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Abstract  

The present research focuses on the alkyl polyglucoside, a non-ionic surfactant, in combination with a fatty alcohol of the same 

chain length used as a co-surfactant. A series of solutions were prepared, with varying both APG/FA ratio and its concentration 

in water. Different structures were then obtained, depending on these two parameters: aqueous micellar solutions, normal 

hexagonal liquid crystalline phase, α-gel phase, as well as the mixture of normal hexagonal / α-gel phases. A specific term “auto-

emulsion” was introduced to describe the pseudo emulsions formed by the APG<FA containing solutions because of the fatty 

alcohol, which dispersion in water was similar to an emulsion representation.  The presence of the liquid crystals was revealed 

by optical microscopy under the polarized light, as different anisotropic conformations corresponding to the lamellar phase, the 

hexagonal phase and the coexistence of the lamellar and hexagonal phases, mainly for the most concentrated samples, were 

observed. These structures were characterized at the molecular level through the wide-angle X-ray diffraction technique and 

their macroscopic behaviour was investigated by rheology tests. Two main observations were then made: the variation of the 

surfactant concentration in solution promotes the transition between micellar region towards the liquid crystalline formation 

zone, while the APG/FA ratio impacts the formation of hexagonal phases (APG>FA) or of lamellar ones (APG<FA). 

1 Introduction 

Surfactants are among the most important raw materials of the chemical industry. They are known for an important number of 

applications in petroleum industries, pharmaceutical domain, food industry, high-technology areas, biotechnology, cosmetics, 

paints, from primary production processes to improve the quality of finished products [1]. The properties and the applications 

of the surfactants are determined by the balance between the lipophilic and hydrophilic portions of the molecules, which means 

that such properties as solubility, surface tension reducing capability, critical micelle concentration, detergency power, wetting 

control make a given surfactant more useful in some domains and less in others [2]. 

Due to its amphiphilic structure, surfactant molecules spontaneously aggregate in solution to form a variety of 

thermodynamically stable structures, thus these association colloids have the capacity to solubilize nonpolar materials in polar 

medium and the ability to cause depletion flocculation of dispersions or emulsions [3]. Depending on the surfactant 

concentration in aqueous solution, and after attending the CMC, it can form structures such as micelles [4], isotropic solutions 

with low viscosity [5] or cylindrical structures, and then, once the necessary concentration is reached, the surfactant can form 

liquid crystals. A large variety of liquid crystals formations exist, but the widest are of three types: hexagonal, lamellar or cubic 

phases [6]. Liquid crystals possess liquid and solid properties at the same time as they are more organized than liquids, but less 

than solids [7]. 

In the industry, the lamellar phase is the starting system for some detergents products and processes, as spray-drying, chilling 

and milling, while lyotropic mixtures with hexagonal and isotropic phases are used in the automobile industry and in the 

manufacture of textile soaps. In food domain, the lyotropic mixtures are investigated in the case of lipids and mostly for 

emulsions formulation [8]. 

Choosing the appropriate emulsifier is of primary importance as it helps to improve both the stability and the quality of 

dispersions/emulsions. Consequently, understanding the physicochemical properties of the emulsifier, its capacity to interact 

with other molecules and to form specific microstructures such as lyotropic liquid crystals, is essential for controlling the 

properties of the final products [9].  

In the context of growing concern for the environment, natural-based surfactants became popular as an alternative to the 

synthetic ones. Alkyl polyglucoside (APG) is one of the well-known families of natural surfactants, derived from natural glucose 

and a fatty alcohol; it is therefore considered as non-toxic, mild and environmentally friendly emulsifier [10]. The APG, paired 

with a fatty alcohol (FA) with the same chain length is known for its ability to form lamellar liquid crystal [11], which can be 

involved in the emulsion stabilization process [12]. In those studies, only one specific APG/FA ratio based on commercial 

availability was investigated, used mostly in cosmetic and pharmaceutical fields[11,13–15], thus making interesting the 

revealing of other possible structures which can be formed by varying the APG/FA ratio. In their work, Platz et al. [16] described 

the lamellar phases created by the dodecyl and tetradecyl D-glucopyranoside coupled with different fatty alcohols of smaller or 

similar chain length, but no other types of liquid crystals were evidenced. Consequently, there is a gap in understanding of the 
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liquid crystal formation mechanism when considering the combination of alkyl polyglucoside and a fatty alcohol of the same 

chain length. 

