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ABSTRACT

The collection of aerosol particles that have magnetic components such as actinides, cobalt, iron, nickel, 
and other metal alloys are of interest in the nuclear industry and for regulatory applications.  The 
collection of these particles is important for environmental monitoring and source location and 
approaches have been developed based on separations mechanisms including size, mass, electrical or 
thermal properties.  In this work, we present the performance of a single-stage, high-gradient magnetic 
collector with a nickel foam matrix for removing airborne magnetic particles.  The collection efficiencies 
for two different particle size regimes and compositions (NaCl and Fe3O4 below 200 nm and SiO2 and 
Fe3O4 at 1-2 m) were measured to assess the performance of the magnetic collector.  The high-gradient 
magnetic collector did not remove nanosized magnetic Fe3O4 particles any more effectively than non-
magnetic NaCl particles.  However, in the larger size range, the collector more efficiently removed Fe3O4 
particles compared to SiO2 with a collection efficiency of 99% compared to 84% for SiO2.  The removal 
mechanism could be attributed to both filtration and the high-gradient magnetic field.

1. INTRODUCTION 

The recovery and removal of micron-sized and larger magnetic particles from slurries and air streams by 
high-gradient magnetic separation (HGMS) has been employed since the early 1970s.1-6  Though there 
has been significant work in the area of liquid-based magnetic particle separation from colloidal 
suspensions for industry and for environmental separations,7, 8 the collection of airborne particles using 
magnetic susceptibility has been much less explored.9, 10  The collection of airborne particulate matter or 
aerosol particles using magnetic separation technology is of broad interest for industrial and regulatory 
applications1, 11-17  because aerosol particles are ubiquitous in the environment, and many have magnetic 
components which makes it possible to use magnetic separation for particle collection.  

Work utilizing the magnetic properties of aerosols to distinguish particles from vehicle traffic and 
industrial sources in Wuhan, China18 suggested that magnetic measurements could be used to map heavy 
metal pollution and provide insight into the pollutant source in road dust. Sagnotti et al. reported magnetic 
fingerprints associated with sources of natural and anthropogenic particulate matter of 10 m in 
aerodynamic diameter (PM10).19  The magnetic signature in airborne pollution particles in both the city 
center and suburbs of Warsaw, Poland has also been used to distinguish the source contribution of 
different particle size fractions.20  While a variety of aerosol collectors that separate and collect particles 
based on size, mass, electrical, and/or thermal properties have been developed,21 few have taken 
advantage of the magnetic components of airborne particles for selective collection,22 which could 
enhance the performance of aerosol collection.  In a magnetic collector, particles are separated based on 
both their size and magnetic susceptibility, simultaneously.16, 17  

A recent example of the development of a passive aerosol sampler using permanent magnets was reported 
by Hsiao et al.23  The sampler used 186 small magnets arranged in an alternating pole configuration to 
collect particles as they deposited onto the collection substrate though no collection efficiency data were 
reported.23  An active aerosol sampler designed using a 3-stage high-gradient permanent magnetic 
separation (HGPMS) array was first reported by Cheng et al.16  The authors demonstrated the effective 
capture of nanoparticles by configuring the permanent magnets as reversed pole pairs and adding a 
paramagnetic matrix such as stainless-steel wool to create the high-gradient magnetic field.  The results 
were compared to those reported earlier.10, 24 Cheng et al. further explored permanent magnet collection in 
a subsequent report and concluded that while the presence of a matrix is important in the capture of small 
nanoparticles (<50 nm), the design of the matrix is also critical to achieve high particle collection 
efficiencies across a broad range of particle sizes.17 The disadvantage is that these magnetic collectors are 
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heavy and the design is cumbersome.  As a result, they fail to meet the requirements of airborne particle 
collection based on an unmanned aerial system (UAS) such as a fixed- or rotating-wing drone.

