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Abstract
The characterization of respirable dust on the basis of constituent fractions and particle sizes is increasingly of concern for 
evaluating exposure hazards. For high-resolution particle analysis, scanning electron microscopy with energy dispersive X-ray 
(SEM-EDX) can be an effective tool. However, it requires particles to be deposited on a smooth, uniform substrate such as a 
polycarbonate (PC) filter for optimal results. While direct sampling onto PC is possible, this is not the standard approach in 
many situations. For example, in coal mines, respirable dust samples have typically been collected onto polyvinyl chloride 
(PVC) filters because they are intended for gravimetric and/or infrared spectroscopy analysis. Such fibrous substrates are 
not ideal for SEM-EDX (or other microscopy), but an effective method to recover and redeposit the dust particles could 
render such samples suitable for the additional analysis. Here, we present a simple method and compare SEM-EDX results 
for paired samples analyzed directly on PC and following recovery from PVC and redeposition on PC. Both laboratory-
generated dust samples (n = 10 pairs) and field samples of respirable coal mine dust (n = 44 pairs) are included in this study. 
Although some changes in particle size distributions were observed between samples analyzed directly and those that were 
recovered and redeposited prior to analysis, the results indicate the dust recovery method generally yields a representative 
sample in terms of mineral constituents. That said, results also highlighted the effects of high particle loading density on 
individual particle analysis. Considering all sample pairs, those with similar loading density between the directly analyzed 
and recovered sample tended to exhibit similar mineralogy distributions. This was generally the case for the lab-generated 
sample pairs, and the Freeman-Halton exact test of independence indicated that the samples in just three (of 10) pairs were 
in disagreement in terms of their mineralogy distributions. On the other hand, for the field samples, the directly analyzed 
sample often had higher loading density than the recovered sample; and the Freeman-Halton test showed that 25 (of 44) 
pairs were in disagreement. However, the effect of possible particle agglomeration on the directly analyzed samples cannot 
be ruled out—and exploration of this factor was beyond the scope of the current study.
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1  Introduction

Traditionally, both ambient and occupational exposures to 
inhalable and respirable particulates have been assessed on 
the basis of mass concentration (e.g., see [1]). However, 
there is increasingly a focus on the evaluation of particle 
characteristics to better understand exposure hazards [2–4]. 
For instance, particle size can control lung deposition [5–7]; 
and particle surface area and chemistry can control lung 

response [8–11]. In light of the unexpected resurgence of 
occupational lung disease among US coal miners [12], a 
consensus report from the National Academies of Science, 
Engineering, and Medicine recently called for more in-depth 
characterization of respirable coal mine dust (RCMD) to 
enable a clearer understanding of both dust sources and 
health implications [13].

Although various instruments are available for generic 
particle counting and sizing, to conduct chemical or min-
eralogical analysis at the individual particle level, micros-
copy has been used [14]. For particles in the respirable range 
(i.e., on the order of microns and finer), scanning electron 
microscopy with energy dispersive X-ray (SEM-EDX) can 
be used to simultaneously acquire particle size and shape 
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data (i.e., from the SEM images) along with chemistry (i.e., 
from the EDX spectra); and the chemistry can be interpreted 
to infer mineralogy. Then, particle data can be summed to 
estimate distributions for an entire sample. Due to the time-
consuming nature of manually analyzing individual particles 
by SEM-EDX, computer algorithms can be used to automate 
the process and more easily generate quantitative data on a 
per sample basis (i.e., which requires analysis of relatively 
many particles in a sample). In fact, computer-controlled 
SEM-EDX routines specific to RCMD analysis have previ-
ously been developed and used by the authors [15–19].

