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Abstract 

The 1-O-dodecyl diglycerol ether (C12Gly2) is a well-balanced bio-based surfactant whose 

amphiphilicity and emulsifying property have been studied within the Normalized Hydrophilic-

Lipophilic-Deviation (HLDN) framework. Its Hydrophilic-Lipophilic tendency has been 

measured in saline and salt-free media by two methods. The classic one, is based on the 

identification of the optimal formulation (Winsor III) in a series of tubes containing a series of 

C12Gly2/Alkane/Water systems at equilibrium. The alternative method, much faster and more 

precise, is based on the phase inversion of the same systems under stirring, the HLDN value 

of which is gradually modified by changing the temperature or the salinity. C12Gly2 is found to 

be three times less sensitive to temperature and salinity variations than typical ethoxylated 

surfactants. 

By stirring C12Gly2/Alkane/Water systems, O/W or W/O emulsions are obtained depending on 

whether the alkane is long or short. The finest and the least stable emulsions (1 µm) are 

obtained with n-octane for which HLDN = 0. By systematically varying the water-to-oil ratio 

(WOR) and the hydrophobicity of the oil, either direct O/W or reverse W/O emulsions are 

formed and are represented in a Formulation-Composition map. This map is a powerful tool 

to guide the formulator about which type of emulsion will be obtained depending on the 

composition of the SOW system and the emulsification protocol used i.e. the pathway in the 

map. In particular, it is possible to prepare stable and very fine emulsions ( 100 nm) by 

crossing the inversion border of the map favouring the splitting of the droplets and then 

moving away from it quickly to prevent the coalescence of the droplets. 

 

Keywords: Bio-based surfactant, HLDN, Formulation-Composition Map, Nanoemulsion 
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1. Introduction 

The bio-based 1-O-dodecyl diglyceryl ether (C12Gly2) surfactant, shown in Figure 1, was 

previously reported as an effective solubilizing agent providing Winsor III microemulsions at 

low concentration and as a promising emulsifying agent forming smaller droplets than the 

polyethoxylated fatty alcohol C12E6 .[1,2] Its emulsifying properties are further investigated in 

this work, in particular the rationalization of emulsion properties in relation with the 

normalized Hydrophilic Lipophilic Deviation (HLD) equation, noted HLDN.  

 

Figure 1. 1-O-dodecyl diglyceryl ether surfactant structure.  

For designing emulsions of desired morphology and stability, several methodologies are 

available. In the past century, Ostwald showed that the Water-to-Oil Ratio (WOR) drives 

emulsion morphology when WOR is significantly different from 1, the emulsion continuous 

phase tends to be the phase present in larger amount.[3] On the contrary, Bancroft showed 

that when WOR is not too far from 1, the morphology of the emulsion is mainly driven by the 

affinity of the surfactant for the oil or aqueous phase. As a result, when agitating SOW 

systems with a hydrophilic (or lipophilic) surfactant, the resulting emulsion morphology is 

O/W (or W/O).[4,5] Since then, many theoretical and practical tools have been developed to 

quantify the hydrophilic-lipophilic tendency of surfactants in SOW systems, the most widely 

used still being the empirical Hydrophilic-Lipophilic Balance (HLB) of Griffin. For his part, 

Salager developed the Hydrophilic-Lipophilic Deviation equation, abbreviated as HLD, which 

describes much better the phase behaviour of emulsions and microemulsions as a function 

of the nature of the surfactant and the oil as well as the influence of the temperature and 

salinity. Recently, a simplified and more meaningful version of the HLD has been designed 

and called the Normalized Hydrophilic-lipophilic deviation (HLDN)[6–8]. The variation of the 

HLDN as a function of the variables capable of modifying the affinity of the surfactant for oils 

or for water is given by equation (1) for nonionic surfactants. 

𝐻𝐿𝐷𝑁 = 𝑃𝐴𝐶𝑁 − 𝐸𝐴𝐶𝑁 + 𝜏(𝑇 − 25) + 𝛿𝑆 (1) 

where PACN (Preferred Alkane Carbon Number) expresses the hydrophilic-lipophilic 

tendency of the surfactant. It is equal to the length of the n-alkane forming a Winsor III 

microemulsion at 25°C in salt-free solution. EACN characterizes the hydrophobicity of the oil 

and is equal to the number of carbon atoms (ACN) when the oil is an n-alkane. T is the 

temperature (°C) and S the salinity (wt.% NaCl). τ and δ coefficients reflect the surfactant 

sensitivity towards temperature and salinity, respectively.  

Both temperature and salinity sensitivity are properties of interest for the formulation of end-

use products. Indeed, stability must be ensured over a range of temperature for storage. 
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Moreover, the sensitivity of surfactants towards salts is a key parameter for formulating some 

personal care products or detergents as adjusting salinity modifies the surfactant packing 

parameter, changing from spherical to worm-like micelles in detergents and shampoos, 

increasing viscosity to facilitate the use of the product. The HLDN equation considers the 

contribution of formulation variables to the relative affinity of surfactant for either the aqueous 

or the oil phase. When HLDN < 0, the affinity of the surfactant is stronger towards the 

aqueous phase, when HLDN > 0, the affinity is stronger towards the oil phase and when 

HLDN = 0, the system is called to be at the “optimum formulation”.[9] In this case, the 

average curvature of the interfacial film is zero because the surfactant has an equal affinity 

for the aqueous and the oil phases. A three-phase system (Winsor III) then forms 

spontaneously when such SOW mixture equilibrates[10], because the interfacial tension O/W 

is ultra-low [11–14]. At the same time, when these optimal systems are stirred, the stability of 

the emulsions then formed is minimal as well as their viscosity.[15]  

 

When temperature is the formulation variable, HLDN = 0 is reached at an equilibrium 

temperature T*, which is similar to the phase inversion temperature (PIT) introduced by 

Shinoda et al.,[16] when the surfactants are pure. The same way, when salinity is the 

formulation variable, HDLN = 0 is reached at the salinity S*, similar to the salinity of phase 

inversion (SPI) in a dynamic system when the water/oil ration is close to 1. The parameters 

expressing the sensitivity towards temperature (τ) and salinity (δ) are usually determined 

from the SOW-T and SOW-S fish diagrams studied with a series of n-alkanes as oils, but 

reaching the thermodynamic equilibrium is a long process and such experimental 

determination is time-consuming. Instead, dynamic inversion approaches were chosen in this 

work to determine PACN, τ and δ for C12Gly2. 

