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Abstract

We investigate the role of adding a water-soluble surfactant (Tween 20) that acts

as a demulsifier on the stability of water-in-dodecane emulsions stabilized with Span

80. Performing bottle test experiments, we monitor the emulsion separation process.

Initially water droplets sediment fast (∼ 10 minutes) until they become closely packed

and form the so-called dense packed layer (DPL). The presence of the DPL, a long-

lived metastable high-water-fraction (70−90%) emulsion separating bulk oil and water
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layers, slows down significantly the kinetics (∼ 105 minutes) of water separation. Once

the DPL is formed, the ratio between the volume of separated water to the total

water amount is called as water separation efficiency. We assume that the emulsion

stability is reached when the coverage of the emulsifier surfactant exceeds 80% and

use the ideal solution approximation. From that we rationalize the water separation

efficiency and the minimum demulsifier concentration required to maximize it, in terms

of the mean droplet size, the surfactant concentrations, the total water volume fraction

and the adsorption strength of the water-soluble surfactant. Model predictions and

experimental findings are in excellent agreement. We further test the validity and

robustness of our theoretical model, by applying it successfully to data found in the

literature on water-in-crude oil emulsion systems. Ultimately, our results prove that

the efficiency of a demulsifier agent to break a W/O emulsion strongly correlates to

its adsorption strength at the W/O interface, providing a novel contribution to the

selection guidelines of chemical demulsifiers.

Introduction

Destabilisation of water-in crude oil emulsions that form during oil extraction operations,1

is a key issue for the petroleum industry as their existence is highly detrimental both from

a product quality point of view but also from the additional charges they add to the costs

of petroleum transport in pipelines and refining operations.2 Water-in-crude oil emulsions

per se are generally very stable because of the presence of surface active endogenous species

such as asphaltenes or resins.3,4 Under gravity settling, these metastable systems may last

from a few months up to several years. To shorten their lifetime and accelerate the kinetics

of phase separation, an effective method consists of adding some chemical agents to them

in order to strongly enhance droplet coalescence. A simple and inexpensive method to

evaluate the efficiency of such chemical agents is to perform bottle tests in which the lifetimes

of bottle samples of emulsions, left at rest under gravity settling, are studied. Efficient
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demulsifier molecules for destabilizing W/O emulsions made of crude oil usually exhibit

high values of hydrophylic-lipophilic balance (HLB)5 and number of ethylene oxide units per

molecule (EON).6 In contrast to the endogenous species naturally found in crude oil systems,

such surfactant molecules are known to promote the formation of O/W emulsions. As a

result of the co-adsorption of these respective molecules, the spontaneous curvature of the

water-oil interface may evolve and lead to the possible destabilization of the W/O emulsion

through coalescence events. Many experiments conducted by several research groups reveal

that the efficiency of demulsifiers additives for destabilizing water-in-crude oil emulsions

strongly correlates with their adsorption strengths at the water-oil interface.7–12 However,

the physical-chemistry knowledge on the role of these chemical additives on the separation

efficiency, remains so far qualitative and empirical and the physics behind this phenomenon

is still poorly understood.

In wash tanks as well as in bottle tests, water droplets sediment as a result of gravity

mismatch between oil and water until they become closely packed and form the so-called

dense packed layer (DPL), a high water-fraction emulsion layer separating the oil and water

volumes that have already demixed. In the DPL,13–15 the kinetics of phase separation con-

siderably slows down as drainage requires oil to flow through the narrow interstitial channels

separating water droplets. Furthermore, Dinh et al.15 have recently shown that emulsion

droplets within the DPL are almost fully covered by surfactant molecules so that coales-

cence is also hindered.16 For these two reasons, DPLs are long-lived metastable emulsions.

Once the DPL is formed, the volume fraction of separated water reaches a saturated value

that we call water separation efficiency. In oil industry, an essential task is therefore to find

ways to maximize the water separation efficiency by adding for instance some demulsifier

additives to the system. Despite a wealth of information on the topic, a comprehensive

understanding of the phenomenon is still lacking and the choice of a demulsifier to reach an

optimal formulation to destabilize the DPL remains so far qualitative and empirical.

