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The standard charcoal tube method as developed by NIOSH offered an improved method for sampling organic airborne contaminants. The
method was validated for over 200 organic compounds. The protocol used, however, had severai shortcomings. These shortcomings included dry
air dilution, small dose levels (0.5-1.0X OSHA standard for 5-53 minutes), and lack of verification of test gas mixtures by on-line instrumenta-
tion calibrated with certified mixed gas cylinders. An improved protocol recently developed has been used to test a number of the more com-
mon organic airborne contaminants. When this procedure was used, 14 of the 22 compounds failed to meet NIOSH accuracy requirements
(< *25% over the range of 0.5 to 2.0X OSHA standard at the 95% confidence level). This work suggests that workers in the industrial hygiene
field should consider the charcoal tube method only as an independent method and not as a primary standard for air monitoring.

Introduction

In 1970. workers at the Bureau of Occupational Safety and
Health(BOSH), now the National Institute of Occupational
Satety and Health (NIOSH). introduced a method for sam-
pling organic airborne contaminants using a glass tube packed
with activated charcoal.'”” This method resulted in an inte-
grated exposure sample. Later. two researchers reported ona
modified tube sampling method that was evaluated using 14
common organic vapors.” Other investigators verified the use
of charcoal tubes for sampling a variety of organic vaporsin
air and suggested modifications to the method."™ ™

In 1974, workers at NIOSHY reported on a comprehen-
sive study of charcoal tube sampling."” That same year vali-
dation tests on 245 compounds were published.'”

Up to this time there were no reported studies in which the
charcoal tube method was checked tor overall accuracy,
including precision and bias, using certified organic vapor;
air gas mixtures in conjunction with calibrated on-line
instrumentation.

Melcher er al.™ and Shotwell er al.* cautioned the indus-
trial hygiene community on long-term (8-hour) sampling of
organic vapors with solid sorbents. The authors suggested
criteria to be used in judging methods and emphasized the
need for establishing sampling guidelines that were both
precise and accurate.

With the introduction of passive personal samplers
{badges). a number of studies were undertaken to compare
these new methods with the “standard™ NIOSH charcoal
tube sampling method." '™ Those involved in these tests
generally assumed that the charcoal tube method (NIOSH
P& CAM 127) was the “reference method™ and that it gave
the true concentration of all organic vapors under both
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laboratory or tield sampling conditions since validation tests
had been documented for various compounds. Close tnspec-
tion of the validation test data tor charcoal tube sampling of
243 organic compounds reveals three shortcomings in the
protocol. First. although breakthrough was clearly estab-
lished. the contaminant tested was mixed with dry (3¢ RH)
air. This level of relative humidity is significantly different
from most field exposure conditions where relative humidity
averages 30C¢ or greater. Second. exposure levels were tested
at0.5x. 1.0X. and 2.0X the OSH A standard with the correct
concentrations in ppm or mg m'. However. the exposure
times ranged from as low as 5 minutes in some tests toa high
of 53 minutes in other tests. These conditions represent levels
as low as 0.005X the dose level in ppm-hours for an 8-hour
exposure. For example. in the validavon test dawa tor
toluene (NIOSH Method §343), charcoal tubes were exposed
for 10 minutes at 150. 300. and 600 ppm at tlow rates of 200
¢m’ min. These rates represent 25, 50, and 200 ppm-hours
doses. which are 0.016 to 0.063 times the OSHA 8-hour
TWA dose (2400 ppm-hours). Third, the validation tests
presented no data on the performance of charcoal tubes
when used to determine a4 known vapor concentration veri-
tied by on-line instrumentation calibrated with certified
mixed gas cvlinders.

This paper reports on a study in which standard NIOSH-
type charcoal tubes were used as an independent check on
the concentration in dynamic exposure chambers which
were continuously monitored with an on-line gas chromato-
graph and, or an infrared analyzer, cach calibrated daily
with mixed gas cylinders certified (£2¢7) by the supplier.
Tests were conducted for 6 hours at 80¢; relative humidity to
simulate the worst conditions for industrial 'WA monitor-
ing and were part of an ongoing program to establish reliable
sampling rate data for Du Pont’s GBB orgamie vapor moni-
toring badges.
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Figure 1 — Schematic of laboratory apparatus.

