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The effectiveness of magnetically assisted impaction mixing (MAIM), an environmentally benign mechanical
process, in mixing SiO2+TiO2 and SiO2+Al2O3 nanoparticle mixtures has been examined. Experiments were
carried out at different magnet-to-sample weight ratios, processing times, and magnet sizes. The
homogeneity of mixing (HoM) was evaluated at the micron scale using field-emission scanning electron
microscopy and energy dispersive X-ray spectroscopy, and at sub-micron scale through electron energy loss
spectroscopy and transmission electron microscopy. The HoM improved with an increase in the magnet-to-
sample weight ratio and processing time, and a decrease in the magnet size; over the range of conditions
tested, the HoM was found to depend on the product of processing time and the number of magnets per unit
powder mass. Optimized MAIM process achieved HoM values that were comparable to those attained with
Rapid Expansion of Supercritical or High-Pressure Suspensions and sonication of a suspension of the
nanoparticles in supercritical CO2.
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1. Introduction

In thepast decade,with the advent of availability of a variety of novel
nanoscale particles and materials, there has been an increased interest
in mixing methods that deal with nanopowders for the purpose of
forming nanocomposites [1,2]. In contrast, most of the conventional
mixing research is limited to particles that are hundreds of micron or
millimeter in size [3–11]. Unique properties of nanocomposites arise
from the interaction of different constituents at the nanoscale [12–17].
These include improved catalytic property and resistance to wear,
oxidation and corrosion [18]. The shelf life of drug nanoparticles in
pharmaceuticals is often limited due to the rapid grain growth; mixing
these particles at the nanoscale with another constituent, thus ensuring
that the active nanoparticles are kept apart, can lead to improved shelf
life.Mixing, however, is predicated by the fact that thenanopowders are
commonly present as large, loose agglomerates, as the interparticle
attractive force is much larger than the particle weight. Composite
materials made by simply mixing agglomerates of the constituent
nanoparticles will invariably have much smaller contact area between
the different constituents than is theoretically possible and will
therefore lack the potential advantages that nanocomposites can offer.
The full potential of a nanocomposite material can only be achieved
when the constituent nanoparticles are properly dispersed andmixed—

preferably at a nanoscale— and the agglomeration between particles is
well controlled. Unfortunately, conventional methods for powder
mixing tend to be homogeneous only above the scale of tens of microns
as they fail to break these aggregates [11,19–23]. To achievemixing at a
sub-micron scale, the individual constituents must be deagglomerated
into much finer aggregates or preferably individual nanoparticles, and
allowed to mix when they are in such a deagglomerated state.
Influenced in part from the deagglomeration studies in the field of
ceramics processing (for example, see Refs. [24–30]), nanomixing is
typically done using wet mixing techniques involving high shear
[31,32]. However, the liquids, which tend to be organic solvents, can be
expensive and harmful to the environment [30]. Furthermore, the
filtration and drying steps can be costly and can also lead to caking and
even segregation.

Recently, the deagglomeration and mixing capabilities of methods
that avoid the use of organic solvents have been studied; examples
include Rapid Expansion of Supercritical or High-Pressure Suspen-
sions (REHPS) of nanoparticles [1,2] and sonication of a suspension of
the nanoparticles in supercritical CO2 [33,34]. Dry mechanical mixing
such as high-impact blending using the Hybridizer and Magnetically
Assisted Impact Mixing (MAIM) have also been reported [1]. The
Hybridizer was shown to be capable of producing mixtures of silica
and titania that were generally well mixed, but only at a scale coarser
than that afforded by REHPS. On the other hand, the MAIMwas found
to yield poorly mixed silica–titania and titania–tungsten samples.
Yang et al. [2] found similar poor mixing with MAIM for silica–
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alumina, alumina–molybdenum trioxide and copper–titania mix-
tures. In both these studies, the influence of the operating parameters
of the MAIM process, namely, the processing time, magnet size,
magnet to nanopowder weight ratio, were not fully investigated.
Subsequent work using MAIM, but for mixing of micron-scale
powders, indicated superior performance of the MAIM approach,
revealing the magnet size and processing time to be important
parameters [35]. Unfortunately, no quantitative mixture analysis,
even at the scale of several microns, was attempted in that work and
themixing effectiveness was inferred through subjective inspection of
SEM images. In this paper, we describe a more detailed study of MAIM
for mixing nanopowders and demonstrate that the MAIM process can
be optimized to afford mixing qualities that are comparable to those
from REHPS and sonication in supercritical fluids [2,33]. The simplicity
of MAIM makes it a very attractive alternative to the other mixing
methods.

