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I. INTROLUCTION

Not untll about 20 yeszre ago did interest in air sterl-
lization develop to any areat extent, Interest wee held in
check for 35 years prlor to this time becasuse of a mistaken
conception that air-borne transmiseion of disease was lnelg-
nificant. In 1934 when 1t was demonstrated, with the ald of
& new and efficient sir-eampling device, that bacteria in
dried air-borne droplets (droplet nuclei) might remain sus-
pended almost indefinitely with the aid of slieht alr cur-
rents, interest in alr sterillzation developed.

Triethylene glycol (TEG)" vapor and also propylene gly-
col vapor have been found to be some of the most sulitable
germicides for air seterilization (Robertson, 1943b, pp. 227~
254). Their effectiveneee againet virusee and sgainst all
vegetative bacteriesl forme tested haes stimulated interest
in these compounds.

The wvulnerabllity of mold sporeg tc glycol vapors has
been but scantily examined, Mallmann and Churchill (1946),
after examining the effect of several air sterilizing methods

on microorganiems sprayed into food cold-etorsge houses,

*The abbreviation TEG will be used throughout thris
thesls.



reported that propylene glycol vapor wac ineffective againet
the epores of Aspergillus niger and Penicillium italicum,

while vegetative bacterlal cells were reduced in numbers.
Vapor concentrations and other important facte, however,
were not reported.

Using an experimental chamber, Mellody and Bleg (1946,
pPp. 45-56) tested TEG vapor against Penilcillium notatum
spores, Their findings revealed that TEG vspor 1e funglcldsl,
but that concentratlons about ten times as great as those
reguired for bacterlicidal actlon are necessary for optimal
killing. The funglcidel concentratlions reported neceesary
amounted to several times the saturation capacity of the alr.

& controversy regardling the mechanism of action of TEG
and propylene glycol has appeared in the litersture, One
opinion attributes the removel of viable microorganisms from
alr by glycole to mechanlical settling, whereas most investi-
gators report that the glycol vapors have true germicldal
action.

The diepute concerning the manner of action of glycol
vapors eppears to have aroused gome doubt in the minds of
certain food packagers as to the manner in which the vapor
affects microorganisme with which they are concerned. It
is the purpose of the present study to determine the extentg

of effectiveness of TEG vapors upon mold sporeeg under



various conditions, and to investigate varlous aspects

regarding the mechaniem of action of the glycol vapors.



II. REVIEY OF LITER/TURE

A, Eerly Use of Germlcides in Alr

The history of the use ol germlicides in air hse been
discusced by several authors, notably Robertson (1943a, op.
499 to 502), Jenninge et al, (1944), and “ells (1955, p. 59).
Of interest in the hietory of aerlial dieinfectants was the
use of glycole as hygroscopie vehicles to retard the evapora-
tion of other germicidal seroesols. The term "aerosol®
appllee, in its strict sense, to stable suspensions of fine
particles, s0lild or liquid, in air, Most workers studying
the blologlcal effects of sir-borne particles have used the
term in reference to suspenelons of coarser particles which
settle more or less rapidly. The writer will use the word
in 1te latter senee in order to conform with the usage of
these workers.

It was at firet belleved by almost all investigators
except Masterman (1938, 1941) thet the mechaniem of action
of germicides in sir was via aerosol droplete (Twort et al.,
1940, p. 339; Trillat, 1938; Pulvertaft and ¥alker, 1939),
Therefore, comoundes such as glycerol snd glycols were added

to germicidal solutions to retard evaporatlion of the aerosols.



A discueslion of the presumedly-true mechanlsm of action of
aerlal germicides will be presented later.

A report by Roberteon et al. (1941a, pr. 213 and 214)
indicated that glycols themselves were effectlve bactericidel
aerosols. Although other workers had used glycols and
glycerine as hygroecopic vehicles, they had ascribed little
or no importance to theee compounds beyond thelr being use-

ful as hygroscoplc solvents.

B. Use of Glycols as Germicldes in Alr

The group under O, H, Robertson at the University of
Chicago, working on air sterilizatlion by glycols for more
than 10 years, probably contributed more toward our knowledge
of the sublect than any other group of investigatore, Fol-
lowing the discovery of the effectiveness of glyocols as
aerial germicldes 1t wae soon found that of several glycols
tested, propylene glycol was the least toxlc to animals and
was aleo quite an effective alr disinfectant. Therefore,
early work on air sterilization by glycols was done with
propylene glycol, After a period of 2 to 3 years, however,
it wes dlscovered that TEG was Just se effectlive as propylene

glycol and, in addition, an amount about 100 times less was



required for the saeme effect. TEG was aleo qulte non-toxle
in the amounte required,

The successful use of propylene glycol when introduced
into the air of small spaces by means of atomization may be
explained by its rapld evaporation to the vapor form. A
relatively high vapor concentration of propylene glycol 1s
liberated within a second or two after spraying into an
aerosol mist (Robertson, 1943a, p. 501). Mather and MeClure
(1945) were unable to obtain bactericidal effecte with
propylene glycol when using & spray chamber in the ventila-
tion system of & military barracks. However, when heat
vaporization was added as a supplement, bactericldal effects
were attalned,

TEG does not evaporate fast enough from ean aerosol to
produce good killing under any normal conditions (Roberteon,
1943b, pp. 233, 234). Some form of direct vaporization must
therefore be used, This presente an engineering problem,
since TEG decomposes before 1ts bolling point 1s reached.
Statements regarding the thermal decompoeition point of TEG
are &t varlance in the literature. For example, Gallaugher
end Hibbert (1937) have set the initial temperature of de-
compoeition at 206.5°C, as measured by observing a rather
sbrupt change in vapor pressure with rieing temperature,

Others have reported decomposition temperatures without



giving the methods used for thelr determination. Lester
et al. (1950, p. 816) reported

¢+ « o No apparent decomposition of TEG when

temperatures up to 290°F were maintained at the

site of vaporization, provided the vaporizing

unit was designed so that the heat was applied

to the liquid TEG only at the point of vapor

formation.

On the other hand, decomposition was frequently noted when
the liquid TEG was kept above 120°F for long periods of time.
Hamburger et al. (1945¢c) reported decomposition of glycols
at 260°F, The precise nature of the decomposition products
of glycole 1s unknown, but they may well be irritating or
toxic and their formation should be avolded (Lester et al.,
1950, p. 816).

Humane have been found to adapt to a prolonged moderate
fog of TEG (e,g., in a hospital) without observed harmful
effecte (Hamburger et al., 1945b). However, humens entering
a room having a fog of germicide, even though 1t may be
odorless &g appears to be the case with a slight supersatura-
tion of TEG, generally react negetively. Robertson et al.
(1947) exposed monkeys and rats continuously to high concen-
trations of TEG and propylene glycol vapors (esome concentra-
tions were greater than saturation) for 12 months or longer.
No damage to any of the animals could be observed; the examina-
tions included autopsy. In fact, rate breathing the vapors

showed higher welght gains than the controls.



In laboretory experiments, concentrations of TEG Just
below the saturation of alr, 1.e., 3 to 57 per 1 of air at
relative humidities of 15 to 40 per cent and temperatures
of 72 to 76°F, were found to produce rapid kllling of all
pathogenic bacteria or viruses tested (Lester et al., 1949,
pp. 180-182). Killing could be detected in & matter of
seconds, and was complete in a matter of minutes.

The optimum range of relative humidity for bactericidal
action has been determined as 25 to 60 per cent (Mellody and
Bleg, 1946, p. 51) with a rapid drop in activity for condi-
tions outelde thies range., The rate of bactericidal action
has been found to increase with the relative saturation of
the alr with glycol vapor, at least up to the point of 100
per cent saturation of the air (Leeter et al., 1949, p. 187).
A certain minimum concentration of about 50 per cent satura-
tion 1s necessary, however, 1in order to produce any aporecl-
able germicidsl action.

It has been shown (Bigg, 1943, »p. 120 and 121) that
bacteriel spores (Bacillus subtilis) are completely resistant
to & saturated atmosphere of propylene glycol. Killing of
mold spores (Penicillium notatum) has been reported by

Mellody and Bige (1946) to require supersaturated atmospheres
of TEG, i.e., 10 to S4per 1 of alr at relative humiditles
of 45 to 65 per cent.



A complicating factor in the study of aerial disinfection
is that aging of bacterial aerosol in the sbsence of any dis-
infectant modifies the lethel rate of survivors, possibly
because of (1) selection of more resistent individusle, (2)
blological chenge in the organisms (e.g., with desicecation),
(3) formation of a protective, casehardened coat of foreign
solice around the bacterisl cell, or (4) a combination of all
three, In dehydration, the chemlical composition of the
nucleus (the mlcro-envirdnment) in alr as well as the com-
poelition of the atmosphere (the macro-environment) must be
coneldered. For example, Dunklin and Puck (1948, pp. 88-97)
Tfound that when the atomlzed bacterlal suepension contained
0.5 per cent saline, broth, or eallva, pneumococci died
rapidly in air alone (no disinfectant) at relative humiditiles
near 50 per cent, while they survived falirly well at the
humidity extremee. When the organlsms were atomized from
distilled water, lesser survival at 50 per cent relstive
humidity did not occur. It was postulated that there 18 &
eritical molsture content for bacterial droplets where con-
centrated solide are lethal,

vells (1955, p. 57) reported decreasing survival of
vegetative forme of bacterie upon increassing the reletive
humidity from 36 to 70 ver cent. ©BSpeaking of the results
of Dunklin and Puck, Wells (1955, v. 58) states:
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+ « o« 8lnce these observers did not find the

same critical mortality when salt was omitted

from the seroeol, or with droplets of different

8lze, deviations in lethal dehydration could

arise from varlous factors in the microenviron-

ment,
wells (1955, op. 60, 61) further asserts that, in general,
the initiel death rate of pathogenic bacterie is higher when
they are spreyed into dry than into molst alr, although the
longevity of survivors seems to be greater in dry than in
molst air. Moreover, Welle (1955, p. 54) lists several
groups of workers who have reported resultes essentlally in
agreement with hle own.

Dried bacterlia from dust, wearing apparel, bedclothes,
and other sources are known to be relatively reslstant to
TEG vapor (Robertson, 1947, p. 311; Robertson et al., 1951b).
This makes 1t almoet essentlial to supplement the use of TEG
vapor (or propylene glycol vapor) with & program of dust
and/or lint control (Loosli and Robertson, 1945; Loosli et
al., 1947). Various types of 0ll treatment may be applied
to floors and/or bedclothes, Depending upon the amount of
activity in e room, oiling reduces viable microbee in the
ailr from about 0 to 90 per cent or more,

S8ince glycol vapors are ineffective against microorgan-

ieme in large dust particles (Puck et al., 1943), one would

not expect sterilization of surfaces by these wvapors. Floors
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and walls of experimental chambers have been found sterlle,
however, after trestment of bacterial aerosols with glycol
vapors (Robertson et al., 1942e),

Continuous use of glycol vapors for air disinfection
presente many engineering problems (Roberteon, 1947, pp. 315,
316; Puck and Chaney, 1946) some of which may not have been
solved satlsfactorily for all situations. The vapors of
glycols are heavy and require some meang of dispersal through-
out an air space. Continuous control of vaporization cor-
related with ventilation 18 necessary. Air conditioned rooms
are indicated, but there is difficulty with condensation of
glyeols in the ducts. Relative humldlty also must be con-
trolled.

Glycol vapors have been tested for thelr sbillity to re-
duce the number of microbes in the alr and for thelr ability
to reduce the incldence of disease in spaces such as schools,
military barracks, and office bulldings (Bigg et al., 1945;
Gilcreas and Read, 1955, pp. 767-773); Hemburger et al.,
1945a; Harris and Stokes, 1945). In general, the concluslons
have been (Wells, 1955, pp. 231-239; CGilereas and Read, 1955,
Pp. 767-773) that while glycols will reduce the numbers of
microorganisems in the alr, the incidence of human digease
is not altered appreclebly in most cases. The relative

importence of contact versus sir-borne transmission of



12

disease 1s not known, but poesibly must be considered here,
In sddition, "checkerboarding® (the protection of people from
air-borne disesee during 8 hours & day, whlle they are un-
protected at other times, such as on bues rides to and from
work) which has been used in many cases, possibly could not
be expected to slgniflicantly reduce the incidence of air-
borne disease,

Other tests of glycol vapors, such as those in poultry
houses (¥isconsin Agricultural Experiment Station, 1952) may
have falled to prevent epread of ailr-borne disease because
of interferring factors such as exceselve dust. Tests in
dairy plants (e.g., Bennett and Nelson, 1954) may have
proved negative because of the high humidities involved
(5% to 90 per cent in the instence cited).

C. In Vitro Studiee with Glycols

In vitro, the glycols have proved to be wesk germicides
(Robertson et al., 1948, pp. 124-137). Many bacteria will
sctually grow in broth contzining 15 to 20 per cent glycol,
but are rapidly killed at glycol concentrstions of about 85
per cent. Spores of B, subtills, however, were unchanged
in viabllity after a 72-hour exposure in vitro to propylene
glycol (Bigg, 1943, p. 121). Robertson et al. (1948) have
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reported that for kllling of vegetative bacterlial forms in
vitro, the higher the TEG or propylene glycol concentratlion
(beyond a certain minimum where k1lling firet occurs, i.e.,
about 40 to 50 per cent) the greater the killing, up to about
98 per cent. A minimum amount of water (about 2 per cent)
was found necesesary for kllling. The bactericidal rate in-
creased, in vitro, with increase 1in temperature from 60 to
90°F, To determine whether or not the in vitro action were
revergible, celle exposed to 80 and 98 per cent concentra-
tions of TEG or propylene glycol were washed in gelstin-
Locke's solution three times, useing centrifugstion. From

an original concentration of five billlion cells, 8 to 10 cells
were recovered after the first wash, 10 to 300 after the
second, and 50 to 1000 after the third wash, For ell prsc-
tical purposes 1t was concluded that the resction was irre-
vereible. Mellody and Bigg (1946, p. 50) reported that
spores of 2. notatum were killed in vitro at an optimum
concentration of 85 per cent TEG, the rate becoming lese

wlith higher concentrations,

D. Mechanism of Aeriasl Disinfection

According to Puck (1947b, p. 754) experimental results

which are consistent with the theory that aeriesl dlsinfectants
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operate through the medium of the vapor phase have been re-
ported by seversl investigators (De Ome et al., 1944; Per-
gsonnel of Navy Medical Reseerch Unit No. 1, 1944; and Stone
and bBurnet, 1945). Baker et al. (1940), who previously
postulated an aserosol mechanism of action, were able to
verify the experimente of Roberteon et al. (1941b, 1942b)
which suggested that pure wvapors containing no aerosol
particlees are rapidly lethel to air-borne bacteria.

