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Summary

The importance of surface contamination as a potential source of exposure to hazardous
materials is discussed. Data from the literature concerning the resuspension of indoor sur-
face contamination are presented. Reported procedures for quantitating surface contamina-
tion are compared. It is suggested that, despite its limitations, surface contamination monitor-
ing may be useful in estimating potential risks from hazardous materials.

Introduction

Surfaces contaminated with radioactive, carcinogenic, toxic, or otherwise
potentially injurious substances constitute a twofold risk: human exposure may
occur through direct contact with a contaminated surface, or materials resus-
pended from such surfaces by physical agencies such as air currents or vibration
may be inhaled. The existence of a relationship between the movements of
personnel, sweeping, and other forms of activity and the amount of bacteria
airborne in hospital wards was recognized as early as 1890 [1]. The importance
of contact transmission and of inhalation exposure in the production of human
illness is well known.

Measurements of surface contamination before and after a cleaning procedure
allow estimation of the effectiveness of the decontamination process and of
the potential risk represented by the residual contamination. This review is
concerned with the resuspension of surface contamination into the air of en-
closed work environments and the efficiency of removal of surface contamina-
tion. With data of this sort, one can predict airborne concentrations of hazard-
ous materials from simple surface contamination measurements.

An international symposium on surface contamination was held in 1964 [2].
Much of the following discussion is based on information presented at that
symposium. Aerosol physics, fundamental to a complete understanding of the
factors governing the deposition and resuspension of particulate matter, is not
included in this review; the subject has been covered elsewhere {3—5] . Informa-
tion concerning outdoor resuspension of materials such as pesticides and radio-
isotopes has also been reported [6—8], for example, but is not considered
here.
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Redispersion of surface contamination

The relationship between surface and airborne contamination is usually
expressed as the ratio of the air concentration of the material of interest (A)
to the surface concentration of the material (S). The ratio (K = A/S), usually
called the resuspension or redispersion factor, is variously expressed in units
of m™, em™, or em?/m>. In this paper, all values of K are expressed as m™'.
Most studies of redispersion have used radionuclides as tracers; some have
employed chemical and microbial agents. Air and surface concentrations
would therefore be expressed in terms of disintegrations per unit time, mass
units, or organisms or colony-forming units, respectively. If K = 10° m™,
then one unit of surface contamination/m? generated 107° units of airborne
contamination/m?3.

The earliest effort to relate surface contamination and physical activity to
the consequent airborne contamination was that of Chamberlain and
Stanbury [9]. Their data were used by Dunster [10] to infer, from values
for maximal permissible concentrations of radionuclides in air, permissible
levels of surface contamination. Since Dunster’s work, many values for K
have been reported (Table 1).

With some exceptions, the data were obtained using «- or g-emitting radio-
nuclides under normal or experimental “working” conditions. The K factor
increases, as expected, with any increase in operations that are likely to
resuspend loose surface contaminants. The variation in K factors is consider-
able even though most of the values tabulated are averages: from 2 X 10® m™
under quiescent conditions to 4 X 10 m™ with vigorous sweeping of con-
taminated floors [17,18]. Even with so-called maximal surface disturbances,
differences of three orders of magnitude have been reported {9,18]. (This
last difference is probably due to the more vigorous resuspension procedure
used by Mitchell and Eutsler and the fact that they used surface contamination
values based on wipe tests which represented only a fraction of loose contamin-
ant, whereas Chamberlain and Stanbury’s values [9] were based on total sur-
face contamination and, therefore, include nontransferable material.)

Brunskill noted that “The resuspension factors . . . can, under many practical
conditions, be one or two orders of magnitude greater than the resuspension
factor assumed by Dunster . . .”” [22]. Others have also reported K factors
significantly greater than those proposed by Dunster [16,19,20,25,26]. The
variation in K values that can occur even when very similar procedures are
carried out by the same experimenters is illustrated by the data of Glauberman
et al. [23]. The two orders of magnitude difference found with floors con-
taminated by plutonium and uranium may be due to the difference in the
room sizes which affected the resultant aerosol concentrations, a confined
area being compared with the same area of a much larger room. Similar reason-
ing can be used to explain the fact that one order of magnitude difference
in K factors was obtained in the small rooms when cart movement was
superimposed on the air turbulence created by the fans, whereas no significant
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difference in aerosol concentration (or K values) was detected in the large
rooms under similar conditions [23].

