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Résumé — Applications de la DSC pour la caractérisation des systèmes émulsifiés — Cet article

décrit comment l’analyse calorimétrique différentielle (DSC) peut être utilisée pour caractériser les

émulsions, en particulier les émulsions eau-dans-huile opaques et concentrées rencontrées dans

l’industrie pétrolière. Après une présentation de la technique, nous expliquerons comment il est possible,

à partir d’un simple test réalisé sur un échantillon d’émulsion non dilué, d’obtenir des informations sur

les propriétés de solidification et de fusion de ces systèmes complexes, notamment le type d’émulsion, la

quantité d’eau, la présence de soluté, la stabilité et même la taille des gouttes. Quelques exemples

d’applications sont donnés, en particulier sur les émulsions de champ rencontrées en production et sur les

boues de forage à base d’huile.

Abstract — Application of DSC for Emulsified System Characterization — This paper will describe

how Differential Scanning Calorimetry (DSC) may be used to characterize emulsions, especially the

concentrated and opaque water-in-oil emulsions encountered in the oil industry. After a presentation of

the technique, we will point out how it is possible, from a single test performed on an emulsion sample

without dilution, to get information about the solidification and melting properties of these complex

fluids, the emulsion type, the amount of water, the presence of solute, the stability and even the droplet

size. Some examples of applications are given concerning oilfield emulsions and oil-based mud systems.
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INTRODUCTION

Emulsions encountered in the petroleum industry are generally

complex opaque and concentrated water-in-oil emulsions.

These emulsions may be encountered at all stages in the

petroleum recovery and processing industry: drilling fluids,

production, process plant, transportation, etc. [1], and they are

also a major issue in the treatment of accidental oil spills [2]. 

Emulsion stability may be characterized by different tech-

niques which are generally based on the analysis of the

droplets size distribution. Most of these techniques may be

easily used for analyzing diluted oil-in-water emulsions (light

scattering, Coulter Counter, optical microscopy, etc.), but

they are unfortunately not adaptable to opaque water-in-oil

emulsions. That is the reason why a rapid way to assess the

stability of opaque and concentrated emulsions is still the

“bottle test”, which consists in monitoring the extent of phase

separation with time. This test provides a significant amount

of information relating to both the emulsion stability and the

clarity of the separated water, but it remains empirical [3].

The major difficulty while analyzing concentrated and

opaque W/O emulsions is due to the dilution of the sample.

In fact, it may create perturbation on the surface properties of

the droplets and on interactions between the droplets, induc-

ing flocculation or even coalescence phenomena. In this

paper, we propose to use DSC (Differential Scanning

Calorimetry), a technique based on the properties of solidifi-

cation and melting of the droplets and the continuous phase

of emulsions in order to characterize complex W/O emul-

sions from the oil industry. The objective is to describe how

it is possible to get easily information about:

– the emulsion type: simple (W/O or O/W) or multiple

(W/O/W or O/W/O);

– the amount of water and its state: bound or dispersed or

in bulk;

– the compositions of the dispersed and bulk phases;

– the evolution of the droplet size. 

1 PRINCIPLE OF DSC

Differential Scanning Calorimetry (DSC) is one of the most

commonly used technique of thermal characterization of

physico-chemical transformations. It consists in monitoring

the heat exchanges between the sample and a reference either

versus time at constant temperature, or versus temperature

during a heating or cooling program. Several types of DSC

have been designed, and many apparatus are commercially

available. 

As shown in Figure 1, the sample and the reference are

contained in identical crucibles, which can be opened to

atmosphere or sealed, depending on the experimental condi-

tions required. Both crucibles are placed in a thermo-regu-

lated furnace which imposes the temperature program. The

variety of devices mainly differ by the way thermal

exchanges are measured. In the most simple heat flux DSCs,

a thermocouple is used to measure the temperature difference

between the two crucibles at one point of their walls (gener-

ally the bottom). The heat exchange rate is derived from this

temperature difference by calibration. In power compensated

DSCs, the sample and the reference materials are held in a

separate furnace, with its own heater element. The amount of

power required to maintain the system in equilibrium condi-

tions is directly proportional to the energy changes occurring

in the sample.