 

Figure 2. Illustration of SOW systems behaviour with HLDN evolution when emulsified (bottom) and at 
equilibrium (top). 

According to equation (1), the nature of the oil can be tuned to obtain either O/W (HLDN < 0) 

or W/O (HLDN > 0) emulsions for which stability evolution can be anticipated, as shown in 

Figure 2. Other factors such as the emulsification process, the WOR and the surfactant 

concentration were also studied for comparison purposes. In this way, the scope of 

application of the glycerol-based 1-O-dodecyl diglyceryl ether (C12Gly2) surfactant was 

investigated: the resulting emulsions were characterized in terms of morphology, 

granulometry and stability. 
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2. Materials and methods 

2.1. Chemicals 

Cyclohexane (> 99.5%), cyclooctane (> 99%), octane (98%), nonane (99%), and 

hexadecane (99%) were purchased from Sigma-Aldrich. Hexane (> 99%) was supplied by 

Acros organics, heptane (99%), decane (99%) and dodecane (99%) were supplied from Alfa 

Aesar, undecane (> 99%), tetradecane (> 99%) and squalane (> 98%) were obtained from 

TCI. Octyl octanoate (>98%) was purchased from SAFC®. Pure tetraethyleneglycol 

monodecyl ether (C10E4) used as the reference surfactant was synthesized according to a 

method described elsewhere.[17,18] Its purity was assessed by GC-MS analysis (> 99%) 

and by comparing its cloud point temperature  (20.4 C at 2.6 wt.%)  with the reference value 

(20.6 C at 2.6wt%).[19] 

1-O-dodecyl diglyceryl ether (C12Gly2, 98%) was synthesized according to the procedure 

previously described.[20] 

2.2. Phase Inversion Temperature (PIT) 

C12Gly2 (0.085 g), n-alkane (4.25 g) and aqueous NaCl 10-2 M (4.25 g) were introduced in a 

double-jacketed cylindrical tube (d = 2.5 cm, h = 20 cm). The system 1 wt.% C12Gly2/n-

alkane/water was briefly stirred and left to pre-equilibrate at room temperature. The system 

was cooled down to 18 C for 10 minutes and kept under stirring at 500 rpm using a 2 cm-

square-cross magnetic stirrer during the whole experiment. Two heating and cooling cycles 

were then applied at a rate of 1°C/min up to 60°C by circulating water in the vessel using a 

HUBER 125 Ministat. Conductivity was recorded using a CDM210 conductivity meter from 

MeterLab® with a coupled conductivity-temperature electrode CDC641T from Radiometer 

Analytical®. Conductivity data were processed with the Labview software. 

2.3. Salinity of Phase Inversion (SPI) 

The general procedure and experimental vessel used for dynamic salinity phase inversion 

was described by Lemahieu et al.[21,22] C12Gly2 (0.085 g), n-alkane (4.25 g) and water 

(4.25 g) were introduced in a double-jacketed cylindrical tube (d = 2.5 cm, h = 20 cm). This 1 

wt.% C12Gly2/n-alkane/water mixture was briefly stirred and left to pre-equilibrate 1 h at 

20.0°C. Dynamic phase inversions are induced by increasing or decreasing continuously the 

aqueous phase salinity. An aqueous solution of NaCl at 25 wt.% (d = 1.19) or pure water 

(d = 1) and C12Gly2 (2%) in n-alkane are added using two single syringe infusion pumps 

(Legato® 100 Syringe Pump, KD Scientific) at constant rate of 0.059 g/min so as to maintain 

the WOR weight equal to 1 and the surfactant concentration equal to 1%. The mixture is 

stirred using a 2 cm-cross magnetic stirrer and temperature is maintained at 20.0°C by 

circulating water controlled by a HUBER® 125 Ministat. Phase inversions are monitored by 

electrical conductivity measurement as described in the previous paragraph. 
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2.4. Emulsions and characterization protocol 

2.4.1. Preparation 

The surfactant was dissolved in oil and the mixture surfactant/oil was sonicated and heated if 

necessary. Then the NaCl 10-2 M solution (aqueous phase) was slowly added. In the first 

series of experiments, the mixture was agitated using an Ultra-turrax® (IKA T18/S18N-10G) 

at 3000 rpm for 5 minutes. For studying the influence of emulsification process, a second 

series of experiments was carried out using a phase inversion procedure. In that case, the 

mixture was kept under stirring at 500 rpm using a 2 cm-square-cross magnetic stirrer. For 

emulsions containing hexane, heptane or octane, the temperature was set to PIT+5°C, 

cooled down to PIT-5°C at a rate of 1°C/min and heated up to 25°C at 2°C/min. For 

emulsions containing nonane, decane, dodecane or tetradecane, the temperature was set to 

PIT-5°C, increased to PIT+5°C at a rate of 1°C/min and cooled down to 25°C at 2°C/min. In 

all cases, emulsion morphology was assessed by conductivity measurements.  1 mL sample 

was taken for size measurements and the emulsion was placed in a Turbiscan® AGS from 

Formulaction for 14 to 28 days. 

For the phase inversion temperature and dilution experiments of dodecane/water emulsions, 

mixtures containing water and dodecane (water volume fraction of 0.2) and either 

2.9% C12Gly2 or 8.5% C12Gly2 were prepared, heated from room temperature up to 55°C at a 

rate of 2°C/min, and cooled down by quick addition of a NaCl 10-2 M solution at 10°C to 

reach a water fraction of 0.7. The final mixtures contain 1% and 3% of C12Gly2, respectively. 