A plsusible explanation (Puck, 1947b, p. 754) for
earller obeervatlone may be that the experiments which gave
rice to the serosol hypothesis of germlicidal action dealt
largely with water-insoluble substances, mostly phenollc
derivativee (of., Twort et al., 1940, p., 262, 286). Such
compounds, having 1ittle affinity for molst bscterial partil-
cles would not exhibit much tendency to condense on the
particles until a concentration very nesr to or equal to
the saturation point hed been attained in the atmosvhere.
Moreover, most of the compounds employed by these workers
possessed extremely low vepor prescures, &and thue the 4if-
ference between the concentration required for bactericidal
action and the saturation point revreeents so small an amount
of material that 1t might easily have escaped detection by
the methode employed. These methode were often admittedly
highly approximate (Twort et al., 1940, pp. 286, 287).
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According to Puck (1947b, pp. 742, 743) concentrations
of TEG, propylene glycol, dlpropylene glycol, and ethyl
alcohol needed to be disinfective in vitro are of the same
magnitude, yet in alr the concentratlone necessary vary
by more than 1000 times. All of these compounds are com-
pletely miscible with water and have the same chemiecal groups,
but thelr effectlveness in air depends upon their vapor pres-
gsures, The lower the vapor pressure of the pure germicide,
the lower is the concentration required for effective bac-
tericldal action in alr, Because of its lower vapor presgsure,
TEG 18 effective in lower concentrations than propylene gly-
col. However, the rate of action of TEG is slower because
there are fewer molecules of vapor in the alr to condense
onto air-borne particles.

Puck (1947b, p. 748) has shown that Reoult's law defines
the concentration of a completely miscible germicide in
en air-borne water droplet for & two-phase, two component
system, Thus, in alr ssturated with germicide vapor, water
evaporates from and germiclde vapor condenses upon air-
borne perticles (or vice versa) until the mole percentage
of germicide in solution equele that present at equilibrium
corregponding to the vapor pressure of the germiclde at

paturation.



16

Puck (1947b, p. 747) states that the presence of both
a water-soluble disinfectant and water, in both liquid
(droplet) and vapor states, allowe prediction of concentra-
tione by means of a phase diagram (see Figure 1). From the
diegram, Puck has indicated that several points are evident:
(1) The saturation concentration of the germicidel vapor de-
creases a8 the relative humidity increases. Note that at
40 per cent relative humidity condensation of germicide will
theoretically not occur unless it is present at a pressure
grezter than 60 per cent of ite pure vapor pressure, and the
initlal composlition of the liquid condeneate would be 60 mole
per oent germicide and 40 mole per cent water. (2) Relative
humidity contrcls the maximum concentration of germicide which
the air can contein., That is, if the alr were 100 per cent
saturated with water vapor, no germicide could exiet in the
air. (3) In controlling the maximum concentretion of germi-
cidal vepor which can exist in the alr, the relative humidity
also determines the maximum concentration of germicide which
can accumulate in air-borne, microblsl droplets.

According to Puck (1947b, p. 750) glycol vapor can con-
dense, because of 1ts hygroecoplcity, on air-borne particles
even when 1te concentration in air 1g less than that requlired
to saturate the stmosphere at the prevalling relative humidlty.
It ie further stated that action of a germicide in ailr



Figure 1.

Phase diagram (reproduced from Puck, 1947b, p.
748) showing the maximum relative percentege
of the pure germicide vapor preesure which may
exist 1n relation to the existing percentage
relative humlidity. The mole-percentage
germicide in the condensing vepors 1s aleo
glven
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depends, therefore, on its (1) hygroscopleity, (2) wvolatility,
and (3) toxicity (high toxlcity le apparently not necessery,
but is desirable). TEG is quite hygroscopic, and hss & low
vapor pressure (0,0013 mm Hg at 25°C), both of which tend to
cause 1ts ready condensation.

As a regult of his anslysise presented in part above,

Puck (1947b, pp. 752, 753) stetes that the lack of correlsa-
tlon of the phenol coefficlent of a disinfectant with its

alr sterilizing abllity may be attributed to 1ts properties
of hygroscopicity and volatillity--properties of much gresater
importance in aerial disinfection than in liquld dlsinfection.
These two properties were gald to govern the phyesical phenome-
non of condensation onto moist, sir-borne, microblal particles
such that a high concentration of germiclde may rapidly
develop in the particle from a relatively minute smount of
vapor in the alr,

The ineffectiveness of TEG vepor at high reletive humidi-
ties has been explained by ruck (1947b, pp. 749, 750). He
states that very little vapor can be mainteined in the atmoe-
phere at high relative humiditiee. Therefore, the concentra-
tion of germiclde which can accumulate on molet alir-borne
particles may be go emall as to be ineffective. A concentrea-
tion of at least 50 per cent propylene glycol 1s required to
produce rapid death of bacteria (Puck, 1947a).
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The explanation Puck has given for ineffectivenege of
glycol vapors in air of low relstive humidity 1s that
microblal particles may become almost completely desiccated
and thelr surfaces may thus become resistant to condensation
of hygroscopic vapor. Later, Dunklin and Puck (1948, p. 99)
attributed the inefflcacy to a combination of the reeson
gilven above and to the reslstance of microorganiems, when
desiccated, to many kinde of physlcael and chemicsl etresces,
The latter fsct 1s well known (Porter, 1946, p». 195 and
196). Vells (1955, p'. 89-92), in order to demonstrate that
the ineffectivenese of glycol vapore at low relative humidity
was not caused by a lack of condensation onto bacterial
particles, devieed a simple but clever experiment. Measured
quantitiee of the glycol (from 0,01 to 2 per cent by volume)
were put into the bacteriesl suspensions used for atomization,
These quantities had no noticeable effect in vitro, but pro-
vided for high initial concentration of glycol in the bsac-
terisl droplet when it wse rsplidly desiccated by belng put
into ailr of low relstive humldity. The reagon for the aescum=d
concentration of glycol solution in the evanoratine drorvlet
1s th:t the vapor pressure of TEG is quite low (0.0013 mm
Hg at 25°C) eo that its eveporation from the droplet ie very
much slower than that of the water, (Eveporation of eir-

borne water droplets of & slze of seversl microns 1is & matter
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of only & fraction of & gecond et relative humidities around
50 per cent). According to Wells (1955, p. 100):

It wae unneceseary during the perlod of observa-

tion to consider the abeence of glycol in the

atmosphere, since evaporation is a slow procees

for glycols of high boiling point.

It was sssumed that only small amounts of glycol evaporated
before dleinfection should have taken place, When Vells
conducted experiments such aer described above he found that
glycols were, as before, ineffective at low relative humidi-
ties. The conclusion drawn wae that the invulnerabllity of
organisms in droplet nuclel at low relative humidity depends
upon blological changes induced by deelcecation.

0. M, Lidwell (1948s, pp. 104 to 122) presents & scheme
showing that at low relative humidity the rate of diffuslon
of germicidsl vapor into the particle may be the limiting
factcr in the rate of kill, whereas at high relative humldity,
diffusion through the gas phase may be the rate-determining
procese, This scheme was based on work with alliphatie,

o -hydroxy ecarboxylic aclds such ag lactlc acid,

At least three groups of investigators (Roberteon et
al., 1948, p. 136; Twort et al., 1946, p. 460; Grdn, 1950,
D. 287) have assumed that the k1lling of microorganisms by
germicides occurs by the ssme beslc mechanliem in liquid sus-

pensione in the test tube or in moliet particles in the alr.

Twort et al. (1946, p. 460) state:
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With no knowledge to the contrary, it 1s assgsumed

that the death of the microorganism is accom-

plished by the seme mechanism under either condi-

tion [in air or in vitro), and that the game

amount of germicide 1s abegorbed in each cacse,

Since effectiveness as an seriasl dlsinfectant incresses
in order, with ethylene glycol, dilethylene glycol, and TEG
(Lauter and Urle, 1940), it has been hypotheslzed that the
ether linksage might be responslible for the increasing
toxleity., In testing the toxlcity of these compounds fed
t0 rats, Lesuter and hle essoclates found TEG less toxle
than diethylene glycol. Therefore, they state that 1t 1s
douwbtful that the ether linkage in higher glycols 1e respone-
ible for the observed increase in effectiveness in alr,

L% constant relstive humldity, temperzture affects the
action of glycole on air-borne microorganisms. Temperature
riese hes two effects (Puck, 1947b, p. 754): (1) it increases
the vapor pressures of all compounds, and (2) it increases
retes of all toxic sctione., Puck further states that if the
magnitude of the vapor pressure incresee be greater, then
temperature rise will lower the efficliency of any absolute
concentration of vapor., Thie wae found to be the czee with
glycole, Moreover, 1t waos esegerted thit when the vepor
prescure 1is incressed, the concentratlion of glycol et

ecuilibrium in the eir-borne psrtlcle becomes less; however,

Af the same relative percentege saturation with vapor be



23

maintained along with the rise in temperature, killing
actlion will be augmented,

Robertson (1943b, p. 246) has reported the following
behavlior of pneumococcl left in propylene glycol for periods
greater than a year. The autolytlc enzyme system of the
pneumococcl was inhibited ae long as the bacteria remained
in the glycol, but when the cells were removed autolysls
took place., Thue the autolytic enzyme system was only in-
hibited, not destroyed by propylene glycol.

Guided by a faint emell of formaldehyde in hls veaporizing
apparatus, Grdn (1950, pp. 291, 292) tested TEG for traces
of dissoclation producte., TEG gave a typlcal aldehyde color
with Schiff's reagent, and the distillate from a TEG-water
solution gave a positive test with chromotroplic acid, a re-
agent specific for formaldehyde. It was estated that since
formation of formaldehyde from TEG 18 plausible, the bac-
tericldal effect of TEG may be asoribed to a formaldehyde
component. The opinion was gleo expressed that TEG is
superior to formaldehyde as an air diesinfectant because the
former compound is hygrcecoplic, thereby condensing on drop-
lets suspended in space and quickly reaching a killing
concentratlon.

Sporee of bacterie are in no way affected by propylene

glycol in vitro or in air (Bigg, 1942, p. 120, 121).
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Thie fact, slong with the known resistance of bacterial
spores to desiccation, led Big: to support an hypothesis
that the bactericidsal action of glycols may be attributed
to thelr hygroscoplc vroperties. Since the glycols exhibit
low toxiclity in aqueous esolution, this apneasred to be &an
attrective hypothesie. However, glycerol, & highly hygro-
scoplc compound of low vapor nressure, has little or no
lethal power wvhen veporized into air contalining bacteria.
This fact would contradict the hypothesis of chemlical dehy-
dration.

A controverey regarding the mechanism of action of TEG
and propylene glycol developed when Nagy and Mouromseff (1950)
of the Research Laboratorles of Vestinghouse Electric Corpora-
tion, Bloomfield, New Jersey, published a paper refuting the
work of Robertson et sl. (194l1a, pp. 213, 214) of Chicago
that glycol vapore are germicidal., The former investigators
attribute the removal of vieble microorganisme from alr by
glycols to mechenical sgettling. Although thelr work covered
& perliod of several yeers, it was etated that they hac not
become interested in publishing the results until the
University of Chicago research group deslgned, manufactured,
and placed for sale a glycol vesporizer., Westinchouse and
Company are menufacturers of a device employlng an electro-

static means of removing particles from alr. Evidence 1in
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support of thelr own work hae been given by Robertson et al.
(1951a), and Lester et al. (1952). Nagy and Mouromseff
(1951) have continued to support their own bellef., The de~
talls of this dispute are too numerous and complex to be
desalt with in this thesis. However, some of the disputed
topice will be mentioned in & later sectlon.

vells (1955, prn. 54 to 58) and hie aseoclates, have made
an extended study of the lethal effect of atomizing bacteria
into dry and molet sirs. They found that bacteria put into
dry elr dle repidly within the first helf minute, the rate
slowling slightly or remaining constant thereafter, Vhen
bacteria were atomized into moiset air, the death rate 1ﬁ the
first half minute was small, and increased to the end of the
2-minute period, the total lethality being small in comparison
to the corresponding dry-air experiment. Similarly-timed
etudlees applied to bacteria atomized into rather molst at-
mospheres containing varlous glycol vapors revealed a pattern
eimilar to that of the physical dehydration {evaporation)
discussed above, 1,e., the great majority of the killing took
place almost immedlately, after wrhich the rate was coneiderably
less, These phenomena show, according to Wells, a closer
resemblance to the slackening death rate of physical dehydra-
tlon than to the rather constant death rate of chemicsl dils-

infection of liqulids or radiant dleinfection of air (ultra
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violet light). The decline in lethasl rate was not uniform
for all glycole, however, for with diethylene glycol and TEG
the loeses in the second minute were apnreclable fractions

of those in the first minute, indlcating killing more con-
sietant with a constant death rate. With respect to all the
glycols tested, more effective killing was found with in-
crease in either the number of hydroxyl groups, or the number
of carbon atoms, or both,

It has been shown previously that the droplet nucleus--
the microenvironment of the air-borne microorganism--is
sensitive to the composition of the atmoepheric macroenviron-
ment in which it is suspended, Within the droplet nucleus,
changes 1in equilibrium between gaseous, liquid and solid
states, corresponding to physlco-chemlcal atmospheric changes,
might readily account for biological conditions within the
droplet nucleus which affect the viability of the microorgan-
ism (Welle, 1955, p. 101).

The ineffectiveness (for all practical purposes) of
glycerol ae an alr dlsinfectant, presents & glaring contra-
diction, VYells admite, to any simple interpretation of chemi-
cal dehydratlon ae belng the mechanism of actlon for the
glycols. Therefore the following wae written (Wells, 1955,
p. 89):

We have not yet been esble to forrulate & consist-
ent hypothesis to asccount for &ll these interesting
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relationshipe and must therefore be content with
& convenient descriptive analogy to physeiecal
dehydration.

Horeover, Wells (1955, p. 101) concludes that:
Whatever our attitude toward generallzations that
are merely convenliently descriptive, we must
recognize that this important new field of aero-

blology cannot be deduced from conventional
knowledge of mieroblology.

E. Alr-Sampling Methode and Instruments

Luckiesh and Taylor (1947) made the comment that bac-
teriel air sampling ie not en exact science. One can readily
believe thie statement when he reades the llterature concerning
comparisons of efficiency for microblal air samplers. There
is disagreement among all groups of workers., However, since
about 1945 there haes been good progress toward the reallza-
tion of factors which must be controlled in order to obtaln
sadequate comparisone among microblal alr samplers,

According to Leeter (1955) no “foolproof" technigue
exists for the uniform evaluation of bacterisl air samplers.
However he hae suggested procedures which he deems necessary
for the evalustion of b:ieterial alr samplers. These proce-
dures are summarlzed here as follows:

1. To obtailn the eegential, bacterisl aerosol of re-

producible, uniformly-elzed particles in an
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experimental chamber, 1t 1ls necesssary to control
(a) temperature, (b) relative humidity, (c) condi-
tions of atomlization, (d) chemical constituents used
in the culture medium and atomizing vehicle, (e)
rates of alr flow, (f) position and site of sampling,
end (g) metabollc and functional etatus of the
blologlical agente used,
Use of a dynamic experimentael chember (having con-
tinuous alr flow and continuoue atomization of bac-
terlel aerosol) rather than & static chamber ie
recommended, since in the latter there 1sg inter-
ference from local varlables,
Collection and retention efficliencies (collection
efficlency refere to the organisms, both counted
and uncounted, which are trapped in the sampling
device, while retention efficlency refers only to
the organisme which are counted) should be determined
ueing an inert, non-voletile, stable aerosol such
a8 & dye. These efficiencies should be determine
for verious rates of alr flow, and over different
ranges of particle size,
Whatever tracer ic used (e.g., oil-soluble cyes,
specific chemical tracer, radloactive agents) it

is important that the technique ie capsble of
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7.
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accurate, quantitative meassurement in low concen-
tratione and that the subetances used are uniformly
distributed throughout all particlee in the aerosol.

