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This paper presents an experimental study of low-tension polymer (LTP) flooding with a short-hydrophobe
surfactant as a sole additive. Such a simple surfactant makes low-tension displacement fronts in polymer
flooding (e.g., 1072 mN/m) without involving micro-emulsions of ultra-low interfacial tension (IFT). The envi-
sioned application of LTP flooding is to enhance the displacement of a continuous oil phase with such a moderate
reduction in IFT as an effective improvement of polymer flooding.

In our previous research, 2-ethylhexanol-7PO-15EO (2-EH-7PO-15EO) was selected as an optimal short-
hydrophobe surfactant that resulted in the lowest IFT between polymer solution and oil, and achieved the
greatest final oil recovery. However, this paper presents the effect of surfactant partition coefficients on the LTP
flooding as an additional important factor for surfactant optimization.

A series of LTP floods showed that the IFT primarily affected the final oil recovery when the sandpack was
swept sufficiently by LTP. Comparison of two cases with similar IFT values (2-EH-4PO-15EO and 2-EH-7PO-
25EOQ) showed that the surfactant partition coefficient affected the oil recovery through its impact on the sur-
factant in-situ propagation. The case with 2-EH-7PO-25EO resulted in a greater oil recovery because the sur-
factant propagated more efficiently with a smaller partition coefficient than 2-EH-4PO-15EO.

Results collectively showed that optimization of 2-EH-xPO-yEO for LTP flooding involves two competing
factors. One is to minimize the water/oil IFT for increasing the local oil displacement efficiency, and the other is
to minimize the partition coefficient for more efficient in-situ propagation of the surfactant. It is critical to take a
balance between these two factors for the surfactant used for LTP flooding. The importance of the surfactant

partition coefficient became more obvious when a limited amount of surfactant was injected.

1. Introduction

Chemical enhanced oil recovery (EOR) has been studied and devel-
oped for more than 60 years including alkali, surfactant, polymer, alkali-
surfactant, and alkali-surfactant-polymer (ASP). The commonly-used
surfactants in the conventional chemical EOR have a large-
hydrophobe with many moles of ethylene oxide (EO) and propylene
oxide (PO). Such large hydrophobes usually come from long carbon
chain alcohols, such as tridecyl alcohol, oleyl alcohol, and Guerbet al-
cohols. Certain numbers of moles of EO and PO are attached by an
alkoxylation reaction.

Recently, short alcohols and their alkoxylation forms have been
studied as a co-solvent to improve ASP formulation, also referred as
alkali-cosolvent-polymer flooding (Aitkulov et al., 2017; Fortenberry
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et al., 2015; Sharma et al., 2018; Upamali et al., 2018). Such co-solvent
chemicals were used to promote micro-emulsion phase behavior. For
example, the use of alkoxylated short alcohols (isobutyl alcohol, phenol,
and 2-ethylhexanol) resulted in micro-emulsion phase behavior with
shorter equilibrium time, smaller micro-emulsion viscosity, and less
surfactant retention (Upamali et al, 2018). By decreasing the
micro-emulsion viscosity and achieving an ultra-low IFT, alkoxylated
short alcohols improved oil recovery successfully with a reduced
chemical usage (Ghosh et al., 2018; Panthi et al., 2019).

These previous studies on surfactant and co-solvent formulations
aimed to achieve a Winsor type III micro-emulsion with ultra-low IFT (e.
g., 1073 mN/m). Because multiple chemicals are often required for such
an optimal formulation, the chemical cost could be an issue for their
field applications. Therefore, Baek et al. (2019 and 2020) evaluated
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alkoxylated short alcohols as a single additive to polymer flooding. They
referred to it as low-tension polymer (LTP) flooding after the previous
studies of using a surfactant in polymer flooding in the 1990s (Kalpakci
et al., 1990; Maldal et al., 1998). LTP flooding was a precursor instru-
mental to the technological advancements that led to the current prac-
tice of SP and ASP flooding, such as new surfactants, their formulations,
and salinity gradient. The LTP flooding concept was revisited with a new
type of surfactants (i.e., short-hydrophobe surfactants) by Baek et al.
(2019, 2020).

This research was motivated by a question as to whether there would
be a simple modification to polymer flooding in oil reservoirs for which
conventional SP flooding would not be practically suitable. For example,
applying the desired salinity gradient for ultra-low IFT phase behavior in
ASP may be difficult where brine sources are limited for injection into
offshore reservoirs. It can be also difficult to handle multiple chemicals
because of limited space at the project location (e.g., on an offshore
platform). Under these limited conditions, the LTP flooding aims to
improve the performance of the polymer flooding by simply adding a
short-hydrophobe surfactant in the polymer solution with no other
chemicals or additional operation steps.

The major difference between the conventional surfactant-polymer
(SP) flooding and the LTP flooding in this research lies in the phase
behavior of emulsions. Baek et al. (2020) showed that short-hydrophobe
surfactants resulted in a low IFT (e.g., 10”2 mN/m with 2-ethylhexa-
nol-7PO-15EO, or 2-EH-7PO-15EO), but not an ultra-low IFT in the
order of 10~® mN/m 2-EH-7PO-15EO was found as an optimal
short-hydrophobe surfactant by IFT measurements for many
short-hydrophobe surfactants. The sandpack flooding of heavy oil ach-
ieved a significantly increased oil recovery with 0.5 wt%
short-hydrophobe surfactants in the polymer solution, in comparison to
polymer flooding. For example, 0.5 wt% 2-EH-7PO-15EO reduced the
IFT from 15.8 to 0.025 mN/m, and achieved a recovery factor of 93% the
original oil in place (OOIP), in comparison to 66% OOIP with polymer
flooding.

As part of the LTP flooding research program, this research was to
improve the surfactant optimization method. The central hypothesis was
that an optimal surfactant should be determined not only by IFT, but
also in terms of surfactant’s in-situ distribution during oil displacement,
including adsorption on the rock surface, trapping in the remaining oleic
phase, and propagation through the aqueous phase.

The in-situ retention of short-hydrophobe surfactants strongly affects
the economic feasibility of LTP flooding. The increased oil production
should be sufficient to cover the investment in chemical flooding during
the operation (Shramm, 2000). Surfactant retention generally includes
precipitation, adsorption, and phase trapping. It can determine the
success of LTP flooding (Belhaj et al., 2020; Massarweh and Abushaikha,
2020; Shramm, 2000). Precipitation at the reservoir conditions can be
avoided by performing a comprehensive stability test of surfactants;
therefore, most attention of this research was paid to surfactant
adsorption and surfactant trapping in the remaining oil in a sandpack.

