
NSF Nanoscale Science and Engineering Grantees Conference, Dec 3-6, 2007


Grant # : 0608819

Controlling the local concentration of colloidal particles inside ferrofluid

NSF NER Grant 0608819 

PIs: Benjamin Yellen, Ashutosh Chilkoti
Duke University, Department of Mechanical Engineering and Materials Science, and

 Department of Biomedical Engineering

Suspensions of ~10 nm magnetic nanoparticles[1] immersed in nonmagnetic carrier liquid, known as ferrofluid, have practical applications in diverse fields including the automotive[2], vibration control[3], and biomedical industries[4]. The behavior of bulk ferrofluid has been studied extensively to implement various engineering functions.  However, the local properties of ferrofluid have received far less attention.  In our work, we investigate the use of ferrofluid to control the positions and orientations of colloidal particles in fluids.  In this report, we present our most recent results on the use of ferrofluid to form concentration gradients of: 1) magnetic nanoparticles, and 2) non-magnetic nanoparticles. These capabilities have great importance for integrating nanoscale colloidal components into useful micro-systems. 
1) Magnetic nanoparticle concentration gradients: Theory and Experiment
  The equilibrium concentration profile of magnetic nanoparticles exposed to strong magnetic field gradient can be determined from the balance of mass flux, which has contributions due to magnetic drift and thermal diffusion. Compared with other models on high gradient magnetic separation, we take the local fluid magnetization into account when calculating the magnetic force and drift flux of the nanoparticles.  From these assumptions, an analytical equation can be formulated for the nanoparticle concentration profile given by[5]:
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where 
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 is the bulk volume fraction of magnetic nanoparticles, 
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 describes the dimensionless magnetic/thermal energy ratio of a reference nanoparticle in the bulk fluid, and 
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 refers to a particle which is in the vicinity of a local magnetic field source.  The derived expression is convenient because it permits a description of saturation (i.e. close packing) in regions of strong magnetic field gradient without having to impose artificial geometric constraints. For example, when
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 the local volume fraction of nanoparticle material approaches unity (i.e. particles are close-packed), whereas when 
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 (i.e. a nanoparticle far away from any local sources of magnetic field) the local particle concentration converges to the bulk value [5, 6].  Particles are concentrated in regions where the local field is greater than the external uniform field (
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), a situation that occurs when the field from nearby magnetic sources is aligned in the same direction as the external field. Conversely, the magnetic nanoparticles are depleted from regions where 
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, which is qualitatively consistent with previous experimental investigations[7].  
We determined the validity of this relationship by constructing an experimental apparatus to locally measure the magnetic nanoparticle concentration through the variation in the fluid’s optical properties. The results from optical absorption measurements in ferrofluid at bulk concentrations of 3.6%, 1.8%, 1.44%, 0.6%, and 0.33% are presented in Figure 6 along with the theoretical fit from Eq. (1). Only one fitting parameter, the effective nanoparticle diameter, was used to match each experimental dataset for different bulk ferrofluid volume fractions. The size of the best fitting nanoparticle diameter across all of the dilutions was found to be 23.6 nm +/- 
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Figure 1. (Top) Reflective light microscopy images depict the interaction of magnetic nanoparticles (0.6% volume fraction) with patterned magnets in 4 different field strengths. The arrow denotes the region where the absorption measurements were taken.  Bbottom) Normalized absorption as a function of external field for experimental data (symbols) and theoretical fits (lines)  Data is normalized to absorption at 0G external field.
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	Theoretical fits employed the best fitting Langevin diameter for each dilution ratio with respect to the stock concentration of EMG 705 ferrofluid supplied by the vendor.  The results employed diameters of 22 nm (1: 0), 24 nm (1:1), 24 nm (1:1.5), 25 nm (1:5), and 24 nm (1:10).


1.3 nm, which is larger than any individual particle observed in TEM, indicating that particle-particle interactions are essential phenomena to describing the assembly process. It is not surprising that the particles are behaving as small clusters; however, it is surprising that the particle assembly process is still well described by the continuum model given in Eq. (1) over all the tested experimental conditions using a single effective Langevin diameter to account for particle-particle interactions. The discovery is especially encouraging, since this model considered the surrounding fluid a continuum even in densely concentrated magnetic nanoparticle suspensions.  
2) Non-magnetic nanoparticle concentration gradients: Theory and Experiment
The equilibrium concentration profile of non-magnetic nanoparticles exposed to strong magnetic field gradient can be determined similarly to the ideology described above.  The expression for non-magnetic nanoparticles is slightly more complicated, because the force on a non-magnetic particle depends on the solution to the magnetic nanoparticle concentration profile.  The result expression is given by[8]:
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where 
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 is the ratio of volumes between the magnetic and nonmagnetic nanoparticles, and 
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 represent the bulk volume fractions of magnetic and nonmagnetic nanoparticles respectively.  The resulting expression qualitatively predicts the correct trends for the non-magnetic particle concentration as a function of the local magnetic field strength. For example, when the local magnetic field is much greater than the uniform external magnetic field, the concentration of nonmagnetic particles approaches zero.  On the other hand, when the local magnetic field is weaker than the externally applied uniform magnetic field, the local concentration of nonmagnetic particles exceeds the bulk value. Equation (2) also indicates that larger non-magnetic particles are more easily manipulated by magnetic field gradients than smaller particles. Expression (2) has its limitations, because it ignores particle-particle interactions, and it cannot describe close-packing without the aid of artificial geometric constraints.  However, (2) is found to be reasonably accurate for local nanoparticle concentrations that do not exceed roughly 20% volume fraction, above which surface forces and other particle-particle interactions begin to have a stronger influence. 
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	Figure 2. Images of nonmagnetic particles concentrating on top of patterned cobalt micro-magnets are presented in 100 Gauss external field. Image A) presents a bright field image of non-magnetic particles inside ferrofluid concentrating on the micro-magnets. Images B-F are fluorescent images using particle diameters of B) 520 nm, C) 210 nm, D) 100 nm, E) 48 nm, and F) 28 nm.  The scale bar is 5 microns. Simulations of expression (2) of the nonmagnetic particle concentration on top of the patterned Cobalt micro-magnets are presented as a function of the externally applied field strength. The y-axis presents the local particle concentration in terms of multiples of the bulk particle concentration. The nanoparticle sizes used in the simulation include 520 nm, 210 nm, 100 nm, 48 nm, and 28 nm diameter nonmagnetic nanoparticles.


Experiments used to assess the theoretical expressions are similar to the techniques described above.  Fluorescent nonmagnetic particles of varying sizes are mixed with ferrofluid and exposed to micro-magnet arrays.  Fluorescent images are taken as a function of the external field, and the results are studied as a function of the particle size and concentration of non-mangetic nanoparticles. Due to the interplay between the magnetization of the micro-magnets and the external field direction, the weakest magnetic field is located directly on top of the micro-magnets. Figure 2 presents experimental images of fluorescent nonmagnetic particles (Duke Scientific) of various sizes accumulating on top of 70nm thick Cobalt micro-magnets.   A bright-field image of 520 nm particles concentrating on top of the micro-magnet array in a 100 G externally applied field is given in Figure 2A, where the concentration of the magnetic nanoparticles is observed as the darkened regions. As expected, the 520 nm, 280 nm, and 100 nm nanoparticles, shown in Figure 2B, 2C, and 2D, respectively, will concentrate strongly on top of the micro-magnet; however, the 48nm and 28nm particles, shown in Figure 2E and 2F, respectively, do not concentrate strongly in that region due to their small size and the increasing influence of Brownian motion.
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