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Evaluation of Direct-on-Filter Methods 
for the Determination of Respirable a-Quartz 
Charles D. Lorberau,A Thomas P. Carsey,B Thomas J. Fischbach,A and Kevin J. MulliganA 
ANational Institute for Occupational Safety and Health, Division of Physical Sciences and Engineering, 
Cincinnati, Ohio; BNational Oceanic and Atmospheric Administration, Miami, Florida 

Two direct-on-filter methods for the determination of respir- 
able a-quartz in air by X-ray powder diffraction (XRD) were 
compared with NIOSH Method 7500. The two direct-on-filter 
methods are direct-on-silver membrane filter and direct-on-mixed 
cellulose ester (MCE) filter with XRD analysis directly on the 
collection filter. Both the silver membrane and the mixed cel- 
lulose ester methods were subjected to a side-by-side comparison 
with NIOSH Method 7500 using a laboratory-generated atmo- 
sphere of mine dust. The comparison showed with 95 percent 
confidence that any single measurement by the direct-on-MCE 
method would produce a result within 25 percent on any single 
measurement of Method 7500 under the same experimental con- 
ditions over the range 200-1200 p.g. The comparison also showed 
the direct-on-silver method would produce a result within 30 
percent, with 95 percent confidence over the same range. There 
is some suggestion of a slight negative bias of the direct-on-silver 
method with respect to Method 7500 which may be due to dif- 
ference in the particle size distribution between the mine dust 
of the collected samples and National Bureau of Standards Stan- 
dard Reference Material 1878 (NBS SRM 1878) of the calibration 
samples. 

Calibration curves were obtained from two different proce- 
dures. One curve was prepared by directly depositing a-quartz 
(NBS SRM 1878) aerosol directly on the filter, whereas the other 
curve was prepared by filtration of an isopropanol suspension of 
the same reference material on the filters. Although there was 
no difference in particle size distribution, there was a marked 
difference in the two curves. This dictates that samples must be 
referred to calibration curves which were prepared in an anal- 
ogous manner. For the preparation of direct-on-filter calibration 
samples, a small aerosol generation system is presented. Lorberau, 
C.D.; Carsey, T.P.; Fischbach, T.J.; Mulligan, K.J.: Evaluation of Direct- 
on-Filter Methods for the Determination of Respirable a-Ouartz. Appl. 
Occup. Environ. Hyg. 527-35; 1990. 

Introduction 

Silicosis due to quartz is a major occupational lung dis- 
ease with an estimated 1.2 million individuals potentially 
exposed annually in the LJnited States. Those affected in- 
clude miners, crushing and grinding machine operators, 
brickmasons, and stonemasons.(') 

Quantitative analysis of filter samples containing respir- 
able quartz performed by X-ray diffraction (XRD) is rapid, 
nondestructive, and can differentiate crystalline phases. 
Method 7500 of the NZOSH Manual of Analytical Meth- 
o a 2 )  (hereafter referred t o  as Method 7500), which has 
been collaboratively testedcj) and is presently used in our 
laboratories, calls for the transfer of the collected dust from 
the polyvinyl chloride (PVC) collection filter and its re- 
deposition onto a silver membrane filter. A sampling and 
analytical method which eliminates all sample work-up 
(i.e., in which the original filter sample is analyzed without 
modification) would give the advantages of reduced cost 
of analysis (due to reduced operator involvement and elim- 
ination of solvents used in the transfer step), higher sample 
throughput, and elimination of errors associated with transfer 
of dust. Direct quantitative analysis requires filter media 
amenable to X-ray powder diffraction analysis, a homo- 
geneous dust deposition on the filter, and correction of 
the diffracted intensity for matrix X-ray absorption. The 
ideal filter material for a direct XRD analysis should have 
a low uniform X-ray background with no peaks interfering 
with those of the analyte, have a rugged construction for 
ease in handling, and have a high collection efficiency for 
the sampled dust. Sampling air for quartz using WC filters, 
which have a high X-ray background, has been described 
by a number of  researcher^.(*-^) Collection on silver filters, 
which takes advantage of the low X-ray background of that 
material while allowing for absorption correction, has been 
used by a number of inve~tigators.(l~-~3) Eight-tenth mi- 
crometer pore size, 37-mm diameter, mixed cellulose ester 
(MCE) filters have been suggested for use in routine res- 
pirable quartz monitoring.(l*) Thirty-seven-millimeter di- 
ameter MCE filters have been employed in Mine Safety 
Appliance (MSA) respirable dust samplers; filter standards 
were prepared in a dust generation chamber.('5) Although 
MCE filters are used for metal analysis, they have not been 
widely used in XRD analysis because of their high X-ray 
background. Eight-tenth micrometer pore size polycar- 
bonate filters were investigated for sampling because they 
had minimal X-ray absorption and a low X-ray back- 
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ground.(16)A recently suggested method involves sampling 
with polycarbonate or  MCE filters which are placed over 
zinc plates for absorption correction.(17) However, poly- 
carbonate filters have poorer collection efficiencies than 
other filters of comparable pore sizes and have poor re- 
tention of sampled dust.(18) 

