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Section 2. Silica sampling, industrial hygiene and modeling 
Scand J Work Environ Health 1995;21 suppl2:35-8 

Methods used by the United States National lnstitute for Occupational Safety 
and Health to monitor crystalline silica 
by Charles D Lorberau, MS,2 Martin T Abell, MS2 

Lorberau CD, Abell MT. Methods used by the United States National Institute for Occupational Safety and Health to 
monitor crystalline silica. Scand J Work Environ Health 1995;21 suppl 2:35-8. 

The National Institute for Occupational Safety and Health (NIOSH) in the United States has four inethods for 
monitoring the concentration of crystalline silica dust. They all einploy a cyclone for size-selective san~pling in the 
field, but differ primarily in that the laboratory measurement is based on either infrared spectroscopy, X-ray diffraction, 
or colorimetry. The limits of detection for these methods are similar, but their accuracy is poor, particularly at low filter 
loadings near the current recommended exposure limit (50 ~g . m3). Advances in analytical instruinentation have 
improved measurement precision. Correction techniques to account for X-ray absorption in samples loaded with 
nonsilica dust have eliminated one source of bias. Direct analysis on collection filters is a convenient technique that 
should decrease sample inanipulation errors, but it has not been shown to improve precision or accuracy significantly. 

Key terms dust analysis, exposure limit, infrared spectroscopy, size selective sampling, X-ray diffraction. 

Over the last 25 years researchers at the National Institute for 
Occupational Safety and Health (NIOSH) in the United States 
have developed and evaluated methods for measuring worlcer ex- 
posure to airborne crystalline silica. The methods are typically 
described by the instr~nnental techniques, because they all rely on 
the same sample collection procedures. Breathing-zone samples 
are collected using a 10-n~m Dorr-Oliver nylon cyclone to remove 
nonrespirable particles and a polyvinyl chloride (PVC) filter to 
retain the respirable dust. In the laboratory, all the methods use 
ashing or chemical dissolution to remove the PVC filter from the 
collected dust, but final preparation differs for each technique. 

The third edition of the NIOSH Mcirzunl ~fAnrrlyticn1 Met11ocl.s 
contains four methods determining crystalline silica polymorphs 
(quartz, cristobalite, or tridymite) (1). The approaches are based 
on three instruinental techniques: colorimetry (COL) (method 
7601), X-ray powder diffraction (XRD) (method 7500) and infra- 
red spectroscopy (IR) (methods 7602 and 7603). Each procedure 
is described below. 

Historically, the earliest procedure was the colorimetric 
method, in which silicates and amorphous silica are dissolved in 
phosphoric acid, leaving only crystalline silica behind. After wash- 
ing, the remaining silica is dissolved in hydrofluoric acid. The 
dissolved silica is reacted with molybdic acid to give a character- 
istic silicomolybdate blue color, which is measured by visible 
absorption spectroinetry (colorimetry). The advantage of the color- 
imetric method is the low start-up cost. The disadvantages include 
the nonspecificity of the phosphoric acid dissolution step and the 

inability of the method to distinguish the different silica poly- 
morphs. 

The X-ray diffraction method involves ashing or dissolution of 
the filter, suspension of the silica dust in isopropanol, deposition 
of the dust on a silver filter, and analysis of the contents of this 
filter by XRD. Ashing is done either in a muffle furnace or a low 
temperature asher, while dissolution of the PVC filter is done with 
tetrohydrofuran (THF). Samples can be analyzed for different 
polymorphs by scanning different diffraction lines characteristic 
of each polymorph. Although the XRD methods are costly, they 
are relatively straightforward and less prone to nlineral interfer- 
ences than other methods. 

The IR methods also require ashing of the filter and either 
redeposition of the dust onto an IR-transparent filter (DM 450, 
Gelman, Ann Arbor, Michigan, United States) froin isopropanol 
suspension (method 7603) or mixing of the dust with potassium 
bromide and pressing of the mixture into a pellet (method 7602). 
Saii~ples can be analyzed for different polymorphs by scanning 
absorption bands characteristic of each. The absorbance bands of 
the polyinorphs significantly overlap, making determinations of 
mixtures problematic, especially if there are absorbance bands 
from the matrix present. The IR startup cost is intermediate (dis- 
persive instruments) to high (FT-IR, FT = fourier transform). Sen- 
sitivity is slightly better than for the other two methods, but inter- 
ferences (particularly froin silicates) can be a problem. 

