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On.-Filter Analysis of Quartz in Respirable Coal Dust 
by Infrared Absorption and X-Ray Diffraction 

ROBERT W. FREEDMAN, SAM Z. TOMA, and HELEN W. LANG 

Pittsburglz Mining atzd Safely Research Center, Bureuu oj Mines, 
US. Depur-tnzent of Zizter. iol; Pit fsburglz, Pe17rzsyl varziu 

An infrared spectrometric and an independent X-ray diffraction method were devel- 
oped for the analysis of a-quartz in airlblorne respirable coal dust. Sensitivity is such 
that the procedures can be used for ana1,ysis of the material from a single membrane 
filter such as is used for personal samplers by the Mining Enforcement and Safety 
Administration (MESA) in its enforcement program. Sensitivity down to less than 
10 pg of quartz is obtainable. The methods are reasonably precise with good agree- 
ment between them. Their accuracy is limited by the unavailability of a true quartz 
standard. In both procedures dust is transferred ultarsonicalIy from the collection 
filter to a small area of 'a second filter which is relatkvely infrared-transparent and 
has a weak X-ray background. This tcxhnique provides a substantial increase in 
area concentration and attendant sensitivity. Both methods, in principle, are capable 
of use with a wide variety of solid matt!xials, 

Introlducltion 

T HE ANALYSIS OR RESPIRABLE 
IWST is of importance to industrial hy- 

gienists because of the tendency of this form 
of dust to produce various types of pulmo- 
nary disease1 such as silicosis or coal work- 
ers' pneumoconiosis (commonly known as 
black lung disease). Quartz and other free 
silica polymorphs are of particular interest 
because of their toxicity.' 

At MESA, coal mine dust samples alre 
spot-checked for quartz concentration using, 
a Bureau-developed infrared halide pellet 
procedure which requires the combining of' 
several samples to provide adequate sen& 
tivity. This method is time-consuming and. 
high individual exposures to quartz can be: 
overllooked due to composite sampling. A 
procedure with sufficient sensitivity to pro- 
vide for the analysis of 180 pg or less of' 
quartz collected on a single membrane filter 
was sought. A rapid procedure is required,, 
since it is 'anticipated that over 100 samples 
per day will be analyzed. 

Mention of commercial products does not imply en- 
dorsement by the ~ u r e a u  of Mines. 

Other methods available did not appear 
adequate. Wet chemical procedures such as 
the well-known Talvitie Method employing 
phosphoric acid, differential thermal analy- 
sis, optical microscopy, and petrographic 
analysis are inaccurate, insensitive, and time 
c0nsuming.~,4 

As is common with many solids, it is dif- 
ficult to determine quartz accurately by 
molecular spectroscopy for physical rather 
than chemical reasons. This and the diffi- 
culty of obtaining reproducible standards 
will be explained subsequently. Infrared and 
X-ray diffraction appear to be the best tech- 
niques available.5Jj The samples are pellet- 
ized in a relatively inert matrix material 
such as potassium bromide for infrared or 
starch for X-ray diffraction. 

The concept of using the collection filter 
itself as a matrix is not new. The use of 
silver membrane filters was investigated by 
Leroux and Powers.' Samples collected on 
silver membrane filters were analyzed for 
quartz using X-ray diffraction. This tech- 
nique was subsequently tried by Bumsted8 
and by Knight et al."night noted that the 



reported accuracy is low particulary at low 
quartz concentrations. The use of an inter- 
nal standard is generally recommended for 
X-ray diffraction analysis of bulk samples 
in view of the lack of uniformity of mass 
absorption codficients of components of 
various specimens.10 However, correction 
for mass absorption for very thin layers 
should be quite small.7 

An on-filter infrared technique useful for 
analysis of many solids, has previously been 
described by Toma and Goldbergll for the 
analysis of respirable-size pure quartz dust. 
The latter gave well-defined spectra when 
deposited on transmissive organic filters in 
the pure state. Respirable coal dust also 
yielded fairly good quartz spectra in the 800 
cm-I region. Superimposition of the quartz 
and coal dust filters yielded spectra which 
were quantitatively additive in quartz re- 
sponse. 