One important condition for automated SEM-EDX anal-
ysis is that the particles are deposited on a suitable sub-
strate—meaning one that allows for an image processing 
routine to accurately identify particles in contrast to the 
background, and also exhibits uniform composition so as 
not to interfere with EDX analysis on the particles. Track-
etched polycarbonate (PC) filters are commonly used for 
this work because their smooth surface, low impurity, and 
consistently sized pores are ideal for both sample collection 
and analysis [20–22]. If a dust sample is collected on PC or 
other suitable filter media, SEM-EDX analysis can poten-
tially be conducted directly on the sample filter. However, 
in many cases, samples are primarily collected for other 
types of analyses [23, 24]. For example, polyvinyl chloride 
(PVC) filters are commonly used to sample respirable dust 
when the primary aim is gravimetric analysis to determine 
the mass concentration in the environment [25, 26]; the 
fibrous structure of PVC helps trap particles to avoid sample 
mass loss during handling, and it is non-hygroscopic which 
minimizes effects of humidity on weight measurements. For 
respirable mine dust, including RCMD, sampling on PVC 
filters also enables the determination of quartz using infrared 
spectroscopy methods such as NIOSH method 7603 [27] 
and MSHA method P7 [28], both of which require recovery 
of the dust sample from the PVC filter medium and rede-
position onto another filter medium to allow for analysis. 
Recently, NIOSH has developed a direct-on-filter Fourier 
transform infrared (FT-IR) method for analysis which does 
not require dust recovery or redeposition [29–32]. To use 
such PVC filter samples for microscopy analysis though, the 
dust particles should ideally be recovered and redeposited on 
a suitable substrate like PC [33]. This is because, even if the 
PVC composition itself does not interfere with EDX analysis 
of the particles, the fibrous nature of the material can hin-
der particle identification (versus background), especially for 
automated work; and indeed, particles embedded in the filter 
(rather than sitting on the surface) may not be seen at all.

Recovery of particles from air sampling filters has been 
performed for a number of different applications includ-
ing chemical and toxicological analysis of ambient par-
ticulate matter [34, 35]; and forensic analysis of dust and 
microbial particles collected in heating, ventilation, and air 

conditioning systems [36, 37]. Depending on the filter media 
properties and the intended analysis, some particle recovery 
methods involve filter destruction (e.g., by ashing or diges-
tion) such that the sample residue is the target of analysis 
[28, 38, 39], and others involve keeping the filter intact and 
simply dislodging and capturing the particles for analysis 
[40]. Considering the specific aim to analyze individual 
RCMD particles by SEM-EDX, a recovery method which 
minimizes potential for thermal and chemical effects on the 
particles is required.

In the current work, a simple method is demonstrated for 
recovery of respirable dust from PVC filters by sonication 
in isopropyl alcohol (IPA) and redeposition onto PC filters 
for SEM-EDX analysis. IPA was used as no chemical reac-
tions occur with the suspended dust particles and the IPA 
dries quickly, thus allowing for realistic particle redistribu-
tion. Performance was evaluated by comparing the resulting 
particle size and mineralogy class distributions for recovered 
samples to results for paired samples that were collected 
and analyzed directly on PC. A preliminary version of this 
paper previously appeared in the proceedings of the 19th 
North American Mine Ventilation Symposium [41]. The 
preliminary paper presented results for 10 pairs of lab-gen-
erated dust samples. Here, the work has been significantly 
expanded to include 44 pairs of real RCMD samples col-
lected in the field.

2 � Materials and Methods

2.1 � Lab‑Generated Dust Samples

A total of 10 pairs of respirable dust samples were generated 
in the lab for this study, and each pair consisted of one PC 
filter and one PVC filter. Four powdered source materials 
were used in different ratios to create the sample pairs: coal, 
rock dust, kaolinite, and silica. These materials were chosen 
to represent the major particle types observed in real RCMD 
samples [15, 17, 42]. For the coal, a clean coal product was 
provided by a mine partner and then pulverized to and sieved 
to minus 230 mesh (< 63 μm) before dust sample generation. 
The rock dust, which was primarily calcium carbonate, was 
provided from a real rock dust product provided by a mine 
partner. It did not need to be pulverized as it was already 
in a powdered form. For silica dust, MIN-U-SIL® 5 (US 
Silica, Katy, TX, USA) was used, which is a high-purity 
silica product with a top size of 5 μm. As a surrogate for 
aluminosilicates, in general, a high-purity kaolinite powder 
was used (Ward’s Science, Rochester, NY, USA).

