
   

 
APPLICATION NOTE – TS-STAB-65 

Selection of the best additive to reach the 
optimum formulation:  

application to the petroleum industry 
 

Introduction 

The search of optimum microemulsion systems has been a wide formulation area of 
research due to their specific properties which allow using them in numerous applications 
in cosmetics and pharmaceutics [1], catalysis [2], molecular extraction [3] or even in 
enhanced oil recovery [4]. Their main properties come from their extremely low value of 
interfacial tension between oil and water phases (10-3 mN.m-1 in average) giving three 
phase systems which are thermodynamically stable.  
However, the obtainment of such systems can be quite difficult to achieve as it depends 
greatly on surfactant and oil type used as well as temperature and salinity conditions. If 
empirical correlations, such as the Hydrophilic Lipophilic Deviation (HLD), can be used to 
predict the obtainment of optimum formulation for model systems [5], their uses remain 
often non-representative for industrial applications which exhibits highly complex oils (i.e. 
crude oils for enhanced oil recovery). In such application, it has been shown that the 
determination of dynamic phase inversion of equilibrated emulsions is much more relevant 
as it is directly related to optimum formulation conditions [6,7].  
 
For crude oils, that can be done by measuring the conductivity [8,9] or the NIR backscattered intensity [10] of emulsions 
during a continuous modification of the temperature and salinity conditions. The following note deals with the use of the 
Turbiscan technology to find the optimum formulation of surfactant/oil/water systems (SOW). Optimum conditions are 
determined according to the evolution of the backscattered intensity in function of co-surfactant concentration for 
continuously stirred emulsions containing model and crude oils. Such experiments are well adapted to accelerate the 
screening of relevant surfactant formulations for enhanced oil recovery, crude oil demulsification and oil spill dispersant 
applications as presented at the end of this note for one heavy crude.

Definition 

Microemulsions are equilibrated systems composed of 
hydrophilic, lipophilic and amphiphilic chemicals [11], 
which have been first described as fine droplet emulsion 
by Schulman et al. in 1959 [12]. Actually, microemulsions 
are thermodynamically stable monophasic systems in 
which the surfactant allows the coexistence between oil 
and water phases at the molecular scale [5]. They are 
composed of micro-domains of oil and water with a size 
between 10 and 100nm which adopt different configuration 
forms in function of time and space.  

There are four different types of microemulsions named as 
WI (O/W microemulsion with excess oil), WII (W/O 
microemulsion with excess water), WIII (middle phase 
microemulsion with excess oil and water) and WIV (one 
phase microemulsion with a high surfactant content). 
Among these different types, the WIII microemulsion 
system is the one defined as “optimum” as it allows the 
obtainment of ultra-low interfacial tension between oil and 
water phases with a minimum amount of surfactant [13]. 
These particular systems exhibit also a minimum of 
emulsion stability as the thermodynamically equilibrium 
state (i.e. the three phase behavior) is rapidly achieved for 
model SOW systems. 

 

To predict the obtainment of such microemulsion systems, 
especially in the EOR field, studies on the influence of 
formulation variables such as salinity, temperature, oil type 
or alcohol concentration have been proceeded in the 80s. 
Results provided a semi-empirical equation of state, the 
Hydrophilic Lipophilic Deviation or HLD, which can be 
used to predict the conditions to obtain the optimum 
formulation for model SOW systems [14,15]. The HLD 
equation take the following form for SOW systems 
composed of ionic surfactants with alcohols (Eq.1) [5]. 

𝐻𝐿𝐷 = 𝐿𝑛(𝑆) − 𝑘. 𝐴𝐶𝑁 + 𝑎. 𝐴 + 𝜎 + 𝑐𝑇(𝑇 − 25)                (1) 

with S the aqueous phase salinity (wt% NaCl), T the 
temperature (°C), ACN the alkane carbon number, A the 
alcohol concentration, k, cT and σ are constants depending 
on the ionic surfactant used, and a a constant depending 
on the type of alcohol used. 

