Lecture # 04 &05

Course: Nanotechnology & Nanostructures 

Instructor: Dr. Zohra Kayani

The Preparation of Magnetic Fluids

Fluids are divided according to magnetic properties into the following categories, 
(A) ferroﬂuids

(B) magnetorheological ﬂuids 

(C) dispersions of micron-sized particles of a non-magnetic material containing magnetic nano-sized particles 

(D) ﬂuids containing paramagnetic particles.

Here discussion will be conﬁned to categories (A). 

Ferroﬂuids

Ferroﬂuids are stable colloidal dispersions of nano-sized particles of ferro- or ferrimagnetic particles in a carrier liquid. 
· When a ferroﬂuid is subjected to a magnetic ﬁeld, magnetic ﬁeld gradient and/or gravitational ﬁeld, in order that the colloidal suspension remains stable. 

· The magnetic particles generally have to be of approximately 10 nm in diameter.
· Particles of this size, whether they are ferrite or metal, possess a single magnetic domain only, i.e., the individual particles are in a permanent state of saturation magnetization. Thus a strong long-range magnetostatic attraction exists between individual particles, the result of which would lead to agglomeration of the particles and subsequent sedimentation unless a means of achieving a repulsive interaction can be incorporated. 
· In order to achieve this repulsive mechanism, the particles can either be coated by a surfactant (surface active material) to produce an entropic repulsion, or the surface of the particles can be charged thereby producing an electrostatic repulsion. For dispersions in liquid metals, stability has not been achieved due to the lack of a method to produce a repulsive mechanism.

To discuss the preparation of ferroﬂuids it is convenient to divide the discussion into steps:

(1) the preparation of nano-sized magnetic particles

(2) the subsequent dispersion of such particles in various liquids
(1) Ferrite Particles

In most technological and biomedical applications of ferroﬂuids, the magnetic material may be one of a number of diﬀerent ferrites. By far the most commonly used ferrites are magnetite (Fe3O4) and maghemite (γ-Fe2O3). Because magnetite can be oxidized to maghemite with only a relatively small reduction in moment, the actual structure of the particles in commercial and other ferroﬂuids usually involves the presence of both ferrites in an undeﬁned ratio. 
Various ways of producing nano-sized ferrite particles are following:
1. Wet-grinding:

The method involved wet-grinding ferrites in a ball-mill in the presence of a suitable surfactant until the ferrite is in a colloidal state. Centrifugation was usually employed to remove larger particles which could lead to agglomeration and sedimentation. However, this process usually takes a very long time (1000 hours) and it is mainly for this reason that the process has been superceded by a rapid and simple method involving the co-precipitation of metal salts in aqueous solution using a base.

2. Co-precipitation:

The co-precipitation method is used for the preparation of particles of magnetite, maghemite and substituted ferrites suitable for their use in ferroﬂuids. Co-precipitation is a phenomenon where a solute that would normally remain dissolved in a solution precipitates out on a carrier that forces it to bind together, rather than remaining dispersed (co-precipitation is the carrying down by a precipitate of substances normally soluble under the conditions employed). In the process of co-precipitation, chemical similarities between a carrier and a solute allow the two to bind in some way. The binding pulls the solute out of the solution as the carrier forms crystals or other structures. These can potentially be skimmed out or remove in other ways, leaving a purified solution behind. This method is usually carried out between 0 and 100oC, and as a result the cation distribution on lattice sites may not conform to the distribution in bulk annealed crystals of the same material. 
Magnetite and maghemite particles: The most conventional method for obtaining oxide NPs is by co-precipitation. This method consists of mixing Fe3+:Fe2+ions in a 1:2 molar ratio in highly basic solutions at room temperature or at elevated temperature. The size and shape of the iron oxide NPs depends on:

· Type of salt used (such as chlorides, sulfates, nitrates, perchlorates, etc.), 

· Carrier and solute ions ratio, 

· Reaction temperature and heating
· PH value, 

· nature and concentration of the alkali medium

· Other reaction parameters (e.g. stirring rate, dropping speed of basic solution)

In the case of magnetite, particles can be prepared from the co-precipitation of hydroxides from an aqueous solution of Fe3+ and Fe2+ in the mole ratio of approximately 2:1using a base. The reaction is complex and involves the conversion of the hydroxide particles to magnetite. Oxidation of  Fe2+ leads to the stoichiometry of the particles not being purely magnetite. Thus the particles produced may be eﬀectively a mixture of magnetite and maghemite. To produce pure maghemite it is a relatively simple process to oxidize the particles of magnetite by heating the particles to 90oC for thirty minutes in a 0.34M solution of ferric nitrate.

