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Displacement of oil from unconsolidated porous media was investigated. Waterflooding and
alkaline flooding tests were conducted in model porous media consisting of fine glass beads
wet-packed into a cylindrical holder. Mixtures of light and heavy paraffin oil of viscosity
ranging from 20 to 70 mPa s were used as the oil phase. Acidic oil was simulated by dissolv-
ing 10 mmol/l of linoleic acid in the oil. As expected, recovery of neutral oil by water-
flooding decreased as oil viscosity increased. Addition of acid to the oil reduced the
waterflooding recovery by more than 20% for all oils. Alkaline flooding of after-waterflood
residual oil produced incremental recovery only in the case of the least viscous oil
(20 mPa s). The incremental recovery increased with the concentration of alkali only up to
25 mmol/l and remained constant thereafter.
Keywords: Alkaline flooding; Waterflooding; Oil recovery; Porous materials; Interfacial reac-
tion.

Alkaline (caustic) flooding is a method of enhanced oil recovery. It has
been employed in the field to improve the recovery of crude oil from par-
tially depleted reservoirs. The method is based on an interfacial reaction be-
tween an injected alkaline solution and naturally occurring acids in crude
oil. The interfacial reaction results in in situ formation of interfacially active
compounds (soaps) which become adsorbed at the oil–water interface and
reduce the interfacial tension between the resident oil phase and the in-
jected water phase:

HA + NaOH → NaA + H2O
acid alkali soap

Low interfacial tension conditions are desirable in order to facilitate the
displacement of oil droplets and ganglia from the interstitial spaces of the
porous medium. First patented by Atkinson1, the alkaline flooding tech-
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nique has now become one of the more promising enhanced oil recovery
methods2.

The fundamental phenomena associated with the interaction between
resident acidic oil and injected alkaline solutions have been studied in this
laboratory for some time. Both naturally occurring acidic crude oils3,4 and
model acidified oils5,6 have been used. A study published by the present au-
thors7 dealt with the effect of the flooding sequence on the displacement of
acidic oil by alkaline solutions in unconsolidated sand packs. It was found
that an injection of sodium hydroxide solution after the porous medium
has been first flooded with pure water (i.e., after the waterflood) produced
more oil than continued waterflooding without alkali. An injection of al-
kali not preceded by a waterflood, on the other hand, generally resulted in
lower oil recoveries as well as other problems, including the formation of
hard-to-break emulsions. Importantly, it was also found that an addition of
an oil-soluble acid (such as linoleic acid) to the originally acid-free paraffin
oil brought about a large decrease in oil recovery.

The aforementioned investigations7 were conducted using a light paraffin
oil (viscosity 20 mPa s ) as the oil phase. Real heavy oils, however, may pos-
sess a much higher viscosity; for example, the Western Canadian
(Lloydminster) heavy crude oil used by Hornof and Bernard8 had a viscosity
of nearly 500 mPa s at 20 °C. In the present study, the effect of oil viscosity
on oil recovery is investigated in both the presence and absence of interfa-
cial reaction.

EXPERIMENTAL

Details of the flooding equipment have been given in previous publications7,9. A
wet-packing procedure similar to that described by Polikar et al.10 was employed to pack
glass particles into cylindrical holders in a uniform and homogeneous fashion. Glass beads
ranging from 53 to 180 µm in diameter were employed. The resulting bead packs had per-
meability to water of about 1.2 µm2 at a porosity of 28–29%. The water-saturated packs pro-
duced by wet packing were first flooded with oil until no more water could be displaced
from the porous medium (i.e., until the irreducible water saturation was reached). Following
this procedure the porous medium possessed an initial oil saturation of about 98–99%, with
the rest of the porous space being filled by the residual water. All displacement experiments
were carried out at the laboratory temperature of 24 ± 1 °C.

Mixing light paraffin oil (20 mPa s) and heavy paraffin oil (134 mPa s) provided oils of
different viscosity. BDH Inc. supplied both oils. The density and viscosity of mixed oils,
measured at 25 °C, are shown in Fig. 1 as a function of the heavy oil content.

Oils having the viscosities of 20, 31, 55 and 70 mPa s were prepared and stored in glass
containers before use. The surface tension and the interfacial tension (IFT) against pure wa-
ter were measured using a Fisher Autotensiomat instrument. Both parameters were essen-
tially independent of oil composition at 28 and 50.5 mN/m, respectively. Simulated acidic
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oils were prepared by dissolving 10 mmol/l of linoleic acid (Fisher Scientific) in each stock
oil. Pendant drop measurements11 have shown the acidified oil to exhibit transient
(time-dependent) IFT which stabilized after about 20 min at approximately 50% of the value
observed for pure oil. Contacting acidic oil with alkaline solutions resulted in a much more
drastic IFT reduction. A typical IFT vs time curve measured with the help of a University of
Texas model 300 spinning drop tensiometer is shown in Fig. 2.

