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Spontaneous imbibition is crucial for the development of matrix-fractured petroleum reservoirs. To
improve the ultimate oil recovery, it is essential to demonstrate the role of the surfactant solution on the
imbibition process. In this study, spontaneous imbibition experiments were carried out using self-
prepared oil sand that to investigate the dependence of oil recovery on the concentration of
a fluorocarbon surfactant (FS-30). Emulsion and solubilization were assessed to identify the correlation
between oil-water interface properties and spontaneous imbibition. Moreover, thermogravimetric
analysis (TGA) was also applied to accurately determine the imbibition recovery and look into the
influence of components of crude oil on spontaneous imbibition. The maximum ultimate oil recovery in
this work was 70.8% using 0.3 wt% FS-30, when the oil-solid adhesion tension, the capillary pressure (P¢)
and solubilization factor (Sp) attained extreme values of —3.7002 mN m~%, 4.8751 MPa and 2427 mL g™*,
respectively. It was found that the surface activator played a critical role in promoting the imbibition
process through altering the contact angle and interfacial tension. A negative adhesive tension and
a positive capillary pressure would accordingly be generated, which facilitated the departure of oil
droplets from the rock surface. In addition, it was observed that a lower solubilization factor and higher
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more prone to be displaced than lighter counterparts, especially when the surfactant concentration was

relatively high. This study may shed light on the effect of surfactants on spontaneous imbibition and thus
is of great significance in understanding the underlying mechanism of the imbibition process.
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1. Introduction

Spontaneous imbibition refers to a spontaneous process in
which the wetting phase is imbibed into the porous media
under capillary pressure and the non-wetting phase is expelled
at the same time." It is a key process for oil recovery in naturally
fractured reservoirs.” It is estimated that more than 50% of the
reservoirs worldwide are natural oil-wet reservoirs where water
always needs to overcome the capillary pressure in the
secondary recovery process.> Consequently, chemicals,
primarily surfactants, are widely employed to assist in the
imbibition process in oil-wet reservoirs.*
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As an amphiphilic additive with unique properties, the
surfactant has been considered in a variety of fields. A great
number of scientists have reported the important role which
surfactants play in the imbibition process.*® In brief, surfac-
tants can alter the rock wettability and change the oil/water
interfacial tension (IFT), resulting in the increase in capillary
pressure. Therefore, the imbibition recovery was significantly
enhanced for the capillarity driven natural imbibition (CDNI).®
Under the assumption that the capillary radius of reservoir were
constant, the capillary force could be determined by the contact
angle (CA) and interfacial tension (IFT) as shown in eqn (1):

_ 2ycoséf
N r

Pc 1)
where, Pc is the capillary force, MPa; v is the interfacial
tension, N m~"; @ is the contact angle, °; r is the capillary radius,
pm.

It can be seen from eqn (1) that IFT between oil and water
should be reasonable so that the driving force of imbibition, i.e.
capillary force, was sufficient. This explained why the nonionic
surfactants can achieve higher CNDI recovery compared to ionic

surfactants.**®'* However, other studies have shown that
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spontaneous imbibition also occurred at lower interfacial
tension (below 107> mN m™") and that the effect of capillary
force seemed to be insignificant. Some scholars speculated it
was the formation of emulsion that caused the displacement of
oil. In this scenario, the influence of capillary force became
negligible. Accordingly this process was called emulsification
driven natural imbibition (EDNI).**>-*4

In order to investigate how capillary force and emulsification
may affect the chemical imbibition, and what are the predom-
inant controlling factors in the chemical imbibition process, we
chose FS-30, a fluorocarbon surfactant, as the imbibition
enhancer. Compared with the conventional hydrocarbon
surfactants, fluorocarbon surfactants noticeably impact the
wettability and surface tension at relatively low concentration,
which was largely attributed to the strong hydrophobic effect of
the C-F bonds.*>**

In the previous work, we found that the oil composition
significantly changed after the chemical imbibition. Based on
this observation, we speculated that surfactants would selec-
tively displace each component in the crude oil. In order to
verify this point, we used the synthetic oil with a fixed ratio of
several neat hydrocarbons to perform the imbibition experi-
ments with the assistance of thermogravimetric analysis
(TGA)."” TGA is an effective tool to quantitatively identify
substances in mixtures." The quality change of each substance
is tracked by TG-DTG (thermal gravity-differential thermal
gravity) curve to quantify the variation of one component.*>*® As
such, we may specify how the interaction between different
components in crude oil and surfactants would impact the
imbibition recovery.