As the HLD value is directly linked with the phase behavior 
of SOW systems, it is possible to predict the type of 
microemulsion obtained as well as the conditions to obtain 
the optimum formulation knowing the surfactant and 
alcohol parameters k, cT, σ and a.  



   

 

Indeed, if the HLD value is positive, it indicates that the 
surfactant system has a more pronounced affinity for oil 
compared to water phase and consequently the SOW 
system will give a WII microemulsion at equilibrium. 
Inversely, negative value of HLD indicates that the 
surfactant system has more affinity for water compared to 
the oil phase and so the SOW system will give a WI 
microemulsion at equilibrium. Finally, the optimum 
formulation, corresponding to the WIII microemulsion 
under equilibrium, is obtained when the HLD value is equal 
to 0. 

In the next section, the HLD concept will be used to 
validate the dynamic assessment of the optimum 
formulation using the Turbiscan technology, before 
characterizing optimum formulation for more complex 
systems composed of trade surfactant and crude oils 
which are quite out of the scope of the current HLD 
concept. 

Reminder on the technique 

Turbiscan® technology is based on Static Multiple Light 
Scattering and consists of sending a light source on a 
sample to acquire a backscattered and transmitted signal 
all over the height of a sample in its native state. By 
repeating this measurement over time at adapted 
frequency, the instrument enables to monitor physical 
stability of a sample without dilution.  

To compare the stability of different emulsions in a 
quantitative way, the Turbiscan Stability Index (TSI) can 
be used. The TSI is a number calculated at time t by 
summing up all temporal and spatial variations in a 
considered zone (Eq.2) : 

𝑇𝑆𝐼(𝑡) =
1

𝑁ℎ
∑ ∑ |𝐵𝑆𝑇(𝑡𝑖 , 𝑧𝑖) − 𝐵𝑆𝑇(𝑡𝑖−1, 𝑧𝑖)|

𝑧𝑚𝑎𝑥

𝑧𝑖=𝑧𝑚𝑖𝑛

𝑡𝑚𝑎𝑥

𝑡𝑖=1

 

Accordingly, higher is the TSI value and lower will be the 
stability of the tested emulsion. More information on the 
TSI can be obtained from the application note 
TS_STAB_60_TSI Calculations.  

Although the Turbiscan is classically designed to measure 
the stability of sample at rest, it is possible also to record 
the backscattering intensity during an emulsification 
process using the T-Mix module. To obtain such results, a 
blade propeller is used inside the sample to stir it during a 
continuous acquisition of the backscattering intensity at a 
fix sample height (Fig.1). Such experimental device can be 
improved by adding a press-syringe to inject continuously 
additives during the emulsification process. In our study, a 
continuous injection of alcohols or non-ionic surfactants 
(named as co-surfactants or Co-TA) has been performed 
to continuously modified the HLD value of the tested 
emulsion. The backscattering intensity is recorded every 
0.5 second at a fixed sample height of 16mm. The stirring 

intensity is performed at 900rpm during the complete 
experiment. Based on the results of this experiment, 
different emulsions are formulated with various alcohol or 
Co-TA concentrations and the TSI is used to characterize 
the stability of obtained emulsions exhibiting different HLD 
values at rest. Experiments are first conducted on a 
system of 1wt% SDS/3wt% NaCl/n-heptane at an oil/water 
volume ratio (WOR) of 1 and at 50°C with addition of 1-
hexanol at a flow rate of 20μL.min-1 to validate the 
determination of the optimum formulation from the 
backscattered intensity profile. 