The purpose of this research is to describe the phase behaviour of the C16C18 polyglucoside emulsifier coupled to C16C18 fatty 

alcohol. Thirty-six solutions were prepared by varying the ratios of the surfactant/co-surfactant and its concentration in solution. 

Then, different techniques, namely microscopy, rheology, droplet size distribution and X-rays diffraction analysis were used to 

describe their properties.  

2 Materials and methods  

2.1 Materials and sample preparation 

The fatty alcohol (provided by SEPPIC, France), produced from a vegetable oil source, is composed of “cetostearyl alcohol” that 

is a mixture of C16/C18 alkyl chains. The proportion of each fatty alcohol is constant in the rest of the study, fixed by the 

vegetable oil source. It served as a raw material for the alkyl polyglucoside synthesis. After the glycosidation of the fatty alcohol, 

a mixture of C16C18 APG1.3 and C16C18OH is obtained. The most concentrated in APG sample, 84.5 APG/15.5 FA, was completed 

with the same fatty alcohol to obtain different ratios: 70 APG/30 FA, 60 APG/ 40 FA, 50 APG/ 50 FA, 30 APG/70 FA and 20 APG/ 

80 FA. Consequently, for different ratios, the alkyl chain length (of the APG and the FA) is always the same. 

These ratios were used in order to prepare a series of solutions with concentrations ranging from 0.5% to 30% (w%/w%) in 

water, as presented in Table 1. Thus, the corresponding system only consisted of the emulsifier mixture and water, with 

Phenoxyethanol and Methylparaben and Ethylparaben and Propylparaben and Butylparaben at 1% (Sepicide HB, SEPPIC, France) 

used as preservative. 

Table 1. 36 solutions with the percentage of APG and FA (w%/w%) in the total composition of the formulation, function of the ratio and its 

concentration in each solution. 

Ratio 
APG/FA 

0.5% 1% 2.5% 5% 10% 30% 

84.5/15.5 
0.42% APG / 

0.08% FA 
0.85% APG / 

0.15% FA 
2.11% APG / 

0.39% FA 
4.23% APG / 

0.78% FA 
8.45% APG / 

1.55% FA 
25.35% APG / 

4.65% FA 

70/30 
0.35% APG / 

 0.15% FA 
0.7% APG / 

 0.3% FA 
1.75% APG /  

0.75% FA 
3.5% APG /  

1.5% FA 
7% APG / 

 3% FA 
21% APG /  

9% FA 

60/40 
0.3 % APG / 

 0.2 % FA 
0.6 % APG / 

 0.4 % FA 
1.5 % APG / 

 1 % FA 
3 % APG / 

 2 % FA 
6 % APG / 

 4% FA 
18% APG / 

 12 %FA 

50/50 
0.25 % APG / 

 0.25 % FA 
0.5 % APG / 

 0.5 % FA 
1.25 % APG / 

 1.25 % FA 
2.5 % APG / 

 2.5 % FA 
5 % APG / 

 5 % FA 
15 % APG / 

 15 % FA 

30/70 
0.15 % APG / 

 0.35 % FA 
0.3 % APG / 

 0.7 % FA 
0.75 % APG / 

 1.75 % FA 
1.5 % APG / 

 3.5 % FA 
3 % APG / 

 7 % FA 
9 % APG / 
 21 % FA 

20/80 
0.1 % APG / 

 0.4 % FA 
0.2 % APG / 

 0.8 % FA 
0.5 % APG / 

 2 % FA 
1 % APG / 

 4 % FA 
2 % APG / 

 8 % FA 
6 % APG / 
 24 % FA 

Systems were prepared by heating the deionized water and emulsifier up to 80°C under mechanical stirring (400rpm-600rpm). It 

was then homogenized at 10,000 rpm during one minute using a T25 digital ultra-turrax (IKA, Freiburg, Germany) equipped with 

the dispersing head S25N-25F. Mixtures were then cooled down to 30°C under stirring (between 200rpm and 400rpm, 

depending on the product’s consistency) and then the preservative was added. Once prepared, the products were divided into 

three samples, stocked at 4°C, 40°C and ambient temperature, respectively, for stability monitoring. 