Experimental

The laboratory test apparatus and test protocol used are
3 pp L p
described in a separate manuscript.''®

The controiled test atmosphere system used was designed
to accommodate both the Du Pont GAA or GBB organic
vapor passive dosimeters and six charcoal tubes in the same
environment. The svstem was also designed to produce three
simultaneously generated vapor concentrations: 72, ] and 2
times the permissible exposure limit. as recommended by
NIOSH but for 6-hour duration at 80% relative humidity.

The entire system was constructed of glass. Teflon® {luo-
rocarbon resin and stainless steel, to minimize effects from
the contamination of other materials.

Two airstreams flow into the system (Figure 1). One
stream was passed over a heated flask of water to generate
humidified air which was monitored continuously with YSI
Model 91HC clectronic hydrometer and Model 9102 dual
humidity probe. The relative humidity was maintained at
80% to simulate worst case conditions, since water is known
to compete very strongly for active sites on charcoal.

The second air stream was passed through a Freeland type
diffusion chamber in which the organic vapors were gener-
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Measuring, as well as balancing flows and leak testing,
was accompanied by the use of Kurz Model 565-6 flow
meters calibrated with a soap bubble buret. Six charcoal
tubes were connected to each sampling manifold as shown
in Figure 4.

Badge chamber and charcoal tube manifold concentrations
were monitored hourly by an on-line gas chromatograph.
Hewlett-Packard Model 5880A,.equipped with a flame ioni-
zation detector and an automatic gas sampling valve. The
gas chromatograph was calibrated before and after each test
with a certified (+2%) mixed gas cylinder (Scott Environ-
mental Technology, Inc.) with a concentration close to that
generated for the exposure test. Samples at other points in
the system were taken with gas syringes and analyzed on the
same gas chromatograph. The “known™ exposure concen-
tration during the duration of the test period was determined
from the average of the gas chromatograph readings. as well
as from the weight loss of the diffusion tubes. The test period
was generally 6 hours. These agreed within 56 on most tests.

Charcoal tube flow rates were controlled at 50 cubic cen-
timeters per minute (cm* min) with the use of critical orifices.
Critical orifices were calibrated weekly.

O

.

Critical
orifice

Charcoal tube desorption efficiencies were determined at
three levels as close as possible to the anticipated exposure
concentrations. The phase equilibrium method was used in
all charcoal tube desorption tests."® Known quantities of
each compound of interest were added to the desorbing
solvent and refrigerated for | hour. Refrigeration limits
solvent lost due to evaporation caused by the heat produced
from the exothermic adsorption reaction. Usually, carbon
disulfide was used to desorb the charcoal, although in some
cases the addition of 5-10% isopropanol increased recovery.
Six passive dosimeters and charcoal tubes were desorbed at
each of the three concentrations that were tested in the
system. No desorption efficiency was accepted unless greater
than 75%, and the sample coefficient of variation did not
exceed 7%. The charcoal tubes used were SKC type 226-38
from Lot 120. All desorbed samples were analyzed on a gas
chromatograph equipped with a flame ionization detector
and automatic liquid sampler. The chromatographic condi-
tions used tor each organic compound are summarized in
Table I. The weight in nanograms of contaminant found on
the tront (100 mg) and back section (50 mg) of the tube was
corrected using the experimentally determined desorption
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Figure 4 — Schematic of charcoal tube sampling method.
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TABLE |
Charcoal Tube Analytical Test Parameters”

Gas Chromatograph Conditions

Temperature Settings (°C)