The relatively high K factors (2 orders of magnitude greater than those
suggested by Dunster) obtained by others indicate the hazard that may be ex-
pected from the process of removing contaminated laboratory uniforms in
change rooms [20,22]. Others have studied the amounts of uranium released
from contaminated uniforms during typical work procedures [28].

In one study, an attempt was made to demonstrate a quantitative relation-
ship between surface contaminant concentration and the amount resuspended
by air turbulence [27]. However, it was found that aerosol concentration did
not increase with increase in the density of surface contamination and, there-
fore, the resuspension coefficient tended to decrease.

Also of interest, but not included in Table 1, are values obtained by Fish
et al. showing the fractions of loose floor-contaminant (cupric oxide) that
settled on various parts of the clothing of a person exposed for 90 min to
the aerosol produced by two 10 min periods spent in lightly sweeping the
floor, and by the movements required to collect surface and air samples [21].
The settled fraction of contaminant particles varied from about 0.04 on the
chest to about 0.7 on the insteps.

The usefulness of the concept of the redispersion factor is limited by the
variability of the values obtained. The variability of K may be attributed to
the nature of the contaminant, the nature of the surface, and the means by
which surface contamination is estimated.

Estimation of surface contamination

Since it is usually not the total amount of contaminant on a surface, but
the loose fraction that can be effectively aerosolized, the determination of
surface contamination should measure the latter. Probably the most question-
able value in the calculation of resuspension factors is the surface contamina-
tion, since, in most cases, the fraction of loose contamination removed by
the test procedure was not known. Variously named wipe, swipe, smear, or
swab tests have been used frequently for the estimation of loose surface con-
tamination. In these procedures, about 10 cm? of dry filter paper is firmly
wiped over a measured surface area (usually 100 to 1000 ¢cm?) and the con-
taminant removed is measured [10,13,16,18,22,29—34]. It is frequently
stated that such procedures remove about 10% of the total surface contamin-
ants which represents “loose’ material available for resuspension in the air
[10,23,31]. Other estimates run as low as 1 or 2% of the total, only 10% of
the “loose’” component being removed by smears [22]. In at least one case
the radioactivity removed by smear samples was considered to represent 100%
of the transferable surface contamination [11].

In a study in which nearly all of the surface contamination was loose
(thorium dioxide dust, ThO,, was allowed to settle overnight in a small test
chamber) about 24 to 75% of the total material was removed from a variety



350

feuoyyerado

's100[] 9yj Surwnnoga s0T X 0%1—§ ‘qued uorjonpax )
o7t “ »mzw%nw oﬁw_ﬂww—“-_““:“wu [euonesado Ixwajel Aq 310,
138 Pa3o3[jod BjR(Q s-0T X 0135 ‘yuerd Burdures 210 owajel Aq [BJ0], a
. sajdures
s-0T X 9'8 e 431ys 4 g {BULON
2 *19Aa] 90€] je pajdues Iy sordures adim Aq ssoory spunoduiod
0T X & ame jods urw Q7 ‘{BUWION n
s0T X€1T:0 [euoN
e suaidAy poo? adim Aq 8soo0
21 ‘8j8p UOIBUIIBIUOD I00(] 01 X 6 %Y s jueld (BuION 1w Aq g
D!
W0y PajeInNofed saneA jue(d pajeurIBIUOD 1039wgex Aq [E30L
0T XG'T ‘®Y AQydy ‘reuioN 01 pue ey
*I00[J WOiJ 0T X3 suoljeiqIA pus
) & UONIB[I3UIA PIPPY
11 1 ¥ 03 dn paydures ay . adim Aq asoor] N
s0T X 08—¢'% [PuoN dan
‘pauIuIa)ap IZIs s[onIRg aoeds pajeruaAun
s-0T X¥ ‘pauUIjUod Ul JIOM A0y Jsup xseid
6 oo . ) 19j9wage1 Aq 810, pue yolq
woyy 33 9—¥ 8 padiues 1y s 0T X3 uado ur jIoM BANDY Poleqel-Tic:
JUaUWIBINSBIW UOY]
‘79 syIeWOY (w) y suoijipuod gunersdQ -BUIWBIUOD 2JBJING s[elIa) Bl

s1039€] uolsuadsnsal pajoaleg

T 314V.L



351

(penurjuod)

