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The oscillatory spinning drop method has been proven recently to be an accurate technique to measure dilational
interfacial rheological properties. It is the only available equipment for measuring dilational moduli in low interfacial tension
systems, as is the case in applications dealing with surfactant-oil-water three-phase behavior like enhanced oil recovery,
crude oil dehydration, or extreme microemulsion solubilization. Different systems can be studied with this method with the
lower density phase as the spinning drop, i.e, oil-in-water, microemulsion-in-water, oil-in-microemulsion, including systems
with the presence of complex natural surfactants like asphaltene aggregates or particles. The technique allows studying
the characteristics and properties of water/oil interfaces, particularly when the oil contains asphaltenes and when
surfactants are present. We have found that using the oscillating spinning drop method to measure interfacial rheology
properties can help make precise measurements in a reasonable amount of time. This is of significance when systems
with long equilibration times, e.g., asphaltene or high molecular weight surfactant-containing systems are measured, or
with systems formulated with a demulsifier which is generally associated with optimum formulation and a low interfacial
tension.
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| 1. Interfacial tension as an energy per unit area

Interfacial tension originates due to the attraction force of the molecules at the interface with other molecules of the same
type inside the fluid. This phenomenon is represented in Figure 1, indicating that the smaller the interface area, the lower
the force. Therefore, there is excess energy at the interface, so that minimal energy is attained by minimizing the
interfacial area, and consequently, the interface of the liquid tends to contract.
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Figure 1. The interfacial molecules generate a net force towards the bulk of the fluid.

The effect of these contraction forces gives rise to interfacial tension, allowing the interface to be stable and to adopt
geometries that minimize the interfacial area 2,

Two definitions can help understand the phenomenon of interfacial tension. The first one, a mechanistic one, refers to the
natural tendency of a fluid phase to reduce its interface. Any attempt to increase its area requires the performance of a
work, shown schematically in Figure 2. In such a case, the interfacial tension can be described through a tension force F
acting tangentially through a length of the perimeter |, or through the work, dW originated by the force F, which acts

tangentially to the interface through a differential element dA of the interfacial area. This can be expressed quantitatively
as @

y=F2Landy=dW/dA (1)

where y is the interfacial tension.

Figure 2. Force per unit length to keep the "lip" closed 2.



The second definition, a thermodynamic one, relates the work necessary to modify the area given by ydA. It also
considers the work necessary to generate any volume change -PdV, where P is the pressure in each phase and V is the
system's total volume. Therefore, the total work done in the closed system is:

dwW =-PdV +ydA 2
and, expressed in terms of Gibbs free energy for a multicomponent system, it is:
dG=-SdT+VdP+ydA +3 yidn; (3)

which indicates that to minimize Gibbs energy at a constant temperature, pressure and composition, it is necessary to
minimize the interfacial area.

y=(G/dA)ptn (4)

The dimensions of the interfacial tension are of a physical force per unit length [F/L] (e.g., mN/m)2, acting on a fluid
interface, or units of energy per unit area [E/A] (e.g., mN/m or dyne/cm) required to generate such an interface W1,

Interfacial tension is what causes the interfaces to be curved. In such circumstances, a vector of a net force tangent to the
interface is generated, influencing the pressure forces within the bulk of the fluid. At the beginning of the 19th century,
Laplace and Young considered the equilibrium state of contiguous fluid phases separated by a curved interface,
independently discovering the basic capillary equation, also known as the Young-Laplace equation [&!:

AP =y (1/R1 + 1/R2) (5)

where AP is the pressure difference along with the curved interface, y is the interfacial tension, and 1/R1 and 1/R2 are the
main curvatures (the largest and the smallest generated by a cut (C) from the normal plane to the interface, shown in
Figure 3). The mean curvature H is given by the equation:

H=1/R1 + 1/R2 (6)
Thus, in this case, the general equation is 2l
Ap=yH (7)

As a consequence of the Laplace equation, in neglected gravity, the bubbles and droplets assume a spherical shape in
equilibrium and the curved interfaces ascend through wettable capillaries.

