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Professor Don M. Yost under the Mational Defense Ressarch Commitiee
Contract B 102, Section B6, OEMsr-28, with the California Institute of
Technology. The results have been presented previously in reports to
the N.D.R.C. (1, 2, 3). This research was undertaken to study urgent
chemical warfare problems which had arisen and actually represents only
a small fraction of the intemsive work in this country that has been
devoted to furnishing satisfactory protection against the toxic chemical
agents of battle. The experiments, although fundamental in nature, were
planned with the specific practical objective of affording an understanding
and a correlation of the processes actually occurring in gas mask ab-
sorbents in order that it might be posaiblo to design better canisters.



Possibilities for further interesting research in this field were
indicated by the results obtained, but the urgency of other war
problems prevented the logicsal extension of this program.

Since this thesis deals with research and development done in
cooperation with the armed services, it must, of course, be classified
as "confidential." Because a large portion of the scientific litera-
ture dealing with the subjects of interest exists as classified reports
which were not available to the author, the bibliography is un-
fortunately severely limited.

It is earnestly hoped that the work reported has contributed
significantly to a satisfactory chemical warfare development program.



INTRODUCTION

The use of chemical agents on a large scale in battle and the
spectacular results of the "gas" attacks that occurred in the First
World War are well known. Highly effective chemical warfare tactics
were devised whereby substances extremely toxic to humsns were dis-
persed over the battle fields to harass, injure, and kill the enemy.
According to Prentiss (4) the most extensively used class of agents
and the class acoounting for the greatest number of fatalities con-
sisted of the nonpersistent "gases." These substances had relatively
small molecular weights and low boiling points; so when released,
they quickly vaporized and mixed with the air. Even wit considerable
dilution the quantities that were drawn into the lungs of the person-
nel with the inspired air and absorbed were capable of producing
serious casualties. That these newly invented chemical tactics did
not determine the course of the war was due partially, at least, to
the development of adequate protective msasures.

Protection against the nonpersistent gases was afforded by gas
masks in which the inspired gases passed through a canister of suit-
able absorbents that removed the toxic constituents. Charcoal has
been found to be the best practical sbsorbent for these purposes;
all the present dey combat gas masks employ a bed of granules of some
charcoal material. The original char, which may come from various
sources, is usually activated by uuitabli oxidation processes and may
be impregnated with substances which greatly enhance its absorbing
powers. Recipes for producing the adsorbents are different in every

country and are being constantly modified to yield improved products.



The welight and size of a canister which the troops carry on
their person must be kept to an absolute minimum econsistent with
"adequate protection", and a very thorough and careful design of the
gas mask is essential. For proper design the most nearly complete
information possible concerning the kinetics of abaorption and the
processes occurring have proved imperative. Final testing of canisters
mast, of course, be performed with the war gases at concentrations
that can be encountered in the field in actual or simulated breathing
tests. For purposes of economy, howevsr, a preliminary development
program must be based on a large number of tube tests. In such tube
tests the air-gas mixtures may be passed at a constant rate into a
bed of the charcoal absorbent supported in a small tube, Either
physical or chemical means may be utilized to detect or measure
quantitatively the amount of toxic material remaining in the bed or
lsaving with the effluent gases. The data which can be gained from
the tube experiments may then be anslyzed to yield information con-
cerning the kinetics of the absorption. The correlation of these
lkdnetics studies to actusl canister behavior may follow; although it
has been found that considerable care must be exercised in extending
the test results to properly account for maximum flow rates and the
usual shallow bed thickness in canisters.

If tube tests are analyzed extensively by chemical methods to
determine chargoal performance, a large number of quantitative
analyses may be involved. The value of physical methods by means of
which the concentrations can be measured at frequent intervals,or

perhaps be automatically recorded, can be well appreciated.



Yost, Dodson, and Cooley under a previous N.D.R.C. contract (5)
developed techniques and constructed instruments for determining the
relative intensity of radiation emitted per unit volume by a radio-
active substance contained in a flowing gas stream. Counters of the
Gelger-ilueller type for measuring essentially the beta radiation were
employed in conjunction with ratemeter type electric circuits. The
ratemeter produced a current through a milliammeter which was directly
proportional to the counting rate of the counter tube. By the use of
recording meters a continuous record of the radicactivity could be
obtained. After the proper correction for radioactive decay, the
activity per unit volume of a gas, in which a single radicelement was
present, would be essentially proportional the concentration of that
particular element in the gas with an accuracy determined by the in-
herent statistical fluctuations. It is to be especially noted that
the concentration of the tracer element would be obtained, regardless
of the various molecular states in which it might exist. The chemical
properties and behavior of the compounds containing radiocactive iso-
topes are not different in any important respect from those of the
same compounds containing only non-radicactive isotopes.

The use of the above method for determining concentrations was
applied in studies of the absorption in tube tests of the two gases,
arsine and phosgenie, as described in this thesis. The radiocactive
indicator technique permitted a number of interesting experiments.

It was possible to obtain continucus records of concentrations in the
effluent gases from the charcoal tubes. The identification of chemical

compounds could be asccomplished by selective removal of the components



from the gas stream and the subsequent measure of the residual activity.
Also, it was found feasible to measure the quantity of radiocactivity
deposited in the charcoal as & function of either time or the position
in the bed.

In addition to the naturally occurring radicactivity there have
been preparsd and identified in recent years a large number of arti-
ficial radioactive isotopes, including those of nearly every element.
A table of the known radioisotopes has been prepared by Seaborg (6).
For charcoal tube tests it was necessary to have available an un-
stable isotope of at least one of the elements of the taxic compound
with a half life sufficiently long so the activity could still be
accurately measured at the end of a two or three hour experiment.
Rather high activities of these isotopes were required. As small a
fraction as 10~* of the original radioactive sample was needed for
measurement. If a concentration of 0.1% of the initial concentration
was to be detected as 10 counts/min,, about one half of a low back-
ground, and the efficiency of counting was 5%, which was essentlially
a geonetry factor for energetic beta radiation, then an original
activity of at least the order of magnitude of 2 x 21.09 counts/min.
or sbout a millicurie was required. (One millicurie may be defined
as 2.22 x 107 disintegrations per minute.) ' The larger cyclotrons
constitute the only present day source of activities of this magnitude.
Beta radiation with energies of at least 1 MEV. was the most convenient
for measuring; although activities for O particles with energies as
low as 0.1 MEV. could be obtained. An efficlient and rapid synthesis,
requiring not more than one or two half lives, of the compound to be
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used from the target materisls of the bombardment was essential.

It is not possible to prepare an isotope of some elements with a
suitable decay_ constant and in quantities sufficient for tube test
exparimenta; the method is somewhat limited for this reason. In
case satisfactory isotopez could be obtained for more than one of the
elements of a compound of interest, the behavior of each of these
elements could be observed.

Arsine, Aslig, is a coclorless gas with an unpleasant odor and
condensing at =55°C. It is a systemic poison, extremely toxic; and
the inhalation of small amounts can result in death several days after
exposure, according to Henderson and Haggard (7). Its value as a war
gas is doubtful in view of the ease of its oxidation and decomposition
and its low boiling point. It may, however, be considered as an example
of a gas that can be easily oxidized on the catalytic charcosl surface.
Arsine may be prepared from radioarsenic; the isotope that can be con-
veniently utiliged is As'*., The rediation is 5+, @ ,and ¥ . The
beta radistion is quite emergetic, 0.9 MEV. for © and 1.3 MEV. for
B7(6). Its half life, 17 days, is moderately long, so the tube tests
may be conveniently carried out. The radiation from radiohydrogen is
so feeble, 0.02 MrV. (6), that it could not be used.

Phosgene, COClz, is 2 colorless gas with the odor of mouldy
hay; it boils at 8°C. It is primarily a lung irritant of high toxi-
city, and smell dosages may result in fatalities as long as 24 hours
after exposure (4). In the presence of water it may hydrolyze on
the charcoal surface to give the acid products HCl and CO:. Since

it can be cheaply prepared, it has been one of the most widely used



and effective of the chemical warfare agents. The carbon isotope cld
is available. It emits P radiation, 0.95 MEV. (6), half l1ife 20.5
minutes (8) which is satisfactory for use., Alse, rediochlorine, 0138,
@~ radiation of 1.1 and 5.0 MEV. and ¥ of 1.65 and 2.15 MEV., half
life 37 min. (6), can be used. Both its beta and gamma radiation are
extremely penetrating. The known unstable isotopes of oxygen, 015
and 019, have half lives of 126 sec. and 31 ssc. respectively; these
are too short to be useful. Indeed, the half life of 20.5 min. for
radiocarbon represents very nearly the lower limit that could be

utilized for experiments of this sort.



MATHEMATICAL INTRODUCTION

Theoretical considerations have yielded several mathematical
equations for describing the results of tube tests. The aim of a
theoretical treatment is the definition of a relatively few para-
meters, such as absorbtion capacity and absorption rate constants ,
which will characterize the worth of the individual charcoals. The
concentration of material in the gas stream or retained on the sur-
face of the charcoel may possibly then be calculated as functions of
the time and the position in the bed, these functions containing the
assumed parameters. The actual concentrations can then be compared
with the calculated values. If the calculations are satisfactory,
values of the parameters can be obtained from a small number of ex-
periments. The performance of a charcoal under different conditions
or in actual gas mask use may then be calculated. Some mathematical
treatment of the problem is essential if any correlation between ex-
periments is to be obtained because of the large number of variables
and the complexities involved.

¥When the absorption studies were started, there were available
in N.D.R.C. reports only a few very fragmentary discussions (7,8,9)
of the mathematical expressions that pertained. The lack of suit-
able system for designating reports by the N.D.R.C. at that time
prevents satisfactory references to these from being givem. The
following mathematical treatment, guided by the available information
in the reports, was accordingly worked oujt. for the purpose of inter-
preting the tube tests with radicactive indicators.
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Definition of Symbols. The following symbols may be defined.

A = cross-section area of the tube (cm.?)

¢ = concentration of gas in air stream at x and t (mg./1.)

o= influent concentration of gas (mg. /1.)

L = length of absorbent bed (cm.)

N = concentration of "gas" absorbed in the bed, mg "gas"/cc.
absorbent

t = time (min.)

t'= inlet time for a particular increment of the air stream (min.)

X = distance of a point in the bed from the inlet end (cm.)

v = linear velocity of flow within the bed (cm./min.)

V = volumetric rate of flow (1./min.)

General Considerations for Tube Tests, A eylindrical tube,
packed with homogeneous absorbent, through which flows an air stream
that carries an absorbable gas was considersd. The concentration of
gas was assumed to be so small that no appreciable change in the linear
velocity occurs because of its removal.

It is possible to set up a general differential equation from
a mass balance over an infinitesimal section of the absorbent bed.

v

cz=Cy
\\/Q.:}/\\/(\Ol\f)\ N i
C=C(X.1), N=N(x.1) 1
ax
L T Frg. A
| N=NILT)

C=C(L,1) ‘V



In the portion of the bed between x and x + dx, indlcated in Flg. A,
the rate of removal of material from the air stream with respect to
time would be

-V[c (x+ax, t +dx) - e(x,t)],
In the expanded form, negleaggng differentials of order higher
than one, this becomes | |

-V[c(x, t)+(_3_§_)t dx + (g‘s)x %p_:_ - cofx, t)]'

The rate at which material appears on the absorbent is

Adx ( IN

. Jt/y
Since the rate of removal of gas from the alr stream must egual its
appearance in the bed, the above expressions are equal; thus

) e )]

x
A conslderable simplification may be achlieved if the independent

variables, x and t, are transformed in the following way.

X =X ; t.' =t—§

By means of this tranasformation equation 1 is changed to

(‘%‘%)x - 3 (fﬁ)t: (2)

«

Equation 2 contains no mechanism considerations but is only a state-
ment of the Law of Conservation of Matter. Hence it is general and
applies to any tube test experiment.

The quantity, ¥, is ordinarily very small, of the order of
0.1 sec. Therefore t' can be treated essentially the same as the

variable, t. The statement of the kinetics or mechanism may then
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J N

comprise a differential equation in which (d f')x is expressed as a
function of ¢ and N. Upon solving this equation and equation 2
simultaneously in accord with the boundary eonditions, N and ¢ will
be obtained as functions of t and x.