2.2 Methods 

2.2.1 Microscopy 

The microstructure was analysed by means of a light photomicroscope (Leica DMLP microscope) equipped with a video camera: 

firstly, under the bright field and secondly, under the polarized light (using cross-polarizers) in order to investigate the presence 

of liquid crystalline phases in each sample. Leica IM 1000 software was used to analyse the obtained micrographs. 



5 
 

2.2.2 Droplet size distribution 

The auto-emulsion droplet size, as well as the droplet size distribution, was measured by static light scattering (SLS) using a laser 

diffraction particle size analyser SALD-7500 nano (Shimadzu Co., Ltd, Japan) equipped with a violet semiconductor laser (405 

NM) and a reverse Fourier optical system (the beam converge before encountering the sample). The auto-emulsions were 

diluted in deionized water in order to achieve the absorption parameter equal to 0.2. Once introduced into the batch cell (7 

cm
3
), the auto-emulsions were stirred during the measurement to ensure sample homogeneity. Data were analysed using Wing 

SALD II software. 

2.2.3 Rheological measurements 

Continuous and oscillatory measurements were performed using a controlled stress rheometer (HR1, TA instruments). A cone-

plate aluminium device was used, with a diameter of 40 mm, a cone angle of 1°59’38’’ and a gap of 47µm. All the measurements 

were carried out in duplicate at 25°C. Samples were loaded with a spatula, and a solvent trap was used to prevent sample 

drying. Once loaded, all samples were left at rest for two minutes prior to any measurement. 

During continuous ramp testing, the flow properties were obtained by recording shear stress and viscosity values at shear rates 

increasing from 0.001 to 8000s
-1

 (logarithmic mode) for 300s.  

The linear viscoelastic region was obtained through oscillatory measurements conducted at 1Hz with an increasing strain from 

0.1% to 100% (logarithmic mode). The frequency sweep ramp was performed from 0.01 to 10 Hz at a constant strain remaining 

within the previously marked linear viscoelastic region of each sample. Then, storage (G’) and loss moduli (G”) were reported for 

the rheological characterization of investigated samples. 

2.2.4 Wide-angle X-ray diffraction (WAXD) 

Samples were analysed in reflection mode by X-ray diffraction (XRD) using a PANalytical Xpert Powder diffractometer 

(PANalytical B.V., Almelo, The Netherlands) with a CoKa (λ = 1.7902 Å) monochromatic radiation source; operating voltage and 

current were maintained at 40 KV and 40 MA, respectively. A 15 mm mask was used. The detector was a linear PIXcel1D 

detector. Data were acquired by 0.02° steps for 2θ values ranging from 2 to 50°. Specific sample holders were filled with the 

formulation and carefully sealed with kapton foils in order to avoid evaporation during measurements. The interlayer spacings 

were calculated from diffraction angle theta (θ) according to Bragg’s law. 
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3 Results and discussions 

3.1 Phase diagram 

 
Figure 1. 2-D phase diagram of C16C18APG/ C16C18OH mixed emulsifier. X-axis represents APG/FA ratio variation, by increasing the fatty alcohol 

proportion (84.5APG/15.5FA, 70APG/30FA, 60APG/40FA, 50APG/50FA, 30APG/70FA, 20APG/80FA) plotted against the concentrations values in 

water (0.5%, 1%, 2.5%, 5%, 10%, 30%), represented by y-axis. 2 φ is an instability zone, L1 micellar region, HI hexagonal phase, Lβ – lamellar alpha 

gel phase, and HI + Lβ the mixture of hexagonal and lamellar phases.  

The phase behaviour of the studied mixed emulsifier is plotted in Figure 1. Five distinct regions were obtained depending on the 

emulsifiers’ concentration and the ratio of the APG and FA: two-phase region for the small quantities of the surfactant 

progresses towards the micellar solution zone and next, to liquid crystal zone of hexagonal type (when APG>FA) or a mixture of 

hexagonal and lamellar type (when APG=FA). For the APG<FA systems, the α-gel organization was confirmed. Moreover, it this 

zone, the formation of so-called auto-emulsions was observed. In these particular systems, the excess of the fatty alcohol plays 

the complementary role of the oil phase in the system, favouring the formation of a pseudo emulsion. This system will be 

further discussed. 

