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NOTICE

This report was prepared as an account of work sponsored
by the United States Government. Neither the United States
nor the United Staves Nuclear Regulatory Commission, nor any
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nor assumes any legal liability or responsibility for the
accuracy, completeness or usefulness of any information, apparatus,
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ABSTRACT

This is a critical analysis and review of the literature
available with respect to the chemical toxicity of sodium hydrox-
ide aerosols, especially thecse which might be formed as the re-
sult of a sodium fire. Over one hundred references are listed in
the literature review. Analysis of the chemistry of scdium
hydroxide aerosols indicates that mcst would be converted from
sodium hydroxide to sodium carbonate decahydrate within
minutes in the atmosphere, strongz determinants of the ratc of
transformation being relative humidity and particle size. The
U.S. standard for industrial exposure to socdium hydroxide aero-
sol is 2 mg/m3 as a ceiling threshcld limit value. The docu=-
mentaticn of that standard is reviewed and found t¢ be questione
able. It 1i1s concluded that there is insufficient information
on which to base a maximum acceptable concentration for acci-
dental exposures to sodium hydrcxide aerosols. The information
that 1s available indicates that sodium carbonate could be
tolerated at higher concentraticns than sodium hydroxide. The
rate ¢f transformation of the hydroxide to the carbonate is
analyzed and predicted to be faster than that predicted by others.
A preliminary mocdel cof aerosol deposition on the eye and the pH
of tears 1s developed to help indicate the relationship tetween
NaOH aerosol concentration, size distribution, duration, and
damage to the eye.
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NOMENCLATURE
subscript: aerodynamic equivalent
concentration, moles/cm3, g/cm3
diameter, cm; subscript: droplet, diffusion
subscript: eye
gravitational acceleration, 981 cm/s2
mass transfer coefficient, mole/cma-s
subscript: 1liquid
subscript: migration
subscript: particle, projected (area)
mole fraction
radial distance, cmj; radius, cm; subscript: reaction
subscript: solid, settling
time, s
velocity, cm/s
subscript: water
mole fraction

ffusion time to

[
n

ot
[
O

(&N
[N
"

square roct of ra
ic re

o of character
characteristic r

ti
action time

<

area
Cunningham correction for gas slip

diffusion coefficient, cmz/s

relative humidity (as a fraction, not a percentage);
Henry's law constant

equilibrium constant
molecular weicat, g/mole
mass transfer rate, g/s

2
radius, cm; universal gas ccnstant, §.31 x L37 g-cm /
g-mole-s2-°K
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1" Qii
Reynolds number
Schmidt number
absolute temperature, °X
volume, cm3
volume rate of flow, cm3/s
surface tension, dy/cm
efficiency
viscosity, &/cm=-s
3.14159....
3

density, g/cm

impaction parameter
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I. INTRODUCTION AND SUMMARY

To help evaluate the potential air pollution hazard from a
sodium fire, a literature review was performed to determine the
chemical toxicity of sodium hydroxide aerosols which woculd result
from such a fire as the sodium oxides reacted with water vapor
in the air. Specifically, the toxicity due to inhalation, contact
with skin and eyes, and ingestion was to be determined, for normal
and susceptible populations, in terms of morbidity and rortality
rates where available,

An extensive literature review was undertaken after consulting
with specialists in toxicoclogy and in industrial hygiene. Detalls
of this review and a bibliography are given in Section II. Simul-
taneously, calculations were made and literature reviewed with
regard to the assumption that sodium hydroxide was the compound cof
concern resulting from a sodium fire in the atmosphere. It was
found that, indeed, the oxides of sodium from the fire would
react with water vapor to form the strongly alkaline hydroxide, but
the hydroxide would then react with the atmospheric carbon dioxid
to form the less alkaline sodium carbonate (sodium carbonate
decahydrate, most probably). Further, at relative humidities
greater than 95 per cent and for times much longer than 10 hours,
the carbonate could tecome the still less alkaline bicarsonate.
Because toxicity of the aerosol is related directly to its alkalinity,
part of the effort was directed to determining the cocnditicns under
which such transformations would take place and the times they
would take to occur. Infermation about the chemistry and paysics
of the NaOH aerosol is contained in Section III and in Appendices A
and B, which discuss in more detall factors relating to the rate cf
transformation and the effect on particle size and asrodynam
diameter of such transformations. From this work it was ¢
that usually within a few minutes respiratle aerosols of =
hydroxide would be transformed to the less hazardous carho o]
so that standards for sodium hydroxide might not be applicable to
persons reached by the c¢loud in minutes rather than seconds after
its formation. This transformation would also substantially
increase the aerocdynamic diameter of the particles.
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In Section IV are presented the U.S. standards forinnalation
of NaOH aerosols, along with the meager documentation available
for those standards. Also discussed is tnhe basis for th
Soviet Union's standard. From our communications with several
foreign experts, these standards seem to be the basis for similar
standards adopted by Western and Eastern Bloc countries, respectively.
This section presents summaries ¢f selected relevant papers regard-
ing inhalation, ingestion, and contact with eyes. The selection
process omitted many papers on eye injury which did not include
both dose and duration of exposure and numercus papers on th
purposeful or accidental ingestion of sclid or dissolved NaCH (lye),
neither category bteing of real use for the study. Appendix C
presents an approximate model for relating pH of tears to aeros
concentraticon for individuals exposed to NaCH, from which one ¢
make comparisons with the tear pH level believed hazardous (pH

-
&

Section V contains a list of recommendations for further study:
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investigation should be made of the effects of exposure of man or
animals to aerosols of the hydroxide and aerosols of the carbonate,
and the rates of transformation (and the species formed) for NaOH
aeroscls under various conditions should be estimated and con-
firmed by experiment. It 1s recommended that such research be
done if a standard for maximum acceptable concentrations of

NaOH aerosols during infrequent sodium fire accidents is to be
promulgated.

Although much useful information was developed, 1t was

inadequate for determining dose-response relationships for sodium
hydroxide aerosols for humans.
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II. LITERATURE REVIEW

In this review was sought all the significant information
on the toxicity of sodium hydroxide (NaCH) aeroscls, with
special emphasis on the documentation underlying exlsting stan-
dards. Also sought was the information needed to predict %the
chemical and physical behavior of such aerosols, with an emphasis
on the products from a fire involving metallic sodium.

Through consultation with members of the staff of the

Harvard School of Public Health, many sources of general and speci-

fic information on the toxicology of NaOH (and other caustic)

aeroscl: were identified. Listed in the bibliography at the end of

this section are the references which we identified from thelr

abstracts or from th- references themselves; we were able to desiz-

nate those which seemed potentially most useful for further
evaluation. One of the ways this bibliogrzphy was formed was
through the references of all the sources listed under "General
Toxicology" in the biblicgraphy, including some 1,100 references
on many subjects in Hamilton and Hardy (1).

Computer literature searches were ormed by the Toxicology
Information Response Center (as suggest y the Nuclear Safety
Information Center), using their TCXLINE and MEDLINE searches for
literature on: sodium hydroxide; sodium carbonate; sodium aero-
sols and sodium hydroxide; alkali, basic or caustic aeroscls.

er
d

°
e

The following abstracting publications were checked: Alr Fcl-
lution Abstracts from initial publication tec June 1375; Chemical
Abstracts .(innaiation) from 1945 to June 13768; Index Medicus (iIn=-
halation) from 1945 to June 1976; many but not all ccpies oI Irndus-
trial Hygiene Digest, Abstracts cn Hyziene, Hrziene and Sanitacicn

USSR), international Archives of QOccupaticnal =ealth (Feceral
Republic of Germany), and Environmental Heal<sh (Netherlands). Fur-
ther, the collecticns at the Countway Library (at the Harvard Schcol
of Public Health) and at the Massachusetts Division of Cccupaticnal
Health were carefully searched.

All the journals in Table 1 were searched to their first issues,
except the Journal of Experimental Madicine and Archives of Crthal=-
mology, which were checked back To 1920. (There were too few reflsr-
ences occurring to warrant search ¢o their initlal publication dates.)
This table lists the journals in the first column. Successive
columns are for five-year periods, with the numbers tcotalling all
relevant articles which were published during the pericd shown.
Relevant articles were those which centributed new information cor
summarized past work, directly related to blological respcnse to
NaOH aeroscls. The row totals show how many articles were counted
in a particular journal; the column totals show the number found
for each five-year periocd. In general, for a given publicaticn
the number of relevant articles published per year seems to have
been greater after World War II than before. Furthermore, the
number of journals published was greater after World War II than
before, so that there 13 some justification in emphasizing the

abstract searches in the period following 1945.
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References were also obtained from the NIOSH "Criteria for a
Recommended Standard...Occupational Exposure to Sodium Hydroxide."(2)
Some of the effort resulted in little additicnal information. None
of the Hyglenic Guldes of the American Industrial Hyziene Associa- ‘
tion were appropriate. The American Conference of Government Indus-
trial Hygienists Threshold Limit Values(3) had very limited dccumen-
tation. Contact and correspondence with health professionals in
Canada, England, Finland, and Yugoslavia uncovered no new sources
of documentation of health effects.

The publications identified which were even tenuocusly con-
nected to the determination of the toxicity of sodium hydroxide
aerosol are listed in Table 2. Although there is no method to
assure that some important information has not been overlooked,
the paucity of new information and the recurrence of familiar refer-
ences as the end of the search was apprcached suggested that vir-
tually all the relevant references, at least in the English litera-
ture (original or translated), were identified.

Although the bibliography which follows contains the results
of an extensive and intensive search of the literature, it will be

-

seen in later sections that there remains a lack of information

on which Co base a decision as tc what concentrations or doses of
NaOH aerosol cause what degrees of harm to humans.
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Table 1. Chronology of Relevant Journal Articles on NaOH, by Half Decade

Row

Journal 1920 1925 1930 1935 1940 1945 1950 1955 1960 1965 1970 1976 Total
Am. Indus. Hyg.

Assoc. J. * 1 U] 3 1 2 11
Am. J. Ophthal. 2 1 1 1 3 3 11
Annals Occup. Med. . 1 1
J. Indus. Hlth. 2 Y 1 ou¥ 9'
Arch. Indus. Hlth.

& Occup. Med. ol 2
Aich. Indus. Hlth, 388 3
Arch. Envir., Hlth. * 2 6
Arch. Ophthal. 3 2 1 2 4 12
Hith. Physies . 1 1 1 3
J. Appl. Physiol. * 1 1 2
J. Exper. Med. B e g
New Eng. J. Med. * 1 1 1 }‘
Nucl. Safety * 2 2
COLUMN TOTAL 2 I 1 ki 7 11 11 8 16 1 61

¥Journal began publication

éﬁ ¥¥Journal cnded publication
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Table 2.

Some Publications Related to Assessing the Toxicity of
Sodium Hydroxide Aerosols .

Aerosol Physical and Chemical Behavior

Bird, R.B., Stewart, W.E., and Lightfoot, E.N., Transport
Phenomena. John Wiley and Sons, New York (1960).

Clough, W.A. and Garland, J.A., "The Behavior in the Atmosphere of
the Aerosol from a Sodium Fire." Report #AERE-R-6460, Atomic
Energy Research Establishment, Harwell, England (1970).

Clough, W.S. and Garland, J.A., "The behavior in the atmosphere of
the aeroscl from a sodium fire", J. Nucl. Energy 25: 425-435 (1571).

First, M.W., "Contamination control of sodium releases from liquid-
metal-ccoled fast breeder reactors", Nuclear Safety, 13:37-46

Fuchs, N.A., The Mechanics of Aercsols. Pergamon Press-The MacMillan
Company, New York (1904).

Harned, H.S. and David, H., Jr., "The ionizat.ion constant of carbonic
acid in water and the solubility of carbon dioxide in water and
aqueous salt solutions fron 0-50°", J. Am. Chem. Soc. 65: 2030-

2037 (1543).

Linke, W.F., Solubilities of Inorzanic and M
American Chemical Society (1558).
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McCoy, H.N. and Smith, N., Am. Chem. J. 29: 437 (1903).

Murata, M., Naritomi, M., Yoshida, Y. and Kokubu, M., "Behavior
of sodium aercsol in atmosphere”, J. Nucl. Sci. Technol. 11(2
65-71 (1974).

Neiburger, M. and Wurtele, M.G., "On the nature and size of
particles in haze, fog and stratus of the Los Angeles Region”,
Chem, Rev. 44: 321-335 (1949).

Perry, R.H. and Chilton, C.H., eds., Chemical Engineer's Handbook,
5th edition. McGraw-Hill, New York (1973).

Tadmor, J., "Consequences of an accidental release of socdium to
the Environment from an LMFBR," Nuclear Safety 14: 324-340 (1973).
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General Toxicology

American Conference of Governmental Industrial Hygienists (ACGIH),
Documentation of the Threshold Limit Values for Substances in
Workroom Air, 3rd edition. ACGIH, Cincinnati, Ohio (1971).

American Conference of Governmental Industrial Hygienists (ACGIH),
Threshold Limit Values for Chemical Substances and Physical

Agents in the Workroom Environment with Intended Changes for

1976. ACGIH, Cincinnati, Ohio (13970).

Casarett, L.J. and Poull, J., M.xicology: The Basic Science of
Poisons. MacMillan, New York (1375).

Deichman, W.B. and Gerard, H.W., Toxicologzy of Drugs and Chemicals.
Academic Press, New York (1969).