Determinations of efflclency should be mede on both
wet and dry aserosols,

Studies ehould alco include collection and retention
efficienciec for blologlcel aerosols of bacterial
cells because factors present in sampling devices
can influence survival of bacterial cells.

Because of the profound effect of relative humidity
on the size of bzcterial aerosols, one should cor-
relate efficiency of sny sampler with various
relstive humidities,

The s=sme ranges of particle-sgsize distribution ad-
vised for inert aerosols should be studied with

bacterlal serosols.

From inspection of the above 1list, one can understand

why completely adequate comparisons of microblal alr samplers

have not been made, and aleo why there is disagreement as to

which sampler 1s moet efflclent for any given purpose.

Use of eampling devices for determining numbers of micro-

organiems in the alir usually involves two baslc operations:

Tiret,

of eair,

the separstion of the organisesme from a meesured amount

and second, the determination of the number of
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organisms separated., Since alr-borne microorganisms are
suspended in the same manner es dust particles or may be
attached to the dust psrticles themeelvee, methods for
sampling air-borne microorganiems closely follow those for
dust in many instances.

In the separation of microorganieme from air the sampling
principles used may be divided into these general types: (1)
impingement of the organisms on adherent, s0lid or semisolid
materisl, (2) entrapment of organieme by bubbling the air
through a liquid, i.e., impingement in a liquid, (3) im-
pingement with the ald of electrically-charged plates, (4)
filters, and (5) precipitation of orgsniems with 1liquid spray
or condensed steam.

Since microorganliems are ordlnarily present in alr in
relatively small numbers, rarely more than & few hundred per
cu ft, 1t 1is practically impossible to count them by direct
opticzal methods. In nearly every case, therefore, the micro-
organisms are enumersted by their growth on & suitaeble cul-
ture medium. Direct, photoelectric counting, making use of
light scattering by microbial particles has been used, but
is strictly a laboratory method (cf. Ferry et al., 1949).

For a diecusslon of the ailr-sampling methods developed

prior $o 1933 one mey consult Ruehle (1915), or Committee
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on Apparstus in Aeroblology (1941), Only a few of these
earller methods will be discussed in this section.

Rettger (1910) developed an aeroscope (an apparatus for
collecting duet, spores, bacteria, etc. from alr suspensions),
the use of which consisted essentially of bubbling air through
liquid by means of & glass tube having an enlerged, perforated
end. Aeroscopes of this type are used today.

Exposure of nutrient medla in petri diehes for given
lengths of time 1s one of the eimplest of the impinging
methods for miorobial examination of air. Thie technique
has undoubtedly been used for many yeare. In using this
"settling plate" technigue to obtain quantitative informastion,
one must realize that (1) settling platee are selective for
large particles which settle relatively repidly from the alr,
and (2) the platees will not glve reliable results in ordinary,
occupled rooms because of non-uniform alr eddiee, and there-
fore are ucseful only in rigldly-controlled experimental at-
mosphereg, and malnly as a supplemental technique in
combination with other eampling devicese capable of rapldly
removing amall particles from air,

The development (W%Wells, 1933, pr. 58, 59) of the air
centrifuge, an instrument cepable of quantitatively sampling
small, alr-borne particles, and the demonstration (%Welle,

1934; Wells and Stone, 1934) of wisble air-borne "droplet
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nuclel" evoked a renewed interest in air-borne microorganisms.
The alir centrifuge spins microorganisms from the alr onto

agar or broth coating the inside of a glaees tube, Since the
alr centrifuge wss the only microblsl air sampler commercislly
avelilable for many years, it was extensively used, especlally
in this country.

Hollaender and Dalla Valle (1939) constructed a simple
devlice usually referred to as a “funnel". A glass funnel 1is
fixed in an airtight contalner so that when suction 1is
ap 1ied to the container, air 1s drawn through the stem of
the funnel and over the surface of an agar medlum in a petri
dish, thereby impinging microorganisms on the agar.

Bourdillon et al. {1941, pp. 197-224), at the Natlonal
Incstitute for Medical Research, London, developed an apparatus,
called & “slit sampler®, for collecting and counting air-
borne microorganiems. In this device a petrl dish contalning
nutrient agar 1s placed on a diec capable of very slow rota-
tion. The rotating disc and agar digh are sealed in a metal
enclosure and air 1s drawn at high velocity through a narrow
glit placed over a redius of the petril dieh thereby lmpinging
microorganiems from the air onto the agar.

Steaming is rather commonly employed for removing bac-
teris and dust from sair inside hoods and other confilned

spaces. Elllott(1941) described a method for microblzsl alr
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eampling which used condensation of weter onto particles
thereby precipltating them in a chamber of sbout 100 per
cent relstive humidity. Humidification was obtalined by
meane of a steam Jet.

A device usually referred to ae the "Moulton Air Sampler®
(Moulton et al., 1943, pp. S1, 52) uses the principle of
atomization to coat air-borne, microbisl particles with a
layer of liquid. Should the particles in the atomizing
chamber fall to be trapped in the refluxing liquid, there
is a second traep which bubbles the alr through a second
liquid reservolr,

A sleve device for seampling eir-borne microorganisms
wae described by duBuy and Criep (1944, pp. 829-832). The
impinging principle is ueeé in thise apparatus which consists
of two parts, & metal container which holdse & petri dish with
agar, and a metal top perforated with 341 smell openings
which 18 c¢lamped onto the contalner., Upon application of
suction to the device, air enteres through openings of the
gleve plate and impinges microorganisms onto the sger. The
sleve device will be further discussed in the section on
Materials and Methods.

A group of physicisete (Luckiesh, et al., 1946), concerned
by the shortcomings of the various microblal alr samplers,

developed an electrostatic air sampler. This instrument,
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called the "Duplex Electrostatic Air Sampler®, is essentially
& dual "funnel" device having a positive, direct current
potential of 7,000 volts applied to one petrl dish, the other
plate having & corresponding negatlive cherge, Charged
microbial perticles are trapped on the plate of opposite
charge.

Rosebury (1947, pp. 108-116) developed a microblel air
gampler called a "caspillsry impinger®, The device operates
by impingement in a liquid, as with many bubbler samplere.

A short capillary tube through which the air sample passes
is submerged in the collecting liquid, the caplllary tube
serving also as limiting orifice for the alir-flow.

Sonkin (1950) published a study on the use of a modified
"Cascade Impactor® (May, 1945, pp. 187-195) ae a microbial
air sampling device, although this device was designed pri-
merily for determining the slze-distribution of saerosols,
and has been quite often used as such (Rosebury, 1947, pp.

57 and 58; Dunklin and Puck, 1948, p. 88) by those studying
bilological aerosols. The modified “"Cescade Impactor' con-
glete esgsentlally of a system of five Jets and sampling slides
in eeriea, The Jets are progressively finer, so that the alr
speed, and therefore the efficlency of impaction upon the

8lides, increases from slide to slide. For determining
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numbers of alr-borne microorganisms the organlisms are washed
from the imvaction slides.

Recently, the molecular filter (commonly abureviated
YMF¥) hes been adapted to sampling of alr-borne microorganisms
(Goetz, 1953, pp. 150-159). The Aerosol Aesay types of MF
are dry gels (a cellulose ester gel) of micellic structure,
1.e., the flltere are devold of fibrous structure, being
held together by intermolecular forces. The pore diameter
has no direect relation to minimum particle glze retained
gsince the poree are elit-like rather than circular. In addi-
tion, large eleotrostatic forces which develop throughout
the MF when air ie forced through, hold varticles smaller
than pore size. The MF is rigid enough for handling, but
must be supported during sampling. Supports are mounted in
a device allowing the appllcation of a vacuum to one side
of the filter, After an air sample, the collected organisms
are 1ncubated in place on the MF disc which ie placed in a
sterile covered dish containing suitable nutrient solution
for keeping the MF disc molst,

A very slimple technigue for microblel alr sampling has
been described vy Griffin et al. (1956). The technique 1e
called "Syringe Dilution®. In this method, 5-ml samples of
bacterial aerosol are withdrawn from a chamber, usinc 10-ml

syringes contalining 5 ml of 0.85 per cent ealine, The
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syringee have stopcocks to prevent leakage while being shasken
for 1 min., Dilution and plating of the suspension then
follow,

F, ©Some Aspects of Microblel Air Sampling

According to duBuy et al. (1945, p. 38) sampling into
liquld media tends to bresk dust particles or clumps of micro-
organisme taken from the air, while sampling onto agar allows
counting of each particle as a single unit, regardless of
the number of viable organlisms each particle may contaln,

It wes stated that thie inherent difference between the two
methode tends to make sampling into liquid appesr more
efficient than 1t truly 1s in comparison with sampling onto
agar.

Bourdillon and Lidwell (1948a, pp. 33, 34) list the
following considerations ag beling of dominant lmportance
in teste of sampling efflciency:

1. Size of the particles to be collected.

2. Inlet tube of the sampler--aperture, length, dlemeter,
raediue of bends, 1f any, and their number, smoothness
of walls.

3. Configuration of Jet orifice.

L4, Velocity of air stream,
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Distance from inlet orifice to collecting surface,
Rigldlity and edheeiveness of the collecting surface
end the return of the liquid surrounding 1it, if a
liquid 1s used,

Relative humidity of the atmosphere immedlstely up-
stream from the collecting surface. (Cooling from
adiabsetic expansion may be sufficlient to cause
deposition of water on particles, and hence increase

the ease of impingement).

From thelr extensive experience in air hyglene, Bourdil-

lon and Lidwell (1948a, p. 33) give recommendationes of the

most sultable microblsl alr samplers to use for different

size-rangee of particles. Their recommendstions, along with

their ressons, are summarlzed below.

1.

2.

For very large particles (100 w« and upward) open
dishes of agar or broth are probably the best., 8lit
and sleve devices are llkely to become inefficient
because of impectlion of particles on the upstreanm
gide of the orifice plates. The large entry porte
and low glr veloclties practicable with electro-
statlic alr samplers give them special advantages

for very large particles,

For large perticles (100 to 39/4) a rather similar

order of merit would be expeected. Open dishee are
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8till useful, with the advantage possibly inclining
towards the funnel, bubbler, Moulton device, &nd
the alr centrifuge.

3. For particles between 30 and 10/4, which are impor-
tent in normal &ir sampling, most samplers should
show regeonable efflciency. Open dishes, used alone,
are of little value,

L4, For small particles (10 to 1/&), aleo of great im-
portance in normal ssmpling, open plates are of
restricted value., Low velocity impingere, such as
the Vells Alr Centrifuge and the funnel device, are
relatively less efficient than the high veloclity
impingere such ae the slit samplers, the sleve
device, the Moulton sampler, and the bubblers,

Bourdillon and Lidwell (1948b, p. 50) state that they

know of no reason why broth samplere should be inherently
more efficlent than agar samplers or vice versa. Welle (1955,
p. 40) states that:

In alr washers [ bubbler type samplers] the chance

of (& particle's] colliding with liquid surfaces

is apparently less dependent upon momentum.

Exactly what governe the entrspment of particles

by liquide has not been defined; it may well be

that surface attraction depende upon the composi-

tion of the particle.

Comparisons of efficiencles of varlous microblel ailr

semplere under various conditlione have been reported by
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several groups of workers (Bourdillon et al., 1941, pp. 212-
214; duBuy et al., 1945, pp. 4-40; Rosebury, 1947, pp. 108-
116; CGoetz, 1953; Wells, 1955, pp. 35-40). Wells (1955,

P. 38) hes evaluated the results of several reports. It

was found that the two most efficient instrumente for
gampling either (1) fine droplet nuclel or (2) coarse drop-
let nuclel were the glit sampler (Bourdillon et al., 1941,
pp. 197-22l4) and the air centrifuge (Wells, 1933, pp. 58-59).
The molecular filter (Goetz, 1953, pp. 150-159) only recently
adapted to sampling microblal aerosols, was not ineluded 1in
the ebove evaluation.

Standard bacteriologlc procedurese for air sempling have
been established by the American Public Health Assoclation
(Wells et al., 1948, p. 330). The two official instruments
for sampling bacterla-bearing dust particles are the slit
sampler and the air centrifuge, while for samplling total
numbers of bacteria air washeres (bubblers) and the air

centrifuge using collection into liquid are officleal.
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III. MAT:RIALS AND METHODS

A. Experimental Chamber and Accegsories

1. Chamber

Studlies of sir-borne mold spores were conducted in a
cube-ghaped chamber. The internsl height was 3.25 ft, and
the volume, with devices inside, 31.4 cu ft. Photographs
of the chamber mey be seen in Figures 2 and 3. Four of the
gsldeg were made of 3/16-1in pressed board, the other two
belng of double-walled plate glass, Insulation wse glued
on the boerd sldes where convenlent., The door to the chamber
(Figure 3) wee about 2§ ft square and fastened againet a
rubber gasket by means of wing nuts. Teets for airtightness
were made with ammonium chloride smoke.

The chamber was fitted on top with a U-shaped air-cooling
system (Figure ¥#) conslsting of a 100-cfm blower, refrigerated
colls, and polyethylene-fiber air filter. Two smell alrtight
doore swung by hinges and carable of belng operated from out-
side the chamber sepsrsted the air-coolinc duets from the
experimental chamber,

Yaterproof spar varnish (Kyanize brand) heving e#cep~

tionsl resistance to chemicals wae used to coat the inslide



Figure 2, Photograph of the experimental chamber and some
of the equivment used for saserlal disinfectant
studles

Filgure 3. Photograph of the exnerimental chamber showing
support on two timbers
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Figure 4,

Figure 5.

Photograph of the top of the experlmental
chamber showing insulated alr cooling ducts
including blower at left, refrigerated coils
at center, and air filter at right

Photogranh of floor of experimental chamber
showing fan, with vaporizer beneath, petri
dishes, and sleve alr samplers at the far
end, The rod in the foreground was used for
removing petri-dish lide
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walle of the chsmber except for the glass., Mounting of the

chamber on two, 2- by 4-in vleces of wood sllowed insertion

of tubing and other apparatus through the floor of the chamber,
To fecllitete use of psychrometric charte, all tempera-

ture measuremente relative to the chamber were recorded in °F,

2. Fsans

An 8-in fan, op=srated at 70 per cent of its stated
voltaege requlrement, was mounted on & tripod in the center
of the chamber (Figure 5). This fan was used to provide a
draught for the vaporizer located immedlately below it, and
aleso to help maintein s uniform mixture of the atmosphere.
In some experiments with vapors of compounds other than TEG,
en 8-1n fan with a long shaft running to & motor loocated

outslde the chamber was used,

3. XNaporizers

For experiments with TEG parts of a commercial vaporizer
(Glycoaire) were used (Figure 6). Thie apparstus consisted
of & woven glaes belt held by two pulleye, one of whlich was
driven at 1 rpm by a small electric motor and geare. The
glass belt paseed close to a heating block seen Juet to the
left and below the top pulley in Figure 6. Beneath the



Figul‘e 6.