At a fixed salinity and temperature above the critical micelle con-
centration (CMC), surfactant adsorption and its ability to lower the IFT
both increase with an increase in relative hydrophobicity of surfactant
(Kamal et al., 2017). The degree of adsorption increases and the IFT
value decreases as surfactant concentration increases below CMC, and
they little change as surfactant concentration increases above CMC
(Belhaj et al., 2019; Harwell et al., 1985; Somasundaran and Kunjappu,
1989). By conducting adsorption tests and IFT measurements of 2-EH-x-
PO-yEO above CMC, this research aimed to correlate the adsorption with
IFT values for 2-EH-xPO-yEO.

Surfactant flooding data showed that an increasing amount of sur-
factant dissolved in the oleic phase in macro-emulsion retarded the
chemical front velocity and delayed the oil recovery (Ding et al., 2020;
Hirasaki, 1981; Larson and Hirasaki, 1978). The phase trapping of
short-hydrophobe surfactants in the oleic phase can be indicated by a
surfactant partition coefficient. The partition coefficient represents the
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distribution of a surfactant in the oleic and the aqueous phase as the
ratio of the surfactant concentration in the oleic phase to that in the
aqueous phase, as shown in Equation (1).

K=Cg/Ch €

where K is the partition coefficient, C is the surfactant concentration in
the oleic phase, and C} is the surfactant concentration in the aqueous
phase. It implies the relative affinity of a surfactant for the aqueous
phase and for the oleic phase at a certain temperature and pressure
(Belhaj et al., 2019; Catanoiu et al., 2011; Ravera et al., 1997). Hence, it
indicates the phase trapping behavior of short-hydrophobe surfactants,
which affects the surfactant propagation and distribution.

The main objective of this research is to evaluate the performance of
short-hydrophobe surfactants with IFT, surfactant distribution, and oil
recovery. The surfactant distribution is determined by surfactant
adsorption measurement, surfactant partition coefficient, and the
overall surfactant balance during LTP flooding. The effect of IFT on the
surfactant partition coefficient is also described. This paper presents new
experimental results of partition coefficients, adsorption data, and
sandpack floodings obtained in this research. For a comprehensive
analysis and comparisons, however, some experimental data were taken
from Baek et al. (2020): the IFTs of 2-EH-4PO-15EO, 2-EH-4P0O-25EOQ,
and 2-EH-7PO-15EQ; the surfactant adsorption of 2-EH-7PO-15EOQ; the
polymer flooding data; and the LTP flooding results with
2-EH-7PO-15EO. The experimental conditions in this research were set
to be the same as these data taken from Baek et al. (2020), including
temperature, brine salinity, oil type, polymer type and concentration,
surfactant concentration, and sandpack properties.

Section 2 presents the materials and methods of this research. Sec-
tion 3 displays the results of IFT and partition coefficient measurements,
surfactant adsorption test, and sandpack floodings. Section 4 summa-
rizes the conclusions of this research.

2. Materials and experimental procedure

Experimental conditions were set to mimic the operation plan for an
offshore reservoir. It is an unconsolidated sand reservoir of heavy oil.
The heavy oil sample used in this research was taken from a reservoir
close to the target reservoir because the company has not started oil
production from the target reservoir. The reservoir brine and injection
brine were set based on their operation plan. More information about
the heavy oil and the rheology of polymer solution is provided in Baek
et al. (2020). All experiments were conducted at 61 °C.

2.1. Reservoir fluid properties

The reservoir brine and the injection brine were the same with a
salinity of 56456 ppm (Table 1). The density of the brine was 1.08 g/ml
at 25 °C and 1.05 g/ml at 61 °C. The brine prepared for the experiment
contained NaCl (BP358, Fisher Bioreagents), MgCly-6H20 (M33, Fisher
Chemical), CaCly-2H20 (C614, Fisher Scientific), KCl (P217, Fisher
Chemical), and NaySO4 (S421, Fisher Chemical).

The heavy oil API gravity was 10.8° with a molecular weight of 428
g/ml and a viscosity of 500 cp at 61 °C. The oil density was 0.99 g/ml at

Table 1
Brine composition.
Ions Concentration [mg/L]
Na* 18387
K" 200
Ca?* 2015
Mgt 958
Cl™ 34883
S04* 13

Total Dissolved Solids 56456
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25°Cand 0.95 g/ml at 61 °C. Based on the solubility analysis, the heavy
oil sample contained 53.5 wt% saturates, 22.8 wt% aromatics, 20.8 wt%
resins, and 2.9 wt% asphaltenes (n-pentane insoluble). The total acid
number was 8.08 mg-KOH/g-oil.

2-Ethylhexanol with a certain mole (x and y) of propylene oxide and
ethylene oxide (2-EH-xPO-yEO) was applied as a short-hydrophobe
surfactant in this research. All surfactants were provided by Harcros
Chemicals. Propylene oxide (PO) is related to the hydrophobicity, while
ethylene oxide (EO) to the hydrophilicity of the surfactant. The mole
numbers of PO and EO substantially affect the surfactant partition co-
efficient and the IFT as will be shown later. Fig. 1 shows the chemical
structure of 2-EH-xPO-yEO. In total, four 2-EH-xPO-yEO surfactants
were tested in this research: 2-EH-7PO-15EO, 2-EH-7PO-25EO, 2-EH-
4PO-15EO, 2-EH-7PO-25EO.

Partially-hydrolyzed polyacrylamide (HPAM) polymer, Flopaam
3630 (SNF), was selected as the water-soluble polymer. It is a powder-
type polymer with a high molecular weight of 20 million Dalton. The
surfactant and polymer solution (SP solution) for LTP flooding contained
0.5 wt% surfactant and 0.54 wt% polymer in the reservoir brine, which
had a density of 1.04 g/ml at 25 °C and 1.02 g/ml at 61 °C.

