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Introduction

We investigate experimentally the effects of an excess of surfactant on several physical properties of oily ferrofluids, particularly those connected with temperature and thermally induced particle transfer. Ferrofluids based on magnetite nanoparticles (NPs) dispersed in tetradecane as carrier fluid with oleic acid (OA) as surfactant are probed here. OA is progressively added to the ferrofluid after the synthesis process, during which NPs were OA-coated to ensure the ferrofluid colloidal stability.

The interest in ferrofluid behavior when subjected to a temperature gradient is generally driven by a variety of applications for this class of colloids in relation with heat transfers. Historically, the first application has been loudspeaker cooling, while novel examples include solar collectors [1], electrochemical thermal ena e-mail: viesturs.sints@lu.lv ergy harvesters [2] and cooling of electronic devices [3]. Exploring how the response of a surfactant stabilized colloid, to a gradient of temperature depends on its composition can improve the ability to tune such colloids to the specific purpose [4][5][6].

To this end, several studies have been performed in polar media (i) in ferrofluids based on charged nanoparticles by varying ionic strength or the nature of the ionic moieties, see for example Refs. [7][8][9][10][11] and (ii) in non-magnetic dispersions of polystyrene beads by addition of ionic surfactant [4,12,13]. To our knowledge, such systematic studies about colloidal dispersions stabilized by an oily surfactant in oily media (or even in organic solvents) are however rather scarce. The study by Ning et al. [14] on dispersions of nanosilica grafted with octadecyl groups in toluene can be quoted in this regards.

Previous research has shown that oily ferrofluids in a porous environment can present a decrease in thermally induced particle transport [15] for a wide range of such colloidal dispersions [16,17]. It has also been shown that surfactant addition further decreases Soret coefficient in a porous medium and that, at a sufficient concentration of excess surfactant, the particle transfer direction in a temperature gradient can be inverted [17]. In that matter, uncertainty remains regarding the relative importance of colloidal processes and the porous medium itself in the aforementioned findings. The effect of a double-layer of surfactant on modifying the value and the sign of the Soret coefficient of polystyrene nanobeads in aqueous dispersions has been shown both by O. Syshchyk et al. [13] and by Q. Jiang et al. [4]. Studies of thermophoresis in a porous medium have reported both lack of deviation from free fluid values for Soret coefficient in binary mixtures [18] and reduction of Soret coefficient in pores due to confinement effects in akali halide aqueous solutions [19]. However, a reference regarding oily colloids, in question here, is lacking. The work presented here can help gaining further insight into the effects of free surfactant concentration in an oily colloid. It will also validate if the aforementioned phenomena concerning such oily ferrofluids are present outside of a porous environment or not.

Research about such physical phenomena presents a challenge, as there is no universally accepted theoretical interpretation for thermophoresis of such colloidal dispersions [20,21]. A variety of theoretical models [22][23][24][START_REF] Morozov | Thermal Nonequilibrium Phenomena in Fluid Mixtures[END_REF] exist to describe the mechanisms for particle thermophoresis in such colloidal liquids, a dominant effect coming here from the NP/ complex fluid interaction [26]. In the case of electrostatically charged nanoparticles dispersed in a polar solvent a link to Seebeck effect is put forward [9,10,27]. It is however not the case here. The model proposed by Morozov [25] describes the colloidal particle thermophoresis as driven by interaction between the particles and smaller species, like surfactant molecules -specifically for surfactant stabilized colloids. This approach would predict particle migration toward lower temperatures driven by the benefit of a colloidal particle placed in a temperature gradient to be able to adsorb more surfactant molecules in the colder side than in the hotter one. Parola and Piazza [28] arrived to an expression for the Soret coefficient that involves a relation between surface tension and temperature. Works by Iacopini and Piazza [29] and Iacopini et al. [30] describe particle thermophoresis in aqueous media with an emphasis on its temperature dependence, including a change of particle transfer direction at a certain temperature. Because of this sign inversion of the Soret coefficient, this phenomenological expression has been adapted in Ref. [17] to be correlated with the experimental observations of an oily ferrofluid in a porous environment.

From the rheological point of view, on the nanoscale and on the macroscopic scale, well dispersed ferrofluids are dilute to moderately concentrated suspensions [START_REF] Larson | The Structure and Rheology of Complex Fluids[END_REF] and ferrofluid viscosity decreases with temperature, driven by the viscosity of the carrier fluid [START_REF]Magnetic Fluids and Applications Magnetic Fluids and Applications Handbook[END_REF], see also for example the dispersions in glycerol of Abareshi et al. [START_REF] Abareshi | [END_REF] and those in transformer oil of Tothova et al. [34].

We therefore investigate here thermophoresis of NPs coated with oleic acid in a free-fluid ferrofluid based on tetradecane, with an excess of added surfactant with respect to synthesis conditions. To complement the thermophoretic investigation of the system, the mass diffusion coefficient of the NPs is here probed by two different techniques with and without the addition of 2 vol% of surfactant. Dynamic light scattering probes the thermal fluctuations of NP's concentration at 20 • C in unperturbed dispersions, while relaxation of forced Rayleigh scattering probes the relaxation of a concentration modulation at a well defined scattering vector [35], from room temperature up to ∼ 85 • C. Rheological measurements of the ferrofluid dispersions complete here the presented work, in a large range of temperatures and added surfactant concentrations. They are compared to the tetradecane viscosity measurements from [17] and discussed in the framework of all the presented results.

Theoretical framework

Soret coefficient

Thermophoretic transfer of a nanoparticle in a solvent is characterized by the Soret coefficient S T . It is defined as the relation between thermodiffusion and mass diffusion coefficients.

S T = D T D m (1) 
In stationary conditions, as in the FRS experimental device used in Sect. 4.1 and with uncharged colloidal nanoparticles, the Soret coefficient expresses at the first order 1 as [9,27]:

S T ∼ χ ŜNP kT . ( 2 
)
The compressibility χ of the NP's system characterizes the interparticle interaction. It is related to the derivative of the osmotic pressure Π with respect to the number of NPs per unit volume n NP through χ = kT / ∂Π ∂n NP . 1 We neglect here the term

1 n NP kT ∂Π ∂T in front of ŜNP
kT , as it is here always smaller than 9.10 -3 K -1 .

The NP Eastman entropy of transfer ŜNP characterizes the affinity of the NPs with the fluid carrier. It is a thermodynamic quantity [36] defined as the ratio of the enthalpy (heat) of transport Q * of the NPs divided by T [37], kT being the thermal energy. Q * quantifies the thermophobicity of the system [38].