For the diffracted intensity of the irradiated area to be 
representative of the sample, the dust deposition on the 
filter must be uniform. A number of inve~t iga tors (~ ,”~~,~9)  
have reported that samples prepared under direct air dep- 
osition did not yield a uniformly distributed sample on the 
filter and deemed it necessary to redeposit the samples. 
A modified cyclone with 25-mm cassette and PVC filter was 
reported to give a homogeneous depo~it ion.(~)  It has also 
been noted that samples directly deposited onto filters 
from an aerosol that has fluctuating dust levels or that are 
sampled for a short time tend t o  give uneven dust distri- 
butions on filters as do samples prepared from the filtra- 
tion of liquid suspensions.(6) This problem of nonhomo- 
geneity of deposition was addressed by a “multiple 
exposures” approach, wherein the sample XRD intensities 
from four exposures of the sample were co-added. The 
sample is moved to cover the area of deposition without 
overlapping exposures. This technique, however, is not 
readily amenable to automation and therefore requires 
increased operator involvement over normal operation. 
Spinning of the sample has been recommended to average 
out inhomogeneities in sample depo~i t ion . ( ’9~~~)  

Minimum sample requirements for quartz XRD analysis 
are determined by the limit of  detection for quartz and 
the percentage of quartz in the respirable dust. Corrections 
due to matrix X-ray absorption are needed for accurate 
quantitative analysis, especially at higher loadings. Correc- 
tions are made by either obtaining the ratio of the response 
of  the analyte to the response of an internal standard (a 
method not readily amenable to a direct analysis method) 
or  by using the attenuation of the diffraction line of the 
silver filter substrate(1°-12) to arrive at a determination of 
the matrix X-ray absorption coefficient. Another approach 
is to sample with a filter having a low X-ray absorption 
which can be placed over a silver filte@) or  zinc plate(17) 
for XRD analysis. This removes the problem of shadowing 
of the analyte particle whereby the metal substrate shields 
particles that are inside the pore structure of the filter (i.e., 
below the filter surface) from the full intensity of  the in- 
cident X-ray beam.c4) The absorption correction procedure 
used places an additional stringent requirement on the 
background diffraction pattern: the filter and matrix dif- 
fraction lines can not interfere with the diffraction line of 
the metal substrate. 

This article describes the comparison of two direct-on- 
filter methods for respirable quartz determination for which 
the filter may be analyzed by XRD without processing. The 
filters used in this study, in addition to the aforementioned 
characteristics, needed to have good retention of the sam- 
pled dust so as to be easily handled without loss of dust. 
This led to the use of silver membrane and MCE filters. 
The experimental design chosen allowed for statistical 

comparison of the test method t o  the X-ray powder dif- 
fraction method for respirable a-quartz presently used in 
our laboratory, i.e., Method 7500. 

Experimental Section 
Aerosol Generation and Sample Collection 

The test material was a mineral ore dust containing ap- 
proximately 59 percent a-quartz which was obtained from 
a uranium-vanadium mine in Colorado. The dust WAS placed 
in a freezer mill and ground for 10 minutes at liquid ni- 
trogen temperatures. The material was then suspended in 
isopropanol, wet sieved to a nominal diameter of less than 
53 pm, and dried overnight at 110°C. This material could 
then be used to generate an aerosol which would challenge 
the cyclone samplers used in the methods. 

Test atmospheres were produced in the Large Inorganic 
Sampling Assembly (LISA) which has been described.(21) 
The fluidized bed aerosol generator (Model 3400, Thermo 
Science Inc., Minneapolis, Minnesota) of  the LISA was 
charged with the prepared mine dust and was operated at 
a chain speed o f  40 with an air flow through the fluidized 
bed of 30 Ymin. 