Figure 3. The average curvature is obtained from the maximum and minimum curvatures 1/R1 and 1/R2 of the cuts with a
plane normal to the surface

There are two cases in which interfacial tension measurement is essential in liquid-liquid systems containing interfacially
active solutes. The first one is the determination of interfacial tension when the system has reached equilibrium. This
value is related to the behavior of the interface after the phenomena of diffusion, adsorption of surfactants, and saturation
of the interface have occurred. This is essential for practical purposes in the study of the relationship between the
physicochemical formulation and a one-dimensional formulation scan by changing water salinity, surfactant nature (head
and tail), oil nature (alkane number ACN or equivalent EACN), temperature, etc. The interfacial tension at equilibrium is
used in practice to determine the so-called optimal formulation, where a pronounced minimum tension is found. Figure 4
presents the particular case of a nonionic surfactant ethoxylation number (EON) scan with a low interfacial tension at
equilibrium where the optimal formulation multivariable equation HLD = 0 is attained according to the hydrophilic-lipophilic
deviation definition described elsewhere 4],
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Figure 4. Measurement of interfacial tension at equilibrium in an EON formulation sweep where the application
determines the minimum interfacial tension, where the optimal formulation HLD = 0 is found, the measurements were
taken with a spinning drop tensiometer 4,

Figure 5 indicates a second case referring to the measurement of dynamic interfacial tension. There is a time-dependent
variation of the newly created interface interfacial tension, which is not initially found at the equilibrium composition of the
two immiscible phases. After the surfactant's adsorption and redistribution in the two phases through diffusion and
adsorption, the steady-state is reached. This method is generally used in studies where the adsorption kinetics of
surfactants is important =],

Two cases can be modeled through the measurement of dynamic interfacial tension. Firstly, when surfactants that are
reversibly adsorbed are present, adsorption kinetics can be mathematically adjusted to the Ward and Torday model €.
Secondly, when the surface-active substances that are irreversibly adsorbed (e.g., proteins and asphaltenes) exhibit
adsorption kinetics which can be adjusted to a bi-exponential model of two parameters. The first one (t;) relates to
diffusion and adsorption of the molecules at the interface, and the second one (t,) indicates the time delay at which the
reorganization of the molecules irreversibly adsorbed at the interface occurs [ Dynamic interfacial tension
measurements characteristic of systems containing asphaltenes are presented in Figure 5.
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Figure 5. Dynamic interfacial tension of brine (1% NacCl)-heavy crude oil diluted in cyclohexane (1% asphaltenes) system.
Heavy Venezuelan crude oil of 8° APl with high asphaltene content (17 wt%) diluted in cyclohexane. T = 30 °C.
Measurement made with the oscillating spinning drop equipment.

| 2. The Gibbs-Marangoni effect

The generation of surfactant concentration gradients at the interface by the liquid flow in the film between two drops
outwards due to drainage produces the Gibbs-Marangoni effect [&. This flow removes a part of the surfactant from the
interface, creating a non-uniform adsorbed concentration across it and generating a non-uniform decrease of interfacial
film thickness, creating thinner local regions and others of greater thickness. This implies an increase in the interfacial
area in the thinner areas and hence a decrease in surfactant concentration. The surfactant concentration gradient at the
interface results in the formation of interfacial tension gradients. This leads to a flow of liquid along with the interface from
the low interfacial tension zone to the high interfacial tension zone, opposing drainage of the film between drops and
contributing to return the film to its original uniform thickness. The net result is a decrease in the thinning rate of the film
and, consequently, greater persistence of the interfacial film separating the droplets that make up the emulsion 19



Therefore, the Gibbs-Marangoni effect delays the drainage of the film due to the generated interfacial tension gradient.
The surfactant molecules are swept to the droplet edges, generating the surfactant concentration and interfacial tension
gradient, which causes a net force to be present, which is opposite to the drainage of the interfacial liquid film [,

In terms of interfacial rheology, the Gibbs-Marangoni effect can also occur if the interface expands or contracts. In such a
case, the interfacial tension in this zone will change with respect to its equilibrium value, thus generating interfacial tension
gradients 212, Furthermore, such tension gradients will oppose the drainage of the inter-drop fluid because they move to
the interface that opposes the thinning of the liquid film to restore the state of uniform interfacial tension. In other words,
this will cause the interface to behave elastically. These interfacial tension gradients are the ones that generate the
presence of shear and dilational elasticities at the interfaces (properties that will be defined later) and are quantified with a
dimensionless number, the Marangoni number, M = E/y, where E is the interfacial elasticity and y is the interfacial tension
[9[13]

| 3. Interfacial tension measurement methods

Equilibrium or dynamic interfacial tensions can be measured with several methods. These can be divided into five groups
or techniques [&:

1. Techniques for measuring interfacial tension with microbalances; among these are Wilhelmy's plaque and Nouy's ring.

2. Methods to determine directly IFT through the measurement of capillary pressure, the most frequently used being the
maximum bubble pressure.