Case 1. A useful and convenient solution is obtained in case
the charcoal is assumed to have a saturation capacity, N,; and if
the rate of pick-up by the charcoal is assumed to be proportional
to the concentration of gas in the air stream and to the unfilled
capacity of the charcoal at any point and instant in question. The

differential equation applies

(3)
(The usual convention has been to call the unfilled capacity of the
charcoal N. Eguation 3 would then be
d K.
(%) - ¥ )

X

However the concept of seaturation capaeity is definitely & mechaniam
assumption, By choosing to designate by the symbol, N, the capacity
filled with toxic, the generality of equation 2 is enhanced.)

Equations 2 and 3 may be solvad for the boundary conditions
which corraspond to normal tube testing.

Mt =0, N=0for0<x<L

At x -O,c=cgfortl)0

From eguations 2 and 3 there obtains

"% (%%)t' = ke (N, -§) | (5)
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Differentiating equation 4 with respect to t/ and eliminating

(N -N) m(‘%‘% ) L by means of equstions 2 snd 5, there results
upon rearrangemsnt the second order partial differential equation
which does not inelude N.

L e (32), (30, n (3, - e

The sxpression on the left hand side is a perfect differential
with respect to x and conseqguently can be integrated immediately to
yield

i‘(‘%’g'f)x DI O n

where £ (t') is a function of ¢’ only. From the boundary condition,
e =g for +') G et x = 0, 1t appears that f (') = ke,. Using this
value for ¢ (1') and integrating for constant x gives
1n (___Eg:ﬂ) . Koot ¢ gx) (8)
C

where g(x) is a function of only x. kearranging terms to obtain an

explicit expression for ¢ gives
ket
o= co® 1‘ o

[, ST as(x)]

(9)

But if this value for ¢ is substituted in eguation 3 and integrated
for constant x fromt' = Otot’ = ¢’ s the solution involving N is
obtained

1n ( No - ‘L_) L in|_ 1. e 8% } (10)
No o K100t | , 8(x)




Thus, solving for N,-N and N

(No-ﬂ)-no[1+af(x) },m:usﬂo ekl%f"-.ll ](11)
JGC b 8(x) , Kcot’  elx) |

There remains now only to identify g(x). A differential equation

for g(x) is obtained by writing equation 5 in terms of ¢ and g(x)
de ) caoklcot %ﬁ o &(x)
)., -

JIx T 4
Ix [eklcot v o BX) ]

kjegt’
; _,lclAc(No -N) L ka el e ° [; .o g(X)]

- (12)
v v [kl"o"" g(x) ]2
@ + e
Solving for ive
ving g(x) %. s NgkjAx
v
g{x) = 1n Ile -1 ‘ (13)
where I is a constant of the integration. I,, evaluated from the
boundary condition, is 1. The complete solution for Case 1 may now
be written Nokj Ax
v
ln f£ -— 1) = / )
(c ket +1n \e -1 (1ha)
or alternatively )
kjcot
o - —02 (14b)
ket Nokj Ax
e -l+e V
and
. [
‘cho*'
N=N e =1 : (15)

o [ et . 1“fo}v‘l‘“"
8 e -1



The equation lia has been especlally useful. As far es is
known, it was apﬁarently first applied in this war by the British;
and it has been given the name, Hinshelwood's equation. The details
of Hinshelwood's treatment have not been available; however the
equation in the form of lib was used in the last war. A derivation
by Bohart and Adams (9), who assumed equations of the form 4 and 5 in
the variables x and t, was published in 1920.

If for a single tube test the toxic concentration in the ef-
fluent is measured as a function of time, ecuation lha predicts that
the function, ln( ;.‘2. -1 ) s plotted against the time will be a straight
line with the slope; -klco. Such a procedure may be used to test ex-~
perimentally the validity of the original kinetics assumptions and the
resulting equations. If approximately a straight line is obtained,
then numerical values for k, and Ho may be calculated for the parti-
cular gas and charcoal from a single experiment, It also appears
from Hinshelwood's equation that toxic material penetrates the bed in
increasing amounts after the start of the test at t «0. In practice
a break is considered to have occurred when some detectable concen~
tration of gas, ¢, penetrates the bed. If the time, at which this
concentration is observed in the effluent, is designated as the life,

', of the bed, then for a bed of length, L, the equation may be written
’ »

¢
loge(...a.%..l) ‘“‘kleot'b* 1in /;DEQ?A.I.‘__ L ) ‘ (16)
e -

It _3_59%_]_._‘5‘_1‘__ is sufficiently large, then



=lbm

c '
1058(-3% --1) = = koot + NokgAL (17)

Thus, as L increases, the life-thickness, tt', - L, curve should
approach a straight line, From the slope of this line and from its
intercept both kl and N, may be calculated provided the value of

cb is known.

Case 2. In the derivation of Case 1 it was found that N could
be eliminated between equations 2 and 3 and the resulting differential
~ equatlion of second order for ¢ could be integrated immediately. In
general, the integration can not be performed so easily. It was found
however that a satisfactory solution could be obtained for the case
in which the rate of absorption is proportional to only the gas con-
centration in the air stream for a region where the absorbent is not
saturated. Such a condition might be approximated if the rate de-
termining step was the transport of the gas to the charcoal surfacs.

In place of equation 3 in Case 1, the two kinetics equations may be

written
(—3—%—) = keo for NN, (18a)
x
I N
P = Ofor N=N, . (18b)
X

The same boundary conditions as for Case 1 apply, viz.
Mt =0, N=0for0<x<L,
AAx =0,c=c, fort'>0

By combining equations 2 and 18a there is obtained

de - kgAc
‘5‘;;'). - b for N (N, | (19)

t



This may be integrated
- kgA
+ x (20)

c = fl(t') °

From the boundary condition, ¢ = ¢, for t'> 0 at x = O, it appears
that f(t’) = c,; 80
koA
-—— x (20a)
¢ =cue | for N < N.
Substituting this value of ¢ in equation 18a and integrating for

constant x fromt =0 to t’ = t',‘the expression for N results
koA

"'-———x

v
N = kocot o for N <N, (21)

Equations 20 and 21 apply during the early portions of the test be-
fore any charcoal has been saturated. During this period the gus
concentration in the air stream is independent of time; and, con-
sequently, a constant small concentration appears in the effluent.
The amount of gas absorbed at any point of the bed increases linearly
with time. At x = O, N reaches the saturation value, N,, in the time
t_, which 1s equal to N /kec,. This t, may be considered as a "theo-
retical" break time. For at t the top layer of the charcosl has be-
come saturated. A zone of saturation then begins to expand fromx = 0
through the bed; simultaneously, the effluent concentration begins to
increase. Then ¢ 1s no longer independent of tims. If x, is the
thickness of the saturated zone at time t’, x, will be a function of
t'. Equaticn 20a will still be valid if x-x,(t') 1is substituted
in place of x, since the equation is valid for any region in which

N ( N,. Thus, e

8 ]
- x -~ X, (t
c=c.e S L of )] for t' > t'o = Eg%b o (22)
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/ ! N
At =ty = —
o Egeo )

kb
N=Ne v (23)

The time at which the edge of the saturation zone reaches the point,
x, in the bed may be called 7' (x). The rate at which the boundary

of the saturated zone moves through the bed is then ;, d 7’ . But

dx dx
this is also equal to o , Thus,
at’
[
4T . %% (24)
& - =
If the quantity,(_ _9__1_@_) , is integrated for constant x from t’ = t:)
dt’
tot' = 7', the following results
'
’a (1 o%)
(—-—lé,) it =N, \1-e V ) (25)
t, *

(V)
This equation may be differentiated with respect to x to give

1

' v
- ..cz_l:i.) ' - TN _ ' 4 [|dE (o at'
& <3""x a v * * [5u(Th o] &
b, t) x
- ke
,.No:;gAe v (26)

Jt Ity x

equation 2 and 18a respectively and the value of the resulting de-

) 2
But if the expression for (2.4 ) and 9N be substituted from
x

finite integral taken from equation 25, the above eguation becomes
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(23)

The time at which the edge of the saturation zone reaches the point,
’
X, in the bed may be called T (x). The rate at which the boundary

’
of the saturated zone moves through the bed is then 1/ dT . But

ax
this is also equal to o ., Thus,
dat’
T T T

If the quantity, (9N , is integrated for constant x from t =t
s (2N : o

 Jt!

X

tot =T , the following results

A ﬁ
Q
- Z’
SN ——
Q.
(3
[}
=
o]
ﬁ
',_J
}
(0]
|
.|
U
x>
»
‘\—’
—
N
\J1

T 7'
d WY 4 - d°n I NP T ar’
—_— —_ ) dt = . . - )

! e
to to P:S
kod
= X
S Mok (26)
V .

) 2
But if the expression for ELE and d N be substituted from
gt& dtax

eguztion 2 and 18a respectively and the value of the resulting de-

finite integral taken from equation 25, the above eguation becomes



vwhen combined with ecuation 24

ar' . Ve 4
1/.&... Im‘“ﬁ' = - (27)

The saturation zone would appear to move through the charcoal bed,
its length increasing linearly with time. Equation 27 may therefore
be integrated at once to give

Ve , ,
- t -t (28)
Xq KN% ( o) .
Placing this value of xo(t:) in equation 22 ylelds the explicit

expression for ¢

_ kohx c%hgg_ @t -t
] o ! ' / AN
¢ =coe v rort°<t(to+.v:_§ ] (29)

The similar expression for N mey be obtained by integrating .3% ,
X
which s equal to k.c, fromt = t' to t' =T, using the

value of ¢ given in equation (29). Thus,

7' !
keiAx k
) e b el CHEL I
at! dt = Ng =N = kgege o dat
t’ x t‘ )
koA ¢ T
- -%‘-— + -ug—k-?- (t - to)
= ﬂ' O , (30)
t
From this it follows
kgAx coka
v M (t - t'0«'.)) ’ ] ' ANOX.
N =Ny for t, (t(to‘*—vc—o- . (31)

The results may now be summarized by the )s{et of six equations

N -v—
For 04t to = E-%- 1 ¢ = cge x (22)
2%
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*kgu R ona ) '

Fort;<t'<t'o+%—§§f:e-eoo v Yo “-tof (29)

For t' = *"o"'%'?”e'%. (32)
Kax

For 0 (b % tg = kﬁza ! K = kgeot o- v (22)

For tc;(t'<t.; + %—gﬁi 1 N = Eo; E%& ' f%k;i - t’c)' (31)

For t = ¢, + %—t—g‘- TSN (33)

Although some toxic material penstrates the bed immediately,
the effluent concentration would remain constant until the "theoretical”
break peint, t’o. This behavior is in contrast to Case 1 where the
effluent concentration increased continuously. The "theoretical"
break point for any one charcoal against any particular gas would bs
inverssly proportional to the influent concentration, ¢,, and would
be independent of the bed length. It night be, however, that for
the early part. of the test the effluent concentration in the case of
a sufficiently deep bed would escape detection. In which case
equation 29 would apply for the practical break time. Equation 29
may be written in the logarithmic form for s bed length of L

) ]
¢ es_,l_c_w t -t 2AL !
in .E?. — ‘*(ﬁ o) + E%—- for t'> to (34)
o

in this case the 1!'unct;im in %9. would be a straight line function
of t s 8nd the validity of the mechanism could be tested by plotting
the experimentally determined ln 72 against time. As with Hinshel-
wood's equation the parameters may Le determined from such a graph



AT

if the results are suitable. It appears also that the life~
thickness curve would be a straight line for sufficiently deep beds,
The parameters, kg and N,, could be evaluated from a satisfactory
life~thickness curve. As the bed length was decreased, the break
time, t},, for some detectable concentration would appreach t.

When by the above equation L was so small that t, < t,, the break
time would be zero.

The two theories that have been presented may aid in evaluating
charcoals., If the equations are approximately valid, the parameters,
k and N, offer a convenient means for comparing different charcoals.,
The best absorbents will have high values for both N, and k. If a
charcoal possesses a high value of Ny and a low value of k, it may
provide satisfactory protection in deep beds and fail when used in
 thin layers. Of the two cases discussed, Case 1, ylelding Hinshel-
wood's equation, 1s probably the most valid for the present gas mask
‘absorbents.

Other Cases. The case of desorption has not been discussed,
although many of the absorption processes are reversible. Kassel

(10) eonsidered the rate equation

(-3—2—) = k) + keo(lp = N) | (35)

in which kg would be & desorption rate constant. A soclution in the
form of a complicated series was given for this case. Only incomplete
numerical solutions were calculated, and because of its complexity
these solutions have not proved useful.