Figure 7.

Photograph of the vaporizer used, Note glass
tape running over two pulleys, and heating block
to the left and below the top pulley. Reservoir
is beneath the lower pulley

Sieve alr-sempling device (duBuy and Crisp,
1944, pp. 829-832). “"A" ie sleve top which
mounts onto "C% which contains petri dish.
"B" gshowes the esgembled sampler
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lower pulley s stalnless steel cup, mounted on o shaft
movable in a metal sleeve, was used to contain liquid germi-
cides, The cup, equipred with a 1id, could be raised from
beneath the chamber at the time 1t wae deslred to start
veporization, and thus submerge the belt in the liquid,

The temperatures at the point where the wick passed the
heating block were determined by means of & thermocouple.

At times, another vaporizer consisting of a stainless
steel plate with & slight depression in the center was used.
A thermocouple was sllver-soldered in the depression in order
tc allow temperature determinations of liquid germicides on
the plate. The plate when used wae placed beneath the

centrz1 fan.

L, Alr samplers

The esleve sampler of duBuy and Criep (1944, pp. 829-
832) wae one of the alr-sampling devices used (Figure 7).
Thie apparatus, made of Duralumin alloy in this instance, con-
8iste essentially of two perts, a container which holds a
standard petri diesh, and the sleve which may be clamped onto
the top of the contelner and over the petrl dish. In Figure
7?7, "C" ig the container with a petri dish in plece upon

three spacer pine allowing air to be drawn beneath the petri
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dish, through the hold in the center of the contalner and
out the tube at the far right. The part labeled "4A" is the
top of the sampler and contalne the sleve plate drilled with
341 very emell holee (no. 79 drill) equally spaced. "B" ie
the asesemblecd gsampler with two bolte clsmping the ton against
& rubber gasket, The sleve plate may be adjusted up or down
over agar in the petri dilsh by screwing the sleve plate with
& key., For determining the height above the agsr there 1is
& free-moving plunger (not discernible in the photograph)
which rests upon the agsr and indlcstes height on a scale
at the center of the sieve plate. In Figure 5, ten of the
sleve samplere may be geen asgembled for silr sampling.

The variability among ten sleve samples was analyzed
by taking ten, 10-sec samples of alr-borne mold spores at
intervals of 1 min from asn atmosphere of 48 to 52 per cent
relative humidity. The mold spores had been sprayed into
the chamber with atomizer B (deseribed later) 4 min before
sampling commenced, Colony counte obtalned were converted
to the common logerithms and adjusted to represent devistions

from a common regregsion line by using the formula
adjusted Y = Y - bx

(Snedecor, 1946, pp. 114-117), where b is the slope of the

regression line and x 18 the difference of an X value from
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the mean of the X values., The standard deviation of the ad~
Justed Y values (the Y values being the logarithme of the
gpores per cublc foot of air) was reconverted to the anti-
logarithm.

Figure 8 plctures s modified Moulton elr sampler
(Moulton et al., 1943, pp. 51, 52) showing, from left to
right, stomizling chamber, bubbling chamber and Kjeldehl
trap., This sampler was used in early experiments.

Settling dishes were exposed in sete of two or three.
The dishes were opened and closed from outeide the chamber
by meane of a sllding brasgs rod mounted in & ball and socket
Joint. Thls "artificial srn* msay be seen in Filgure 2 gnd
in Figure 3. Ringed clampe for the dlsh 11des may be seen
in Figure 5. The arm was also used for lifting the 1id from

the reservoir of liquld germicide,

5. Relative humidity determinstion

Percentage relative humidity in the chamber was deter-
mined by meane of dry- and wet-buldb thermometere read through
the glaes walls of the chamber. Thermometer readings were
converted to relative humidity by means of a psychrometric
chart. The cloth wick for the wet bulb was washed before
each experiment. A portion of the relative humidity apparetus,
which ies operated by means of an electric fan, can be seen

in Figure 5 at the far side of the chamber.



Figure 8. Photograph of a modified Moulton alir eampler
(Moulton et al., 1943, pp. 51, 52). Viseible
from left are the atomlzing chsmber, bubbling
chamber, and Kjeldahl trap

Figure 9. Photogravh of three atomizers used. "A" i8 a
De Vilbies-brand atomizer., "B" ig a specially-
modified De Vilbise atomiger, and "C" is a
De Vilbiee No. 44 nebulizer
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6. 4Atomizers

Figure 9 shows the various atomizers used, "A" ig a
coarse stomizer (De Vilbiss Company, Somerset, Pennsylvenis)
ueed only for epreylng water to raise the relative humidity
in the chamber. The rubber etopper on the atomizer was used
to fit the device tightly into a hole in the side of the
exverimental chamber, “B" showe an atomizer specially made
by the writer, It conelets bacically of a De Vilbiss atomizer
with a2 glass tube 4 in long and 1 in in dlameter attsched in
front of the nozzle. The short glass tube below and to the
rear of the nozzle ls an overflow reecervoir for the nozzle
tube., Since the atomizer was operated pointed upward at a&n
angle of about 20°, liquid would flow through a smsll tube
into the overflow reservoir, "C" is a De Vilbies No., 44
nebullzer. A1l of the stomlizere were operated at about 20

in mercury pressure,

%E.l.tmm

Alr flowmetersg used were of the type diegrammed in
Figure 10, part F. However, a flowmeter such as described
by Lemon and Wise (1944) was used occaslonally, and wes

calibreted by means of a wet gas meter, The apperstus used



Figure 10. Avpparatus used to callbrate alr flow-rate. "A", water manometer;
*BY, tank of water; "C", S5-gal glass Jar; "D%, sleve air
sampler wilth funnel clamped on top; "E®, water trap; "F,
flowmeter; and "G", line to vacuum pump
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to calibrate the former type of flowmeter is shown in Figure
10, For calibration, large tank "B* was nearly filled with
water, and & 5-gal Jar "C" having glass tubee in the rubber
stopper a&s shown was placed inverted into the water. In the
diagram g sleve alr sampler 1lsz shown with an inverted funnel
clamped on sirtightly at “D", 'YE" ig & small water trap used
in the system when silevees were actually being used. "A" 1s

e water msnometer and line "G*" leads %0 & vacuum pump.

Two persons were required to operate the cellbration
apraratus, one adjusting jar *C* in the water so that the
air pressure in the Jar would remain atmospheric as Judged
by manometer ®A", and the other starting and keeping the air
flow-rate constant (as Judged by the mercury manometer on
flowmeter "F¥) as well ae timing the flow, Vhen alr was
withdrawn from jJar *C", water from tank "B" entered Jar *C",
Alr flow was stopped before Jar “C" wacs full of water. The
tubes to Jar *C" were then clamped or stoppered, the Jjar
removed, and the volume of water in the Jar measured. It
wae agssumed that the volume of water in the Jjar corresponded
to the volume of air which had passed through flowmeter "F*
during the timed interwval.

Each device requiring measurement of air flow was
calibrated in a similer manner, i.e,, all the units necessary

in the line as 1t would be ueed 1in an experiment were
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connected. The volume-measuring unite "A", "B* agnd *C* of
Flgure 10 were then merely attached to the system at the end

farthest from the flowmeter,

8. Timing of samples

In order that alr samples might be timed with eccuracy
and convenience, a plston-operated valve such as used by May
(1945, p. 190) was constructed and used for all alr samplees.
The valve 1s so congtructed that alr flow-rate may be adjusted
before sampling. At the moment desired for sampling to start,
the plston 1s pushec¢ connecting the vacuum line to the sampling
device; to etop sampling, the piston is releamsed, In Figure
2, the valve, with two lines attached, may be seen hanging

negr the left slde of the table,

B. }old Sporee: Culture and Suspensions

1. Culture medium

The culture medium used was thet of Moyer and Coghlll
(1946), These investigators developed the medium to be

especlally effective for sporulstion of the senue Penicillium.
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The pH of both agar and broth medla was adjusted to 6.5
before autoclaving st 15 peig for 15 min,

To grow spores for aqueous suspension, 40 ml of broth
were put inte 6-0z prescription bottlee and inoculated with
spores from an agar slant culture, After the bottles were
incubated on their sides for 3 to 4 daye at temperatures of
25 to 30°C, a mycellal mat covered with spores wae obtalned.
When dry sporee were tested, gpores from 2-per cent agar

gelante were used by blowing the sporee out with air,

2., Mold culture, and preperation of mold suspensions

For all blologlcal teats of germicldes, Penicillium
notaetum spores were used, either dry or in aqueous suspension.
Stock culturee were maintailned &s follows., A 4-day-o0ld agar
slant wae placed in a cardboard tube and refrigerated for a
l-year period. At the end of a year a2 new working culture
wag taken from the stored tube and also another culture from
the same tube was grown for refrigeration-storsge for another
l-year period. Meanwhile the cultures for delly use were
taken from sub-cultures transferred once & month and kept
in & 25°C incubator.

Aqueous suspenslons of spores were prepared by pouring

off the broth from under a mycellel mat, adding about twenty-
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five, 5-mm glaes beads and about 50 ml of sterile distilled
water, end shaking gently in e 1-ft arc 100 times. Then, as
described by Mellody and Bigg (1946, p. 46), the spores were
separated from the mycelia by flltration through three
thicknesees of sterile cheesecloth.

In order that an sppropriate number of sporee might be
atomized into the chamber for each experiment, the thickness
of the suspension was flret adjusted by eye to approximately
the same concentration each time, and then the number of
gporeg per unit volume was determined by actual hemocytometer
count and in certelin instances by plate counta. After an
appropriate number of spores had been determined for atomiza-
tion purposes thie number could be fairly well repeated, no
matter what the hemocytometer count, by computation using

the formula

volume x concentration = volume X concentration.

3. Spore suspension charescteristics

The age of spore cultures used in all studles discuscsed
herein wes 7 days or less, with the averace being about 5
days. Examination of several spore suspensione of P, notatum

were made under the microscope. The average dlameter of
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single spores was obtained from measuremente of over 150
spores, From counts of over 1600 spores the percentage of
cells existing singly or in groups of two, three, four, five,
elx and greater-than-six wae obtalned. The percentage of
myceliz]l fragments was also determined.

From settling rates (open plate collectlon) and disap-
pearance rates (sieve ssmples) of epores atomized (sprayer
B, Flgure 9) into a gently-fanned atmosphere, the average
gilzes of the slr-borne particles were determined using Stokes
Law (cf, Lidwell, 1948b, pp. 320, 321). According to Stokes

Law,

g = 0,36 a2 = Kgh

where & 1s the dlameter 1n'/x of a sphere of unit density
(P, notatum spores were assumed to have unit density and the
density of alr wae neglected), & 1s the settling rate in
feet per hour, h 1s the height (in feet) of the enclosed
space, and Kg 18 a "dle-away" constant with units hours™1
(to ve dlscuseed). Since h was known and Kg was determined
experimentally, the averesge dlameter of the spores could be
caloulated. This calculation was made,
The percentage of s£0lilds in the suspending liquid wae

determined subsequent %o centrifugation of a distllled water

suepension of the spores., Then five, 50-ml portions of the



61

centrifugate were transferred to previously dried and tared
drying dishes, An 80°C oven was used to evaporate most of
the liquid and then a vacuum oven at 100°C wae employed to

complete the drying.

C. TEG Determination

The TECG used in this study was Air Trestment Crade made
by Carbide and Carbon Chemicels Company, New York, Dilethylene
and tetraethylene glycols were listed as 2 per cent by welght.
It is recommended on the label that the temperature of the
TEG in veaporizing devices be kept below 250°F to avold ther-
mal decomposition and possible formatlion of obnoxlious fumes,
Refractive indicees of this TEG agreed closely with those of
vacuum-distilled (with a short refluxing column) technical
grede TEG of Eastmen Organic Chemicals, Rocheeter, New York.

Determinatione of eerlal TEG concentratione were mede
by the method of Kaye and Adams (1950, pp. 661-663), a
colorimetric determination, The alr-gampling device used
was an air washer, 1.e., an air ssmple was bubbled through
concentrated sulfurlc acld in this 1instance.

Standsrd curves were obtained by pipetting known amounts
of TEG and water into test samples. Since water taken in

with ailr samples reduces the intensity of the color obtalned,
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rive curves (A through E, Figure 11) each with a constant
amount of added water were determined. Kaye and Ademe de~
scribe the relationehip between optical deneity (transmit-
tancy) and TEG concentration as being linesr. Several
experiments were run to verify this, and therefore in deter-
mining the stralght lines of Figure 11 it was necessary to
determine only one point in order to fix & line, each line
passing through the origin.

Concentration 12 proportlional to opticel density in
the color reaction used, Thie relatlonship iz expressed by

the equation

¢ = X (0.D.),

where C 18 the concentration of TEG in milligrame per 10-ml
sample, K ie & proportionality conetant which is conetant
only when the amount of weter in a sample remeins constant

(K s equivalent to the reciprocal of the slope of the line
determined by any perticular amount of water when optical
density 1s plotted versus milligrame of TEG in a 10-ml sample
(Figure 11)), and 0.D. ie the opticel density. In order to
determine the fluctuating constant K for different amounts

of water in aerial samples,a plot was made of the logarithms

of the reciprocal of the slopes versus the milliliters of



Figure 11. ©Standard curves obtelned for determination
of aerisl TECG concentrations at various
concentrations of water by the method of
Kaye and Adame (1950, pn. 661-663)
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water in a 10-ml sample (Figure 12), Aerial TEG concentra-

tions were computed as follows:

grains Hzo x in x 1 L air
1b dry alr Hig 460 + OF ary bulb x sample x 0,00302

= g Hp0 1n total collection fluid.