3. Techniques based on the balance between interfacial tension forces and the variation liquid volume, including the
capillary rise and drop volume.

4. Techniques based on the measurement of drop deformation by gravity for a fixed volume, the most important one being
the pendant drop tensiometer.

5. Techniques in which the deformation of the droplets is generated due to centrifugal forces. These are used to measure
ultra-low interfacial tensions, and the most widely used is the spinning drop tensiometer.

Most of these methods can only be used in systems with tensions greater than one mN/m and have accuracies of
approximately 0.1 mN/m. One of the most widely used is the pendant drop method because of its flexibility and ease of
measurement of both equilibrium and dynamic interfacial tension. In addition, the availability of high-resolution cameras
and computational programs have allowed analysis of the drop profile and the computation of interfacial tension using
mathematical methods through the Young-Laplace approximation.

However, these techniques cannot be used for low or ultra-low interfacial tensions because in such cases, the drop
elongates too much and detaches. This prevents its use in systems that require an optimal formulation close to HLD = 0.

The equipment used in cases where there is low interfacial tension is the spinning drop tensiometer-rheometer which has
excellent flexibility and is particularly useful in applications of improved oil recovery and, as the present work
demonstrates, in oil dewatering and water-in-oil emulsion breaking. In addition, when used with high-speed cameras and
computer programs, both equilibrium and dynamic interfacial tensions can be measured 241,

| 4. The Spinning Drop Method

The spinning drop technique has been extensively used to study surfactant-oil-water (SOW) systems since the 1970s
when it was extensively used at the University of Texas to measure the very low interfacial tension required for enhanced
oil recovery (EOR) [2I1EIIA7II8] \onnegut 22 demonstrated the theoretical basis for the measurement in a pioneering
work, based on the geometry of an elongated liquid drop, which is located inside a rotating capillary containing the other
liquid phase. Equation (10) was proposed to calculate the interfacial tension for an elongated quasi-cylindrical drop 22

Y = Ap Wi d*/32 (8)

where vy is the interfacial tension in mN/m, d is the cylindrical droplet diameter in mm, Ap is the difference of the densities
of the two phases in g/mL, and w the angular velocity in revimsec 2. These parameters are depicted schematically in
Figure 6. The method consists of placing the surfactant-oil-water systems in test tubes at a known water-oil relationship
(usually WOR = 1) and then pre-equilibrate it before the tension measurement (at least for 24 h) 1822 Then, the
continuous (denser) and dispersed (less dense) phases are placed inside the capillary, inserted in the spinning drop
tensiometer.
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Figure 6. Spinning drop in the tensiometer capillary indicating the parameters necessary to calculate the interfacial
tension: the densities of the two phases pa and pg, the drop diameter d, and the rotational velocity w.

This method is particularly interesting because it can measure very low interfacial tensions (lower than 1 mN/m), which
cannot be performed in the simples Du Nouy ring or Wilhelmy plate methods. In sophisticated pendant drop equipment,
often used in laboratories, the droplet detaches from the needle at interfacial tensions lower than 1 mN/m, thus excluding
such apparatus for oscillating methods 23124 The method was recently revisited, indicating the accuracy and flexibility
that still allows [23],

| 5. Interfacial rheology measurement methods

The equipments for interfacial rheology measurement are using either shear and dilational methods. The most frequent
shear apparatuses are the channel viscometers and the disc rheometers, and among them, the bicone rheometer is the
most frequently used one. Among the dilational techniques are surface wave methods mainly used to perform interfacial
rheology of air/water systems, and droplet deformation methods mainly used in oil/water systems [LEIL7,

5.1. The two deformation cases: Interfacial shear and dilational rheology

There are presently two basic measurements to determine 2D interfacial properties: the shear and the dilational
rheometries @,

In the first case, the perturbation is created at the interface in an interfacial film, either by stationary rotation of a solid in
contact with the surface or by periodic oscillations. The processing of the measured torque dependence on the interfacial
deformation is based on the analysis of dynamic equations that result in the values of rheological 2D shear parameters,
such as shear viscosity and elastic shear modulus. The 2D shear viscosity may further depend on the deformation rate
and fluid bulk and may exhibit a non-Newtonian behavior.