The main objective of this work is to identify the key
controlling factors in the process of chemical imbibition.
Imbibition experiments using oil sands with self-prepared
synthetic oil were carried out. The effects of surfactants on
imbibition velocity and ultimate imbibition recovery were
investigated using TGA technique. In particular, the emulsion
stability and solubilization factor were evaluated, based on
which the effect of surfactants on spontaneous imbibition was
proposed. Finally, influences of the displacement sequence of
light and heavy components in crude oil on the imbibition
recovery were specified. We believe this work will provide more
insights into the factors controlling the chemical imbibition
and may have significant implications on enhancing imbibi-
tion recovery.

2. Experimental materials and
methods

2.1. Materials

2.1.1. Oil sand. Crude oil obtained from Daqing oilfield
was analyzed by the saturates-aromatics-resins-asphaltenes
(SARA) fractionation method.** The content of these four
fractions are 59.15%, 35.34, 4.73%, and 0.78%, respectively.
The composition of the resin and asphaltene are complex and
their amounts in this specific oil are relatively low. Therefore,
mixed hydrocarbons, composed of saturated hydrocarbon and
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aromatic hydrocarbon, are used to represent this crude oil.
Based on the results of a large number of hydrocarbon boiling
range experiments aiming at screening substances with non-
overlapping boiling ranges, two distinctive alkanes with
different carbon numbers, n-hexadecane (CisHzs, 99%,
Aladdin) and 2# Heavy Alkyl Benzene (2# HAB, 100%, Fushun
detergent chemical factory), were selected to represent the
saturated hydrocarbon and aromatic hydrocarbon, respec-
tively. These two hydrocarbons were mixed with a mass ratio of
7 :3 (Mg, n,, : Maynags = 7 : 3). The viscosity and density of the
hydrocarbon mixture (synthetic oil) was 4.0 mPa s and
0.8 g cm > at 45 °C. Using this synthetic oil enabled the
investigation on the displacement sequence of light and heavy
components in the surfactants-assisted imbibition.

Quartz (primarily SiO,) was used in this study to represent
the sandstone rock. The parameters of the quartz sand are
shown in Table 1. Its permeability and porosity were
measured with a quartz sand filling tube(a tube filled with
80-100 mesh of quartz sand under 2 MPa pressure) using
a FS-II porosity and permeability tester (ZJ, China). The
synthetic oil and quartz sand were then stirred with a mass
ratio of 1 : 7 by a self-made oil sand agitator to prepare the oil
sand. The agitator rotates for 24 hours at a uniform speed
under 45 °C. Afterwards, the oil sand was aged for two weeks
at 45 °C. The oil saturation in the prepared oil sand was
calculated to be 56.76% based on the porosity of quartz sand
and the absolute mass of the synthetic oil.

2.1.2. Surfactant. The surfactant applied in this study is
Capstone FS-30 (25%, Du Pont). This is a novel fluorinated
polyoxyethylene ether nonionic surfactant. It is chemically
stable in acidic, basic, brine, and hard water environments,
which could be suitable for reservoirs with harsh conditions. Its
chemical structure is shown as Fig. 1.*

2.1.3. Brine. The synthetic brine was comprised of
4000 mg L~ " NaCl, which was similar to the salinity of the brine
of Daqing oilfield.

2.2. Spontaneous imbibition experiment

15 g of oil sand was loaded into a modified Amott imbibition
cell (Fig. 2) that subsequently was pressurized to 2 MPa. Then
60 g of brine or FS-30 solutions with concentrations of 0.01 wt%,
0.05 wt%, 0.1 wt%, 0.15 wt%, and 0.3 wt% was then injected
into the bottle. The oil sand was collected from the cells for TGA
measurements after 1, 2, 6, 10, 14, and 24 h, respectively. The
peak area of DTG curve of each component in the oil sand
before and after the imbibition was calculated, based on which
the imbibition recovery was obtained.

Table 1 The parameters of quartz

Particle size Porosity Permeability
Mesh (nm) (%) (1072 um?)
80-100 180-150 18.9 51.2
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Fig. 1 The schematic of FS-30 molecular structure.
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Fig. 2 Experimental set-up in spontaneous imbibition.