Elkins, H.B., The Chemistry of Industrial Toxicolozy, 2nd edition.
John Wiley, New York (1359)

n
wn

Fairhall, L.T., "Tnorgan‘c Industrial Hazards", Physioclozy Rev.
(January, 1945): 182-202

Hamilton, A., Industrial Toxicoclogy. Harper and Brothers, New
York (19334).

Industrial Toxicolcoeyv. Publishing

Hamilton, A. and Hardy, H.L.,

Sciences Group, Acton, MA (1G74).

Loomis, T.A., Essentials of Toxicology, 2nd edition. Lea and
Febiger, Philadelphia (1974).

National Institute of Qcec unauicnal Safety and Health, U.S. Dept.

of Health, Education and Welfare, The Industrial Envirorment -

Its Evaluation and Zcrtrol, Chant. 7, "industrial ToxicolozZy', by

M.0. Amdur. U.3. Government Printing Office, Washington, D.C. (1973).

Palmer, H.E., "Rapid Removal of Scdium Isotopes frcm the Body
Following Accidental Internal Contamination. " Report #BNWL-SA
5463, Battelle Pacific Northwest Laboratories, Richland, WA (1975)

Patty, F.A., editor, Industrial Hygiene and Toxicology, lst edition,
Vol. I. Interscience Publisnhers, New fOrK (1349).

ndustrial Hvgiene and
blishers, New fork (15

Patty, F. A., editor, I
Vol I. Interscience Pu

Patty, F.A., edifor, Industr clogy, 2nd edition,
Yol. 1I. I“_erscienca Publi )

Witthaus, R.A., Manual of Toxicology, 2nd editicn. Wm. Wood and
Company, New York (1511).
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Aerosols - Respirability

Brain, J.D. and Valberg, P.A., "Models of lung retention based
on ICRP task group report", Arch. Env. Hlth. 28:1-11 (1974).

Chamberlain, A. C., "Aspects of the deposition of radiocactive and
other gases and particles", Int. J. Air Pollut. 3:63-88 (1960).

Drinker, P., and Hatch, J., Industrial Dust. 2nd ed., New York.
MeGraw-Hill (1954).

Giacomelli-Maltoni, G., et al., "Deposition efficiency of mono-
disperse particles in human respiratory tract", Am. Ind. Hyg. Assn. J.
33:603-610 (1572).

Guyton, H.G., Decker, H.M., and Anton, G.T., ":me"gency respiratory
protection against radiclogical and biolog‘cal aercsols, AMA Arch.
Ind. Hlth. 20:91-95 (1959).

Harris, R.L., and. Fraser, D.A., "A model for deposition of fibers
%n tg? human respiratory system", Am. Ind. Hyz. Assn. J. 37:73-39
1976).

Hatch, T
1

F., and Gross, P., Pulmonary 39" sition and Retention
of Inha 1504

ed Aerosols. New York. Academic Press (

Heyder, J., Armbruster, J., Gebhart, E.,
"Total deposition of aercsol narti*les int
tract for nose and mouth breathing", J. Aerosol Sci. £:311-328 (1357%9).

International Commissicn on Radiation Protection, Task Group on

Lung Dynamics. "Deposition and retention models for internal

dosimetry of the human respiratory tract." "ealtn Physics, 12:173-

207 (1966).
\

Lippmann, M. "Respirable dust sampling”", Am. Ind. Hyg. Assn. J.
31:138-159 (1370).

cr

Morrow, P.E., "Some physical and physiological factors ¢
the fate of inhaled substances", Health Physics, 2:366=37
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Morrow, P.E., Bates, D.V., Fish, B.R., Hatch, T.F., and Mercer,
T.T., "Deposition and retention models for in*ernal deosimetry
of the human respiratory tract", Health Physics, 12.173-24; (1566).

Taulbee, D.B., anéd Yu, C.P., "A theory of aerosol deposition in
the human respiratory tract", J. Appl. Physiol., 38:77-85
(1975).
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Inhalation Toxicologyv

' Amdur, M.0., and Corn, M., "The irritant prtency of zinc ammonium
sulfate of different particle sizes", Am. ind. Hyz. Assn. J. 24:
326-333 (1963).

Elkins, H.B., "Maximum alldwable concentrations: a comparison
of USSR and USA", Arch. Env. Hlth. 2:45, (1961).

Eskenasy, A., "Experimental bases of chroniec lung disezses", Rev.
Roum. Morphol. Embryol. 19(2):127-139 (1975).

Fairchild, 2.2.. Recan, J., MeCarrol, J., "Atmospheric pollutants
and the pathoggnesis of viral respiratory infection", Arch. Env.
Hlth. 25:174-182 (1972).

Girault, "The effect of sodium carbonate on packers", Arch.
Malodies Profess. (Fr.), 21:747-750 (1960).

Haggard, H.W., "Action of irritant gases on the recpiratory
tract", J. Ind. Hye. Toxicology, 5:390-358 (1924).

ants (toxic hazards)", lew England

Hardy, H.L., "Pulmonary irr
J. Medicine, 263:813-314 (

Hervin, R.L., and Cohen, S.R., "Health

1lth rds Zvaluation Determina-
tion", Report No. 72-97-135. U.S. Dept. KHEV

W, NIOSK.

Kleinfield, 4., "A

. Ac edema of chemical origins”
- . * \
Arch. Env. Hlth. 10: )

’

Lauria, 7T dust contaminaticn of breathing clircuiss”,
L‘ . .

Anesth.
Probst, E.¥W. and Lanaha., F.3., "Sodium dicarbonate: an occupational
medical problem", Indus. Medicine, 17:24 (1948).

nTr

Punte, C.L., Ownes, E.J., Krackow, E.N., et. al., "Influence of

physical activity on the toxicity of aerosols and vapors", Arch.

Ind. Hyz. 17:34 (1958).

Ryazanov, V.A., "Sensory physiology as basis for air cua]i?y
9

]

standards: apprecach of the USSR", Arch. Env. Hlth. 5:480

2
"Hygienic standards for daily inhalation”, Am. Ind.

Smith, H.F.,
J. 17:174 (1956).

Hyg. Assn.

Smith, H.F., "A tox$cologist's view of threshold limits", Am. Ind.
Hyg. Assn. J. 23:37 (1962)

Steele, R.H. and Wilhelm, D.W., "The inflammatory reaction in

chemical injury: induced vasecr.lar se*“e‘"‘litg and erythema

éndu*ed by various chemicals", 3rit. J. Exper., Path., 47:612=
3 (1966).
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U.S. Department of Health Education and Welfare, "Criteria for
Recommended Standard....Occupational Exposure to Sodium Hydroxide",
USDHEW, NIOSH Publication 76-105 (1975).

Vigliam, E.C., Zurlo, N., "Experience of the clinic del Lavoro .
with MAC's of industrial poisons", Arch. Gewortepathol. Gewerbehye. (Ger
13:528-534 (1955).

Vyskoeil, J., Juma, J., and Dluhos, M., "The effect of aerosol
inhalations of sodium hydroxide on the elimination of quartz dust
from (ne lungs of rats", Scripta Medica, 39(1):25-29 (1966).

Ingestion Toxicology

Bailey, M., "Caustic stricture of mouth and oesophagus",
Proc. Royal Soc. Med. :656-658 (July 1974).

Cleveland, W., et al., "Treatment of caustic burns of the
esophagus", JAMA 136(3): 262 (1963).

Leape, L.L., "Acciden

£ ngestion of liquid lye drain cleansers",
Med. Trial Tech. Q. 19

1 ing
1): 30 (1972).

Lowder, S.C. and Brecwn, R.G., "Hypertension corrected by dis-
continuing chronic scdium bicarbonate ingestion", Am. J. Med.
58(2): 272 (1975).
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al., "Gastric erosion from alkall ingestion”,
0-42 (June 1970).

Contact Toxicology

.H., "Mucous membrane grafts in chemical (lye) burns",
Am. J. Ophthal. 55:302 (1963).

Brown, S.I. and Weller, C.A., "Prevention of the ulcers of the
alkali-burned cornea", Arch. Ophthal. 82:95 (1969).

Brown, S.I., et al., "Pathogenesis of ulcers of the alkali-burned
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1568 238



& - ®

Dautrebande, L., Shaver, J., Capps, R., "Influence of particle
matter on eye irritatic:. produced by wvolatile irritants and
importance of particle size in connection with atmospheric
pollution”, Arch. Internat. Pharmacodyn. 85:17 (1951).

Fox, S.L. Industrial and Occuca*iora’ Ophthalmology. Charles
C. Thomas, Spring:ieid, 1L (1973).

Gmadinger, M.C., et al., "The role of collagenase in the alkali-
burned cornea", Am. J. Ophthal. 58:478 (1960).

Grant, W.M., "Chemical burns of the eye", Tr. Sect. Ophthal.
AMA p. 27 (1949).

Grant, W.M., Toxicology of the Eye, Charles C. Thomas, Springf
IL (1962)

Grant, W.M., and Xern, H.L., "Action of alkalies on the cornea
stroma," Arch. Ophthal. 54:931-939 (1955).

Guidry, M.A., et al., "Some biochemical characteristics of acid
injury of the cornea", Am. J. Ophthal., 40:111 (1955).

Harley, R.D., "Treatment of chemical burns of the eye", Arch.
Ophthal. 49:413 (1953).

Henrlquez, A., et al., "Surface ultrastructure in alkali-burned
rabbit corneas", Am. J. Ophthal. 81:321 (1975).

Horowitz, I.D. "Marﬁge"e":_of alkall turns of the cornea",

Am. J. Ophthal. 51:340 (1366).

Hughes, W.FP., "Alkall burns of the eye. I. review of the
literature and summary of present knowledge", Arch. Ophthal
35:423-443 (1346). .
Hybasek, P., "Liberation of 'sorbed' water from the skin surface
VI. desorption curves of human epidemis after treatment with
sodium hydroxide", Univ. Palacki QOlomac Fac Med. 62:69 (1372).
Laibson, P.R. and O'Conor, J., "Explosive tear gas injuries of
the eye", Tr. Am. Acad. Ophthal. Otolargyn. 74:811 (July 1970).

Last, R.J., editor, Eugene Wolff's Ana
6th ed., W.B. Saunders, Philadelphnia [

Malten, K.W. and Spruit, D., "*nju*J to the sk y alkali and
9

s
its regeneration", Dermatologica, 132:124-130

A

MecLaughlin, R.S., "Chemical burns of the human cornea", Am. J.

Ophthal. 29:1355 (1946)

Moses, R.A., editor, Alder's Physiology of the Eye, C.V. Mosby,

St. Louis (1975).
1568 239

) l




® 3 -

Nagad, S., et al., "The effect of sodium hydroxide and hydro-
chloric acid on human epidermis", ACTA Dermatoc-Venereologica, 52(1):
11-23 (19372).

Obenberger, J.A., et al., "Experimental corneal burns by alkalies: ‘
study on the in-vivo 1odine-125 albumin absorption from the
aqueous humor into the cornea", CESK Oftalmol. 29(2):83 (1973).

Obenberger, J. and Babicky, A., "Alkall burns of the rabbit
cornea: corneal uptake of l4C-glucose injected into the anterior
chamber", Ophthalmic Res. 5(1):1-9 (1973).

Obenberger, J. and Babicky, A., "Alkalil over acid dburns of the
rabbit eye: uptake of intravenously injected Na 125I and Nal3lI
into the cornea and iris", Arch. XKum Exp. Ophthalmel. (Eng.) 194(1):
65 (1975).

Obenberger, J. and Babicky, A., "Distribution of 2U NaCl in
tissues of alkalli and acid-burned rabbit eyes", Exp. Eye Res.
20(3):195 (1¢875).

Obrig, T.E., "Solutions used with contact lenses", Arch. Ophthal.
38:668 (1947).

Opie, E.L., "On the relation of necrosis and inflamation to
denaturation of proteins”", J. Exper. Med. 115:5397-608 (19862).

Opie, E.L., "On the relation of inflamation to the chemical con-
stitutlon of injurious agents on the pharmacology of inflamation”,
J. Exp. Med. 117:U425-448 (1363).

Paterson, C.A. and Pfister, R.R., "Intraocular pressure changes
after alkali burns”", Arch. Ophthal. 81:211 (March 1S74).

Paterson. C.A., Pfister, R.R., Levinson, R.A., "Aquecus humor
PH changes after experimental alkall burns", Am. J. Ophthal.
79:414 (1975).

Pfister, R., et al., "The anterior segments of rabbit eyes
after alkall burns", Arch. Ophthal. 86:185 (1971).

Pfister, R., et al., "Collagenase activit; of intact cornezal
epithelium in peripheral alkali burns", Arch. Ophthal., 86:308
(1971).

Shapiro, H., "Swelling and dissoclution of rabbit cornea in alkalil
burns", Am. J. Ophthal. 42:292 (1956).

Smith, R.S., and Shear, G., "Corneal alkali burns aris
accidental instillation of hair straightener", Am. J
79:602 (1975).

o0
ct

b Sy

O b=
to 3
O
- 3

Sorsby, A., et al., "Further experienc
grafts in caustic burns of the eye", B
(1947).