This paper presents the development and testing results of a single-stage HGPMS collector for airborne 
particles.  The single-stage magnet design was a revision of the previous 3-stage magnetic collectors 
resulting in a reduced weight of the collection system by at least 70% and a reduced overall footprint of 
80%.  Thus, it has the advantages of meeting operational requirements on a UAS.  However, the design 
also significantly reduces the particle residence time and magnetic field strength distribution thereby 
affecting the collection performance.  To explore the performance of the single-stage magnetic collector, 
we measured the collection efficiency of the collector for both supermicron-sized Fe3O4 and SiO2 
particles as well as smaller, nano-sized Fe3O4 and NaCl particles. Comparing the collection efficiency of 
the collector using both magnetic and non-magnetic particles allowed us to isolate the effect of the 
magnetic susceptibility on particle collection.  Two different size regimes were used because the magnetic 
force experienced by aerosol particles is proportional to the particle volume (hence the diameter).  The 
new design could lead to smaller, more efficient collectors that could be used in unmanned aerial systems.

2. EXPERIMENTAL

2.1 DESCRIPTION OF THE AEROSOL COLLECTOR

In previous work, the authors reported the performance of a permanent magnetic collector in which 
permanent magnets were arranged in an opposing polarity configuration and enclosed in stainless steel to 
create a solid, cylindrical magnetic core.16, 17 The magnetic core was then placed in a housing with a 
substrate that consists of stainless steel wool which surrounds the cylindrical core and the aerosol flowed 
along the exterior of the magnetic core through a stainless-steel wool substrate.  This configuration makes 
it difficult to insert the stainless-steel wool substrate and also to remove it for subsequent chemical 
analysis.  In the present work, we have re-designed the collector so that the magnet is a hollow cylinder as 
shown in Figure 1, rather than a solid core.  This configuration makes it much easier to change the matrix 
foam substrate and simplifies subsequent chemical analysis.

The outer diameter of the hollow cylinder core is 2.54 cm and the inner diameter is 1.27 cm (see Figure 
1b). The total weight of the collector is approximately 581 g.  As shown in Figure 1, the aerosol flows 
down the center of the magnetic core through the interior rather than along the exterior as in previous 
versions.17 There is only one opposing pair of magnets in this configuration instead of two as in the earlier 
arrangements, i.e., one-stage HGPMS vs 3-stage HGPMS in Cheng et al.17  Similar to past versions, the 
permanent magnets that make up the magnetic collector were made of NdFeB with a strength classified as 
N52 according to industry standards.  The maximum magnetic field density at the location of opposing 
poles was estimated to be 0.2 T with no matrix substrate inserted.  This number was consistent with the 
simulated result presented in Section 2.5.  We did not calculate the maximum magnetic field of the high-
gradient magnetic field with the insert added.  Because of the new design of the magnetic collector, the 
matrix substrate can now be placed inside the magnetic core to create an interior high-gradient field, 
which makes the matrix application simpler and allows for different matrix materials to be manufactured 
in the future.  The new magnetic array design and form factor was meant to reduce the overall physical 
dimensions, weight, operational performance (e.g., user friendliness, rapid deployment and field exchange 
of substrates, etc.), and logistics of the collector to make it more portable and easier to use, particularly 
for airborne platforms.
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Figure 1.  a) Schematic of the new HGPMS collector.  The outer dimension of the housing was 
approximately 10.2 cm x 5.1 cm x 5.1 cm.  The magnetic hollow cylinder fits inside the housing and the 
airborne particles are transported through the center of the cylinder. Pictures of the collector with the 

magnet are also shown. b) Schematic of the magnet configuration and dimension of the core (not to scale).  
The magnetic core of the collector is shown in the picture.

The magnetic collector shown in Figure 1 without any type of matrix insert is designated as the 
Permanent Magnetic Aerosol Collector (or PMAC) throughout this paper.  In order to isolate the effect of 
the magnetic field, results from the PMAC were compared to results from a second collector with 
identical physical dimensions but which was constructed using non-magnetic aluminum.  The aluminum 
collector without a matrix insert is designated as the non-magnetic aerosol collector (or NMAC) hereafter.  
A ferromagnetic nickel foam (MTI Corp., 99.99% purity, 1.6 mm thick) shown in Figure 2 was used as 
the matrix insert in both collectors.  The nickel foam, which has a fiber size of approximately 100 m and 
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a porosity of greater than 95%, was rolled into a rod to create the matrix for the collectors.  Aerosol 
collection was measured for four different configurations:  a) the permanent magnet with no nickel 
(PMAC), b) the permanent magnet with the nickel foam (PMAC-foam), c) the aluminum, or non-
magnetic, collector with no nickel (NMAC), and d) the non-magnet with the nickel foam (NMAC-foam).