Note that here, due to the low volume fraction of oleic acid, we assimilate the ternary system (OA-coated NPs, tetradecane, free OA) to a binary system (OAcoated NPs, fluid carrier) 2 . In this approximation, the NP Eastman entropy of transfer ŜNP may contain a contribution from diffusiophoresis of free OA chains as in the aqueous ferrofluids of [8] with added organic salts.

In aqueous media Iacopini and Piazza [29] have proposed an empirical model which works in many situations associated with H-bond interactions:

S T (T ) = S ∞ T 1 -exp T * -T T 0 (3) 
In this expression, T * is the temperature at which S T = 0 and T 0 characterizes the strength of temperature effects on Soret coefficient. The authors refer to S ∞ T as a high temperature limit for the Soret coefficient. However in the work shown in [17], the ferrofluid displayed a low temperature "plateau" of Soret coefficient, followed by a decrease as temperature increases. Therefore, without surprise, this expression cannot work as it is, in our oily system, as the notion of high temperature limit is not suitable in our case. A coefficient S T,1 is introduced to be used instead, to acknowledge this difference. A sign change of coefficient T * and temperature is motivated by experimental observations of S T reducing with temperature increase in our colloid. After this, we obtain the empirical equation used here to describe S T (T ):

S T (T ) = S T,1 1 -exp T -T * T 0 (4) 
Let us note that other expressions, such as for example that of G. Wittko and W. Kohler [39] proposed for solvent mixtures, could be used successfully to take in account both the concentration and the temperature dependence of Soret coefficient for ionic species added to water [40]. However this expression is also empirical.

Diffusion coefficient

The mass diffusion coefficient D m of the NPs is related to the thermal energy kT , to the friction ζ experienced 2 Fluid carrier = tetradecane + dissolved free OA chains by the NPs and to the compressibility χ of the NPs system in the colloidal dispersion through the generalized Stokes equation [41,42]:

D m = 1 ζ kT χ (5)
Assimilating here the NPs to Hard Spheres of volume fraction Φ ∼ 5% as in [17], the Carnahan-Starling model [9,43] leads to χ ∼ 0.67 3 . Moreover as according to [44], the friction can be written for Hard Spheres as ζ ∼ ζ 0 /(1-6.55 Φ) at low Φ's, we thus obtain ζ ∼ 1.49ζ 0 at Φ ∼ 5% and here ζχ ∼ 0.99ζ 0 . Then the mass diffusion coefficient D m of the NPs writes at the first order as:

D m ∼ kT 3πη 0 d h , ( 6 
)
where η 0 is the pure solvent viscosity and d h the NP's hydrodynamic diameter.

Viscosity

For colloids with an effective hydrodynamic volume fraction Φ h up to 10%, the relative dynamic viscosity η r = η/η 0 should follow the Batchelor formula [START_REF] Larson | The Structure and Rheology of Complex Fluids[END_REF]45]:

η r = η/η 0 = (1 + 2.5Φ h + 6.2Φ 2 h ) (7) 
This expression is valid up η r ∼ 1.3. For η r ≥ 1.3, the expression from C.L. Berli and D. Quemada [46] in [45] is more appropriate:

η r = 1 1 -(Φ h /0.63) 2 (8) 
To describe temperature dependence of viscosity, we use the Arrhenius model:

η = η ∞ exp E a kT (9)
Here, η is the dynamic viscosity, η ∞ is the viscosity at "infinite temperature" and E a denotes the activation energy of the fluid.

Ferrofluid used in experiments

The colloid used in thermophoresis experiments is a surfactant stabilized ferrofluid. Magnetic single-domain nanoparticles are dispersed in a carrier fluid and stabilized with an adsorbed layer of molecules of surfactant around the particles to prevent the NP's agglomeration and to ensure a strong interaction between the NP's and the dispersion medium. The ferrofluid is prepared in Institute of Physics, University of Latvia, by chemical coprecipitation, following the procedure described in Ref. [47]. The preparation procedures involve a centrifugation of the colloid at 7000 g, a separation in high magnetic field gradients (HGMS) and a flocculation process employed to remove from the initial colloidal sample the excess of surfactant (i.e. the part not chemically bounded with nanoparticles). It is comparable to what is done for the samples of the SANS study of [48]. The particle material is Fe 3 O 4 , the carrier fluid is tetradecane and the surfactant coating the NPs is oleic acid (OA). The mean particle diameter, as determined by vibrating sample magnetometry using Lake Shore Cryotronics Co., model 7404 VSM vibrating sample magnetometer [49], is d magn = 9.6 nm and the volume fraction of magnetic material is Φ = 4.75%. The tetradecane used for the preparation of the ferrofluid and in the present experiments is provided by Sigma-Aldrich, as is the oleic acid. The viscosity of tetradecane at 20 • C is 2.29 • 10 -3 Pa.s, according to [50]. The oleic acid (C 18 H 34 O 2 ) is a non-saturated mono-carboxylic (fatty) acid, fully soluble in tetradecane. It presents a C18-tail with a double bond kink in the middle. Its polar head adsorbs on the surface of the NPs by chemisorption [51], while hydrophobic tails dissolve in tetradecane, forming a monolayer of surfactant chains at the NP surface [52].

Due to the preparation procedures of the ferrofluid, a very large part of the oleic acid present in the initial ferrofluid is bound to the nanoparticles4 , in a way comparable to what is observed in the Small Angle Neutron Scattering of [48] in decahydronaphtalene. In this latter work, the thickness of the oleic acid layer on the surface of the nanoparticles is determined to be 1.40 ± 0.07 nm 5 , to be compared to the theoretical value 2.3 nm deduced from Tanford formula [54].

Another study of interest to fix order of magnitudes is that of E. Dubois et al [55] studying maghemite NPs coated with oleic acid and dispersed in cyclohexane, which is focusing on the adsorption isotherm of OA at room temperature. It leads to a saturation value of 3.6 molecules of OA per nm 2 , which can be considered as close to the one for the present system. Moreover a determination by SANS of the pair interparticle interaction parameter A 2 = 4.4 ± 0.6 (compatible with the hard sphere value of 4) is also obtained in this work for NPs with a saturated coating. A former thermodiffusion study on this system has pointed out at room temperature a thermophobic behavior for these NPs coated with oleic acid and dispersed in cyclohexane [26].

