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Physicochemical Propérties of Microemulsions
and their uses in Enhanced Oil Recovery
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Abstract—Use of microemulsion in enhanced oil recovery has Microemulsion in EOR is an efficient tool because of its
become more attractive in recent years because of its high leveligfjh level of extraction efficiency of residual oil from natural
extraction efficiency. Experimental investigations have been made g} reservoir [5]-[8]. Ultra low interfacial tension (IFT) can be

characterization of microemulsions of 0!I'brme'obtained by creating a middle phase microemulsion using
surfactant/cosurfactant system for its use in enhanced oil recov

T ; )
(EOR). Sodium dodecyl sulfate, propan-1-ol and heptane We%@fne, oil, surfactant and cosurfactant. The phase behavior of
selected as surfactant, cosurfactant and oil respectively fetrfactant-brine-alcohol-oil systems is of immense importance

preparation of microemulsion. The effects of salinity on the relatiior surfactant flooding in EOR due to the well-established
phase volumes and solubilization parameters have also been studiefhtionship between the IFT and microemulsion phase
As salinity changes from low to high value, phase transition tak@snhavior [9]{13]. The phase behavior of surfactant-brine-

place from Winsor | to Winsor Il via Winsor IIl S.u'table.ﬂcohol-oil system is one of the key factors in interpreting the
microemulsion composition has been selected based on its stabili

and ability to reduce interfacial tension. A series of roodin%ﬁfmmance of chemically EOR by microemulsion process
experiments have been performed using the selected microemulsidift]: The tertiary oil recovery is mainly dependent on the
The flooding experiments were performed in a core floodingroperties of oil-water-rock interfaces. These are capillary
apparatus using uniform sand pack. The core holder was tightyrces, contact angle, wettability, viscous forces and
packed with uniform sands (60-100 mesh) and saturated with bringserfacial tension. These properties are related to a

of different salinities. It was flooded with the brine at 25 psig and t : : . ;
absolute permeability was calculated from the flow rate of thelmensmnless quantity, called Capillary numbég, that is a

through sand pack. The sand pack was then flooded with the crude/Bfasure of the mobilization of the occluded oil to enhance the
at 800 psig to irreducible water saturation. The initial water saturatiéil recovery and well represented by as:
was determined on the basis of mass balawaterflooding was Ne =& (1)

. . ocosf
conducted by placing the coreholder horizontally at a constqﬂhere‘” is the dynamic viscosity of the liquid; is the

injection pressure at 200 pisg. After water flooding, when water-c - - . . - .
reached above 95%, around 0.5 pore volume (PV) of the abo locity, 6 is the_ contact angle andis the interfacial tension
T) between oil and water phases.

microemulsion slug was injected followed by chasing water. T : ' : o
experiments were repeated using different composition of [N Microemulsion systems, a variety of phases can exist in
microemulsion slug. The additional recoveries were calculated guilibrium with another phase, with each phase having
material balance. Encouraging results with additional recovery mogifferent structure. Microemulsion phases are changed from
thanIZO% of original oil in place above the conventional watef/insor type | to Winsor type Il through Winsor type Il by
flooding have been observed. systematic variation of salinity at a particular temperature and
pressure [15], [16]. The commonly observed Winsor-type
Keywords—Microemulsion Flooding, Enhanced Oil Recovery,Systems indicate that the microemulsions can remain in
Phase Behavior, Optimal salinity equilibrium with excess oil, excess water, or both. The factors
that affect the phase transition between different types of
ystems and physicochemical properties include salinity,
mperature, molecular structure and nature of the surfactant
d cosurfactant, nature of the oil and the water-oil ratio
OR) [17]{20]. Under adequate conditions, the
icroemulsion system is miscible with both oil and water.