In MAIM, the surrounding electromagnetic coil creates a magnetic
field and the magnetic particles (typically about 1 mm in size)
undergo rotational and translational motion inside the container,
creating a fluidized state for the nanoparticles. The concept of using
small magnets to create shear and/or fluidization is well-known;
previous studies include: coating of nanoparticles on to micron sized
particles (a.k.a. dry-coating) [36–39], promoting flow of cohesive
powders [40–43] and fluidization of nanoparticles and nanoagglo-
merates [44]. In the MAIM process, collisions between the magnetic
particles with the nanoparticle agglomerates, and quite possibly the
shear set up by the spin of the magnetic particles, lead to
deagglomeration of the nanoparticle agglomerates and promote
mixing.

In the present study, the mixing effectiveness of MAIM at the
micron scale has been assessed through Field emission scanning
electron microscopy (FESEM) and energy dispersive X-ray spectros-
copy (EDS), while that at a sub-micron scale has been probed through
electron energy loss spectroscopy (EELS) and transmission electron
microscopy (TEM). Binary mixtures of SiO2+TiO2 and SiO2+Al2O3

(1:1 wt ratio) were prepared in the MAIM device. The homogeneity of
mixing (HoM), defined as the complement of the intensity of
segregation [45], was determined for various MAIM operating
parameter combinations.
Alternating 
Electromagnetic 
Field
2. Experimental

2.1. Materials

Nanopowders of fumed silica Aerosil® R974, Aeroxide® TiO2 P25
and Aeroxide® Alu C were used in the MAIM experiments; see
Table 1 for some relevant properties. The as-received nanoparticles
were in the form of large, soft aggregates; they were sieved in order
to remove agglomerates larger than 500 μm. This sieving also
removed hard agglomerates (which may have formed through
irreversible sintering), thus erasing the powder storage/consolida-
tion history effects and improving repeatability of all subsequent
mixing experiments. In all experiments, the initial volume occupied
by the powder in the mixing container was 40 mL for SiO2+TiO2

mixtures and 50 mL for SiO2+Al2O3 mixtures.
Table 1
Nanoparticle properties.

Material Primary particle
size (nm)

Surface area
(m2/g)

Property

Aerosil® R974 12 200 Hydrophobic
Aeroxide® TiO2 P25 21 50 Hydrophilic
Aeroxide® Alu C 13 100 Hydrophilic
The barium ferrite magnetic particles (purchased from Aveka Inc.),
were coated with polyurethane to prevent contamination and to limit
powder retention. The magnetic particles were in three size ranges of
1700–2360 μm, 850–1400 μm, and 600–1000 μm. The majority of
experiments were carried out with the 850–1400 μm magnetic
particles.

2.2. MAIM

A schematic of the MAIM apparatus is shown in Fig. 1. Weighed
amounts of nanoparticles and magnetic particles were loaded in a
glass jar, which was then placed inside a circular electromagnetic coil
(7 cm ID and 6 cm height). A fan located underneath the coil provided
the necessary cooling to prevent overheating (and damage) of the
powders, and a Variac 140 V (AC) variable transformer was used to
power the coil. For all experiments, the magnetic field strength was
cycled on and off intermittently at 44 mT.

2.3. Mixture analysis via electron microscopy

A LEO 1530 VP Field Emission Scanning Electron Microscope
equipped with an Oxford UTW X-ray detector using a beam energy of
15 kV was used to image the nanoparticle mixtures.

The FESEM with EDS was used to quantify the homogeneity of
mixing, which is defined below. Samples were analyzed in FESEM at
an accelerating voltage of 15 keV and a working distance of
approximately 8 mm. Two 13 mm size tablets were pressed using
an International Crystal Laboratory die in a Carver mechanical press
with a load of 16,000 lb/in2 to create a uniform packed density. Two
representative areas of 55×40 μm at 5000× magnification were
randomly chosen on both the tablet surfaces. The EDS was used to
obtain normalized compound composition from 100 points, arranged
in a 10×10 grid, for each of the areas. Four hundred total points
obtained for each mixture were used to calculate average concentra-
tions (μa and μb) and variance (σ2) as illustrated in Eqs. (1) and (2),
respectively.

