
f , \  new,paesive monitor for organic vaporE has been developed for the determinat ion of the t ime-weighted

.'svorago (TWA) concontration ol contaminantc in air. This parsonel dosimeter typa badge -ottltot collects the
organic vapors through the mechanigm of molecular di f fusion and adsorpt ion onto an act ivated carbon

Lcollection element. After €xpoEure, the activated carbon ia removed from the device and analyzed uring gas
uiuomatographic techniques outl ined in NIOSH Physicaland ChemicalAnalysis Method {P&CAM} 127. Current-NIOSH 

rtandards for measuring the concentration of organic vapors in the atmoephere involve the use of
charcoal tubea and sampling pumps for collection, desorption by carbon diuulfide and rubsequent analytis uaing
gal chromatographic techniques. In comparative t€sting, the new passive monitor has demonstrated that its
overall acculacy ia at leaat equivalent lo th€ charcoal tube method in determining ambient contaminant
concsntration. Several organic compounds wore sampled overthe rango of O.5 ppm - 1 1 OO ppm €xposure levols.
Both field ond laboratory tests were conducted and the results wore compared. Environmental parametars such
as temperature, relative humidity, and air mov€ment were among the factors examined. Other factors
considered were desorption efficiencies, sampling rates, sampling rango. bias, and precision.

principle of operation
dynemic vs. diflusionally controlled
When the pump/solid sorbent method, i.e., charcoal tube, is
used to sample for organic vapors, the mass ,:f the vapor
collected in the sorbent tube is a direct furrction of the
sampling rate of the pump (cm'/min),  the ambient
(integrated TWA) concentration, C (mg/mt), and the
sampling time, t (min). (See Equation l.)

Illass, M (ng) =

Pump Sampling Rate lcmtlmin; x C (mBlm') x r (min) t1l

When diffusionally controlled devices such as the PRO-
TEK Badge are used for sampling, the mass uptake of the
badge is controlled by the length and diamcter of the badge
cavities and thc physical properties of the contaminant.
Because of the existence of a concentration gradient
between the outside ofthc badge and the activated charcoal
strip, the gas diffuses through the cavities by molecular
diffusion and is eventually adsorbed onto the activated
charcoal strip. According to Fick's First Law of Diffusion, it
can be shown that the amount of material or mass, hl (ng),
pickcd up on-the charcoal is a function of the samplingrate,
(DA/L) lcmtTmin), times the ambienr (integrated TWA)
concent - r l_ t !on ,  C (mg/m' ) ,  and the  sampl ing  t ime,
t  (min).t t '5 'r ' t I-" '1

M (ng) =

Badge Sampling Rate. DA/L (cm
l2l

' /min)  x  C (mg/m')  x  r  (min)

The badge sampling rate is a direct function of rhe
diffusion coefficient (D) of rhe organic vapor(s) bcing
sampled and the total cross-sectional arca (A) of the badge
cavities. The rate is an invcrse function of the diffusiolr path
or length (L) of the cavities.
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lntroduction
Rccent interest in sampling organic vapors with a passive
sampling device in placc of the pump/solid sorbent tube
method has been growing.(t-t' In general these devices

^ depend on permeation-controlled, diffusionally controllcd,

lrni permeation/diffusionally controlled mass transport
- sampling mechanisms. The new Du Pont PRO-TEKTM

G-AA Organic Vapor Air Monitoring Badge has been
developed with unique features which include immediate
response, increased sensitivity, variable sampling rate, and
wide sampling range without the need of draft shields.
attenuating sheets, or permeation membranes.

' 
Lightwcight, small in size, and packaged fully asscmbled

in a sealcd pouch, thc G-AA Badge has been dcsigncd to be
worn near thc brcathing zone of personnel cxposcd to
potentially hazardous environments.(el To activate the
badge for use, one simply removes the badge from thescaled
pouch, removes the protective covers and clips the badge to
the cmployee's shirt collar. Each badge can be individually
numbered to facilitate accurate recordkeeping.

Throughout exposure, organic vapors are collected
through a multi-cavity diffuser element and adsorbed onto
an activated charcoal collection element. (See Figure l.)
Aftcr exposure, the badge is removed from use, deactivated
by replacement of the protective covers, and resealed in the
original pouch with thc closure provided.