In this article, by conducting bottle tests experiments on a model W/O emulsion system,
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we quantitatively investigate the effect of Tween 20, a water soluble surfactant, on the

occurence of the DPL and on the water separation efficiency. By extending the theoretical

framework introduced by Dinh et al.,15 we rationalize the strong correlation found between

the efficiency of the demulsifier and its adsorption strength at the water-oil interface. We

establish a simple analytical relationship between the water separation efficiency and the

relevant physical and physico-chemical parameters of the system, namely the mean droplet

size, the adsorption coefficient of the demulsifiers molecules at the water-oil interface, the

oil-water volume ratio and the concentrations of both emulsifier and demulsifier surfactants.

Our findings show that the principal action of “good” demulsifiers at destabilizing emulsions

is to reduce the volume of the dense emulsion zone, as a result of its strong adsorption on

the surface of W/O droplets.

Effect of additive on surfactant-stabilized emulsions sep-

aration: Experimental results and discussion

Figure 1: Shown is the variation of the water separation ratio as a function of the rest time
after emulsification observed in a bottle test. The W/O emulsion is stabilized by 800 pm of
span 80 added to the oil (dodecane) phase. Its water volume fraction is Φ = 0.5. The mean
diameter of the droplets after emulsification is 20 µm.
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While investigating the separation kinetics of emulsions (stabilized by large amounts

of surfactant) occurring in bottle tests, we have noticed that all emulsions first undergo a

gravity settling regime where the droplets coalesce and fastly sediment before they form a

so-called dense packed layer (DPL), a high water volume fraction emulsion layer separating

oil and water demixed phases (Figure 1). In the DPL, the droplet volume fraction is typically

in the range [0.7 − 0.9] so that the kinetics of phase separation resulting from oil drainage

considerably slows down. As a result, once formed the DPL remains very stable and the

water separation ratio therefore reaches an almost steady state value, noted WS . Thus, WS

can be seen as the water separation efficiency of the emulsion system. Indeed, in the first

witnessed regime, preceding the formation of the DPL, the droplet surfaces are not saturated

with surfactant molecules, so that coalescence easily occurs when two droplets collide.15 As

the mean size of the emulsion droplets increases, the total surface of the water droplets

decreases so that a higher surface concentration of surfactant molecules is achieved. When

this surface concentration reaches Γ?, a value that is roughly 80% of its saturation value,Γsat,

coalescence between droplets becomes hindered and the long-lived metastable DPL forms.

In line with this scenario, by writing the mass conservation of surfactant molecules between

bulk and the W/O interface, one can derive a simple analytical expression ofWS,15 as shown

below:

WS = 1− R0

3Γ?

1− Φ

Φ
(c0 − c?) (1)

where R0 is the mean droplet size found at the beginning of the DPL regime, respectively;

c0 and c? respectively stand for the emulsifier surfactant concentration and the minimum

surfactant concentration value required to generate the DPL; Φ is the water volume fraction

and Γ? = 0.8Γsat, with Γsat being the saturated excess surface concentration of the surfactant.

In our model emulsion system (with no Tween 20), c? is typically of the order of 20 ppm.

We interestingly notice from the previous relationship (1) that the thickness of the DPL

increases with c0, the concentration of Span 80. Practically, this relationship allows one to

predict the maximum amount of water that can be retrieved after the first separation regime
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that precedes the formation of the DPL and which typically lasts for a few hours. Very

interestingly, our simple model yields a counter-intuitive but interesting result: the smaller

the droplet size is, the larger the water separation ratio can be reached.

Figure 2: Shown are photographs of bottle tests, 100 minutes after emulsification for various
amounts of Tween 20 added to the same emulsion system. The oil phase is dodecane con-
taining 800 ppm of Span 80. The water volume fraction is 0.5 and the emulsification protocol
is the same for all samples. The quantities (in ppm) of Tween 20 added to the water phase
of the emulsion are 0, 10, 50 and 160 from left to right, respectively.

In an effort to understand and quantify the role of demulsifier on the stability of emulsions,

we now perform similar bottle test experiments on the aforementioned W/O emulsion model

system but to which we add varying amounts of Tween 20. The concentration of Tween 20

in the water phase is next denoted by cD. Figure 2 displays images of bottle tests taken

at the initial stage of the DPL for emulsions that only differ from the amounts of Tween

20 that is added into their respective water phases. This figure shows that the larger the

concentrations of Tween 20 is, the larger the volume of demixed water is when the DPL

forms. This observation is qualitatively well explained if one recalls that because of its

high HLB value (16.7), Tween 20 is a surfactant that has a natural tendency to form O/W

emulsions. Consequently, when Tween 20 molecules adsorb on the W/O interface which is

stabilized by Span 80 molecules, they modify the spontaneous curvature of the surfactant

film and hence favor coalescence events between water droplets.

