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The fundamental basis for the action of
a chemical dehydrant. Influence of the
physical and chemical formulation on

the stability of an emulsion

Processes of dehydration which are used to break up emulsions of crude oil
and water, such as those that occur in the secondary recovery of petroleum
by the injection of water or brine, were studied. The stability of repre-
sentative systems comprised of hyrocarbons, brine and surfactants (both
anionic and nonionic), and sometimes cosurfactants (alcohols) was
determined experimentally. The behavior of such emulsions is represented
on a graph, with the surfactant affinity-difference (SAD) as the ordinate and
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the water-oil ratio (WOR) as the abscissa.

The stability of an emulsion of petroleum and
water reallts principally from the presnce of natural
surfadtants adsorbed at the interface. Dehydrating
agents interact with natural surfactarts to produce
extremey unstabe emulsions. The influence of the
physical and chemicd formulation on the conditions
of stahlity and instability of an emulsion were
determined for representative conditions. The reasons
for this instahlity are discussed, and the process of
dehydration is interpreted graphically in terms of the
ratio of water to crude oil.

Introduction

Sooner or later, a petroleum well begins to
produce a greater percentage of water than is acepa
ble. Removal of this water by dehydration or
desalination [1-3] isthennecesary.

From Revista Técnica INTEVEP 7, No. 1, pp. 3-15 (1987),
with permission. Professor Jean-Louis Salager is associated
with Laboratorio de Fen—menos Interfaciales y Recuperaci—A
de Petr—Heo (FIRP), Universidad de Los Andes, Escuela de
Ingenier’aQuimica, MZrida’5101. Email salager@ula.ve

0020-6318/902915-0103/$05.00 ! 1990. American Institute of Chemica
Engineers

International Chemical Engineering

A portion of the water, called free water, is
easly separated from the crude by the action of
gravity as long as the velocity of the fluid is
sufficiertly low. The remaining produced water is
intimaiely combined with the crude in the form of an
emulsion, i.e., a stabe dispersion of fine droplets of
one of the fluids in the other [4-5]. The more common
dispersions of water in oil are known as W/O (water-
in-oil) emulsions. Emulsions of O/W type are
occagonally formed. These are called "inverse" in the
petroleum industry.

Just as with mayonnaise (an O/W emulsion),
petroleum emulsions are produced when a mixture of
oil and water undergoesagtation, the fluid-mechanical
effect of which is a shear near the interface betweenthe
fluids. This shea reailtsin aninterfadal instakility due
to mechansms which have been discussed elsewhere
[6]. In convertional primary production of oil and also
in the secandary production by water flooding, the
fluids arrive at the bottom of the well in the form of
two-phase flow. Thus, the emusion must result from
agtation of the mixture of water and crude in the
production equipment: pumps, redrictions, expansion
valves etc.

This clearly suggeds how to awoid the
production of an emusion. However, this is not often
possible becawse of tecmical and economic consi-
deratons. Furthemore, stimulation by acidification
and erharced recovery methods, such as thermal or
chemical, canthemselvesproduce emusions[7-8].
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A petroleum production engineer must thus be
redgned to living with emdsions and learring how to
breakthem up.

Phenomena involved in the breakup of an emulsion

The brealup of an emusion is a multistage
proces which may occur due to inhibition or erhance-
mert of one of the phenomena which comard stahlity.
By simplifying the analysis of Jeffreys and Davies[9],
it may be said that the principal stagesare:

(1) Macraoscopic agglomeration of droplets of the
dispersd phas until the formation of a floc (typicd
distance = 0.5 - 1 micron). At the end of this stage, the
droplets arefl attened and are separaedby afilm.

(2) Drainage of this film until it thins out to the order
of 0.1 micron or less.

(3 Rupture of the film and coalesence of the
droplets with the appropriate geometric rearangemert.

The third stage involves cagllary forces of
consideralde magnitude, and can be consideredto be
instantaneaus with regect to the first two. The first
stage correponds essertially to gravitational sedmen
taion and is governed pheromenologically by the
aralog of the laws of Stokes or Hadamard [10] for a
single droplet The rate of agglomeraton increagswith
the buoyart force, i.e., with the density difference, with
the size of the droplet, and the gravitational force, and
inversely with the viscosity of the extermal phase.