The more complex DSC devices use the Calvet principle

to measure very precisely the heat exchanges. The two

cylindrical crucibles are placed into two independent heat

sensors, formed of a great number of thermocouples sur-

rounding the crucible. A section of one of these sensors is

shown in Figure 2. Each thermocouple measures the temper-

ature difference between the crucible and the furnace, in the

radial direction. This temperature difference can be related

to the local heat flow  exchanged between the crucible and

the furnace by:

(1)

where ei is the electrical force delivered by the couple i, ε its

thermo-electrical constant, and λ the thermal conductivity of

the sensor material. All the couples are connected so that the

sensor delivers a total electrical force E related to the overall

heat exchange rate dq/dt by:
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Figure 1

Section of a plate DSC (R: Reference; S: Sample).



The differential measurement is achieved by connecting

the reference and sample sensors in opposition. The exact

relation between the heat flow and the electric power

recorded is obtained by calibration.

The peak area of the recorded signal (generally called

“thermogram”) leads to the heat exchange during the thermal

phenomenon. The fundamental equation of DSC is the fol-

lowing [4]:

(3)

with:

– dh/dt, the heat generated by solidification (> 0) or

absorbed by melting (< 0) of the sample per unit time;

– dq/dt, the difference of energies exchanged between the

sample and the reference cells  and the cell holders in

order to compensate the temperatures difference between

the sample and the reference;

– , the scanning rate, a positive constant during

heating and a negative one during cooling. 

Hence, dh/dt is the result of the sum of three terms: the

first being given by the signal measured from the zero line,

the second being the baseline displacement due to the differ-

ence in heat capacity between the sample and the reference

and the third being the slope of the recorded signal multiplied

by the product RCs, R being the thermal resistance between

the cell and the heater.

The base line is the thermogram obtained in absence of

any thermal phenomenon. The form of the base line

depends on the evolution of the sample heat capacity. The

energy of a thermal phenomenon is measured by the surface
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area of the corresponding peak. The study of the melting of

pure compounds, for which the melting enthalpies are

known, allows a suitable calibration of the calorimeter. 

2 DSC TEST ON EMULSIONS

The test is very simple as no special treatment of the emulsion

is needed. It is recommended to fill at the same time several

cells with the emulsion under study. Generally, the cell vol-

ume is small (a few mm3) in order to assure temperature

homogeneity within the sample by using scanning rates

preferably up to 2.5 K/min. Nevertheless, absolute data are

not required because the principle of the test proposed is

based on the comparison between the thermograms. After

insertion of one emulsion filled cell in the calorimeter, ther-

mal equilibrium is waited. Afterwards, the calorimeter is pro-

grammed to be cooled down and heated between two limits

of temperature. As the test is specially suitable for water-in-

oil emulsions, focus will be put on solidification and melting

of water. Therefore, the scanning will be performed from

+20°C down to –80°C at least, as late solidification due to

undercooling and dissolved solute in water may occur. The

other cells left at room temperature will be studied in the

same way.

It will be also necessary to scan the thermograms of the

materials of the continuous and dispersed phases separately

in order to get references specially for their melting as the

same behavior is expected for the emulsion.

To get information from the thermograms obtained, it is

necessary to compare them to schematic ones deduced from

theoretical considerations about solidification and melting of

samples. These schematic and typical thermograms are

described in the next section for that purpose.

3 THEORETICAL ASPECTS AND TYPICAL
THERMOGRAMS

The principle of the method is based on the relationship

between the most probable temperature of solidification T*

of a sample and its volume V. Detailed theoretical aspects

will not be described here as they were thoroughly developed

in previous papers [5, 6]. This paper will just remind the

reader of the main points.

3.1 Pure Compound

We will first consider the case of a pure compound, water for

instance. It is noteworthy that, whatever the sample size, ice

melts at 0°C (except the particular case of very small submi-

cron droplets, where capillary effects have to be considered,

see Ref. [7]). On the contrary, freezing occurs at different

temperatures, depending on the water sample size [5, 6].

From nucleation theory, it has been shown that the smaller
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Figure 2

Section of a Calvet type DSC showing one of the two

sensors.
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the volume, the lower the freezing temperature. For bulk

water, freezing occurs around –14°C for a volume of 1 cm3

and around  –24°C for a volume of 1 mm3 (Fig. 3), while for

micro-sized droplets (1 µm3) freezing is found around –39°C

(Fig. 4). Note that the temperature at which a given sample

will solidify is not unique. Therefore, only a most probable

temperature can be given.