Figure 2. Photograph and SEM image of the nickel foam (MTI) used as the matrix in the collector.  The 
framework of the nickel foam has a diameter of approximately 80 m.

2.2 PRODUCTION OF AEROSOL PARTICLES

Three different types of particles were chosen (ferromagnetic Fe3O4, non-magnetic SiO2 and diamagnetic 
NaCl) to investigate the impact of the new collector design on particle collection.  The magnetic 
susceptibility for SiO2 is -2.96×10-5 cm3·mol-1, NaCl is -30.2×10-6 cm3·mol-1, and Fe3O4 is >7.18×10-3 
cm3·mol-1 showing that SiO2 and NaCl are practically non-magnetic while the Fe3O4 is ferromagnetic.  
Two different particle size regimes were used to examine the effect of particle size, nanosized particles 
less than 200 nm and supermicron particles of 1-2 m.  In the nanometer regime, non-magnetic NaCl 
particles and magnetic Fe3O4 (denoted as n-Fe3O4) particles were generated using a BGI Collison 
nebulizer and aqueous solutions of NaCl (0.1% w/v) or n- Fe3O4. The n-Fe3O4 nanoparticles used in the 
BGI nebulizer were synthesized through biogenic synthesis using akaganeite (ß-FeOOH) as a precursor.  
A detailed description of the synthesis of these particles is given in Cheng et al.17  

In the supermicron regime, Fe3O4 (Goodfellow, FE596010, 99.9% purity, 50 m) and SiO2 (Cospheric, 
SiO2MS-2.0 1.18 m) aerosols were generated using a fluidized bed aerosol generator (TSI, Model 
3400A).  Note that the source of the supermicron Fe3O4 aerosol particles generated by the fluidized bed 
was different than the nanosized Fe3O4 aerosol particles generated by the nebulizer.  Dry, HEPA-filtered 
air flowed at 14 SLPM into the fluidized bed generator through a horizontal screen and created a fluidized 
bed of bronze beads that de-agglomerated the source powder.  Approximately 25 g of Fe3O4 powder was 
placed in the source holder and transported to the fluidized bed using a chain.  The generator was initially 
run for 2 hours prior to beginning experiments to allow for stable aerosol production.  The silica aerosol 
was generated in a similar manner as the micron-sized Fe3O4 particles using the fluidized bed aerosol 
generator.
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2.3 METHOD FOR THE COLLECTION OF NANOSIZED AEROSOLS

The experimental arrangement to measure the collection efficiency of the magnetic separator for the 
nanosized (<200 nm) NaCl and n-Fe3O4 aerosols generated by the nebulizer is shown in Figure 3.  The 
experimental arrangement to measure the supermicron particles was slightly different and is shown in 
Section 2.4.  For the nanosized particles, the aerosol from the nebulizer could be directed to the collector 
or to a bypass, which consisted of a stainless-steel tube of identical length and diameter as the collector.  
The bypass was used as a convenient way to measure the number concentration entering the collector.  To 
ensure that the bypass accurately represented the aerosol at the entrance of the magnetic and non-
magnetic collectors (top leg and bottom leg in Figure 3), we first measured the size distribution of the 
aerosol directly from the diffusion dryer and compared that distribution to one taken through the bypass.  
The two distributions were the same within the uncertainty of the measurement confirming that the 
bypass measurement accurately represented the concentration at the collector inlet. The particle size 
distribution was measured using a TSI scanning mobility particle sizer (SMPS, TSI Model 3080) 
equipped with a long differential mobility analyzer (DMA TSI Model 3081) and a nanowater 
condensation particle counter (WCPC TSI Model 3788).  The SMPS was programmed to operate at a 
sheath-to-aerosol flow ratio of 10 (sheath flow = 6 LPM, aerosol flow = 0.6 LPM) with an up-scanning 
time of 150 s and down-scanning at 30 s.  A TSI Model 3088 soft X-ray (<9.5 keV) aerosol neutralizer 
was used to neutralize the particles, producing bipolar ions capable of charging an aerosol particle 
concentration up to 107 cm-3.  The particle collection efficiency of the magnetic collector was obtained by 
comparing the particle size distributions and concentration through the collector to that through the 
bypass.  Size distributions were measured through each collector and the bypass separately.  For example, 
when measuring the size distribution through the magnetic collector, valves 1 (V1 in Figure 3) and 2 (V2) 
were closed to prevent flow through the bypass and the non-magnetic collector.  The flow rate through the 
collector was 0.6 LPM (velocity of 7.9 cm/s) resulting in a residence time of 1.2 s and was essentially 
determined by the SMPS.