2.4.2. Droplet size 

Droplet size distribution was measured using a Mastersizer® 3000 laser granulometer from 

Malvern Panalytical when an O/W emulsion was formed. When a W/O emulsion was 

obtained, the emulsion was observed at the optical microscope (Keyens VHX-900F). In that 

case, size distribution was calculated from at least 500 droplets per emulsion, grouped in 100 

size intervals. D[4,3] is given as ∑𝑁𝑖𝐷𝑖
4 ∑𝑁𝑖𝐷𝑖

3⁄  where 𝑁𝑖 is the number of observations in the 

size interval 𝑖 of mean diameter 𝐷𝑖. For smaller emulsions with droplets about 1 µm, size was 

also measured by Dynamic Light Scattering using a Zetasizer Nano® ZS from Malvern 

Panalytical. In that case, D[4,3] corresponded to the mean Dv diameter value. After stability 

monitoring, emulsions were gently re-homogenized by hand and size distributions were re-

measured according to the procedures described above. 

2.4.3. Stability  

Samples were scanned top to bottom by a laser beam (λ = 880 nm) using a Turbiscan® AGS 

equipped with an auto-sampling robot capable of analysing up to 54 samples maintained at 

constant temperature. Detectors placed at angles of 180° and 45° record the transmitted (T) 

and back-scattered (BS) light along the sample height. 54 samples can be stored at 
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controlled temperature and monitored at the same time. At regular time intervals (every 

12 h), samples were taken by the automatic robotic arm and placed in the analysis chamber, 

and placed back in the 25.0°C storage station until the next analysis. Stability data was then 

processed using the Turbisoft treatment software, from which many destabilization indicators 

could be computed. T and BS light signals allowed visualizing the evolution of opaque and 

clear area over time. Indeed, the intensity of T and BS directly depend on the concentration 

and size of light scattering objects according to equations (2) and (3).[23] 

𝑇 = 𝑇0 exp (
−3𝑟𝑖𝜙𝑄𝑒(𝑑)

𝑑
) (2) 

𝐵𝑆 = 𝛼√
3𝜙(1 − 𝑔(𝑑))𝑄𝑒(𝑑)

2𝑑
+ 𝛽 (3) 

with 𝑇0 the transmitted signal of the continuous phase, 𝑟𝑖 the internal radius of the 

measurement cell, 𝑑 the particle mean size, 𝜙 the volume fraction of dispersed phase, 𝑄𝑒 the 

extinction efficiency, 𝛼 and 𝛽 the gain and offset of the experimental setup and 𝑔 the 

asymmetry factor that quantifies the anisotropy of the light scattered by dispersed objects. 

In this work, the evolution of internal phase released over time was calculated as an indicator 

of emulsion destabilization. In practice, it was obtained by measuring the peak width of T 

signal at a threshold of T = Tmax/10 at the top (O/W) or at the bottom (W/O) of the sample 

over time. The relative released volume (%) was calculated as the ratio between the volume 

of release internal phase and the initial volume introduced in the emulsion. 

 

3. Results and discussion 

The bio-based surfactant 1-O-alkyl diglyceryl ethers can be obtained by a sustainable 

synthetic route described by Shi et al. [24]. It involves a catalytic reductive etherification of 

diglycerol with linear aldehydes to produce a mixture of 1-O-alkyl diglyceryl ethers and 2-O-

alkyl diglyceryl ethers (selectivity > 9/1). However, the presence of 2-O-dodecyl diglyceryl 

ether causes slight changes in physicochemical properties (see Supplementary Information). 

We therefore preferred to use for our study a sample of pure 1-O-alkyl diglyceryl ethers 

prepared by a more selective alternative synthesis route described by Delforce et al.[20] 

 

3.1. Temperature and salinity sensitivity (HLDN parameters) 

In this section, the HLDN parameters of C12Gly2 are determined by resorting to the phase 

inversion induced either by temperature (PIT) or salinity (SPI) scan in water/n-alkane 

systems. τ and δ correspond to the HLDN variation triggered by a change of 1°C or 1 wt.% 

NaCl and are determined by studying the T and S conditions for which the phase inversion is 

reached (HLDN = 0). 
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Dynamic PIT conductivity profiles are shown in the top of Figure 3a for WOR 50-50 

emulsions obtained with linear alkanes ranging from octane to dodecane. As expected, the 

PIT value increases with ACN, as the oil hydrophobicity increases: intermolecular 

interactions between alkane molecules are stronger and the penetration of the surfactant is 

decreased. At the bottom of Figure 3a, we can compare the PIT values of C12Gly2 with C10E4 

surfactant at different ACN. According to equation (1), the temperature coefficient can be 

obtained as the slope of the ACN vs. PIT. The PIT value increases with ACN, resulting in 

smaller τ value (see Figure 3a).  

 

The PIT evolution as a function of the n-alkane length also provides the surfactant PACN 

value which is the ACN number corresponding to a PIT value of 25 C without alcohol nor 

salt. The PACN corresponds to the carbon number of the n-alkane leading to a minimum 

interfacial tension, i.e. the optimum formulation.[25] It should be noticed that both C10E4 and 

C12Gly2 have similar values of PACN (8.1-8.3 for C10E4 [22,26,27] and 8.2 for C12Gly2) as they 

form spontaneously a Winsor III system with n-octane at 25°C. That is why C10E4 was 

selected for comparison with C12Gly2. However, their behaviour differs greatly when 

temperature varies. C12Gly2 being three times less “sensitive”, with a τ value of 0.14 C-1 

against 0.40°C-1 for C10E4, inversions require more thermic energy to occur. All CiEj 

surfactants with an alkyl chain length of at least 10 carbons have τ and δ parameters of the 

same orders of magnitude [8,22] but those results show that not all nonionic polar heads 

have the same impact on temperature sensitivity. Ontiveros et al. [28] reported a C12Gly2 