For the experiments with an excess of surfactant in the colloid, oleic acid is added at a concentration c varying from 0 up to 2.5 vol%. As tetradecane is nonpolar and oleic acid fully soluble in tetradecane, micelle formation is energetically unfavorable in the anhydrous medium [START_REF] Eicke | Micelles[END_REF][START_REF] Khoshnood | [END_REF]. Anyway, DLS tests have been performed in a solution of oleic acid in tetradecane at 2.5 vol% and no oleic acid structures could be detected. Such an experimental conclusion has been also obtained in two SANS studies of OA-coated magnetic NPs up to 25 vol% of added OA in deuterated non-polar solvents, namely [START_REF] Petrenko | Magnetism and Magnetic Materials[END_REF] in benzene and [59] in decaline. In these two studies, in presence of added surfactant, the thickness of the oleic acid layer on the surface of the nanoparticles is respectively determined to be 1.40 (resp.1.43) ± 0.07 nm.

Note that the characteristic concentration value c for surfactant corresponds to the volumic fraction of surfactant added with respect to the initial sample issued from the synthesis process.

Experimental methods

Forced Rayleigh scattering

In the Forced Rayleigh Scattering (FRS) setup, fully described in [11], a 1D sinusoidal grid is imaged inside the volume of the ferrofluid, inserted in a thin optical cell of thickness 100 µm. The cell is placed in a thermo-regulated sample holder allowing to work here between room temperature and T = 85 • C. The colloidal particles of the ferrofluid absorb the incident light (a high power lamp, up to 500W-Hg Arc Lamp-240 Spectra Physics, is used as the illuminating source) and thus cause a periodic spatial-modulation of temperature (∆T ) in the sample with a modulation pitch Λ varying between 80 and 160 µm. These temperature gradients yield movements of the particles according to the Soret-Ludwig effect and this subsequently results in periodic spatial-modulation of volume fraction (∆Φ) in the sample. These modulations of temperature and volume fraction can be considered as thin 1D-gratings. The corresponding refractive index modulations consist of the contributions of both ∆T and ∆Φ. We can assume that the total refractive index modulation ∆n TΦ is a linear sum of the two contributions, namely the change in refractive index owing to the temperature gradient (∆n T ) and that owing to the concentration gradient (∆n Φ ). Thus it can be written as

∆n TΦ = ∆n T ± ∆n Φ ( 10 
)
It should be noted that for positive Soret coefficients (when particles move to regions with lower temperatures) the temperature and volume fraction modulations are in antiphase while for negative Soret coefficients (particles move to higher temperatures) they are in phase. The variation of refractive index with temperature (∂n/∂T ) is generally negative while its variation with the concentration (∂n/∂Φ) is positive. So contributions of the temperature modulations and those of concentration to the total refractive index are additive for positive Soret coefficients while for negative Soret coefficients they oppose each other. The sign ± in Eq.10 reflects these two situations.

These two gratings are studied by diffraction of a non-absorbing laser beam. The refractive index modulation of a thin sinusoidal volume grating with thickness d can be evaluated from the first order diffracted intensity (I d ) by the relation (given here at the first order) [60][61][62] 

∆n ∼ λ cos(θ) πd √ I 0 I d (11) 
θ being the incidence angle (here, θ = 38 • ). To separate the influence of the concentration and temperature on the total refractive index modulation, a chopper is used to cut off the illumination and thus temporally modulate the heat source at the rate of 8 Hz. Here we assume that the thermal relaxation of the system is a rapid process (of the order of a few ms for grid periods of tens of µm) while the relaxation of the concentration gradient is rather slow (here of the order of several seconds). So when the heat source is cut off by the chopper (for about 63 ms per cycle), the intensity diffracted (I Φ ) and the corresponding (∆n Φ ) evaluated by Eq. 11 does not have any contribution from the temperature modulation of the grating. It is purely due to the concentration modulation (∆Φ). This latter is not influenced by the chopper. So the temperature and volume fraction index modulations created in the ferrofluid at steady state can be evaluated from the values of the intensity diffracted during the chopper off cycle (I Φ ) and chopper on cycle (I TΦ ) as

|∆Φ| = |∆n Φ | (∂n/∂Φ) c,T = λ cos(θ) πd √ I0 √ I Φ (∂n/∂Φ) c,T (12) 
∆T = ∆n T (∂n/∂T ) c,Φ = λ cos(θ) πd √ I0 ± √ I TΦ ∓ √ I Φ (∂n/∂T ) c,Φ (13) 
under the atmospheric pressure. In these expression, neglecting the contribution from free OA, the coefficient (∂n/∂T ) c,Φ is taken to be that of the carrier fluid, here tetradecane, so that (∂n/∂T ) c,Φ = -4.16 • 10 -4 K -1 [START_REF] Wohlfarth | Refractive Indices of Inorganic, Organometallic, and Organononmetallic Liquids, and Binary Liquid Mixtures[END_REF]. Coefficient (∂n/∂Φ) c,T is taken from Maxwell Garnett approximation [START_REF] Maxwell | [END_REF] which here equals 0.95. At steady state the Soret coefficient can be evaluated as:

Φ 0 S T = - ∆Φ St < ∆T > ( 14 
)
< ∆T > being the mean temperature modulation and ∆Φ St the nanoparticle volume fraction modulation, at steady state. The mean temperature modulation is related to the maximum value of temperature modulation ∆T m by a factor 1/2 as the duty cycle of the chopper during the experiment at steady state is 50%, so that < ∆T >= ∆T m /2.

In the present work, in a similar way as in the experiments of [11], it is checked that the obtained ∆Φ is proportional to the obtained < ∆T > by varying the power of the lamp up to 300 W and the modulation pitch in the range 92 to 156 µm. They vary in the range ∆Φ ≤ 0.2% and < ∆T >≤ 0.2 K. For the same < ∆T >, a larger ∆Φ is obtained with the sample at 0 vol% of added OA with respect to the sample at 2 vol% of added OA.

Relaxation of forced Rayleigh scattering (FRS) and Dynamic light scattering (DLS)

The translational diffusion coefficient of the nanoparticles is measured here by two different techniques, forced Rayleigh scattering which analyses the relaxation of the spatial modulation of concentration, former induced by Soret effect at a well defined wave vector and Dynamic light scattering which analyses the fluctuations of NP's concentration, without any spatial distortion of the NP's organization [35].

In the forced Rayleigh scattering experiment, when the heat source is switched off after the Soret coefficient measurement, ∆T = 0 and the relaxation of the 

(t) = [G(t)] 1/2 - offset].

