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Abstract

samples.

This investigation considers black liquors (BL) as candidates for chemical enhanced oil recovery (EOR)
process. These BLs were effluents from paper mills. The main constituent of BL is sodium lignosulfonate, an
anionic surfactant. Results show that these anionic surfactants may be the preferred candidates for EOR as
they may be effective in creating low interfacial tension (IFT) at dilute concentrations without requiring an alkali
or a co-surfactant. Some of the formulations exhibit a low IFT at high salinity, and hence may be suitable for
use in high saline reservoirs. Adsorption tests were conducted on core samples which indicate that the loss of
these formulated surfactants may be comparable to other types of anionic surfactants. Evaluation of surfactants
performance was done in oil recovery by core flood tests. Selected formulations recovered about 20-30% of the
waterflood residual oil saturation even with dilute concentration of 0.18 wt% surfactant concentrations from core

Keywords: Black liquor; sodium Ignosulfonate; Low interfacial
tension; Enhanced oil recovery; Surfactant adsorption; Chemical
flooding

Introduction

Surfactant enhanced oil recovery (SEOR) has been applied
commercially for many years specially starting in 70s and 80s [1-10].
Most of these projects were in pilot stage, but with the recent rise in oil
prices to $115.60 for Brent crude oil and $94.76 for WTT (West Texas
Intermediate) crude oil, the chemical EOR process has received new
impetus.

The basic physics behind the SEOR is that the residual oil dispersed
as micro-sized oil blobs is trapped by high capillary forces within the
porous media. Increasing the fluid flow viscous forces or decreasing the
capillary forces holding the oil blobs are required for pushing the oil to
the production well. The thumb rule for a successful SEOR process is to
reduce the interfacial tension (IFT) to 10°mN/m between the oil and
the aqueous phases [1]. This is equivalent to increasing the capillary
number N_to three orders of magnitude. The N_ 'is a dimensionless
group which represents the ratio of the viscous to capillary forces.
Viscous forces promote mobilizing oil blobs in the porous media
and the interfacial forces trap oil blobs in place. Another major factor
that determines the technical and economic factor of the SEOR is to
minimize the depletion of the injected surfactant due to adsorption on
to the porous media.

A low surfactant concentration of 0.05% to 0.5% is required for
effectiveimplementation of the SEOR process [11]. A surfactant solution
is injected to decrease the IFT of the oil ganglia and the aqueous phase
[12-17], which mobilizes the ganglia through narrow necks of the pores
of the reservoir rock [15], thus forming an oil bank. The formation of
an oil bank is indispensable, since it will allow the efficient mobilization
of the trapped crude oil. Because of the cost of such agents, the volume
of a slug can represent only a small percentage of the reservoir volume.
To preserve the integrity of the slug as it moves through the reservoir, it
is sometimes pushed by water to which a polymer has been added. The
chemical composition of a slug and its size must be carefully selected
for each reservoir and crude oil system. Not all parameters for this
design process are well understood. Surfactant flooding is evaluated
in this study. Several laboratories developed formulations based on
petroleum sulfonate which can displace as much as 95 percent of the
oil from reservoir core samples [18]. Maraflood oil recovery process

test in the Bradford Third Sand of Pennsylvania observed an increase
of 7 to 10 percent oil recovery in the SEOR over the previous water
flooding process [19]. Oil recovery in the oil fields of West Siberia has
increased by 3- 4 % after water flooding and there was an addition
of 140-200 tons of oil on a ton of surfactant [20]. Some major tests
are under way to determine its technical and economic feasibility.
Steinborn [21] used the commercially available non-ionic or neutral
surfactant, Triton X-100 (TX). Alkyl polyglycoside surfactant has been
considered for EOR applications by [22]. Chemically, Black Liquor
(BL) is a mixture of several basic elements where the largest fractions
are carbon, oxygen, sodium and sulphur. Results from an elemental
analysis done by Swedish National Testing and Research Institute,
on a dry BL sample are given in Table 1. The sample was taken from
Assi Domédn Kraftliner in Pited in January 2000. BL is stable upto a
temperature of 300°C and a pressure of 40 bars (40.8 kg/cm?) (Small Jr.
1985). However the use of black liquor for EOR was studied by [23-28]
while the adsorption of BL on the porous media was also studied in