2.2. Sandpack

For sandpack preparation, Ottawa sand was filtered into five grain-
size categories to match the grain size distribution of the target reser-
voir (unconsolidated sand) as shown in Table 2. Then, the filtered sand
was acidized using 10 wt% HCI solution (2.7 M HCI, pH = —0.44) and
dried. The sandpack dimensions were 31-cm in length and 2.58-cm in
diameter. The sandpack container was made of transparent poly-
carbonate, which can be operated at temperatures up to 121 °C. The
maximum pressure of the sandpack container was 400 psi with a 1.9-cm
wall-thickness.

A new sandpack was prepared for each surfactant adsorption test and
each oil recovery experiment. Each sandpack was prepared by following
the same procedure. The weight of sandpack for each LTP flooding
ranged from 350 g to 365 g. The porosity and the permeability of each
sandpack is summarized in Table 7.

2.3. IFT measurement

The water/oil IFT of four surfactant samples (2-EH-7PO-15EO, 2-EH-
7P0-25EO, 2-EH-4PO-15EO, and 2-EH-4PO-25EO) were measured by a
spinning drop method (KRUSS tensiometer) at 61 °C. The aqueous so-
lution of each sample contained 1.0 wt% surfactant in the reservoir
brine. The IFT results were taken from Baek et al. (2020). The CMC of
2-EH-7P0O-15EO was measured to be 0.025 wt%. Therefore, we assumed
that CMC values of other 2-EH-xPO-yEO surfactants were significantly
smaller than the tested concentrations, e.g., 0.5 wt% (LTP flooding) and
1.0 wt% (IFT measurement).

2.4. Partition coefficient measurement

Samples were prepared in a 20-ml glass vial. The equal volume (4
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Table 2
Grain size distribution of sandpack.

Sieve Lower Limit ~ Upper Limit  Average Size Mass

Number (pm) (pm) (pm) Concentration (%)
325 45 105 75 20

140 105 150 127.5 18

100 150 210 180 29

70 210 420 315 28

40 420 710 565 5

mL) of the heavy oil and the aqueous solution were added to the glass
vial using a repeater. The aqueous phase was the reservoir brine with a
certain concentration (0.1 wt%, 0.2 wt%, 0.3 wt%, 0.4 wt%, 0.5 wt%,
and 1.0 wt%) of short-hydrophobe surfactants (2-EH-7PO-15EO, 2-EH-
7P0-25E0, 2-EH-4PO-15EO, and 2-EH-4PO-25E0).

One trial included six samples with six different concentrations of a
surfactant. Each trial was repeated three times, which resulted in 18
samples in total. Three sets of samples were kept in an oven at 61 °C for
30 min, and then all samples were mixed using a vortex mixer. Then, all
samples were kept in an oven at 61 °C for five days. In the first two days,
each sample was mixed eight times per day. Samples were then aged at
the target temperature (61 °C and 25 °C) for additional six days.

The amount of a surfactant in the aqueous phase at equilibrium was
measured by high-performance liquid chromatography (HPLC). Samples
were kept at their respective temperature, and the aqueous phase from
each sample was extracted by using a disposable needle and a disposable
syringe. Then, each aqueous phase was diluted by deionized water with
a dilution factor of four. The dilution factor may vary from 2 to 10
depending on the HPLC peak limit. The concentration of the surfactant
in the aqueous phase was then measured by HPLC. The amount of the
surfactant in the oleic phase was calculated based on material balance.

2.5. SP solution and polymer solution preparation

The concentrations of HPAM 3630s polymer and each short-
hydrophobe surfactant were set to be the same as Baek et al. (2020).
The polymer concentration in the injection brine was 0.54 wt% to match
60 cp at the shear rate of 7 s lat61 °C (i.e., the viscosity ratio with the
500-cp oil was approximately 8). For surfactant-polymer (SP) solutions,
0.5 wt% of a short-hydrophobe surfactant was added to the polymer
solution. The surfactant concentration was set to sufficiently overcome
the surfactant adsorption and trapping in the remaining oleic phase so
that the surfactant could propagate through the sandpack to be detected
from the effluent samples. In addition, insufficient surfactant propaga-
tion was tested by using 0.1 wt% surfactant in the polymer solution as
will be discussed later.

Since HPAM 3630s is a power-type polymer, special care is required
to make polymer and SP solutions. Before adding the polymer powder,
each batch solution was mixed under 500 rpm. Then, the polymer
powder was slowly and continuously added to each batch to avoid
polymer aggregation and degradation. Each batch solution was less than
400 ml. After the polymer addition, each batch was mixed under 500
rpm for 3 h. After the mixing, the solution was filtered using a 1.2 pm

N)ﬁoho}ko :

2-Ethylhexanol

Propylene Oxide (PO)

Ethylene Oxide (EO)

Fig. 1. The chemical structure of 2-EH-xPO-yEO.
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filter under 15 psi argon gas. By recording the time duration to collect
each 20 ml solution, the filtration ratio (FR) was calculated to confirm
the homogeneity of the polymer solution. FR is the time duration to
collect 60 m1-80 ml solution divided by the time duration to collect 180
ml-200 ml solution. FR should be between 1.0 and 1.2. After filtration,
the solution was stirred at 350 rpm and was degassed with argon gas for
30-60 min at the same time to eliminate oxygen in the sample solution.
The prepared solutions were immediately transferred into accumulators
for the subsequent experiments. If the solutions were not used imme-
diately, they should be kept in the refrigerator under 10 °C for 2 day at
most, which is not the case for this research.

2.6. LTP flooding

Unlike the ASP flooding that aims to achieve an ultra-low IFT (i.e.,
103 mN/m) through Winsor type III emulsion phase behavior, the LTP
flooding with a short-hydrophobe surfactant expects a moderate
reduction of the water/oil IFT. Therefore, the LTP flooding is more
applicable for displacing a continuous oil phase rather than dispersed oil
droplets trapped after waterflooding. For all cases, therefore, the LTP
flooding was performed as the secondary mode without a prior
waterflood.

Fig. 2 displays the experimental set-up for the LTP flooding. The
experimental temperature was 61 °C; therefore, all equipment was
placed inside an oven (Blue M). Four accumulators were prepared for
heavy oil, brine, SP solution, and polymer solution. The bottom of each
accumulator was filled with deionized water and connected to ISCO
pumps. The fluid accumulators were pressure-controlled by pumps, or
controlled by a constant flow rate when a specific fluid was injected. All
lines were purged with deionized water or injection fluids to remove any
possible air in the system. A pressure transducer (OMEGA) was installed
to measure the inlet pressure. The pressure difference between the inlet
and the outlet of the sandpack was measured by a differential pressure
flow transmitter (Rosemount). The inlet pressure and the pressure dif-
ference were recorded in a data requisition system (LabView).