We perform a series of bottle tests systematically varying both the concentrations of Span
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80 (in oil) and Tween 20 (in water) under the same mixing protocol (Ultra Turrax 15000

RPM). We first measure the separated water ratioWS as a function of c0, the concentration of

Span 80 present in the emulsion that we vary while keeping cD, the concentration of Tween

20, constant. Prior to conducting our experiments, we carefully check that all surfactant

mixtures used in our study lead to the formation of W/O emulsions. Figure 3 displays

the variation of WS with c0 for 3 different values of cD. To ensure the robustness of our

measurements, we perform each bottle experiment thrice. As expected, we observe that for

a given value of c0, the higher cD, the larger WS. More interestingly, Figure 3 reveals that

the variation ofWS with c0 still remains linear even if Tween 20 molecules are present in the

mixture. Now, if one assumes that the relationship (1) still holds in the presence of Tween

20 molecules, by extrapolating our data with straight lines as shown in Figure 3, one can

quantitatively determine how the presence of Tween 20 affects the value of the minimum

concentration of Span 80 required to form the DPL that we next denote by ĉ? (in the absence

of Tween 20 ĉ? = c?). As compared with the prediction of the model in Eqn. 1, it can be

seen from Figure 3 that the presence of Tween 20 molecules into the system increases c? and

reduces the slopes of the linear lines which correspond to the mean droplet size. In the next

paragraph, we develop a theoretical model to rationalize these experimental findings.

Theoretical interpretation

Let us first focus on the variation of ĉ? with the concentration of Tween 20 added to the

system. Qualitatively, the adsorption of Tween 20 molecules at the W/O interface alters

the spontaneous curvature of the surfactant film and therefore favours coalescence between

water droplets. Since ĉ? corresponds to the minimum concentration of Span 80 necessary

to generate the DPL, it is therefore expected to increase in order to compensate the com-

petitive adsorption of Tween 20. In what follows, we assume that the emulsion stability

threshold is set by the surface concentration of the oil-soluble surfactant molecules on the
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Figure 3: Variation ofWS with c0 for four different values of cD that are reported in the inset
of the Figure. Each experiment is performed thrice, the symbols show the average values
and the error bars are of the order of the symbol size.

droplet whatever the concentration of water soluble surfactant. As later shown, this strong

hypothesis is confirmed by the excellent agreement between the data and the model that we

herein develop. We rationalize our findings with a simple model, built on the Thermody-

namic theory of ideal surfactant mixtures. In the sole presence of Span 80 molecules, the

Langmuir adsorption isotherm of Span 80 at the water-oil interface reads:

KEc0 =
ΓE

Γsat

1− ΓE

Γsat

(2)

where KE and ΓE are the adsorption coefficient and the surface concentration of Span 80,

respectively.

When Tween 20 is added into water at a concentration cD, Span 80 and Tween 20 molecules

now competitively adsorb on the water/oil interface. The isotherm of Span 80 can be de-

ducted from the equation of state for an ideal mixture made of two surfactants,17 assuming

that the molar surfaces of Span 80 and Tween 20 are nearly equals (see SI):

KEc0 =
Γ̂E

Γsat

1− Γ̂E

Γsat
− Γ̂D

Γsat

(3)
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Under this assumption, the surface concentration of Tween 20, Γ̂D, is simply related to that

of Span 80, Γ̂E, by:17 Γ̂D = KDcD
KEc0

Γ̂E, where KD is the adsorption coefficient of Tween 20.

By substituting this latter relationship into Eqn. (3) and doing some basic algrebra, one can

straightforwardly obtain:

K̂Ec0 =
Γ̂E

Γsat

1− Γ̂E

Γsat

(4)

where K̂E is given by:

K̂E =
KE

1 +KDcD
(5)

Here K̂E corresponds to the adsorption coefficient of Span 80 in the presence of Tween 20.