* 3 4
e with a. niot
rit e vhth

¢ membrane
%
1

31:409

-

;|
kS

1568 240




® 13 o

Stanly, J., "Strong alkali burns cf the eye", NEJ Med. 27 3(23):

4

w9
1265 (1968).
Zauberman, H. and De‘oj M., "Keratcopla
for alkall burns", Arch. Ophthal. 89:4

th glued-on lenses

O‘\H

1568 241




14
III. ASPECTS OF THE CHEMISTRY AND PHYSICS OF NaOH AEROSOLS
INTRODUCTION

As discussed more fully below, a sodium fire will produce an .
aerosol composed of particles of sodium oxides. These particles
are expected to react quickly (less than seconds) with the water
vapor in the air to form sodium hydroxide (NaQOH). Whether the
NaOH particles are solid or ligquid (agueous solution droplets) will
depend upon the relative humidity, primarily, and on the particle
size and the temperature, secondarily. The sodium hydroxide will
react with the carbon dioxide (002) in the atmosphere to form
sodium carbonate (NapC03) and its hydrates. The time for conver-
sion to the carbonate w%ll depend upon whether the hydroxide 1is
solid or 1liquid and upon the size of the particle, smaller
particles being converted more rapidly because they have more area
per mass. Diffusion of atmospheric CO, to the particles is cne
factor determining the rate of conversion; another factor is the
rate of d.ffusion (and convection) of the CO, within the particle,
which is much faster for a liquid droplet than for a solid particle.
Once the hydroxide 1s completely transformed to the cartonate, the
particle may still be either liguid or solid, depending upon the
humidity. As the transformation from hydroxide to carbonate takes
place, the transition from solid to 1igquid will occur at increasing-
ly higher humidities, starting at about 357 RH (relative humidity)
for pure NalH and reaching 957 RH for sodium carbonate in the
decahydrated form, NapCO3 - 10 H0.

These chemical reactions are important in determining the
chemical and aerodynamic behavior of the particles, and thus,
their transport and their likelihocd of depositing in a given
location, such as the lung or the eye. NaQH is classified as an
irritant, an agent which produces its damage to animal tissue
primarily by chemical attack due to its alkalinity (high pH).

The corrosiveness ¢of a droplet containing NaCH will be greater than
one converted to the carbonate, because the pH of the latter is
lower. We shall show that this transformation to hydroxide from
carbonate can be expected in some cases to occur in less than a
minute. The aerodynamic behavior depends primarily upon the size
and density of the particle (to a lesser extent, upcn its shape);
the size and density will change as the chemcial composition
changes and, mest significantly, as the particle absorbs water
from the atmosphere or evaporates.

Chemical conversion of the hydroxide to the carbonate will
lessen the major toxicity factor, the irritant potential of the
gerosol. This has two implicatimns: one must know the conditions

under which the NaCH aerosol 1s .crmed and maintained to know
whether it is predcminantly hydroxide or predominantly c
when it reaches targets of concern (people, animals, pl
one must also kncw the conditions under which the toxic
o
”"

tudies

of the aercscl were made to assure that the toxicity
than Na2C02 was studied. Further, because pa
behavior will affect the transport to targets




humidity must be specified.

The chemistry and physics of these aernsols is discussed more
fully in the next section (and in Appendices A & B).

CHEMICAL REACTIONS

Clough and Garland(4) have gziven the probable reaction sequence
resulting from the combustion of sodium.

In the presence of excess cxygen, the reactions will be

Na + 1/2 O2 = 1/2 Nazo2

Na + 0 Nao

2 2

producing, respectively, sodium peroxide and scdium superoxide.
These compounds will react with water vapor as follows:

Na202 + HZO = 2NaCH + 1/2 32
2NaO, + H O = 2NaCH + 3/2 0
2 2 2
in both cases g 30dium hydroxide, a strong alkall.
peroxide may a- o form).

At low humidities (< 35% RH), the sodium hydroxide will be 2a
solld, but at higher relative humidities it will be a droplet (an
aqueous soluticn). As either sclid or ligquid, the hydroxide can
undergo tne transformation

A la
2NaQH + -02 = \IaECO3 + H20
forming the less alkaline carbonate. The hydroxide and carbcnate
in soluticn will precipitate, if saturated, to form a slurry and
then a solid, wh*cn will have variocus chemical compositions depending
upon the amounts of hydroxide and carbonate present. Table 3, fronm
Linke(5), shows the amcunts of hydroxide and carbonate present in a
saturated solution and the chemical nature of the precipitate. If
the reaction has gone to comp leticn before the precipitate forms,
then the s¢lid pha sn would be Na2C03 « 10 H20, sodium carbonate
decahydrate, and Clough a"d Garlanrd note this would become 2 dry
particle (a solid) unless the humidity rcse to above 95% RH. As
can be inferred from Table 3, various hydrates of sodium carbcnate
i1l precipita'e as the reacticn proceeds and the hydroxide is
consumed The reaction between the NaCH and CO2 should proceed

as follows:
l. For a solid NaCH Particle:
a. CO2 reacts with NaOH at the surface ¢
and Hp0; the water may evaporate or s
NagCO3 as hydrates;

' b. the same reaction oc
diffusing in and H>0
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Table 3. Concentrations of NapCO03 and NaCH in saturated
solutions and the assocliated sclid phase(5)

Grams of solute per
100 g saturaged
solution at 20°C

Nﬁzfﬁg NaOH
18.0 0.0
12.9 6.3
11.6 12.7
12.4 13.4
11.7 14.7
11.1 16.2
5.2 22.0
1.1 24.7
0.3 39.8
0.3 31.5%
5.4 L3.9%
9.6 43.8%
0.0 2.1

#*This solution was not clear.

So0lid phase

NaZCO3 - 10H20

Na2CO3 : 10320

Na2C03 s IOHZO

N32C03 - 10H20 + Na2CO3 TuzO
N32003 * 7320

Na2CO3 1 7H20 + Xa2C03 * H20
Na2CO3 i HZO

Na2CO3 g QZO

Na2CO3 1 H20

Na2CO3 % F23 + Na2C03

N32C03

NaZCO

NaOH 520

1568

244



o 17 o

c. NapCO3 will slowly diffuse into the NaOH and the
NaOH will diffuse intc the Na2C03, both rates being
slow compared to the CO2 diffusion.

2. PFor a liquid NaOH droplet:

a. CO2 reacts at the surface to form Na2CC3, which in
the early stages of the reaction will dlisscolve into
the rest of the droplet;

b. CO2 and other molecules will diffuse throuzh the
droplet, aided by any circulation, and the reaction
between the carbcn dioxide and the sodium hydroxide
will continue, with the formation of wvarious sodium
carbonate hydrates (see Table 3), as the droplet con-
centration of hydroxide decreases and the concentra-
tion of the carbonate increases; these solids may
form a shell, which would slow down further reaction,
or they may produce 2 slurry or perhaps a single
s0lid within the liquid droplet.

The rate at which the hydroxide will be converted to the car-
bonate will be determined by the following factors:

1. Rate of transfer of carbon dioxide from the air to the
particle;

2. Diffusion of carbon dioxide through the particle;

3. Rate of reaction of carbon dioxide and sodium hydrcxide
at the molecular level;

4, Rate of diffusion of the products.

Factors affecting the rate of transfer of atmospheric carbon
dioxide tc the particle surface include the ambient concentration
(typlcally 330 ppm) the diffusivity (molecular and eddy) of the
carbon dicoxide, the relative velocity between the gas and the rpar-
ticle ("ventilation factor", independent ¢f turbulence in the gzas,
primarily influenced by the particle settling velocity), and par-

ticle size.

Affecting the diffusion of the CO2 from the particle surface
to its interior will be the diffusivity (again beth molecular and
eddy, as the liquid will undergo some circulation within ¢
the concentration at the surface, the reaction rate for conversion
of hydroxide to carbonate, and the particle si:ze.

The rate of reaction is expected to depend upon the reactant
concentrations and the temperature.

Diffusion of the products will depend upon the diffusivities, the

concentrations, and the particle size.

The rates at which C02 will diffuse

-
ticles and the rate of transfer within the

3 9 \
he droplet),
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80lid) are discussed more fully in Appendix B. Our analysis, given
there, indicates that for solid NaCH particles of 20 um diameter or
smaller (or droplets formed therefrom), enough atmospheric C02 cculd
diffuse to the surface of the particles within ten seconds or less .
to convert the hydroxide to carbonate for NaOH droplets. If the
humidity is quite low (less than 35% RH), then the NaOH will be in
solid form and diffusion within the par:icle will be greatly retarded;
the reaction rate may be slowed as well because the NaCH is not
dissolved; these slower rates could, in turn, retard diffusion to

the particle surface because the surface will become saturated. Our
estimates are that respirable solid NaOHE would be converted to car-
bonate within a time scale measured in minutes.

A third set of chemical reactions of interest is the establish
ment of an equilibrium between scdium carbonate, scdium bicarbonate,
ambient carbon dioxide, and water in the particles which become
sodium carbonate at-the conclusion of the reaction between sodium
hydroxide and carbon dioxide. Clough and Garland(34) indicatel that
formation of bicarbonate should cccur only at humidities above 957%
RH and should reguire times of the order of 10-100 hours. (Thi
reaction 1s significant in that it lcwers the pH very nearly to
neutrality.) This reaction rate was determined by McCoy and Smith(6)
by bubbling C0O2 through water and should be checked to see if 1t
holds for aerosol particles in air. 1If the reaction does take 10
hours, then it is a factor of no importance for people in the vici-
nity of a sodium fire.

The results of the thecoretical analysis done by Clough and
Garland(4) are: "The fcrmation of sodium carbonate from sodium
hydroxide drople: is controlled by ligquid phase diffusion of
reactants in the drop, and probably occurs in times less than a
few minutes. The formation of sodium bicarbonate from sodium
carbonate droplets is much slower ané delays of tens of hours may
elapse before equilibrium is achieved.

"At high relative humidities the final state will certainly
be a droplet of sclution. At humidities below S5 per cent the final
state will be a particle of sodium carbonate, althocugh droplets
of hydroxide solution may be presen: for a time on of the order
of 1 minute or less. The appreciable changes Iin size consequent
upon changes in relative humidity may lead to important changes
in the residence time and deposition of particles in the atmos-
phere.

Qur analysis extended that of Clough and Garland to include
solid particles and to take into account that the reaction in the
drople* will increase the rate of absorption of the carbon dioxide
from the atmosphere. Table 4 lists three relative humidity condi-
tlons and shows what compounds are expected for Cimes on the order

of seconds, minutes, hours, and days, respectively.

Experimental work relating to this question has been dcne by
Murata, et al.(7). They vaporized sodium in argon to form an
aerosol of 1 mg/m3, then reacted the aercsol with oxygen at several
humidities and several concentrations of carbcn dioxide. The dry
particles were about 2 um in mass medlan aerodjnar diameter with
geometric standard deviation of 1.8 to 2.0. The mean residence time
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Table 4.

Species Expected from NaOH Aercsol (2 um Diameter

‘ Particles) in the Atmosphere at 20°C
Chemical Species Expected
Residence time for the Followine Relative Humiditles
in Atmosphere <35% 35% - 953 >G5%
- ,
n sec (NaOH)s (NaOH)l (NaOH)1 ‘
%% *% \
v min (Na2003)s (Nazco3)s (Na2c03)l |
N hr " " ” ]
A " "

® Probably as NaOH ° HQO. The subscripts are: s = solid,
1 = liquid.

#% P 1y N 0 S ¥
Probably ..aa.,3 -szo
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in the stirred reaction chamber was 1.4 minutes. Measurements were
made of sodium content and of particle aerodynamic size distribu-
tion. For humidities below 40% RH, the particles remained dry.

Murata, et al. assumed the resulting aerosol to be a mixture of ‘
sodium hydroxide and sodium oxides. As the concentration of carbon
dioxide in the chamber increased, the particles remained solid at
increasingly higher humidities; thus, the transition to droplets

for reaction at atmospheric CO2 levels was at humidities between

0% and 60% RH, suggesting the particles were predominantly sodium
hydroxide. The transition to droplets at thirty times the atmos-
pheric carbon dioxide level was at between 70% and 90% RE, sug-
gesting the particles were predominantly in the carbonate form.

The study qualitatively agreed with the work of Clough and Garland,
but the relative amounts of carbonate and hydroxide were not identi-
fied for the various conditions, and the effect of humidity was
confounded: 1f humidity is to be used to gauge whether the hy droxide
or carbonate predominated, it should be varied after the reaction

is allowed to take place under specified carbon dioxide and hur-di:;
conditions. The work added credence to the predictions above (see
Table 4) but neither verified nor contradicted them.

ALKALINITY: NaOE and Na2C03

It 1s generally agreed that the injury from sodium hydroxide
or sodium carbcnate is determined by the alkalinity (concentratioc:
or JH- lons) of the solutions formed by these substances. The
relationship between the OH- and H* ions in aqueous solution is
given by

K, = [OH™1(a"] (1)
in which Ky 1s the dissociatlion constant of water, itself a function
of temperature. The brackets indicate "concentratiocn of
in moles per liter. The pH of a sclution is defired as

= - -

PH = -log (H'] = -log K, [CH™1™" = -log X, + log [0H™] (2)
1“) Y

pH = 14 + log [OH™] (3)

which, at 25°C, btecomes (Ky = 1.0 x 10~

80 that the higher the pE the g“ea*e" the concentration of QOH-

(the greater the a‘xaliﬂi“") For sodium hydroxide, a very strong
base, virtually all the QOH- ions go into sclution and the pH 1s
easily determined. For the carbonate, there is a second equilibrium
involved (carbcnate-bicarbonate). Table 5 gives some values for

the pH (at 25°C) for both the hydroxide and the carbcnate at various
normalities. It will be seen later that eye damage, for example,
accelerates greatly as :he pHE of the sy;u*ion in the eye gces

above 11, which (note Table 5) will occur at NaOH conceatrations

of 0.001N, but not until a 2C03 concent"atic"= reach 0.04 N,

forty times the NaCH concentra ion \“o”*a-itj,. This means the
chemical ﬂow csition of the aerosol will be qui important with
respect to its toxicity. ‘
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Table 5. pH values for some NaCH and NapCO3
concentrations in water (at 25°C)

@ A

Concentration Na2C03 @ = Naow ®
(normal) Measured Theoretical Measured
1.04 x 1073 § © 10.27 11.02

4.0 x 1073 10.61 11.60

0.01 12.00 . 11.94
0.016 10.92 12,22

0.042 11.06 12.62

0.05 12.70 12.62
0.082 11.17 12.91

0.164 11.25 13.21

0.346 11.34 13.54

0.84 11.45 13.92

2.56 11.62 14,41

4,10 11.70 14.62

a) L. Lortie, P. Demers, Can. J. Res. Bl18: 1€0.