After setting up accumulators and the sandpack, the system was left
in a Blue M oven at 61 °C for a day to achieve temperature equilibrium
for all equipment and fluids. After confirming the stable system tem-
perature at 61 °C, the sandpack was evacuated for 2 h. Then, the
sandpack was first saturated with brine to measure the pore volume of
the sandpack. After measuring the pore volume, the brine was injected
at different flow rates to measure the permeability using Darcy’s law.
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The 200-ml of heavy oil was then injected into the sandpack for 20 h at
10 ml/h for oil saturation. While injecting oil, effluents were collected to
calculate the initial oil and water saturations in the sandpack. When the
sandpack was ready (i.e., known S, Swi, porosity, and permeability),
the SP solution was injected to conduct the LTP flooding.

A total of five LTP floodings were conducted: (1) 0.5 wt% 2-EH-7PO-
15EO, (2) 0.5 wt% 2-EH-7PO-25EO, (3) 0.5 wt% 2-EH-4PO-15EO, (4)
0.1 wt% 2-EH-7PO-25EQ, and (5) 0.1 wt% 2-EH-7PO-15EO. For each
case, 0.5 pore volume (PV) of the SP solution was injected at a constant
flow rate of 1 ml/h. Then, 4.5 PV of polymer solution was injected after
the SP injection at a constant flow rate of 3 ml/h. Effluent samples were
collected for every 6 ml-9 ml. HPLC was used to measure the surfactant
amount in the aqueous phase of effluents.

2.7. Surfactant adsorption test

This was a dynamic adsorption test for a short-hydrophobe surfac-
tant on sand grains. The experimental set-up was the same as the LTP
flooding (Fig. 2). After saturating the sandpack with the reservoir brine,
0.5 PV of the SP solution (0.5 wt% surfactant and 0.54 wt% polymer in
the reservoir brine) was injected at a constant flow rate of 9 ml/h. Then,
the polymer solution (0.54 wt% polymer in the reservoir brine) was
injected for 2.5 PV at a constant flow rate of 9 ml/h. Effluent samples
were collected for every 5 ml. The short-hydrophobe surfactant con-
centration in each aqueous phase was analyzed by HPLC.

3. Results and discussion
3.1. IFT
Table 3 presents the IFT data obtained for 1.0-wt% short-hydrophobe

surfactant solutions at a salinity of 56456 ppm with the heavy oil at
61 °C. The four surfactants were compared to understand the impact of

Table 3
IFT results for 1.0 wt% surfactant in the 56456-ppm brine with
heavy oil at 61 °C.

Short-hydrophobe Surfactant IFT (mN/m)
2-EH-4PO-15EO0 0.20
2-EH-4PO-25EO 0.87
2-EH-7PO-15EO 0.025
2-EH-7PO-25EO0 0.18

Oven
| > e > | >
O O O O
=" C— 5 L — =3
— — I — —
—J C—JJC—/— T—
L] L] ] L]
> > » o >
Pressure
Pump Pump monitor &
acquisition

Fig. 2. Experiment set-up for the sandpack flooding and adsorption test.
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PO (EO) on the IFT while keeping the EO (PO) number. 2-EH-7PO-15EO
resulted in the smallest IFT, 0.025 mN/m, among the four short-
hydrophobe surfactants. The IFT was increased to approximately 0.2
mN/m by decreasing the PO number to 4 while keeping the EO number
(2-EH-4PO-15E0), or by increasing the EO number to 25 while keeping
the PO number (2-EH-7PO-25EO). The adverse effects of decreasing the
PO number and increasing the EO number on the IFT resulted in 0.87
mN/m with 2-EH-4PO-25EO.

3.2. Partition coefficient

Table 4 summarizes the partition coefficient data for short-
hydrophobe surfactants with different initial concentrations in the
aqueous phase at 25 °C and 61 °C. Each measurement was repeated at
least three times. The LTP flooding was performed at 61 °C; therefore,
the partition coefficient at 61 °C was used to calculate the trapped
surfactant in the remaining oil. Surfactant concentrations in effluent
samples from the LTP flooding were calculated with the partition co-
efficients at 25 °C.

For all measurements, the concentration of short-hydrophobe sur-
factants was significantly greater than its CMC; therefore, only the post-
CMC regime is discussed. We considered the effects of temperature and
the initial surfactant concentration. Results are shown in Fig. 3 for 25 °C
and Fig. 4 for 61 °C. The partition coefficient decreased with increasing
initial surfactant concentration. At 61 °C, for example, the partition
coefficients at 0.5 wt% and 1.0 wt% 2-EH-4PO-15EO were 1.61 and
0.90, respectively. Also, the partition coefficient increased with
increasing temperature for a given concentration. For 0.5 wt% 2-EH-
4PO-15EO, the partition coefficient increased from 1.08 to 1.61 as the
temperature increased from 25 °C to 61 °C.

The effect of temperature on the partition coefficient was explained
by the standard free energy of partitioning; that is, the difference in
chemical potentials of the surfactant when it is in the oleic phase and in
the aqueous phase (Ghoulam et al., 2002; Salager et al., 2000). Note that

Table 4

Surfactant partition coefficient (the average of three repeated measurements).
The initial surfactant concentration in the aqueous phase was fixed for each
sample. The surfactant concentration in the aqueous phase was measured by
HPLC, and the surfactant concentration in the oleic phase was calculated based
on the material balance.