The presence of Tween 20 molecules therefore decreases the adsorption coefficient of Span

80 on the W/O interface. Now, we make the strong assumption that the stability threshold

is governed by the surface concentration of the oil-soluble surfactant Span 80, whatever

the surface concentration of Tween 20. We thus keep the same criterion for determining

the onset of stability, ĉ?, as the one used for c? (when no Tween 20 is present); that is a

concentration of Span 80 in the bulk such that 80% of the water-oil surface is covered with

Span 80, namely Γ(c?) = 0.8Γsat, one obtains the following relationship K̂E ĉ? = KEc
?. By

using the expression of K̂E derived in Eqn. (5), it is then straightforward to derive that:

ĉ? ' c?(1 +KDcD) (6)

Note that this linear relationship which is derived within the framework of ideal solutions,

only holds when cD is smaller than the critical micelle concentration, cCMC. When cD > cCMC,

the surface tension becomes constant. The chemical potential therefore does no longer vary

with surfactant concentration so that one expects that ĉ? saturates at the value c?(1 +

KDcCMC).

In Figure 3, we report the values of ĉ? that we determine for 3 different values of cD

(10, 50 and 160 ppm). These values of ĉ? are respectively 60, 200 and 400 ppm. From our
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interfacial tension measurements , we estimate that for Tween 20, KD ' 0.2 ppm−1 and

cCMC = 100 ppm (See SI). As shown in Figure 4, and although experimental data for only 3

different concentrations are available, our theoretically predicted values seem to agree well

with our experimental data. Note that for cD = 160 ppm, the theoretical relationship for ĉ?

in Eqn. (6) is calculated by replacing cD by the CMC value, cCMC = 100 ppm.

This agreement between experiments and theory confirms our hypothesis that the onset

of stability is solely set by the surface coverage of the oil-soluble surfactant whatever the

concentration of water-soluble surfactant. Therefore, by using a thermodynamic theory for

describing the competitive adsorption of the two surfactant species at the W/O interface,

we are able to derive a quantitative prediction for ĉ? (the minimum concentration of Span

80 in solution necessary to obtain a DPL, when Tween 20 is added to the system), in terms

of the parameters at play in the problem, as shown in Eqn. (6).

Figure 4: Predicted values of ĉ?, obtained by using Eqn. (6) versus the experimental data.
These latter values are extracted by performing systematical bottle test experiments on a
model emulsion stabilized by Span 80 to which Tween 20 molecules are added, under the
same emulsification protocol. Briefly, the concentration of Span 80 is systematically varied
while keeping cD constant and the water separation ratio,WS is measured. The experimental
values of ĉ? are then extracted from these collected data following the procedure described
in the legend of Figure 3.

By replacing c? by ĉ? in Eqn. (1), and by using Eqn. (6), one obtains a theoretical
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relationship yielding the water separation efficiencyWS, as function of cD, the concentration

of the demulsifier added to the system, as shown below:

WS ' 1− R0

3Γsat

1− Φ

Φ
[c0 − c?(1 +KDcD)] (7)

Our simple model showed in Eqn. (7) demonstrates that the increase of water separation

efficiency WS, observed when a demulsifier is added to an emulsion system, is strongly cor-

related to the adsorption strength KD of the demulsifier molecules onto the W/O interface.

The adsorption of the demulsifier molecules enters into competition with that of the emul-

sifier molecules and therefore leads to a significant increase of the critical concentration of

emulsifiers, ĉ?, required to generate the DPL, and consequently also to higher WS. Eqn. (7)

predicts that if the concentration of demulsifier, cD, is varied while keeping all other exper-

imental conditions fixed, then the water separation efficiency WS should linearly increase

with cD as depicted in Figure 5.

Figure 5: Plot showing the theoretically predicted variation ofWS with cD, the concentration
of demulsifier added to the emulsion. Herein, we assume that c?D ≤ cCMC

However, when the demulsifier is introduced into the aqueous phase prior to emulsifica-

tion, there exists another additional effect that must be considered for well describing the

variation of WS with cD. This effect is indeed related to the variation with cD of R0, the

mean droplet size formed after emulsification. By lowering the W/O interfacial tension of the

system, the presence of Tween 20 (the demulsifier) leads to the formation of smaller droplets
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during emulsification (See SI). Since at high Reynolds numbers, the mean droplet size, results

from a balance between the droplet interfacial and inertial stresses,18 R0 scales - for a given

Reynolds number - as γ3/5 where γ is the W/O interfacial tension of the system, as experi-

mentally reported.19 If one considers that R0 varies with γ, accordingly to this scaling law, it

is then straightforward to establish from Eqn. (7) that: (1−WS) ∼ γ3/5(c0− ĉ?). As shown

in Figure 6, this prediction is in very good agreement with our experimental observations.

