crystal
surface. Therefore, conducting separate blank measure-
ments are proposed to estimate the frequency decrease
because of surfactant adsorption [12]. The frequency
changes are registered as the QCM sensors are exposed
to surfactant and brine solutions without previous adsorp-
tion of the crude oil components in blank measurements.
The frequency change attributed to oil desorption upon
surfactant flooding can be estimated using the following
equation [12]:

A foi/des,SF = Af, meas,SF— Afmeas,blank (20)

where Af, .o spand Af, .o biank are the frequency shifts reg-
istered in the main measurement and blank test during
surfactant flooding, respectively.

The surfactant adsorption on SiO, (QSX 303, Q-sense)
and AISiO, QCM sensors (QSX 999, Q-Sense) were studied
using a dissipative QCM-Z500 from KSV (Helsinki, Finland).
Figure 3 a, b show the dimension of the QCM sensor and
how to insert it into the QCM chamber, respectively. The
temperature was kept at 20 + 0.1 Ciin all experiments. The
experimental procedure was as follows [12]:

(1) The chamber was flushed with pure toluene to
obtain a stable baseline. (2) 2-2.5 mL of the crude oil
was injected by gravitational flow into the temperature
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Fig.3 aThe dimension of the
QCM sensor (1 cm). b Inserting
the QCM sensor (crystal) into
the QCM chamber

loop. (3) The crude oil was kept in the temperature loop
for 5 min to equilibrate the temperature. (4) The crude oil
was injected twice to the QCM chamber to ensure satura-
tion of the crystal surface. (5) 4 mL toluene was flushed
over the crystal with a relatively high flow rate to remove
weakly bound oil components from the surface. (6) 4 mL of
high saline brine were injected at its natural pH to simulate
the connate brine of the reservoir. (7) 4 mL of low salin-
ity brine was let into the measurement chamber as low
salinity water flooding step. (8) Finally, 4 mL of surfactant
solution were flooded through the QCM chamber. The
procedure was repeated for two crystals, SiO, and AlSiO,,
using two surfactants, SDBS and AOT, with three differ-
ent concentrations. Similarly to investigate the effect of
different oils with different properties on the surfactant

adsorption, some experiments were implemented by
applying four characterized crude oils at LSW-SF process
on silica crystal.

2 Results and discussion

By using Eq. (19), the apparent adsorbed mass on silica sur-
face were calculated and depicted versus time in Fig. 4. The
mass change was interpreted as a combination of oil des-
orption, surfactant adsorption, and liquid load effect. Run-
ning the blank tests (method 1) was suggested to calcu-
late and extract each effect from the whole curve, and was
done in a previous work [12]. A similar exponential decay
curve to Eq. 18 was previously observed experimentally
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Fig.4 The calculated mass by 25
the Saubrey equation (Eq. 19)
as a function of time for LSW-
SF process on asilica crystal.
Concentration of surfactant in 20
the injected water, in ppm for
SDBS and AOT respectively, is
given in the figure. The time 15 LSW-SDBS 435
of surfactant injection into . s | SW-SDBS 1000
the systems is denoted with a NE e | SW-SDBS 1500
green arrow = LSW-AOT 500

£ 10 - | SW-AOT 1098

- e LSW-AOT 1500

S

5 -
0 -
f Surfactant injection
'5 T T T
0 500 1000 1500 2000
Time (s)

and reported for asphalt desorption from silica surface in
QCM measurements [29]. Equation (18) was fitted to the
experimental apparent adsorbed mass data, and Fig. 5
shows an example of the fitting.