H=1 3
. Bates, G.D. Pinching, E.
Res t..Bun., Std. A, &

b) Theoretical:
Measured: R. . Smith (1650)

ule‘

€y o

U

¢) 1 M NaOH = 1 N NaOH, and contai.us the same number of Na atoms
per volume as 0.5 M NapCO3 = 1 N Na2C03.
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PARTICLE AERODYNAMIC BEHAVIOR

atmospheric:pressure, the particle size parameter of most utility
is the aerodynamic diameter. The aerodynamic diameter, dae, is the
diameter of a unit density sphere which, in still air, would have
the same terminal settling velocity as the particle.

For particles 1-100 um in diameter at normal temperature and ‘

The 3ettling velocity of a sphere is given by:

2 2
v, - (Copdp /18 u) g = (Cp,d ae/18 u) g (4)

in which
C = Cunningham correction factor (2 l+0.16x10°ucm/dp)

p,. = particle density

p. = density of water, 1.00 g/cm3

d_ = particle diameter
4 = gas viscosity
g = acceleration of gravity, 981 cm/s2

The term in parentheses is the relaxation timeof the particle, rt.
The terminal velocity the particle will reach under any applied
force 1s the force times the relaxation *1*e divided by the par-
ticle mass. The likelihood that a particle will strike an obstacle
toward which 1t 1is being carried by *he alr is determined by the
ratio of the air velocity times the relaxation time divided ty th
obstacle's narrowest dimension perpendicular to the gas flow. For
particles larger than about a micrometer, the aerodynamic diameter
is given for spheres by

1/2
dae = 4y (0./00) : (5)
As detalled in Appendix A, the trans formation of a dry NaOH
particle to a dry NapCO3 . 10H20 particle will -ncrease the zero-

dynamic diameter (for dp > 1 um) about “ua, which will increase
its deposition velocity due tc gravitational settling an* due
to impaction. The increased impaction will help limit the par-
ticle deposition to the upper respiratory tract and nasal pas-
sages (unless, of course, dp < 1 um). The effect of the trans-
formation on human respiratory retention will depend upon the pa
ticle size distribution.

Particles of NaOH will become droplets after humidities (X)
exceed 35% RE. In Appendix A, it is shown that the following
equation closely approximates the change in particle size due solely
to the absorption of water:

: 173
dg/d, = 0.87/(1-H) (6)

(The droplet diameter is dq; its dry diameter is dp.) This in-
crease in particle size is accompanied by a2 decrease in particle
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density; th2 net result is to produce the follewing increases in
aerodynamic diameter: x 1.2 at 70% RH; x 1.4 at 90% RH; x 2.6

at 99% RH. This will increase the fraction captured in the nasal
passages (for dp > 1 um).

The particle which results from the transformation of the
initial NaOH particle will have an aerodynamic diameter which will
depend upon the chemical reactions which take place and upon the
relative humidity. Because the humidity in the nasal passages
and the upper respiratory tract is nearly 100% RH, one can expect
a very substantial growth in particle size, again favoring cap-
ture before the particles reach the lower respiratory tract.

SUMMARY

In order to interpret studies of NaOH aerosol toxicity or to
predict toxicity, one must know what compounds are being dealt with
and the particle size distribution.

E
7‘1

it seems clear that
robonate decahydrate
1

For relative humidities exceeding 257
NaOH droplets will be transformed =: socdium
in the atmosphere (for NaCH aerosol ceoncent
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IV. NaCH AERCSOL TOXICITY
INTRODUCTION

The chemical toxicity of a substance is 1ts ablility teo cause
chemical injury to an organism (in our context, man). Factors
which influence the degree of such injury include: susceptibilit
of the individual, intensity (concentration) and duration of the
chemical exposure, nature of the specific site of contact, in-
¢luding transfer rate from surface to substructure,and the rate
at which the body detoxifies the site. Amdur(8) noted, "If a
material 1is taken into the body at a rate sufficiently slow that
the rate of excretion and/or detoxification keeps pace with the
intake, it is possible that no toxic respcnse will result even
though the same total amount of material taken in at a faster
rate would result in a concentration of the agent at the site
of action sufficient to prcduce a toiic response. Information of
this sort enters into the concept o: 2 thresheld limit for safe
exposure." Thus, concentration (degree of localization) and the
rate at which the material comes in contact with the body can
affect the amount of injury, if any, prcduced. Such injury may
range from transient to permanent.

Neally complete knowledg of the toxicity of a substance would
include knowing the degree of injiury sustained by many different
classes of people (based upon, fcr example, age, sex, health) for
different durations of exposure at different intensities. If this

4
4,

knowledge is incomplete, assumptions must be made for decision making.

This chapter has as 1its goal the presentaticn of informat
to relate exposures to NaCH aerosocl to different kinds and deg
of injury to exposed persons. The authors have reviewed the 1
ture and present here what they have discovered with regard to
standards already set ’and the basea for those avanua.ds,. h

in humans. The 1nforﬂat¢on on "esponse to NaCH came, almost excl -
sively, from accident reports or from sxperiments using animals
uynder laboratory conditicns. In the first category, the detalls

of the dose to the individuals are often sketchy; in the second,
appliying the data to predict human response is difficult. The
documentation for standards set by certain organizations for conc-
centration limits on NaOH aerosol, based upon inhalation, are far
from conclusive. No standards were found for contact with skin or
eyes nor for ingesticn of inhaled material when ccughed up and
swallowed. Informaticn on splashes and application of hydroxide
and carbonate soclutions to the eyes was located. This information
may be combined with a preliminary model of aercscl impaction on
the eye (and subsequent dilution by ocular fluids) to predict
response by human eyes to NaOH a=erosol expesures.

CURRENT STANDARDS

l. 1Inhalation

In the United States, both the American Conferenc
mental Industrial Hygienists (ACGIH) and the Naticnal

of Occupational Safety and Health (NIOSH) have propose
standards for workers.
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ACGIH set 2 mg/m2 as i1ts threshold limit value (TLV) for
NaOH in the workplace air. This is a ceiling, not a time weighted
average. The ACGIH booklet(3) listing TLV's has this to say about
thelir definitions: "Threshold limit values refer to airborne con-
centrations of substances and represent conditicns under which it
is belleved that nearly all workers may be repeatedly exposed day
after day without adverse effect” (p. 1l). NaCH went from being
categorized as a substance which was given a time weighted averace
(TWA) TLV to cne given a "ceiling" by the ACGIH. They wrote that
the ceiling is, in effect, a "maximum allowable concentration.” It
was noted: "In general the bases for assigning or not assigning
a 'C' value rests on whether excursions of concentraticn above a
proposes limit for periods up to 15 minutes may result in a) in-
tolerable irritaticn, b) chronic or irreversible tissue change,
or ¢) narcosis of sufficient degree to increase accident proneness,
impair self-rescue or materially reduce work efficiency." (The
italics are theirs.)

The documentation offered by ACGIH was:(9)

"Caustic dusts are irritating to the upper respiratory
system. Although prolonged exposure to high concentrz-
tions may cause discomfort and even ulceraticon of nasal
passages, su.jective symptoms are often relied upcn as
an indication ¢f the need for control.

"Patty, on the basis of the irritant effects of caustic

mists, encountered in concentrationsof 1 to 40 mz/m3,

believes that 2 mg sodium hydroxide/m3 of air represesnts
1 -

a concentration that is noticeably, but neo
irritant."®

excessively,

"Soviet limit (1959), 0.5 mg/m3."

The same documentation was offered when the TLV was placed
at 2 mg/m3 as a time weighted average, not a celling. As will
be discussed meore belcw, the Scviet policy is to set "limits"
which are treated as goals, and which represent the lowest level
at which there are clear indications of response, rather than
levels that cause injury (or even discomfort).

Stokinger(10) noted that the underlying philoscphy of the
threshold limit values of the ACGIH is that "although all chemical
substances are toxic at some concentration experienced for a rericd
of time, a concentration exists for all substances from which no
injurious effect will result no matter how often the exposure is
repeated."” This is in distinct contradiction, he noted, to the
treatment of expcosures to radicactive materials, assumed to be
cumulative. Cverwhelmingly, the bases for the ACGIH values we’
either changes in organ function or evident irritation. Thirty-
eight per cent were based on worker reactions and ancther 117 basea
upon human volunteer experiments. He defends these standards fur-
ther by noting that where they have been followed, injury has been

prevented.
1568 255
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The following is the standarc propesed by NIOSH(2): "Occu-
paticnal exposure to sodium hydroxide shall be controlled so that
no worker is exposed to sodium hydroxide concentration greater
than 2.0 mg/m3 of air for any l5-minute sampling period." It was ‘
pointed out by NIOSH: "The standard was not designed for the
population at large and any extrapclation beyond general occupa-
tional exposure may not be warra-ted." They note that this is
the same as trat adopted by *he ACGIK(3). (ACGIH referenced only
the opinion of Patty(1ll).)

The NIOSH document noted that Patty(ll) commented that he could
not find published records of industrial measurements of airborne
sodium hydroxide, but concluded, "from the irritant effects of
caustic mists encountered in concentrations from 1 to 40 mg per
cubic meter of air, 2 mg sodiom hydroxide per cubic meter is believed
to represent a concentraticn that is noticeably, but not exces-
sively, irritant." Patty seems to be the scurce of the 2 mg/m3
limit, yet it is clearly not well substantiated. Note that ACGIH
had used Patty's wording verbatim and, along with NIOSH, the refer-
ence is to be first edition of Patty's book; no justification of
the 2 mg/m3 is made in his second editior.(15)

A second plece of information used to support the 2 mg, m3
occupational standard is a study(2) done by NIOSH in 1974 in con-
nection with a degreasing operaticn. The degreasing vat was maine-
tained at 200°F and contained primarily a sodium hydrcxide sclution,
having a pH of 12.5 to 13.5. "Operations adjacent to the vat
involved the use cf other substances (e.g., Ensis 254 o¢il, Stiddard
.8olvent, Zygzlo and Magna flux)." Two employees experienced nose and
throat irritation, chest pains, shortness of breath. A third
experienced ncse and threcat irritation, nausea, and ver.oing. Anti-
biotics were effective as treatment. Sampling done six months later

indicated "the airborne concentration of Stoddard solvent to be

14-780 mg/cu m; other solvent vapors (undescribted) were 276=725

mg/cu m...." (The ACGIH 1977 value for the TLV for Stoddard

solvent 1is 575 mg/m3, TWA.) Airborne sodium ccncentration,

reported as sodium hydroxide was 0.005 to 0.7 mg/?3, airborne

sulfuric acid concentrations were 0.3 - 2.2 mg/m3. (The 1977

ACGIH TLV for sulfuric acid is 1 mg/m3.) More sampling was dore
later; personnel were asked to fill out forms describing their health
and any reactions, symptoms, etc. About half of the fifteen worke. s
surveyed had experienced some irritation of the upper respiratory
tract, but these symptoms and others were uncorrelated with changes

in ventilation and removal of the vat cover and in one category
(burning/dryness of the throat) were correlated with periods wher

the vat cover was on rather than when it was off. The NIOSH stan-
dards document concludes(2), "These cbservations are not entirely con-
sistent with the conclusion reached by the investigators that the

mist from the va*® produced the signs and symptoms,” The document

also points to the high concentraticns of Stoddard solvent as a possi-
ble problem.

The final human study cited by the NIOSH document(2) is one
done with respect to oven cleaners. Here NIOSK concluded, "air
sampling and chemical analysis for sodium hydroxide and other in-
gredients was not extensive enough to allow identification of the
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specific agents responsible for this {rritance.” The NIOSH docu=- »
ment cites a communication from T. R. Lewis in 1574 about hi

study of oven cleaners contalining, amongz cther ingredients, scdium
hydroxide (producing airbgerne concentraticns reported te te in ;
the range 0.24 - 1.3 mg/m3), in which respiratory irritation was
produced inhealthy volunteers in shors periods of time (2-15 min.).
Later, the document states, "the number of uncontrolled variatles
in the study, including questions about the reliability of the
estimates of airborne sodium hydroxide, are such that confirmation
and extension of this study should first de accomplished.”