The first information about the phase diagram was revealed by microscopy under the bright and polarized light (Figure 2). 
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Figure 2. Micrographs under the bright and polarized light of two ratios at 1%, 5% and 30% in solution. For 84.5 APG/ 15.5 FA (left part), two 

micellar solutions are followed by the hexagonal specific texture under the polarized light. For and 20 APG/80 FA (right part), pseudo droplets of 

fatty alcohol are formed (ø - median diameter in number and volume), seen as Maltese Crosses under the polarized light. 

It will be further discussed during step by step analysis of each region.  

3.2 Two-phase and micellar solution regions 

Liquid solutions were first analysed by light microscopy, one day after preparation (T0+24h). Mixtures properties were different 

depending on the APG/FA ratio. Systems with APG>FA did not show any particular objects under the bright light, suggesting the 

occurrence of micellar solutions [16]; this was confirmed by the absence of birefringence under the polarized light. 

On the other hand, for liquid formulations with APG<FA, real droplets under the bright light were observed (Fig.2), which could 

be seen under the polarized light as Maltese crosses, therefore attesting the presence of lamellar phases[17,18] in the system. 

These results suggest that even at low surfactant concentrations, increasing the fatty alcohol ratio promotes the occurrence of 

lamellar phases. 

There exist different types of lamellar phases, Lα, Lβ, Lγ, Lβ′, Lδ, Ls, and Pβ′, each being observed in lyotropic phase diagrams [19], 

but two main lamellar organizations are more common, namely lamellar liquid crystals (Lα) and α-gel (Lβ). In the Lα phase, the 
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hydrocarbon chains are in a liquid-like state, while in the Lβ phase, the hydrocarbon chains remain stiff, perpendicular to the 

plane of the lamellae with the axes organized as a two-dimensional hexagonal lattice[8]. The type of the formed lamellar phase 

cannot be distinguished through microscopic analysis, so other complementary techniques were necessary to confirm the 

different hypotheses, such as rheological tests and wide-angle X-rays diffraction. 

The interest of this observation lays in physical differences between the formulated products. For the same surfactant 

concentration, the APG/FA ratio guides the formulation properties. The importance of the fatty alcohol in the lamellar phase 

formation, as a co-surfactant, was already evoked in the literature [20–22]. For the pure APG emulsifier, the lamellar phase 

occurs at high surfactant concentrations [23], while adding the fatty alcohol as co-surfactant at more than 50% provokes 

lamellar phase formation even at very low mixed emulsifier concentration.  

Meanwhile, the stability of these liquid formulations was questioned. Despite the formation of liquid crystals, which are 

involved in the auto-emulsions stabilization process, the samples containing from 0.5% to 2.5% of emulsifier with 20/80 and 

30/70 APG/FA ratio, destabilized by creaming. It was spontaneous for the samples containing less APG, lasted one day for 0.5%, 

or took nearly one week for 2.5% considering the samples kept at 40°C (accelerated ageing). The samples stored at the ambient 

temperature needed few days longer to accomplish the destabilization process. At the same time, the systems corresponding to 

APG≥FA ratios at a minimal concentration of 1% remained stable over the timescale of the study.  

The first signs of instability were already seen under the bright light (Fig.2 – Flocculation). In order to understand the mechanism 

of creaming, the microstructure of the two separated phases was checked. All the Maltese Crosses, corresponding to the 

lamellar phase, were compiled together in the upper phase, over the rejected water. With increasing the concentration of the 

emulsifier in the formulation between 0.5% and 2.5% the thickness of the upper phase increased, thus evidencing the expansion 

of the lamellar liquid crystals in the matrix. Finally, once the sufficient concentration of surfactant mixture was reached (over 

2.5%), the amount of formed liquid crystals is sufficient to ensure the whole mixture’s physical stability. 