The aerosol which formed in the fluidized bed was p a w d  
through a 210Po neutralizing section and, upon entering 
the sampling chamber, was mixed with clean dilution air 
o f  about 165 Ymin. This diluted aerosol passed through a 
flow straightener on its way to the sampling region. After 
an equilibration interval of 30 minutes, an aerosol with a 
respirable concentration ranging from 3.7 mR/m3 to 14.2 
mg/m3 was produced. Nine samplers were placed at fixed, 
evenly spaced locations across this sampling region. 

An earlier investigation of the LISA(21) indicated that it 
had a high degree of aerosol homogeneity. The study re- 
vealed an overall pooled coefficient of variation between 
sampler positions o f  less than 3 percent. Although statis- 
tically significant differences were found between the po- 
sitions, the maximum difference WAS less than 6 percent. 

Samplers for Method 7500 consisted of a two-piece 
37-mm cassette ( WN M000-037-A0, Millipore Corporation, 
Redford, Massachusetts) connected to a Dorr-Oliver 
10-mm nylon cyclone in a holder assembly (P/N 456243, 
Mine Safety Appliances, Pittsburgh, Pennsylvania). The cas- 
sette contained a 5-pm pore size PVC filter (P/N FWSB, 
MSA) and a cellulose backup pad (P/N Ap1002500, Milli- 
pore Corp.). Flow rates to all sampler assemblies were 
controlled by individual flow limiting orifices at 1.78 ( & 0.03) 
I/min. All samplers were connected to the same vacuum 
manifold. 

The direct-on-filter methods employed the same nylon 
cyclone and holder assembly with a smaller filter cassette 
(25-mm, P/N 322575, Nuclepore Filtration Products, Pleas- 
anton, California). The 25-mm cassette contained a backup 
pad (P/N AP1002500, Millipore Corp.) and either a 25-mm 
diameter, 0.45 p,m pore size silver filter (P/N AG4502500, 
Millipore Corp.) or a 0.8-pm pore size MCE filter (P/N 
AAWP, Millipore Corp.). 

Since the combination of the cyclone with this smaller 
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cassette would not fit snugly in the existing holder, some 
minor modifications were made. The upper cassette grip 
of the holder was removed and a 0.25-inch grommet was 
placed over the exit port of the cassette. Although this 
allowed the bracket to  firmly grip the sampler, the nipple 
of the cassette did not protrude far enough beyond the 
bracket for the tubing from the vacuum line to be slipped 
over it. This problem was circumvented by using LueP 
connectors to attach the vacuum tubing. 

While these adaptations produced a sampler which WAS 

adequate for this study, the device is not robust enough 
for field applications. A better solution would be to reduce 
the "throw" of the bracket by raising the position o f  the 
knurled locking screw by 0.25 inch and shortening the 
length of  the sliding arm by a similar amount. 

Although previous work had shown that the perfor- 
mance of  the cyclones was rugRed with respect to minor 
leaks, this factor was removed from consideration by leak 
testing each sampler prior t o  use by means of equipment 
which has been Samplers which lost vacuum 
at a rate of  no more than 5 percent per minute at a vacuum 
of 37 torr were considered acceptable. 

Each experimental run consisted of a comparison of 
NIOSH Method 7500 to  one o f  the methods under test at 
either a low load or a high load of collected material. The 
target loading was defined by choosing a sampling time 
(at 1.78 Ilmin) of  either 30 minutes or 2 hours. Following 
sample collection, the filters were removed for analysis 
and the flow rates through the critical orifices were de- 
termined with a bubble flowmeter. During subsequent 
handling, the samples were not inverted at any time. The 
total sample loading never exceeded two milligrams. 

Occasionally, there was visual evidence of a failure of 
the sampling procedure. This took the form of the pene- 
tration of dust to the backup pad. These samples were 
discarded. Four such Failures occurred during the evalu- 
ation of  the direct-on-silver method while only one took 
place during the assessment of  the direct-on-MCE method. 

Runs were conducted in pairs at the same target loading 
level. Initially, five o f  the nine positions within the LISA 
were randomly assigned to one method while four o f  the 
positions were assigned to the other. At the conclusion of 
sample collection, the assignments of sampler positions 
were interchanged and the run WAS repeated. The random 
assignment of  sampler positions was done independently 
for each pair of runs. In this manner, data were collected 
for each method at all sampler positions. 

Overall, each method comparison consisted of two sets 
of paired runs at each nominal loading level. 

Sample Preparation 

Samples taken in accord with Method 7500 were re- 
deposited by dissolving the PVC filters in tetrahydrofuran 
(high purity grade, Burdick and Jackson, Muskegon, Mich- 
igan) and filtering the suspension through 25-mm silver 
filters. Then, these samples were placed in sample holders 
for analysis. 