Animal inhalation studies by Dluhos, et al.(12), were also
cited by NIOSH. The airberne concentratlion of sodium hydroxid
was unspecified. The uncertainties of this experiment were com-
pounded in similar work DY Vyskocil, et al.(13), also cited by
NIOSH. The Vyskoecll work invelved a guartz dust aercscl as well,
in soncentrations of 10 g/m3; a concentration which is 1Co times
higher than the ACGIH TLV for quartz.(3)

The NIOSH criteria dccument gave the following table for
the standards set oy scme other ccuntries for airborne scdium
hydroxide, but the sources fmom whish these values were taken 3412

not indicate how the values were derived.

tandards faor Exposure to Scdium Hydroxide Aerosols(2) \
Country Supbstanze ~Standar: -~z 7o)
sodiurm hyaroxile 2 (TWA)2
Pinland scdium hydroxide 2 (Ceiling)
West Germany scdium hydrcxide 2 (Ceilins)
Yugoslavia sodium hydroxide 2 (Ceiling)
R .mania hydroxides (alkaline) 1 (Ceiling)
Bulgaria alkalines (scdium
hydroxide, etc.) 0.5 (Ceiling)
USSR alkaline aerocscls (as
sodium hydroxide) 0.5 (Ceiling)

a) Authors' note: USA standard is now 2 ceiling, also.

The USSR level may have been based upcn the work 2f Cavrilcma
of which we have the following abstract (Chemabs. 35, 4898/1 1581):
"G. S. Luzina's method (CA 45:10135 i) was applied to the
determination of caustic concentraticons in alr within a
plant producing alumina By the wet caustic process. These
concentrations were found %o te in the range {ronm 0 t¢ 35
mg’-u @ 3 air. 7Values exccéeding 1.0 mg predominate; the
soncentrasions 0.5 mg/cu m are the rarest. TIwWo taples
show the relation tetween this ccncensraticn and several
fastors related %o the technological processing. Sceme 300
workers of the plant underwent medizal axaminazions o
estabi.sh the 2ffacs of the aercsols on th@ uppser resg.lias
tory tracts. The data clearly showed 2 mealsh hazard cva-
ted by caustic aerosscls. Caustic air concentration of
0.5 mg/cu m air (converted for NalJH) i3 recommended as 2.
limiting permissible value. S3Scme measures are 1isted whic
aim to decrease %he escace of aercscls Intc alrn, as well
as measures related to tne neal:liln ;:c:ei?32§8352?§5ger3 -

e
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Again, there may have been other contaminants and the exposures
are more nearly chronic than shert-tern.

Elkins(13) noted that the USSR values were derived from a ‘
different methodological viewpoint frem that of the US. The USSR

values represent levels that are related %o resgcnses; the US

values represents levels that are related to Infury. Ryazanakev(ld)
indicated that the lowest odor threshcld for a group of subjects
would typically be chosen as the Maximum Acceptable Ccncentraticn
(MAC), for example; ancther response tested was dark adapcation of
the eye; the results from tlHese two methods often agreed; a third
approach was that of studying conditioned els:trocor:ical ref:exes.
Ryazanakov made it clear in his discussion th the USSR standard

are used differently from thcse of the US: .“ej are set as goals

or targets for eventual achievement, the reguirements for having

a "clean atmosghere, and the government decides what practical con-
cessions must be made."

The NIOSH criteria document lists the Patty statement, the NICSH
investigation of the vat exposures and :he oven ¢leaner study as
"probably the only reports in the literature which discuss either
human or animal response to a iown, low ~cncen'* tion of scdium
hydroxide." We do not believe such information is adeguate faor
determining a sodium fire accident standard based upon nealth
effects. MNot only are the data few, but the duration ¢f indusctr
exposure is much greater than that expected for a socdium fire ac
dent. The populations at risxk also d‘ffer.

2. Ingestion

Standards

relating to ingestion were nct found, al:hou;“ it
is widely recognized that, to aveid internal burns, NaCH solu
ions should not te ingested.

3. Skin and Zye Contac

Standards for exposure were not found but there are require-
ments that NaCH solutions be marked %o indicate that contact with
skin and eyes (as well as ingesticn) can te dangerous.

SUPPLEMENTAL INFORMATION

l. General Toxicity

In the second revised edition of Industrlial Hyziene Toxiccolozy,
Patty(l8) wrote with respect t¢ the physi l;gi: i respcnse to Nacna:
"Characteristic irritation of nasal tissue f{reguently causes sneez-
ing....The g*-a*es: hazard is that of rapid destruction of any
tissue upon contact with the s0lid or concentraticn solutions. Th
inhalation of dust ar mist is of secondary industrial importance.”
His comment with respect to sodium carbonate (NaCC3) was, "Sodium
carbonate is a primary skin irritant..., and dusts or miscs are
moderately irritating to the nasal membranes."” Regarding a "hyzienic
standard of permissible exposure” £o sodium carbonate, 2atty wrote,
"None has bHeen ;r::c;ed, but it should te hizher than that pere
missible for sodium hydroxide."” This statement reinforces the in-
portance of deternmining dbe'he* the hydroxide has had time <o becone
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carbonate before humans are exposed to the aerosol.

Sax(17) gave the following description of the toxicclogy of NaCH:

", ..Mists, vapors, and dust of this compound cause small
burns, and contact with the eyes, either in the solid or
solution form, rapidly causes severe damage to the
delicate tissue. Ingestion either in the solid or solu-
tion form causes very serious damage to the mucous
membranes or other tissues with which contact is made.
It can cause perforation and scarring. Inhalation cf
the dust or concentrated mist can cause damage to the
upper respiratory tract and to lung tissue, depend¢n5
upon the severity of the exposure. Thus, effects of
inhalation may vary from mild Iirritation of the mucous
membranes to a severe pneumonitis. It can cause
irritant dermatitis.”

From the material presented thus far, it seems clear that !NaCH
aerosols can be hazardous, but that the concentrations, duraticns,
and particle size distridbutions which are hazardcus have yet to
be determined.

2. Inhalation Toxicolegy

Little additicnal information was uncovered ccncerning the
harmful effects of inhalation of such aercsols.

In a letter to the USAEC (13 October 1565), Dr. H. W, Hays
of the National Academy cf Sciences wrote: "Inhalation cf mis‘s
of sodium hyuroxi‘e may produce effects varying from mild irrica-
tion to sever umoritis depending upon the concentration. There
is a wi a"‘abilitj among persons in thelr subjective response
to caustic dUSu, -u’ 1§ - ras been observed that, in general, 5.0
mg/n3 produced nt erable respiratory discomfort....zye contact
with mists and dust of sodium hydrcxide may produce severe damage
and 1t is thererore reCOﬁmerded that wor' s be required to wear
tight f1 -4 n;egogg‘es when there 1s a potential exposure to con-
centrat ons above 2.0 mg/m3." That recommendation (and an "Enmer-
gency Exposure Limit" for 30 minutes of 4.0 mg/m3) was made by the
"Committee on Toxicclogy." There were no references cited in
the leitter, which was in response to an inquiry dated about a
month eariier. It is not clear what considerations went into

the making ¢ these recommendations.

Caujolle et al.(18) reported studles cf the exposure of guine
pigs to various alkaline aercscls. They determined the particle si:
distribution (by count) but did not indicate the mass concentration,
making the work of negligible value in our context.

Human volunteers were exposed :c measured concentraticns of
sodium hydroxide aercsol (presumably s °~“3“’"a formed to sodium
carbonate) in one study that was prir rily directed towards investi=
gating visibility in such an aercsol, done by Hughes and Anderson (3
The aerosol was generated by burning sodium and was analyzed oy
transmisscmetry, calibrated by acid-base titration of aerosocl sam=-
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ples caught in a bubbler. Three adult subjfects were used at

various times during the test. They were called subject A,

subject B, and subject C. Subject C wore goggles; the other

two were unprotected. The aerosol concentration was measured ‘
as equivalent amount of NaOH, from the titrations. Listed

below are the concentrations and the effects:

Concentration Effect

(mg/m3 as NaOH)

Sligit watering of eyes and nose
after inhalation for five minutes."

|
|
|
2-10 Subject A: "Characteristic odor.
|
!
3 Subject C (without goggles): "Slight
prickling behind eyelids." :
25 Subject C (with goggles): "Slight
prickling in upper nasal passage.
Irritation not severe. Capable of
work; quite comfortable provided 1t
does not get any worse."

25 Subject C (with goggles): "Capable
of work and prepared to stay longer.
Mouth breathing induced coughing.”
Exposure time: 11 minutes total for
Subject C in this series.

180 Subject B: "3 minute exposure of eyes
(accidental) without inhalation resulted
in slight irritation (prickling and water-
ing sensation) lasting for 24 hours."”

From this work, Hughes and Anderson concluded: "Short term expcsure
of unprotected workers up to 40 mg/m3 NaOH in air is unlikely to
result in any serious discomfort. At about 100 mg/m3 exposure of
unprotected workers will probably result in serious discomfort which
will certainly cause them to consider their own survival before any
work task." It should be noted that discomfort rather than injury
was Iinvestigated, and injury may occur at levels higher or lower
than discomfort.

It 1s surprising that so little useful information of NaOH aero-
sol inhalation dose-response exists in the published literature.

3. Ingestion Toxicity

The inhaled NaOH aercsol can be partially ingested due to cough-
ing and swallowing. 1In his review of the literature on hypertension
(thougtt by some to be caused partially by dietary salt), Page(l9)
cited the case of a three-year period of increased salt intake:
nomadic warriors from Kenya who served several years in the army
were, as a result of this service, Laken from a diet which con-
tained 2 to 3 g of Na per day to an army diet which contaired 16 g
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of sodium per day; aside from some increase in dblocd pressure, no
adverse effects were reported. The average dietary sodium is 4-6
g/day(20).

A NaOH aerosol concentration of 100 mg/m3 would have 57.5 mg/m3
of Na. With an average breathing rate(2l) of 20 m3/day = 0.53
m3/hr, a one-hour exposure to such an aeroscl would mean taking
into the body 0.048 g of sodium the day the exposure occurred, much
less than the dietary level of sodium.

4, Contact Toxicity

Although aerosol contact with the skin can produce dermatitis,
the most sensitive area for contact is the eye, so this review
focuses there, Many articles have been written about the response
of the eye to alkal!l soclutiens. Virtually all deal with spashes
or with deliberate applications of such solutions to the eyes c¢f
test animals. We will summarize much of that information and indl-
cate (in Appendix C) how one mizht estimate the ccncentration of
NaOH in the tears of those exposed to scdium hydroxide aerosol.

Grant(22) d‘scussed alkall burns of the eye in general and also
the effects produced by several sodium compounds, including sodium
hydroxide and sodium carbonate, specifically. Grant summarized 2
review by Hughes(23): 'He ccnc-;dad that the severity of the damag
to the eye is less dependent upcn the character of the cation than
upon the ccncentration 9f the a’/a--, the duration of the expssure,
and the pH of the solution." InjJury is strongly related to pH:
above pH = 11.5, injury to the corneal strcma increased sharply.
Experiments on rackbit corneas with their 2rithelium remcved shcowed
slight and reversible damage with a 10 minute exposure at pH = 13
but severe damaze at pH = 1l. The permeabilisy cof the alkall sclu-
tion was used as a measure cof damage to the epithelium cof beel corneas,
and 1t was found that at pH = 10 :here was no increase in permeablllicty,
Eut at a pH = 11 and 12, there was rap increase...with sodium
hydroxide acting more rapidly than ca-b-Jm hydroxide or most
other hydroxides testad. C(Crant emphasi:z that in the treatment
of such in:ur1=s time is very important, and "nothing is better
than immediat irriga:ion." Sodium carbeonate ‘orﬂs alkaline
solutions wiuu pH up to 11.6, Grant noted, fronm hhiCﬁ one can

conclude that it would take the most concentrated solutions of
sodium carbonate to produce rapid eye injury. He wrote that
application of a pH 10.7 solution (10% solution) to rabbit eyes
followed in 30 seconds by irrigaticn caused no detectable inlury.
Sodium hydroxide, on the other hand, "is severely injurious to
all tissues, and causes some of the most s svere injuries of the
eye," presumably hecause of the very high pH values obtalnatle
with concentrated solutions (a 10% solution has pH = 14.4).

The cornea 1s the porticn of the eye most likely to be damaged
to the extent of producing vision impairment, temporary or permanent.
The structure o: the cornea 1s as follows: ¢the ocuter surface 1s
a layer of epithelial cells; adjacent to this is Bowmnan's layer,
and next to ‘“a. 18 the bulk of the cornea, the stroma. The inner
surface of the cornea is formed by the endothelium, and between
the endothelium and the stroma is another thin layer, Descemet's
layer. In their chapter on the toxicology of the eye, Potts and
Gonasun stated(24), "A scar, the normal body reparative prccess,
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with or without vascularization, is tolerated by other bedy struc-
tures with no adverse effects. In the case of the cornea a scar
or vascularization can destroy function completely. Hence a very
small amount of corrosive substance--an amount of no consequence
elsewhere on the body--can be the cause of blindness if it reaches
the cornea." These same authors point out that a special feature
of alkall burns is the serious late effects that can occur when
there is no apparent immediate severe injury: "Even burns that at
the time of injury appear to be mild can go on to copacificaticn,
vascularization, ulceration, or perforation." They cited the work
of Hughes(23), who produced different degrees of injury con rabbit
corneas using 0.05 N NaOH solutions (pH = 12.7): exposure for
more than three minutes led to opacification, ulceration, perfor-
ation; exposure for thirty seconds caused only tempcorary signs of
minor damage which cleared within weeks.