1t is epparent that still other mechanism differential equations

could be set up. In some instances, at least, the integration for



such other cases will be difficult; and simple expressions for ¢

and N as functions of x and ¢ cannot be obtained.



GENERAL, EXPERIMENTAL PROCEDURES AND MATERIALS

Charcoal. The absorption studies were made with the gas mask
charcoal designated by the Chemical Varfare Service as CWSN19TUS. The
unimpregnated or base char for this whetlerite, CWSN19, was also used
in a few experiments. The base char, an extruded material, had been
made from wood flour by a zinc chloride method, performed by the National
Carbon Co. The National Carbon process formed a sizable fraction of the
production capacity for charcoal in this country, and subsequent testing
has proved it to be undersirable for gas mask use. The base char had
been given a cupric ammonia ecarbonate impregnation followed by a high
temperature air drying so that CWSN19TUB was a whetlerite that would
now be classed as typs A. It therefore contained copper, about 5 to
7% by weight, in the form of CuO. Its surface would be an active cata-
lyst for many reactions, and its behavior might be axpected to be con-
siderably different from an unimpregnated activated charcoal.

All the charcoal used was screensd with standard sieves, the fraction
passing through 10 mesh (per inch) and over 1, mesh being selected for
tube tests. This fraction was dried at least four hours at 150°C. It
will be designated as CWSN19TU8 (Dried). Two batches of the dried whet-
lerite were equilibrated at room temperature with air at 50% and 70%
relative humidity (RH) reipectively. These portions will be designated
CWSN19TU8 (50 RH) and CWSN19TU8 (70 RH). The equilibration was con-
tinued until the water pick-up over a period of several hours was negli-~
gible as indicated by repeated weighings. The 50 RH material was found
to contain 7.0% HzO, the 70 RH charcoal 27% Hp0O, on a wet basis.
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Procedures for Tube Tests. For tube tests the charcoal was con~

tained in either aluminum or glass tubes (ca.2cm.1D) and was supported
by Witt plates. The aluminum tubes had thin walls (0.04 cm.) and were
especially designed for the purpose of permitting the accumulation of
activity in the bed to be measured by Geiger-Mueller counter tubes.

It was found necessery to cost the inside aluminum walls with shellac

to prevent corrosion. Experiments at room temperature were performed
with the tubes exposed to the laboratory atmosphere. In other cases,
however, the tubes were immersed in liquid baths. Above room temperature
a water bath was heated with a hot plate; below room temperature an ace-

tone bath was cooled with dry ice.
In each experiment a weighed amount of charcosl was introduced in-

to a tube; and the bed depth was adjusted to a predetermined valus so
the apparent density of dried whetlerite was a constant, and in the ex-
periments equal to 0.50 gm./cc. In the case of an equilibrated char-
coal the weight of absorbent used was made egual to the weight of dried
charcoal in the adjusted bed depth plus the weight of water absorbed by
this emount of dried material in the equilibration process.

The tubes were always mounted with their axes in a vertical position,
and the air-gas stream was passed down through ihe bed. The effluent
stream was frequently passed through chemical indicator solutions in
test tubes for the detection of the toxic constituent and to determine
standard chemical break points.

Preparation of Air-Gas Mixtures. Ordinary steel oxygen cylinders
(Volume = 23L) were prepared., Their interiors were carefully cleaned,
dried, given a coat of shellac, and finally dried again with a current



of hot air for several hours. To fill a tank, it was first evacuated
by a mechanical pump. A glass bulb (about 1 to 2L capacity) filled with
a sample of the radioactive gas was attached to the evacuated cylinder.
The sample of gus was drawn into the cylinder; then dried air was flushed
t’.hrough the buldb into the still partially evacuated tank, If necessary,
a sample of inactive gas from another bulb could also be introduced in
the same menner. Finally, compressed air from another steel cylinder
was admitted until the pressurs of the air-gas sample was 500-6001bs/in”®,
gage. The cylinder from which compressed air was drawn had not been
initially dried. Subsequent examination revealed that it contained a
small quantity of liquid water. In use, the pressure of these tanks was
always greater than 1000lbs/in®, Air, saturated with water at these
pressures, would have a relative humidity of less than 2% when expanded
to one at.moéphern. This figure may be considered an upper limit to the
relative humidity of the gas-air mixtures.

The cylinder containing the sample was provided with a regulator
and a needle velve, these valves being used to control the flow from
the tanks. Conventional flow meters of various ranges were employed
to measure the rates of flow, and barostats were used to secure uniform
air velocities. If needed, air from & compressed air line could be
mixed at a controlled rate with the gas from the cylinder to provide
further dilution. Desorption was studied by passing air through a char-
coal after the air-gas mixture. A portion of every sample in the cylinder
was withdrawn for quantitative chemiczl analyses.

Temperature Measurements. In early tests it was noted that the re-

moval of the gas was accompanied by thermal effects. Therefore in later



studies thermocouple junctions, made from silk covered fine copper and
constantan wire, were inserted in the charcoal at various distances along
the bed so temperatures might be measured. The potentials were measured
with a Leeds and Northrup portable precision potentiometer.

Radiocactivity Measurements. The counter tubes and ratemeter circuits,
that were used for measuring radioactivities, were constructed under a
previous N.D.R.C. contract and have been described in a formal report by
Yost, Dodson and Cooley (5). The counters were bell-shaped and of the
Geiger-Mueller type. The flat end of each tube was covered with a window
of thin mica, the area density of which was 2 to 5 mg/em®. The counters
had plateaus of 200 to 300v. in the neighborhood of 1200v. and backgrounds
of 20 cts./min. when shielded with 2 in. of lead. Their excellent ocount-
ing characteristics appearsd to be stable for long periods of time. As
stated previously, the counter tubes were operated in conjunction with
ratemeter circuits and milliammeters which automatically recorded a current
proportional to the counting rate of the tubes. The ratemeters had seven
ranges, the full seale counting rates extending from 200 cts./min. for low
activities up to 20,000 cts./min., the maximum range of the instruments.

Gas samples were contained in cylindrical glass pois for the measure-
ment of their activities. These pots, about 5 cm. in diameter had a volume
of approximately 50 ml. Over one end of each had been placed either a
mica window similar to those for the counter tubes or else an aluminum
foil window, one mil thick. With phosgene it was necessary to coat the
inside of the aluminum foil with shellac to prevent the corrosion of the
metal and the formation of a film containing active chlorine. The pots
were mounted directly under the counters and both units enclosed in a



shield of cast lead whose walls were 2 in. thick. The windows of counter
and pot were placed adjacent and very nearly in contact. The mounting was
so arrangsd that the position of the pot with respect to the counter was
guickly and easily reproduced. Energetic beta radiation from the gas
could easily penetrate both windows. For such an arrangement it wes es-
timated that about 5% of the beta particles from the gas contained in the
pot would enter the counter and be recorded. The pots were constructed
with delivery tubes so that a stream of gas could be swept through them,
in practice usually at a rate of 2 L./min. In this way there was measured
effectively the activity per unit volume of the flowing gas stream. TFor
each gas-air mixture the activity of a sample taken directly from the
steel cylinder was determined. With this velue and with the chemical
analysis of the tank mixture, the concentration, ¢, of the radioelement
in the gas stream could be calculated from its measured activity, I, by
the simple relation

¢ (gm. atom/unit vol.) = «%u ne, (mols/unit vel) (36)
o

where ¢, is the concentration of toxic material in the mixture from the
cylinder, I, the activity measured for the cylinder mixture, and n is
the number of atoms of the tracer element per molecule of the toxic com-
pound.

To measure the relative activity in the charcoal itself, two methods
were used. In the first, the bed was made up in 0.5 em. sections separated
by fine brass screens. After passage of the gas stream, either short of
or beyond the break, the sections were removed and their separate activities
 recorded with the counters. The measured activity was an average over the
length of the section and was taken as representing the activity of the
midpoint of its section. This method could not be used with the radio-

carbon and radiochlorine because of their rapid decay. In the second
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more convenlent method, the thin walled glass or aluminum charcoal tube
was mounted immediately adjacent to a horizontal slit. The slit was
formed by two lead bricks both 10 cm. thick separated by 3 mm. Behind
the bricks, its window pointed toward the slit, was placed a shielded
counter. The counting rate so determined was an indication of the activity
in the charcoal section directly before the slit; but a correction for the
scattering of the beta particles by the walls of the slit was necessary.

In order to investigate the effects of electron scattering on the
measurements with the slit, beds of varying thickness of chsrcosl con-
taining active arsenic were set up and scanned; ie, the activity was
measursd with vaiiuua sections of the charcoal bed in front of the slit,
For & glven specific activity it was found that the measured activity at
the center of a section increased sppreciably as the section width was
increased beyond 3 mm., this effect being attributed to scattering of
obligue radistion by the lead walle of the slit. To arrive at a repre-
sentation of the average activity of a given 0.5 cm. section of charcoal ,
the activity of such a section was observed with the slit center in line
with the section center. Then, additional 0.5 cm. sections of charcoal
containing the same specific arsenlic activity were placed adjacent to the
first section. After sach addition the activity at the midpoint of the
first section was redetermined; also the entire bed was scanned. The
effect of sections added after the second 0.5 om. increment was slight.
Tha results of these measurements wers represented by the following
relation:

-t . (70 . o o _
13-y - [01 (15 ¢ 1) < 00k (a8, v 12 )] (37)
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where j is a running index along the bed, xg is the activity of a
Oe5 cm. section alone, and 13 is the activity measured in the presence
of adjacent active 0.5 cm. sections.

This relation was used to correct measurements made with the lead
slit system. Ig was taken as representing the concentration of active
arsenic at the center of the jth 0.5 cm, section. Because of the short
half lives the scattering corrections for carbon and chlorine were not
obtained.

With the aid of the above scattering correction it was possible to
quickly scan a charccal bed and obtain the distribution of activity there-
in, It was also possible to determine the accumulation of activity at any
one section during a tube test as a function of time. In this case the
correction for scattering was less certain, but estimates of the correction
were made where possible. |

and Errors. In additlon to the instrumental and ob-

servational errors ordinarily encountered in physical measurements, the
accuracy of the data was also dependent on the stabtistical fluctuations
inherent in radiocactive decay. This statistical error would vary with
the activity of the sample and would be magnified at low counting rates.
It would amount to perhaps 25% at the lowest rates during the detection
of minimum concentrations but would be reduced to less than 3% at the
highest counting rates. |

Flow rates, chemical analyses, and other measurements were subject
to errors of asbout 3%, an sccuracy considered consistent with the needs
of the studies.

For each experiment the background for the counter was determined,
and this value was subtracted from the recorded counting rates. A



complication to the background corrections was introduced in the experi-
ments with radiocarbon and radiochlorine. The activities of these elements
were initially sc high that the radiation, penetrating the steel cylinder
and scattered through openings of the lead countef shield, was able to
raise the normal background several fold. The magnitude of this contri-
bution at times of interest was estimated by interpolation; however when
this effect was large, the activity measured was also great so the per-
centage correction was small., In certsin experiments when activities
greater than the maximum range of the ratemeters were encountered, metal
absorbers were placed between the pot and counter; the absorption factors
were later estimsted and applied to the observed rates., These factors
might have been in orror'hy 5%.

Because of the rapid daeﬁy of carbon and chlorine activities it was
necessary to calculate 911 their activities to some reference instant of
time; the start of gas flow through the charcosl was selected for this
point, Since in many cases the correction to time zero was made over

several (as meny as ten) half lives, a slight error in the half life would

be magnified in the activity calculated for time zero. 1In correcting

the carbon activities, the half life was taken to be 20,5 % 0.1 min.,

as determined by Yost, Ridenour, and Shinochara (13) and as confirmed by
Solomon (8). The value of 37.0 & 0.4 min., given by Van Voorhis (14),

was used for the half life of 6138’ Because of the conveniently long

half life of As7h, no decay correction was needed for tests of two to
three hours duration.

The ratemsters were calibrsted with a pulse generator and readjusted

once a week during the course of the experiments; in general the calibration



-31-

of each scaule was found to have changed by less than 5% during this time.
The small drifts in calibration werse erratic and seemed to be temperature
dependent .,

An additional factor contributing to errors in the counting measure-
ments was high frequency "hash! oecasionally picked up from the power line,
This caused apparent counting rates to increase murkedly during short time .
intervals., The disturbance was minimized by placing a filter across the
line; in the few cases when otherwise unaccountable humps appeared in the
milliammster trace, they wers disrsgsrﬁeé.