Let us now describe the typical thermograms from

Figures 3 and 4. Figure 3 shows the thermogram obtained

when studying the freezing of a water sample of a few mil-

ligrams. Only one germ may initiate the solidification and

once nucleation occurs, the complete process of crystallization

is very fast. Therefore, a significant amount of energy is

released in a very short time, and that is the reason why the

first part of the exothermic freezing peak is so sharp. Note that

the freezing temperature is expected to vary from one sample

to another, because nucleation is a stochastic phenomenon.

During reheating, the melting peak is observed at 0°C.

Figure 4 shows the thermogram obtained when studying

the freezing of a monodisperse water-in-oil emulsion sample

with a mean droplet size around 1 µm3. The number of

droplets dispersed in the sample of emulsion of a few mil-

ligrams is very high and sufficient to allow a statistic treat-

ment of the various solidification temperatures of the whole

droplets. The energy released during the droplets freezing is

evidenced on the obtained thermogram as an exothermic

peak with a quite perfect bell shape as the emulsion is

monodisperse. The apex temperature of the peak may be cor-

related to the mean droplet size, as it will be shown later. As

there is no delay in the melting phenomenon, all the droplets

melt at the same temperature, i.e. 0°C, which is the thermo-

dynamic equilibrium temperature between ice and water. 

Note that all these considerations are also valid for any

pure compound, whatever its nature (mineral, organic or

metal).

3.2 Solution (Binary System)

The presence of a solute complicates the interpretation of the

thermograms but it is generally possible to understand what

occurs when a solution is submitted to a steady cooling and

heating by using the solid-liquid phase diagram of the binary

system, as it is presented in Figure 5 in the case of water-

NaCl. A complete analysis of the thermograms obtained for

binary solutions in relation with binary phase diagrams can

be found in references [5, 6, 8].

We will just mention here the main lines that will help to

interpret DSC thermograms.

First it is noteworthy that the presence of a solute such as

NaCl will change the freezing and melting temperature of

ice. These temperatures will be as lower as the solute concen-

tration is higher. Depending on the concentration, the total

solidification (ice + solute) may appear at the same tempera-

ture or at different temperatures if the remaining solution

after ice freezing is still liquid and oversaturated with regards

to salt precipitation that occurs at a lower temperature. 

From a practical point of view, the typical thermogram

observed in the case of a bulk solution is given in Figure 6.

During cooling, a first exothermic peak is observed at a tem-

perature that will be lower than the one observed with pure
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0°C–24°C

Freezing
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Figure 3

Cooling and heating thermograms of bulk water.

Temperature

dq/dt

0°C–39°C

Freezing

Melting

Figure 4

Cooling and heating thermograms of micro-sized droplets of

water (W/O emulsion containing droplets of water of 1 µm3).



water. If the solute concentration is not too high, it is

generally followed by a second peak that corresponds to the

total solidification of the remaining solution. For high con-

centration solutions, only one peak is obtained, correspond-

ing to the total solidification of the system. During heating,

the first endothermic peak corresponds to the eutectic melting

of the binary system (for instance, –21°C for water-NaCl, see

phase diagram Fig. 5). It is immediately followed by a large

endothermic peak due to the progressive melting of ice. The

temperature of the apex, corrected by projecting the peak top

on the base line in a direction parallel with the linear portion

of the eutectic melting peak (as shown in Fig. 6) gives the

equilibrium temperature (< 0°C for an aqueous solution). The

value of this equilibrium temperature may then be used to

determine the concentration of the solution as shown in the

phase diagram of Figure 5 in the case of NaCl.

In the case of micron droplets of an aqueous solution

dispersed in oil (W/O emulsion), we will generally observe a

thermogram similar to the one presented in Figure 7 in the

case of a W/O emulsion in which the aqueous phase contains

30 g/L of NaCl. During cooling, a unique and symmetrical

exothermic peak of ice freezing is observed. The form of this

peak is similar to the one of  Figure 4 for a monodisperse

W/O emulsion, except that the temperature of the apex is

around –45°C, that means slightly below the most probable

temperature of ice freezing for micron droplets of pure water

(–39°C). This is due of course to the presence of NaCl in the

aqueous phase. We do not observe a second peak corre-

sponding to the total solidification while during heating, a

eutectic melting and the progressive ice melting are clearly

identified and prove that total solidification occurred. Several

explanations can be proposed:

– ice freezing and salt precipitation are instantaneous, but it

cannot be the case here because of the low salinity of the

solution;

– salt precipitation occurs during the isotherm phase before

reheating;
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– the peak corresponding to salt precipitation is undetectable

due to the low energies involved.

