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Abstract 13 

Ensuring the synthesized material is optimized for the intended application requires an 14 

understanding of the emulsification mechanisms during synthesis. In concentrated sodium 15 

silicate solutions, we assume that silicate oligomers could stabilize the emulsion by 16 

positioning themselves at the interface. Moreover, the addition of an 17 

alkyltrimethylammonium which can interacted with the silicate oligomers should favour their 18 

positioning at the interface to increase the stability of the emulsion by Pickering effect. We 19 

studied the influence of sodium silicate and hydroxide concentrations with up to 6 mol.L-1 20 

(NaOH and SiO2) on the interfacial tension (γ) between dodecane and water. Moreover, the 21 

effect of hexadecyltrimethylammonium bromide and decyltrimethylammonium bromide on 22 

the interfacial tension and the stability of the emulsion were studied. Adding the surfactant 23 

CTAB leads to partial precipitation but significantly decreases the interfacial tension to less 24 

than 4 mN.m-1, effects that are not observed with DeTAB. The precipitate corresponds to 25 

CTAB-silicate and seems to contribute to the stabilization of the water/dodecane system, 26 

presumably through the Pickering effect. Moreover, works highlights that emulsion stability 27 

can be linked to the condensation/decondensation state of silicate species. 28 
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Introduction 1 

Alkali silicate solutions can be used as reagents to produce silicate- and aluminosilicate-2 

based materials. As ceramics, with binders such as geopolymers, they have found applications 3 

in construction [1,2] and as zeolites, they are widely used for sorption and catalysis [3–5]. 4 

Recent progress in the field of emulsion templating has further broadened their fields of 5 

application. Emulsion templating is an emerging method for the preparation of porous and 6 

composite materials [6,7], which allows the porous structure of a material to be adjusted via 7 

the nature and the volume fraction of the dispersed phase [8]. Controlling the volume fraction 8 

is key to producing a closed cell porous material as a percolated network is obtained when the 9 

volume fraction is higher than the packing fraction. Mesoporous materials [7,9] or 10 

hierarchically meso/macroporous monoliths [10,11] can be prepared by varying the initial 11 

mix. Open and closed-cell materials have different applications. The major applications of 12 

percolated porous materials are in catalysis and catalysis support [12], sorption [13] and 13 

separation [14–16], while closed cell porous materials are used for insulation and the 14 

solidification/stabilization of waste [17,18]. This study focusses on the use of emulsion 15 

templating for the immobilization of liquid organic nuclear waste, such as mixtures of 16 

dodecane and tributylphosphate. For these effluents, Portland cement-based binders cannot be 17 

used in the emulsion process because the organic compounds inhibit the hydration reactions 18 

of the clinker phases [19]. The emulsion technique can nonetheless be used with alkali-19 

activated materials and geopolymers. 20 

Alkanes are difficult to incorporate into alkaline silicate solutions in the absence of a 21 

surfactant. The most promising of the compounds tested in this context seem to be alkyl 22 

quaternary ammonium salts, with cetyltrimethyl ammonium bromide (CTAB) being 23 

particularly effective at reducing the interfacial tension between water and oil [17,18,20]. 24 

While many data are available on the interfacial tension between alkanes and aqueous 25 

solutions (i.e. water, or water with a low ionic strength, with and without surfactant) [21], 26 

only few have been published for concentrated solutions (concentration ≥ 1 mol.L-1) such as 27 

those used for geopolymer synthesis. Furthermore, the bulk of these values come from studies 28 

of concentrated sodium and potassium hydroxides [20,22–29] and the literature on the 29 

variation of surface and interfacial tensions in the presence of alkali silicates is particularly 30 

sparse [30–33]. 31 

By combining tensiometry and small- and wide-angle X-ray scattering (SWAXS), the aim 32 

of this study was to understand the mechanisms governing the emulsion stability of an organic 33 
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liquid in a fresh geopolymer. In a first step, the concentration of silicate oligomers, the Si/Na 1 

molar ratio and the presence of a cationic surfactant were studied in terms of their effect on 2 

the oil/water interfacial tension. Dodecane was chosen as a model oil [20], and as surfactants, 3 

CTAB was compared with decyltrimethylammonium bromide (DeTAB) to examine the effect 4 

of the alkyl chain length. The different silicate oligomers produced by dissolving silica (SiO2) 5 

in sodium hydroxide solutions were analyzed by SWAXS. In the second stage of the study, 6 

dodecane emulsions were prepared with different activation solutions and their stabilities 7 

were compared based on the hypothesis that the silicate solutions that minimized the 8 

interfacial tension would yield the most stable emulsions. 9 

 10 

1. Materials and methods 11 

1.1 Chemicals 12 

Tixosil 331 amorphous silica (SiO2) was provided by Solvay with a purity of 97 %. Sodium 13 

hydroxide pellets (NaOH) were purchased from VWR. CTAB (97% purity) and DeTAB (99% 14 

purity) were purchased from Merck and Acros Organics respectively. Dodecane was provided 15 

by VWR, with a purity of 99%. Each chemical was used as received without further 16 

purification. Solutions were prepared using water deionized to a resistivity ≥ 18.2 MΩ·cm 17 

using a Milli-Q purification system. 18 

1.2 Sample preparation 19 

1.2.1 Silicate solutions 20 

Sodium silicate solutions were prepared by dissolving amorphous silica (Tixosil 331) in 21 

sodium hydroxide solutions (prepared with water degassed under a stream of argon for 1 h to 22 

avoid carbonation of the solution) at the desired concentration. The solutions were stirred for 23 