Surfactant 25°C 61 °C
Initial surf. Partition Initial surf. Partition
conc. in aq. coefficient conc. in aq. coefficient
phase (wt%) phase (wt%)
2-EH-4PO- 0.1 2.23 0.1 2.75
15EO0 0.2 1.56 0.2 2.43
0.3 1.33 0.3 2.26
0.4 1.21 0.4 1.93
0.5 1.08 0.5 1.61
1.0 0.70 1.0 0.90
2-EH-4PO- 0.1 0.28 0.1 0.53
25E0 0.2 0.22 0.2 0.45
0.3 0.20 0.3 0.36
0.4 0.17 0.4 0.28
0.5 0.31 0.5 0.22
1.0 0.07 1.0 0.10
2-EH-7PO- 0.1 4.43 0.1 4.57
15EO 0.2 2.51 0.2 3.14
0.3 2.00 0.3 2.41
0.4 1.66 0.4 2.25
0.5 1.73 0.5 1.93
1.0 0.95 1.0 1.10
2-EH-7PO- 0.1 1.25 0.1 1.82
25E0 0.2 1.03 0.2 1.42
0.3 0.80 0.3 1.09
0.4 0.78 0.4 0.90
0.5 0.63 0.5 0.68
1.0 0.41 1.0 0.45
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the definition of the partition coefficient was reversed in their research
(i.e., the surfactant concentration in the aqueous phase over that in the
oleic phase). As temperature increases, the standard free energy of
partitioning decreases, resulting in more surfactant in the oleic phase.
They explained that this behavior is similar to the aqueous solubility of
surfactant decreasing with increasing temperature, resulting in the
transfer of more surfactant to the oleic phase.

Regarding the effect of surfactant concentration on the partition
coefficient, a similar partition coefficient behavior was observed by
Belhaj et al. (2019), who measured the partition coefficient of a
non-ionic surfactant, alkylpolyglucoside. The partition coefficient of
alkylpolyglucoside decreased with increasing surfactant concentration
when surfactant concentrations were above the CMC. They explained
that, above the CMC, a surfactant is no longer consumed by creating
micelles that go to the oil/water interface. As a result, more surfactants
remain in the aqueous phase, and the partition coefficient decreases.

Another possible explanation is specific to the brine used, which
contained divalent cations at approximately 3000 ppm (Ca®* and Mg?*
in Table 1). These divalent cations can interact with the PO and EO
groups of the surfactant used, causing it to be less soluble in the aqueous
phase. In fact, Boss and Mott (1980) and Maltesh and Somasundaran
(1992) showed that divalent cations bind to polyethylene glycol (PEG),
which contains multiple EO groups. This effect of divalent cations tends
to diminish with an increasing number of moles of PO and EO groups
with increasing initial concentration of the surfactant in the solution.
This effect of divalent cations on increasing the partition coefficient may
be enhanced by temperature because the hydrophilicity of the surfactant
tends to become weaker with higher temperature, resulting in more
interaction with divalent cations. This additional question warrants
further investigation with more experiments, but it is beyond the scope
of this paper.

3.3. Surfactant adsorption

Table 5 and Fig. 5 show the short-hydrophobe surfactant concen-
tration in the aqueous phase at the effluent in the adsorption test. The
surfactant adsorption for each surfactant was calculated by the mass
balance among an injected surfactant amount, a recovered surfactant
amount, and a total sand mass. The unrecovered amount of surfactant
was considered as the adsorption on sand grains. Note that there was no
oleic phase in the surfactant adsorption measurement. The adsorptions
of 2-EH-4PO-15EQ, 2-EH-7PO-15EOQ, and 2-EH-7PO-25EO were 0.019
mg/g-sand, 0.055 mg/g-sand, and 0.020 mg/g-sand, respectively. All
adsorption results were relatively small (e.g., < 0.1 mg/g-rock), indi-
cating the technical feasibility as an additive for LTP flooding.

The breakthrough times of 2-EH-4PO-15EO and 2-EH-7PO-25EO
were similar at 1.05 PVI and 1.02 PVI, respectively. However, a
delayed breakthrough (1.13 PVI) was observed with 2-EH-7PO-15EQ.
This difference likely comes from the larger adsorption amount
(0.055 mg/g) of 2-EH-7PO-15EO, which is 2.8 times larger than the
other two surfactants (0.020 mg/g). A larger amount of adsorption
causes surfactant retardation and results in a delayed breakthrough.
Note that there was no oleic phase in the adsorption test; hence, the
partition coefficient was not a factor affecting the surfactant concen-
tration in effluents.

The lowest adsorption value of 2-EH-4PO-15EO is likely related to
the shortest carbon chain. However, 2-EH-7PO-25EO which has the
longest carbon chain resulted in lower adsorption compared to 2-EH-
7PO-15EO. That is, for these three short-hydrophobe surfactants, a
negative correlation was observed between the IFT and the adsorption.

The surfactant adsorption is a complex mechanism involving many
different factors, such as surfactant types and concentrations, rock types,
clays, temperature, and brine salinity and composition. For example, the
adsorption of non-ionic surfactant on silica depended on its concentra-
tion (Tiberg et al., 1994). Below the critical micelle concentration
(CMC), the non-ionic surfactant adsorption increased with increasing
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surfactant concentration. Above the CMC, the adsorption of non-ionic
surfactants remained the same.

Two fundamental interactions affect the surfactant adsorption
(Rupprecht and Gu, 1991). Electrostatic interaction involves the charge
of surfactant ions, the charge of rock surfaces, and pH. For example,
anionic surfactants resulted in less adsorption on silica or sandstones
that have a negative surface charge (Mannhardt et al., 1992). The
short-hydrophobe surfactants in this research are non-ionic. For

non-ionic surfactants, the hydrophobic interaction between the hydro-
phobic group of the surfactant and the rock surface can be the main
adsorption mechanism (Kamal et al., 2017; Rupprecht and Gu, 1991).
That is, a larger amount of surfactant adsorption is expected with more
hydrophobic surfactants.

The hydrophobicity of 2-EH-xPO-yEO depends on the PO group and
the EO group. In general, the PO group increases hydrophobicity and
also decreases the IFT between the surfactant solution and oil. On the
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Table 5

Results of adsorption tests for 2-EH-4PO-15EO, 2-EH-7PO-15EO, and 2-EH-7PO-
25EQ. The total amount of surfactant injection was calculated based on the total
SP injected volume. The surfactant concentration in each effluent was measured
by HPLC. The adsorption (the bottom row) was calculated based on the loss
divided by the mass of the sandpack.