.

Figure 6: Shown is (1−WS)γ−3/5 versus (c0 − ĉ?) found for four emulsions systems having
different concentrations of Tween 20 as indicated in the inset and emulsified under the same
operating mechanical conditions i.e. same Reynolds number). The W/O interfacial tensions
that are measured for these various emulsion systems do not depend on c0, the concentration
of Span 80 provided that c0 > 100 ppm. The values obtained for γ (in mN/m) are 5.2, 4.1,
3.2 and 0.8 for cD = 0 ppm, cD = 10 ppm, 50 ppm and 160 pm, respectively. (See SI)

Application to water-in-crude oil emulsions

By working with a W/O emulsion model system stabilized by Span 80, we have previously

investigated the effect of adding a water soluble surfactant (Tween 20) that acts as a demul-

sifier on the formation and thickness of the DPL layer. We have shown that adding even a

small amount of Tween 20 may significantly reduce the thickness of the DPL and henceforth

increasesWS, the fraction of demixed water that is retrieved when the DPL forms. We have
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developed a simple model built on the Thermodynamics of ideal solutions that very well de-

scribes the variation of WS with the experimental parameters, characterizing the emulsion.

Our main objective is now to determine whether the prediction made by this theoretical

model, and hence the assumption that the surface coverage of the oil-soluble surfactant that

governs the onset of coalescence remains the same whatever the concentration of water solu-

ble surfactant, and the assumption that a ideal analysis of the surface thermodynamics are

still valid in the case of water-in-crude oil emulsion systems. The latter, generally based

on Langmuir isotherms, has already been applied to systems containing asphaltenes.20,21 To

answer this question, we have taken a close look at the scientific literature, in search for

experimental reports in which the authors have studied the effect of chemical demulsifiers

on the stability of crude oil emulsions varying systematically the concentration of added

demulsifier while reporting the corresponding values of the W/O interfacial tensions.

The first paper found that complies with these specifications, concerns the work of Kedar

et al.7 In this article, the authors compare the emulsion separation efficiency of various addi-

tives at different chemical dosages. In good agreement with our bottle test observations, they

also report the existence of a fast kinetic regime before a DPL layer forms, separating water

and oil demixed phases. To characterize the efficiency of the demulsifiers, they determine

what they call the water separation efficiency, that is the amount of water that has demixed

when the DPL forms. This variable is in total adequation to what we name WS. Very

interestingly, when we plot their measured water separation efficiencies, WS, as function of

the additive concentrations, we observe that all data fall in straight lines. (Figure 7). This

experimental finding very well confirms the prediction made by our theoretical model (see

Eqn. (7)) that claims thatWS linearly increases with cD, the concentration of the demulsifier

agent. Since the slope of this straight line is proportional to KD, the adsorption coefficient

of the demulsifier on the W/O interface, the stronger is KD, the higher the efficiency water

separation must be.

Another set of studies that has attracted our interest are the works of Rondon et al.,9
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Figure 7: Data reproduced from Kedar et al.7 Shown are the variations of WS with cD
observed for 5 different surfactant demulsifiers added to the system. These demulsifiers
which have the same hydrophobic chain but different head groups are respectively ,Sodium
Lauryl Ether Suphate (SLES)(�), Sodium lauryl sulfate (SLS) (4), Benzalkonium Chloride
(BKC) (◦), Polyoxyethylene 23 lauryl ether (C12E23) (O),and Laury alcohol ethoxylate 7
mole (C12E7) (�). As reported by Kedar et al.,7 all W/O emulsions are prepared by mixing
deionized water with crude oil provided by ONGC Uran Pvt Ltd under similar mixing
conditions.

Borges et al.11 and Pereira et al.10 that deal with the breaking of water-in-crude oil emulsions.