Sl. No. Composition Amounts

1 Sp. Gr. At 60°F 1.09

2 Density at 60°F 1.09 gm/cc

3 Total solids 16.1-16.5%

a Na,CO,as Na,O 29.04 gm/lit

b Na,S as Na,0 5.83 gm/lit

c NaOH as Na,0 3.63 gm/lit

d Na,SO,as Na,O 1.16 gm/lit

e Other compounds as Na,O 9.57 gml/lit

4 Total Sodium as Na,O 49.23 gm/lit

5 Na-lignosulfonate (approx) 0.13258 mol/lit
(mol.wt= 368) =48.7894 gm/lit

Table 1: Composition of Black Liquor.
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[11]. A very low-cost commercial detergent based surfactant (VLCS)
available readily in India corresponds to Vim dishwashing powder was
used as a surfactant by [29].

Experimental
Materials and methods

Materials: The specific surfactants selected for this study were
15 different BL samples collected from different paper mills of India.
Chemfarm, Dibrugarh (Assam) supplied n-octane and the cosolvent
(2-propanol), which is a weak amphiphile that adsorbs at the interface
(thereby changing the spontaneous curvature of the amphiphilic film).
The polymer [Polyacrylamide (PAA)] was supplied by Ciba Specialty &
Virchow Group, Hyderabad, India. Kaolinite clay was purchased from
Caltron Clay & Chemical Pvt. Ltd., Mumbai, India.

In this study the word co-surfactant is used for secondary
surfactants e.g. sorbitan esters or sorbitan ester ethoxylates [30-32]
in order to differentiate from simpler molecules e.g. 2-propanol or
1-butanol [33,34], which is defined as cosolvents. The de-ionized water
was prepared by distilling tap water. The n-octane was used as an oleic
phase; other studies have shown that the IFT and phase behaviour of
crude oils can be represented well by n-alkanes ranging from n-hexane
to n-decane [1]. Two crude oils from the producing horizon of the
Bhogpara and Nahorkatiya oil field belonging to the Upper Assam
basin were used for the IFT measurements. The surfactant flood were
performed in a Berea sandstone core of 10.6 cm length and 3.81 cm
diameter and glued into aluminium housing with epoxide glue, was
given by the Department of Research and Development, Oil India
Limited, Duliajan for experimental purpose. The absolute permeability
of the core was 240 mD determined by the core flooding apparatus and
porosity 22% determined by the Helium porosimeter.

Interfacial Tension (IFT) and Phase Behaviour (PB): IFT
and phase behaviour (PB) experiment samples were prepared in
volumetric tubes adding 5 ml of the aqueous surfactant/co-solvent/salt
formulations to 5 ml of hydrocarbon. The samples were mixed well for
several hours, and were allowed to equilibrate for at least three weeks
at ambient conditions (T=25°C, atmospheric pressure). The phase
characteristics of each system were recorded (i.e., the relative volumes
of the aqueous and oleic phases, and, if present, the middle-phase)
and the IFT of the aqueous and oleic phases were determined by the
Spinning Drop Tensiometer SVT. Several experiments were reported
showing that the Spinning Drop method has a standard deviation of
approximately 20%.

Surfactant adsorption onto kaolinite clay: Adsorption of all
investigated surfactants onto kaolinite clay was measured. SEM photo
of the kaolinite clay is in Figure 1. Adsorption is an important physical
process leading to surfactant loss during a SEOR flood [1 and should
therefore be minimized. Most of the surfactant mass is adsorbed onto
clays as they have the largest surface area.

Kaolinite (more details about this clay can be found in [35] is
heated in an oven at 120°C for two hours and then added the surfactant
solution (I: 20 solid to liquid mass ratio). The samples were then shaken
for 8 hours at 25°C in an electric shaker at ambient conditions. The
test tubes were next centrifuged to separate the solution and clay.

Equilibrium surfactant concentrations and adsorbed surfactant masses
were determined.

Oil displacement core flood experiments: Oil recovery was
determined by fully saturating the core with brine under vacuum
and then injecting n-octane onto the core in a primary drainage
process with a capillary number N_ =3.36x10* [1] until connate
water saturation was reached (S, =40.9% + 2.0%). The core was then
subjected to a waterflood in a secondary imbibitions process at N =
7.11x108, the residual water flood oil saturation was 30.2% + 2.0% [32].
Then the surfactant formulation followed by polymer drive slug, was
injected into the core and incremental oil production was measured
against time until no further oil production was observed.