In a book edited by Adler(25), Milder gives the following
quantitative information about the eye. The tear film has a
superficial oily layer so thin that interference patterns are not
set up, indicating it is thinner than the wavelength of visible
light, 0.5 um. Beneath this is an agueous layer 5.5 to 7.5 um
thick. Beneath this aqueous layer is a mucoid layer. The pH
of tears is usually 7.4 with a typical range of 7.3 to 7.7 and
the normal waking flow rate is 0.50 to 1.25 g/l6é hr. The oil
film reduces evaporaticn to the level of 20-25% of the total tear
flow. Tears include a variety of electrolytes, carbohydrates,
proteins. enzymes and even vitamins. Discomfort will arise from
solutions cutside the pH range 6.6 tc 7.8. The sodium chloride
content and the other salts zive an csmotic pressure equivalent
to 0.9% to 0.95% NaCl, and discomfort will arise if the fluid
goes beyond the range 0.6% to 1.3%. If a hypertonic solution of
2.5% saline 1s placed on the eye, it is characteristically diluted
to the concentraticn of tears within 1 1/2 to 2 minutes. Blinking
rates for men are 3.5 to 29 per minute, with accelerated rates
when there is excess tear formation. Some of this information
has been incorporated inte the preliminary model given in Appendix C.

According to Fox(26), "Mild alkalis produce only a transient
irritation of the external ocular tissues and are soon neutralized
by the tears. As the concentration of the hydroxyl ion increases
the chemical effects on the eye become increasingly more severe.
Substances with pH above 11.0 are exceedingly dangerous to th
eye." He reported that subjective discemfort occurs when soclutions
outside the pH range 6.6 to 7.8 are put into the eye.

NIOSH(2) cited that work of Grant and Kerr(27), who found that
0.23 N NaOH (at pH = 11) applied for 15 minutes to rabbit eyes
which had their epithelium removed beforehand produced o1ly slight
and reversible damage, but a similar application of pH = 12 solu-
tions produced severe injuries with opacity.

Brown et al.(28) produced ulcerations and perforations
the cornea of rabbits by applying 0.5 N NaOH sclutions (pH = 1
for 30 seconds, with the damage becoming evident within two to
three weeks.

to
3.7)
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Carpenter and Smyth(29) graded 180 chemicals for the severity
of damage they caused to the rabbit eye, and the most severe cate-
gory (1 per cent solution causes "injury score" of cver 5.0) was
occupied by only sodium hydroxide and maleic anhydride, (A 1 per
cent solution of NaOH has pH = 13.4,) They noted that the human
epithelium is 45.4 um and the rabbit epithelium is 33.5 um thick,
so that the human eye is somewhat more resistant to damage. Alkall
burns, as do acid burns, require immediate irrigation for effective
prevention of damage, but irrigation must be much longer for the
alkall.

McLaughlin(30) summarized extensive experience with accidental
chemical burns of the cornea. He cited the experience of one plant:
"In a recent tabulation for 12 months in the same establishment,

it was found that 52 percent of the chemical eye injurles were
caused by vapors and mists, 31 percent by liquids, 2and 17 percent
by solids." MclLaughlin reported that trying to neutralize an
alkaline solution was not successful in limiting damage, but
removing the damaged epithelial cells was. Below 1s a truncated
version of the table he presented showing the results of his
treatment (denuding) for corneal chemical bdurns:

Prompt healing, olcw nea.ing, oScme LC3:E

within 48 hrs. 2-10 days of yisior
Total cases 456 3T 7
NaOH (solid) ?2 2 -
NaOH, > 50% (pH > 15.1) - 2 -
NaOH, 26-50% (14.8-15.1) 27 1 1%
NaOH, 10-25% (14,4-14,8) 89 3 -
ot treated until 48 hours later; final visicn was 20/20.

From his study of 500 consecutive cases, MecLaughlin{30) con-

¢luded:

1. "Immediate first aid, followed by long flushingwith water 1
of the utmost importance. No attempt at neutrallizaticn 1s
recommended.

2. Specialized treatment by an ophthalmologist 3hould te given
within two hours after the injury. Further delay threatens
recovery of full vision.

3. Denudaticn is the treatment c¢f cholce.

4, It is noted that the majority of cases, 456, or 91.2 per=-

- : v - ’ ’ 3
cent, healed in 48 hours with no less of vision; 37, or
7.4 percent healed slowly, but without loss of vision;

7 cases, or 1.4 percent, healed with a residual loss of
vision. The loss of vision in all seven cases was the
result of inadequate preliminary care or health ccondlitions
present before the eyes were burned.

5. There is nz mention made of conjurnctival adhesions in this
discussion, ani iz 13 notadble that with the technigue
described the authcr =32 no such complicacion in any of

nsecutive cases
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From the material on contact toxicology, it is concluded that
aerosol concentrations which produce in the eves pH values of 11
or more for a few seconds or longer have a significant risk of pro-
ducing eye damage. Little is known about the effect of lower con=- .
centrations (lower pH values) for durations longer than 1 minute.
For splashes intc the eye of very concentrated solutions (pH greater
than 14), only 1 case in 123 reported by MeLaughlin sustained a
permanent decrease in visual acuity, and this case went untreated
for 48 hours; the treatment being irrigation of the eye followed
by abrasive removal of the damaged corneal tissue. (The eye fluids
reduce the concentration at the surface of the eye to nearly that
of tears within a few minutes, however, in the event of a splash or
other very short exposure.) Calculations concerning pE values in
flulds at the surface of the eye are presented in Appendix C; the
preliminary model predicts pH values greater than 1l under some
circumstances. These calculations have been performed on the basis
of several pessimistic assumptions, and, in the next section,
further work is recommended to feormulate a more realistic model.
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V. RESEARCH NEEDS

Assessment of the potential hazard of airborne products from
a sodium fire will require knowledge about their source, their
transmission, and their effects on receptors. The following areas
need further research:

l. The chemical transformaticons which occur to such aerocsols
as they are transported; in particular, how chemical composition
will depend upon temperature, humidity, particle size distridbution
and concentration, time, and turbulence.

2. The particle size distribution which will result from
those chemical transformations, with emphasis on the effect of
humidity.

3. The effect the chemical transformations and ﬂbanges in
particle size dlstributicn will have on scavenging of the aerosol
by precipitation (rain, sleet, sncu)

4. The interactive influence on the above of the potential
presence of a wide range of fission product and fuel aeroscls.

5. The dose-response relationships for humans. This may
involve formulating mathematical model for the effects on humans
and on animals, then testing the model through experimentation
on animals or human vclunteers.

€. The long-term fats of sodium aercsols released to the
environment, -n--;ding dispersal, possible decontamination measures,
and potential long-term health effects



® 36 ®

APPENDIX A
CHEMICAL EFFECTS WITH RESPECT TC AEROSOL PARTICLE SIZE

CHANGE IN PARTICLE SIZE: SODIUM HYDROXIDE TO SCDIU!M CARZONATE

The particle size parameter usually used to characterize
respirability of aercsols is the aerodynamic diameter, which is
the diameter of a unit (= water) density sphere having the same
settling velocity in still air at standard temperature and
pressure as the particle. For spherical particles larger tnan
a micrometer (um) or so, this 1s the product of the particle
diameter and the square root of its specific gravity.

Dry sodium hydroxide particles will react with water to
form sodium hydroxide solutions at humidities above their tran-
sition humidity, given by Clough and Garland(4) as 35% RH. The
droplets of NaCH solution react with carbon dioxide in the air
to form solid scdium carbonate decahydrate, which will only
become droplets at much higherhumidities (35% RH). One gram of
NaOH has 1/40 moles of sodium and occupies 0.496 em3. It will
react and hydrate to form 1/80 moles of NaCC3.10H20 (sodium
carbonate decahydrate, washing soda) which wifl weigh 3.5 g
and occupy 2.48 ecm3. This is a factor of 5.0 increase in
volume, a factor of 1.71 increase in particle diameter for a
sphere, a factor cf 0.68 decrease in density (densities from
Weast(31)).

Ignoring the Cunningham slip correction (which becomes less
than a few percent for particles having diameters larger than
2 um), the change in aerodynamic diameter will be an increase oy
a factor of 1.:i1 (or 41 per cent) for the change from a sodium
hydroxide particle to a sodium carbonate decahydrate particle.
This would be expectad to shift some of the respirable particles
to the non-respirable range, but the impact on dose could only be
ascertained from a detailed kncwledge of the original sodium
hydroxide aerosol size distribution and the respiratory tract
retention as a function of particle diameter.

CHANGE IN PARTICLE SIZE: SODIUM HYDROXIDE AND HUMIDITY

Sodium hydroxide (NaCH) is quite hygroscopic. The behavior
of hygroscopic salt particles has been described by Orr, et al.(32):
as the humidity is increased from zero percent relative humidity
(0% RH), the surface of the particle begins to be covered by water
molecules. At a "transition humidity" (which is almost independent
of particle size for particles larger than a few tenths micro-
meters) the particle is covered by several molecular layers and
starts to dissolve, accumulating more water and becoming a droplet.
The droplet will have a definite equilibrium size for a given
humidity, having started with a certain dry size. If the humidity
is decreased, this droplet will remain liquid down to a lower humi-
dity than the transition numidity; below this lower humidity, 1t
becomes a solid.
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Clough and Garland(4) calculated the change in drcplet
radius (r4q) as a function of relative humidity (H) by starting
with the well-known Xelvin equation:

H/H' = exp (ZYd Mw/°d RT rd) (A.1)

which 1is implicit for the droplet radius. The various terms
are defined as follecws:

H = relative humidity, fractional

H' = humidity which would be in equilibrium with a
droplet of infinite radius (a plane surface)

Ygq = droplet surface tension, dy/cm

M. = molecular weight of water, g/mcle
3

B

Py = density of droplet, g/cm

&

R = universal gas constant, erg/mole - °K

T = absolute temperature, °X

The problem of determining ra is made more difficult by the
dependence of the surface tension and the droplet density on the
concentration of the solution, which in turn depends upon the
ratio of the droplet radius to the original dry particle radius.
From the results of calculations presented bty Clcugh and Garland,
we have adapted that which follows, shcwing the ratic of the droplet
radius to the dry particle radius at the indicated humidicy:
Particl Humiditr
Radius (um) 70% =H 30y oH 35% 34

0.3 1.4 1.8 P §
1.0 1.4 1.8 3.8
3.0 1.4 1.8 3.7
10 1.4 1.8 4.0

We conclude that the effect of changes in humidity will be to
change the particle size by essentially the same proporticnality
factor for a particular humidity for a size range from a few tenths
micrometers tc a few tens of micrometers. Thus, the aer !
have its mass medlan shifted by these factors, but 1its
standard deviation (or geometric standard deviation) w
unchanged.

Clough and Garland used a computer to solve the
tion for droplet egquilibrium with its vapor. This eg
the droplet size implicitly. Neiburger and Wurtele p
following approximate solution(33)

i oyl
d,/d, = A/(1-H)

in which A is a2 fun

ction of solvent and solute prope
1s the ratio of droplet diameter toc dry diameter, an
tional relative humidity. Using the results reporte
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and Garland, we found the value of A to be 0.93 for H = 0,70
(70% RH), 0.85 for H = 0.9, and 0.81 for H = 0.99. The formula

1/3
dd/dp = 0,87/(1-H) (A.‘

fits the results well (see Figure A.l) and gives ddg/dp = 1 at 35%
RH, where the dry particle is just about to become a droplet. It
is much easier to use this latter formula than to try to solve the
Kelvin equation each time a new humidity is investigated.

The aerocdynamic diameter will be changed (neglecting the
Cunningham correction factor) by the ratio of the wet droplet
diameter to dry particle diameter and by the square root of the
ratio of the droplet density to the particle density. The droplet
density is:*

o
for dry particle diameter dp and water density py,. The density
of water is 1.00 g/cm3 and the density of NaOH in the dry form

1s 2.13 g/em3, so that we have the following density change
factors to app.y:

[ 3, 41/2 L
d . 0.5(1+(1+u.u(dp/dd) 05)"" ") . (A.

70% RH 90% RH 86% RH
1/2
(pg/p,) .88 .78 .70
P

Taking both the particle size change as it becomes a droplet and
the particle density change, we obtain the following conversion
factors by which the dry particle aerodynamic diameter should
be multiplied to obtain the droplet aercdynamic diameter:

70% RH 90% RH 99

e

RH

conversion factor N 1.40 .6

n

Given the uncertainty in our Kknowledge of the original aero-
sol size distribution, this correction may not be significant for
humidities less than 90% RK.

¥This 1s bDased on data from Weast(3l) that fit the equation:

1
) "

which 1s quadratic in °a and can be solved analytically.
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APPENDIX B
ANALYSIS OF MASS TRANSFER RATES

DIFFUSION OF ATMOSPHERIC CO, TO THE PARTICLE SURFACE .