2.3. Measurement of interfacial tension and contact angle

The TX-500C interface tension meter (CNG CO., USA) was used
to measure the interfacial tension (IFT) between the synthetic
oil and surfactant solution (or brine) at 45 °C,” and the value of
the equilibrium interface tension was recorded after 2 h.

Contact angle (CA) was measured using the method
proposed by Liang (Fig. 3).*> The oil sand was compressed to
rock slices under the pressure of 30 MPa. The rock slices were
then soaked in the aqueous phase with different concentrations
of FS-30. Next, a synthetic oil droplet was dropped into the
aqueous FS-30 solution through a needle. The equilibrium
contact angle was obtained by the captive bubble method® at
45 °C.

Quartz Cell Needle of Test Piece

RockISIices

Fig. 3 Captive bubble method of CA measurement.
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2.4. Solubilization ratio

The surfactant has a certain solubilization capacity, and many
studies have been conducted in enhanced oil recovery (EOR).*
However, there are few studies on the solubilization perfor-
mance of surfactant in imbibition, and whether there is
a certain relationship between the solubilization properties and
the imbibition capability remains to be tested. The solubiliza-
tion ratio is defined as the ratio of the oil or water volume in the
emulsion to the weight of the surfactant.***

Vi
Py = — 2
Py = 1 @
Vo
Po = — 3
SPo My 3)

where SPy and SPg are water and oil solubilization ratios, mL
g~ '; Vi and Vo, are the volume of water and oil in the emulsion,
mL; Ms is the weight of the surfactant, g.

The synthetic oil was blended with the surfactant solutions
with various concentrations at a volume ratio of 1:1. The
mixture was then emulsified by a T10 disperser for 3 min before
it was placed in a water bath at 45 °C. The volume of oil phase,
middle phase, and water phase were recorded over time, and
the equilibrium values were used to calculate the solubilization
ratios.

2.5. Emulsion stability

The zeta potential ({), an indicator of the emulsion stability,>**”
of the emulsion samples were obtained using a NanoBrook
90Plus ZetaPALS (Brookhaven, USA). The Smoluchowski model
was used to process the experimental data. For each sample,
average of three measurements was taken as the final result.
Besides, a small drop of the middle phase was loaded to
a DM3000B Microscope (Leica, Germany) and analyzed by the
Image Pro Plus V6.0 software to attain the droplet morphology
and size distribution.

2.6. Thermogravimetric analysis (TGA)

TGA has unique advantages in identifying the displacement
sequence of each component of oil during the entire imbibition
process.’®** A Q5000IR Thermal Gravimetric Analyzer (TA, USA)
and platinum crucibles were used in this work. The accuracy of
TGAwas 1 x 10> mg which was exceptional compared with the
conventional volumetric method for imbibition recovery. High
purity nitrogen (99.999%) was applied throughout the experi-
ments to avoid the contact with external oxygen. Only physical
changes were involved in the liquid-gas transition during the
heating process due to protective effect of nitrogen gas. As
stated before, the two components in the synthetic oil possess
different boiling points, thereby they escaped at varying times
when the synthetic oil was heated, leading to the continuous
mass change that can be monitored and recorded by TGA. The
temperature rose from room temperature to 300 °C with
a heating rate of 3 °C min~' to ensure sufficient and effective
heating. Independent TGA measurements of materials involved
in the experiment are presented in Fig. 4.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Curves of materials by TGA.

Upon heating, the n-hexadecane and HAB could vanish
completely (residual weight was 0%), so the residual of oil sands
was mostly quartz sands. The proportional mass change of each
component could be obtained through integrating the peak
areas under the derivative curves (the endothermic peak of the
two components was 114.52 °C and 150.93 °C, respectively). The
measurement error was around 2.9 x 10° mg. Because the
mass fraction of surfactant in solution is only 0.01%-0.30%, the
highest value of residual surfactant is only 0.030% (less than 8.7
x 10~* mg). It was noted that the residual weight of the applied
surfactant was omitted in TGA due to its fairly low amount.