61

‘(ejqexidsaiuou sappyyred

8T 30 %06) 100(3 uspoom
woJy 33 ¢ padures 1y

"WOO0I3I0)8 PIje[ijusAUf

*azis a[qeiidsal Jo %03—0T1
{paullxayap JZIs IPNIe]

L1 *SBULI9A0D 100(]
SNOLIBA UO

palIp S)URUIUBIUOD JO SUOIS
-uadsns 10 suoynjos snoanby

‘pozAreue sojdures auti)

‘aton
291 10J PaUIULId)BP OZIS A[ONIE]
‘[9A9] 208] 18 pardures Iy

(Aaains [enuue }sT WO Ble)
‘sanN[eA Ire UBSU pas()

‘san|eA pajBWILSd paIsy
9T

‘saN[eA ueawr pasn)
‘UoIBUTWEJUOD
joo[q 2¢ Jo uvawW pPasy)

‘(payyroads jou seale JO IzIs) sanfea
UOI}BUIWE)UOD d0BJANS UBDUI PIs[)

0T

201
:-01

s 0T
50T
30T
s 0T
s 01
:-01

»0T

v0T

¢-0T
0T

0T

0T

e-0L

4

X1
Xy

Xg
X1
X3g
Xg
X1
X3g

XeT1

Xe'y

X0y1—9'¢

X€'6

Xy'e

X L'€-¥%1°0

X6—T1°0

Bunjrem uosiad |

100[] Burnnoea 13jJe
Arsnoxofia Burdeoms uaw g

Asnoxofia guideams uswr g

Y 1 103 utwi/sdags 9¢
4 1 10§ urw/sdeys 1
jueosaIngd

Y T 103 urw/sdass 9g
Y T 1oy utw/sdess 1
FUEREET T

sordures

Ire 4J1ys Y g ‘[eWHON

sajdures
are jods upwt O ‘[eWION

A10juBAul asnoyarep

stsaypuds punodutod ag

5198181 UOI3O[DAD
ag jo uonjeredaig

syo0o[q
pue seA[ays Jurues)

so0[q °g
Buipeojun pue guipeory

1007} 03
pordde eriajoeq
JO junoure umouy|

adim Aq asoor]

adim Aq 8soor]

adm Aq asoor]

adwm £q 9soo0]

adim £q asoo]

swistuedio
-0IDTN

°d

ajerjiu wnfuoIn[g

apIXo wnruoInig

spunodwod f}

spunoduwod pue ag



352

JUSWIPAOWI 48D STIONUIJUOD

v-0T X§ ‘uo suey ‘woox agxey ‘yuerd N
'SUIO0I PYBIIIUIAU() v-0T XTI uo sugy ‘woox adxef ‘yusid
gz 1100k 93310009 JUSWISAOW JIBD SNONUNIUOD
woiy 'y g paydures 1y 0T X1 ‘uo suBsj ‘w00l [Bws .aﬁwa ng.
¢-0T X T uo sugj ‘wooa [pews ‘juerd ngd adim £q asoorT N pus ng
Suipyopo uespd
0T X8'¢ ul A[snonunuod
Sunyem suosied g
Sunpiop
woo1 [[ews ‘paje[ipuaAun 0T X828 pajsuturejuod fuBueyo
22 A[poreadaa suosiad
y/sadusyd 11e g ‘100[F WOy adim Aq esoory
‘43 Q% 10 9T J¢ perdures iy
*Agp ® adUO0 ysem
127em pue deos ‘JJ1ys yows . 100} P2)BUIUBIUOD I3A0
paysnaq I00[] 219I0U0)) 0T X721 SunjeMm suosiad g—3 1n3waser £q (B30, nd
uo suey ‘Buidoosms
0T XL 14811 % Y10m 3yBrT
‘pouUIWIIa}ap 92Zis I[oNIed ».0T X6 Jiom Jydry
jsnp Oup
13 “WOOX PIFEMIIULAUD 50T X ¥ Bup{pem snolodip (payroads pue
‘xoo[} 9y} Jreydsy +» 0T X3 Aurdooms B yr0M SNOIOSIA jou) 3s007] guz
Suryyop
»-0T X 01T pajeurure;uod Surjpuely
0z sAIpNIs J9jPwWBIe YA
I00p3INO UOC PasEq SUOIPUOD 50T X 0T—T suopipuod 3uneradg pazojuour 3snp sopIjonuoIpEl
looput 107 pajsaddng sonfeA L 0T X1 SUOI}IPHOD JUSISANY pue ‘puss ‘fog snorep
FUSWISINSBSW UST}
Pig. | syIeway (y-un) y suorjipuod 3urjersdQ -BUIWIBIUO0D adejang STeHeIeN