It is noteworthy that in some cases, salt precipitation is

avoided during the cooling phase due to the high viscosity of

the oversaturated solution, but it can be observed as an

exothermic peak during the heating phase. In some other

cases, undercooling phenomena are so important that salt

precipitation is completely impeded: during heating, only the

progressive melting of ice is observed. 

Nevertheless, in the case of the emulsion containing

30 g/L of NaCl (Fig. 7), the heating thermogram clearly

shows a peak of eutectic melting around –21°C (eutectic

melting of water-NaCl, see Fig. 5), followed by a peak of

progressive melting of ice ending at around –2°C. If this

value is reported in the phase diagram of Figure 5, we obtain

a NaCl concentration of 3% (by weight), which is in accor-

dance with the theoretical composition of the aqueous phase

of the emulsion (30 g/L). Note that, as in the case of pure

water, the melting thermogram does not depend on the sam-

ple size. Hence, the heating thermogram may be advanta-

geously used to determine the composition of the aqueous

phase.

4 INFORMATION DEDUCED FROM DSC
THERMOGRAMS

Typical thermograms presented in the previous section are

essential to get information from DSC thermograms of emul-

sions. Note that in order to allow an easy interpretation, it

will also be necessary to analyze separately the materials of

the continuous and dispersed phases to obtain thermograms

of reference.

The main information that can be deduced from DSC

analysis will be now reviewed.

4.1 Type of Emulsion

Considering an unknown emulsion composed of oil and

water, it is possible to determine quite easily the nature of

this emulsion. First, the separate analysis of each phase will

allow us to identify, if need be, which peaks from the emul-

sion thermograms are related to the oil or the aqueous phase.

Then, considering first the peaks related to the aqueous phase

on the emulsion thermograms, we will compare them with

typical thermograms previously described:

– if the form of the freezing peak is similar to the one from

Figure 4, the emulsion is a water-in-oil emulsion; 

– if the form of the freezing peak is similar to the one from

Figure 3, the emulsion is an oil-in-water emulsion. 

Note that in both cases, the same conclusion can be

deduced from the analysis of the oil crystallization peak (if

the oil crystallizes in the range of temperatures investigated).

It is interesting to mention that some more complex emul-

sions can also be identified. It is the case for multiple emul-

sions which can be of two types: water-in-oil-in-water

(W/O/W) emulsions are made of oil globules containing

water droplets and dispersed in water. On the contrary, oil-in-

water-in-oil (O/W/O) emulsions are made of water globules

that contain oil droplets and dispersed in oil. These emulsions

are generally formulated to trap specific substances and to

control their release [9, 10], but they may be also sponta-

neously encountered during the phase inversion of a simple

W/O or O/W emulsion, the multiple emulsion being an inter-

mediate state. By submitting a W/O/W emulsion to a DSC

test, cooling thermograms will exhibit a first ice freezing

peak characteristic of the continuous aqueous phase (around

–20°C for pure water, see Fig. 3) followed by a second ice

freezing peak characteristic of the emulsified water droplets

in the oil globules (around –39°C for pure water, see Fig. 4).

Hence, the typical thermogram for this type of emulsion is

the one of Figure 8, if we assume that the oil phase does not

crystallize in this range of temperature. Concerning the

O/W/O emulsion, if the oil does not crystallize, we should

observe a cooling thermogram similar to the one of a simple

W/O emulsion (Fig. 4), but shifted to higher temperatures

(> –39°C for pure water globules), due to the fact that the

globules of water are much larger than 1 µm.