The constant 0.00302 represents the producte and quotients

of various conversglon faectors. The first term of the equation
wae obtained from s psychrometric chart, by using dry- and
wet-bulb thermometer readings. By referring the computed
answer above, adjusted to obtain greme water in a 10-ml sample
of liquid, to the graph in Figure 12 the constent, K, appli-
cable to the particular sample was obtailned. Thie constant
along with the opticel deneity of the sample allowed computa-
tion of 7 TEG for 1 of alr., Aerial TEG concentrations will

be expressed in these units,

D. Experiments with Posslble Decomposgition
Products of TEG

Glycoleldehyde, glyoxal, glyoxylic acld and glycolle
acld were tested for their air-disinfecting properties

egaelnet P, notatum spores, Glycolle acid, about 85 per cent



Figure 12. Relationship between the amount of water in a
10-ml, TEG-sulfurlc aclild sample and the
reciprocal of the slopee, K, of the lines
showing the relationehip between optical
denslity and milligrems TEG in the 10-ml
sample (of. Figure 11)
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aqueous eolution, lot no. 3217, was obtained from K and K
Leboratories, Long Islend City, New York. Glycolaldehyde
wacs obtained from Aldrich Chemical Company, Inc., Milwaukee,
Wisconsin, Glyoxylic acid was obtained as the sodium salt
from a batch prepared by Ir., D. Metzler, Iowa State College,
‘smes, Iowa. The salt was converted to the acld by addition
of an equivalent amount of reagent CP sulfuric aclid, Clyoxal
(1ot no. 752774) wae obtained from Fisher Sclentific Company,
8¢. Louis, H¥iseouri.

Tests for the existence of some of the above compounds
in vapors generated by TEG vaporization (Glycoaire vaporizer)
were made by bubbling the vapors from the experimental
chember through 2,4-dinitrophenylhydrazine (2,4-DNPH) dis-
solved in a 2N hydrochloric acid solution, Bubbling into
1 L of solution was at the rate of 14.2 L per min over a
period of 8% hr at & relative humidity of aporoximately 20
per cent and an air temperature of apvroximately 75°F. The
concentration of TEG in the alr at equilibrium was not
measured.,

Derivatives from poseible TEG-decomposlition products
were also made in the following manners: (1) TEG fresh from
the sealed bottle was poured directly into 2,4-DNPH golution,
(2) filtered alr was blown through TEG heated in a boiling

water bath, the alr being carried over into 2,4-DNPH solution,
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and (3) the residual TEG (about # of the liquid) from a
vacuum dietillation at 98 to 105°C, using an oll bath, and
60 to 120 . mercury pressure was put into 2,4-DNPH solution.
Replacement of the atmosphere in the distilling epparatus
wes with nitrogen gas.

Some of the precipitates in the 2,4-DNPH solutions were
compared with known compounds by paper chromatopraphy and by
absorption epectra measurements (Hammond, 1958) in a Beckman
spectrophotometer, model DU, ©Solvents used in the chroma-
tography were (1) n-heptane saturated with methyl alcohol,
and (2) n-heptane, chloroform and nitromethane in the ratio
10:4,5:2, respectively. Paper chromatographs were gprayed

with a 10 per cent aqueous potassium-hydroxide solution.

E. Typlcal Proceduree and Calculatlione of Experiments

1. A typlecel sir-disinfectlon experiment

The walls of the experimental chamber, along with sur-
fzaces of all pleces of apparatus including tubes and cords
used in the chamber, were wiped very carefully with water to
remove as nearly as possible all condensed vapor from the
preceeding experiment. Comprescsed air flltered through cotton

at & rate of about 1 c¢fm was then used to flush the 3l-cu ft
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chamber for a minimum of 2 hr before the experiment. The
outlet for the alr was at the floor level,

While the chamber wes being fluehed, about 31 petri
dishee were prepared with Moyer-Coghill ager., Spores 3 to 7
deys 0ld were harveeted and prerared as described above.

The sieve alr samplers were washed, dried briefly in a low
temperature oven and then cooled. The sieve topes of the
samplers were qulckly flamed and put into & large covered
beaker until the samplers were again assembled, |

Figure 5 1llustrates the usual arrangement of sleve
samplers and settling platee on the floor of the chamber,
Lids of petri dishes matching the lower halves inslde the
assembled sleve devices were placed on the floor of the
chamber during an experiment.

Just before the mold spores were atomlzed, air in the
chamber was cooled if exceceively hot, and the relative
humidity of the alir waes adjusted by sprayinz in sterile
distilled water or flushing with alr passed through calcium-
chloride tubes. When very low relsative humidity wae desired,
magnesium perchlorate was also placed in dishes within the
chamber, If TEG vapor concentration was to be measured, a
control vepor sample was taken at this time,

Reletive humiditles for an experiment were measured

Just before or shortly after the introduction of the mold
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suspension, at the time of a vapor sampling, and at the
finish of mold-spore gamoling. To allow for preessure adjust-
ment in the chamber during sampling, a tube with a cotton
Tilter wag attached to an opening in the chamber wall,

Alr ssmpling for the control period (no disinfectant)
wag usually started 2 to 3 min after the spores were atomlzed
into the chamber., Intervsle between sleve samples were about
2 to 5 min, the duration of the samples ranging from 10 sec
to 14 min over the entire experiment. Settling dish exposures
renged from 4 min %o about 10 min, depending on the number
of viable spores expected to fall. An effort was made to
obtaln colony counte of 250 or less from sieve samples, The
desired number of colonles on settling dishes was 100 or lese,

After about four air samples had been taken (using both
settling plates and sileve samplers) to determine the control
gettling and dlie-away rates, TEG vaporization was eterted,
After 1 to 2 min, sampling was again started to determine
the total die-away rate, If TEG-concentration measuremsnte
were to be made, it wse neceesary (eince there was only one
operator) to suspend alr sampling for about 4 min while TEG
samples and thermometer readings (for calculation of rela-
tive humidity) were taken. Thus, TEG samples were usually
taken before atomizing the spores, sbout midway in the vapor-

teet period, and at the finlish of the experiment. For many

experiments, however, TEG-concentrstions were not measured.
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Collection plates were incubated 2§ days at 25 to 35°C
and colonies developing were enumerasted using & Quebsc
colony counter.

Tests in which glycerol, glyoxal, glycollc acid, glycol-
eldehyde, and glyoxylic acld were vaporized were conducted
in & similar manner. In these experiments, however, no vapor
concentrations were determined.

In computing the results, the counts obtsined were con-
verted to spores settling per mlnute onto standard-sized
petri dishes (about 3%-in dimmeter), and spores per ocublc
foot of alr as collected by the eleve samplers. An approxi-
mate correction weg epplied to account for dilution of the
air in the chamber when sleve samples were tzken, The cor-
rected counts were then plotted as logarithm of spores per
cubic foot of air {(or logarithm of eporee settling per minute
onto & petri dish) versus time in minutee (midway in the
sampling interval). Stralght lines to fit the experimentally-
determined polnts were drawn. In many lnstances a regression
line wae computed., Computation of dle-away constants from

these plots is discuesed below.

2. Determination of "die-swey'" constants

*Die-awsy" or "rate of disappesrance® constants have

been discussed by Bourdillon et al. (1948, p. 62). 1In the
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present study three different dle-away conetants are used,

(a) Kg, to exprees the dle-awasy per hour during the control
settling period of an experiment, (b) Ky, to express the total
Gle-away per hour resulting from settling plus germicidal
action, and (c) Kp (equivalent to Kp - Kg), to express the
die-away per hour resulting from effect of the germicide
salone. The subscripte S, T, and D designate settling die-
away, total dle-away (settling plus death), and death die-
away, respectively, Computation of s dle-away constant wae

es follows:

kg = 138 (loggg Ny - logyg Np)
t2 - %1

where Ny and Np are counts of organlems in similar-eized
samples &t times t) and %3, reepectively. Values of t are

expressed in minutes, while K values are in hours.
F. Viability of TEG-Exposed Spores

An experiment designed to test the wviahility of &air-borne
Pe potatum spores before and after exposure tc TEG vapor,
and to demonstrate the presence of non-vieble spores in the
air after thelr exposure to TEG vapor wae conducted, Three

ml of eterile Moyer-Coghill agar were spread onto each of
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several sterlle glass microscope slides. Emch sllde was
placed into & petrl dish so that the dish and slide might

be placed inside a sieve sampler to be exposed to an alr
sample. An extremely heavy aerial suspension of spores was
atomized (eprayer B, Figure 9) into the chamber, and TEG
vaporizatlion started. Sieve samples of 1 to 2 cu £t of ailr
were taken at varlous intervals of time onto the sgar slides.
The same procedure was repeated agaln with the same mold
suspension efter the chamber had been cleaned and flushed,
except that no TEG was used, The agar sllides were incubated
in a moist atmosphere for 14 hrs at 25°C after which cover-
slips were placed on the agar and the agar examined under
the microscope. The percentage of spores germinating in each
small group of spores which had been deposited beneath &
gleve hole was calculated for the control and the vapor
experiments.

The same type of experiment was reneated, except that
the period of incubation for some agar-slides was lengthened
to 5 days. In addition, photomicrographs were taken of some
flelds.
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G. Miscellaneous Experiments

l. Experimente without settling plates

A few experiments made early in thie study were con-
ducted without settling plates. Alr sampling was with the
¥Moulton collector, and vaporization was by means of the
steel plate described previouely. In these experiments the
chamber was filled with the vepor and the concentration
measured only before sporee were injected. Spores were
allowed to mix in the germicidel atmosphere for 10 to 15 min
after which a single air sample was taken and the percentage
of survival calculated from resulte of & control experiment

ueging the same spore suepension.

2. In vitro exveriment usin cero

P, notatum spores in a concentration of 100,000 per ml
were tested in aqueous solutions of glycerol of 0, 10, 40,
80, and 98 per cent. Exposure was for 2 hrs, after which
0.1 ml of the suspension was diluted and plated in Moyer-
Coghill agar, ueing three plates per glycerol concentration

level, An analysie of varlance was computed to detect any
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differences among survivals in the various concentrations

of glycerol.

3. Experiments at different temperatures

One test of the killing power of TEG vapor with respect
to the same spore culture used as an aerosol at 83°F end
105°F was conducted. The effect of the lower temperature
was measured first while the spdres remained in aqueous
guspension for 4 hr until the second test. To raise the
temperature for the second test, & 1000 w heating coll was
suspended from the top at one slde of the chamber., The coll

wae used only prior to the start of the experiment.
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IV, REBULTS AND DISCUSSION

A. Performance of Equipment, and Properties

of Spore Aerosols

1. Vaporizer output

Figure 13 shows graphicelly the increase of TEG concen-
tration in the chamber with time when the Glycoalre vaporizer
wae run at full capscity (110 v)., Measurements were made in
the relative humidity range of 47 to 53 per cent and at
temperatures of 76 to 84°F, The temperatures to which the
TEG was momentarlily exposed were never grester than 200°F ex-
cept poeelbly when the glass tepe wae slightly wrinkled.

In studles of the fungicldsl effect of TEG vapor, 15 per
cent relative humidity was the lowest tested. At this rela-
tive humidity the greatest eamount of TEG would be required
to saturate the air. About 10 7 of TEG are required to
saturate 1 L of air at 15 per cent relative humidity and
86°F (Wise and Puck, 1947, p. 556). It may be seen, there-
fore, that the atmosphere in the experimental chamber was
saturated in 1 min or less in all experiments where full

capaclty of the vaporizer was used.



Figure 13. Graph showing the increase 1n aerial TEG
concentration in the experimental chamber
during separate experiments when the
commerclal veporizer (Glycoaire) was run
at full capacity
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2., Varlebllity among sleve gemples

Colony counts from ten eleve samples ranged from 193
to 311 per plate, with en average close to 250, Vhen these
counts were corrected for dilution of the chamber atmosphere
and converted to spores per cublc foot of air the range was
1213 to 1866, with a mean of 1515 and & standard deviation
of the counts adjusted to represent deviations from a common

regreesion line of 195, the variation being 16 per cent.

3. BReproducibility of air-volumes using flowmeters

Five trisele were msde to calibrate one flowmeter, The
me&n amount of air displaced in the jar wee 5.689 L per 0.2

min and the standard deviation 10,2293,

L, Mpld spore characteristics

Forty spores of P, notstum in aqueous suspension were
found to have an aversage diameter of 3.22/4. (These spores
haed been grown on broth for 7 days.) From measurements made
on spores from two different agar-slant culturee (4 deye old),
everage spore dlameters of 3.1@/4 and 3.19/L were obtained

from observations of 60 and 40 spores, respectively.
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The distribution of epores, clumpe of spores, or mycelial
fragments from one spore suspension (5-day-o0ld culture) was
determined by counting the varioue perticles {(over 1600) in

& hemocytometer, The resultes are summarized in Table 1,

Teble 1. The distributlion of spores, clumps of spores,
and mycelilsl fregmente in a suspension of spores

of P, notatum
Class of partilcle Percentage of totsal

l-cell 79.3

2-cell 10.9

3-cell 3. 50

L-cell 2.00

5-cell 0.94

6-cell 0.31
greater than 6-cell 0.94
mycellal fragments 2,10

Since the amount of s0lld materisl in an aerosol droplet
hag been observed to influence the survival of organieme
within the dropiet when evaporated (Dunklin and Puck, 1948,
pp. 87-101), fluid from another espore suspenslon (spores

removed) wag drled., The total eolids content amounted to
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0.1 per cent., This smell amount of solid material when con-
centrated by evaporation of aerosol droplete might csuee
significant mortality of sensitive organisms, but it 1s
thought that mold epores used were relatively reslstant to
the effects of desiceatlon,

Data from slx experimente at relative humidities between
L0 and 52 per cent (experimente 4 through 9, Table 2) were
averaged and the die-away constant Kg was found to be 1.66.
The aversge dleameter of aerosol particles suspended in air
at these humiditiee was then calculated (ueing Stokes Law)
as 3.9f¢. When dats concerning settling particles were used
from the same experiments (excepting experiment 6 where data
were not obtalned), the average dlameter of these particles
wag calculated as 9.3/L. The diameters calculated above are
equivalent to those of spherlcal water droplete of the same
slze, since in the use of Stokes Law the density of the spores
was assumed to be unity and the shape of the particles spheri-
cal. P. notatum spores are very nearly spherical by micro-
scoplc observation, and the density of other microorganisms
suegpended in alr at relative humidities of neer 50 per cent has
been found to be near %o unity (cf. Orr and Gordon, 1956).

In order to verify the assumptlion that the normel die-
away of the air-borne mold spores in the experimental chamber

approximated linearity when logarithms of numbere were



Table 2. Data from experiments at different percentages relative humidity

Expt. Av. rel. Range of Av, Range of  _Sieve data Settling-plate data

no. humid, rel, humid. temp. temp. Kg® Kp Kg Kp
(%) (%) (oF) (oF)

1 15!5 15.0"1600 79.0 7700"‘80.5 1.8 -0005 7.“‘ 0029
2 21'5 2005"22-5 81.0 79.0“82‘5 201 5.1 505 1-9
3 1.0 29.5-32.0 78.0 76.5-79.0 1.2 12 12 3.8
5 42,0 431.0-43,0 83.0 79.0-86.0 2.1 20 9.2 13

6 45.0 Lo,0-41.0 77.0 75.0-79.0 1.5 14 —— 11

7 46.5 52.5-40.5 75.5 73.0-98.0 1.7 18 8.8 8.1
8 4,0 51,0-47,0 82.5 81.6-83.0 0,60 20 10 19

9 50.0 52,0-47.5 80.5 80.6-80.3 2.7 12 11 3.8
10 53.0 59,0-47,0 78.0 76.0~-80.3 2.3 16 11 11
11 54,0 59.5-48.0 78.0 75.0-79.5 2.4 13 10 10
12 64.0 71.0-57.5 84.0 82.6-85.3 5.7 17 17 7.4
1l 74,5 83.0-66.0 79.0 77.3-80.6 5.7 l.4 12 -2.6
15 81.0 80.0"83.5 87-0 85.0‘88-5 3.0 3.7 807 "1.‘"
16 90.0 94,0-86.0 85.0 85,5-84,0 8.1 -1.3 12 -4.,1

8311 K values are expressed as die-away per hour. Xg = dle-awsey constant

for control period. Kp = die-away constant for fungicidal action alone.

