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Abstract  

Applied to Enhanced Oil Recovery, microemulsions are valuable systems for extracting 
the crude oil trapped by capillary forces in the porous reservoir rocks. The 
performances of the injected formulations are often assessed by quantifying oil 
composition in model systems that contain relatively high amount of surfactant/co-
surfactant. Recently, the question of representativity of such systems was raised 
because kinetics aspects and complexity of crude were neglected in model systems 
and are likely to impact the process efficiency. The current quantification techniques 
limit the characterization of representative model systems as they are destructive, time 
consuming and not often applicable to dark or opaque systems. In the original aim to 
provide a quantitative kinetic study of such microemulsions, we propose a high 
resolution T1-weighted imaging technique to have access to 1D-composition profiles 
of co-surfactant, oil and brine in Winsor I, Winsor III and Winsor II microemulsions. The 
analysis is carried out on model systems at equilibrium for proof of concept. Results 
are correlated with X-Ray Micro-Computed Tomography experiments to provide better 
interpretations and assess the method accuracy. We provide conditions of validity of 
the developed NMR method and discuss its potential limitations. To a larger extent, 
the method could be of interest to other applications that use similar systems. 

Graphical abstract 
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Abbreviations 

𝐴 a.u Absorbance 

B vol.% Brine composition profile along the tube height 

CPMG NA Carr-Purcell-Meiboom-Gill sequence 

𝜑𝑖  None Volume fraction of species i 

𝐼0 a.u Incident intensity from Micro-CT 

𝐼 a.u Transmitted intensity from Micro-CT  

µ𝑖 m-1 Attenuation coefficient of species i 

N vol.% N-butanol composition profile along the tube height 

NMR NA Nuclear Magnetic Resonance 

 𝜌𝑎𝑝 a.u Apparent Hydrogen density at a given height in the sample 

𝜌 a.u Total Hydrogen density at a given height in the sample  

 𝜌 𝑖 a.u Total Hydrogen density at a given height for species i measured 
separately 

𝛲𝑎𝑝  Apparent Hydrogen density distribution along the tube 

𝛲 a.u Total Hydrogen density distribution along the tube 

𝛲𝑖 
a.u Total Hydrogen density distribution along the tube for species i 

measured separately 
RD s Relaxation Delay : time allocated to the NMR relaxation process 

S vol.% Sodium Dodecylsulfate composition profile along the tube height 

SDS NA Sodium Dodecylsulfate 

t s Time 

T vol.% Toluene composition profile along the tube height 

T1i s T1-Relaxation time in NMR of species i 

T2i s T2-Relaxation time in NMR of species i 

x m Distance in tube  

1D NA One dimension 
WI, WIII, WII NA Winsor I, Winsor II, Winsor III 
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1 Introduction  
 

The characterization of complex fluids is a constant challenge to the oil industry. For 
many years, research has focused on the characterization of water-in-oil emulsions 
produced after crude extraction. NMR technique has been widely used not only due to 
its applicability to dark and viscous systems but also to the wealth of information 
collected from both a structural and compositional points of view. In the last decades, 
improvements of the self-diffusion and transverse relaxation techniques enabled to 
have access to the droplets size distributions [1,2] and the dynamic monitoring of 
emulsion destabilization [2,3]. In a recent study [4], NMR droplet size distribution 
measurements and vertical profiles were combined to fully characterize a des-
emulsification process involving low viscosity crudes for which T1-relaxation times of 
crude and water often overlapped. More original works can be encountered in literature 
such as studies on the rheological properties of emulsions [5], the quantification of 
aromatics contents in petroleum distillates [6] or even the behavior of asphaltenes at 
O/W interfaces [7] which further broadens the field of applications of NMR technique.  