Rheological measurements

The viscosity of the fluid samples is measured with an Anton Paar MCR 502 rheometer, using a cone-plate setup. The rheometer is equipped with a Peltier temperature control, which allows us to perform measurements at various temperatures. Measurements are done in a continuous rotational mode.

Experimental results

Thermophoresis

Soret coefficients S T obtained by FRS measurements, at c = 0 vol% (without added surfactant) and at c = 2 vol% of added surfactant, are given in Fig. 1. In both situations and whatever the temperature, the measured S T is positive and the NP behavior is clearly thermophobic. The Soret coefficient exhibits a significant decrease at c = 2 vol% with respect to its value in the initial ferrofluid. This can be due to the interparticle interaction (χ variation in Eq. 2) or by the NP/ complex fluid interaction ( ŜNP variation in Eq.2). Both can be altered by the surfactant in excess in the carrier fluid and by surfactant adsorption on NPs, larger than the amount present at the end of the ferrofluid synthesis. Using χ = 0.67 whatever c as proposed in Section 2.2 (see Sect. 6 for a critical analysis of this hypothesis), ŜNP /kT thus decreases at room temperature from + 0.4 K -1 for c = 0 vol% down to + 0.3 K -1 for c = 2 vol%. These values are of the same order of magnitude as those observed at room temperature for example in [11] for charged NPs dispersed in DMSOwater mixtures at intermediate molar fractions of water (0.2 and 0.8 mol%). A marked decrease of ŜNP /kT with the temperature increase is also observed here, at 85 • C, ŜNP /kT is of the order of + 0.2 K -1 , irrespectively to OA added concentration. In literature, very few experimental colloidal systems present both S T > 0 and ∂S T /∂T < 0, we can quote the work by Fiuza et al [66] on ferrofluids dispersed in an Ionic Liquid and the work by Sehnen et al [8] on aqueous ferrofluids with two different added salts. While S T is frequently negative in aqueous ferrofluids, see for example [9], in this latter study, S T is positive with ∂S T /∂T < 0 with added TBAOH salt. However with a slightly smaller TMAOH salt they obtain ∂S T /∂T > 0.

In principle, in the present system, the complexfluid interaction parameter ŜNP can be both related to a redistribution of surfactant and to the presence of free surfactant chains remaining in solution. An analogy could be made with the retardation of droplet thermophoresis by surfactant as described in Ref. [67], corresponding to the hindrance of surfactant molecules redistributed around the particle by local saturation in the layer. Indeed, saturation of colloidal particle surface with surfactant molecules has been identified as the mechanism behind a reduction of Soret coefficient for polystyrene beads [13] in aqueous media. The other mechanism to be considered here is diffusiophoresis of the colloidal particles in concentration gradients of free OA chains in the solution induced by molecular thermodiffusion. Indeed, it is experimentally observed in [8] in aqueous ferrofluids with added organic salts, that the T -and c salt -dependence of the NP's Soret coefficient S T correlate with that of the added species. Here diffusiophoresis related to free OA chains has to be named among the possible contributing mechanisms to the ob- served phenomena. However, the lack of thermodiffusion measurements of free OA chains in tetradecane and of direct measurements of free OA concentration in the ferrofluid prohibits us from developing solid further conclusions, at this step.

The Soret coefficient decreases with temperature in an exponential way, which is similar to what is seen in Soret coefficient measurements for the same ferrofluid samples in a porous environment, as described in Ref. [17]. However, no change of sign can be observed between 22 • C and 85 • C -this is true for samples both with and without added surfactant. Note nevertheless that the here measured values of S T are much larger than these of Ref. [17] in porous media. The Soret coefficient is here analyzed as a function of temperature in the framework of the empirical model given by Eq. 4. The results are shown in Table 1.

Figure 1 and Table 1 show that the addition of an excess of surfactant (up to 2 vol% of OA) significantly modifies the temperature-dependence of S T . The empirical parameter T 0 , associated with effect of temperature on S T , has decreased, indicating a lessened temperature dependence of the Soret coefficient. It should be noted that both of those tendencies are in contrast to those seen in a porous environment, where addition of surfactant steepen the temperature dependence of S T . This indicates that the previously observed influence of excess surfactant is an effect of interaction with the porous environment and not properties inherent to the ferrofluid itself.

Diffusion coefficient

Relaxation of forced Rayleigh scattering (FRS)

By FRS relaxation, the time evolution of the intensity I Φ (t), normalized at t = 0 and proportional to the modulation ∆Φ is here observed to be close to an exponential function of time.

Some examples of these results obtained at room temperature are displayed in Fig. 2 of d h = 18.4 nm is not really convincing 6 . So, for sake of simplicity we further analyze FRS relaxation with a mono-exponential fit, keeping in memory, that some extra NPs' agglomerates are present at 0 vol% of added OA close to room temperature.

After averaging over 6 measurements (as those of Fig. 2, at the same T , with several grids of different Λ's and several power of the heating beam) adjusted with a mono-exponential fit, the mean diffusion coefficient D m and the mean NP's hydrodynamic diameter d h are obtained using Eq. 6 with the known viscosity of pure solvent. They are given at room temperature in Table 2 and Fig. 3 shows the evolution of D m and d h as a function of T .

By FRS probing, we can see that the addition of an excess of surfactant does not have a significant impact on the mass diffusion coefficient deduced from the monoexponential adjustment. D m increases with temperature, as one would expect due to decreasing of η with T . The associated values of the hydrodynamic diameter d h , which are presented as a function of T for the two concentrations of added OA in the inset of Fig. 3 for the two samples at 0 vol% of OA and 2 vol% of OA show neither a significant evolution with T nor by adding an excess of surfactant, with a mean value d h = 15.5 ± 3 nm. Taking in account that the geometric NP diameter d geo is larger than the magnetic NP diameter d m = 9.6 nm due to a non-magnetic layer of thickness ∼ 0.5 nm, associated to the chemisorption bonds of OA chains [49,68] and considering that the hydrodynamic diameter should be increased by the oleic acid layer, expected to be ∼ 1.4 nm [48]. We evaluate the NP's hydrodynamic diameter d h to 13.4 nm, which is fully consistent with the mean determination of inset of Fig. 3, the mean experimental value of d h obtained at room temperature at 0 vol% of added OA in Table 2 being slightly too large.

Dynamic Light scattering (DLS)

The collective translation diffusion of the NPs is further probed at 20 • C by DLS. Figure 4 shows the field auto-correlation function G 1 (t) at room temperature as a function of the correlation time for the two samples at 0 vol% of OA and 2 vol% of OA.