The records of the milliammeters were corrected for the time lag
inherent in the ratemeter circuit. A {ank circuit in the ratemeter con-
teined a large condenser, C, and a parallel resistor, K. A current, Ip ,
in the form of small pulses for each discharge of the counter tube, was
fed into the tank condenser. Since the milliammeter recorded effectively
the current, Ip, flowing through the resistor, the current, Ip, would be
given to a good approximation by the expressioni

dl,

where T is the time constant of the tank circuit and equal to RC. This
relation is a generalization of an early step in the analysis presented by
Shiff and Evens (15). The value of T ranged from about 1/3 min. for the
highest counting scale to one min. for the lowest ranges. I, was the true
measure of radiocactivity; and the astivitiaa were computed from its values
that were calculated by the above expression from the milliammeter currents,
Ip, which varied with time.

Preparation of Graphs. In analyzing the results, graphs for each
experiment were prepared from the data that were collected. In some
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cases the concentrations in the effluent stream were plotted against time,
in other cases the function, log ( Eﬁ - l) , appearing in Hinshelwood's
equation wes drawn, and on occasions both curves were prepared for com-
parison purposes. Also, when they were determined, the distribution of
the activity residing in the bod; according to the scanning or sectioning
method, and the accumulation of activity on the charcoal as a function

of time were graphed. It was found that these graphs gave a complete
representation of the experimental dats in a form from which it could be
guickly and conveniently comprehended, There were only a limited number
of experiments performed, and each represented a considerable expenditure
of rediosctive materiel. Since however with the use of the radiosctive
indicator technique a very considerable knowledge of the charcoal per-
formance could be obtained from each test, a complete set of prints for
the experimental graphs has been included in the Appendixes of this thesis.

Appendix I | Graphanar Experiments with Arsine Containing

Radiocarsenic

Appendix II Graphs for Experiments with Phosgene Containing
Radiocarbon

Appendix III Oraphs for Experiments with Phosgene Containing
Radiochlorine

Appendix IV (raphs for Temperature Measuremenits im Phosgene
Tube Tests

The graphs for each test have been grouped together and arranged in the

order of experiment number.



EXPERIMENTS WITH RADIOARSINE

Preparation and Separation of Radioarsenic and Synthesis of
sine. As'* was prepared in the 60 in. cyclotron of the University

R MR

of California at Berkeley by the bombardment of GeOp with 16 MEV.

deuterons. It resulted from a d-n reaction with ce?3, Two products
of such bombardment, in the form of finely powdered germanium dioxide
bearing the arsenic activity, were received from Berkeley. It was
first necessary to separate the arsenic activity from the target
material and then to synthesize arsine from this unstable arseniec.
Because of the striking similarity of many corresponding germanium
and arsenic compounds the separation of the elements presented some
difficulties; however the following procedure proved satisfactory.

The target material, about one gram of Ge0;, was placed in a
75 ml. long-necked distilling flask, filled with an inlet tube through
a ground glass stopper in the top. 50 mg. of arsenic for carrier in
the form of sodium arsenate and 25 ml. of aqua regia were added to the
flask and the mixture distilled to dryness. Another 25 ml. of aqua
regia was added and the distillation repeated to assure the removal of
all the germanium. The distillate contained all the germanium, which
was then recovered, but none of the arsenic. In agua regla arsenic
remains in the pentavalent state; and as such it does not, like tri-
valent arsenic, form volatile halides. The residue in the flask was
then treated with 20 ml. of 12N, HCl and 2 ml. of 42% HBr and the re-
sulting mixture distilled, the distillate being collected in a 100 ml.
volumetric flask cooled in ice water. A further 20 ml. portion of HCl
was added to the flask and the distillation repeated. The distillate



contained nearly all the arsenic as AsCls and AsBrg, the recovery
amounting to over 90%. The HBr served to reduce the arsenate to tri-
valent arsenic.

A small aliquot portion of each sample was precipitated with
HgS as AsSg. From the activities of these precipitates the original
activities of the samples were estimated to be 3 and 10 millicuries
respectively. A decay curve of the sulphide precipitate, followed
for two weeks, indicated that the samples consisted miinly, if not
entirely, of the As’lk isotope with a half life of 17 days.

The HCl solution of radioarsenic of about 50 ml. volume was
mixed with about 50 ml. of 16N, HgSO, containing 0.5 gm. of CdSOg,
a catalyst. The solution was allowed to drop through a funnel onteo
a large excess of granulated zine (10-12 mesh) in a flask equipped
with a side delivery tube. The trivalent arsenic was reduced by the
zine to form AsHg, which was carried out of the reaction vessel with
the current of hydrogen formed simaltaneously. The gases passed
through a drying tube and into a liquid air trap where the AsHg con-
densed. The efficiency of this synthesis was better than 95%. About
2 liters (STP) of inactive arsine was prepared by the same reaction
using larger quantities of zinc and a 10N HpS0, solution saturated
with Ass0s and containing a little CdSO4. With the higher concen-
trations of arsenic only about a 50% yield was achieved. The inactive
arsine was condensed in the same trap with the radicactive material.
After evacuating the trap at liquid air temperatures, the arsine was
allowed to expand at room temperature into the glass bulb from which

the steel cylinder was filled.



Analyses. In the cylinder the concentration of arsine slowly
decreased, about 5% per day, the loss being due to the slow oxidation
of arsine by oxygen. Even flasks of arsine at atmospheric pressure
containing a little air showed gradually increasing deposits of arsenic
mirrors on the walls. Because of this decrease in concentration analyses
of the air-arsine mixtures were made at frequent intervals. The method
of snalysis, recommended by the Chemicezl Warfare Service at the time,
proved to be unsatisfactory. According to directions the air-arsine
mixture was passed through two absorption bottles containing standard
iodine solution and a third bottle with standard sodium thiosulfate
solution to retain the iodine vapor. Titration of the contents of the
three bottl;s with either standard iodine or thiosulfate followed.

But the radiocactive tracer method indicated that the absorption of
AsHs was incomplete even at prohibitatively slow flow rates. The
method of analysis finally adopted was still dependent upon the action
of iodine according to the reaction

LH0 + LI, + AsHg =121~ + HghsO, + 8H'.

A 500 ml. flask of measured volume was equipped with a short stoppered
burette and openings through which a gas sample could be drawn and
about 20 ml., of a NaHCOs and fresh starch solution admitted. Standard
iodine was added from the burette to the bicarbonate-starch solution
until the blue starch iodine color persisted even after vigorous
shaking to assure absorption of the arsine. Unless specifically
stated otherwise, all concentrations, volumetric flow rates, and rate
constants reported in this thesis have been calculated for the temper-

ature and pressure conditions of the laboratory, consistent with their
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use in the theoretical equations.

Two radioactive arsine-alr mixtures, 5i-2 and 8A~3, were pre-
pared from the first, 3 millicurie sample, and one, SiA-4, from the
10 millicurie sample. The initial arsine concentrations, ¢,, and the
initial activity, I, for these concentrations in the pot under the

counter have been given in Table I for the thres mixtures.

Table I
CONCENTRATIONS AND ACTIVITIES FOR ARSINE-

AIR MIXTURES
Adr-hirsine : c, (initial) s I, (initial)
Mixture : mg. /L. : eounts/min,
| 3 ' :

3&*2 $ 700 H 1&,300

: H
84~3 : 6.2 : 2,900

H : .
BA=k : 5.6 : 19,600

Tube Tests. Several tube tests were performed with each of
the three gas mixtures. CHSNL9TUS wes used exclusively together with
dry air-arsine mixtures ( { 28RH). All tesis were made at room temper-
ature. The concenbration of the inlet stream baken directly from the
eylinder varied from test to test because of the gradual oxidation of
the arsine in the tank. The gas stream from the pot under the counter
was passed through a test tube containing dilute agueous AghO, solution.
The presence of arsine was indicated in the solution by the formation
of a colleidal precipitate of metallic silver, according to the reaction:
AsHg + 6Ag* + 3Ha0 = bAg + HgAsOy + 6H'.
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Such a chemical test provided an integrated indication of arsine
concentration over the period that gas bubbled through the solution,
With the radicactivity measurements it was possible to detect 0,02

to 0,03 mg./L. of AsHa. The break times for these concentrations
were recorded. It is apparent that the definition of break time must
include the concentration of gas detected or an equivalent statement.
The conditions of the various tests, together with the silver nitrate
and the radioactivity break times have been collected in Table II.
Bed depths ranging from 2.5 to 5.0 cm. were tested; the flow rates
were about 9.1 ml/om sec., except in test SA2~4 when a flow of 4.6
ml/cm®sec, was used. The silver nitrate break times were considerably
shorter than those determined by radiocactivity. The gas mixture,
SAk, possessing a higher specific activity than the other mixtures,
permitted the determination of smaller concentrations of arseniec.

In the SA4 series, accordingly, it was found that the silver nitrate
break occurred with arsine concentrations of about 0.004 mg./L. Table
II illustrates very clearly that break times were not reproducible
with any degree of precision, especially when the bed depth of the
absorbent was 3 cm. or less.

The graphical representation of the radicactivity measurements
has been included in Appendix I. The concentrations given on the
graphs for arsine experiments were all calculated for (STP) conditions.
To test the validity of Hinshelwood's equation, number lha, the values
of log ( 52,- l) for each test were plotted against time. In no case
were these curves straight; but for most cases appreciable portions

of the graphs were moderately straight. The values of ky for Hinshel=-
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Table II

ARSINE TUBE TESTS.
CWSN19TU8 (Dried)

Expt.

¢ Bed Depth : Break Time

No. : o : Infl::nt : ¢ (at 0,02 to) : mAZﬁG?”‘ 1
z Eﬁ;&:: éﬁ; f cm. 2 (0.03 mg./L.): : . L
: : B : s, ; mdn. ok ’
. N 274 TR . : :
2.2 3 9.2 4 7.0 . 50 1 52 . 38 . 1068
SI3-1 5 935 4 62 4+ kT i T i : 1100
SMe2 1 9.3k 1 5.6 i 5.0 i k9 _— ;1590
SA3~2 ; 9.5 + 62 + ko 1 525 i 30 L 1200
Skl s 93k + Al 4Ot 43 o267+ 1520
S43-3 x 905 5.6+ 3.0 + 35 1 o2& L1590
Shk=3 a 9.3, : 4.7 : 3.0 ¢ 2.2 i 12 . 2840
SA2-5 : 8.9 i 68 i 25 : 8 o2 : 1700
SA2-6 ? .20 1 68 ¢ 2.5 12 ;s : 2100
Ska-h ¢ h60 6.8 ¢ 5.0 13 L 95 C 350

wood's equation were calculated from the slope of nearly linear portions of

the curves, and they also have been included in Table II.

The values 8o

caleuloted were surprisingly constant for uniform flow rates and variable

bed depths from 5 down to 3 cm.; when the bed depth reached 3 cm. or less,

ky increased rapldly. An increase in ¢, seemed to cause a small decrease

of ky. The value of k; for experiment SA2-4, with about one half the flow

rate of the other tests, was only one third the value for the comparable

tests., These variations of kj were not predicted by the simple kinetics



considerations of Case 1. It is to be noted that the curvature of the
log ( S& - l) curves was always positive; therefore the plot of the
function, log gﬁ,, which appeared in equation 34, would be less satis~-
factory. If ky, calculated from effluent concentrations of tube tests,
is to furnish a satisfactory measure of the effectiveness of a charcoal,
a correlation of these variations will be necessary.