The displacing phase injected into the porous medium was either distilled water or NaOH
solutions with concentrations ranging from 2.5 to 250 mmol/l. The sodium hydroxide was
of Fisher Certified Grade.
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FIG. 2
Typical transient interfacial tension vs time curve for acidified oil against alkaline solution
(acid concentration 10 mmol/l, NaOH concentration 25 mmol/l, oil viscosity 20 mPa s)

FIG. 1
Density and viscosity of paraffin oil mixtures at 25 °C
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RESULTS AND DISCUSSION

Effect of Oil Acidity

Previous research has shown7 that the addition of 10 mmol/l of linoleic
acid to light (i.e., 20 mPa s) paraffin oil caused the waterflood recovery to
drop from over 80% of the oil originally present in the case of pure oil to
just about 55% in the case of acidified oil. It was thus of interest to see
whether analogous behavior would be observed when using oils of higher
viscosity.

Oil recovery results obtained with 31, 55 and 70 mPa s oil are shown in
Figs 3a, 3b and 3c, respectively. It is evident that the behavior is essentially
identical in all three cases, and that the oil recovery is always strongly re-
duced in the case of acidified oil. On the contrary, the influence of oil vis-
cosity on recovery is relatively weak. The results shown in Fig. 4 represent
cumulative waterflood recoveries after 7 pore volumes of water have been
injected for all four oils in the absence and in the presence of acid. It is seen
that for pure oil, recovery decreases from about 85% in the case of the 20 mPa
s oil to just under 80% in the case of the 70 mPa s oil. A similar decrease is ob-
served in the case of the acidified oils, although the absolute recovery percent-
ages are always about 25% lower than in the case of pure oils.

Touhami et al.11 have shown that linoleic acid acts as a mild surfactant
when acidified oil is put in contact with water. As a result, an approxi-
mately 50% reduction in IFT (from 50 mN/m for the pure oil–water system
to about 25 mN/m for the acidified oil–water system) has been observed.
This translates into a 50% decrease in the capillary number and, as a conse-
quence, one might expect improved oil mobilization and an increase in oil
recovery when conducting the displacement tests. That this does not hap-
pen is an indication that another mechanism is at play.

The clean glass beads used to make the porous pack are strongly water-
wet, as evidenced by rapid spontaneous imbibition of water into the porous
medium when a dry bead pack is contacted with water. When a wa-
ter-saturated wet pack is subsequently flooded with pure oil, the solid parti-
cles continue to be covered with a thin film of water and consequently
remain water-wet. Pure paraffin oil is immiscible with water and does not
contain any components that could partition into water and become ad-
sorbed on the solid surface. Linoleic acid, however, albeit sparsely soluble
in water, can diffuse into the aqueous phase and dissociate therein. Adsorp-
tion of the amphipathic acid anion or undissociated acid on the surface of
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FIG. 3
Comparison of waterflooding neutral and acidified oil (■ no acid in oil, ❑ 10 mM acid in
oil). Oil viscosity (in mPa s): 31 (a), 55 (b) and 70 (c). (OOIP, oil originally in place, i.e., the
oil present in the interstitial volume of the bead pack at the start of a displacement experi-
ment; PV, pore volume, i.e., the interstitial volume of the bead pack)
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the beads is expected to make the originally water-wet surface less hydro-
philic and more compatible with oil (oil-wet).

Displacement visualization studies carried out by Hornof and Morrow12

have shown that porous medium wettability has a strong effect on the sta-
bility and general nature of the displacement fronts. Displacement of
non-wetting phase by wetting phase (which, in the system investigated
here, reflects the displacement of pure oil by water) is governed by imbibi-
tion provided the IFT is not too low. Imbibition of the wetting phase (wa-
ter) into smaller pores takes place thus producing a smooth displacement
front and high recovery of the non-wetting phase originally in place (oil).
In the opposite case, i.e. when a non-wetting fluid is displacing a resident
wetting fluid, the displacements take place in the drainage mode. The dis-
placement fronts are ragged and much of the flow occurs through larger
pores and through zones having the highest permeability. This type of be-
havior, which probably describes what is happening in the present work
when acidic oil is the fluid originally in place, generally results in a lower
oil recovery. The effects of crude oil-induced wettability changes on oil re-
covery have been thoroughly investigated by Morrow and coworkers13. Re-
cent work published by Zhou et al.14 shows conclusively that rock surface
wettability alteration towards a more oil-wet state, caused by adsorption of
amphipathic, crude oil components, resulted in reduced imbibition rates,
ultimately causing a decrease in oil recovery.

