Effect of Microemulsion Droplet Diameter on Precipitated Ferrite
Nanoparticle Size
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For direct synthesis of inorganic nanoparticles in water-in-oil (w/o)-microemulsions, detailed investi gation
of the microemulsion system is of particular import ance. Effect of temperature and water phase
composition on droplet diameter in two microemulsio ns systems was studied. It was found that the syste m
(water solution of reactants + hexanol as oil phase + Cetyltrimethylammonium bromide (CTAB) as
surfactant) is more suitable for synthesis of ferri te nanoparticles than the system (water solution of
reactants + cyclohexane as oil phase + Marlipal 013 /40 as surfactant) because of the problems with Fe
oxidation. The particle diameter of prepared MnFe  ,0,4 precipitate was in a range from 3,4 nm to 4,1 nm.
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Introduction

The synthesis and processing of ultrafine solid particles at nanometer scale (characteristic dimension 1 — 100 nm)
is of interest for a great number of existing and upcoming technological applications. Besides their use as active
compounds in heterogeneous catalysts they are processed, for instance, as semiconductors, for enhanced
magnetic and optical devices or for the production of advanced bulk materials.

Because the special physical and chemical properties of nanoparticles strongly depend on the reaction conditions,
the major challenge for a synthesis process is to control particle size, shape and particle size distribution.
Nowadays, a variety of existing methods provide the know-how of defined nanoparticle synthesis of very different
materials at the laboratory scale. And since the demand of tailored nanomaterials for industrial applications is
permanently increasing, the research on scaling-up approaches of developed and proved laboratory methods are
becoming more and more important [1].

Successful technique for the controlled preparation of very small and narrowly distributed nanoparticles is the use
of w/o-microemulsions. Ternary mixtures, usually consisting of water, a non-polar solvent (oil phase) and
a surfactant are thermodynamically stable, optically clear and isotropic one-phase solutions. In case of w/o-
microemulsions (also named reverse micelles) nanometer sized water droplets are stabilized by a surfactant
monolayer and segregated by a continuous oil phase. These three component systems exhibit a very complex
phase behaviour often represented in a ternary phase diagram (Gibbs triangle). In such a phase prism a multitude
of structures can be found: e.g., two- and three-phase regions, liquid crystalline phases as well as microemulsion
phases (one-phase regions) Fig. 1 [1, 2].
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Figure 1: System water/hexanol/CTAB (N — normal micellar system; E — liquid, crystalline hexagonal phase; D, , —
lamellar phases; R — reverse micellar system) [2]

To establish a set of information required for a direct particle synthesis in microemulsion droplets, dynamic light
scattering measurements provide details about droplet dimensions under different conditions (e.g., temperature,
surfactant content).

Besides the limiting effect of the droplet size on particle growth and especially agglomeration, the dynamic
behaviour of the droplet population plays a decisive role. Random collisions of the droplets, caused by Brownian
motion, lead to the formation of transient dimers (fusion-fission mechanism) and subsequently to the exchange of
reactants [1].



Comparison of two potential microemulsions systems

In the present work two non-ionic, technical grade w/o-microemulsion systems were extensively investigated to
evaluate the suitability as medium for precipitation reactions. As a representative system the formation of spinel
ferrite (MgFe,O4 or MnFe,O,) in water droplets was studied with the objective to synthesize nanoparticles of
a defined size and shape. The first one consists of water solution of reactants; cyclohexane as oil phase and
Marlipal 013/40 as surfactant and the second one of water solution of reactants; hexanol as oil phase and
Cetyltrimethylammonium bromide (CTAB) as surfactant.

As microemulsion composition variables we chose = mgy/(Myaer + Moi) for the oil weight fraction of the binary
water/cyclohexane (or water/hexanol) mixture and = Mgyractant (Muwater + Moil + Msuractant) fOr the surfactant weight
fraction of the ternary mixture, as introduced by Kahlweit at al., where: is oil weight fraction; is surfactant weight
fraction; mg; is mass of oil; My, is mass of water phase and Mgy actane IS Mass of surfactant [3].

In the experimental part of this work, dynamic light scattering measurements (particle size analyzer LB-500, Horiba)
were conducted in order to determine the hydrodynamic diameter of the microemulsion droplets. These
measurements were performed at various temperatures and at different compositions to study the influence of the
water/surfactant ratio, temperature and dissolved reactants on the droplet diameter.