The lab dust samples were generated in a small enclo-
sure per the method described by [43]. Briefly, a small 
mass (about 1–10 mg) of each source material was placed 
at the bottom of the enclosure; the ratio between materials 
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was varied for each of the 10 sampling events to achieve 
different ratios of dust constituents in the samples. The 
dust materials were aerosolized using short pulses of com-
pressed high-purity air. During each event, two respirable 
dust samples (i.e., a pair) were collected using standard 
equipment: an ELF escort air pump (Zefon International, 
Ocala, FL) was used to pull through a 10-mm Dorr-Oliver 
nylon cyclone. At 2 L/min, the cyclone cuts out particles 
larger than about 10 μm and should have a D50 of about 4 
μm (i.e., to approximate the respirable convention). The 
respirable-size particles were collected directly onto filters 
in 2-piece styrene cassettes. One sample in each pair was 
collected onto a 37-mm PC filter with track-etched 0.4-
μm pores (Zefon International, Ocala, FL, USA), and the 
other was collected onto 37-mm PVC filter with a nominal 
5.0 -μm pore size (Zefon International, Ocala, FL, USA).

2.2 � Field Samples of Respirable Coal Mine Dust

A total of 44 pairs of RCMD samples were collected using 
the same equipment and filter media as described for the 
lab-generated samples. These field sample pairs were part 
of a larger inventory that had been collected in 16 under-
ground US coal mines for prior research examining RCMD 
sources and characteristics [see 17, 43]. Each sample pair 
was collected in one of five standardized locations in an 
active section of a mine: in the intake airway, just down-
wind of the roof bolter, just downwind of the continuous 
miner or near the longwall midface (“production”), adja-
cent to the feeder breaker, or in the return airway.

2.3 � PVC Filter Sample Dust Recovery 
and Redeposition

While particle analysis (see below) was done directly on the 
PC filter from each sample pair, dust on the PVC filter was 
recovered and redeposited prior to analysis (Fig. 1). Briefly, 
this procedure was conducted as follows: the PVC filter was 
submerged in a clean test tube containing IPA; the test tube 
was sonicated for three minutes at 30 0C to dislodge the dust 
from the filter; the filter was removed from the test tube; the 
dust suspension in IPA was pulled through a 47-mm PC filter 
(track-etched, 0.4-μm pore size) using a vacuum filtration 
unit; and the PC filter was placed in clean cassette and left 
overnight to dry completely.

2.4 � Particle Analysis by SEM‑EDX

Both the samples from each pair were analyzed by SEM-
EDX. From here, the samples collected and analyzed directly 
on PC filters are termed “direct” (D), with D1-D10 being 
from the lab-generated sample pairs and D11-D54 being 
from the field sample pairs. Likewise, the samples collected 
on PVC and recovered to PC filters are termed “recovered” 
(R), with R sample numbers matching their D sample pair 
(e.g., D1 and R1 represent a single sample pair).

All samples were prepared for SEM-EDX analysis by 
carefully cutting a 9-mm circular subsection from the PC 
filter using a stainless-steel trephine. The subsection was 
attached with double-sided tape to aluminum stubs and then 
sputter coated with a thin layer of Au/Pd to make the samples 
conductive. SEM-EDX analysis was conducted using an FEI 

Fig. 1   Filter sample preparation procedures (modified from Greth et al. [41])
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Quanta 600 FEG environmental scanning electron micro-
scope (Hillsboro, OR, USA) which was equipped with back-
scatter and secondary electron detectors and a Bruker Quan-
tax 400 EDX spectroscope (Ewing, NJ, USA) [17]. Bruker’s 
Esprit software (version 1.9.4) was used to run an automated 
routine on each sample to find and analyze particles with 
length in the range of about 1–10 μm. This “supramicron” 
routine and instrument settings were described in detail by 
Sarver et al. [17]; key parameters included an accelerating 
voltage of 15 kV, 1000x magnification (yielding a frame 
area of 14,025 μm2), 5.5 spot size, and 12.5-mm working 
distance. The routine was set to analyze up to 50 particles 
per field, with fields spaced across the entire stub area, and 
the objective was to analyze about 500 particles per sample 
which was nearly always achievable. For each particle, the 
length and width were recorded, and the elemental spectra 
were captured. Based on the normalized atomic percent-
age for eight elements (i.e., C, O, Al, Si, Ca, Mg, Fe, and 
Ti), each particle was binned using the criteria reported 
by Sarver et al. [17] into one of eight mineralogy classes: 
carbonaceous (C), mixed-carbonaceous (MC), aluminosili-
cates (AS), silica (S), other silicates (SLO), carbonates (CB), 
heavy minerals (M), or other (O) [17]. Then, the per-particle 
size and classification data were used to estimate particle 
distributions for each sample, again following the approach 
by Sarver et al. [17]. The particle loading density (PLD) of 
each sample was also estimated as the number of particles 
observed under the SEM per analyzed area (#/μm2).