PACN value of 8 determined by phase equilibrium, 7.2 by the PIT-slope method, assuming 

that the temperature coefficient was identical to that of C10E4, and 7.3 by the PIT-slope 

method assuming temperature coefficients were different but the surfactant mixture followed 

a linear mixing rule. Those three values agree well with ours as the C12Gly2 concentration is 

low in the PIT-slope method, limiting the error to an acceptable margin.  
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Figure 3. Conductivity monitored dynamic phase inversion triggered by (a) temperature (PIT) at a 
salinity of 10-2 M NaCl and (b) salinity (SPI) at a temperature of 20.0°C variations and their evolution 
depending on the n-alkane length (ACN). Emulsions are prepared at WOR=1 and the oil nature is 
varied from octane (ACN = 8) to dodecane (ACN = 12) or undecane in salinity screening due to NaCl 
solubility limitations. The τ coefficient obtained by PIT[22] and δ coefficient obtained by SPI[22] are 
represented for C10E4 for comparison.  

Temperature sensitivity of nonionic surfactants is due to the formation/cleavage of hydrogen 

bonds between the polar head and water. As T increases, so does molecular agitation, 

breaking hydrogen bonds and thus reducing the affinity of surfactant-for water. In CiEj 

surfactants, ether -O- groups are mostly responsible for the hydrophilicity of the polar head 

since it contains four ether groups and only one terminal hydroxyl -OH. In contrast, C12Gly2 

contains two ether bonds and three hydroxyl groups. As the hydrogen bonds between the 

hydroxyl groups (-OH) and water are significantly stronger than the H-bonds between the 

ether functions (-O-) and water, the cleavage of the hydrogen bonds of C12Gly2 requires more 

thermal energy (higher temperature) than C10E4.[29] 

Dynamic conductivity profiles for salinity phase inversion with different n-alkanes are 

presented in the top of Figure 3b. In the bottom of Figure 3b, the SPI evolution with ACN for 

C12Gly2 is compared to that for C10E4. Using equation (1), the salinity coefficient “δ” can be 

calculated.  The salinity sensitivity is significantly higher for the polyethoxylated surfactant 

(δ C12Gly2 = 0.16 wt.%-1 against 0.53 wt.%-1). By NaCl salt addition, the activity of water is 

reduced: hydration of Na+ and Cl- ions requires several water molecules per ion, at the 

expense of the hydration of the polar heads of surfactants.[30] As more H-bond interactions 

are formed between C12Gly2 and water than between C10E4 and water, the salinity sensitivity 

of C10E4 is about three times as high as that of C12Gly2.  



COLSUA ECIS 36th edition Special Issue  

9 
 

 

3.2. Emulsifying properties of C12Gly2 

Very few publications describe the use of alkylglyceryl ethers as emulsifiers. In 1989, 

Sagitani et al.[1] compared the efficiency of 3 wt.% C12Gly2 and C12EO6 as emulsifiers in 

dodecane / H2O (2:8 wt.) systems. They showed that the droplet size was much smaller 

(0.47 µm against 1.28 µm) in the case of C12Gly2, even though the emulsification protocol is 

unclear. Further understanding of this behaviour was investigated in this work. The HLDN 

value of a SOW systems gives precious information regarding the surfactant affinity towards 

the aqueous or the oil phase, and the resulting Winsor phase behaviour at equilibrium. 

Salager et al.[7] established that the morphology and stability of emulsions depend on the 

HLDN value (formulation variables), the surfactant concentration and the WOR of the system 

(concentration variables) and finally in the agitation protocol (process variables). 

 

3.2.1. Granulometry and stability of emulsions rationalized by HLDN evolution  

The influence of the oil, characterized by the EACN value, was investigated in the framework 

of the HLDN theory. The water-to-oil ratio (WOR) was varied and emulsions were agitated 

using an Ultra-turrax® according to the procedure described in the experimental section. 

Stability monitoring of the emulsions was achieved using a Turbiscan so as to detect the 

different processes involved in emulsion destabilization. 

Droplet granulometry is an indicator of the dispersibility of one phase in the other: the lower 

the interfacial tension, the smaller the resulting droplets.[31] D[4,3] measured in emulsions 

formed with oils of varying EACN from 2 to 16, are presented in Table 1 and Figure 4. As 

expected, droplets are smaller close to HLDN = 0, i.e. EACN = 8, corresponding to an 

interfacial film with zero curvature, favouring an efficient deformation of phases. HLDN = 0 

also corresponds to a minimum in interfacial tension, improving the mixing efficiency.[11–

15,32]  The slow evolution of C12Gly2 emulsions after preparation allowed measuring droplet 

size including with octane although the destabilization is supposedly much faster when HLDN 

is close to 0.[33] Size distributions, available in the Supplementary Information, are similar for 

most samples and wider for hexane and decane emulsions, close to HLDN = 0, as droplets of 

about 1 µm are formed in addition to larger ones. 

Table 1. Droplet D[4,3] of emulsions containing 1 wt.% C12Gly2 and prepared by varying the nature of 
the oil and the Water-to-Oil Ratio (wt./wt.). Corresponding volume water fraction is indicated in 
brackets. D[4,3] are measured 5 minutes after preparation. 