In the second case, the dilational rheometry, the perturbation is created through an oscillatory variation of the rotational
velocity of a spinning drop. This produces the expansion and compression of the drop interface area where the interfacial
area of the surfactant-coated film is subject to changes that generate gradients in the interfacial tension, a phenomenon
represented in Figure 7. The relationship between stress and interfacial area changes makes possible the calculation of
2D dilational interfacial rheological parameters, viz. viscosity, and dilational modulus.
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Figure 7. Expansion and contraction of the interface in dilational interfacial rheology,. The area changes generate
variations in the surfactant-coated film, which generates an interfacial tension gradient. In this case, the periodic
sinusoidal variation of the rotational speed versus time is from an experiment with an oscillating spinning drop apparatus.

Microphotographs obtained at points of minimum and maximum interfacial area are observed. Each point corresponds to
a measurement of tension and interfacial area 24,



The existence of interfacial tension gradients that generate shear and dilational elasticity at interfaces with adsorbed
surfactants is a phenomenon related to the Gibbs-Marangoni effect. In addition, interfacial rheological stresses of a
viscous nature — related to shear and dilational interfacial viscosities — may be present and generally occur at interfaces
with adsorbed surface-active substances having intra- and intermolecular interactions, as well as interactions with the bulk
of the fluid producing resistance to deformation.

These interfacial viscosities create a dissipation effect, similar to viscosity in the bulk of the fluids, in the three-dimensional
zone near the fluid interface. Dilational interfacial viscosity comprises both shear and dilation stresses; this is why
dilational interfacial viscosities have greater values than shear ones and can be measured more easily 2.

The two types of interfacial deformation can be related analogously to the two mechanical definitions of interfacial tension.
The first, which is similar to interfacial shear viscosity, is the work dW originated by force F acting tangentially at the
interface in a direction dX at constant volume, where:

dF =y dX (9)

The second, analogous to the dilational interfacial viscosity, is defined as the work dW originated by interfacial tension for
an expansion or contraction of the area as ydA. It also takes into consideration the work necessary to generate any
volume change like -PdV, where P is the pressure in each phase, and V is the total volume of the system. In this case,
there is a deformation as the variation of the interfacial area due to the interfacial tension originated at the interface.
Therefore, the total work done in the closed system is:

dW = - PdV +y dA (10)
5.2. Shear interfacial rheology

The shear interfacial rheological parameters are obtained by applying an oscillatory shear strain o to the interface, while
the interfacial area remains constant (28, The surface changes over time t through a sinusoidal oscillation at a constant
frequency w, which can be expressed with equation (11):

o = gp sen(wt) (11)
and a response is obtained that is recorded through the appearance of harmonic shear stresses 1
phase-shifted with a phase angle & relative to the generated deformation:

T = Tp sen(wt+d) (12)

where 0y and 1y are the deformation and stress amplitudes, respectively, w is the oscillation frequency, and & is the phase
angle that is presented due to the viscous dissipation of the interface. The shear strain o, the response 1 and the phase
angle o for an oscillatory test are shown schematically in Figure 8.
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Figure 8. Shear strain o and the response 1 and 6 for an oscillatory shear test.
The main parameter of shear interfacial rheology is the complex shear interfacial modulus G*s, which is defined as:
G*s =19 /0g (13)
The complex module G*¢ can be expressed as the sum of the real and imaginary components:
G*s= G's +iG"s = G's + iw Ns (14)
where G's and G" are the elastic modulus and the loss modulus, respectively, which are a
function of the oscillation frequency w, where ns is the shear interfacial viscosity.

G's and G'y are related to the complex module G*5 and phase angle 6 through the following equations:



G's = G*s cos 0, G"g = G*s sin o (15)
The interfacial viscosity is defined as:
Nns=G"s/w (16)
and by analogy with 3D rheology, the complex viscosity n*s is calculated as:
N*s=G*/w (17)

Another useful parameter for the analysis of interfacial viscoelastic properties is the phase angle tangent of the tand,
similar to the 3D rheology one, defined as:

tand=G"s/Gs=wns/G's (18)
This parameter makes it possible to relate the dissipative losses with respect to the elastic contribution of the interface.
5.3. Dilational Interfacial Rheology
In interfacial rheology measurements, the dilational modulus is calculated as:
E = A 3M/3A (19)

where A is the superficial area and I is the surface pressure, which is M = yg — vy, i.e., the interfacial tension difference
between a clean interface and an interface in the presence of a surfactant.