Nowadays, due to the implementation of Enhanced Oil Recovery processes (EOR), 
the oil industry faces other complex systems called “microemulsions”. The term 
“microemulsion” is misleading because they are not emulsions of micro-size droplets 
but isotropic and thermodynamically stable systems showing low viscosity and 
interfacial tensions in the range of 10-2-10-3 mN/m between oil and water phases 
[8][9,10]. They are used in a large variety of applications in all chemistry domains such 
as cosmetic, chemical, drugs, food and oil industries mainly for their high oil 
solubilization performances and particular structures encountered [11]. For the oil 
industry, the existence of ultra-low interfacial tensions appears to be a good alternative 
to extract the spare crude trapped by capillary forces in the porous reservoir. Contrary 
to classical emulsions, the microemulsions are spontaneously formed after contact of 
an injected aqueous phase, containing a relatively high amount of surfactants, and an 
oily phase (i.e. crude). Depending on the nature of the phases in contact and oil/water 
ratio in the system, three main types of microemulsions can be encountered according 
to Winsor classification [12]. The Winsor I and II types are in the form of dispersed 
droplets comparing to the Winsor III type which is bicontinuous and made of highly 
interconnected water and oil domains that have characteristic sizes of around 10 to 
100 nanometers. As anionic surfactants are mostly used in the EOR processes, a co-
surfactant (alcohol molecules) is often added to the formulation. The co-surfactant 
prevents the precipitation of the surfactant at high salinities. As anionic surfactants are 
mostly used in the EOR processes, a co-surfactant (alcohol molecules) is often added 
to the formulation. The co-surfactant helps to prevent the precipitation of the surfactant 
at high salinities. It also enables the formation of the microemulsion by penetrating into 
the surfactant layer and enhancing the interfacial fluidity. On model systems, a 
relatively high amount of surfactants and co-surfactant is used compared to real 
systems. In practice and before upscaling, preliminary works are first carried out on 
model systems [13–20] to assess the performances of the formulations in static and 
after flowing conditions namely in terms of oil recovery and effective formation of the 
microemulsion. Among existing methods to quantify these systems, techniques such 
as Karl-Fischer and Hyamine titrations or UV-spectroscopy are commonly used as 
routine tests to assess respectively compositions of water and surfactant in the 
different phases of the model microemulsion at equilibrium [19,21]. Gas 
chromatography was successful in characterizing excess oil/water phases as well as 
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co-surfactant partitions in bicontinuous microemulsions [22–24]. Recently, a new 
application of Differential Scanning Calorimetry appears to be an alternative to 
chemical methods for measuring the amount of water in microemulsions giving extra 
information on water domains sizes due to a correlation between melting temperatures 
and confinement [25–27]. Nevertheless, all these methods are destructive and the 
information collected are often limited to one compound or mean compositions.  

When applied to microemulsion systems, NMR has been usually used to provide 
structural information by measuring the self-diffusion coefficients [28,29]. The order of 
magnitude of the diffusion coefficients in the sample compared to the bulk case 
enables to distinguish the shape and size of the dispersed objects from spherical 
micelles to lamellar phases. It is one of the only techniques that was able to directly 
prove the bicontinuity of Winsor III microemulsions [30]. Relaxation studies have been 
much less performed on microemulsion because it is poorly sensitive to inter-objects 
interactions and thus does not give as precise structural information as diffusion 
coefficients monitoring. In our study, this could be beneficial for quantification purposes 
given that relaxation times should not be drastically affected from a bulk conformation 
to a bicontinuous medium for instance. 

In our specific application, our aim was to extract compositions and follow the kinetics 
of formation of microemulsions for process optimization purposes and so, despite their 
darkness or opacity. However, the techniques described above need sampling and the 
structure of the system makes it difficult to probe local compositions during 
microemulsion formation or even at equilibrium. To reach this objective, one needs an 
analytical technique which allows:  

- Simultaneous quantification of a multi-component system  
- Fast-responses acquisitions 
- Application to all liquid systems independently from their microscopic structures 
- Non-destructive measurements 
- Application to dark/opaque systems  

In that objective, we provide an application of T1-relaxometry that gives simultaneous 
access to 1D-compositions profiles of each species in microemulsions. Its use could 
be of interest to those who need a non-destructive, relatively fast quantitative method, 
well suited to dark / opaque systems and which allows the simultaneous quantification 
of a multicomponent system. It should be noted that different types of model systems 
are now used in a large range of applications going from innovative extraction and 
reaction processes [31–34] to drug delivery systems [24,35–37] and even formulation 
of cleaner fuels [38–40].  

The studied microemulsion is a well-known quaternary system containing 
Toluene/NaCl Brine/n-Butanol/Sodium Dodecylsulfate [41]. To assess the method, we 
compared NMR results to X-ray Micro-Computed Tomography (Micro-CT) 
experiments. In this study, the methodology is described on static compositions of 
microemulsions chosen at equilibrium for proof of concept. It will be carried out further 
in dynamic conditions to better understand the mechanisms of microemulsification. We 
discuss advantages and limitations of the same NMR application. The work particularly 
focuses on the description of the methodology and could potentially be extended from 
bicontinuous microemulsions characterization to a wide variety of colloidal systems.  
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2 Materials and Methods  
 

2.1 Products and microemulsions systems  

 
Sodium Dodecylsulfate surfactant “SDS” (Dry weight 98.5 % - water <1.5 %) was 
supplied by Alfa Aesar and used without further purification. Toluene is from VWR 
(AnalaR Normapur), n-butanol and sodium chloride NaCl are from Merck (grade 
analysis). Milli-Q water was used. 