Material which had been collected on silver filters was 

analyzed without sample preparation. The filters were sim- 
ply removed from the cassettes and placed directly into 
XRD sample holders. 

When a MCE filter was used as the collection filter, it 
was removed from the cassette and glued to a 25-mm silver 
filter using a photographic mounting adhesive (Scotch@ 
Spray Mount, WN 6094,3M Corp., St. Paul, Minnesota) prior 
to XRD analysis. This improved the integrity of the mount- 
ing and provided a metal substrate for matrix absorption 
corrections. 

X-Ray Analysis 

X-ray diffraction analysis was performed on a Philips 
Model 3720 diffractometer (Philips Electronics, Mahwah, 
New Jersey) equipped with theta-compensating slits and a 
graphite monochromator. Copper K(a) radiation was gen- 
erated at 40-kV and 35-mA. The receiving slit width was 
1'. All samples were spun during analysis by means of a 
Philips Model PW1780/10 sample spinner which was at- 
tached to the goniometer. 

Quartz was determined from the peak area of the dif- 
fraction line at 26.66 "28 (d = 0.334 nm). Data was taken 
using a step scan of 0.002 "2Wsec. A reference specimen 
of  Arkansas stone was evaluated every two samples. In this 
case, the quartz diffraction line was scanned 10 times more 
quickly to provide a rapid index of the intensity of the 
X-ray beam. The value of the mo5t recent reference run 
was used t o  normalize the sample intensity and, thereby, 
adjust for fluctuations in the output of the X-ray tube. Matrix 
X-ray absorption was corrected by means of the observed 
attenuation o f  the silver diffraction line at 38.12 028.(23,24) 

Details of the procedures are contained in NIOSH Method 
7500.(2) 

Standardization and Calibration 

The quartz which was used as a reference material for 
these studies was obtained from the National Bureau of 
Standards as Standard Reference Material 1878 (NBS SRM 
1878). It consists of a-quartz which has been certified with 
respect t o  crystalline phase purity as 95.5 ( 2  1.1) wt per- 
cent. The equivalent spherical diameters for 95 percent of 
the mass of  the material have been determined by sedi- 
mentation measurementS to lie in the range 0.33-5.0 pm. 

For Method 7500, aliquots of an isopropanol suspension 
of a-quartz were filtered through silver filters. Calibration 
standards were prepared in triplicate at each of three dif- 
ferent aliquot volumes from two different suspension con- 
centrations. This produced a total of 18 calibration samples 
at 6 levels o f  quartz content between 0.200 mg and 1.30 mg. 

Calibration standards for the direct-on-filter methods 
were made by depositing an aerosol of a-quartz (NBS SRM 
1878) onto preweighed filters through the use of a small 
aerosol generation system. Sample loading levels were 
controlled by varying the period of aerosol sampling. The 
calibration samples were removed from the cassettes and 
then equilibrated and reweighed in a room which was 
tightly controlled with respect to humidity and tempera- 
ture. Although weight stability of MCE filters is a concern, 
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since they are hygroscopic, one group of researchers(25) 
noted that weight gains by MCE filters are readily reversible 
and that equilibrium is reached in about 60 seconds. 

The small aerosol generation system is a modification 
of a system described by the Health and Safety Executives 
(HSE) Occupational Hygiene Iaboratory.(9) It consists of a 
"batch-mode" fluidized bed affixed to a plexiglass cylinder 
in which six cyclones are symmetrically arranged (see 
Figure 1). 

The batch-mode fluidized bed consisted of a 2.54-cm 
i.d. galvanized pipe with 325-mesh stainless steel wire cloth 
epoxyed to its base. This was charged with about 38g of  
100-pm diameter bronze beads (P/N 1502574, Thermo Sys- 
tems Inc., St. Paul, Minnesota) which had been mixed with 
approximately 0.1 g of NBS SRM 1878. To fluidize the bed, 
clean dry house air entered at the bottom of the bed at 
13&200 kPa. The fluidized bed was connected to the sam- 
pling chamber by means of 48 cm of aluminum pipe, which 
could be opened to allow for additional material to be 
introduced. To neutralize the aerosol, a 210Po neutralizer 
section, identical to that used with the LISA system, was 
placed on the upper section of the aluminum pipe. 