£8
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plotted versus time, an experiment was conducted similar to
those used in all control perlods of other studlee, excert
that the period of observatlion wes extended to about 55 min.
Gentle mixing of the atmoephere with & fan wae used, The
relative humidity remained at 50 to 52 per cent, while the
temperature remained very cloge to 76.5°F. Collection was
by settling plates.

In Figure 14 the results of the above experiment are
shown, It may be seen that a good approximation to linearity
held for the firet 30 min dle-away of spores, while a de-
creasge 1in settling rate appears to have taken place gradually,
presumably because of the removal of the larger, more-rapldly-
eettling particles from the ailr. Therefore, in all experi-
ments where an assumption of linearity was necessary, data
beyond 30 min were not used., Had the gpore aerosol been
homogzeneous with respect to particle slze, one would have
expected the settling rate to remain constant throughout
settling (1.e., in equal time intervals, a certain constant
percentace of the remaining spores would have settled). This
would be a geometrical decrease in the number of spores de-
poslted during equal time intervals., However, when dealing
with material of graded sizes (such as the spore suspension
used herein) one might expect the mean rate of settling to

decrease with the more rapld removal of the larger perticles.



Figure 14, Craph of the settling of epores as collected
by settling plates. The relative humidity
was 51 per cent and the temperature 78, 5°F,
Decrease in settling rate is indicated by
the broken line
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Nevertheless, 1t appears that the rate of settling remains
failrly constant in the present case (Figure 1l4) for the first
30 min. Further data as to the settling behavior of the
spore suspensions used are presented below,

A second settling experiment was made at 48 per cent
relative humidity and ?6°F, in which no fan was used except
during the atomization of the sporee. Since Phelps (1942,
pr. 134, 135) concluded that lnevitable minor convection
currents within a chamber were sufficlent to maintain a sub-
stantlally-uniform distribution of particlees, it ie thought
that in the present study the thermal currents and the moving
of petri~-dlsh 1ids in the chsmber were sufficlent to keep
the spore particles uniformly distributed. Results of this
experiment are presented in Figuree 15, 16 and 17. Figure
15 shows the rapid settling of spores in the first 30 min
(rectangular coordinates). Figure 18 exhibite the same data
rlotted on semilogarithmic coordinates, It may be seen that
an approximation to linearity might be made durling the first
26 min, Figure 17 1 a plot of the same dats, except that
logaerithmic coordinates were used., In thle graph a change
to linearity 1s seen at 26 min. The results pregented in
Figures 15, 16 and 17 serve to describe the nature of the
mold aerosol useed throughout the present studles and were

therefore included here, hut the set{tling experiment presented



Figure 15, Graph showing settling of P, notatum spores
in relatively quiet air. The relative
humidity was 48 per cent and the temperature

76°F



SPORES SETTLING PER MINUTE

89

100

80

c0

40

20
iR | L
O 20 40 60 80 100
MINUTES AFTER SPRAYING MOLD SPORES



Figure 16. OCraph showing data from Figure 15, except that
the plot has now been transferred to semi-
logarithmic coordinates
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Figure 17. Graph of data from Figure 15, except that
the plot hae now been transferred to logarithmio
coordinates
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in Flgure 14 represente actual conditions (use of fan) under

which the data were gathered.

B, Effect of Vapor Concentration

Table 3 gives datae from five experiments made at an
average relative humldity of 49 per cent and in & temperature
range of 75.0 to 82.5°F. Relatlive percentages of saturation
of the air with TEG vapor have been 1interpolated from & graph
given by Wise and Puck (1947, p. 556). The percentages
tested in the present study renged from 57 to 96. <Cilgnificant
killing of smaller air-borne spore particles (collected by
sieve) was observed to develop between 67 and 78 per cent
of saturatlion. A concomitant but less effective increase
in the rate of killing was observed in the case of larger
spore particles (collected by settling plate).

Data from experiments at different relative humidities
are presented in Table 2, All of the experiments, with the
excection of number B, were conducted in atmospheree at least
moderately supersaturated with TEG., Concentratlions were not
measured, but in all cases a definite fog wae vieible without
the ald of a strong beam of light. In order to prevent
marked supersaturation in several of theee experiments, the

ocurrent to the vaporizer heater was reduced after vaporization



Table 3. Data from TEG-concentration experiments

Expt. Av, Renge of Av, Range of Av, Satn. Sleve Settling-
no. rel. rel. temp. temp, TEG data plate data
humid, humid. conc.

Kg* X, X5 Kp

(%) (%) (°F) (°F) (7/71) (%)

k9.0  52.0-45.5 75.0 75.0-75.3 1.82 57 0.25 2.2 8.7 =-l.4
49.5 53,0-46.0 79.0 78.5-79.5 2,46 63 1.1 2.4 8.4 1.7
49,0 53.5-45.0 79.0 77.6-80.0 2,27 67 0.97 5.5 10  =2.1
49.0 51.,0-47,0 82,5 81.6-83.0 3.75 78 0.60 20 10 19
49.0 52.5-45.0 79.0 78.3-80,0 3,70 96 1.9 17 9.4 10

w Fowon

8511 K values are expressed as dile-away per hour. Kg = die~away constant
for control period. Kp = die-away constant for fungicidal action alone.

$6
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proceeded a minute or so at full capacity. In scanning the
Kp (die-away) values in column 7, Table 2, only one (experi-
ment 4) 1e found to be larger than that of the Kp determined
for en atmosphere of 78 per cent saturation (experiment &4,
Table 3). This suggests that an atmosphere eupersaturated
with TEG 1s no more effective in killing P, notatum spores
than an atmosphere which approaches saturation.

Figure 18 presents a graph of the Kp values from five
experiments (listed in Table 3) made with subsaturated TEG
atmospheree as well as Kp values from three experiments made
with supersaturated TECG atmospheres, The range of average
relative humiditles for these experimente wae close (47 to
53 per cent). It may be observed from these data that at
optimal percentages of relative humidity the Kp value for
the smaller particles (sleve collection) appears to reach
an average of approximately 16 (the equivalent of 16 air
changes per hour). The curve indicates rapld rise in the
fungicidal effect of TEG vapor observed between 2/3 and 3/4

saturation.
C. Effect of Temperature
Results of a brief temperature study in which the same

spore suspension was exposed to TEG vapor at two different

temperstures sre shown in Table 4, The average relative



Figure 18,

Broken-line graph showing the approximate
relationship between aerial TEG concentration
and dle-away rate, Kp, of P, notatum spores.
The three points at the right of the figure
represent resulte from supersaturated
atmospheres, £ieve samplers were used
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Table 4, The effect of temperasture on the die-away of
spores of P, notatum exposed to TEG vapor

Average Sieve data Settling plate datsa
temperature KS‘ Kp Kg Kp
(°r)
83 2.1 20 9.2 13
105 2.4 about 45 12 about 47

8411 K values are expreseed in hours~l.

humidity during each test was 42 per cent (renge 41 to 43).
During the 83°F sxperiment the temperature rose from 79 to
86°F, while during the 105°F expsriment the temperature fell
from 106 to 104°F, Because of the unexpectedly rapld killing
at 105°F, only two pointe were determined for each vapor
curve, and thus the Kp values are approximations. Although

a definite increase in killing rate with both emsll and

large spore particles was evidenced at the higher temperature,
2 portion of this inoresse may have resulted from increased
vulnerability of the epores because of incipient germination
(4 hr in distilled water) prior to atomirzation. It is
doubtful that a coefficlent calculated for this range of
temperature (83 to 1059F) would hold for the range of temper-
atures (77 to 85°F) at which the rest of the experimental
data were collected., Jordan and Jacobs (1946a) calculated

and compared four temperature coefficlente (based on two
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different formulas) from the same dats collected using E,
£oll versus liquid phenol., They found that none of the
coefficients remalned conetant over equal segments of
temperature rise, A new and more constant {(but involved)
temperature coefficlent wae developed by these workers
(Jordan and Jacobe, 1946b)., Dats collected in the present
experiment were too meager to attempt to calculate & temperes-~
ture coefficlent for the fungicildal reaction tested,

Date on the effect of tempersture change on the fungi-
cidel action of TEG vepor in the range 77 to 85°F would have
been useful, but this information was not collected. Although
there undoubtedly would be some effect upon the rate of ac-
tion of TEG vapor if the temperature of the atmosphere were
ralsed from 77 to 85°F, thie effect wae neglected when com-
paring experiments conducted within this temperature range,
It was found that with the equipment available, chamber
temperatures could not be controlled precisely. VWhile the
cooling system would reduce chamber temperaﬁyres prior to
the start of an experiment, the cooling system wes not used
during an experiment, since TEG vapor and mold sporeg would
have been trapped in the cooling duecte and on the refrigerated
colle. On hot dayse, chamber temperatures would rise rapidly
deepite the insulatlion on the chamber, Moreover, a constant

cause for temperature risge was heat from the vaporizer.
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Although the effects of an 8°F temperature differential
in comparing tests showlng effective fungicidal actlon were
not ascertained, the dsta presented in the present study are
essumed to closely approximate the facts. Note that in splte
of the use of relatively high temperatures in several experi-
mente, the fungicldal effects were insignificant at the higher
relative humidity levels (Table 2). In order to smooth any
irregularities caused by temperature differences, the Kp
values of two or three experiments at similar relsative
humiditlies have been averaged and plotted as & single result

(cf. histograms discusced in the following section).

D. Effeect of Relative Humidity

Results of a typlcal test for the fungicidal action of
TEG vapor on air-borne mold spores are given in Figure 19.
The percentage relative humidity used (41.5 per cent) was
in the effective range; the average temperature wase 85°F.
Linee A and B represent data from sleve samples (use ordinate
to the right), while lines C and D are from settling-plate
date (use ordinate to the left). The left ordinate designates
gpores per minute eettling upon the area of a gtandard petri
dish. In the control portlion of the experiment it may be
seen that the mean die-away of the large perticles (¥Xg = 8.9)



Figure 19,

Graph showing results of a typlcal test for

the fungicidal action of TEG vapor on sir-borne
P, notatum spores. The dotted line represents
the point at which TEG vaporization was gtarted.
Linee A and B represent data from sieve col-
lection, while lines C and D are from settling-
plate date. Die-away constants are placed
beside the lines from which they were derilved,
The relative humidity and temperature of the
experiment were 41,5 per cent and 85°F
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which settle rapldly on open dishes 1s much faster than that
of the smaller particlee (K§ = 1.4) which remain suspended
in the air to be collected by sieve samples., Upon introduc-
tion of TEG vapor (moderately supersaturated) the smaller
particles were more sensitive to the killing action of the
vapor, 1.e., Kp for sleve samplee was 25, while for settling-
plate samples Kp wae 18. These values represent removal
(above that reculting from normal settling and eny other
causes) of viable spore particles from the air at rates
equivalent to 25, and 18 complete air-changee of the chamber
per hour, respectively. The fraction of the original number
of particles remaining after "x" air-changes of an.enclosed
space 1s given by e~* (Bourdillon and Lidwell, 1948c), and
thus the fraction remaining after 25 sir-changes in the above
instance would be 1/(2.718)25.

Figure 20 1llustratees the comclete lack of fungiclidal
power of TEG vapor observed when the relative humidity was
15.5 per cent and the temperature 79°F, The significance of
the symbols and other markings on the graph are the same as
on Figure 19. It 1s thought that the upwsrd shift of line B
at the point where the TEG vapor was introduced (dotted line)
might possibly be caused by an increased efficlency of the
sleve gampling device for larger particles formed by condensa-

tion of TEG vapor upen the spores,



Figure 20,

Graph showing the ineffectiveness of TEG
vapor against P, notatum epores at 15.5 per
cent relative humidity and 79°F. Lines A
and B repreegent data from sieve collection,
while lines C and D are from settling plate
data
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It 1s also evident that line D does not form a emooth
Junction with line C, The increased colony counts above
those expected from normel dle-away were not an uncommon
occurrence with settling-plate data from experiments con-
dueted near the fringe of effective relative humidities,
Sometimes the counts would lncrease and then fall somewhat
more rapidly than would be expected from normal settling.

At other times the settling-plate counts after vapor intro-
duction at high relative humidities would continue to become
higher than expected during the period of sampling (e.g.,
Figure 22, 1line D)., It is the opinion of the writer that
the explanation for this behavior may lie in the condensation
of TEG vapor onto the spore particles thus incressing their
size and weight, and yet not producing a killing effect be-
cause of inebility to diffuse rapldly into the casehardened
particles at low relative humidities or because of excesesive
dilution with condensed water vapor in the case of high
relative humidities.

As evidence in support of the above hypotheels glycerol
wes vaporized in place of TEG in one experiment. (Glycerol
had been found to be a very weak disinfectant againet spores
of 2, potatum in vitro, e.g., after 2 hr of exposure a con-
trol sample had & count of 116,000 spores per ml, while

counte from glycerol concentrations of 80 and 98 per cent
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were 110,000 and 81,000, respectively.) Figure 21 shows the
results of the experlment using glycerol. There was very
little if any killing of smell particles sampled with sleves,
The effect on larger particles (settling plate data) was a
gradual increase of counts above the values expected from
continuation of the control settling curve, A decrease in
slope resulted then, when the killing epparently was incon-
sequential, and when there was a presumed lncresse in
eettling of particles because of condensation of glycerol
upon them., If the test had been continued,one would have
expected the settling plate line to incresse in slope, 80
thet the overall settling perlod would have been shortened
because of the farster settling.

Using the above hypothesis, the behavior of settling
plate counts, which incresse and then fall somewhat more
rapldly than would be expected from normsl settling, might
be explained by delayed diffuslon into the particle. Or,
one might reason that since there were more particles
eettling immedlately upon vapor introduction, there would
be fewer left to settle, and the overall effect would be to
produce & dle-away line wlth a steeper slope. In the case
where settling-plate counts after start of TEG vaporizatlon
were greater than and continued to be higher than expected

(e.g., Flgure 22, line D), one might reason that the killing



Figure 21. Graph of 2 test of the effect of glycerol
vapor againet alr-borne spores of P, notatum.
Symbols have the same significance as in
Figure 19. Kp = total die-away resulting
fronm all causes
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Figure 22,

Graphs 1llustrating the ineffectiveness of
TEG vapor ageinst P, notatum spores at 90
per cent relative humidity and 85°F., Lines
A and B represent deta from sieve collection,
while lines C and D are from settling plate
data, The dotted line signifies poscible
lag in killing
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effect decreased because of dilution, and that TEG condensed
rather slowly because of the scarcity of TEG molecules in
the alr at high relative humldities. The combined effects
would result in the gradual increase in the slzes of the
particles thus causing incressingly-rapid settling during
the period of observation., In this case one would expect

& rapld revereal of the clope of the dle-away curve when
most of the spores had settled.