Oil EACN HLDN 
D[4,3] (µm) and (volume water fraction) at WOR 

20-80 30-70 50-50 70-30 80-20 

cyclohexane 2.1 6.1 48.8 (0.16) 55.9 (0.25) 34.8 (0.44) 15.2 (0.65) 7.5 (0.76) 



COLSUA ECIS 36th edition Special Issue  

10 
 

cyclooctane 4.1 4.1 36.9 (0.17) 31.4 (0.26) 21.5 (0.45) 11.4 (0.66) 5.2 (0.77) 

hexane 6 2.2 18.2 (0.14) 17.9 (0.22) 16.8 (0.40) 9.8 (0.60) 3.5 (0.72) 

octane 8 0.2 2.9 (0.15) 1.9 (0.23) 1.7 (0.41) 1.5 (0.62) 2.0 (0.74) 

decane 10 -1.8 6.5 (0.15) 7.6 (0.24) 21.4 (0.42) 11.8 (0.63) 14.2 (0.74) 

dodecane 12 -3.8 8.6 (0.16) 13.7 (0.24) 28.8 (0.43) 19.3 (0.64) 24.4 (0.75) 

tetradecane 14 -5.8 11.5 (0.16) 17.6 (0.25) 27.1 (0.43) 30 (0.64) 33.8 (0.75) 

hexadecane 16 -7.8 12.3 (0.16) 20.7 (0.25) 32.8 (0.44) 34.4 (0.64) 36.0 (0.76) 

Based on D[4,3] measurements, iso-granulometry curves shown in Figure 4 were calculated 

and presented in a Formulation - Composition map. Interfacial tension being minimal when 

EACN = PACN, phases are efficiently mixed and small droplets are formed. This is confirmed 

for all the WOR investigated, the smallest droplets are obtained with octane (ACN = 8) which 

is the n-alkane closest to the PACN of C12Gly2 (8.2). In the same way, droplet size increases 

as EACN differs from PACN. For several systems described in the literature and containing 

medium chain alcohols in the formulation, there are 2 minimums on the droplet size, one on 

each side of the optimal formulation.[34,35] The alcohol role in the formulation is to avoid the 

liquid crystal formation and/or modify the hydrophilicity of the system. In our case, the 

absence of alcohol and the presence of liquid crystals in the aqueous phase explains that 

there is only a minimum as in the ethoxylate nonylphenol/kerosene/water emulsions 

described by Tolosa et al.[35] 

Interestingly, no catastrophic phase inversion was observed for emulsions with extreme 

WOR ranging up to 80-20 and down to 20-80, and catastrophic inversion occurs beyond 

these boundaries. For WOR 20-80 and 80-20, the High Internal Phase Emulsions (HIPE) 

have smaller droplets than the other emulsions obtained with the same oil and the same 

emulsification procedure but with WOR values closer to 1. The catastrophic phase inversion 

boundary was determined by stirring systems increasingly rich in internal phase until no 

stable emulsion was formed. In Figure 4, these inversion boundaries are shown as two thick 

and gray vertical lines. Beyond these boundaries, no stable emulsion is obtained because 

there is a conflict between the physicochemistry which favours one type of emulsion 

(Bancroft's rule) and the extreme values of the WOR which favour the other type of 

emulsions (Otswald’s rule). 
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Figure 4. Iso-granulometry curves of emulsions containing 1 wt.% C12Gly2 and prepared by varying the 
nature of the oil (EACN) and the water fraction (vol.) at 25°C. Droplet D[4,3] are measured 5 minutes 
after emulsification. O/W and W/O emulsions are represented by blue dots and yellow dots 
respectively and symbol size is varied with D[4,3] values. The standard inversion line separating O/W 
and W/O areas is represented as the continuous thick grey line. 

C12Gly2 is a well-balanced non-ionic surfactant providing either O/W or W/O emulsions at 

room temperature by only varying the nature of the oil. These results made it possible to 

construct a Formulation-Composition map, original in that the scanning variable used to 

change the HLDN value is the hydrophobicity (i. e. the EACN) of the oil. As far as we know, 

this is the first map of this type since the usual scanning variables are the temperature, the 

salinity of the aqueous phase or the number of ethoxylates of the non-ionic surfactants. 

 

For WOR 50/50, the O/W and W/O drop sizes for water/hexane and decane/water emulsions 

are 17 and 21 µm, respectively. Water drops will move faster in hexane (viscosity of 

0.28 mPa.s) than decane drops in water (1 mPa.s). Moreover, the density difference 

between the liquids is also higher between the water/hexane mixture (0.655 vs. 1 g/mL) than 

between the water/decane system (0.73 vs 1 g/mL). The sedimentation of water drops in 

hexane is favoured over the creaming of decane drops in water. Comparing W/O 

(cyclohexane and cyclooctane) with the O/W emulsions, there is a slight internal phase 

release for W/O emulsions at low WOR (20-80) corresponding to the largest droplet sizes 

shown in Figure 4. On the contrary, O/W emulsions (dodecane, tetradecane and 

hexadecane) at high WOR (80-20) did not, even though droplet sizes were comparable with 

those of W/O emulsions for EACN very different from PACN. O/W droplet interfaces seems 

to be thus better stabilized than W/O ones, probably due to high solubility of C12Gly2 in 
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cyclohexane and cyclooctane compared to its solubility in water. Indeed, solubilization of the 

surfactant in the bulk continuous phase reduces the effective concentration of surfactant 

adsorbed at the droplets interface, destabilizing the droplets. This is supported by the 

absence of significant internal phase release for WOR higher than 20-80 in W/O emulsions: 

when the amount of oil is decreased, the fraction of C12Gly2 solubilized in the continuous 

phase is also reduced and droplet interface stability is improved. 

 

Stability monitoring with static multiple light scattering (Turbiscan®) allows identifying the 

phenomena involved in emulsion destabilization, as shown in Figure 5. First of all, due to 

density differences, emulsions tend to cream (O/W) or sediment (W/O). This sedimentation 

or creaming front can be seen in BS signals evolution,[36,37] leading eventually to an 

increase in transmitted light in the continuous phase region as droplets migrate, i.e. bottom 

for O/W and top for W/O. Secondly, aggregation and coalescence of droplets also contribute 

to emulsion destabilization. Droplet aggregation corresponds to droplets sticking together but 

no increase in diameter. On the other hand, coalescence corresponds to droplets merging 

together, forming larger droplets until the internal phase is eventually released as a separate 

phase. Both aggregation and coalescence phenomena cause the apparent number of 

dispersed objects to decrease as a droplet agglomerate will scatter light the same way as 

one object would. Additionally, Ostwald ripening, causing smaller droplets to diffuse into 

larger ones until total dissolution, also contribute to decreasing the droplet number. 