Two selected BL formulations (Table 2) were tested in the
corefloods. They were chosen because they showed low IFT and low
adsorption behaviour onto kaolinite clay. The surfactant formulations
were prepared in 3000 ppm NaCl brine since the formation water brine
saturation of Nahorkatiya and Bhogpara reservoir is 3000 ppm NaCl.
The surfactant and polymer slugs were injected at a flow rate of 0.02
cm?®/sec [36].

Results and Discussion

IFT Measurement

IFT of aqueous phase containing different BL formulations and
oleic phase containing either n-octane or crude oils were measured.
Surfactant solutions with and without cosolvent (2-propanol) were
screened initially against n-octane. For the best i.e., lowest IFT of BL in
distilled water is 0.008 mN/m and the CMC value is 0.18 wt% as in Figure
2. Then for selected BL surfactants, the IFTs were measured against
two crude oils at elevated temperature to simulate more representative
conditions of an oil reservoir. The influence of salt and the addition
of a second surfactant on IFT were tested for BL formulations versus
n-octane. Changing salinity and cosolvent concentration solubility in

o

IR 5.0»pm 2603

Figure 1: SEM photo of Kaolinite Clay.

Formula-tion| Surfactant Surfactant conc (wt%)| PV surfactant injected Polymer drive solution PV polymer drive solution | IFT (mN/m)
1 BL-1 0.18 0.25 350 ppm PAA in 3000 ppm brine*** 10 0.008*
2 BL-2 0.18 0.80 350 ppm PAA in 6000 ppm brine*** 12 0.003**

Table 2: Details of the BL formulations used in the core flood tests.
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Figure 2: IFT of BL in Distilled water.

the surfactant formulations were varied with the objective to achieve
low or ultra-low IFT. If an IFT of zero be achieved, complete miscibility
and hence complete oil recovery would be achieved.

Initial screening of BL

The IFTs of 0.18 wt% BL surfactant aqueous solutions were
measured as a function of aqueous phase salinity (0-20,000 ppm NaCl
range) versus n-octane as the oleic phase. The IFT was measured
with formulations that contained surfactant only and also samples
containing 1 wt% 2-propanol as a cosolvent.

Figure 3 shows IFT results for BL-2. The IFT of this surfactant
decreased dramatically with an increase of salinity, at 6000 ppm NaCl,
its IFT was ultra low with a value of 0.003 mN/m. The sharp minimum
in IFT indicates the optimal salinity for BL-2 surfactant is near 6000
ppm NaCl. It can be seen in Figure 3 there is a little effect due to the
presence of cosolvent.

The BL-3 and BL-4 (not shown), the IFT values indicated an optimal
salinity at 3000 ppm NaCl. The lowest IFT was approx. 0.01 mN/m. The
effect of cosolvent was very small. Similarly trends were found for BL-5
surfactant, as shown in Figure 4. The lowest IFT for BL-5 was 0.005
mN/m at a salinity of 6000 ppm without addition of cosolvent, and
0.002 mN/m at 3000 ppm NaCl with addition of 2-propanol.

IFTs measured for BL-6 (not shown) was 2.01 mN/m at 3000ppm
salinity without the addition of 2-propanol as compared to 0.1 mN/m
at any salinity with the addition of 2-propanol. Addition of cosolvent
has effect on IFT but in case of BL-6, IFT remains towards the higher
side.

Figure 5 show that the IFT of BL-1 had a fairly minimum IFT over a
range of salinities. This could be an advantage for EOR; because of this
behaviour BL-1 is considered a suitable candidate for reservoirs with
a wide range of salinity. The IFT of this surfactant was as low as 0.008
mN/m and the effect of 2-propanol on IFT was small. IFT's measured
for BL-6 (not shown) was 2.01 mN/m at 3000ppm salinity without the
addition of 2-propanol as compared to 0.1 mN/m at any salinity with
the addition of 2-propanol. Addition of cosolvent has effect on IFT but
in case of BL-6, IFT remains towards the higher side.