Let W be the rate (in moles/s) at which carbon dioxide
diffuses to an absorbing sphere, such as an NaOH particle. For
particles of diameter d (cm) this mass transfer to the particle
is described by the equation(34):

Woe —knd® (y -y, )/(1-y,) (8.1

in which k 1s the mass transfer ccefficient (mole/cm2-s) and y is
the mole fraction of the carbon dioxide (330 ppm for the atmcsphere,
average). The subscripts zero znd infinity refer respectively to
the particle surface and to regicons far from the particle; at the
particle surface, the CO> mole fraction approaches zero due to ab-
sorption, and far away the mole fraction is the ambient concentra-
tion. Equation (B.l) becomes

W= krrd2 Ve (B.2

The mass transfer ccefficient is given by(34):

K = %9 (2.0 + 0.60 Rel/2 301/3y (B.3)

in which D is the diffusion ccefficient (cm2/s) for carbon dioxide
in air, ¢ 1is the concentration (moles/cm2) of the air, Re is the
Reynolds number at terminal velocity for the falling particle, and
Se¢ 1s the Schmidt number, u/oD, in which p 1is the gas density and
¥ is the gas viscosity. Bird, et al.(34) note that if temper-
ature or composition differences between the surface and the medium
significantly change the gas characteristics, then Re and 3¢
should be based upon the average temperature and zompesition, the
"film" value. The Reynolds number at terminal settling velocity
for a 20 um diameter unit density sphere is less than 2x10-3 and
the value of Sc is 1.0 here, thus the second term in the brackets
produces less than a 10 per cent correction which we neglected.
Combining the equations for mass transfer yields:

W = 2meDd y (B.4

which means that the rate will be proportional to particle diameter,
ignoring a small correction for gas mean free path. '

Table B.l1 has the rate of diffusion of carbon dicxide to spheres
of diameters from 0.5 to 16 um, the sodium content of such a sphere
if it be pure NaCH, and the time it takes enough carbon dioxide
to diffuse to the surface to react completely with the sodium.

D, p, and u were interpolated for T = 20°C from values given by
Bird, et al.(34).
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Table B.1l.

Particle
diameter (um)

0.5
1.0
2.0
4.0
8.0
16.0

Minimum Times Requi
Atmospheric COy to

002 dirrugion
rate (mole/s)

0.33 x 10~2
0.66 ’
1.32 "
2,64 n
5.28 -
10.56 "

(proportional to
diameter)

L1

red
~
Con

for the Diffusion of
vert all NaOH tg 352C03
Dry NaCH particle Dry NaCH
Na content (~oles) minimum
diffusion
time (s)
3.48 x 1071 0.0053
2.78 x 10~ " 0.021
2.23 x 10713 0.084
1.78 x 10732 0.34
»>11
1.42 x 10”32 1.35
1.14 x 10°1° 5. 40
(properticonal to (proporticral
volume) to area)
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To calculate the t!ie for enough carbon dioxide to diffuse
to the surface of a sodium hydroxide droplet, one can determine
the droplet size (dd) from an expression we developed, patterned
after that of Neiburger and Wurtele(34), which correlates the ‘
computed results of Clough and Garland(4):

a4/d, = 0.87/(1-8)*3 for 0.35 < H < 0.99 (B.

then interpolate from Table B.l to obtain the carbon dioxide
diffusion rate (note its linear dependence on diameter). inally

to obtain the amount of CO2 needed, calculate the mcles of Na
present and divide by two. A final check must be made to cocmpare
the mole concentration of the sodium in the aerosol with the mole
fraction of carbon dioxide in the air (330x10-€). At 100 mg/m3
of NaOH there are about four times as many moles of CO) as there

are moles of Na in the same volume, thus only about cne-eight of the
avallable carbon dioxide will be consumed, and y» will not be very
different from 330 ppm, even assuming no carboen dicxide diffuses
into the aerocsocl clcud from without.

DIFFUSION OF A REACTING SPECIES WITHIN THE DROPLET

Bird, et al.(34) presented the following expressicn for the
mass transfer rate W for a species having molar concentration Cg
at the surface of a sphere of radius R, diffusing with an effec-
tive diffusion constant D* and undergoing a first corder reaction:

W= -U'nRD’cs (1 = z coth z) : (B.¢
where z = (‘;d/tr)l/2
ty = RZ/D', characteristic diffusion time

tc = characteristic reaction time.

The characteristic diffusion time for droplets of COp in
water can be obtained frcm the CO; diffusivity (iznoring some
possible circulation in the droplét), which we calculated to be
1.8x19' cmé/s (see reference 35). For particles of R = 10 um
= 1075/cm, this time 1s only 0.06 sec; it obviously decreases
rapidly with decreasing particle size. Limiting cases for z coth z
are (36) 1 + z/3 for z << 1 and z for z >> 1, but we lack t..

The effect of the reaction is to accelerate the diffusion pro-
cess(35), so that we can make a lower limit estimate of the dif-
fusion rate from equations developed for the non-reacting case.

The solution of the diffusion equation:

3e/3t = D7%¢

in spherical coordinates produces an infinite series of exponen-

tial functions the coefficients of which are determined by the
boundary conditions. 1In this case the initial concentration of
carbon dioxide in the drop is zero and the surface concentration

of carbon dioxide is in questicn. If diffusion into the dreplet

1s much lower than diffusion to its surface (and the diffusiocn
coefficient in the liquid is four orders cf magnitude smaller
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here), then one can assume that the surface of the droplet effec-
tively comes into equilibrium with the gas instantanecusly. ”1th-
out reaction, the concentration at the surface of a droplet (cyq)
could be estimated from Henry's law, relating the equilibrium
carbon dioxide concentration in the liquid to that in the gas.

The various concentraticns are related by(35):

. 2 .
in which ¢ = average concentraticn
¢y = constant surface concentration

c° = uniform initial concentration

This fracticnal difference between the mean and the surface concen-
trations falls to 1x10=2 at (D*t/R2) = 0.4, so that by the %ime &
is equal to tg4, the concentration would be very nearly uniform in
the absence of reaction. Diffusion within the dreplet should take
place (for R £ 10 um) in times much less than a second.

Diffusion to the droplets should provide encugh carbon dioxide
£o neutralize the NaOH droplets in seconds, and the concentration
in the liquid ‘ro:let surface should d4diffuse throuzhcut in much
less than a seccnd. The limiting factor may be the relaticnshlp
between the equilibrium cconcentr a:i: of carbon dioxide in the scle-
ution compared with that in air. ugh and Garland(4) used the
Henry's law constant for the equil ibriuw between carbon dicxide
and water:

Q\
b * R 6, (B.8

in which H 1s the constant, po the carbon dicxide mole fractiocn in
the air, and co its equilibtrium mole fraction in the liquid. This
Henry's law appreoach leads to the conclusion that the rate of
transfer into the droplet will be the rate given abtove for diffusion,
but with cq given by po/H; H is quite large (102 for zases in water
at 20°C). The Henry's law analysis by Clough and Garland led them
to conclude this to be the rate-limiting step, delaying ccnversicn
to the carbonate for times from 10=4 to 10¢s for particles between
0.1 and 1C um in radius at humidities from 40 to $%% RH.

We have our doubts about this aspect of the analysis by Clough
and Garland: the formation of carbonate may be more rapid than
they indicate for droplets but sloae* for dry NaCH particlas., In
the limit of extremely low hydroxide ccncentraticons, thelir model of
having carbon dioxide dissolve in water then react with the hydroxe
ide might be apprepriate, with the equilibrium constant between
phases for CO2 being the Henry's law constant For concentrated
solutions, however, the equilibrium constant which would te more
appropriate would be hat between carbon dioxide 2nd scdium hydrox-
ide solution with the :r mation of the carbonate and a net f{ree
energy change of =30.4 kcal/mole. This has an equilib:ium given by:

—_—
(@y |
o
™D ¢
~J or
4
C——
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(c0,] [NaOH] (-30.4 x 103cal/mole)
2 = ex & 10723
[Na2553] P 566 cal/mole
which means that virtually all the CO2 influx will be converted ‘

to the carbonate (if the rate of reaction i3 not limiting). Thus,
the process will be one of diffusion of CO2 to the surface, pas-
sage through the "skin" of the droplet caused by orientation of
molecules at its surface, and reaction to form the carbonate, which
will then diffuse away as the hydroxide diffuses to the surface.

Qur qualitative statement that the rate of mass transfer will
be increased can be made quantitative. The mass trznsfer flux
can be expressed as the product of a mass transfer ccefficient ki
and the difference between the concentration in the interior of
the liquid and that in the ligquid at the surface. For the case
in which gaseous species A (carbon dioxide) reacts with liquid
specles B (scdium hydroxide) essentlally irreversibly as:

A+Bs=_¢C (B.9)

the ratio of the liquid mass transfer coefficient kr tc what it
would be without the reaction 1s(35):

: - S 1/2 -
kp/kp = (1 + (Dg/D,) (B /vA,)) (D,/Dg) (B.1

in which expression the diffusivity of A in the gas is Dy and of

B in the liquid 1s Tgp; the initial concentration of the reactant

B i1s By; the gas ccnzentration at the interface i3 A4; the number
of moles of B which react with A is v. We calculated the

sivity for NaCH from equations provided by Perry and Chilt
for very dilute electrolyte sclutions (thus introducing so¢
For D # 2x10-5 cm2/s, Dy = 0.16 cm@/s, By = 1M, v = 2, Ay
the result was that the expression x;/x9w,100, meaning a ver;
large increase in the transfer in the 1f4uid due to the react
This would lower the times predicted by Clough and Garland(4)
be needed for the formation of sodium carbonate.

RS ) D L vy

Our analysis, in contrast to that of Clough and Garland(4),
suggests that the rate-limiting step for the hydroxide droplets
to become the less toxic carbonate will be the diffusion of gas
to the surface of the droplets (see Table B.l) or the diffusicn of

the gas through the solid carbonate (at < 35% RH), as discussed
next.

DIFFUSION OF CARBON DIOXIDE INTO SOLID PARTICEES

If the humidity is below 35% RH, a solid NaOH particle will
remain a solid rather than become a droplet(4): In this case, the
reaction with CO2 will occur first on the surface, forming socdium
carbonate and water, the latter evaporating. For further reaction
to occur, the carbon dioxide will have to diffuse through the solid
carbonate layer to react with the hydroxide below. Bird, et al.(3%)
showed some examples for diffusivities of various substances from ‘
which one can note that diffusivity at rocm temperature and pressure
is ~ 10-1 emé/s for gases in gases, Vv 10-5 for gases in ligquids, an

-—y =
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A 10=9 for gases in solids, thus the diffusion time for a 20 um
diameter solid particle of NaOH might be on the order »f an hour,
much longer than that for a droplet. Because this characteristic
diffusion time changes with the square of the radius, it should be
shorter than a minute for respirable dry NaOH particles (4 < 3 um).
The reaction rate in the solid form remains a question. Zxperimen-
tation should indicate the rate at which these dry particles are
transformed to carbonate.

For a droplet of NaOH, the reacticn to form the carbonate
might leave the droplet locally saturated at the surface, possibly
forming a carbonate film which would impede diffusicn of the carbon
dioxide to the interior hydroxide. This seems unlikely, however,
because the droplet will have circu.ation of liquid in its in-
terior(37), the diffusicn times for the water and carbonate mole-
cules are short, and even supersaturation may not immediately pro-
duce a solid phase, sc that cne expects the droplet to remain a
droplet at least until nearly wholly saturated with carbonate (as
the decahydrate form).

-
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APPENDIX C

PRELIMINARY MODEL OF NaOH AEROSOL DEPOSITION
ON THE EYE AND THE RESULTING pH OF TEAR FLUID

INTRODUCTION

In this appendix is presented a preliminary model for deter-
mining the pH of the fluid (tears) in contact with the surface
of the eye while NaOH aerosol particles are striking that sur-
face. Several pessimistic assumptions are made which lead tc
over-estimating the pH of the flufd. The model is useful in
that it shows roughiy the relationship between the pH (which
is related to eye damage) and the other parameters of the
problem; it 1s useful, too, in that it might have ruled out
high pH as a potential problem, although this was not the case
for the parameter vralues used.

DEPOSITION ON THE EYE

In this section we calculate the approximate depositicon of
particulates onto the eyeball. The major mechanisms considered
are: diffusicn, interception, impaction, sedimentation. We
seek the effective migraction velocity to the eye, vm, 50 that

‘the rate of mass transfer, 1 (g/s), can be determined from the
equation:

= v
M ¢ v Ae
in which M 1s the product cf the concentraticn (c), the effective
migration velceity (vym) and the cross-sectional area (A ) o
eye normal to the air flow.

Air velocities are of the order of miles per hour; 10 mph
corresponds to 447 em/s.

Diffusion 1s characterized by effective velocities on the
order of the diffusivity of the particles divided by the signi-
ficant obstacle dimensicn; for particles larger than 0.1 um the
diffusivities divided by the dimension of the eye (a 2.4 cm
dliameter sphere, approximately) give effective migraticn velo=-
c'‘ties less than 10-5 ecm/s.

Interce.“ion is approximately proportional to the gas velo-
city times the ratio of the pirtizle size to the obstacle size,
and this ratio will be ~ 10~¢ or less for particles smaller than
200 um diameter.

Settling velccities for unit density spheres in air at
normal temperature and pressure are 0.08, 0.3, 7, em/s for pare
ticles 5, 10, and 50 ug in diameter, but for those particles for
which settling velocity is comparable to air velocity, sedimen-

tation from the air will tend to remove them tefore they reach
the subject.

& ~9

(C.1.
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Virtually all the aerosol mass s expected to be in par-
ticles in the size range from a few tenths to a few tens of
micrometers, in which range impaction will generally dominate.

"Impaction"” is used to describe the situaticn in which an
airborne particle is captured by an obstacle in the flow due ¢
the inability of the particle to follow the gas streamlines
because of its inertia. For particles of a single size, in a
flow of uniform velocity (v) far away from the obstacle, the
rate at which particle mass will be captured by the obstacle
is

M=cvAaA n (C.2)
P

in which n is the i“pacti:n collection efficiency of the target
(!r.iuding material caught at front, sides, and rear cf the

target) and Ap is the cross-sectional area of the target perpen=-
icular to the flow.