μ =
∑
n

i
xi

n
ð1Þ

σ2 =
∑
n

i
jxi−μj2

� �

n−1
: ð2Þ

The homogeneity of mixing, which is the complement of the
intensity of segregation is employed in this work as a basis to compare
various samples. Intensity of segregation, originally developed by
MagnetPowders

Fig. 1. Schematic of magnetically assisted impaction mixing (MAIM) device [2].
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Danckwerts [45], is defined below (c.f. Eq. (3)). The intensity of
segregation for a perfectly random mixture is 0, while for completely
segregated mixtures it is 1. Conversely, the HoM (Eq. (4)) for a
perfectly random mixture is 1, while for completely unmixed
mixtures it is 0.

I =
σ2

μa⋅μb
ð3Þ

HoM = 1− σ2

μa⋅μb
ð4Þ

3. Results and discussion

Quantitative analysis of the EDS results in the present study is
much more extensive than those reported previously [1,2]. The
previous work [1] utilized two case studies based on the following
materials; silica+titania (7:18 wt ratio) and titania+tungsten
(1:19 wt ratio). In each case, the powder weight ratios were chosen
to achieve about equal volume of each powder constituent. The
processing conditions for MAIM were fixed to 30 min process time
at 3:1 magnet to powder weight ratio using one size range of
magnets (1.7–2.4 mm). In contrast, the present study, done in two
phases, examines the effects of the magnet-to-sample ratio,
processing time, and magnet size for two material case studies
(SiO2+TiO2 and SiO2+Al2O3) on the HoM, while the weight ratio of
two powder constituents in a mixture was fixed to 1:1. The first
phase design of experiment involved a SiO2+TiO2 mixture (1:1
weight ratio) and a range of MAIM operating conditions: magnet-
to-sample weight ratios of 1:2, 1:1, 2:1, 5:1 and 10:1; magnet
particles in the 850–1400 μm size range; and processing times of 10,
20, 30 and 60 min. Based on the results from this initial series,
additional experiments were carried out in phase two, which also
Fig. 2. FESEM and EDS images for poorly-mixed (silica+titania) sample (2:1 magnet-sam
(b) silicon elemental mapping, and (c) titanium elemental mapping.
included experiments for the second case study (SiO2+Al2O3). The
results from all the experiments are discussed in the sections that
follow.

3.1. Electron microscopy analysis

It has been shown previously [1,2] that secondary electron (SE)
and back-scattered electron (BSE) can be used to detect visible
changes in the mixture quality, when there are large differences in
atomic numbers between the constituents. In the present study, SE
images were used to detect large agglomerates in SiO2–TiO2 mixtures,
and the changes in the agglomerate size were documented as the
mixing quality changed. In addition to SE images, EDS imaging was
also carried out; however BSE imaging did not provide information
beyond that obtained from SE and EDS imaging. Further, unlike the
previous study, the powder sample is made into a tablet using a press,
providing more uniform imaging surface and thus improving the
ability to discern the differences in the imaging of two constituent
materials.

Figs. 2 and 3 illustrate the FESEM SE and EDS images for two SiO2–

TiO2 samples, obtained following two different MAIM processing
conditions. It will be discussed later in this article that the
homogeneity of mixing depends on the product of processing time
and the number of magnets per unit powder mass. These values for
the examples illustrated in Figs. 2 and 3 closely correspond to
conditions employed in Wei et.al. [1] and Yang et.al. [2], respectively.
Large agglomerate regions of single elements are easily visible on the
FESEM and EDS images shown in both figures (with Fig. 3 showing a
slightly superior mixing when compared to Fig. 2). Our results
confirm the findings of Wei et.al. [1] and Yang et.al. [2] that the
operating parameters employed in these examples led to poor mixing.

Fig. 4 shows a well-mixed sample; where there are no visible
agglomerates on either the FESEM or the EDS images and are
comparable to some of the best mixing results presented using
methods other than MAIM [1,2]. The operating conditions
ple weight ratio, 10 min, 1400–850 μm magnet size). (a) Secondary electron image,



Fig. 3. FESEM and EDS images for (silica+titania) sample (10:1magnet-sample weight ratio, 10 min, 1400–850 μmmagnet size). (a) Secondary electron image, (b) silicon elemental
mapping, and (c) titanium elemental mapping.

Fig. 4. FESEM and EDS images for well-mixed (silica+titania) sample (5:1 magnet-sample weight ratio, 120 min, 1400–850 μm magnet size). (a) Secondary electron image, (b)
silicon elemental mapping, and (c) titanium elemental mapping.
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Table 2
Comparison of homogeneity of mixing and agglomerate size.