The studied systems are made of NaCl Brine, Sodium Dodecylsulfate “SDS” 
(surfactant), n-butanol (co-surfactant) as aqueous phase and toluene as oil phase. The 
aqueous phase is first formulated in the tubes by dissolving SDS in the mixture water 
and n-butanol. The mixtures are completed with an appropriate volume of concentrated 
mother solution of brine to attain the desired salinity in the aqueous phase. Toluene is 
then added gently to the aqueous phase and the tube is turned 3 times up and down 
to allow phases contact. The tubes are sealed with Teflon rubber and allowed to rest 
1 day until equilibrium is reached meaning the thickness of the middle phase is 
constant over time. Compositions are calculated to satisfy a water to oil volume ratio 
WOR=1 ; Co-surfactant= 5.5 vol.% of total system; Co-surfactant/SDS weight ratio = 
2. A salinity scan as well as interfacial tensions measurements were performed to 
define the range of Winsor I, Winsor III and Winsor II systems (See in Supporting 
Information). We probed five salinities to discuss the applicability of the developed 
NMR method : 30 g/L (Winsor I) ; 48 g/L (Winsor III limit to Winsor I) ; 54 g/L (Winsor 
III at optimal salinity) ; 63 g/L (Winsor III limit to Winsor II) and 70 g/L (Winsor II). The 
microemulsions were formulated in glass tubes with a total volume of 3 mL for NMR 
and 10 mL for Micro-CT. NMR transverse T2 relaxation times  of the above components 
are listed in Table 1.  

 

2.2 NMR apparatus and sequences 
 

A bench top of 20 Hz from Oxford Instruments equipped with a 1.8 cm diameter probe 
was used for the NMR acquisitions. The 3 mL sample was placed in a 1.8 cm-outer 
diameter glass tube resulting in about 2 cm in height. The temperature is controlled 
during the experiment and set at 30 °C. The equilibration time of the tube in the 
environment is 50 min.  

The following application requires the T1 relaxation times of each species of the system 
(Eq.  3). For this, T2 relaxation times of separate references (Table 1) were measured 
with a CPMG sequence (Carr-Purcell-Meiboom-Gill) with an inter-echo time of 100 to 
300 µs. It is commonly accepted that the longitudinal relaxation times T1 = T2 for such 
liquid systems. For each species, we thus fixed the value of T1 to the measured T2 of 
the corresponding reference. It leads to consider that relaxation times in-situ the 
microemulsions are not drastically affected by the internal structures, as already 
mentioned in the Introduction.   

The profile acquisition sequence is described in Figure 1. To have good compromises 
between signal resolution and fast responses, we average the signal over 4 scans and 
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2 unrecorded dummy scans leading to a total maximum measuring time of 1.40 min. 
The relaxation parameter RD corresponds to the time between each scan. The 
acquisition parameters of the sequence are such that the vertical resolution is 118 µm 
with a field of view of 3 cm (Figure 1).  

 

 

 

Figure 1: T1 weighted 1D imaging sequence. The gradient GREAD is along the 

vertical direction. Acquisition parameters: =2 ms, gradient amplitude=8.39 G/cm, 
filter bandwidth 50 kHz, number of acquired points 128.  

2.3 X-ray measurement 
 

The X-Ray Micro-CT tests are conducted on an EasyTom 150-160 from RX Solutions 
in a 10mL glass tube of 1.8 cm-outer diameter at ambient temperature (~20°C). An X-
ray source irradiates the whole tube. The detector is set behind the tube and collects 
the transmitted X-rays radiations. A 2D-radiography is acquired in function of the height 
and thickness of the tube as depicted in Figure 6. The time for one acquisition is 5 
seconds.    

3 NMR method 
 

The objective is to visualize and quantify the three phases present in the systems as a 
function of height (Figure 2). Especially in the microemulsion located in between the 
brine and toluene, the quantification of the phases is of prime interest to study the 
formation and evolution of microemulsions. From density profiles alone, it is not 
possible to obtain the desired quantities since the hydrogen index of the surfactant 
(SDS solution), the co-surfactant (n-butanol) and brine are very close (Table 1). There 
exists however a large contrast with toluene but it might not be the case in industrial 
situations in which microemulsions are formed with crude oils. We explain below how 
we can take advantage of the relaxation time contrast to quantify all phases at any 
height in the sample.  
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Figure 2: Photographs of the SDS / n-butanol / NaCl brine / Toluene system during 
each formulation steps: left- after Toluene addition onto the aqueous phase; center- 
after rollover of the tube; right- at equilibrium at optimal salinity of 54 g/L. The time 

needed to reach equilibrium was 1 day after rollover and standing at room 
temperature. 