In preliminary work done at the Bureau 
since development of the on-filter technique, 
it was found that ultrasonic redeposition of 
the dust in isopropanol from the collection 
filters onto smaller filter areas was advan- 
tageous. The original deposit is usually not 
homogeneous, but the dust redeposited onto 
the small filter areas is evenly distributed. 
The latter condition is desirable for infrared 
or X-ray diffraction analysis. In addition, 
when the dust is redeposited from a 37-mm 
dia. collection filter onto a 10.4-mm dia. 
filter, a concentration effect of about 13 
times is achieved. This provides adequate 
sensitivity for analysis with the very small 
amounts of dust collected on single filter 
samples. The filter material selected for re- 
deposition must be relatively free of infrared 
absorbers of X-ray scatterers in the band 
regions of interest. 

In the work reported here, samples of 
respirable pure quartz and collected respir- 
able coal dust samples are analyzed by in- 
frared spectrophotometric procedures and 
by X-ray diffraction on-f ilter procedures ; the 
results are compared. 

ECxperirnentaI Procedure 

Airborne respirable coal dust is collected 
in mines by company personnel and Federal 
inspectors. Samples are prepared for analy- 
sis by redeposition onto membrane filters 
%with, high infrared transmittance and low 
X-ray scattering using the concentrating 
technique. Samples are examined by in- 
Erared methods and then they are ashed and 
redeposited for comparative analysis by in- 
frared and X-ray diffraction using the same 
redeposited filter. Ashing reduces interf er- 
ences in the infrared and X-ray spectra. 

Equipment and -Materials 

A high resolution, double beam, infrared 
spectrophotometer-such as a Perkin Elmer 
Model 180--is employed. Infrared sample 
holders consist of 75 mm x 50 mm x 3 mm 
(thick) brass plates with a center hole cor- 
responding to the diameter of the circular 
sample deposit. Spring clips hold the mem- 
brane filters in place. Filters with high. in- 
frared transmittance such as Gelman DM 
450 are required. 

An X-ray difhactometer with a copper- 
target tube, a proportional counter, a pulse 
height analyzer, a scaler and a recorder 
(General Electric XRD-6) is used. The 
sample holder for X-ray is the regual pow- 
der sample holder modified with a mask to 
hold a membrane filter in position. The mask 
consists of a thin piece of brass or aluminum 
with a center rectangular hole about the size 
of the holder window. One edge of the mask 
is hinged to the holder with pressure sensitive 
tape. After the filter is positioned, the oppo- 
site edge is taped to the holder also. The 
quartz external standard used for X.-ray dif- 
haction is Novaculite, a mass of microays- 
talline quartz also known as Permaquartz. 

An ultrasonic bath of at least 0.5-gallon 
capacity is used for transferring filter de:pos- 
its. The filtration apparatus is a Millipore 
XXlOO25 14 Filter Holder with a cllamp 
modified by replacing the upper part with a 
Elared funnel having a stem of accurately 
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known int:ernai diameter as shown in Figure 
1. Several interchangeable funnels are pre- 
pared with stem internal diameters ranging 
from 7 to 18 mm to cover the anticipated 
range of sensitivities. 

Preparation o f  Samples 

 deposit.^ from single collection filters or 
pure quartz (as reference material) are 
slurried ultransonically in isopropanol and 
redeposited by filtration through DM450 
membrane filters. For single filter samples, 
15 ml of isopropanol is used in a 50-ml 
beaker for a maximum of 2 min in the ultra- 
sonic bath. The quartz is added most con- 
veniently and accurately by pipetting in an 
aliquot of a larger amount of quartz slurried 
in isopropanol. Filtration to yield a homo- 
geneous deposit is done as follows: 

Apply i2 slight vacuum, insert a glass fiber 

a Upper part- flared glass funnel 

b Accurc~tely known internal diameter 

c Bakelite shoulder cast onto glass tubing 

d Membrane filter 

e Glass backup filter 

f Lower part 
Figure 1. Funnel assembly. 

filter into the holder as a backing, cut a 
DM450 filter in half and mount the super- 
imposed halves on top of the glass fiber 
filter. (This is done to provide a blank 
reference filter, which will be exposed to the 
same solvent action as the half containing 
the sample spot.) Clamp the top half of the 
holder (funnel part) in place, remove the 
vacuum and add the ultrasonically dispersed 
sample slurry. Then, reapply the vacuum 
and immediately transfer the remaining sam- 
ple with small portions of isopropanol; keep 
the liquid level to within 2.5 cm of the top 
01 the funnel to avoid disturbing the de- 
posit. When the depth of the liquid in the 
funnel reaches 4 cm, gently rinse down the 
sides of the funnel with solvent. after fil- 
tration, make four holes around the cir- 
cumference of the deposit to locate this area 
on both the sample and blank filters. (A 
scriber is convenient for this purpose.) 
Allow both filter halves to air-dry. 