24 h and then centrifuged at 4500 rpm for 20 min to remove the small particles produced by 24 

silica impurities. All solutions were kept sealed to minimize atmospheric carbonation. Since 25 

the solutions were basic, the SiO2 was assumed to be fully dissolved. The silicate solutions 26 

were characterized by their concentrations of SiO2 and NaOH and the corresponding Si/Na 27 

molar ratio. 28 

1.2.2 Separation of precipitates obtained by adding CTAB (10−2 mol.L−1) to the activated 29 

solution (Si/Na=0.75 and [NaOH] = 6 mol.L−1). 30 
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CTAB (364 mg) was added to 10 mL of the sodium silicate solution with Si/Na = 0.75, 1 

obtained by dissolving SiO2 ([SiO2] = 4.5 mol.L−1) in a 6 mol.L−1 solution of NaOH, as 2 

described above. The solution was stirred for 1 h and then filtered through a Büchner funnel 3 

with a 0.45 μm filter. The precipitate was recovered and dried in an oven at 60 °C for three 4 

days. 5 

1.3 Interfacial tensions 6 

Interfacial tensions were measured using a Tracker pendant-drop tensiometer (Teclis 7 

Scientific). The aqueous phase was placed inside a glass cell and dodecane was loaded into a 8 

syringe. The J-shaped needle was immersed in the aqueous phase in the cell so that the shape 9 

of the droplet produced could be analyzed. A minimum of three measurements were 10 

performed for each solution. 11 

1.4 Small- and wide-angle X-ray scattering (SWAXS) 12 

SWAXS measurements were performed on a Xenocs bench using Mo radiation (λ = 0.71 Å). 13 

The X-ray beam was collimated with a focusing multilayer mirror and two pairs of scatterless 14 

slits. The X-rays were then scattered by the sample placed in 2 mm diameter glass capillaries. 15 

The maximum time between sample preparation and analysis was limited to 6h so that 16 

capillary degradation was negligible. The scattered beam was recorded using a large 2D 17 

detector (MAR Research 345) located about 75 cm downstream of the sample. It was 18 

calibrated using silver behenate powder. The averaged signal obtained from the FIT2D 19 

software was plotted versus the magnitude of the scattering vector, q, calculated as follows, 20 

� = ��
� sin 


�
�
      (1) 21 

where λ is the wavelength of the incident radiation and θ, the scattering angle. A large q-range 22 

(0.025 - 2.8 Å−1) was covered thanks to off-center detection and the experimental resolution 23 

was ∆q/q = 0.02q/q = 0.02. The typical exposure time for the silicate solutions was 3600 s. 24 

Usual corrections for background subtractions (from the empty cell and detector noise) were 25 

applied, and intensities were normalized using a high density polyethylene standard 26 

(Goodfellow) to obtain I(q) in cm−1. The SWAXS data were finally analyzed by fitting a 27 

mathematical model using the software SASView (sasview.org). 28 

Biphasic mixtures were prepared by mixing sodium silicate solutions with or without 29 

surfactant (7.5 mL, with defined concentrations of SiO2 and NaOH), with dodecane (7.5 mL) 30 
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in a glass flask, followed by magnetic stirring for 4 h. The mixtures were then centrifuged at 1 

4500 rpm for 10 min to separate the aqueous and solvent phases for SWAXS analysis. 2 

 3 

1.5 1H Nuclear Magnetic Resonance 4 

1H NMR spectra were recorded on a 300 MHz Bruker Avance spectrometer for mixtures 5 

prepared with deuterated solvents purchased from Eurisotop. Chemicals shifts were 6 

referenced to the residual water signal at 4.79 ppm. 7 

1.6 Infrared spectroscopy 8 

Fourier transform infrared (FT-IR) spectra were recorded on a ThermoScientific iS50 Nicolet 9 

FT-IR spectrometer in attenuated total reflection (ATR) mode, using a thin film of the 10 

analyzed solution or solid, for wave numbers ranging from 400 to 4000 cm−1 at a resolution of 11 

1 cm−1. 12 

2. Results 13 

2.1 Interfacial tension 14 

2.1.1 Silicate-dodecane interfaces without surfactant 15 

The morphology and stability of dodecane droplets in emulsions depend strongly on the 16 

interfacial tension, namely the energy per unit area required to increase the interfacial area 17 

between the two immiscible phases, the organic phase and the silicate solution. The 18 

formulation of the fresh geopolymers can be adjusted by varying the concentrations of silica 19 

and soda depending on the desired final properties of the cured geopolymers (in terms of 20 

porosity for example, or compressive strength). To cover a large range of properties, we 21 

measured the interfacial tension of dodecane droplets in solutions containing 0–6 mol.L-1 22 

sodium hydroxide and Si/Na molar ratios of between 0 and 1. 23 

Figure 1A shows the variation of the interfacial tension, γ (mN.m-1), between dodecane and 24 

aqueous sodium hydroxide as a function of the concentration of sodium ions. In neat water, 25 

the water-oil interfacial tension is 47 mN.m−1, which is close to previously reported values of 26 

about 52 mN.m−1 [21,34,35]. The difference can be accounted for in part by the different 27 

levels of purity of the dodecane, used either directly or after purification on silica columns 28 
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[36]. In aqueous sodium hydroxide (Si/Na = 0) γ first decreases to a minimum of about 32.5 1 

mN.m-1 at [Na+] = 1 mol.L-1, then slowly increases up to 36.5 mN.m-1 at [Na+] = 6 mol.L-1. 2 