Praceses of dehydration are dedgned to
increase the rate of this first stage; they dl involve
physical changes such as heating, which reduces the
viscosity of the external phase and, to a lesser extert,
increags the dersity difference between the fluids.
Another physical effect is the introduction of a large
amaunt of the internal phase, asin desalination, eg., to
reduce the average distarce traveled by each droplet
before it contacts another one. Forcesother than natural
gravity canalso be used to increag the probability or
the velocity of contact and/or the size of the droplets:
artificial gravity by certrifugation [11], capllary forces
in precipitation filters [12], or electrostatic forces in
Cottrel type separabrs [13].

The mechansms of the first stage obey these
well-known laws of physics and, hence, are not
consideredin the presert article.

The secand stage N drainage of the thin film
involves two simultareaus pheromera. On the one
hard, approach of the two interfacesand, on the other
hard, motion of the fluid contained in the film in a
direction paralel to the interfaces

In both cass interfacial phenmera related to
the presence of adsorbed surfactants areinvolved
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Sufactants are substances whose molecues
have a polar part with affinity to water and a nonpolar
part with affi nity to oil. These substancescamot satisfy
this double affinity, except whenthey are locatd at the
boundary between the water phas and the oil phas,
with the polar partimmer®d in water and the nonpolar
part in oil. Sufactarts are gereraly adsorbed at the
interface which reallts in adeaea in the freeerergy
of the system[14, 15]. Such substancesoccur naturally
in the majority of crudes e. g. naphthenic acids, resns,
agphalteres etc. [16-18].

Being adsorbed at the interface, these surfac
tarts can naturally retard considerally the culmination
of the secand stage [19-22]. Figure 1 indicaesschema
tically the four retardng effects that the presernce of an
adsorbed surfactart can produce on the drainage of a
film and the agglomeration of droplets of water (in a
W/O emusion).

In cae (1), an anionic surfactart, e. g., a
carloxylate, is adsorbed at the interface, and its caions
arein a double layer in the interior of the droplets. As
charged interfaces approach one arother, an elec
trostatic repulsion is producedbetweenthe droplets.

Cae (2) illusgtrates the stefic repulsion produced
by interactons between lipophilic groups of the
surfactant molecues With surfactant molecues of the
aghaltere type, the side chains can consideraby
intrude into the oil phas, and steric repulsion can
maintain the interfacesat a distance sufficiert to inhibit
coaleserce.

Dissociation of the natural surfactart into an
adsorbed ion (here caion) and a liposoluble anion in
the electical double layer on the ail side is considered
in cag (3). As the film betweendroplets drains, a drag
occus on the ions of the double layer, producing a
charge delocalizaion, and reailting in the electo-
kinetic effect known as Osreaming potertialO. The
elecrical field which is created tends to return the ions
to their initial position, i. e, a force opposing drainage
of thefilmis produced

Cas (4) illustrates the formation of a rigid
film resulting from lateral interactions between
adsorbed molecules of the surfactant and from the
immobilizaion of the oil layer which solvates the
lipophilic tails.

This produces a considerable increase in the
interfacial viscasity and in the apparert viscosity of the
oil in the film between the droplets. Both of these
effects oppose drainage.
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Fig. 1. Sketch of the four effects which retard film drainage resulting from the presence of a surfactant adsorbed at the interface.
(1) Electrostatic repulsion; (2) Steric repulsion; (3) Electroviscous effect; (4) Increase of the interfacia viscosity.

Action of a "chemical" dehydrant

In almost all field installations, a small amaunt
of a solution of synthetic surfadants, called a
"chemical" dehydrant, is added to the fluids which are
produced. This addition is performed as soon as
possible after the oil gets out of the ground, and can
even be done Odwn-holeQ[23] in order to guarantee
adequate mixing such that the surfactarts migrate to
the interfaces of the emusion before ariving at the
separation equipment [1,2].

The many conjectures regarding the physico-
chemical mechanism for the adion of dehydrating
agens have not been very successful; in general, they
do not explain the extreme specifficity of a type of
dehydrart on a particular system of crude and brine.
The only valid gereraizations concerning effective
dehydrating agenis are that they possess a high
molecular weight (comparade to that of natural
surfadants), and, when used as emulsifying agerts,
they terd to edabish an emulsion opposite in type to
that which is stabilized by natural surfadants [1-5].
This explains why literally thousands of products have
been paterted and commercialized for such purposes
since the pioneering work of William Barnikel and his
Tret-O-Lite Compary. Today, the seledion of a
dehydrating agent is still made from bottle tests, i.e.,
by trial and error.