Homogeneity
of mixing

Approximateagglomerate size (μm)(estimated fromimage)

Field emission scanning
electron microscope

Energy dispersive
X-ray spectroscopy

0.5316 45 40
0.7259 20 30
0.8034 12 15
0.8736 15 15
0.9223 7 7
0.9872 b5 5
N0.9985 Below analysis level
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corresponding to Fig. 4 are outside those covered by previous studies
[1,2]; clearly, MAIM can be a very good method for mixing
nanopowders if the operating conditions are properly selected. It is
noted that the images in Fig. 4 do not necessarily imply that there is
mixing at the primary particle level, but that the mixing is at or below
the detection level of the EDS. Further, while the EDS images shown
can be magnified beyond 5000×, no improved quantitative data can
be obtained at a higher magnification because the resolution of the
EDS point detection does not improve with a change in magnification.

The FESEM and EDS images of a mixture can be quantified to
estimate the HoM for that mixture. Through image analysis, one can
also extract an approximate agglomerate size from the EDS
images. Table 2 compares the HoM and approximate agglomerate
sizes for a few MAIM processed samples; it is clear that as the HoM
increases, there is a corresponding decrease in the agglomerate size.
(It should be noted that while the link between HoM and agglomerate
size is qualitatively robust, quantitative relationship between them
that may be gleaned from Table 2 is only applicable to the results of
this specific work and the procedures followed.) All values of the HoM
above 0.9985 indicate excellent mixing, with the agglomerate size
being below the detection limit.

Since the SEM-EDS is limited to compositional analysis within the
scale of 1–3 μm, a Zeiss Libra120 energy filtered transmission electron
microscope (EFTEM) equipped with a LaB6 filament at a beam energy
of 120 kV was used to analyze mixtures on the nanometer scale.
Panels (a) and (b) in Figs. 5 and 61 show electron energy loss
spectroscopy (EELS) and energy filtered transmission electron
microscopy (EFTEM), respectively, for two different mixtures, and
illustrate good mixing achieved through MAIM. The difference
between the images is that for EFTEM, a slit is inserted to collect
electron energies in a certain range. The bright areas on the titanium
elemental mapping represent the titania in the mixture, while the
particles that appear in the zero loss image (Figs. 5a and 6a) but not in
EFTEM images (Figs. 5b and 6b) are the silica particles. The TEM
images clearly show that mixing on the scale of primary particles may
be achieved using MAIM, which would be not possible with
conventional dry mixing techniques. Figs. 5 and 6 correspond to
different magnet-to-sample weight ratios and different processing
times, but they have the same value for the product of processing time
and number of magnets per unit mass of the sample. Comparable
quality of mixing (down to sub-micron scale) was obtained in both
cases, providing initial evidence for the suggestion that the product of
processing time and number of magnets per unit mass of the sample
may be the crucial process parameter.

3.2. Homogeneity of mixing versus magnet-to-sample weight ratio

Fig. 7 shows that for a given mixing time, increasing the magnet-
to-sample weight ratio (while keeping the average size of the magnet
the same) increases the homogeneity of mixing, i.e., improves mixing.
Clearly, an increase in the number of magnets per unit mass of the
sample would result in an increase in the interaction between the
magnets and the agglomerates of nanoparticles promoting deagglo-
meration and mixing; such interactions can collisions or exposure of
the agglomerates to shear field set up by the spinning magnets. The
HoM for a processing time of 30 min is consistently higher than those
for processing times of 10 and 20 min for all magnet-to-sample
weight ratios; the HoM values for 10 and 20 min are not significantly
different for the lower magnet-to-sample weight ratios, but a definite
trend is seen at the higher ratios. These results are in agreement with
the previous results [1,2]. The trend seen in Fig. 7 suggests that higher
processing time (which was not considered in previous studies) could
lead to further increase in HoM, which is examined below.
1 TEM-EELS analysis shown in Figs. 5 and 6 was performed by Dr. Dongguang Wei,
Carl Zeiss NTS, Inc.
3.3. Homogeneity of mixing versus time

Fig. 8 shows the HoM as a function of processing time, in some
cases as high as 240 or 570 min, for several different magnet-to-
sample weight ratios. At each magnet-to-sample weight ratio,
increasing the processing time led to greater interaction of the
moving and rotating magnets with the agglomerates of nanoparticles
and promoted deagglomeration andmixing. For each processing time,
increasing the magnet-to-sample weight ratio improved HoM, which
was already discussed in Fig. 7.