Figure 5 show that the IFT of BL-1 had a fairly minimum IFT over a
range of salinities. This could be an advantage for EOR; because of this

behaviour BL-1 is considered a suitable candidate for reservoirs with
a wide range of salinity. The IFT of this surfactant was as low as 0.008
mN/m and the effect of 2-propanol on IFT was small.
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The IFT of BL-7 (not shown) with or without cosolvent were very
similar and a minimum IFT of 0.05 mN/m was reached at a salinity of
6000 ppm (no cosolvent) or 10000 ppm (with cosolvent).

The IFT of BL-8 decreased to 0.004 mN/m with an increase of
salinity to 6000 ppm (Figure 6). With addition of cosolvent, its IFT
decreased to as low as 0.002 mN/m.

The IFT of BL-9 (Figure 7) without cosolvent remained almost a
constant at about 0.2 mN/m, whereas with addition of cosolvent, the
IFT was lowest at 3000 ppm which was 0.01 mN/m.

The strong sensitivity of IFT to salinity is expected as these
surfactants are anionic [1]. IFTs of anionic surfactants decreases as
salinity of the aqueous phase increases. The results suggest that the
optimal salinity (salinity of minimum IFT [1,37]) can be as high as
several ppm NaCl concentration. This is consistent with the trend
observed in Na,CO,, brines [38,39]. Hence these surfactant may be
included in an EOR operations for relatively saline reservoirs.

Another trend is that the addition of 2-propanol as a cosolvent had
little effect. Possible exceptions higher IFT (IFT=0.1 mN/m) values of
BL-6 lower IFT values of BL-1 (IFT=0.008 mN/m) and a reduction of
IFT by a shift in optimum salinity for BL-5 (Table 3). This is contrary
to the behaviour of nonionic alkyl polyglucosides where cosolvent
strongly reduce IFT [22].

In general added cosolvent packed at the interface so as to decrease
the curvature of the interfacial layer and thereby reduce the IFT [40].
Sabatini [41] suggested the concept of a, “hydrophobic linker”, as a
physical model for the action of these cosolvents. That is an additive
may work by linking the oil and surfactant molecules better at the
interface. However even this phenomenon have marginal effect on the
IFT of the investigated BL surfactant systems.

Influence of salt on IFT of BL formulations and phase
behaviour [Figure 8]

The oleic phase was n-octane and the surfactant concentration
was from 0-1.5 wt% in 3000 ppm brine solution or in deionized water.
All measurements were conducted at ambient conditions (T=25°C,
atmospheric pressure). The measured IFT of 3000 ppm of brine with
n-octane is 1.57 mN/m (ploted in Figure 8). As the salinity of the
aqueous phase increases there is reduction in IFT as compared to
deionized water as in Figure 8, which is consistent with Mohanty’s [42]
observations with crude oil systems and with the behaviour observed
for nonionic alkyl polyglucoside surfactants [43,44,30].

Phase behaviour of BL have a strong effect with time as shown in
Figures 9 and 10. In samples prepared with deionized water all oil was
solubilized (Figure 9) while in brine samples all water was solubilized
(Figure 10). Therefore BL-1 solubilized all oil and deionized water and
formed a 100% microemulsion with time. Authors [42,38] recorded for
surfactant in deionized water/crude oil formulation that all crude oil
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Figure 6: IFT of BL-8 versus salinity. Figure 7: IFT of BL-9 versus salinity.
Serial no.  Fig.no. 0.18wt%BL Salinity(ppm) Cosolvent = 1wt% IFT(mN/m) Effect of cosolvent
No. 2-propanol
1 1 BL-2 6000 Very little 0.003 Small effect on IFT
2 Not plotted | BL-3 & BL-4 3000 added 0.01 Small effect of cosolvent on IFT
3 2 BL-5 6000 Not added 0.005 IFT reduction with cosolvent (like non ionic)
BL-5 3000 added 0.002
4 Not plotted BL-6 3000 Not added 2.01 Change in IFT with cosolvent, but IFT remains
BL-6 Any salinity added 0.1 higher
5 3 BL-1 Over wide range of salinity, added Fairly minimum Small effect on IFT
suitable for EOR IFT of 0.008
6 Not plotted BL-7 6000 Not added 0.05 No effect on IFT by cosolvent or salinity
BL-7 10000 added 0.05
7 4 BL-8 With increase of salinity to Not added 0.004 Reduction of IFT with increase in salinity
BL-8 6000 added 0.002
8 5 BL-9 3000 Not added 0.2 Reduction of IFT with cosolvent (like non-ionic) but
3000 added 0.01 with constant salinity

Table 3: Initial screening of BL.
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Figure 10: Phase behaviour of BL-1 in 3000 ppm brine with time.

and some of the water was solubilized. The difference in results can be
explained by the different nature of crude oil as compared to n-octane.