This situation is probaby due, in part, to the
confidentiality maintained by the firms which
manufacture such products, but also, until recertly, due
to alack of understanding of the relationship between
the composition of a surfactart-water-oil mixture and
the reallting interfacial properties, even for pure
ternary systems, much less for systems which involve
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crudes and natural surfactants. Since a surfactant can
be effective a a concentration of the order of 1 ppm,
thousands of substancesin a crude can be responsibile
for interfacial effects, and their explanation from one
agoect of the phenomenais useless.

Systems whose composition is perfectly
defined and controllade must be used to analyze and
comprehend the eff ects involved in the stabilization or
dedahilization of anemusion. This article analyzesthe
phenomerology encounteredin such systems.

Materials and procedures

For the reasons mentioned above, idealized
systems were employed, which nonetheles are
realistic within the framework of those encountered in
the field. The surfactants were of the commercial type
with a wide distribution of molecular weightN both
anonic (alkylaryl sulfonates, alkyl sulfates petroleum
sulfonateg and nonionic (nonylphenol polyethoxy-
lateg). An alcohol was often added asa cosurfactant to
eliminate the evertual formation of gel mesophass
which can solubilize the surfactarts and complicate
observation of the behavior.

The aqueaus phase was a sodium chloride
brine of variabe salinity. Hydrocarbons, ranging from
analytically pure substances to refinery cuts such as
kerosere, gas oil, paraffins, and lubricating oils, were
used as the oil phase.

Except as noted, surfactant-water-oil samples
(50-100 ml) were preparedand allowed to equilibrate
at a constart temperaure for at leas 24 hrs prior to
their emudsification. The purpose wasto assure that the
phases which comprised the emdsion were in
physicochemical equilibrium, thus awiding mas
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trarsfer between the phases during the proces of
rupture, which would complicate the interpretation of
the reallts. This pre-equilibrium situation corregponds
rea®naly to what occursin the oil reservoir.

Formulation of a surfactant/oil and water (SOW

Formulation of a SOW mixture emtracestwo types of
variabes First are the composition variabes which
define the fractions or percertages (mass, malar, or
volumetic) of eachone of the componerts. Second are
the formulaton variades which corregpond to the
physicochemical nature of each one of the components
and to the effects of external variables such astempe-
rature and pressure.

Numeraus studiesrelatedto the SOW mixtures
used in the erhancedoil recovery by micelar drainage
have led to the definition of the following formulation
variades eachone of which characterizesa component
or aneffect[24-29]:

¥ Salnity of the aqueoaus phase (S, in % NaCl with
repect to water). With anonic surfactarts, the
natural logarithm of the salinity (In S) is gererally
usedasthe variabe.

¥ ACN (alkare carbon number), or the number of
carlon atomsin a molecue of n-alkare. If the ail is
not an n-alkare, then its EACN is defined as the
carbon number for a molecule of the equivalent n-
alkare,i. e., one which hasthe same affinity for the
surfactant as the oil [30]. For complex oails,
including crudes linear mixing rules based upon
mole fracions are emgoyed [31].

¥ A parameker charecterizing the surfactart which
definesthe balance of the affinitiesfor water and for
the oil. The HLB of the surfactant [32, 33] supplies
an edimat for this property; today, more precise
paraneters such as the EPACNUS (extrapolated
prefered EACN) are being used[34].

¥ A function which accaunts for the effect of the
acohol, and which depends upon both the type of
alcohol and its concertraton. Both effects are
combinedinto a single function, and thus treated as
anadditional componert or additive [34, 35].

¥ Thetemperature[35].

Each one of thes variabes of formulation
contributes to the affinity balance of the surfactart for
the agqueous and oil phases

Figure 2 illustrates the different interactons
possible betweensurfactart molecues absorbed at the
interfaceand molecuesof water and ail.

The letter C represerts the interfacal zone
where the surfactant is adsorbed The subscripts in-
dicat the nature of the interactons: O for oil, W for
water, L for the lipophilic part of the surfactart, and H
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for its hydrophilic part

The differert interactons are classified into
those which favor the presernce of the surfactant at the
interface such asA, o for the lipophilic side ard A,cw
for the hydrophilic side, and those which tend to inhibit
it, corregondingly, the interag¢ions which occur in the
absernce of a surfactart at the interface, such as Aqg,
A, Aww, ard A, Theratio betweenthe interactions
on one side ard the other of aninterface derotedasR,
indicatesthe affinity balance

R= Aco _ Aot oo ! Ay
Aoy Ayew ' Ay ! Ay

This concept, proposed by Winsor 30 years ago
[36], is extremely useful for the qualitative under
standing of whatis happening at aninterface. Whenfor
instance, the interactons of the surfactart with the oil
phase are greater than those with the aqueaus phase,
the "lipophilic tail" side of the surfactant will be more
solvated by the oil molecdes than the "hydrophilic
head side by the water molecdes This produces a
swelling which reallts in concavty of the interface
toward the aqueaus phase (seeFigure 3).
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Fig.2. Sketch of the interactions between a surfactant
adsorbed at the irJterface and water and oil molecules, follo-
wing the Winsor@ terminology.
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Fg. 3. Influence of the balance of interactions on solvation of a surfactant molecule at the interface, on the curvature,
and on the type of resulting emulsion.