3. Results and discussions

3.1. Adhesion force

To identify the key controlling factors of surfactant-assisted
imbibition, the oil sand imbibition experiment was carried
out at 45 °C in an imbibition cell and the imbibition recovery
was accurately measured by the TGA. As illustrated in Fig. 5, the
addition of surfactant posed a significant impact on the

80
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Fig. 5 Imbibition recovery of different FS-30 concentrations.
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imbibition recovery. It was well known that surfactants could
change the oil/water interfacial tension (IFT) and alter the
wettability (contact angle) of solid surfaces.* For this reason,
surfactants would affect the adhesion between oil and solids as
shown in the Young equation.

Yas — Yso = Yoa €08 0 (4)

where @ is the contact angle, yo, is the interfacial tension at the
oil-aqueous interface, vos is the interfacial tension at the oil-
solid interface, and 7,5 is the interfacial tension at the aqueous-
solid interface.*

The yoa cos @ is also known as the adhesion tension that
indicated the adhesion capability between solids and liquids.**
The IFT and CA of FS-30 aqueous solutions with different
concentrations are shown in Fig. 6. Using the CA and IFT value
of the equilibrium time, the oil-solid adhesion tension (yoa-
cos fos) and capillary force (Pg) in pores were summarized in
Table 2.

As was seen in Table 2, the yp, cos 6os Was positive in the
brine, suggesting the oil/solid adhesion was intense. Therefore,
it was less likely for the oil to desorb from the rock surface. The
alterations of adhesion-tension results the spontaneous
desorbing of oil from the rock which are subsequently mobi-
lized.** Upon the addition of FS-30, the yos cos s became
negative, such that the oil drop could be stripped more easily.
Compared with low concentration FS-30 solution, the arrange-
ment density of molecules on the solid surface is higher in high
concentration solution, which results in stronger ability to
change wettability. The 0.30 wt% FS-30 solution exhibited the
greatest capability to alter the wettability and led to the highest
capillary pressure and imbibition recovery owing to most
adequate surfactants adsorbed onto the solid surface.

3.2. Capillary pressure

Numerous studies have concluded that the predominant
driving force of spontaneous imbibition is the capillary pres-
sure (Pg),”® which was a function of IFT, CA, and capillary
radius. As shown in Table 2, the P; was negative in the brine,
which inhibited the imbibition process. When the surfactants

140
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Fig. 6 IFT and CA of FS-30 solutions with different concentrations.
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Table 2 The results of adhesion tension and capillary force

Ultimate imbibition

Aqueous phase o €0s fos (MN m™") Po(MPa) recovery (%)

Brine 3.7995 —5.0058 3.0
0.01% FS-30 —0.1144 0.1507 37.9
0.05% FS-30 —0.5796 0.7637 47.0
0.10% FS-30 —2.5647 3.3791 53.4
0.15% FS-30 —2.9809 3.9274 59.3
0.30% FS-30 —3.7002 4.8751 70.8

were present, the Pc became positive and thus could facilitate
the imbibition. To further understand the correlation between
the driving force and the recovery of spontaneous imbibition,
the derivative of imbibition recovery over time was obtained.
Fig. 7 demonstrates that the greater the driving force was, the
higher the imbibition rate could achieve. As shown in Table 2,
the Pc value of 0.3% FS-30 is the highest of 4.8751 MPa, so its
imbibition rate is the fastest at all times. In the case of anionic
and nonionic surfactants, the oil/water IFT was negatively
correlated with the surfactant concentration.*® However, the
tendency was the opposite when it came to the FS-30 solution.
As stated above, the FS-30 was a fluorocarbon surfactant,
which indicating that almost all or part of the hydrogen atoms
on the backbone of the surfactant were replaced by fluorine
atoms. Since fluorine atoms have relatively high oxidation
potential and ionization energy, the bond energy of fluoro-
carbon bond was so high that fluorocarbon chain tended to be
extremely stable. In addition, it was hard to polarize the
fluorine atoms, therefore the polarity of fluorocarbon chains
was weak than that of hydrocarbon chains. Therefore, the high
concentration of FS-30 has higher IFT, so that the P is higher,
which is favorable for imbibition. The surfactants in the bulk
phase gradually migrated to the interface as time went on,
resulting in the decrease of the bulk surfactant concentration
and the decline in the imbibition rate. Although gravity might
play a critical role in tall matrix blocks, it can probably be
neglected in small matrix blocks.**** Consequently, increasing

64
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Fig. 7 Imbibition rate of FS-30 solution with different concentrations.
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the capillary pressure was the key to obtain satisfactory imbi-
bition recovery.