The phase behaviour of BL-1 in brine was consistent with what
was observed in 0.1-0.5 Molar Na2CO3 brine at a lower surfactant
concentration [38,39]. As a general trend, low IFT values [ie., for
BL-1, IFT is 0.008 mN/m (Table 3)] appear when middle phase

microemulsions form with a size range in the order of 5-50 nm in drop
radius [43-45]. The existence of a middle-phase microemulsion is an
indication of hydrophillic-lipophilic balance [45,46]. Considering the
fairly low concentration of BL-1, this is very effective.

One test was run at elevated temperature (75°C) to investigate
the effort of temperature on IFT. For a 0.18% BL-6 formulation in
deionized water against n-octane, an IFT of 1.45 mN/m was measured
as compared to 2.01 mN/m at 25°C (Table 3). Increasing temperature
reduced IFT.

IFT measurements- low BL concentrations

IFTs were measured at 3000 ppm at the expected optimal salinity
of the formation water of Nahorkatiya oil reservoir. The measurements
used n-octane as oleic phase and were performed at ambient conditions.
Selected low IFT are tabulated in Table 3. In most cases low IFTs were
reached with low (0.05-0.10 wt%) to zero cosolvent concentration. Low
IFTs at low concentration are attractive for field application.

Surfactants BL 9,10 and 11 were included later as they showed
relatively low adsorption on kaolinite clay (Table 5). Samples BL 12,
13 and 14 were also added later as they were locally available from
Nowgong Paper Mill at Jagiroad, Assam. The IFT results indicated
that optimal salinity of some of these 6 BL surfactants may exceed
even 10,000 ppm. None of the measured values were specially low as
compared to the best BL system reported earlier. IFTs decreases with
increasing salinity.

The IFT of BL-2 of 0.003 mN/m was the best followed by B-8
of 0.004 mN/m and B-5 of 0.005 mN/m at 6000 ppm NaCl without
2-propanol addition. BL- 1 showed an IFT of 0.008 mN/m over a wide
range of salinity, so BL-1 is presumed to be the most suitable for EOR
application. In some cases the IFT did not increase monotonically with
a decrease in the BL concentration. This behaviour could be associated
with experimental errors in the IFT measurement and/or reflect that
the optimal salinity can shift with a change in surfactant concentration.

IFT measurements for crude oil systems

All the previous IFT results were measured against n-octane as oleic
phase. While n-octane can be replaced by crude oil for IFT studies/
phase behaviour [1], measurement with actual crude oil is more
relevant. Two crude oil samples were taken, the Bhogpara oil reservoir
crude oil sample was of density 850 kg/m? at 45°C and Nahorkatiya
oil reservoir crude oil sample was of density 808 kg/m® at 45°C. A test
temperature of 45°C and a brine concentration of 3000 ppm, which is
the condition of oil reservoir of Upper Assam basin. The Nahorkatiya
oil was light and waxy. The measured IFT results for different BL
surfactants and two crude oils and n-octane at 45°C are listed in Table
4. All measurements were conducted at ambient pressure. Results
indicate that IFT values are lower for crude oils than for n-octane at
identical temperature conditions. The IFT values could be even lower
versus these crude oils if the brine salinity would be adjusted to be
at their optimal conditions. This is based on previous results of this
study where n-octane and BL at ambient temperature show an optimal
salinity of several ppm NaCl.

Adsorption tests on kaolinite clay

Adsorption was measured as a function of surfactant contration C,_
and showed three trends:

« Equilibrium surfactant adsorption G increased with increase of bulk
surfactant concentration C_. There were only three exceptions with
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Surfactant Brine IFT for IFT for IFT for
Salinity Nahorkatiya Bhogpara crude  n-octane
(ppm) crude oil (mN/m) oil (mN/m) (mN/m)
BL-2 3000 n.d 0.94 nd
BL-4 3000 0.49 0.22 nd
BL-1 3000 0.72 0.23 nd
BL-8 3000 n.d 0.65 nd
BL-15 3000 n.d 0.31 nd
BL-14 3000 n.d 0.69 nd
BL-4 1000 0.1 n.d 0.14
BL-4 3000 0.003 n.d 0.007
BL-4 4000 0.078 nd 0.22

Table 4: IFT for BL (0.18 wt %) in brine against crude oils and n-octane at 45°C.