For an insoluble monolayer, the surface surfactant concentration can be expressed as '~1/A:
E = dMN/3r (20)
E modulus is also called the compression modulus in the literature 211,

When the droplet in the spinning drop equipment is subjected to an oscillatory expansion and contraction of area (A), a
response of the interfacial tension (y) can be measured. Thus, the interfacial dilational modulus E can be calculated with
Equation (4) as:

E = A AY/AA (21)

where Ay (= Ymax — Ymin) iS the change in the interfacial tension. AA (= Amax — Amin) IS the variation of the area, and Aq is
the initial interfacial area of the drop.

The dilational modulus can also be expressed as the complex number shown in Equation (22) that includes both the
elastic (or storage modulus E’) and viscous (or loss modulus E") contributions:

E=E+iE"(22)

In viscoelastic interfaces, y and A variations measured at a frequency w, result in an occurring time shift, represented by
the phase angle ®. E’ and E" account for the energy stored and the energy dissipation through relaxation processes,
respectively. They can be obtained from the phase angle through Equations (23) and (24):

E’' = E cos(®) (23)
E” = E sin(®) (24)
The interfacial viscosity ng can be calculated as:
Ne = E"w (25)
where w is the frequency of oscillation.

Figure 9 shows a dilational interfacial rheology measurement, including the variation of the interfacial tension, interfacial
area and phase shift.
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Figure 9. Oscillatory variation of the interfacial area and the interfacial tension for periodic measurement of oscillatory
deformation 241,

In previous reports, we have shown the characteristics of the oscillating spinning drop apparatus 2 and its application in
simple 2728 and more complex systems 2939 The contents of the present review start with a short introduction of the
basic and practical aspects of the oscillatory spinning drop interfacial rheology technique, then other shear and dilational
methods are summarized also.

| 6. The Oscillatory Spinning Drop Apparatus

The oscillatory spinning drop equipment was built a decade ago in the FIRP laboratory with the collaboration of the
CITEC-ULA workshop, based on the oscillatory deformation of a spinning drop 2. This apparatus can be used to perform
interfacial rheology measurements of both low and ultralow interfacial tensions (as low as 10™* mN/m). This is critical
when the formulation is at or close to optimum 22281311 sy ch as enhanced oil recovery or crude dehydration applications
(2911301 pataphysics has available an oscillating spinning drop equipment, nevertheless, there are no reports of works with
low or ultralow interfacial tensions with that type of model, therefore the innovative aspect of the apparatus described
herein [21],

The current model, shown in Figure 10, includes a spinning capillary with a 4 mm internal diameter coupled to a motor
and a transducer. The capillary rotates at a velocity, which is controlled by a PID unit. The drop area is changed by varying
the rotational speed sinusoidally at frequencies between 0.015 and 0.25 Hz. The device automatically takes pictures at
desired time intervals (down to 0.05 s). Each image allows determining the droplet diameter, which is automatically
recorded together with the rotational velocity. Then, the droplet diameter and the rotational velocity are used to calculate
the interfacial tension from the simplified Vonnegut equation 211,

Figure 10. Oscillating spinning drop interfacial rheometer recent version.
6.1. Basic Aspects of the Oscillatory Spinning Drop Interfacial Rheology Technique

The spinning drop tensiometer with an oscillating rotation velocity is used to measure interfacial compression rheology
properties whose principle was proposed 40 years ago B2, The description of our developed equipment was recently
reported (211, and it was shown that the apparatus makes accurate and reliable measurements of interfacial rheology
parameters at high, low, and ultralow interfacial tensions. The dilational modulus measured with the oscillatory spinning
drop apparatus is the Young modulus (Eyoung), Which in two dimensions has compression and shear contributions, i.e.,
Evoung = E + G. Thus, it was recently reported that the measured elastic modulus E’ values are similar to those found with
a pendant drop apparatus 24,

Some original interfacial rheological properties at and near optimum formulation (i.e., at hydrophilic-lipophilic deviation
HLDy = 0, with ultralow interfacial tensions), were recently reported for the first time 28], The systems studied range from
low concentration (just above the critical microemulsion concentration cuc) to a large middle-phase microemulsion
volume. It was systematically found that at HLDy = 0, very low values of the dilational moduli and interfacial viscosity are
attained. This occurs probably because the diffusional mass transfer is very fast at optimum formulation B2l Thus, the



measurement at HLDy = 0 is an effective dilational (or compression) modulus, which considers the fast surfactant
exchanges between the bulk and the interface in Wil systems 24, This is particularly important because it explains the
very deep minimum in emulsion stability at optimum formulation, and consequently, why it should be the selected
formulation for enhanced oil recovery, crude oil dehydration, and desalting processes [24[35]136],