With Si/Na = 0.75 (Figure 1A), the interfacial tension also decreases at first until [Na+] = 1 3 

mol.L-1, before remaining constant at 28 mN.m-1 up to [Na+] = 6 mol.L-1
. The data for the 4 

solution with Si/Na = 1 follow the same trend, namely a strong decrease in γ up to [Na+] = 2 5 

mol.L-1 (γ = 23 mN.m-1), and then a slight further decrease until [Na+] = 6 mol.L-1 (γ = 18 6 

mN.m-1). As shown in Figure 1B, in 1 mol.L-1 sodium hydroxide, γ remains approximately 7 

constant (≈ 30 mN.m-1) whatever the silicate concentration (0 to 1 mol.L-1). With [Na+] = 6 8 

mol.L-1, γ decreases continuously (from 47 to 18 mN.m-1) with the Si/Na ratio. 9 

2.1.2 Sodium hydroxide solution-dodecane interfaces with CTAB and DeTAB surfactants 10 

Figure 1C shows how the interfacial tension evolves in sodium hydroxide solutions without 11 

silicates (Si/Na = 0), and with or without either DeTAB or CTAB at 10−3 and 10−2 mol.L−1. 12 

The experiments for [Na+] = 0 mol.L-1 (where the Si/Na ratio is not defined) were performed 13 

in pure water (without or with surfactant). 14 

As expected, the interfacial tension is lower in the samples with surfactants. With CTAB at 15 

10−3 and 10−2 mol.L−1, the alkalinity of the solution does not significantly affect the interfacial 16 

tension, which remains roughly constant at around 6 mN.m-1 and 4 mN.m-1, respectively. The 17 

measurements were stopped at 3 mol·L−1 for [CTAB] = 10−2 mol.L-1 and at 4 mol.L-1 for 18 

[CTAB] = 10−3 mol.L−1 because the interfacial tensions were below the sensitivity limit of the 19 

technique. For DeTAB, the interfacial tension decreases as the alkalinity of the solution 20 

increases, before leveling off at γ = 10 mN.m-1. 21 

2.1.3 Dodecane interface with silicate solutions containing CTAB or DeTAB 22 

Figure 1D shows the evolution of the interfacial tension as a function of the Na+ 23 

concentration in silicate solutions with a Si/Na molar ratio of 0.75, containing either DeTAB 24 

or CTAB. With CTAB, measurements at [CTAB] > 10−4 mol·L−1 proved impossible because 25 

of the formation of a white precipitate. The interfacial tension first decreases from 21 to 11 26 

mN·m−1 from 0 to 1 mol.L−1 Na+,  then gradually increases up to a value slightly higher than 27 

those measured without surfactant, indicating that CTAB’s surfactant effect becomes 28 

progressively weaker as the sodium concentration increases. 29 
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With DeTAB, the solutions remained transparent. At a DeTAB concentration of 1.10-3 mol.L-1 

1, the interfacial tension slowly increases from 21 to 25 mN.m-1 between 0 to 2 mol.L-1 Na+, 2 

then decreases and remains at about 9 mN.m-1. For [DeTAB] = 10-2 mol.L-1, the interfacial 3 

tension decreases from γ = 23 to 8 mN.m-1 in going from pure water to [Na+] = 6 mol.L-1.  4 

2.2 Ammonium-silicate salt precipitation 5 

Previous studies have shown that to incorporate alkanes into geopolymer emulsion pastes, 6 

the CTAB concentration should be set to between 10−3 and 10−2 mol.L−1 [20]. However, at 7 

Na+ concentrations above 1 mol.L-1 and Si/Na = 0.75, adding more than 10-3 mol.L-1 CTAB 8 

leads to precipitation, presumably of a CTA-silicate salt. To confirm this, an aqueous silicate 9 

solution with [CTAB] = 10−2 mol.L−1, [Na+] = 6 mol.L-1 and a Si/Na molar ratio of 0.75 was 10 

prepared and filtered to isolate the precipitate. After drying, the solid was analyzed by 1H 11 

NMR (Figure 2a) and FTIR (Figure 2b) and compared with the corresponding spectra of 12 

pure CTAB (see Supporting Information for details). 13 

Based on Kreke et al.’s analysis [37], the 1H NMR spectra in Figure 2a confirm that the 14 

precipitate is a CTA-based compound. Furthermore, the signals from the hydrogens in the 15 

methyl group and in the α position on the nitrogen atom are distorted and are shifted from 16 

3.10 to 3.15 ppm and from 3.31 to 3.36 ppm respectively. This change compared with pure 17 

CTAB in the chemical shifts of protons close to the quaternary ammonium group may be due 18 

to exchange of the Br– ion with more electronegative deprotonated silicate species. 19 

In the FTIR spectra (Figure 2b), the broad peak at around 3300 cm−1 can be assigned to the 20 

O-H stretching vibrations of hydroxyls and water [38].The presence of ammonium in the 21 

precipitate can be deduced from the bands corresponding to the scissoring modes of CH2-N+ 22 

at 1439 and 1408 cm−1. The band at 911 cm−1 arises from the C-N bound in the 23 

trimethylamine head group while the bands at 2915 cm−1, 2848 cm−1, and 719 cm−1 24 

correspond respectively to C-H anti-symmetric stretching, CH2 symmetric stretching, and 25 