353

*098/Wl 8'T JO MO[J ATe UB Paonpoid IsquIByD 1533 Ul Ue , "BJEP Paji0dal WY Paje[nofed s10398] ¥ p

olG

‘aj81d DAL
uo palIp uolnjos snosnby

olC

‘aed DAd
uo paup uoisuadsns snoenby

‘Y1103

109eI3Ua3 [0s0198 dTUOSBIIIN Aq
s3a9ys onyserd uo paysoda(g
*g129ys

9599 pojured 10 19938 ‘onyserd

Jo sadoBjans uo psup suonnjog

9%

‘("urelp 33 T X 3) %) 10pun4d

ae 1889 Ut peyisodap *Oged

“BjEp UOIJBUIWBIUOD 00}
144 oy pajenofed sanfep

0T
01

0T
01

90T
s 01

0T
3-01

. 0T
01

20T
s 0T

0T

».0T
v0T

v 0T

+0T
» 01

s 0T
20T

01
s-01

XT1°¢ uo
X bL 350 Lo
X¥L uo .
X 8 50 L'e
X 01 uo .
X g'T 130 L9°0
qUed ( w/3ur) -ouod soejIng
X3 uo
X1 350 L9
X L uo .
X3 30 L9
X et uo .
X Q' 130 L9°0
qued ( w/Bw) douod adBjIng
X 8° 18 Y T 103 [puunj pury
X ¢ 0D
X318 Y 1 10} [duunj puig
X uo uej ‘ageid
6 [ej3W Yim adegans ayMIg
. {013U09 ajowax
” v9 ”M £q uo3300 Y3IM paqqni
re: SIOO[} ‘U0 UOIB[IIUS A
X1°'T:4 wooi 1ajue
X 61 :o SI9NIOM {JJO UOTIB[IIUIA
X1 g suoyeiado
X6'T:® OU ‘U0 UOTJBIIIUIA

aoeyIms 03 patjdde
sjunowrs umouyf

aoeyins 03 paydde
SJUNOWE UMOUY

payioeds JoN
sjasys

1893 03 poldde
sjunoute uMouyy

peyoads jJoN

I19j9wajel Aq
18309 Ajqeqoig

9je[jAraqoionyy
wniuowwy

rwepmod ag

0009
1S6s

'O8sc8d

S1933TW
d pus o
SNOuBA



354

of surfaces by wiping with filter paper [30]. Forty-four to 86% was removed
by pressing adhesive paper to the surfaces. Adhesive paper removed loose ThO,
dust from surfaces significantly more reproducibly than filter paper wipes.
Barry and Solon, who measured the removal of uranium oxide formed natur-
ally on plates of uranium metal, obtained more consistent results with filter
paper wipes than from adhesive paper [34]. These contradictory results may
be explained by the nature of the association of the contaminant to the sur-
face (an oxide must be more securely bound to its native metal than a dust

is to the surface on which it settles). The efficiency of removal of transferable
contaminant by wipes or adhesive papers also varies with the type of surface
and its degree of roughness [17,30,31,33].