The goal of NIOSH researchers over the years has been to 
improve the accuracy of airborne silica determinations. Because 
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there were no totally new approaches that might acconiplish this 
goal, efforts consisted primarily of refining existing methods and 
evaluating their perforinance. The limit of detection is approxi- 
mately 5 pg . sample-' for each of these methods, but their accu- 
racy is poor, particularly at low filter loadings (5 30 pg . sample-') 
typically collected when workplace concentratio~is of airborne sil- 
ica approach the currcnt NIOSH reconnnended exposure liinit 
(REL) of 50 pg . mi. The problem is exacelhated when silica is 
present as more than one polymorph. 

Sampler improvemenfs 
The performance of the Don-Oliver 10-mm 1ly1o11 cyclo~le has 
been studied by numerous investigators (2-6). Early efforts to 
alleviate sarnpling errors focused on eli~ni~lating sainpling pump 
fluctuations (2). The development of flow-controlled sampling 
pumps mitigated this source of variability. Experimental work has 
shown that the 10-mm nylon cyclone closely meets the interna- 
tional respirable cut-size of 4.0 when operated at 1.7 l . mill-l (5). 

The 10-rum cyclone was examined relative to potential lealts 
in the sampling train (6), and only major lealts were found to 
affect its performance. The O-ring at the cyclone's vortex finder 
was deterniined to be the most problematic, and a simple field test 
was proposed as a guide to the integrity of the O-rings: (i) the 
sampler is complete (no O-rings missing), (ii) the lower adapter 
O-ring can hold tightly onto a cyclone including the metal clip, 
(iii) the upper adapter O-ring can similarly hold a cassette, and 
(iv) the frame O-ring can similarly hold a cassette. Assernbled 
cyclone sarnplers that met these simple tests were not found to 
have leaks that resulted in nleasurable losses in the sampled 
inasses. 

Instrumental improvemenfs 

Instru~ne~ltal advances have resulted in improved methods for de- 
termining silica. FT-IR instruments have increased optical 
throughput over dispersive i~istruinents, which only pass a fraction 
of the total power through to the sample. The lack of slits and 
absorbing optics further improves the optical throughput of the 
FT-IR instruments. 111 addition, the wavelength accuracy of the 
FT-IR instruments allows for a better subtraction of background 
(niatrix) components and improved accuracy in the resultant spec- 
tra. This allows for a more precise IR determination of the silica 
polymorphs present in the sample. 

Sample spinners on X-ray powder diffractometers allow for 
Inore crystallites to be properly oriented relative to the detector. 
The result is an average of the crystallites per unit of irradiated 
area and a reduction in the error due to the ~lonuniforrn deposition 
of particles on the filter surface, and, therefore, there is also better 
precision in the diffracted intensity of samples. 

Examination of analytical procedure changes 

A technique to correct for X-ray rnicroabsorptio~l by the sample 
matrix in XRD analysis was proposed by Leroux et a1 (7). The 
procedure, which was incorporated illto method 7500, involves 
monitoring the attenuation of the dilfraction line of the silver filter 
to arrive at a determination of the rnatrix X-ray absorption coeffi- 
cient. The procedure n~ostly impacts heavily loaded filters where 
absorption of the diffracted intensity of silica by the matrix is 
highest. 

The eliminatio~i of sample preparation steps by analysis direct- 
ly on the collection filter has been proposed for XRD (8, 9) and IR 

(10). These "direct-on-filter" techniques would be convenient and 
would theoretically decrease errors due to sarnple manipulation. 
Therefore, on-filter methods were investigated for both XRD and 
IR a~ialytical techniques ( I  1 ,  12). 