The relaxation G 1 (t) is here analyzed in two different ways. Firstly, it is adjusted with a development in terms of moment about the mean, close to the principle of the cumulants, however correcting their weaknesses [69]. Only values in the range G 1 (t) > 0.2 can be taken into account, which means that the assumed monomodal distribution is not sufficient to describe the system. Secondly, the data are adjusted with two exponentials on the whole range of times. The fits are plotted in Fig. 4 as well as the residuals. The values of D m and d h , obtained using Eq. 6 in Sect. 4.2 using the viscosity of pure solvent, are given in Table 2.

Table 2 Diffusion coefficient D m and hydrodynamic diameter d h of the particles measured by relaxation of forced Rayleigh scattering (FRS) -averaging 6 measurements as those presented in Fig. 2 -and by dynamic light scattering (DLS) at room temperature in ferrofluid samples, with c = 0 vol% and 2 vol% of added OA. FRS measurements are analyzed with a single exponential relaxation down to I Φ = 0 (see Fig. 2). DLS measurements are analyzed in two different ways (i) a development in moments around the mean (columns 4 to 6) -PdI is the polydispersity index, (ii) two exponentials (columns 7 to 11); A is the weight of each exponential. The subscript "long" corresponds to the long experimental relaxation times associated to the largest NPs (see text and Fig. 4).

FRS

( In both fluids, there are small objects (16-30 nm) and much larger ones, the proportion of which decreases when adding oleic acid, as evidenced by A/A long . These large objects are not clearly evidenced by FRS. Indeed these two techniques do not probe the system in the same way. DLS performs, without perturbing the NP organization, an average on the NP's size distribution which is associated to a very high moment of the distribution (of the order of < d 6 >). It renders DLS particularly sensitive to the presence of some clusters/ aggregates of NPs, more sensitive than the relaxation of FRS [35].

22 • C) DLS (i) (20 • C) DLS (ii) (20 • C) c D m d h D m d h PdI D m d h D long m d long h A/A long (vol%) (m 2 /s) (nm) (m 2 /s) (nm) (m 2 /s) (nm) (m 2 /

Viscosimetry

Measurements are performed to establish the relation between shear rate and shear stress. The results, shown at room temperature in Fig. 1-SI of E.S.I., confirm that our ferrofluids display at 20 • C a behavior characteristic of a Newtonian fluid at all relevant surfactant concentration values from c = 0 vol% up to 2.5 vol%.

Viscosity is measured at various temperatures, between 20 • C and 60 • C, both in the ferrofluid and in tetradecane, with various amounts of added surfactant. Fig. 2-SI of E.SI. presents the T -dependence of the ferrofluid viscosity with the various amounts of added surfactant. As expected the viscosity decreases exponentially as T increases. These variations are analyzed together with those of tetradecane in terms of activation energy E a in Table 1-SI of E.S.I.. They will be discussed ahead in Sect. 6.

The results at various T , as a function of the concentration of the added amount of surfactant, are summarized in Fig. 5 for the two series of measurements. The measured viscosity of tetradecane at 20 • C is 2.31± 0.06 • 10 -3 Pa.s.

From measurements performed at T = 20 • C, we see that the viscosity of the ferrofluid with 0% of added OA, is much higher than that of the carrier fluid at the corresponding temperature. It exceeds tetradecane viscosity almost by a factor of ten, showing that Eq. 7 could not apply in this case and that Eq. 8 is more appropriate. It should be noted that such an increase is in any case unusual for this class of surfactant stabilized colloids. We can refer to other papers dealing with tetradecane based ferrofluids stabilized by oleic acid, where values of η F F = 6 • 10 -3 Pa.s [70] and η F F = 7 • 10 -3 Pa.s [71] were given. An increase by an order of magnitude of colloid viscosity relative to that of carrier fluid has been observed at Φ = 1.5% in electrostatically aqueous ferrofluids based on hydroxyl-coated NPs with an identified structure of "Sols of clusters" [72]. There, when pH was increased from 2 to 3.5, the NP's surface charge decreased, producing a progressive agglomeration of the NPs and an associated increase by a factor of ten to the relative viscosity of the dispersion. 7 Unlike in reviewed literature, gel behavior is not apparent in our system. An experimental confirmation of a potential analogy here could be obtained in future research.

We can also observe a marked difference in the characteristics of the two types of fluids (ferrofluid (index FF) and tetradecane without any additives (index TD)). As expected, the viscosity of tetradecane, with added oleic acid, increases as the oleic acid concentration increases. The ferrofluid viscosity follows a more curious trend, slightly decreasing at low added oleic acid concentrations before increasing again, it then reaches values similar to that of the ferrofluid at low percents of added oleic acid and slightly below those of tetradecane with the same percents of added oleic acid.

Similarities of behavior between tetradecane and ferrofluid at high oleic acid concentration values suggest that the very strange pattern of ferrofluid viscosity as a function of vol% of added OA is the result of two antagonistic processes balancing each other at a crossover point, which seems rather independent of temperature.

One of these mechanisms, seen at high oleic acid concentrations, would be just the expected increase of ferrofluid viscosity as free surfactant is added, as it is observed in the carrier fluid. However, the point to elucidate, is why the ferrofluid viscosity is then smaller than that of the solvent with the same quantity of added OA. 7 This is clear in Fig. 12 of [72]. Under low applied field and large Mason number, the relative viscosity of the dispersions at Φ = 1.5% increases by a factor 10 for pH increasing from 2 to 3.5. It is stated in this text that in these conditions the system behavior is close to the zero-field one and in this range of pHs a Sol of clusters is observed.

The second process more enigmatic produces a decrease of viscosity at lower concentrations of added OA.

In an attempt to de-correlate the two effects, Fig. 6 presents the ratio of the ferrofluid viscosity η FF over η TD , the tetradecane viscosity with the same amount of added surfactant. At 0 vol% of added OA, this quantity is the relative viscosity η r of the ferrofluid, as given by Eq. 8, if the amount of free OA is negligible in the synthesis conditions. At larger percents of added OA, the ratio η FF /η TD would represent the relative viscosity of the ferrofluid, with respect to the fluid carrier (tetradecane + free added chains of OA), if the number of free OA chains is really the number of added OA chains.