2-EH-4PO- 2-EH-7PO- 2-EH-7PO-
15EO 15EO 25E0
Total surfactant injection 0.168 0.178 0.173
(€3]
Recovered surfactant (g) 0.161 0.158 0.166
Surfactant loss (g) 0.007 0.020 0.007
Sandpack mass (g) 354.7 360.5 350.3
Adsorption (mg/g- 0.019 0.055 0.020

sandpack)

other hand, the EO group decreases hydrophobicity and increases the
IFT. The negative correlation between the IFT and the adsorption can be
explained by the hydrophobic interaction. That is, the stronger hydro-
phobicity of 2-EH-xPO-yEO as non-ionic surfactants causes the IFT to
decrease, and also more adsorption on the silica surfaces. Indeed, 2-EH-
7PO-15EO had the strongest hydrophobicity among the surfactants
tested, and therefore it gave the largest adsorption and the smallest IFT
value.

In terms of surface adsorption, 2-EH-4PO-15EO and 2-EH-7PO-25EQ
are more favorable than 2-EH-7PO-15EOQ; however, 2-EH-4PO-15EQ
and 2-EH-7PO-25EQ give IFTs that are one order of magnitude greater
than 2-EH-7PO-15EO. In the next section, these three short-hydrophobe
surfactants are compared in oil displacement efficiency.

3.4. LTP flooding results

Based on the IFT and surfactant adsorption results, three surfactants
were selected for the oil recovery experiment: 2-EH-4PO-15EO, 2-EH-
7P0O-15EO, and 2-EH-7PO-25EO. The effect of partition coefficients with
the same IFT can be compared between 2-EH-4PO-15EO and 2-EH-7PO-
25EO. The effect of partition coefficients with different IFTs can be
compared between 2-EH-7PO-15EO and 2-EH-7PO-25EQ. 2-EH-4PO-
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25EO was not included in the oil recovery experiment because of the
high IFT value.

Table 6 and Table 7 summarize the experimental conditions for five
LTP floods. For Floods #1 - #3, the slug was 0.5-wt% surfactant for 0.5
pore volume injection (PVI). These cases were designed for the low-
tension displacement front to break through with a sufficient amount
of surfactant. Floods #4 and #5 were designed to represent a slug with a
limited amount of surfactant, with which the adverse effects of surfac-
tant’s adsorption and trapping in oil would be more significant on oil
recovery. The amount of surfactant in Floods #4 and #5 was five times
smaller than that in the other cases.

All results are summarized Table 8, Table 9, and Figs. 6-12. Table 8
gives oil recovery data for the five LTP floods. Figs. 6-8 present the
profiles of oil recovery and surfactant concentration in the aqueous
phase of the effluent samples for Floods #1 - #3. Fig. 9 compares three
LTP floods. Fig. 10 and Fig. 11 show the results for Floods #4 and #5.
Finally, Fig. 12 summarized data from all five LTP floods and the
polymer flood as a control experiment. Results of the polymer flood,
Flood #2, and Flood #5 with 2-EH-7PO-15EO were taken from Baek
et al. (2020).

Flood #2 (2-EH-7PO-15EO) achieved the highest oil recovery of 93%
at 5 PVIL, which was 19% higher than Flood #1 (2-EH-4PO-15EO) and
9% higher than Flood #3 (2-EH-7PO-25EO). The oil recovery factors at
the early stage before 1.0 PVI were similar to one another among Flood
#1, #2, and #3 with a difference of 3-5%. The difference in oil recovery
factor became larger after 1.5 PVI.

The highest oil recovery for Flood #3 was attributed to the IFT

Table 6
LTP flooding conditions.

Temperature 61 °C

Porous medium Ottawa sand

Brine salinity (reservoir brine = injection brine) 56456 ppm
Viscosity (61°C) 0Oil 500 cP
Polymer solution (at the shear rate of 7 sec™?) 60 cP
SP solution (at the shear rate of 7 sec™ ) 60 cP
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Fig. 5. 2-EH-xPO-yEO concentrations in effluents of adsorption tests. The short-hydrophobe surfactant concentration in each effluent was measured by HPLC. The
injected and produced amounts were 0.168 g and 0.161 g for 2-EH-4PO-15EO, 0.178 g and 0.158 g for 2-EH-7PO-15EO, and 0.173 g and 0.166 g for 2-EH-7PO-25EO.
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Table 7
LTP flooding summary.
Experiment LTP LTP LTP LTP LTP
Flooding Flooding Flooding Flooding Flooding
Flood #1 Flood #2 Flood #3 Flood #4 Flood #5
Porosity 34% 33% 35% 35% 35%
Permeability 9.3 Darcy 9.3 Darcy 9.6 Darcy 9.3 Darcy 9.6 Darcy
Pore volume 64.5 mL 64.4 mL 68.2 mL 67.8 mL 66.5 mL
Soi 89% 84% 87% 85% 85%
Swi 11% 16% 13% 15% 15%
Surfactant 2-EH- 2-EH- 2-EH- 2-EH- 2-EH-
4PO- 7PO- 7PO- 7PO- 7PO-
15EO 15EO0 25E0 25EO0 15EO0
Polymer HAPM HAPM HAPM HAPM HAPM
3630s 3630s 3630s 3630s 3630s
LTP slug 0.5 PVI 0.5 PVI 0.5 PVI 0.5 PVI 0.5 PVI
0.5 wt% 0.5 wt% 0.5 wt% 0.1 wt% 0.1 wt%
surfactant surfactant surfactant surfactant surfactant
0.54 wt% 0.54 wt% 0.54 wt% 0.54 wt% 0.54 wt%
polymer polymer polymer polymer polymer
56456 56456 56456 56456 56456
ppm brine  ppm brine  ppm brine  ppm brine  ppm brine
Chase 4.5 PVI 4.5 PVI 4.5 PVI 4.5 PVI 4.5 PVI
polymer 0.54 wt% 0.54 wt% 0.54 wt% 0.54 wt% 0.54 wt%
polymer polymer polymer polymer polymer
56456 56456 56456 56456 56456
ppm brine  ppm brine  ppm brine = ppm brine  ppm brine
Table 8

Oil recovery summary. The comparison is also shown in Fig. 12.