Figure 3. Diagram of the test system used to measure the collection efficiency of the magnetic collector for 
small particles.  NMAC is the non-magnetic collector while PMAC is the magnetic collector.  Valves were 

used to control the flow direction.
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2.4 METHOD FOR THE COLLECTION OF SUPERMICRON AEROSOLS

The experimental arrangement to measure the size distributions for the supermicron particles (shown in 
Figure 4) was slightly different than the arrangement for the nanosized particles.  The flow rate of the 
aerosol through the collector (or bypass) was 5 LPM as determined by an integrated pump of the APS 
(which pumps at 5 LPM) with the valve to the mechanical pump closed (V3).  The velocity of the aerosol 
through the collectors was 65.8 cm/s.  Excess flow exited the system through the HEPA filter thereby 
causing no back pressure on the collectors and or downstream aerosol instruments.  After exiting either 
the bypass or the collector, the particle size distribution was measured using an aerodynamic particle sizer 
(APS, TSI Model 3321) for the micron-sized test particles.

Figure 4. Diagrams of the test system used to measure the collection efficiency of the magnetic collector for 
supermicron particles.

2.5 MODELING THE MAGNETIC FIELD FLUX DENSITY DISTRIBUTION OF THE 
MAGNETIC CORE OF THE SINGLE-STAGE ASSEMBLY

The magnetic flux density B of the magnetic core implemented in the single-stage assembly of the 
permanent magnet pair can be described by the steady-state Maxwell equation

–∇ · (μ0∇Vm – μ0M0) = 0 (1)

where µo is the magnetic susceptibility, Vm is magnetic scalar potential and Mo is remanent magnetic flux. 
∇ is the Laplacian operator. Eq. (1) was solved by using the Finite Element Method (FEM) in the 
COMSOL® ACDC module with the no current mode. An adaptive mesh (i.e., the computational grid size 
and grid pattern) was used with an extra-fine mesh utilized for the magnetic core and a coarser mesh for 
the air enclosure of the magnetic core.
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Figure 5 shows the modeled magnetic flux density of the single-stage magnetic core assembly and the 
modeled magnetic flux direction of the assembly indicating the direction of the magnetic force.  The 
maximum magnetic field density was approximately 0.2 T at the positions of the opposing-pole magnet 
pair and decreased in the axial direction to about 0.02 T at 1 cm distance away from the maximum.  The 
enhancement of the magnetic field density in the location was approximately 10 times greater than 
without the opposing pair configuration.  Note that the gradient of the magnetic flux density could be 
even higher at the edge of the matrix fiber when the foam is inserted.  The flux density vector goes 
perpendicular to the aerosol flow axis, and therefore the resultant inward force field would favor the 
magnetic migration of the particles toward the collection matrix substrate filled and positioned in the 
center of the magnetic core.  Therefore, if there is no collection matrix medium inserted in the assembly, 
the particles would more easily penetrate the collector.

Figure 5. (Left) shows the modeled magnetic flux density of the single-stage magnetic core assembly, while 
(Right) displays the modeled magnetic flux direction of the assembly indicating the direction of the magnetic 

force.

3. RESULTS AND DISCUSSION

3.1 COLLECTION EFFICIENCY

The performance of the magnetic separator is defined as the fraction of particles removed (ζ) from the 
total number of particles entering the collector by using the following equation:

ζ = 1 ―  
No
Ni

(2)

where Ni is the number concentration at the collector inlet (in units of #·cm-3) and NO is the number 
concentration of particles escaping from the outlet of the collector.  The collection efficiency is calculated 
as 100 * ζ (the penetration efficiency as in percentage), while ζ has no units.  As mentioned, we used the 
bypass as the number concentration at the inlet, Ni, to calculate collection efficiencies.
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3.2 COLLECTION EFFICIENCIES FOR NANOSIZED PARTICLES