BL-10, 3 and 4. For BL 10 and 3, there were adsorption maxima
at a bulk concentration of about 0.18 wt %. For BL-4, adsorption
decreased with increase of surfactant concentration. The adsorption
results for the BL are in Table 5. Adsorption data for the other BL
can be found in [30,31].

+ Generally adsorption decreased with an increase of the number of
SO,H" groups in the surfactant molecule.

Mohanty (2006) and Adibhatla et al. (2008) found that adsorption
at kaolinite/liquid interface have been previously studied [47-51].
Adsorption onto minerals at low bulk surfactant concentration
is generally due to the interaction between the polar head of the
amphiphile molecule and some specific sites of the surface e.g. H-bonds
or electrostatic forces. For higher bulk surfactant concentrations,
aggregates are formed at the interface as a result of lateral interactions
between hydrophobic chains. This aggregation is due to the same
forces as those responsible for bulk micelle formation. In BL surfactant
molecules, more SO,H" group make the surfactant more hydrophobic,
the interaction between hydrophobic chains therefore become stronger,
which weakens the interaction between the polar head of the surfactant
molecules and specific sites on the kaolinite clay surface. This might
explain a decrease of adsorption of BL surfactants with an increase of
SO,H" groups in their molecules.

Adsorption of surfactant on mineral surfaces also depends on many
other factors. Several physicochemical processes can be expected to
occur, such as hydrolysis of surface species, ion-exchange, electrostatic
adsorption and dissolution of the clay constitute, and adsorption or
precipitation of resultant complexes.

Studies of surfactant adsorption from aqueous solutions onto
kaolinite clay, an adsorption maximum [52-54] was found in some
cases. When aqueous surfactant solution contacts with kaolinite clay,
the concentration of Ca** and Na'* in the solution increases due to
the ion-exchange process. At low surfactant concentration, surfactant
molecules exist in the solution as monomers. The adsorption of
surfactant increases with the increase in concentration. At high
concentration, when the adsorption density of surfactant on kaolinite
surface is high enough to make the concentration product of the
adsorbed surfactant anions and Ca* and Na'* greater than their
solubility products, a precipitate will form on the kaolinite surface.
However with further increase in surfactant concentration in aqueous
solution, surfactant molecules aggregates and micelles are formed
in the bulk solution, which enhance the solubility of precipitates.
Consequently, the micelles compete with the surface of kaolinite for the
adsorbed molecules and dissolve some of the precipate on the surface.
As a result adsorption decreases at high concentrations.

The adsorption levels for the BL surfactants onto kaolinite (5-50

mg/g) are comparable or greater than some other anionic surfactants
tested under similar conditions. There are reports of adsorption on
kaolinite of 5-50 mg/g for a series of linear alkyl benzene sulfonates,
and another study for petroleum sulfonate shows 5-50 mg/g [54].

Clay minerals which have layered structures consisting of sheets
of Feldspar (KAISi,O, - NaAlSi,O, - CaAlSi,O,) [55,36] and sheets
of AlO, Silicon tetrahedron linked with each other by means of shared
oxygen ions were negatively charged under most natural conditions
mainly due to the substitution, for example, of AI’** for Si** in the
silica tetrahedron. This charge is internal to the structure and is not
dependent on solution concentration [56]. The edges of the clay
particles would exhibit pH-dependent charge characteristics due to
hydroxylation and ionization of the broken Si-O and Al-O bonds at
the edges. The point of zero charge of the clay determines the algebraic
sum of face and edge charges (Figure 11). It is to be noted that at the
point of zero charge both the sides and faces would be charged and thus
possess adsorptive properties that other minerals might not possess at
their points of zero charge [57].