When air was passed through charcoal which had been run even well
past its brezk peint, no active arsenic could be detected in the effluent
streanm.

ments. In the 3A4 series the

3 mm. slit arrangement was set up to measure the accumulation of activity
in the uppermost layer of the bed as a function of time during the ab-
sorption of arsine. At the top layer the concentration of the gas stream
was constant and equal to ¢,; therefore the complication of variation in e
was avoided. Thus the dependence of the rate of arsenic pick-up on N, the
concentration of absorbed arsenic in the charcoal, was determined to test
directly the validity of kinetics equations 3 and 25a~b, which were assumed
in Case 1 and Case 2 of the mathematical treatment. Since the correction
for scattering for this type of experiment was somewhat uncertain, both the
corrected and uncorrected activities were plotted in the graphs. It was
apparent from the curves that the top layer of charcoal had not reached
the saturation of its effectiveness in removing arsine, even for a long
time after the break point; but the rate of removal did decrease rapidly
with time in the initial stages of the tests. Thus the results were con-

trary to the assumptions involved in both Case 1 and Case 2.
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In Case 1 equation 15 would give for the activity at x = 0

hetivity = Ky (1 - o ~1%F)

» Kj a constant. (39)
According to ecuations 29 and 43 of Case 2

Activity = Kot for ¢ <ty, Ke @ constant. (40a)
and

Activity = Katy for & > b, (40b)

As a matter of fact the experimental curves were represented very closely
by an eguation of the form

Activity = kg ( 1~ é"k*“"’) + kst" (41)
where kg, ke, and ks are constants. Thus when the first term in equation
41 had reached a nearly constant value, after 4O to 60 minutes of gas
flow, the top layer still continued to remove arsine at a constant rate
for the remsinder of the tests periods, A theoretical treatment, based
on this equation, might lead to.iaterestiag resulis; at present it has
not been attempted.

It may be pointed out that the value of kl calculated from the slope
ef the log ( «29- - l) curves and one point from the curve might be combkined
in Hinshelwood's equation to yield a value for N,, the saturation capacity
of the charcoal. In light of equation 41, however, such a nalculation
would have little significance.

When air was passed through the charcoal after the air-arsine mixture,
no detectable decrease in the activity of the top layer occurred. DBecause
of the absence of any observed desorption and because & considerable evolu-
tion of heat accompanied the removal process, it was believed that the
arsenic was completely oxidized on the charcoal surface to form nonvolatile

arsenie or oxides of arsenic.



After most of the tube tests the distribution of activity in the
bed was determined. In experiments SA3-1 and 3-2 both the sectioning
and the slit scanning techniques were employed. When the results of the
sectioning were corrected to give the same numericel activity for the
top 0.5 om. increment of the bed zs the scanning, identical curves were
obtained for the two procedures. For experiment 3-3 only the sectioning
teehnique was used while the more convenient scanning method was employed
in the rmmniniqg experiments., In every case the scanning activitles were
corrected for scattering according to equation 37, discussed previously.
The points in all experiments fell closely slong smooth curves that were
drawn to represent the distribution functions. In test SA2-3 the gas flow
was stopped at approximately one half the break time. In this bed mo
activity was detected in the bottom layer, end an estimated 35% of the
activity remained in the first two cm. of the 5 cm. bed. Thus the lower
3 cm. constituted an unused or "dead" layer. With beds for which gas
flow had proceeded well past the break, the bottom layer frequently
possessed an apprecisble quantity of arsenic activity. The direct com-
parison of the distribution curves with the theoretical equation 15 of
Case 1 and equations 29, 41, and 43 of Case 2 for N did not appear
practicable, However a useful correlation was suggested from the results
of Case 1. EHquations lib and 15 were combined to glve

MMW (42)

and

| ~ky 0.t
10 o (1. ”}, (43)



If N, is eliminated between these equations, there obtains

Bt (101 e, 1

e + e -1

When t' becomes sufficiently large, the following simple expression
results.

) ]
g'@,ﬁ' GG
But N(L,t )/ N(O ,t') would be given by the ratio of the activities on the
charcoal in the bottom and the top sections; and e(L,t' )/¢q would be the
final effluent concentration divided by the influent concentration. The

experimental values for these quantities appear in Table 1T1I.



Table III
DISTRIBUTION OF ACTIVE ARSENIC

Expt, ¢ : H : . :
e E ;™ ML) o)
* Bed Depth ! Time of Gas ' Break Time AR
: ‘ Flow ¥ (0,02 to 0.03)F :
foeme G . * (mg./L. AsHg )} :
s a ;‘g}” " s H H
: : t Min, : H
: 3 H H H
SA3-3 3.0 : 93 : 37.5 : 0.4 : 0.40
H H H H H
SA‘P"B H 3'0 -+ 30 s 2‘);2 : 905 H Oo36
SA3-2 t kO i 122 t 52,5 : 0.5 t  0.35
H H $ : :
SAh=h * kO ¢ 214 P43 : 0.6 ' 0.8
H 3 H H :
sa2-3 ' 5,0 ¢ 17.5  * eca. 35 : 0.0 1 <0.003
saz-l | 5.0 ] 72 : 52 : 0.1 ' 0.05
SM-2 . 5.0 110 A 0.2 ; 0.20
: 3 : 3 :
SA3-1 , 5.0 170 . T . 0.6  ; 0.59

The correlation predicted by ecjuation 45 seemed remarkably good

in many instances.
Although N could not be obtained, the concentration of arsenic

in the bed could be calculated from the data. Such a ealeculation was
made for experiment SAk~4, the longest run, from the known arsine in-
put and from the loss of arsenic determined by a graphical integration

of the effluent concentrations for the test., Then with the ald of the

experimental distribution function it was calculated that the concentration
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of arsenic, expressed as the element, in the top layer of the charcoal

amounted to 118 mg./cec.’

The data accumulated with radioarsenic have been by necessity
very limited. For this reason it appears unwise at present to draw
further conclusions. The experimental results and the conclusions which
were reacheihowever, have in themselves proved useful in partially de-
scribing the phenamenén of arsine reﬁoval. Limitations in the correla-
tions of charcoal performance by present methods hawve appeared; and
certainly'%he desirability of a more satisffing theoretical treatment to
predict the experimental behavior has been clearly shown, It is very
probable that a more extensive investigation, especially if it included
the radiocactive tracer methods, would lead to a clearer understanding

of the mechanisms invnlved.‘
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CERIMENTS VITH RADIOPHOSGRNE (C¥, C1¥)

Because of the short half lives of radiocarbon and radiochlorine
the work with phosgene was performed mostly in the laboratories of the
University of California at Berkeley so that experiments with the radio-
active materials could proceed immediately following the cyclotron
bombardments.

Preparation of Inactive Phosgene. About 40O g. of phosgene was

prepared from CO and Clg by passing an approximately equimolar mixture
of the dried gases through two beds, each about 5 e¢m. long, of dried
CWSN19, which acted as a eatalyst. Cylinder Cl, was used, and CO was
generated by the reaction of concentrated HgSO, with formic acid. The
product gases were passed through a bed of crushed antimony which com-
bined with the free chlorine and condensed in a flask cooled in a dry
ice bath, The phosgene was further purified by refluxing the liguid
in the presence of metallic antimony for a period of several hours,
the reflux condenser being cooled by a dry ice bath. All but a trace
of yellow color due to dissolved Clg; was removed. The liguid phosgene
was stored in a small steel cylinder .

Preparation of Phosgene Containing Active Carbon. Cn was pre-
pared by a d-n reaction from 310, The target, in the form of borie

oxide fused on a copper plate, was bombarded with 80~100 4a. of 16 MEV,
deuterons for 30 to 60 min. in the 60 in . Berkeley cyclotron. Active
carbon prepared in this way existed largely as CO. The target was en-
closed in a gas tight brass box with two ports. To each port was

attached a 2 L. bulb; one bulb was evacusted and one contained dry
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CO at one atm. Shortly after bombardment the radiocactive CO was flushed
into the evacuated bulb with CO from the other bulb., The previously
evacuated bulb,containing CO at 0.5 atm. and bearing all the active CO,
was filled to one atm. with dry Clg. Illumination of this mixture for

10 min. with light from two 500 w. incandescent lamps placed very close
to the glass bulb, resulted in the synthesis of phosgene with a yield of
80-90%. (This photochemical reaction was the method by which Davy (16),
using sunlight, first prepared phosgene). The phosgene from the reaction
bulb was passed over metallic antimony to remove Cl; and was condensed by
liguid air; the trap was then evacuated to remove any CO. The resulting
purified phosgene was distilled from the trap directly into the evacuated
steel cylinder, dry air being used to flush out the trap. When desired,
inactive phosgene was also introduced before compressed air from another
eylinder was added. The synthesis required about 40 min., or two carbon

half lives, after the cessation of bombardment.
The total activity of the carbon, calculated for the end of the

bombardment, amounted to about 100 millicuries.

Preparation of Phosgene from Radiocactive Chlorine. 0138, resulting

from a d-p reaction with chloride, was formed by the direct deuterocn
bombardment of LiCl, fused on a copper target plate, with 16 MEV. deuterons
at 80 to 100 (a for about one hour., Shortly after bombardment the target
plate was removed from the cyclotron and the LiCl washed from the plate
with distilled water into a distilling flask. The active chloride was
converted into chlorine by direct exchange, making use of the fortunate

circumstance that this exchange is practically instantaneous (17, 18).



Te accomplish the exchange, one L. of Clg at 1 atm., was bubbled
through the LiCl solution, passed through a Mg(ClO,)s drying agent,
and then condensed with liquid air., The Cl, was distilled from the
trap into a 2 L. bulb that contained dry CO at 0.5 atm. The chlorine,
which passed through the 1iCl solution, removed at least 90% of the
chlorine activity. The photochemical preparation of phosgene from the
CO=Cly mixtures was carried out as with the radiocarbon. The synthesis
recuired about 50 min. or slightly more than one chlorine half life,
The radiochlorine samples were intensely active; and in a con-
densed phase, they glowed brightly in the dark. The measured total

chlorine activity at the end of bombardment was about 100 millicuries.

Chemical Analysis and Tests for Phosgene. The concentrations of

phosgene in the cylinders were determined by bubbling the mixture at a
known rate, about 250 ml./min, as indicated by a flowmeter, through two
absorption bottles connected in series and each containing 50 ml. of
3li, HaOH solution., The chloride content of the NaOH solutions was then
determined by the Volhard method.

A saturated aqueous solution of aniline and N,N'w diphenylurea
was used for the chemical detection of phoséene. The formation of the
white precipitate of diphenylurea (solubility in Hg0 0.015 g./100 ml,Hg0
at 25° ¢.) gave a less sensitive but more reproducible test than did
p-dimethylaminobenzaldehyde~diphenylamine paper or solution, which were
used occasionally. The sensitivity of the aniline test was estimated by
passing known concentrations of phosgene through the solution and noting

the time required for the formation of a visible precipitate. This was



made the basis of a rough chemical estimation of minute concentrations of
phosgene. Subsequent experiments have not given quantitative reproducible
results, and the concentrations obtained by this method were considered

to be lower limits of the phosgene concentration. The method was useful
however since it indicated only phosgene while the radiocactive method re-
corded total chloride concentration. The sensitivity of the test as used
in the experiments varied from 0.15 to 0.40 mg. of phosgene, depending on
the concentration present., These results were obtained under the following
conditions: flow rate 2 L./min., room temperature 18.5° C., 5 ml, of
aqueous solution saturated with aniline and diphenylurea. Acueous AgNOg
solutions proved useful indlcators also since with the concentrations in-
volved a precipitate of AgCl was formed only slowly when phosgene-air
mixtures were passed through them. On thé other hand, low concentrations
of HCl produced an immediate copious precipitate. The presence of phos-
gene was frequently detected by smell.

In the first tube test with phosgene con-

taining labeled carbon it was evident that large amounts of a substance
containing the radioccarbon were transmitted almost without delay. To
further study this rapid penetration by some carbon containing material,
several experiments were performed at reduced flow rates (about 0.5 and
1.0 ml./cm® sec.) utilizing a 5.0 cm. bed of CHSNLITUB (Dried), (50 RH),
and (70 RH) at room temperature. The mw&umé of these tests have
been ineluded in- Table IVA. Desorption was studied in experiments

CG5-1C and 6&6~3C by passing an air stream through the bed after the air-
phosgene mixture. In experiment CGA~C the flow rate was increased from



Table IV A
CONDITIONS OF RADIOCARBON TESTS AT LOW FLOW RATES
{M wth = 5.0 ma)

Teup. Flow Rate

E?ﬂ.. ¢ Charcoal x' H ¢ t ¢ Duration ¢ Duration
os @ ' t I | H : Flow ! Desorption
: t °C. ; Phosgene ; ml./em?seeﬁ :
' : * mg./L. O} ! Min, ° Min.
: t s t t t
H : H mlﬁ H H :
: t : (""?"‘"&) : : :
2 H : = : : :
s H : : : :
CG2-C ¢ CUSH19TU8 : 20.5 +  9.22 3 0.54 : 65 :
: (Dried) : t (93.3) : :
4 M H H : H
CG5-2C & CHSNL9TUE : 20.6 :  9.62 ¢  0.53 : 3 ¢
i (Dried) : Po(97.h) % s $
: : T t : :
CG6=-1C & CWSNLPTUS : 20.0 @ 10.6 : 1.06 ¢ 50 :
' : (Dried) : o7 s ¥ :
: 3 3 s : 2
CG6-2C * CusHI9TU8 : 20.0 * 10,6 ¢ 1.06 $ 35 % Lk to 62
¢ (Dried) : i (107.1) ¢ : ¢
H 3 H H : :
CG5-1C ¢ CWSHL9TUB ¢ 20.6 ¢ 9.62 ¢ 0.55 : 70 P82 to 102
P (50 RH) o) 3 :
COL~C * CVISNI9TUS * 19.8 *  6.94 ¢ (0.53 S & 2 S
* (70 Rd) ¢ Py R :
¢ ' : : (10.0 P (75t !
H H H H H 105 :
: s : ! H 3



Table IV B

RESULTS OF RADIOCARBON TESTS AT LOW FLOW RATES

(Bed Depth = 5 cm.)