In these studies, the authors investigate the stability of crude-oil emulsions in the presence

of demulsifier additives. They systematically vary the asphaltene concentration known to

stabilize water-in-crude oil emulsions by diluting crude-oil in oily solutions. They report a

linear relationship between the additive concentration c?D at minimum stability and cA, the

asphaltene concentration that is witnessed only when cA is smaller than a threshold value. As

discussed below, this experimental observation can also be well explained by our theoretical

model. To start, we first note that since the presence of additive surfactant increases the

water separation efficiency WS, the minimum stability of the emulsion occurs when WS

reaches a value close to 1. Therefore we next assume that for c?D, 1 −WS = ε ' 1%. As

asphaltenes species are well known to act as stabilizers for W/O crude oil emulsion systems,

we reasonably consider that cA indeed corresponds to the variable, c0, previously defined in

our model. By using Eqn. (7) and the previous criterion established for the definition of c?D,

it is then straightforward to demonstrate the existence of a linear relationship between c?D
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and cA:

c?D '
1

c?KD

cA −
1

KD

− ε 3Γsat

c?KDR0

Φ

1− Φ
(8)

As derived in Eqn. (8), the slope of c?D versus cA, depends on the inverse of the adsorption

coefficient, KD, of the demulsifier additives on the W/O interface. Hence, the larger the

adsorption strength of the additives is, the more efficient is their destabilization of the

emulsion, and consequently smaller is c?D. These predictions very well concur with the

experimental findings reported by Pereira et al. and Rondon et al. as depicted in Figure 8.

Figure 8: (Left) Data reproduced from Rondon et al.9 displaying the ethoxylated nonylphenol
demulsifier concentrations for optimal formulation (c∗D) that are determined as a function
of the asphaltene concentration, cA for three different values EO of average ethylene oxide
number (EON): 5, 5 (�), 10 (◦) and 15(�). The W/O emulsions are prepared by mixing
an aqueous phase containing the demulsifier and Vic-Bilh crude oil diluted in cyclohexane
under a same operating protocol and a constant volume fraction of oil.
(Right) Data reproduced from Pereira et al.10 showing c∗D determined as a function of cA when
two different demulsifiers CP-1750-14 (�) and CP-4600-19 (�) (two triblock copolymers) are
added to a water-in-crude oil emulsion. This emulsion is obtained by emulsifying 5 ml of the
aqueous phase containing the demulsifier and 5 ml of a crude oil diluted with cyclohexane
so that the asphaltene concentration is cA. All emulsions are prepared under same mixing
conditions.

Furthermore, in another work,11 the authors investigate the effects of the water-oil ratio

over both c?D and the validity of the linear relationship, previously reported between c?D and

cA. They experimentally observe that this linear relationship remains valid even when the
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water-oil ratio is varied, however they find that the value of c?D decreases as, Φ, the volume

fraction of water in the system increases. As shown in Figure 9, these additional experimental

results very well agree with the predictions of our model (see Eqn. 8) that anticipates for

a fixed value of cA, a linear variation of c?D with Φ/(1 − Φ). By plotting the values of c?D

measured by Borges et al.11 for different values of cA, as a function of Φ/(1−Φ), we observe

that the intersections of the respective linear fits with the y-axis well correspond with the

values of cA, as predicted by our model

Figure 9: Data reproduced from Borges et al.11 showing c?D plotted as a function of Φ/(1−
Φ) for three different values (given in ppm) of cA: 500 (◦), 200 (�) and 100 (�). The
W/O emulsion system consists of an aqueous phase containing an ethoxylated iso-tridecanol,
commercialized as GENAPOL X-159 by Clariant which acts as a demulsifier and an oil
phase which consists of crude oil (from San Jacinto field in Peru) diluted in cyclohexane. All
emulsions are generated under the same operating conditions.

Surprisingly, and despite its simplicity, the observations done on a model system have

proved to be also valid on various crude oil/water emulsion, highlighting the generality of

our approach.

Conclusion

To conclude, we have shown that the efficiency of a demulsifier for destabilizing a W/O emul-

sion strongly correlates with its adsorption strength at the water-oil interface. More precisely,
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the adsorption of the emulsifier, appears to be the only responsible for the onset of stability

against coalescence. Because its adsorption competes with the one of the demulsifier, the

demulsifier presence leads to smaller dense packed layer (DPL). By combining the theoret-

ical approach recently introduced by Dinh et al.15 to describe the destabilization kinetics

of W/O emulsions occurring in bottle test experiments and the thermodynamics of ideal

solutions, we have built a simple model that very well portrays the occurrence and thickness

of the DPL when a demulsifier is added to the system. We have established an analytical

formula that predicts for bottle tests the water separation efficiency, WS a function of the

key parameters of the problem, namely, the water volume fraction, the mean droplet size, the

concentration of both the emulsifier and the demulsifier added to the aqueous phase and the

adsorption coefficient of the demulsifier. Our theoretical results show that the concentration

of the demulsifier for optimal formulation is expected to vary both linearly with that of the

emulsifier and with the inverse of the adsorption coefficient of the demulsifier at the water-oil

interface. These predictions very well concur with experimental observations reported in the

scientific literature on a wide range of water-in-crude oil emulsion systems,which shows the

value of our approach for the petroleum Industry. Our simple analytical model could serve

as a guidance to select the demulsifiers in Emulsion Science since our theoretical framework

should work on both W/O and O/W emulsion systems.