For XRD, direct-on-filter methods were examined with both 
silver and mixed cellulose ester (MCE) collection filters (11). 
While the direct-on-MCE filter technique was found to be within 
25% of that of method 7500, the direct-on-silver filter technique 
was only within 30% of the same method. Standard samples pre- 
pared fro111 liquid suspensioil were not found to be equivalent to 
those obtained by aerosol deposition, which would necessitate the 
preparation of aerosol deposited standards for direct-on-filter 
methods (1 1). The preparation of standards at very low sarnple 
loadings (such as ambient silica concentrations) would be ex- 
tremely difficult due to weighing errors and would hinder any 
effort to implement a direct-on-filter XRD method. 

Linlitations of the use of direct-011-filter methods in IR analy- 
sis include variations in filters, both within-lot (filter-to-filter) and 
within-filter (12). Of the filters examined, DM-450 filters were 
found to be the most consiste~lt with up to 2.4% relative standard 
deviation (RSD) at 798 cm-', while DM-800 filters were similar 
at about 2.8% RSD. A weight-based subtraction of co-added spec- 
tra of the filter was found to give a flat base line at the 798 
800 cm-I analytical band. However, there were problems at the 
lower analytical wavelength (695 cm-I) because of carbon mon- 
oxide absorbance. The problems were mitigated with a long 
(20-min) purge of the instrument with nitrogen, but they could 
not be totally coinpensated for because of the limited IR source 
power and detector response at the lower wave lengths. The ma- 
jor proble~n with direct-on-filter IR methods are absorba~lce bands 
of the matrix interfering with the bands employed in the analysis. 
The presence of 1 mg of coal dust, a broad band absorber, re- 
sulted in a negative bias of 7-10% in the deternlination of quartz 
at 50 and 200 yg (12). The presence of lcaolinite at 100 pg re- 
sulted in errors of up to 20% in the quartz determinations, despite 
the absorbance of other interferences (coal dust) and knowledge 
of the Inass of kaolinite present. The direct-on-filter IR approach 
was too vulnerable to interferences which ~ i ~ i g h t  otherwise be 
removed by pretreatment (ashing) to be a useful approach for 
assessing exposure to silica. 

Improvements in laboratory proficiency 

In general, the precision and accuracy of airborne silica determi- 
nations have improved over the last 20 years, as shown by a 
statistical study (I 3) of the results reported by laboratories analyz- 
ing silica sanlples in rounds 30-101 of the proficiency analytical 
testing (PAT) program administered by the A n ~ e s i c a ~ ~  I~ldustrial 
Hygiene Association. Five laboratories participated in the first 
round of the PAT program in 1972, and participation grew to 130 
laboratories before falling to I05 in round 101 in 1990 (figure 1). 
The objectives of the study were to determine bias between meth- 
ods, the variability associated with the methods, and any changes 
in bias or variability due to numerous factors. Because there were 
so few laboratosies participating before round 30 (1 974), only data 
for later rounds were used for this study. 

Several models were used to exanii~le bias due to the analyti- 
cal method and other factors; the conclusions drawn from the 
nlodels were similar. The colorirnetric method has given the low- 
est results, regardless of sarnple matrix or particle size, particular- 
ly at higher loadings (>I00 pg). For sample loadings closer to 
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Figure 1. Cumulative number of laboratories using a particular method of sil- Figwe 2. Total variability of silica methods in different periods in the profi- 
ica analysis in the proficiency analytical testing (PAT) program. (IR = infrared ciency analytical testing (PAT) program. (COL = colorimetry, IR = infrared 
spectroscopy, X R D  = X-ray defraction, COL = colorimetry) spectroscopy, X R D  = X-ray defraction) 

what would be collected at the REL, however, the bias among 
lnethods has been negligible for the last 10 years (~.ounds 63- 
101). X-ray diffractonletsy results were biased higher than IR 
results during one period, but not in the following period. Between 
the two periods, the procedures and materials used to prepare PAT 
sarnples changed in numerous ways, but the switch to quartz dust 
with a smaller particle size is a liltely explanation for the bias 
difference (14-16). Generally, silica sampling analyses have inl- 
proved, and this improvement has taken place for all three of the 
methods. The coloriinetric method has shown the poorest preci- 
sion of the three methods (figure 2), but, unlike the differences in 
bias, the differences in precision have diminished considerably 
over time. The differences in method variability were consistent 
across the PAT sample matrices (coal dust, talc, calcite, and corn- 
binations thereof). 