 

For this purpose, the relaxation delay (parameter RD) in the imaging sequence is tuned 
adequately to weight the total H-density profile by the longitudinal T1 relaxation time of 
each species, as described below and illustrated in Figure 4. To allow quantification, 
we collect and analyze 2 profiles: fully polarized (RD ≥ 5xT1 for all species) and partially 
polarized (RD < 5xT1 for some species).   

At first step, we assess the homogeneity of the magnetic field by measuring the Pure 
Toluene response over the height required for the study (i.e. 2 cm). The signal 
response is shown in Figure 3: a flat profile is obtained with an accuracy evaluated at 
4% as detailed in Supporting Information. We noticed that interfaces with Air/Toluene 
and Toluene/Bottom of the tube are not sharply defined. For repeatability 
conveniences, we choose to extract volume fractions by excluding interfaces effects 
that is to say in a zone where density profiles are flat (as delimitated by the red lines in 
Figure 3). This would actually underestimate the volumes of the upper and lower 
phases. Consequently, after calculations, they should be corrected by the addition of 
respectively 0.13 mL to the upper oily phase and 0.14 mL to the lower aqueous phase.  
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Figure 3: Signal response of pure Toluene and impact of interfaces limits on volume 
calculations.  

 

3.1 Parametrization of the sequence  
 

We introduce 𝜌 and 𝜌𝑎𝑝 as respectively the total and apparent H-density at a given 

height in the sample. When RD > 5 T1i, set up here at RD=15 s, all protons of the 
sample have returned to their initial position. Consequently, the collected signal at a 
given height in the system is called total density 𝜌 and is only dependent on the 
hydrogen index of the measured local composition (Table 1). In the case of binary 
systems, a contrast in hydrogen index between the two components would be 
satisfactory to quantify the volume fractions φi  for each component  based on mixing 
rules (Eq.  1 and Eq.  2).  The total densities 𝜌𝑖 of each species i are obtained by 
measuring the pure species responses separately. However, for multi-components 
systems, the two equations are not sufficient for the quantification of volume fractions. 
Moreover, in practice, when studying organic compounds, the intrinsic hydrogen 
densities are often too close to distinguish them, which means that the pure references 
and mixtures samples could have equal total densities. Consequently, the equations 
lead to non-unique solutions.  
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Figure 4: Example of raw profiles for total 𝜌 and apparent 𝜌𝑎𝑝 densities on the 

equilibrated microemulsion at optimal salinity in function of the relative height in the 
tube 

 
For this reason, the T1-weighted sequence used is notably sensitive to contrasts in 
relaxation times T1i. Indeed, for a RD close to T1i, set up here at RD =1 s, the relaxation 
process is sub-polarized for components i that have T1i > RD. It corresponds to the 
apparent density 𝜌𝑎𝑝 in Figure 4. The value of RD is chosen at 1 s to have enough 

contrast between total 𝜌 and apparent density 𝜌𝑎𝑝. It also permits to have better 

compromises between the duration of the acquisition and the resolution of the sub-
polarized signals. Consequently, the measured apparent density  𝜌𝑎𝑝 collected at a RD 

=1 s corresponds to a unique composition and follows sharp and detectable variations 
when local compositions change in the system according to Eq.  3. This new equation 
and the only knowledge of relaxation times T1i of each species thus permit the 
quantification of the other compounds in our case. It is worth mentioning that 
acquisitions in partial relaxation mode at different RD ~ T1i should provide as many 
additional equations as components in the system according to Eq.  3.  

1 =  ∑ φi 

𝑖

 Eq.  2 

 𝜌𝑎𝑝(ℎ) = 𝜌(ℎ) (1 − ∑ φi 

𝑖

  𝑒𝑥𝑝
− 𝑅𝐷

𝑇1𝑖
⁄ ) 

Eq.  3 

𝜌(ℎ) =  ∑ φi 

𝑖

𝜌 𝑖(ℎ) Eq.  1 
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Where  𝜌𝑎𝑝 (or 𝜌)  is the apparent (or total) density in the system at height h in the tube 

for a given RD; 𝜑𝑖 accounts for volume fraction of components i in the system at height 

h and 𝜌 𝑖 are the  densities of pure species i measured separately. 