A W/O type of emdsion is then obtained An O/W type
of emusion is obtained in the opposite cas. In the
intermedate cae of equality of the affinities neither
type of emusion would be expected to be applicalde.
This discussion demamstrates the principles of WinsorOs
model, and the use of the ratio of the interactons, R =
Aco/Acw. Unfortunately, with the presnt state of
knowledge of the thermadynamicsof the liquid state, the
magnitude of these interactions camot be accurately
edimated, ard other models must be considered[6].

Begnning with studieseecially related to the
conditions required for a threephase system[37,38], a
thermadynamic model based upon chemical potertials
has gradually beendeveloped [6,39,40]. Recerily, this
balance was quartified by the following expression for
the SAD (surfacart affinity-difference)[41]:

SAD = affinity for oil

M*w - U*o

- affinity for water

Here, p* represen the standard chemical potertials for
the surfactart in the phase indicated by the subscript.
The affinities are the negatives of these potertials. For
anonic surfactarts,

SAD/RT =

INS Dk EACN - f(A) +" - a;(T-25)

and for nonionic surfactants of the polyethoxylated
alcohol or pherol type,

SAD/RT =
# -EON Dk EACN - $(A;) + bS + c(T-28)
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Here, " is the paraneter charactristic for all anionic
surfactarts, while # is a parameter characteristic of the
apolar part of a nonionic surfactart, and EON is the
average number of ethylene oxide groups per malecue.
Also, f(A) ard $(A) take into consideraion the alcohol
effect, and K, k, a;, ¢y, and b arepositive coefficients
in the relative weighting of the effects of the different
variades[37,38].

This expression for SAD combinesthe effects of
all of the formulation variabes into a single one and,
therefae, consideraldly reduces the problem of
formulation. This expression also indicatesthat a change
in one variablle can be compensated for by a change in
another one.

When the SAD varies from neggtive to positive,
which could be realzed for instance by increasng the
salinity, the molecdar weight of the apolar part of the
surfactant (increa® of " ), or the termperaure (nonionic
surfactarts), or by reducing the latter (anionic surfac-
tants), the so-called formulation scanis obtained and the
SOW systemexhibits a seriesof properties asillustrated
in Figure 4, whichever varialle is used to modify the
SAD.

The phase behavior and a ted-tube view of the
system are also shown in Figure 4, together with the
variations in the interfacial tension and the solubilization
paraneters (volume of water or of oil solubilized per
unit mass of surfactar).

For SAD = 0, the affinity of the surfactart for
the aqueaus phas exacty equilibratesits affinity for the
oil phas.
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Fig. 4. Phase behavior, interfacial tension and solubilization
parameters during a formulation scan. Optimal system: TRS
10-80, 3% sec-butanol, 2% ter-pentanol, 1.0 wt% NaCl,
octane. Salinity scan [36].
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The solubilizaion of water and of oil per unit
mas of surfactart passes through a maxmum, and a
third phase, called anintermedate microemulsion, can
be formed producing type 3 phas behavior. When
SAD = 0, the interfacial tension passesthrough a well-
defined minimum, which can reach very low values
(10 dynefcm) recuired for erharced recovery. This
occurence hasbeencalled "optimal formulation. "

For negative valuesof SAD, the affi nity of the
surfactart in the agueaus phas exceeds its affinity in
the oil phas. The surfactart is preferenially
distributed in the aquecus phase, and the two-phase
system obtained is symbolizedby 2 to indicate that the
surfactart is in the lower phase (aqueaus) in the ted
tube. The opposite appliesfor positive SAD.