Analysis involves removing the activated charcoal
collcction strip from the badge and placing it directly into an
automatic gas chromatography (G.C.) vial for desorption

lwith 1.0 mL of dcsorbing solvent. Thc sampte is now ready
{f,for G.C. analysis, similar to NIOSH P&CAM 127. When

the sampli;rg time, amount of material collected, and the
badge sampling rate (derermined by diffusion coeflicient
data supplied by Du Pont)ilorare ascertained, the TWA can
bc determined.
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Figure | - PRO-TEK G-AA Badge componenrs.

Sampling Rate, (cm'/min) = p14rt) t3l

whcre D, cmlTmin = Diffusion coefficient at 25 oC,
760 mm Hg

A, cmt E Totol crou-rcctional area of thc
cavitics or (numbcr of cavitics) X
(rn')

L, cm = Lcngjh of cavitics

f,{he kinetic theory of gases(ril indicates that the diffusion

]fficicnt, D, is a function of absolute temperature and
prcssure by Equation 4.

D = f(T'nlP) t4l

The mass collected, however, can be shown to be
indepcndcnt of. prcssure and only stightly dependent on
tcmperatur6.(trl3l For example, sincc M = f (D x C)
(Equation 2), C = f (P/T) (Ideal Gas Law) and D = f (Tr/2/ p)
(Equation 4), then M = f(T)'/2 p1 (n0 = l.;

Thercforc:

M = f(T'/r) (sl

This temperature effect can be corrected for by reducing
the cxperimentally detcrmined concentration in mglm! by
1.0 perccnt for every l0 oF above 27 oFand by increasing by
1.0 perccnt for every l0 oF below 77 oF. Dynamic
pump/solid sorbent and/or impinger systems are normally
corrected for changes in actual sampling volume conditionl
duc to both tempcrature and prcssure changes.

btdgc hco vclocity contrcl
In many instances draft shields, attenuating sheets, and
memhrand have been used on the face of passivc devicesrr'16l
to minimize the convective airflow as thc rate determining

l-D of masr transport.

ltrc G-AA Badge does not need membrane-likc draft
shields for protect ion against windage effccts.  The
climination of convective airflow insidi thc badge is
accomplishcd by minimizing thc diamctcr size oi thc

7tl

openings and maximizing cavity tengths while maintaining
direct contact of the cavi:,i,.s r..ith thc coltection clcmcnt. ln
general the length to Jiameter ratio (L/D) of the cavities
rhould bc greater than 3.0 in order to ctiminate convectivc
airflow as the rate detcrmining stcp to mass transport. The
rate dcternrrning stcp of mass transport for the G-AA Badge
is thcn simply the diffusion of rhe gas through the cavities to
the collcction element.

response tima
An important function of any sampling device is the ability
to integrate high peak concentrations. This function is
directly related to the response time of the device. previouslv
described devices with draft  shields or permeation
membranes have been show.n t_o have response times varying
between 5 and 30 seconds.('rr7t A -""rlr" of the ,"rponrl
time can be made by using Equation 6.tI

Response Time, t = L2 IZD (61

where: L = Diffusion length, cm

, D = Diffusion coefficient, cm2Tsec

For the G-AA Badge the calculated response time is
found to be approximately I /2 second. This short response
time for the badge allows integration of rapidty changing
concentration profiles, which ensures that the sample
collected is a true TWA concentration.

dual sampling reta
With the G-AA Badge, one has the choicc of two sampling
rates of approximately 50 and t00 mL/ min, determined by
the removal of one or both protcctive covers. This choicc
affords the industrial hygienist the flexibility of sampling for
low concentrations with improved sensiti.,ity or higlr
concentrations with little likelihood of saturation of rhe
charcoal.

Generally the 100 mLlmin sampling rare, both covers
removed, should be uscd when cxposure lcvels bctwccn 0.2
and 100 ppm-hrs are anricipated. This sampling range

tun. lad. HyC. /asod J (4t) &lobct. 1980
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Figuro 2 -  Loboratory to6t  opporotus.

(a
would cxist  for ei thcr short  sampl ing t imcs (15 minutcs) or
for measuring gas:s with low exposure levels ((12.5 ppmlg
hrs).