Finally, the last type of emulsion that can be analyzed by

DSC are mixed emulsions. Mixed emulsions are so called

because they are obtained from the mixing of two simple

emulsions that differ by the compositions of the dispersed

phases. The mixing has to be done gently in order to avoid
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dq/dt

0°C–39°C

Figure 8

Cooling and heating thermograms of a multiple W/O/W

emulsion.



coalescence. Due to the difference in composition of the

droplets, some mass transfer may occur between them. This

phenomenon is called composition ripening (in analogy with

Ostwald ripening for simple emulsions) as it leads to droplets

of homogeneous composition [11-13]. It has been proposed

as a way to obtain size-controlled droplets by using an

adapted formulation of the father-mother emulsions [11]. The

mixed emulsion being the result of the addition of two simple

emulsions, the resulting thermogram will be also, at the very

beginning, composed of the addition of the two thermograms

corresponding to each separate simple emulsions. Obviously,

as mass transfer will occur with time due to the difference of

composition between droplets, DSC analyses performed at

different ageing of the mixed emulsion will be an interesting

tool to follow the emulsion evolution. In fact, the mass trans-

fer will be evidenced by a shift in the crystallization peaks

corresponding to each “primary” emulsion. Several examples

can be found in references [6, 14].

4.2 Amount of Water

As previously mentioned, the energy of a thermal phenomenon

can be measured by the surface area of the corresponding

peak. Knowing the value of the latent heat of melting of ice

(80 cal/g for pure water), it is then quite easy to quantify the

amount of water in the emulsion by integrating the melting

peak of ice. The same method can be used for any other pure

compound (oil, metal, organic compound, etc.). For aqueous

solutions or complex oily systems, it is necessary to deter-

mine the melting energy by performing a separate DSC

analysis of the bulk compound. 

4.3 Presence of a Solute

If a solute is present in the water phase, the temperature of

melting will be shifted towards lower temperatures (< 0°C).

The higher the solute concentration, the lower the melting

temperature. If the binary phase diagram is available, it is

possible to determine the concentration of the solute in the

aqueous phase, as it has been explained in the previous sec-

tion dealing with solutions (binary systems).

4.4 Stability

The DSC analysis of an emulsion at different times or at

different levels in the test tube (for example bottom, middle

and top) may give precious information on the stability of

the system. For a stable W/O emulsion, the cooling and

heating thermograms will be similar to the thermograms pre-

sented in Figure 4. If the emulsion is totally broken (i.e. the

oil and water phases are separated), the thermograms will be

those from Figure 3 (bulk water). For all the intermediate

situations, we will observe cooling thermograms with one or

several exothermic peaks located between –39°C and 0°C,

the higher the temperature, the larger the droplet size.

For instance, a destabilized polydisperse W/O emulsion

showing a population of droplets with very small droplets,

medium size droplets (50-100 µm) and free water will be

characterized by the typical thermograms given in Figure 9.

Hence, it is quite easy to follow the destabilization of a W/O

emulsion due to coalescence through the evolution of the ice

freezing peaks. It is also possible to have an idea of the desta-

bilization due to sedimentation (without coalescence) by fol-

lowing the water content of the emulsion through the integra-

tion of the ice melting peak, as previously explained. If water

droplets tend to sediment, the water content in the bottom of

the emulsion sample will be higher than on the top.

4.5 Droplet Size

Microcalorimetry may provide useful qualitative information

about the granulometry of emulsions. Of course, one may

differentiate a bulk phase from a dispersed one or character-

ize the degree of polydispersity of an emulsion as shown pre-

viously. Emulsion granulometry may be modified during

time, temperature cycles, crystallizations, mechanical stress

or chemical reactivity for example. Qualitative information

about alterations of emulsions may then be obtained by direct

comparison of thermograms. 

But it is noteworthy that quantitative information on the

granulometry of emulsions may also be deduced from data

obtained during crystallization and in fact nucleation inside

droplets. Two possibilities exist. First, one may derive an
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emulsion.
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equation between the crystallization temperature of a droplet

and its size from theoretical consideration, as it has been

described in reference [15]. This theoretical approach is

based on the fact that to induce freezing, the formation of an

ice germ is required. Due to capillary phenomena, it is possi-

ble to demonstrate that the relation between the water droplet

radius R and the freezing temperature T is given by the

following equation:

(4)

where T
·

(K.s-1) is the scanning rate, A (s-1.m-3) is the pre

exponential factor in the expression of the nucleation rate, k

(N.m.K-1) is the Boltzman constant, γ (N.m-1) is the interfa-

cial tension between water and the ice germ, Vs (m3.mole-1) is

the molar volume of the germ, Lf (N.m.mole-1) is the molar

melting heat and Tf (K) is the melting temperature.

So it is clear from Equation (4) that the relation between R

and T is far from direct, and the difficulty is essentially due to

the impossibility to determine γ from an experimental point

of view. That is the reason why it is preferable to determine

an empirical correlation between R and T by comparing the

most probable freezing temperatures obtained from DSC

thermal analysis and the mean droplet size obtained by

another analytical technique (optical microscopy for

instance).

