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ABSTRACT

*At the presenf rate of consumption, the proven reserves of -
conventional (light) crude oil in Canada will soon be
depleted. For a continued subply of petroleum, alternative
sources must be developed. " One of these sources is heavy
oil. ~

Heavy oils are usually defined as those crudes having a
density of 0.95'g/cm’ or higher. In addition tq a density
close to that of water, these crudes are highly viscous at
reservoir conditions and contain a large amount of carboxyl-.
ic and bhenolic acids. Due to the presence of these acids,
contacting'heavy oils with caustic solutions produces sur-
factants in-situ at the crude oil-caustic interface. The
surfactants thus generated act to lower the interfacial ten-

sion between the two phases to ultralow values.

.The ingerfacialitension (IFT) between an important Cana-
dian heavy oil (from Lloydminster, Saskatchewan) and various
caustic solu£ions was measured using a University of Texas
Model 500 $pinning Drop Interfacial Tensiometer. The
effects of salinity and alkalinity of the aqueous phase and
system temperature were studied. The effect of o0il acidity
on IFT was also investigated through the use of a series of
dilutions of the Lloydminster crude oil with dodecane.

_ii-
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It was .found that the interfacial tehsion‘was highly
dependent upon-interfacial age, and exhibited a dynamic min-
imﬁm. The lowest IFT observed was obtained using a 0.05%
NaOH solution, Also, with this agueous phase the IFT
remained at this ultralow minimum for contact timeélof over
10,000 seconds. The presence of sodium chloride in the
aqueous phase had two main effects. The " magnitude of the
IFT increased with increasing salinity for constant pH aque-
ous phases. Also, the rate of rise in IFT subseqguent to the
minimum was greater and the rise commenced at shorter )times

as the salinity was increased.

Temperature had a much larger effect on the time at which
the minimum IFT was attained than on the mégnitude of this
minimum. Also, the decrease in.the'minimum IFT observed and
the time of this minimum were sidgnificantly greater for an

. -

increase in temperature from 25°C to 40°C than one from 40°C

to 55°.

The dilution of Lloydminster oil with dodecane resulted
in higher IFT values than those for 'the pure crude oil.
With these dilutions, the minimum I%T was reached at shorter
times and the rate of increase 1in IFT following the minimum
was greater than for the Lloydminster oil, The effect of

temperature on IFT values was not as substantial for the

oil-dodecane mixtures as for the pure crude oil.

- 1ii -
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Chapter I
INTRODUCTION

-

Ever since.the Industrial Revolution in the late nineteenth
century, the ubrld has been .dependent upon fossil fuels.
Coal, oil, and natural gas are used in such diverse fields
as transportatioﬁ, electrical generation, and the manufac-
ture of a myriéd of goods ranging from steél to gasoline to
children's plastic toys. Indeed, the high standard of liv-

iné;enjoyed today in Canada and other industrialized nations
5 .

-could not have been attained without, the use of petroleum

and petroleum products.
. ' \\

However, the traditional sources of petroleum are guickly
being depleted. The estimated proven world reserves of
crude oil (those recoverable with present technology) amount
to only a thirty year supply at present .conéumption
rates{l). The Canadiaéfsituatioﬁ‘is even worse, as shown in
Table 1. Only a 13.5 year supply of proven reserves exists.
Thus it is imperative that alternative sources of petroleum
be developed to meet future needs. In Canada, two of these

new sources are tar sands and heavy oils.

Heavy oils are wusually defined as those crudes having a

gravity of 20 °API or less. These oils are acidic in nature



. . - 2
Table 11( Crude®0il Reserves and Demand:

LIGHT CRUDE OQIL

Proven Reserves ~ ' 10 bbl
Canada ‘ . 7,020,000
Total World : : 668,262,406

“
Annual Demand .

Canada i . . 518,300

Total World 21,325,539 (1)

-

HEAVY CRUDE OIL

Proven Reserves

Lloydminster Area : ' 612,360

Total Canada "~ 2,305,800
Potential Additions ' . -
Lloydminster Area 1,360,800
Total Canada ~ | . 2,800,300 (2) ...
S~ ' L
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and have a high viscosity at reservoir conditions. One of
‘the largest deposits of heavy oil in Canada is situated near
Lloydminster on the Alberta-Saskatchewan border. The egtab-
1ished reserves contained in this deposit are 27 per cent of
the total heavy ©il reserves in Canada. The Lloydminster
area represent§ an even greater percentage of the potential
additions to he 0il reserves. The National Energy Board
he; estimated that fully 57 per cent of the aaditional ulti-
mate potential of heavy oil in Canada will be from the:
Lloydminster deposit(2). However, for thié potential to be
realized significant advances in rgcovery‘technology must be
made. o

v

< 1.1 Stages of 0il Production al

A typical oil reservoir, as shswn in Figure 1, consists of &
layer of porous rock, such és sandstone, bounded both above
and below by an impervious rock formation, usually granite
or shale.. Over a periéd of many million years, water, oil,
and gas have .accumulated in the porous medium, and have sep-

arated into fairly distinct layers due to gravity effects.

The cyude oil is trapped in the poré;\hfftﬁi\iack by natural
forces resulting from viscesity, interfacial tension, and

capillarity. These forcgs must be overcome in order for the
{

0il to be produced. :
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IMPERVIOUS GAS CAP
ROCK '

- OIL ZONE WATER

Figure 1: A Typical 0il Reservoir



1.1.1 Primary Recovery .

When a well is drilled through the impervious cap of an oil
_reservoir, a pressure sink is formed and the reservoir con-
tents are able to flow to the wellhead at the surface due to
the expansion of reservoir fluids. ‘This production of oil
by natural energy 1is called primpry recovery and ©ap occur
by one of three principal drive mechanisms: solution gas

drive, gas. cap drive, or water drivk,.

In a solution gas drive reservoir, the gases dissolved in
the crude oil expand and come out of solution as the pres-
sure in the reservoir drops. This éxpansion of gases causes
the oil to be driven towards the wellbore. As production
continues, the pressure in the reservoir decreases until the
energy available from the expanding gas .is no longer suffi-
cient to cause the oil to flow to the surface, and pquing
is required for further oil production. In a solution gas
drive reservoir, the primary recovery is usually quite low,
only 5 to 25% of the original oil-in-place(0OOIP)(3), and

other recovery techniques are necessary to recover more oil,

A water drive reservoir is one in which the predominant
source of energy for the production of o0il 1is water
encreachment from an adjoining aguifer, caused by the
expansion of water and rock in the aquifer as a result of
the lower pressure at the wellbore. The agquifer associated

with a water drive reservoir is often much 1larger than the
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reservoir itself, and thug the energy supplied by }he agui-
fer results in continued oil production over a i;ng period
of time, An effective waten drive reservoir is character-
ised by a slow drop in reservoir pressure with time, apd

thereby a high recovery efficiency.

When the pressure in the reservoir 1is not high enough to
maintain all the light hydrocarbons in solution, free gas
collects in the porous medium above the oil, Freating albas
cap just.below thedimpervious rock layer. In such a gas cap
drive reservoir, the drop iﬁ p;essure at the wellbore causes
the gas cap to expand and displace o0il towards the produc-
tion well. Also, tﬁis drop in pressure allows the gas dis-
solved Aq the oil to come out of solution which aids in
forcing the oiit to the wellbore. Because the gas cap can
expand a considefgble amount, the decline in re;érvoir pres-
sure occurs more slowly than in a solution gas drive reser-
voir, and thus the oil recovery is higher, usually 20 to 40%

00IP(3).

1.1.2 Secondary Recovery

Production of o¢il by the natural reseryoir énergyhcontinues
until this energy is depleted te the point where there is
not sufficient force to drive the o0il to the surface. At
this point, it is necessary to.supply energy from an exter-
nal source for further production. This is accomplished by

a technigue known as pressure maintenance, in which a large
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volume of water, or sometimes gas, is injected into the res-
ervoir through a separate weli(4). The {njected fluid
restores pressu?e in the reservoir, helps to keep the dis-
solved gases in sclution (which qgintains a2 low oil viscosi-
ty), and forces the oil through. the porous rock to the pro-
ductign well. The injection of ‘water results in a- second

harvest of oil, hence the name secondary recovery.