(CH2)n, rocking modes in the aliphatic chain. The bands at 1101, 995 and 864 cm−1 26 

correspond to Si-O vibrations. This NMR and FT-IR analysis thus confirms that the 27 

precipitate is a cetyltrimethylammonium silicate salt [39–41]. 28 

2.3 Small angle X-ray scattering analysis 29 

The SWAXS spectra collected for different Si/Na ratios (0–1) to get an insight into the 30 

structures and sizes of the silicate oligomers in the alkali solutions are presented in Figure 3a 31 
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and 3b for [NaOH] = 1 and 6 mol.L−1, respectively. In these spectra, the broad peak at higher 1 

q-values and centered at 2.2 Å−1 is typical of intermolecular O-O bonds in water molecules. 2 

The strong peak at q = 0.7 Å−1 observed in the most concentrated sodium hydroxide solutions 3 

(6 mol.L-1) is attributed to hydroxide correlation [42]. In the absence of silicates, the intensity 4 

decreases slightly at low q values (from 0.025 to 0.7 Å−1) before leveling off at q ~ 0 Å−1. 5 

The scattering intensity of pure water is lower than that of the other solutions, at about 0.01 6 

cm-1, a value that is related to the isothermal compressibility of water.  In the presence of 7 

silicates, the scattering intensity increases at low scattering angles (q < 0.8 Å−1), the more so 8 

the higher the silicate concentration is. This behavior is typical in the presence of silicate 9 

oligomers with a finite size and the plateau intensity is related to the volume fraction of 10 

scatterers. The higher the Si/Na ratio of the solution, the higher the I(0) value of the SAXS 11 

profile is, indicating that in agreement with the literature, the volume fraction of scattering 12 

entities (Φ) increases with the Si/Na ratio. For the solution with [Na+] = 1 mol.L-1 and Si/Na = 13 

1, the slight increase in the scattering intensity at the lowest  q values may be due to attractive 14 

interactions. Similarly, the hump observed at q = 0.5 Å−1 at the highest Si/Na ratios with [Na+] 15 

= 6 mol.L-1 may be related to repulsive interactions between oligomers. 16 

2.4 Dodecane/Silicate emulsions 17 

To investigate the impact of surfactants and sodium silicate on the stability of dodecane/water 18 

emulsions, dodecane and silicate solutions were mixed isovolumically. Each emulsion was 19 

prepared from a silicate solution. To focus on the effects of the surfactants, a first experiment 20 

was conducted with [NaOH] fixed at 6 mol.L-1 with an Si/Na molar ratio of 0.75. The two 21 

components were dispersed using an Ultra-Turrax homogenizer at 13,500 rpm for 60 s to 22 

avoid the formation of submicronic dodecane droplets that can only be stabilized by Brownian 23 

motion. The use of different formulations revealed differences in the formation and the 24 

stability of the emulsions prepared with CTAB and DeTAB, and the presence or not of CTA-25 

silicate particles in the aqueous phase. Figure 4 lists the systems obtained at different times (30 26 

s, 6 min and 60 min) after emulsification using the following formulations: (A) dodecane 27 

mixed with a pure silicate solution, (B) dodecane mixed with a silicate solution containing 10-28 

2 mol.L−1 CTAB, with the precipitate left in the aqueous solution, (C) dodecane mixed with a 29 

silicate solution containing 10-2 mol.L−1 CTAB, with the precipitate filtered out of the aqueous 30 

solution, and (D) dodecane dispersed in a silicate solution containing 10-2 mol.L−1 DeTAB.  31 
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In system (A), the dodecane and the silicate solution were initially well mixed but rapidly 1 

separated. The photograph taken after 30 s shows a turbid phase at the bottom of the flask 2 

beneath the transparent upper phase. It is logical to suppose that the lower phase is a 3 

dispersion of dodecane droplets in the aqueous phase while the upper phase is the undispersed 4 

excess dodecane. This could not be confirmed however because the milky phase disappears 5 

rapidly, highlighting the instability of the dispersion. In systems (B) and (D), 6 

 prepared with CTAB and DeTAB respectively, surfactant-silicate salts precipitate as 7 

described in Section 2.2. With CTAB, the whole volume of the mixture is emulsified, but 8 

early in the ageing process, an aqueous solution is first released, followed by a dodecane rich 9 

phase. A greater volume of water is released than of oil, suggesting that the emulsion is of the 10 

water-in-oil type. 11 

In contrast, the formulation with DeTAB leads to the formation of an oil-in-water emulsion at 12 

the bottom of the flask (after 30 s). The upper phase is the excess dodecane. Between 30 s and 13 

60 min – i.e. during early aging of the dispersion – the emulsion separates into a concentrated 14 

phase at the interface of the aqueous and oily phases. Finally, comparing systems (B) and (C) 15 

shows that the CTAB-silicate species contribute to the emulsification of the solution and then 16 

stabilize the dispersion. 17 

In a second stage, the influence of the Si/Na molar ratio was studied at two concentrations of 18 

NaOH (1 and 6 mol.L-1). The emulsions were prepared using CTAB-based silicate solutions 19 

with various [NaOH] and Si/Na ratios. The concentration of CTAB in the silicate solution was 20 

fixed at 10-2 mol.L-1 and the precipitate was left in the silicate solution. Figure 5 shows 21 

photographs of the different emulsions after 60 and 120 min of ageing. Systems G and H 22 

destabilize more rapidly than systems E and F do, indicating that for the same Si/Na ratio, 23 

emulsions with higher NaOH concentrations are more unstable. It is also clear that at a given 24 

Si/Na ratio, the stable emulsion volume is lower and the destabilization kinetics faster in the 25 

emulsions with higher NaOH contents 26 

 27 

3. Discussion 28 

3.1 Silicate oligomer size 29 

A simple estimate of the size of silicate entities is the gyration radius (Rg) obtained using the 30 