Examples of this type of correlation can be found in

References [14, 15].

5 APPLICATIONS

Applications of DSC for characterizing complex emulsified

systems are described in several papers [6, 14-21]. We will

present here recent examples related to the case of complex

emulsions encountered in the oilfield industry.

5.1 Crude Oil Emulsions

The formation of stable water-in-crude oil emulsions is

frequently encountered during oil production, mainly due to

high shear rates and zones of turbulence that prevail at the

wellhead in the choke valve. These complex and generally

viscous systems significantly increase the technical problems

related to oil-water separation in production surface facilities

[1]. These emulsions can be very stable due to the presence

of polar compounds such as asphaltenes and resins that play

the role of “natural emulsifiers” and also to the presence of

many types of fine solids (crystallized waxes, clays, scales,

etc.) that help in the formation of resistant films at the crude

oil/water interface. 
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Effective separation of crude oil and water is an essential

operation to ensure not only the quality of crude oil but also

the quality of separated water phase at the lowest cost.

Earlier studies [22, 23] have shown the importance of emul-

sion characteristics on the performance and optimization of

oil-water separation. Recently, in the framework of a joint

study between IFP and Saudi Aramco, a strict and rigorous

methodology was applied to gather information about the

behavior and composition of Saudi Aramco emulsion sam-

ples collected from several Gas Oil Separation Plants [20,

21]. The samples were first separated to identify the amount

of separated oil, water and residual emulsion. Each phase

was then analyzed separately. Bulk properties (viscosity,

density) as well as the chemical composition of crude oil

were determined. Salinity of the separated water in terms of

ionic composition was measured when possible or assessed

by DSC in other cases. The residual emulsions were charac-

terized using several techniques such as Karl Fischer titra-

tion to determine the water content, and DSC (Differential

Scanning Calorimetry), optical microscopy and/or cryo-

SEM to assess the size and polydispersity of the dispersed

droplets. 

As an example, Figures 10a and 11a show DSC thermo-

grams obtained during the successive freezing-melting cycles

performed on two different residual emulsions (E6 and E8),

i.e. the emulsions obtained after separation of the free oil and

free water phases. DSC analyses were also performed on the

separated oil and water phase in order to get thermograms of

reference for each phase. It was checked that the oil did not

crystallize in the range of temperatures investigated. DSC

thermogram from emulsion E6 (Fig. 10a) shows a single reg-

ular peak of ice freezing during cooling, with a bell shape, at

around –70°C. This signal is characteristic of a fine and

monodisperse emulsion. The very low temperature is far

from the one expected with pure water (–39°C) and it is due

to the high salinity of the water phase, which may be

assessed through the melting peak obtained during heating.

During melting, we observe an irregular peak which is in fact

composed of an eutectic peak at around –23°C (very close to

the eutectic melting temperature of the binary system water +

NaCl) immediately followed by the progressive melting of

ice. This second peak appears as a shoulder after the eutectic

melting at a temperature of around –19°C. If we assume that

the major salt of the aqueous solution is NaCl, which is gen-

erally the case in oilfield emulsions, we can determine the

approximate concentration of the solution by reporting this

temperature on the phase diagram from Figure 5. One obtains

an approximate concentration of NaCl in the solution of

21.5%. By integrating these melting peaks and using the

melting energy determined from the DSC analysis of the cor-

responding bulk water phase, it is also possible to measure

the aqueous phase content in the emulsion (62%).

For emulsion E8 (Fig. 11a), several exothermic peaks are

observed during cooling. The main peak around –50°C is
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characteristic of finely emulsified water droplets. Several

sharp peaks are observed at higher temperatures, proving that

large droplets are also present in this emulsion. During the

heating phase, a first endothermic peak is observed at –23°C,

as in the case of emulsion E6, which corresponds approxi-

mately to the eutectic melting of water + NaCl. This peak is

then followed by the peak of progressive melting of ice that

ends around –4°C. By assuming that the major salt is NaCl,

the concentration deduced from the binary phase diagram of

Figure 5 is around 7%.