*g a waterflooding operation, injection wells are drilled
in a pattern around the production wells. Some typical pat-'
ferns of well placement are shown in Figure 2. The most
commmon pattern is the five-spot, which is actually a stag-
gered line drive with the spacing between adjacent produc-
tion wells and injecfion wells being the same. When water
is injecfed into an oil reserveoir, it displaces some of the
oil remaining in the pores of the rock. This cil forms an
oil bank which is then pushed towards the producing well,
Secondary recovery techniques may produce 15 to 30% OOIP,
which means that substantial quantities of o0il are still
trapped in the reservoir. This remaining oil can often be
produced by various other methods, <¢ollectively known as

enhanced oil recovery techniques,

.

«
oy
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1.1.3 Enhanced 0il Recovery

The term Enhanced 0il Recovery(EOR) ﬁas been defined in many
ways. Jha(4) uses this term to describe all the technigues
-used to 1increase the amount of oil obtained. after primary
recovery, thereby including waterflooding as an EOR process.
However, a broader definition 1is more applicable to the
recovery of heavy oils. This definition, which has been
adopted by the Alberta Energy Resources Coﬁservation Board,
states that ECR is any o0il production via artificial supple-

mentation of natural reservoir energy(3).

The technical and economic viability of an EOR process is
dependent upon th;ee key factors: the oil saturation after
. primary recovery, the microscopic displacement efficiency of
the fluid being used, and the volumetric sweep efficien-
cy(4). These factors are in turn influenced by the past

production history of the reservoir.

The microscopic displacement efficiency is the fraction
cf the oil contacted by the injected fluid that is displaced
or forced out of the pores 1in the reservoir rock. The oil
left in the reservoir is called the residual oil and occurs
in one of two forms, 1In a water-wet reservoir, the residual
0il takes the form of droplets of oil surroundéd by water
and trapped in the pore spaces by interfacial forces. 1In an
oil-wet reservoir the residual oil exisfs as a thin film

spread on the reservoir rock.
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The volumetric sweep efficiency, the product of the areal
and vertical sweep efficiencies, is determfned by the physi-
cal properties of the reservoir (permeability and porosity)
as well as the mobility ratio of the injected fluid to the
displaced fluid. The mobility of a fluid in a porous medium
is a measure of the ease with which the fluid flows through
the medium, and is defined as the permeability of the forma-
tion to that fluid divided by the viscosity of the fluid,
i.e.
Permeability
Mobility = ----------—-
Viscosity
If the mobility of the injected fluid (such as water) is
greater than that of the displaced fluid {o0il}, the water
can by-pass parts of the reservoir instead of driving the
oil towards the production well in a bank, a phenomenon

known as viscous -fingering.

In light of these factors affecting the yield from an oil
reservoir, any EOR process should be concerned with two main
objectives (3):

1. to 1improve the microscopic displacement efficiency

i

“-edther by altering the forces that trap the oil in the
rock pores, or by increasing the potential energy of
the oil. by increasing the pressure gradient in the
reservoir or by solubilization of injected gas.

2. to improve the sweep efficiency, and thus the portion

of the reservoir contacted by the displacing fluid, by

N\
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altering the mbbility ratio or the flow paths devel-

oped during primary recovery.

- In many cases, techniqdes which increase the dihplacement
efficienc& can actually reduce the sweep efficiency and
therefofé an optimal mix of these two objectives is requ{red
for.a successful ECR applicationké).' The choice of an EOR
process for a given reservoir depends on many Eéctors, such
as the geology and physical properties of éhe reservoir, and
past production methods. EOR techniques can be divided iﬁto
three classes: thermal processes, miscible displacement pro-

cesses, and chemical processes.

1.1.3.1 Role of Capillary Forces in EOR
As mentioned previously, one of the key parameters in deter-

mining the feasibility of an EOR process is the microscopic

displacement efficiency.. This efficiency can be defined
as(5) -
B = 17 Sor”_Swi
1 -S4

where 5. is the residual oil saturation and S,; is the
irreducible water saturation, the fraction of the pore space

containing water at infinite capillary pressure.

.1t has long been recognized that capillary forces are
responsible for trapping the residual oil in the rock(6),
and that this phenomenon can be explained by the pore-

doublet model, as shown in Figure 3. In this model, two
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parallel capillaries, representing pores in the water-wet
reservoir rock, are initially saturated with oil. During a
displacement process such as waterflooding, the injected

fluid will move faster through the smaller capillary if the
displacement velocity is lower than the imbibition rate (the
usual case in an actual flood). When the water reaches the
point in the formation where the two pores ‘reconverge,
recovery of o}l from the larger pore will stop and some of

the oil will be trapped in that pore(7).

Melrose and Brandner(6) sfate that the mobilization of
tﬁe oil thus trapped will occur only if the capillary forces
dominate the macroscopic displacement process. For this to
occur, it is necessary for a dimensionless ratio called the
capillary number to exceed a critical value -« The capillary
number represents the ratio of the magnitude of the viscous
forces to the magnitude of the capillary forces and is

defined as

where . and V are the water viscosity and flow rate per
unit cross-sectional area respectively, ¢ aﬂe porosity of

the medium, and Yy the oil-water interfaciaL/fension(IFT).

A correlation of microscopic cement efficiency with

capillary number indj ed that the critical capillary num-

ber necessary /ﬁﬁp’Tesidual oil mobilization ranged between
-

/

.

L UV
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10-* and 10-3(6). For values of the capillary number as
high as this.to be attained, ultra-low values of interfacial
tension are reguired. These ultra-low values are of the
. order of 10? to 10-* mN/m, much lower than the interfacial

tensions normally encountered under reservoir c3nditions.
]

1.2 Heavy 0Oil Recovery

In contrast with the data mentioned above for the recovery
of conventional (light) crude oils, primary recovery of
heavy oils produces only 3 to 8% OOIP, with waterflooding
adding just a few per cent more(8). Therefore the success-
ful recovery of heavy oils is dependent on the choice of an
appropriate EOR tecﬁnique. Due to the high viscosity of
heavy oils, thermal processes are usually used for heavy oil
recovery. In these précessqg, heat is applied to the reser-
voir in order to raise the temperature of the rock and res-
ervoir fluids. The application of heat serves to decrease
the crude o0il viscosity, causes thermal expansion of the oil
and therefore increases relative permeability, and causes
distillation and thermal cracking of the 0il(9). There are
three types of thermal techniques being used today - in-situ

combustion, steam stimulation, and steamflooding.

1.2.1 In-Situ Combustion

In the in-situ combustion process, alsc known as fireflood-
ing, air is injected into the cil reservoir through an

injection well, and the crude oil ignites either spontane-
5
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ously or with the aid of a gas burner or resistance heater.
As air injection continues, the combustion front moves away
from the injection well, heating and displacing o0il and
water to the surrounding wells. - At the combustion front,
the connate (interstitial) water is vapourized and the oil-
is crackea leaving a residue of coke on the rock to maintain
combustion. The steam produced in this maﬁner moves ahead
of Ehe combustion fromt, <condenses and mobilizes the oil
into an oil bank which 1is pushed towards the production
well.' The portion of the reservoir swept by the front is

then burned clean.

Often water is injected along with the air, a process
known as wet combustion. The advantage of this is that the
amount ‘of heat transported to the region ahead of the com-
bustion front is significantly increased(9). As a result of
this, the o0il viscosity is greaily reduced, improving oil

-

recovery. Alsc, much less air is needed in the wet combus-
. : .

tion process.

1,2.2 Steam Stimulati®d

In this preocess, also called cyclic steam injection, steam
soak, or huff and puff, steam is injected into the reservoir
through a production well (huffl for a period of several
weéks to heat wup the reservoir. The well 1is then shut-in
for. several days or weeks before production is resumed.

During the shut-in period, the heat from the steam increases
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the reservoir tgmperature which decreaseg the o0il viscosity
and makes the mgbility ratio more favourable. Thé 0il is
then pfoduced (pgiiy until economic factors necessitate
another steam injection, The production period is often up
to one yéar in length, and this cycle of injection and pro-

duction is usually repeated several times. Steam stimula-

" tion has been successfully applied in many cases, and is

often followed by steamflooding.