The sampling chamber was constructed from a plexi- 
glass cylinder (9.5cm i.d.). Six Dorr-Oliver 10-mm cy- 
clones were glued to the stainless steel lid in a symmetrical 
pattern. Additional support for the cyclones was provided 
by an aluminum plate with guide holes, which was located 

4 Vacuum 

Critical Orifices 

Dorr-Oliver 10 mrn Nylon Cylone 

Aluminum Pipe (2.54 cm. O.D.) 

Neutralizer Section (with Po 'lo source) 

Galvanized Pipe 

Bronze Beads and Quartz Powder (SRM 1878) 

+ 
Dry Air 

FIGURE 1. Schematic diagram of the bench scale aerosol generation and 
sampling system. The drawing is not to scale. 

inside the chamber. A metal coupler assembly (P/N 457392, 
MSA) and a 25-mm cassette loaded with an appropriate 
(silver membrane or MCE) preweighed filter were mounted 
above each cyclone vortex finder. Ventilation for the cham- 
ber was provided by an exhaust pipe which was flush with 
the inner surface of the lid. 

Flow rates of 1.78 Umin were established through each 
sampler by means of in-line critical orifices. (P/N XX50- 
000-00, Millipore Corp.), each of which was connected to 
the vacuum pump through one of two central manifolds. 

This small aerosol generator is compact and rugged. It 
can be constructed from readily available materials without 
the involvement of skilled craftsmen such as a glassblower. 
Moreover, the calibration standard which is produced is 
size selected so as to lie within the respirable range. 

Particle Size Determination 

The particle size distribution was evaluated for calibra- 
tion standards of NBS SRM 1878 which had been prepared 
by either filtration of a liquid suspension or through sam- 
pling of an aerosol. A quartz aerosol was generated and 
maintained in either the LISA or the bench scale aerosol 
generation system as described above. The total amount 
of material deposited on the filter was on the order of 
1 Pg. 

For these studies, a polycarbonate filter (P/N 110605, 
Nuclepore Corp.) was used t o  collect the quartz since this 
filter has a smooth regular surface which offers a good 
background for scanning electron microscopy. 

The distributions were obtained by means of an Hitachi 
Model S-570 scanning electron microscope with a Kevex 
Model 7000 energy dispersive X-ray spectrometer (Kevex 
Corporation, Scotts Valley, California) and LeMont Model 
DA-10 image analyzer (LeMont Scientific, State College, 
Pennsylvania). 

Experimental Design 

Each direct-on-filter method was individually compared 
to NIOSH Method 7500 in side-by-side sampling of the 
same atmosphere. The comparison of methods conformed 
to a randomized incomplete block experimental design 
with the following factors and levels: method (test and 
reference), filter load (high and low), run (two pairs at 
each load), and sampler position (nine). This required that 
72 samples be collected for each method comparison. 

Results and Discussion 

Known amounts of a-quartz (NBS SRM 1878) were de- 
posited on filters either from a suspension o f  quartz in 
isopropanol or through the sampling of a quartz aerosol. 
Calibration curves were obtained by plotting the integrated 
background corrected intensity across the quartz peak at 
26.66 "28 versus the amount of quartz deposited on the 
filter. Each value was corrected for matrix absorption. 

The effective sampling area of the filter used for filtration 
of the liquid suspension (Method 7500) was 349mm2 
whereas the area covered by the direct deposited aerosol 
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TABLE 1. Comparison of Calibration Curves* for 
the Methods Under Test 

Method (cnts/[pLg/cmzl) (cnts) (cnts) 
Slope Intercept Std. Err. 

NIOSH 7500 2.15 (0.03) -13.3 (5.2) 14.3 

AgM Direct 2.73 (0.05) -22.2 (8.9) 15.7 

MCE Direct 2.69 (0.09) -5.21 (18.) 34.0 

MCE Liquid 2.42 (0.04) 6.65 (9.0) 16.7 

*The ewes were generated using nonweighted linear least squares regres- 
sion. The error which is assignable lo the slope and to the intercept appears 
in parentheses within the body of the table. 

(n = 18) 

(n=10) 

(n = 18) 

(n=18) 

was 394 mmL. Since the X-ray beam examines only a por- 
tion of the filter (about 25%) at any given time, the quartz 
loading on each filter was changed to a flux by dividing 
by the sampling area t o  allow for comparison of the cali- 
bration curves. A comparison of the linear regression re- 
sults obtained by using flux in place of the net amount of 
quartz is shown in Table I. 