Ashing of Filters 

Filter halves containing deposits are held 
with tweezers and about 2 mm of the out- 
side edge is trimmed off with scissors. The 
filter is placed in a 10-ml platinum crucible 
face down. The crucible is placed in a cold 
muffle and heated to 650 -+Z O for 10' to 
30 min. About 5 ml of isopropanol is added 
to the cooled crucible, is dispersed ultra- 
sonically for 1 min and is redeposited on a 
DM450 filter. 

Infrared Calibration and Analysis 

A calibration curve is prepared from pure 
quartz using a series of filter deposits pre- 
pared from pipetted aliquots of a weighed 
batch of quartz in a measured volume (50 
m1) of isopropanol. A convenient concen- 
tration range is 25 to 150 pg/cm2 deposited 
on 10 to 18-mm dia. filter areas. Absorb- 
ance, A, is plotted as the ordinate versus 
concentration, C (pg/cm2) to give a straight 
line passing close to the origin and having a 
slope, A/C, equal to the absorptivity. A 
slope of 1.4 x 10-3 is used for analysis. 
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For infrared analysis, the quartz or respir- 
able dust samples are scanned versus blank 
filters in the double beam-absorbance mode 
from 850 to 700 cm-l. The 800-cm-I peak 
of the quartz doublet is selected for measure- 
ment. Where baseline measurement is vis- 
ually difficult (as may be the case with 
unashed dust), a minimum tot maximum 
measurement is made by measuring the 
vertical distance between a tangent to the 
top of the 800-cm-I peak and a tangent to 
the valley minimum of the leading edge of 
that peak. In either case, quartz concentra- 
tion is read from the calibration curve. 

If 10 or more samples are determined, 
the total time per sample for analysis by the 
infrared procedure is about 7-8 min without 
ashing, or about 16-18 inin with ashing. 

X-Kay Diffraction Calibration and Analysis 

Typical settings of the X-ray spectrometer 
are 45 kvp at 25 ma; a medium resolution 
Soller slit and I "  beam slit are employed. 
Dectector voltage (adjusted daily) is typi- 
cally 1.5 kv. The puke height selector cut- 
off EL = 2V and the window with AE = 6V 
are used. 

For calibration of the instrument, select 
a 0.008-mm nickel filter (half the thickness 
recommended by Klug and Alexander12) to 
provide stronger Cu Ka intensity. Choose a 
0.1" receiving slit and adjust the pulse 
height selector to provide the maximum sig- 
nal-to-background ratio. Set the goniom- 
eter angle close to 26.65" to maximize 
quartz response using the Novaculite ex- 
ternal standard. Obtain the net peak height 
by taking three 90-sec counts (a  background 
count on each side of the peak and a peak 
maximum count). Determine the net peak 
height by subtracting the average of the 
background counts from the peak count. 
(Typically for quartz deposits of 100 
pg/cm', peak counts of 300 cps, and back- 
ground counts of 80 cps are measured.) 

To obtain a calibration curve, use the in- 
frared filter standards directly. Determine 
the net peak heights and plot a cdibration 

curve of net peak heights versus concentra- 
tion. Determine silica concentrations of un- 
known samples using this curve after a!pply- 
ing the daily external standard correction 
factor. 

c Quortz on DM450 f 1 1  ter  vs otr 

f i m  
10 12 15 20 

1,000 800 600 400 200 
cm-1 

Figure 2. Absorbance spectra of pure quartz on 
DM450 filters. 

0.3 

Results 

In Figure 2, the infrared absorbence spec- 
trum of the DM450 filter, d, is compared 
directly with that of quartz deposit, c, on a 
similar filter (both measured versus air). The 
distinctive quartz peaks are observable. The 
double beam spectrum, b, of the filter (filter 
in both sample and reference beams) pro- 
vides an adequate base line and spectrum, a, 
shows the double beam response of about 
1 15 pg/cm2 of quartz. Supersil, a commer- 
cially available quartz, screened to minus 5 
pm, was employed. 

The X-ray background of the DM45'0 fil- 
ter is relatively smooth and horizontal in the 
vicinity of the quartz peak used (20 = 

26.65 "), as contrasted with the background 
characteristics found by Bumsted8 for other 
types of membrane filters. The interference 
of clay minerals such as muscovite, illite, and 
kaolinite in this region is well lcnovm to 
X-ray crystallographers. In addition, other 

I 
a Quartz (115pg/cm2) vs DM450 f i l ter  

- b DM450 f i l t e r  vs  DM450 f i l t e r  A '1 
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inorgimic materials such as dolomite and 
pyrite: interfere. 