The fitting constants (m, and %) for the different sur-

faces, and for different salt content are listed in Tables 3,

4 and 5. Analysis of these reveal the following: First, the
power constant,%, increased with increasing surfactant

concentration for LSW-SF process on silica (Table 3).
Similar trends have been reported previously for asphalt
recovery from silica crystals [29]. The adsorption of ani-
onic surfactants on silica surface proceeds via favorable

Fig. 5 Example fitting of

Eq. (18) to QCM data. Experi-
mental data is for oil Aon a
silica surface displaced with
1500 ppm AOT solution. The
fitting shows good agreement
with the experimental data
(R?=0.94)

20 A

m (mg/m?2)

Data
Model
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Tablg 3 Summary of Fonstants Surfactant Concentration mo(mg/mz) ﬁ(ﬁ) Max mass Average R?
obtained through fitting mass K, 2
) . (ppm) flow(mg/sm?)
versus time data with Eq. 18 for
AOTM\SDBS ﬂfooding after LSW AOT 500 109720 0.007150.0012 0.08 ¥0.02 0.82
on silica surface AOT 1098 138527 0.0105F0.0019  0.1550.04 062
AOT 1500 20.5F4.2 0.0141x0.0019 0.29x0.07 0.89
SDBS 435 51F08 0.0060 ¥ 0.0010 0.03¥0.01 0.80
SDBS 1000 156F25 0.0083 ¥0.0012 0.13%0.03 0.73
SDBS 1500 17.6 ¥ 3.1 0.0096 ¥ 0.0019 0.17 ¥ 0.04 0.81

Table4 Summary of constants obtained through fitting mass ver-
sus time data with Eq. (18) for AOT\SDBS flooding after LSW on alu-
minosilicate surface

Surfactant Concen- my(mg/m?) K1) Maxmass R?

5
Kﬂ

tration flow(mg/

(ppm) sm?)
AOT 500 26.6 0.0049 0.13 0.81
AOT 1098 43.6 0.0013 0.06 0.96
AOT 1500 60.1 0.0010 0.06 0.87
SDBS 435 211 0.0035 0.07 0.65
SDBS 1000 19.1 0.0034 0.06 0.91
SDBS 1500 19.2 0.0013 0.03 0.91

Table 5 Summary of constants obtained through fitting mass ver-
sus time data with Eq. 18 for AOT\SDBS flooding after high saline
brine injection on silica surface

Surfactant Concen-  my(mg/m?) K1) Maxmass R

5
Kﬂ

tration flow(mg/

(ppm) sm?)
AOT 500 40.5 0.0054 0.22 0.87
AOT 1098 534 0.0013 0.07 0.95
AOT 1500 95.0 0.0013 0.12 0.96
SDBS 435 29.7 0.0024 0.07 0.80
SDBS 1000 433 0.0003 0.01 0.63
SDBS 1500 50.9 0.0003 0.02 0.97

dispersion and surfactant monomer-surface interactions
[12], and with increasing surfactant concentration, sur-
factant\oil replacement process overtakes the absolute
adsorption process. The opposite trend was observed for
the same process on aluminosilicate surfaces (Table 4)
and high salinity-surfactant flooding on silica crystals
(Table 5), indicating that more in these cases the abso-
lute surfactant adsorption is dominating over the sur-
factant replacement.

The quite low values of power constants show that the
values of K, are much greater than K, values. However, K,
is increasing by increasing of surfactant concentration,
the trend of power constant suggests thatK, never could

reach to K, and the power constant values are always
less than one.

Second, SDBS showed lower power constant values
than AOT for LSW-SF on silica crystals (Table 3). With its
two hydrocarbon tails AOT has a totally longer tail length
than SDBS which tends to produce more organized solu-
bilization structures. In effect a larger interaction between
AOT's tails and the oil phase leads to more and better par-
ticipation of AQT in surfactant\oil replacement process.
Therefore K, values are higher for AOT with two tails and
larger interactions at the interface.

Third, higher m values were observed for AOT than
SDBS for all the measurements. According to Eq. (17), the
maximum surfactant adsorption, when time approaches
infinity, will be obtained as:

Mpyax = _KaAyt (21)

This maximum surfactant adsorption is equal to them,
constant in Eq. (18). The mass adsorbed on the surface
starts at zero and build up exponentially to the final value
ofmy. AtatimeT= i— mass reaches a value that is 63% of

my. This time is the constant time for surfactant adsorption
process and at the end of 5 time constants (5 %), the sur-

T

face will be fully saturated with the surfactant.