Column
Compound Type® Oven Inj. Port Detactor
Ethanol® 8 70 80 90
Isopropyl alcohot o} 70 150 150
t-Butyl alcohol D 65 120 200
n-Pentane A 100 160 170
Cyclohexane D 60 150 150
n-Hexane D 65 100 100
n-Octane D 60 100 100
Benzene D 70 150 150
Toluene® D 85 250 250
(VM+P) Naphtha D 65 120 120
Ethyl benzene A 190 250 250
Cumene o] 125 150 150
Methyi cellosolve” B 130 200 200
Dioxane A 100 110 120
Isopropyl acetate A 170 180 190
Isobutyi acetate A 170 180 190
Methyiene chioride A 50 200 200
Methyl chioroform A 100 240 250
Methyi ethyl ketone A 90 250 250
Mesityl oxide” C 120 130 140
Methyi isobutyl ketone A 150 200 200

"Desorblng solvent = CS; (uniess specified otherwise). Volume of
solvent = 1.5 mi,

"A = 0.1%SP 1000 0n Carbopack C(glass) 1/4", 4-6 f1. 80/ 100 mesh.
B = 10% FFAP on Supelcoport (glass) 1/47,4-6 ft. 807100 mesh.
C = Same as B only stainless steelcolumns 1/8”, 4-6 ft. 80,100 mesh,
D =10% Carbowax 20M on Chromosorb W. AW-DMCS, 80./100
mesh, 6 ft. long x6 mm O.D. x4 mm 1.D.

“Acetonitrile.
"1% 2-butano! in CS,.
"10% methanol in methyiene chloride.

ctficiency and compared with the expected weight. The per-
centage crror was the ratio of contaminant found on the
charcoal tube to the expected weight of contaminant as
determined from the known chamber concentration, the
flow rate through the tube (50 cm’, min), and the total
sampling time. The experimental data are tabulated in Table
II. The average breakthrough was calculated from the ratio
of the weight found on the back section to the total weight
collected on the exposed tube. A breakthrough value of 25¢;
or higher invalidated the test.

Statistics
The statistical treatment of data is a combination of that
recommended by NIOSH' and a conservative treatment
used previously by one of the authors.*01%2) The pooled bias
ratio B for cach compound tested on charcoal tubes was
obtained using Equation I

k

k
B=XnB. Xp (1)

-1 1
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where: B; is the average relative error for six charcoal tube:
(n;) exposed at each test level (k). These data are includec
in Table 1].

The coefficient of variation CV; s a measure of the pre-i.
sion or reproducibility of the method. It includes both .
lytical and sampling sources of variation. The calculated

total pooled coefficient of variation CVris obtained by using
experimental data in Equation 2:

A k Lok o2
CVr = S. f(CV)*/ Z fi] {(2)

i=1 st

where: CV; = §;/ )—(i denotes the coefficient of variation for
cach set of charcoal tubes at exposure levels i = | through k.
sampling via critical orifices in place of constant flow sam-
pling pumps. S; is the standard deviation, X; is the average
charcoal tube-determined concentration, and f represents the
degrees of freedom. These terms are aj] defined elsewhere.'”

In order to establish a more practical coefficient of varia-
tion. the minimum sampling pump error was included by
using Equation 3:

(CV) = (CVp) + (V) (3)

where: CVy was assigned a minimum of 3% errorsimilar to
that used by NIOSH.*"

Thetarget total coefficient of variation (CV1)ois the thresh-
old value that CVt must be less than to guarantee that the
total error in the sampling and analyucal method is wir'
+256% of the true concentration 95¢¢ of the time. (C |
depends on the true bias ratio B and is needed in order to
carry out a statistical test at the 0.05 tevel,

Bush and Tavior™™ present both a figure and a wable tor
establishing (CVq), values based on gnen known bias
ratios. B*™ The value of CVr must be demonstrated o be
less than the critical coetticient of variation (CVy). to con-
clude CVyp = (CV1)e at the 0.05 statstical test level. Thes
authors provide values for (CVy), for m = I8 and k = :
levels. In many cases validation tests invoive more than
three exposure levels (Table 11). Consequently. (CVr)e can
be calculated from a complicated expression given by
Hald." where:

s

(CVr)e = Function of [(CVy).. 1. n} (4)

and the target coefficient of variation (CVr)o is obtained by
iteratively solving the expansion:

0.25-8 0.25-8
v - o= (5)

095 = <b( -
(CV1), (CVr),

where: B is the pooled bias and P(x)1s the standard normal
distribution function.