The SAD concep thus corregonds to a gerer-
alized variade of formulation whose refererce is at
optimal formulaton (SAD = 0) and whose value
defines the deviation from an optimal formulation,
basd upon the above expressions.
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Type and stability of an emulsion versus SAD

The type of emusion (O/W or W/O) is easly
determined by measuring the electrical conductivity,
which is approximately proportional to the conductivity
of the continuous or external phase and the volume
percen of the said phas in the emusion. Since the
aqueaus phase is brine, the conductivity of O/W
emusions is several orders of magitude greater than
that of W/O emusions. A change from O/W to W/O,
termedan inverdon of the emudsion, is thus deteciade
without diffi culty

The stahility is an easly edimated property in
those extreme cases wherein the emulsion completely
coalexesin a few minutes or, on the contrary, remains
apparertly unchanged with no visible separaion for
several months. In intermedate caes however,
quartification of the stahility for purposesof comparison
of emusions often encounters serious difficulties in
experimentation or interpretaton [42, 43]. A single
absolute measire of the stahility would be the variation
asafunction of timeof the number of droplets presert in
a given samge of the emulsion. The number of droplets
in an emusion can be deduced from a particle-size
distribution, but such a measremernt perturbs or
dedroys the integity of the sample, and thus camot be
implemeried on the same sample at differert times.
Comparative studiesin the vicinity of SAD = 0 have
shown that a good criterion of stahlity realts from
taking the timerequiredfor a certain fraction (1/3 or 2/3)
of the first phase to separak (coalesce or clarify) [44].
An equivalent criterion, although less selecive, is the
volumetic fracton not separated from the internal phase
(i. e., not coalesced) after afixedtime.

Figure 5 shows the stahlity variation which
reailts from both criteria over the same formulation
sweep.

The symbols 2, 3, and 2 refer to the phase
behavior, and the symbols O/W, MOW, and W/O to the
emdsion type. MOW indicates a threephase micro-
emusion-water-oil disperson whose conductivity could
be of the O/W, W/O, or intermedate type.

The data indicat that around SAD = 0 the
emusion is inverted and the emdsion stahility passes
through a minimum, irregpecive of the criterion. A
comparison of these two stahility criteria indicates that
the time required for separaton of 20% of the phase
which clarifies first permits a quartitatve comparison
over the entire sweep and suggeds that the stahility can
vary by four orders of magnitude in the vicinity of the
optimal formulation.
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Fig 5 Variation of the stability of an emulsion according to two common criteria during formul ation scans.
Optimal system: 0.5 % dodecyl sodium sulfate, 6 % n-pentanol, 3.5 % NaCl, kerosene, WOR = 1. Salinity scan.

Swch a pattern in the stahility variaon has
been observed in numerous systems containing
different types of surfactrts, oils with viscosity
ranging from 1 to 1,000 cP, and WOR near unity,
reqardless of the variabe used experimertally to
change SAD [42-62]. The stahility values and the
symmetic or asymmetric agpects of its variation with
SAD depend upon eachparticular case, but the gereral
phenomerology is the same;asthe optimal formulation
is approacted, the stahility of an emdsion is reduced
consideraldy. Such a reduction in the stahility is much
greatr than that which would result from maodificaion
of the physical parameters (viscosity of the exterral
phase, size of droplets, density difference) involved in
thefirst stage of emulsion rupture.

The charecteristics of aformulation at SAD =0
is thus a key factor in the serse that the effects
retardng film drainage in the second stage of emusion
rupture are eliminated

Physicochemical mechanism for destabilization
when SAD =0

In a certain sense, the coincidence of the
minimum in the stahlity of emusions with the
formulaton at which the interfacial tersion is a
minimum, and sometimes extremely low, is parad-
xical. For a given degree of agtation, the size of the
droplets produced by the proces of emudsification
deperds upon the interfacel tersion, such that the
lower this tension the smaller are the droplets.
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On the other hand, insofar as the droplets are
smaller, the time of sedmeration is longer amd,
consequertly, the more stable the emulsion needs to be
[4,5].

Experimertal evidence has shown that this
rea®ning doesnot apply to systemsaraund the optima
formulation, and it thus seemsappropriate to determine
therea®ns.

Begnning with the most obvious factor,
although not the most importart, the capllary forces
are noted to be extremely weak for a very low
interfacial tersion, and, as a reallt, the droplets can
very easly deform. Visual observation of rupture of an
emusion formulated araund SAD = 0 indicakesthat the
droplets are considerally elongated in the direction of
the gravitational vecbor, taking on the shape of a
cylinder or a filamert. StokeDlaw does not apply
under such conditions; rather, the lower the tersion the
greatr is the elongation and, consequertly, the less the
friction and the greatr the rate of sedmertation.

Visual observations also indicat that in such
systems coaleserce between two droplets occus
instartanecusly upon their approach i. e, the secand
stage of drainage of the film between droplets is
extremely rapd, just as in OW systens which contain
no surfactart [63].