1.2.3 .Steamflocding
V O

Steagflooding, alternatively knéwn as steam drive or steam
displacement, is guite similar to waterflooding a ﬁany
respects. Steam is 1injected into the reserveoir through
injection wells laid out in a pattern around the preducing
wells. The steam mobilizes the oil and Jdrives it -towards
the production wells.- At the steam front, condensation
occurs gnd a hot water "bank i1s formed, The hot water causes
thermal expansion of the c¢rude o¢il and brings about a
decre;se in oil viscosity.- Behind the steam frdnt, oil is
displaced by the vapourization of the lighter hydrocarbons
and the resultant gas drive. Much of the heat injected in a
steamflooding cperation is lost to the reservoir rock, but

this can sometimes be regained by following the steamflood

with a cold waterflood(3).

-

\

AN

~ny
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1.2.4 Additives in Steamflooding

Currently, the use of additives injected simultaneously witb}’
steam is being tested for possible effects on recovery effi-
ciency. The main purpose of these additives is threefold:
to reduce the initial oil viscosity near the wellbore thus
improving the injectability of the steam, to reduce oil vis-
cosity out in the reservoir increasing the steam contact
area, and to supplement the steam drive mechanism behind the
steam front(10). The additives under consideration are’sol-
vent; and gaseg, such as iso-propyl alcohol and carbon diox-
ide respectively, and surfactants which reduce oil-water

interfacial tension and promote emulsification of the oil.

~



Chapter 1II

LITERATURE SURVEY

Thé beneficial effects of caustic solutions on oil recovery
have long been known. In 1917, sSquires(1ll) nogpd that "The
displacement of o0il may be made more comple{e by introducing
an alkali. into the water...". In 1925, Nutting(12)
described the use of alkaline salts such as sodium carbonate
and sodium silicate for improved waterfloocd recovery. He
dismissed the use of stronger bases, such as sodium hydro&—
ide, in field applications due to excessive reactivity with
crude oil, However, in 1927 Atkinson(13) was issued .a pat-
ent detailing the flooding of oil-bearing sands with water
containing caustic alkali. This patent described the ben-
efitse+of strongly basic solutions, such as sodium and potas-

sium hydroxide, on ¢il recovery.

Also in 1927, Beckstrom and Van Tuyl(14) reported
improved oil rféovery with the wuse -of solutions bf alkaline
compounds. Although they emphasized the use of sodium car-
bonate, dilute solutions of sodium hydroxide and potassium

hydro§}de,were also shown to increase the yield of oil.

The next significant advance in the use of caustic solu-

tions occurred in 1942 when Subkow(15) patented the injec-
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tion of aqueous emulsifying agents, including sodium hydrox-

L

ide., for recovering heavy oil or bitumen.

2.1 Mechanisms of Alkaline 0il Recovery

These early workers were unsure of the mechani;ms by which
caustic solutions acted to increase oil recovery. Nut-
ting(12) believed that alkaline solutions released residual
0il from adherence to sand surfaces. Also, he reported that
caustic inhibited the formation of semi-solid, crude oil-
water interfacial films, but he did not believe that this

. was a factor in the improved yield of oil.

Atkinson(13) hypo;hesizéd that residual- 0il was held in
the intergranular spaces by capillary forces, viscous resis-
tance to flow, and adhesion of the oil to the sand. He
stated that caustic solutions had .the ability to overcome
these forces and release the oil. Beckstrom and Van
Tuyl(l4) also believegd that adhesion of fhe Ail to the res-
ervoir rock was. an important parameter in oil recovery.
They felt that emulsification of the oil was to be avoided,
thus their preference for the use of sgodium carbonate

instead of stronger bases.

Contrary to these conclusions, Subkow(15) maintained that
the formation of an oil-in-water emulsion in the pore spaces
was essential for improved oil recovery, He postulated that

a two-step process was responsible for this improved yield
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of oil. The first.step was the in-situ emulsification of
‘the crude oil. The" second step was the entrainment of the
emulsion in the flowing alkaline solution, with both being
produced concurrently. Subkow also de;cribed the reaction
of caustic solutions, particularly those of sodium hydrox-

ide, with the organic acids present in some crude oils to

produce emulsifying soaps.

2.1.1 Emulsification and Entrainment

Subkow's findings form the basis of one of the four funda-
mental mechanisms outlined by Johnson(16), that of emﬁlsifi—
cation and entrainment, Reisberg and Doscher(17} believed
that this process was the result cf a lowering of interfa-
cial tension between the crude oil and the displacing alka-
line solution. However, they concluded that caustic flood-
ing was not economically feasible due to the large amount of
caustic necessary because of adsorption and reaction with

the reservoir rock.

2.1.2 Wettability Reversal (0Oil-Wet to Water-Wet)

The second mechanism responsible for improved o0il recovery
presented by Johnson{l6) 1is a change in rock wettaEility
from oil-wet to water-wet. Wagner qnd Leach{18) concluded
that this change in wettability during a waterflood will
result in an increase in oil reéovery over that obtained
where no wetting change occurs. They achieved this wett-

ability reversal through the addition of certain chemicals,

¢
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inciuding acids, bases, and some salts, that changed the
injection water pH., They also found that the higher the o0il
.viscosity the greater the pércentage improvement obtained
with this wettability reversal over conventional waterflood

recovery.

Johnson(ig) c0ncluded<:;at this improvement in o0il recov-
ery results from changes in relative o0il and water perme-
ability that accompany a wettability reversal from oil-wet
to water-wet in a region where o0il is still flowing. This
permeability change causes the mobility ratio to be reduceq,
thus better recovery. Johnson further stated that in reser-

voirs where viscous fingering occurs, the water-oil ratio

may also be lowered for a time by this wettability reversal.

2.1.3 Wettability Reversal (Water-wWet to Oil-Wet)

A third mechanism by which caustic solutions might improve
0il recovery was first reported in 1974 by Cooke et al(l19).
Their investigation showed that some types of porous media
could be changed from water-wet to oil-wet by the adjustment
of injection water pH, salinity, @nd temperature. They also
observed that certain combinations of caustic and salt were
able to both cause this wettability change and lower the

crude oil-water interfacial tension to very low values.

This change in wettability from water-wet to oil-wet
causes the trapped residual oil, originally discontjnuous in

the porous medium, to be converted to a continuous wetting



22
phase, thereby making a flow path for the trappéd 0il to the
production well. Due to the low interfacial tensions pres-
ent, an emulsion of water droplets in the now continuous ojl
phase forms(16). These emulsion droplets tend to become
trapped in the porous medium and thus induce a high pressure
gradient which is able to overcome the capillary forces
retaining the oil in the reservoir, these forces having been

already reduced by the low interfacial tension.

2.1.4 Emulsification and Entrapment

Jennings et al(20) proposed an alternative to the wettabili-
.ty reversal mechanism by which the injection of caustic
solutions can significantly improve the recovery of certain
oils. This mechanism involves the drastic reduction of oil-
water interfacial tension by the caustic activation of
potentially surface-active organic acids naturally occurring
in some crude oils. This reduction in interfacial tension
causes in-situ emulsification of residual oil. The emulsion
thus formed tends to move downstream with the flowingucaus—
tic and becomes entrapped by pores that are too small for

the emulsion droplets to penetrate.

The entrapment of the emulsion droplets lowers the injec-
tion water mobility, controls the tendency towards viscous
fingering, and improves.both vertical and areal sweep effi-
ciencies. The emulsified oil, once trapped in the pore

throats, is not recovered and the ultimate residual oil sat-~
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vration 1is not significantly affected by caustic injec-
tion(20). Therefore this mechanism would be primarily of
importance 1in reservoirs containing highly viscous oils
where sweep efficiency 1is poor. In these types of reser-
voirs, any improvement in sweep efficiency, caused by a more
favourable mobility ratio, would be more important economi-
cally than the recovery of residual o0il left after a water-

flood.

The results of Jennings et al(20);fz?u a clear dependence
of 0il recovery efficiency on interfacial tension with an
optimﬁm 0il recovery at the lowest value of interfacial ten-
sion. Their results also indicated that interfacial ten-
sions below 0.01 mN/m are necessary to obtain significant
0il recovery incéeases _by the in-situ emulsification and
entrapment mechanism. They further stated that the required
concentration of sodium hydroxide‘for in-situ emulsification
usually ranges between 0.05 and 0.50 weight percent, approx-
imately one-fifth the concentration required for a wettabil-

ity reversal.