Generally, several clay minerals such as 
koalinitelhre present in coal mine dust 
samples aad interfere with idrared analysis. 
Much of the spectral response appears to be 
destroyed by ashing. Spectra of samples 
showing kaolinite prior to ashing show a 
disappearance of kaolinite peaks in the 800 
cm-1 region after ashing. Quartz peaks, 
however, remain relatively unchanged under 
these conditions. Figure 3 shows the effect 

1,000 800 600 400 200 
cm-1 

Figure 3. Effect of ashing on coal mine dust. 

of aslhing on coal mine dust. The 800 cm-I 
quartz peak in spectrum b, before ashing, 
is larged than the corresponding peak in 
spectrum a, after ashing. This indicates the 
apparent elimination of a small amount of 
an impurity, possibly kaolinite, which has a 
moderately strong absorption band in this 
region. A glance at each 800 cm-I region 
provides an indication of why baseline meas- 
urement is less appropriate before ashing 
than afterward. Unashed spectra such as b 
can best be measured by the minimum-to- 
maximum technique, which we have found 
to be: reproducible. Larsen et ~ 1 . ~  have also 
found this type of measurement to be accu- 
rate as is evident from their Figure 1 (p. 
369). 

The efficiency of redeposition of dust 
from the collection filter onto a second filter 
was investigated using in•’ rared measure- 
ment. First, several new 37-mm MSA filters 
(commonly used for dust collection by the 
Bureau) were ashed and redeposited indi- 
vidually on 10.4-mm dia. areas of DM450 
filters. No quartz was found. Then, 12 
field samples of respirable coal mine dust 
collected on MSA filters were treated by 
the redeposition procedure, using 10.4 mm 
diameter DM4501 deposits, and the quartz 
weights were determined. The denuded MSA 
filters were then ashed and redeposited in a 
similar manner and quartz readings were ob- 
tained. A linear regression of quartz re- 
moved (X) versus quartz remaining (Y) 
over a dust deposit range of 0.5 to 3.0 mg 
was calculated yielding excellent correlation 
(r = 0.969). The slope of the regression' 
line was 0.095 with small scatter (Sy/x = 
-t- 1.75pg). A correction for residual quartz 
can be made by adding 10 pg to the weight 
of each 100 pg of quartz found in the rede- 
posited sample. However, no correlation 
was observed between the total dust weight 
and the fraction of quartz remaining on the 
filter. 

When quartz was analyzed by infrared or 
X-ray diffraction to determine precision, 
values close to t 5 %  were obtained either 
by repetitive analysis at the same concentra- 
tion level or by linear regression over a 
range of concentrations. For example, 14 
pure quartz samples containing 150 pg/cm* 
had a relative standard deviation of t 5 . 2 %  
when they were measured at 800 cm-l and 
were redeposited on 10.4-mm and 17.7-mm 
filter areas. Similar precision was obtained 
by repetitive analysis of a composite sample 
prepared by removal of dust from a large 
number of respirable coal mine dust-covered 
filters. 

Forty seven field samples of respirable 
coal mine dust were redeposited from collec- 
tion filters and the quartz content determined 
by infrared analysis. These samples were 
then ashed, redeposited, analyzed by in- 
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TABLE: I 
Intercomparison of Quartz Methods. 

Sy/x 
N Correlation (standard error y 

(No. coefficient of estimate) Intercept 
Comparison samples) (r) Slope (*/-&g> (/-&lit) 

X ashed IR 
Y unashed IR 44 0.966 1.07 20.5 1.63 
X ashed IR 
Y ashed x-ray 4 7 0.976 0.92 3 4.6 0.62 

frared, and finally by X-ray diffraction. The 
ashed samples gave the best defined peaks, 
and, for comparison, these results were arbi- 
trarily taken as refernce values. Corres- 
ponding quartz weights obtained by each of 
the other two techniques were then com- 
pared with the reference weights by linear 
regression. Results are given in Tables I 
and 11. The weights of quartz per sample 
ranged from 8 pg to 267 pg. The slopes 
and correlation coefficient are close to 1.00 
and the Y axis intercepts are small. The 
values for standard error of estimate, Sy/x, 
represent vertical scatter (in pg) about the 
regression lines. 