As the amount of surfactart is variedin these
systems the stalility or, better, the instability, does not
depend upon the amaunt of surfactart [63], which is
also contrary to the gereral tendency [59].
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An explamation of this paradx was recerily
developed [63] by denoting that, at SAD = 0, SOW
systems form a third (microemulsion) phas in
equilibrium with the phasesof water and oil in exces.
The structure of this phase is such that the chemical
potertial of the surfactant is much les in the
microemulsion thanin either of the water or oil phase,
or attheinterfece.

Consequertly, accunulation of surfactart in
this third phase reduces the free erergy of the system
which signifiesthat the process is spontareaus. In the
preence of this microemusion, the molecues of
surfactant migrate from the water/oil interfaceto the
microemulsion, leavng the water/oil interface praci-
cally without adsorbed surfactart, and, herce, it camot
be stahbilized according to the mechanisms of the
secand stage, asillustratedin Figure 1.

This displacemen of equilibrium is equivaent
to the rupture of catonic aghaltic emusions upon
contactwith arocky aggregate. The surfactart migrates
from the agphalt-water interfaceto be adsorbed at the
rock-water interface, leaving the aghalt-water
interface pracically without adsorbed catonic
surfactart, which is the bass for emusion stahilization
by electiical redusion.

Obtaining SAD = 0 with surfactant mixtures

A parameter charackristic of the surfactart
appearsin the definition of SAD. This paraneter can
be determined experimertally [64, 65] and related to
the structure of the surfactart. For example, for sodium
alkyl berzere sulfonates[34],

" =-480+0.35 N(CHZ)

where N(cy,) is the number of carbon atoms in the

alkyl chain of the surfactart.

Upon mixing two surfactarts of the same type,
e. g., two sulfonates the characeristic parameter for
the mixture is observed to be a linear combination of
the characteristic parameters of eachof the surfactarts
[66]. This mixing rule is always linear when the
blended surfactarts arenot substartially differert, i. e.,
essertially when the structural distribution of the
mixture is unimoda. Under such conditions, the
mixing rule can be used to charecterize a surfactart,
which mears that the value of the characeristic
paraneter canbe found experimertally [64, 65].
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If the surfactants are quite different, in
particular, if the mixture exhibits a bimodal distribution
of structure, then the mixing rule is not linear,and the
differert species of surfadarts, often behave separatly
ard do not form amicroemusion at SAD =0 [67].

In order to obtain an optimal formulation with
a system which alread/ contains a surfactart (e. g., the
natural surfactant preser in a crude), another surfactart
must be added (e. g., a dehydrating agert) in a mamer
such that the charaderistic parameer of the mixture
reallts in SAD = 0, which then produces an unstabe
emusion. In order to apply this rule, the added
surfactant must be structurally similar to the initial
surfactart; this is corroborated by the knowledge that
dehydrating agents areusually polymeric surfactarnts of
high molecuar weight, of the ethoxylatedresn type, or
else block co-polymers of ethyelere oxide and
propylere oxide. On the other hand, in order to obtain
SAD = 0, a surfactart with an affi nity opposite to that
of the initial surfactant must be added the mixture
must thus possess a balanced affinity. This also
coincideswith the observation that dehydrating agerts,
when used alone, stakilize an O/W emulsion as
opposedto breakng it.

Finally, the concentration of the added
surfactant must be such that, in combination with the
initial surfactart, it producesSAD = 0 exactly. Thisis
in ageement with the observation that dehydration
conditions arevery spedfic, ard thata small variaton in
the dehydrart concentration (either below or above the
optimum), or in temperature, can produce an unfavo-
rable changein the process.

The parallel between the experimerts merti-
oned above and dehydration asumes implicitly that
both the initial surfactart and the added surfactart are
presert in the system prior to emdsificaion. Such is
the cae of injecion of a chemical dehydrart down-
hole in the well, in which stade emulsions are not
produced[23].

However, in gereral, the chemical is injected
into an already existing emusion stakilized by natural
surfactarts. Recert studies [68, 69] have atemped to
simulate thisrealstic situation.

For example, if the original state is not very far
from SAD = 0, the later addition of a "dehydrating’
surfactart to the original emusion produces effecs
similarto its addition prior to emdsification. Thus, the
fundamenal bads of the process is conserved, evenin
the absence of previous physicochemical equilibrium.
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Effect of the water-oil ratio (WOR)

In all of the above, the water-oil ratio (WOR)
hasbeen asumedto be close to unity. This assumption
merely implies that O/W or W/O emulsions with a
large proportion of of the internal phase are ruled out.
Examination of the influence of the water-oil ratio is
therefae appropriate.