 

3.2 Application to the model system accounting for the sample’s height   
 

In our model case, the system is made of four components: n-butanol, Toluene, brine 
and SDS. Visually, it is triphasic and can be split from top to bottom into three zones: 
excess oil phase, bicontinuous microemulsion and excess water phase. At first, we 
assumed all four components can be encountered in any zone of the tube. By 
extension along the tube and application to the quaternary system, the equations Eq.  
1, Eq.  2 and Eq.  3 are turned into a system of equations (Eq.  4, Eq.  5 and Eq.  6) 
where the 1x1 matrix T, N, B, S represents respectively, Toluene, N-butanol, Brine, 
SDS volume fractions distributions along the tube. Details on the system’s resolution 
are explained bellow and illustrated in Figure 5. The signal vertical resolution is 0.1 
mm. The data are automatically processed on the Python software from raw profiles. 

𝛲 = 𝑇 × 𝛲 𝑇 +  𝐵 × 𝛲 𝐵 +  𝑆 × 𝛲 𝑆 +   𝑁 × 𝛲 𝑁  Eq.  4 

       𝛲𝑎𝑝 =  𝛲 × (1 −  𝑇 × 𝑒𝑥𝑝
− 𝑅𝐷

𝑇1 𝑇
⁄ −  𝐵 × 𝑒𝑥𝑝

− 𝑅𝐷
𝑇1 𝐵

⁄

− 𝑆 × 𝑒𝑥𝑝
− 𝑅𝐷

𝑇1 𝑆
⁄ − 𝑁 × 𝑒𝑥𝑝

− 𝑅𝐷
𝑇1 𝑁

⁄ ) 

Eq.  5 

1 =  𝑇 +  𝐵 + 𝑆 + 𝑁 Eq.  6 

Where  𝛲𝑎𝑝 is the 1x1 matrix containing all the values of apparent densities  𝜌 𝑎𝑝 (ℎ) 

along the tube height (with an interval of 0.1 mm). Same considerations for 𝛲. 
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Figure 5 : Schematic description of the system’s resolution strategy 

 

3.3 Resolution of the system 
 

We first used the density contrast between toluene and the other species to reduce the 
number of unknowns. Interestingly, a clear contrast in total density appears between 
Toluene and the compounds of the aqueous phase. Given the hydrogen index of Table 
1, we confirmed that this effect is due to the lower density of protons per cm3 in 
Toluene. The contrast enables to directly deduce the distribution of Toluene volume 
fractions along the tube from the total densities as  𝑃𝑆~ 𝑃𝐵~ 𝑃𝑁 reducing Eq.  4 to Eq.  
7.  

 𝑇 =
𝛲 − 𝑃𝐵

𝑃𝑇 − 𝑃𝐵
  

Eq.  7 

 

Second, we assume that the surfactant is mainly located in the microemulsion. The 
surfactant volume fraction in the system is 2.2 vol.%. The calculated contribution of 
SDS to the signal in each phase can be deduced from Eq.  5 and does not exceed 3.5 
% of the apparent signal. We estimated the method accuracy on the signals, with our 
input parameters, at +/- 4% and +/- 0.6 % respectively for apparent densities and total 
densities by carrying out reproducibility and repeatability measurements as detailed in 
Supporting Information. After data treatment, the precisions on the signals both at RD 
1s and RD 15s imply a precision on volume fractions of 4 vol.% at height h in the 
sample. This means SDS at 2.2vol.% could not be quantified properly. Moreover, 
previous studies are in agreement to say that surfactant molecules concentrate in the 
microemulsion phase [16,19]. Consequently, we consider that the excess phases do 
not contain significant amount of SDS. We thus made the hypothesis that SDS is 
homogeneously distributed in the microemulsion phase for enabling calculations.   

Finally, regarding the considerations above, the system is reduced to two unknown 
variables. By using Eq.  5 and the conservation of volume fractions Eq.  6, we were 
able to extract n-butanol and brine distribution along the tube thanks to respectively 
strong contrasts in T1-relaxation times and the conservation of volume fractions.  

 

3.4  Comparison with X-ray Micro-Computed Tomography (Micro-CT) 
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The principle is based on the transmission of X-rays radiation through the sample. The 
absorbance at a given height in the sample varies according to Beer-Lambert law 
depending on the attenuation coefficient µ𝑖, volume fraction 𝜑𝑖 of each species i (Eq.  

8 and Eq.  9) and thickness 𝑥. The attenuation coefficients are dependent on the 
electron densities of the material but also on the energy of the X-ray radiations source. 
The acquired pictures of transmitted intensities are processed on Image J software to 
obtain the gray level profile of the sample as depicted in Figure 6. Because of a contrast 
in attenuation coefficients between water and the two other compounds (Toluene, n-
butanol), the technique allows to extract the brine distribution (Eq.  10) along the tube 
with a spatial pixel resolution of 72.19 µm to be compared to NMR for better method 
assessment. Micro-CT is not sensitive enough to extract the SDS distribution meaning 
there is no contrast between a solution of 5 wt.% of SDS in water and water only. Thus, 
in our specific case, SDS is measured out in the brine quantification. The estimated 
error on the deduced volume fractions is +/-2 % and mainly because of a beam 
hardening effect occurring due to the thickness of glass tube. 