 

Figure 1: Scheme of the experimental device allowing the 
measurement of the backscattered intensity under stirring with 

the Turbiscan Lab-T-Mix module 

Determination of the optimum formulation of a 
model system 
 
As described before, the model system 1wt% SDS/3wt% 
NaCl/n-heptane at WOR 1 and 50°C has been 
continuously stirred at 900rpm during 10 minutes until the 
global backscattered intensity of the sample was stabilized 
which ensure a defined droplet size of the emulsion. After 
this initial step, the continuous addition of 1-hexanol 
induces variation of the backscattered intensity as it also 
modifies the droplet size and the HLD value of the 
emulsion. Indeed, surfactant parameters of SDS 
referenced in the literature allows to calculate the initial 
HLD value estimated at -2.85 [5]. Adding 1-hexanol 
contributes to increase the HLD emulsion value as the 
alcohol coefficient remains positive (a=4 in this case) [5], 
and so induces at a define alcohol concentration the 
optimum formulation characterized by a HLD value of zero. 
The figures 2 and 3 present the variations of the 
backscattered intensity in function of the alcohol 
concentration added as well as pictures and TSI values of 
obtained emulsions at various alcohol concentrations. 
 
 

 
Figure 2 : Phase behavior of the system 1wt% SDS/3wt% 

NaCl/n-heptane/1-hexanol at WOR 1 and at 50°C taken after 1 
hour at various concentrations of 1-hexanol 

https://www.formulaction.com/en/applications-and-library/library
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Figure 3: Backscattered intensity (solid line) and TSI variations 

after 1 hour (dotted line) in function of 1-hexanol concentration 
for the system 1wt% SDS/3wt% NaCl/n-heptane/1-hexanol at 

WOR 1 and at 50°C 

 
According to the figure 3, a maximum TSI value is obtained 
at the first local maximum of the backscattering intensity 
occurring at 3.31wt% of 1-hexanol added, which clearly 
indicates the obtainment of the optimum formulation 
characterized by a minimum of stability.  
 
Consequently, a WIII microemulsion is obtained from 
phase behavior observation at this define alcohol 
concentration as highlighted by figure 2. The 
backscattered intensity profile obtained through alcohol 
concentration variation appears quite similar to those of 
the literature obtained from model systems with 
temperature or salinity variations [16,17].  
 
As the continuous evaluation of the backscattered 
intensity allows to estimate the optimum formulation for 
model systems, it can be of great interest to solve some 
industrial petroleum problematics linked to the optimum 
formulation assessment such as crude oil demulsification 
or EOR implementation. 
 

 

Determination of the optimum formulation for 
petroleum systems 

The same experimental setup as the one employed to 
determine the optimum formulation for the model system 
has been used with 5 different petroleum systems 
composed of 1wt% SDS/3wt% NaCl/Heavy Crude oil at 
WOR 1 and 50°C with addition of different co-surfactants 
(named Co-TA). The different Co-TAs used are nonionic 
surfactants exhibiting different HLB values ranging from 
4.3 to 16.7. Results obtained are gathered in figure 4. 

 

 

Figure 4: Backscattered intensity (solid line) and TSI variations 
after 2 hours (dotted line) in function of Co-TA concentration for 

the system 1wt% SDS/3wt% NaCl/Heavy crude oil/Co-TA at 
WOR 1 and at 50°C 

As highlighted by the figure 4, in the same way as the 
model system previously studied, two petroleum systems 
exhibit a maximum value of TSI at the corresponding Co-
TA concentration of maximum backscattered intensity, 
indicating the obtainment of the optimum formulation for 
these systems.  

However, the three other petroleum systems fail to follow 
this tendency with lower TSI values at Co-TA 
concentration of maximum backscattered intensity. For 
addition of Tween 80 and Tween 20, these results can be 
easily explained according to the huge amount of Co-TA 
needed to obtain the optimum formulation (respectively 27 
and 38wt%) which increase considerably the emulsion 
stability after stirring. In the case of the addition of Brij 30, 
the lower TSI value is due to an incompatibility between 
the surfactant system used and the crude oil tested. 
Indeed, if model systems allow to obtain a clear WIII 
microemulsion system at optimum formulation, this is not 
the case for complex oils such as crude oils which required 
a chemical compatibility between the surfactant system 
and the crude oil.  

This compatibility is directly linked to the ability of the 
surfactant system in decreasing the interfacial tension 
between aqueous and oil phases which can be estimated 
to its solubilization efficiency [9,18]. As the surfactants 
used in this study are not extended surfactants optimized 
for crude oil [19], no Co-TA addition allows to obtain a clear 
WIII microemulsion system after two hours equilibrium. 
However, as the addition of Triton X-114 and Span 80 
provide higher TSI values, these systems exhibit better 
dephasing properties with emergence of an instable 
emulsion phase compared to other Co-TAs as described 
by phase behaviors of figures 5 and 6. 