The 50 mL/min sampling rate, one cover removed,
should be used lvircn the anticipated sampling range is t00-
4000 ppm-hrs. This sampling range woufd exist for either
long sampling times, such as l6 hours, or for measuring
gases with high exposure levels (up to 500 ppmlg hrs).

exporimentsl
badga construction
In i t ia l  work  invo lved the  use  o f  p ro to type badges
individually machined from Delrin o aceral resin. Badges
were cleaned by extraction with carbon disulfide in a
Soxhlet extractor and then dried overnight in a forced air
oven at 70 "C. The average A/L was found to be t5.6 cm +
l2 percent. Commercially produced badges are made from
a n  i n j e c t i o n  m o l d i n g  p r o c e s s  u s i n g  h i g h  d e n s i t y
polyethylene as the plastic of choice. Overall dimensional
uniformity is substantially improved with an A I L of l4.g cm
t 5 perccnt.

charcoal
Each charcoal strip in the badges contains approximarcly
300 mg of coconut-based activated charcoal impregnated in
an inert polymer. This composite material is madc by a
proprietary process. Special  c leaning and act ivat ion
techniques, coupled with rigid quality control procedures.
ensure that the activated charcoal strip is clean and active.
This amount of activated charcoal increases thc badgc
sampling range and allows for increased badge loading
capacity and cxtended sampling times up to l6 hours.

test dppdratus
Thc basic dynamic contaminant gencration systcm uscd (see
Figure 2) was or iginal ly developed by Du ponttr tr for thc
purpose of laboratory val idat ion of sampl ing methods
where an accurate measure of the true contaminant
concent ra t ion  cou ld  bc  de termined.  The sys tem is
constructed of glass and Teflon 

' ' 
FEp-fluorocarbon resin

tubing.
This system uses the pr inciple of vaporizat ion and

diffusion of an organic contaminant from a diffusion
tube.(re) The diffusion tube is of a predetermined cross-
sectional area (A) with + 2 percent prccision and tength (L).
Thc tubes are contained in a chamber in which constant
temperature (+ 0. I  "  C) is maintained. The result ing vapor is
di luted by mixing with dry or wcr air  to produce rhe desired
contaminant concentration. The rate of diffusion can be
determined by pericdic weighing of the tubes (considered to
be a primary standard).

Different diffusion rates and subser{uently differcnt
concentrat ions can also be obtained by varying thc A/L of
the tube or by changing the temperature of thc chamber
surrounding the tubc. Concentrations can usually be
generated between 0.5-200 ppm for selected organicvapors.
Total flow rate of the system is mcasure<l at the end of thc
apparatus train through the use of a dry tesr meter (Singer
Mode l  DTMl l5 ,  ca l ib ra ted  w i th  a  soap bubb le , . t " r .  o
pr imary standard).  I f  |  /2- inch tubing is used througlrour r .re
systcm to minimize prcssure drop. flow rates can bc variett
between I  and 20 l i tcrs/min, *  5 percenr.  Tcf lon FEp-
Fluorocarbon rcsin tubing was thc mater ial  of  choicc
becausc of i ts chcmical incrtness.

For organic vapors with high exposure levcl  ()200 ppm),
a 50 mL glass syr inge with syr inge pump (Harvard Modcl

a
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Figure 3 - Badge exposure chamber.

940) was connected to the test apparatus to generate the
desired contaminant concentration. Mixture studies can
also be performed by using more than one set of diffusion
chambers, cach containing a diffcrent organic solvent.
Vaporization and diffusion from diffusion tubcs can also bc
used to determine diffusion coefficients.lto' Alt organic
chemicals used were Fisher Scicntific Company sFectro
quality grade.

Additional secondary reference means for verifying the
conccntration of the organic contaminant being generated
were determined by using calibrated on-line instruments
such as a gas chromatograph (Hewlett-Packard Model
58404 equipped with an :rutomatic gas sampling valve)
and/or an infrared spectrophotometcr (Wilks Model 80
equipped with continuous readout). These instruments
permit continuous or periodic checks on the concentration.
Other sampl ing mcthods, such as charcoal tubes conncctcd
to Du Pont Constant Low Flow Sampler pumps, were also
used to verify the actual concentration.

Water vapor can bc added to the system by passing part of
the diluent air through an impingcr. The actual humidity is
measured with an electronic hygrometer (Panametrics
Model 1000).