Because the temperature is an easily accessible process parameter and since the solubility of non-ionic surfactants
is a strong function of temperature, the influence of gradual temperature changes on the droplet diameter was
another point of our interest. In Fig. 2 the hydrodynamic droplet diameter for two microemulsions at a given
composition is plotted against the temperature. It is observed that the droplet diameter grows strongly as the
temperature rises. At higher temperatures the solubility of non-ionic surfactants in water is reduced due to a lower
hydration of the hydrophilic head-groups caused by broken hydrogen bonds. On the other hand the solubility of
Marlipal O13/40 in cyclohexane is increased at higher temperatures. These two opposite effects result in a lower
surfactant concentration at the water/oil interface and lead to larger water droplets or aggregates. Thus, via
adjusting the droplet diameter by varying temperature and/or parameters and , the droplet size and consequently
the particle size of synthesized ferrite can be controlled.
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Figure 2: Hydrodynamic droplet diameter as a function of temperature for two water/cyclohexane/Marlipal O13/40
microemulsions with different surfactant weight fraction

Microemulsion system water/cyclohexane/Marlipal O13/40 was found to be not suitable because of Fe®* oxidation.
When water solution of metal reactants (Fe2+) is added to surfactant (Marlipal O13/40), the oxidation of Fe®* to Fe**
takes place which is an undesirable phenomenon, making the direct synthesis of ferrite impossible. This is because
the non-ionic surfactant Marlipal O13/40 contains oxygen in its structure (chemical formula: C,;H440s) in contrast
CTAB does not contains oxygen (chemical formula: C;9H4,BrN).

In order to study the nanoparticle synthesis in w/o-microemulsions, precipitation experiments were carried out in
a 200 ml thermostated, well-mixed glass reactor. For the precipitation of spinel ferrites, three microemulsions were
used: ME | consist of aqueous solutions of FeSO, and MgSO, or MnSO, + oil phase (cyclohexane or hexanol) +



surfactant (Marlipal 013/40 or CTAB); ME Il consist of aqueous solution of TMAH (Tetramethylammonium
hydroxide) as precipitating agent + oil phase (cyclohexane or hexanol) + surfactant (Marlipal O013/40 or CTAB); and
ME Il consist of aqueous solution of H,O, as oxidizing agent + oil phase (cyclohexane or hexanol) + surfactant
(Marlipal 013/40 or CTAB). Appropriate volumes of microemulsions were mixed together at the same temperature,
to keep the droplet size distribution constant during mixing and reaction.

Results and Discussion

The investigations were focused on the oil-rich part of the phase prism simply because w/o-microemulsions are of
interest for the synthesis of inorganic nanoparticles. In this section of the phase diagram an extensive one-phase
region can be found, depending on the type and quantity of the surfactant used.

For determining the hydrodynamic diameter of the water droplets, dynamic light scattering (DLS) measurements
were carried out in the one-phase region at different compositions and temperatures. In Fig. 3 the measured
hydrodynamic droplet diameter (mean diameter) is shown as a function of the temperature for three microemulsions
at the same oil weight fraction and at the same surfactant weight fractions . As expected the droplet size
increases with increase in temperature for each ME I, Il and Ill. Surprising and unexpected result is the observation
that these correlations are non-linear. The detected deviations from the linear behaviour may indicate the formation
of non-spherical structures or droplet clusters which might be caused by the distribution of the hydrophilic chain
length in technical, non-ionic surfactants.
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Figure 3: Dynamic Light Scattering measurements on ME I, ME 1l and ME llI

In Fig. 4 the measured hydrodynamic mean droplet diameter is shown as a function of the temperature for various
concentrations of reactants in ME I.
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Figure 4: Dynamic Light Scattering measurements using ME | at various concentration of water solution

To have a certain idea about theoretical particle diameter prepared by the precipitation in microemulsions we
calculated particle diameter as a function of microemulsion droplet diameter at different concentrations of metal
solution (Fig. 5).
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Figure 5: Calculated particle diameter (d,) as a function of microemulsion droplet diameter (dg) at different
concentrations of FeSO, solution



In Fig. 6 is number density of MgFe,O, nanoparticles measured from TEM micrograph (Fig. 7). From this we can
see that for example almost 18 % of prepared nanoparticles were about 16 nm in diameter.
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Figure 6: Particle diameter (d,) distribution

Figure 7: TEM micrograph; sample of MgFe,O,4



We also tried out to measure the particle diameter by DLS measurements. For MgFe,O, it was impossible because
the nanoparticles were heavy and settling on the bottom of the measuring cell. But for MnFe,O, where very fine
particles were obtained, we succeeded in measuring particle diameter — the values were between 3,4 nm and
4,1 nm.

Conclusions

The presented technical-grade w/o-microemulsion system was analyzed with respect to its suitability for carrying out
the direct precipitation of spinel ferrite inside the water droplets. In oil-rich part of the phase prism a stable w/o-
microemulsion region was found even in the presence of moderately concentrated reactants.

DLS measurements have shown that there is a non-linear correlation between the oil weight fraction and the
hydrodynamic droplet diameter. In addition we could demonstrate that gradual temperature changes lead to
significant variations in the droplet diameter. The size of MgFe,O, particles was measured using the TEM
micrograph — the mean diameter (average value) was found to be 16 nm. And from DLS measurements of MnFe,O,
we measured particle diameter from 3,4 nm to 4,1 nm. For MgFe,O, from TEM micrograph we can see that the
sizes of particles are varying in boundaries from 5 to 50 nm, i.e. the distribution is rather wide. This can be caused
by the fact that the experiments were carried out at temperature 50 C and the droplets had wide size distribution or
were agglomerated. From DLS measurements we found out that droplet diameter is impossible to measure above
the temperature of 45 <C.
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