Some reports on the comparison of wet or dry paper wipes indicate that
the efficiency of removal depends upon the type of contaminated surfaces as
well as the hydrophilic properties of the contaminant [31,33]. Washing the
surface with water, with or without added detergent, removed 40 to 50% of
the contaminant [22]. However, the contamination removed may have in-
cluded “fixed” material that would not have been aerosolized under the con-
ditions used for determining K factors and, therefore, does not accurately
represent the hazard to personnel.

For measuring microbial contamination, Rodac nutrient agar plates are
pressed against the surface to determine the number of loose, colony-forming
particles [35—37]. However, neither this procedure nor swabbing appeared
to be reliable for quantitating loose bacterial surface contamination, since
swabs or plates repeatedly applied to the same surface area gave no decrease
in colony counts with successive samples [35]. A similar result was obtained
when beryllium was wiped from a wooden surface [18].

A possibly better method has been devised for estimating transferable
radioactive surface contamination: the “smair” test uses air impingement to
resuspend loose particles which are collected on a filter [30]. Using standard-
ized procedures, this sampler was less efficient in removing loose contamination
from a variety of surfaces than were wipe and adhesive paper techniques
(1.3 to 33%, as compared with the higher values cited above). However, it
was considered to be more reliable for estimating the fraction of transferable
contaminant. For example, while wipes or adhesive paper removed similar
fractions (38 to 56%) of the ThO, dust from greased or ungreased concrete
surfaces, the smair technique removed only 1.3% from the greased, as com-
pared with 22% from the ungreased, thus better correlating with the relative
aerosol risks. These values were obtained by sampling for 6 seconds at an air
velocity of 30 m/sec. Under these standardized conditions, approximately
20% and 65% of ThO, particles (0.5 and 5 um in diameter, respectively) were
removed from stainless steel. At an air velocity of 90 m/sec, the values in-
creased to about 70% and 90%. When 21 individuals measured surface con-
tamination using the three methods, personal variance was much lower for the
smair technique; wiping led to the greatest variability. The smair technique
also removed a relatively constant fraction of particles from plexiglas sheets
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of varying surface roughness, whereas the efficiency of the wipe and adhesive
paper methods decreased with increasing roughness.

Referring to the smair test, Shapiro commented that while such procedures
... are more realistic than transferable contamination tests in evaluating
the surface contamination hazard, and correlate better with observed airborne
levels, they simulate only partially the mechanisms by which particles are
removed from surfaces and produce sustained airborne concentrations” [25].
He acknowledged the absence of a relationship between the wipe technique
for estimating surface contamination and potential aerosol hazard. However,
he recommended that test procedures be used which simulate the conditions
under which surface contamination becomes a hazard, whether by translocation
without aerosol formation or by aerosolization resulting from personnel move-
ments.

Others have suggested that it is futile to seek a quantitative correlation
between surface contamination and health hazard; they recommend that such
measurements of contamination be used as a *“ . . . qualitative indication of
total presence or absence of contaminant” [29]. Several experiments have
indicated that the real inhalation risk cannot be estimated from resuspension
factors based on measurements of airborne particles, 80 to 90% of which may
be too large to penetrate the pulmonary barriers [17,18]. Still others point out
that * . . . air-surface contamination relationships derived at one facility
will not be valid at another facility except by coincidence” [23]. Utnage con-
cluded that the results of his survey “ . . . show no correlation between surface
contamination and air concentration . . . ”” [14]. However, these data were ob-
tained by measuring total floor contamination with an a-survey meter after
removing loose dust by vacuuming.

Table 2 summarizes data from the literature that give an indication of the
effectiveness of several procedures for removing loose contamination from
surfaces.