Figure 6 shows the size distributions of the NaCl and n-Fe3O4 particles through the bypass as well as 
through the NMAC and PMAC at a flow rate of 0.6 LPM.  The NaCl aerosol has a geometric mean of 
49.3 ± 3.2 nm with a geometric standard deviation (GSD) of 1.63.  The n-Fe3O4 showed a similar 
distribution with a geometric mean of 47.9 ± 1.1 nm and a GSD of 1.65.  The size distribution through the 
bypass was very similar to the distributions through the NMAC and PMAC for both particle types 
showing that there was very little loss of particles through the collectors in the absence of a matrix insert.  
The results suggest that the force exerted on the particles by the magnetic field in the PMAC was 
insufficient to remove the magnetic n-Fe3O4 particles even though the magnetic field gradient was 
enhanced by 10 times in the opposing-pole configuration.
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Figure 6. Pore size distributions for a) NaCl and b) Fe3O4 taken using the SMPS at a flow rate of 0.6 LPM.  
Error bars are the standard deviation from the average of multiple runs.

When the nickel foam matrix was added to both the NMAC (i.e., the NMAC-foam in Figure 6) and the 
PMAC (i.e., the PMAC-foam), there was a substantial reduction in the peak height of the size 
distributions as well as a slight shift in the peak position to a larger size indicating that the smaller size 
particles were preferentially removed by the foam.  For the NaCl aerosol, the geometric mean shifted to 
66.2 nm in the NMAC-foam and 65.6 nm in the PMAC-foam while the GSD decreased to 1.56 for 
NMAC-foam and 1.54 for PMAC-foam.  Similarly, for the n- Fe3O4 aerosol, the geometric mean shifted 
to 66.7 nm for the NMAC-foam and 64.1 nm for the PMAC-foam while the GSD decreased to 1.53 for 
the NMAC-foam and 1.54 for the PMAC-foam. This shift suggests that a significant portion of smaller 
NaCl or n-Fe3O4 particles were removed by the nickel foam insert.    

The collection efficiencies of the NMAC-foam and PMAC-foam were calculated using total 
concentration and as a function of selected sizes.  The collection efficiency of the NMAC and PMAC 
without the nickel foam insert was nearly zero since there was no loss of particles compared to the 
bypass. Using total concentration as given by the SMPS, the collection efficiencies for the NaCl in the 
NMAC-foam and the PMAC-foam were 67%±1% and 69%±2%, respectively, which are essentially the 
same.  This shows that the magnetic field had little effect on NaCl particle collection, which was to be 
expected since these particles are weakly diamagnetic.  For the n-Fe3O4, the collection efficiency was 
74%±2% in the NMAC-foam and 70%±1% in the PMAC-foam.  The difference for the n-Fe3O4 particles 
appears to be statistically significant, even though the enhancement by the magnetic field did not seem to 
be large.

Analyzing the particle collection efficiency at selected individual sizes, we found the size dependent 
collection efficiencies for both the NaCl and the n-Fe3O4 particles as shown in Figure 7.  For n-Fe3O4 
particles less than 100 nm, the NMAC-foam slightly outperformed the PMAC-foam, though the values 
are very similar differing by a few percentage points, which is statistically indistinguishable.  Above 100 
nm, the performance was reversed with the PMAC-foam outperforming the NMAC-foam with a 
significant margin (> 20% for example).  However, this enhanced performance for magnetic particles 
greater than 100 nm was somewhat weakened by the data fluctuation as reflected in the error bars due to 
the counting uncertainty at these larger sizes.
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Figure 7. Collection efficiencies as a function of discrete particle size for NaCl and n-Fe3O4 particles.  The 
error bars are too small to be seen for small sizes.

Lower particle concentration results in larger counting uncertainty.  Because of the larger particle size, the 
magnetic moment of the 100 nm particles was higher than that for the smaller ones, which could lead to 
the higher averaged collection efficiency for the PMAC-foam.

For the NaCl particles less than 100 nm, there were no distinguishable differences in collection 
efficiencies between the NMAC-foam and the PMAC-foam.  For those greater than 100 nm, the PMAC-
foam outperformed the NMAC-foam by approximately 10%, less than that for the n-Fe3O4 particles.  This 
pattern is similar to the results of the n-Fe3O4 particles.  This similarity raises a question of why the 
collection efficiency for larger non-magnetic NaCl particles was also higher in the PMAC-foam than in 
the NMAC-foam.  Was there a repulsive force on the NaCl particles as opposed to an attractive force on 
the n- Fe3O4 particles resulting in the increased collection efficiency for particles greater than 100 nm?