As shown in Tables 3,4 and 5, m, increased with increas-
ing surfactant concentrations for all the experiments
due to the higher values of Ay, at the higher surfactant
concentrations.

Also the higher amount of the surfactant adsorption on
aluminosilicate surfaces at LSW-SF (Table 4) and surfactant
flooding after high salinity brine injection on silica crystal
(Table 5) comparing to LSW-SF on silica crystals (Table 3) at
the same surfactant concentrations, can be explained by
higher surfactant absolute adsorption’s constant (K,) val-
ues for aluminosilicate crystal and high salinity condition.
According to Eq. (21), the maximum surfactant adsorption
is also a function of change in IFT and higher A y, causes
higher surfactant absolute adsorption. The generally lower
IFT values of AOT comparing to SDBS have been observed
and attributed to the two tailed structure of AOT, which
independent of electrolyte causes a tighter packing and
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higher the critical packing parameter (CPP) than that of
SDBS [23].

Taking the derivative of Eq. (17), leads to the surfactant
mass flow rate,m, as:

. Kr -
=== (my + KAy e (22)
a
Since the maximum i can be obtained at time zero as
follows:

. K,
Mpax = _K_(mLL + KaAYt) (23)
a
By neglecting the liquid load effect in Eq. (22), the maxi-
mum surfactant replacement rate can be achieved as:
Mo = —K A, (24)
S0 M, €an be predicted by multiplying m, with the
power constant in Eq. (18). Therefore, higher absolute sur-
factant adsorption and higher % values reason higher oil

replacement rate as can be seen for high AOT concentra-
tions (1098 and 1500 ppm) at LSW-SF process on silica
crystal in Table 3. Conversely, lower replacement rates
were seen for high saline environment and aluminosilicate

K
surfaces because of lower .= values. The constants m, and

K . . a .
K—’ for different crude oils, A, B,C and D on silica surfaces are

paresented in Table 6, with the surfactant flooding done
with a 1000 ppm SDBS solution after low salinity brine
injection on silica surfaces. Results in Table 6 show varied
surfactant adsorptions for different crude oils by the newly

developed method whereas just one adsorption value was
predicted by method 1 for different type of oils. As one can
see in Table 6, the highest and the lowest surfactant
adsorptions were reported for the crude oil C and crude
oil A, respectively. However, method 1 is a useful and prac-
tical method to estimate the oil desorption and surfactant
adsorption via running the blank tests, but it is not sensi-
tive to oil properties and different oil types. Tichelkamp
et al. measured and reported IFT values between SDBS/
AOT solutions and the same crude oils, at 60 °C, as listed in
Table 7 [23]. According to Eq. (21) and considering IFT and
m, values for different oils in Table 7 K, is the lowest for oil
A.

As Eqgs. (11) and (24) predict properly, the maximum
mass flow rates (listed in Table 6) are inversely related to
the kinematic oil viscosities. Therefore, the oil D with the
lowest kinematic viscosity shows the highest surfactant
replacement whereas oil C with highest kinematic viscos-
ity indicates a very low, 0.02 mg/sm?, replacement rate.