3.3 Micellar solution – liquid crystal transition  

To complete microscopic observations, systems were characterized by flow and viscoelastic tests. In particular, it was decided to 

focus on series at 5% of emulsifier as, at this concentration, the transition between the micellar phase and liquid crystals is 

observed (Fig. 1).   

In order to confirm visual observations, the oscillatory test was first considered. For the formulations containing 5% of emulsifier 

with 70/30 APG/FA, the loss modulus G” is superior to the storage modulus G’, revealing the predominant viscous behaviour of 

the product (Fig.3a). On the contrary, for 20/80 APG/FA, the elastic (G’) response is higher than the viscous one (G”) (Fig.3b). 

Consequently, these results confirm the microscopic observations, indicating that the first case corresponds to micellar 

solutions; while in the second case true viscoelastic systems are obtained. 

 

Figure 3. Storage (G’) and loss (G”) moduli as a function of strain for a) liquid; b) semisolid formulations at 5% of emulsifier 

As it was already explained, there exist two main types of lamellar phase: lamellar liquid crystals (Lα) and α-gel (Lβ). Fairhurst et 

al. [18] describe the gel phase (Lβ) very similar to the lamellar liquid one, but with very high viscosity and presenting a gel-like 

rheology. The authors mention that these structures should not be confused with polymer gels since they are single phases. 
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In the meantime, the G″ curve shows a maximum (Fig.3b) in the markedly nonlinear range (around 3% of strain), featuring a gel 

structure [24,25]. This behaviour was described in case of various colloidal systems (for example xanthan solutions or 

emulsions), as able to form a weakly structured material due to their physicochemical properties [25–28]. Consequently, the 

viscoelastic response of 20/80 APG/FA is similar to the weak gel response, suggesting the idea of the α-gel exclusive presence or 

its predominance over the liquid crystalline phase in the sample. 

From the Fig.4, showing the results of the flow test, it can be clearly seen that APG<FA are more viscous than APG≥FA over the 

analyzed shear rate ramp. 

 
Figure 4. Viscosity as a function of shear rate for the series at 5% of emulsifier with various APG/FA ratios 

When considering classical micellar solutions, they normally exhibit Newtonian rheological behaviour [29], but in the present 

example, it is obvious that despite low viscosity values, APG≥FA samples show a shear-thinning response. This phenomenon can 

be related to the fact that APG/FA mixture classically forms large cylindrical micelles that exhibit a shear-thinning behaviour, far 

different from classical ball-shaped micelles, with a smaller aggregation number, that remain mainly Newtonian [30–32]. At the 

same time, the viscosity of the cylindrical micellar solution is still much lower if compared to liquid crystals one. 

The above results clearly point out the fact that increasing the FA ratio in the surfactant composition provokes the evolution of 

the micellar solution towards liquid crystals. This evolution also changes the flow behaviour of the systems.  

3.4 Liquid crystalline phases 

3.4.1 Investigation of the microscopic structure 

Next, the region between 5% and 30% of surfactant is considered, corresponding to the presence of the liquid crystals (Fig.1). 

First of all, it was important to understand the mechanism of the formation of more consistent systems. Observations under 

both bright and polarized light microscopy were first envisaged. One can observe that for mixtures with APG>FA no specific 

object was observed under the bright light (Fig.2 84.5APG/15.5FA at 30%). On the contrary, under the polarized light, the fan-

like and non-geometric structures are pointing at the formation of hexagonal liquid crystal phase [33]. These structures are 

evolving towards lamellar phases when oily streaks appear at 50/50 ratio [32] and finally, the Maltese Crosses at 20/80 [34]. 

Wide droplet dispersions, forming a network, are only developed if increasing the concentration of fatty alcohol up to APG<FA 

in the surfactant mixture. Particle size distribution analysis, using SLS (Fig. 2), confirmed the presence of droplets in semisolid 

auto-emulsions for APG≤FA; this illustrates that the fatty alcohol also played the role of “oil phase”, thus creating the pseudo-

emulsions. The median diameters of the pseudo droplets represented in number are quite similar for the analysed 

concentrations, being equal to 0.2-0.3 µm. However, the volume representation indicates that increasing the quantity of the 

surfactant in the solution is favouring the formation of few “bigger” fatty alcohol droplets.  