Guinier approximation [39], expressed in linearized form as  31 
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ln��(�)� = ln��(0)� − �
����
3  

(2) 

where I(0) is the plateau scattering intensity, Rg is the average gyration radius of the silicate 1 

units, and q is the magnitude of the scattering vector. The Guinier equation was fitted to the 2 

plateau regions of the experimental SWAXS data, with the parameters constrained to qRg ≤ 1 3 

as is typically done. The gyration radius is plotted versus the Si/Na ratio in Figure 6. Because 4 

of attractive and/or repulsive interactions, the scattering intensity did not level off in the 5 

solutions with [Na+] = 1 mol.L-1 and Si/Na = 1 and with [Na+] = 6 mol.L-1 and Si/Na = 0.75 6 

and 1 and these data were not analyzed using the Guinier model. Figure 6 shows that the 7 

gyration radius decreases from 4.5 Å to 1.5 Å as the Si/Na ratio decreases from 0.75 to 0.1, 8 

regardless of the Na+ concentration (1 or 6 mol.L-1). The decrease in Rg reflects the 9 

decondensation of silicate species, as has already been observed with [Na+] = 1 mol.L-1 by 10 

Dupuis et al. [43]. Our results indicate that this remains the case in more concentrated NaOH 11 

solutions (6 mol.L-1). Extrapolating the data in Figure 6, the estimated Rg (≈ 5 Å) for Si/Na = 12 

1 is in agreement with the results of Dupuis et al. [43] (Rg = 4.5 Å).  These results along with 13 

29Si NMR results in the literature [9,43,44], suggest that monomer Q0 species predominate for 14 

Si/Na molar ratios ranging from 0.05 to 0.2 and that dimer Q1 units are the major species at 15 

slightly higher Si/Na ratios [9,44,45]. Around Si/Na = 1, silicon is mainly present as Q2 and 16 

Q3 units and the silicate oligomers are trimers or tetramers at Si/Na molar ratios above 1. The 17 

Qi speciation is show as a function of the Si/Na ratio in Figures 1B and 4. The influence of 18 

dodecane and CTAB (10-4 mol.L-1) on the interconnectivity of silicate groups was 19 

investigated by contacting the organic and aqueous phases and then separating them for 20 

SWAXS analysis. The results in both phases are similar to those obtained in the absence of 21 

surfactant (see supplementary information), indicating that neither dodecane nor CTAB alter 22 

the structural organization of these silicate solutions. 23 

3.2. Interfacial tension 24 

3.2.1 Sodium hydroxide solution / dodecane 25 

Figure 1a shows how γ evolves with the sodium hydroxide concentration, with a minimum 26 

(32.5 mN.m-1) at 1 mol.L-1NaOH. The same trend has already been observed in crude oil with 27 

different minerals (NaOH, Na2CO3 and NH4OH) and the organic alkaline compound 28 

diethylamine, and the minimum γ also occurred at an alkali concentration of about 1 mol.L-1 29 

[26]. Crude oils are known to contain acidic components such as naphtenic acids which, after 30 
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deprotonation by alkali species, act as surfactants, leading to γ values that are lower (less than 1 

1 mN.m-1) than in the present case. However, this minimum in γ has also been observed for 2 

crude oils without naphtenic acid [32] or with pure n-C11, C21, C14 [46] and C16 [29] alkanes. 3 

This clearly indicates that HO- anions reduce the interfacial tension independently from any 4 

carboxylate surfactants present in the oil. 5 

The action of HO- groups on γ can be explained by the organization of water molecules at the 6 

water/air and water/oil interfaces [47]. In alkali solutions, strong hydrogen bonds between 7 

interfacial water and HO− ions lead to the specific adsorption of HO−, which alters the surface 8 

tension, as shown by Kasmaee  et al. [27]. Although these hydrogen bonds also exist in bulk 9 

water, it has been suggested [48] that in the bulk, a fraction are broken by Brownian motion. 10 

In other words, the more restricted movement of the water molecules in the interfacial layer 11 

may allow more persistent H bonding between HO− and water molecules. Even if the 12 

adsorption mechanism of the HO- anions themselves is far from clear, this would explain why 13 

in the present case the interfacial tension (35 mN.m-1) in the 1 mol.L-1 NaOH solution is lower 14 

than in neat water (47.5 mN.m-1).  15 

The interfacial tension can also be affected by changes in Na+ hydration, but in these 16 

solutions, since the Na+ ions tend to remain fully hydrated in the bulk rather than partially 17 

hydrated at the interface [22], the influence of Na+ ions is likely to be insignificant and the 18 

variations in γ that occur with changes in the NaOH concentration should be attributed mainly 19 

to the behavior of the HO- ions.  20 

3.2.2 Sodium silicate solution /dodecane 21 

It is known that sodium silicates obtained by dissolving sodium orthosilicate Na4SiO4 [30] or 22 

sodium metasilicate Na2SiO3 [31] or by varying the Si/Na ratio [32,33] decrease the interfacial 23 

tension between water and crude oil, and sodium silicates have thus already been studied in 24 

enhanced oil recovery (EOR) processes. Although sodium silicates are a complex family of 25 

compounds, changing the Si/Na ratio allows them to be tailored for specific EOR applications 26 