The validation test at the 0.05 level may be carried out hy
comparing the calculated total pooled coefficient of vi
tion a/-rﬁlo the critical coetficient of variation (CVr)e
value. If CVq < (CVr)e. the NIOSH aceuracy criterion has

been demonstrated to hold with 95¢; confidence.
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Performance of Standard Charcoal Tubes Sampling Various Organic

TABLE Il

Contaminants in Air at 25°C, 80% Relative Humidity for
Six Hours at 50 cm’/min Using Critical Orifices to Control Flow"

!

Maximum
Capacity Test .
NIOSH Levels Analytical Results
Validated” {ppm)} mg mg % Error %
Class/Compound (mg) This Work  Caic’'d Found Bias, Bi B.T.
Alcohols
1) Ethanoi 5.2 45 1.62 1.82 +11.0 17
106 3.85 442 +14.8 21
B = +129
2) Isopropyl 11.3 52 2.31 2.75 +18.9 0
alcohol 174 7.70 5.43 -29.5 0
8= -18
3) t-Butyl 9.9 18 0.97 0.94 - 31 0
41 2.06 2.00 - 29 0
64 3.29 2.98 - 94 0
72 3.70 3.31 -105 0
8= -65
Aliphatics
4) n-Pentane 18.0 28 1.57 1.85 +17.8 241
64 3.58 3.48 - 28 23.6
134 7.49 7.21 - 3.7 12.6
B= +38
5) Cyclohexane 125 46 2.66 2.69 - 11 12.0
87 5.40 6.23 +15.4 13.6
271 16.80 17.70 + 54 2.0
B =+ 66
6) n-Hexane 21.7 16 1.08 1.04 - 1.0 0
46 2.98 2.77 - 75 0
184 11.90 11.80 - 06 0
B8= -28
7) n-Heptane 21.0 72 5.41 6.31 + 99 0
103 8.16 9.04 +10.8 0
266 18.21 201 +10.3 0
B = +103
8) n-Octane 30 41 3.48 3.26 - 6.3 0
87 7.38 6.70 - 92 o}
113 9.58 9.68 + 1.0 0
353 29.92 27.80 - 71 3.1
B= -54
Aromatics
9) Benzene 7.2 3.1 0.162 0.156 - 3.7 o]
7.5 0.352 0.362 + 2.8 0
16.2 0.795 0.872 + 9.7 (]
19.6 0.990 1.190 +20.2 0
231 1.450 1.090 -248 0
240 1.080 1.150 + 6.5 0
240 1.300 1.090 -16.2 o}
B= +08
10) Toluene 273 44 3.06 2.85 - 6.9 0
53 3.61 3.92 + 86 0
56 3.79 3.75 - 1.1 0
57 384 3.95 + 29 0
B = + 12
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TABLE li (Cont’d.)