It was also observed that with high magnet-to-sample weight
ratios (such as 10:1), as the processing time got longer, the
nanopowder bed got compacted and formed a packed bed, having
reduced mobility. This suggests that although the predominant effect
of the interaction between the magnets and the agglomerates in the
initial stages is deagglomeration and mixing, some interactions may
lead to agglomerate compaction and caking at the bottom of the
container; as this caking was observed in our studies only at 10:1
magnet-to-sample weight ratio, this ratio was not further
investigated.

In order to test the reproducibility of the data obtained, statistical
analysis, e.g., ANOVA with replication technique was employed [46].
Results indicated that as the mixture quality improved, the repro-
ducibility of the results increased, i.e., there was no significant
statistical difference between the two selected test runs, for cases
with either high magnets to sample weight ratio or long processing
time.

3.4. Homogeneity of mixing versus magnet size

Although the results have been presented above for various
magnet-to-sample weight ratios, it seems reasonable to expect that
the extent of interaction between the magnets and the nanopowder
agglomerates will depend on the size of the magnets as well. At a
given magnet mass, decreasing the size leads to an increase in the
number of magnets and hence the scope of interaction. Thus, the
relevant parameter is more likely to be the number of magnets per
unit mass of the nanopowder sample and not the magnet-to-sample
weight ratio mass; this reasoning is also based on previously reported
numerical simulation results [31]. With this in mind, we hypothesized
that the principal MAIM process control parameter for the mixing
quality is the total number of magnet–agglomerate interactions per
mass of nanopowder sample, and tested it by plotting the HoM against
the product of the processing time and the number of magnets used
per unit mass of powder sample. In Fig. 9, we have replotted the data
in Fig. 8 in such a format. (In this case, as the magnets were in the
same size range for all the experiments, a similar figure would have
resulted if we had used as abscissa the product of the magnet to
sample weight ratio and processing time. Experimental data with
differentmagnet sizes are presented below.) It is readily apparent that
the scaling of the abscissa in Fig. 9 has brought the various data sets in
Fig. 8 closer to one another. Instead of providing the error bars, which
would not be visible due to the very low standard deviations obtained



Fig. 5. (a) EFTEM image for well-mixed (silica+titania) sample (10:1 magnet-sample weight ratio, 60 min, 1400–850 μm magnet size) and the corresponding (b) titanium
elemental mapping.
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for increased values of the time⁎number of magnets, we have
provided standard deviations and relative standard deviation (RSD) of
selected points along the trend in Table 3. Here, the RSD is an indicator
for the reproducibility of the results and not of the quality of mixing.
Table 3 shows that when increasing the time⁎number of magnets,
there is a significant decrease in the RSD of the points demonstrating a
higher reproducibility of the data.

We also performed MAIM experiments with three different magnet
size ranges: large (1700–2360 μm), medium (850–1400 μm), and small
(600–1000 μm), three different magnet-to-sample weight ratios (1:2,
2:1, and 5:1), and a range of processing times. TheHoMdata obtained in
these experiments are summarized in Fig. 10. The results for the
different magnet sizes and weight ratios collapsed into a narrow band,
supporting the hypothesis that the abscissa scaling in this figure is a
meaningful control parameter (at least over the range of conditions
studied).

3.5. Homogeneity of mixing versus mixture components

To test the influence of the nanopowder constituents on the
effectiveness of MAIM, experiments were carried out using two
different mixtures: (a) Aerosil® R974+Aeroxide® titania P25, and
(b) Aerosil® R974+Aeroxide® alumina Alu C. Fig. 11 summarizes the
HoM data for these two systems; clearly, both systems manifested
Fig. 6. (a) EFTEM image for well-mixed (silica+titania) sample (5:1 magnet-sample we
elemental mapping.
similar trends, and the alumina–silica mixture was easier to mix than
the titania–silica mixture. Such a difference for different nanopowder
mixtures is not surprising. In any case, these experiments confirmed
that good mixing could indeed be achieved in the different metal
oxide nanoparticle mixtures studied. Comparing the two systems
studied, a plausible inference is that the alumina deagglomerated
more easily than the titania, which is similar to what was observed in
a previous work [26]. On the other hand, it is also possible that the X-
rays generated from the EDS propagate inside the two mixtures in
different ways, thereby changing the sampling volume analyzed. The
volume analyzed by the EDS changes the value of HoM as it is higher
for larger sampling volumes. One method to determine how X-ray
propagation changes for different samples is to calculate the depth of
X-ray production, which is estimated by the Anderson–Hasler
expression:

R =
0:0064 E1:680 −E1:68c

� �
ρ

: ð5Þ

R is the depth of X-ray generation (μm), E0 is the electron beam energy
(keV), and ρ is the sample density (1.96 g/cm3). Ec is the critical
ionization energy (keV) where K-edge can be used. K-edge energy is
4.965 keV for Ti and 1.560 keV for Al [13]. Therefore, the X-ray
ight ratio, 120 min, 1400–850 μm magnet size) and the corresponding (b) titanium
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Fig. 7. Homogeneity of mixing versus magnet-to-sample ratio for SiO2/TiO2 mixtures
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generation depth is 0.262 μm and 0.301 μm, for Ti and Al, respectively.
Therefore, this could have had aminor impact on the results observed.

3.6. Summarizing the effect of multiple factors on the homogeneity
of mixing

All the results from multiple factors, namely, the effect of magnet
to powder mass ratio (Fig. 9), the magnet size (Fig. 10), and the
mixture constituents (Fig. 11), may be summarized in a single plot as
shown in Fig. 12. While there is the expected scatter, for example,
arising from the different constituents that may be explained due to
the x-ray propagation in the different materials, the figure indicates
an overall pattern of behavior. The main trend which is a function of
time⁎number of magnets, indicates that there are multiple factors
that allow for tuning the quality of mixing of the nano-constituents for
ceramic powders similar to those studied here.

3.7. Comparison of MAIM with other mixing methods

The HoM values of several mixingmethods are compared to MAIM
in Fig. 13. Two previously unpublished mixing methods compared are
unassisted fluidized bed and supercritical carbon dioxide stirred
mixing. For the fluidized bed set up, the powder was charged in the
column and nitrogen gas flowwas introduced through a distributor at
the bottom of the column. The particle bed expanded with the flow,
behaving similarly to a liquid, and mixed the powders. Fluidized bed
mixing provided poor mixing because of the lack of strong shear
required to cause deagglomeration. Mixing was achieved on the order
of tens of microns, the size of agglomerates, and after 3 h of
fluidization, large agglomerates remained throughout the mixture
and resulted in the poor HoM values. For supercritical carbon dioxide
stirredmixing, powderswere charged in a vessel and the pressure and
temperature are increased to achieve supercritical conditions. An
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Fig. 8. Homogeneity of mixing versus time for various mixing times for SiO2/TiO2

mixtures and a magnet size range of 1400–850 μm.
impeller rotating at 2000 rpm for 30 min at 1200 psi was used to
create shear within the mixture to break agglomerates and promote
mixing. The results show an improvement over fluidized bed mixing
but were significantly poorer than the results obtained throughMAIM
with a 5–1 magnet to powder weight ratio processed for 120 min.

HoM values are also compared against other recently published
mixing techniques including rapid expansion of high pressure
suspensions (REHPS) [1,2,47] and sonication in supercritical carbon
dioxide [33]. For REHPS processes, powders were charged in a vessel
and brought to supercritical conditions. After allowing the system to
stabilize, the suspension was quickly released through a nozzle with
an inner diameter of 256 μm. The rapid release creates high shearing,
breaks up the agglomerates, and promotes the mixing on the
submicron scale [47]. In sonication, the powders were charged in a
vessel and brought to supercritical conditions. Once stabilized, a sonic
horn, inside the chamber, was turned on creating sonic waves through
the carbon dioxide. The sonic waves break the agglomerates and
promote mixing on the nanometer scale [33]. From the HoM results, it
can be observed that the MAIM method can produce mixing on the
same scale as sonication in supercritical carbon dioxide, and slightly
better than what was obtained for the REHPS method.