75% of the original oil detected, which is the mean perce ptimum salinity and the amounts of solubilized oil and water

maining in the reservoirs after conventiona‘foma'nEd in a microemulsion play important roles in

extraction. Microemulsions are isotropic, transparent orObtammg low IFTs and hlgher O.I|.I’ECOVEI’IeS i chemlcal
OR. Since IFTs are having minimum value at optimal

translucent, thermodynamically stable dispersions linit d solubilizati ‘ lated 1o IFT
surfactant, alcohol, oil and water, and have been used §qunity ‘and solubilization parameters aré related 1o ’

various fields, such as EOR, pharmaceutics, nanopartic‘?gt'ma.tlon of bOth pl)ropgrtles ISI .Of gﬂreactr mp;r;anc;zm
synthesis, liquid—liquid extraction, cosmetic, detergency arﬁ&gnmg economical ‘microemulsion flooding [21], [22].

other chemical engineerings, due to their very low interfaci icroemulsion flooding involves the injection of surfactant
tension. nanometer-sized ’ droplets, good solubilizatio olution with hydrocarbon, alcohol and water/brine that causes

capacity, etc. [1]-[4]. the interfacial tension of oil-aqueous phase drop from 30

mNm? to zero by the order of f0— 10* mNm®. This
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I. INTRODUCTION

T HE application of enhanced oil recovery (EOR) method?

has been investigated with major purpose of responding E%

the requirements of energy supply when the convention [

techniques start to become unprofitable. Therefore, EO
methods mainly focus on the segment that corresponds to
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In microemulsion flooding surfactant adsorption fime
reservoir rocks is one of the most restrictive destthat have
an affect on the efficiency of the oil recovery gees [25]-

and the data have been
experiments.
2. Deermination of Relative Phase Volume and

[27]. Microemulsion floodingprefers a high concentration of Solubilization Parameters

surfactant solution to form micelles that can sdizd® or
dissolve the reservoir oil and the process takexeplvia
incorporation of small oil droplets in micelle cordffectively
causing miscibility in the system [28]. Some reskars
carried out flooding experiments with microemulsioand
they observed a linear relationship between theieslof
injected pore volume (PV) and the oil recovery, itgfly
reaching 40-50% of residual oil recovery by injagtb-10 PV
of microemulsion [5], [29], [30].

The objectives of the present study are the foonatind
characterization of microemulsion that are stabte tree
reservoir temperature. The formation of stable aganulsion
using minimum amount of surfactant is the biggdsdllenge
for its use in enhanced oil recovery. Thus, a cetepstudy on
phase behavior and physicochemical properties
microemulsion comprising of sodium dodecyl sulfabeine,
Propan-1-ol and heptane have been investigatedfasction
of salinity. Relative phase volumes of differentmmonents in
microemulsions are very sensitive to the salinPgeudo-
guaternary phase diagrams have been drawn to figehg
microemulsion region. A series of flooding expertsehave

been performed using the prepared microemulsione T

additional recoveries were calculated by materialatce.
Encouraging results with additional recovery mdrant 20%
of original oil in place above the conventional eratiooding
have been observed.

Il. EXPERIMENTAL SECTION

A. Materials
Anionic surfactant, Sodium dodecyl sulfate (SDS)98P6
purity was purchased from Fisher Scientific, Indgodium
Chloride (NaCl) with 98% purity procured from Qugns
Fine Chemicals, India, was used for preparationbofe.
Reverse osmosis water from Millipore water

syste

Microemulsion phase behavior
equilibrating the surfactant and cosurfactant mixtwith
equal volumes of oil and brine solution and measutihe
volume of the microemulsion phase and excess ailcan
excess brine phase at constant pressure and teaorgerAll
the samples were prepared with 47 wt% water, 47 wit%}
wt% alcohol and 2 wt% surfactant. For all systeanspnstant
water-oil ratio (WOR) was maintained (WOR=1). Thetails
procedure of the experiment was stated in our ptevpaper
[31]. The volume of oil and brine that can be sdiméd in
microemulsion is of interest in characterizing $digation
capacity of the surfactant (SDS). The volumes béod water
solubilized per unit volume of surfactant in micragsion
phase have been considered as solubilization p&sesne
&Y /Vs and \,/Vy) of oil and water respectively.sW,and V,
represent the volume of surfactant, oil and wagspectively
in the microemulsion phase. The solubilization peeters
were calculated with the assumption that the tstafactant
was contained in the microemulsion phase [32].

3. Experimental Apparatus and Methods for Microemulsion
frlooding

The experimental apparatus is composed of a sank pa
holder, cylinders for chemical slugs and crude pdsitive
displacement pump, measuring cylinders for coliectthe
samples. The detail of the apparatus is shown gniFiThe
displacement pump is one set of Teledyne Isco ggrpump.
Control and measuring system is composed of diftere
pressure transducers and a computer. The physicdélnis
homogeneous sand packing model vertically positiwehm.
The model geometry size is= 35 cm andr= 3.5 cm.
Sandpack flood tests were employed for the evalnaif the
effectiveness of microemulsion flooding. For unifor

mandpacks, 60-70 mesh sand was poured in to teaalder

(Millipore SA, 67120 Molshein, France) was used foWwhich was vertically mounted on a vibrator andefillwith

preparation of solutions. Propan-1-ol (98% pure} waed as
cosurfactant. It was supplied by Otto-kemi Pvt..| tddia. In
this study n-heptane (with purity >99%) was usediband
purchased from MERCK, India. The entire chemicakren
used without further purification.