PVI  Oil Recovery (%OOIP)

Flood#1 Flood#2 Flood#3 Flood#4 Flood#5
0.5PVI 0.5 0.5 PVI 0.5 0.5PVIO0.5 0.5PVI 0.1 0.5PVI 0.1
wt% wt% wt% wt% wt%
2-EH-4PO- 2-EH-7PO- 2-EH-7PO- 2-EH-7PO- 2-EH-7PO-
15EO0 15EO0 25E0 25EO0 15EO0

0.5 47 51 55 46 51

1.0 65 70 67 60 63

1.5 68 78 72 67 68

2.0 71 82 75 71 72

2.5 72 87 77 74 76

3.0 73 89 79 77 78

3.5 73 91 80 78 80

4.0 74 92 82 80 81

4.5 74 93 83 80 82

5.0 74 93 84 81 82

reduction by three orders of magnitude from 15.8 mN/m to 0.025 mN/m
with 2-EH-7PO-15EO. The reduced IFT resulted in a delayed polymer
breakthrough and a large oil cut until polymer breakthrough. For this
experiment setup, the average permeability was 9.5 Darcy, the pressure
drop was 0.44 bar/m, and the length of the sandpack was 30.48 cm;
therefore, the IFT reduction by 2-EH-7PO-15EO resulted in an increase
in the capillary number (N¢) from 2.7 x 1075 t0 1.7 x 10’2, leading to
the observed capillary desaturation.

The IFT was lowered from 15.8 mN/m to 0.20 mN/m and 0.18 mN/
m using 2-EH-4PO-15EO (Flood #1) and 2-EH-7PO-25EO (Flood #3),
respectively. In comparison to Flood #2, the polymer breakthrough
occurred earlier for Floods #1 and #3; therefore, the oil cut curves were
relatively smaller for Floods #1 and 3 than for Flood #2. With the same
experiment setup, N is 2.1 x 1072 for Flood #1 and 2.3 x 107 for
Flood #3. That is, they were one order of magnitude smaller than N¢ for
Flood #2.

Table 9 summarized the surfactant retention results for Floods #1,
#2, #3, and #4.2-EH-7PO-25EO (Flood #3) resulted in the least
retention among the three surfactants, resulting in a surfactant recovery
factor of 86% (in the aqueous and the oleic phases). 2-EH-7PO-15EO
(Flood #2) resulted in the largest amount of retention in the remain-
ing oil and on solid surfaces with the surfactant recovery factor of only
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Table 9

Surfactant mass balance of Floods #1, #2, #3, and #4. The total amount of
surfactant injection was calculated based on the slug injection volume. For ef-
fluents, the surfactant concentration in the aqueous phase was measured by
HPLC. The surfactant concentration in the oleic phase of the effluents was
calculated based on the partition coefficient. The surfactant retention in the
sandpack is the summation of the adsorbed surfactant mass and the surfactant
trapped in remaining oil calculated by the partition coefficient.

Flood #1 Flood #2 Flood #3 Flood #4
0.5PVI 0.5 0.5PVI 0.5 0.5 PVI 0.5 0.5PVI 0.1
wt% wt% wt% wt%
2-EH-4PO- 2-EH-7PO- 2-EH-7PO- 2-EH-7PO-
15EO0 15EO0 25EO0 25E0
Total surfactant 0.1613 0.1610 0.1707 0.0339
injection (g)
Total recovery 0.1086 0.1018 0.1465 0.0055
(effluent) (g) (67.3%) (63.3%) (85.8%) (16.1%)
- Recovery in 0.0986 0.0751 0.1327 0.0049
aqueous phase (g)
- Recovery in oleic 0.0101 0.0268 0.0138 0.0006
phase (g)
Total retention in 0.0527 0.0592 0.0242 0.0284
sandpack (g) (32.7%) (36.7%) (14.2%) (83.9%)
- Trapped in 0.0458 0.0396 0.0171 0.0214
remaining oil (g)
- Adsorption in 0.0069 0.0196 0.0071 0.0070

sandpack (g)

63%. 2-EH-4PO-15EO had nearly the same adsorption as 2-EH-7PO-
25EO0 as shown in Table 5; however, 2-EH-4PO-15EO was retained
more (Flood #1) than 2-EH-7PO-25EO (Flood #3) because the former
left a larger amount of remaining oil (i.e., less efficient oil displacement)
as shown in Table 8.

For a field application, the LTP slug would be injected for a shorter
time than 5 PVI; therefore, the chemical propagation would be impor-
tant as it determines the early-time oil recovery. As shown by the sur-
factant concentrations in Figure 9, 2-EH-7PO-25EO propagated fastest
in the highest concentration, whereas 2-EH-4PO-15EO showed a rela-
tively delayed propagation with an extended tail. These results came
from the retardation and retention of surfactant via the mass transfer to
oil and the surface adsorption (Ding et al., 2020).

The comparison of LTP floods with the same IFT, Flood #1 (2-EH-
4P0O-15EQO) and Flood #3 (2-EH-7PO-25EQ), further illustrates the
importance of surfactant propagation. 2-EH-4PO-15EO had a greater
partition coefficient, leading to a slower propagation of the displace-
ment front. In contrast, 2-EH-7PO-25EO had the smallest partition co-
efficient and least tendency of partitioning into the oleic phase, leading
to efficient propagation of the displacement front. The oil recovery
comparison (Fig. 9) shows that a lower partition coefficient with less
retardation caused the oil production for Flood # 3 to be consistently
greater than that for Flood #1. After 1.5 PVI, the incremental oil re-
covery for Flood #3 was 5-10% greater than that for Flood #1.

Baek et al. (2020) concluded that the 2-EH-7PO-15EO was an opti-
mum surfactant in terms of oil displacement efficiency. However, the
LTP flooding with 2-EH-7PO-15EO and 2-EH-7PO-25EO performed
equally well until 1 PVI. Furthermore, the in-situ retention of
2-EH-7PO-15EO was more than twice greater than that of
2-EH-7PO-25EO as shown in Table 5. These results indicate that
2-EH-7PO-25EO would give a greater volumetric sweep efficiency with
only slightly less efficient oil displacement than 2-EH-7PO-15EO.

Since the amount of surfactant was reduced by a factor of five for
Floods #4 (Fig. 10) and #5 (Fig. 11), their results are more affected by
the surfactant propagation before 1.0 PVI. Although their recoveries
continued to increase, the early-time oil recovery was clearly less effi-
cient than in Floods #1-3. With this limited SP slug size, the break-
through times (water and polymer) of Floods #4 and #5 were similar to
each other. The oil recovery of Flood #4 after 1.5 PVI remained only
1-2% smaller than that of Flood #5, although the IFT for Flood #5 was
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Fig. 7. LTP flooding results with a slug of 0.5 wt% 2-EH-7PO-15EO for 0.5 PVI (Flood #2).

one magnitude smaller than that of Flood #4. The surfactant profiles of
the effluent samples in Flood #4 show that 14.5 wt% of 2-EH-7PO-25EO
was recovered from the aqueous phase at the effluent. A total of 16.1 wt
% of 2-EH-7P0O-25EO was recovered from effluent samples, including
both the oleic and the aqueous phases. In contrast, there was no
recovered 2-EH-7PO-15EO in Flood #5. These results indicate that 2-
EH-7PO-25EO had a better propagation than 2-EH-7PO-15EO.