To confirm this DSC characterization of emulsions,

microscopic analyses were performed with cryo-SEM

(Figs. 10b, 11b). Figure 10b (emulsion E6) shows clearly a

fine and monodisperse emulsion (mean droplet diameter is

around 2 microns). On the contrary, Figure 11b (emulsion

E8) shows a characteristic polydisperse emulsion, composed

of very small, medium and large droplets (4 to 600 µm). Karl

Fischer titrations were also performed to determine the water

content in emulsions. The results obtained are 58% for emul-

sion E6, which is very close to the value obtained by DSC
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a)  Cooling and heating thermograms of emulsion E6, 

b) Cryo-SEM photo of emulsion E6.

–15

20

15

5025–150

H
e
a
t 
fl
o
w

 (
m

W
)

Temperature (°C)

0–25–50–75–100–125

10

5

0

–5

–10

Figure 11

a) Cooling and heating thermograms of emulsion E8, 

b) Cryo-SEM photo of emulsion E8.
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(62%), and 55% for emulsion E8, which differs from the

DSC data. The differences in values for sample 8 can be

explained by the polydispersity of the emulsion concerned. In

fact, when emulsions are polydisperse, it is quite difficult to

get a representative sample for DSC, as the amount required

is very small (few mg), compared to the amount required for

Karl Fischer (200-400 mg). Finally, data concerning the total

salinity of aqueous phases were provided by Saudi Aramco.

These data are of the same order of magnitude as the data

obtained from DSC analyses. All the results concerning the

characterization of emulsions are gathered in Table 1.

TABLE 1

Characterization of emulsions

Comparison between DSC and other analytical techniques

Emulsion E6 Emulsion E8

Type of emulsion from W/O monodisperse W/O polydisperse

DSC analysis

Droplet size from cryo-SEM 2 µm 4 to 600 µm

Water content from DSC (% wt) 62% 78%

Water content from (% wt) 58% 55%

Karl Fischer titration

Salinity from DSC (% wt NaCl) 21% 7%

Salinity from oilfield data 200 g/L 66 g/L

Consequently, DSC appears as a very useful and rapid

technique to rapidly get considerable information about

emulsion behaviour (nature and polydispersity), approximate

water content and salinity. 

5.2 Oil-Based Mud Systems

The success of any well-drilling operation depends on many

factors, one of the more important being the drilling fluid.

The fluid performs a variety of functions that influence the

drilling rate, the efficiency, the safety and of course the cost

of the operation [24]. Drilling fluids are generally composed

of liquids (water or oils) and suspended, finely divided solids

of different nature. They are classified as to the nature of the

continuous phase: gas, water or oil. Within each broad classi-

fication are divisions based on composition or chemistry of

the fluid or the dispersed phase. For many years, oil-based

muds have proved to be the best performance and cost effec-

tive fluids in difficult drilling situations. Typical muds are

water-in-oil emulsions with an aqueous phase (brine) varying

from 5 to 40 per cent. These reverse emulsions mainly con-

tain emulsifiers for improving the emulsion stability,

organophilic clays for controlling rheological properties,

especially thixotropy, and weighting agents, such as calcium

carbonate or barium sulfate, to adjust the fluid density.

Considering the specific conditions of use of oil-based

muds (high pressure/high temperature), the characterization

of their stability, especially with temperature, is essential. But

the complicated nature of these drilling fluids makes these

studies very difficult to achieve. Stability is therefore gener-

ally assessed from simple bottle tests and empirical standard-

ized tests, such as electrical stability measurements. Classical

techniques for the determination of water droplet size distrib-

ution cannot be applied because of the great amount of solids

contained in drilling muds. With bottle tests, the only evi-

dence of destabilization is given by the kinetics of clarifica-

tion of the supernatant phase. Considering that all the solids

as well as water droplets tend to sediment, it is then quite

impossible to observe the coalescence of liquid droplets. It is

therefore difficult to determine if destabilization is simply

due to flocculation and sedimentation of particles and

droplets or if both liquid phases are completely separated by

coalescence phenomena. That is the reason why DSC was

used to characterize the stability of oil based systems and it

was a precious tool to develop new emulsifiers adapted to

high pressure and high temperature conditions of drilling [16]

or to deep offshore drilling when the formation of hydrates

has to be avoided [18]. Figure 12 shows the DSC thermo-

grams obtained during the cooling and heating of an oil-

based drilling fluid formulated with an experimental emulsi-

fying system. During cooling, a unique peak of ice freezing is

observed at –60°C. Its form is characteristic of a fine emul-

sion. This low temperature of –60°C is due to the composi-

tion of the aqueous phase which is in fact a brine with

15%wt. of CaCl2. During heating, no eutectic melting is

observed, surely because of undercooling phenomena related
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Cooling and heating thermograms of an oil-based drilling

fluid before (t = 0) and after ageing (t = 1 month).