𝐴 = ln (
𝐼

𝐼0
) Eq.  9 

 

𝜑𝑏𝑟𝑖𝑛𝑒(ℎ) =   
𝐿𝑛 (𝐼𝑜𝑖𝑙) − 𝐿𝑛 (𝐼𝑠𝑎𝑚𝑝𝑙𝑒 (ℎ))

𝐿𝑛 (𝐼𝑜𝑖𝑙) − 𝐿𝑛 (𝐼𝑏𝑟𝑖𝑛𝑒)
 

 

 

Eq.  10 

Where A: absorbance ; I0: incident intensity ; I: measured intensity ; 𝜑𝑏𝑟𝑖𝑛𝑒(ℎ) : the 
volume fraction of brine at height h in the sample,  𝐼𝑜𝑖𝑙 and 𝐼𝑏𝑟𝑖𝑛𝑒: the transmitted 
intensities of separate Brine and Oil reference (n-butanol and/or Toluene).  

1

𝐼
𝑑𝐼 = − ∑ 𝜑𝑖𝜇𝑖

𝑖
 𝑑𝑥 Eq.  8 
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Figure 6 : Example of a Micro-CT radiography of the equilibrated microemulsion at 
optimal salinity of 54 g/L- Transformation of grey level profile in brine volume 

fractions along the tube  

 

4 Results 
 

The compositions profiles deduced from NMR are displayed in Figure 7 for each 
salinity. The irregularities that could be observed on NMR plots are potentially due to 
the set-up parameters of the sequence. They could be corrected by increasing the 
number of scans and dummy scans in the sequence, i.e. increasing the time of the 
acquisition to enhance the precision of the signal. Table 2 shows the mean volume 
fractions in the microemulsion phase at equilibrium as well as the volume fraction 
occupied by the phase extracted by NMR and Micro-CT. Signal processing could be 
performed for all samples of microemulsions, from Winsor I to Winsor III and Winsor II 
types. Good agreements are found compared to Micro-CT on similar formulations in 
terms of volume fractions in the middle phase and phases thicknesses as depicted in 
Table 2, Figure 7 and Figure 8. The results indicate that the deviations between NMR 
and Micro-CT tends to increase (1 vol.% to 7 vol.%) when the system is far from optimal 
salinity. Indeed, the change from a bicontinuous to a dispersed structure is likely to 
slightly affect the relaxation times due to the species confinement. The method is thus 
more precise on Winsor III systems even still applicable on Winsor I and Winsor II 
microemulsions. Indeed, some current techniques such as DSC or Karl-Fischer 
titration can lead to the similar deviations when quantifying microemulsions systems 
[19,25]. During data processing, we noticed that the NMR brine quantification in the 
microemulsion phase could be done by two ways. The first one was to consider brine 
and SDS separately with their respective relaxation times T1 detailed in Table 1, (i.e. 
as described in the above methodology). The calculation is thus carried out as if the 
system was made of four-components and we extracted separately the brine and SDS 
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volume fraction. The second way to quantify brine was to consider a solution made of 
~ 5 vol.% of SDS and the relaxation times corresponding to such a solution. By this 
way, the system in the microemulsion phase is considered as triphasic and we 
extracted the SDS+Brine volume fraction. Because SDS is estimated by hypothesis, it 
is thus possible to extract the brine volume fraction only. The two ways of calculations 
lead to the same composition of brine. In particular, it provides a physical meaning of 
the implemented volume fraction of SDS: it is a water-soluble surfactant and thus it 
can be quantified together with brine. This result also supports the hypothesis that all 
SDS is distributed in microemulsion phase.   