Discussion 

Accuracy and Standards 

Various sources of error have been inves- 
tigated but little has been said about the 
accuracy of the quartz methods. Accuracy 
refers to the difference between a measured 
value and what is believed to be the true 
value.14 To obtain the true value we must 
have reproducible standards. However, when 
measuring by molecular spectroscopy, such 
"standards" for solids often vary from batch 
to batch, even when materials of accurately- 
known chemical purity are used. This may 
result from variations in physical condition, 
such as the effects of mechanical and thermal 
treatmentl"hich form a damaged surface 
layer of vitreous silica. Other physical par- 
ameters, such as particle size, particle size 
distribution, aspect ratio and lattice distor- 
tions, produce differing infrared or X-ray 
diffraction response. Physical differences in 
chemically similar materials make it very 

difficult to select reproducible standards for 
solids such as quartz. We must, therefore, 
measure our results with respect to a cefer- 
ence batch of material rather than to an 
artificial standard. In respirable coal mine 
dust itself, some variation in spectral re- 
sponse may occur due to the physical char- 
acteristics of the quartz present. 

Inferences 

Spectral interferences due to the presence 
of other molecular species should be con- 
sidered. Other crystalline poly117~0rpIis of 
silica, such as cristobalite and tridymite, in- 
terfere with the infrared determination of 
quartz. However, they have not been de- 
tected in coal. Noncrystalline ( amorplnous ) 
or vitreous) silica, if present, would be diffi- 
cult to determine due to its weak spectral 
response. Organic material in the coal and 
several clay minerals such as illite, kaolinite, 
and muscovite interfere with infrared or 
X-ray diffraction analyses. Much of this 
interference appears to be ~1irninate:d by 
ashing the sample. 

E'ffects of Particle Size 

As mentioned earlier, particle size and size 
distribution have a marked effect on spectral 
response. In the respirable range, infrared 
response increases with decreasing particle 
size,lG and X-ray response decreases or levels 
off with decreasing particle size.l7 The 
sharply differing particle size effects of in- 
frared and X-ray diffraction would accsentu- 
ate any differences in size distribution of 
individual respirable dust samples. Th~e fact 
that our comparison values were close to- 
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TABLE 11 the 10-mrn nylon cyclone employed for size- 
Regression of IR Ashed versus IR Unashed and selection. 
-- X-ray Ashed Weights (pg). 

X Y Significance of  Comparison Data 
1R Alshed -- IR Unashed X-ray Ashed 

8. 
Correlation coefficients close to 1.00 indi- 

9. 7. 
37. 43. 45. cate a high degree of correlation of the alter- 

nate methods with the reference method. 
Slopes close to1 1.00 are an indication of 
reasonable equivalence of the procedures. 
Also, concentration-dependent interferences, 
such as the response from other chemical 
species, are small or, if significant, affect 
all the methods equally. The small y inter- 
cepts indicate reliability of the methods 
down to low quartz concentrations. 

Advantages of  the Methods 

40 The independent on-filter methods agree 
3 4 well with each other. In addition, quantita- 
47 
85 tive transfer of quartz has been experiment- 

100 ally demonstrated. The methods are rapid , 

2 8 as compared with others available. Clear- 
cut advantages of the on-ifilter methods are 
sensitivity and quantitative analysis of single 
filter samples. These are important in terms 
of supplying data for enforcement laws that 
protect the health of the miner. 

The difficulty in obtaining true values is 
related to the difficulty of obtaining reliable 
standards for quartz and to the unknown 
physical characteristics of the silica in the 
coal mine dust samples. We have seen var- 
iations of roughly 220% in infrared re- 
sponse of various batches of pure quartz 
which we have analyzed. 

These procedures are potentially applica- 
2 7 - 3 7 ble to any solid that gives a significant in- 

ge!her is an indirect indication that the size 
distributions did not vary greatly from sam- 
ple to sample. This may be due to the 
classification that results from the use of 

frared or X-ray diffraction response and has. 
small filter matrix or other interference in 
the appropriate band regions. 

Additional work should be done in acquir- 
ing true standards, evaluation of interfer- 
ences, and effect of ashing. Careful exam- 
ination of the silica in the coal itself is also 
in order. 

Summary 

An infrared spectrometric and an X-ray 
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diffraction procedure were developed for 
rapid analysis of microgram quantities ot' 
quartz deposited on a single field filter 
sample of respirable coal mine dust. Good 
agreement was obtained between the two 
independent methods for the quartz content 
in 47 respirable coal dust samples collected 
in mines by size-selective samplers. A re- 
liable quartz standard is required because 
of the varied spectral response of different 
batches of quartz. The methods are shown 
to be reliable for the kinds of samples 
studied. 
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