Expt. . Total Phosgene, G P Remarks
No. . Input . Absorbed . Desorbed ,
;
: mmols. : mmols. : mmols.
H 3 $ 3
t : : T
t .
CGR2-C : 0.64 : 0.36 : s No marked accumulation
. . : ; of activity in entrant
: 1 : : layer.
CG5-2C . 0.34 po0.27 : :
c6-lc | 1.1l Y . Activity in effluent
. ¢ s ; completely removed
¢ t : ¢ by soda lime.
s H H
0Gé-2¢ .  0.78 . 0.29 . 0.k, hctivity in effluent
. . . : completely removed
s e 2 : by soda lime,
: : : ¢
Cas=1C  ,  0.73 ;. 0.60 ¢ 0a2
] H H i H
M 3 E 005}- 3 E QW}'&? H H
H H . H 1
b ( bl H ( 0.5 H H
. (Additional) , (Additional), :



0.51 to 10.0 ml./cu.® min. after 71 min, and maintained at that value
for 30 min. The penetration of the bed by active carbon has been illus-
trated in the figures for experiments: CG2~C, CGA~C, CG5-1C, CG5-2C,
CG6~1C, and CG6-2C, which are contained in Appendix II. The figures
ahgw the carbon concentrations that appeared in the effluent streams.
None of the experiments were run sufficiently leng to obtain a phosgene
break as indicated by the aniline test. The amounts of active carbon
retained and transmitted by the bed as well as the quantities later de-
sorbed were calculated by graphical integration of the effluent con-
centration curves. These results have been listed in Table IVB.

The results from the low flow rate experiments were noted:

1. The carbon activity appearing in the effluent was partially
removed by a single liquid air trap and completely by a soda lime ab-
sorption tube. It possessed no detectable odor and later experiments
proved that no chlerine was associated with it. Upon these observations
and the nature of its origin it was concluded that the active substance
was probably COg.

2. For low flows the COp did not appear immediately in the

effluent, there was a finite COg; break time.

3. For comparable conditions the presence of water in the char-
coal markedly inecreased the retention of CO;. The COg break times in-
ecreased and the slope the effluent (O, concentration-time curves de-
creased with increasing water content.

L. The charcoal retained from 0.3 to 1,0 millimols of the active

carbon; and of this, a sizable fraction, 0.2 to 0.5, was readily desorbed
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by an air stream,

Tube tests were then performed at normal flow rates (ca., 10
ml,/cm.®sec,) with dry air-phosgene mixtures and with 5 cm., beds of the
CWSNL9TU8 (Dried), (50 RH), (70 RH) and CWSHl9 (Dried). These ex~
periments were all run well past the phosgene break indicated by the
chemical indicators. In some instances desorption with an air flow at
the same rate as for the toxic stream was studied. The conditions of the
tests have been presented in Table VA, The graphs of the radiocactivity
results for these experiments also appear in Appendix II (Experiments
CG7-C, CG8-C, CG9=C, CGLO=-C, CGll=C, CGl2~C and CGlh~C). The figures
show the plots of the active carbon concentration in the effluent. fhe

total phosgene lnput and the chemically indicated break time for each
experiment have been included in Table VB together with the amount of
carbon retained during absorption and the amount later desorbed, which
were obtained by the graphical integration of the graphs.,

The following results were noted:

1. A substance eonmmng radiocarbon, completely removed by
soda lime, penetrated the bed from the start of gas flow; it was con-
cluded that this substance was again COp.

2. The concentration of C0p inthe effluent in a very few minutes
attained a constant value which was equi't to that for the influent radio-
carbon. The total carbon concentration did not change later in the ex-
periment when phosgene penetrated the bed,

3. Unexplained discrepancies appeared in the results of experi-
ments CGlO-C and CGl2-C which were performed under almost identical
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Table V A
CONDITIONS OF RADIOCARBON TESTS AT HIGH FLOW RATES

(Bed Depth = 5.0 cm.)

Expt. * Charcoal ! Temp, 3 ¢ ° Flow Rate ® Duration '  Duration
No., ¢ t s ; ‘ TFlow ° Desorption

s ¢+ ©C, 3 Phosgene ’ml./cm?sac.* H
: : : ng./L. : : ¥in, i Min.
s H H (mmgls.) H g H
: : ‘lg® . . .
s s s 3 : :

Go7-C 4 CHsNl9TUZ . 18 s 9,00 104 H 80 H 110 to 118
s (Dried) ¢ (91.0) : :

CG8-C ; CWSNL9TU8 : 18 :  7.47 : 101 ¢ 105  : 112 to 122
+ (Dried) s (75.6) : s

CGll-C : CWSNI9TUB : 17.5 : 7.86 : 10,3 : 90  : 111 to 171
s (Dried) s (79.6) : :

CG9~C : CHSNIOTUE : 18 : 8,90 : 10,1 : 100  : 110 to 142
: (70 RH) : + (90.0) : :

CGlO-C : CWSNL9  : 18 :+ 7.86 : 101 : 65 -
: (Dried) : : (79.6) : :
: : s : : :

Col2-0 ¢« CWENLe : 16 3 7.51 10.3 H 30 H 109 to 127
: (Dried) : : (76.0) s : :
: : : : : :

COLA~C ¢ CWSH1OTUE : =25 H 22.2 H 8.0 $ 50 8 (69 to 86
¢ (70 RH) : v (224) ' s L
: : $ : : t (88 to 138)
: : $ : : ¢t (at 19°C. )



Table V B

RESULTS OF RADIOCARBON TESTS AT HIGH FLOW RATES

(Bed Depth = 5 cm.)

cooled to -25°C, Aniline
break 20 min. No phos-
gene detected in de-
sorption. Bed warmed

to rm, temp. during
second desn.

Expt. ‘Phosgene ' vl P  Phosgene Remarks
No. ' Inmput : Absorbed : Desorbed | Desorbed |

i mmols. '  mmols. ; mmols., : mmols, ;
1 3 2 2 $
: t $ 3 :

Ce7=C * 14,9 : 0.5 tea.0.1 : ¢ (% completely removed
: : t 3 ¢ from effluent by soda
: : $ : :  lime, Ca. 3 min. after
$ t $ : ¢ desn. started, Phosgene
: H H H ¢ cone., was 7 x the (¥ conc.
: $ : 3 :

CG8-C : 15,7 0.5 s 0,17 ¢ ¢ (% completely removed
: : : : ¢ from effluent by soda
: 3 H H ¢ lime. Continued strong
3 : ' : ¢ phosgene test by aniline
t H H s ¢ after initial burst of
t 2 3 : ! activity during desn.
2 : $ : :

CGll~C m-‘& H 0(“- H 0113 2 0-55 ¢ Aniline break, 60 min.
: : : t 3

CG9~C : 17.8 : 1.2 ¢ 0,09 fca.0.05 ¢ Large desorption of HCl
: : : :

CGlO-C ¢ 1044 @ : ¢ AgCl break 18 min.
: t $ * Aniline break 50 min,
? : 3 s

CGl2-C ¢ 13.7 ¢ 0.2 P 0.25 0.74 *  AgCl break, 10 min.
t H !  Aniline break, 57 min.

COlL-C : 20.5 ¢ 1l.2 0.2 0.05 ! Bed and influent stream
: : 3
t H :
: t ¢
$ : :
] 3 $
: : :
t t §

Be ¢ ob ®8 €8 S8 8 40 & @

w4 w8 OO0 wE 68 S0 8B €9 &% GO BB Le B S 69



conditions with CWSN19 (Freshly dried). In CGl0-C the active carbon
in the effluent stream rose to only 70-80% of that in the influent.

A% the aniline break the active carbon concentration may have started
to rise, although the test was not continued long enough for this to
have been determined with certainty. In CGl2-C, however, the effluent
concentration rose quickly to the influent value and remained con=
stant thereafter, HCl appeared in each test in the effluent in 10 to
20 min.; but phosgene did not appear until 50 to 60 min., the phosgene
break time being somewhat shorter than for the dry whetlerite.

4., The quantity of active carbén retained by the whetlerite and
and the quantity that could later be desorbed were of the same order
of magnitude as the corresponding values at the low flow rates when
the total phosgene input was approximately only 5% as great.

5. A surprising éesult was that in the desorption experiments
with dried CWSN19TU8, phosgene continued to be desorbed, as indicated
by the estimates with the chemical tests, after the carbon activity
had fallen to a negligible amount. A lower limit to the gquantity of
phosgene desorbed was given by the precipitation of diphenylurea from
aniline solutions. These results indicated that three to four times
the amount of phosgene was desorbed than was to be inferred from the

radicactivity.

ixperiments with Radiochlorine. The preceding experiments, although

informative, proved that radiocarbon could not be used successfully to
evaluate the protection of the charcoals against phosgene. Aeccordingly,
phosgené labeled with €178 was prepared and used for tube tests with



dried and equilibrated whetlerites in a 5.0 cm. bed at room temperature,
-25°C. and 40°C. Again dry air-phosgene mixtures ( {2% RH) were used
exclusively, The radiochlorine, in contrast to the active carbon, ex-
hibited normal behavior. The conditions for the tests, together with
the aniline break points and the 1% chlorine penetration times, have
been listed in Table VI A. The graphs for the experiments, CGlé~Cl,
CG1l7-Cl, CG1l8-2C1, CC20-1, 2, 3Cl1, CG21-1, 2, 3C1l and CG22-Cl, have been
included in Appendix III. Active chlorine concentration vs. time curves
were prepared for comparison with the radiocarbon tests. Also the
log( %Q - l) function was plotted to test the theoretical equations.
In the few cases where it was measured, CGl7-Cl, CGl8-2Cl, and CG22-Cl,
the accumulation of activity in the entrant layer was plotted. On the
graphs the aniline break points have been indicated by the symbol, A.
For determining the accumulation of activity, the slit technique
was employed. A 1l or 3 mm. slit was used; and because of the in-
tensity of the radiation the slits were 200 mm. deep, the top of the
s8lit being in line with the top of the bed. The correction for
scattering was not determined with radiochlorine; therefore the
activities were plotted uncorrected. The correction for scattering
should not have changed the general form of the curves however. It
appeared that the concentration of chlorine on the entrant layer of
charcoal during absorption did increase with time with a rapidly de~
creasing rate, It did seem to approach a limiting value which was
nearly reached at the break time (effluent chlorine = 12 influent).

Thus it agreed fairly well with the equation resulting from Case 1
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Table VI A

RADIOCHLORINE

BSTS

(Bed Depth = 5 cm.)

Expt. Charcoal ' s : Flow Rate 3 Break Time 3 Break Time
Ka. : : FPhosgene . ml, /cm?sec. s 1 1% of ¢ iniline

(Temp. ) : g ng./L. ' Duretion : Influent ain.

. , (mmols.C1%) | Flow . min, .