Consequently, BS light signal, directly dependent on the number of dispersed objects, 

decreases. Examples in the case of cyclohexane W/O and dodecane O/W emulsions at 

WOR 50-50 are given in Figure 5. In both those emulsions, no internal phase release is 

visible. This would correspond to T signal increasing at the bottom (W/O) or at the top (O/W) 

of the sample. Additionally, the stability profile for the octane/water emulsion is represented 

in Figure 5 (middle). At first, this system forms an O/W emulsion, but quickly evolving 

towards a W III microemulsion. This evolution is visible as both water and oil phases become 

clear with an increase in T signal while the microemulsion phase remains turbid. 
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Figure 5. T and BS light signals over time for water / cyclohexane (left), octane / water (middle) and 
dodecane / water (right) emulsions (WOR = 50-50, 1% C12Gly2). Creaming and sedimentation fronts 
are represented by horizontal arrows on BS signals and vertical arrows on T evolution. Coalescence 
and/or aggregation and/or Ostwald ripening are visible as BS decreases over time. 

For every WOR investigated in this work, the most unstable emulsions are the ones formed 

with octane: fast increase in T signal at the top of the sample is observed in O/W emulsions 

for EACN = 8 (octane) evolving towards a W III microemulsion system for WOR 30-70, 50-50 

and 70-30. The evolution of internal phase separation over time is presented in Figure S3 of 

the Supplementary Information. At low water content (WOR 20-80), excess oil is quickly 

released due to facilitated droplet coalescence. Inversely, at high water content (WOR 80-

20), oil droplets cream but the oil content being low, phase separation is only slightly visible 

with non-zero T light in the upper part of the sample. Also, emulsions prepared with hexane 

(HLDN = 2.2) and decane (HLDN = -1.8), i.e. with EACN close to PACN, show important 

internal phase separation.  

The volume percentage of released internal phase after 14 days shown in Figure 6 is in 

accordance with the expected evolution in the frame of HLDN theory.[7,33] The PACN of 

C12Gly2 being of 8.2, the most unstable emulsions are formed with octane (HLDN = 0.2). This 

is verified at WOR ranging from 20-80 to 80-20. For WOR 70-30, the volume of released 

internal phase is comparable for hexane, octane and decane emulsions. However, the 

kinetics of destabilization shown in Figure 6 confirms that the octane emulsion is much les 

stable than the hexane and decane ones. 
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Figure 6. Relative volume of released internal phase after 14 days for emulsions prepared with 
1% C12Gly2 and by varying the nature of the oil and the Water-to-Oil Ratio (WOR). 

Phenomena of coalescence and/or flocculation and/or Ostwald ripening can be quantified by 

looking at the BS light variations. A decrease in BS while T remains null indicates a decrease 

in the number of light scattering objects as expressed in equation (3), caused by 

combinations of these objects. A way to discriminate both phenomena is to re-measure 

droplet size after stability monitoring: if droplet size is unchanged, droplets flocculate without 

coalescing or dissolving into one-another. After gentle re-agitating the emulsions to disperse 

the droplets homogeneously in the sample, size was re-measured. Results are presented in 

Figure 7.  

 

Figure 7. Droplet D[4,3] of emulsions containing 1 wt.% C12Gly2 and prepared by varying the nature of 
the oil (EACN) and the Water-to-Oil Ratio at initial state () and after 14 days (). Significantly 
different diameters are represented in red (). 

For most samples, droplet size did not change significantly over 14 days, indicating that 

droplet coalescence and Ostwald ripening were not prominent destabilizing phenomena. 

Significantly droplet size changes are observed in hexane W/O emulsions (WOR 20-80, 30-

70 and 80-20), decane O/W emulsions (WOR 20-80 and 30-70) and octane O/W emulsions 

(WOR 20-80 and 30-70). Given the rapid destabilization of octane-based O/W emulsions, it 

was expected that droplet size would change rapidly for these emulsions. However, 

surprisingly, it turned out that the droplet size re-measured after 14 days had not changed 

significantly, whether the WOR was equal to 50-50 or 80-20. A tentative explanation for this 

unexpected result would be that due to the ultra-low O/W interfacial tension, the gentle 

stirring would be sufficient to re-form very small droplets and restore the original state of the 

emulsion. 

 

3.2.2. Influence of process on the droplet size and the stability of emulsions 

In this paragraph, emulsions with WOR 50-50 were prepared either by mechanical stirring at 

room temperature using an Ultra-turrax® or by thermally-induced dynamic phase inversion. 

In the previous section, the transition from a direct O/W emulsion to a reverse W/O emulsion 

was obtained by decreasing the EACN value of the oil. More generally, any variable (PACN, 
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EACN, T, S) involved in equation (1) of the HLDN can be employed to induce such a phase 

inversion. However, the temperature is the variable most often used with thermosensitive 

surfactants because it is reversible and allows significant variations of the HLDN without 

requiring a modification of the composition of the SOW system under study. Figure 3a shows 

the evolution of the PIT as a function of the EACN of a series of n-alkanes. The PITs of the 

two cycloalkanes could not be measured because they are below zero. Thanks to the 

correlation line between PIT and EACN, their PITs were estimated by extrapolation from their 

already known EACNs. The PITs of the various oils and the corresponding EACNs are 

reported in Table 2. 

 

Table 2. PIT and EACN values of a series of linear and cyclic alkanes. 