The badge exposure chamber, based on a design
originally used by DuPont's Hasketl Laboratories,(ttr lsee
Figure 3) was actually a miniaturized wind tunnel made of
glass rectangular tubing jackcted with a water condcnser
allowing for temperature control. The entrance port of the
exposure chamber is equipped with an aluminum screen
which acts as a diffuser and eliminates conccntration
gradients and turbulent flow patterns of the incoming
contaminant(s)/air  mixture. The width of the exposure
channel can be varied by placement of Delrin acctal resin
shims along the sides of the rectangular chamber wal ls.  As
the thickness of the shims uscd and the airflow rarc arc
varied, the face velocity can bc varied. Air velocitics wcre
calculated from the flow rate and the opcn cross-scctional
area of the exposure channel. The calculated valucs wcre
verilied by the use of an anemometer probe (Thcrmo

7t0

Systems Modcl  l l25) .  This  probe was moved down thc
length 0f the expOsure channel to determine th0 totrl
veloci ty prof i le of the chamber. Through thc usc of shims
and flow rate variation, face velocities between 5 and 400
ft /min could be obtained.

procedurer

leboratory axposurc tdsting
C-AA lladgcs are normally placed in rhe center of the
exposure channel chamber and held in posit ion so that the
flow of air is parallel to the face of the badges. The exposure
channel chamber was modified to permit variation of the
ang le  o f  inc idence o f  the  incoming contaminanr /a i r
mixture. This modification involved making separate
compartments (baff led by di f fuser plates containing l /8, ,
diameter holes) in the chamber so that the badge's posit ion
could be changed relative to the flow of the incoming air.

The exposurc chamber can hcld up to eight badges. Most
tests involvcd four to eight badges at face velocitics ofeither
50 or 100 f t l  min. A minimum distance of 3-4 inchcs betwecn
badges is recommended to mininrize the formation of
conccntrat ion gradients within thc chambcr. This chambcr
design permits casy exposurc repl icat ion, which lcads to
accuratc cst imatcs of badge precision. Sampling t imes
varicd I ' rom l5 minutcs to 72 hours. Thc badgcs cxposet l  in
scr ics cach rcmovc a smal l  f ract ion of thc contaminant ( less
than I  perccntat f low ratcs) l0 l i ters/min).  Onecancorrect
for this reduct ion in conccntrat ion.

analysis
The activated charcoal strip, because of its tensile streng:h
properties and elasticity, can be readily rransferred ro an
automatic sampler G.C. vial  for desorpt ion and G.C.
analysis without any loss of charcoal.  The charcoalstr ips are
then usual ly desorbed wirh 1.0 mL of spectro qual i ty carbon
disul f ide and agitated for 30 nr innres with a shaker (SKC
Model Charcoal Devclopcr).  The dcsorbing solut ion is then
analyz.cd by rcmoving a 0.5 pL al iquot and injcct ing i t  into a
H e w l c t t - P a c k a r d  M o d e l  5 8 4 0 A  g a s  c h r o m a t o g r a p h
equipped with an automatic samplcr (Modcl 7672A) an<l
flame ionization detector. The analytical column normally
used was a 6-foot by l /8- inch glass tubc packed wirh I0
percent Carbuwax o 20M on 80/ 100 mesh Chromosorb W.
The unit normally was operated isothermally with column
temperatures ranging bctween 65 "C and 100 "C de pcnding
on the contaminant being measured. Thc carrier gas used
was ni trogen at a f low rate of 30 cm!/min. Cal ibrat ion
standards were prepared daily to contain known quantitics
of the contaminant in the desorbing sclvcnt.  

' Ihc 
wcight of

thc desorbed contaminant is determined by comparison
with peak areas of known cal ibrat ion standards. This weight
should be corrected by subtract ing thc conccn!rat ion oIany
blank samplcs.