2.1.5 Emulsification and Coalescence

A fifth meManism for alkaline oil recovery, that of emulsi-
ficatiPn and coalescence, was proposed by Castor et al(2l).
As with the emulsification and entrainment and emulsifica-
tion and entrapment mechanisms, the first stage in this

mechanism is accomplished by the in-situ formation of sur-
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factants which promote emulsification of the oil. However,
in the emulsification and coalescence mechanism unstable
water-in-oil emulsions are formed by the injection of calci-
um hydroxide. The calcium hydroxide acts to swell the resi-
dﬁal oil and increase its apparent saturation. Because of
this swelling, adjacent oil ganglia "contact each other and
coalesce to form localized regions of high o0il saturation
that have an increased ¢il permeability. These local
regions then combine to form a mobile oil bank which
improves the o0il recovery efficiency. There is alsb evi-
dence that the emulsification and entrainment and the emul-
sification and entrapment mechanisms can aid the coalescence

phenomena to increase oil recovery.

2.2 Interfacially Active Components in Crude Oil

The fact that certain crude oils contain naturally occurring
‘acidic components has long been recognized. However, it was
not until 1955 that the interfacial activity of some crude
oils was shown to be caused by these acidic components{l17).
In 1964, Neumann(22) reported that phenols were the main
interfacially actiJ;HAonstituents of a West German crude
oil. While n¢ chpmical analysis of Lloydminster oil has
been reported, various researchers(23,24) have studied the
chemical composition of other crudes, most notably those

from California. Seifert and Howells{23), working with Mid-

way Sunset oil from California,. isolated the interfacially
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active components by a combination of extractions, two-stage
ion exchange, and repeated silica gel chromatography. They
found that the polar constituents of this ocil were responsi-
ble for its high interfacial activity. They further isolati
ed these polar compohents into carboxylic acid fractions,
phenolic fractions, and fractions containing mixtures of
phenolic and carboxylic groups, probably indicaﬁive of car-
boxyphenols. The'carboxylic acids were the most prevalent
type of interfacially active component, comprising 2.5% by
weiéht cf the oil. Although most of these acids were satu-
rated aliphatics, the number average molecular weight ranged
from 300 to 400, suggesting the presence of unsaturated,

substituted, or aromatic acids.

Jang et al(24) separated a Long Beach crude into various
fractions by vacuum distillation and silica gel chromatogra-
phy. The only fraction that showed interfacial acéivity
with alkali was an asphalt-like solid. Further anélysis of

s
this substance by gas chromatography and mass spectroscopy
identified various long chain carboxylic acids, both con-
firming the results of Seifert and Howells and demcnstrating
that more than one species is 1involved in the diffusion and
reaction process that occurs at;the crude o{l-caustic inter-
face, Sharma et al(25) suggested that the reduction in
interfacial tension is probably caused by two different com-
ponents, one being an acid with. a low molecular weight and

the other having a significantly higher molecular weight,



2.3 System Chemistry

Even though the findings of Seifert and Howells(23) and
Sharma et al(25) indicate that more than one acidic species
is responsible for the lowering of IFT, for simplicity's
sake all of the species that lead to the formation of sur-
factants can be considered to be one component,
HA{26,27,28). This acid distributes itself between the
oleic and aqueous phases according to the equilibrium rela-

tionship

and

= CHAO

Kp =
CHa,,
where HA, is the acid in the oleic phase, HA_ the agqueous-
phase acid, and C; the concentration of species i at equi-

librium. The distribution ratio, K will be very large due

Df
to the extremely low concentration of acid in the agueous

phase under normal conditions.

The dissociation of the acid in the agueous phase to form
hydronium "ions and the surface-active species A~ can be rep-

resented by

HA, + H,0 ——= H30" + A-



27

and

where KA'is the dissociation censtant of HA.

‘With the addition of NaOH an undissociated salt, repre-
sented as NaA, can form at the interface(26). This salt is
soluble in crude oil, due to the hydrophobic nature of the
hydrocarbon chain of A, and digsociates almost completely in
the aqueous phase to produce sodium ijons and the surface-
active species A~. The formation of this salt in the aque-
ous phase and its transfer to the cleic phase can bé repre-

sented as

Na® + A" == NaA

NaA , == NaA g
where
Kq - (CnatiCa)
(€ yanl,
is the equilibrium constant for these two reactions. Fig-

ure 4 shows all of these crude oil-caustic interactions.



CRUDE OIL

N\

! NGAO HAO
\ h .
N\

S

NoA,,
NQ*J\ \
HO = H,0'+ A" =—HA
2" on- 3 HO

NaOH = Na*+ OH™
NaCl & Na*+CI™

. CAUSTIC SOLUTION

Figure 4: Crude Oil-égggtic Interactions



4
%

—

\ ) ' 29

2.4 interfacial Resistances and Dynamic IFT Minima

As mentioned- in the previocus section, upon contacting an
acidic crude oil with alkali the acids transport out of the
oi} and react to produce surface-actiive salts which can
initiate oil mobilization and thus improve oil recovery.
This production of surfactants leads to a dramatic reduction
in interfacial tension to ultrﬁlow values (< 0.01 mN/m) fol-
iowed by a slow rise to higher values (2-10 mN/m). . Because
of this large change in IFT with time, it is often difficult
to decide which tension wvalue is indicative of reservoir

conditions.

The transfer of the surface-active species from the oil
to the'aquéaus phase may be considered to cccur in six dis-
tinct steps: convective-diffusion from the oil phase to the
interface, adsorption at the interface, reaction at the
interface to produce the surfactant, desorption from thé
interfacé, and convective-diffusion 1into the agueous
phase{29), It is this seguence of events that determines
the dynamic nature of the interfacial tension between acidic
crude oils and alkaline solutions. Since the hydrolysis
reaction to produce the surfactant is ionic in nature, it is
thought to occur instantaneously(30). The remaining five

steps determine the kinetics of the overall process.

Rubin and Radke(29) state that the IFT minimum must occur

concurrently with a maximum in surface-active species
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adsorption to satisfy theoretical considerations. Bansal et
al(3]l) stated this observation somewhat differently, thei:
investigation showing that' a maximum in charge density (or
electrophoretic mobility) at the crude oil/caustic interface
corresponds to the minimum IFT. Thus, any process thét
leads to a net accumulation of ‘surfacesactive species of
charge at the interface would result in a lowering of IFT.
For this net accumul§tion ;o occur, one of two conditions
must be met : either the net rate of adsorption is signifi-
cantly higher than the net rate of desorption, or the

convective-diffusion resistance of the agueous phase exceeds.

that of the oil phase.

Due to the high viscosity of most heavy oils, it would
seem thag the mass-transfer resistances could significantly
inhibit the e#traction of the acids out of the oil phase.
It was_originally thought that this diffusion of the acids
towards and away from the interface gave rise to the tran-
sient minimum in IFT(32). However, the second condition
. mentioned above has been shown to have no direct influence
on the dynamic tension minima due to a lack Jf consistent
behaviour in IFT, measured by the spinning drop method, with
changes in o0il viscosity and aqueous phase pH and salini-
ty(29). Other reséarchers hgbe‘reached the same conclusion
that mass-transfer resistances are not jmportant in the case

of linear alkaline flooding (30).  Therefore it would seem

that the rate of desorption of the surfactant from the oil-



caustic interface controls the overall kinetics of the pro-

cess. Both theoreticdl and experimental evidence has been

presented to confirm this assertion{(29).

As previously mentioned, there is some confusion about
which tension value best repfesents the IFT thaf would be
operative 1in an alkaline flood of an actual reservoir.
Since the minimum IFT is reached shortly after the initial
oil-caustic contact, McCaffery(33) believed that this ultra-
low IFT would be unlikely to lead to any sustained ¢il mobi-
lizqtion-during the course of an alkaline flood. However,

Rubin and Radke state that "... the spinning drop tension

minimum for acid c¢rude ¢0ils is indiecgtive of the lowest:

achievable reservoir eqhilibrium value"(29}. This ié due to
the great disparity 1in the ratio of the volume of water to
0il irn a\ spinning drop tensiometer and that in a partially
depleted (non-producing) oil reserveir. The mcdel they pre-
sented showed that the rise in fFT that occurs after attain-
ing the minimum is = highly dependent on this water-to-oil
ratio, with a larger ratio yielding a larger rise in IFT.
As this ratio is between several hundréd and a thousand to
one in a'épinning drop apparatus and usually no ‘more than
three to one .in an o0il reservoir, It is quite likely fhat

the rise in IFT observed with the spinning drop method would

never occur in a field application.

s
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‘2.5 Previous Work .

Many researchers have studied c¢rude oil-caustic interfacial
tensions. However, most of this work has been concerned
with eguilibrium tensicns and not the dynamic nature of the

IFT between an acidic o©il and ‘an alkaline sclution.