(sequestering, water wetting, permeation, and γ-reduction). The properties required in each 27 

case depend on the size, charge, and basicity of the silicate molecules, which can be adjusted 28 

by changing the Si/Na ratio and concentration [32]. For example, a number of silicates with 29 

different Si/Na ratios (0.25, 0.6 and 0.8) have been shown to be equivalent to NaOH in their 30 

ability to reduce the interfacial tension between crude oil and water.  31 
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Figure 7 shows the different silicon Qn species. It is generally accepted that at Si/Na molar 1 

ratios lower than 1.5, Q0, Q1, Q2 and Q3 groups can be found in 18 distinct oligomers, the 2 

largest of these chains containing eight silicon group [49]. Although the precise distribution of 3 

chain lengths under the different experimental conditions studied here is difficult to 4 

determine, some general trends can be identified as a function of the Si/Na ratio. 5 

The presence of HO- ions in solution, leads to the breaking of some Si-O-Si bons, with the 6 

negative charge either transferred to the SiO unit (Eq. 4) or remaining on the HO- group (Eq. 7 

5). In both cases, adding silica to the solution consumes HO- and leads to the creation of SiO- 8 

units. Thus for all concentrations of NaOH between 0.05 and 6 mol.L-1, the HO− 9 

concentration is lower in the solutions with Si/Na = 0.75 than in the pure NaOH solutions 10 

(Si/Na = 0). This is correlated with a drop of 10 mN.m-1 in the interfacial tension, (Figures 11 

1C and 1D), clearly indicating that the silicate groups themselves have an interfacial tension 12 

reducing effect. 13 

SiO Si HO SiO+ +H O Si

SiO Si HO SiO H+ H2O ++ H O Si + HO  

 

(4) 

 

(5) 

Solid SiO2 enters the solution state as Q0 monomers when hydrolyzed with sodium hydroxide 14 

[50]. Silicate oligomers thus form via the combination of smaller fragments in solution, with 15 

populations of higher order oligomers reaching detectable levels only when the total silicon 16 

concentration exceeds certain thresholds. The relative population of individual species is a 17 

steeply declining function of the silicon chain length, and the most probable oligomers are 18 

those that can be formed by bimolecular reactions of the predominant lower-order structures, 19 

such as monomers, dimers, trimers etc. In therefore seems logical to consider candidate 20 

assignments in order of increasing chain length, with increasing Si/Na ratios. 21 

According to the literature [43,44], silicon is mainly present as Q0 monomers at Si/Na molar 22 

ratios between 0.05 and 0.2; Q1 dimers then predominate for Si/Na ratios up to 0.5 while at 23 

higher Si/Na ratios, the majority of silicon groups are Q2 and Q3 units, but it is not clear which 24 

of the two predominate. The fact that γ decreases as the Si/Na ratio increases (Figure 1a) 25 

indicates that Q0 monomers, Q1 dimers and silicon chains with Q2 and Q3 groups all decrease 26 

the interfacial tension with trimers and larger oligomers having the strongest effect. 27 

 28 
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3.2.3 Critical micellar concentration of CTAB and DeTAB and precipitation of CTAB-1 

Silicate salts 2 

Adding salt strongly decreases the critical micellar concentration (CMC) of ionic surfactants 3 

mainly because the counter ions screen the surface charges of the aggregates. Above the 4 

CMC, surfactants form micelles of different sizes and shapes, the solution remaining clear if 5 

the micelles are fully soluble or becoming turbid if they are only partially soluble. Figures 1C 6 

and 1D show that in the absence of Na+ ions, γ decreases to a minimum value of 5 mN.m-1 at 7 

a CTAB concentration slightly above 10-3 mol.L-1. This in consistent with the CMC of CTAB 8 

at 25°C, 9 × 10-4 mol.L-1 [51–53]. Because its alkyl chain is shorter, DeTAB has a higher 9 

CMC (7.2 10-2 mol.L-1) [54] and has less of an effect on γ, which only decreases to a 10 

minimum of about 20-24 mN.m-1. Adding up to 3 mol.L-1 HO- in the CTAB solutions does not 11 

significantly affect γ, but above 3 or 4 mmol.L-1 Na+ (depending on the CTAB concentration) 12 

the interfacial tension becomes too small to measure (γ <4 mN.m-1). In parallel, the CMC of 13 

CTAB decreases as the HO- concentration increases, with a factor ten difference between the 14 

CMC in water (CMC = 8 mmol.L-1) and in 0.5 mol.L-1 NaOH (CMC = 0.7 mmol.L-1) [27], 15 

but the micelles remain water soluble. Adding sodium silicate (Figure 1D) leads to the 16 

precipitation of CTAB and the turbidity of the solution precluded further interfacial tension 17 

measurements. The fact that no such clouding was observed in the pure NaOH solution 18 

(without surfactant) shows that this is due to interactions between CTAB and silicate species. 19 

Note also that there was no precipitation in the solution with the lowest CTAB concentration 20 

(10-4 mol.L-1, Figure 1D). This lowering effect of silicate anions on the CMC of CTAB has 21 

been reported previously [55], and is in agreement with the reported high binding affinity of 22 

silicate ions to CTAB micelles [40,41,56]. Thus, adding silicates to solutions containing 23 

CTAB, even at low concentration, leads to the fusion of small spherical micelles into 24 

elongated rod-like rigid micelles [39,40] that are poorly soluble in water. Silicate aggregates 25 

with DeTAB (which has a higher CMC of 7.2 10-2 mol.L-1) [54] are less compact and larger 26 

than those that form with the more strongly binding CTAB [57]. This is reflected in Figures 27 