3 � Results and Discussion

Results for all 10 lab-generated sample pairs and 44 field 
sample pairs are tabulated in the Supplementary Materials 
(Tables S1 and Table S2, respectively). For each sample, the 
percentage (number %) of particles in each mineralogy class 
is reported, as well as the D50 for the particles in each class 
and for the sample overall, and the PLD. The D50 represents 
the median particle length (μm) and the PLD.

Figures 2 and 3 show mineralogy distributions for the 
lab-generated and field sample pairs, respectively. Visu-
ally, there appears to be good agreement between the D 
and R samples for most of the lab-generated pairs. This 
indicates the method used to recover particles from the 
PVC filters and redeposit them on PC for SEM-EDX 
analysis generally yields a representative sample. To sta-
tistically test the agreement between the D and R sample 
results for each pair, the Freeman-Halton exact test of 
independence was conducted [44]. Here, the null hypoth-
esis was that the sample mineralogy is independent of 
whether the dust is analyzed directly or following recovery 
and redeposition. Thus, for pairs where the null hypothesis 
is rejected (i.e., p-value < α), the mineralogy results from 

the D and R samples are interpreted to be in disagreement; 
conversely, for pairs with p-value > α, the D and R sam-
ples are interpreted to be in agreement. p-values for each 
sample pair are shown in Table 1 for 95% confidence (α 
= 0.05). Sample pairs with p-values less than 0.05 are in 
bold. These results confirm that mineralogy distributions 
were in agreement for seven of the 10 lab-generated pairs, 
but only 19 of the 44 field sample pairs.

For sample pairs determined to be in disagreement, a 
close inspection of the mineralogy results (Figs. 2 and 3) 
reveals this outcome is primarily related to shifts in the per-
centages of particles reporting to the mineral classes C, MC, 
AS, and/or CB. C+MC are both interpreted as coal dust; AS 
is kaolinite in the lab samples but may include other alumi-
nosilicates in the field; and CB is primarily rock dust in the 
lab but may be source from other carbonates in the field. In 
a few instances of disagreement (i.e., lab-generated pairs 3 
and 5, and field pair 19), the SEM-EDX analysis indicated 
the D sample had relatively more C+MC content, but less 
AS than its R counterpart. However, for most of the pairs in 
disagreement, the D sample had less C+MC, but more AS 
and/or CB than its R counterpart. When comparing the field 
samples by location (Fig. 3), there is a discernable difference 
in the number of sample pairs in disagreement depending on 
location. The production and bolter location sample pairs 
were primarily in disagreement, the return location sample 
pairs were about evenly split, and the intake and feeder sam-
ples were primarily in agreement. However, this apparent 
trend probably has more to do with sample loading than the 
sampling location itself.

Fig. 2   Mineralogy distributions (number % in each class) for the 10 
pairs of lab-generated samples. In each pair, the left bar shows the 
D sample which was directly collected and analyzed on PC, and 
the right bar shows the R sample which was collected on PVC and 
recovered to PC for analysis. Pairs for which the Freeman-Halton test 
yielded a p-value < 0.05 are outlined in red
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Fig. 3   Mineralogy distributions (number % in each class) for the 
44 pairs of field RCMD samples. In each pair, the left bar shows 
the D sample which was directly collected and analyzed on PC, and 

the right bar shows the R sample which was collected on PVC and 
recovered to PC for analysis. Pairs for which the Freeman-Halton test 
yielded a p-value < 0.05 are outlined in red

Table 1   p-values for all lab-
generated and field collected 
respirable dust sample pairs.

Values in bold indicate a significant difference between the mineralogy distribution results obtained for the 
direct versus recovered dust sample.