The contribution of within-laboratory variability to the total 
was of interest; therefore "duplicates" were chosen from rounds 
that included two sanlples for which the median results were with- 
in 20 pg, as long as each result was greater than 40 pg. The within 
laboratory variability conlputed from these data are shown in fig- 
ure 3, which is similar in appearance to the total variability in 
figure 2. The within laboratory variability for the colorin~etric 
method was statistically significantly higher than that of the IR 
nlethod in each of the periods shown in figure 3, and higher than 
that of the XRD method in the earlier periods, but not in the most 
recent period. 

Precision esti~nates from other studies were co~npared with 
those from this study to learn more about sources of variability. 
As shown in a collaborative study of silica methods (17), inter- 
laboratory variation remains high (8-14%) even when labora- 
tories ernploy the same procedures. 

Recent developments 

All silica methods have relied on the 10-min nylon cyclone and 
assembled filter cassette for sample collection. The cyclone, being 
nonconductive, has been subject to effects of electrostatic charge, 
as has been described earlier (18, 19). Another design, which is 
made of (conducting) metal, has been recently evaluated: the 
Higgens-Dewell (HD) cyclone (5). Experimental work has shown 
that the HD cyclone closely meets the international respirable cut- 
size of 4.0 when operated at 2.2 1 . min-' (5). This higher sampling 
rate results in a nominally higher sample load than the 10-mm 

35 - 45 47 - 62 63 - 101 
PAT Rounds 

Figure 3. Within laboratory variability of silica methods in different periods in 
the proficiency analytical testing (PAT) program. (COL = colorimetry, IR = in-  
frared spectroscopy, X R D  = X-ray defraction) 

nylon cyclone; 53 pg of quartz would be collected when sampled 
for 8 h at the REL of 0.05 mg . m-3 (versus 41 yg of quartz for the 
nylon cyclone). The HD cyclone is being added as an alternative 
to the 10-mm nylon cyclone for crystalline silica methods in the 
fourth edition of the NIOSH Maizclul ofA~zrrlyticcrl Metlzods. 

Some i~nprovements have been suggested to XRD instrumen- 
tation by other researchers (20). High-power X-ray tubes with a 
rotating anode, capable of about 35 ItW versus 2-5 1 W  for a 
conventional tube, have been suggested to improve the diffracted 
intensity. The tubes are very expensive, over USD 100 000 each, 
and their performance gains have yet to be evaluated. A ~nodifica- 
tion of the XRD goniorneter that would allow the sample to be 
roclted during analysis would allow the diffracted line of more 
crystallites to be aligned to the detector, but it has yet to be 
evaluated and is not available commercially. This modification 
resulted in modest gains (limits of detection to 1 pg . sample-') but 
required data collection t i~nes of 5-6 h for a single line. Overall, 
the suggested in~proven~ents seem to offer rninirnal gains that are 
offset by substantially extra expense and time and result in de- 
creased throughput. 

Concluding remarks 

In summary, modest improvements in precision and accuracy have 
been documented for NIOSH sampling methods, presumably as a 
result of the incremental refinelnents of the analytical procedures 
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used by laboratories. Unfortunately, radically new techniques that 
will allow accurate determinations at significantly lower levels are 
not anticipated. 

Disclaimer 

Mention o f  a company or product name does not constitute en- 
dorsement by the US Centers for Disease Control and Prevention. 

References 
1. National Institute for Occupatio~ial Safety and Health (NIOSH). Silica, 

crystalline, respirable: method 7500 and silica, crystalline, (IR): rnethod 
7602; quartz in coal mine dust, respirable: method 7603. In: Eller PM, 
editor. NIOSH manual of analytical methods. 3rd rev ed. Cincinnati (OH): 
US Departnlent of Health and Human Services, Public Health Scrvicc, 
Centers for Disease Control, NIOSH, 1984. DHHS (NIOSH) publication, 
no 84-100. 