In the literature, Bellocq et al. [16] and Pouchelon et al. [17] studied the composition of 
the same systems over the entire range of Winsor. Gas chromatography and atomic 
absorption were used to quantify water, toluene and butanol and SDS in the systems 
at optimal salinity [16] or on Winsor I and Winsor II system [38]. By comparison, the 
quantification in the microemulsion phase of our Winsor I, Winsor III and Winsor II 
systems are in the same order that the ones reported as seen in Table 3. Nevertheless, 
in both studies n-butanol is found to be shared in the oil and aqueous excess phases 
in relatively small proportions (< ~4 vol.% in excess phase) depending on the studied 
salinity, oil/water ratio and amount of active species. With our method, no significant 
amount of n-butanol was detected in the excess phases, and so, for all samples. 
Indeed, the apparent and total densities profiles in the excess oil and aqueous phases 
were found to be equal to those of pure toluene and brine. This limit of detection is 
coherent and expected considering the precision of our method. To a greater extent, 
for real formulations that use ~ 1 to 2 % of active compounds or even model systems 
where cosurfactant is shared equally and in small amount between each phase [42,43], 
our method would potentially be limited to the quantification of oil and brine. In this 
case, actual quantification techniques would provide a more straightforward and 
precise access to mean volume fractions of surfactant and co-surfactant in the systems 
given a precision of 0.1%. Nevertheless, it is worth noting that mass balances were not 
reached in some of the quantifications of the given literature [16]. It could be explained 
by two reasons: i) the sampling procedure affects the quantification by transfer of 
species between the excess phases and the microemulsion and vice versa; ii) the use 
of different analytical techniques to quantify all compounds of a system.    

In that sense, mass balances were performed to assess the accuracy of the 
determination of the volume fractions for each compound with NMR at the optimal 
salinity. In Table 4, volumes in mL were extracted from the average volumes fractions 
and phases thicknesses deduced from the densities profiles (Figure 7). The total 
volume was corrected by considering the meniscus effects at the oil/air and water/tube 
interfaces. We found a total volume of 3.06 mL compared to the 3.08 mL that were 
introduced initially. For each system, the remaining amount of n-butanol in the excess 
phases can be extracted (Table 5) by subtracting the volume fraction in middle phase 
from the introduced amount of n-butanol. The cosurfactant fraction in excess phases 
decreases from ~ 7 % to 0 % from Winsor I to Winsor II systems. Although this 
information is qualitative given the precision on n-butanol volume fraction (4 vol.%), we 
found the same trend in literature [17] where n-butanol in excess phases passes from 
4.2 % to 1.6 % with increasing salinities. The increase of salinity leads to the 
concentration of n-butanol in the oil rich phase (microemulsion or excess oil phase).  
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Figure 7 : Volume fractions in function of the relative height in tube for each species 
from NMR profiles at different salinities from Winsor I to Winsor III and Winsor II 

types of microemulsion. SDS was assessed under the hypothesis that all surfactants 
molecules are homogenously solubilized in the middle phase 

 

  

Figure 8 : Contrasted Micro-CT radiographies over the range of salinity – transition 
from Winsor I to Winsor II microemulsions  

 

5 Conclusions 
 

A method has been developed in Low-Field NMR to quantify locally the components 
in complex microemulsions systems without sampling. The work focuses on 
quaternary microemulsions made of NaCl brine/Toluene/n-butanol and Sodium 
Dodecylsulfate (SDS) over the full range of salinities (i.e. from Winsor I to Winsor III 
and Winsor II systems). The samples were studied at equilibrium in static conditions 
and compared to Micro-Computed Tomography data. We found that the method, with 
our input parameters, is not applicable to the detection of traces or small quantities 
lower than 4 vol.%. To allow data processing, we thus made the usual hypothesis that 
the SDS surfactant molecules are homogenously concentrated in the middle phase 
(i.e. bicontinuous phase). For the quantification of the three other compounds, we took 
advantage of contrasts in T1-relaxation times as well as hydrogen densities between 
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n-butanol, toluene and brine. By studying the relaxation process in two modes: total 
and partial, the technique enables to quantify the local volume fractions of n-butanol, 
brine and toluene in the whole system. For Winsor III systems, the compositions were 
extracted with the minimum of deviations compared to Micro-CT (between 1 vol.% to 
4 vol.%). Winsor I and II quantification led to an increase of the deviation on 
compositions compared to Micro-CT at optimal salinity (1 vol.% to ~ 7 vol.%). This 
precision would be sufficient if one needs to assess the overall partition of species in 
a complex system and/or even to follow their evolution over time. Overall, in the 
microemulsion phase (WI WII, WIII), good agreements are found over the entire range 
of salinities compared to the Micro-CT experiments and to the available literature. 
However, in the excess phases, we were not able to detect the co-surfactant given our 
method precision. Nevertheless, qualitative information could be provided thanks to 
mass balances. To conclude, the method presents several advantages because it is 
non-destructive, relatively fast, reproducible and can be adapted to opaque/dark 
systems. It gives simultaneous access to oil, brine and co-surfactant compositions, and 
so, in all types of microemulsions because it is slightly affected by the internal structure. 
This means that the developed method could potentially be extended to different 
colloidal systems insofar as the relaxation times are not strongly impacted by the 
structure of matter. Depending on the need of the application, the accuracy could be 
slightly enhanced by increasing the number of scans and dummy scans. Compared to 
other methods, the major drawback is that it does not allow the quantification of traces 
or small concentrations (< 4 vol.%) of chemicals and it requires a contrast in T1- 
relaxation times and/or hydrogen index between each component of the system. In 
that sense, for a fine quantification of microemulsions, chromatography and chemical 
titrations remain the most straightforward techniques given a precision at 0.1%, with 
the main drawback of sampling. 