Figure 22 illustrates the ineffectliveness of TEG vapor
agalnst P, notatum spores at 90 per cent relative humidity
and 85°F. Again the symbols are the same as 1in Figure 19.
Note the rapld settling of spore particles in the control
veriod. Thirs i1g probably caused by reduced evaporation of
atomlzed droplets. The unexpectedly-high sieve counte at
line B may be the result of increased efficlency of the
sleve samplers for the presumed-larger particles after TEG
vopor has condensed upon them, or these data mey indlcate a
partial sigmold curve such as 1s commonly found when multi-
celled organisms are exposed to lethsl agents. The possible
lag in killing 1s indicated by a curved, dotted line., Berry
and Michaels (1947) and Jorden and Jacobe (1944), as well ae
others, have observed sigmold-type ourves when testing the
course of liquid disinfection of bacteria when the disinfectant

action was weak,
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W¥hen curves such as line D in Figure 22 were encountered,
1,e., where the dle-away was less than that of the corre-
sponding control period (resulting in a negative dle-away
constant), the effect was coneidered to be a phenomenon of
increased settling of particles without epparent killing.
Therefore, in order to take advantage of this additlonsal 1in-
formation (correct or incorrect) and also to present estimates
of the fungicidal effect of TEG vapors which were conserva-
tive (including some recognition of the increased settling
of particles having the additional weight of TEG in or on
them), the negative dle-away constants obtained from settling-
plate data in certain experiments have been added to the dile-
away conetante for the sieve data., For example, in Figure
22, in the test period, Kp was -4.,1 for settling spores while
for spores remaining air-borne Kp was 2.8 indicating a slight
killing effect over that of the control perlod; these two
were added giving -1,3 for the Kp reported as the value from
the sleve data. The "corrected" value -1.3 suggests that
increased settling predominates over killing effects in the
removal of viable spore particles from the air,

The experimental resulte of the effect of relative
humidity on the aerosoles by TEG vapor have been gummarized
by means of histograms, (Figures 23 and 24), The widths

of the bare designate the relative humldity range which



Figure 23,

Histogram showing the die-away effect, Kp,
resulting from the action of TEG vapor alone
on P, at sporee at varioue percentages
of relative humidity, These Kp values have
been calculated from data obtained by sieve
samples, The widths of the bars designate
the ranges of relative humidity occurring
during the experiments., The bars with the
lettere A and C immediately above them are
averages of two experimente, while the bar
designated as B 18 an average of three
experiments
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Figure 2’4’0

Histogram showing the die-away effect, Kp,
resulting from the action of TEG vapor alone
on P, notatum epores at varloue percentages

of relative humidity. These values have been
calculated from dets obtalned by settling-
rlate exposureg, The wldthe of the bars
designate the renges of relative humidity
occurring during the experimente. The
letters A, B, and C have the same significance
as in Figure 22
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existed during the teste. Figure 23 shows Kp valuee calcu-
lated from sieve samples. The Kp values have been corrected
ae indicated above, The bers with the letters A and C im-
medistely above them are averages of two experimentes, while
the bar designated with the letter B 1s an average of three
experiments., Thesge letters have the same significance in
Figures 23 and 24, Note that against particles of smeller
mean dismeter (i.e., those samples by sleve, Figure 23) TEG
vapor in saturated atmospheres was found to be comparatively
effective in the relstive humidity range of about 35 to 60
per cent. Unfortunstely the experiments at the fringes of
the effective range were made at the relatively high tempera-
tures of 84 and 85°F (experiments 4 and 12, Table 2) while
adjacent experiments in the ineffective range were made at
the comparatively low temperatures of 78 and 79°F (experi-
ments 3 and 13, Table 2), Thue the limits of the effective
range of percentage relative humidity mey be somewhat{ over-
accentuated,

Against particlee of larger mean diemeter (1i.e., those
sampled by settling plate, Figure 24) TEG vapor 1n saturated
atmospheresg wag found to be moet effective 1ln the relatlve
humidity renge of 40 to 55 per cent, Note that this 1s a
smaller renge than that found for emaller perticles, Aleo,

ae would be expected, TEG vapor did not prove as effective
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against the larger particles (Figure 24) as 1t did eagainst
the smaller (Figure 23)., The Kp values obtained for the
gmaller particles were approximately 16 in the effectlve
range, while the K values obtalned for the larger particles
were approximately 10 to 1ll. These results, except for the
magnitudes, are similar to those reported for bacterlal
particles (Looeli et al., 1947, p. 1393). The seriee of
negative Kp values in the high relative humidity range of
Figure 24 might be taken to indicate increased settling with

decrease in killing effect.
E, Viabllity of Spores Exposed to TEG Vapor

The viabllity of P, notatum spores in the presence or
absence of TEG vapor in air was tested. The average relative
humidity of the air in the test chamber was 45 per cent and
the temperature 78°F. The period of suspension of the spores
in the atmoepheres prior to collection was 10 min for the
control and 7 min for the TEG-exposed sample, All spores
were collected in sleve samplers and were incubated for 14
hr at 25°C. |

Photomicrographs of spores under both conditione were
made, It may be seen that in the control ssmple (Figures 25
and 26) most of the epores have germinated, while in the



Figure 25, Photomicrograph (x 190) of a field of mycelia
of 2, notatum developed from gpore particles
collected after & 10-min suepeneion in air of
45 per cent relative humidity and tempersature
78°F. Incubation wae for 14 hr at 250C

Figure 26. Frhotomicrograph (x 495) of the pame culture
as in Figure 25 sbove
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sample exposed to TEG (Figures 27 and 28) only a few have
germinated. Spores in the latter are readily identifled by
thelr smooth outlines., In & similar experiment in which
photomlicrographs were not mede, 1t was found by actual count
that the percentage of germination in the control test was
93 while in the test using TEG vapor the percentage was 13
after 8 min of exposure. Since the collected spores were
deposited in small groupe beneath each sieve hole, counting
wae readlly accomplished,

In order to approximate the amount of TEG deposited in
the 3 ml of ager on the collection slides during eampling,
the serial TEG concentration at 8 min (obtained from Figure
13) wsg used to eetimate the amount of TEG which passed
through the sieve during the sampling peried (2 min at 2 cfm).
The estimated concentration (0.2 per cent TEG) is far below
that exhibiting any inhibitory effects (cf. Mellody and
Bigg, 1946, po. 45-56).

Incubation of collection elides from other experiments,
such ar those presented in Figures 25, 26, 27 and 28, indi-
cated that spores exposed to TEG vapor for longer perliods
of time did not germinate after 5 days of incubation on

Moyer-Coghill agar.



Figure 27, Photomicrograph (x 495) of a field of spores
of P, notetum and seversl germinated spores
developed from spore particles collected after
& 7-min suspension in air supersaturated with
TEG vepor at 78°F and a relative humidity of

Ls per cent. Incubation was for 14 hr at
259¢C

Figure 28, Photomicrograph (x 495) of a field from the
same culture as in Figure 27. Slightly
different lighting wsae used



125




128

F, Posslible Decompoeltion Products of TEG

Becauege of a report by Grdn (1950, pp. 291, 292) that
the fungicidal action of TEG may be the result of a dissocl-
ation of TEG to form formaldehyde, 1t seemed desirable to
investigate possible decomposition producte of TEG.

TEG from the originsl bottle, TEG freshly-dletilled
under vacuum, and TEG remeining as a reeldue from the vacuum
distillation (temperature did not exceed 105°C) gave poslitive
tests for aldehyde by the Schiff and the Tollen reactions.

In the Tollen test a sllver mirror wae not formed; however,
8 black precipltate was formed and was conslidered a positive
teet. Presence of aldehydes in only trace amounts was indi-
cated slnce 1 to 2 ml of meterlel were required to produce

a poslitive reaction.

Paper chromatogravhy (solvent: n-heptane satursted
with methyl alcohol) of the 2,4-dinitrophenylhydrazine
(2,4-DNPH) derivatives formed from carbonyl components
present in Air Trestment Grade TEG or ite vapors (Glycoailre
vaporizer) indicated that formaldehyde wae present in TEG
fresh from the sealed bottle, in vapors (Glycoalre vaporizer)
of TEG taken from the experimental chamber, in vapors arising
when TEG wag heated in s bolling water bath while bubbling
filtered air through 1t, and in the reslduel TEG after a
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vacuum distillation and replacement of the atmosphere with
nitrogen, Because of the nature of the device used for
chromatography (chromatocoil) Ry values were not obtained.
Precipltates were 1dentified se having & formsldehyde com-
ponent when spote were present which traveled the same
distance as the control formeldehyde derivative.

Since it 18 rather clear (Wenkert, 19%56) that pure TEG
will not decompose to form formaldehyde by air oxidation,
by heat (ae applied to vaporize TEG), or by combination of
these conditione, 1t seeme likely that the formaldehyde in
Alr Sterilization Grade TEG must be there as the result of
the menufacturing process, To test this hypothesls, TEG wae
heated in a boilling water bath end alr was bubbled through
it and over into 2,4-DNPH solution for 5 hr. The weight of
2,4-DNPH derivatives precipltated in both veseele (after
cooling the TEG and sdding 2,4-DNPH solution) was 4,25 timea
as much as that formed in an equel weight of untreated TEG,
The greater quantity of precipiltate from the heated TEG 1is
probably not the 2,4-dinitrophenylhydrezone of formsldehyde
but appears to be other carbonyl compounds formed by dissooci-
ation of TEG, WNoreover, chromatogravhy of the 2,4-DNPH
derivatlives lndicated the presence of at least five components

(in addition to formaldehyde) from the degradation of TEG,
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Glycoaldehyde, glyoxylic acld, glycolic ecid, and
glyoxal were oconeldered ae possgible simple diseoclation and
oxldation products of TEG., Derivatives (2,4-DNPH) of glycol~
aldehyde, glyoxal, and glyoxyllic aclid were prepared and
tested by chromatography with 2,4-DNPH derivatives made from
carbonyl compounds present in the varlous TEG samples men-
tioned vreviously. None of the latter was found to compare
with glyoxylic aecid.

The 2,4-DNPH derivative of glycolaldehyde apneared to
be identlcal with that of glyoxal. This was thought to be
the result of the oxidation of the glycolaldehyde by 2,4-
DNPH so that a di-2,4-DNPH derivative equivalent to that of
glyoxal wag formed., The above type of reaction 1s common
with sugars, e.g., where glucose and fructose yleld the same
osazone (Fleser and Fleser, 1950). Since the 2,4-DNPH
derivatives of glyoxal and glycolaldehyde apparently were
the same, the formation of the 2,4-dinltrophenylhydrazone
could not be used to teet for the presence of glycolaldehyde.

There wae a faint spot on the chromatogram indlcating
the presence of a dicarbonyl compound other than glyoxal when
the glycolaldehyde derivative wae chromatographed. Thls
compound might ~oseibly have been formed by aldol condensa-
tion in the acidic 2,4-DNPH solution.
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It hae been found (Hammond, 1956) that when 2,4-DNPH
derivatives on chromatogranhlc paper are sprayed with potas-
glum hydroxide solution, the spote for the monocarbonyl com-
pounds are generally brown while thoee for the dicarbonyl
compounds are generally blue or purple., In addition, visible
anc¢ ultraviolet abesorption spectra for the 2,4-DNPH deriva-
tives of certaln known carbonyl compounds were furnished by
Hammond (1956)., Use was made of the above information in
studies of the 2,4-DNPH derivatives found in all samplee of
TEG tested.

¥hen paper chrometography with either of the two solvents
used in thie etudy was attempted for the known 2,4-DNPH
derivative of glyoxal and one of the derivatives prepared
from the TEG, no movement in either solvent occurred. Also,
both compounds nroduced a blue gpot when the paper was
sprayed., In addition, the abeorption spectrum obtained from
the unknown 2,4-DNPH derivative colnclided precisely with that
of the known compound (Figure 29). From the evidence at
hand, one of the 2,4<DNPH derivatives found from all TEG
samples was consldered to be glyoxal. However, the glyoxal
derivative may very well have originated from a glycolalde-
hyde component in TEG,

In the present etudy only formaldehyde and glyoxal {pos-

gibly originating from glycolaldehyde because of the method



Figure 29. Absorption spectrum of a 2,4-DNPH derivative
of a compound present in vaporized TEG. The
solvent was dloxane
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used) have been tentatively identified as components of the
degradation of TEG, Further work is necesgary to establish
the nature of other components which appear on the paper
chromatogrems of the 2,4-DNPH derivatives.

Several compounds which are consldered to be possible
dlssociation and air oxidation products from TEG (i.e.,
glycolaldehyde, glyoxal, glyoxylic acid, and glycolic acid)
were tested as vapors (present in quantitlee to produce a
vieible fog) in the experimental chember for their effective-
ness as &lr dlsinfectante agalnst spores of P, notsgum.

These resulte are summarized in Table 5.

Table 5. Dle-away constantes obteined when suspected dls-
sociatlion and alr oxidstion products of TEG were
tested as vapors (present in concentrations
sufficient to produce & visible fog) against
air-borne spores of P, notatum

Compound Sleve data Settling Average
tested K8 K rlate data temperature

8 D et

g Kp
(oF)
glycollc acid 2.3 about 130 10 51 82
glycolaldehyde 0.64 about 130 9.2 50 7
glyoxal 2.5 20 9.0 18 85
glyoxyllic aeid 0,95 70 7.5 39 82

1l

8411 K values are expreesed in hours™i.
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The Kp values obtained indicate that glycolic acid and
glycolaldehyde are flve to six times as effective air disin-
fectants as TEG whose largest KD values were 20 to 25. Gly-
oxyllc acid was found to be about twice as effective, while
glyoxal was found to be of the same order of effectiveness
as TEG, Except for glycolic acld all of the compounds
listed in Table 5 were vaporlzed from s steel plate, This
wag done to avold possible danger of exploslon which could
poseibly occur by using the electric motor of the glycoslire
vaporizer,

Formaldehyde, which was ldentifled as being a component
of Alr Treatment OGrade TEG, 18 a well-known air disinfectant.
Whether there 1s enough formaldehyde present to account for
the effectliveness of TEG wvapor is not known.

Precise quantitative studles on the amounte of carbonyl
compounds found in TEG vapors were not conducted. However,
from crude estimates of aerial TEG concentration during an
8-hr collection of vapors in 2,4-DNPH solution, 0,224 g of

precipitate were obtained from approximately 2.2 g. of TEG,
G. Effect on Dry Spore Partlcles

In a single experiment,dry spores, blovn by compressed

alr from an agar slent, were tested against supersaturated
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TEG vapor with a relative humidity of 51 per cent and tempera-
ture of 81°F, It was found that the Kg and Kp values for
the smaller, sleve-collected particles were 2.2 and 12, re-
spectively, while thoee for the larger particles (collected
by settling plate) were 3.2 and 9.7, reepectively. These
veluee indicate that dry spores are more reslstant to TEG
vapor than spores from aqueous suspensions, the resietance
being of the same order of magnitude ae the larger, rapldly-
settling atomlzed particles (i.e., Kp = 10 to 11).