Lab samples Respirable coal mine dust samples

Pair p-value Pair p-value Pair p-value Pair p-value Pair p-value

1 0.8049 11 < 0.0001 22 0.2479 33 0.0046 44 0.8511
2 0.8979 12 < 0.0001 23 0.0066 34 < 0.0001 45 0.0220
3 0.0096 13 0.6986 24 0.7090 35 < 0.0001 46 < 0.0001
4 0.1513 14 0.6124 25 0.0043 36 < 0.0001 47 0.0005
5 0.0035 15 0.1273 26 0.0212 37 0.5894 48 < 0.0001
6 0.4843 16 0.2144 27 0.6960 38 0.1121 49 0.0004
7 0.0003 17 0.7838 28 0.0006 39 0.7864 50 0.0183
8 0.2330 18 0.0003 29 0.9751 40 < 0.0001 51 0.9505
9 0.8279 19 0.0280 30 1.0000 41 < 0.0001 52 0.3673
10 0.1695 20 0.1350 31 0.0038 42 0.0217 53 < 0.0001

21 0.0986 32 0.0003 43 0.9201 54 < 0.0001
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Indeed, for most cases of disagreement, a difference in 
the PLD values for paired samples seems to be a key fac-
tor Fig. 4a, b illustrate this point for the lab-generated and 
field samples, respectively. For each sample pair, the x-axis 
in these plots shows the difference in PLD between the D 
and the R sample—so positive values indicate that the D 
sample PLD was higher than the R sample PLD. Similarly, 
the y-axis shows the difference in the percentage of particles 
in each mineralogy class between the D and the R sample. 
(Note that only the C+MC, AS, S, SL-O, and CB classes are 
shown in Fig. 4 since these accounted for nearly all the par-
ticles in most samples.) Thus, when the absolute difference 
in PLD is relatively high (i.e., to the far left or right of the 
plots), there is a clear tendency for the SEM-EDX analysis 

to estimate more AS, and less C+MC, for whichever sample 
in the pair has higher PLD. This tendency can be explained 
at least in part by the increased likelihood of misclassifying 
C and MC particles as PLD is increased. In essence, when 
mineral particles (i.e., typically rich in Al and Si in the case 
of RCMD) are in close proximity to a coal particle (i.e., 
typically deficient in Al and Si), the mineral particles can 
interfere with the EDX spectrum collected on the coal par-
ticle, causing it to be classified as AS rather than C or MC. 
Spatial variability between samplers during initial dust col-
lection could potentially cause differences in PLD. However, 
at least for the field samples, the clear tendency of D filters 
to have higher PLD than their R counterparts indicates this 
is not the primary factor.

Fig. 4   Difference in the number percentage of particles in each min-
eralogy class versus the difference in particle loading density (PLD, 
#/μm2) for a 10 lab-generated sample pairs b) and 44 field sample 

pairs. Differences are computed between the results observed for the 
D and R sample in each pair. Data points for pairs for which the Free-
man-Halton test yielded a p-value < 0.05 are outlined in red
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Figure 4b shows that large differences in PLD between 
the D and R field samples were predominantly positive, and 
this situation was observed most frequently for samples 
collected in the production and bolter locations. Figure S1 
highlights these differences by grouping each dataset into 
separate plots by location to highlight these PLD differences. 
This is consistent with the typically higher dust concentra-
tion in these versus other locations during sampling [41, 
45]. Since field samples were generally collected for similar 
durations (e.g., 2–4 hrs.), loading was generally highest on 
the production and bolter samples, followed by the return 
samples, and then the feeder and intake samples (see Table 
S2). However, when the dust was recovered and redeposited, 
the procedure promoted dispersion. This often resulted in 
lower PLD on the R samples (versus their paired D sample), 
and probably also broke up agglomerates [46]—though the 
presence of agglomerates was not explicitly studied here.

The possibility of particle misclassification during SEM-
EDX analysis due to high loading has been recently dis-
cussed in other studies [41, 45, 46] and could potentially 
affect particle types other than coal (e.g., silica or carbon-
ates). That said, Fig. 4 indicates that differences in PLD 
between the D and R samples included in the current work 
did not have much effect on the classification of particles 
in the S or CB classes (i.e., the slopes for these trendlines 
are relatively flat). A slight tendency for D samples to have 
somewhat more CB than their R counterparts is evident, 
which could mean that CB particles were somewhat more 
susceptible to loss during the dust recovery procedure than 
other particle types.