Results collectively show that optimization of 2-EH-xPO-yEO for LTP
flooding involves two competing factors. One is to minimize the water/
oil IFT for increasing the local oil displacement efficiency, and the other
is to minimize the partition coefficient for increasing the volumetric

sweep efficiency with more efficient in-situ propagation of the surfac-
tant. Among the short-hydrophobe surfactants studied, 2-EH-7PO-25EO
appears to take a balance between the two factors. For field applications,
the surfactant concentration should also be optimized based on the
project economics. Although this paper is focused on oil-displacement
efficiency by low-tension polymer, the polymer viscosity should be
adjusted for the reduced IFT by the selected surfactant in order to
optimize the volumetric sweep efficiency.
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Fig. 9. Comparison of Floods #1, #2, and #3 regarding the cumulative oil recovery and the surfactant concentration in the aqueous phase of effluents.

4. Conclusions

Short-hydrophobe surfactants, 2-EH-4PO-15EO, 2-EH-4PO-25EO, 2-
EH-7PO-15EOQ, and 2-EH-7PO-25EO, were studied for LTP flooding of
heavy oil. The main objective of this research was to study the surfactant
in-situ propagation and its impact on oil recovery by LTP. In addition to
the water/oil IFT, surface adsorption and partition coefficient of the
surfactants were measured to analyze the surfactant propagation and
retention during the oil displacements. The main conclusions are as
follows:

1. The partition coefficient of short-hydrophobe surfactants increased
with an increasing PO number or decreasing EO number. For 2-EH-
XEO-yEO in this research, the PO group tended to increase the hy-
drophobicity, reducing the solubility in the aqueous phase. The EO
group tended to increase the hydrophilicity, increasing the solubility
in the aqueous phase.

2. For each short-hydrophobe surfactant, the partition coefficient
decreased with increasing initial surfactant concentration above the
CMC for a given temperature, and also decreased with decreasing
temperature for a given concentration. This trend of reducing
partition coefficient likely comes from the two factors that increase

10
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Fig. 10. LTP Flooding Results with a slug of 0.1 wt% 2-EH-7PO-25EO for 0.5 PVI (Flood #4).
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Fig. 11. LTP Flooding Results with a slug of 0.1 wt% 2-EH-7PO-15EO for 0.5 PVI (Flood #5).

the hydrophilicity of the surfactant: a) a greater concentration of the
surfactant tends to increase the overall hydrophilicity for a given

number of divalent cations in the solution, and b) a greater level of 4.

hydrogen bonding in the aqueous phase at lower temperature tends
to increase the hydrophilicity.

3. The surface adsorption of 2-EH-xPO-yEO became larger with smaller
IFT values. This negative correlation between IFT and adsorption
could be explained by the interaction between the hydrophobic
group of the surfactant and the grain surface. A surfactant with
stronger hydrophobicity could result in higher adsorption on the
surface. As a result, 2-EH-7PO-15EO, which has the strongest

11

hydrophobicity among the surfactants tested, gave the greatest
adsorption value.

When a sufficient amount of surfactant could propagate through the
sandpack (i.e., a slug of 0.5 wt% surfactant for 0.5 PVI), the water/oil
IFT was the dominant factor for the final oil recovery in the LTP
floods. Comparison of 2-EH-4PO-15EO and 2-EH-7PO-25EO for a
similar IFT value clearly indicated the importance of the in-situ
surfactant propagation in oil displacement. 2-EH-7PO-25EO resul-
ted in greater oil recovery with a lower partition coefficient,
although it has a similar IFT value to 2-EH-4PO-15EO.
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Fig. 12. Comparison of LTP flooding results (Floods #1 - #5). Numerical values for this figure were given in Table 8. The polymer flooding result is shown as a

baseline. The polymer flooding data were taken from Baek et al. (2020).

5. With a reduced amount of surfactant (i.e., a slug of 0.1 wt% surfac-
tant for 0.5 PVI), the oil recoveries of Flood #4 (2-EH-7PO-25EQ)
and Flood #5 (2-EH-7PO-15EO) were essentially the same at the
early and late times, although 2-EH-7PO-15EO gave one order of
magnitude smaller IFT than 2-EH-7PO-15EO. The analysis of the
surfactant propagation indicated that only 2-EH-7PO-25EO propa-
gated through the sandpack with less surfactant loss during the oil
displacement (adsorption and trapping in the remaining oil).

6. Results collectively showed that optimization of 2-EH-xPO-yEO for
LTP flooding involves two competing factors. One is to minimize the
water/oil IFT for increasing the local oil displacement efficiency, and
the other is to minimize the partition coefficient for increasing the
volumetric sweep efficiency with more efficient in-situ propagation
of the surfactant. It is critical to take a balance between these two
factors for the surfactant used for LTP flooding.

Nomenclature

API American Petroleum Institute

C3 Concentration of surfactant in the oleic phase
C§ Concentration of surfactant in the aqueous phase
CMC Critical micelle concentration

FR Filtration ratio

HCI Hydrochloric acid

HPAM  partially hydrolyzed polyacrylamide

IFT Interfacial tension

K Partition coefficient

LTP flooding Low tension polymer flooding

Nc Capillary number

Soi Initial oil saturation

Swi Surfactant polymer

CaCly-2H5;0 Calcium chloride anhydrate

EO Ethylene oxide

MgCl,-6H20 Magnesium chloride hexahydrate
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NaCl Sodium chloride
NayS0O4 Sodium sulfate

PO Propylene oxide
2-EH 2-ethylhexanol

cp Centipoise

°C Celsius

g/ml Gram per milliliter
pm Micrometer

ppm Parts per million

psi Pound per square inch
PV Pore Volume

PVI Pore volume injected
OOIP Original oil in place
wt% Weight percentage
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