B. Experimental Procedures

1. Phase Diagram of Microemulsion System

The phase diagram has been established by a caoant
titration method for determination of microemulsicggion.
At a fixed cosurfactant (CS) to surfactant (S) aatif two
(CS/s=2) different amount of heptane was taken ianwas
stirred by Remi magnetic Stirrer by gradual additaf brine
solutions (4 wt% NaCl solution) from micropipettd the
turbidity appeared. All mixtures were prepared lsight; and
compositions are expressed as weight percent to dne
phase diagram. The experiments have been perfoatrzePC

corresponding brines for different floodings. Thareholder
was fully filled at a time and was vibrated for omeur. The
wetpacked sandpack was flooded with the heavy otll u
water production ceased (water cut was less thaph Tthe
initial water saturation was determined on the dadi mass
balance. The wetpacked sandpack was flooded wétlCtiade
oil at 400 psig to irreducible water saturationeThitial water
saturation was determined on the basis of massndmla
Waterflooding was conducted horizontally at a canst
injection flow rate. The same injection flow ratasvused for
all the displacement tests of this study. After evatooding,
~0.5 PV microemulsion slug was injected followed 4.0
PV water injection as chase water flooding. Theesamethods
are followed for different microemulsion systemsvatious
salinities. The effective permeability to oilojkand effective
permeability to water () were measured at irreducible water
saturation (§) and residual oil saturation {§ respectively,
using Darcy’'s law equation. The permeability of thand

reproduced by repeating the

was determined by
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packs was assessed with the Darcy equation, Eg.uged
with fluid flow in porous materials. For a horizahtlinear

system, flow rate is related with permeability akbofw:
= kadp

u dx

where, q is volumetric flow rate (c¥sec.), A is total cross-
sectional area of the sand pack fnp is the fluid viscosity

(CP), 2 is the pressure gradient (atm/cm) arkd is

dx
Permeability in Darcy.

Pressure Transducer

— = Core
A
Core Holder
il

pEEeE_ o e =

. Fractionator
Displacem ent Pump

Microemulsion Slug

Fig. 1Schematic diagram of experimental set-up for Miomoksion
Flooding in sandpacks

4. Calculation of Oil Recovery by Microemulsion Flooding
The recovery factor was calculated by two metheitber
using a secondary oil displacement procedure onéans of a
tertiary oil displacement technique, overall corgjpgy two
steps:
(a) The first step, corresponding to the secondary vemgo
method, involves the injection of brine into thexdgack, as
described in the procedure above. At this pointeatain
amount of oil is recovered and another remainshian sand
pack. The brine only pushes away the oil foundhie $and
pack, under high interfacial tensions and lacking ehemical
interaction. The amount recovered is calculated avienass
balance,
Volume of oil remaining in the sand pack = Volunal (
injected) — Volume (oil expelled) and
(b)The second step is performed with the objectofe
recovering any amount of oil still stored in thendgpack,

and shown in Fig. 2, where water and NaCl salt icemed as
a single pseudo-component and (S+CS) is anotheglesin
component so that the apexes represent oil, bridg$+CS).

(2) The importance of the construction of this type pifase

diagram is to determine the composition of the oéanulsion.
Fig. 2 depicts the phase diagram of surfactanturfastant,
Oil and brine at a constant CS/S ratio of 2. &lso important
to prepare microemulsions with low concentrations o
surfactant from the economical point of view. le ffig. 2, the
shaded areas represent the two-phase microemuisgion
and out of the shaded areas imply single-phaseosritulsion
regions (Winsor IV). From the figure the compositiof the
microemulsion has been determined to prepare a Empunt
of microemulsion for flooding experiments. A poimtas
chosen inside the single phase microemulsion regiahthe
compositions of the point in wt% were as followsS/S- 20%,
0il-53%, and 27% brine.