As shown in Fig. 6, between the Sower constantand the

. { Resins (wt%)—0.4xAsphal 9 . )
ratio ( esins (wt%)—0 ><v sphaltenes Wt%) ) ‘5 correlation coeffi-

cient of 0.99 was obtained, indicating proportionality
between the % and the ratio. Malkin et al. showed that the

small concenfcrations of asphaltenes have a dominant
influence on the viscosity, while much higher concentra-
tions of resins and aromatics are required in order to cause
a significant increase of oil viscosity [32]. Resins contribute
to dispersion of asphaltene nanoaggregates, increase the
solubility of asphaltenes in oil and decrease the effect of
asphaltenes on viscosity through reducing the size of

Table 6 Summary of constants obtained through fitting mass versus time data with Eq. 18 for 1000 ppm SDBS flooding after LSW on silica
surface saturated with different oils and the mass of adsorbed surfactant calculated by method 1 at the same condition

Oil type my(mg/m?) Ks ) Max mass flow(mg/sm?) Sur. Ad. mass (mg/m?) v(cSt)
K (Method 1)
A 156 F2.5 0.0083 ¥ 0.0012 0.13x0.03 19.4 23.2
B 28.6F4.9 0.0017  0.0003 0.05x0.01 19.4 223
C 40.9x9.2 0.0004 x 0.0001 0.02x0.00 19.4 149.3
D 283F4.7 0.0047 ¥ 0.0006 0.13x0.03 19.4 4.8
Table7 IFT V?Iu.es betvxéefn Surfactant Surf. Salt Conc. (ppm) Crude A IFT (mN/m) Crude B Crude C Crude D
SDBS/AOT solutions and four Conc. IFT (mN/m)  IFT (mN/m) IFT (mN/m)
different crude oils at 60 °C [23]
(ppm)

— — 0 21.8 12.7 233 18.6

SDBS 435 0 9.1 35F0.2 10.6 9.5

SDBS 435 1169 3.0F70.2 24 9.6 2.6

AOT 1098 0 3.8 2.0 44 34

AOT 1098 1169 0.9 0.073x0.014 0.1 1.2
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Fig.6 Empirical relation between the K /K, and the ratio(

asphaltene aggregates [33-35]. In addition, Mousavi et al.
showed that resin-asphaltene interactions are prominent
only if the number of resin molecules is greater than the
number of asphaltene molecules [36].

. . . i 9%)—0.: 0,
The emplrlcal ratio <Resms(wt/o) 04><Aspha|tenes(th;)>
v

involves and demonstrates the above-mentioned effects
of resin and asphaltene on surfactant adsorption coeffi-
cients. Therefore, the ::— is much higher for crude A and D

with higher empirical ratio values compared to crudes B
and C.

3 Conclusion

A mathematically simple and reliable model is developed
for surfactant adsorption in surfactant flooding and com-
pared with experimental data from QCM measurements.
The model considers two simultaneous processes; sur-
factant\oil replacement and absolute surfactant adsorp-
tion. By fitting the model to the experimentally obtained
apparent adsorbed mass versus time, the maximum abso-
lute surfactant adsorption in addition to the maximum
surfactant replacement rate can be determined.

The power constant in the developed model is the
ratio between the replacement coefficient (K;) and the

v

Resins (Wt%)—0.4xAsphaltenes (wt%) )

surfactant monomer absolute adsorption’s constant
(K,) whereas both coefficients are function of surfactant
type, surfactant concentration and salinity. In addition,
K, is dependent on the type of surface whileK is depend-
ent on the thickness of the oil layer and its kinematic
viscosity.

High saline environment and aluminosilicate surfaces
showed higher K, values than low saline condition on
silica surfaces. This would indicate that better results
could be obtained on aluminosilicate surfaces at high
saline condition using lower surfactant concentrations
whereas higher oil desorption can be expected by apply-
ing higher surfactant concentrations at low saline con-
dition on silica surfaces. The developed model also suc-
cessfully manages to predict the relative mass flow of
different oils based on their viscosity.

Based on the experimental results and model predic-
tions from this study, it can be concluded that achieving
very low IFT is not always favorable from an EOR per-
spective. It appears that applying a weaker surfactant
(in terms of higher IFT), like SDBS comparing to AOT in
this study, is more feasible and applicable especially for
high salinities and in presence of aluminosilicate sur-
faces (clays). The developed analytical model explains
this by the parameter m, which is a function of K, and
changein IFT.
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