Surfactant | C_ = Equilibrium AvgC_ G = equilibrium Avg G
concentration [g/g] | surfactant adsorption [g/g]
[wt% i.e., g/g] [wt% i.e., g/g]

BL-2 0.39 0.963 0.0139 0.025
BL-2 0.85 0.0209
BL-2 1.65 0.0395
BL-3 0.44 0.813 0.0032 0.006
BL-3 1.03 0.0083
BL-3 0.97 0.0075
BL-4 2.6 0.559 0.0064 0.004
BL-4 0.45 0.0007
BL-4 1.20 0
BL-5 242 1.193 0 0.029
BL-5 0.29 0.021
BL-5 0.87 0.0378
BL-6 1.65 1.237 0.0648 0.048
BL-6 0.34 0.0329
BL-6 1.72 0.0469
BL-1 0.42 1.033 0.0665 0.036
BL-1 0.92 0.0107
BL-1 1.76 0.0320

*Solid : Solution= 1:20, equilibrium at atm. Pressure, 25°C after 8 hours
Table 5: Adsorption” of BL on kaolinite clay from 3000 ppm NaCl aqueous solution.

*Substitution of Si4+ and A13+ by other lower valence
(e.g., Mg2+) cations
3 results in charge imbalance (net negative)

postiviely charged edges

negatively charged faces

Clay Particle with Net negative Charge

The clay particle dervies its net negative charge from the
is om orphous substituti on and broken bonds at the boundaries.

Figure 11: Clay particle showing net negative charge.
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Figure 12: EOR observed for BL-1 and BL-2 formulations.

Enhanced oil recovery

Based on the IFT and adsorption test, BL-1 and BL-2 was selected
for EOR. The brine salinity was taken as 3000 ppm. The flooding test
was done as per Gogoi and Das (2012). The EOR curves are shown in
Figures 12. After BL flooding the EOR was found to be 29% of the water
flood residual oil in case of BL-1 and 22% in case of BL-2 shown in
Figure 12. The EOR for BL-2 is was mediocre. Both the BL formulations
were efficient in terms of water flood residual oil recovery with brine
concentration of 3000 ppm. Adibhatla and Mohanty [58] recorded an
oil recovery of 40-60% initial oil in place after 100 days of spontaneous
imbibition of 0.18 wt% surfactant (in 0.3 Molar Na,CO, brine) into
outcrop limestone. This is similar to EOR for BL-1 even though the
displacement mechanism and porous media were different.

Conclusions

The IFT, phase behaviour and solid adsorption of 15 samples of
BL formulations were studied. These are vital data for designing EOR
projects and selecting suitable surfactant formulation. The key findings
include:

o BL surfactants at concentrations as low as 0.18 wt% can create an
IFT as low as 0.002 mN/m between brine and n-octane or crude oil.

« Higher the salinity of the aqueous phase lower will be the IFT
between the aqueous and the oleic phases

o Adsorption of these surfactants on kaolinite clay decreased with
an increase of the number of SO,H" group. SO,H" were effective
in terms of EOR (from 20-30 % additional oil was produced) with
surfactant concentration as low as 0.18%.

o The average equilibrium surfactant adsorbed in case of BL-1
was 0.036 g/g (equilibrium surfactant adsorbed) on kaolinite at
equilibrium concentration of 1.03 g/g while the average equilibrium
surfactant adsorbed in case of BL-2 was 0.025 g/g (equilibrium
surfactant adsorbed) on kaolinite at equilibrium concentration of
0.96 g/g.

« EOR observed for BL-1 in higher than from BL-2 formulations.
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Nomenclature

IFT Interfacial tension (mN/m)
SO,H sulfonic acid group
HBL Hydrophillic-lipophillic balance
EOR Enhanced oil recovery
NaCl Sodium Chloride
Na,CO,  Sodium carbonate
Ca* Divalent calcium
Na™ Monovalent sodium
Al Trivalent aluminium
Si+ Quadravalent silica
SiO, Silicon tetrahedron
AlO, Aluminium octahedron
Si-O Silica oxygen bond
Al-O Aluminium oxygen bond
ppm Parts per million
wit% Weight %
o Residual oil saturation
S,. Connate water saturation
G Equilibrium surfactant adsorption (mg/kg)
Ceq Bulk surfactant concentration (wt%)
Ncap capillary number (-)
PV Pore vol (-)
SEM Scanning Electron Microscope
Yowt gm/gm
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