A comparison of the slopes indicates that the direct 
methods offer approximately a 25 percent enhancement 
in sensitivity over the liquid redeposition onto silver. This 
is in marked contrast t o  a previous study(26) in which no 
difference was observed in calibration curves which were 
obtained from Min-U-Sil 15 as either a liquid suspension 
or an aerosol. NBS SKM 1878 has a finer nominal particle 
size than Min-U-Sil 15. The effect which was observed may 
be due t o  penetration of the smaller particles into the silver 
filter whereupon they are shielded (or shadowed) from 
the X-ray beam.(15) This would imply that penetration o f  
particulate matter into or through the filter is enhanced 
by isopropanol. A similar though much less dramatic effect 
is observed with the MCE filter. This filter type is much 

TABLE 11. Comparison of Direct-on-Silver Method to NIOSH Method 
7500 Quartz concentratiorP (mg/m3) 

Nominal LoadB Direct-on-Silver NIOSH Percentc 
Run (PLg) Filter Method Method 7500 Difference 

1 553 (High) 2.44 (0.13) 2.59 (0.05) -5.8 

3 300 (Low) 5.28 (0.07) 5.61 (0.47) -5.9 
2 901 (High) 3.92 (0.13) 4.22 (0.19) -7.1 

4 352 (Low) 6.07 (0.27) 6.60 (0.28) -8.0 
5 233 (Low) 4.92 (0.18) 4.37 (0.26) + 13. 
6 242 (Low) 5.12 (0.20) 4.53 (0.20) + 13. 
7 1110 (High) 4.96 (0.19) 5.21 (0.13) -4.8 
8 1090 (High) 4.86 (0.19) 5.09 (0.10) -4.5 
Pooled Coefficient of 0.037 0.035 

Variation 

AThese values represent the average concentralion of the aerosol as determined by the method 
indicated. The standard deviation is shown in parentheses for the four or live experimental values 
which conslitute each average. 

BThe nominal load is calculated from the average value 01 the aerosol concentration which was 
obtained using NlOSH Method 7500 by multiplying by Ihe flow rate and sampling time. For 
purposes of the ANOVA, the loads were classilted as either high or low. 

CThe percent difference is defined as 100 times the difference between the test melhod and NIOSH 
Method 7500 divided by latter result 

more transparent to the X-ray beam than silver. 
It has been suggested that inertial impaction and elec- 

trostatic interaction deposits quartz aerosol on the surface 
of the filter whereas filtration of a liquid suspension, which 
relies on a screening mechanism, draws the material into 
the pores.(27) 

The marked difference in slope dictates that samples 
must be referred to a calibration curve of the appropriate 
type. 

Since it had been reported by a number of worker~(l5,~3) 
that particle size can have a dramatic effect on the intensity 
of the diffracted X-ray, we examined the possibility that 
differences in the mode of preparation of the calibration 
standards (NBS SRM 1878) produced differences in the 
particle size distributions. Standards were prepared on 
polycarbonate filters. The particle size distribution on each 
was evaluated using scanning electron microscopy with 
automated image analysis. The results for samples obtained 
from the LISA system, the bench scale aerosol generation 
system, and through filtration of a suspension of quartz in 
isopropanol are presented as Figure 2. There are no ap- 
parent differences in the distributions. 

For each comparison of a test method to NIOSH Method 
7500, samples were collected at two nominal amounts of 
deposited material: high and low. The result of the X-ray 
analysis of each filter was translated into the concentration 
of the test atmosphere by means of 1) the calibration curve 
appropriate t o  the method, 2) the sampling time, and 
3 )  the measured flow rate through the sampler. These 
results are presented in Table I1 and Table 111. 

Statistical evaluation of the data was conducted using 
the General Linear Models Analysis of Variance pickage 
(PROC GLM) of the Statistical Analysis System (SAS Insti- 
tute, Inc., Gary, North Carolina). Preliminary analysis in- 
dicated the need for transformation of the data since the 
observed standard deviation increased as the value of the 

TABLE 111. Comparison of Direct-on-MCE Method to NIOSH Method 
7500 Quartz ConcentrationA (mgm3) 

Nominal LoadB Direct-on-MCE NIOSH Percentc 
Run (la) Filter Method Method 7500 Difference 

1 417 (Low) 
2 407 (Low) 
3 1000 (High) 
4 1100 (High) 
5 1060 (High) 
6 1150 (High) 
7 313 (Low) 
8 387 (Low) 
Pooled Coefficient of 

Variation 

7.92 (0.31) 
7.91 (0.23) 
4.77 (0.07) 
5.08 (0.14) 
4.75 (0.17) 
5.15 (0.06) 
6.37 (0.16) 
7.49 (0.32) 