The trends are now clear. At high concentration of added surfactant (c ≥ 2 vol%), temperature and amount of added surfactant do not influence anymore the ratio η FF /η TD . However the calculated ratio η FF /η TD is ∼ 20% smaller than 1 for c ≥ 2 vol% of added OA, showing that the concentration of free OA in the ferrofluid is slightly smaller than c the added quantity of OA for c ≥ 2 vol% of added OA.

Let us now analyze and discuss these results in the two conditions of FRS and DLS measurements, namely at c = 0 and 2 vol% of added OA.

Analysis at 0 vol% of added OA

Let us first analyze the ratio η FF /η TD at 0 vol% of added OA with Eq. 8, assuming a structure of Sols of clusters as described in [73], [72] and deducing Φ h as a function of T . From this large hydrodynamic volume fraction, we can calculate a mean hydrodynamic radius of the dispersed objects by making several hypothesis on the shape of these objects. For example (i) assuming that the NPs are individualy dispersed, then [74]: (15) or (ii) assuming that two NPs are enclosed in each dispersed object forming dimers of NP, then: 3 nm is too large to be associated with a monolayer coating of magnetic NPs [52], and the hypothesis (ii) of dispersed dimers with d

d (i) h = d m Φ h Φ m 0.33
d (ii) h = d m 2Φ h Φ m 0.33 (16) 
(ii) h ∼ 28 nm seems more reasonable. The more so that

d (ii) h /2 ∼ 14 nm
is quite close to the evaluation of 13.4 nm obtained for the hydrodynamic diameter of NPs coated with a monolayer of OA given in Sect. 4.1. Moreover d (ii) h = 28.1 nm is also quite close to the DLS short-time d h value obtained here at room temperature with 0 vol% of added OA (see Table 2) 8 . Thus, under this interpretation at 0 vol% of added OA, viscosity measurements evidence the presence of dimers/small clusters of NPs in the dispersion. They are globally coated by a monolayer of surfactant, inside which the OA density per NP is smaller than the saturated value for individual NPs.

Analysis at 2 vol% of added OA

At room temperature and 2 vol% of added OA, both DLS and FRS roughly converge (at short times) towards comparable hydrodynamic diameters of the order of 15 nm (also close to the values given just above for individual NPs). Using Eq. 8 Eq. 15, with d (i) h = 15 nm, we can calculate Φ h and the reduced viscosity η r where η FF is normalized by the viscosity of the fluid carrier (tetradecane + free OA). As at 2 vol% of added OA, η FF is determined, we can deduce the viscosity of the fluid carrier; At T = 20 • C, it equals ∼ η FF /1.09 ∼ 0.0139 Pa.s At this temperature, the viscosity of tetradecane with 2 vol% of added OA equals 0.0188 Pa.s. By interpolation of the measurements of the viscosity of tetradecane with added OA from Fig. 5, we obtain ∼ 0.0139 Pa.s at ∼ 1.7 vol% of free OA in tetradecane, meaning that at 2 vol% of added OA in the ferrofluid, the NP's coating is increased by roughly 0.3 vol% of OA, which adsorbs on the NPs while only ∼ 1.7 vol% remains in solution. Note that roughly the same evaluation of ∼ 0.3 vol% of OA adsorbed on the NPs is obtained for 2.5 vol% of added OA, at T = 20 • C with the same hypothesis of d h ∼ 15 nm. At T = 60 • C, proceeding in the same way we obtain a slightly larger quantity ∼ 0.4 vol% of adsorbed OA. 8 An analysis in terms of clusters of 3 (resp. 4) NPs would lead to a mean hydrodynamic diameter of clusters of 32.2 nm (resp. 35.4 nm), which are slightly larger (but almost compatible) with the short-time DLS determination.

Evaluation of the NP coating and of the free OA concentration in the synthesis conditions

So, the potential explanation for the initial decrease of ferrofluid viscosity would involve an initial surfactant layer around the NPs which is not complete (explaining the existence of dimers and possible clusters at 0 vol% of added OA) and a progressive saturation of this surfactant layer as OA is added, destroying progressively the dimers and some of the clusters seen in DLS.

A tentative evaluation of this incomplete saturation in the initial conditions at 0% of added OA can be obtained by using the work of Ref. [55] with maghemite NPs dispersed in cyclohexane, thanks to an oleic acid coating. In [55], the saturation of the OA layer on the NPs corresponds to ∼ 3.5 OA molecules per nm 2 . It means here for NPs of typical diameter 10 nm at a magnetic volume fraction of ∼ 5%, a total quantity of OA of the order of 0.17 mol/L. Adding 0.3 vol% of OA to the NP coating, represents roughly 10 -2 mol/L of added OA in solution and ∼ 6% (=1/17) of the saturation coating. This could give an evaluation of the initial incomplete coating in the synthesis conditions, of the order of ∼ 3.3 OA molecules per nm 2 . According to Fig. 1 of [55], it is already very close to the saturation plateau. It could explain the good colloidal stability of the initial system, allowing anyway the formation of NP's dimers (or clusters).

Moreover, still using Fig. 1 of [55], it is also possible to evaluate the concentration of free OA in the initial conditions. A coating of ∼ 3.3 OA molecules per nm 2 corresponds to a concentration of free OA of ∼ 5 • 10 -3 mol/L, that is roughly ∼ 0.15 vol% of free OA, which is rather low and compatible with the observations of [48].

Discussion

So from the analysis of viscosity measurements we propose an interpretation, according to which:

(i) At 2 vol% of added surfactant, the mono-layer of surfactant on the NP's surface is saturated at ∼ 3.5 OA per nm 2 in tetradecane with a concentration of free OA ∼ 1.7 vol%. In that situation, NPs are mostly individually dispersed.

(ii) At 0 vol% of added surfactant, the mono-layer of surfactant on the NP's surface is not completely saturated at ∼ 3.2 OA per nm 2 in tetradecane with a concentration of free OA ∼ 0.15 vol%. In that situation, the ferrofluid is stable from a colloidal point of view but the NPs are slightly clustered, mostly as dimers.

These observations are compatible with DLS measurements at room temperature, however a question is remaining. Why these dimers/ small clusters at 0 vol% of added surfactant evidenced by DLS and viscosity are not clearly observed in FRS relaxation, even if FRS detects a few aggregates?