Jennings(34) used the pendent-drop method to study the
intertacial tension between caustic solutions and 164 crude
0il from 78 different fields. He noticed a change in IFT
with interfacial age but chose to repert tension values at
an interfacial age of 10 seconds as most of the reduction in
IFT had qscurred by then. Tﬁe results presented have two
important implicationé with respect te the present work.
First of all, ult?alow interfacial ten;ions were possible
with almost all of the crude oils with gravities of 20°API
or lower- i.e. the heavy oils. Secondly, 80% of the oils
that showed any interfacial activity on contact with alkali
did so at a caustic concentration of close to 0.1% by
weight, Botﬁ sodium and potassium hydroxides were used in
this investigation,  with no appreciable difference in the
results. . |
. Jennings{34) alsc found that sodium chloride in sclution
‘reduces the amount . of caustig necessary to achieve maximum’
surface-activity.(i.e. minimum IFT). Calcium chloride had
the opposite effect in that it suppressed surface activity.

“This detrimental effect of calcium, as well as other diva-
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lent ions, was also noted by Sharma et al(25) and Dranchuk

et al(35).

Campbell(36) measured IFT between various alkaline solﬁ-
tions and a Long Beach(California) crude oil using the spin-
ning drop téchnique. The values he reported were those
obtained after 5 mihutes rotation, and no explanation of the
choice of this measurement time was given. The results
therefore could be misleading, but are .still interesting.
Caustic concentrations ranging from 0:05% to 0.25%, in a 1%
NaCl solution, resulted in the minimum IFT\<:iues of 0.01 to
0.025 mN/m, when either sodium orthosilhcate or sodium
hydroxide was used as the base. When produced brine was
used as the aqueous phase, it was found that the caustic
concentration necessary for a reduction iﬁ'IFT increased Eq-l”
approximately 0.5%. McCaffery(33) also ‘observed that a
higher caustic concentration was reguired to reduce IFT when
injectﬁon water, instead of distilled water, was used as the
aqueous phase in a spinning drop apparatus. In both cases,
it was theorized that the presence of dissolved solids,
especially calcium and magnesium, were responsible for the
higher concentrations of alkall necessary to reduce IFT to

ultralow values.
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2.6 Objectives of the Present Research

The present research was concerned with the dynamic nature
of the interfacial tenéion between caustic solutions and an
"important Canadian heavy oil, that from the Lloydminster
deposit. The tran$ient behaviour of the IFT was studied
with particuiar attention being paid to three pavameters :
‘the absolute value of the minimum IFT attained, the time at

which this minimum was attained, and the length of time for

which the minimum was sustained.

It was decided that the main variables to be considered
would be the composition of the aqueous phase (varying both
alkalinity and salinity) and the temperature of the system.
The effect of the acidity of the oil was also investigated,
this being done through the use of a series of dilutions of

the Lloydminster crude oil with dodecane.



Chapter III

EXPERIMENTAL .

3.1 Materials

The heavy o0il used ‘ig this work was supplied by Esso
Resources Canada Ltd., Calgary, Alberta, directly from the
Lioydminster deposit, ' specifically well A2-12-49-23 \w3.
This well is in the Golden Lake area, approximately 60 km
east of Lloydminster, Saskatchewan. This is a Lower Creta-

ceous Waseca sand reservoir, with typical properties shown

in Table 2. The oil was used as received, 1i.e. dewatered .

but otherwise untreated. The gravity of the ocil was meas-

ured to be 14.3°API.

Stock solutioné of sodium chloride, sodium hydroxide, and
potassium hydroxide were prepared using distilled water.
The sodium chloride and potassium hydroxide-were supplied by
Fisher Scientific Ltd., and were "A.C.S" grade. Sodium
hydroxide was supplied by BDH Chemicals énd dodecane by
Matheséh, Coleman, and Bell, and both of these chémicals
were 99% pure, All dilutions were on a weight per cent
bagiS'as this is most applicable to field conditions. There-
fore throughout this work the units of concentration for

aqueous solutions are weight percent. For the mixtures of

_35_

3



Table 2: Reservoir Properties of the Waseca Formation

Depth, m
Temperature;’°c

Initial Pressure, kPa

Tank Oi} Viscosity at
Reservojyr Temperature, mPa.s

Air Permeability of Core, md
Porosity, %

Water Saturation, %

Gas Saturation, %

460-475
~ .
22-24

3450
3-9

3500-6500 .
2000
31-35

.13-19

36
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o0il and dodecane, a volume percent basis was used to compen-

sate for the density differences. All densities in this
work were measured using 2 mL density flasks. The densities

of the cil:dodecane mixtures are shown in Table 3.

Table 3: Densities of Oleic Phases @ 25 °C

Oleic Phase ' Density(g/cm?*)
100% Lloydminster 0.9705
90% Llcydminster a 0.5225
75% Lloydminster 0.8890
50% Lloydminster 0.8325 - -
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3.2 Interfacial Tension Measurements

All IFT measurements were performed using a University of
Texas Model 500 Spinniﬁg Drop Interfacial Tensiometer. The
design and mechanics of this instrument are described else-
vhere (37,38). This apparatus 1is capable of temperature
control of +/-0.1°C up to about 60°C. In the spinning drop
tensiometer, a small droplet ofr 0il is introduced into a
glass capillary tube, approximately 2 mm in diameter and 10
cm long, which has been filled with an agueous solution,
When spun in the tensiometer, this dreoplet elongates due to
the rotational forces wuptil a balance 1is struck between

these forces and the interfacial forces.

3.2.1 Sample Loading Procedure

The procedure for loading the aqueous solution and oil dro-
plet into tﬁe capillary tube is fairly simple and is as &ol-
lows. -

1. The capillary tube was. filled with the agueous solu-
tion to be used, set aside fcr a few moments, and then
shaken to remove the aqueous solution. This pre-flush
served two purposes - first, to remove any water left
from the previcus washing of the tube and secondly to
fill any possible adsorption sites on the glass capii-
lary. Thus, when the IFT_measurement was made, any

adsorption would have already occurred and would not

cause the measurement to be inaccurate.
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The cap assembly, consisting of a Teflon cap, a rub-
ber O-ring, and a rubber septum, was put together.’
The septum was not pushed completely into the end of
the cap but rather only until the top of the septum
was slightly above the O-ring. A small -quantity of
the agueous solution was then placed in the cap to
cover the septum and O-ring.

The capillary tube was refilled with the solution to
be used. Care was taken to ensure that no air bubbles
were present, either floating at the open end of the
tube or trapped against the ‘side of the glass tube.
If air bubbles were present, more liquid was injected
into the tube in order to force the bubbles out.

The next step in loading was the actual injection of

the oil droplet. A Hamilton Gas-Tight syringe was

used for this due to the high viscosity of the crude

oil. Any residual air and a small quantity of oil
were first expelled from the syringe. The needle tip
was then touched against a lint-free wiper to remove
any excess oil autside of the needle cavity. The nee-
dle was then guickly inserted into the filled capil-
lary tube to minimize any evaporation of oil which
would lead to air being introduced into the tube. A
small amount of the oil was forced out of the syringe
near the centre of the tube by depressing the plunger.

Since the oil clung to the end of the needle, the syr-
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inge was rotated and gquickly withdrawn to detach the

oil droplet. The timer was then started to record the

"initial oil-caustic contact.

With the tube in a horizontal position to prevent the
oil droplet from drifting to the cpen end of the
capillary tube, additional aqueous solution was added
to the tube until a small pendant drop of solution
appeared on the tube mouth.

The tube was then held in a vertical position and
quickly inserted into the cap assemblyz pushing the

Sseptum into the cap end to firmly seat it. Air bub-

bles sometimes appeared at this step and it was usual-

ly necessary to repeat the whole procedure, especially
if the air bubbles came into contact with the o0il dro-
plet.

Any excess agueous solution was removed from the tube
and cap, and the entire assembly was screwed into the
rotating sleeve of the'spinning drop tensiometer.

IFT measurements were recorded as soon as possible,
usually 100 seconds from the initial ocil-caustic con-
tact. These measurementé were continued at regular
intervals up to a time of 6000 seconds.