to the high salinity of the brine. But a peak of progressive

melting of ice is observed, that ends at about –12°C, which

corresponds to the liquid/solid equilibrium temperature of a

15%wt. CaCl2 solution. After one month of ageing, the DSC

thermograms are perfectly superimposed with those of the

initial emulsion, which proves that this emulsion is stable

over this period of time.

Another study performed in IFP concerned the breaking of

oil-based mud filtercakes. Actually, oil-based muds are used

to drill complex wells. Even if they are less damaging than

water-based muds, they may induce severe damage that

decreases reservoir overall productivity. During drilling, mud

solid parts and brine droplets tend to form a filter cake along

the wellbore through filtration, while the oil phase tends to

leak off into the formation. Clean-up process is then neces-

sary to restore the productive zone to a near-natural state

before production. Chemical treatment is often used to break

filtercake and to wash-off damaged zone around the well-

bore, so that the formation could recover its oil transfer prop-

erties. We have therefore developed a methodology using
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a) Cooling and heating thermograms of a mud filtercake, 

b) Cryo-SEM photo of the cake.
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a) Cooling and heating thermograms of a mud filtercake treated with a surfactant,

b) Cryo-SEM photo of the cake. 
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DSC in order to select an organic-based surfactant system

able to break the cake formed by filtration of a given oil-

based mud system. The demulsifying formulation should

bother interface surfactants stabilizing effect and allow water

droplets coalescence inside the cake. Through breaking

emulsion inside the cake, surfactants should decrease cake

cohesion and bore adherence.

The filtercake obtained after filtration of an oil-based mud

on a filter paper (80°C, 35 bar) was first characterized before

treatment with the surfactant. The cake thermogram (Fig. 13a)

is similar to the mud thermogram. It is characteristic of a sta-

ble emulsion. On solidification curve, a single bell-shaped

peak is located around –80°C, which indicates solidification

of tiny water droplets. The melting curve shows a small

eutectic peak at –52°C (eutectic melting temperature of the

water + CaCl2 binary system) and progressive ice melting

around –20°C. This shows that emulsion inside the filtercake

is very fine and stable. Cryo-SEM observation reinforces

DSC analysis: cake emulsion seems to be identical to mud

emulsion, but more concentrated (Fig. 13b).

An efficient surfactant system selected from bottle tests

has been tested on three filtercakes, coming from three differ-

ent mud formulations. Solidification thermograms of the

cakes treated with the surfactant are similar: free water peak

is located around –35°C on the cooling curve. Signal magni-

tude increases with contact time and temperature. Moreover

solidification signal of emulsified water changes from a sin-

gle-bell shaped peak to a series of peaks, which characterize

emulsion polydispersity (Fig. 14a). Cryo-SEM analysis

reveals emulsion breaking (bigger droplet size) in the upper

third of the cake (Fig. 14b).

CONCLUSION

The characterization of the stability of complicated emulsions

like crude oil emulsions or drilling fluids is always a great

challenge. Differential Scanning Calorimetry can be defi-

nitely considered as an essential and versatile technique that

allows one to work directly on complex emulsified systems.

It is rapid, easy and precise, and requires only small amounts

of emulsions. The test is easy to set up. It consists of submit-

ting an emulsion sample, that does not need to be diluted, to a

regular cooling and melting. It is very important to note that

both thermograms of cooling and heating are needed to give

a reliable interpretation. Schematic thermograms have been

drawn to give a help to the user willing to characterize differ-

ent types of emulsions. Practical examples show how to use

them and how it is possible to get information about the

changes occurring within emulsions versus time. DSC is par-

ticularly suitable for obtaining a great amount of information

about emulsion type, composition of dispersed and continu-

ous phases as well as polydispersity of the emulsion.

However, each technique has its limitation, and the main

drawback of DSC is certainly the sample size (a few tens

of mg), which makes difficult the study of very unstable

emulsions. Nevertheless, it is always recommended to use

if possible at least two different techniques to characterize

the stability of emulsions. 
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