Y = N

1
Brine 0.00
0.00 025 075 1.00 Oil

Fig. 2 Pseudoternary phase diagram of oil-brinéastant-
cosurfactant microemulsion system at 4 wt% NacCl

B. Effect of Salinity on Phase Behavior

Relative volume fraction of various phases of Wmgo
Winsor Il and Winsor Il are plotted in the Figs. & a
function of salinity. Experimentally it has beerufa that the
relative phase volumes of microemulsion systemlargely
affected by salinity and it changes from Winsoo MWinsor Il
through Winsor lll phasén Fig. 3, relative phase volumes are
plotted as a function of salinity. This type of asét is known
as “salinity scan”. From Fig. 3 it is cleared tredt lower

which corresponds to the implementation of a teytia salinity region only two phases exist, i.e. wateteenal

recovery method, whereby microemulsion is injectedhe
fourth step of the process. This solution worksrégiucing
interfacial tensions between the contacting fluidsl, as a
result, the volume of recovered oil increases.

The recovery factor is obtained by summing up theunts of
oil recovered in each step (secondary and tertiaily
displacement process) and is expressed in peree(ftg
RFrotal = RFsm + RFry

where, Rk = Total recovery factor (%), Rz = Recovery
factor obtained by secondary method (%)iRF= Recovery
factor obtained by tertiary method (%).

1.
A. Phase Diagram of Microemulsion System

RESULTSAND DISCUSSION

The pseudo ternary phase diagram of sodium dodecm

sulfate/brine/propan-1-ol/heptane system has beastricted

microemulsion at the bottom and excess oil phagbeatop.
This is called Winsor type | phase behavior. Witbreasing
salinity, a bi-continuous microemulsion (B.C.uE)aph is
formed. At moderate salinity, three phases coexist
simultaneously. This type of phase is consideredVassor
type lll. When the salinity further increases, thelative
volume of middle phase converted to Winsor typeith oil-
external microemulsion at the top and excess watethe
bottom. The dependency of phase behavior of oikwa
surfactant system on salts can be explained byfaaial
energy. Salting out phenomena also plays an importe
microemulsion phase. As the salt concentratiomdseiased,
some of the water molecules are attracted by tlteimas,
WFiCh decreases the number of water molecules ablailto
eract with the charged part of the surfactarg.aAresult of
the increased demand for solvent molecules, treraotions
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between the hydrophilic head groups become strahgerthe  D. Microemulsion Flooding and Recovery
solvent-solute interactions; the surfactant molesulare  The sand pack was flooded with microemulsion slfigra
precipitated by forming hydrophobic interactionsttweach water flooding and the Fig. 5 shows the oil recedewith pore
other. The interfacial film curvature turns fromsfttve value volume injected into sand pack. The figure of wied oil
to zero to negative one, corresponding to phassitran from recovery shows an early breakthrough and chanoel fhich
O/W to bi-continuous phase to W/O structure [16]. caused much lower oil recovery. During injection of
" win wi microemulsion slug, water-cut declines graduallyd ahen
100 ‘ again reaches 100 % at the end of flooding. Atteribjection
00 1 Excess Oil | of microemulsion slug, the trapped oil dropletganglions are
mobilized due to a reduction in interfacial tensketween oil
;‘ and water. The coalescence of these drops leads lozal
B.C. LE | wioME increase in oil saturation. Behind the oil banke Burfactant
| now prevents the mobilized oil from being retrappddhe
% effectiveness of the microemulsion at different nbri
o] £ concentration on enhanced oil recovery was testiu three
Wl Excess Brine sets of flooding experiments performed in the sacHp
0 | . . . . . . . systems. The concentration of brine to be used for
: microemulsion flooding is related to the optimallirsty
concept which has been determined from the phakavie
and solubilization parameter study. In the preseatk, the
experiments were carried out in sand pack, the mided
C. Solubilization Parameters of Oil and Water in '€covers almost 50% of the original oil in place(®)
Microemulsion because of higher porosity (~37%) and permeabilityring
Fig. 4 shows the salinity dependence phase behatisbs Water flooding, as the water cut reaches above 95%as
microemulsion system at 303 K to characterize théastants' Subsequently flooded with microemulsion slugs, dettd by
solubilization capacities. For characterizationhaf surfactants’ Chase water. The recovery of oil and water cut vptre
solubilization capacities, the solubilization paeters (or VOlUme (PV) injected for three different microemats

phase uptakes) are commonly used. Healy and Reddifdt syst_ems is presented in Fig. 5. It h_a:_; been fohatl water
introduced the terms, begins to break through when the injected volumewater

v eaches 0.15 PV, and then water cut sharply ineseabove
Sk = l/Vs 0% for each case. During injection of microemuisstug, the
wherei refer to water or oil and refers to the surfactantyater cut declines gradually and then reaches 180f%e end