Maximum
Capacity Test .
NIOSH Levels Anatytical Results
Validated"” (ppm) mg mg % Error %
Class/Compound (mg) This Work  Calc’d Found Bias, B; 8.T.
11) VM+pP 29.7 22 2.19 2.30 + 5.0 0
Naphtha 51 5.46 5.76 + 55 0
97 8.04 7.79 - 3.1 0
252 18.80 20.30 + 8.0 0
B= +39
12) Ethyl 324 3 2.54 2.77 + 91 0
benzene 65 5.33 5.50 + 3.2 0
124 10.15 11.50 +13.3 o]
B= +85
13) Cumene 22 16.8 1.48 1.46 - 14 [0)
345 3.05 3.05 0.0 0
116.0 10.23 10.60 + 3.6 0
B=+08
Ethers
14) Methyl 20.3 6.5 0.380 0.281 -26.1 0
celiosolve 12.5 0.731 0.581 -20.5 0
245 1.430 1.270 -11.2 0
B = -193
15} Dioxane 28 36 2.40 212 -11.7 0
81 5.39 452 -16.1 0
179 11.90 9.41 -20.9 0
B = -16.2
Esters
16) Isopropyi 26 97 6.84 8.25 +20.6 0
acetate 229 16.14 19.28 +19.5 0
508 35.90 24.70 -31.2 0
B= +«30
17) Isobutyt 27.6 53 451 510 +13.1 [¢]
acetate 105 8.94 10.65 +19.1 o]
218 18.56 21.66 +16.7 0
B = +16.3
Haiogenated
18) Methylene 23.3 51.3 3.20 3.05 - 47 a0
chloride 110.0 6.83 6.74 - 1.3 33
B= -30
19) Methyl chioro- 36.2 31.0 3.08 3.27 + 6.2 1
form (1,1,1-tri- 63.9 6.36 6.84 + 75 1.1
chloroethane) 132.0 13.10 15.60 +19.1 0.3
8 = +10.9
Ketones
20) Methyl 17.5 42.6 2.27 1.52 -33.0 o]
ethyl 77.0 414 3.1 -24.9 0
ketone 156.0 8.30 6.92 -16.6 6.2
B= -248
21) Mesityl 9.6 9.0 0.69 0.56 ~-18.2 0
oxide 19.0 1.45 0.96 -37.8 0
37.0 2.82 1.89 -33.0 0
B = -279
22) Methyl 35 26 1.96 0.89 -54.6 0
isobutyl 57 4.29 224 -47.8 0
ketone 119 8.95 5.48 -38.8 0
8 = -471

“For 100 mg front section of charcoal tube, see Table IV,
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TABLE 11l

Summary of Sampling Data Using Standard Charcoal Tubes
at 25°C, 80% Relative Humidity and 50 cm®/min —

6 Tubes Per Test (Most Tests)"

Avg. Error® Overall®
Range (ppm) (%) Found — Accuracy
Class/Compound Tested vs. Calc'd CW" % {Cvr)®
Alcohols
Ethanol 45-106 +12.9 0.066 26.1 0.046
Isopropyl 52-174 - 18 0.143 304 0.060
atcohol
t-Butyl aicohol 18.3-72 - 865 0.086 23.7 0.082
150 Butyl 20-140 +13.3 0.081 295 0.048
alcohol
Aliphatics
n-Pentane 28-134 + 3.8 0.112 26.2 0.087
Cyclohexane 46-271 + 6.6 0.108 28.2 0.076
n-Hexane 16-184 - 2.8 0.063 154 0.069
n-Octane 41-353 - 54 0.063 18.0 0.082
n-Heptane 76-241 +10.3 0.113 32.9 0.062
Aromatics
Benzene 3.1-24 + 0.8 0.060 12.8 0.101
Toluene 44.0-57 + 1.2 0.086 18.4 0.093
{VM+P) Naphtha 21.7-252 + 39 0.079 19.7 0.110
Ethyl benzene 31.0-124 + 85 0.074 233 0.070
Cumene 16.8-115.8 + 0.7 0.072 15.1 0.089
Ethers
Methyi cellosoive 6.5-24.5 -19.3 0.065 32.3 0.024
Dioxane 36.0-179 -16.2 0.065 29.2 0.037
Esters
Isopropyl acetate 97-508 + 3.0 0.072 17.4 0.086
Isobutyl acetate 53-218 +16.3 0.064 291 0.037
Halogenated
Methylene 51.3-111 - 3.0 0.077 18.4 0.084
chlonde
Methyl 31.0-132 +10.9 0101 311 0.059
chloroform
Ketones
Methyl ethyl 42.6-156 -248 0.075 39.8 0.001
ketone
Mesityl oxide 9.0-37 -29.7 0.117 53.1 0.000
Methy! isobutyl 26.0-119 -47.1 0.099 66.9 0.000

ketone

ASix hour test exposures.

"Relative Bias Ratio B.

"(C=V-r)" = (6/1-)" + (CV,) where SV is the precision of the sampling and analytical
method when critical ornfices were used and CV, is the average sampling pump
error of t5% (CV,)* = 0.0025.

YOverall Accuracy ={1.96 (GT/T) + Absolute Mean Bias IQI ] x 100 where Mean Bias

IB) = average error.

¥(CVr). is defined in Reference 20.
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