Oil EACN PIT 

cyclohexane 2.1 -17.8°Ca 

cyclooctane 4.1 -3.7°Ca 

hexane 6 9.7°Ca 

heptane 7 16.8°C 

octane 8 23.9°C 

nonane 9 30.9°C 

decane 10 38.0°C 

dodecane 12 52.1°C 

tetradecane 14 66.2°Ca 

a Extrapolated values from Figure 3a 

The so-called “transitional phase inversion” of SOW systems is accompanied by a 

progressive evolution of the curvature of the interfacial film and of the HLDN value. At the 

optimal temperature, the mean curvature and the HLDN are exactly equal to zero and the 

O/W interfacial tension exhibits a deep minimum. At this particular temperature, phases are 

sheared very efficiently due to minimal interfacial tension of the order of 10-2-10-5 mN.m-

1,[13,38] and the resulting droplets are much smaller than for SOW systems mechanically 

emulsified at room temperature.[39,40] In the case of octane, the droplet size is comparable 

with the two emulsification methods because the HLDN=0 point is obtained at room 

temperature during mechanical emulsification. Droplet size of PIT emulsified systems are in 

the same order of magnitude (1-3 µm) and they are higher than for W/O emulsion obtained 

with hexane. Destabilization is also visible in Figure 8b with the increase of released internal 

phase after 14 days: a peak in instability is reached for octane emulsion, which separates 

faster than other emulsions for which stability is comparable with little dephasing (< 5%) 

observed after 14 days. 
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The instability of octane emulsion is a consequence of the vicinity of the room temperature 

and the PIT, making that the system has an HLDN close to 0. For the others oils, no matter 

the morphology (W/O or O/W) the final temperature of the system is far enough of the PIT 

condition and the smaller size of droplets obtained contributes to decreasing creaming and 

sedimentation processes while Brownian motion contributes to avoiding agglomeration and 

thus coalescence.[41] These results shows the importance of the emulsification protocol. 

Emulsions obtained only by mechanical agitation at 25°C with decane and hexane as oils are 

unstable because their EACN is not far away of the PACN (8.2) and the HLDN is close to 0 

(negative and positive respectively). When the same systems are prepared by the PIT 

method, the emulsions are more stable even if the formulation condition (HLDN) remains the 

same, because the droplet size is smaller. Also, narrow size distributions are obtained using 

the PIT process, attributed to the efficient shearing during phase inversion, as illustrated in 

Figure S5 of the Supplementary Information in the case of dodecane emulsions. 

 

Figure 8. Evolution of (a) droplets D[4,3] and (b) relative volume of released internal phase after 14 days 
in emulsions with oils of various EACN prepared by varying the emulsification process (WOR 50-50, 
1% C12Gly2).  All represented oils are detailed in Table 2. 

 

3.2.3. Influence of the surfactant concentration on the droplet size of emulsions 

based on cosmetic oils 

Finally, the influence of another composition variable (the surfactant concentration) and other 

formulation variable (other oils different to alkanes or cycloalkanes) are studied. It is a matter 

of fact that increasing the surfactant concentration provides a better covering of droplets 

surface. Two cosmetic oils, namely octyl octanoate (EACN = 8.1) [42] which is an ester used 

in skin care products as an emollient and as flavouring agent in food products,[43–45] and 

squalane (EACN = 24.4) [26] which is a branched alkane used as an emollient in skin care 

products, were used as oil phases in this series of emulsions.  
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Figure 9a shows that granulometry evolution with the oil EACN is in accordance with the 

previously observed tendency at 1% C12Gly2. By increasing C12Gly2 concentration from 1% to 

3%, not only droplet size is decreased as shown in see Figure 9a, but stability is also 

improved. The interface being better stabilized, significant phase separation (> 5 vol.%) was 

observed after 14 days only in the case of octane and octyl octanoate (HLDN ~ 0) while other 

emulsions remain with lower separation percentages. Also, diameter evolution after 14 days 

shows that no significant coalescence occurs, except for HLDN ~ 0. As depicted in Figure 9b, 

the main stability improvement compared to the 1% C12Gly2 emulsion series is observed for 

hexane and decane emulsions.  

 

Figure 9. Evolution of (a) droplets D[4,3] and (b) relative volume of released internal phase after 14 days 
in emulsions with oils of various EACN prepared by varying the C12Gly2 surfactant concentration from 
1% to 3% (WOR 50-50, emulsified using the Ultra-turrax® procedure). All represented oils are detailed 
in Table 2 except octyl octanoate and squalane that are clearly indicated.  

Octyl octanoate (HLDN = 0.1) initial droplet size concurs with that of octane (HLDN = 0.2) 

droplets. However, the octyl octanoate emulsion destabilizes slower: droplet size increases 

significantly but internal phase release appears only after 11 days and remains inferior after 

14 days, see Figure 9b. For that particular oil, the droplet size evolution after 14 days is 

important. This may be attributed to the higher solubility of octyl octanoate in water compared 

to alkanes, due to its polarity. Solubility of the dispersed phase into the continuous one 

favours Ostwald ripening as destabilization phenomenon. It also decreases the surfactant 

availability at the interface and thus decreases the droplet covering, increasing droplet 

granulometry. Also, the density of octyl octanoate is higher than that of octane (0.870 vs. 

0.703, respectively), slowing down the creaming process. The HLDN value of the squalane 

emulsion being of -16.2, the formed O/W droplets are relatively large in accordance with the 

general tendency observed with other alkanes and cycloalkanes, and the emulsion is the 

most stable against coalescence. No significant droplet size evolution or internal phase 

release are observed.  



COLSUA ECIS 36th edition Special Issue  

18 
 

 

3.3. Nanoemulsification of oils by frolicking inside the Formulation-Composition 
map 

In this paragraph we will illustrate, on a practical example, how the Formulation-Composition 

map can be exploited to design emulsions with the desired morphology and particle size 

while minimizing thermal and mechanical energy. According to Figure 4, a dodecane/water 

emulsion containing 70 vol.% of water would form droplets of about 25 µm if prepared by 

mechanical agitation. The PIT process was shown to form smaller droplets but requires 

energy to heat the mixture above the PIT value. This energy can be minimized by heating the 

minimum amount of water/dodecane/C12Gly2, then adding the required amount of water to 

reach the 70 vol.% content and quickly cooling down the system to quench droplet evolution. 