: s (0 n® )  (min.) t :
CG15-CL .CHSNI9TUE .  7.81 . 10,3 S0 P e
(19°c.) . (Dried) , (151.8) . (100) : :
0GL6-CL cusmigTus . 9.38 . 10,2 . ki A
(190c.) , (Dried) , (189. 8) . (80) . :
CG22-Cl ,CASNI9TUE . 22.3 . 103, 26 Y
(22%.) , (Dried) , (451) . (7. : :
C318-2C1 ,CHSNI9TUE .  7.36 .  10.3 Y Y
(209¢,) , (50 mH) , (149) . (95) : :
CG17-Cl .CWSNL9TUE . 10.6 . 10,3 i a7 . -
(19°c.) , (70 rE) , (214) . (10) . .
620-3C1 ,CHSNI9TUS  23.9 . 8.0 Lo . 8
("’250{:‘; s (E’Tl??,d} B (“81*) : (109-5} $ é
CG20-2C1 fCHSNI9TUS ,  23.9 s 8.0 . 25 : 39
(=25°¢C.) ; (50 BH) , (484) s (60) : s

H b4 2 b
CE20-1C1 .CHSHIJTU8 ,  23.9 . 8.0 . 15 . <2
(-25°C.) , (70 RH) ; (L84) : (45) : :
CG21-3C1 ,CWSNISTUE , 20.4  ;  10.0 . 25 NS
(40°C.) , (Dried) ., (413) : (58) : s
CG21-1C1 .CHSNL9TU8 . 20.4  :  10.0 s 27 . <33
(40°C.) , (50 RH) . (413) : (50) s :
H H H H

(G21-2C1 .CWSNLOTUB ;  20.4 s 10.0 . 28 . (35
(40°C.) . (70 RH)  , (413) : (56) : :
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» Table VI B
B&SULTS OF RADIO CHLORINE TESTS

{Bed Depth = 5 em.)

pia

ixpt. ° Phosgene ! Total Clgf €1 ‘ Fractiom ® Remarks
Ne.  * Retained ’ fibsorbed °  Desorbed ' % 7

 Before °* : $ :
° Break ° mmols. ® Time Interval ° Desorbed :
N : . of Desorption ’ :
? mmols. ° . h :
H b H (m.) H H

CG15-CL : 9.57 s H H
: 3 3 : :

CE16~Cl ¢ 8,39 @ 29.2 s 3.80 s 0.12 ¢ Desorbed first
: : s (135 to 164) @ ¢ with Ny, then
3 g s (165 to 186) : with air. Aniline
2 t g H : test + during
s g H : :  desorp.
s g ? 2 :

CG2-C1 ¢ 11.83 : 51,0 3 17.0 : 0,33 ¢ iniline test ++
: 3 s (74 to 130) ¢ during desorp.

CG18-2C1 ¢ 6,31 ¢ 26.8 : 1.41 : 0.05 ¢ Aniline test faint
: : ¢ (110 to 139) ¢ AghiDg test +
: $ : H ¢ during desn.
3 : 3 : 3

CGL7-CL @ G.81 t  hl.5 -4 405 5 Q.10 : Aniline test very
: : s (191 to 216) @ s faint. Agi0; test +
$ : : : ¢ during desorp.
3 2 : g 2

CGR0-3CL ¢ 32.5 s 83.3 : 11.1 ¢ 0.13 ¢ Aniline test ++
: g ¢ (111 to 127) ¢ during desorp.
: s 3. g 3

COR0=2C1L ¢ 10.97 ¢ 48,5 : 2,62 t 0.54 2 Aniline test +
t : : {61 to 75) 2 : AglOs test ++
s : H H ¢ during desorp.
s s 3 3 3

CG20-1C1 : 6.60 s 36.2 3 0 0 ¢ Amiline test
: : : (58 to 65) : ¢ negative during
H g 5 : 2 ¢ desorp.

CG21-3C1L ¢ 11.89 t 42,0 : 11.3 8 0,28 ¢ Aniline test ++
3 H s (68 to 83) : 3 during desorp.

CG21~-1C1 ¢ 12.80 T h3.7 H 5.37 ¢ 0.13 $ Aniline test ++
T 3 : (53 to 68) 3 * during desorp.
g s : : :

CG21-2CL ¢ 13.20 ] - : - P - ¢ Aniline test +
H : : : ¢ during desorp.

NOTE + and ++ indiecate positive and strongly positive test.
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Activity = K \ 1 - e , K a constant. (39)
The steeper rise for CG22-Cl may have been due to the greater slit
width (3 mm. as compared with lmm.). The dependence of the rate of
absorption on N would therefore be in agreement with the assumption
for Case 1. The resulting eguations for Case 1 then would or would
not be valid aecording to the dependence of the rate of absorption
on e. |

It was noteworthy that ome third to one half of the chlorine in
the entrant layer could be desorbed; the remainder was not removed by
continued air flow,

From the plots of m( o 3.) it can be seen that a small
fraction of the entrant chlorine appeared in the effluent and remained
roughly constent at about 0.1% of the influent until the break. This
was noted whether the thermécauplas were or were not inserted in the
bed. To exclude the possibility that this effect was caused by radia-
tion from the charcoal scattered through openings of the counter shield,
& liquid air trap and a soda lime tube were inserted in the influent
line before the pot and counter assembly. BEach of these removed a
large fraction, although not all, of the activity from the stream. It
was therefore concluded that some chloride containing substance pene-
trated the charceal in small quantities immediately. Further investi-
gations would be required for its identifiecation,

The radioactivity break times for 1% penetration of chlorine
proved to be nearly identical with the aniline breaks. The values
obtained by both methods have been given in Table VI A. The break
times for comparable tests were not strongly dependent on the moisture

content of the charcoal at either 20 or 40°C. although possibly the
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higher water content contributed to slightly better protection. No
difference in protection betw#en 20 and 40°C. was apparent. The
differences in moisture content however resulted in striking differences
of protection at low temperatures. At -25°C. the dry charcoal had
three times the life, the (50 RH) sample nearly the same life, and the
(70 RH) sample roughly only 0.6 the life of the absorbents tested at
room temperature.

The guantities of phosgene retained by the charcoal before the break
together with the amount of active chlorine absorbed by and desorbed
from the bed, as calculated by means of graphical integrations of the
effluent concentration curves, have been given in Table VI B. The
molecular state of the chlorine was not indicated, of course, by the
radicactivity measurements. However a comparison of the aniline and
silver nitrate indicator tests showed that with dried whetlerite only
very minute traées of HCl compared ¥o phosgene could have been present
in the effluent during either gas flow or desorption. The concen-
trations of chlorine during desorption were o: the same order of mag-
nitude as the concentrations penetrating the bed in the later period
of absorption, and usually they decreased fairly rapidly as desorption
progressed. The value of 3.80 mmols. of active Cl desorbed as phos-
gene for test CClé~Cl can be compared with the value, 0.13 mmols. of
active carbon, for experiment (Gll-C. The dried whetlerite from one
of the tube tests still retained the odor of phosgene several days
after the test, When it was'placed in water, both cupric and chloride
ions were identified in the solution. With the eguilibrated charcoals

at 20 and 40°C., on the other hand, although the chlorine concentration
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curves were similar to those for the dry whetlerite, it was evident
from the chemical indicators that the effluent contained both %hos~
gene and HCl. HCL, and COp are, of course, the hydrolysis products of
phosgene. During the last periods of gas flow and during the desorption
probably the larger fraction of the chlorine was present as HCl. In
general, there was less chlorine desorbed from equilibrated chars,
At -259C. a surprising result was that no detectable chlorine was de-
sorbed from the (70 RH) whetlerite either at the low temperature or
after the charcozl had been warmed to room temperature, although the
break time had been only 15 min,, and HCl had appeared in the effluent.
It was found from the log ( -z-?— - 1) graphs that, as was the case
with arsine, straight lines were not obtained for this function, but
that appreciable portions of the curves were nearly linear, By means

of the approximate Hinshelwood equation,

¢ kN Ax
m( :?.-1) = -kjeet mlv"‘ax ' (17)

the values for the rate constant, k,, and for the capacity factor, K,
were calculated. These parameters were computed for the point at which
¢,/¢ = 100 sinee this point corresponded closely to the chemical break
point, and because the logarithmic plots had only slight curvature in
this region. The calculated values appear in Table VII.

Although the number of experiments was too small to permit satis-
factory generalizations, some interesting observations concerning the
Hinshelwood constants may be made. The value of ky for dried CWSN19TU8
at room temperature in the two comparable experiments decreased slightly,

1

from 880 to 730 cm:(mmols. C1) 'min.”™ with & two fold increase of c,.

This difference may not have been significant. However the values
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decreased considerably with increased water content, being 540 for
CRSNL9TUS (50 RH) and 310 ca®(mmols. C1) min.™l for (70 EH). The
rate constants were markedly higher at 40°C. ﬁzm at room temperature,
amounting to 1150 and 1000 cm: (mmols. 01)Yain. ™ for the dried and
(50 RH) whetlerite., The capacity ﬁgma » Ny, on the other hand,
showed a rather large increase with inereasing concentration, increase
with increasing water content, and a significant decrease, as would be
expected, when the temperature was increased from 20 to 40°C. Thus,
the variations of these parameters indicated considerable differences
in charcoal behavior under the different conditions tested., However in
the tube tests performed, the v‘aria%ians of ky so balanced the changes
in N, that for equal eoncentrations nearly equal bresk times were ob-
tained in most cases at 20 to 40°C. At -25°C. the velues of k) were
nearly independent of moisture and were about ecual o the vslue for
the (50 RH) material at room temperature. The striking differences
in the protection occurred at the low temperatures because ﬁo varied
from the low value of 1.70 mmols. Cl/cm. with CWSHL9TUS (70 RH) te
the extremely high value of k.20 mmols. Cl/cm: for the dried whetlerite.

The desorption of chlorine which eccurs with phosgene wes not in
agreement with the assumptions involved in Cese 1 for the derivation
of Hinshelwood's oqua.ﬁ@n. ﬁmpcvor it might result that the overall
differential equation, including desorption as well as absorption,
might approximate the assumed equation 3 for a constant concentration
of toxic material entering the bed, From the limited number of data
the use of the results from Case 1 to evaluate a eharcoal's phosgene
protection shows some promise. The dependence of kl and N, on the
test conditions should however be determined.



The values of ki and N, were calculated on the basis of chlorine.
When the values of ky were changed Lo & phosgene basis and expressed
with the same units es for the case of arsine, very similar values
were obbtained for a pair of comparable experiments: for arsine, ex-~
periment Sik~2, ky = 1590 L.(mols. AsHs }“lmin.“l; for phosgene, ex-
periment CGl6-Cl, ky = 1760 L.(mols C0Cls) “ain.™ . Doth these ex-
periments were with 5.0 cm. beds of dried CuSHL19IUS and at nearly the
same Lemperature and flow rate. The value of H,, expressed on a phos=
gene basis for experiment CGlé~Cl was 0.84 (wamols. COCLl,)/em. The
maximum concentration of arsenic in the charcoal was found to be
1,57 (amols. AsHg)/cms

Thagmocogp.lé Heasurements. Temperatures abt the top, in the middle,
and at the bottom of the absorbent beds were measurdll) means of ther-
mocouples whose juncitions were inserted in the charcoal 0.5 cm., 2.5 em.,
and 4.5 cm. above the bottom of the bed. Curves of the teumperatures de-
termined by these thermocouples have been imcluded in Appendix IV. At
low flow rates the temperature change in the bed was small; but at high
flows a temperature rise of several degrees accompanied the removal.

The entrant layer showed little temperature change; this was attributed
to the removel of heat b,v the incoming stream, #ith this qualificaﬁien
it was seen that a warm zone moved down the bed. The chlorine break
oceurred close to the f.ime when the peak of the tLemperature wave

reached the botbom (exit) of the charcoal. wuantitative interpretations
of the temperature measurements would be difficult because of the heat
loss to the room; therefore no estimate of A H for the removal process

was attempted. The maximum rise in dry beds wes about 6°C.; for moist



beds it was 1-20C. since probably Hs0 was desorbed by the gas stream.

In the early tests desorption wes carried cut with alr from a
compressed air line; these desorptions were accomp:nied by a rise in
temperature., In experiment CG12 2nd subseguently, & calcium chloride
tube was inserted in the line; thereafter no marked temperature effect
was noted. | |

The removal of phosgene by whetlerite

would appoar to be more involved than proposed by the present theories
of adsorpbion and of hydrolysis by water present sither in the charcoal
or in the gas stream (19), Two major features of the experimental re-
sults must be explained; they are:

1. The carbon dioxide transmitted wes equivalent to nearly all
the phosgene which had entered the dried charcoal up to the time a
chloride compound penetrated the bed,
2. Oreater amounts of phosgene than corresponded to the labeled
carbon were desorbed from a dry bed by an air strezm after sbsorption,
The first hypothesis which suggests itself to account for the
evelubion of COp from the dried whetlerite is that the copper oxide
existing in the charcoal played an important role in reacting with the
phesgene, according to the overall reaction

cud + C*0Cl = C*Q,+ CuCls.
It mey be pointed out that actually this reaction may have eccurred ia
two steps in which t-.m{ phosgene was first hydrolyzed and then in wm&
the HCL formed was neutralized by the Cud. Thus,

C#0Clg + Hg0 = C#Qg + 2HCL
mm*w*mml*ﬂagq
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The water formed in the second step would therefore be released to
hydrolyze a second phosgene molecule, and so on. In this way a trace
of water, which was not removed at 150° C. or which might have entered
the charcoal in handling, could contribute to the hydrolysis of a sig-
nificant quantity of phosgene. The maximnm possible water content of
the air used, 2% RH, would itself have accounted for the hydrolysis

of about 2 mg. phosgene /L. according to the first step of the above
reaction pair; and with the formation of water in the second step it

would also have been able to remove additiomal phosgense.