In the history of a well, a progressive increa
in the percertage of produced water gererally takes
place; when secondary recovery by water injecion is
emgdoyed the percenage of water in the production
flow can reach a very high value, egecially if the
selling price of the crude is high. One of the more
severe problems associated with an increag in the
percertage of water is the rise in the viscosity of W/O
emusions with the content of water. Even with
relatively light crudes the exponertial increae of the
viscosity with the intermal phas contert of the
emusion redallts in pumping problems and in a
reduction in production.

In order to find a solution to this problem, it is
converient to study the influence of the composition
variades together with the generaized formulation
varialde, SAD. For this purpose, let us return to model
ternary systemscomprised of surfactart, oil, and brine.
Swch systems have two indeperdert composition
variabdes which are gereraly expresed as the
concertration of surfactant and the water-oil ratio,
WOR.

The surfactart concentration hasa well-defined
gereral influence [59]. Below a certain "critical'
concertration, the amount of surfactart in the system
is insufficient to <ahlize the emdsion. This
concertration probally corregponds to the minimum
amaunt required to cover the interfacial area and to
satisfy adsorptive equilibrium. Above this criticd
concertration the stahlity of the emudsion terds to
increase with the concentration, ard then is mantained
constant or ese deaea®s. Heren, sufficient surfactart
to stabilizeanemusion will be assumed eg., between
0.1 and 1%, thus avoiding for now ary consideration of
the effectof thisvariale.

On the other hand, the WOR has an
effect associated with the formulation which is more
diffi cult to underdand. Increasng the water contert of
a W/O emulsion (formulation SAD > 0) is known [4,
5] to end with the inverdon into a O/W morphology
emusion when the O phase percentage reaches 70-80%.
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In symmetical fashion, an O/W emusion (for-
mulation SAD < 0) is inverted into W/O when the ail
contert atains a cetain vaue, which depends notably
upon the viscasity of the il and the fluid-mectanica
conditions, and which can be from 40 to 80%.

In order to examine this interacton, a two-
dimersional SAD-WOR chart, on which the type of
emudsion ard its stahility are represented [53, 70], is
the convenient map Figure 6 shows such a chart for a
typical cas. The heaw line indicates a change in the
type of emdsion, i.e, the invergon line, while the fine
lines derote the iso-stability contours, the numbers
correspond to the dedmd logarithm of the time (in
secands) for the separaion of 2/3 of the phase which
separaesfirst. Also preenedis the phase behavior of
the systembefore emulsification.

Theline SAD = 0 and the inversion lines for the
emulsions delinede six zoneson this chart. In the certral
regon demotedasA, WOR hasavalue around unity.

SAD/RT

1k ~ 5§
d R\(\

Il N
W/0 | O/W

Contours of
iso-stability

-2 1 L L L L) 1 Ll 11111#

Q1 1 10 WOR

r T 1 T 1 L3 1
10 20 30 5 70 80 90 fy

Fig. 6. Two-dimensiona formulation-WOR chart, wherein
the phase behavior at equilibrium, the inversion curve for the
emulsion, and iso-stability contours (the corresponding value
isthe logarithm of the time in seconds for 2/3 separation) are
shown. Optimal system: same asin Figure 5. Salinity scan.
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Stable O/W emusions are obseved for SAD <
0, ad stade W/O emdsions for SAD > 0. The
superscript on A indicaiesthe sign of SAD. As SAD =
0 isapproached, the stahlity of the emusion decreass
both on the A* and on the A" side. A vertical crossing at
WOR = 1 correonds to the SAD scan seen eatier,
with a pronounced minimum in emusion stakility near
SAD = 0. The vertical brarchesof the inverson line of
the emdsion delineak two values of WOR, which
correpond to the maxmum conternt of the interral
phase for both types of emdsion. In the C* regon,
SAD > 0 ard the surfactart is preferertially distributed
in the oil, which indicatesthat a W/O emulsion should
be stahilized accading to BarcroftOsrule. However,
not enough oil volume is presert in the system (high
WOR) to produce such an emulsion, and the external
phae is the phas with the greder volumetic
percetage N i. e, water. The invere pheromeron
occus in the B™ regon, wherein a W/O emusion
occurs, eventhough SAD < O.