There has been recent work regarding improvement of the mixing
abilities of solid–gas fluidization through assistance of vibrations,
acoustic or other means. For example, it has been reported that by
adding an external force on the fluidized bed, less velocity is required
to fluidize powders, greater bed expansion is achieved and mixing of
nanoparticles on the submicron scale is possible [48,49]. Ammendola
et al. [48] used sound vibration to assist the fluidization and with one
example of SEM-EDS analysis, showed that mixing of nanoparticles at
subagglomerate scales (approximate agglomerate size of 20 μm) with
extendedmixing times.While it is not possible to estimate the HoM of
their results [48], they are expected to be equal or slightly better than
the values shown in Fig. 13 for the unassisted fluidized bed values.
Quevedo et al. [49] used microjets directed downward toward the
distributor plate as a method to deagglomerate andmix nanoparticles
Table 3
Standard deviation and relative standard deviation versus increasing time and number
of magnets.

Time⁎number of
magnets (min)

Homogeneity of
mixing

Standard
deviation

Relative standard
deviation (%)

1150 0.7489 2.07E−02 2.76
2300 0.8039 2.26E−02 2.81
13,800 0.8753 1.69E−02 1.93
55,201 0.9699 9.84E−03 1.01
92,002 0.9887 9.83E−04 0.10
138,002 0.9984 6.80E−04 0.07
138,002 0.9987 3.54E−04 0.04
276,005 0.9993 6.70E−05 0.01

image of Fig.�7
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Fig. 10.Homogeneity of mixing for the magnet to sample ratios of 1:2, 2:1, and 5:1 with
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shown versus the number of magnets⁎ time in minutes.
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is plotted with a best-fitted curve. Magnet–sample ratio from Fig. 9, magnet sizes from
Fig. 10, constituents form Fig. 11.
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with high shear forces. Through a set of TEM-EELS images, they
showed that mixing via microjet assistance was significantly better
andwas expected to be at the nano scale.While a direct compositional
comparison of these methods to HOM values obtained using MAIM
cannot be done, it is expected that the microjet assisted fluidization
would achieve HoM values much better than the unassisted
fluidization. Further, in preliminary experiments [50,51] where
magnetic excitement was used to assist fluidization and subsequent
mixing (see [44] for the description of the magnetically assisted
fluidization method), and using the same EDS analysis, the HoM
values were found to be significantly better than unassisted
fluidization. Based on these results [49,50], it appears that assisted
fluidization is a promising approach for achieving mixing at the
nanoscale, similar to REHPS, MAIM and supercritical sonication
results.

4. Conclusions

Magnetically assisted impaction mixing is shown to be an
effective, environmentally benign dry method to mix nanoparticles.
The TEM results, although limited, indicate that optimized operating
conditions could achieve mixing at sub-micron down to nanoscale.
Longer processing times and/or higher magnet to powder ratios led to
better mixing.

Experiments were performed using mixtures of silica Aerosil®
R974 and alumina Aeroxide® Alu C, and in mixtures of Aerosil® R974
and Aeroxide® titania P25. MAIM led to very high homogeneity of
mixing for both mixtures, although the former mixture was relatively
easier to mix. The mixing quality of MAIM is found to be favorably
comparable to those reported in the literature for rapid expansion of
high pressure or supercritical suspensions of nano-powders [1,2], and
sonication in supercritical suspensions [26].
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Fig. 11. Homogeneity of mixing versus the number of magnets⁎ time for magnet to
sample mass ratios of 1:2, 2:1, and 5:1 with a magnet size range of 1400–850 μm for
SiO2/TiO2 and SiO2/Al2O3 mixtures.
At a given magnet to powder ratio, smaller magnets led to the
same homogeneity of mixing in less time. An inspection of the results
obtained with different magnet size, magnet-to-powder mass ratio
and processing times suggests that the main process control variable
is the product of time with the number of magnets per powder mass
(within the range of parameters studied). Future experiments should
target much smaller magnets to see if this observation continues to
hold; if it does, then the optimum magnet size will be a compromise
between mixing efficiency and ease of separation of the magnet from
the powder following mixing. Further, since very high magnet to
powder mass ratios may lead to caking, it would be interesting to
examine in future studies if supplementing MAIM with vibration of
the container and/or perturbation of the powder mixture through air-
jets can decrease the required magnet mass.

Our results clearly suggest viability of MAIM to many industrial
applications requiring nanocomposite powders. Results also show
that unlike previous reports stating ineffectiveness of MAIM for
nanoparticle mixing, MAIM may be used to achieve not only mixing
quality as good as other environmentally benign methods but also a
desired level of mixing, i.e., HoM, through adjusting the number of
magnets and processing time. Further, based on the prior results [31],
it is expected that this process is scalable if the larger devices having
uniform magnetic fields having strengths similar to those utilized in
this paper can be built.
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