Substituted ferrite particles: To produce substituted nano-sized ferrite particles suitable for use in ferroﬂuids the Fe2+ ion is simply replaced or partially replaced by another or combination of divalent metal ions such as Co2+, Mn2+, Ni2+, Zn2+  etc. Ions of other valency, e.g., Li+ can also be used to prepare substituted ferrites. The method of precipitation of the particles is essentially the same as that used to prepare magnetite. The reason for the interest in these particles stems from the wide-diﬀerences in the magnetic properties of these materials. Thus, it is possible to tailor the properties of these particles and dispersions of such particles to satisfy various applications. For example, where particles are required with high magnetocrystalline anisotropy, cobalt ferrites can be employed. 
3. Microemulsion techniques:

A reverse micelle can be described as a water-in-oil microemulsion in which two immiscible liquids are stabilized by a surfactant. 
As it is a three-component system, a triangular phase diagram of the 3-component system is used to describe the various structures other than microemulsions that may be formed. The method of preparation of particles involves the preparation of two microemulsions, one containing an aqueous solution of a metal salt or mixture of metal salts and the other an aqueous solution of an alkali and mixing the two in the appropriate ratio. Using pure sur- factants, the micelle-size distribution is very narrow, with the result that the particles themselves also possess a narrow particle size. The drawback to this method is that the surfactant used in the preparation may not be compatible with the carrier required for a particular application. 
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(2) Particle-Size Distribution in Ferroﬂuids Preparations

Nano-sized particles of ferrites produced by the methods described almost invariably have a rough, very approximate spherical shape. For the co-precipitation method the particle-size distribution is relatively wide in that the standard deviation of the log-normal size distribution is usually about 0.4. In the case of metal particles, the particles are near-spherical having a smooth appearance. Further the metals invariably have a narrow particle- size distribution with a standard deviation of <0.2.
Preparation of Ferroﬂuids Containing Ferrite Particles
For most applications it is absolutely essential that the ferroﬂuids be very stable with regard to temperature and in the presence of magnetic ﬁelds. The presence of agglomeration of particles must be avoided at all costs. For most applications a low viscosity, low vapor pressure and chemical inertness are desirable for the carrier liquid and surfactant.
1) Surfactant stabilized colloids. Various methods of coating particles prior to dispersion in a carrier liquid have been used and all are basically the same with small diﬀerences in procedure. Figure below shows an example of a typical process for preparation of surfactant stabilized ferroﬂuids.
· Magnetite can be coated with oleic acid by adding the acid to the precipitated phase in alkaline solution at pH 9.5. 
· The mixture is usually left stirring for approximately 1hour after which time it is heated to 95oC to facilitate the conversion of hydroxides formed to ferrite. 
· After cooling, the product is acidiﬁed to pH 5 using nitric acid. The oleate ion produced chemisorbs strongly on to the magnetite particles, and the precipitate coagulates and falls out of solution.
· The coagulation may also be accompanied by the appearance of a thin ﬁlm of oleic acid on the surface of the supernatant liquid which is unadsorbed oleate ions reconverted to oleic acid in acid solution. Suﬃcient oleic must be added to form monolayer coverage. 
· The supernatant liquid can be decanted and the agglomerated hydrophobic precipitate of coated particles washed several times to remove salts, such as nitrates, chlorides and sulphates. Water and any physisorbed oleic acid can be removed by washing with acetone. 
· By adding the appropriate carrier liquid to the acetone-wet slurry and gently heating, the acetone and any residual water can be removed leaving a colloidal dispersion of magnetite. 
· If any aggregates are present it may be necessary to centrifuge the ﬂuid or subject the ﬂuid to a high-gradient magnetic ﬁeld separator (HGMS). 

Stable water-based ﬂuids can be produced by this method by the addition of a variety of secondary surfactants to oleate-coated particles. As with ﬂuids prepared from metal particles, the limiting value of saturation magnetization of ferrite-based ﬂuids depends on the desired viscosity of the ﬂuids. Fluids with magnetization up to approximately 1000 Gauss (0.1 T) can be prepared.
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2) Ionically-stabilized colloids. The particles produced by these methods are macro-ions in which the electric changes are due to speciﬁc adsorption of the amphoteric hydroxyl group. In an alkaline medium, the particles are negatively charged and in an acidic medium, the particles are positively charged. These particles can be stabilized in water by the presence of low-polarizing counter-ions. Strongly polarizing counter-ions lead to ﬂocculation. The small surface-charge density in this region of pH precludes the formation of a stable colloidal suspension. 
Assessment of Colloidal Stability

It is of importance that ferroﬂuids are well-characterized, i.e. the particle-size distribution be deﬁned and the presence of agglomerates be eliminated. 
In many applications of ferroﬂuids, such as exclusion seals, loudspeakers, the ﬂuids are subjected to large magnetic ﬁelds and ﬁeld gradients and thus the presence of agglomerates or large particles will also certainly have a detrimental eﬀect on the performance of the device. 
· The stability of a ﬂuid can be best monitored by simply measuring the saturation magnetization of the ﬂuid and the magnetic particle size before and after subjecting the ﬂuid to a strong magnetic ﬁeld gradient. 
· An eﬀective and simple way of studying the eﬀect of a magnetic ﬁeld gradient on colloidal stability is by the use of a high gradient magnetic ﬁeld separator (HGMS). 
· Other methods to monitor the presence of agglomerates and large particles include ac susceptibility measurements, light scattering, or small-angle neutron scattering, SANS.