If it were assumed that the charccal adsorbed the HCl as such,
however, without the formation of copper chloride, then to account

for the CU-. formetion by hydrolysis in experiment (G22-Cl would re-

- quire that the charcoal must have contained 5.4% Hg0, a value that
seemed unreasonably high. It is worthwhile to note that the charcoal
was stored in tightly sealed screw cap bottles, and that further,
samples which were redried at 150°C. and used the same day or a few
days later gave the same results as the clder samples from the storage
bottles. The absence of appreciable HC1l in the effluent stream at any .
time after the C1¥ break or during desarption indicated that if any
acid were formed, it must have been retained very firmly by the char-
coal. Indeed, if the phosgene had hydrolyzed, and the HCl had not been
neutralized, then HCl would have greatly predominated over the phosgene
in the bed, since nearly all the phosgene until the break had reacted

b0 form COz. Then HCl, contrary to experiment, would have been ex~
pected to appear in the effluent. In experiment CCl6~Cl it was cal-
culated that 16.8 milliequivalents of chlorine had been retained by
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the bed before the C1% break; assuming the whetlerite to have been
7% copper, the amount of copper present was 17 milliequivalents, that
is, Just about enough to account for all the phosgene or HCL which
might have formed.

The behavior of the CWSN19 base char would appear somewhat sur-
prising therefore since with it, also, large quantities of active
carbon dioxide appeared immediately in the effluent gases. Because
the unimpregnated char contained no copper oxide, it might be sup-
posed that the hydrolysis resulting in the formation of CUp would
also have produced HCL which would have appeared in the effluent.

This was in agreement with the observation that for experiments
CGlO~C and CGl2-C HCl was detected in the effluent after 10 to 20
min. , about 40 min. sconer than the penetration of phosgene was in-
dicated. A 2,5% moisture content would have been required to supply
the water for this hydrolysis in CGl2-C,

The reaction of phosgene with Cu0 or water does not explain the
fact that during desorption more phosgene appeared in the effluent stream
than could be inferred from the carbon activity. This was indicated quali-
tatively by the chemical indicstor solutions; however it can be demon-
strated quantitatively by the comparison of experiment CGll-C with radio-
carbon and experiment CGlé~Cl with radiochlorine, for which closely
similar conditions prevailed. It should be noted however that nitrogsn
was used for a portion of the desorption in CGl6-Cl. According to an
integration of the effluent concemtration curves for these experi-
ments, 0.13 mmols. of ¥ was desorbed in CGll~C and 3.80 mmols. of
@" in CG1é~Cl. Thus a2 ratio of 15 to 1, based on the phosgene

equivalents of chlerine and carbon, existed. This represented a
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lower limit to the actual ratio since probably a portion of the carbon
was present as C0g, and the desorption in CGl6~Cl was stopped while
the effluent concentration was greater than 30 mmcls./m? It is to
be reemphasized that with the dried whetlerites only phosgene, and
no HCl, was detected in the effluent stream.
A second hypothesis that could account for the evolution of

C*0g is that phosgene combined directly with oxygen on the charceal
to produce C%0g, the two chlorine atoms being left momentarily ad-
sorbed on the charcoal. The chlorine might then have reacted with
"surface oxides" present on the charcoal to form inactive phosgene.

C®0Cly = C¥0Cly (adsorbed)

C*¥OCls (sds) + O = C2 3y + 2C1 (ads)

2C1 (ads) + C=0 (surface) = COClL,
The inactive COCl, produced by the third step might be sxpected to
have undergone these same reactions, leading to a chain which would
have produced large quantities of inaective CC,. Chemical estimations
of the CO; have subsequently shown that such was not the case. There-
fore if this mechanism is to be considered, a restriction must be
placed on either the reactivity or the rate of formation of the phos-
gene molecule formed in the third step. It can be seen that this
mechanism would account for both the production of C®(, and for the
exchange reaction observed. It does not account for HCL formation;
however a limited amount of hydrolysis might have proceeded simul-
tanecusly. |

An alternative mechanism, leading to exchange alone, would be

the disscclation of C*0Cly on the charcoal surface, followed by re-

combination of chlorine with the "surface oxides" to regenmerate COClg.



This process would have caused an accumulation of active carbon in
the bed, which was found not to occur Lo any appreciable extent.

The following additional experiments might be of value in
clarifying the removal processes for phosgene:

1. Determination of the amount of water asctually im CESNI9TUS
and CWSN19, dried for several hours at 150°C.

2. Farther experiments similar to the ones reported, but using
thoroughly dried air and charcoal dried at 150°C. or higher for pro-
longed periods of time.

3. Accurate measurement of both HCl and phosgene concentrations
in the effluent streams. This might be done by a combination of
photometric and radicactive methods.

e & thorough study of phesgene tube tests using standard

chemical methods.

The phosgene experiments, as the ones with arsine, have been
limited in number; but they have yielded some unexpected results and
given considersble information about the processes studied. They have
indicated that the removal process for phosgene, which had been con-
sidered well known and fairly simple, may possess unexpected compli-
cations. Certainly, the results have again polnted out many additiomal
experiments that might be performed to gain a clearer understanding
of the mechanisms invelved.

The methed of radicszctive indicators has required considerable

expenditure for the instruments reculred for the studies and for



nuclear bombardments. DBubt as in its many other applications it has
again proved a valuable tool for fundamental sbtudies. Although the
method is subject to limitations and must certainly be accompanied
by other investigstions, the techniques have proved practicable for
studying gas mask absorbents. It is believed that the efforts have

been Jjustified.
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SUMMARY

1. The method of radicective indicators, using sepsrately
asTh, ¢11 and €178, has been applied in tabe test studies of the
removal of arsine and phosgene from air-gas mixtures by the gas ﬁask
absorbent, CESNIGTUS, a type A army whetlerite. Experiments were
performed in which the coneentration of the indicator element in the
offluent stream was measured continuously, in which the accumulation
of activity in the entrant layer of the charcoal was followed, and in
which the distribution of activity throughout the charcoal was as—
certained.

2. A mathematical treatment for tube test absorption has been
inecluded, containing the derivation of Hinshelwood's equation.

3. The deviation of the behavior in the case of arsine from that
predicted by the theories was demonstrated, particularly the action of
the charcoal to centinue the absorption of arsine for a long time at
a2 low constant rate., Arsine desorption was found to be megligible.

4. With phosgene it was found that nearly all the carbon in the
gas penetrated the bed immediately as COp, both with the whetlerite
and its base char.

5. From the experimental lﬂs(lge-- 1) functions obtained with
active chlorine, the parameters of Hinshelwood's eguation were cal-
culated for tube tests with varying moisture contents at -25°C.,
20°C, and 4O°C,

6. In studies of the desorption of phosgene following tube tests

it was found that significant guantities of phosgene were desorbed in



which the carbon had been exchanged.

7. The temperature changes accompanying phosgene removal were
measured.

B, Possible mechanisms to account for the results of the phos-

gene absorption were discussed.
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APPENDIX I

GRAPHS POR ARSINE EXPERIJENTS.
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APPENDIX 1I

GRAPHS FOR PHOSGENE EXPERIMENTS WITH
ACTIVE CARBON

Concentration in Effluent Vs, Time

Expt. Ho. ixpt. Ho.
(Low Flow Rate) (lormal Flow Rate)
Ce2-C CG7-1C
CGl=C CG8-1C
CG5-1C CG9-1C
CG5=2C CGl0-1C
CG6~1C CGl1~-1C
CGé=20 0Gl2=-C

CGl4=~C
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APPENDIX IIX

GRAPHS FOR PHOSGENE EXPERIMENTS WITH
ACTIVE CHLORINE

Bepb. Function Expt. Function
No. Plotted No. Plotted

CGL6~CL c CG21=-1C1 c

L CG21-2C1 c
CG17-C1 ¢ CG21-3C1 ¢

L 0G21~1,2,3CL L
CG18-2C1 c CG22~-CL ¢

L L

A A
G20~1,2,3CL G

L

Note: A = Accumunlation of sctivity in enbtrant leayer vs. time
C = Concentration in effluent vs. time

4
L“‘1°8(-é£ -l) vs. time
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APPENDIX IV

THEMPERATURE MEASUREMENTS FOR
PHOSGENE TESTS.
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Propositions

1. The Navy should modify its present high altitude oxygen
rebreather to incorporate an sutomatic nlitrogen purging pump and
pressure relief assembly in the breathing bag. |
2, The kinetics for the elimination of elementary nitrogen in

the human body>may be defined by the differential equations

dix
T = kylegpex)
4 = x,(a,p=y)
rrs 2\ 8o =Y
where
% & y = Amount of nitrogen dissolved in
the body fluids and tissues.

t - ?im.

p = Partial pressure of nitrogen in
ingpired air.

Tentative velues of the constants may be evaluated from Behnke's™
experimental work. The solution of these eguations, when combined
with the proper condition eqﬁations, permits the calculation of
nitrogen partial pressures in rebreather apparatus under & variety
of conditions.

* Behnke, U.8, Nav. M. Bull. 35, 219 (1937)
3 A more useful expression for the response of a counting rate-
meter than that given by Spiff and Bvans™ is

£(t) m E(i; & RO %ii)

where
£(%) = The counting rate

Ip = The current through the tank curcuit resistor
t = Time

RC = The time constant for the tank circuit
* 8piff end Evans, Rev. of Sci, Inst., 7, 456 (1936)



4. The "temperature correction” facbors, provided with the Army
Air Forces oxygen test kit of the Scholander Type™, are for sea levol
preassures only, A simple addition to the correction formula would per=
mit the apparatus to be used at low pressures and would svoid confusion.
X NRC Report, CAM #57, P. F. Scholander
Ee The analysis of arsine-air mixtures with the “sonventional”
iodometric methods is unreliable because of the slow ebsorption ;f
arsine by KIg solutions. However the portable apparatus of Tutwiler®,
developed for the rapid determination of HyS8 in coal gas can be modi-
fied for analyses of mixtures of interest to charcoal tube testing,
5-10 mg/L, to give an accurasy of i-2%.
* fugwiler, J.A.C.8., 23, 173, (1901)
s For the assumed kinetics equation for charcesl tube testing®,

the equation is proposed

j-%— = a(oc=~bN)
¥ @ 7The concentration of materiel on the sbsorbent
¢ = The concentration of ths toxie gas in the air,
t= Time
2,b Constants
A simple solution of this equation from which the parameters could be
sasily obtained might prove of wvalue for correlating characoal per~

formance.

X Tthesis

7. The use of en "ideal” closed circuit breathing system for study=-

ing ceses of radium poisoning would permit the measurement of higher



radon concentrations, the order of Z0 times greater, in the expired

air.

8. The techniques reported for the measurement of vapor pressure™
of 920 have not possessed an accurasy consistent with the purity
with whieh the material may be prepsred, If accurate values are
needed, fMurther determinations must be mede, possibly using s direct
meagureuent rather than & differential tensimeter.

* Lewis and MoDonald, J.A.C.S., 55, 5057 (1933)
Miles and Mensies, J.A.C.8., 66, 1067 (1936)
Riesenfilc end Chang, Z. Phys. Chem. B33 120, (1936)
9.  The static method of Iwage and Bano™ for measuring the aquilie
bria of HpO and Hy over & mebtal-metel oxide system does not eliminate
thermal diffusion, contrary to claims.
* Iwase and Sano, Scl. Rpts. Tohoku Imp. Univ. 1838 465

10, Teaching assignments for graduate shudent assistants in the
Division of Chemistry should be arrenged to give, sc far as is pos-
sible, each man a year with sn organic chemistry course, a year with

a physical or anal ytical chemistry course end s yeer with at least

one recitation group.