0.028 

7.81 (0.16) 
7.63 (0.24) 
4.69 (0.26) 
5.16 (0.21) 
4.96 (0.11) 
5.38 (0.22) 
5.86 (0.30) 
7.25 (0.34) 

0.038 

+1.4 
+ 3.7 
+1.7 
-1.6 
-4.2 
-4.3 
+ 8.7 
+ 3.3 

4hese values represent the average concentration of the aerosol as determined by the method 
indicated. The standard deviation is shown in parentheses for the four or five experimental 
values which constitute each average. 

sThe nominal load is calculated from the average value of the aerosol concentration which was 
obtained using NIOSH Method 7500 by multiplying by the flow rate and the sampling time. 
For purposes of the ANOVA, the loads were classified as either high or low. 

‘The percent difference is defined as 100 times the difference between the test melhod and 
NIOSH Method 7500 divided by latter result. 
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FIGURE 2. Particle size distributions (by count) of NBS SRM 1878 which has been deposited on polycarbonate filters through filtration of an isopropanol 
suspension or through the sampling of an aerosol from one of the generation systems. 

mean increased. Therefore, prior to further work, the aer- 
osol concentrations were transformed into logarithms to 
reduce this heterogeneity in variance with magnitude.(28) 
However, the resutls were not substantially affected by the 
transformation. The GLM ANOVA of each of  the side-by- 
side comparisons of direct-on-filter analyses of quartz with 
Method 7500 is given in Table IV. 

An examination of the results for each test method and 
Method 7500 indicates that the concentration of the aerosol 
was subject to considerable variation among pairs and be- 
tween runs within a pair. This reflects changes in the aer- 
osol concentration of the generation system from day to 
day. The influence of position echoes a performance char- 
acteristic of the LISA which was discussed above. 

When each test method is compared to the reference 
method, there is no net significant difference in the results 
over the range 200 to 1200 micrograms. However, this 
conclusion is misleading since the method differences vary 
among pairs more than can be accounted for by error. The 
pair-by-method interaction indicates that the difference 
between the methods varied from pair to pair. In the direct- 
on-silver method comparison, one pair even showed a 
reversal in method differences. A graphical representation 
of the effect is shown in Figure 3 and Figure 4. The line 
at 45" to the abscissa tracks a perfect correspondence be- 

tween the two methods. Clearly, the effect is barely dis- 
cernible in light of the nonsimultaneous 95 percent con- 
fidence intervals which are shown about each point. 

An evaluation of  the differences between the average 
results obtained using each test method and the reference 
method, Method 7500, showed that both test methods sat- 
isfy the accuracy standard(29) that they be within 25 percent 
of the reference value ninety-five percent of the time. 

An additional statistical analysis was performed. Since 

TABLE IV. Analysis of Variance of Aerosol Concentrations Determined 
by Each Method 

F-Test Significance Level 

Factor fd.f.1 
Direct on SilverA 

and Method 7500 
Direct on MCEB 

and Method 7500 

Pair (3) 0.0001 0.0001 
Run (Pair) (4) 0.0001 0.0001 
Position (8) 0.0001 0.0001 
Method (1) 0.0926 0.1436 
Pair bv Method Interaction (3Y o.GQo1 0.0001 
______ ~~ ~ _ _ _  ~ 

AThe estimates for the mean square error (with 48 degrees of Ireedom) and coefficient of variation 
for the Direct-on-Silver method are 0 00198 and 2 92% respectively 

The estimates for the mean square error (with 51 degrees of freedom) and coefficient of variation 
tor the Direct-on-MCE method are 0 00144 and 2 12%. respectively 

CAI1 other interactions capable of being estimated were not found to be significant 
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the relative bias o f  the direct-on-filter methods to Method 
7500 was potentially different in each of the four pairs, to 
achieve a statement about accuracy holding with 95 percent 
corhdence required that statements about the upper bounds 
of each of its two components-bias and precision (coef- 
ficient of  variation)-hold with 97.5 percent confidence. 
The upper bound for bias had to hold simultaneously with 
97.5 percent confidence for the pairs while a 97.5 percent 
confidence for the coefficient of variation for the pair with 
the worst relative bias was needed. For the direct-on-silver 
method, the upper bound for bias is slightly under 20 
percent with 97.5 percent confidence. This value was used 
t o  enter the nomograph for combinations of  total coeffi- 
cient of variation and bias that meet the accuracy stan- 
&1-d(~9) to determine that the maximum o f  the upper bound 
for the coefficient o f  variation was 3 percent. In one case, 
the 97.5 percent upper bound for this coefficient was in 
excess of 5.3 percent. However, for the direct-on-MCE 
method, the upper bound for bias is slightly under 13 
percent with 97.5 percent confidence. This value, when 
entered into the nomograph, indicated that the maximum 
o f  the upper bound for the coefficient of  variation was 7 
percent. The 97.5 percent upper bound for the largest 
coefficient o f  variation of  the direct-on-MCE comparison 
was only slightly more than 4.6 percent. 