It is worth mentioning that the work described in this paper was focused on species 
that have a monodispersed distribution of relaxation times. This is particularly not the 
case for viscous and multi-components fluids, like real crude oils for instance. The 
method could potentially be applicable even for large distributions of relaxation times 
depending on their polydispersity. However, in the case it is not, a solution would be 
to work at several relaxation delay values (RD) in the domain of partial relaxation mode. 
The integration of RD parameter would theoretically provide as many equations as 
needed to solve the system. Further studies need to be carried out in this way to assess 
practical feasibility. Regarding microemulsions, kinetics monitoring will be performed 
in a future work to have a better understanding of the diffusion mechanisms occurring 
during their formation.  
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Table 1 Hydrogen index and transverse T2 relaxation times for 
Toluene/Water/SDS/n-butanol 

 

 

 

 

 

 

Table 2 Mean compositions (vol.%) and phase thickness of the equilibrated SDS/n-
butanol/NaCl brine/Toluene microemulsion for the five salinities – from NMR and 

Micro-CT 

 

System Type Method Brine SDS 
n-

Butanol 
Oil 

Vol % of 
microemulsion 
in total system  

30 g/L Winsor I NMR 77 4 6 13 65 

48 g/L 
Winsor 

I/Winsor 
II 

NMR 56 6 7 31 47 

Micro-CT 60 40 43.2 

54 g/L Winsor III 
NMR 40 6 12 42 44 

Micro-CT 47  53 41.1 

63 g/L 
Winsor 

III/Winsor 
II 

NMR 22 5 11 62 53 

Micro-CT 31 69 52.3 

70 g/L Winsor II 
NMR 14 4 13 69 61 

Micro-CT 25 75 65.4 

 

Table 3 Mean compositions (wt.%) of the equilibrated SDS/n-butanol/NaCl 
brine/Toluene microemulsion for the five salinities – Comparison with NMR and 

Literature 

System Type Method Brine SDS 
n-

Butanol 
Oil 

30 g/L 

Winsor I 

NMR 79 4 5 12 

 Bellocq et al. [16] 88  10 

50 g/L Pouchelon et al. [17] 79 3 4 14 

48 g/L Winsor 
III 

NMR 60 6 6 28 

 Bellocq et al. [16] 84  14 

54 g/L Winsor 
III 

NMR 43 6 10 41 

60 g/L  Bellocq et al. [16] 38 5 6 48 

63 g/L Winsor 
III 

NMR 24 5 10 61 

 Bellocq et al.[16] 21  74 

70 g/L 
Winsor II 

NMR 17 5 12 66 

 Bellocq et al.[16] 14  69 

Species Hydrogen index Relaxation time T2 (s) 

Toluene 0.700 2.70 
Water/Brine 0.980 2.93 

SDS 
(in solution at 46.8 g/L) 1.020  2.54 

N-butanol 1.013 1.13 
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80 g/L Pouchelon et al.[17] 13 3 6 78 

 

 

Table 4 Mass Balances : volumes of n-butanol, water and oil deduced from NMR 
calculations compared to added volumes for the sample at optimal salinity of 54 g/L 

Calculated 
volume (mL) 

Excess oil Middle phase 
Excess 

aqueous 
phase 

Total 

Calculated/Introduced 

N-butanol 0.00 0.14 0.00 0.14 / 0.17 

SDS 0.00 0.07 0.00 0.07 / 0.07* 

NaCl Brine 
54g/L 

0.00 0.52 0.77 (1.29 +0.14**) / 1.42 

Toluene 0.59 0.48 0.00 (1.07 +0.13**) / 1.42 

TOTAL    3.06 / 3.08 

*Determined under hypothesis 
**Corrected volumes 
 

Table 5 Qualitative information on the remaining volume fractions of n-butanol in 
excess phases (both aqueous and oil phases for Winsor III systems) obtained after 

mass balances calculations 

 

System Vol % N-butanol 

30 g/L 7.6 

48 g/L 4.7 

54 g/L 1.7 

63 g/L 1.4 

70 g/L 0.0 

 