Materials and Methods

Emulsion preparation and Bottle tests

The continuous oil phase used for our model emulsion systems is n-dodecane, 99% pure

(Acros Organics Ref. 117590025) to which we add varying concentrations of Span 80 (Fisher

Scientific-Ref. 15474919), a surfactant known to naturally promote the formation of water-

in-oil emulsions. We add 10 mM sodium Chloride (Fisher Scientific) to the dispersed in

ultra-pure milli-Q water (Resistivity 18 MΩ.cm) in order to firstly screen out all possible
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electrostatic interactions resulting from residual traces of ionic surfactants22 and secondly to

prevent Ostwald ripening from being the prevalent destabilisation mechanism. To investigate

on this emulsion the effect of a demulsifier additive, we add Tween 20, a water soluble

surfactant, known to naturally promote the formation of O/W emulsions. All our bottle

tests presented here-in after, are performed in 24 ml cylindrical vials having a constant

diameter of approximately 2 cm, and at constant temperature of 23°C. The water/oil volume

ratio is set to 1:1 and the total volume of fluids to 15 ml. We proceed as follows: we first

pour 7.5 ml of water (with or without Tween 20) into the vial that we next complete with

an additional volume of 7.5 ml of oil (containing Span 80). Since water and dodecane are

partially miscible, we let both fluids equilibrate at rest for 30 minutes before mechanically

emulsifying the system. Emulsions are produced by mixing the two phases using an Ultra-

Turrax (IKA-T10, from IKA) operating at 15000 rpm.

We next quantify the emulsion stability by following the kinetics of the interface between

the demixed water phase and the DPL as depicted in Figure 1. The position of this interface,

which is measured from the bottom of the vial is denoted by HW . To capture HW at different

stages of the destabilisation process, we image the vial at regularly time-spaced intervals

with a Nikon D5100 camera using a backlighting. For each snapshot, we extract HW , the

position of water/emulsion interface by using a custom-written MATLAB image processing

software. As this interface is not a horizontal straight line notably because of the presence

of a meniscus, we determine HW as follows. We average the intensity of the image about

the x-direction and look at the intensity profile of this average along the vertical z-direction

of the vial height. Taking the derivative of this averaged intensity profile then allows one to

readily extract the positions of the two interfaces. As illustrated in Figure 1, the emulsion

destabilization kinetics is determined by the time evolution of the water separation ratioW ,

defined as the ratio of the volume of demixed water divided by the total volume of water

contained in the system:

W =
HW

H0

(9)
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where H0 is the height of the water column in the vial prior to emulsification.

Interfacial tension measurements

The nature (O/W or W/O) of an emulsion greatly depends on the type and amounts of

surfactant molecules that it contains. By modifying the W/O interfacial tension, these pa-

rameters also play a key role in the selection of the droplet size under mechanical stirring and

in the stability of the final emulsion. When systematically studying emulsion systems, this

requires to well characterize the variation of the W/O interfacial tension with the concen-

tration of surfactant. We measure the W/O interfacial tension of our model W/O emulsion

by using a commercial pendant drop tensiometer (Tracker, from TECLIS-Scientific, France).

With this classical pendant drop method, the W/O surface tension is calculated from the

shadow image of a 20µL pendant water drop immersed in the bulk dodecane oil using shape

analysis at a temperature of 23°C. The water drop forms at the tip of a calibrated needle

having an inner diameter of 2mm. Note that prior to our measurements, we carefully let

water and oil phases be in contact for at least during 24 hours to ensure that the equilibrium

partition of the surfactant molecules between both phases is achieved. By systematically

varying the concentration of Span 80 and Tween 20 that are solubilized in oil and water

respectively, we can then extract their isotherm adsorption curves. (See SI)
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