This leads to the conclusion that, even under this much 

more stringent assessment of the extent of  agreement be- 
tween the two methods, the direct-on-MCE method will 
produce results within 25 percent of Method 7500 with 95 
percent confidence over the range investigated. The direct- 
on-silver method does not fare quite as well; however, we 
can assert that it would produce results within 30 percent 
of Method 7500 with 95 percent confidence. 

The marginal tendency for Method 7500 to overestimate 
the amount of quartz with respect to the direct-on-silver 
method may be due to the mismatch between the particle 
size distribution of the reference standard, NBS SRh4 1878, 
and that of  the mine dust aerosol. The mine dust has a 
larger nominal particle size than NBS SRM 1878 and, there- 
fore, is less susceptible to the shadowing effect that was 
described in the dicussion of the calibration curves. It has 
been observed that the liquid transfer step of Method 7500 
apparently leads to a greater degree of shadowing than if 
the material is deposited as an aerosol. It is proposed that 
these two effects interact to produce a greater difference 
between NBS SRM 1878 and mine dust when liquid transfer 
is a part of the experimental protocol than if the samples 
are deposited as aerosols. More shadowing would occur 
with the standard since it is the “smaller” material; there- 
fore, a lower X-ray signal would be observed per unit 
weight of standard than would accurately map unit weight 
of quartz in the mine dust. Hence, the amount of mine 

0 500 1000 1500 

Quartz by Method 7500 (pg) 
FIGURE 3. Plot of the amount of quartz as determined by the direct-on-silver filter method against the 
amount of quartz as determined by NIOSH Method 7500. The diagonal represents a 1:l correspondence 
of the two techniques, 95% confidence limits are shown about each point. Each point is the average 
of four (or five) experimental points. 
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FIGURE 4. Plot of the amount of quartz as determined by the direct-on-MCE filter method against the 
amount of quartz as determined by NIOSH Method 7500. The diagonal represents a 1:l correspondence 
of the two techniques, 95% confidence limits are shown about each point. Each point is the average 
of four (or five) experimental points 

dust which corresponds to an observed X-ray signal would 
be overestimated by the calibration curve. A similar effect 
should be observed in the comparison of direct-on-MCE 
with Method 7500, but it is masked if present by the way 
in which the points are grouped and the scatter in the 
results . 

Conclusion 

The direct-on-filter methods produced results that were 
similar t o  those which were obtained by the reference 
method, NIOSH Method 7500. This conclusion is in keep- 
ing with the results of a recent interlaboratory comparison 
program.(jO) Statistical analysis showed that the direct-on- 
filter methods produce results which are equivalent to 
Method 7500 for the range investigated. Even under a more 
rigorous comparison, it can be asserted with 95 percent 
confidence that any single measurement by the direct-on- 
MCE method would produce a result within 25 percent of 
any single measurement by Method 7500 under the same 
experimental condition. With the direct-on-silver method, 
the results would fall within 30 percent. Moreover, direct- 
on-filter methods are attractive since they offer substantial 
savings in time and effort. 

There appears to be a subtle bias between the direct- 
on-silver Method and Method 7500 which, we suggest, 
might be ascribed to a mismatch between the particle size 
distribution of the calibration material, NBS SRM 1878, and 

the mine dust which was used as a test aerosol. Under this 
explanation, the issue of  which method is more accurate 
remains open t o  debate. 

Regardless of the method, it is imperative to refer sam- 
ples taken under a certain method to standard curves which 
are prepared in a similar manner. To this end, a small 
aerosol generation system has been described which can 
be constructed from readily available materials. 

Minor modifications to the design of the commercially 
available cyclone/cassette holder which was used for this 
study are needed if this direct-on-filter method is to be 
used in the field. 

Recommendations 

Based on this laboratory study, both direct-on-filter 
methods were found t o  be equivalent t o  Method 7500 over 
the range 200 pg to 1.2 mg. It is imperative that the samples 
be referred to calibration curves which are prepared in a 
similar manner. Minor modifications to the design of the 
direct-on-filter sampler are needed prior to field evalua- 
tion or  use. 
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