To resume, three types of structures can be evidenced depending on APG/FA ratio at high concentrations in solutions: 

 APG>FA: asymmetric structures, corresponding to hexagonal phases as reported in the literature [35]; 

 APG<FA: presence of lamellar crystals, confirmed by the specific structures, called Maltese crosses [11,36]; 
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 APG=FA: a mixture of strained Maltese crosses combined with asymmetric structures, illustrating the coexistence of both 

lamellar (spherulites and oily streaks [37,38]) and probably hexagonal liquid crystals, making this ratio a transit-like state 

between two elucidated types of liquid crystals. 

From a general point of view, all these structures appear even more pronounced when emulsifier content increases. 

The liquid crystals type also impacts the macroscopic properties of the analysed systems. The response to the frequency sweep 

test, applied on a liquid crystal containing systems, is different depending on its type. First, the linear viscoelastic region was 

obtained through the oscillatory test, and then the frequency sweep ramp was performed at a constant strain, which was 

chosen within the previously marked linear viscoelastic region of each sample. 

Fig.5 illustrates the different behaviours evidenced at 10% of the emulsifier for different APG/FA ratios: 

 APG>FA: in the analysed zone of frequencies, the cross point of two moduli (G’ and G”) could be observed (Fig.5a), 

corresponding to the behaviour of hexagonal phases [33,39,40]. This information helps to clarify that the microscopic 

observations under the polarized light do not belong to lamellar phase; 

 APG<FA: storage modulus is parallel to loss modulus, corresponding to lamellar phase behaviour [41–43], thus confirming 

the microscopic observations (Fig.5b); 

 APG=FA: these products showed a more lamellar like response to the solicitation, with parallel curves and weak frequency 

dependence of both G’ and G”, but with lower values of both moduli (Fig.5c). These results could suggest two hypotheses: 

1 The lamellar phases are still present in the mixture, but with containing more lamellar liquid crystals (and, therefore, 

less α-gel) than the auto-emulsions with APG<FA 

2 The partial presence of the hexagonal phases with α-gel involves both G’ and G” decrease without lamellar liquid 

crystal formation. 

 

Figure 5. Frequency sweep test. Viscoelastic behaviour of the systems containing APG/FA ratio: a) 84.5/15.5; b) 20/80; c) 50/50 

3.4.2 Access to the liquid crystals organization through the wide-angle X-rays diffraction technique 

While a frequency sweep test provides additional crucial information concerning the hexagonal and lamellar phases, it is 

inadequate to elucidate the type of lamellar phase present in the different investigated samples. For this reason, the use of 

wide-angle X-ray diffraction technique was necessary in order to access the exact arrangement of surfactant molecules in the 

liquid crystal systems. 

Classically, the X-rays diffraction technique has been primarily applied to well-ordered crystalline materials to determine crystal 

structures, but today it is also used in the characterization of non- or semi-crystalline materials. In case of lyotropic liquid 

crystals, X-rays diffraction measurement gives access to the crystalline form of surfactants in a solvent. 

Fig.6 shows the results of the WAXD analysis for three ratios, APG<FA; APG=FA; APG>FA, at 10% of emulsifier. The amorphous 

part was subtracted from the diffractogram and five most important peaks were then evidenced. The corresponding distances 

were then calculated via the Bragg’s law (Table 2). 
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Figure 6. WAXD patterns of binary systems at 10% of the mixed emulsifier 

Table 2. Measured repeated distances d (nm) of the peaks presented in Fig.6 

Peak 1 2 3 4 5 

Measured repeated 

distance d (nm) 
1.72 0.93 0.62 0.412 0.345 

Four peaks (1, 2, 3 and 5) can be described as diffuse halos thus illustrating a mainly amorphous like organization. This can be 

due to the matrix of the sample, containing mostly water as a solvent. 

Valoppi et al. [44] identified the sharp peaks corresponding to fatty alcohol C18OH at 0.42 nm and 0.41 nm, and the peak 

corresponding to C16OH at 0.418 nm for pure raw materials. Moreover, the authors proposed the X-rays diffraction patterns for 

the binary systems containing fatty alcohols and peanut oil as a solvent. In case of low fatty alcohol concentration in the oil (5%), 

a diffuse halo was observed between 15° and 25°, similar to one peak observed in the present study (peak 3).  