In this study an empirical expression for impaction
has heen used which has been obtained from measurements
in uni’orn flow. COCne expects this to overestimate this
collection a few ways: first, the {low change of direc
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diameter as a more appropriate dimension, which wcal
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caught behind the obstacle, whereas ncne would be zaptu
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To calculate
impaction, ¢cne muss ﬂa’:“a*e the
meter, w, then use an expressicn wh
parameter that has been found to ¢
successfull; The ¢mpac ion "aram-
would t"avel in still air before st
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where C = Cunningham slip correction for gas mean free path

p. = particle density, g/cm3

P

v = velocity of the gas far from the obstacle (the free
steam velocity), cm/s

(*%
o
i

particle diameter, cm

(&)
"

tsl

cbstacle dlameter, cm

u = gas viscosity, g/cmes (poise)

oA
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The Cunningham iorrection at room temperature and pressure is
1+ (0.16 x 10-% em/dp). The air viscesity (u) is 1.81 x 10-4
poise. For the diameger of the eyeball, we have used 2.4 cm.

Values were calculated for the impaction parameter, ¥, and
for the collection efficiency of the eye due to impaction, n.
The latter was determined using the empirical expression:

n= wz/(w+o.32)2

The predicted collection efficiencies for different velocities and

(C.

particle aerodynamic diameters (dp = dae) are shown in Fig. C.1 and

C.2. Both gas velocity and particle size strongly affect collection.

DYNAMIC CHEMICAL EQUILIBRIUM

As the NaOH particles strike the ligquid surface of the eye,
they will dissclve. The eye fluild will have an increasing con=-

centration of NaOH until the rate of addition of NaOH is balanced

by the removal of NaCH due to tear flow out of the eye. The
rate of such tear flow 1is in doubt. In Section IV was cited

4,

the value for normal flow of 0.5-1.25 g (or cm3) per day; de Reocetth(3 )

has cited the work of Ahlstrom in which a tube was inserted near
the lacrimal gland, with a flow of 4 g/day measured, which was
interpreted as having caused sensory stimulaticn that increased
the flow beyond the normal rate. This was the only such study
de Roetth found. If the aerocsol stimulus induces unusual tear
flow, then the resulting pH will be lower than calculated below,
where (1/16) cm>/hr was used as the flow rate value.

Assuming steady flow and perfect mixing in the fluid volume
in the eye, the ccncentration therein would be described by the
equation:

¢ = (MA)(1 = o~ E/Y)

in which ¢

g/cm

M = mass rate of NaOH aerosol intc the eye, g/s

V = volume rate of tear fluid flow, cm3/s

ccncgntration of NaCH in solution in the tear fluid,

(C.

V = volume of the fluids in contact with the eye surface,

em3

V was estimated as 0.006 em3 by multiplying the tear thickness
(7 um) times the hemispherical surface area of the eye. If that
is the case, the time constant for the approach to equilibrium,
V/V, is 12 minutes. OQur experience is that one extra drop of
saline solution can be put into an eye and will not be lost when
blinked, but a second drop is lost, so that crying, if induced,

1568 276

5)



% 4 &

might increase the value of V up to about that of a drop of water
(v 0.05 em3), but V will also be increased by crying, so the tim
constant should still be ~ 10 minutes. This means the equilibrium
concentration would not be reached except for exposures much
longer than this duration.

The pH 1s the negative of the logarithm of the hydrogzen ion
concentration (moles/liter); it can also be given in terms of
the dissociation constant of water (Ky) and the hydroxyl ion
concentration [OH<-]:

pPH = - log (xw/[or]) ’ (C.6a)
or
pH = - log (3.3 x 10°2/¢ + 0.033) (C.6b)

in which we have used X, = 1.0 x 10-1% ror water at 25°C. (The
eye fluids will be at a temperatuire somewhere between that of the
body, 37°C, and that of the tear solution, the wet bulb tempera-
ture.) It is assumed that all the NaOH dissociates to form OJH™,
4 reasonable assumpticn for a strong base except at unusually
high concentrations (see Table §).

By using equaticn (A.3) for NaOH particle growth with humidisy
and the equations for deposition and pH given in this appendix,
the expected pH values were calculated, ziven the assumptions

stated above.

Figure C.3 shows the expscted oK for an aercssl of 1 *g/*3
concentration NaCH at 0% relative humidisy; for one curve, the
aeroscl 1s assumed to be monodisperse with a dry dilzmater o
0.5 um and for the other curve, <0 te moncdiscerse with a dry
diameter of 16 um. For the 0.5 um aercsol, pH = 11 13 nct exdected
until the air velocity reaches 40 mph; for tne 16 um aeroscl, chis
velocity is about a factor of 100 lower.

Pigure C.4 shows the expected pH fcr the tear flul
the same aercsols at 9% per cent RH. The velocities re
the pH to reach 1l have been cut by a factor of three 4
growth 1in size of the particles as they abscorb moisture

For 1 m;/m3 of NalH aerosol, less than the ACGIH and IIQSH
limits for occupatiocnal exposure, the calculations show some
conditions for which pH of the eye solution using this model would
have exceeded 11, the pH at which eye injury has been reported
to accelerate to the point of being appreciable aft
W

3

conds or
minutes. This disagreement suggests that further rk in this

area 1s needed.

1568 277




10"
: dp"l“m\ 1100
i 150

10°E 120 fg
C 4 >
t \ . g
- dp* 10 pm > g

10°E 123
E 1

L}

lo T TR R | R ey L4 daaaul oA aaaraal BTN X % 3
- -3 2 -l
10 10 10 10 10 |
COLLECTION EFFICIENCY

FIGURE C.1 - Predicted collection efficiency of 2.4 em sphere as a
function of gas velocity for particles of aerodynamic
diameter 1 um, 5 um, and 10 un.

1568 278



10

LB R ALL

L

o

y W v TY"‘

o

PARTICLE DIAMETER (pm)

0.l 3 1 L1111114 J‘LLLL111134 111111124 11111111‘ N W
10 10 10 10 10 I
COLLECTION EFFICIENCY

FIGURE C.2 - Predicted collection efficiency of 2.4 cm sphere as a
o < . ~- -
function of particle aerocdynamic diameter for gas veloci-

ties of 5, 10, 20 mph.

1568 279




O.5um
10 4

GAS VELOCITY (cm/s)
S o

o

o
S A i B B B8] B S AR B R AL __.'_.'_h‘,nm___‘_'_Tth__’_'_rmwu’

1

I

220
4 100

. O
2.2 :E. :
)
=
o
= 1.0 S
o
>
%)
e
022 ©
<1022

. d |

o

7 8 9 10|

pH

FIGURE C.3 - Predicted relationsh

velocity for NaOH
dynamic diameter,
using assumptions

I 12 13

14 15 16

etween ocular fluid pH and gas
l1s of 0.5 um and 16 um dry aerc-
3 in concentration, at 50% RH,
in text




B rrrTrry

10

TTTTUTTIN

o
r

T Ty

GAS VELOCITY (cm/s)
o

(e}

1 Ranaia

1

1

o
[ Sanman B 4 8 % 05 WSS Mt e R AL
i

FIGURE C.4 - Predicted re.ationsh

velocity for NaCH
dynamic diameter,
using assumptions

2 13

PH

il

14 15 I8

ol Q.5 um a

-~
na

220

Q0

45

22
10

1.0

022

1022

= .
ot 54 03,

—

g

b

4

2

-

vy}

>

%)

=4

S

and gas
drv

3%% RH,

aero=-



& 54 ] e

REFERENCES
l. Hamilton, A. and Hardy, H.L. Industrial Toxicolegy, 3rd ed., .
Publishing Sciences Group, Acton, MA, 1974.

2. U.S. Department of Health, Education and Welfare. Criteria
for Recommended Standard...Occupational Exposure to Sodium
ydroxide, NIOSH Publication (NIOSE)76-10 .

3. American Conference of Governmental Industrial Hygienists.
Threshold Limit Values for Chemical Substances and Physical
Agents in t 1 _Workroom Environment with lntended Changes |
for 1975, ACGIH, Cincinnati, OH, 1975. :

4. Clough, W.S. and Garland, J.A. "The Behavior in the Atmos-
phere of the Aerosol from Sodium Fire," J. Hucl. Energy, 25,
425-435, 1971.

5. Linke, W.F. Solubilities of Inorganic and “etal Orzanic
Compounds, 4th ed., American Chemical Society, 1%5¢.

6. McCoy, H.N. and Smith J. Am. Chem. J., 29, 437, 1903.

7. Murata, M., Naritomi, M., Yoshida, Y. and Kokubu, M.
"Behavior of Sodium Aerosol in Atmosphere," J. Nucl. Sci.
Technol., 11(2), 65-71, 1974.

Environment - Its Evaluation znd Control, NIOSH, Wasnington,
D.C., 1973.

|
8. Amdur, M.0. "Industrial Toxicclogy," in The Industrial
|

9. American Conference of Governmental Industrial Hygienists.
Documentation of the Threshold Limit Values for Substances
In Workroom Air, 3ra ed., ACGLE, Cincinnati, Of, 1371
10. Stokinger, H.E. "Criteria and Procedures for Assessing Toxic
Response to Industrial Chemicals,"” in Permissible Levels of
Toxic Substances in the Working Environment, International

Labor Office, 1960.

1l. Patty, Frank A., ed. Industrial Hyziene and Toxicology, Vol.
II, Interscience Publishers, Inc., New York, 1343.

12. Dluhos, M., Sklensky, B. and Vyskocil, J. "Effect of Aerosol
Inhalaticn of Sodium Hydroxide on the Respiratory Tract of
Rats,” (in Czech), Vnitrni Lekarstvi, 15(1) 38-42, 1969.

13. Vyskocil, J., Tuma, J. and Dluhos, M. "The Effect of Aerosol
Inhalations of Sodium Hydroxide on the Elimination of Quartz
Dugg from the Lungs of Rats," Scripta Medica, 39(1), 25-29,

1966.

1568 282



Elkins, H.8.

"Maximum Allowable Concentrations:

Comparison of USSR and USA," Arch. Env.

Quality Standards: Approach of the USSR,
5, 480, 1962.

Ryazanov, V.A. "Sensory Physiology as Basis for

Patty, Frank A, ed. Industrial Hyziene and

Toxicology,

I and II, 2nd ed.,
York, 1958 (Vel. I), 1963 (Vol. II).

Sax, N.L. Darngerous

Interscience Publishers,

roperties of Industrial Materials,

©
Reinhold, lNew Yorik, 1%08.

Caujolle, F., Chanh, P.H., Gelade, M.C.,

b
"’tudj of the Effects of Alkaline Aarosols o“

Lung of the Guinea Pig," Med. Pharmacol.

J7l 378, 360.

Page, L.B. "Epidemiological Zvidence on
Human Hypertensicn and 1ts Possible D"ev
91(4), 527-534, 1976.

r?('b

Goodman, L.S. and Gilman, A. Pha maccla;;ca’

Therapeutics,

Sth ed., MacMillan, New York,

Tadmor, J. "Consequences ¢f an Accidenta

to the Environment from an LMFBR," Nucl.
1973.

Grant, W.M. Toxicology of the Eve, Charles
anring.ield, L, 19062.

Hughes, W.F. "Alka Burns of the Eye.
Literature and Summ -J of Present Kncwle

35, 423-4u43, 1346

Potts, A.M. and Gonasun, L.M. ""”XiCO‘OAJ of
Chapte" 13 in Casarett, L. J. and Doull,

The Baslc Science of Poisons, Academic Press, New

Moses, R.A.,

2
St. Louls, 197

T ‘= 1 ~ 4

Fox, S.L. Industrial and Cccupati
Q 2 - b TTr %4

C- Thomas, Dpr-nuiie-d, -y ‘743.

Grant, V.M. and Kern, H.L. M"Action
Corneal Strcoma,”" A ' mol

Brown, S.I., e* al.,  "pPat
Burned Cornea," Arch. Oph




® 56 $

Carpenter, C.D. and Smyth, H.F. "Chemical Burns of the
Rabbit Cornea," Am. J. Ophthamol., 29, 1363, 1946.

MclLaughlin, R.S. "Chemical Burns of the Human Cornea,"
Am. J. Ophthamol., 29, 1355-1362, 1946.

Weast, R.C. Handbook of Chemistrv and Physics, Chemical
Rubber Co., Cleveland, CH, 1970.

Orr, C., Jr., Hurd, F.X., and Corbett, W.J. "Aerosol Size
and Relative Humidity," J. Coll. Sei., 13, 472-482, 1958.

Nelburger, M. and Wurtele, M.G. "Cn the Nature and Size
of Particles in Haze, Fog and Stratus of the Los Angeles
Regicn," Chem. Rev., 44, 321-335, 1949.

Bird, R.B., Stewart, W.E. and Lightfoct, E.N. Transport
Phenomena, John Wiley and Sons, Inc., New York, 19h0.

Perry, R.H. and Chilton, C.H., eds. Chemical Engineer's
Handbook, S5th ed., McGraw-Hill, New York, 1973.

Selby, S.M. CRC Standard Mathematical Tables, 16th ed.,
Chemical Rubber Co., Cleveland, CH, 19706

Fuchs, N.A. The Mechanics of Aerscsols, Pergamon Press =
The MacMillan Compan €

de Roetth, A., Sr. "Lacrimation in Normal Eyes," Arch.
Ophthalmel., 53, 325, 1353.

LS ]

Hughes, G. W. and Anderson, N. R., "Visibility in Sodium
Fume," IAEA Working Group on Fast Reactors (1571).

1568 284

T R R i o i I Sy S S T T RIS S u S s R |