6.2. Practical Aspects of the Measurement

The oscillatory spinning drop technique requires specific conditions to ensure an accurate measurement; the droplet
volume, the rotational speed, and the oscillation amplitude must be selected accordingly. Placing a suitable quantity of the
internal phase droplet inside the external phase is tricky because, according to the interfacial tension value and the
density difference between the fluids, a lower or higher volume droplet should be placed inside the capillary. The droplet
aspect also depends on the rotational speed of the interfacial rheometer and of its oscillation range. A higher rotational
speed elongates more the droplet, and if it happens, a lower drop volume must be inserted inside the capillary. The
recommended drop volume varies from 10-30 pL for air-water or oil-water systems to 0.5-5 pL for ultralow tension
systems. Table 1 indicates typical values for the drop volume, rotational speed and equilibration time. This rationale
comes from the experience of thousands of measurements in our laboratory.

Table 1. Typical values of interfacial (or surface) tension, droplet volume, recommended rotational speed, and
equilibration time for operation with the oscillatory spinning drop apparatus.

Svst Tension Droplet Recommended Rotational Speed  Approximate
stem
y (mN/m) Volume (uL) Interval (rpm) * Equilibration Time
Surfactant-air-water 10-40 20-25 7,000-10,000 30 min—a few hours
Oil-water (with

10-40 20-25 7,000-10,000 1 h—several hours
asphaltenes)
SOW with high tension 2-10 10-20 6,000-10,000 20 min-2 h
SOW system with low )

) 0.1-2 5-10 4,000-6,000 20 min-2 h

tension
SOW system with )

0.0001-0.1 0.5-5 3,000-4,000 1 min-1h

ultralow tension

1 This is the recommended interval for rotational speeds according to the tension value and the area change 24,

After appropriate droplet volume, rotational speed and temperature are set, the next step is to input the oscillation
rotational speed amplitude to carry out the measurement. The droplet’s interface (or surface) area variation must be no
more than 10% to keep the rheological response linear [21:. To achieve this, an oscillation amplitude from 300 to 1000 rpm
is recommended when rotational speeds are between 3000-4000 rpm, 4000-6000 rpm or 6000-10,000 rpm for ultralow,
low, and high interfacial tensions, respectively.

Finally, the oscillation frequency (w) is adjusted according to the measurement that will be performed. For example, for
systems where the interfacial rheological measurement will be related to emulsion stability, w can be set at 0.1 Hz to
match the characteristic time scale of the phenomenon 24, In contrast, for a broader study of the system response to a
frequency change, a frequency sweep can be performed from w = 0.015 to 0.25 Hz.

When a frequency sweep is made with the oscillatory spinning drop interfacial rheometer, two levels of frequency could be
analyzed [91[21];

At a very low frequency (0.025 Hz or lower), the oscillation time is quite long; hence the time is sufficient for surfactant
exchanges to occur and surfactants to adsorb. Therefore, surface concentration (i.e., surface tension) gradients are very
low, relaxation occurs, and Gibbs-Marangoni effects are negligible. That is probably one of the reasons why dilational
modulus becomes very low.



At a high frequency (much higher than 0.25 Hz), the oscillation time is very short. It doesn’t give sufficient time for
surfactant molecules to adsorb when the droplet elongates. This generates an interface that behaves as an elastic body.
The dilational modulus becomes very high, reaching the limiting elasticity plateau, where the interface behaves as an
“insoluble” monolayer. Among the particularities of these systems, we can mention that the external phase must be
transparent or just a little opaque; otherwise, the measurement cannot be performed because the software cannot
distinguish the interface in the photographic data. Usually, experiments are carried out with a transparent external phase,
so that the measurement is straightforward.

6.3. Measurements with the oscillating spinning drop in comparison with the pendant drop method

Pendant drop experiments with a KSV CAM 200 instrument and an air bubble in an SDBS solution have been performed
to compare the accuracy of the oscillating spinning drop apparatus. The result with the pendant drop method was E' = 3.4
+ 1.2 mN/m. The values of E' are compatible with those measured with the spinning drop instrument of 3.6 £ 2.0 mN/m,
although the phase angle and E" were different. The measured E’ and E” are not intrinsic parameters and are affected by
diffusion. They might also be affected by convection in the spinning drop instrument, due to the high rotation velocities,
possibly explaining the higher measured dissipation. Nevertheless, experiments to determine its accuracy have been
performed and reliable measurements were obtained 211,