The D and R sample results were also evaluated with 
respect to particle size. Figure 5 shows the distribution of 
D50 values for the lab-generated and field sample pairs. In 
general, the lab-generated dust tended to be finer than real 
RCMD collected in the field, which is probably due to the 
preparation of the source materials that were used for sample 
generation in the lab. For both sample sets, the R samples 
visually appear to be finer than the D samples, and a two-
sided t-test on the D50 values confirmed statistically signifi-
cant differences at 95% confidence (i.e., p = 0.0095 for the 
lab pairs and p < 0.001 for the field sample pairs). This 
is attributed to deagglomeration during the dust recovery 
procedure, which includes a brief sonication period in IPA; 
though differences in particle collection efficiency between 
the original PVC (dust ultimately analyzed on R samples) 
and PC filters (dust directly analyzed) cannot be ruled out. 
Gonzalez et  al. [46] demonstrated the deagglomeration 
phenomenon by using SEM-EDX to evaluate the relative 
abundance of respirable-sized agglomerates in lab-generated 
dust as-collected (i.e., directly on the sample filter) and then 
following recovery in IPA and redeposition. Other studies 
have also reported somewhat finer distribution of respirable 
sized dust following sonication [47, 48].

Aside from effects on particle size, it should also be noted 
that deagglomeration may have had some influence on the 
classification of particles as mentioned earlier. Consider, 
for example, an agglomerate containing C and AS parti-
cles present on a D sample, whereas the agglomerate might 
have simply been counted as a single AS particle (i.e., due 
to the Al and Si content for the whole entity); upon disper-
sion to create the R sample, the agglomerate’s constituent 
particles might be counted as separate, relatively finer C and 
AS particles. This effect might contribute to some extent to 
the trend shown in Fig. 4b, where the R samples typically 
have more C+MC than their D sample counterparts. In the 
current work, any effects of deagglomeration on the paired 
sample results cannot reliably be separated from the effects 
of differential PLD. However, the MC class, which falls by 
its classification criteria between the C and AS classes is 
expected to be most affected by these phenomena. In sam-
ples where AS particles can interfere with C particles—
either due to high PLD or agglomeration—the MC class is 
more likely include misclassified C particles. But in more 
dispersed samples, there MC class may include a higher pro-
portion of fine, thin AS particles that are misclassified due to 
penetration of electron beam through the particle (i.e., such 
that Al and Si content appear relatively low versus larger AS 
particles). This possibility is evidenced by the particle size 
data (Table S2), which indicates a mean D50 value of nearly 
2.0 μm for MC particles in the D samples versus 1.9 μm for 
the R samples.

Importantly, while the above implications of particle 
dispersion are an important consideration for the type of 
particle-level analysis conducted here, they do not necessar-
ily represent an impediment for other types of analyses that 
might be targeted on dust samples recovered from fibrous fil-
ters. These could include, for instance, bulk analysis of dust 

Fig. 5   D50 particle size for the D and R samples in each of 10 lab-
generated and 44 field RCMD sample pairs. The boxes and whiskers 
represent quartiles, and mean values are marked with an ×
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using spectroscopic methods. In that case, so long as con-
tamination from the filter media itself is not problematic, the 
results of this study suggest that a representative sample of 
respirable dust can be recovered. As such, a future applica-
tion of the general procedure demonstrated here might be for 
analysis of RCMD collected by the continuous personal dust 
monitor (CPDM). Currently, the CPDM is widely used in 
US coal mines to track RCMD concentration. Although the 
instrument collects a dust sample to continuously measure 
mass accumulation, the filter material (fibrous borosilicate 
glass) and assembly are not suitable for direct-on-filter anal-
ysis. However, if the sample could be recovered for analysis, 
it might enable a better understanding of dust sources and 
constituents.

4 � Conclusion

In the current work, a simple method was demonstrated for 
recovery of respirable dust particles from a fibrous PVC filter 
and redeposition to a smooth PC filter to enable particle-level 
analysis by SEM-EDX. The results generally indicated that 
this method yields a representative sample of the dust, though 
particle loading density must be controlled to limit interfer-
ence between particles during the microscopy analysis. The 
observed reduction in particle size distributions for recovered 
samples (versus those analyzed directly) can be attributed to 
deagglomeration during the recovery procedure. While the 
impact of this phenomenon on particle classifications could 
not be quantified here (i.e., any effect was masked by the 
impact of particle loading density), it is acknowledged that 
deagglomeration could affect classification of individual par-
ticles by SEM-EDX. That said, neither loading density nor 
deagglomeration is expected to affect bulk particle analysis. 
Thus, the recovery method demonstrated here might also be 
applied to support analysis of recovered dust samples by other 
techniques.
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