1C and 1D, where γ follows the same trend in the solutions with DeTAB at 10-3 and 10-2 28 

mol.L-1 as in those without surfactant, both in the absence (Figure 1C) and in the presence of 29 

silicates with Si/Na = 0.75 (Figure 1D). 30 

 31 

3.3 Stability of emulsions of dodecane and aqueous silicate 32 
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3.3.1 Positive effect of HO- 1 

Studies of the pH dependence of zeta potentials and of ionic strength effects have shown that 2 

HO- anions adsorb at water/oil interfaces [36,58,59]. The zeta potential (ζ) of several alkanes 3 

(octane, decane and dodecane) has a sigmoidal pH dependence characterized by an isoelectric 4 

point at pH = 2-3, a half adsorption point at about pH = 5.5, and a minimum value (ζ = -85 5 

mV) above pH 9. More generally, the fact that water/oil interfaces are often negatively 6 

charged even in the absence of any surfactant has been attributed to HO- being absorbed more 7 

strongly than other charged species are [60]. Moreover, very stable oil/water emulsion can be 8 

produced in the absence of surfactant provided the pH is sufficiently high and the droplets 9 

sufficiently small. For example as shown by Beattie et al. [58], a homogenized 2% solution of 10 

hexadecane in water at pH = 9-10 without surfactant produces small submicrometer droplets 11 

with a very negative zeta potential (ζ = -120 mV) and the emulsion remains stable for days. In 12 

general, hydroxide-stabilized emulsions can be produced with oils that are poorly soluble in 13 

water [58]. Note that while the presence of sodium hydroxide and sodium silicate makes the 14 

mixtures used to incorporate alkanes into geopolymer suspensions very basic, the surface 15 

charge generated on the surface of the oil droplets is insufficient to stabilize an emulsion, 16 

which is why CTAB is often added to activating solutions [20]. 17 

 18 

3.3.2 Dual stabilizing effect of CTAB in silicate solution/dodecane emulsions 19 

The data presented in Figure 4 highlight the role of CTAB in the stabilization of emulsions of 20 

silicate solution (Si/Na = 0.75 and [Na+] = 6 mol.L-1) and dodecane. Without surfactant, the 21 

interfacial tension is 25.9 mN.m-1 (Figure 1D) and the suspension separates into two phases 22 

within 30 s. Adding 10-2 mol.L−1 DeTAB lowers γ (to 8.1 mN/m-1) but the emulsion is not 23 

stable and the mixture tends rapidly to a creamed system at equilibrium. However, the fact 24 

that the aqueous phase at the bottom of the flask is turbid highlights the presence of oil 25 

droplets in the water phase and shows that DeTAB nonetheless has a small stabilizing effect 26 

and confirms its hydrophilic behavior [61]. As mentioned above, adding 10-2 mol.L−1 CTAB 27 

to the silicate solution leads both to a strong decrease in γ (< 4 mN/m-1) and to the 28 

precipitation of a white CTA-silicate solid. The CTAB based emulsion remains homogenous 29 

for 30 s and is more stable than the DeTAB system. 30 

After 6 and 60 min, the creaming observed is characteristic of water-in-oil emulsions, proving 31 

that CTAB behaves hydrophobically in the aqueous phase. However, the low γ value induced 32 
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by 10-2 mol.L−1 CTAB is not the only reason this emulsion is more stable since after filtration, 1 

the aqueous phase produces an unstable dispersion of droplets when stirred with dodecane. 2 

This means that the CTA-silicate based precipitates (partially water soluble micelles) must 3 

also have a stabilization effect on the emulsion, possibly through the Pickering effect at the 4 

oil/water interface [62]. 5 

3.3.3 Stabilizing effects of both the Si/Na ratio and the size of the silicate oligomers 6 

The results presented in section 2.1.1 show that γ decreases as the Si/Na ratio increases, while 7 

Figure 5 shows that for all sodium concentrations, the most stable emulsions in the presence 8 

of CTAB are those with the lowest Si/Na ratio.  9 

In producing a stable emulsion in these systems therefore, reductions in γ have to be balanced 10 

against the degree of polymerization of the silicate species. Although the most stable 11 

emulsions are generally obtained when the interfacial tension is lowest; here, the most stable 12 

emulsions were those with intermediate γ values. Indeed, the results indicate that the 13 

interfacial tension has to be reduced but that the conditions at which γ is lowest are not 14 

optimal for stabilizing the biphasic system. This is because the silicate species also play a role 15 

in emulsion formation. The silicates are predominantly monomers (Q0) at low Si/Na ratios 16 

and mostly oligomers (Q2 and Q3) at the highest Si/Na ratios, with the SWAXS analysis 17 

showing that the higher the Si/Na ratio is, the larger the oligomers are. 18 

The comparison between systems in Figure 4 provides hints about how the emulsions are 19 

stabilized and reveals a possible role of silicate monomers. The data show that the CTA-20 

silicate species are important in stabilizing the emulsions. Figure 5 completes this 21 

information by demonstrating the importance of the nature of the silicate species (monomer 22 

versus larger oligomers). Moreover, the nature of the CTA+-based precipitates depends on the 23 

nature of the silicate units and given the steric hindrance of the trimethylammonium group –24 

N(Me)3
+, this suggests that CTA interacts preferentially with silicate monomers rather than 25 

oligomers. This could be confirmed by determining the Qi composition of the CTA-silicates 26 

using Si29 NMR. 27 

Furthermore, it also appears that at a given low value of the Si/Na ratio (see parts E and G of 28 