In Figure 11 a typical measurement of dilational modulus E and elastic modulus E' performed with the oscillating spinning
drop are shown. The system is comprised of heavy crude oil with high asphaltene content diluted in cyclohexane. The
previously reported phenomenology with the pendant drop method is attained also with the spinning drop, showing a
maximum in the elastic modulus, and then a decrease, when a 3D asphaltene film forms near 1,000 ppm asphaltene
content (211,

B0 16
Heavy crude oil Heavy crude oil
551 Cyclohaxane 14+ Cyciohexane
1% NaCl 124 1% NaCl
—~ 504 30°C —_
‘= 0.1 Hz e 10
45 = 84
£® £
w40 w 57
4_
35+ o]
30 O~ T T T T T T
10 100 1,000 10,000 100,000 10 100 1,000 10,000 100,000
Gh- Asphaltene concentration (ppm) C . Asphaltene concentration (ppm)

Figure 11. (Left): Relationship between dilational modulus E and asphaltenes concentration. (Right). Elastic modulus E’
vs. concentration of asphaltenes. Both systems are heavy Venezuelan crude oil diluted in cyclohexane-brine (1% NacCl). T
= 30 °C. Measurement made with the oscillating spinning drop equipment. Frequency = 0.1 Hz.

| 7. Other types of interfacial rheology measurement methods

Table 2 presents a summary of the equipment and schematic geometry that has been most widely used for the
measurement of interfacial shear and dilational rheology.

Table 2. Types of equipment for the measurement of shear and dilational interfacial rheology.

Shear methods Geometry Theoretical analysis of the equipment
Deep channel viscometer I | [ (37z8]

= |-

S,

Bicone rheometer [39]
Ring viscometer [40][41]



Dilational methods Geometry Theoretical analysis of the equipment

Capillary and longitudinal waves [42][43]
Oscillating pendant drop [44]
Oscillating spinning drop § [32]
Capillary pressure I l (45]

7.1. Shear interfacial rheology methods

Shear interfacial rheology measurement methods can be classified in channel viscometers, disk interfacial rheometers,
and ring viscometers 48],

7.1.1. Deep channel viscometers

The deep channel interfacial viscometer is a device that has been used for a variety of applications, including the
measurement of interfacial shear rheology in water/crude systems in the presence of surfactants 2447, The outer and
inner cylinders are fixed, and the base rotates at an angular velocity so that the flow occurs in a small circular space. The
monolayer of an insoluble surfactant to be studied is placed at the interface in this space. The evaluation of the interfacial
properties is based on the direct measurement of the distribution velocity on the surface, placing tracers on the surface
28] The main disadvantage of this equipment is that it requires a small tracer particle to be placed between the interfacial
flow field to follow the surface velocity. This may be particularly complex in heavy crude systems for which the particle
may require several hours to complete a revolution, as well as with systems in which placing the particle at the interface
could be quite difficult 14,

7.1.2 Interfacial disk rheometers

Among the disk rheometers, the bicone and the blade are the most frequently used instruments. In these, the disk rotates
while the cell remains fixed. These measurements are made so that the disk only touches the solution's surface, and the
space between the disk and the cell is small compared to the disk radius. Therefore, the bicone rheometer is the most
widely used instrument for the measurement of interfacial shear rheology. The data analysis is similar to conventional
rheology, using the Maxwell complex G, elastic G' and viscous G" modules and obtaining a phase shift angle ¢ 8. Soo-
Gun and Slattery have reported a detailed theoretical analysis of this equipment in 1978 2.

Disk viscometers are generally less sensitive for the measurement of interfacial shear viscosity than channel viscometers,
and they exhibit a more complex flow field. The main advantage of disc techniques is their ability to measure torque
directly; however, placing the disc at the interface and avoiding contact angle anomalies is problematic. This is why these
devices are more helpful in measuring systems with high viscosity interfaces [281146],

7.1.3. Interfacial ring viscometers

The first of these types of equipment, the oscillating ring viscometer, is based on the use of a Nouy ring-like configuration
with controlled oscillating stress 2946l the measurements are performed by placing the ring plane at the liquid interface,
sinusoidally oscillating at a resonance frequency and a given angle.