Once the experiment was finished, the tube was
removed from the tensiometer and taken apart. The cap
assembly was disassembled and rinsed with distilled

water, and then placed in a beaker of distilled water
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for storage. The tube was shaken to remove its con-
tents and then rinsed with épproximately 5 mL of hex-
ane: follcwed by the same volume of acetone, and then

by 10 to 15 mL of distilled water.

3.2.2 ° Calculation of IFT

The calculation of IFT is dependent upon drop shape and vol-
ume, as detailed by Cayias et al(37). However, if the dro-
plet elongates so that its 1length is 4 or more times its
diameter, then the Vonnegut infinite length approximation
can be used. With this épproximation, the droplet is said
to be cylindrical with rounded ends, and the IFT can be cal-

culated from
1
Y = - 4p w? g (3-1)
4

where y is the IFT, Ap the density difference between the
two phases,w the angular velocity, and r the droplet radi-

us.

: Y
As some of the terms in Equation (3-1) are difficult to

\ . . .
measure, substitutions can be made to facilitate the calcu-

™~

~.

lations. The angular velocity can be expressed in terms of

the frequency,v , since

w = 21v (3-2)
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The Spinning Drop Interfacial / Tensiometer measures the

period of reveclution, T, in msecfrev, where

o = 10° | (3-3)

T
Combining these last two equations yields

2m x10°? (3-4)

In the tensiometer, the drop diameter rather than the drop

radius is measured. Therefore Equation {(3-1) becomes

1 (2-;;)(10’)2 ay3
y == 80 |----- (—\ - (3-5)
4

2

A further complication to this equation is that the glass
in the capillary tube magnifies the droplet width. Thus a
correction factor is needed since the true diameter of the
droplet is required in Equation (3-5). This correction fac-
tor is_' '

. d(measured)
ditrue} = ~—====-———- - (3-6)

= 5.222x10' -------- (3-7)

where d' is the measured diameter.
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The diameter of the droplet is measured through an eyep-

iece-with units c¢f measurement of 10-* cm.

i

egquation for the calculation of IFT is

~ Y = 0.522 -------

)‘Thus the final

(3-8)

with Yy in units of ‘mN/m, 4P in g/cm?, @' in 10-? cm ( read

directly from the tensiometer) and T in msec/rev (also read

directly from the tensiometer),

qf

W
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Chapter IV

CRUDE OIL ACID NUMBER DETERMINATION

As previously mentioned, the surfactants responsible for the
lowering of IFT are produced by reaction between the acids
in the oil, mostly carboxylic and phenolic acids (23}, and

the surrounding caustic solution.

An important parameter in identifying the reactivity of a
crude oil is the acid number, defined as the number of mil-

ligrams of potassium hydroxide required to neutralize the

‘acid in one gram of the oil, The exact value of the acid

numbeg'aepends upon the measurement procedure used (34). An
American Society for Testing and Materials procedure exists
(ASTM Designation D-664-81)(39), but facilities for this

method are not available at the University of Ottawa.

A modificatiqn of' this standard procedure, simply dis-
solving the oil in iéo—propanol, was tried. A large part of
the oil, seemed to dissolve (this being inferred from a col-
our change in the iso-propanol from clear to brown), but
portions of the oil did not. = Since it was unclear as to

whether-or not the acidic components would have dissolved,

this method was discarded.
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The procedure used in the determination of tﬁe acid num-

ber involves contacting a known amount of potassium hydrox-

ide with a sample of the o0il, aﬁd calculating the amount of

base left after a set period of time. | The acid number of

the Lloydminister crude, as well. as.that of a conventionel

crude from Chatham, Ontario, and blanks of dodecane and
toluene, were determined usiﬁg the following procedure.

1. 5 g of IN KOH were added to 195 g of distilled water

in a 500 mL Erlenmeyer ersk.
2, 20 g of .the oleic phase were poured on eop of the

KOH-water mixture.

3. The flask was shaken vigorously once a day for a
S
week,
4, A 20 mL samp}e;pf the aqueous phase was extracted and

-“titrated with 0,056N HCl wusing phenolphthalein as

indicator.

1

5. , The amount of KOH used in neutralizing the oil sample

was calculated by subtraction.

Steps 4 and 5 were repeated for each oil to detetmine the

' reproduc1b111ty of the procedure. The result of this proce-

I

dure will hencef&tph be called the acid content\ to distin-

guish it from the acid number of the ASTM proceduré.

’

This method yielded a significant acid content for dode-

‘cane, an acid-free substance. Toluene was then tried and

again ‘the value was not negliéible. As the acid contents of

toluene and dodecane were close Xaverage values of 0.6 and

>

I{
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0.5 regpectively), it was postulated that these values were
due to reaction of the potassium hydroxide with dissolved
carbon dioxide or to adsorption of the potassium hydroxide
lonto the glass flask or into the oil'phase. Based on these
findings it was decided to "édjust“ the acid contents of the

crude oils by subtracting the' average value for the toluene

and dodecane blanks.

The Lloydminister crude oil had an average acid content
of 1.46, thus an "adjusted" acid content of 0.9 mg KOH/g
oil. The acid content for the Chatham crude was 0.75,

yielding an "adjusted” value of 0.2 mg KOH/g oil.
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PHASE BEHAV_I QUR
When an externally produced suffactant, 'such as petroleum
sulphonate, is wused in an ’‘enhanced ocil recovery process,
precipitates and so-called third phases have been observed
to occur(4l)., Therefore, a phase behaQiour study'was under-
taken to determine if the surfactants generated in-situ by
the reaction of an acidic c¢rude 0il with alkaline solutions

caused any significan

change in either the agueous or oleic

phase.

The procg¢dure used in this investigation was gquite simple
and follgws the method of Son et al(4l). The teghnique is
as follows:

1, 30 mL of the agueous phase to be used was placed in a
large test tube. ) -

2. 15 mL of the oleic phase was poured 6n top of the
agueous phase, taking care to prevent any mixing. |

3, The tubes were placed on their sides (horizontally)
to maximize interfacial area and were left undisturbed
for a period of one week,

4, The tubes were then returned to a vertical position

and were observed after a settling time of two days.

_47_
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_Four different oleic phases and three different agueous
phases were used in this study. . The oleic phases were the
Lloydminster crude o¢il and dilutions of this 0il with dode-
cane, containing 10%, 25%, and 50% dodecane by volume. The
aqueous phases were 0.02% NaOH, 0.10% NaOH, and a solution
containing 0.05% NaOH and 0.50% NaCl. The gombinations of

agueous and oleic phases are shown in Table 4.

Table 4: Sample Labelling in Phase Behaviour Study
OLEIC PHASE (% CRUDE OIL)
100 ’ 90 75 50
AQUEQUS
PHASE
0.05% NaOH
- 0.50% NaCl 1 2 3 4
0.10% NaOH 5 6 7 . 8
. /
-~ 0.02% NaCH 9 10 11 12
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Tubes $1- tq $4 showed no change in appearance at all.
The'aqueous phases remained clear and colourless even after
several months of contact time. The aquecus phase qf Tube
#5 turped orangish-brown in colour and had a° darker brown
precipitate that was concentrated near the oil-water inter-
face. Tﬁig\precipitété-was‘milky in texture and had "arms"
that swirlgg to’ the bottom of the test tube. Tube #6 was
much the Same as #5, except that the _golbur was lighter and
there was less precipitate. Tube #7 was lighter in colour
than $6 and h;B\no precipitate. Tube #B was even lighter in
.colour, a yellowish-brown, and was clear whereas tubes #5 to
47 were translucent, Tubes #9 to #12 were light brown in
colour, with #11 being the darkest. These.tubes were all

transparent and had no signs of any precipitate.