3.3. Solubilization and emulsification

Some studies have shown that solubilization and emulsification
occurs during chemical imbibition and has an effect on imbi-
bition recovery.*'**¢ In order to study the effects on imbibition
process, the solubilization ratios and emulsion stability were
studied in this section.

3.3.1.
been extensively investigated to specify the oil/water interface
properties.’” Fig. 8 illustrated the dependence of solubilization
ratios at equilibrium state on the concentration of FS-30,
revealing that both SPw and SP, decreased with the
increasing FS-30 concentration. The solubilization capability of
a certain surfactant was closely related to its property and the
quantity of micelles in the brine. Higher concentration of FS-30
resulted in more micelles with larger size, but the oil/water
solubilization decreased due to its amphiphilicity of the fluo-
rocarbon bond.

Fig. 9 illustrated the dependence of the solubilization ratios
of oil/water on imbibition recovery. Clearly, the imbibition
recovery decreased with the increasing water phase solubiliza-
tion ratios. The correlation between SPy and imbibition
recovery suggested that a higher water solubilization ratio was
unfavorable to the imbibition process. Likewise, the imbibition
recovery decreased with the increasing oil solubilization ratios
(SPg). In order to establish the correlation between the ultimate
imbibition recovery and the combined effect of SPy,/SPo, Sk is
defined as the solubilization factor

Sk = \/SPw* + SPy’ (5)

Sy indicated the total capacity of the unit mass of surfactant
to solubilize oil and water. As demonstrated in Fig. 8, the
imbibition recovery was negatively correlated to the Sg. When

Solubilization ratios. The solubilization ratios have
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Fig. 8 Correlation between oil and water solubilization ratio and
concentration.
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the imbibition recovery reached the highest value of 70.8%, the
Sg was the minimum (242.7 mL g~ ). This implied that higher
solubilization ratio was detrimental to the occurrence of imbi-
bition. Previous studies have also revealed that the IFT was
usually ultra-low (10°> mN m™"') when the optimum solubili-
zation ratio is obtained.*”"** However, IFT should be moderately
low to cause water imbibe to the pore® rather than to reach an
ultra-low value that the P¢ (the main driving force of imbibi-
tion) also reaches an ultra-low range and not conducive to the
displacement of 0il.*® For better imbibition recovery, the system
should have small Sg value.

3.3.2. Emulsion stability. Zeta potential ({), particle size,
and homogeneity of emulsions will affect the imbibition
process through their influences on the emulsion stability.**
Zeta potential is an indicator of the attractive and repulsive
interactions between particles. The smaller size of dispersed
particles would lead to a greater zeta potential (|¢|) and a more
stable emulsion.*® As indicated in Table 3, with the increase of
FS-30 concentration, the value of |{| increases and the
maximum value is obtained at 0.3%. This is due to the forma-
tion of hydrogen bonds between the oxethyl group and water in
the surfactant molecule, resulting in the increase of the thick-
ness of the interfacial electric double layer, which in fact makes
more ions adsorbed and increases the |¢| value. When the |{|
value is higher, the force of mutual repulsion between particles
is greater, which makes the particles more difficult to agglom-
erate and thus increases the stability of the system. This

Table 3 Zeta potential and droplet size of emulsions

Zeta potential,

Aqueous phase [¢] (mV) Mean diameter(pum)
0.01% FS-30 8.8 102.4
0.05% FS-30 9.7 91.9
0.10% FS-30 10.3 65.1
0.15% FS-30 12.3 60.1
0.30% FS-30 15.4 58.5
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indicates that the emulsification was more stable at a higher FS-
30 concentration. Roland et al. reported that the emulsion with
a |¢] value of higher than 40 mV were fairly stable.*> However,
the maximum |{| obtained in this study was merely 15.4 mV, so
FS-30 was not capable of producing a stable emulsion under the
experimental conditions, although the increase in emulsion
stability was still favorable for imbibition.