Other factors affecting resuspension

Particle size, shape, and density determine aerodynamic behavior, which
is important not only in regard to resuspension, but also to the likelihood of
the particle reaching the gas exchange portion of the lung. Cohesive forces
between particles determine the size of agglomerates, which will affect their
resuspension and respirability [38]. Adhesive forces between particles and
substratum may be decisive in determining whether or not particles become
airborne [29,38,39]. The nature of the surface will not only affect adhesive-
ness, but surface porosity and roughness will also be major factors in deter-
mining the relative amounts of fixed and loose (transferable) contaminant
associated with the surface [17,25,29,30,35,36]. Hall made an interesting
observation: a ‘“smooth” surface has many topographic characteristics of
the Rocky Mountains when viewed from the vantage point of a bacterium
[35]. Micron- and submicron-sized particles may be relatively “fixed” in
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microscopic crevices, especially when ground in by traffic or when carried
deeper into porous surfaces by capillary forces during periods of high
humidity or actual wetting by water or other fluids. Floor contamination

is often the only parameter considered in determining resuspension factors,
but contamination on walls, ceilings, piping, ducts, work benches, equipment,
etc., which may well contribute to the total of material made airborne by air
movement and mechanical vibrations, is usually ignored. Taking into account
these surfaces further complicates the determination of an average value for
surface contamination [12,24,26] and contributes to the uncertainty in the
resuspension factor.

The K factor is also influenced by the method used to effect redispersion
of surface contaminants. Studies with radionuclides and bacteria have demon-
strated that resuspension may result from any of several forces or a combina-
tion of them such as: abrasion by the movements of people and equipment,
mechanical vibrations, electrostatic forces, and fluid forces including air tur-
bulence [11,17,21—23,29,38,40]. Air currents not only dislodge particlies from
surfaces, but also dilute and remove airborne materials, and thus reduce the
air concentration used in calculating resuspension factors.

Conclusion

From the above considerations, it is difficult to ignore the doubts expressed
concerning the validity and usefulness of resuspension factors. In an excellent
review of surface contamination as related to the determination of ‘“‘decision
levels” for 180 radioisotopes, Healy warned that the resuspension factor is a

simple idea for which ¢ . . . the conditions of application and measurement
must be rigidly defined because the concept is not completely applicable to
all situations,” and “ . . . care should be used in extrapolating such coefficients

very far beyond the conditions existent at the time of the measurement” [41].
This idea had also been expressed earlier by Glauberman et al. [23]. However,
the recommendation by Shapiro that K factors be determined for each set of
conditions as they are encountered would be impractical in most cases [25].
Nevertheless, in some situations the potential hazards may be sufficient to
warrant the use of K factors, their imprecision notwithstanding. In those cases,
a range of values should be adopted that would be sufficiently inclusive to
permit the estimation of aerosol hazards to be anticipated by determining the
concentration of loose surface contaminants. The K factor values selected
would depend upon the surfaces under consideration, the contaminant(s),

and the nature of the activities performed.

Surface contamination monitoring has not been generally applied to materials
such as carcinogens and other toxic chemicals due to the need for sensitive
methods for detection and quantitation, but ““ . . . if the techniques of
measurement were easier it is likely that the occupational hygienist would
find the monitoring of surface contamination to be a technique as useful to
him as it is to his radiological colleague” [42]. Guidelines for permissible
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doses of carcinogens have not been developed; it is usually assumed that any
exposure is to be avoided. For this reason, as well as the need for special
procedures for the detection of each carcinogen, or small groups of carcinogens
having similar, reactive, chemical moieties, the application of K factors to the
monitoring of carcinogens has not been feasible in the sense that it has been
used in radionuclide contamination studies. However, the K factor could be

of value in determining the maximal aerosol production to be expected from

a measured amount of transferable surface contamination by carcinogens, bac-
teria, or any other obnoxious material having the requisite physical properties
for aerosol formation.

Recently, studies have been initiated at the Los Alamos Scientific Laboratory
for determining the limit of detection (LOD) values for certain of the aromatic
amines designated by OSHA as cancer-suspect agents [43]. Sensitive chemical
spot tests have been applied to samples obtained from various surfaces by a
wipe procedure combined with chromogenic, fluorogenic, and thin-layer
chromatographic techniques that permit the determination of LOD values of
less than 0.2 ug/cm?. In some cases, LOD values of a few ng/cm? have been
attainable. The development and application of such procedures to other
types of chemical moieties may allow the general application of K factors to
areas in which chemical carcinogens are handled.

Finally, in addition to the hazard from resuspended surface contaminants,
one must not neglect other sources of aerosol formation associated with
specific procedures such as the routine methods associated with processing
and manipulating radionuclides, carcinogens, and other potentially hazardous
materials.
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