With both slzees of particlee a lag perlod of 4 to 5 min
was observed before killing sction was evident. This wae
contrary to the behavior of molst spore particles, The lag
wee possibly the result of slower diffusion of TEG into dry
particles, A comparison of the behavior of atomlized spores
and dry epores revealed a rather marked dlfference in the
control-perliod dle-away constants for settling particles,

In the former case the Kg values were about 8 to 10 at rela-
tive humidities of near 50 per cent, while in the latter
inetance the Xg was observed to be 3,2, This indicates that
the average size of the largest dry-srore particles was only
about 5.@/&, while the mean slze of the largest atomized
particles was found to be about 9.3« (unit density being
assumed for both dry and moiet particles). The more limited
slze distribution of the dry spores ies reflected in the
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closer K; values (9.7 and 12) found with collection-plate
and sleve samples, respectively, as compared to Kp values
of ebout 10 and 18, respectively, for atomized spore

particles,

H. General Discussion

In expressing the rate of removal (dle-away) of spore
particles from alr 1t has been asgumed that the numbers being
removed in successive short intervals of time are rroportional
to the numbers present at the beginning of each intervel,

il.e.,

where N is the number preeent at time T (in minutee) and k
is & proportionality conetant. Integrating from Ny to Np
and Ty to Tp results in

in Nz - 1n Nl = -k(Tz - Tl) .
Converting logarithme to the base 10 and using K to exrress

the dle-away per hour provides the form used for caloulating

the Kg, Kp and Ky values reported hereln:
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K = 138 (logloNl - logloNg)
t2 - 13

where ¢ and tz are in minutes.

Mellody end Bigg (1946, pp. 45-56) have investigated
the fungicidel action of TEG wvapor on spores of P, notatum,
concluding that supersaturated atmospheres of TEG are neces-
sary for optimal killing. The range of relative humidity
for most effective killing was given ae 45 to 60 per cent.
The range found in the present study (35 to 60 per cent)
agrees falrly well. However, the results of Mellody and
Bigg, which show that supersaturated vapor conoentratiohs
are more effectlive than nearly saturated atmospheres, were
not borne out hereln,

Puck (1947a, pp. 729-739) has calculated the time re-
quired for collielon of aerosol droplets and bacterial
particles, and aleo the time required for the collision of
vapor molecules (to bulld to a killing concentration) aend
bacterial particles. The former spparently would require
approximately 200 hr, while the latter approximetely U4 sec.
While spores of P, notatum etudled herein are conelderably
larger then most bacterla, 1t 1ls belleved that this fact
could not be sufficlent to greatly slter the general nature
of the calculations of Puck., It is thought, therefore, that
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the results of the present study (that supersaturated at-
mospheres of TEG ere no more effective than saturated at-
mospheres) suprort the computations of Puck.

Using the method of Keye and Adams (1950, pp. 661-663)
for measuring TEG vapor concentration, it wae discovered
that the particular lot of CP sgulfurlic acid used made con-
eiderable difference in the color reaction. To avold vari-
atlon in the color reaction one lot of sulfuriec acld wae
uged throughout thils work, The resction was found extremely
eensitive to moisture., This was evident by the observation
that blowing sulfuric aclid from pipettee was found to add
enough molsture to influence the results.

Microscopical observations of ungerminated spores indl-
cated thet TEG vapor doee not rid the salr of spores entirely
by eettling them., The conclusione of Nagy and Mouromseff
(1950, pp. 593-595; 1951, pp. 698-699), that TEG producee
ite effect only by settling bacterla, stand alone among those
of scores of other workere. More information is needed,
however, regarding the importance of increased settling in
reletion to the killing effect. In the present study,
gimultaneous observation of both settling spore psrticles
and those remaining in the air, and the "correction® (applied

from information obtained from settling epores) of dle-away
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constants attributed to killing wes an attempt to distinguish
between the settling and killing effects.

The finding by Grdn (1950, pp. 291-292) that formalde-
hyde 1s vresent in TEG vapors has been confirmed by the
present etudy., However, 1t is believed that the formsldehyde
does not come from the dissoclatlion of TEG (VWenkert, 1956).

The significance of the dissociation products of TEG
and further air oxidation of these compounds, is not known.
It 1 possible that eome of them (at least five were indicated
by chromatography) may at least contribute to the germicidal
or funglicidal action of the vapore. These compounds appear
to be present in rether small amounte in the vapors. Before
any concluslons ae to the significance of the compounds

can be made, quantitative studlee are needed.
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V. SUMMARY AND CONCLUSIONS

The apperent killing rate of air-borne spores of P,
notatum by TEG (triethylene glycol) vepor was investigated
with respect to relative humidity and vapor concentration.

A brief obgervation of the effect of temperature on the re-
action also wae made. In additlon, the mechanlism of action
of TEG was investigated with regard to the guestion of re-
moval of spores from alr by settling as opposed to killing.
Moreovsr, the possibllity of the mode of actlion of TEG
through degradation producte was studied. A statlo-type of
obgervation (non-continuoues air-flow) was used in conducting
studlies in an experimental chamber,

The average particle size of the spores atomlzed from
aqueous suspenslon throughout these studlies was calculated
to be 3.2/L by use of Stokes Law., By collecting these spores,
vapor-t{reated and non-vapor trested, from the alr and ob-
serving them microecopically after various incubetion perilods,
1t was dlscovered that 87 per cent of spores of P, notatum
exposed to TEG vapor for a perlod of 8 min did not germinate
after 14 hr. Upon incubation of spores exposed for perlods
of 23 min, 1t was found thst in some cases 100 per cent of
the spores falled to germinate after 5 days. It was concluded
that spores of P, notatum were not merely settled by TEG,
but that a killing effect was evident.
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Results of vapor concentration studies indicated that
at the relative humiditles of the test (about 50 per cent)
the vapors of TEG were essentially ineffectlive against spores
of P, notatum until about 2/3 saturetion was reached. At
about 3/4 ssturation, the vapor wae as effective as at near-
saturatlon or at supersaturation,

On teeting relative humidities ranging from 15 to 90
per cent, the effective range of action for TEG vapors
agalnst the spores wag found to be 35 to 60 per cent relative
humidity, with & rapid drop in aétlon outelde thls range.

The most effective reletive humidlty range at temperatures
of 76 to 85°F was 40 to 50 per cent.

The effect of temperature on the action of TEG wvapor
was investigated by exposing a portlion of a spore suspension
to the actlon of supersstureted TEG vapor at 83 and another
portion at 105°F. The killing rate at the higher temperature
wag more than double that at the lower, It should be men-
tioned, that the increased killing rate at the higher temper-
ature could have resulted, in pert, from the incressed
vulnerabllity of the spores because of inciplent germination
(4 hr in dietilled water) prior to atomization. The confounding

effect of temperature on measurements within the range 76 to 8 5°F
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was thought not to be serious because of the rapld drop in
effectiveness et the extremes of the relative humidity range.

Dry spore particles (mean diameter sbout 5.4u) of P,
notatum were found to be killed by TEG vapor. However, they
proved more resistant than spores satomized from agueous
suepension.

In studying the possibllity thet degrsdation products
of TEG could be the effective fungicidal agents in TEG vapore,
it wae found that formeldehyde was present in TEG Alr Trest-
ment Grade, in vapors of TEG taken from an experimental
chamber, in vapors arising when TEG was heated in a boliling
water bath while bubbling air through it, and in the residual
TEG after vacuum distillation.

The existence of glyoxal (probably derived from glycol-
aldehyde hecause of the analytical method used) in TEG
vapors or the liquid, even after dietllling off half of the
material, was demonstrated by absorption spectra and chromato-
graphic behavior of ite 2,4-dinitrophenylhydrazone. Other
probable dissoclatlon products of TEG or poesible producte
of further alr oxidatlion were obeerved on paper chromstograms
but were not identiflied., These producte conslisted of both
mono- and dicarbonyl compounds (about four or five in all).

Several compounde which were postulated early in this

study as poseible degradation products of TEG (i.e., glycol-
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aldehyde, glycolic acid, glyoxal and glyoxyllc acid) were
tested as vespors (present in quantities to produce a visible
fog) againet spores of P, nota . Results obtained indlcate
that glycolaldehyde and glycolioc acld are five to six times
as effective air disinfectants as TEG, Glyoxylic acld was
found to be twlce as effective, while glyoxal appeared to

be of the same order of effectiveness.
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Figure 1.

Phase diagram (reproduced from Puck, 1947b, p.
748) showing the maximum relative percentege
of the pure germicide vapor pressure which mey
exist in reletion to the exieting percentage
relative humidity. The mole-percentage
germicide in the condenelng vapors 1s also
glven



Figure 2, Photograph of the experimental chamber and some
of the equipment used for serlsal disinfectant
studles

Flgure 3. Photograph of the experimental chamber showing
support on two timbers



Figure 4,

Figure 5,

Photograph of the top of the experimental
chamber showing insulated air cooling ducts
including blower at left, refrigerated colls
at center; and alr filter at right

Photograph of floor of experimental chsmber
showing fan, with vaporlzer benesath, petri
dishee, and sleve ailr ssmplers at the far
end, The rod in the foreground was used for
removing petri-dish lids



Flgﬂra 6.

Flgul"@ ? »

Photograph of the vaporizer used., Note glass
tape running over two pulleys, and heating block
to the left and below the top pulley. Reservolr
ie beneath the lower pulley

Sieve alr-ssmpling device (duBuy and Crisp,
1944, pp. 829~832%. A" 1g gleve top which
mounts onto "C" which containg petrl dish.
"B* ghows the esgembled sampler



Figure 8., Photograph of & medlfied MHoulton alr sampler
(Moulton et al., 1943, pp. 51, 52). Vieible
from left ere the atomizing chsmber, bubbling
chamber, and Kjeldahl trap

Figure 9., Photograrh of three atomlzers used, "A" is a
De Vilbies~brand atomizer. "B" 1s a specially-~
modified De Vilbies atomizer, and "C" is a
De Vilbiss No. 44 nebulizer



Figure 10.

Apperatus used to calibrate air flow-rate. A% water manometer;
¥BY, tank of water; “C%, 5-gal glass jar' Hp®, sleve air

samylar with funnel claaps& on top; "E¥, water trap; b A
flowmeter; and "G%", line to vescuum pump



Figure 11. B8Standard curves obteained for determinatlon
of serlial TEG concentrations at varlous
concentrations of water by the method of
Kaye and Adems (1950, pp. 661-663)
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Figure 12,

Relationship between the amount of water in a
10-ml, TEG-sulfurlic acld sample and the
reciprooal of the slopes, K, of the linees
showing the relationship between optical
density and milligrame TEG in the 10-ml
sample (of. Figure 11)
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Figure 13.

Graph showing the increase in serial 7TEG
concentration in the experimental chamber
during separate experiments when the
commerciasl veporizer (Glycoaire) was run
at full capaclty



Figure 14, Craph of the settling of spores ss collected
by settling plates. The relative humidit
wae 51 per cent and the temperature 76.5°F,
Decrease in settling rate is indicated by
the broken line



Figure 15, Graph showing settling of P, atum spores
in relatlively quiet air, The relative
nugg;ﬁity wee 48 per cent and the temperature
76



Figure 18.

Graph showing dste from Figure 15, except that
the plot hasg now been transferred to semi-
logarithmic coordinates
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Figure 17.

Graph of date from Flgure 15, except that
the plot hae now been transferred to logarithmle
coordinates



Figure 18,

Broken-~line graph showing the approximate
relationshlip be%w&eg aer%al TEG concentration
end dle~away rete, Kp, of B, notatum spores.
The three pointe ét 6&9 right of the figure
represent resulte from gupersaturated
atmoepheres, Bleve samplers were used



Figure 19. Graph shovwing resulte of a2 typlcal test for
the fungieidal asction of TEG vapor on alr-borne
. B, notatum spores, The dotted line represents
the point at which TEG veporizeatlon was started,
Lines A and B represent date from sisve col-
lection, while linee C and D are from settling-
plate data. Die-away constants are placed
beslde the lines from which they were derived,
The relative humidity and temperature of the
experiment were 41.5 per cent and 85°F
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Figure 20,

Graph showing the ineffectiveness of TEG
vapor agalnet P, notatum epores at 15.5 per
cent relative Eﬁﬁiﬁlty and 79°F, Lines A
and B repreeent date from sleve collectlon,
while lines € and D are from settling plate
data



Figure 21,

Graph of o te&ﬁiarbgha effect of glycerol
vepor againet slr-borne spores of P n%gaggm.
Symbole have the same aigniriaansa"ﬁh n
Figure 19. Kp = total dle-away resulting
from all causes
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Flgure 22.

Graphs 1llustrating the ineffectiveness of
TEG vepor ageinst P, notatum spores at 90
per eent relative humidity and 85°F, Linee
A and B represent dats from sgleve collectlon,
while linee C and D are from settling plate
data. The dotted line signifies possible
lag in killing



Figure 23,

Histogrem showing the dle-away effect, Kp,
resulting from the action ai TEG vapor alone
on P, ng%%“ spores at various percentages
criggiat ve humidity. These Kp values have
been caloulated from data obtained by sieve
gamples, The widths of the bars designate
the rangee of relative humidity occurring
during the experimente, The bare with the
lettere 4 and C immediztely above them are
averages of two experiments, while the bar
designated ae B is an average of three
experimente



Figure 24,

Histogram showing the die-away efrfect, Kp,
resulting from the action of TEG vepor alone
on P, notatum spores at various percentages

of relative humidity. Theee velues have been
calculated from dats obtailned by settling-
plate exposures. The widths of the bars
deslgnate the renges of relative humldlity
occurring during the experiments. The

letters A, B, and C have the same signiflcance
a8 in Figure 22



Figure 25. Photomicrograph (x 190) of a field of mycella
of P, notatum developed from spore partlicles
collected after & 10-min suepenelon in air of
L5 per cent relative humidity and temperature
78°F. Incubatlon was for 14 hr at 250C

Figure 26. Fhotomierograph (x 495) of the same culture
a8 in Figure 25 asbove



Figure 27.

Figure 28,

Photomicrograph (x 495) of a fleld of spores
of P, notetum snd several germinated spores
developed from spore particles collected after
e 7-min suspension in eir supersatureted with
TEG vepor at 78°F and a relative humidity of
hggger cent. Incubation was for 14 hr at

2594 ‘

Photomicrograph (x 4958) of a field from the
same culture as in Figure 27. Slightly
dlfferent lighting was used



Figure 29. Absorption speetrum of a 2,4-DNPH derivative
of a compound present in vaporlized TEG, The
solvent was dloxane
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