A proposition could be that the FRS gradient of temperature (even if small) is able to produce at the surface of the present NPs, coated with surfactant by chemisorption, a tangential stress [38] which could induce lateral migration of some surfactant chains in the non-saturated monolayer along the surface (as for liquid drops [67]). It would produce a surface reorganization of surfactant with surface gradients that can locally break the dimer's links in the gradient of T . Such breakings of aggregates are never in water with NPs stabilized with surfactant chains as then a bilayer is evolved [52]. It is also not observed with NPs electrostatically stabilized because the surface charge of the solid particle is usually homogeneous, but it could happen here because of the non-saturation of the monolayer at 0 vol% of added surfactant.

Let us analyze now the Soret coefficient S T in terms of NP thermophobicity Q * , the heat of transport of the NPs in the carrier fluid. We can deduce here Q * as a function of T and of added c using Eq. 2 and the definition of the NP Eastman entropy of transfer ŜNP with the following expression:

Q * = T ŜNP = T S T kT χ ( 17 
)
Using the experimental values of S T and (as previously) the compressibility hard sphere value χ = 0.67, Fig. 7 presents Q * as a function of T for 0 vol% and 2 vol% of added OA. At 2 vol% of added OA, Q * = 2.4 ± 0.3 eV without any marked T dependence.

At 0 vol% of added OA, Q * presents a slightly different behavior as a function of T . However it is difficult to incriminate diffusiophoresis taking in account the very low value of free OA in these conditions. Anyway, due to the unsaturated layer of surfactant on the NPs, the NP-NP interaction parameter χ could be slightly larger at 0 vol% of OA than at 2 vol% of OA. Slightly increasing χ (more attractive NP-NP interaction) would slightly decrease ŜNP and Q * . A value χ = 0.80 (instead of 0.67) at 0 vol% of OA would bring its Q * at the same mean value < Q * >= 2.4 eV as that at 2 vol% of added OA with χ = 0.67 (see Fig. S2 of E.S.I.). Note that, as it is shown in Sect. S2 of E.S.I., this increase of χ does not modify here the various d h determinations.

The last point to discuss is the activation energy E a deduced from thermal variations of viscosity measurements, presented in Sect. 1 of E.S.I.. Fig. 8 shows the activation energy as a function of the concentration c of added surfactant, both for the tetradecane and for the ferrofluid. Tetradecane with added surfactant presents a linear variation as a function of c from E a (TD) = 0.14 eV for pure tetradecane at 0 added surfactant with a slope corresponding to 0.049 eV per 1 vol% of free OA in tetradecane (or equivalently E a (free OA) -E a (TD) equals 1.52 eV per mol/L of free OA in tetradecane).

For its part, the activation energy of the ferrofluid, is at the first order independent of c with E a (FF) ∼ 0.19 eV, even if distorsions are present, in particular at 0 vol% of added OA, clearly outside the error bar, distorsions which could be associated to the orientation/ deformation of the clusters. More or less E a (FF) equals the activation energy of tetradecane with 1 vol% of free OA. However no direct conclusion can be taken as activation energy contains both an enthalpic contribution and an entropic one E a = ∆H -T ∆S, as shown in [75], the liquid carrier and the NP's dispersion may present almost the same E a value with a different distribution among enthalpy and entropy. Precise density measurements would be necessary to really conclude on these points for the ferrofluid (see [75]). However let us try, using the determined values of E a (TD + free OA), to evaluate the activation E a per NP associated to the surfactant chains of the saturated monolayer in tetradecane, in order to compare it to the heat of transport Q * per NP at 2 vol% of added OA. ing that in the surfactant layer there is ∼ 58 vol% of OA and ∼ 42 vol% of TD.

Using for the activation energy E a (free OA)-E a (TD) =1.52 eV mol/L of free OA in tetradecane (extrapolated at higher c and forgetting the loss of entropy for the bounded OA chains), we obtain an activation energy, associated to the bounded OA, of ∼ 3 eV per NP. An evaluated value of the same order of magnitude as the heat of transport per NP Q * = 2.4 ± 0.3 eV per NP obtained from FRS measurements in Fig. 7, the difference being ascribed to the neglected loss of entropy of the surfactant chains, which is difficult to quantify.

Conclusion

A series of ferrofluids based on magnetite particles, dispersed in tetradecane and stabilized with a surfactantcoating of oleic acid (OA) are probed here by Forced Rayleigh scattering (FRS) for various added concentrations c of oleic acid. OA which is fully miscible in tetradecane, forms a monolayer at the surface of the NPs.

The Soret coefficient S T and the mass diffusion coefficient D m of the nanoparticles are measured by FRS as a function of temperature T for various added c of oleic acid, in excess with respect to the initial sample. These results are compared to DLS and macroscopic rheological measurements.

For the two probed concentrations of added oleic acid (0 and 2 vol%), the measured Soret coefficient is found positive whatever T , expressing the thermophobicity of the NPs. The obtained values of S T are however much larger than in the former measurements in porous media. This allows to conclude that the significant decrease and inversion of sign of S T following the addition of excess surfactant that has been previously reported for ferrofluid in a porous environment is in large part a result of interaction with the porous environment itself.

In the sample with no added surfactant, viscosity measurements appear to indicate the presence of dimers or small clusters. These clusters tend to disappear with added OA concentrations c ≥ 2 vol%. Both observations are backed by DLS measurements at room temperature. By opposition, FRS relaxation, which is less sensitive to the presence of clusters than DLS and viscosity, evidences mainly individually dispersed NPs. A tentative explanation could be a non-saturated monolayer of surfactant in the initial conditions (0 vol% of added OA) favoring small NP's clusters in non-perturbed situations; The presence of small temperature gradients in the FRS experiment being able to induce gradients of surfactant in the NPs' surface layer partially destroying the labile clusters.

It should be emphasized that this is an interpretation of our experimental data and direct measurements regarding several aspects are lacking, such as those concerning surfactant distribution within the colloid, direct structural probing of the cluster formation at 0% of added OA as in [73], and cluster dissolution when adding OA. As such, the high values of viscosity at low oleic acid concentrations and the subsequent reduction of those values cannot be said to be here well understood at this stage of research.

By comparison with literature measurements, we deduce from the viscosity determinations at 0 vol% (resp. 2 vol%) of added OA, an evaluation of the density of coating ∼ 3.2 (resp. ∼ 3.5) OA per nm 2 and of the value of free OA concentration ∼ 0.15 % (resp. ∼ 1.7 %). Moreover from the temperature variations of tetradecane viscosity with free added OA, it is possible to evaluate the activation energy of the surfactant chains in the (saturated) monolayer around the NPs. It is found of the same order of magnitude as the heat (enthalpy) of transport Q * of the NP (marking their thermophobicity) deduced from the Soret coefficient determinations. Q * = 2.4±0.3 eV per NP is found independent of T for the NPs with a saturated surfactant layer at 2 vol% of added OA and behaving as hard spheres. This same value of Q * is obtained at 0 vol% of added OA, providing the hypothesis that the interparticle interaction is then slightly less repulsive than hard spheres -an hypothesis quite reasonable taking in ac-count the observation of clusters by DLS and viscosity in these conditions.