3.3 COLLECTION EFFICIENCIES FOR SUPERMICRON PARTICLES

The magnetic moment of larger particles and the impact on collection efficiency was investigated by 
using supermicron SiO2 and Fe3O4 particles produced by the fluidized bed generator to test the collection 
efficiency of the high-gradient single-stage ring magnet assembly for larger, supermicron particles.  
Figure 8 shows the size distribution of the non-magnetic SiO2 particles as produced by the generator and 
measured by the APS and an SEM image acquired with a JEOL SEM at a 5 kV accelerating voltage.  
From the SEM image, the particles are highly spherical and uniform in size.  The distribution is narrow 
indicating good monodispersity in agreement with the manufacturer-reported coefficient of variation of 
2.5% (confirming monodispersity).
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                                         b)

Figure 8. a) Particle size distribution of silica spheres.  b) SEM image of silica spheres (scale bar = 5 m).  
The flow rate through the collector was 5 LPM.

The collection efficiency of the SiO2 particles, calculated using the total concentration from the APS, was 
approximately 24% in the PMAC and 23% in the NMAC (as shown in Table 1) which considering 
statistical variation are indistinguishable.  This result is different compared to the nanoparticle results.  
The results for large particles show that approximately 75% of the particles penetrated the two collectors 
while about 25% were collected.  The collections by the two devices for the non-magnetic particles were 
virtually the same.  This result basically created a level baseline for comparing the effects of the magnetic 
field on supermicron particle collection.  The result also indicates that the magnetic collector would 
perform equally well as the non-magnetic one for “non-magnetic particles.”
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A significant reduction in the number concentration was observed when the collection matrix (i.e., the Ni 
foam) was inserted into both the NMAC and PMAC. An average collection efficiency of 86% vs. 88% 
was estimated for the SiO2 in the NMAC-foam and PMAC-foam, respectively (see Table 1).  The 
increase in collection efficiency from 23% in the case of the NMAC to 86% in the case of the NMAC-
foam was apparently due to the presence of the Ni foam under no external magnetic field condition.  Also 
note that there was an increase in the average collection efficiency from 24% for PMAC to 88% with 
PMAC-foam suggesting that most of the silica particles were removed by the Ni foam.  The use of a 
matrix substrate like the Ni foam adds to an average of 60+% increase in the collection of supermicron 
particles with or without the magnetic field.  We believe the increased removal was caused by 
aerodynamic impaction and interception for the supermicron particles.

Table 1. Normalized collection efficiencies.

SiO2, 1.7 m No Ni With Ni Foam

NMAC 23% ± 6% 86% ± 1%

PMAC 24% ± 3% 88% ± 1%

Fe3O4, 1.1 m No Ni With Ni Foam

NMAC 35% ± 2% 84% ± 1%

PMAC 42% ± 1% 99% ± 1%

 

What if the particle had magnetic components like Fe3O4 particles?  Figure 9a shows the size distribution 
of the Fe3O4 particles produced by the fluidized bed generator with no collector present while the inset 
shows an SEM image of the Fe3O4 particles.  The SEM image shows that the individual primary particles 
are approximately 300 – 400 nm in diameter though there was significant aggregation, which led to the 
aerodynamic particle size distribution of the Fe3O4 particles as shown in Figure 9a. The size distribution is 
much broader than that shown in Figure 8a indicating that the Fe3O4 particles are polydispersed with a 
peak aerodynamic diameter of approximately 1.1 m.  Figure 9b shows the size distributions measured 
for the NMAC and the PMAC with and without the nickel foam matrix.
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Figure 9. a) Particle size distribution of as-generated Fe3O4 aerosols.  Inset:  SEM image of Fe3O4 particles.  
b) Particle size distributions for NMAC vs. PMAC. 

The collection efficiency of the supermicron Fe3O4 particle population was approximately 42% for the 
PMAC compared to 35% for the NMAC.  The level of collection efficiency was higher than the silica 
particle data discussed earlier implying that the magnetic force present in the PMAC (without the nickel 
foam) did enhance the capture of the Fe3O4 particles by approximately 7% compared to the NMAC.  This 
enhancement must be attributed to the larger magnetic moment of the supermicron Fe3O4 particles, since 
other variables were held constant.  The 7% could therefore be improved upon if the magnetic field 
gradient of PMAC could be increased further or optimized.