The principle of this strategy is shown in Figure 10a and the monitoring of the conductivity 

during the thermally induced phase inversion is shown in Figure 10b.  

Figure 10. Nanoemulsification of the C12Gly2/n-Dodecane/Water system (a) Illustration of HLDN and 
temperature variations when heating an emulsion (water fraction = 0.2) above PIT and diluting to 
water fraction = 0.7 with cold water and (b) corresponding conductivity and temperature inversion 
profiles.   

Figure 10b shows the conductivity and temperature profiles. The first inversion (1→2) occurs 

at 930 s when the PIT of the system is reached and the conductivity decreases. The phase 

inversion occurs around 47°C, which is slightly lower than for the same system with WOR 

50-50 (PIT = 52.1°C) as expected.[46] The second inversion (2→3) is obtained when the 

cool water was added into the system to form again a O/W emulsion, increasing the 

conductivity. The obtained size of the emulsion (D[4,3] = 1.4 µm) is significantly lower than 

with a simple agitation (D[4,3] = 8.6 µm).  

Similar experiment carried out with 3% C12Gly2 yielded even smaller droplets, in accordance 

with a better covering of O/W interface. Assuming that most of the surfactant is only localized 

at the interface (negligible solubilization in water and oil phases), the theoretical droplet 

diameter would be of 264 nm with 1% C12Gly2 and of 88 nm with 3% C12Gly2. This calculation 

considers all droplets being of the same size and details about calculations are given in 
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Supplementary Information. Experimental results show that droplets are larger than expected 

for 1% C12Gly2 (D[4,3] = 1.44 µm) but match well the calculations for 3% C12Gly2 

(D[4,3] = 114 nm). Indeed, the order of magnitude is identical and the D[4,3] statistical value 

favours the ponderation of larger droplets whereas theoretical calculations consider 

monodisperse populations. The difference observed for 1% C12Gly2 could be due to the 

lesser availability of C12Gly2 to quickly stabilize the newly created interface when the cold 

water is added, whereas this process is faster when using 3% C12Gly2. Using the same 

approach, any oil, for which the PIT value is within the accessible temperature range, could 

be emulsified in order to get nanoemulsions adjusting the surfactant concentration.  

 

4. Conclusion 

Emulsions characteristics depend on 3 types of variables: formulation variables (Surfactant, 

Oil, Temperature and Salinity), composition variables (WOR and wt.% of surfactant) and 

process variables (Stirring and protocol used). Formulation variables are accounted for in the 

HLDN equation (1). The emulsifying properties of the bio-based 1-O-dodecyl diglyceryl ether 

surfactant were investigated by using the HLDN framework. All the coefficients of the HLDN 

equation were determined for C12Gly2 and the results showed that C12Gly2 is about 3 times 

less sensitive to variations in temperature and salinity than the polyethoxylated alcohols CiEj 

(τ = 0.14°C-1 against 0.40°C-1 and δ = 0.53 wt.%-1 against 0.16% wt.%-1 for C12Gly2 and C10E4 

respectively). A PACN value of 8.2 for C12Gly2 was determined by dynamic PIT evolution with 

ACN, in accordance with literature values using the PIT-slope method.[28] The lower 

sensitivity to temperature and salinity of C12Gly2 compared to C10E4 is explained by the 

presence of 2 hydroxyl groups instead of just one. Indeed, the OH groups establish much 

stronger hydrogen bonds with water than the ether functions which are easier to break 

thermally. 

A general tendency in the evolution of emulsion granulometry and stability was demonstrated 

with alkanes and cycloalkanes and verified with two more complex oils, namely octyl 

octanoate (EACN = 8.1, HLDN = 0.1) and squalane (EACN = 24.4, HLDN = -16.2). Emulsions 

prepared by varying the nature of the oil (EACN) showed significant differences in 

granulometry and stability. The minimum of interfacial tension between oil and water being 

attained for EACN = PACN, the formation of smaller droplets (about 1 µm) is favoured when 

using octane (ACN = 8) or octyl octanoate (EACN = 8.1). Whatever the value of the WOR, 

the droplet size increases as oil EACN differs from the surfactant PACN. For HLDN = 0, the 

affinity of C12Gly2 is equivalent for both water and oil at 25°C, and the interface curvature is 

close to 0, causing droplets to destabilize quickly. Also, the kinetics of internal phase release 

is faster with octane than any other investigated oil, regardless of the emulsion WOR. The 
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evolution of stability with EACN is in accordance with HLDN as stability increases as HLDN 

differs from 0 and EACN differs from 8.2. 

Increasing the surfactant concentration from 1% to 3% had little impact on octane emulsion 

granulometry but reduced by more than 10 µm the droplet size for other emulsions due to 

better droplet interface covering. Stability was also improved with less than 5 vol.% of 

released internal phase after 14 days, except for HLDN ~ 0 emulsions. The same way, 

emulsions prepared by PIT allowed forming droplets inferior to 2 µm for HLDN ≠ 0, much 

more stable over time than emulsions prepared by Ultra-turrax® as droplet flocculation and 

coalescence are limited by Brownian motion. This work and previous results about foaming 

properties and microemulsions[28] allows present the C12Gly2 as very promising nonionic 

surfactant. It is a good emulsifier and foaming agent with the advantage compared to C12E5-

C12E6 to be a better foaming agent. In comparison with alkyl polyglucosides (APG), which are 

good foaming agents and emulsifiers, the C12Gly2 allows getting phase inversion using 

temperature as formulation variable while APG do not (insensitive to temperature changes). 

The influence of the alkyl chain and the number of glycerol groups of CiGlyn on the 

emulsifying and foaming properties must be further studied in order to clearly define the role 

of these promising molecules in the substitution of polyethoxylated surfactants.  
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