‘The change in colour noticed in eight of the twelve sam-
ples is probably due to one of ‘two major factors. First of
all, solubilization of the oil into the aqueous phase would
be accompanied by a darkening of the aqueous phase. Second-
ly, the presence of the surfactant generated in-situ could
be reponsible for the colour chaﬁge. This explanation is
more likely, considering that a precipitate was noticed in
two of the samples. These two samples contained the strong-
est base used (0.10% NaOH), and also the two least diluted
0il mixtures {100% oil and 90% oil). The oleic phase of
these samples had a high acid content and the aqueous phase.
was presumably basic enough that most of the acids in the

0il would be extracted, thereby forming surfactants.
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The presence ¢f sodium éhloriée in the aquéous phase
inhibited the formation of surfactants, as the agueous phase
of those samples repained clear and éolourless; - Thus it
would seem that chloride jons somehow interfere with the
extraction process. It is unclear as to whether or not the
formation of micelles by the surfactants would contribute to
the colour change. While the formation of micelles is pos-
sible, it is Lnlikely as the surface-active species are very
large branched molecules, and the close packing required to

form a micelle would be difficult to achieve,
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Chapter VI
RESULTS AND DISCUSSION

6.1 Effect of System Operating Variables

The reprodhcibility of the measurement of interfacial ten-
sion as a function of interfacial age (henceforth denoted as
"time") is shown in Figure 5 and Figure 6. From these fig-
ures it can be seen that the variability in the IFT measuré-
ments &t a specific time ié approximately 20%, which is in
good agreement with other researchers(33). It is also fair-
ly evident that the variabiliety -in measurements decreases
with increasing time of contact (and thus time of s?inning

in the tensiometer). '

There " are two major reasons for the above behaviour.
First of all, -the time is ’measured from the initial oil-
caustic contéct and not the start of spinning in the ten-
siometer, usually 60 to 120 seconds after the initial con-
tact., As the dramatic reduction in IFT occurs at low times,
a small difference in the time of introduction inteo the ten-
siometer could make an appreciable difference. Secondly,
the oil dropléhs were not always perfectly <cylindrical or

had small surface aberrations at _low times, probably due to

the high viscosity of the Lloydminster crude. When either
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of these deviations occurred, the drop diameter, hence IFT,
was dependent wupon the place of measurement on the drop.
Thus the calculated IFT could vary from one end of the drop

to the other.

6.1.1 The Effect of Rotational Speed

\ .
The effect of the rotational operating speed on IFT was

investigated, as it is an important variable in the calcula-
tion of IFT. As the rotational speed of the apparatus is
increased, the o0il droplet becomes more elongated due to
increased centrifugal force. Princen et al(4l) presented
photographs of this elongation and found no effect of oper-
ating speed on IFT for a n-hexadecane droplet in glycerol.
Contrary to this observation, Cappelle(42}) noted a large
dependence of IFT on rotational velocity for a German crude

cil-surfactant system, His results suggested a minimum in

interfacial tension at a rotational sﬁEEdf.ofﬂapproximately

8000 rpm. The present work, as illustrated in Figure 7,
shows no-significant effect of rotational speed on interfa-
cial tension. This is in concordance with-the fiﬁgings of
ﬁabu et al(43) and Currie and van Nieuwkoop{44) for low ten-
sion systems. Based on Fiqure 7, it was decided to use an
operating speed of 7500 rpm for all experiments, as this was
the highest stable speed possible (i.e. at higher rotation-

al velocities, the speed fluctuated).

-

=
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6.1.2 The Effect of qué,Volume

The effect of oil drop volume on interfacial tension was
also investigated. Theoretical considerations based on the
- Vonnegut infinite length approximation predict no effect of
drop volume on IFT. However, McCaffery(33) reported that

the aging period (the period of time for ghich an ultralow
IFT is sustained) incfeased with the sizé‘of 0il drop used
in the measurement, Babu et al(43) observed a small varia-
tion in minimum IFT and no variation in the time. of this
minimum with droplet volume. The present work seems to sug-
gest the opposite, as shown 1in Figure 8. The minimum IFT
was attained sooner for a drop of volume 1 uL than for one
of 5 uL (1750 seconds and 2750 seconds respectively). How-
ever, the scatter in IFT values was no greater than that for
replicate runs. It was therefore decided that a dropiet'
volume of between 2 4L and 3 wL would be used in all subseg-
vent experiments, as droplets of this volume presented the

fewest difficulties during the injection procedure.
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6.2 Dependence of IFT on Alkalinity

It has been noted ‘that the interfacial potential between
acidic crude e¢ils and causﬁic solutions passés théough a
maximum as the concentratioﬁ/ of sodium hydroxide is
._increased(ZS).v Other researchefs(33,34) have sﬁqwn that
ultra-low interfacial tensions are only . obtained over a
small range of caustic concentrations. Chan and Yen(45)
thought that this behaviour was due to the pH of the oil-

caustic interface being equal to the pY, of the acids con-

tained in the oil, , .

As can be seen in Fiqure 9, the lowest inteprfacial ten-
sion values were obtained with a sodium hydroxiéijconcentra-
tion of 0.05%. | With this agueous pﬂase, the IFT did not
increase appreciably from the minimum even at very long
times (10,000 seconds). For all other .agueous phase compo-
sitions, the IFT had generally begun to rise by 3000 sec-
onds. This would seem to indicate that the pH of a 0.05%
NaOH solution-is equal to the pK, of the acids in the Lloyd-
minster oil. However, simple calculations reveal that the
amount of base present in the capillary tube was approxi-
mately.five times targer than that required to neutralize

the'acids in the ©0il based on the calculated acid number.

" A possible explanation for this discrepancy would be the

presence of a large boundary layer surroundind’ the oil dre-

& plet. This boundary layer could impede the diffusion of

st

)
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ions_to the oil-caustic interface, resuiting in an interfa-
cial pH much lower than the pH of the bulk agqueous phase.
Manning and Scriven(46) notieed that the rotational spe?g of

the droplet and that of the capillary tube could be substan-

//5\\“~¢i§$%y different and that this difference resulted in a vis-

i

Aous shear layer surrounding the drop. Mayer et al(47) pos-
tulated that the formation of a film at the oil-water
interface would result in diffusional barriers which couf&
inhibit reaction of the acidic componenfs of the oil with

the alkali in the bulk aqueépus phase.

The formation of a film at the oil-water interface could
also explain the very long time for which the'IFT is at a
minimum for an aqueous phase of 0.05% NaOH. If such a film
were present, the rate of desorption of the surface-active
species from the interface could be so slow that these spec-

ies would still be. present at very long times.

The curves of Figure 9 and Figure 11 show that both
increasihg and decreasing the sodium hydroxide concentration
from 0.05% yielded higher IFT values. Although alkalinity
has a profound effect on the value of IFT, it does not seem
to afféct the shape of the IFT curves in any significant
way. The rise in IFT after the minimum follows no consis-

tent pattern, as illustrated in Figure 10.

\

Due to experimental difficulties, it was not possible to

measure the interfacial tension of Lloydminster crude
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against pure water using the spinning drop technique. When
the aqueous phase was distilled water, the oil droplet
adhered strongly to the glass capillary tube even when the
drop size was reduced. This adherence was probably due to
either a change in wettability of the glass upon contact
with alkali or electrostatic attraction between the oil dro-

plet and the glass tube wall,

6.3 Effect of Salinity

The effect of salinity on the equilibrium IFT between crude
oils and alkaline solutions has been studied by wvarious
researchersk27,34,48). Jennings(34) wused the pendent drop
method and measured the IFT of 164 different ¢rude oils
against Faustic solutions. He observed that the amount of
sodium hydroxide required to lower the interfacial tension
decreased with increasing sodium chloride concentration up
to 20,090 ppm. However, other researchers(27,49) have shown
that the addition of sodium chloride increases IFT at con-
stant pH. GSharma et al(27) developed a thermodynamic thebry.

based on chemical potentials to model the effects of salini-

ty and alkalinity on IFT. This theory was able to predict
the above experimental results - ite., that higher tensions
: N

are obtained at higher salinities at the same pH and that
the minimum IFT oﬁcurs at lower pH values with increasing
salinity. It must be stressed that these results are for
equilibrium or pseuvdo-equilibrium.conditions and may not be

directly applicable to transient IFT behaviour.
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The curves in Figure 1l show the different IFT responses
produced with different sodium chloride concentrations in
the aqueous phase. 1t is evident that sodium chlgride not
only increases the value of the minimum interfacial tension
obtained but also causes the subsequent ‘rise in IFT to occur
at a shorter time. With a NaCl concentration of 1.50% the
rise in IFT begins around 2000 seconds whereas for a NaCl
concentration of 0.50% it does not increase until approxi-

mately 3500 seconds,

A comparisoh'éé Figure 9'with Figure 10 shows the effect
of sodium chloride in the bulk aguecus phase even more dra-
matically. In the absence of NaCl, the interfacial tension
for a 0.05% NaCOH solution decreased to very low values
(0.006 mN/m} and did not increase even at long times (10,000
seconds). When the agueous phase contained 1.00% NaCl, the
minimum IFT attained was almost twenty times higher (0.118

mN/m) and the rise in IFT began at a time of 2000 seconds.