To go further, in particular to check if diffusiophoresis of free surfactant is involved in the thermophoretic process, precise determinations of the concentration of free species and of their thermophoretic behavior would be mandatory. Moreover measurements at different NP volume fractions and different temperatures would be necessary, in association with a SANS probing of the interaction, to determine directly how the compressibility of the NP system evolves with the coating density towards the hard sphere situation when the coating is fully saturated.

Fig. 1

 1 Fig. 1 Soret coefficient as a function of temperature, measured by FRS, along with its fitting by Eq. 4.

  -Bottom. This figure compares mono-exponential fits with respect to biexponential fits together with their residuals) in two examples at T = 22 • C for 0 vol% (resp. 2 vol%) of added OA with two different spatial periods (see figure caption). For 0 vol% of added OA (resp.2 vol%) the

Fig. 2

 2 Fig. 2 Bottom: Two examples of time relaxation of the squareroot of intensity I Φ (t) ∝ ∆Φ(t) normalized by I Φ (t = 0) at T = 22 • C for 0 vol% (resp. 2 vol%) of added OA with a grid of spatial period Λ = 92.5 µm (resp. 110 µm) -For clarity OA 0 vol% is shifted vertically by + 0.2; FRS data are black dots, full lines correspond to adjustments of the measurements by a single exponential relaxation; Dashed lines correspond to adjustments by a bi-exponential relaxation (see text for details). Top (resp. Middle): Residual fits at added OA 0 vol% (resp. 2 vol%) as defined as ( √ I Exp Φ -

  mono-exponential fits leads to D m = 1.05 • 10 -11 m 2 /s and d h = 18.0 nm (resp. to D m = 1.67 • 10 -11 m 2 /s and d h = 11.2 nm). Tentative bi-exponential fits are also presented in Fig.2-Bottom. If an improvement is obtained at 0 vol% of added OA, by the addition of 5% in diffracted intensity, of NPs with d h = 87.0 nm, the improvement given by the tentative adjustment at 2 vol% of added OA with 90% of d h = 10.4 nm and 10%

Fig. 3

 3 Fig. 3 Mass diffusion coefficient D m deduced from a monoexponential fit of the FRS relaxation (averaging at a given T over 3 to 6 measurements with grids of different Λ's and several power of the heating beam) as a function of T for 0 vol% and 2 vol% of OA -Inset : Corresponding hydrodynamic diameter d h as a function of T for 0 vol% and 2 vol% of OA.; The dashed line of the inset corresponds to the mean d h value; The dashed line of the main figure corresponds to D m (T ) obtained with Eq. 6 using the viscosity of tetradecane and d h = 15.5 ± 3 nm.

Fig. 4

 4 Fig. 4 Correlation function G 1 (t) as a function of the correlation time, obtained experimentally by DLS at T = 20 • C for the ferrofluid without added surfactant (full dots) and that with 2 vol% of added OA (full triangles). The lines are the fits done with a development in moments around the mean (Eq. 22 of the work of Frisken in [69]), the residuals are plotted with open symbols. The dashed lines are the fits with two exponentials and the residuals are plotted with the full symbols.

Fig. 5

 5 Fig. 5 Viscosity of the ferrofluid η F F (here denoted as FF) and of the fluid-carrier η T D (here denoted as TD) as a function of the concentration of added-surfactant at various temperatures between 20 0 C and 60 0 C.

Fig. 6

 6 Fig. 6 Ratio of ferrofluid viscosity η FF over η TD , the carrier fluid viscosity with the same added surfactant concentration as a function of surfactant concentration c at various temperatures between 20 0 C and 60 0 C.

d

  m and Φ m being respectively the magnetic diameter and the magnetic volume fraction of individual NPs in solution, which are known and given in Sect. 3. We obtain d (i) h = 22.3 ± 0.01 nm and d (ii) h = 28.1 ± 0.01 nm at T = 20 • C. They remain almost constant with T as they decrease down to d (i) h = 22.1 ± 0.01 nm and d (ii) h = 27.9±0.01 nm at T = 60 • C. In fact, the observed T -dependence of η FF /η TD , is not connected with a large T -dependence of the hydrodynamic diameter of the dispersed objects. Obviously, d (i) h = 22.

Fig. 7

 7 Fig. 7 Enthalpy of transport Q * of the NPs deduced from the FRS measurements as a function of T for the two probed surfactant concentrations c .

  With a geometrical NP diameter d geo =10.6 nm, the number of OA chains in the surfactant monolayer is 3.6πd 2 geo = 1270 per NP. In terms of number of moles per liter in the surfactant layer (of volume π(d 3 h -d 3 geo )/6 = 1176 nm 3 with d h = 15 nm), it gives n = 1.85 mol/L of bounded OA in the surfactant layer of one NP. Mean-

Fig. 8

 8 Fig.8Activation energy E a deduced from the viscosity measurements of the ferrofluid (E a (FF)) and of the tetradecane (E a (TD + free OA)) as a function of the concentration c of added OA. The dashed line is the best linear fit of E a (TD + free OA) as a function of c (see the text for numbers). The dotted line corresponds to the mean value of E a (FF) ∼ 0.19 eV.

Table 1

 1 Parameters of the empirical model (Eq.4) fitted to Soret coefficient measurements c, vol% S T,1 , K -1 T

				C
	0.0	0.37	118.6	70.2
	2.0	0.22	116.3	31.4

* , • C T 0 , •

We suppose here that χ is associated to the entropic effect of excluded volume of the hard spheres, leading to an effective interparticle interaction with a second virial coefficient A 2 =

We implicitly suppose that the hard sphere volume is here, at the first order, independent of the concentration of added surfactant. This point is discussed in Sects. 6 and 2 of E.S.I., where the value of ζχ is also discussed.

Note that due to the adsorption process, the concentration of free OA at equilibrium in solution, which is small, is however not strictly zero.

A compatible value 1.38-1.43 for the OA-layer is found in the rheological study of ferrofluids in transformer oil[53].

The bi-exponential fit is as well not really convincing at T = 85 • C for both 0 vol% and 2 vol% of added OA
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