To calculate thc conccntrat ion of the contarninant to
which thc badgc was crposcd, onc uscs Equat ion 7:

Correc tcd  Wcigh t .  ng

trrotuit
cxaNntLt

Eito vtEw

( H-:::"#) (,.":i:*Ti,J ( iH:""t,J,,,
mgTmt  =
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TAELE I
PR0-TEK Prototypo Badgs Sampling Ratss

Compound
Tcrt Erporurc Sampling Rsto

lppm.hrrf (cm'/mlnl M.c.v. M.w.(l Acrylonitrilo
Senrene
Carbon Tutrachloride

30.r000
2.20
8-60

53.06
78 .1 r

153.84

8.4
5 .1
4.4

102.8
90.3
69.7

If the badge sampling ratc (DA/L) is known, rhc test
concentration can be determincd and comparcd with the
true concentration, which is dctermined by the diffusion
tube weighings (primary reference standard) or on-line
ins t rument  read ings  (secondary  re fe rence s tandard) .
Alternatively, if the concentration in mg/ mt is known along
with the corrected weight and desorption efficiency, one can
determine the sampling rate (DA/ L) and thcn determine the
diffusion coeflicient D by knowing the A/L of the badge.

dcsorption efliciency
The method normally recommended by Du Pont for
dctermining desorption efficiencies (DE's) is based on rhe
phase equilibrium method previously dcscribcd.(r2'2rr This
mcthod is considercd to be not only easicr but also morc
sccurate than thc NIOSH rccommcndcd proccdurc.
Howcver, this mcthod should bc comparcd for cquivalcncy
with NIOSH recommended procedures before being used
during routine analysis of industrial hygiene samples. The
Du Pont procedure involves adding a known concentration
of contaminant to the desorbing solvent. Samples of this
solution are injccted into G.C. vials with and without
charcoal strips. The vial contents are agitated gcntly arrd
then allowed to equilibrate for one hour. A sample is rhen
taken from each vial and the amount of contaminant present
is determined using G.C. techniques. The DE at that
particular loading level will be the relative peak areas of the
solution with the charcoal strip divided by the rclative peak
area of the solution without thc charcoal strip. At least three
DE's should be determined at rhree different loading levels
at concerltrations expected during actual test exposures.

ficld testing
Field testing was performed for both personal and area
moni to r ing .  Genera l l y  the  eva lua t ion  fo r  persona l
monitoring involved placing a badge on one side of a
worker's collar and another sampling device, such as a
charcoal tube and pump, on the other side of the collar. The
evaluation for area monitoring involved placing badges and
pumps with charcoal tubes on an open rack in an area free of
obstructions. Sampling timcs varied from l5 minutes to l0
hours.

statistics
ovenll accuracy

of thcse criteria into a possible statistical protocol involving
the use of tolerance and non-parametric tolerance intervals
or scparate estimates of accuracy and bias.lrt'2tl A new
sta t is t i ca l  c r i te r ion  based on  NIOSH and OSHA
recommended procedures has been defined. If sufficient
samples  are  tes ted ,  an  overa l l  accuracy  s ta tement
corresponding to the NIOSH criterion can beexpressed by
the use of Equation 8:

OVERALL = * F Absolute * (2x Mcan Cocf l ic ienr\- l
ACCURACY 

- = 
lMcan Bias- \  ofVariar ion )J

{81

The term overall accuracy r"f"r, to thc perccnt difference
b c t w c c n  a  m e a s u r e d  c o n c e n t r a t i o n  a n d  t h e  i , r u e
conccntration of an air sample. Overall accuracy includcs:

l. The difference between the average value resulting
from the sampling method and the true value
(estimated by the mean bias); and

2. The random variation of the sampling method
about its own mean (estimated by the precision or
mean coefficient of variation).

Equation 8 assumes that the mean bias is a known
quantity not subject to random errors of estimation.

In general, six or morc replicate samplcs are collected at
three or more concentrations and analyzed for the mass
collectcd. Samplcs are corrected for desorption efficiency
(DE) values which should be greater than 50 percent. The
NIOSH method rccommends DE values of at least 75
percent.

The mean, standard deviat ion, and coeff ic ient of
variation are calculated at each concentration tevet. ' l 'he
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NIOSH recommends that the overall accuracy of a sampling
method in the range of 0.5 to 2.0 times thc environmcntal
standard should be + 25 percent for 95 percent of thc
samples tested.(2tf OSHA's accuracy requirement varics
from t 25 to + 50 percent depending on the individual
standard. Other authors have discussed the implementation
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Figure 4 - Temperature dependencv ol dif f  usion coeff icienrs.
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