It is widely accepted that emulsions with smaller droplets
greater homogeneity tend to be more stable.** As for the O/W
emulsion (Fig. 10 and Table 3), the increase in FS-30 concen-
tration led to smaller mean droplet size. Meanwhile, the particle
size distribution became more uniform. Due to the strong
hydrophobicity of fluorocarbon bonds, surfactant molecules
could be adsorbed rapidly at the oil-water interface to form
a protective film.*® The stability of emulsion is closely related to
the compressibility, interfacial pressure and interfacial viscosity
of interfacial film. It has been approved that the more robust
this film was, the more stable the emulsion would be.***** When
the surfactant concentration is low, the molecules adsorbed on
the interface are few, the strength of the interfacial film is poor,
and the emulsion formed is unstable. When the concentration
of surfactant increases to a certain extent, the interfacial film is
made up of more tightly spaced orientated molecules, making
the interfacial film strength high, thus improving the stability of
the emulsion. Moreover, higher concentration of FS-30 dis-
played greater zeta potential, making it more difficult for
droplets to coalesce due to the existence of the electrostatic
double layer repulsion. Therefore, the emulsion with a FS-30
concentration of 0.3 wt% possessed the highest stability.

(a) 0.01%FS-30 (b) 0.05% FS-30
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(f)
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Fig. 10 Particle size distribution and micrographs of emulsion at
different concentrations.
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Through correlating the emulsion stability with the imbibi-
tion recovery, it was found that higher emulsion stability was
beneficial to the enhancement of imbibition recovery. This
might be explained by the fact that emulsifications with higher
stability had smaller droplet diameters, thus a less resistance to
the flow of dispersed oil droplets could be achieved. As
a consequence, more oil was recovered from the oil sands.

3.4. The effect of surfactant and oil components on
imbibition recovery

TGA as stated earlier can quantitatively characterize the change
of oil composition in the imbibition process. The amount of
a certain component in the oil is positively proportional to its
peak area under the derivative curve of TG. Fig. 11 illustrates the
mass ratio of the remaining light hydrocarbon (C;6Hs,4) and
heavy hydrocarbon (2# HAB) in the oil sand over time. The
synthetic oil was prepared based on a mass ratio of 7:3 (or
2.33). However, the ratio of these two components (Mc g, -
: Moyuag) Was more than 2.33, as shown in Fig. 11. This sug-
gested that the mass ratio of the light component in the
remaining synthetic oil was higher than the original value,
while the mass ratio of the heavy component was lower than the
original value. In other words, the displacement velocity of
heavy component was greater than the light one. The mass ratio
of the two components in the 0.3% FS-30 solution was the
highest, revealing that the heavy component was more prone to
be displaced by the 0.3% FS-30 solution. This was because the
heavy components had a longer carbon chain, and their dipole
moments were larger than those of the shorter carbon chains.*
This reflected that the adhesion tension of n-hexadecane to FS-
30 at any concentration was greater than that of 2# HAB, as
shown in Fig. 12. Consequently, the interaction between heavy
hydrocarbon and surfactants was more intense and the heavy
hydrocarbon desorbed from the rock surface more easily. As
mentioned earlier, lower Sy was more favorable for the imbi-
bition, so heavy hydrocarbon with lower S¢ was more likely to be
displaced during the imbibition process.
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+—0.05% FS-30
——0.10% FS-30
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Fig. 11 The mass ratio of light hydrocarbons and heavy hydrocarbons
over time.
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Fig. 12 The adhesion tension and Sg change of two kinds of hydro-
carbon with FS-30 concentration.

4. Conclusion

In this work, we used surfactant FS-30 as an example to inves-
tigate the effect of fluorocarbon surfactants on the spontaneous
imbibition. It was speculated that fluorocarbon surfactants
could facilitate the imbibition process via reducing the adhesive
tension and promoting the Pg, so that the crude oil would easily
be displaced from the rock surface. Both solubilization and
emulsification took place in the imbibition and they had
evident effect on the imbibition recovery. It was also found that
lower Sy and higher emulsion stability were desirable to achieve
a reasonable imbibition recovery. Moreover, the varying inter-
actions between oil components (light and heavy fraction) and
the FS-30 result in the different displacement order of the oil
components, which provides a method for specifying the
distribution of the residual oil after imbibition using TGA.
Although 0.3% FS-30 can achieve the highest percolation
recovery, the cost should be considered. Overall, this work may
provide helpful insights to comprehensively perceive the
spontaneous imbibition in real oil reservoirs.
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