Collect. Czech. Chem. Commun. (Vol. 66) (2001)

Displacement of Oil from Porous Media 1145

FIG. 4
Cumulative waterflood recoveries after injection of 7 pore volumes of water into bead packs
saturated with neutral and acidic oils (■ no acid in oil, ❑ 10 mM acid in oil)
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Effect of Oil Viscosity and Alkali Concentration

In the experiments described below, acidified paraffin oil was first flooded
with one pore volume of water, immediately followed by continuous flood-
ing with an alkaline solution. This flooding scheme was in accordance with
the Strategy A flooding experiments reported by Hornof et al.7. Strategy B,
in which alkaline solutions were injected immediately without being pre-
ceded by a waterflood, was not employed in this work. Oil recovery results
obtained at four oil viscosities and with alkaline concentration ranging
from 2.5 to 250 mM NaOH are shown in Fig. 5. Each point on the graphs
represents one displacement experiment and shows the respective incre-
mental recovery as a function of the concentration of sodium hydroxide in
the injected solution. The incremental recovery is defined as the difference
between the oil recovery observed when one pore volume of water followed
by five pore volumes of alkaline solution were injected, minus the recovery
obtained after injecting just six pore volumes of water. It is observed that
only in the case of the least viscous oil (20 mPa s) are there significant in-
cremental recoveries observed. From about 5% at 2.5 mM NaOH, the incre-
mental recovery rises to about 15% at 25 mM NaOH and then stabilizes.
The incremental recovery values observed with the three more viscous oils
appear to be almost randomly distributed around the zero mark and the
small observed differences are not statistically significant in view of the ex-

Collect. Czech. Chem. Commun. (Vol. 66) (2001)

1146 Hornof, Neale, Yu:

FIG. 5
Effect of oil viscosity on incremental oil recovery obtained with alkaline flooding. Oil vis-
cosity (in mPa s): ❑ 20, ❍ 31, ■ 55 and ∆ 70
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perimental error which has been estimated to be ±4% absolute for these
flooding experiments.

The poor results obtained with alkaline flooding may be attributed to the
lack of mobility control. Shuler et al.15 asserted that this imposed severe
limitations on the oil recovery in their displacements of a 40 mPa s viscos-
ity crude oil with an alkaline solution of 1 mPa s viscosity. When they ad-
justed the viscosity of the alkaline solution to 43 mPa s, the incremental
recovery increased from 17 to 58%.

Foster16 identified the mobility (viscosity) ratio as one of the most impor-
tant parameters affecting recovery. Even when residual oil becomes mobi-
lized by, for example, reducing interfacial tension, it will not be recovered
from the porous medium unless the mobility ratio (i.e., the ratio of the dis-
placing phase viscosity to the displaced phase viscosity) is at least as high as
a threshold value of about 0.05–0.1. In the displacements conducted in the
present work, the viscosity ratios are 0.05, 0.03, 0.02 and 0.014 correspond-
ing respectively to 20, 31, 55 and 70 mPa s oil. As a consequence, a small
incremental recovery at best, of the order that was observed in the present
experiments, would be expected in the case of the 20 mPa s oil. The three
more viscous oils, however, would be expected to produce little or no incre-
mental oil.

Parallel flow visualization experiments carried out in transparent porous
media have shown that in alkaline flooding, the situation is further compli-
cated by the depletion of the injected alkali17. This effect has been also con-
firmed by computer simulation18. Additional work is being carried out in
order to further elucidate the mechanisms affecting oil mobilization and re-
covery.

CONCLUSIONS

1. Addition of acid to paraffin oil resulted in an approximately 20% de-
crease in oil recovery. This decrease was observed for all four oils tested,
ranging from 20 to 70 mPa s in viscosity.

2. When an alkaline flood was conducted after a waterflood, incremental
oil recovery was only observed with the least viscous oil (20 mPa s) and
none at all with the three more viscous oils.

3. The incremental recovery obtained with the 20 mPa s oil increased
with NaOH concentration up to 25 mmol/l and remained constant when
the NaOH concentration was increased further.
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