Both the C* and B regons corregond to
"abnormal' emulsions which posses a very low
stahility; microscopic observations and measremerts
of conductivity indicat that multiple emusions of the
W/O/W type can be produced in C* and O/W/O
emusions in B, that is, drops of the intermal phase
contain, in turn, included smaler droplets of the
exterral phase [58]. Whereas the external emusion is
thenless stale, the inner emusion maybe quite stable.

The C and B zones corregpond to emusions
of the sametype asinthe A" and A" zones respecively,
but with a low contert of the interrd phase, which
favors phase separaion by sedmertation, and, with the
chosencriterion, canthenrealt in alower stahility.

The phenomera indicaied in the SAD-WOR
chart have beenencountered for mary systems Similar
charts have been obtained by using classicd
formulation variades for the SAD scan[58, 62, 70-72],
in addition to the pH in the presnce of acids [73] or
the temperaure [74], both for arnionic and nonionic
surfactants. The width of the A zone apparenly
depends upon the viscaosity of the oil [70], the erergy
of agtation [58], and the interactons of the surfactart
with the water and oil [75].

Application to dehydration

This type of map is extremely useful for
explaining the action of a chemical dehydrant whichis
added to an oil-crude mixture down-hole, i. e, prior to
the formation of anemulsion.
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In order to treat a system suscepible to
produce a stade W/O emulsion locaied in B" or A*
(SAD > 0), asit happers due to the effect of natural
surfactarts, a hydrophilic surfactart dissolved in an ail
phae must be added in such a mamer that when
combined with the natural surfactants, SAD = 0 or SAD
is dlightly negative (Figure 7, ca® 1). Under such
conditions, anunstable W/O emulsion is obtained

If a hydrophilic surfactant dissolved in a
significart amaunt of water is added to the same
systemin such a mamer that the resulting SAD is zero
at the A*/A" boundary or slightly negative in A", an
unstable O/W emulsion is obtained (Figure 7, case 2).
This could be a better result than with the preceding
treatment if the crude is viscous, since a W/O emusion
canbe diffi cult to pump.

If a hydrophilic surfactart and water in
suffi ciernt quartities are added to produce SAD < 0 in
the A" zone, a stade O/W emulsion can be obtained
(Figure 7, cas 3), which may be of intered for certain
applicaions such asthe transport of heavy crudes [76]
or in the production of combustible emulsions.

These argumerts are applicade analogously to
the injecion of a dehydrant down-hole, i. e, before
emdsificaion. However, the problem is gererally
different, and consists of adding a chemical dehydrart
to anemdsion alread; stahilizedby natural surfactans.
Same studies have been performedon thistopic [77-78].

3 w/0 stable
2] Bt A+
+
(3)
(1)

N\ \x\s\"" -
— A- o/W -

Fig. 7. Use of the formulationr-WOR magp for tregting emulsions
of the W/O type: (1) dehydration, (2) dedinaion, (3)
production of gable W/O emulsions.
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Theinversion lineis found to be unchanged for
a crossing of the AY/A™ limit in arny direcion, but
hysteress is exhibited for A/C* and A/B" crossings
between normal and alnormal regons. The difference
between thee two types of inverson, caled
trarsitional and catadrophic, has recerly been
interpreted in a qualitative fashion, with the use of
catadrophetheary [79, 80].

With regard to applicaions of dehydration, a
change from B* (SAD > 0) to the B*/B" limit (SAD =0)
or to B" (SAD < 0 or near zerog), as well asa charge
from B* to A" at the A"/A" limit (SAD = 0) or to A
(SAD < 0), produce essertially the sameeffects asfor a
preeqiilibriated system.

If the objecive is to apply this amalogy to
crudeivater systems the appropriate tmixing rule
between the natural surfactarts and the chemicd
dehydrant must be followed

It is worth noting too, on the other hand, that
the dehydrating agent should migrate rapdly to the
interface in order to combine with the natural
surfactarts. This lag requirement implies that the
dehydrating agent must be incorporated into the system
in a vehicular solvent miscible with the exterral phase
of the emulsion to be broken

Conclusions

Experimertal evidence on a repreenative
systemindicaiesthat the most effecive mecthanism for
dedabilizaion of an O/W or W/O emudsion is the
removal of the surfactant from the water-oil interface
by trapping it in a microemulsion.

This phenomenon then leads to the optimal
formulation of the SOW system, which corresponds
to an ultra-low interfacial tension ard the formation
of athreephase system.

The physical and chemical phemomema
involvedin dehydration procesescanbe interpreted by
simulating both the surfactants which occur naturally in
the crude and the addition of a chemical dehydrart.
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