B
a
c
k
s
c
a

tt
e
re

d
 I
n

te
n

s
it

y
 (

%
) 

B
a
c
k
s
c
a

tt
e
re

d
 I
n

te
n

s
it

y
 (

%
) 



   

 

 

 

 

 

Figure 5 : Phase behavior of 1wt% SDS/3wt% NaCl/Heavy crude oil/Co-TA at WOR 1 and at 50°C for different Co-
TA concentration of Brij 30 (top), Tween 80 (middle) and Tween 20 (bottom). The optimum concentration is 

highlighted in red 

 

 

 
Figure 6 : Phase behavior of 1wt% SDS/3wt% NaCl/Heavy crude oil/Co-TA at WOR 1 and at 50°C for different Co-TA 

concentration of Span 80 (top) and Triton X-114 (bottom). The optimum concentration is highlighted in red 

 

According to previous results, the selection of the 
appropriate Co-TA can be carried out through two different 
descriptors. The first one is the concentration of Co-TA 
required to reach the optimum formulation, noted as 
Coptimum, as the lower is the Co-TA concentration, the more 
appropriate is it due to cost reasons. The second one 
remains the efficiency of the added Co-TA which can be 
estimated through the TSI value, as the more instable the 

emulsion is, the lower should be the interfacial tension 
between oil and water phases [20]. In the case of the 
concentration of Co-TA required to obtain the optimum 
formulation, it depends on the intrinsic hydrophily of the 
surfactant which can be described through its HLB value. 
In the same way, the global efficiency of the added Co-TA 
can be easily assessed from the TSI vs Coptimum 
representation as highlighted by the following figure 7. 
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Figure 7 : Evolution of Coptimum in function of the HLB of the added Co-TA (left) and TSI vs Coptimum representation to estimate the Co-

TA efficiency (right) 

 

As described by the figure 7, the more hydrophilic is the 
Co-TA, the higher is the amount of Co-TA required to 
obtain the optimum formulation. This tendency can be 
easily explained by the HLD concept in which only 
surfactant system parameters of the HLD equation σ and 
cT will vary. Indeed, as the SDS is an hydrophilic surfactant 
(σ=-3.0 and cT=-0.01°C-1 [5]), adding a more pronounced 
hydrophobic Co-TA such as the Span 80 contributes to 
increase even more rapidly the resulting surfactant system 
parameters σ and cT, and so reduce the Co-TA 
concentration required to obtain an zero HLD value. If the 

optimum Co-TA concentration is directly linked to its HLB, 
it is not the case of its efficiency which only depends on 
the decrease of the interfacial tension due to Co-TA 
addition. In that way, representing TSI vs Coptimum allows to 
select the most suitable Co-TA to reach the optimum 
formulation with the best efficiency (maximizing the TSI 
and lowering the Coptimum). Among the Co-TAs tested, the 
Triton X-114 appears as the most suitable and efficient Co-
TA to reach the optimum formulation with this petroleum 

system.     

 

 
Turbiscan® experiments have been performed to select the best Co-TA for reaching the optimum formulation 
regarding model and petroleum systems. In that way, the Turbiscan T-Mix appears as a fast on-line instrument 
for determining the optimum concentration of Co-TA required to obtain the optimum formulation. The efficiency 
of the Co-TA addition is then assessed through a stability test and quantify by the TSI. Therefore, representing 
the TSI vs optimum concentration diagram allows to choose the appropriate surfactant needed to reach the 
optimum formulation for different petroleum applications which require ultralow interfacial tension between oil 
and water phases such as EOR, crude demulsification or in oil spill dispersant formulations. Concepts 
highlighted in this work are also not only limited to the petroleum industry and other applications are possible in 
various formulation fields such as foods, cosmetics, or pharmaceutics. 
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