2. Bartlcy DL, Breuer GM, Baron PA, Bowman JD. Pump fluctuations and 
their effect on cyclone perfortnance. Atn Ind Hyg Assoc J 1984;45:10. 

3. Caplan KJ, Doc~neny LJ, Sorenson SD. Perforniancc characteristics of tlie 
l01n1n Cyclone Respirable Mass Sampler: part 1 - monodisperse studies. 
An1 Ind Hyg Assoc J 1977;38:83. 

4. Liden G, Kenny LC. Opti~nization of tlic perfor~nance of existing respira- 
hlc dust samplers. Appl Occup Environ Hyg 1993;8:386. 

5. Bartley DL, Chen CC, Song R, Fischbach TJ. Respirable aerosol sampler 
perforliia~lce testing. An1 11id Hyg ASSOC J. 111 press. 

6. Carsey TP, Shul~nan SA, Lorbcrau CD. An investigation of the perforn~- 
ance of the 10-mm uylon cyclone. Appl Ind Hyg 1987;2:47. 

7. Leroux J, Davey ABC, Paillard A. Proposed standard ~iiethodology for the 
evaluation of silicosis hazards. An1 11id Nyg Assoc J 1973;34:409. 

8. Leroux J, Powers C. Direct X-ray diffi-action quantitative analysis of quartz 
in industrial dust fihns deposited on silver membrane filters. Staub Rein- 
halt Luft 1969;29:26. 

9. Knight G, Stefanich W, Ireland G. Laboratory calibration of a technique 

for determination of respirable quartz in mine air. Am Ind Hyg Assoc J 
1972;33:469. 

10. Freedman RW, Tonla SZ, Lang HW. On-filter analysis of quartz in respira- 
ble coal dust by infrared absorption and X-ray diffraction. Am Ind Hyg 
Assoc 1 1974;35:41 I. 

11. Lorberau C, Carsey T, Fischbach T, Mulligan K. Evaluation of direct-on- 
filter methods for the dctcrmination of respirable a-quartz. Appl Occup 
Environ Nyg 1990;5:27. 

12. Lorberau C. Investigation of the dctcrmination of respirable quartz on filter 
lncdia using fourier transform infrared spectroplioto~~ietrp. Washington 
(DC): National Technical Information Scrvicc, 1990. NTIS document PB 
90130105. 

13. Shulman S, Groff J ,  Abell M. Performalice of laboratories measuring silica 
in the proficiency analytical testing program. Am Ind Hyg Assoc J 
1992;53:49. 

14. Foster RD, Walker RF. Quantitative dctermination of crystalline silica in 
respirable-size dust samples by infrared spectrophotometly Analyst 
1984;109:1117. 

15. Gordon RL, Harris GW. Effect of particle-size on the quantitative determi- 
nation of quartz by X-ray diffraction. Nature 1955; 175: 1135. 

16. Ed~nonds JW, Hcnslcc WW, Gucrra RE. Particle-size effects in the deter- 
mination of respirable a-quartz by X-ray diffraction. Anal Chem 1977; 
49:2196. 

17. Anderson CC. Collaborative teats of two methods for determining free 
silica in airborne dust. Cincinnati, OH: US Department of Health and 
Human Services, Public Health Service, Centers for Disease Control, Na- 
tional Institute for Occopational Safety and Hcalth (NIOSH), 1983. DHHS 
(NIOSH) publication no 83-124. 

18. Alrnich BP, Carson GA. Sonle effects of charging on 10-~inii tiylon cylcone 
perfonnance. Am Ind Hyg Assoc J 1974;35:603. 

19. Briant JK, Moss OR. The influence of electrostatic charge on the perform- 
ance of 10-mm nylon cyclones. An1 lnd Hyg Assoc J 1984;45:440. 

20. S~nitli DK. Evaluation of the detectability and quantification of respirable 
crystalline silica by X-ray powder diffraction methods. Presented at the 
Crystalline Silica Analytical Methods Workshop of tlie Chemical Manu- 
facturers Association. Arlirigton (VA): November. 12-1 3, 1991. 

38 Scand J Work Environ Health 1995, vol21, suppl2 