The second of these devices, the double ring rheometer, consists of a double-wall ring geometry that can measure the
viscoelastic properties of the interfaces under shear through oscillatory measurements. Again, geometry has the
advantage that it can be adapted to a modern rotational rheometer 11,



7.2. Dilational interfacial rheology methods

The most widely used methods for measuring dilational interfacial rheology are surface waves and droplet deformation
methods. The most commonly used are oscillating pendant drop and, recently, the oscillatory spinning drop method. The
latter has been used due to its advantages for measuring dilational interfacial rheology in systems with low and ultra-low
interfacial tensions. Surface wave methods were widely used after the theoretical analysis of Scriven 49, which validated
the possibility of measurements of interfacial elasticity and viscosity, including transverse capillary wave methods 2, and
longitudinal waves B9, followed by theoretical analyzes of the methods of the oscillating spinning drop 22 and oscillating
pendant drop (Benjamins et al., 1996). The latter has been widely used to measure interfacial rheological properties of
systems with interfaces made up of surfactants, proteins, or asphaltenes [A[281(51],

7.2.1. Surface wave methods

Surface wave methods are generally employed to measure the dilational rheological behavior of high-frequency surfaces.
These usually require an adequate theoretical description of surfactant transport and the Gibbs-Marangoni effect. The
most commonly used wave techniques are transverse and longitudinal capillary waves .

Capillary waves are produced under the action of small perturbations in liquid surfaces. These generally have low
amplitudes and lengths. The measurement is made through the expansion and compression of the surface film,
presenting surface tension gradients due to wave growth and depression. Both transverse ¥2 and longitudinal waves 23
can be produced. With longitudinal waves a reliable measurement of amplitude and damping coefficient of the wave is
possible. The advantage of these methods is that they allow the measurements of dilational interfacial rheology at high
oscillation frequencies of up to 1000 Hz. This technique has been used to study the dilational interfacial rheology of
surfaces and interfaces in contact with air or oil and for applications in systems mainly for foam formation [L1[26]147](52],

7.2.2. Oscillating droplet deformation methods

There are several methods for measuring dilational interfacial rheology through rotational or translational deformations of
bubbles or drops. These methods involve an interfacial flow that is accompanied by interfacial tension gradients. This is
why these methods have a useful, practical application for measuring dilational interfacial elasticities and viscosities.
Droplet deformation is the principle of pendant drop, capillary pressure, and spinning drop tensiometers. All methods can
be adapted to perform deformations of the interfacial area in an oscillatory way 28!,

Oscillating Pendant Drop Method

This method has been the most widely used in oil-water systems in the last 25 years due to the availability of measuring
equipment and the development of cameras and drop profile analysis programs of greater speed. It consists of a bubble
or drop of liquid placed inside another liquid under gravity conditions, where the interface takes the shape that minimizes
the system's total energy.

This form is determined by a combination of interfacial or superficial tension and gravitational effects. The interfacial
tension makes the drop spherical, while gravity makes it more elongated,; i.e., rather a pear-like shape. An analysis of the
drop profile is performed, and the interfacial tension and interfacial area value are obtained through the Laplace equation,
applying an oscillatory expansion and contraction of the drop. With the values of interfacial tension and the area dilational
elasticity, the phase angle and dilational interfacial viscosity of the system are calculated. The maximum oscillation
frequency limit is close to 1 Hz [44],

Nevertheless, this kind of equipment has a limitation, i.e., it can be applied only to systems with interfacial tensions
greater than one mN/m, which is why it cannot be used in systems with low or ultra-low interfacial tensions as in
enhanced oil recovery or dehydration processes.

Capillary pressure method

The capillary pressure method uses the Laplace equation directly to determine the pressure difference across a drop or
spherical bubble interface. The measurement equipment consists of two chambers connected by a capillary tube. A
piezoelectric system is used to control the volume of the drop or bubble formed at the tip of the glass capillary, which is
continuously monitored with a video camera. An essential feature of this technique is that it does not require a drop
deformed by the force of gravity because it preferably works with spherical interfaces. This makes it useful for both liquid-
liquid and liquid-gas systems because it uses small drops or bubbles 45 The interfacial rheology measurements are
made by recording the response of the interfacial tension to small perturbations of the amplitude of the interfacial area.
Using sinusoidal oscillations, the dilational elasticity and viscosity can be measured at frequencies up to 1 Hz. A
disadvantage of this method is that it has an interfacial tension limit of about one mN/m as the pendant drop technique.



This is why the straightforward conclusion of this review is that the spinning drop oscillating technique is the unique

alternative of interfacial rheology study in applications where the emulsions must be as unstable as possible, e.g. for

crude oil dehydrating or desalting, and low tension enhanced oil recovery.
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