14

When the collection matrix (foam) was used, the collection efficiency of PMAC-foam on Fe3O4 particles 
increased to 99% compared to 84% in the NMAC-foam.  This result clearly demonstrates the effects of 
magnetic force on the collection of supermicron ferromagnetic particles.  The Ni foam plays a critical role 
in the collection of the Fe3O4 particles, as a traditional filtration media for general particle types and an 
enabler for generating a high-gradient magnetic field for enhanced collection of particles that are 
“magnetic” in nature (e.g., ferromagnetic or possibly paramagnetic).

3.4 EFFECT OF FLOW RATE

Since the collection efficiency could vary when the incoming velocity of particles are changed, we 
investigated the effects of flow rate.  The flow rate could change during the collection for example when 
the flying speed of the airborne collection platform is altered.  The collection efficiency for the Fe3O4 
particles was measured at a higher 10 LPM flow to examine the effect of flow rate on particle collection.  
The flow rate through the NMAC and PMAC was modified using an additional pump as shown in Figure 
4.  To generate 10 LPM flow through the collector, the flow to the mechanical pump was adjusted to 5 
LPM using a needle valve while the integrated pump in the APS pulled 5 LPM giving a total of 10 LPM.  
Both valves V3 and V4 were opened to obtain the flow rate.  The flows were checked prior to 
measurements using a DryCal DC-Lite.  Note that the two flow rates correspond to flow velocities of 65.8 
cm/s (5 LPM) and 131.6 cm/s (10 LPM).  Measurements were then acquired for the PMAC and NMAC 
with and without the nickel foam matrix as was done for the 5 LPM.  

The collection efficiencies at 65.8 cm/s (5 LPM) and 131.6 cm/s (10 LPM) are shown in Figure 10.  
Interestingly, at the higher flow velocity, the collection efficiency for the PMAC was nearly identical to 
the NMAC (both at approximately 32%) which is somewhat different than the lower flow velocity where 
the PMAC was higher at 42% compared to the NMAC at 35%.  Thus, the higher collection efficiency of 
the PMAC compared to the NMAC at the lower flow velocity could be attributed to the magnetic 
contribution.  In addition, the PMAC collection has higher efficiencies at both flow rates than the NMAC 
collection (see Figure 10).  Again, the results are attributed to the magnetic force.  The collection 
efficiency for the PMAC-foam was approximately 99% at both flow velocities suggesting the 
configuration is less sensitive to the change in aerosol flow rate or velocity in the collector.  Even at the 
2× higher flow rate, the presence of the nickel foam in the PMAC enhanced Fe3O4 particle collection 
compared to the NMAC.  This result suggests a potential scale-up application of the foam for a high-flow 
or high-volume collection.
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Figure 10. Comparison of collection efficiencies of the Fe3O4 particles at two different flow velocities 
(corresponding to flow rates of 5 LPM and 10 LPM).

4. CONCLUSION

In conclusion, we present the design and experimental evaluation results for a compact single-stage high-
gradient magnetic particle collector for an intended use on an unmanned aerial system platform.  Insertion 
of a nickel foam matrix into the magnetic collector enabled a high collection efficiency and robust 
configuration to the variation of aerosol sampling flow rate.  We show that the collection efficiency of 
micron-size Fe3O4 particles in the PMAC with the nickel matrix was nearly 100% at two different flow 
rates.  Thus, the PMAC-foam device was found to have high collection efficiency for larger particles and 
was able to distinguish magnetic from non-magnetic particles.  Collection for small (< 0.1 microns) NaCl 
and n-Fe3O4 particles showed that both devices performed similarly with the nickel foam irrespective of 
particle magnetic susceptibility possibly due to the small magnetic moment of the small particles. We 
conclude that the single-stage PMAC-foam device has high efficiency in particle collection but was 
ineffective in terms of separating small particles based on their magnetic moments.  Experiments at higher 
flow rates indicated that both the NMAC-foam and PMAC-foam technique are insensitive to the variation 
in aerosol sampling flow rate, but the PMAC configuration is able to distinguish magnetic from non-
magnetic while the NMAC was not.
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