Figure 6 for Si/Na = 0.1) and therefore with the same distribution of Qi units, the emulsion 29 

with the lowest Na+ concentration is the most stable. At a given Si/Na ratio, the ionic strength 30 

increases with the Na+ concentration, possibly altering the chemical equilibrium between 31 
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CTA and the silicate species, or destabilizing interfacial and Van der Waals forces through the 1 

adsorption of Na+ ions on the droplets. In summary therefore, the stability of these emulsions 2 

depends on the interplay of several parameters (the interfacial tension, the degree of 3 

polymerization of the silicates, and the ionic strength of the solution), all of which need to be 4 

optimized. 5 

 6 

 7 

4. Conclusions 8 

Interactions between silicates and hexadecyltrimethylammonium was studied and published in 9 

many articles [63–67]. However, these previous works were focused on the diluted aqueous 10 

silicate solutions ([Si] less than 1 mol.L-1) and for solutions where the monomer is in the 11 

majority. 12 

In this work, the effects of CTAB and silicate oligomers on the stability of emulsions of 13 

dodecane and concentrated aqueous silicate solution is highlighted. The interfacial tension 14 

decreases from 47 to 20 mN.m-1 even in the absence of surfactant, through the cumulative 15 

effects of HO- and silicate groups, with larger silicate oligomers seeming to reduce the 16 

interfacial tension the most. However, this decrease is insufficient to obtain a stable emulsion. 17 

Adding DeTAB significantly reduces the interfacial tension but does not lead to a stable 18 

emulsion. CTAB also reduces the interfacial tension but leads to the precipitation of CTA-19 

silicate species [65], which contribute to stabilizing the water/oil emulsion, possibly through 20 

the Pickering effect. The stability of these emulsions also depends on the interconnectivity of 21 

the silicate units and the ionic strength of the alkali silicate solutions. Indeed, the water/oil 22 

emulsions formed in the presence of precipitates of mainly monomeric silicates are more 23 

stable than those that form when the silicates are mainly oligomers, and the emulsions in 24 

higher ionic strength solutions are less stable than those formed when the ionic strength is 25 

lower. 26 
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Figure 1. Interfacial tension between dodecane and the aqueous phase (A) as a function of  2 

the Na+ concentration in water with different Si/Na molar ratios (0, 0.75 and 1); (B) as a 3 

function of the Si/Na molar ratio for [Na+] = 1 and 6 mol.L-1 (the vertical lines delimit areas 4 

where more than 70% of the silicon atoms are in the indicated Qn configuration, according to 5 

reference [9]); (C) as a function of the Si/Na molar ratio for Si/Na = 0, without surfactant and 6 

with either CTAB or DeTAB at 10-3 and 10-2 mol.L-1; and (D) as a function of the Si/Na 7 

molar ratio for Si/Na = 0.75, without surfactant and with either CTAB at 10-4 mol.L-1 or 8 

DeTAB at 10-3 and 10-2 mol.L-1. Measurements at [Na+] = 0 mol.L-1 in parts A, B and C, 9 

where the Si/Na ratio is undefined, were performed in pure water (without or with surfactant). 10 
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 1 

Figure 2. (a) 1H NMR and (b) FTIR spectra of the silicate-CTAB precipitates in comparison with the 2 

spectrum of pure CTAB. 3 
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 1 

 2 

Figure 3. SWAXS spectra (I(q) in cm-1 
versus q(Å−1)) of pure water (dashed lines) and alkali silicate 3 

solutions (solid symbols) with various Si/Na molar ratios for (a) [Na+] = 1 mol·L−1 and (b) [Na+] = 6 4 

mol·L−.1. 5 
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 1 

Figure 4. Photographs of emulsions 30 s, 6 min and 60 min after mixing 10 mL of dodecane and 10 2 

mL of an aqueous silicate solution ([NaOH] = 6 mol.L−1 and [SiO2] = 4.5 mol.L−1) with an Ultra-3 

Turrax homogenizer at 13,500 rpm for 60 s. A: aqueous silicate solution, B: aqueous silicate solution 4 

+ [CTAB] = 10-2 mol.L-1 with the precipitate, C: aqueous silicate solution + [CTAB]=10-2 mol.L-1 after 5 

filtration and removal of the precipitate, D: aqueous silicate solution + [DeTAB]=10-2 mol.L-1 6 
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 1 

 2 
Figure 5. Photographs of emulsions (a) 60 and (b) 120 min after mixing 10 mL of dodecane and 10 3 

mL of various aqueous silicate solutions containing 10-2 mol.L-1 CTAB with an Ultra-Turrax 4 

homogenizer at 13,500 rpm for 60 s. The compositions of the aqueous silicate solutions are as follows 5 

: E: [NaOH]=1 mol.L-1 and Si/Na = 0.1, F: [NaOH]=1 mol.L-1 and Si/Na = 0.33, G: [NaOH]=6 mol.L-1 6 

and Si/Na = 0.1, H: G: [NaOH]=6 mol.L-1 and Si/Na = 0.33 and I: G: [NaOH]=6 mol.L-1 and Si/Na = 7 

0.75 8 
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 1 

Figure 6. Scattering I0 (cm-1) and gyration radius of silicate species, Rg (Å), as a function of 2 

the Si/Na molar ratio for [Na+] = 1 (red) and 6 mol.L-1(blue). The vertical lines delimit areas 3 

where more than 70% of the silicon atoms are in the indicated Qn configuration, according to 4 

reference [9]. 5 
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 2 

 3 

Figure 7. Schematic representation of the different silicon centers (Q0, Q1, Q2, Q3, Q4) indicated by 4 

an asterisk. For clarity, the oxygen atoms are represented as fully ionized. 5 
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