The most important differences between the samples can be observed at 0.412 nm (peak 4), corresponding to α-gel as reported 

in the literature [18,45]. Its quantity significantly decreases when the hexagonal phase is reached for APG>FA. 

The previous results from oscillatory test showed the lamellar behaviour of the intermediate phase, which is confirmed by 

WAXD. For APG=FA (50/50), the peak corresponding to α-gel remains present with an intensity similar to the one corresponding 

to APG<FA (20/80). These last results suggest the idea of interdependency between the ratio of fatty alcohol and the lamellar 

phase formation; it should represent at least 50% of the mixed surfactant, to form α-gel in auto-emulsions. 

The lamellar liquid phase (Lα), which is normally represented by a diffuse halo with its centre at 0.45nm [18,46], was not 

observed on the diffractogram. This may be explained either by the overlapping of the signal at 0.45 nm with the intense peak at 

0.412 nm or by the absence of lamellar liquid phase in such systems only consisting of surfactant and water. In this case, the 

second hypothesis proposed for the explanation of the rheological behaviour of APG=FA ratio is more likely to be true: at this 

ratio, there is a transition between the hexagonal phase towards α-gel, without passing through the lamellar liquid crystal phase 

formation. 
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In the literature, the α-crystalline hexagonal formations are described by the diffraction spacing equal to 0.406 nm and 0.357 

nm [47]. In our case, these two spacings are not clearly marked, suggesting the possible existence of hexagonal phase more in 

the liquid-like state. Consequently, a closer observation of WAXD results indicated that the hexagonal packing of APG molecules 

is rearranged into α-gel by adding the fatty alcohol with the same chain length, making the system more viscoelastic and 

consistent. This is due to the specific molecular organization inside the α-gel (Fig.7), with rigid, trans ordered alkyl chains (with 

only rotational freedom) and hexagonal mode of chains packaging [18,47]. 

 

Figure 7. Reorganisation of hexagonal packing of APG molecules into α-gel by adding fatty alcohol of the same chain length 

4 Conclusion 

The aim of this study was to investigate the phase behaviour of the C16C18 polyglucoside emulsifier coupled to C16C18 fatty 

alcohol as a co-surfactant. A certain number of studies were already exposed in the literature considering the investigation of 

APG behaviour alone or coupled to the fatty alcohol [14,16,32,36,48,49]. But in our case the C16C18APG/ C16C18FA mixed 

emulsifier is produced from the natural source, so the understanding of its phase behaviour becomes more difficult due to its 

complex composition.  

Depending on the APG/FA ratio and its concentration in solution different structures were described. A narrow instability zone, 

corresponding to a very small amounts of surfactant, evolves towards the α-gel (Lβ) for the emulsifier with high fatty alcohol 

content (APG<FA), or passes through the micellar solution (L1) towards the hexagonal phase (HI), for the surfactant ratio 

dominated by APG (APG>FA). In addition, between the two zones corresponding to lamellar and hexagonal liquid crystals, a 

transition region prevails; it is characterized by the changes in the lamellar phase properties; this corresponds to α-gel 

conversion to hexagonal packing when the necessary APG content ratio is reached. 

In APG/FA mixed emulsifier, fatty alcohol plays a crucial role in lamellar phase formation. At 50 APG/50 FA ratio, fatty alcohol 

molecules owning a small hydrophilic head are easily arranged in bilayers between the APG molecules to form the lamellar 

organization. Next, by increasing the FA ratio, a specific system is obtained. Once the fatty alcohol is in excess, it plays the role of 

the pseudo droplets, surrounded by the lamellar gel. It draws consequently a specific pattern under the polarized light called 

Maltese Crosses.  

From the fundamental and industrial point of views, these results demonstrate how controlling the ratio of a given 

emulsifier/co-emulsifier mixture offers the possibility to control the liquid crystalline form(s) of the system. This work brings 

complementary data when comparing to the literature dealing with the similar emulsifier at a fixed ratio. It helps the 

understanding of the phenomena happening at the structural, microscopic and macroscopic level governed by the mixed 

emulsifier.  
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