3
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6.4 Effect of 0il Acidity

As previously mentioned, experiments were performed in which
the Lloydminster heavy 0il was diluted with dodecane to
determine the effect of the acidity of the o¢il on interfa-
cial tension. Dodecane was chosen for these dilutions on
the assumption that the egquivalent alkane carbon number (50)
for the Lloydminster oil would be approximately twelve., The
dilutions were ona volume per cent basis sg”that the amount
of acid in the droplet could be easily calculated - e.g. a
droplet of Ya.mixture of 50% dodecane and 50% Lloydminster
0il contained one-half the amount of acid in a droplet of
100% Lloydminster crude oil of equal volume (such a droplet

is denoted as 50% oil on all figures).

The transient IFT behaviour of the dodecane-diluted oil
is shown in Figure 12 and Figure 13, It is evident that the
shape of the IFT curves is highly dependént upon the degree
of dilution. In the case of the most dilute. system (50%
0il), no minimum in interfacial tension waS‘gbservéd and the
1FT increased very rapidly. When the oleic phase contained
75% oil, the transient IFT curve was peculiarly shaped.-‘The
IFT reached a minimum at a short time (generally 200 to 350
seconds), rose moderately gquickly to a plateau, and then
rose extremely rapidly to-high values {0.20 mN/m). The pla-
teau was less evident at -higher temperatures, as in Fig-
ure 13, but was still presenth The rapid rise in IFT fol-

lowing this plateau is indicative of all of the acidic
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components having beeﬁ extracted out of the oleic phase.

Thus the reaction to produce the surface-active species sub-

sequently slowed, and the ]FT rose.

As the viscosities of the oil-dodecane mixtures were much
iower than that of the Lloydminster cil, it is possible that
the surface-active species could diffuse much faster thro&gh
the mixtures than through the Lloydminster oil. However, as
previously noted, it is the rate of desorption of the sur-
factant from the interface, and not mass transfer resistanc-
es, that controls the lowering of IFT(29). Thus it can be
safely assumed that the reduction in viscosity, and >th¢
inherent increase in diffusivity, has no effect on jnterfa-
cial tension,

-

6.5 Effect of Temperature

The effect of temperature on interfacial tension has not
begp extensively studied.  Jennings(34) found temperature to
havé'a second—ordef‘_;}fect on the IFT between acidic crude
oils and caustic solutions. _Babu et al(43) observed that
interfacial tension values for Lloydminster oil-caustic sys-
tems showed a slight decfeasiﬁg trend with increasing temp-
erature. Isaacs and Smolek(50), working with bitumen and
petroleum sulphonate, concluded that interfacial tensjon-

temperature behaviour cannot be predicted accurately, as for

some systems IFT actually increased with temperature.
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Figures 14 to 19 present both the minimum interfacial
tension and the time at which minimum occurred as a-function
of temperature for the cil-dodecane mixtures studied and
various agueous bhases. The combination of these two param-
eters relays the most imporfant information about the time-
dependent interfacial tension behaviour and allows for
greater simplicity in the reporting of this data. - .

-
As can be seen from Figures 14, 16, and 18, the minimum

in IFT generally decreases with increasing temperature, in
accordance with the findings of Babu et al(43). It is evi-
dent that an increase in temperature from 25° to 40° has a
much more prefound effect on IFT than an increase from 40°C
to 55°C. This suggests that there is a kinetic "activation
tempecature” beyond which further increases in temperature
have little effect. The temperature-dependent behaviour of
the ti@e Pf occurrence of the minimum in IFT follows exactly
thé same pattern, as shown in Figures 15, 17, and 19. For
100% Lloydminster crude oil, an increase in temperature from
25°C to 40°C decreases the time of the occurrence of the
minimum IFT from approximately 1000 seconds to 400 seconds.
Further increases\iﬁ temperature do not'yield as dramatic a
decrease. Alsc, the dedrease in the time of occurrence of
the minimum IFT with increasing temperature is much smaller
for the oil-dodecaﬁe mixtures than it is for the pure Lloyd-

minster oil.

~
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The decrease .jin the time of occurrence of the minimum
interfacial tension with increasing temperatuce has more
important implications than the #8ecrease in the magnitude of
the minimum IFT itself. In an actqal‘reservoir‘situation,
the caustic at the oil-water front would be constantkk\
replen1shed by fresh injected alkali. Thus it is desirable
for the minimum IFT to be attained as éoon as possible after
the contact of the fresh alkali with the oil .bank. ihy
decrease in the time required to reach the ﬁinimum IFT will
result(kn improved oil recovery. Therefore, ‘thermal EbR
processes such as stagmflqod1ng will benefit not only from

reduced oil viscosity but also from a guicker reduction in

interfacial tension if alkali is added to the steam.
. 2 .

.1t is also important to note that the composition of the
Vaqueéus phase has a greater effect on IFT than does tempera-
ture or the percentage of dodecane in the oil-dodecane mix-
tures, This is especially evident in Figure 16, .in which
the aqueous phase contained sodium chloride in solution.
The minimum IFT's attained in this cése were suEstantiallg
higher than those Eor systems with no sodium chloride. Thé
time at which the minimum IFT was attained is not signifi-
cantiy affected by the presence of SOd{SF chlorlde as shown

in Figure 17, However, the minimum was not sustalned or as

-

"long as it was in systems with no sodium chloride.




Chapter VII
s ~ CONCLUSIONS

Ultralow values of interfacial tension are possible
between Lloydminster Erude oil and alkaline solutions.
The interfacial tension .is highly dependent upon
interfacial age, and exhibits a dynamic minimum.

The lowest IFT observed ués obtained using a 0.05%
NaOH solution. With this agueous phase, the IFT
decreased to a value of 0.006 mN/m and showed o]
increase from this value during the time period stud-
ied. |
.The présence of sodium chloride in the agueous phase
had two main effects. First of all, higher IFT's were

obtéﬁnéd at higher salinities for constant pH agueous

“~phases. Secondly, sodium chloride caused the rate of

rise in IFT subsequent to Ehe minimum to increase.
When the Lloydminster crude oil was diluted with

dodecane, the minimum interfacial tension was higher

than for the pure crude oil and it was,reached at

Ghorter times. The rate of increase in IFT following

- . L, . . =
the minimum was greater and much h1gher7urt1mate IFT's)rT\\

uere‘ggtained for these dilutions than for the Lloydé

minster oil, x

~n

~
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Temperature had a much larger effect on the time at
which the minimum IFT was attained than on the magni-
tude of this minimum. Also, the decrease in the mini-
mum IFT associated with an increase in temperature
from 25°C to 40°C was considerably greater than that
for an increase from 40°C to 55°C. The time of the
minimum IFT also &creased in the same way.

The effect of temperature on IFT values was not as

substantial for the oil-dodecane mixtures as for the

F3

pure Lloydminster oil. .However, the dilutions had no

appreciable effect on ‘the variation of the time of

.o ¢
occurrence of the minimum IFT with temperature.

-
4
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Chapter VIII
-

RECOMMENDATIONS

-~

An analysis of the Lloydminster crude oil could be

4

L4

performed in order to isolate the surface-active com-

_ ponents. Also, an analysis of agueous phases that

have been contacted with the Lloydminster oil would
provide a clearer understanding of the s&stem chemis-
try. : ‘

The crude 9i1~£austic system could be modelled using
}a pure high viscosity oleic phase, such as paraffim
oil, to acids representative of those iﬁ the
crude oil ~been added. This would yield a more
quantitative description of the effect g# il acidity

on interfacial tension, and perhaps a model capable of

‘prediéting the effects of alkali and salt.

Core flooding experiments ghould_be performed using
those aqdeous phasés for which the IFT was the loweét
to- determine the potential increase in oil recovery
using‘ caustic flooding over simple waterflooding.
Also, it would' be interesting to see if the time at

which the minimum interfacial tension was attained

af(ects the ultimate oil recovery.
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NOMENCLATURE

concentration of specieé
éctual'drop diameter
measured drop diameter
macroscopic displacement
enhanced oil recovery
interfacial tension
dissociation constant of

flistribution ratio of HA

original-ocil-in-place
drop radius

residual oil saturation

efficiency

HA

equilibrium constant of Naa

irreducible water saturation

period of revolution

linear displacement velocity



Y interfacial tension

u viscosity 2
v freguency of revolution
Ap ~ density difference

¢ porosity

W angular velocity

Subscripts
o} oil

W water
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