Experimental results show that the change of sgliffom of flooding. Fig. 5 also shows that the cumulatdierecovery
lower to a higher value leads to the transitiomaéroemulsion by microemulsion flooding is higher in the case of

phase from WI to WII via WIIl. During the transitip the
solubilization parameter for oilSP,) increases while water
solubilization parameterSP,) decreases as shown in Fig.
The salt concentration corresponding to the sibmativhere
both the solubilization parameters for oil and watee same is .. o
called the optimal salt concentration or optimdindy. The oil in a water-wet core (_:OUId be em_ulsmed and mov
point of optimal salinity has immense importancecéise down_stream._ The mechamsm_ results in a reo_lu_cedrwate
several physical properties (e.g. solubilizationapzeters, IFT mobility t.h.at improves both ve.rtlcal and areal swg@mency.
etc.) attain either a maximum or minimum at or riés point The additional recovery of oil over water floodigy 22.63,

80 o

%

=70 o

60

50

40

30 o

Relative Phase Volume

O/W ME

3 4 5 6
Salinity, wt% NacCl

Fig. 3Relative phase volume (RPV) of different layersaidsnction of
Salinity, wt% NacCl

microemulsion prepared at optimal salinity on beealwof
ignificant physicochemical properties of microeshuh at that
alinity. The microemulsion shows ultra-low IFT ween ol
and water at optimal salinity. If the IFT is lowargh, residual

[33]. 24.88, and 22.87 % when microemulsion slugs witht%, 4
wt%, and 9 wt% brines were used respectively. Hanethe
B ===y proper design of the microemulsion slug should bdgomed
—e—V |V T . . . .
o by feasibility analysis, considering the operatiogsts and

market value of the crude.

Optimal Salinity

110

100 g
50
80
70

Phase Uptake, VIV

60 g
s0 g

40 g

a0 g
20 g

Oil Recovery (% OOIP) and water cut (%)

o

4 6
Salinity, wt% NacCl|

10

Fig. 4 Phase Uptakes (Solubilization parameterpiioSPy=V/Vy)

and water (Sp=V./V¢) as a function of salinity, wt% NaCl at 303 K Fig. 5 Production perfor_mance of l_\/l!c_roemulsmn (Miepding at
different salinities
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TABLEI
POROUS MEDIA PROPERTY AND OIL RECOVERY BY MICROEMULSION FLOODING

Expt. No.  Porosity (%) Permeability, k (Darcy) Design of microemulsion slug for Recovery of oil by Additional % Saturation
flooding water flooding at 95% recovery (%
K (S " water cut (%00IP) OQIP)
w (Sw=1) °i Sui Soi Sor

S1 36.42 1272 0.229 0.5 PV SDS(2 % brine) + Chase 51 2363 20.38 79.62 17.86
water

S2 35.72 1.336 0.239 0.5 PV SDS (4 % brine) + Chase 53.2 24.88 20.79 79.21 23.86
water

S3 35.36 1.264 0.201 0.5 PV SDS (9% brine) + Chase 52.8 2287 20 80 27.90

water

IV. CONCLUSION

Phase behavior and physicochemica properties of
microemulsions  comprising of sodium dodecyl
sulfate/brine/propan-1-ol/heptane and its structural changes
with the salinity have been investigated for the application of
microemulsion in enhanced oil recovery. Salinity plays
important roles on the relative phase volume and
solubilization parameters in microemulsions. Pseudoternary
phase diagram is the one of the crucia step for microemulsion
flooding in enhanced oil recovery. The results of the present
study show that as salinity changes from low to high, phase
trangition takes place from Winsor | to Winsor Il via Winsor
Il. A series of flooding experiments have been performed
using the prepared microemulsion. The additional recoveries
were calculated by material balance. Encouraging results with
additional recovery more than 20% of origina oil in place
above the conventional water flooding have been observed.
Microemulsion at optimal salinity (4 wt% brine) shows
highest efficiency to recover the additiona oil.
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